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Chapter 1

1. Introduction

The American Cancer Society estimates that over 250,000 new cases of invasive breast
cancer are diagnosed annually in the United States. Subtyping breast cancer and the
identification of targeted therapies have greatly improved our ability to manage the disease.
However, major clinical challenges still exist including resistance to therapy and metastasis.

The majority of breast cancers are estrogen receptor alpha positive (ER+), indicating
their hormone-responsive nature. These patients are treated with targeted therapies against
estrogen signaling. Estrogen receptor alpha (ERalpha) is a ligand activated transcription factor
that promotes cell proliferation in both the normal breast and ER+ breast cancer. Thus,
understanding the processes underlying estrogen signaling homeostasis can improve the
identification of novel therapies for ER+ breast cancer.

The Ser/Thr kinase family, ribosomal S6 kinases (RSK1 - 4), has been implicated in the
etiology of various human diseases, including breast cancer, cardiovascular disease, fibrosis,
and others, yet there are no clinical RSK inhibitors. RSKs are downstream effectors of the
mitogen-activated kinase kinase (MEK 1/2) — extracellular regulated kinase (ERK1/2) pathway.
RSK is capable of phosphorylating both cytoplasmic and nuclear substrates involved in cell
proliferation, survival, and motility. Despite the disrupted RSK activity in a variety of human
diseases, the underlying mechanisms are poorly understood.

While studying RSK2-knockout mice (RSK2-KO), we discovered a role for RSK2 in
homeostasis of estrogen signaling (Figure 1.1). RSK2 has been implicated in ER+ breast
cancer, however the role in normal mammary physiology was unknown. In chapter 2, we
describe the identification of ERalpha regulation by ERK1/2 — RSK2 in normal mammary

epithelial cells. We discovered that RSK2 is a negative regulator of normal ERalpha signaling,



and RSK2-KO mammary ER+ cells have increased oxidative stress and DNA-damage. These
findings have important implications for ER+ breast cancer and women taking exogenous
estrogen therapies.

In the second part of this thesis, we investigate targeting RSK2 signaling in cardiac
pathophysiology and breast cancer. Based on reports that increased RSK activity is associated
with human cardiovascular damage, we hypothesized that activation of RSK is also involved in
adverse cardiovascular events of cancer chemotherapy. In chapter 3, we demonstrate the
potential of a RSK inhibitor to prevent anthracycline chemotherapy-induced cardiac toxicity in
vivo. This study confirms clinical reports of a pathological role for increased cardiac RSK
activity.

In chapter 4, we demonstrate that targeting RSK 1/2 in the aggressive, ER-negative,
triple-negative breast cancer (TNBC) subtype can prevent the establishment and proliferation of
metastasis. These preclinical proof of concept studies in chapters 3 and 4 suggest that targeting
RSK is dual strategy in cancer, both reducing the side effects of chemotherapy and preventing
cancer progression. To accompany these studies, we developed a novel RSK inhibitor, C5-n-
propyl-cyclitol SL0O101 (C5”), with increased drug like properties. The synthesis and evaluation
of C5” is described in chapters 5 — 8. Overall, these studies increase our understanding of RSK

in homeostasis and pathophysiology.



Figure 1.1 ERK1/2 — RSK2 signaling maintains estrogen homeostasis in adult mice. In
wild-type mouse mammary glands, ERK1/2 activity is restricted by RSK2. In RSK2-knockout
mice, ERK1/2 drives increased ERalpha transcription and degradation. The increased estrogen
signaling participates in a feed forward loop with ERK1/2 activity. Loss of RSK2 is associated
with oxidative stress and DNA damage. This ultimately results in loss of ER+ cells and

insufficient hormone dependent mammary alveolar expansion during pregnancy.



Figure 1. 1 ERK1/2 — RSK2 signaling maintains estrogen homeostasis in adult mice.
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Estrogen physiology and exogenous estrogen containing therapies

Estrogens are a family of steroid hormones which are also widely used pharmaceuticals.
Estrogens bind and activate the transcription factor, estrogen receptor alpha (ERalpha; gene
name ESR1). In addition to their role in hormone signaling, estrogens have been proposed as
carcinogens due to ERalpha induced mitogenic gene expression and due to the chemical ability
of estrogen to intercalate with DNA (1, 2). This is further evidenced by association between
exogenous exposure and increased breast cancer risk (3, 4). Estrogens are commonly
recognized as the major female reproductive hormone, but estrogen signaling is also required
for male fertility and the development and homeostasis of non-reproductive tissues including the
bone, brain, and cardiovascular system (5-7). Estrogen signaling is now recognized to have a
broad role in human homeostasis and pathophysiology.

The three major endogenous estrogens are estrone, estradiol, and estriol (Figure 1.2 A).
Estradiol (E2) is produced by the ovaries and is the most potent and abundant estrogen in
premenopausal women (8, 9). Estrone is the predominant estrogen in postmenopausal women
and is produced by aromatase enzymes in peripheral tissues (70). Estriol is the least potent of
these endogenous estrogens and is predominantly generated by the placenta during pregnancy.
E2 can be produced from testosterone by aromatase enzymes (gene name CYP19A1), as well
as from estrone by hydroxysteroid dehydrogenase enzymes. The production of estrogens by
aromatase enzymes occurs in peripheral tissues other than the ovaries, including adrenals,
adipose, brain, breast, and testes (717). Due to tissue specific expression of factors involved in
estrogen producers and estrogen receptors, it is difficult to estimate estrogen exposures.

E2 has a high affinity for ERalpha (Kd ~ 0.1 — 1 nM) (8, 9). Estrogens are cholesterol
derived and lipophilic, therefore they readily cross cell membranes and accumulate in adipose
tissue. In premenopausal women, the concentration of E2 in circulation is approximately 0.2 — 3
nM and estrogens are carried by serum albumins and sex hormone globulins (72-74). The

concentration of estrogen in breast tissue is estimated to be ten-fold higher than the levels in



circulation (15, 16). Accumulation in the breast is likely due to the adipose tissue and expression
of aromatase enzymes.

Estrogen exposure is linked to increased breast cancer risk in large epidemiology
studies (6) . Reproductive factors such as early menarche, late menopause, and nulliparity
increase relative reproductive cycles, therefore estrogen exposure and breast cancer risk.
Endogenous estrogen levels are regulated in cyclic pattern by the female reproductive cycle.
Endocrine signaling through the hypothalamic-pituitary-gonad axis stimulates the production of
female sex hormones, including estrogens by the ovaries (77). Estrogen levels are highest in
circulation during the follicular phase of the reproductive cycle, with the peak in estrogen driving
ovulation. The follicular phase is controlled by release of follicle stimulating hormone (FSH) from
the pituitary. After ovulation, during the luteal phase of the cycle, progesterone is the
predominant hormone produced by the ovary and prepares the uterus and breast for pregnancy
(718, 19). Monitoring the reproductive cycle is a useful tool to study the effects of hormone
signaling in the physiological setting (20). This ensures studying hormone signaling in true
complexity, as cross-talk exists in the form of feedback loops for hormone levels and activation
of their receptors (27).

Targeting estrogen signaling is a major pharmaceutical strategy. Exogenous estrogens
are used in oral contraceptives and hormone replacement therapy (22). These therapies are
used by over 140 million women annually worldwide (23). Most current contraceptives contain
the exogenous estrogen 17alpha-estradiol. This synthetic estrogen is orally available and shows
similar affinity for ERalpha as E2 (8). To address the breast cancer risk associated with
contraceptive use, current formulations contain lower estrogen concentrations although the risk
has not been completely resolved (23-25). Relatively more safe alternative pharmaceutical
contraceptives include inserts, which have decreased systemic hormone exposure. The majority

of non-hormonal contraceptives are at the preclinical stage (26).



For postmenopausal hormone replacement therapy, the predominant exogenous
estrogen is equine-derived conjugated estrogens, primarily estrone and equillin. Hormone
replacement therapy is associated with increased breast cancer risk in a randomized,
multicenter, placebo-controlled study (6). Hormone replacement therapy was significantly
associated with other events, including increased risk of cardiovascular events and decreased
bone fractures, supporting the role for estrogen signaling in non-reproductive tissues (27). Risk
could be reduced by restricting therapy use to the perimenopausal period. However, identifying
non-hormonal therapies for postmenopausal symptoms such as hot flashes and bone fractures
will require better understanding of estrogen signaling in tissues of the nervous and skeletal
system.

The most common breast cancer subtype is hormone responsive, ERalpha-positive
(ER+) breast cancer, which is treated with ERalpha-targeted therapy. Premenopausal ER+
patients are treated with tamoxifen, which is an ERalpha antagonist in the breast.
Postmenopausal women are treated with more efficacious inhibitors of estrogen signaling, such
as ERalpha degraders (fulvestrant) and aromatase inhibitors (letrozole). In a clinical study of the
prophylactic use of tamoxifen, which is orally available and well tolerated, treatment decreased
the incidence of breast cancer (28). This study supports previous preclinical research that

estrogen signaling is a major target in breast cancer.



Figure 1.2 Introduction to ERalpha and RSK biology. A) The structure of the major
endogenous human estrogens, estrone, estradiol, and estriol (upper panel) and the exogenous
estrogens 17alpha-ethinyl estradiol and equilin (lower panel). B) Estrogen receptor alpha post
translational modifications. ERalpha domain structure is shown with the location of post
translational modifications (solid circles) or hotspot mutations (open circles). The color of the
circle represents the original modified residue. Amino acid labeling is relative to human
ERalpha. The y-axis represents the number of published reports demonstrating the presence of
the modification in human ER+ breast cancer tissue. C) The structure of the most common
RSK-specific inhibitors. The NTKD inhibitors SL0101, BI-D1870, and BIX 02565 (upper panel)

and the CTKD inhibitor FMK (lower panel).



Figure 1. 2 Introduction to ERalpha and RSK biology
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Estrogen receptor alpha signaling and post translational modifications

Estrogen signaling is central to development and homeostasis of the breast epithelium
(29). Estrogens primarily exert their biological activity in the breast through the ligand-activated
transcription factor, estrogen receptor alpha (ERalpha). Full transcriptional activation of ERalpha
requires ligand binding and post-translational modification (PTMs), primarily through kinase
mediated phosphorylation. Following the discovery of ERalpha, it was soon recognized that
ERalpha undergoes rapid proteasomal degradation in response to ligand and this is required for
transcriptional activity (30). ERalpha PTMs can mediate receptor stability, co-activator
assembly, and transcriptional activity of ERalpha (37). Many of these studies are performed
using transformed breast cancer cell lines and the key regulatory mechanisms under normal
physiology are poorly understood. More recently, studies performed using human samples or
transgenic mice are increasingly necessary for identifying and validating mechanisms of
ERalpha transcription.

Transgenic mouse models and tissue recombination studies demonstrate that ERalpha
is the major estrogen receptor for mammary gland development and breast cancer (29, 32, 33).
Since the discovery of ERalpha, other estrogen receptors have been identified based on
sequence homology. Estrogen receptor beta, the most closely related to ERalpha, is also
required for reproductive fertility, however, only ERalpha is required for mammary development
(34). Transgenic knockout mice for other receptors have been developed but a mammary gland
phenotype has not been reported. These include knockout mouse models for the membrane
bound G-protein coupled estrogen receptor (GPR30) (35), and estrogen related receptors
(ERRa, ERRb, ERRg), which are nuclear orphan receptors (36). Together, current knowledge
suggests that ERalpha is the major estrogen receptor for proliferation of the mammary
epithelium.

The domain structure of ERalpha is well conserved with other nuclear hormone

receptors. ERalpha is composed of two activator function domains and both are required for full
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transcriptional activation. The N-terminal activator function-1 (AF-1) domain is ligand
independent and contains the majority of identified ERalpha PTM sites (Figure 1.2 B). The C-
terminal activator function-2 (AF-2) domain contains the ligand binding pocket and mediates
interaction of ERalpha with co-activators. Between the AF-1 and AF-2 domain is the DNA-
binding domain, composed of two zinc fingers, and the hinge domain, containing the nuclear
localization sequence. Activation of ERalpha results in dimerization and binding to estrogen
response elements, which are predominantly found at distal enhancers. However, ERalpha can
also activate transcription through other DNA-bound factors such as AP-1 and RUNX
transcription factors. To accomplish gene expression ERalpha recruits co-activators such as
chromatin- and histone-modifying enzymes (37). The set of genes regulated by ERalpha has
been predominantly studied in breast cancer cell lines and includes growth factors, cytokines,
and cell cycle genes.

Approximately twenty seven ERalpha PTMs have been identified, the majority of which
are phosphorylations to the AF-1 domain (Figure 1.2 B) (37). These PTMs have been primarily
studied in breast cancer cell lines and have been shown to promote ligand-independent
ERalpha activation and resistance to ERalpha targeted therapy. Of all the ERalpha PTMs, only
three have been reported in more than one report using clinical samples. The extracellular
regulated kinase (ERK1/2) phosphorylates ERalpha Ser-118 (38) and increased phosphor-Ser-
118 correlates with increased phospho-ERK1/2 in ER+ breast cancer patients (39). Similarly,
ERalpha Ser-167 is phosphorylated by AKT and RSK, and increased activation of these
pathways is correlated with increased phospho-Ser167 (40). The phospho-Ser-118 and
phospho-Ser-167 ERalpha have increased DNA binding and transcription activity in vitro and
phospho-Ser-118 ERalpha recruits distinct transcription factors (47). Surprisingly,
phosphorylation at these sites in clinical samples is associated with favorable response to
tamoxifen (37, 39, 40, 42-46). This suggests that these sites are biomarkers for intact estrogen

signaling that is tamoxifen sensitive in ER+ breast cancers. This was surprising because in vitro,
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these phosphorylations were believed to promote tamoxifen resistance, supporting the need for
more physiological models of ER+ breast cancer. ERalpha Ser-305 is located in the AF-2
domain of ERalpha and phospho-Ser-305 is associated with a worse prognosis with tamoxifen
in ER+ breast cancer patients (47-49). This suggests that phospho-Ser-305 can mediate ligand-
independent ERalpha activation and tamoxifen resistance (50). Ser305 is phosphorylated by
PKA, however, it is unknown if activation of these pathways correlates with increased phospho-
Ser305 in clinical samples (57). A myriad of pathways regulate ERalpha in transformed breast
cancer cell lines. However, very few ERalpha PTMs have been validated in clinical samples.
This suggest that the other ERalpha PTMs are less physiologically important in ER+ breast
cancer or that the suitable tools, such as antibodies, to detect changes in these PTMs are not
available.

Recurrent mutations in the ligand binding domain of ERalpha have been identified.
These mutations were not discovered until recently and are detected exclusively in the
metastasis of ER+ breast cancer patients who progressed on ERalpha targeted therapy (52).
These mutations include E380Q, Y537S, and D538G. These mutations result in ligand-
independent activation of ERalpha and a prometastatic gene expression program.

The ubiquitin-proteasome system, commonly recognized for a role in cellular
proteostasis, is also required for cell signaling pathways, transcription activity, and the cell cycle
(53, 54). Ligand binding to ERalpha, and other nuclear hormone receptors, induces proteolysis
through the 26S proteasome (565-57). The observation of ligand induced ERalpha degradation in
vivo was reported over fifty years ago. Furthermore, inhibition of the 26S proteasome blocks
ERalpha transcription, demonstrating the important link between ERalpha degradation and
transcription activity (30). The phosphorylation of ERalpha Ser-118 (568), Ser-294 (59), Ser-341
(60), and Tyr-537 (61) which are associated with ERalpha transcriptional activation and co-
activator recruitment, are also known to mediate ERalpha protein stability in transformed breast

cancer cell lines. Proteins are targeted for degradation through the 26S proteasome by E3-
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ligase mediated lysine poly-ubiquitination. Notably, in vitro studies have identified many E3
ligases that regulate ERalpha protein stability and serve as transcription co-activators. However,
the specific E3 ligase for ERalpha under normal physiological conditions is unknown (62).
Furthermore, the mechanisms of proteasome mediated control of ERalpha transcription is
poorly understood. It is possible that the proteasome is responsible for recycling ERalpha off the
DNA for multiple rounds of transcription (63-65). This is supported by studies demonstrating
pulses of ERalpha recruitment to the chromatin under saturating estradiol levels, although this
model has been contrasted. ERalpha Lys-302 and Lys-303 ubiquitination have been identified
using in vitro studies, and mediate ERalpha transcription activity and protein stability (66-68). It
is also possible that other lysines residues on ERalpha are ubiquitinated. The only E3 ligase
that has been associated with ERalpha protein levels in vivo is EGAP (69). However, this study
was largely observational and the ability of EGAP to directly ubiquitinate ERalpha is unknown.
Taken together, it is clear that complex mechanisms control ERalpha transcription and
ERalpha appears to be hijacked in ER+ breast cancer. Diverse ERalpha PTMs exist that
mediate ERalpha transcriptional activity and have prognostic importance in ER+ breast cancer.
It is not fully understood how the PTM code of ERalpha can mediate transcriptional activation
and co-activator recruitment. Understanding the role of ERalpha phosphorylation in vivo and the
role of specific ERalpha coactivors from the ubqiutin-proteasome system will aid identification of
novel treatment strategies for ER+ breast cancer. Furthermore, these novel treatments may

benefit other disease associated with disrupted estrogen signaling.
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Estrogen receptor alpha is a driver of normal mammary development and breast cancer

The mammary gland is an arborized network of ducts embedded in an adipose-rich
stroma. The mammary ducts are composed of an epithelial bilayer, with an inner layer of luminal
cells and a basal layer of myoepithelial cells. The majority of breast cancers arise from the
epithelium (70). In the normal mammary gland, the myoepithelial cells contract to release milk
that is produced in ER-negative luminal cells during lactation. ER-positive (ER+) luminal cells
are termed sensor cells, as they detect estrogen and relay the signal in a paracrine manner
through expression of growth factors (37, 71). This process is required for coordinated
development of the mammary epithelium during puberty, as well as pregnancy and lactation
(32, 33).

The combination of transgenic mouse models, tissue transplantation studies, and
lineage tracing have allowed a deep mechanistic understanding of normal mammary gland
development. Interestingly, FOXA1, GATA3, and RUNX1 are commonly mutated in ER+ breast
cancer at rates of 4%, 29%, and 7% (72) and these transcription factors are also critical for
normal development of mammary ER+ cells (Table 1.1) (73-75) (75) (76). The MAPK pathway
components, MAP3K1 and MAP2K4, are mutated in approximately 18% and 9% of ER+ breast
cancers (72). A role for these genes in control of ERalpha levels in the normal developing
mammary gland is unknown, but other MAPK component such as the p38MAPK-MSK1 pathway
and ERK1/2-p90RSK pathway have been shown to control ERalpha levels in the normal
mammary gland (77, 78). Together, these studies support the hypothesis that breast cancer
hijacks normal developmental programs.

A summary of transgenic mouse models used to study ER+ mammary epithelial cells is
provided in Table 1.1. These models have greatly improved our understanding of normal ER+
luminal cell homeostasis and future research will use these tools to increase our understanding
of ER+ breast cancer. In brief there are several key takeaways from these studies. First,

ERalpha is required for normal pubertal mammary gland development and lactation, whereas
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ERDbeta is dispensable (29, 32-34). Mammary specific expression of ERalpha truncation
mutants revealed that both the AF-1 and AF-2 domains are required for ERalpha-dependent
mammary development (79). Future studies investigating the role of individual residues, such as
Ser118, will provide important insight into the physiological relevance of p-Ser118 in the normal
mammary gland. Second, tissue recombination studies and transgenic mouse models support
the conclusion that ERalpha in the mammary epithelium, not the stroma, regulates mammary
gland development (32, 33). Control of development requires ERalpha-induced expression of
the EGF family ligand, amphiregulin (77). Finally, lineage tracing experiments support the
conclusion that ER+ luminal cells, ER-negative luminal cells, and myoepithelial cells are three
distinct lineages in the postnatal mammary gland (80-82). Two recent lineage tracing studies
used independent transgenic models to label ER+ luminal cells and discovered that the ER+
luminal subpopulation is maintained by long-lived lineage-restricted progenitor cells (80, 87).
The conclusion that the ER+ luminal lineage is heterogenous and contains progenitor cells
could explain the heterogeneity observed in ER+ breast cancers (83). The existence of a
luminal progenitor population was surprising, as ER+ luminal cells were traditionally imagined
as terminally differentiated and post-mitotic cells. The possibility of an ER+ luminal cell
progenitor has important implications for ER+ breast cancer cell of origin research, and the

identification of these cells will be aided by advanced transgenic mouse models (84).
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Table 1. 1 Analysis of normal mammary ER+ cells in transgenic mice.

Transgenic Mammary gland phenotype Reference

model

Esrqimiksk The first germline Esr1 knockout. Generated by targeting the | (85)

(ERalpa-KO) | start codon. Mammary phenotype includes absence of
epithelial duct outgrowth during puberty. Also defects in
uterus, ovary, and bone.

MMTV- Germline targeting of Esr1 specifically in mammary epithelial | (32)

Cre/Esr1™M cells using the MMTV promoter. Mammary glands have an
absence of pubertal duct growth, branching, and terminal
end development. This supports an epithelial intrinsic role
for ERalpha in the mammary gland.

WAP- The WAP (whey acidic protein) promoter is used to target (32)

Cre/Esr1™M the lactation stage in mammary epithelial cells during adult
development. Targeting Esr1 in this stage allowed normal
pubertal development and resulted in defective
alveologenesis and lactation. A loss of progesterone
receptor positive cells was also observed. This phenotype is
more severe after multiple pregnancies.

Esr1 C451A This transgenic mouse models germline expression of an (86)
ERalpha palmitoylation deficient mutant. Delayed pubertal
mammary development and loss of progesterone receptor
positive cells was observed. However, systemic effects such
as distrupted E2 levels are reported.

Esr1 AF1° Germline expression of an ESR1 truncated mutant with (79)
deletion of the AF-1 domain. The model has systemic
effects including increased E2 levels. Mammary epithelial
transplants from mutant mice into wild-type hosts revealed
an absence of epithelial duct development during puberty.

Esr1 AF2° Germline expression of an ESR1 truncation mutant with (79)
deletion of the ligand binding domain. This mouse displays
similar phenotypes to the AF-1 domain mutant, including
absence of epithelial duct development during puberty.

Esr1- This transgenic knock-in mouse expresses the tetracycline (81)

rtTA/TetO- transactivator (rtTA) downstream of a copy of the ESR1

Cre/Rosa- promoter. The rtTA drives conditional expression of YFP for

YFP lineage tracing ER+ cells in the mammary gland. This
strategy revealed that a restricted subset of adult mammary
stem/progenitor cells sustain ER+ cell development,
homeostasis, and regeneration.

Esr1-Cre/Ai9- | This knock-in mouse models expresses Cre recombinase (84)

RFP under control of a copy of the natural Esr1 promoter crossed

(Esr1-RFP) with an RFP reporter strain induced by Cre. This mouse will
enable future studies to label ER+ cells for identification,
isolation, and tracing.

Prominin1- This transgenic knock in mouse expresses an inducible Cre | (80)

CreER™/R26 | under control of the endogenous Prom1 (CD133) locus.

R-tdTomato Prominin1 is a marker of a subset of ER+ mammary luminal

cells. This strategy revealed that Prom1 expressing cells
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give rise to exclusively ER+ cells even after serial
transplantation.

Rps6ka3-KO
(RSK2-KO)

Germline knockout of RSK2 results in decreased ERa
protein levels in the mammary gland and loss of ER+ cells.
This is also observed after transplantation of RSK2-KO
mammary epithelial cells into wild-type hosts. The disrupted
estrogen signaling in the adult mammary gland results in
inefficient alveolar expansion and lactation.

MMTV-
Cre/p38a™™

Germline deletion of p38alpha in mammary epithelial cells
using the MMTYV promoter. Results in decreased ER+ cells
and ESR1 mRNA expression possibly due to a defect in
luminal progenitor cells.

Foxa1-KO

Germline Foxa1 knockout is perinatal lethal therefore the
authors employed mammary transplants into wild-type hosts
to demonstrate FOXA1 is required for epithelial duct
development during puberty and required for ESR1
expression.

MMTV-
Cre/Runx1™™

Germline deletion of Runx1 specifically in mammary
epithelial cells using the MMTYV promoter. This model
revealed a role for RUNX1 is homeostasis of general luminal
cells and ER+ cells. The loss of ER+ cells could be rescued
by deletion of P53, suggesting activation of a cell cycle
checkpoint.

MMTV-
Cre/Gata3™

Germline deletion of Gata3 specifically in mammary
epithelial cells using the MMTV promoter. These studies
revealed a role for GATA3 as a major regulator of the
mammary luminal lineage. Loss of GATA3 results in loss of
luminal cells including decreased ER+ cells and lactation
insufficiency.

MMTV-
Cre/Id4""

Germline deletion of Id4 in the mammary gland using the
MMTYV promoter using this mouse model revealed delayed
development of mammary ducts and increased expression
of ER in luminal and basal cells. However, upon further
analysis these mice also display significant ovarian defects
which confound the mammary results.

WAP-
Cre/Foxm1™™

Deletion of Foxm1 in the adult mammary gland using the
WAP promoter. Loss of Foxm1 increased mammary
expression of GATA3 and ERalpha, suggesting that Foxm1
suppresses this pathway Additionally, the authors
demonstrate that Foxm1 overexpression results in
expansion luminal progenitor cells.

MMTV-Ube3a
(EGAPMT)

Transgenic knock in mouse with overexpression of full
length E6AP in mammary epithelial cells using the MMTV
promoter. EGAP overexpression is associated with a minor
duct development defect and decreased ERalpha protein
levels, although the effects are primarily studied on
progesterone receptor.

Esr2-KO
(ERbeta-KO)

Germline knockout of Esr2. The mice were initially reported
to display normal mammary gland development and

(34, 89)
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lactation followed by reports of minor defects in these
processes.

Gpr30-KO
(GPER-KO)

Germline knockout of the membrane bound g protein-
coupled estrogen receptor GPER. The role in normal
development of the mammary gland was not reported.
However, GPER-KO were crossed with the mouse model of
luminal breast cancer PyMT, which revealed that GPER
supports breast cancer progression but does not impair ER+
cell numbers.

Esrra-KO
(ERRa-KO)

Germline knockout of estrogen related receptor alpha in
mice is reported, however, the mammary gland phenotype is
unknown.
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Ribosomal S6 kinase (RSK) biology and inhibitors

The ribosomal S6 kinase (RSK) family of Ser/Thr protein kinases (RSK 1 — 4) were
discovered based on their role in phosphorylation of S6 and regulation of cap-dependent protein
translation (90-92). RSKs are downstream effectors of the mitogen activated protein kinase
kinase (MEK 1/2) — extracellular regulated kinase (ERK 1/2) signaling pathway (93). RSKs are
expressed in independent and overlapping tissues (94), and isoform specific activities have
been reported. RSKs are activated by various stimuli, including growth factors, cytokines, and
oxidative stress. In cell based experiments RSK signaling promotes cell survival (95), cell cycle
(96, 97), and cell motility (98, 99), therefore RSK has been implicated in human diseases
including breast cancer.

RSKs are composed of two distinct kinase domains (700). The N-terminal kinase domain
(NTKD) belongs to the AGC protein kinase family. The C-terminal kinase domain (CTKD)
belongs to the calcium/calmodulin-dependent protein kinase family. RSK is activated by a
serious of phosphorylation events that begins with ERK 1/2 dependent phosphorylation and
activation of the CTKD. The only known role for the CTKD is autophosphorylation of the RSK
hinge region to create a PDK1 binding site. PDK1 phosphorylates RSK Ser-221 for activation of
the NTKD (701, 102). The NTKD then phosphorylates substrates with the AGC kinase substrate
motif, RXRxxS/T.

RSK signaling is involved in the etiology of diverse human diseases. Inactivating
mutations in RSK2 (gene name RPSE6KAS3) result in the developmental disorder Coffin Lowry
syndrome (103-106). This syndrome is associated with diseases such as mental retardation,
skeletal and cardiac defects (7107). The genes encoding RSK1, RSK3, and RSK4 are not
associated with genetic diseases. Triple knockout mice for RSK1, RSK2, and RSK3 have been

reported and are viable (708). The role of RSK in cancer is interesting as RSK 1/2 appear to

19



promote cancer whereas RSK 3/4 may be tumor suppressors (709-111). This suggests
preferentially targeting RSK 1/2 in cancer. The role of RSK in other human diseases such as
cardiovascular disease, fibrosis, and infectious disease, has been previously reviewed by our
laboratory (112).

Despite evidence that RSK is an important drug target, there are no RSK-specific
inhibitors with sufficient pharmacokinetics for clinical use. To address this need many RSK
specific inhibitors are undergoing preclinical development. BI-D1870, BIX 02565, and SL0101
are small molecule RSK inhibitors with similar potency (IC50 0.1 — 1 microM) (Figure 1.2 C)
(712). FMK is a unique RSK inhibitor in that it covalently binds a gatekeeper residue specifically
conserved in the CTKD of RSK1, 2, and 4. Our laboratory discovered the small molecule NTKD
inhibitor, SL0101 (7113), which is RSK specific but demonstrate poor stability in vivo. Therefore,
recent efforts have identified an improved SL0101 analogue , C5”-n-propyl-cyclitol-SL0101 (C5”)

with increased potency and stability in vivo (78, 114, 115).
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Chapter 2

RSK2 maintains adult estrogen homeostasis by inhibiting ERK1/2-mediated
degradation of estrogen receptor alpha

Adapted from: (78)

Summary

In response to estrogens, estrogen receptor alpha (ERalpha), a critical regulator of
homeostasis, is degraded through the 26S proteasome. However, despite the continued
presence of estrogen prior to menopause, ERalpha protein levels are maintained. We
discovered that ERK1/2-RSK2 activity oscillates during the estrous cycle. In response to high
estrogen levels ERK1/2 is activated and phosphorylates ERalpha to drive ERalpha degradation
and estrogen-responsive gene expression. Reduction of estrogen levels result in ERK1/2
deactivation. RSK2 maintains redox homeostasis, which prevents sustained ERK1/2 activation.
In juveniles ERK1/2-RSK2 activity is not required. Mammary gland regeneration demonstrated
that ERK1/2-RSK2 regulation of ERalpha is intrinsic to the epithelium. Reduced RSK2 and
enrichment in an estrogen-regulated gene signature occurs in individuals taking oral
contraceptives. RSK2 loss enhances DNA damage, which may account for the elevated breast
cancer risk with the use of exogenous estrogens. These findings implicate RSK2 as a critical

component for the preservation of estrogen homeostasis.
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Introduction

The importance of estrogen signaling is highlighted by the numerous physiological
alterations, which occur during menopause, oophorectomy or anti-estrogen therapy (776). In
the adult human estrogen levels are highest in the follicular phase reaching a level of ~ 1 nM
and decrease approximately five-fold in the luteal phase of the menstrual cycle (1717). In the
mouse the estrous cycle is divided into four stages, which is based on vaginal cytology, and is
comprised of proestrus, estrus, metestrus and diestrus. The highest level of estrogen ~ 0.2 nM
occurs during proestrus and then decreases by approximately three-fold in diestrus (778). All
estrogen receptor (ER) positive tissues respond to fluctuations in estrogen levels. The
mammary gland undergoes extensive morphological changes as estrogen levels change (1719)
and therefore, it is an ideal organ in which to investigate the mechanisms that regulate estrogen
homeostasis. Estrogen acts primarily through the steroid hormone receptors, estrogen receptor
alpha (ERalpha) and ERbeta. In the mammary gland ERalpha is of particular importance for its
contributions to gland development (32). Whereas, mammary gland development is normal in
the absence of ERbeta (89). Therefore, to examine estrogen homeostasis in the mammary
gland we focused our studies on ERalpha.

Estrogen binding to the receptor results in ERalpha degradation through the 26S
proteasome pathway, and both are required for activation of estrogen-responsive gene
expression (61, 62, 64, 120, 121). However, it is puzzling how this degradation-coupled
transcription is regulated to maintain ERalpha protein levels, as theoretically estrogen levels are
sufficient throughout the menstrual cycle to continuously drive degradation (9). Therefore, it
might be expected that ERalpha levels would eventually drop below that required to generate a
physiological response. Yet, both ERalpha levels and estrogen responsiveness are maintained
to allow progression into the next menstrual cycle but the mechanisms regulating ERalpha
degradation are unknown (30, 722). Maintenance of responsiveness is of particular relevance

to individuals taking estrogen containing oral contraceptives in which estrogen levels do not
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fluctuate compared to the normal menstrual cycle (71717) and in transgendered individuals where
estrogen levels can reach supra-physiological levels (723).

We hypothesized that a negative regulatory mechanism must exist to limit ERalpha
degradation to preserve ERalpha levels and, as a result, maintain estrogen responsiveness. To
identify this mechanism, we focused on estrogen and its control of the EGFR signaling pathway
because of the importance of EGFR in mammary gland development (724), cell fate
specification (725) and breast cancer (7126). Stimulation of EGFR activates the MEK-ERK1/2
signaling cascade. Activated ERK1/2 and its downstream effector, RSK, directly phosphorylate
ERalpha at Ser-118 and Ser-167, respectively (38, 127). These sites increase ERalpha
transcriptional activity in cell-based systems. In a transgenic mouse model RSK2 nuclear
accumulation in the mammary gland drives high grade ER+ ductal carcinoma in situ (728). As
cancer often exploits mechanisms important in development and homeostasis, we investigated
the contributions of ERK1/2-RSK2 signaling to normal ERalpha biology.

Unexpectedly, we discovered a novel regulatory mechanism in which the ERK1/2-RSK2
pathway acts as a developmentally regulated switch that is required for maintaining ERalpha
protein levels in the mammary gland and uterus in the adult but not in the juvenile. ERK1/2 is
activated during the estrus phase of the cycle as a consequence of an estrogen pulse that
occurs in proestrus. Activated ERK1/2 phosphorylates ERalpha, driving the degradation of
ERalpha and estrogen-responsive gene expression. To enable estrogen responsiveness for the
subsequent cycle ERK1/2 is inactivated when estrogen levels are low. Active RSK2 limits the
response to estrogen by maintaining redox homeostasis, which prevents ERK1/2 activation in
response to reactive oxygen species (ROS). In the RSK2 knockout (RSK2-KO) and in
individuals taking oral contraceptives, decreased RSK2 levels are correlated with an enriched
signature for estrogen-responsive gene expression. These observations may explain the
mechanism underlying the increase in breast cancer risk that is observed for individuals taking

exogenous estrogens as reduced RSK2 is correlated with increased DNA damage.
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Materials and Methods

Mice

All procedures involving animals were done in accordance with current federal (NIH Guide for
Care and Use of Laboratory Animals) and university guidelines and were approved by the
University of Virginia and Vanderbilt University Institutional Animal Care and Use Committee.
Female WT or RSK2-KO mice (105) between six and fourteen weeks old were studied. The age
of animals in specific experiments are indicated in the figures with adult animals ranging from
twelve to fourteen weeks. For whole mount analysis the 4th mammary gland was fixed and
stained in Carmine Alum. Ductal distance was measured from the nipple to the tip of the
longest duct. The number of secondary branches along the longest primary branch were
counted.

The stages of the estrous cycle were determined by cytological analysis of vaginal swabs (129)
(20). For all experiments requiring matched estrous stages, the cycles were monitored for 2
weeks prior to end point to ensure continuous cycling.

Mammary epithelial cells were isolated with modifications (125). Briefly, mammary glands were
isolated from donor mice, minced, and digested in DMEM/F12 supplemented with 2mg/ml
Collagenase A and 100U/ml Pen/Strep for 2.5h in 37 o C 5% CO2 incubator. Digested material
was pelleted at 180xG for 5 min and the pellet was suspended in DNAse | (1000U/ml) for 3-5
min in 37 0 C in 5% CO2. Fetal bovine serum (FBS) was added and the digested tissue was
pelleted at 180xG for 10 min. The pellet was washed with phosphate-buffer saline, pelleted,
suspended in Accumax (StemCell Technologies Inc.) and placed in Thermomixer at 37 o C for
10 min. Digested material was pelleted at 180xG for 3 min, suspended in 5x trypsin for 5 min at
37 o C. Trypsin was quenched with FBS and cells were pelleted and suspended in phosphate
buffered saline (PBS) or DMEM/F12. The cell preparation was filtered through 70-micrometer

mesh to obtain single cell suspensions. For mammary gland regenerations, 4x107 cells/ml of
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single cells in DMEM/F12 were mixed 1:1 with matrigel. 10 [ImicroL of cell suspension in
matrigel was injected into the cleared 4th mammary fat pad of a recipient 3wk old mouse (130).
To inhibit the 26S proteasome pathway or RSK1/2 in vivo female mice in estrus (12 wk) were
injected intraperitoneally (IP) with vehicle or PS-341 at 5 mg/kg in 2% DMSO, 30% PEG, and
68% saline or C5"-n-propyl cyclitol SL0101 at 40mg/kg in one part DMSO and nine parts 25%
hydroxypropyl-beta-cyclodextrin. Animals in the PS-341 study were euthanized 4h after
injection and animals in the RSK1/2 study were injected twice at 7 h interval before euthanasia.
Cell line studies

TM3 cells were purchased and cultured according to ATCC. Cells were maintained in log-
phase and screened for Mycoplasma by PCR. Prior to experiments, cells were serum-starved
in phenol red-free media for 48 h followed by addition of vehicle, C5”-n-propyl-cyclitol SL0101
(20 microM, 6h), BI-D1870 (10 microM, 6h), trametinib (1 microM, 6h), or U0126 (10 microM,
6h). In experiments with MG-132, cells were pretreated (10 microM, 1h). For analysis of Ser-
118 upshift, cells were serum-starved as above and treated with phorbol 12-myristate 13-
acetate (10) (0.5 microM, 20 min), EGF and FGF7 cocktail (12.5 nM each, 5 min), C5” (20
microM for 2 h). In experiments with trametinib, cells were pretreated (1 microM, 2h). Cells
were lysed and analyzed (127).

Transduction

Constructs to generate lentivirus including psPAX2, pMD2.G, and pLVTHM were provided by D.
Trono, Ph.D. (Swiss Institute of Technology, Lausanne, Switzerland). The pLV-Venus lentivirus
construct was provided by lan Macara, Ph.D. (Vanderbilt University, Nashville, TN). Lentiviral
production was performed using Lipofectamine 3000 (Invitrogen) according to the
manufacturer’s instructions. S118A-ERalpha and S167A-ERalpha were generated using Q5
site-directed mutagenesis.

Fluorescence Activated Cell Sorting (FACS)
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For FACS, single epithelial cells (106 cells/ml) obtained from mammary glands in PBS were
incubated with Cell Trace Violet (1microM) and Zombie Yellow (1:250) for 20 min at room
temperature. Cells were washed and suspended in 5% FBS in PBS. Cells were blocked with
10% normal rat serum in 5% FBS for 10 min at 4 o C, followed by incubation with biotin-
conjugated primary antibodies against lineage markers for 10 min at 40 C. The cells were
incubated with primary antibodies for 20 min at 4 o C, washed and suspended in 5% FBS. Cells
were analyzed using FACSCantoll or sorted using FACSAriall. Flow cytometry data were
analyzed using Cytobank version 6.2. Further reagents details are provided in the Key
Resource Table.

EdU labeling was performed (82) in mice staged in proestrus were injected intraperitoneally with
10 mg/ml EdU in PBS (100 mg/kg) and then administered EdU in the drinking water (1 mg/ml).
The estrus stage was monitored, and mammary glands were isolated in metestrus (2 days after
EdU injection). Mammary cells were isolated and analyzed for EAU incorporation using the
Click-iT Edu Flow Cytometry Assay Kit, followed by the antibody staining as described above
carried out in 1xClick-iT saponin based permeabilization buffer. Further reagents details are
provided in the Key Resource Table (Table 2.1).

Immunostaining

Mouse organs were fixed in buffered 10% formalin for 2 d and then placed in 70% ethanol. The
fixed samples were paraffin-embedded, and sectioned. Sections were deparaffinized and
antigen retrieval performed in tris-EDTA buffer pH 8.0 or citrate buffer pH 6.0 or pH 7.0 (Table
2.1). The sections were blocked in 10% bovine serum albumin (BSA) in PBS and incubated
with primary antibody in 3% BSA in PBS o/n at 4 oC. The sections were washed and incubated
with secondary antibody for 1 h in room temperature. For detection of Venus-tagged ERalpha in
TM3 cells, 1x104 cells were seeded on laminin-coated glass coverslips. After treatment, cells
were fixed in 4% PFA in PBS (pH 7.4, 15 min). Antibodies are listed in the Key Resource Table.

For immunofluorescence staining, cells were fixed in 4% PFA in PBS (pH 7.4, 15 min) and
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permeabilized with 0.1% Triton X-100 in PBS (15 min), DNA was stained with Hoechst in PBS
(10 min) and coverslips mounted using Fluoro-Gel (Electron Microscopy Sciences). Images
were collected with a laser-scanning microscope (LSM 510/Meta/FCS, Carl Zeiss Inc.).

RNA analysis

For RNA isolation, 5x104 EpCAMhiCD49f+Sca1+Cd49b- cells were FACS sorted and
total RNA extraction (RNeasy Micro Kit) was performed. The RNA quality was tested using
Agilent 100 Bioanalyzer (RIN 8). Libraries were constructed and sequenced by Genewiz LLC.
Reads were aligned to the mm10 mouse genome with STAR, the transcripts were assembled
using Gencode version 15 as gene models. Genes and transcripts were quantified with HTSeq.
Two samples were clear outliers and were discarded. Batch correction was done with SVA, and
differential gene expression analysis was performed with DESeq2. Gene set enrichment was
done with GSEA using MSigDB and GSVA using GSKB mouse gene sets. RNASeq data is
available at Gene Expression Omnibus under accession GSE113323.

For gRT-PCR RNA (1microg) was reverse transcribed using High Capacity cDNA
Reverse Transcription Kit. Analysis was performed using IQ RealTime SyberGreen PCR
Supermix (BioRad Laboratories) on the C1000Thermal Cycler CFX96 Real-Time System (128).
The deltaCt was calculated using GAPDH as a control. Primers are listed in the Key Resource
Table.

Raw reads from the sequencing of normal breast tissue at different stages of menstrual cycle
(131) were normalized using DESeq2 according to the estimated size of the libraries. Based on
unsupervised hierarchical clustering, 5 samples were rejected as outliers and Z-scores were
calculated correcting for sequencing batch.

Quantification and statistical analysis

Statistical analyses were performed using GraphPad Prism 6. The statistical test used is
reported in the figure legends. Additional ANOVA values for complex comparisons are provided

(Table 2.2).
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Table 2. 1: Key Resource Table.

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Rat anti-keratin 8 University of lowa TROMA-I
Chicken anti-keratin14 BioLegend S1G-3476
Rabbit anti-
Santa Cruz
pRSK (Thr359/Ser363) sc-12898-R
Biotechnology, Inc.
(Tris)
Thermo Fisher Scientific
Mouse anti-ERa 6F11 (Citrate) MAS-13304
Inc.
Mouse anti-yH2A.X
(Ser139) EMD Millipore JBW301
(Tris)
Rabbit anit-pERK1/2 (pTEpY)
Promega \V803A
(Tris)
Rabbit anti-peEF2
(Thr56) Cell Signal Technology [2331
(Tris)
Mouse anti-GATA3 Thermo Fisher Scientific
1A12-1D9
(Tris) Inc.
Thermo Fisher Scientific
Rabbit anti-AR MAS5-13426
Inc.
Rabbit anti-E cadherin Cell Signal Technology (3195
Mouse anti-ERK BD Biosciences 610124
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Donkey anti-rabbit 647 Invitrogen A31573
Donkey anti-mouse 647 Invitrogen A31571
Goat anti-rat 546 Invitrogen A11081
Goat anti-chicken 488 Invitrogen A11039
Biotin anti-CD140 Biolegend APAS5
Biotin anti-CD31 Biolegend MEC13.3
Biotin anti-Ter-119 Biolegend TER-119
Biotin anti-CD45 Biolegend 30-F11
Brilliant Violet 510 Streptavidin Biolegend 405233
Anti-Sca1-PerCP Biolegend 405233
Anti-Sca1-FITC Biolegend D7
Anti-CD49b-APC/Cy7 Biolegend DX5
Anti-EpCAM-APC Biolegend G8.8
Anti-CD49f-PE/Cy7 Biolegend GoH3
Chemicals, Peptides, and Recombinant Proteins

Cell Trace Violet Life Technologies Corp. [C34557
Zombie Yellow Biolegend 423104
EdU (5-Ethynyl-2’-deoxyuridine)  |Life Technologies Corp. [NEO87011604

Bortezomib (PS-341) Calbiochem 50-431-40001
BI-D1870 Enzo Life Sciences BML-EI407
Trametinib Selleck Chem S2673
u0126 Sigma U120
MG-132 Calbiochem 474790

17-p estradiol (E2) Sigma E2758
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Phorbol 12-myristate 13-acetate

Sigma P1585
(70)
EGF Calbiochem 324831
FGF7 R&D Systems 251KG010CF

Experimental Models: Organisms/Strains

Mouse: C57BL/6JF*?"(RSK2-KO)

Institut de Genetique et
Biologie Moleculaire et
Cellulaire, C.U. de

Strasbourg, France

Cell line: TM3 ATCC CRL-1714
Commercial Assays
Click-iT™ Plus EdU Alexa Fluorm [ oo Fisher Setentiie |
488 Flow Cytometry Assay Kit Inc.
Click-iT™ Plus OPP Alexa Fluor™ Thermo Fisher Scientific

C10458
647 Protein Synthesis Assay Kit  |[Inc.

'Thermo Fisher Scientific

C10444
CellROX™ Green Reagent Inc.
RNeasy Micro Kit Qiagen 74004
gRT-PCR primers
f-GAPDHmM AGAACATCATCCCTGCATCCA
r-GAPDHm CAGATCCACGACGGACACATT
f-GATA3m GATGTAAGTCGAGGCCCAAG
r-GATA3m GCAGGCATTGCAAAGGTAGT
f-ESR1m TTACGAAGTGGGCATGATGA
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r-ESR1m CCTGAAGCACCCATTTCATT

Plasmids

pLVTHM D. Trono, Ph.D. )Addgene; 12260
pSPAX2 D. Trono, Ph.D. Addgene; 12247
pMD2.G D. Trono, Ph.D. )Addgene; 12259
Software and Algorithms

LSM-FCS/ ZEN Carl Zeiss, Inc. N/A

Openlab 5.5.0 / Volocity 6.2.1 PerkinElmer Inc. N/A

GraphPad Prism 6.0a

GraphPad Spftware Inc. [N/A

Morpheus

https://software.broadinstitute.or
Broad Institute
g/morpheus/

BioRender

https://biorender.com/
BioRender
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Table 2. 2: ANOVA summary.

Supplemental Table 1: ANOVA TABLE

Figure 1B (WT vs. RSK2-KO)

ANOVA summary

F 18.62

P value < 0.0001

P value summary bl

Are differences among Yes

means statistically

significant? (P < 0.05)

R square 0.867

Number of families 1

Number of comparisons | 4

per family

Alpha 0.05

Holm-Sidak's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

WT PE vs. KO PE 0.5386 Yes * 0.0265
WTE vs. KOE 0.3825 Yes * 0.0376
WT ME vs. KO ME 1.081 Yes i < 0.0001
WT DE vs. KO DE 0.6243 Yes b 0.0065
Figure 1B (Estrous stages)

ANOVA summary

F 215.3
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P value

< 0.0001

P value summary

*kkk

Are differences among Yes

means statistically

significant? (P < 0.05)

R square 0.5039

Number of families 1

Number of comparisons | 3

per family

Alpha 0.05

Dunnett's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

WT E vs. WT PE -0.1718 | Yes ** 0.0042
WT E vs. WT ME -0.8292 | Yes i < 0.0001
WT E vs. WT DE -1.132 Yes i < 0.0001
Figure 1C

ANOVA summary

F 11.09

P value < 0.0001

P value summary bl

Are differences among Yes

means statistically

significant? (P < 0.05)

R square 0.7281

Number of families
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Number of comparisons | 4

per family

Alpha 0.05

Holm-Sidak's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

WT 12 PE vs. KO 12 PE | 22.28 Yes b 0.0023
WT 12 Evs. KO 12 E 20.57 Yes b 0.0023
WT 12 ME vs. KO 12 ME | 22.14 Yes i 0.0002
WT 12 DE vs. KO 12 DE | 15.79 Yes b 0.0023
Figure 2B

ANOVA summary

F 106.4

P value < 0.0001

*kkk

P value summary

Are differences among Yes
means statistically

significant? (P < 0.05)

R square 0.8944

Number of families 1

Number of comparisons | 4

per family

Alpha 0.05

Holm-Sidak's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.
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ML WT (E) vs. ML KO (E) | 19.18 Yes i < 0.0001
LP WT vs. LP KO 0.9114 No ns 0.9613
AP WT vs. AP KO -0.7909 | No ns 0.9613
U WT vs. U KO -19.2 Yes i < 0.0001
Figure 2C

ANOVA summary

F 13.56

P value < 0.0001

P value summary bl

Are differences among Yes

means statistically

significant? (P < 0.05)

R square 0.655

Number of families 1

Number of comparisons | 4

per family

Alpha 0.05

Holm-Sidak's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

ML WT (PE) vs. MLKO | 24.18 Yes b 0.0031
(PE)

ML WT (E) vs. ML KO (E) | 19.1 Yes i < 0.0001
ML WT (ME) vs. ML KO | 18.64 Yes * 0.0197

(ME)
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ML WT (DE) vs. ML KO 11.79 Yes * 0.0461
(DE)

Figure 2F

ANOVA summary

F 1.881

P value 0.1471

P value summary ns

Are differences among No

means statistically

significant? (P < 0.05)

R square 0.116

Number of families 1

Number of comparisons | 2

per family

Alpha 0.05

Holm-Sidak's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

6wk WT vs. 6 KO 0.2369 No ns 0.8948
WT 8wk vs. KO 8wk 4 No ns 0.3524
Figure 2H

ANOVA summary

F 8.896

P value < 0.0001

P value summary

*kkk
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Are differences among Yes

means statistically

significant? (P < 0.05)

R square 0.6402

Number of families 1

Number of comparisons | 3

per family

Alpha 0.05

Holm-Sidak's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

WT6 vs. KO6 0.9722 No ns 0.6945
WT8 vs. KO8 4 No ns 0.583
WT10 vs. KO10 23.32 Yes i < 0.0001
Figure 3A

ANOVA summary

F 6.893

P value 0.0012

P value summary >

Are differences among Yes

means statistically

significant? (P < 0.05)

R square 0.7338

Number of families 1

Number of comparisons | 4

per family
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Alpha 0.05

Holm-Sidak's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

8WKWT vs. 6WkWT 0.2 No ns 0.4754
10WkWTE vs. 6WkWT 0.4374 No ns 0.2435
12wk WTE vs. 6WkWT 1.196 Yes i 0.0003
12wkKOE vs. 6wkKO 0.7278 Yes * 0.0379
Figure 3C

ANOVA summary

F 10.98

P value 0.0016

P value summary >

Significant diff. among Yes

means (P < 0.05)?

R squared 0.6281

Number of families 1

Number of comparisons | 3

per family

Alpha 0.05

Tukey's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

WTE vs. WTDE 0.7499 Yes b 0.0042
WTE vs. WTPE 0.9749 Yes b 0.0096
WTDE vs. WTPE 0.2251 No ns 0.7157

Figure 4C
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ANOVA summary

F 6.587

P value 0.0251

P value summary *

Are differences among Yes

means statistically

significant? (P < 0.05)

R square 0.7671

Number of families 1

Number of comparisons | 3

per family

Alpha 0.05

Holm-Sidak's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

KO_E vs. WT_E 181.5 Yes * 0.0329
KO_E vs. KO_DE 239.8 Yes * 0.024
KO_E vs. WT_DE 196 Yes * 0.0329
Figure 4D

ANOVA summary

F 11.53

P value 0.0028

P value summary >

Are differences among Yes

means statistically

significant? (P < 0.05)
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R square 0.8122

Number of families 1

Number of comparisons | 3

per family

Alpha 0.05

Holm-Sidak's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

WTV vs. WTPS -0.05347 | No ns 0.6881
KOV vs. KOPS -0.7145 | Yes b 0.0016
WTV vs. KOV 0.4995 Yes b 0.0092
Figure 6A

ANOVA summary

F 7.01

P value 0.0021

P value summary >

Significant diff. among Yes

means (P < 0.05)?

R squared 0.5126

Number of families 1

Number of comparisons | 3

per family

Alpha 0.05

Sidak's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

WT E vs. WT DE 0.7597 Yes b 0.002
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KO E vs. KO DE 0.2441 No ns 0.6895
WT DE vs. KO DE -0.6181 Yes * 0.0437
Figure 6B

ANOVA summary

F 5741

P value < 0.0001

P value summary bl

Are differences among Yes

means statistically

significant? (P < 0.05)

R square 0.9957

Number of families 1

Number of comparisons | 4

per family

Alpha 0.05

Dunnett's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

V vs. 216 0.6396 Yes i < 0.0001
V vs. BID 0.4211 Yes i < 0.0001
V vs. Tram 0.1658 Yes i < 0.0001
V vs. U0126 0.2126 Yes i < 0.0001
Figure 6E

ANOVA summary

F 25.58

P value < 0.0001
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P value summary

*kkk

Are differences among Yes

means statistically

significant? (P < 0.05)

R square 0.895

Number of families 1

Number of comparisons | 3

per family

Alpha 0.05

Sidak's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

WT-V vs. WT-216 100 Yes i < 0.0001
167-V vs. 167-216 53.26 Yes b 0.0013
118-V vs. 118-216 -22.7 No ns 0.2554
Figure 6l

ANOVA summary

F 42.55

P value < 0.0001

P value summary bl

Are differences among Yes

means statistically

significant? (P < 0.05)

R square 0.9466

Number of families
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Number of comparisons | 5

per family

Alpha 0.05

Dunnett's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

V vs. 216 100 Yes i < 0.0001
V vs. Ebs -56.73 Yes b 0.0011
V vs. NAC -1.255 No ns 0.9999
V vs. 216+Ebs 0.1907 No ns > 0.9999
V vs. 216+NAC -2.203 No ns 0.9997
Figure 6J

ANOVA summary

F 11.29

P value 0.0052

%%

P value summary

Are differences among Yes
means statistically

significant? (P < 0.05)

R square 0.9039

Number of families 1

Number of comparisons | 5

per family

Alpha 0.05

Dunnett's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.
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veh vs. 216 -100 Yes * 0.0046
veh vs. NAC 4.143 No ns 0.9988
veh vs. Ebs 7.899 No ns 0.9856
veh vs. NAC+216 2.002 No ns 0.9999
veh vs. Ebs+216 -4.961 No ns 0.9981
Figure 7C

ANOVA summary

F 4483

P value < 0.0001

P value summary bl

Are differences among Yes

means statistically

significant? (P < 0.05)

R square 0.9989

Number of families 1

Number of comparisons | 2

per family

Alpha 0.05

Dunnett's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

vvs. 216 100 Yes i < 0.0001
v vs. no OPP 110.7 Yes i < 0.0001
Figure 7E

ANOVA summary

F 53.24
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P value

< 0.0001

P value summary

*kkk

Are differences among Yes

means statistically

significant? (P < 0.05)

R square 0.8331

Number of families 1

Number of comparisons | 3

per family

Alpha 0.05

Holm-Sidak's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

WT WT vs. KOWT 22 Yes i < 0.0001
WT KO vs. KO KO 2.495 Yes i < 0.0001
WT WT vs. KO KO 3.167 Yes i < 0.0001
Figure 7F

ANOVA summary

F 8.231

P value 0.0056

P value summary >

Are differences among Yes

means statistically

significant? (P < 0.05)

R square 0.5784

Number of families
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Number of comparisons | 3

per family

Alpha 0.05

Tukey's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

Fvs.L 1.323 Yes * 0.0023
Fvs. OC 1.565 Yes b 0.0007
Lvs. OC 0.2425 No ns 0.8481
Figure 7G

ANOVA summary

F 16.2

P value 0.0003

P value summary b

Are differences among Yes

means statistically

significant? (P < 0.05)

R square 0.7137

Number of families 1

Number of comparisons | 3

per family

Alpha 0.05

Tukey's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

Fvs. L -370.8 Yes b 0.0403
Fvs.OC -425.5 Yes i 0.0086
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Lvs.OC -54.69 No ns 0.8938
Supplemental Figure 2B

ANOVA summary

F 15.15

P value < 0.0001

P value summary bl

Are differences among Yes

means statistically

significant? (P < 0.05)

R square 0.6152

Number of families 1

Number of comparisons 10

per family

Alpha 0.05

Holm-Sidak's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

Lum WT (PE) vs. Lum 292 No ns 0.9759
KO (PE)

Lum WT (E) vs. Lum KO | -3.972 No ns 0.9001
(E)

Lum WT (ME) vs. Lum 11.03 No ns 0.3438
KO (ME)

Lum WT (DE) vs. Lum -0.8083 No ns 0.9883

KO (DE)
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6wk WT Lum vs. 6wk KO | -0.7805 No ns 0.9883
Lum

6wk WT Basal vs. 6wk 2.215 No ns 0.9759
KO Basal

Basal WT (PE) vs. Basal |-3.224 No ns 0.9759
KO (PE)

Basal WT (E) vs. Basal 5.276 No ns 0.7059
KO (E)

Basal WT (ME) vs. Basal | -4.4 No ns 0.9759
KO (ME)

Basal WT (DE) vs. Basal | 0.8421 No ns 0.9883

KO (DE)

Supplemental Figure 2D (upper panel)

ANOVA summary

F 14.08
P value < 0.0001
P value summary bl
Are differences among Yes
means statistically

significant? (P < 0.05)

R square 0.6827
Number of families 1
Number of comparisons | 6

per family

Alpha 0.05
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Holm-Sidak's multiple Mean Significant? | Summary Adjusted P Value

comparisons test Diff.

LP WT (PE) vs. LP KO 0.6 No ns 0.6675
(PE)

LP WT (E) vs. LP KO (E) | 0.7409 No ns 0.4535
LP WT (ME) vs. LP KO 0.685 No ns 0.6675
(ME)

LP WT (DE) vs. LP KO 1.354 No ns 0.2605
(DE)

LP WT 6 wk vs. LP KO 6 | 1.357 No ns 0.2605
wk

LP WT 8wk vs. LP KO 0.8333 No ns 0.5929
8wk

Supplemental Figure 2D (middle panel)

ANOVA summary
F 25.68
P value < 0.0001

*kkk

P value summary

Are differences among Yes
means statistically

significant? (P < 0.05)

R square 0.788

Number of families 1

Number of comparisons | 6

per family
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Alpha 0.05

Holm-Sidak's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

AP WT (PE) vs. AP KO -1 No ns 0.9127
(PE)

AP WT (E) vs. AP KO (E) | -0.8557 | No ns 0.8246
AP WT (ME) vs. AP KO | -0.95 No ns 0.9127
(ME)

AP WT (DE) vs. AP KO -0.2083 | No ns 0.9127
(DE)

AP WT 6 wk vs. AP KO 6 | -0.9667 | No ns 0.8246
wk

AP WT 8wk vs. AP KO 8 | 0.4833 No ns 0.9127

wk

Supplemental Figure 2D (lower panel)

ANOVA summary

F 10.23

P value < 0.0001
P value summary bl

Are differences among Yes
means statistically

significant? (P < 0.05)

R square 0.597

Number of families
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Number of comparisons | 6

per family

Alpha 0.05

Holm-Sidak's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

U WT 6 wk vs. U KO 6 -4.556 No ns 0.4122
wk

U WT 8wk vs. U KO 8wk | -4.417 No ns 0.4122
U WT (PE) vs. U KO (PE) | -22.25 Yes i 0.001

U WT (E) vs. U KO (E) -18.63 Yes i < 0.0001
U WT (ME) vs. U KO -18.46 Yes b 0.004
(ME)

U WT (DE) vs. U KO -10.75 Yes * 0.046
(DE)

Supplemental Figure 2F (upper panel)

ANOVA summary
F 48.26
P value < 0.0001

*kkk

P value summary

Are differences among Yes
means statistically

significant? (P < 0.05)

R square 0.9013

Number of families 1
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Number of comparisons | 4

per family

Alpha 0.05

Holm-Sidak's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

4wt vs. 4ko -0.01537 | No ns 0.9784
6wt vs. 6ko -0.1672 No ns 0.9784
8wt vs. 8ko -0.2023 No ns 0.9784
10wt vs. 10ko 0.32 No ns 0.9784
Supplemental Figure 2F (lower panel)

ANOVA summary

F 10.14

P value < 0.0001

P value summary bl

Are differences among Yes

means statistically

significant? (P < 0.05)

R square 0.6827

Number of families 1

Number of comparisons | 4

per family

Alpha 0.05

Holm-Sidak's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

4wt vs. 4ko 2 No ns 0.8956
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6wt vs. 6ko -3.8 No ns 0.8956
8wt vs. 8ko -2.214 No ns 0.8956
10wt vs. 10ko -1.5 No ns 0.8956
Supplemental Figure 4B

ANOVA summary

F 6.587

P value 0.0251

P value summary *

Are differences among Yes

means statistically

significant? (P < 0.05)

R square 0.7671

Number of families 1

Number of comparisons | 3

per family

Alpha 0.05

Holm-Sidak's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

KO_E vs. WT_E 181.5 Yes * 0.0329
KO_E vs. KO_DE 239.8 Yes * 0.024
KO_E vs. WT_DE 196 Yes * 0.0329
Supplemental Figure 4D

ANOVA summary

F 32.99

P value 0.0004
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P value summary

*kk

Are differences among Yes

means statistically

significant? (P < 0.05)

R square 0.9428

Number of families 1

Number of comparisons | 3

per family

Alpha 0.05

Holm-Sidak's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

WT-sham vs. WT-OVX -0.3735 No ns 0.0523
KO-sham vs. KO-OVX -1.381 Yes i 0.0003
WT-sham vs. KO-sham 0.9988 Yes b 0.0021
Supplemental Figure 7F

ANOVA summary

F 16.37

P value 0.0004

P value summary b

Are differences among Yes

means statistically

significant? (P < 0.05)

R square 0.7318

Number of families
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Number of comparisons | 3

per family

Alpha 0.05

Holm-Sidak's multiple Mean Significant? | Summary Adjusted P Value
comparisons test Diff.

Fvs.L -307.9 Yes b 0.0032

F vs. HC -349.3 Yes i 0.0008

Lvs. HC -41.37 No ns 0.6384
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Results

RSK2 is required to maintain ERalpha homeostasis in the adult mammary gland

In the mouse estrogen levels are highest during proestrus, akin to the follicular stage in
humans (732). Analysis of ERalpha in the mammary gland of wild type (WT) mice in situ using
quantitative immunofluorescence (IF) revealed that ERalpha protein levels varied during the
estrous cycle (Figs. 2.1 A, B). In the WT, the lowest ERalpha protein levels occurred during
estrus, which is consistent with observations that ERalpha protein degradation increases in
response to the estrogen pulse in proestrus (Table 2.2) (65). Staging of the estrous cycle was
determined by analysis of vaginal cytology and uterine wet weight (729) (Fig. 2.2 A). WT and
RSK2-KO mice moved through the estrous cycle in a similar manner (Fig. 2.2 B). In the RSK2-
KO glands ERalpha levels were consistently lower than the WT across all estrous stages (Figs.
2.1 A, B, 2.2 C). These results were unexpected as RSK2 phosphorylation of ERalpha
stimulates transcription (727) and would, presumably, increase ERalpha degradation.
Therefore, based on these observations we would expect that loss of RSK2 would increase

ERalpha protein levels.
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Figure 2.1 RSK2 regulates ERalpha protein levels in the adult mammary gland
throughout the estrous cycle. (A) ERalpha protein expression in the adult mammary gland of
WT and RSK2-KO mice during the estrous cycle. Scale bar = 20 micrometers. (B) ERalpha
protein levels are lower in the RSK2-KO at all stages of the estrous cycle in adult mammary
glands as determined by IF. ERalpha protein levels normalized to the average level observed in
the WT mice at proestrus (median + quartile, n = 3 mice/genotype and stage, one-way ANOVA
with Holm-Sidak’s correction for multiple comparisons). (C) Loss of RSK2 results in a decrease
in the number of ERalpha cells relative to K8+ cells at all stages of the estrous cycle in adult
mammary glands (median £ quartile, n = 4 mice/genotype, = 150 cells/mouse, one-way ANOVA

with Holm-Sidak’s correction for multiple comparisons). See Figure 2.2 and Table 2.1.
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Figure 2. 1 RSK2 regulates ERalpha protein levels in the adult mammary gland
throughout the estrous cycle.
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Figure 2.2 Estrogen responsiveness in WT and RSK2-KO mice. (A) Uterine wet weight is
similar in WT and RSK2-KO. (median + quartile, n=8 mice/genotype, Student’s t-test). (B)
Cycling through the estrous cycle is similar in WT and RSK2-KO mice. Left graph: (mean %
S.D., n=210 mice/genotype); Right graph: Representative cycle. (C) ERalpha protein expression
levels are reduced in RSK2-KO at all stages of the estrous cycle in adult mammary glands. The

graphs were generated from data shown in Figs. 2.1 B and C.
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Figure 2. 2 Estrogen responsiveness in WT and RSK2-KO mice.
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To further investigate the decrease in ERalpha levels that occur in the RSK2-KO glands
we analyzed cell populations within the adult mammary glands by fluorescence-activated cell
sorting (FACS). A novel FACS protocol that allowed the simultaneous analysis of WT and
RSK2-KO mammary epithelial cells (MECs) was developed in which one of the genotypes was
permanently marked and equal numbers of cells from the marked and unmarked genotypes
were mixed (Fig. 2.3 A). The marked genotype was varied, and live cells and lineage-negative
MECs determined (Fig. 2.4 A). The luminal and basal populations were clearly separated using
epithelial cell adhesion molecule (EpCAM) and integrin alpha 6 (CD49f) (Fig. 2.3 B). The
distributions were fairly similar in adult WT and RSK2-KO mice at each stage of the estrous
cycle (Fig. 2.4 B). Further fractionation of the luminal cells by stem cells antigen-1 (Sca1) and
integrin alpha 2 (CD49b) resulted in four populations with the gates for each experiment
established using a fluorescence minus one strategy (Fig. 2.4 C) (133). The
EpCAMMCDA49f*'Sca1*CD49b™ population, which consists primarily of ERalpha cells (82), is
referred to as non-clonogenic luminal (NCL) due to its lack of colony-forming potential in vitro
and engrafting ability in vivo. The EpCAM"CD49f*Sca’CD49b* and
EpCAMMCDA49f*'Sca*CD49b* are luminal progenitors, which express low or high levels of
luminal differentiation markers, respectively (82). The EpCAM"CD49f*'Sca Cd49b™ population is
currently undefined. In comparison to the WT at estrus the NCL population was decreased in
the RSK2-KO with a concomitant increase in the undefined population but no change in the
luminal progenitor populations (Figs. 2.3 B, 2.4 D). These observations are consistent with
those observed in situ in which fewer ERalpha cells were observed in the RSK2-KO (Figs. 2.1
C, 2.2C). A decrease in ERalpha protein levels was also observed in NCL cells isolated during
FACS, consistent with our in situ analysis (Figs. 2.1 A, B, 2.3 D). At each stage of the estrous
cycle a reduction in the NCL population was observed (Figs. 2.3 C, 2.4 D).

RSK2-KO is a constitutive knockout and therefore, we evaluated the contributions of

systemic and intrinsic mechanisms that facilitate RSK2 regulation of the ERalpha population.
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To perform these analyses mammary epithelial cells from WT and RSK2-KO mice were
separately introduced into the cleared 4™ mammary fat pads of a WT recipient. The glands from
the transplanted cells regenerated to similar extents (Fig. 2.4 E). In regenerated glands loss of
RSK2 also resulted in a decrease in the NCL population (Fig. 2.3 E), indicating that the effects
on the ERalpha population caused by the loss of RSK2 are intrinsic to the mammary epithelial
cells.

As ERalpha is absolutely required for mammary gland development (734) we analyzed
the mammary gland at different ages starting at puberty. No detectable difference in the
expansion of the mammary gland into the fat pad or branching during development was
observed (Fig. 2.4 F). Analysis by FACS showed that all cell populations were similar between
RSK2-KO and WT in juveniles (Figs. 2.3 F, 2.4 B, D). Consistent with these data in situ
analysis of the juvenile mammary glands showed similar ERalpha protein levels (Fig. 2.3 G) and
number of ERalpha cells (Fig. 2.3 H). We conclude that RSK2 regulates the ERalpha

population only in the adult, which explains the absence of a developmental defect.
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Figure 2.3 RSK2 maintains the EpCAM"CD49f"'Sca1*CD49b" (NCL) population within the
adult mammary gland throughout the estrous cycle. (A) Schematic of FACS protocol. (B)
FACS analysis of adult mammary glands isolated from females during estrus. Gating strategy
of luminal cells by further subdivision using Sca-1 and CD49b. The percentage of NCL cells
within the luminal population at estrus decreases in adult RSK2-KO mice (median * quartile, n =
6 mice/genotype, one-way ANOVA with Holm-Sidak’s correction for multiple comparisons). (C)
Loss of RSK2 results in a reduction in the percentage of NCL cells at all stages of the estrous
cycle in adult mammary glands (median * quartile, n=3 mice/genotype and stage, one-way
ANOVA with Holm-Sidak’s correction for multiple comparisons). proestrus =PE; estrus =E;
metestrus = ME; diestrus =DE (D) ERalpha protein levels are decreased in cells isolated from
the NCL population of RSK2-KO mice (median * quartile, n=3 mice/genotype, > 20 cells/mouse,
Student’s t-test). Scale bar = 10 micrometers. Fn =fluorescence (E) RSK2 regulation of the
NCL population is intrinsic to the epithelium (median + quartile, n=3 mice/genotype, Student’s t-
test). (F) The percentage of NCL cells within the luminal population is similar between WT and
RSK2-KO juvenile females (median £ quartile, n = 3 mice/genotype and age group, one-way
ANOVA with Holm-Sidak’s correction for multiple comparisons). (G) The levels of ERalpha
protein expression and the (H) number of ERalpha cells relative to K8+ cells are similar in WT
and RSK2-KO juvenile females (median £ quartile, n=3 mice/genotype, = 5 fields/mouse, one-
way ANOVA with Holm-Sidak’s correction for multiple comparisons). Scale bar = 20

miicrometers.
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Figure 2. 3 RSK2 maintains the EpCAM"CD49f'Sca1*CD49b" (NCL) population within the

adult mammary gland throughout the estrous cycle.
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Figure 2.4 Analysis of WT and RSK2-KO mammary glands. (A) Gating strategy for flow
cytometry analysis and sorting of mouse mammary epithelium. Cells were gated for forward
(FCS-A) and side (SSC-A) scatter to remove debris. Single cells (p2) gated by FSC-H/A were
then gated for live cells (ZombieYellow negative). Lineage® (Cd140a*; CD31; Ter-119%; and
CD45") cells were gated out. CellTraceViolet (CTV) positive and negative populations were
separated. (B) FACS analysis of luminal and basal epithelial populations in the mammary gland
(median £ quartile, n=24 mice/genotype and stage, one-way ANOVA with Holm-Sidak’s
correction for multiple comparisons) (Table S1). solid=luminal, hatched = basal (C)
Fluorescence minus one strategy for determining the gates for Sca1 and CD49b. (D) FACS
analysis of luminal progenitor and undefined epithelial populations (median + quartile, n = 3
mice/genotype and stage, one-way ANOVA with Holm-Sidak’s correction for multiple
comparisons) (Table S1). (E) Representative whole mount image of the regenerated 4"
mammary gland from WT or RSK2-KO ~ 20 wk after transplantation at 3 wk. Scale bar =1 mm.
(F) Mammary gland development is similar in WT and RSK2-KO. (median % quartile, n=2
mice/genotype, one-way ANOVA with Holm-Sidak’s correction for multiple comparisons) (Table

S1). Scale bar = 2 mm.
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ERK1/2-RSK2 signaling is dependent on estrogens

At the onset of puberty estrogen increases the levels of growth factors (735, 136), which,
theoretically, would result in RSK activation through its upstream activator, ERK1/2 (137).
C57BL/6J mice initiate cycling by ~ six weeks (138), although we observed that cycling was
irregular until ~ ten to twelve weeks of age. Interestingly, ERK1/2, as shown by Thr202/Tyr204
phosphorylation (pERK1/2), was not active until the animals were = ten weeks old and the levels
of active ERK1/2 were similar at estrus between the WT and RSK2-KO at the same age (Fig.
2.5 A). A causal relationship between estrogen and ERK1/2 activity was demonstrated by the
observations that ERK1/2 activation was prevented by oophorectomy at six weeks (Fig. 2.5 B).
ERK1/2 activation in the WT occurs in estrus after the estrogen burst in proestrus and then
decreases during diestrus when estrogen levels are lowest (Fig. 2.5 C). The inactivation of
ERK1/2 appears to be consistent with increased phosphatase activity as the protein levels of
ERK1/2 do not change between estrus and diestrus (Fig. 2.6 B). We conclude that the ability of
estrogen to activate ERK1/2 and regulate its cyclic activation appears as the mice sexually
mature.

Active ERK1/2 was primarily confined to the luminal compartment and was present in
ER+ cells (Fig. 2.6 C). To confirm that RSK was activated in the WT mammary gland an anti-
active RSK antibody (pRSK) was used. RSK is activated in response to coordinated inter- and
intra- molecular phosphorylation events (739), which is identical within the RSK family and
therefore, identification of the active state of a particular RSK is not possible. However, active
RSK was not detectable in the adult RSK2-KO mammary glands indicating that RSK2 is the
predominant active RSK isoform (Fig. 2.6 D). These results demonstrate that in the WT
estrogen activates ERK1/2-RSK2 signaling and that this activation corresponds with the ability

of RSK2 to regulate ERalpha protein levels (Figs. 2.1 B, 2.5 C).
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Figure 2.5 ERK1/2-RSK2 signaling is activated only in the adult mammary gland. (A)
ERK1/2 activity is increased in the adult compared to juvenile animals (median + quartile, n = 2
mice/genotype and age, 2 3 fields/mouse, one-way ANOVA with Holm-Sidak’s correction for
multiple comparisons). Scale bar = 20 micrometers. (B) ERK1/2 activity in the mammary gland
depends on estrogen (median + quartile, n =22 mice/genotype and procedure, = 3 fields/mouse,
Student’s t-test). Scale bar = 20 micrometers. (C) ERK1/2 activity varies during the estrous
cycle in the WT in the adult mammary gland (median £ quartile, n= 2mice/genotype, = 3
fields/mouse, one-way ANOVA with Tukey’s correction for multiple comparisons). Scale bar =
20 micrometers. (D) Active nuclear RSK2 is the predominant RSK in adult mammary glands.

Scale bar = 20 micrometers.
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Figure 2. 5 ERK1/2-RSK2 signaling is activated only in the adult mammary gland.
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Figure 2.6 ERK1/2 is active in ER+ cells. (A) ERalpha protein levels increase in response to
oophorectomy (median £ quartile, n 22 mice/genotype and procedure, = 3 fields/mouse, one-
way ANOVA with Holm-Sidak’s correction for multiple comparisons) (Table S1). Scale bar= 20
micrometers. (B) The image on the left is shown without K8 to facilitate the visualization of
ERalpha and pERK1/2. Serial sections were necessary to avoid antibody interference. Scale

bar = 20 micrometers.
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Figure 2. 6 ERK1/2 is active in ER+ cells.
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RSK2 negatively regulates proteasome-coupled transcription in the adult mammary gland

To identify a mechanism that would explain the reduced ERalpha protein levels with the
loss of RSK2 we performed transcriptomic analyses on the NCL population (Supplemental
information table 2, available online). Estrus was chosen as changes in gene expression would
be occurring in response to the estrogen pulse that happened in proestrus. We contrasted
these data with that obtained in diestrus, which has the lowest estrogen levels. The
transcriptomic analysis of the RSK2-KO showed 2747 differentially expressed genes (DEG)
between estrus and diestrus as compared to 39 in the WT between estrus and diestrus (Figs.
2.7 A, 2.8 A). The transcriptomic data of RSK2-KO at estrus showed a significant correlation
with a signature obtained from the ERalpha breast cancer cell line, MCF-7, 24h after estrogen
treatment (Figs. 2.7 B, C) (Table S3) (740). This correlation was not driven by cell cycle genes
(Fig. 2.8 B) (Table 2.3). No significant correlation with the estrogen-responsive gene signature
was obtained for the WT at estrus (Figs. 2.7 B, C). ESR1 (gene encoding ERalpha) mRNA
levels were similar between WT and RSK2-KO (Fig. 2.8 C), eliminating the possibility that
ERalpha mRNA expression levels accounted for the transcriptomic differences. Taken together,
these data demonstrate that estrogen signaling is higher in the RSK2-KO than the WT and
therefore, we conclude that RSK2 acts to inhibit estrogen-responsive gene expression.

Estrogen-responsive gene expression is interconnected with ERalpha destruction
through the 26S proteasome pathway (55, 62, 120, 121, 141). Therefore, it would be expected
that ERalpha degradation would be greater in the RSK2-KO than the WT. To investigate this
possibility the rate of in vivo ERalpha degradation was determined using the 26S proteasome
inhibitor, PS-341(62). In the WT gland ERalpha levels did not substantially change in response
to proteasome inhibition. However, in the RSK2-KO gland ERalpha protein levels increased by
~ five-fold in response to PS-341 and therefore, ERalpha degradation is much higher in the
absence of RSK2 (Fig. 2.7 D). This increased degradation explains our in situ observations that

ERalpha levels are lower in the RSK2-KO compared to the WT (Figs. 2.1 A, B, 2.2 C).
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Reduced ERalpha protein levels in the RSK2-KO could be the result of decreased RSK2
kinase activity or loss of the RSK2 protein. To distinguish between these mechanisms RSK2
activity was inhibited in vivo by the specific RSK1/2 inhibitor, C5"-n-propyl cyclitol SL0101 (C5”)
(115) (142). ERalpha protein levels were reduced by the RSK1/2 inhibitor (Fig. 2.7 E). To
demonstrate that the inhibitor was on target we used phosphorylation of the elongation
translation factor 2 (peEF2) as a biomarker (7143) (Fig. 2.8 D). We conclude that RSK2 kinase

activity is important in ERalpha degradation.
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Table 2. 3 Statistical analysis of gene set overlaps from the NCL populations.

Gene sets in overlap

Fisher’s exact test for overlap

Genes UP in R2KO-E vs R2KO-DE E2 24h_UP 0.00001
Genes DOWN in R2KO-E vs R2KO-DE | E2_24h_DOWN 0.00001
Genes UP in R2KO-E vs R2KO-DE Cell cycle genes 0.0007
Genes UP in WT-E vs WT-DE E2_24h_UP no overlap
Genes DOWN in WT-E vs WT-DE E2_24h_DOWN no overlap
Genes UP in WT-E vs WT-DE Cell cycle genes 0.5785
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Figure 2.7 RSK2 is a negative regulator of ERalpha-mediated signaling. (A) RSK2-KO
mice show higher number of DEGs between estrus and diestrus (right panel) than WT (left
panel). Genes with a fold-change = |1.5]| (log2(fold-change) = |0.5]) and an FDR adjusted p <
0.05 are shown as black dots and genes with a fold-change < |1.5] (log2(fold-change) < |0.5|)
and an FDR adjusted p-value > 0.05 are shown as grey dots. The dashed line indicates the cut
off values. (B) Heat map illustrating that the gene expression of NCL cells isolated from RSK2-
KO mice in estrus correlates with a 24 h estrogen-regulated gene signature identified from
MCEF-7 cells (140). (C) Quantitative assessment of enrichment for estrogen-regulated genes.
Cumulative Z-scores were generated for each mouse by summing individual Z-scores of genes
up regulated in estrogen-regulated signature and subtracting individual Z-scores of genes down
regulated (mean + S.D., each point represents a mouse, one-way ANOVA with Holm-Sidak’s
correction for multiple comparisons). (D) Loss of RSK2 increases ERalpha turnover. Adult
mice staged at estrus were treated with vehicle or PS-341 (5 mg/kg) IP for 4 h before
euthanasia and isolation of the mammary gland. ERalpha protein levels were normalized to
those observed in the WT mice at estrus (median £ quartile, n=3 mice/genotype and condition, =
200 cells/mouse, one-way ANOVA with Holm-Sidak’s correction for multiple comparisons).
Scale bar = 20 micrometers. (E) RSK2 kinase activity is necessary to maintain ERalpha protein
levels. Adult mice staged at estrus were treated with vehicle or C5"-n-propyl cyclitol SL0101
(C5”) (40mg/kg) IP twice every 7 h before euthanasia and isolation of the mammary gland

(median £ quartile, n=3 mice/genotype, =3 fields/mouse, Student’s t-test).
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Figure 2.8 Transcriptomic analysis of the NCL population. (A) Principal component (744)
analysis of the transcriptomic data. (B) Proliferation genes do not drive the enrichment for
estrogen -regulated signature in RSK2 KO estrus mice. Cumulative Z-scores were generated
for each mouse by summing individual Z-scores of genes up regulated in estrogen-regulated
signature in which the cell cycle genes were removed and subtracting individual Z-scores of
genes down regulated. (median * quartile, one-way ANOVA with Holm-Sidak’s correction for
multiple comparisons) (Table S1). (C) ESR1 and GATA3 mRNA levels are similar in NCL cells
isolated from RSK2-KO and WT mice during the estrus stage (mean + S.D., n=3 mice/genotype
in triplicate, Student’s t-test). (D) On target increase in peEF2 in vivo by C5"-n-propyl cyclitol
SL0101 (C5”). Adult mice staged at estrus were treated with vehicle or C5" (40 mg/kg) IP twice
every 7 h before euthanasia and isolation of the mammary gland (median £ quartile, n = 2

mice/genotype in triplicate, Student’s t-test).
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Figure 2. 8 Transcriptomic analysis of the NCL population.
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RSK2 maintains ERalpha protein levels in adult reproductive tissue

We next investigated whether RSK2 preserved ERakpha protein levels in other
estrogen-responsive tissues. We focused on the female reproductive tract, as we observed a
40% reduction in the fertility rate in crosses between RSK2-KO females and males (Fig. 2.9 A).
RSK2-KO males crossed with heterozygote females had similar fertility rates to that of the WT
crosses, indicating that the reduced fertility is associated with the RSK2-KO females. Ovaries in
the RSK2-KO and WT mice showed all stages of follicular development and the presence of the
corpora luteum (Fig. 2.9 B, 2.11 A), demonstrating that hormonal signaling (745) through the
hypothalamic-pituitary-ovarian axis is not impaired in RSK2-KO mice. The uterus expresses
high levels of ERalpha which is present in stromal cells as well as glandular and luminal
epithelium. In comparison to the WT, the ERalpha protein levels were substantially decreased
in the epithelial but not in the stromal cells in RSK2-KO mice (Fig. 2.9 C). Interestingly, ERK1/2
activity was detected in the uterine epithelium but not in the stroma cells, providing further
evidence of the connection between ERK1/2-RSK2 signaling and the regulation of ERalpha
protein levels (Fig. 2.9 D). Uterine wet weight and total uterine width was similar in the WT and
RSK2-KO, which is consistent with the literature as stromal cells are thought to mediate uterine
expansion (Figs. 2.10A, B) (729, 146). These data indicate that RSK2 regulates ERalpha

protein levels in multiple tissues.

79



Figure 2.9 RSK2 maintains ERalpha protein levels in the uterine epithelium. (A) RSK2-KO
mice show a fertility defect (n = 15 dams/genotype, Chi-squared test p=0.0299). (B) The
hypothalamic-pituitary-ovarian axis is not disrupted in RSK2-KO females. H&E sections of
ovaries isolated from adult mice in estrus. Scale bar = 1 mm PF=primary follicle; SF=secondary
follicle; TF=tertiary follicle; CL=corpus luteum. (C) RSK2-KO have reduced ERalpha protein
levels in the glandular and luminal epithelium of the uterus (median * quartile, n=3
mice/genotype, > 120 cells/mouse, Student’s t-test). Scale bar = 40 micrometers. GE =
glandular epithelium; S = stroma; LE = luminal epithelium (D) Active ERK1/2 is confined to the

epithelium of the uterus. Scale bar = 40 micrometers.
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Figure 2. 9 RSK2 maintains ERalpha protein levels in the uterine epithelium.
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Figure 2.10 The hypothalamic-pituitary-ovarian axis is not impaired in RSK2-KO mice. (A)
Representative H&E images of ovaries. Scale bar = 1 mm. (B) Luminal height in the uterus in
the WT and RSK2-KO are similar. Measurements from =30 randomly selected regions from

each animal (median £ quartile, n=3 mice/genotype, = 3 fields/mouse, Student’s t-test).
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Figure 2. 10 The hypothalamic-pituitary-ovarian axis is not impaired in RSK2-KO mice.
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ERK1/2 drives ERalpha degradation through phosphorylation of Ser-118 on ERalpha

To address the mechanism by which RSK2 regulates ERalpha protein levels we initially
focused on GATAS3, as GATA3 and ERalpha regulate each other’s expression via a positive
feedback mechanism in breast cancer (747). Therefore, it is conceivable that RSK2 indirectly
regulates ERalpha protein levels through GATA3. However, no difference in GATA3 mRNA
levels was observed between WT and RSK2-KO mice (Fig. 2.8 C). Furthermore, GATA3
protein levels in the uterine glandular epithelium (748) are extremely low whereas ERalpha
protein levels are very high (Figs. 2.11 A). We conclude that RSK2 regulation of ERalpha
through GATAS is unlikely.

Interestingly, in contrast to the WT mice ERK1/2 activity remains elevated in the RSK2-
KO mice during diestrus (Fig. 2.12 A) and coincident with these observations ERalpha protein
levels remain lower in the RSK2-KO (Figs. 2.1 A, B, 2.2 C). Therefore, we investigated whether
ERK1/2 activity was a driver of ERalpha degradation. In support of this hypothesis when we
prevented ERK1/2 activation by oophorectomizing RSK2-KO mice we observed that the levels
of ERalpha were rescued to WT levels (Fig. 2.5 A). To perform further mechanistic studies we
used the normal mouse Leydig cell line, TM3, which expresses ERalpha but does not form
tumors in vivo. Survival of the TM3 line was dependent on RSK2, which prevented knockout
out approaches. However, short term treatment with two structurally distinct RSK inhibitors
decreased ERalpha protein levels, which was prevented by inhibition of the 26S proteasome
(Figs. 2.11 B, C). This effect is specific as androgen receptor protein levels do not change in
response to RSK1/2 inhibition (Fig. 2.11 D). ERK1/2 activity increased in response to the RSK
inhibitors (Fig. 2.11 B), which is consistent with our observations at diestrus in the RSK2-KO
mice. MEK inhibition by trametinib or U0126, did not decrease ERalpha levels. Taken together,
these results indicate that ERK1/2 activity increases ERalpha degradation through the 26S

proteasome.
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It is hypothesized that degradation of phosphorylated ERalpha occurs at a faster rate
than the unphosphorylated (749). Therefore, we investigated whether the ERK1/2 and RSK2
phosphorylation of ERalpha (38, 127) regulated ERalpha turnover. GFP-tagged ERalpha
mutants were generated in which the ERK1/2 phosphorylation site, Ser-118 (S118A- ERalpha),
or the RSK2 site, Ser-167 (S167A- ERalpha was mutated to Ala. In response to ERK1/2
activation mutation of Ser-167 did not alter ERalpha turnover; however, mutation of Ser-118
prevented ERalpha destruction (Fig. 2.11 E). An electrophoretic mobility shift assay was used
to confirm phosphorylation of Ser-118 in response to RSK1/2 inhibition because phospho-
specific antibodies to human ERalpha do not recognize the mouse protein (750) (Fig. 2.12 B).
We conclude that ERK1/2 phosphorylation of Ser-118 targets ERalpha for destruction and that

RSK2 negatively regulates ERK1/2 activity to protect ER alpha from degradation.

RSK2 negatively regulates ERK1/2 activity by controlling oxidative stress levels

To investigate the mechanism by which RSK2 negatively regulates ERK1/2 we
determined whether a loss of RSK2 resulted in increased oxidative stress. In support of this
hypothesis an increase in ROS is associated with estrogen-regulated transcription (757) and
ROS activates ERK1/2 (152). Therefore, in the RSK2-KO the increased estrogen-regulated
transcription could result in elevated ROS levels compared to WT, resulting in ERK1/2
activation. The presence of gamma-H2AX provides a readout for the formation of DNA double
stranded breaks, which occur in response to oxidative stress (753). Consistent with our
hypothesis gamma-H2AX was elevated in the RSK2-KO (Fig. 2.11 F). Analysis of the genes up
regulated in the RSK2-KO at estrus compared to diestrus revealed enrichment for genes
associated with oxidative stress (Fig. 2.12 C). Additionally, an over-representation of genes
associated with the glutathione metabolic process, suggesting that the cells were experiencing
oxidative stress and attempting to compensate by increasing glutathione production. Consistent

with the in vivo data RSK2 inhibition in the TM3 line exhibited elevated ROS (Fig. 2.11 G) and
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DNA damage (Fig. 2.11 H). Importantly, reduction of ROS by two structurally distinct anti-
oxidants rescued ERalpha levels in the presence of RSK2 inhibition (Fig. 2.11 |) and prevented
ERK1/2 activation (Fig. 2.11 J). Taken together, these data demonstrate that RSK2 maintains

estrogen homeostasis by preventing the activation of ERK1/2 by ROS.
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Figure 2.11 ERK1/2 drives ERalpha degradation through phosphorylation of Ser-118. (A)
ERK1/2 activity remains elevated during diestrus in the adult mammary gland (median +
quartile, n= 3 mice, = 3 fields/mice, Student’s t-test). (B) RSK2 is a negative regulator of
ERK1/2 activity. Serum starved TM3 were treated for 6 h with vehicle, C5"-n-propyl cyclitol
SL0101 (C5”) (20 microM), BI-D1870 (10 microM), trametinib (1 microM) or U0126 (10 microM).
The white vertical line indicates that conditions not relevant to the manuscript were removed.
ERalpha levels were normalized to Ran and then to the vehicle (mean, n=3, one-way ANOVA
with Dunnett’s correction for multiple comparisons). (C) RSK1/2 inhibition stimulates ERa
degradation through the 26S proteasome pathway. Serum starved TM3 were treated for 6 h
with vehicle, C5" (20 microM) with or without a 1 h pre-treatment with MG132 (10 uM). (D)
RSK2 does not regulate androgen receptor (AR) degradation. Serum starved TM3 were treated
for 6 h with vehicle or C5" (20 microM). AR levels were normalized to Ran and then to the
vehicle (mean, n=3 in duplicate, Student’s t-test). (E) Phosphorylation of Ser-118A is required
for ERalpha degradation. Cells transduced with WT or mutant ERalpha-VENUS were treated
with vehicle or C5” (20 microM) as in (B). The range was normalized to WT ERalpha(mean,
n=3, >150 cells/condition/experiment, one-way ANOVA with Holm-Sidak’s correction for multiple
comparisons). Scale bar = 10 micrometers. (F) Loss of RSK2 increases double stranded DNA
breaks (gamma-H2AX foci) in the mammary gland (median £ quartile, n=24 mice/genotype, =3
fields/mouse, Student’s t-test). (G) RSK1/2 inhibition increases ROS. Serum starved TM3 were
treated as in (B). The data were normalized to the range with and without C5” (20 microM)
(mean, n=3, >100 cells/condition/experiment, Student’s t-test). (H) RSK1/2 inhibition increases
DNA damage in vitro. Cells treated for 72 h with vehicle or C5” (20 microM). The data were
normalized to the range with and without C5” (mean, n=3, >80 cells/condition/experiment,
Student’s t-test). (I) Inhibition of ROS rescues ERalpha levels. Serum starved TM3 were
treated for 6 h with vehicle or C5” (20 microM) with or without ebselen (Ebs) (50 microM) or N-

acetyl cysteine (NAC) (15 mM) for the final 2 h. The range was normalized to ERalpha levels in
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the absence of anti-oxidants (mean, n=3, >50 cells/condition/experiment, one-way ANOVA with
Dunnett’s correction for multiple comparisons). (J) Inhibition of ROS inhibits ERK1/2 activation.

Cells treated and analyzed as in (I).
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Figure 2. 11 ERK1/2 drives ERalpha degradation through phosphorylation of Ser-118.
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Figure 2.12 Phosphorylation of Ser-118 ERalpha correlates with degradation of ERalpha.
(A) GATAS is expressed at very low levels in the uterus compared to the mammary gland.

Scale bar = 20 micrometers. (B) Ser118- ERalpha phosphorylation occurs in response to agents
that stimulate ERalpha degradation. Serum starved TM3 were treated with PMA (0.5 microM,
20 min) or an EGF/FGF7 cocktail (12.5 nM each, 5 min) with or without C5" (20 microM, 2h) or
trametinib (1 microM, 1 h as a pretreatment). The white vertical line indicates that conditions

not relevant to the manuscript were removed.
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Figure 2. 12 Phosphorylation of Ser-118 ERalpha correlates with degradation of ERalpha.
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RSK2 integrates estrogen-mediated transcription and translational responses to maintain
homeostasis

There was no evidence of hyperplasia in the RSK2-KO glands, which was surprising
because of their increased expression of cell cycle genes. In fact, the rate of proliferation was
decreased in the NCL population of RSK2-KO (Figs. 2.13 A, 2.14 A, B), which is consistent with
the reduced number of ERalpha cells observed in these mice (Figs. 2.1 C, 2.3 B, C). Because
of this disconnect between the gene expression and proliferation data we investigated whether
RSK2 was important in translational regulation in the ERalpha population (154). As a readout
for translational activity in vivo we measured eEF2 phosphorylation (peEF2). The levels of
peEF2 were higher at diestrus in the RSK2-KO (Fig. 2.13 B), which is consistent with inhibition
of protein synthesis (7143). We also observed that RSK1/2 inhibition decreased protein
synthesis in the TM3 line (Fig. 2.13 C). Taken together, these data support a model in which
RSK2 regulation of translation contributes to the physiological responses induced by estrogen.

To further evaluate the physiological importance of RSK2 in estrogen responsiveness
we investigated the remodeling of the mammary gland that occurs during pregnancy. This
remodeling is dependent on the ERalpha cells within the mammary gland, which act as sensors
to facilitate alveolar expansion and lactation (32, 135). Alveolar expansion in the whole animal
knockout (Fig. 2.13 D) and in glands regenerated from RSK2-KO (Fig. 2.14 C) were reduced,
consistent with the decrease in the ERalpha population observed in the RSK2-KO glands. Pup
weight was reduced in litters arising from RSK2-KO crosses, which could be rescued by
fostering RSK2-KO pups to WT dams (Fig. 2.13 E, 2.15D). These results argue that the
reduced alveolar expansion in the RSK2-KO dams does not provide sufficient nutrition for the
pups rather than a developmental defect in the offspring. These results support our hypothesis

that RSK2 is a critical regulator of estrogen responsiveness in vivo.
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Estrogen homeostasis in the human breast

To evaluate whether RSK2 also functions in regulating estrogen responsiveness in
humans we examined transcriptomic data obtained from normal breast tissue at different stages
of the menstrual cycle or from women who were taking oral contraceptives (737). In women
taking oral contraceptives the levels of synthetic estrogen remain elevated over the time the
drugs are administered. In individuals in the luteal phase and in those taking oral
contraceptives (Fig. 2.13 F) a significant correlation was observed with the estrogen-responsive
gene signature obtained from the ERalpha breast cancer cell line, MCF-7 (740). Interestingly,
RSK2 mRNA levels were inversely correlated with the estrogen-responsive gene signature
(Figs. 2.13 G, 2.14 E), which is consistent with the RSK2-KO data. This correlation was not
driven by cell cycle genes (Fig. 2.14 F). We propose that individuals who take oral
contraceptives are subject to prolonged estrogen-responsive gene expression in comparison to

individuals who are normally cycling.
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Figure 2.13 RSK2 is necessary for alveolar expansion. (A) RSK2-KO NCL cells show a
decrease in proliferation as compared to the WT. RSK2-KO or WT MECs were used to
regenerate the mammary gland in a WT mouse. These mice were staged in proestrus and
administered 5-ethynyl-2’-deoxyuridine (EdU) throughout one estrus cycle. The mammary
glands were isolated and analyzed by FACS (n=3 glands/genotype; paired Student’s t-test). (B)
RSK2 regulates eEF2K activity in vivo (median £ quartile, n = 3 mice/genotype, =5
fields/mouse, Student’s t-test). (C) Inhibition of RSK1/2 decreases translation in vitro. Serum
starved TM3 were treated for 6 h with vehicle or C5” (20 microM). The range was normalized to
the o-propargyl-puromycin (84) in the absence and presence of C5” (mean, n = 3, >150
cells/condition/experiment, one-way ANOVA with Holm-Sidak’s correction for multiple
comparisons). (D) Alveolar expansion is reduced in RSK2-KO dams as shown by H&E stains of
mammary glands isolated from dams 1 d after birth (median + quartile, n = 3 mice/genotype, = 3
fields/mouse, Student’s t-test). Scale bar = 1 mm. (E) Pups nursed by RSK2-KO dams are
smaller than those nursed by WT dams. Weanling weight at 21 d nursed by a dam with the
indicated genotype (median + quartile, n=3 litters matched for size/dam genotype, one-way
ANOVA with Holm-Sidak’s correction for multiple comparisons). (F) The estrogen-regulated
signature is enriched in the luteal phase or with oral contraceptive use. Cumulative patient Z-
scores were generated for each individual by summing individual Z-scores of genes up
regulated in estrogen-regulated signature and subtracting individual Z-scores of genes down
regulated (mean + S.D., n=8, F=follicular, 3 L=luteal, 4=0C oral contraceptive, one-way ANOVA
with Tukey’s correction for multiple comparisons). (G) RSK2 mRNA levels are decreased in
response to the luteal phase or oral contraceptives based on Z-score analysis as in (F). (H)
Schematic illustrating maintenance of estrogen homeostasis by RSK2. See discussion for

further explanation.
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Figure 2. 13 RSK2 is necessary for alveolar expansion.
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Figure 2.14 RSK2-KO dams fail to provide adequate nutrition for their pups. (A)
Fluorescence minus one strategy for determining the gate for FITC-EdU. (B) FACS analysis of
proliferation of mammary glands using RSK2-KO or WT MECs regenerated in a WT mouse.
(n=3 glands/genotype; paired Student’s t-test). (C) Alveolar expansion is reduced in mammary
glands regenerated from RSK2-KO mammary epithelial cells as shown by the H&E stains of
mammary glands isolated from the same WT dam 1 d after birth. Scale bar =1 mm. (D)
Representative images of WT and RSK2-KO pups at 21 d nursed by either WT or RSK2-KO
dams. (E) Heat map illustrating that estrogen-regulated signature is enriched in the luteal phase
and by oral contraceptive use. (F) Proliferation genes do not drive the enrichment for the
estrogen-regulated signature in individuals in the luteal phase or those taking oral
contraceptives. Cumulative Z-scores were generated for each individual by summing individual
Z-scores of genes up regulated in estrogen-regulated signature and subtracting individual Z-
scores of genes down regulated. (mean + S.D., one-way ANOVA with Holm-Sidak’s correction

for multiple comparisons) (Table 2.2).
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Figure 2. 14 RSK2-KO dams fail to provide adequate nutrition for their pups.
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Discussion

All ER+ tissues respond to estrogen signaling and therefore, are subject to the normal
fluctuations in the levels of estrogen that occur throughout the estrous cycle. The importance of
estrogen signaling is highlighted by the numerous physiological alterations, which occur during
menopause, oophorectomy or anti-estrogen therapy (776). Here, we provide the first evidence
that growth factor signaling through the ERK1/2-RSK2 pathway is required to maintain cyclic
estrogen responsiveness in vivo. In the schematic for the WT (Fig. 2.13 H, left) in step one, we
propose that the estrogen pulse in proestrus activates growth factor pathway signaling. This
hypothesis is based on observations in neuroendocrine tissues that ERK1/2 is activated after
the estrogen surge (155). Consistent with these data we found in the mammary gland that
ERK1/2 was activated in estrus and this activation was dependent on estrogen. The second
step of the schematic shows we identified that ERK1/2 phosphorylates ERalpha to enhance
degradation through the 26S proteasome pathway, as mutation of the ERK1/2 phosphorylation
site, Ser-118, prevents ERalpha degradation. The most likely mechanism for the increased
ERalpha turnover is through creation of a phosphodegron at Ser-118, which results in E3 ligase
recruitment (744). In step three we determined that activated ERK1/2 drives ERalpha
degradation to enhance estrogen-responsive gene expression. Additionally, activated RSK2,
which regulates protein synthesis (754), was identified to be important in translation of the
estrogen-mediated gene program. The physiological importance of RSK2 translational
regulation is demonstrated by the reduced pup size and decreased fertility in the RSK2-KO
females. We propose that the fertility defect is most likely explained by decreased translation in
the glandular epithelium due to loss of RSK2, as estrogen-induced glandular secretions are
known to be important for implantation (756). To reset the cycle we propose in step four that
ERK1/2 is dephosphorylated and inactivated by phosphatases. This hypothesis is based on

observations in neutrophils that estrogen upregulates expression of ERK1/2 phosphatases
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(757) and our data demonstrating that total ERK1/2 protein levels do not vary with estrogen
levels. The cycle is then reinitiated at the next proestrus.

In contrast to temporal activation of ERK1/2 during the estrus cycle we show in the
schematic for the RSK2-KO (Fig. 2.13 H, right) the disruption of this homeostatic mechanism
due to loss of RSK2. We determined that loss of RSK2 maintains activation of ERK1/2 in
diestrus, which results in increased estrogen-responsive gene expression. We identified that
loss of RSK2 resulted in elevated ROS levels and we hypothesize that this increased ROS
inhibits phosphatase activity. This hypothesis is supported by studies showing that oxidation of
the reactive site cysteine in ERK1/2 phosphatases results in their inactivation (758, 159). We
speculate that the increased ROS is a result of elevated estrogen-responsive gene expression,
which is known to occur (757), and to increased energy requirements. This later hypothesis is
supported by gene ontology analysis of the NCL population at estrus which showed an over-
representation of genes associated with the mitochondria. We conclude that RSK2 regulates
estrogen-responsive gene expression by controlling redox homeostasis. These findings
represent a previously unidentified function for RSK2. Negative regulation of estrogen-
responsive gene expression by RSK2 was unexpected, as its contributions to ERalpha breast
cancer are well established (43, 128, 160).

We show the importance of ERK1/2 in regulating ERalpha degradation in vivo.
Phosphorylation of ERalpha at Ser-118 has been reported to occur by a number of different
kinases and has been associated with increased ERalpha-mediated transcription in breast
cancer cells (38, 150, 161-165). Furthermore, mutation of Ser-118 to Ala in an ectopic
expression system prevented degradation (766). Numerous ubiquitin ligases have been
reported to regulate ERalpha stability and components of the 26S proteasome are found in
association with ERalpha on the chromatin in studies using breast cancer cells (30). ltis

unclear whether the degradation mechanism differs between breast cancer and normal
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physiology as ERalpha protein levels are higher in breast cancer (167), which does suggest that
the homeostatic mechanisms have been disrupted.

We also report the analysis of gene expression in the purified NCL population.

Relatively few differences in DEG were detected in the WT between estrus and diestrus as
compared to the RSK2-KO. We propose that the increased gene expression is driven by the
continuous ERalpha transcriptional activation in response to activated ERK1/2 in the RSK2-KO.
To accurately compare gene expression in the WT and RSK2-KO we developed a FACS
protocol that permitted mixing the genotypes and sorting simultaneously. This approach
eliminated artifacts due to differences in staining between preparations.

RSK2 regulation of estrogen responsiveness occurs in the mature gland but not during
puberty. It is possible that unopposed estrogen action is required to facilitate the extensive
remodeling of the gland that begins at puberty. However, in the adult this extensive proliferative
response could lead to dysfunction and hyperproliferation within the gland. In human females
we observed an inverse relationship between RSK2 mRNA levels, and an estrogen-responsive
gene signature in the breast tissue of women in the luteal phase or on oral contraceptives.
Consistent with these observations RSK2 mRNA levels also decreased in endometrial tissue of
women in the luteal compared to the follicular phase (168). ERalpha protein levels are known to
decrease in women taking hormone replacement therapy, suggesting increased ERalpha-
mediated transcription-coupled degradation occurs in these individuals (167). We speculate
that RSK2 levels are decreased in individuals in which normal estrogen levels are disrupted
resulting in chronic activation of ERK1/2 and dysregulated estrogen-mediated transcription.
This increase in estrogen-mediated signaling could lead to an increase in DNA damage as we
observed in the RSK2-KO mice, and may account for the higher risk of breast cancer
associated with the use of hormonal contraceptives and hormone replacement therapy (23, 169-

172).
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Chapter 3

RSK1/2 inhibition enhances doxorubicin-induced ERK1/2 activation to provide
cardioprotection

Adapted from: (Sandusky et al., 2020, submitted: Journal of Molecular and Cellular Cardiology).

Abstract

The chemotherapeutic agent, doxorubicin, is a widely used and efficacious treatment for
some types of breast cancers and leukemias. However, its usefulness is limited by
cardiotoxicity. Doxorubicin activates ERK1/2 but the importance of this activation to the
cardiotoxic effects observed with doxorubicin are not clear. The Ser/Thr protein kinases, RSK,
are downstream effectors of ERK1/2, and are implicated in diminished cardiac function. We
found that RSK1/2 inhibition and doxorubicin, together, potentiated ERK1/2 activity and
prevented doxorubicin cardiotoxicity both in vitro and in vivo. Inhibition of ERK1/2 was unable to
rescue doxorubicin-induced cardiotoxicity. The efficacy of doxorubicin to reduce the viability of
breast cancer cells was not diminished by RSK1/2 inhibition. These results demonstrate that in
cardiomyocytes RSK over rides the anti-apoptotic activity of ERK1/2 in the presence of
doxorubicin. This mechanism is not present in breast cancer cells. Thus agents that inhibit
RSK have the potential to reduce doxorubicin-induced cardiotoxicity while maintaining the

potency of doxorubicin as a chemotherapeutic.
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Introduction

Doxorubicin (137), an anthracycline antibiotic, is used to treat approximately one million
cancer patients per year, primarily with breast cancer and leukemia (773). DOX is correlated
with cardiotoxicity in 3-26% of treated patients. Dexrazoxane (DXZ) is the only FDA-approved
agent for prevention of DOX-induced cardiotoxicity. DXZ, an EDTA-derivative, is thought to act
by chelating iron to prevent the futile cycle between iron and DOX that results in toxic
superoxide radicals. The clinical use of DXZ has been limited based on side effects and reports
that it reduces DOX efficacy (174). Beta-blockers, ACE inhibitors and angiotensin receptor
blockers have also been used prophylactically to prevent DOX cardiotoxicity but their efficacy in
ameliorating cardiac dysfunction remains controversial (1773). DOX is an extremely effective
chemotherapeutic agent and identifying whether a targetable pathway exists to ameliorate DOX-
induced cardiotoxicity is a major goal for improvement of cancer patient outcomes.

ERK1/2 activity is crucial for cardiac homeostasis as demonstrated by the observations
that an increase in cardiovascular adverse events (CVAEs) is associated with melanoma
patients treated with BRAF and MEK1/2 inhibitors. However, these results seem at odds with
the observations that DOX treatment activates ERK1/2 and has been implicated as a possible
mechanism for DOX-induced cardiotoxicity (775). To better understand these conflicting
observations, we focused on RSK, a family of Ser/Thr kinases, which are downstream effectors
of ERK1/2. RSK has not been associated with chemotherapeutic-induced CVAEs but is
activated in failing hearts (776). Additionally, over expression of RSK in the hearts of transgenic
mice increases their susceptibility to cardiac damage (777). Based on these studies we
hypothesized that active RSK contributes to DOX-induced cardiotoxicity. Consistent with this
hypothesis we demonstrated that RSK1/2 inhibition decreased DOX-induced cardiotoxicity in
vitro and in vivo. RSK1/2 inhibition enhanced DOX-induced activation of ERK1/2 in neonatal rat
ventricular cardiomyocytes (NRVMs) but not in breast cancer cell lines. These observations are

consistent with the importance of ERK1/2 in maintaining cardiac function. Reduced RSK1/2
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activity further decreased breast cancer cell line viability in the presence of DOX. We propose
that RSK1/2 inhibition can be used to protect the heart from DOX-induced cardiotoxicity by
enhancing ERK1/2 activity in cardiomyocytes, while preserving the efficacy of DOX as a

chemotherapeutic agent.

Materials and methods

Mice

All procedures involving mice were performed in accordance with current federal (NIH Guide for
Care and Use of Laboratory Animals) and university guidelines as approved by the Vanderbilt
University Institutional Animal Care and Use Committee. Female, adult (12 week), wild-type
C57BL/6J mice (Jackson Laboratory, stock #000664) were randomized by initial body weight
and monitored for changes in weight weekly during treatment.

DOX-induced cardiotoxicity

Mice were treated with IP injection of 5 mg/kg DOX (Sigma, #D1515) or vehicle (saline) and 40
mg/kg C-5"-n-propyl cyclitol SL0101 (C5”) (114) or vehicle (1 part DMSO and 9 parts 25%
hydroxypropyl-beta-cyclodextrin in H20). Mice were treated with C5” or vehicle 2 h before DOX
and 24 and 48 h after DOX. This treatment schedule was performed each week for five weeks.
Left ventricle M-mode echocardiography measurements were acquired with a Vevo 2100
Imaging System. Echocardiograms (178) were performed on non-anesthetized mice by the
Vanderbilt Cardiac Pathophysiology Core.

For tissue analysis, animals were euthanized, and organs were fixed in 10% neutral buffered
formalin for 2 d and stored in 70% ethanol. The fixed tissues were paraffin embedded and
sectioned. Sections were deparaffinized, stained with Masson’s trichrome (Vanderbilt
Translational Pathology Shared Resource), and imaged on a light microscope (OMAX,

#MB83EZ-C03S), digital camera (OMAX, # A35140U), and ToupeLite software (ToupTek).
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Cardiomyocyte isolation and cell culture

NRVMs were isolated (179) and cultured in DMEM (Gibco, # 11885) supplemented with 7%
heat-inactivated fetal bovine serum and 1% penicillin/streptomycin. The cells were plated on 10
mg/ml mouse tail laminin (Invitrogen, # 23017) coated dishes and cultured at 370C and 5%
CO2. Media changes occurred every 24 h and experiments performed on culture day three.
Cell viability assay

MDA-MB-231 and HDQ-P1 cell lines were obtained, cultured, and authenticated as directed by
the American Type Culture Collection (ATCC) or by the German Collection of Microorganisms
and Cell Culture, respectively.

For viability assays, 7x104 NRVMs or 4x103 HDQ-P1s or 4x103 MDA-MB-231s were seeded
per well of a 96 well plate. Cells were treated with the indicated concentration of each agent or
vehicle (DMSO). NRVM viability was measured at 30 h and cancer cell proliferation was
measured at 48 h using CellTiter-Glo Luminescent Viability Assay Kit (Promega, # PRG7572)
and a GloMax Discover reader with Glomax Discover v3.0 software (Promega).

ATP assay

For cellular ATP measurements, 7x104 NRVMs were seeded per well of a 96 well plate. Cells
were treated with the indicated drug concentration or vehicle (DMSO) for 16 h and ATP
measured using CellTiter-Glo Luminescent Viability Assay Kit. Proliferation in the controls cells
was not observed over this time frame. Trametinib (Selleck Chem, # S2673) and BI-D1870
(Enzo Life, # BML-EI407) were dissolved in DMSO and used at the indicated concentrations.
ROS assay

1.5x105 NRVMs were seeded per well of an 8 well LabTek (Thermo Fisher # 155409). Cells
were treated with the indicated concentration of each drug for 16 h, washed, and incubated for
30 min in the dark at 370C with 10 mM H2DCFDA (Invitrogen cat# D399). After staining, cells
were washed and returned to the incubator for 5 min before live cell imaging on a Nikon Eclipse

Ti widefield microscope using Volocity software v6.2.1 (Quorum Technologies).
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Western blot

For western blot analysis, 2x106 NRMVs, 3.5x105 HDQ-P1s or 3.5x103 MDA-MB-231s were
seeded per 6 cm dish. Pretreatment with C5” at the indicated concentration for 2 h was
followed by treatment with the indicated concentration of DOX or epirubicin (EPI) for 14 h. Cell
lysates were collected, normalized for total protein, electrophoresed by SDS-PAGE and
immunoblotted. Primary antibodies; anti-phospho RSK (T359/S363) (Santa Cruz
Biotechnology, # SC12898), anti-phospho (pTEpY) ERK1/2 (Promega, # V803A), anti-RSK1
(Santa Cruz Biotechnology, # SC231), anti-ERK1/2 (BD Biosciences, # 610123), anti-cleaved
PARP (Cell Signal Technology, # 9542), and anti-Ran (BD Biosciences, #610341).
Immunofluorescence

1x106 NRVMs were seeded per well of a 12 well plate on sterile coverslips coated with mouse
10 mg/ml laminin (Invitrogen, # 2301715). Cells were treated with the indicated concentrations
of each agent or vehicle (DMSO). Cells were fixed in 4% paraformaldehyde (pH 7.4) in
phosphate buffered saline (PBS) for 15 min, permeabilized in 0.05% Triton X-100 in PBS for 15
min and blocked ON at 40C in 10% bovine serum albumin (BSA) in PBS. Cells were incubated
with gH2AX (Ser139) antibody (Millipore, # 05-636) ON in the dark at 40C followed by a rabbit
anti-mouse Alexa Fluor 488 (Thermo Fisher, #A-11059). DNA was stained with 2 mg/mi
Hoescht 33342 (Thermo fisher, #H1399) Images were collected with a laser-scanning
microscope (LSM 510/META/FCA, ZEISS) and ZEN software (ZEISS).

Quantification and statistical analysis

Image analysis was performed using Openlab 5.5.0 (Agilent) or ImageJ64 (National Institute of
Health) software. Statistical analysis was performed using Prism 6 (GraphPad) software. The

statistical test used is reported in the figure legends. Only significant p-values are shown.
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Results

Inhibition of RSK1/2 activates ERK1/2 to protect rat neonatal cardiomyocytes from doxorubicin
toxicity

In agreement with the literature DOX activated ERK1/2 as determined by an antibody
that detects the MEK1/2-catalyzed phosphorylation within the ERK1/2 activation motif
(pPERK1/2) in isolated NRVMs (Fig. 3.1 A) (180). Epirubicin (EPI), a doxorubicin derivative that
reportedly has fewer cardiotoxicity side effects, also activated ERK1/2 (Fig. 3.1 A). As
expected, DOX decreased the viability of NRVMs (Fig. 3.1 B). RSK was also activated in
response to DOX and EPI as determined by an antibody that detects RSK autophosphorylation,
which is necessary for its catalytic activity (pRSK). Activation of RSK occurred in response to
ERK1/2 activity as shown by the MEK1/2 inhibitor, trametinib (Tram). We recently developed a
specific inhibitor of RSK1/2, C-5"-n-propyl cyclitol SL0101 (C5”), which demonstrates in vivo
efficacy against breast cancer metastasis (71715). C5” decreased basal RSK activation and
prevented the DOX-induced increase in RSK activation (Fig. 3.1 A). RSK1/2 inhibition in
combination with DOX or EPI further increased ERK1/2 activity above that observed with DOX.
C5” rescued viability in the presence of DOX in a dose dependent manner (Fig. 3.1 B). DOX
decreased viability by induction of apoptosis, as shown by cleaved PARP (Fig. 3.1 C). C5”in the
presence of DOX prevented PARP cleavage (Fig. 3.1 C), indicating that RSK1/2 inhibition acts
to protect cardiac cells from DOX-induced apoptosis. Taken together, these data suggest that it
is RSK1/2 activity and not ERK1/2 activity that mediates DOX-induced cardiotoxicity. These
data may reconcile the disparate observations on ERK1/2 involvement in DOX-induced
apoptosis in cardiomyocytes, as the extent of RSK activation in these various studies was not
determined (175).

Increased reactive oxygen species (ROS) levels are thought to be an important

mechanism of DOX-induced cardiotoxicity (180). The elevation in ROS results from redox
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cycling of DOX with intracellular iron, which disrupts mitochondrial oxidative respiration. To
determine whether RSK1/2 facilitates this mitochondrial toxicity live cell imaging with the
indicator dye, H2DCFDA was used to measure ROS levels. DOX increased ROS levels nearly
eight-fold but RSK1/2 inhibition in combination with DOX restored ROS levels to basal levels
(Fig. 3.1 D). DOX decreases mitochondrial respiration (7187) and consistent with those data
ATP levels were reduced by DOX treatment but rescued by C5” (Fig. 3.1 E). A structurally
distinct RSK inhibitor, BI-D1870 (748), also rescued ATP levels in the presence of DOX.
MEK1/2 inhibition was unable to restore ATP levels, which is consistent with the observations
that ERK1/2 activity is important for cardiac homeostasis.

The pleiotropic mechanisms of DOX-associated cardiotoxicity include the intercalation of
DOX with DNA and stabilization of a ternary complex consisting of topoisomerase 2b, which
results in DNA damage (782). DOX increased the number of cells staining for gH2AX, a marker
of DNA double stranded breaks, and C5” was able to reduce this damage (Fig. 3.1 F).
Importantly, as observed by the nuclear staining, DOX levels were not decreased in response to
RSK1/2, which eliminates the possibility that RSK1/2 protects cardiomyocytes by limiting their
exposure to DOX. We propose that the increase in ERK1/2 activity that occurs in the presence
of DOX and RSK1/2 inhibition aids in protecting cardiomyocytes.

Targeted therapies are currently not available for triple negative breast cancer (TNBC)
and DOX is currently part of a first line treatment regimen (183)). Therefore, we evaluated the
efficacy of C5” in combination with DOX in the TNBC cell lines, HDQP-1 and MDA-MB-231.
HDQP-1 cells are ~ five-fold more sensitive to inhibition of proliferation by C5”than MDA-MB-
231 cells (115). Importantly, the combination of C5” and DOX resulted in loss of viability in both
lines (Fig. 3.1 G). DOX activated ERK1/2 in both TNBC lines but in contrast to the
cardiomyocytes the combination of C5”and DOX did not further increase ERK1/2 activation (Fig.
3.1 H). Overall, these pre-clinical observations show that C5” will not limit DOX anti-tumor

efficacy, an important concern for DXZ.

107



Figure 3.1 RSK1/2 inhibition, but not MEK inhibition, protects neonatal rat ventricular
cardiomyocytes (NRVMs) from DOX toxicity. A, RSK1/2 inhibition increases ERK1/2 activity
in the presence of DOX or EPl. NVRMs were pre-treated with vehicle, C5” or Tram 2 h before
DOX or EPI. The samples were normalized to the housekeeping protein, Ran or total ERK1/2
(n=2). B, RSK activity is required for DOX cardiotoxicity. The samples were treated as in A and
normalized to the vehicle control (mean = S.D., n=2 in quadruplicate, ANOVA with Tukey’s
correction for multiple comparisons). C, Inhibition of RSK1/2 prevents DOX-induced cleaved-
PARP. Cells were treated and normalized as in A (n=2). D, RSK1/2 inhibition prevents DOX-
induced ROS. Cells were treated as in A and the fluorescence intensity was normalized to the
vehicle (n=1 in sextuplet, 6 fields/condition, ANOVA with Tukey’s correction for multiple
comparisons). Scale bar = 50 mm. E, DOX-induced decreased ATP levels are rescued by
inhibition of RSK1/2. The samples were treated as in A and normalized to the vehicle control
(n= 2 in triplicate except for BI-D1870, ANOVA with Sidak’s correction for multiple comparisons).
F, DOX-induced DNA damage is prevented by RSK1/2 inhibition. The samples were treated as
in A (n=2 in duplicate, six images/ condition, > 44 cells/image, ANOVA with Tukey’s correction
for multiple comparisons). Scale bar = 50 mm. G, Inhibition of RSK1/2 does not protect TNBC
lines from DOX toxicity. TNBC lines were pre-treated with vehicle or C5” before DOX and the
data normalized to the vehicle control. (n=2 in triplicate, ANOVA with Dunnett’s correction for
multiple comparisons). H, RSK1/2 inhibition in combination with DOX does not potentiate
ERK1/2 activity in TNBC lines. The samples were treated as in H and normalized to Ran (n=2,

in duplicate).
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Figure 3. 1 RSK1/2 inhibition, but not MEK inhibition, protects neonatal rat ventricular

cardiomyocytes (NRVMs) from DOX toxicity.
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RSK1/2 inhibition prevents the doxorubicin-induced decrease in cardiac function in vivo

Based on the in vitro observations, the ability of RSK1/2 to limit DOX-induced CVAEs
was investigated in vivo. C5” was administered 3 h before DOX treatment, which was followed
by a second administration of C5” 24 and 48 h after DOX. This treatment regimen was
repeated weekly for five weeks (Fig. 3.2 A). This dosing and scheduling regimen for DOX is
known to reduce cardiac function (182). Two weeks after the final treatment, high-resolution
echocardiography was performed on conscious mice (Fig. 3.2 B). In the control animals the
values for the various measurements were similar to those reported on conscious animals (784)
(Table 3.1). In the hearts of DOX-treated mice the left ventricle end-systolic volume (LVESV)
was increased and the LV ejection fraction (LVEF) was decreased indicating that DOX impaired
LV contractility function (Figs. 3.2C, D, Table 3.1). Consistent with these observations the LV
anterior wall at systole was reduced (Fig. 3.2 E, Table 3.1). Importantly, mice treated with C5”
prevented the DOX-induced impairment of LV cardiac function (Figs. 3.2 C, D, E, Table 3.1).
DOX prevented the weight gain that occurred in the control animals and C5” was unable to
restore the weight gain (Fig. 3.2 F). DOX is known to target the cells lining the intestine due to
their rapid proliferation, and RSK1/2 inhibition does not prevent this damage but importantly
does not exacerbate the effect. Treatment with C5” by itself resulted in an increased heart rate
but had no effect on any of the other measured parameters (Figs. 3.2C, D, E, Table 3.1). At the
end of the experiment hearts were collected and analyzed for evidence of histological damage.
To assess damage we stained cardiac sections with Masson’s Trichrome which stains fibrotic
collagen fibers blue. Histological assessment showed no overt damage between any of the

groups (Fig. 3.2 G).
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Figure 3.2 Targeting RSK1/2 activity prevents DOX-induced disruption of cardiac function
in vivo. A, Schematic representation of treatment schedule. B, Representative echo M-mode
images from conscious mice after indicated treatments (n = 3 mice/group). C, Inhibiting RSK1/2
prevents DOX-induced increase in left ventricle end systolic (LVES) volume but does not affect
left ventricle end diastolic (LVED) volume. Each point represents a mouse. D, The DOX-
induced decrease in cardiac ejection fraction is prevented by RSK1/2 inhibition. Each point
represents a mouse. E, Inhibiting RSK1/2 prevents Dox-induced disruption of LV anterior wall
(LVAW) systolic volume but does not affect LVAW diastolic volume. Each point represents a
mouse. F, DOX prevents weight gain, which is not prevented by RSK1/2 inhibition. Weight
change refers to the weight after the treatments versus to the start of the treatments. Each point
represents a mouse. G, Masson’s trichrome stain of representative cardiac sections from the
different treatment groups. Cardiac cells (pink) and fibrous collagen fibers (blue) (n =3

mice/group). (PM = papillary muscle, LV Wall = left ventricle wall). Scale bar = 0.5 mm.
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Figure 3. 2 Targeting RSK1/2 activity prevents DOX-induced disruption of cardiac

function in vivo.
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Table 3. 1: Echo summary table.

Treatment Veh DOX C5” DOX + C5”

AVG | SD AVG | SD |[N| AVG | sD AVG SD ANOVA

(p)

Heart 670.04 | 8.47 638.34 | 40.57 712.48 | 13.25 67852 | 13.73 0.0086
Rate
(BPM)
Diameter; | 1-21 0.14 156 012 | 3] 1.05 0.34 115 0.16 0.0380
s (mm)
Diameter; | 2.98 0.22 3.18 018 | 3| 2.86 0.15 2.95 0.17 NS
d (mm)
Volume:s | 3.55 1.04 6.77 133 | 3] 2.78 2.06 3.15 0.95 0.0094
(185)
Volume:d | 3478 |6.02 4069 | 568 | 3| 3140 | 413 33.89 483 NS
(185)
Stroke 3123 | 4.99 3392 | 448 | 3| 2862 | 2.74 30.74 4.30 NS
Volume
(185)
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Ejection
Fraction

(%)

89.95

1.33

83.43

1.54

319149

5.54

90.79

2.60

0.0240

Fractional

Shortenin

g (%)

59.55

1.83

51.10

1.65

3| 6348

10.58

61.24

4.48

NS

Cardiac
Output

(mL/min)

20.92

3.29

21.53

1.40

31 20.37

1.58

20.88

3.18

NS

LV Mass

(mg)

104.12

15.25

88.30

24.93

3| 98.74

5.42

94.38

10.46

NS

LV Mass

Cor (mg)

83.30

12.20

70.64

19.95

3| 78.99

4.34

75.50

8.37

NS

1.07

0.14

0.93

0.09

0.16

0.04

NS

LVAW:s

(mm)

1.68

0.06

1.47

0.24

3| 1.77

1.64

0.08

0.0318
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LVID:d 296 020 309 [024 [3[275 [023 2.85 0.19 NS
(mm)
LVID:s 157 | 0.29 163 | 012 [3]129 |[025 1.35 0.18 NS
(mm)
LVPW:d |097 [o008 083 |007 |3]097 [007 0.83 0.08 NS
(mm)
LVPW:s 145 | 0.10 140 [003 [3]159 |[0.16 1.50 0.14 NS
(mm)
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Discussion

Taken together, our data supports a model in which active ERK1/2 is necessary for
maintaining cardiac function whereas the ERK1/2 downstream effector, RSK, is responsible for
chemotherapy-induced CVAEs. This hypothesis is based on the observations that RSK1/2
inhibition prevented DOX-induced cardiotoxicity in vitro and in vivo despite increasing ERK1/2
activity in cardiomyocytes. Furthermore, inhibition of ERK1/2 activity was unable to reduce
DOX-induced cardiotoxicity. Reducing RSK1/2 activity inhibits proliferation of numerous breast
cancer lines in vitro and in vivo (7115) whereas no effect was observed with cardiomyocytes
using similar doses of C5”. Our data supports the continued development of RSK inhibitors for
clinical use as RSK1/2 inhibition in combination with DOX will potentially reduce cardiotoxicity

and improve patient outcome.
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Chapter 4

Development of a RSK inhibitor as a novel therapy for triple-negative breast
cancer

Adapted from: (115)

Summary

Metastatic breast cancer is an incurable disease and identification of novel therapeutic
opportunities is vital. Triple-negative breast cancer (TNBC) frequently metastasizes and high
levels of activated p90RSK (RSK), a downstream MEK-ERK1/2 effector, are found in TNBC. We
demonstrate, using direct pharmacologic and genetic inhibition of RSK1/2, that these kinases
contribute to the TNBC metastatic process in vivo. Kinase profiling showed that RSK1 and
RSK2 are the predominant kinases targeted by the new inhibitor, which is based on the natural
product SLO101. Further evidence for selectivity was provided by the observations that silencing
RSK1 and RSK2 eliminated the ability of the analogue to further inhibit survival or proliferation
of a TNBC cell line. In vivo, the new derivative was as effective as the FDA-approved MEK
inhibitor trametinib in reducing the establishment of metastatic foci. Importantly, inhibition of
RSK1/2 did not result in activation of AKT, which is known to limit the efficacy of MEK inhibitors
in the clinic. Our results demonstrate that RSK is a major contributor to the TNBC metastatic
program and provide preclinical proof of-concept for the efficacy of the novel SL0101 analogue

in vivo.
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Introduction

Metastatic breast cancer remains incurable, with therapy limited to slowing disease
progression (786). In particular, triple- negative breast cancer (TNBC) patients have increased
probability of death due to metastasis compared with other breast cancer subtypes (187). TNBC
is characterized by its lack of currently available targeted markers. However, the MEK-ERK1/2
cascade is now considered as a viable drug target for TNBC (788-797). In genetic analysis of
basal-like breast cancers, which includes ~70% of TNBCs, activated MEK-ERK1/2 signaling is
thought to occur in ~80% of the tumors (72, 188, 192). In addition, numerous TNBC cell lines
possess an activated RAS-transcriptional program and enhanced sensitivity to MEK inhibition
(7185, 193). In support of these preclinical observations, a complete response was observed in a
phase Ib trial using a combination of trametinib, a MEK inhibitor, and gemcitabine, a nucleotide
analogue, in a TNBC patient who had failed multiple therapies (789). Based on these data
various MEK inhibitors are being tested in clinical trials, which include TNBC patients (794).

However, treating patients with drugs that inhibit “global regulators” such as MEK causes
a number of side effects that result in limited efficacy (794). We postulate that inhibiting
downstream effectors of MEK like the Ser/Thr protein kinase, p90RSK (RSK), will have fewer
side effects because it controls a more limited set of targets. RSK phosphorylates various
substrates that control diverse cellular processes, including metastasis (98, 99, 195-197).
Approximately, 85% of TNBC patient samples have activated RSK, which is identified by the
presence of phosphorylated residues critical for its activity (7198). Taken together, these
observations suggest that RSK is a viable target for TNBC.

RSK contains two nonidentical functional kinase domains referred to as the N-terminal
(NTKD) and C-terminal (CTKD) (737). The CTKD functions to regulate RSK activation, whereas
the NTKD, which belongs to the AGC kinase family, is responsible for substrate phosphorylation

(137). In a screen of botanical extracts we identified the first RSK inhibitor, SL0101 (1a), which
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was isolated from Forsteronia refracta (99). SL0101 is an extremely specific allosteric inhibitor
for the NTKD (99, 113, 199, 200).

In addition to SL0101, other RSK inhibitors have been described. However, the currently
available NTKD inhibitors are not RSK specific (199) (201, 202) (203, 204) or demonstrate poor
pharmacokinetics (205, 206). Covalent inhibitors of the RSK CTKD (207-209), targeting
autoactivation, are also available and have limited off-target effects. However, CTKD inhibitors
do not inhibit an activated kinase and the autoactivation mechanism can be bypassed (207),
suggesting that the clinical utility of CTKD inhibitors is limited.

Because of the selectivity of SL0101 for RSK we continue to improve its drug-like
properties through extensive structure—activity—relationship (SAR) analysis. We have now
identified a SL0101 analogue, C5"-n-propyl cyclitol SL0101 (1b), which retains specificity for
RSK1/2 and is more potent in in vitro and cell-based assays than the parent compound. This
improved analogue inhibits proliferation, survival in a nonadherent environment, and migration
of TNBC lines but, unlike MEK inhibitors, does not activate the AKT pathway. Inhibition of
RSK1/2 using (1b) or silencing RSK1 or RSK2 inhibited TNBC metastatic colonization in vivo.
Moreover, (1b) was as effective as the FDA-approved MEK inhibitor, trametinib. Taken together,

these results indicate that RSK1/2 are viable drug targets for TNBC metastasis.

Materials and Methods

Animals

Animal procedures had approval of the Vanderbilt University Institutional Animal Care and Use
Committee. For in vivo metastatic models, NOD-SCID-IL2ZRgamma (NSG) mice (6—8 weeks;
Jackson Laboratory) were injected in the left cardiac ventricle with 1 x 105 cells/100 microL
PBS. Mice injected with MCF-7 cells received a 17beta-estradiol pellet (0.36-mg 60-day release;

Innovative Research of America). Mice bearing MCF-7 metastasis were injected
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intraperitoneally with vehicle [10% (2-hydroxypropyl)-beta-cyclodextrin (HPBCD) in 10% DMSOQO)]
or (1b) (40 mg/kg) 2 hours prior to euthanasia (day 50). Mice injected with HDQ-P1-Luc were
randomized and at 2 hours after injection were treated for 5 days with HPBCD, (1b) (40 mg/kg)
intraperitoneally Q12 hours or trametinib (2 mg/kg; Santa Cruz Biotechnology, Inc.)
intraperitoneally Q24 hours. For bioluminescence imaging, mice were injected intraperitoneally
with RediJect d-Luciferin (1.5 mg; PerkinElmer, Inc.) and imaged with a Xenogen IVIS using
Living Image acquisition software (Xenogen Corp.). For ex vivo imaging, organs were placed

in d-Luciferin (150 microg/mL PBS). After imaging, tissue was fixed in 4% buffered formalin and
paraffin-embedded.

In vitro cell assays

Cell lines were obtained and cultured as directed by ATCC or by German Collection of
Microorganisms and Cell Culture. Stocks were prepared within one to two passages after
receipt and new stocks thawed frequently and passaged <6 months. Authentication was based
on growth rate, morphology, and absence of mycoplasma. Serum-starved cells were pretreated
for 2 hours with vehicle or inhibitor. MCF-7 cells were treated with phorbol 12-myristate 13-
acetate (PMA; Sigma) for 20 minutes. Cells were lysed as described previously (210).

For motility assays 2.5 x 105 cells were plated on fibronectin-coated (5 microg/mL; Corning) 2-
chamber Lab Teks (Thermo Fisher Scientific). After 48 hours, cells were pretreated with vehicle
or inhibitors for 2 h and scratched with a P200 pipette tip. After washing, HEPES (50 millimol/L;
Thermo Fisher Scientific)-buffered media with vehicle or inhibitor was added and images taken
every 20 minutes using Nikon Eclipse Ti microscope and an Orca R2 digital CCD camera
(Hamamatsu). Migration velocity was quantified using Volocity software (PerkinElmer, Inc.).
Additional details are in Supplementary Data.

For two-dimensional (2D) proliferation assays, 2 x 105 cells/well in 24-well or 103 cells/well in
96-well were seeded. For 3D proliferation, 1.5 x 103 cells/well in 96-well were plated in 2%

matrigel (MG; Corning, Inc.) onto 100% MG. Inhibitor or vehicle was added and proliferation
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was measured at 48 to 72 hours using CellTiterGlo reagent (Promega Corp.) with a GloMax
Discover luminometer (Promega Corp.).

For survival assays, cells were seeded at 1.5 x 103 cells/well in 96-well poly-HEMA—coated
plates (Corning, Inc.) and vehicle or inhibitors added and bioluminescence measured at 48 to 72
hours.

The IC50 values for proliferation and survival were determined using nonlinear regression
analysis (GraphPad Prism version 6.0a).

Immunostaining

Section preparation and antibodies are listed in Supplementary Data. Fluorescent images were
obtained with a laser-scanning microscope (510/Meta/FCS Carl Zeiss, Inc.). Objectives were:
mouse tissue 40x Plan-Neofluar oil NA 1.3 (zoom 0.7%); human tissue 20x NA 0.8. Images
were acquired using LSM-FCS software (Carl Zeiss, Inc.), quantitated using Openlab 5.5.0
(PerkinElmer, Inc.), and processed in Photoshop version CS6 version 13.0 (Adobe).

In vitro kinase assays

RSK2 kinase assays performed as described previously (210). The kinase screen was
performed using the ZLYTE screen (Thermo Fisher Scientific, Inc.).

Statistical analysis

Statistical analyses (GraphPad Prism 6.0a) using the Mann—Whitney test (two-sided) unless

indicated. *P < 0.05 was statistically significant.

Results

SL0101 analogue with improved in vitro and cell-based efficacy
In prior SAR studies of the flavonoid glycoside, SL0101 (1a), we determined that
replacement of the C5-methyl group on the pyranose with an n-propyl moiety (1¢), improved the

ICs0 by >25-fold but that the compound had limited aqueous solubility (270). In addition, we
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determined that exchanging the rhamnose with a cyclitol (1d), improved the cell-based efficacy
for inhibition of proliferation but this compound was not RSK specific (277). We hypothesized
that combining the modifications would improve the potency for RSK inhibition while maintaining
specificity for RSK. Consistent with our hypothesis C5"-n-propyl cyclitol SL0101 (1b) has a six-
fold improved ICso in an in vitro kinase assay for RSK inhibition compared to SL0101 (1a; Fig.
4.1 A). Furthermore, (1b) inhibited the proliferation in 2D culture of the estrogen receptor a—
positive (ER") breast cancer line, MCF-7, with an ICso of approximately 8 micromol/L versus
approximately 50 micromol/L for SL0101 (Fig 4.1 B). Previously, we found that the proliferation
of the immortalized but untransformed breast line, MCF-10A, is less dependent on RSK for
proliferation than the MCF-7 line (217). Consistent with these observations, only a slight
decrease in MCF-10A proliferation occurred at the highest concentrations of (1b) (Fig. 4.1 B).
The efficacy of SL0101 diminishes after >48 hours in in vitro culture (713). One advantage in
replacing the rhamnose with a cyclitol moiety is that the cyclitol should be resistant to acid
catalyzed anomeric bond hydrolysis, which should increase stability. To test this possibility we
incubated MCF-7 cells with (1b) (25 micromol/L) for varying lengths of time. In agreement with
our rationale, only a minor increase in proliferation over a 96-hour time course was observed
when MCF-7 cells were incubated with (1b) (Fig. 4.1C). In contrast, there was a 100% increase
in proliferation from 48 to 96 hours in the presence of SL0101 (100 micromol/L). These data
indicate that the modifications to generate the SL0101 analogue (1b) resulted in a more potent
RSK inhibitor than the parent compound.
Specificity of C5"-n-propyl cyclitol SL0O101 (1b) for RSK1/2

SL0101 (1a) is highly selective for RSK (99, 199) which is most likely due to the fact that
SL0101 inhibits RSK by an allosteric mechanism (200). Therefore, to evaluate the specificity of
(1b), we compared its ability to inhibit RSK substrates in comparison to SL0101 (1a). In
agreement with previous results, SL0101 induces an increase in the phosphorylation of

eukaryotic elongation factor 2 (p-eEF2) in MCF-7 cells, which also occurred with (1b) (Fig. 4.1
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D). This increase is due to the activation of eEF2 kinase, which is inhibited by RSK (743).
Furthermore, both RSK inhibitors decreased the phosphorylation of Ser167-ERa, an important
marker for anti-estrogen responsiveness (272). SL0101 and (1b) also decreased the
phosphorylation of the ribosomal protein, S6 (pS6), a known RSK downstream effector (Fig. 4.1
E) (97). Previously, we identified that silencing RSK2 reduced cyclin D1 levels (213), and
consistent with these results RSK inhibition decreased cyclin D1 levels. In a more global
analysis, in vitro kinase assays were performed against a panel of 247 purified kinases, which
contained representatives from all kinase families (Fig. 4.2). At 10 micromol/L of (1b), RSK1 and
RSK2 were the top hits, with colony stimulating factor 1 receptor (CSF1R) and mitogen-
activated protein kinase kinase kinase kinase (MAP4K4) being inhibited by approximately 37%
compared with RSK2 (Fig. 4.1F). CSF1R regulates macrophage function, and inhibitors are
currently in development as cancer therapies. MAP4K4 is an endothelial protein kinase, and
inhibitors are being developed as antidiabetic drugs (274). Thus, the off-target effects of (1b)
are very limited. Neither of these off-target effects is viewed as problematic for further drug
development. Taken together, these data demonstrate that (1b) is very specific for RSK1/2.
RSK inhibition in vivo

The overall goal of our studies is to develop a RSK inhibitor for in vivo use. To evaluate
the ability of (1b) to inhibit RSK1/2 in vivo, we used an MCF-7 metastatic model because most
of our prior characterization of SL0101 was performed using this line. MCF-7 cells that stably
express luciferase (MCF-7-Luc) were introduced by intracardiac (IC) injection into NSG mice,
and metastasis were established for ~50 days. Before treatment we determined that the tumor
burden between animals was equivalent (Fig. 4.1 G). Two hours after treatment with (1b) or
vehicle, the animals were euthanized and the tibia isolated, as ER" tumors frequently
metastasize to the bone. Moreover, MCF-7 cells within the tibia were easily identified by their

positive staining with cytokeratin 8 (K8) (Fig. 4.1 H). The levels of the RSK target, pS6, were
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decreased by >2.5-fold with (1b). These results demonstrate that (1b) is able to attain a

sufficient concentration to induce pharmacodynamic changes in vivo.
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Figure 4.1 C5”-n-propyl cyclitol SL0101. (1b) shows improved potency compared to the
parent compound. A, structure and IC50 for selected SL0101 analogues. B, efficacy of (1a) and
(1b) in inhibiting proliferation of MCF-7 and MCF-10A cells. Symbol, mean £ SD (n = 2,
triplicate; *, P < 0.01 compared to vehicle). C, the in vitro stability of (1b) (25 millimol/L) is
increased in comparison to (1a) (100 millimol/L). Bar, mean (n = 2, quadruplicate; *, P <
0.0001). D, analysis of lysates from MCF-7 cells pretreated with (1a), (1b), or DMSO for 2 hours
and treated with or without 500 nmol/L PMA (20 minutes). E, representative images of MCF-7
cells treated as in D. Scale bar, 10 mm. Bar graph showing the decrease in pS6 (n = 30 cells).
F, representation of (1b) specificity in a kinase screen indicating percentage of inhibition at 10
mmol/L compared to RSK2. G, bioluminescence images of NSG mice at day 50 after IC
injection with MCF-7-Luc cells. H, representative paraffin embedded tibia sections from mice in
G treated with (40 mg/kg) or vehicle 2 hours prior to euthanasia. Scale bar, 40 mm. Bar graph

showing the decrease in pS6 (n = 6 sections/mouse).
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Figure 4. 1 C5”-n-propyl cyclitol SL0101 (1b) shows improved potency compared to the

parent compound.

B 120 C Clven Ml(1a) Ml(1b)
100 o 25— ———
80 200 =
XYy T 5 60 . S 1757
P<0.0001 S 40 E ® 1504
S 20 2126+ ==
s 0 " S 100+
& -20 100 o 757
b3 o
°* 40 (umol/L) 504
X & -gg —+— {13 |mcF-7
(1a)| © CH, @ 0.4 ) (1b) 48h 72h 96h
—8—(1a)
(1b)) CH,| CH,CH,CH,| 0,0 (2| vicr-10a
- .
(o) O CHchzCHa 1a) (1b) (1c) (1d) (1b)|
(1d)[ CH, i
P <0.0001
D PMA E PMA 157 5 <oomm P<0000t
(1a) (1b) DMSO  (1a)100 umol/L (1b) 50 pmol/L w.
__DMSO _ 100 umoint. 50 pmott 84
Anti- T s
peEF2 — é E 'P<0.0001
Anti- X 2 g %
eEF2 T e Mo s I
Anti- '
- 1a) (1b
pSerE1 ’37 DMS18) ,fmol)l. sgo urZroVL
o J PMA
Anti-ERa e
Anti- A
cyclin D1 . . \
V1| — — ‘ ‘ &
RAN

Radiance (p/sec/cm?sr) @)

I

I\N STE
o)
MAP4K4

126

® 50
e 25
% Inhibition



Figure 4.2 Schematic of the human kinome was reproduced courtesy of Cell Signaling

Technology, Inc. (www.cellsignal.com). Kinases screened with (1b) are listed.
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Figure 4. 2: Kinome screen with (1b) Chapter 4: Supp Fig 1
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RSK as a drug target for TNBC

RSK has been proposed as a drug target for TNBC based on observations that ~85% of
TNBC tumors have activated RSK. In agreement with these observations we found that the
levels of activated RSK (pRSK) were higher in TNBC tumors than normal tissue (Fig. 4.3 A,
B and Table 4.1). The levels of activated RSK varied considerably within and between tumors.
Moreover, in TNBC tumor tissue-activated RSK could be present in the nucleus, cytoplasm, or
both whereas it was mainly cytoplasmic in normal breast cells. The differences in subcellular
localization suggest that the substrates regulated by RSK differ between normal and TNBC
tissue. Taken together, these results are consistent with RSK as a viable drug target for TNBC.

To investigate whether activated RSK was functionally important in TNBC, we chose a
panel of eight cell lines representing five different TNBC subtypes (275). We observed that
activated RSK was present at different levels in these lines (Fig. 4.3 C, D). In 2D culture, the
proliferation of all the TNBC lines was inhibited at a lower concentration of (1b) than SL0101
(1a) (Fig. 4.4 A). The lines from the mesenchymal subtype, CAL-120 and MDA-MB-231, were
relatively resistant whereas the basal-like 2 (BL2), HDQ-P1, and HCC70 were among the most
sensitive (Fig. 4.5 A). The BL2 lines are of interest clinically because this subtype is correlated
with the poorest response to neoadjuvant chemotherapy (276). To better understand these
observations, we compared the levels of activated RSK normalized to total RSK1 and RSK2,
which should reflect RSK1/2 specific activity (Fig. 4.3 E). The anti-RSK2 antibody is less
sensitive than the anti-RSK1 antibody and this difference was accounted for by normalizing to
recombinant proteins. We observed an inverse relationship between the 1Cs, for (1b) and the
specific activity of the combined isoforms (Supplementary Fig. S2B), consistent with the
hypothesis that higher RSK specific activity increases sensitivity to the inhibitor. In a separate
analysis, active RSK was normalized to RSK2 or RSK1 separately and a statistically significant

inverse correlation was observed for RSK2 (Fig. 4.5 B).
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Table 4.1 Patient statistics. Median age 53.
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Table 4. 1 Patient statistics.

Patient ID Race Age
T1 Caucasian 64
T2 African-American 52
T3 Caucasian 28
T4 African-American 60
T5 Other 43
T6 African-American 56
T7 African-American 53
T8 Caucasian 55
N1 Caucasian 62
N2 Caucasian 39
N3 Caucasian 35
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Figure 4.3 Active RSK in TNBC. A, activated RSK levels are increased in TNBC. Bar, median
+ quartile (n = 5 field/tissue sample). B, representative paraffin-embedded sections of normal
breast and TNBC tissue stained for the cytokeratins 8 (K8), 14 (K14), and phospho-
Thr359/phospho-Ser363 RSK (pRSK). Scale bar, 20 mm. C, analysis of TNBC cell lysates
normalized using the housekeeping protein RAN. D, quantitation of the levels of pRSK
normalized to RAN (n = 3). E, comparison of pRSK relative to total RSK1 and RSK2 for various
TNBC lines. To control for antibody sensitivity, the levels of RSK1 and RSK2 were determined

using purified, recombinant protein.
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Figure 4. 3 Active RSK in TNBC.
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Figure 4.4 RSK is required for TNBC proliferation. (A) Efficacy of (1a) and (1b) in inhibiting
proliferation of various TNBC lines. Symbol, mean £ S.D. (n = 2, triplicate). (B) Correlation of
IC50 for inhibition of proliferation by (1b) versus activated RSK normalized to total RSK1 and

RSK2 levels.
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To evaluate specificity we investigated the efficacy of (1b) in the context of RSK1/2
silencing. As expected, loss of RSK1/2 decreased 2D proliferation by approximately 60% in
MDA-MB-231 cells (Fig. 4.5 C, D). Importantly, silencing RSK1/2 resulted in loss of sensitivity to
(1b) (Fig. 4.5 D). These results support the conclusion that (1b) is specific for RSK1/2 and also
demonstrate that RSK1/2 are primarily responsible for regulating the proliferation of MDA-MB-
231 cells.

Proliferation of the MDA-MB-231 line is reported to be more sensitive to RSK inhibition in
3D versus 2D (205). In agreement, we observed that the ICs for (1b) is approximately 8
micromol/L in 3D and approximately 50 micromol/L in 2D (Fig. 4.5 E). Surprisingly, HDQ-P1 and
HCC70 were unable to proliferate in 3D, suggesting that these lines have more stringent
requirements for proliferation than MDA-MB-231.

The ability of cancer cells to survive in circulation is an important step in metastasis and
therefore, we analyzed survival in ultra-low adhesion plates. Survival of HDQ-P1, HCC70, and
MDA-MB-231 was dependent on RSK and the ICs, for inhibition of survival by (1b) was
approximately 30, 15, and 3 micromol/L, respectively (Fig. 4.5 F). Silencing RSK1/2 in MDA-
MB-231 cells decreased survival by approximately 75% and was not further inhibited by (1b)
(Fig. 4.5 G). These results demonstrate that the survival of some TNBC lines depends on RSK
and confirm that (1b) is a very specific RSK inhibitor.

RSK has been implicated in regulating motility (99) and we investigated this possibility
using the scratch assay. In all lines tested, (1b) reduced cell velocity to the same extent as
SL0101 but at lower concentrations (Fig. 4.5 H, |, J and Fig. 4.6 A, B, C and Supplementary
Movies S1-S3 (available in online version)). The motility of HCC70 was reduced by
approximately 50%, and in MDA-MB-231 and HDQ-P1 cells motility was decreased by at least
75%. Apoptosis was not detected with the doses and time course used in the scratch assay

(Fig. 4.6 D). Taken together, our results demonstrate that inhibition of RSK by (1b) reduces
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proliferation, survival in a nonadherent environment and motility, which are essential

components of the metastatic process.
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Figure 4.5 RSK is required for TNBC proliferation, survival, and motility. A, IC50s for (1b)
in MCF-7 and TNBC lines. Bar, median + range (n = 2, = quadruplicate). B, correlation of IC50
for inhibition of proliferation by (1b) of TNBC lines versus activated RSK normalized to total
RSK2 levels. C, analysis of lysates from MDA-MB-231 cells transduced with scramble (scrbl) or
double transduced with RSK1/2 targeting shRNAs. Bar, nonrelevant lanes removed. ns,
nonspecific. D, efficacy of (1b) in inhibiting proliferation of MDA-MB-231 cells transduced as in
C. Symbol, mean £ SD (n = 2, triplicate; *, P < 0.03 compared to vehicle). E, bar graph showing
(1b) 1C50 for MDA-MB-231 proliferation in 2D and 3D. Bar, median + range (n = 2, 2
quadruplicate). F, IC50s for (1b) for survival of TNBC lines. Bar, median range (n 2, triplicate).
G, efficacy of (1b) in inhibiting survival of MDA-MB-231 cells transduced as in B. Symbol, mean
+ SD (n = 2, triplicate; *, P < 0.01 compared to vehicle). Scatter plots showing efficacy of (1a)
and (1b) in inhibiting motility of (H) MDA-MB-231, (I) HCC70, and (J) HDQ-P1. Each circle

represents a cell trace. Bar, median (n = 2, 30 cells/treatment).
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Figure 4. 5 RSK is required for TNBC proliferation, survival, and motility.
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Figure 4.6 RSK regulates TNBC cell motility. (A) (1b) and (1a) inhibit proliferation of the
indicated cell lines as measured by the scratch assay. The cells were plated as a confluent
monolayer on fibronectin, pre-treated with vehicle or inhibitors for 2 h and a wound introduced
into the monolayer. The movement of the cells was monitored over time. The velocity of
individual cells was calculated from their distance traveled over the time and normalized to the
vehicle control. Representative DIC images and cell traces (as shown by the colored lines) of
(A) MDA-MB-231, (B) HCC70 and (C) HDQ-P1 cells. (D) Lysates were obtained from cells
treated with vehicle or (1b) for a 10 h time period, which was the maximum length that the
scratch assay was performed. Arrows indicate location of full length and cleaved products. The
absence of cleaved products indicates that apoptosis was not occurring. MW markers are

shown on the right. ns=nonspecific.
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Figure 4. 6 RSK regulates TNBC cell motility.
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Silencing RSK decreases TNBC metastasis in vivo

To identify the contributions of RSK1 and RSK2 to metastasis, we used an in
vivo metastatic MDA-MB-231 model in which luciferase was stably expressed (MDA-MB-231-
Luc). MDA-MB-231-Luc cells were transduced with control, RSK1- or RSK2-specific shRNAs
(Fig. 4.8 A). The cells were quality controlled for their luciferase signal, and equal numbers of
cells were introduced by IC injection into female NSG mice (Fig. 4.8 B). This model will identify
whether RSK1 or RSK2 contribute to the metastatic processes that includes metastatic
colonization and proliferation at the metastatic site. At day 19 silencing RSK1 or RSK2
decreased the total metastatic burden, as determined by bioluminescence, by more than three-
fold (Fig. 4.7 A, B and Fig. 4.8 C). This decrease in metastatic burden is further supported by
the observations that silencing RSK1 or RSK2 increased survival by approximately 40% to 60%
(Fig. 4.7 C). Silencing RSK1 or RSK2 reduced the number of metastatic foci by nearly half (Fig.
4.7 D), and remained constant over the duration of the experiment. The number of
bioluminescent foci was linearly correlated with the number of metastatic foci as determined by
histology (Fig. 4.8 D). Therefore, we conclude that the increased whole animal bioluminescence
from day 5 onwards reflects proliferation at the metastatic sites (Fig. 4.7 E). Thus, silencing
RSK1 or RSK2 decreased proliferation from day 12 to day 19 more than three-fold compared to
the control. We also conclude that the decrease in metastatic foci reflects that RSK1 or RSK2 is
necessary for metastatic colonization. This decrease in metastatic foci was not organ dependent
(Fig. 4.7 F). Ex vivo analysis of bioluminescence was also performed as it improved the
resolution for determining individual metastatic foci. These results of the ex
vivo bioluminescence (Fig. 4.7 G, H) and the histologic analysis (Fig. 4.8 E, F) were consistent.
We conclude that RSK1/2 regulate numerous steps that comprise the metastatic process, which

results in improved survival.
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Figure 4.7 RSK1 and RSK2 contribute to the metastatic phenotype. A, representative
bioluminescence images of NSG mice injected IC with MDA-MB-231-Luc cells transduced with
scramble (scrbl), RSK1-, or RSK2-targeting shRNAs (t = 19 days). B, RSK1 and RSK2
decreased the metastatic burden in mice from A (t = 19 days; n = 8 mice/group). C, Kaplan—
Meier curves from A (n = 8 mice/group; test = log-rank). D, the number of metastatic foci is
constant in mice from A. Symbol, mean. E, total bioluminescence in mice from A is decreased
with RSK1 or RSK2 silencing. Each line represents a mouse; the data are fold change over day
6. F, loss of RSK1 or RSK2 decreased the number of metastatic foci in numerous organs in
mice from A (t = 19 days). Bar, mean + SD (n = 8 mice/group). *, P < 0.05. G, representative ex
vivo bioluminescence images of livers of mice from A. H, ex vivo analysis confirms that silencing
RSK1 or RSK2 decreased the number of metastatic foci in the livers from A. Bar, median

quartile (n = 4 mice/group).
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Figure 4. 7 RSK1 and RSK2 contribute to the metastatic phenotype.
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Figure 4.8 RSK1 and RSK2 contribute to TNBC metastasis. (A) Analysis of lysates
generated from MDAMB-231 transduced with scramble (scrbl), RSK1 or RSK2-targeting
shRNAs. (B) The luminescence signal correlates with the cell number of MDA-MB-231-Luc cells
transduced with scramble (scrbl), RSK1- or RSK2- targeting shRNAs. (C) Bioluminescence
images of NSG mice injected IC with MDA-MB-231-Luc cells transduced with scramble (scrbl),
RSK1- or RSK2- targeting shRNAs. (D) The number of metastatic foci in livers in mice from (C)
detected by histology correlates with the number of metastatic foci in livers detected by ex vivo
bioluminescence imaging. (n= 8 mice/group, 4 sections/mouse) (E) Representative
paraffinembedded H&E sections of mouse livers from (C). Arrowheads indicate tumor foci. (F)
Silencing RSK1 or RSK2 reduces the number of liver metastatic foci as detected by H&E. Bar,

median + quartile (n = 8 mice/group, =4 sections/mouse).
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Figure 4. 8 RSK1 and RSK2 contribute to TNBC metastasis.
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Inhibition of RSK decreases metastatic colonization

We investigated whether (1b) would be sufficiently efficacious to decrease metastatic
colonization in vivo. For these experiments we used the HDQ-P1 model because of the clinical
importance of the BL2 subtype. This model has not previously been used as an in
vivo metastatic model. To validate the model, HDQ-P1 cells were transduced with luciferase
(HDQ-P1-Luc) and introduced by IC injection into male NSG mice. At 24 hours after injection,
the cells were widespread through the animal, but by day 5 the cells were primarily localized to
the liver, adrenal glands, and testes (Fig. 4.10). This model is in contrast to the widely used
MDA-MB-231 IC metastatic model, in which the cells primarily metastasize to the bone. TNBC
primarily metastasizes to lymph nodes and viscera more often than to the bone, and the HDQ-
P1 model better recapitulates these clinical observations.

To evaluate the efficacy of (1b), we compared it to a drug that is in the same class as
(1b) and therefore, would be expected to generate a similar phenotype. The MEK inhibitor,
trametinib, is approved for melanoma and is currently in multiple clinical trials including those for
breast cancer (217). MEK inhibition will decrease ERK1/2 activity and reduce RSK activation
(137). HDQ-P1-Luc cells were introduced by IC injection into female NSG mice and treatment
began 2 hours after injection. The animals were imaged just before treatment to ensure viability
and distribution of the cells in vivo. This approach recapitulates the clinical scenario of tumor
cells within the circulation, which have been proposed to act as a negative prognostic marker
and demonstrate similar therapeutic responsiveness as the metastatic tumor (7186). By 24 hours
both (1b) and trametinib decreased the total in vivo bioluminescence by three-fold (Fig. 4.9 A,
B). Moreover, the number of metastatic foci in both the skeleton and the viscera was reduced by
drug treatment (Fig. 4.9 C). Treatments were stopped on day 5 and on day 6 the total in
vivo bioluminescence was reduced three-fold by drug treatment in comparison to the control
(Fig. 4.9 D). To confirm these findings, we measured the bioluminescence of the liver and

adrenal glands ex vivo and observed a five-fold reduction in metastatic burden in mice treated
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with either drug (Fig. 4.9 E, F, G, H). We conclude that inhibition of RSK or its upstream
activator, MEK, decreases metastatic colonization. Moreover, these observations with HDQ-P1

confirm those obtained with MDA-MB-231.
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Figure 4.9 Pharmacological inhibition of metastatic colonization by (1b). A,
bioluminescence images of NSG mice injected IC with HDQ-P1-Luc cells at t=1 and 24 hours
after injection. At 2 hours after injection, mice were treated with vehicle, (1b) (40 mg/kg) i.p.
Q12h or trametinib (tram) (2 mg/kg) i.p. Q24h. Inhibition of RSK or MEK decreases total
metastatic burden (B) and the number of metastatic foci in individual organs (t= 24 hours; C).
Bar,mean + SD (n = 4 mice/group; *, P < 0.05). D, inhibition of RSK or MEK decrease total
metastatic burden (t = 6 days; n = 4 mice/group). Representative ex vivo bioluminescence
images of livers (E) and adrenal glands (G; t = 6 days). Ex vivo analysis confirms that inhibiting
RSK or MEK activity decreased the metastatic burden in livers (F) and adrenals (H; n = 4

mice/group).
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Figure 4. 9 Pharmacological inhibition of metastatic colonization by (1b).
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Figure 4.10 The HDQ-P1 line preferentially targets to the viscera. (A) Representative
bioluminescence images at the indicated times of male NSG mice injected IC with HDQ-P1-Luc
cells. (B) Total bioluminescence signal from HDQ-P1-Luc metastases stabilizes within the

viscera in mice from (A). Symbol, mean £ S.D. (n= 4 mice).
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Figure 4. 10 The HDQ-P1 line preferentially targets to the viscera.
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Inhibition of RSK does not activate AKT

Inhibiting “global regulators” such as MEK results in a number of side effects and their
ability to induce an effective clinical response appears limited (794). MEK inhibition can result in
activation of AKT (278) (219) and based on these results there are clinical trials underway
combining MEK inhibitors with an AKT or PI3K inhibitor. Consistent with the literature, we
observed that treatment of MDA-MB-231 cells with trametinib enhanced the levels of
phosphoSer 473 AKT (pAKT), which is necessary for AKT activity (Fig. 4.11 A). In contrast,
activation of AKT was not observed in response to (1b). In comparison to MDA-MB-231, HDQ-
P1 have high basal levels of active AKT but consistent with the results observed in MDA-MB-
231, (1b) did not increase AKT activity in contrast to trametinib (Fig. 4.11 B). Taken together,
these results indicate that RSK inhibition by itself will effectively target the TNBC metastatic

process but not have the undesirable side effect of activating AKT.
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Figure 4.11 (1b) does not activate AKT. Analysis of lysates from MDA-MB-231 (A) and HDQ-
P1 cells (B) treated with vehicle, trametinib (1 mmol/L), or (1b) (25 mmol/L) for 2 hours. Bar,

separate gels.
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Figure 4. 11 (1b) does not activate AKT.
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Discussion

The importance of RSK in regulating metastasis in vivo has not been thoroughly
investigated. Kang and colleagues (96) reported that silencing RSK2 decreased metastatic
colonization to the lymph nodes using a human head and neck squamous cell carcinoma line.
They further followed up on these observations using the RSK CTKD inhibitor, FMK-MEA, which
resulted in a modest decrease in metastatic tumor burden from 97% to 79% (220). In a screen
Lara and colleagues (2217) identified that loss of RSK1 increased motility in lung cancer lines but
in contrast Zhou and colleagues (222) found that inhibition of RSK activity was associated with
decreased motility in lung cancer lines. It is possible that the discrepancy between these studies
results from the ability of RSK1 to act as a scaffold and regulate other signaling pathways. RSK
has also been proposed as a drug target for TNBC based on observations that it decreased the
levels of the surface marker CD44, which is reported to be associated with cancer stem cells
(798). We demonstrated using genetic and pharmacologic approaches in vitro and in vivo that
reducing RSK1/2 activity or RSK1 or RSK2 levels inhibits multiple steps within the metastatic
program. Furthermore, we confirmed that activated RSK is present in the majority of TNBCs.
Our results strongly suggest that RSK is a viable drug target for TNBC metastasis.

We also report the generation and validation of a novel SL0O101 analogue, C5"-n-propyl
cyclitol SLO101 (1b) that is specific for RSK1/2. The specificity of the inhibitor for RSK1/2 is
demonstrated by our observations that silencing RSK1/2 eliminates responsiveness to (1b) in
MDA-MB-231 proliferation and survival assays. In in vitro assays using multiple TNBC cell lines
the new analogue inhibits the major steps involved in the metastatic process, which include
motility, proliferation and survival in a nonadherent environment. In addition, (1b) was as
effective at inhibiting metastatic colonization in vivo as the FDA-approved MEK inhibitor,
trametinib. Activation of the AKT pathway is proposed as a mechanism to account for the lack of
efficacy of selumetinib, a MEK inhibitor, in combination with the anti-estrogen, fulvestrant, in a

phase Il clinical trial (223). We propose that inhibitors of RSK will offer greater flexibility in
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designing combination cancer therapies than MEK inhibitors, as there will be no positive

feedback loop that results in activation of AKT.
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Chapter 5

De novo synthesis and biological evaluation of C6"-substituted C4"-amide
analogues of SL0101

Adapted from: (232)

Summary

In an effort to improve upon the in vivo half-life of the known ribosomal S6 kinase (RSK)
inhibitor SLO101, C4"-amide/C6"-alkyl substituted analogues of SL0101 were synthesized and
evaluated in cell-based assays. The analogues were prepared using a de novo asymmetric
synthetic approach, which featured Pd-tr-allylic catalyzed glycosylation for the introduction of a
C4"-azido group. Surprisingly replacement of the C4"-acetate with a C4"-amide resulted in

analogues that were no longer specific for RSK in cell-based assays.
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Figure 5. 1 Graphical abstract.
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Introduction

The ribosomal S6 kinases (RSKs) are a family of Ser/Thr kinases, which are
downstream effectors of the extracellular signal-regulated kinase 1/2 pathways. RSK appears to
be involved in the etiology of a number of different cancers and, importantly, regulates a
motility/invasive gene program. RSK is a dual kinase domain protein with the N-terminal kinase
domain (NTKD) responsible for phosphorylation of target substrates (224). In a screen of
botanical extracts SL0101 (1), a flavonoid glycoside, was identified as an inhibitor of the NTKD
of RSK (7174). SL0101 (1) is a relatively selective inhibitor for RSK with a Ki of ~1 microM. From
the crystal structure of SL0101 (1) complexed with the NTKD isoform of RSK25 and de novo
synthetic studies, we identified analogues (2 and 3) with C6"-substitutions of the rhamnose that

showed improved efficacy in the in vitro kinase assays (224).

Materials and methods

H and 13C spectra were recorded on 270 MHz, 400 MHz and 600 MHz spectrometers.
Chemical shifts were reported relative to benzene-d6 (6 7.16 ppm), CDCI3 (& 7.26 ppm),
CD30D (& 3.31 ppm), acetone-d6 (6 2.05 ppm) for 1 H, and benzene-d6 (6 127.68 ppm),
CDCI3 (6 77.0 ppm), CD30D (& 49.15 ppm), acetone-d6 (6 29.92 ppm) for 13C. Optical
rotations were measured with a digital polarimeter at sodium D line (589 nm) and were reported
in concentration of g/100 mL at 25 °C in the solvent specified. Infrared (IR) spectra were
obtained on a FT-IR spectrometer. Flash chromatography was performed using the indicated
solvent system on silica gel standard grade 60 (230-400 mesh). Rf values are reported for
analytical TLC using the specified solvents and 0.25 mm silica gel 60 F254 plates that were
visualized by UV irradiation (254 nm) or by staining with KMnO4 stain or p-anisaldehyde stain.
Ethyl ether, tetrahydrofuran, methylene chloride, toluene, and triethylamine were dried by

passing through activated alumina (8 x 14 mesh) column with argon gas pressure. Commercial
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reagents were used without purification unless otherwise noted. Air and/or moisture-sensitive
reactions were carried out under an atmosphere of argon/nitrogen using oven/flamed-dried

glassware and standard syringe/septum techniques. Melting points are uncorrected.

Results

SL0101 (1) has a short biological half-life in vivo (224), which is presumably due to
hydrolysis of the C3"/C4"-acetates which are necessary for high affinity. To identify less labile
groups that could replace the ester without loss of affinity, we investigated replacing the C4"-
acetate with a C4"-acetamide in combination with the C6"-alkyl substitution that we previously
identified (224). Specifically, we targeted six C4"-acetamide analogues 4a—d and 5a-b (Figure

5.2).
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Figure 5. 2 C4”-amide analogues of SL0101.
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Retrosynthetically, we envisioned that C4"-acetamide substituted analogues 6 could
arise from C4"-azido sugar 7a, which could be prepared from enone sugar 7c via allylic
carbonate 7b (Fig. 5.3). Previously we have shown that C4 allylic azides such as 7a could be
prepared from C4 allylic carbonates like 7b via Pd-catalyzed allylic alkylation. However, this
approach was not compatible for pyran rings with a C1 kaempferol group. To address this issue,
a Pd-glycosylation method was developed for the direct incorporation of a C4 azido sugar.

Our synthesis started with exposure of flavonol 9 and Boc-pyranone 13 to our typical
glycosylation conditions (2.5 mol % Pd2(DBA)3-CHCI3 and 10 mol % of PPh3 in CH2CI2 at 0
°C; 95%), which produced glycosylated pyranone 14 with complete a-selectivity (Fig. 5.4).
Reduction of the enone 14 (NaBH4/CeCI3, -78 °C in CH2CI2/MeOH; 72%) resulted
stereoselectively in allylic alcohol 15. A methyl carbonate leaving group was installed on the
allylic alcohol by reaction of 15 with methyl chloroformate to form the C4"-carbonate 16 in 75%
yield. Unfortunately, exposure of carbonate 16 to the Sinou conditions (TMSN3,
[Pd(allyl)Cl]2/1,4-bis(diphenylphosphino)butane) failed to afford the desired regio- and
stereoisomeric allylic azide 17. The C-1 kaempferol proved to be the better leaving group, as

only products consistent with the hydrolysis at the anomeric position were observed.
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Figure 5. 3 Retrosynthesis of C4”-amide SL0101 analogues.
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Figure 5. 4 Unsuccessful approach to C4”-azide sugar 17.
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To solve this problem, we decided to try reversing the sequence of the two Pd-tr-allyl
substitution reactions, which required the synthesis of allylic azides 29 and 30 (Fig. 5.5). This
began with a palladium-catalyzed glycosylation (Pd(0)/PPh3, 1:2) of p-methoxybenzyl alcohol
with Boc-pyranones 13 and 18 which stereoselectively afforded PMB-pyranones 19 and 20
(95% and 92% respectively). Diastereoselective reduction of the two enones (NaBH4/CeCI3,
-78 °C in CH2CI2/MeOH; 92% and 84%) gave allylic alcohols 21 and 22. Treatment of the two
allylic alcohols with methyl chloroformate in the presence of a catalytic amount of DMAP gave
the allylic carbonates 23 and 24 (94% and 90%). Exposure of the carbonates to the Sinou
conditions (TMSN3, [Pd(allyl)Cl]2/1,4-bis(diphenylphosphino)butane) regio- and
stereospecifically afforded the desired allylic azides 25 and 26 (73% and 75%). An oxidative
PMB deprotection (DDQ/H20) of 25 and 26 provided anomeric alcohols 27 and 28 as a 13:1
mixture of anomers in 73% and 78% yields. The following Boc-protection of the two alcohols
produced the key azido containing intermediates 29 and 30 in 84% and 82% yields with
excellent diastereoselectivity.

To our delight, exposure of sugar donor Boc-allylic azides 29 and 30 and acceptor 9 to
our typical Pd-catalyzed glycosylation conditions provided our desired glycosylated allylic azides
17 and 31 in excellent yield (98% and 90%) with complete a-selectivity and no sign of hydrolysis
at the anomeric position. Exposure of the two allylic azides to Upjohn conditions (OsO4/NMO;
91% and 87%) stereoselectively converted them into the two rhamno-diols 32 and 33, which are

poised for further manipulation into the desired SL0101 analogues (Fig. 5.6).
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Figure 5. 5 Synthesis of C4’-azide sugar glycosyl donors 29/30.
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Figure 5. 6 Synthesis of C4”-azide Rhamno-sugars 32/33.
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We next investigated the reduction and acylation of azidodiols 32 and 33 (Fig. 5.7) (225).
Fortuitously, both the C4 acylated amides 36 and 37 and C3/C4 bis-acylated products 34 and
35 were generated in an ~1:1 mixture in one pot from the reduction of 32 and 33 with zinc dust
in the presence of acetic anhydride and acetic acid. Thus, the reduction acylation of 32 gave the
desired C4"-acetamides 36 (29%) and 34 (27%), whereas the reduction acylation of 33 gave the
desired C4"-acetamides 37 (36%) and 35 (32%).

The intermediates 34-37 were globally deprotected by an exhaustive hydrogenolysis,
which produced four of the desired analogues. Thus, exposure of 34 and 35 to typical
hydrogenolysis conditions (1 atm of hydrogen with Pd/C) furnished 4b and 5b in good yields
(86% and 88%, respectively). Exposure of 36 and 37 to similar hydrogenolysis conditions
furnished 4a and 5a in good yields (90% and 86%, respectively). Finally the last two analogues
4c¢ and 4d were prepared by an acylation deprotection sequence. The peracylated product 4d
was prepared from 34 in 91% overall yield by bis-acylation (Ac20, DMAP/Py; 97%) and
exhaustive hydrogenolysis. Similarly, the C2 acylated product 4c was prepared from 36 via an
ortho-ester mediated C2-acylation (CH3C(OMe)3, 10% p-TsOH in CH2CI2; then excess 90%

AcOH/H20; 85%) and per-hydrogenolysis (94% overall yield).
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Figure 5. 7 Synthesis of C4”-Amide analogues of SL0101 4/5.
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The efficacy of the analogues 4a—d and 5a-b to inhibit RSK2 activity was determined in
an in vitro kinase assay using purified recombinant RSK2 (Table 5.1). The data were fit using
nonlinear regression analysis. In the n-Pr series, 4b and 4c with a single acetate at the C3"- or
C2"-position had significantly lower (~5-fold) IC50’s compared to SL0101. However, when
compared with our best analogue 2a (C3"/C4"-diacetate, Fig. 5.2) the related C4"-acetamide 4b
had a 10-fold increase in IC50 (224). The IC50’s for 4a with no C2"- or C3"-acetate and 4d with
two acetates were not statistically different from that of SLO101. These results are similar to
those obtained in the series in which the acetyl group was at the C4"-position. In the isobutyl
series the C3"-acetate 5b had a 3-fold improved IC50 compared to that of SLO101, whereas 5a
with no C2"- or C3"-acetate had a much poorer IC50 than SL0101. This suggests that, in the n-
Pr-series, the C4"-acetamide can replace the C4"-acetate without dramatically compromising
the affinity of the analogues for RSK2.

The six analogues were evaluated for their ability to decrease proliferation of the breast
cancer cell line, MCF-7 (Table 5.1). Initially, each analogue was tested at a dose of 100 microM
and compared to SL0101 (1). Analogue 4d was the only analogue that inhibited proliferation to a
greater extent than SL0101 (1). A dose response curve with 4d showed that cytostasis occurred
at ~35 microM and substantial cell death occurred at ~50 microM (see online Suppporting
Information (SI)). For comparison SL0101 (1) at 100 microM (maximum concentration) induces
a reduction in proliferation (~60%). To evaluate whether 4d was specific for RSK, we compared
its antiproliferative effects in MCF-7 cells versus MCF-10A, an immortalized nontransformed
human breast cell line. We previously found that a preferential ability to inhibit MCF-7 compared
to MCF-10A proliferation correlates with specificity for RSK inhibition (142, (224). At 25 microM
4d inhibited proliferation of MCF-7 cells by 50% and marginally inhibited MCF-10A proliferation
(see online version, Supporting Information). However, at 50 microM of 4d, a cytotoxic dose in

MCF-7 cells, proliferation of MCF-10A cells was inhibited by 70%. Thus, 4d shows a very limited
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ability to preferentially inhibit MCF-7 proliferation and survival compared to MCF-10A cells.

These results suggest that 4d is not a specific RSK inhibitor in intact cells.

172



Table 5.1 In vitro potency of SL0101 and analogues. RSK2 IC50: concentration needed for
50% RSK2 inhibition (n = 2; quadruplicate; mean + S.D.; p(SL0101) Student’s t test compared
to SL0101). MCF-7 proliferation: (n 2 2; triplicate; mean + S.D.; p(DMSQO) Student’s t test
compared to control; p(SL0101) Student’s t test compared to SL0O101. P < 0.01 considered

significant.
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Table 5. 1 In vitro potency of SL0101 and analogues.

Name RSK2 IC50 RSK2 IC50 MCF-7 MCF-7 MCF-7

(microM) p(SLO101) proliferation proliferation proliferation
(% control) p(DMSO) p(SLO101)

SLO101 1.04 £ 0.60 38.6 £ 14.6 <0.01

4a 0.76 £0.43 | 0.17 945+21.6 0.41

4b 0.23£ 0.07 <0.01 39.2+7.2 <0.01 0.91

4c 0.11 £0.09 <0.01 47.8 £10.6 <0.01 0.16

4d 044+ 039 |0.02 -80.0£ 6.6 <0.01 <0.01

5a 2.33+0.88 <0.01 47.5 £ 19.1 <0.01 0.21

5b 0.32+0.18 <0.01 246 +10.4 <0.01 0.03
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To further evaluate the specificity of 4d at inhibiting RSK, we compared the efficacy of
SL0101 (1) and 4d to alter the phosphorylation of known RSK substrates. We chose to test 4d
at both cytostatic (25 microM) and cytotoxic (50 microM) concentrations. To increase the
phosphorylation of substrates MCF-7 cells were stimulated with the mitogen, phorbol myristate
acetate (10), after a pretreatment with inhibitor or vehicle. RSK phosphorylates and inhibits the
activity of eukaryotic elongation factor 2 (eEF2) kinase (772). Thus, inhibition of RSK relieves
the inhibition of eEF2 kinase, which results in an increase in p-eEF2. As expected activation of
RSK by PMA led to a decrease in p-eEF2 and inhibition of RSK with SL0101 increased p-eEF2
compared to the PMA control (Fig. 5.8).

Ribosomal protein S6, a component of the 40S ribosomal subunit, is phosphorylated by
RSK, and in agreement with these data SL0101 (1) inhibits PMA-induced phosphorylation of S6.
We have also found that RSK regulates the levels of the oncogene, cyclin D1, in MCF-7 cells.
Consistent with these observations SL0101 (1) inhibited cyclin D1 levels. In contrast with our
observations with SL0101 the analogue 4d did not alter the phosphorylation status of eEF2, S6
or the levels of cyclin D1. To further investigate the ability of 4d to inhibit RSK in intact cells, we
immunoblotted the lysates with an antibody against the phosphorylation motif that is recognized
by numerous kinases, including RSK. Treatment with SL0O101 increased the phosphorylation of
a band at ~60 kDa and decreased the intensity of a band at ~27 kDa. Analogue 4d did not alter
the phosphorylation pattern as compared to PMA. Consistent with these results we observed
that analogue 4b (100 microM) did not alter the phosphorylation of RSK biomarkers or cyclin D1
levels in intact cells (data not shown). These results suggest that the amide analogues of

SL0101 (1) are not specific for RSK.
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Figure 5.8 RSK2 biomarker comparisons with 4d and SL0101 (1). Comparison of analogues
4d and SL0101 (1) was made against known RSK biomarkers in intact cells. MCF-7 cells were
pretreated with 4d at the indicated concentrations and then treated with vehicle of PMA. Lysates
were analyzed by immunoblotting. The motif, (K/R)x(K/R)xx(pS/pT), is recognized by a number
of kinases, including RSK. The arrows indicate bands whose intensity is altered upon treatment

of cells with SL0101 (1).
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Conclusion

In conclusion, using de novo synthesis C4"-acetamide analogues of SL0101 with a C6"
substitution were prepared and evaluated as RSK inhibitors. Analogues with improved in vitro
kinase inhibitory activities were identified; however, this increase in activity came at a loss of
selectivity for RSK. Further studies aimed at defining the requirements for a specific-RSK

inhibition are ongoing and will be reported in due course.
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Chapter 6

Synthesis and structure-activity relationship study of 5a-carbasugar analogues
of SL0101

Adapted from: (211)

Summary

The Ser/Thr protein kinase, RSK, is associated with oncogenesis, and therefore, there
are ongoing efforts to develop RSK inhibitors that are suitable for use in vivo. SL0101 is a
natural product that demonstrates selectivity for RSK inhibition. However, SL0101 has a short
biological half-life in vivo. To address this issue we designed a set of eight cyclitol analogues,
which should be resistant to acid catalyzed anomeric bond hydrolysis. The analogues were
synthesized and evaluated for their ability to selectively inhibit RSK in vitro and in cell-based
assays. All the analogues were prepared using a stereodivergent palladium-catalyzed
glycosylation/cyclitolization for installing the aglycon. The L-cyclitol analogues were found to
inhibit RSK2 in in vitro kinase activity with a similar efficacy to that of SL0101, however, the
analogues were not specific for RSK in cell-based assays. In contrast, the D-isomers showed no

RSK inhibitory activity in in vitro kinase assay.
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Figure 6. 1 Graphical abstract.
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Materials and methods

General chemistry methods and materials 1 H and 13C spectra were recorded on 400
MHz and 500 MHz spectrometers. Chemical shifts were reported relative to CDCI3 (& 7.26
ppm), CD30D (& 3.31 ppm), acetone-d6 (6 2.05 ppm) for 1 H, and CDCI3 (6 77.0 ppm), CD30OD
(6 49.15 ppm), acetone-d6 (6 29.92 ppm) for 13C. Optical rotations were measured with a
digital polarimeter at sodium D line (689 nm) and were reported in concentration of g/100 mL at
25 °C in the solvent specified. Infrared (IR) spectra were obtained on a FT-IR spectrometer.
Flash chromatography was performed using the indicated solvent system on silica gel standard
grade 60 (230-400 mesh). Rf values are reported for analytical TLC using the specified solvents
and 0.25 mm silica gel 60 F254 plates that were visualized by UV irradiation (254 nm and 365
nm) or by staining with KMnO4 stain or p-anisaldehyde stain. Ethyl ether, tetrahydrofuran,
methylene chloride, toluene, and triethylamine were dried by passing through activated alumina
(8 x 14 mesh) column with argon gas pressure. Commercial reagents were used without
purification unless otherwise noted. Air and/or moisture-sensitive reactions were carried out
under an atmosphere of argon/nitrogen using oven/flamed-dried glassware and standard
syringe/septum techniques. Melting points are uncorrected. Matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectra were obtained using a-cyano-4-
hydroxycinnamic acid (CCA) as the matrix on a MALDI-TOF mass spectrometer. Biologic
Methods Purified recombinant RSK2 Baculovirus encoding His-tagged RSK2 cDNA was
generated using the Bac-to-Bac Baculovirus Expression System (Invitrogen, Carlsbad, CA).
Recombinant RSK2 was expressed in Sf9 cells and activated by a 20 min treatment with
phorbol 12-myristate 13-acetate (70). Protein was purified using the Ni-NTA Spin Kit (Qiagen,
Valencia, CA).

In vitro kinase assays were performed as previously described (270). Briefly, a fusion
protein consisting of glutathione S-transferase and the amino acid sequence RRRLASTNDKG

(1 microg/well) was adsorbed to MaxiSorp-treated LumiNunc 96-well white polystyrene plates
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(Thermo Scientific, Roskilde, Denmark). The wells were blocked with 3% tryptone in phosphate-
buffered saline. Kinase (5 nM) in kinase buffer (25 mM HEPES pH 7.4, 150 mM NaCl, 5 mM B-
glycerophosphate, 1.5 mM DTT, 30 mM MgClI2, 1% BSA) was added. Reactions were
incubated with or without inhibitor. Reactions were initiated by the addition of ATP (10 microM)
for 20 min, which is in the linear range of the assay. The reactions were terminated by addition
of EDTA (500 mM, pH 8.0). The plates were washed and phosphorylation was measured using
rabbit polyclonal anti- LApSTND1 and horseradish peroxidase (HRP)-conjugated donkey anti-
rabbit (Jackson ImmunoResearch Laboratories, West Grove, PA) antibodies. Western Lightning
Enhanced Chemiluminescent Reagent Plus (PerkinElmer Life Sciences, Waltham, MA) was
used to measure HRP activity. To determine IC50 values, non-linear regression analysis was
performed using GraphPad Prism version 6.0a (La Jolla, CA). Proliferation assays were
performed as previously described (270). Briefly, 200,000 MCF-7 or MCF-10A cells were
seeded in 24-well tissue culture treated plates in media recommended by ATCC. Inhibitor or
vehicle was added and proliferation was measured after 48 h using CellTiterGlo reagent
(Promega, Madison, WI) according to the manufacturer’s protocol. To determine IC50 values,
non-linear regression analysis was performed using GraphPad Prism version 6.0a (La Jolla,
CA). Immunoblot analysis were performed as previously described (270) . Briefly, 250,000
MCEF-7 cells were seeded onto a 35-mm tissue culture dish. The next day the medium was
replaced with serum-free medium. After 16 hours, the medium was changed for serum-free
medium with DMSO, serum-containing medium with DMSO, or serum-containing medium with
inhibitor. Cells were treated for 2 hours before stimulation with PMA (500 nM) for 20 minutes.
Cell lysis was performed as previously described (270). Lysates were normalized for total
protein, electrophoresed, and immunoblotted. Antibodies used for immunoblotting include: anti-
(K/R)x(K/R)xx(pS/pT) motif (9611), anti-(K/R)(K/R)x(pS/pT) motif (9621), anti-
(K/R)x(pS/pT)P(K/R) motif (2261), monoclonal anti-phospho-Y (9411), anti-eEF2 (2332), anti-

phospho-eEF2 (2331), and anti-cyclin D1 (2926), from Cell Signaling Technology (Danvers,
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MA). Secondary antibodies used were HRP-conjugated donkey anti-rabbit and goat anti-mouse

(Jackson ImmunoResearch Laboratories, West Grove, PA)

Results

The Ser/Thr kinases, RSK, have emerged as a potential drug target for numerous
cancers (137). A number of RSK inhibitors have been identified (99, 199, 200, 205, 207, 208,
226-229) and of these the kaempferol L-rhamnoside SL0101 (1a) is the only allosteric inhibitor

of RSK (Fig. 6.2) (200), which most likely accounts for its specificity (199).
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Figure 6. 2 Structures of SL0101 (1a) and top analogue (2).

OH O
AcOR Q

AcO OH

1a: R =Me; SL0101: 0.99 uM (ICsp)
2: R = n-Pr; Best Analogue: 0.02 puM (ICgp)
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RSK is unusual in that it contains two nonidentical kinase domains (230). On the basis of
the crystal structure of SL0101 in complex with the RSK2 N-terminal kinase domain (NTKD) we
generated the derivative, C3"/C4"-diacetate with a C6"-npropyl substituent 2, which has a 50-
fold higher affinity for RSK than SL0101 (270, 231, 232). In an effort to further explore the
structure— activity relationship of SL0101 as it relates to RSK inhibition, we targeted for
synthesis cyclitol (aka, 5a-carbasugar) analogues of SL0101 (e.g., 3 and 4, Figure 6.3) (233,
234). We hypothesized that the cyclitol analogues (3a-c) (i.e., sans-anomeric stabilization)
would serve as exact conformational mimics of the natural sugar; whereas the enantiomeric
analogues (ent)-3a—c serve as control molecules. Finally, to further test the importance of the

C6" alkyl group, we envisioned preparing and evaluating the desmethyl cyclitol analogue 4.
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Figure 6. 3 Structure of D-/L-SL0101 analogues 1-4.

OR? OR?
1a: R =Me, X=0,R"=Ac,R%2=H (ent)-1a: R =Me, X=0,R"= Ac,R2=H
1b: R=Me, X=0,R"=H, R2=H (ent)-1b: R =Me, X=0,R'=H,R2=H
1c:R=Me, X=0,R'=H, R2= Ac (ent)-1c:R=Me, X=0,R"=H, R%2= Ac
3a: R=Me, X=CH,, R'=Ac,R2=H (ent)-3a: R =Me, X=CH,, R'= Ac,R2=H
3b: R =Me, X=CH,, R'=H,R2=H (ent)-3b: R = Me, X = CH,, R' =H, R2=H
3c:R=Me, X=CH, R'=H, R2=Ac (ent)-3c: R =Me, X=CH,, R'=H, R2= Ac
4:R=H, X=CHyR'=Ac,R2=H (ent)-4:R=H, X=CH, R'=Ac,R2=H
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We have been developing practical and generalizable approaches to both pyranose
(235-239) and 5a-carbasugar (233, 234, 240) and have reported synthetic approaches to
SL0101 and its derivatives. The general approach to these analogues is outlined in Fig. 6.2. The
technology that enables this approach was the use of a Pd-catalyzed glycosylation (233, 234,
241-243) or cyclitolization (234, 240) and subsequent post-glycosylation transformations. Using
the Pd-catalyzed glycosylation, the desired pyranose analogues 1a-c and (ent)-1a—-c were
produced in five to seven steps from pyranones a-L-5 and a-D-5, respectively. Using the related
Pd-catalyzed cyclitolization and in the same number of steps, the desired cyclitol analogues
3a-c and (ent)-3a-c were produced from the corresponding enones a-L-6 and a-D-6.

The key to the success of this approach is the reliance of an enantio-divergent (i.e., D/L)
and highly stereocontrolled synthesis of both glycosyl- and cyclitol-donors from readily available
intermediates (8 and 9, Fig. 6.2). For instance, the pyranose glycosyl donors were readily
prepared in three steps from achiral acylfuran intermediate 8. In contrast, the carbasugar cyclitol
donor 6 was significantly more difficult to prepare. Like the pyranones 5, the cyclitol 6 can also
be prepared from a single intermediate, D-quinic acid 9. Thus, in 11 steps, D-quinic acid was
converted into a-D-enone a-D-6, whereas in a related 12-step sequence quinic acid can be also

converted into its enantiomeric enone, a-L-6.
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Figure 6. 4 Enantiodivergent synthesis of SL0101 analogues 1 and 3.

OBn

5-7
OH O steps
R—7—x — OBn O &—— (ent)-1a-c/3a-c
AcO 7
R'O OR2 +
1a-c/3a-c o-L/D-5 or o-L/D-6
0]
.R
| . 3 steps 3 steps ij/\r
0 v Tef1a
OBoc achiral furan OBoc
a-L-5 & a-D-5
CH3
12 steps 11 steps
ref 17 HO" ref 17 Y
OBoc OBoc
o-L-6 D-(— )quunlc acid o-D-6
9

188



Figure 6. 5 Enantiodivergent cyclitolization of aglycon 7.
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With access to the cyclitol analogues 3, we next pursued the de novo asymmetric
synthesis of the desmethyl cyclitol analogues 4 and (ent)-4 (Fig. 6.4 and 6.5). Interestingly, the
removal of the C6"-methyl group greatly simplifies the analogue synthesis. The simplicity of this
approach is enabled by the use of the Trost asymmetric allylation of 7 with meso1,4-bis-
benzoate 10 to form either enantiomer of cyclitol 11 (244-246). Thus, by appropriate choice of
the chiral ligand, cyclitol 11 (via (S,S)-DACH) or its enantiomer (ent)-11 (via (R,R)-DACH) was
prepared in only one stereodivergent step. The enantiomeric excess of 12 and (ent)-12 were
determined to be >96% ee by Mosher ester analysis. This was accomplished by converting 12
and (ent)-12 into their corresponding Mosher ester and integrating resolved diasteromeric vinyl

protons in the 1 H NMR (see online Supporting Information).
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Figure 6. 6 Synthesis of SL0101 cyclitol analogue 4.
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Figure 6. 7 Synthesis of SL0101 cyclitol analogue (ent)-4.
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With the C1"/C4" stereochemistry installed in 11, the C4" benzoate was transformed into
an acetate (Fig. 6.4), via a hydrolysis and acylation sequence (11 to 13). Using an Upjohn
dihydroxylation (1% OsO4/NMOQ),35 the C2"/C3"-hydroxyl groups were stereoselectively
installed in 14. The required C3" acetate was regioselectively installed by means of the Taylor
catalysis (14 to 15).36—39 Finally hydrogenolysis was used for a global debenzylation of 15 to
give the desired cyclitol analogue 4. Using an identical sequence, the enantiomer 11 was
converted into the enantiomeric analogue (ent)-4 (Fig. 6.5).

Using purified recombinant RSK2 enzyme in an in vitro kinase assay, the analogues
(ent)-1a, 3a—c, (ent)-3a—c, 4 and (ent)-4 were evaluated for their ability to inhibit RSK2 kinase
activity (773). Nonlinear regression analysis was used to fit the data (Table 6.1). Regardless of
substitution, we found an absolute requirement for the L-isoform, as none of the D-isoforms
displayed any RSK2 kinase inhibitory activity at concentrations <30 microM.

Interestingly, we found that replacing the ring oxygen in the rhamnose ring with a
methylene did not interfere with in vitro RSK2 inhibitory activity (Table 6.1). In fact, the cyclitol
analogue 3a was a slightly better inhibitor of RSK than SL0101, albeit the difference is unlikely
to be biologically meaningful. In contrast, the cyclitols with varied acetate substitution (3b and
3c) had higher IC50s. This trend was consistent to what was observed for the related rhamnose
sugar analogues (1b and 1c) (247). The C6" methyl group proved to be important for activity, as
the desmethyl analogue 4 was a poor inhibitor. Even in the less active desmethyl series, the
importance of the sugar absolute stereochemistry could be seen, as 4 was significantly more
active than its enantiomer (ent)-4. This result is consistent with our crystal structure of the RSK2
NTKD/SL0101 complex. Specifically, we observed SL0101 in a specific 3D orientation with the
C6" methyl group residing in a key hydrophobic pocket (200) and that alkyl substitution of the

C6" alkyl group (Me to n-Pr) increased the affinity for RSK2 (210).
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Table 6.1 In vitro potency of SL0101 (1a) and analogues. RSK2 IC50: concentration needed
for 50% RSK2 inhibition (n > 2; quadruplicate; mean + S.D.; p(SL0101) Student’s t test

compared to SL0101). N.D. no inhibition detected.
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Table 6. 1 In vitro potency of SL0101 and analogues.

name RSK2 IC50 (microM) RSK2 IC50 p(SL0101)
SI0101 (1a) 0.3720.13

(ent)-1a N.D.

3a 0.2720.15 0.0404
(ent)-3a N.D.

3b 1.2320.62 <0.0001
(ent)-3b N.D.

3c 1.60 = 0.66 <0.0001
(ent)-3c N.D.

4 8.932>1.02 <0.0001
(ent)-4a N.D.
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The ability of the analogues to inhibit the proliferation of the breast cancer cell line, MCF-
7, was compared to that obtained with the immortalized nontransformed human breast cell line,
MCF-10A. We have found that a preferential ability to inhibit MCF-7 compared to MCF-10A
proliferation correlates with RSK inhibition (7113, 210, 247-249). The cyclitol analogue 3b
inhibited both cell lines to the same extent, which suggests that it does not specifically inhibit
RSK (Fig. 6.8). In contrast, the enantiomer (ent)-3b showed no inhibition of either cell line. At 25
MM the analogue 3a inhibited MCF-7 proliferation by ~60% but also significantly inhibited MCF-
10A proliferation (Fig. 6.9 A). For comparison, at 100 uM SL0101 (1a) inhibited MCF-7
proliferation by ~60% but had no effect on MCF-10A proliferation. Both analogues 3a and 3c
were able to completely inhibit proliferation of MCF-7 cells at ~50 microM, but they also
significantly inhibited MCF-10A proliferation at that concentration (Fig. 6.9). For both 3a and 3c
the dose response differed by ~3-fold between MCF-7 and MCF-10A cells. This modest
differential effect suggests that the inhibitors are not specific for RSK, as we have found that

MCF-10A proliferation is not dependent on RSK.
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Figure 6.8 C3”, C4” acetates are essential for preferential inhibition of MCF-7
proliferation. ATP content was measured after 48 h of treatment. Values are the fold
proliferation as a % of the control within each cell line (n = 2; triplicate; mean = S.D.; * p < 0.01

Student’s t test compared to control.
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Figure 6. 8 C3”, C4” acetates are essential for preferential inhibition of MCF-7

proliferation.
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Figure 6.9 Efficacy and specificity of analogues 3a and 3c for inhibition of RSK. As
described in Figure 3 (n = 2; triplicate; mean £ S.D.; * p 2 0.01 Student’s t test compared to

control).
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Figure 6. 9 Efficacy and specificity of analogues 3a and 3c for inhibition of RSK.
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To further investigate the specificity of 3a and 3c for inhibition of RSK we determined
their ability to inhibit known RSK substrates in comparison to SL0101. We tested the
compounds 3a and 3c at 50 microM, which is the cytostatic concentration. Lysates were
generated from MCF-7 cells that had been treated with the mitogen, phorbol myristate acetate
(10) after a pretreatment with inhibitor or vehicle. Inhibition of RSK is known to result in an
increase in the phosphorylation of eukaryotic elongation factor 2 (p-eEF2) via release of the
RSK-induced repression of eEF2 kinase (743). As expected SL0101 dramatically enhanced p-
eEF2 levels, but 3a and 3c induced only a minor increase (Fig. 6.10 A). To further evaluate
whether the analogues could alter RSK biomarkers we used an antibody against a
phosphorylation motif, which is recognized by a subset of the AGC family of kinases, which
includes RSK. SL0101 decreased the intensity of a band at ~65 and ~27 kDa, but 3a and 3c
did not alter the phosphorylation pattern compared to the PMA control (Fig. 6.10 B). We have
also determined that RSK regulates the levels of the oncogene, cyclin D1. In agreement with
our previous observations SL0101 decreased cyclin D1 levels, whereas 3a and 3c had no effect
(Fig. 6.10 A). We conclude that 3a and 3c are not specific for RSK inhibition in cell-based

assays.
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Figure 6.10 Evaluation of SL0101 (1a), 3a, and 3c as RSK-specific inhibitors in MCF-7
cells. MCF-7 cells were treated with PMA after pretreatment with the indicated inhibitors.
Lysates of the cells were immunoblotted. The arrows indicate bands whose intensity decreases

upon treatment with SL0101 (1a).
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Figure 6. 10 Evaluation of SL0101 (1a), 3a, and 3c as RSK-specific inhibitors in MCF-7

cells.
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To obtain insight into kinases that 3a and 3c could target we used antibodies that detect
the phosphorylation motif of protein kinase A (PKA), protein kinase C (PKC), and tyrosine
kinases. Cyclitols 3a and 3c did not alter the phosphorylation pattern obtained with antibodies to
the PKC and tyrosine kinase phosphorylation motifs (Fig. 6.11). However, 3a and 3c resulted in
the partial increase in the intensity of a band at ~90 kDa. In contrast, SL0O101 dramatically
increased the intensity of this band compared to PMA. The PKA motif antibody is able to detect
phosphorylations generated by RSK, and therefore, observing changes with SL0101 is
expected. On the basis of our immunoblot analysis, 3a and 3c do not inhibit kinases that prefer
an Arg at the -5 position but do inhibit kinases that prefer an Arg at the -3 and -2 positions from
the Ser or Thr phosphorylation site. This information narrows down the possible candidate

kinases from within the AGC kinase family that 3a and 3c target.

204



Figure 6.11 Characterization of selectivity of 3a and 3c compared to SL0101 (1a) in MCF-7
cells. MCF-7 cells were treated with PMA after pre-treatment with the indicated inhibitors.
Lysates were electrophoresed and immunoblotted. The arrows indicate bands whose intensity
changes upon treatment with SL0101 (1a). Immunblotting with antibodies to detect the PKA

phosphorylation motif (A), the PKC phosphorylation motif (B), or the tyrosine kinase motif (C).
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Figure 6. 11 Characterization of selectivity of 3a and 3c compared to SL0101.
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Conclusion

In conclusion, using a Pd-catalyzed glycosylation or cyclitolization in combination with
post-glycosylation transformation, an enantiomerically diverse set of SL0101 analogues were
prepared and evaluated as RSK inhibitors. Replacement of the L-rhamno-sugar with a L-
rhamno-5a-carbasugar did not substantially alter the ability of the analogues to inhibit RSK
kinase activity in vitro; however, the compounds demonstrated off-target effects in cell-based
assays. Further efforts aimed at identifying cyclitol analogues that specifically target RSK

inhibition are ongoing and will be reported in due course.
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Chapter 7

Stereoselective synthesis and evaluation of C6"-substituted 5a carbasugar
analogues of SL0101 as inhibitors of RSK1/2

Adapted from: (142)

Summary

A convergent synthesis of 5a-carbasugar analogues of the nPr-variant of SL0101 is
described. The analogues were synthesized in an effort to find compounds with potent in vivo
efficacy in the inhibition of p90 ribosomal S6 kinase (RSK1/2). The synthesis derived the
desired C-4 L-rhamnose stereochemistry from quinic acid and used a highly selective cuprate
addition, NaBH4 reduction, Mitsunobu inversion, and alkene dihydroxylation to install the
remaining stereochemistry. A Pd-catalyzed cyclitolization stereoselectively installed the aglycon
at the anomeric position. The analogues were evaluated as RSK1/2 inhibitors and found to have

3- to 6-fold improved activity.
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Figure 7. 1 Graphical abstract.
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Materials and methods

General chemistry methods and materials

1 H and 13C spectra were recorded on 400 MHz and 500 MHz spectrometers. Chemical shifts
were reported relative to CDCI3 (d 7.26 ppm), CD30D (d 3.31 ppm), acetone-d6 (d 2.05 ppm)
for 1 H, and CDCI3 (d 77.0 ppm), CD30D (d 49.15 ppm), acetone-d6 (d 29.92 ppm) for 13C.
Optical rotations were measured with a digital polarimeter at sodium D line (589 nm) and were
reported in concentration of g/100 mL at 25 °C in the solvent specified. Infrared (IR) spectra
were obtained on a FT-IR spectrometer. Flash chromatography was performed using the
indicated solvent system on silica gel standard grade 60 (230-400 mesh). Rf values are
reported for analytical TLC using the specified solvents and 0.25 mm silica gel 60 F254 plates
that were visualized by UV irradiation (254 nm and 365 nm) or by staining with KMnO4 stain or
p-anisaldehyde stain. Ethyl ether, tetrahydrofuran, methylene chloride, toluene, and
triethylamine were dried by passing through activated alumina (8 x 14 mesh) column with argon
gas pressure. Commercial reagents were used without purification unless otherwise noted. Air
and/or moisture-sensitive reactions were carried out under an atmosphere of argon/nitrogen
using oven/flamed-dried glassware and standard syringe/septum techniques. Melting points are
uncorrected. Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass
spectra were obtained using a-cyano-4-hydroxycinnamic acid (CCA) as the matrix on a MALDI-
TOF mass spectrometer.

Purified recombinant RSK2

His-tagged RSK2 cDNA was generated using the Bac-to-Bac Baculovirus Expression System
(Invitrogen, Carlsbad, CA). Recombinant RSK2 was expressed in Sf9 cells and activated by a
20 min treatment with phorbol 12-myristate 13-acetate (10). Protein was purified using the Ni-
NTA Spin Kit (Qiagen, Valencia, CA).

In vitro kinase assays
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The assays were performed as previously described (137). Briefly, a fusion protein consisting of
glutathione Stransferase and the amino acid sequence RRRLASTNDKG (1 microg/well) was
adsorbed to MaxiSorp-treated LumiNunc 96-well white polystyrene plates (Thermo Scientific,
Roskilde, Denmark). The wells were blocked with 3% tryptone in phosphate-buffered saline.
Kinase (5 nM) in kinase buffer (25 mM HEPES pH 7.4), 150 mM NaCl, 5 mM "-
glycerophosphate, 1.5 mM DTT, 30 mM MgClI2, 1% BSA) was added.

Reactions were incubated with or without inhibitor. Reactions were initiated by the addition of
ATP (10 microM) for 20 min, which is in the linear range of the assay. The reactions were
terminated by addition of EDTA (500 mM, pH 8.0). The plates were washed and
phosphorylation was measured using rabbit polyclonal anti- LApSTND1 and horseradish
peroxidase (HRP)-conjugated donkey anti-rabbit (Jackson ImmunoResearch Laboratories, West
Grove, PA) antibodies. Western Lightning Enhanced Chemiluminescent Reagent Plus
(PerkinElmer Life Sciences, Waltham, MA) was used to measure HRP activity. To determine
IC50 values, non-linear regression analysis was performed using GraphPad Prism version 6.0a

(La Jolla, CA).

Results

The p90 ribosomal S6 kinases (RSK) are a family of Ser/Thr protein kinases (737). Two
isoforms (RSK1/2) from this family are involved in the etiology of a number of different cancers
(99, 221). In an effort aimed at identifying RSK1/2 inhibitors, the flavonoid glycoside natural
product SLO101 (1) was discovered as a relatively selective inhibitor of the N-terminal kinase
domain (NTKD) of RSK (7713). RSK has two kinase domains where the Nterminal domain
(NTKD) is responsible for phosphorylation of target substrates (230). Based on the crystal
structure of the RSK2 NTKD complexed with SL0101, a major conformational rearrangement of

the N-lobe of the kinase domain generates the inhibitor-binding pocket (200).
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Inspired by its unique activity and selectivity, we have been exploring structure—activity
relationship (SAR) requirements associated with SL0101 (1) (713, 247, 249). As part of these
studies, we have developed a de novo asymmetric synthesis (250) (251, 252) of SL0101, its
enantiomer, and several congeners (232, 234). Our studies have identified several analogues
with improved activity and have emphasized the importance of the rhamnose sugar and its C-3
and C-4 acetates. In addition, we have found that substitution at the C-6 position (231, 232,
234) and the ring oxygen (2 and 3) of the sugar gives improved efficacy in the in vitro kinase
assays and cell-based studies (231, 232, 234).

SL0101 (1) has a short biological half-life in vivo (200), which is presumably due to the
hydrolyzable C-3/C-4-acetates on the sugar, as well as an O-glycosidic bond. To identify less
labile groups that could replace the ester without loss of affinity, we have investigated replacing
the rhamnose C-4-acetate (e.g., 5a-f with a C-4 acetamide), the C-3/C-4-acetates (e.g., 4h with
a C-3/ C-4-n-Pr-carbamates), and the ring oxygen with a methylene group (i.e., 3a-d
carbasugars) (232, 234). As part of our ongoing effort to identify RSK1/2-inhibitors as potential
therapeutics, we decided to test the effects of combining these three substitutions and targeted
two analogues 2a-b (Fig. 7.2). Herein we disclose the synthesis of cyclitol analogues 2a and 2b

as well as the relative RSK2 inhibitory activity.
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Figure 7. 2 SAR for SL0101 and RSK inhibition.
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Retrosynthetically, we envisioned preparing 2a and 2b in a route analogous to our
previously established routes to SL0101 analogues 1-5 (e.g., 6 + 7, Fig. 7.3). Specifically, we
expected that 2a/b would arise from the Pd-catalyzed cyclitolization of 7 with enone 8 (211, 232-
234). Base on our previous success, we viewed the cyclitol donor 8 would arise from quinic acid
10 via enone 9 (253, 254), where the quinic acid tertiary alcohol would become the C-4 ketone
and the central alcohol of the triol would become the C-1 anomeric position.

At the outset, our efforts to extend our previous cyclitol synthesis (R = H) encountered
difficulty, associated primarily with achieving high stereocontrol in the conversion of 9 into 12b.
Specifically, we explored the possibility of installing the sugar Lstereochemistry at C-5 by means
of a selective hydrogenation of the enone 11 from the exoface to selectively provide 12b over
12a. To our surprise, when we exposed 11 to typical hydrogenation conditions (1 atm of H2 with
Pd/C), we found 12a was the major isomer, but with poor diastereoselectivity (3:1) (Fig. 7.4).
This problem was exacerbated by the fact that isomerization of the position a to the ketone
occurred when we tried to deprotect the acetonide (233). These two compounding factors

prompted a search for an alternative approach (243, 255, 256).
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Figure 7. 3 Retrosynthesis of n-Pr carbasugar analogues.
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Figure 7. 4 Initial attempt to a-L-cyclitol donors.
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Our redesigned retrosynthesis turned the original design 180° (Fig. 7.5), with the quinic
acid tertiary alcohol becoming the carbasugar C-1 anomeric position and the central alcohol of
the triol becoming the C-4 enone 8. Because of complications with its conversion to enone 8 this
effort turned to the synthesis of allylic acetate 17. Specifically, the allylic benzoate 17 already
had a Pd-tr-allyl leaving group at the pseudoanomeric position for the cyclitolization reaction. In
addition, benzoate 17 also had the desired carbasugar C-4 acetate in the correct rhamno-
stereochemistry. The question that remained was could we find conditions to selectively ionize
the axial C-1 allylic p-NO2Bz group without touching the allylic C-4 acetate. In addition, we were
concerned that the C-4 acetate may not control the regiochemistry of nucleophilic attack to the
m-allyl intermediate (i.e., TS-1) as well as the C-4 ketone (i.e., TS-2) (235). In general, we found
a C-4 ketone both improved the electrophilicity of the Pdr-allyl intermediate and helped direct
nucleophilic addition to the C-1 position. In this regard, we were hopeful that the regiocontrol
issues could also be controlled by the C-5 n-propyl substituent (232). Altenatively, chiral ligands
on the Pd-tr-allyl could be used if the C-4 acetate is not sufficient for controlling the

regiochemistry.
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Figure 7. 5 Synthesis of Pd-cyclitolization donor.
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Our redesigned synthesis returned to enone 9, which underwent a highly stereoselective
cuprate-promoted addition of n-propyl anion to furnish ketone 13 in an excellent yield and as a
single diastereomer (89%). Exposure of 13 to DBU in benzene gave allylic alcohol 14 in good
yield (80%). The required C-4 acetate was then installed by an acylation of 14 with acetic
anhydride/DMAP with Et3N to deliver allylic acetate 15 (74%). A stereoselective 1,2-reduction of
enone 15 under Luche conditions gave the allylic alcohol 16 in good yield (89%) and
diastereoselectivity (>10:1). Analysis of the allylic coupling constants in the 1 H NMR for 16
indicated that the Luche reduction occurred via axial attack to install an equatorial alcohol,
which corresponds to 3-anomeric stereochemistry in the resulting carbasugar. Thus, a
Mitsunobu reaction was preformed on 16 with DIAD/PPh3 and p-nitrobenzoic acid to yield the
desired cyclitol donor 17 in excellent yield (90%).

Unfortunately, the conversion of the bis-allylic ester 17 to enone 8 proved to be
untenable, as conditions for the selective hydrolysis of either of the two esters were not found.
In an effort to find a viable alternative, we decided to explore the use of allylic p-NO2-benzoate
17 as a cyclitol donor, in the cyclitolization reactions. The allylic p-nitrobenzoate 17 had some
potential advantages to 8 in our planned synthesis of SLO101 analogue 2a. Specifically, the C-1
allylic-benzoate 17 already had a Pd-tr-allyl leaving group at the anomeric position for the
cyclitolization reaction. In addition, the p-nitrobenzoate 17 also had the desired C-4 acetate with
the correct stereochemistry installed, and thus, the aglycon portion would go through two less

transformations (Fig. 7.6).
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Figure 7. 6 Competing Pd-p-allyl mechanisms.
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To our delight, when a mixture of p-nitrobenzoate 17 and flavonol 7 was exposed to our
typical glycosylation conditions (2.5 mol % Pd2(dba)3-CHCI3 and 10 mol % of PPh3 in CH2CI2
at 0 °C) the reaction proceeded smoothly to provide the desired product in good yield (80%), in
excellent regio- and stereoselectivity (Fig. 7.7). Exposure of the allylic acetate 18 to the Upjohn
conditions (OsO4/NMO; 70%) stereoselectively converted it into the rhamno-diol 19 which,
when acylated with acetyl chloride and Hunig’s base, gave a mixture of the C-3 and C-2
acetates 20 and 21 (1:1.6) in 38% yield. Fortunately, the undesired C-2 acetate 21 could be
isomerized to a mixture of acetates which favored the desired C-3 acetate 20 (3:1). Finally, the
desired regioisomer 20 was globally deprotected by an exhaustive hydrogenolysis (1 atm of
hydrogen with Pd/C), which produced the target C-3/C-4 diacetate 2a in good yield (70%).

With access to the desired diacetate 2a having been established, we turned our
attention to the second target compound biscarbamate 2b (Fig. 7.8). Our approach to
biscarbamate 2b returned us to allylic acetate 18, which could be hydrolyzed into allylic alcohol
22 with K2CO3 in methanol (84%). The allylic alcohol 22 was converted into n-Pr-carbamate 23
by exposure of it to n-Pr-isocyanate and base (10% DBU/ Et3N in MeCN). Exposure of the
allylic carbamate 23 to the Upjohn conditions (OsO4/NMO; 73%) stereoselectively converted it
into the rhamno-diol 24. Re-exposure of the C-2/ C-3 diol 24 to the carbamate forming
conditions (n-Prisocyanate, 10% DBU/Et3N in MeCN) gave a mixture of C-3 and C-2
carbamates 20 and 21 (1:1). The desired C-3/C-4 biscarbamate 25 could be isolated from that
mixture in a 40% overall yield. Unfortunately, the undesired C-2/C-4 biscarbamate 26 could not
be isomerized under basic conditions as was the case with the diacetate. Finally, the desired C-
3/C-4 regioisomer 25 was globally deprotected by an exhaustive hydrogenolysis (1 atm of

hydrogen with Pd/C), to afford the target C-3/C-4 biscarbamate 2b in good overall yield (72%).
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Figure 7. 7 Synthesis of n-Pr carbasugar SL0101 analogue.
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Figure 7. 8 Synthesis of Bis-carbamate analogues.
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The efficacy of the two cyclitol analogues 2a and 2b to inhibit RSK2 activity was
determined in in vitro kinase assays using purified recombinant RSK2 (Table 7.1). The data
were fit using nonlinear regression analysis. Both SL0101 analogues showed improved RSK
inhibition over the lead structure SL0101, the nPr cyclitol diacetate 2a having a >6-fold decrease
in IC50 (54 nM), whereas the bis-carbamate 2b had an ~3-fold decrease in IC50 (137 nM). In
the parent series, cyclitol substitution (i.e., 1 to 3a) led to a modest improvement in the inhibitory
activity (345 to 270 nM). In the n-Pr-series, however, the effect of cyclitol substitution (i.e., 4b to
2a) trended toward reduced efficacy (20 to 56 nM). This loss in activity should be easily
compensated for by the expected improved bioavailability that results from the hydrolysis-
resistant cyclitol substitution. There was also a loss in inhibitory activity (345 to 870 nM) by the
n-Pr-carbamate substitution in the parent series (1 to 4h). This negative effect was also

observed with the cyclitol series (i.e., 2a to 2b: 56 to 137 nM).
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Table 7. 1 In vitro potency of SL0101 and analogues.

Name Structure RSK2 IC50 (nM)
SL0101 345 £+ 100
2a 56+ 27
2b 137 £+ 59
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Conclusion

In conclusion, using a highly stereoselective Pd-cyclitolization reaction, two new cyclitol
analogues of the natural product SLO101 were synthesized and evaluated. These analogues 2a
and 2b showed significant improvement in RSK inhibitory activity. Improved bioavailability has
already been shown for 2a (115). The synthesis of these new SL0101 cyclitol analogues
required the discovery of a novel synthesis of a new cyclitol donor, which demonstrated that the
previously believed requirement of a C-4 ketone in the cyclitol donor is not necessary for the
reaction with phenol-like nucleophiles. Further studies aimed at defining the requirements for a

specific-RSK1/2 inhibition are ongoing and will be reported in due course.
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Chapter 8

Regioselective synthesis of a C-4” carbamate, C-6” n-Pr substituted cyclitol
analogue of SL0101

Adapted from: (Li et al., 2020, Org Lett)

Summary

An asymmetric synthesis of two analogues of SL0101 (1) has been achieved. The effort
is aimed at the discovery of inhibitors of the p90 ribosomal S6 kinase (RSK) with improved
bioavailability. The route relies upon the use of the Taylor catalyst to regioselectively install C-3”
acetyl or carbamate functionality. This study led to the identification of a third-generation
analogue of SL0101 with a C-4” n-Pr-carbamate and a C-3” acetate with improved RSK

inhibitory activity.
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Figure 8. 1: Graphical abstract.
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Materials and methods

General chemistry methods and materials 1 H and 13C spectra were recorded on 400
MHz and 500 MHz spectrometers. Chemical shifts were reported relative to CDCI3 (& 7.26
ppm), CD30D (& 3.31 ppm), acetone-d6 (6 2.05 ppm) for 1 H, and CDCI3 (6 77.0 ppm), CD30OD
(6 49.15 ppm), acetone-d6 (6 29.92 ppm) for 13C. Optical rotations were measured with a
digital polarimeter at sodium D line (589 nm) and were reported in concentration of g/100 mL at
25 °C in the solvent specified. Infrared (IR) spectra were obtained on a FT-IR spectrometer.
Flash chromatography was performed using the indicated solvent system on silica gel standard
grade 60 (230-400 mesh). Rf values are reported for analytical TLC using the specified solvents
and 0.25 mm silica gel 60 F254 plates that were visualized by UV irradiation (254 nm and 365
nm) or by staining with KMnO4 stain or p-anisaldehyde stain. Ethyl ether, tetrahydrofuran,
methylene chloride, toluene, and triethylamine were dried by passing through activated alumina
(8 x 14 mesh) column with argon gas pressure. Commercial reagents were used without
purification unless otherwise noted. Air and/or moisture-sensitive reactions were carried out
under an atmosphere of argon/nitrogen using oven/flameddried glassware and standard
syringe/septum techniques. Melting points are uncorrected. Matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectra were obtained using a-cyano-4-
hydroxycinnamic acid (CCA) as the matrix on a MALDI-TOF mass spectrometer. In vitro kinase
assay Purified recombinant RSK2. The constitutively active His-tagged RSK2(Y707A) cDNA
was generated using the Bac-to-Bac Baculovirus Expression System (Invitrogen, Carlsbad, CA).
Recombinant RSK2 was expressed in Sf9 cells and activated by a 20 min treatment with
phorbol 12-myristate 13-acetate (70). Protein was purified using the Ni-NTA agarose (Qiagen,
Valencia, CA).

In vitro kinase assays were performed as previously described (7137) . Briefly, a fusion
protein consisting of glutathione Stransferase and the amino acid sequence RRRLASTNDKG (1

microg/well) was adsorbed to MaxiSorp-treated LumiNunc 96-well white polystyrene plates
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(Thermo Scientific, Roskilde, Denmark). The wells were blocked with 3% tryptone in phosphate-
buffered saline. Kinase (5 nM) in kinase buffer (25 mM HEPES pH 7.4), 150 mM NaCl, 5 mM f3-
glycerophosphate, 1.5 mM DTT, 30 mM MgClI2, 1% BSA) was added. Reactions were
incubated with or without inhibitor. Reactions were initiated by the addition of ATP (10 microM)
for 20 min, which is in the linear range of the assay. The reactions were terminated by addition
of EDTA (500 mM, pH 8.0). The plates were washed and phosphorylation was measured using
rabbit polyclonal anti- LApSTND1 and horseradish peroxidase (HRP)-conjugated donkey anti-
rabbit (Jackson ImmunoResearch Laboratories, West Grove, PA) antibodies. Western Lightning
Enhanced Chemiluminescent Reagent Plus (PerkinElmer Life Sciences, Waltham, MA) was
used to measure HRP activity. To determine IC50 values, non-linear regression analysis was

performed using GraphPad Prism version 6.0a (La Jolla, CA).

Results

Treatments for metastatic breast cancer are limited to reducing disease progression
(786). In the five-year period after diagnosis, patients with triple negative breast cancer (TNBC)
have a reduced survival rate compared to other subtypes (787). The MEK-ERK1/2 cascade has
been identified as a viable target for TNBC (788-197), but drugs that inhibit global regulators like
MEK cause side effects that reduce the drug’s efficacy (194). To circumvent this issue, we
focused our efforts on the MEK downstream effector, RSK, which is active in the majority of
TNBC tumors (98, 196, 197) RSK, is a Ser/Thr protein kinase, which contains an N-terminal
kinase domain (NTKD) responsible for substrate phosphorylation (775). The flavonoid glycoside
natural product SL0101 (1) has been identified as a selective inhibitor of the NTKD of RSK (Ki =
1 microM) (113).

As part of a larger structure activity medicinal chemistry effort (Fig. 8.2) (200, 225), we

have identified SL0101 rhamnopyranose (2) and carbasugar (3) analogues with C-6"-
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substitutions that showed improved efficacy in the in vitro kinase assays (210, 237). The
carbasugar substitution (2, Y = O to 3, Y = CH2) (233, 234) was designed to address the short
in vivo half-life of the pyranose forms. In a similar vein, we have explored the substitution of the
C-3"/C-4"-acetates with nonhydrolyzable isosteres (115). This includes the substitution of the C-
4"-acetate with a C-4"-acetamide (e.g., 2a to 2b).

Unfortunately, these efforts to identify amide isosteres only found analogues (e.g., 2b
with reduced affinity for RSK compared to 2a). In contrast, the bis-carbamate 4 showed some
improvement in activity compared to 3a. With this in mind, we decided to target the regio-
isomeric monoacetate/ monocarbamates 5 and 6 for synthesis and evaluation as an inhibitor of

RSK (249).
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Figure 8. 2 SL0101 structure-activity relationship.
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Our de novo synthesis of SL0101 (1) and its analogues 2-6 is outlined in Fig. 8.3. The
approach to both the pyranose and carbasugar motifs relies on the construction of the anomeric
bond as C-1 via a Pd-catalyzed glycosylation/ cyclitolization reaction (i.e., 8 from 9 + 10 or 11).
The glycosyl-donor 10 can be made from achiral furan 12 in only three steps whereas the
corresponding cyclitol donor 11 requires 9 steps from quinic acid 13. The Pd-catalyzed coupling
reaction sequence that prepares both the pyran and cyclohexene in 8 allows for the selective
introduction of the C4 substituent. In contrast, the C-3" substituent is introduced by means of an
Upjohn dihydroxylation to form diol 7 and then a differentiation of the C-3" equatorial from the C-
2" axial alcohol, which can require more steps than is ideally desired (Fig. 8.4). Herein we
describe our efforts to explore the use of the Taylor catalyst (235, 257-259) to regioselectively
install ester and carbamate functionality on the SL0101 rhamno-pyranose and carbasugar

framework and its use in the synthesis of monoacetate/monocarbamates 5 and 6.
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Figure 8. 3 De novo approach to SL0101 and analogues.
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Figure 8. 4 C-3 acylation of pyranose analogues.
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This de novo approach to the SL0101 and its analogues is both highly stereoselective
and generalizable (Fig. 8.4). For example, the Pd-glycosylation products 14a/b could be
stereoselectively reduced, acylated, and dihydroxylated to form 16a/b in excellent overall yield
(54% and 70% for three steps). In contrast to the stereoselectivity, there were issues associated
with the regioselective introduction of the C3" acetate. Our efforts to directly acylate 16a
(Ac20/Py/ DMAP) gave a 1:1:1 mixture of diacetates (17a/20a) as well as the triacetate. Using
the ortho-acetate/hydrolysis protocol on 16a/b, the C-2" acetate could be selectively installed to
form 17a/b, both in near-quantitative yield as a single regioisomer, via intermediate 18.
Regardless of the C-6" substituent, the C-2" axial acetate could be isomerized to an ~2:1
mixture of C-3"/C-2" acetates with the more stable C-3" acetate favored. Fortunately, the
regioisomers were separable by silica gel chromatography affording diacetates 20a and 20b
(62% and 55%, respectively). While this approach was able to provide enough material for initial
testing, our interest in scaling up the synthesis inspired us to explore protocols for the
regioselective introduction of the C-3" acetate directly on diols 16a/b. We first turned to the
stochiometric use of Bu2SnO and Bu2Sn(OMe)2, unfortunately these conditions irreproducibly
gave a mixture of regio-isomers 16a/b and 20a/b. To our delight, a highly regioselective and
reproduceable procedure resulted when we switch to the diphenyl borinic ester catalyst
developed by Taylor. Thus, in the presence of 10% Ph2BO(CH2)2NH2 both 16a and 16b
reacted with AcCl to form 20a (74%) and 20b (85%) with excellent regioselectivity (>90%) via
intermediate 21. It is worth noting that the same stereoelectronic effect directs the
regioselectivity in both the ortho-ester and borinic ester acylation reactions (i.e., greater C3"
nucleophilicity in 18 and 21).

Building upon the success of the Taylor catalyst (Ph2BO- (CH2)2NH2) for the
regioselective C-3" acylation of 16a/b, we decided to explore its use in the regioselective
acylation and carbamate formation of the cyclitol variants (i.e., diols 23 and 28, vide inf ra). This

effort began with diol 23 (Fig. 8.5), which can be easily prepared by the Upjohn dihydroxylation
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(1% OsO4/NMO) of cyclohexene 22 (70%) (142). Similar to the pyran cases, the direct acylation
of the diol gave a 1:1.6 mixture of diacetates 24 and 25 (entry 1) and the DBU isomerization of
the mixture gave a 3:1 mixture of C-3"/C-2" acetates with the more stable C-3" acetate 24 being
favored. In contrast to the pyranose series, the acylation via the ortho-ester formation/
hydrolysis condition failed to show any significant preference for the axial acylation, affording an
excellent yield of a 1:1.6 mixture of 24 and 25. However, the yield for this ortho-ester
formation/hydrolysis remained high (95%), so when used in combination with the DBU
isomerization this began a viable two-step method for the formation of 24. The stochiometric

use of Bu2SnO only slightly improved the selectivity for the C3 acetyl group (entry 4).
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Figure 8. 5 Regioselective C-3 acetylation of diol 23.
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The poor selectivity in both the ortho-ester and tin acetal chemistry suggested that there
was a reduction in the rigidity of the carbasugar ring system that led to a diminishment in the
stereoelectronic effect in the carbasugar variants of 18 and 21 (X = CH2). Fortunately, this was
less the case for the borinic ester catalysis, albeit it did require a great degree of optimization to
obtain the desired regioselectivity. Thus, under our optimized conditions (entry 2), using only
10% of the Taylor catalyst, a good yield (72%) of a 5:1 mixture of 24 and 25 could be achieved,
reproducibly affording the desired regioisomer in 60% yield. Interestingly, we were not able to
find conditions with the more reactive tricyclic borinic acid catalyst that would give as high a
regioselectivity (entries 9— 10) as the commercially available catalyst.

We next turned to the regioselective installation of an npropyl carbamate to the C-3"
position of diol 23 (Fig. 8.6). Exposure of diol 23 to n-propyl-isocyanate and DBU gave a slow
reaction. Increasing the reaction temperature to 45 °C gave a 1:1 ratio of carbamates 26 and 27
in 38% yield. Unfortunately, the minor carbamate isomer cannot be isomerized with DBU. When
the same reaction was performed in the presence of a catalytic amount of Taylor’'s catalyst
(10%), we observed improved yields and regioselectivity of the desired regioisomer carbamate
26. Interestingly, when the temperature was lowered the regioselectivity switched to prefer the
axial carbamate isomer 27. Switching DBU for tertiary amine bases leads to slightly lower yields
and regioselectivities. When the conditions that are outlined in entry 2 were scaled up, the

desired isomer was isolated in a 41% yield.
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Figure 8. 6 Regioselective C-3 carbamate formation.
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Focus was next turned toward the regioselective acylation of diol 28 with the C-4
carbamate (Fig. 8.7). The carbamate 28 could be easily prepared from the Pd-cyclitolization
product 22 by a three-step ester hydrolysis, carbamate formation, and dihydroxylation reaction
sequence (55%). Once again, acylation of diol 28 using typical acylation conditions (AcCl/ Base)
led to a mixture of regioisomers. Gratifyingly, we saw only minimal effects from the carbamate
substitution at C-4. Thus, application of our optimized borinic ester catalyzed acylation
conditions on diol 28 gave a nearly identical yield (64%) and ratio (4.4:1) of regioisomeric
monoacetates 29 and 30. As with 25 the undesired regioisomer 30 could be recycled by DBU
isomerization to a 1:2.5 mixture of 29 to 30, with the more stable isomer being the major
product.

We next looked at the regioselective C-3" carbamate installation to form bis-carbamate 4
from diol 28 (Fig. 8.8). Exposure of diol 28 to n-propyl-isocyanate and DBU at 45 °C gave a 1:1
ratio of carbamates 31 and 32 in 38% vyield. Similarly, the minor carbamate isomer could not be
isomerized with DBU. The same reaction was performed in the presence of a catalytic amount
Taylor catalyst (10%) which improved the yield and regioselectivity (3:1) for the desired
regioisomer carbamate 31. Thus, using entry 2, the optimized procedure, we scaled up,
affording 31 in a 34% yield. Once again, when the temperature was lowered the regioselectivity
switched to prefer the axial carbamate isomer 32. Surprisingly, in this case (entry 4) the
undesired C-3 regioisomer was the major isomer, albeit at low conversion (17% yield). Because
32 could not be isomerized back to the desired regioisomer 31, we did not further pursue lower

temperature conditions.
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Figure 8. 7 Regioselective C-3 acetylation of diol 28.
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Figure 8. 8 Regioselective C-3 carbamate formation.
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Finally, with the required carbamate regioisomers 26 and 29 in hand, we explored their
conversion into the desired target compounds 5 and 6 (Fig. 8.9). This was accomplished by
global deprotection with exhaustive hydrogenolysis. Thus, exposure of the C-3" carbamate 26 to
1 atm of H2 in the presence of 10% Pd/C gave the C-3" carbamate 5 in excellent yield (71%).
Similarly, exposure of the C-4" carbamate 29 to 1 atm of H2 in the presence of 10% Pd/C gave
the C-4" carbamate 5 in excellent yield (70%).

The bis-carbamate and two new monocarbamate containing cyclitol SL0101 analogues
5 and 6 were evaluated as RSK2 inhibitors in an in vitro kinase assay (Table 8.1). In this assay,
the analogue 5 with a C-3" n-Pr-carbamate group and a C-4" acetate had a 3-fold decreased
IC50 relative to SL0O101. In contrast, the analogues 4 and 6 with a C-4" n-Pr-carbamate group
had a higher affinity than SL0101, with 4 having a 4-fold and 6 having a 3-fold higher affinity.
The potency difference between 2a and analogues C-4" n-Pr-carbamate 6 and the C-3"/C4" bis-
n-Pr-carbamate 4 group is moderate. Importantly, these results are the first demonstration that
modifications to the rhamnose at the 4" position can be introduced without substantially

reducing RSK affinity for the compound.
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Figure 8. 9 Preparation of SL0101 analogues 5 and 6.
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Table 8.1 RSK inhibitory activity of carbamates 4-6. RSK2IC50 Assay: concentration need
for 50% RSK2 inhibition (n > 2; sextuplicate; mean + 95% confidence interval). The in vitro
kinase assay provides a relative IC50 as the absolute value depends on batch-to-batch variation
of the reagents. SL0101 is used as a positive control for every assay and therefore, the

potencies are relative to SL0101.

246



Table 8. 1 In vitro potency of SL0101 carbamate analogues.

Name RSK2 IC50 (microM) 95% confidence interval
4 0.14 +0.06
5 1.16 +0.24
6 0.17 +0.05
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Conclusion

In conclusion the use of Taylor’s borinic ester catalyst for the regioselective introduction
of acetyl and carbamate functional groups on rhamno-5a-carbasugar motifs was investigated.
The Taylor borinic ester catalyst was found to be superior at controlling regioselectivity in the
rhamnocarbasugar environment compared to traditional tin and orthoester methods. Conditions
were found that allowed for the efficient synthesis of C-3/C-4 regioisomeric acetate/n-
Prcarbamate analogues of the RSK1/2 inhibitor, SL0101. This synthetic effort led to the

discovery of a new cyclitol analogue of SL0101 with improved RSK inhibitory activity.
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Chapter 9

Discussion

For the discussion, | am attempting to place my work in the field in the context of two
topics, estrogen signaling and RSK signaling. In estrogen signaling, | have focused on the major
results from my thesis, presented in chapter 2. For RSK signaling, there was a general theme in
committee questions about RSK in development, immunity, cardiology and insight into RSK
drug development. Therefore, | am attempting to address these questions about RSK using the
literature on RSK knockout mice.

ERalpha transcription activity controls homeostasis of many tissues in men and women.
Ligand activation of ERalpha promotes post-translational modification through crosstalk with
other signaling pathways (260). These ERalpha modifications include phosphorylation and
ubiquitination (37). Phosphorylation of ERalpha is required for full transcription activity (267).
Many ERalpha transcriptional coactivators have a dual role as ubiquitin ligases (30). In this
work, we have discovered regulation of estrogen signaling homeostasis in the mammary gland
by the ERK1/2-RSK2 pathway. This regulatory mechanism involves ERalpha phosphorylation
and transcription-coupled proteolysis. Ultimately, RSK2 is required for in vivo maintenance of
mammary ER+ cells. (Figure 9.1). Identification of the specific factors driving ERalpha
proteolysis may have important therapeutic implications for ER+ breast cancer and other
endocrine-related diseases.

ERalpha transcriptional activity is dependent on proteolysis. Ligand induced degradation
is observed in vivo in multiple estrogen responsive tissues, demonstrating the physiological
relevance (62, 262). Although inhibition of the proteasome increases ERalpha protein levels, the
transcriptional activity of ERalpha is decreased, supporting a link between ERalpha proteolysis

and transcription. Related nuclear hormone receptors have also been found to use a
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transcription-coupled proteolysis mechanism including androgen receptor (263), progesterone
receptor (57) and thyroid receptor (264). A unifying model has not been developed for
transcription-coupled proteolysis, which is complicated by the ability of the proteasome to
activate and repress different ERalpha responsive genes (265). It is possible that regulation of
ERalpha transcription-coupled proteolysis is very complex, occurring in a dynamic manner with
a tissue- and gene-specific context.

Our studies implicate the 26S proteasome pathway in control of ERalpha transcription-
coupled proteolysis. The addition of poly-ubiquitin chains to target proteins signals them for
degradation through the 26S proteasome. Ubiquitination involves three classes of enzymes,
ubiquitin activating (UBA), ubiquitin conjugating (UBC), and ubiquitin ligases (UBL). The
ubiquitination of ERalpha is observed rapidly after ligand activation (65, 266, 267). ERalpha is
ubiquitinated at Lys302 and Lys303 in the linker domain, although ubiquitination of ERalpha is
observed when these sites are mutated, suggesting other ubiquitination sites exist (67).
Ubiquitination of Lys302/303 has been implicated in prognosis of ER+ breast cancer (268). In
addition to ubiquitination, proteins are targeted to the 26S proteasome by the NEDDylation and
SUMOylation pathways. These pathways involve addition of NEDD8 or SUMO, which are
structurally similar to the ubiquitin peptide and are added by a similar three step enzyme
pathway. NEDDylation of ERalpha has been reported to decrease ERalpha activity (269) and
major crosstalk exists between the NEDDylation and the ubiquitin-proteasome pathway (270).
The SUMOylation of ERa is also reported to decrease ERalpha transcription (277). Degradation
of ERalpha through the lysosome pathway is not connected to ERalpha transcription (267, 272).
Taken together, many routes for ERalpha degradation have been described with potential for
targeting in ERalpha related diseases.

The importance of phospho-Ser118 ERalpha in normal homeostasis remains to be
established. In breast cancer, phospho-Ser118 ERalpha is a predictive marker for response to

tamoxifen, suggesting this site indicates intact estrogen signaling (39). In agreement with
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phospho-Ser118 ERalpha indicating active receptor, genomic analysis of phospho-Ser118
ERalpha in cell lines found that the phosphorylated receptor is enriched at enhancer elements
(41). Additionally, exogenous expression of the phospho-mimetic Ser118Glu ERalpha has
revealed a role for phospho-Ser118 in ERalpha degradation (58). However, no mouse models
for mutant Ser-118 ERalpha have been developed. The most relatable model, the AF-1 domain
null mice (Esr1 AF1°), demonstrate phenotypes similar to AF-2 null mice (Esr1 AF2°) and
ERalpha knockout mice (ERalpha-KO) (79). Furthermore, we found no suitable antibodies for
detection of mouse phospho-Ser118. It is intriguing to speculate that phospho-Ser118 ER alpha
generates a phospho-degron for recruitment of co-activators, transcriptional activation, and
receptor degradation (568). In the future, studying these factors in non-transformed tissues may
aid identification of core factors that are hijacked in disease.

In the mammary gland, ERalpha is a major regulator of development. Knockout of
ERalpha blocks development of the mammary epithelium and overexpression of ERalpha
results in mammary tumors (32, 128). ERalpha in the mammary epithelium has therefore been
linked to proliferation of mammary epithelial cells. Traditionally, ER+ mammary epithelial cells
were thought to be terminally differentiated and post-mitotic, but more recent studies have
challenged this theory. Lineage tracing of ER+ cells in the mammary epithelium found that the
ER+ population is heterogenous and contains a long-lived progenitor cell, which may have
significance for ER+ breast cancer (80, 87). In line with these studies, the mammary ER+ cell
subpopulation has been shown to proliferate with each estrous cycle in the adult mouse (82).
Therefore, the ER+ cell population is more heterogenous and active than previously thought. In
future studies, it will be interesting to understand how susceptible the ER+ progenitor cells are
to transformation. Additionally, it will be important to understand differences in estrogen
signaling in ER+ progenitors versus differentiated cells.

A myriad of UBL proteins have been found to regulate ERalpha in breast cancer cell

lines (30). Notably, EGAP (gene name UBE3A), is a UBL that is associated with ERalpha protein
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regulation in vivo. In the mouse mammary gland, overexpression of EGAP delays mammary
development and decreases protein levels of ERalpha and progesterone receptor (69). In
addition to UBL activity, EGAP was the first UBL identified as an ERalpha coactivator (67) and
can ubiquitinate phospho-Ser118 ERalpha (58). Two other UBLs, MDM2 and BRCAA1, are
noteworthy because they are ERalpha coactivators with established tumor suppressor roles in
breast cancer (68, 273-276). However, their in vivo significance for ERalpha control remains to
be established.

Previous studies have implicated RSK2 in ER+ breast cancer. In transgenic mice,
expression of nuclear RSK2 in the mammary gland promotes ER+ tumor initiation and
progression (715). This suggests that a RSK2 inhibitor may be beneficial in ER+ breast cancer.
Additionally, it is possible that regulation of ERalpha protein levels, which we found is influenced
by RSK2, is disrupted in breast cancer. In a phase |l study of advanced ER+ breast cancer
patients, targeting the proteasome with bortezomib provides only a modest benefit (277). It
remains to be explored if more directly targeting the proteasome components in ERalpha
transcription-coupled proteolysis, such as UBLs, will provide a greater benefit. The only FDA
approved therapy that is considered UBL targeted is thalidomide for multiple myeloma (278).
However, many other molecules are under preclinical or early phase clinical development (279).

A role for RSK2 in development of the mammary gland is not surprising, as the
importance of RSKs in other tissues has been established using RSK knockout mice. Two
RSK2 knockout mouse models were independently developed using similar strategies of
inserting stop codons into the RSK2 gene (105, 280). Together, these mice have been used to
study RSK2 in ~17 peer-reviewed studies. The Yang mouse has phenotypes consistent with
Coffin-Lowry Syndrome, including osteopenia with deformed face and skull bones as well as
learning and hippocampal neuron defects (706, 281, 282). The Dufresne mouse has defects in
skeletal muscle and insulin resistance, inflammatory signaling in adaptive immune cells, and

vasoconstriction in smooth muscle cells (283-286). Importantly, in our studies we eliminate the
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possibility for systemic effects of RSK2 knockout on ERalpha by performing tissue transplant
experiments.

Other than RSK2, there are no reports on RSK1 or RSK4 individual knockout mice. A
RSK3 knockout mouse was developed by the Kapiloff group which has established a role for
RSK3 activity in cardiac pathology (287-289). Furthermore, RSK1/2/3 triple-knockout mice are
reported viable (706). The viability and fertility of these mice is promising for development of

RSK inhibitors for targeted treatment of diseases with increased RSK activity.
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Figure 9.1 The ERK1/2-RSK pathway controls mammary estrogen degradation in vivo. A)
The hormone responsive nature of the mammary gland makes it an ideal model for this study.
B) Edu-labeling of proliferating mammary epithelial cells in response to the endogenous estrous
cycle demonstrates that RSK2 controls proliferation of normal ER+ cells. C) In-situ
immunofluorescence of the mammary gland identifies a role for RSK2 in 26S proteasome
mediated ERalpha degradation.
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Figure 9. 1 The ERK1/2-RSK pathway controls mammary estrogen receptor alpha
degradation in vivo.
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