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Abstract Dramatic advances have been made in the under-
standing of cancer over the past decade. Prime among those
are better appreciation of the biology of cancer and the devel-
opment of targeted therapies. Despite these improvements,
however, most tumors remain refractory to anti-cancer medi-
cations and frequently recur. Cancer Stem Cells (CSCs),
which in some cases express markers of pluripotency (e.g.,
Oct-4), share many of the molecular features of normal stem
cells. These cells have been hypothesised to play a role in
tumor resistance and relapse. They exhibit dependence on
many primitive regulatory pathways and may be best viewed
in the context of embryonic signaling pathways. In this article,
we review important embryonic signaling cascades and their
differential expression in CSCs. We also discuss these path-
ways as actionable targets for novel therapies in hopes that
eliminating cancer stem cells will lead to an improvement in
overall survival for patients.
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Introduction

A recurring clinical observation in the management of
hematologic malignancies has been the discordance be-
tween early measures of clinical response and long-term
outcome. In many types of cancers (i.e. indolent lym-
phoma, multiple myeloma), there is no association be-
tween the achievement of objective early responses and
duration of overall survival [1, 2]. Patients may experi-
ence dramatic initial clinical responses to cytotoxic
medications only to relapse and succumb to their dis-
ease several months or years later. Among the factors
that contribute to disease recurrence are epigenetic mod-
ulation, microRNAs, epithelial-mesenchymal transition,
and micrometastases. Yet another mediator of relapse,
accounting for the paradox between response and sur-
vival, has to do with understanding of cancer’s hierar-
chical differentiation structure. It was Rudolf Virchow
who has first foreseen that cancer may develop in some
embryonic remnants in the adult as an “embryonic de-
velopment of cancer” [3]. And indeed, human cancers
are composed of phenotypically-heterogenous cells that
resemble different stages of tissue development. Of the
variety of cells in a given tumor, only a small fraction
maintains tumorigenic capacity and may give rise to the
entire spectrum of cells. Cancer cells of pluripotent na-
ture have been identified in many tumors and their
unique biological properties have given rise to the
CSC (Cancer Stem Cell) concept. According to this
model, primordial cancer-initiating cells that suffer a
“critical insult” expand and form the biological origin
for the rest of the (differentiated) tumor. These transit-
amplifying cells, as they are often termed, exhibit self-
renewal capacity and multilineage potential, similar to
normal stem cells. CSCs also appear to be relatively
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resistant to anticancer therapies, and are therefore be-
lieved to be partly responsible for disease relapse after
conventional-dose chemotherapy. Cytotoxic therapy pri-
marily targets differentiated cancer cells (and thereby
may lead to diminishment in tumor bulk), yet its failure
to eliminate the rare and biologically-distinct pool of
CSCs may render it less likely to affect overall survival.
Persistence of CSCs has therefore been hypothesised to
explain why complete treatment responses translate only
infrequently into long-term clinical remission or cure for
the majority of patients.

The Clinical Relevance of Cancer Stem Cells

The central biological question concerning CSCs pertains to
their precise relationship and contribution to treatment resis-
tance and relapse. Recent data have shed light on the clinical
relevance of CSCs. Following the administration of chemo-
therapy to patients with breast cancer and acute myeloid leu-
kemia (AML), minimal residual disease (MRD) was found to
be enriched for cancer cells with a stem cell phenotype [4—6].
For patients with AML, the presence of CSCs after treatment
correlates with shorter progression-free survival and the long-
term outcome has been shown to be dictated by the level of
residual disease [5]. These insights point at the biological sig-
nificance of CSCs, not only for substantiating the CSC con-
cept, but also, more practically, as a potential predictive and
therapeutic tool.

Interestingly, cancer stem cells express high levels of
tumor-associated antigens. Melanoma stem cells, for instance,
have a homogenous expression of cancer-testis antigens
(CTA) that makes them susceptible to various immunothera-
peutic strategies [7]. Similarly, glioma stem cells have a high
density of tumor-associated surface antigens, unlike that of
differentiated glial cells. Effective targeting of glial and mela-
noma stem cells by focusing on CTA genes is therefore a
strategy that is being currently investigated [8]. In our essay,
however, we focus on critical embryonic signaling pathways
that are central to cellular growth and survival and the biolog-
ical ramifications of their biochemical suppression.

CSCs Are Becoming Priority Experimental Targets in
Anti-Tumor Therapeutics Selective inhibition of CSCs
(sparing normal stem cells), applied in conjunction with treat-
ments that target differentiated tumor cells, may improve
long-term outcomes of cancer patients. For that to be
achieved, however, the precise molecular distinction between
normal stem cells and CSCs has to be delineated. Embryonic
signaling pathways, the likes of Notch, Wnt, and Hedgehog,
offer an ideal opportunity for cascade-specific molecular inhi-
bition as they are fundamental to (cancer and normal) stem
cell maintenance and growth.
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The Notch Pathway: a Communication System
Controlling Cell Fate

Signaling through the Notch pathway has critical implications
for embryogenesis, cellular differentiation, proliferation, and
apoptosis [9]. Local cell interactions between Notch mole-
cules are fundamental for development of a wide range of
organ and tissue functions. These include genesis of breast
and nervous system, acquisition of normal hematopoiesis,
and generation of adequate immune regulation [10]. The bind-
ing of a Notch ligand to its receptor is translated into a multi-
tude of transcriptional regulatory events that alter the expres-
sion of hundreds of genes, with significant phenotypic conse-
quences. These regulatory signals profoundly affect cells’ pro-
liferation and survival. By determining their fate, the Notch
pathway directs individual cells to form multicellular three-
dimensional structure with characteristic dimensions.

The Notch signaling cascade depends on an interaction be-
tween a specific group of surface-bound ligands and transmem-
brane receptors (Fig. 1). Mammalian Notch ligands are classi-
fied into two structurally distinct families: Delta-like ligands
(DLLs) 1, 3, and 4, and Jagged ligands 1 and 2 [11]. Pairing
of ligand to membrane-spanning receptor (notch 1-4) induces a
conformational change of the receptor culminating in a series of
cleavage events by gamma-secretase (presenilin) and members
of the ADAM protease family [10]. Intracellular and extracel-
lular fragments of the receptor are generated, with the former
yielding an active molecule, the notch intracellular domain
(niCD) that is released into the cytoplasm. niCD then translo-
cates into the nucleus where it modulates gene expression [12].

Notch-regulated biological processes (cell differentiation,
proliferation, and apoptosis) contribute to the development of
cancer. The specific role of the Notch pathway in malignant
transformation has therefore been extensively studied in vari-
ous hematopoietic and solid tumors [13—15]. Understanding
of Notch regulation and its context-specific interactions with
close pathways is required if Notch-targeted therapeutics are
to be designed. Moreover, defining the role of Notch signaling
in CSCs is particularly important given the unique function of
Notch in cellular development.

Evidence implicating Notch in tumor biology is most rigor-
ous in gliomas, embryonal brain tumors, and breast cancers
[16—18]. In Ductal Carcinoma in Situ (DCIS), signaling
through Notch has been shown to affect cell survival and
self-renewal. Multilineage spheroids (“mammospheres”),
grown from epithelial cells of DCIS, serve as a novel laboratory
marker of stem cell activity. Formation of these mammospheres
is inhibited after exposure to Gamma-Secretase Inhibitors
(GSIs) or a Notch-4 monoclonal antibody, both agents that
interfere with Notch signaling [19]. The role of Notch signaling
in human breast cancer is further substantiated by studies of
interleukin-6 (IL-6), an important player in the pathophysiolo-
gy of cancer. When mammospheres derived from invasive
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Fig. 1 The Notch signaling pathway (a) assumes a key role in the
regulation of proliferation, differentiation and survival of cells and is
vital for normal tissue development and homeostasis. Efforts to alter its
pathway have focused on the inhibition of ligand-induced receptor
activation, suppression of a membrane-bound enzyme complex (y-
secretase) responsible for generation of NiCD, and interference with
nuclear co-activators (MAML) The Wnt signaling pathway (b)
regulates cellular morphology, proliferation and motility, and influences
cell fate. The activated pathway’s hallmark molecule, (3-catenin, leads to
gene transcription and a resultant cell growth and survival. Investigational
compounds include antibodies with (Wnt) ligand-neutralizing or (Fz)
receptor-blocking properties, agents that inhibit (the PDZ domain of)
DVL, and those that act at the response-element binding level to

breast cancer tissue are exposed to IL-6, there is profound up-
regulation of Notch ligand Jagged-1 [20]. By increasing the
expression of Jagged-1 mRNA, IL-6 may contribute to
mammosphere formation and self-renewal. Moreover, the dual
effect of IL-6 and Notch-3 results in upregulation of the
carbonic-anhydrase IX (CA-IX) gene, a hypoxia survival ele-
ment [20]. Both the mammospheres and the cell lines show an
increase in their degree of invasiveness and hypoxia resistance
following exposure to IL-6 [20]. These findings couple IL-6
with the Notch pathway, associating the two with acquisition of
malignant features in breast cancer cells.

Insights about Notch signaling in CSCs, in the context of
breast cancer, have also been derived from research of
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diminish gene expression. The Hedgehog signaling pathway (c¢)
controls the proliferation and differentiation of cells, tissue polarity and
maintenance of stem cells. Hh-specific modulators include ligand (sonic
Hh) inhibitors, receptor (smo) antagonists, and suppressors of the zinc
finger protein, Gli. HIF [1, 2] (d) proteins are crucial mediators of
hypoxic response. They serve as transcriptional factors and promote
angiogenesis and anaerobic metabolism, especially under hypoxic
circumstances. Pharmacological suppression of HIF-1«x, using
echinomycin, limits the growth of lymphoma cancer stem cells (to a
greater extent than it affects the growth of normal hematopoietic stem
cells) in mice. It also reverses the negative-self-feedback of Hesl, a target
gene of Notch

Her2/Neu-overexpressing tumors. Her2 has been shown to
support maintenance of CSCs in breast cancer [21].
Targeting of Her-2-positive CSCs is achieved by tratsuzumab,
a monoclonal antibody against Her-2. Since the Her2 promot-
er contains Notch-binding sequences, a biological relationship
between the two systems has been suggested. Indeed, cells
that overexpress Her2 display enhanced Notch signaling
[21]. After administration of a small interfering RNA or a
GSI, breast carcinoma cell lines show decreased expression
of Her2 and diminished sphere formation [21]. Notch and
Her2, dominant pathways at the core of the cancerous breast
process, seem to intertwine. The exact nature of their inter-
communication, however, has not been fully elucidated.
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Further meticulous investigation of their biology is mandated
for possible selective targeting of breast CSCs in the future.

The Wnt/3-Catenin Pathway: a Multifunctional Signaling
Cascade

Whnt signaling is essential for embryonic development and
tissue homeostasis in adult tissues. Similar to the Notch path-
way, it controls proliferation of differentiated cells, determines
their eventual fate, and regulates self-renewal of stem cells
[22]. The functional versatility of the Wnt pathway is impres-
sive, considering its role in directing the development of var-
ious organ systems, including the cardiovascular, lung, renal,
and central nervous systems [23].

Wht proteins consist of a family of secreted glycoproteins
that act as ligands for the Frizzled (Fz) transmembrane recep-
tor [24] (Fig. 1). Wnt homologs interact with 10 known mam-
malian Fz receptors resulting in a broad spectrum of cellular
responses. Cytoplasmic 3-catenin, the hallmark of Wnt path-
way activation, is normally maintained in low level owing to
proteasome-mediated degradation. Such steady-state is made
possible through the action of a multiprotein “destruction”
complex that consists of adenomatous polyposis coli (APC),
axin, and glycogen synthase kinase-33 (GSK-3(3) [25]. Wnt
signaling is also modulated by Secreted Frizzled-Related
Proteins (sFRP), soluble factors that act either as stimulators
or (most commonly) as antagonists of the pathway. Upon
binding of Wnt proteins to the receptor complex, disheveled
(Dvl), a protein downstream of the receptor, is phosphorylated
(to its active state). It is primarily the activity of Dvl as inhib-
itor of GSK-3{3 that leads to accumulation of (3-catenin in the
cytoplasm [25]. [3-catenin then translocates to the nucleus,
where it forms a complex with members of the T cell factor
(TCF) lymphoid enhancer factor family of transcription fac-
tors. Co-activators of transcription (cyclic AMP response
element-binding protein, p300) are recruited to activate the
basal transcription machinery [26, 27]. A host of target genes
are subsequently expressed.

Impaired regulation of the Wnt pathway plays a role in
neoplastic proliferation. Somatic mutations in this pathway
have been associated with colorectal cancer, while germline
mutations have been linked to hereditary diseases [22]. In
breast cancer, negative regulators of Wnt signaling (e.g.
Frizzled-related protein 1) are often inactivated, and positive
regulators (e.g. Dvl) are overexpressed [28, 29]. Wnt signaling
has been hypothesized to influence stem cell differentiation,
although the extent to which it contributes to proliferation and
multipotency of these cells remains to be defined. In chronic
myelogenous leukemia (CML), an intriguing association has
been found between progression from chronic phase to blast
crisis and increased [3-catenin levels [28]. Resistance to ima-
tinib in CML has similarly been correlated with increased
levels of (3-catenin [30]. The mechanism for drug resistance
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relates to the effect of Wnt/3-catenin signaling in enhancing
transcription of multidrug resistance genes (MDR-1, ABCG2,
and ABCA3) in stem cells [31].

Given the involvement of the Wnt pathway in oncogenesis,
attempts are being made to attenuate the transcriptional activity
of [3-catenin. Natural compounds offer unique insights into the
signaling cascade and may be utilized therapeutically. For in-
stance, nonsteroidal anti-inflammatory drugs (NSAIDs) lead to
degradation of TCFs (independent of COX-2 suppression) and
thus inhibit the Wnt pathway [32—34]. This may partly explain
the chemopreventive effects of NSAIDs against colorectal can-
cer. Other compounds thought to inhibit carcinogenesis are
derivatives of vitamin A and the active form of vitamin D. In
the clinical setting, a form of retinoic acid (all-trans retinoic
acid; ATRA) is used in the treatment of acute promyelocytic
leukemia. The precise nature by which vitamins affect the Wnt
signaling pathway is not entirely clear. However, there is evi-
dence that nuclear receptors that are activated by vitamins com-
pete with TCFs, and that they may increase synthesis of pro-
teins that suppress Wnt signaling [35].

Active pursuit of inhibitors to the Wnt pathway is under
way. A small molecule inhibitor, FJ9, has recently been shown
to suppress transduction of extracellular signals to down-
stream factors [36]. FJ9 works by blocking the interaction
between the Fz receptor and PDZ, a crucial domain of Dvl
that is responsible for protein-protein interactions. By this
mechanism, it limits accumulation of cytoplasmic 3-catenin
and subsequent nuclear events [36]. Human melanoma cell
lines grown with FJ9 show heightened levels of apoptosis,
and mouse xenograft models inhibit tumor growth following
exposure to the same compound [36].

The Hedgehog Pathway: from Gradient to Morphology

A highly conserved pathway, Hedgehog (Hh) plays a crucial
role in embryogenesis and morphogenesis of specific organs.
Cellular functions contributed to by the Hh pathway are varied
and include maintenance of patterning, tissue polarity, and
stem cell support [37]. What allows a single morphogen to
elicit distinct molecular responses and affect a diversity of
aspects of organ development is still a mystery. However,
the unique nature of Hh signaling — being both short- and
long-range, direct and indirect, and concentration-dependent
—may be part of the explanation. The dose-dependent effects
of morphogens in the Hh pathway are particularly crucial for
development of the nervous system, where proteins act from a
distance to establish different cell identities in the ventral spi-
nal cord. Processing, secretion and transport of proteins con-
tribute to generation of the Hh gradient, which is an important
requisite for cell growth and survival.

Hh signaling is initiated by the binding of a Hh ligand
(Sonic, Indian, or Desert) to the transmembrane receptor
Ptchl1 [38] (Fig. 1). In the absence of Hh ligand, Ptch1 inhibits
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the adjacent receptor smoothened (smo), presumably by sup-
pressing its localization to the primary cilium [39]. When
Ptchl is occupied by one of the mentioned ligands, the inhi-
bition of Ptch1 on smo is relieved. Smo then migrates from the
plasma membrane to the primary cilium, and mediates activa-
tion of the glioma-associated (GLI) family of zinc fingers
transcriptional regulators [38]. The balance of activation ver-
sus repression of the latter dictates target gene transcription.

Aberrant regulation of Hh signaling has been recognised as
a contributor to tumorigenesis in various tissues, including the
colon, lung, skin and prostate [40]. Mutations in Ptchl were
first discovered in Gorlin syndrome, a rare hereditary disorder
characterized by skeletal abnormalities and increased propen-
sity to develop basal cell carcinoma (BCC) and medulloblas-
toma [41]. These and other mutations in various components
of the Hh cascade (i.e smo, suppressor of fused) have since
been found in patients with BCC and medulloblastoma, sub-
stantiating the role of this pathway in oncogenesis.
Interestingly, most human cancers do not manifest activating
mutations of Hh pathway components. Rather, it is overex-
pression of ligands that results, via autocrine or juxtacrine
signaling, in heightened pathway activity. In addition, para-
crine Hh signaling has been receiving increasing attention, as
the role of the local microenvironment is now better appreci-
ated in multiple myeloma and lymphoma.

Research of hematologic malignancies has also corroborat-
ed the role of the Hh pathway in regulation of CSCs.
Activation of Hh signaling in multiple myeloma has been
shown to trigger CSC proliferation whereas suppression of
the pathway has been found to induce terminal differentiation
and restrict self-renewal [41, 42]. In CML, smo has been
found to augment the number of CML stem cells and its loss
has been associated with stem cell depletion [43, 44].
Induction of CML and renewal of pathologic stem cells are
therefore thought to be mediated by components of the Hh
pathway. Metastatic spread of solid tumors also depends on
the Hh pathway. In both epithelial cells of human colon car-
cinomas and their stem cells, high Hh signature has been as-
sociated with dissemination of CSCs, and shown to induce
epithelial-to-mesenchymal transition (EMT) [45].

The most extensively researched inhibitor of the Hh path-
way is Cyclopamine, a steroidal alkaloid derived from a plant.
Cyclopamine binds to smo and leads to its deactivation [46]. It
has been shown to restrict the growth of tumors in numerous
in vivo and in vitro models [47]. Vismodegib, also an inhibitor
or smo, has been administered to patients with different solid
malignancies as part of clinical trials [48]. A clinical benefit
has been found for patients with locally advanced or metasta-
tic BCC (55 % clinical response rate) and for those with
meduloblastoma. Vismodegib has been approved by the
FDA for treatment of advanced or metastatic BCC. Two other
inhibitors of smo, PF04449913 and 1De225, are being inves-
tigated in a phase 1 trials in patients with CML and BCC,

respectively [10]. iPi926, an inhibitor of the Hh pathway that
is a derivative of cyclopamine, is being evaluated in a
randomised, double-blind, phase-II clinical trials for
advanced-stage solid tumors [10].

Hypoxia-Inducible Factor 1 and 2: the Orchestrator
of Hypoxia Response

One of the key drivers of cancer cell biology is hypoxia.
Cancer cells adapt to hypoxic microenvironments by acquir-
ing gene mutations that prove advantageous by facilitating
angiogenesis, tissue invasion, nutrient metabolism and metas-
tasis. Even more critical is the effect of low oxygen on CSCs.
Hypoxia alters the expression of stem cell markers in various
tumor cells and shifts the balance between stem cell mainte-
nance and differentiation. If CSCs have a unique hypoxia
response, its pinpointing could possibly lead to development
of strategies that specifically target those cells. A recent series
of experiments investigated that biological conundrum.

In the cancer niche, oxygen level is translated into an angio-
genic signature through complex protein interaction and down-
stream transcriptional modulation of hundreds of genes. The
master regulator of these responses to hypoxia is a transcrip-
tional family of proteins named Hypoxia-Inducible Factor
(HIF). The HIFs function as heterodimers and are composed
of o subunit, whose expression depends on oxygen level, and
{3 subunit, which is constitutively synthesized (Fig. 1). Upon
normoxia, prolyl residues on the o subunit of HIF undergo
hydroxylation (in an O,-dependent step). This hydroxylation
increases the affinity of HIF to the Von-Hippel Lindau (VHL)
protein, the interaction with which promotes ubiquitilation and
degradation of HIF. In contrast, hypoxic states do not result in
an interaction between HIFx and VHL (as the o« subunit is not
hydroxylated), leading instead to dimerization of both subunits
of HIF and subsequent activation of genes responsible for cell
survival, motility, and metabolism.

Li et al. recently mapped the hypoxia gene response profile
in glioma stem cells (GSC) and non-stem cells in culture [49].
They showed that GSC, compared with non-stem cells, differ-
entially express HIF2oc mRNA (and produce higher levels of
HIF2 o protein) under both hypoxic and normoxic conditions.
HIF2oc mRNA generation was blocked by treatment with ac-
tinomycin D, an inhibitor of transcription, supporting the no-
tion that increased mRNA level in GSC is the result of en-
hanced transcription rather than increased transcript stability.
Also specific to GSC (in contrast to non-stem cells), in the
same study, was the impairment of cell growth following
knockdown of HIF2«, which emphasises the importance of
this protein for GSC growth and survival. Knockdown of
HIF2« inhibited self-renewal and proliferation in vitro and
diminished tumor initiating potential in vivo.

A study by Wang et al. connected the intriguing dots of
CSCs, hypoxia, and embryonic signaling pathways in
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lymphoma [50]. The researchers found that a subset of c-
Kit"Sca-1" lymphoma CSCs in mice have high levels of
HIF1« protein and that they downregulate VHL under
normoxic conditions. Maintenance of the same lymphoma
stem cell subset required signaling through HIF 1 oc. When cells
in culture were exposed to echinomycin, a peptide antibiotic
that intercalates into DNA to inhibit binding of HIF1«, it sup-
pressed the colony forming unit of lymphoma CSCs, but not
that of normal hematopoietic progenitor cells. The investigators
then compared the sensitivity of their (c-Kit*Sca-1%) lympho-
ma CSCs and normal hematopoietic (c-Kit"Sca-1%) cells to
echinomycin. They found that the former were much more
sensitive to the drug than the latter, suggesting that it might
be possible to selectively eliminate CSCs while minimising
untoward effects on normal hematopoietic progenitor cells.
Finally, they uncovered an interesting cross-talk between
HIF1 and the Notch signaling pathway: the expression of
Hesl, a target gene of Notch was increased in the ¢c-Kit*Sca-
1" lymphoma subset. HIF1 appeared to block a negative
feedback autoregulation of Hes/, thus allowing self-renewal
of CSCs (Fig. 1). Knocking down HIF 1« resulted in decreased
expression of Hes/. Moreover, a dominant-negative regulator
of Notch signaling decreased the percentage of c-Kit*Sca-1*
cells. Subsequent transplantation of these cells into syngeneic
mice resulted in delayed development of lymphoma.

The findings of Li et al. and Wang et al. raise important
questions [49, 50]. First, would the extensive overlap between
embryonic signaling pathways alter the efficacy of selective
pharmacological inhibition at the stem cell level, and increase
the likelihood of drug resistance and relapse? The HIF cascade
is embedded within myriad collaterals, so it is reasonable to
expect some degree of in-vivo compensation by cross-talk
circuits (Notch, Wnt, and Hedgehog), and even between
HIFl« (predominant in lymphoma and AML) and HIF2«
(predominant in glioma). Secondly, how specific could
HIF1o/ HIF2«x targeting be given our current understanding
of stem cell pathobiology? Novel interventions should focus
on a crucial cellular function that, biologically-speaking, is
more characteristic of CSC than of normal stem/non-stem cell.
However, the mentioned pathways execute essential roles in
homeostatic tissue repair and regeneration, making strict elim-
ination of CSCs a challenging goal. Finally, the long-term
adverse effects of even a modest suppression of the normal
hematopoietic pool remain unclear. Would higher rates of ma-
lignancy, marrow aplasia, or autoimmune disorders be seen?
Further studies will be required to answer these unknowns and
gradually translate CSC insights into useful clinical wisdom.

Conclusions

A growing body of evidence shows that CSCs play an impor-
tant role in tumor resistance and relapse. In a variety of cancer
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settings, residual disease enriched by CSCs has been associ-
ated with worse prognosis, strengthening the notion that these
cells should be selectively targeted if long-term clinical remis-
sions are to be achieved. Intensive scientific efforts are cur-
rently underway, with the attempt to better understand cancer-
related embryonic pathways and their distinctive expression
patterns in CSCs versus in non-cancer stem cells. These in-
sights will help us achieve a more granular comprehension of
biologically-conserved cascades, their functionality in various
tumor environments, and their pharmacologic predisposition.
As our mastery of the biology of CSCs improves, we may be
better able to effectively manipulate some of these these path-
ways - extracting the root of the cancer rather than its branches
- while hoping for improvements in patient outcomes.
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