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Abstract

Cholesterol has been implicated in the pathophysiology and progression of several cancers

now, although the mechanisms by which it influences cancer biology are just emerging. Two
likely contributing mechanisms are the ability for cholesterol to directly regulate signaling
molecules within the membrane, and certain metabolites acting as signaling molecules. One

such metabolite is the oxysterol 27-hydroxycholesterol (27HC), which is a primary metabolite

of cholesterol synthesized by the enzyme Cytochrome P450 27A1 (CYP27A1). Physiologically,
27HC is involved in the regulation of cholesterol homeostasis and contributes to cholesterol
efflux through liver X receptor (LXR) and inhibition of de novo cholesterol synthesis through the
insulin-induced proteins (INSIGs). 27HC is also a selective modulator of the estrogen receptors.
An increasing number of studies have identified its importance in cancer progression of various
origins, especially in breast cancer. In this review, we discuss the physiological roles of 27HC
targeting these two nuclear receptors and the subsequent contribution to cancer progression.

We describe how 27HC promotes tumor growth directly through cancer-intrinsic factors, and
indirectly through its immunomodulatory roles which lead to decreased immune surveillance and
increased tumor invasion. This review underscores the importance of the cholesterol metabolic
pathway in cancer progression and the potential therapeutic utility of targeting this metabolic
pathway.
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Introduction

Obesity is a prevalent morbidity in the United States and worldwide, with over one third

of US adults estimated to be obese [1]. Numerous clinical studies have reported obesity
being associated with a variety of diseases, including diabetes, cardiovascular disease,
metabolic syndrome, nonalcoholic fatty liver disease and even cancer [2]. However, many
of the precise mechanistic links between obesity and the associated medical conditions
remain to be elucidated. Elevated cholesterol is a common comorbidity of obesity, making
it a possible mediator or exacerbating factor of obesity and its related diseases [3]. The

role of cholesterol is well-known in cardiovascular disease, but less explored in other
conditions. In breast cancer, meta-analysis and prospective studies have identified a positive
correlation between elevated blood cholesterol and breast cancer risk, as well as recurrence.
The use of cholesterol-lowering statin drugs is associated with a good prognosis [4-6]. In
recent prospective trials or /n vivo studies, co-treatment with either statins or antibodies
against proprotein convertase subtilisin/kexin type 9 (PCSK9) improved the efficacy of
immune checkpoint inhibitors for the treatment of non-small cell lung cancer (NSCLC)
and colon cancer [7-9]. Thus, there is strong clinical data implicating cholesterol and
cancer progression. In preclinical murine models, a diet high in cholesterol has been found
to promote the growth and metastasis of several cancers, including breast [10-12]. The
mechanisms by which cholesterol promotes cancer progression are likely multifactorial and
include both direct effects of cholesterol on cancer cells, as well as effects of downstream
cholesterol metabolites on both the cancer cells and the microenvironment. 27HC is one
metabolite in particular that has emerged as being important for cancer progression [13]. In
this review, we will provide a brief overview of cholesterol metabolism and some evidence
for direct effects of cholesterol on cancer biology, and then focus on the described roles of
27HC in cancer progression (Figure 1). Many other cholesterol metabolites also contribute
to cancer, and will be covered by other papers in this special issue.

2. Cholesterol metabolism, production and metabolism of 27HC

Intracellular cholesterol homeostasis is a tightly regulated cellular process, manifested by
a controlled de novo synthesis and uptake/efflux of cholesterol molecules [14]. When
cholesterol levels are low, biosynthesis of cholesterol is upregulated by sterol regulatory
element-binding protein 2 (SREBP2) [13, 15]. SREBP2 interacts with SREBP-cleavage
activating protein (SCAP), leading to the clustering of SREBP2 in coat protein complex

Il (COPII)-coated vesicles [13, 15]. This complex allows SREBP2 cleavage in the Golgi
complex before translocating into the nucleus. Upon entering the nucleus, SREBP2 serves
as a master transcription factor to promote cholesterol accumulation, in part by inducing
the expression of HMG-CoA reductase (HMGCR), a rate-limiting enzyme of the cholesterol
biosynthetic pathway, and low-density lipoprotein receptor (LDLR), thereby promoting
cholesterol biosynthesis and uptake [14, 15]. On the contrary, when cholesterol levels

are high, inhibition of cholesterol biosynthesis is mediated by the prevention of SREBP2
activation. This process is triggered by INSIGs binding to SCAP, which further precludes
the binding of COPII to SCAP, the cleavage of SREBP2 and therefore its transport into the
nucleus [13, 15].
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To complement this system, activation of the LXR, which is found as a heterodimer with the
retinoid X receptor (RXR), induces the transcription of the reverse cholesterol transporters
such as ABCA1 and ABCGL1. Activated LXR also upregulates the inducible degrader of

the LDL receptor (IDOL), an E3 ligase that prompts ubiquitination of the LDLR [14, 16,
17]. Both recruitment of INSIG, which inhibits cholesterol biosynthesis, and the activation
of LXR, which promotes cholesterol efflux, are dependent on the metabolic derivatives of
cholesterol, especially the oxysterols inhibiting the SREBP2 system and activating the LXRs
[13].

Oxysterols can be generated from cholesterol oxidation enzymatically and non-
enzymatically. The enzymatic production is typically mediated by CYPs. Among them,
CYP27AL, primarily expressed in liver and myeloid immune cells, converts cholesterol to
27HC. 27HC is the most abundant circulating oxysterol in humans, with concentrations
ranging from 67 ng/mL (0.17 pM) to 199 ng/mL (0.5 uM) [18, 19]. Catabolizing 27HC
requires another P450 enzyme, oxysterol 7a-hydroxylase (CYP7B1), which is abundantly
expressed in the liver, but is also expressed in extra-hepatic tissues as well as tumors
[20-23]. The deletion of CYP7B1 in mice has been shown to increase the plasma
concentration of 27HC [24]. Furthermore, thyroid cancer tumors with elevated CYP7B1
MRNA expression had decreased 27HC concentrations compared to those with low CYP7B1
expression [23]. Ultimately, the metabolism of 27HC results in the production of bile acids,
along the so-called acidic bile acid pathway.

3. Cholesterol itself has the ability to directly regulate cellular signaling

pathways — implications for cancer progression.

Although cholesterol is synthesized in endoplasmic reticulum, a large majority of cellular
unesterified cholesterol is found in the plasma membrane in mammalian cells [25, 26]. In
addition to its structural roles at the plasma membrane, cholesterol has been implicated in
cell signaling through the formation of membrane microdomains, including lipid rafts [27,
28], which may compartmentalize various cell signaling events, including cell proliferation
[29-32]. However, this lipid raft hypothesis has remained controversial because lipid

rafts have never been directly detected under physiological conditions [33]. Also, the

level of exogenous cholesterol needed to stimulate cell proliferation is far lower than

that required for lipid raft formation [34]. Recent studies have supported an alternative
mechanism for the signaling function of cholesterol. First, multiple studies have reported
that cholesterol directly regulates the structure and function of various integral membrane
proteins involved in cell signaling [35], including G protein-coupled receptors [36].
Furthermore, accumulating evidence supports the notion that cholesterol in the inner leaflet
of the plasma membrane regulates cytosolic signaling proteins through direct and specific
interactions [37-40]. For example, it specifically binds and activates a scaffolding protein,
dishevelled (Dvl), which plays a central role in growth-promoting canonical Whnt signaling
[38-40]. Furthermore, simultaneous /n situ quantitative imaging of cholesterol in each of
the two leaflets of the plasma membrane showed that the concentration of cholesterol in
the inner leaflet was increased in response to binding of a canonical Wnt ligand to its
receptor, Frizzled. The increase was mediated by regulation of an ATP-binding cassette
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protein, ABCAL that serves as a cholesterol translocase and led to plasma membrane
recruitment and activation of Dvl, triggering the downstream canonical Wnt signaling
pathway [41]. Similarly, binding of hedgehog to its receptor Patched induced an increase in
the concentration of cholesterol in the inner leaflet of the cholesterol, leading to stimulation
of hedgehog signaling [42]. Collectively, these recent results support the direct and specific
signaling role of cholesterol, independent of its involvement in cholesterol-rich membrane
domains and open up new horizons for cholesterol signaling research in cancer.

Whether cholesterol metabolites such as 27HC can behave at the membrane in a similar
way to cholesterol and influence membrane stability or directly interact with membrane
proteins is an area that requires further exploration. That 27HC has been found to be
present in the membrane fractions of cells [43] and the high structural similarity between
27HC and cholesterol add support to this potential biology. 27HC has been found to disrupt
signaling, purportedly through the disruption of lipid rafts [44]. Additionally, 27HC can shift
cholesterol concentrations within the membrane, providing the possibility of indirect effects
[45]. Further work is required to determine the relative distribution of 27HC within the
inner versus outer leaflets of the membrane, whether this distribution can be regulated, and
whether 27HC can directly interact with growth signaling proteins like G protein-coupled
receptors (GPCRs or GPRs) and Dvl as cholesterol can.

4. 27HC is an endogenous metabolite with signaling properties

In addition to the direct effects of cholesterol on signaling, emerging evidence supports

the role of oxysterol metabolites as signaling molecules. In this regard, one of the best
described metabolites is 27HC, which is also the most concentrated oxysterol in circulation.
27HC is a known ligand of two nuclear receptors, the estrogen receptor (ER) and LXR.

We will elaborate on signaling through the ERs and LXRs in detail below. Initial screening
found that 27HC had neither agonistic nor antagonistic activities on the androgen receptor
(AR) [46]. However, in prostate epithelial RWPE-1 cells, 27HC increased the transcriptional
activity of the AR and increased the abundance of prostate-specific antigen, a known AR
target gene [47]. At this point, it is not known whether 27HC directly regulates the AR

or it activates signaling pathways that indirectly result in increased AR activity. Besides
binding to the nuclear receptors, there is a report that 27HC can also engage the GPCR,
C-X-C chemokine receptor type 2 (CXCR2), leading to the recruitment of neutrophils

to tumors, an activity that can be inhibited by a CXCR2 antagonist, SB225002 [48]. A
related oxysterol, 25-hydroxychoelsterol has also been documented to bind to GPR183
[49]. Reportedly, oxysterols including 27HC and 22(R)-hydroxycholesterol (22RHC) can
facilitate the recruitment of pro-tumor neutrophils through CXCR2. Additionally, 27HC
binds to the INSIG proteins, resulting in the retention of SCAP:SREBP2 complex in the
endoplasmic reticulum and consequent inhibition of cholesterol synthesis [50].

4.1 27HC as an endogenous Selective Estrogen Receptor Modulator (SERM)

ERs are one of the members of the nuclear hormone receptor superfamily. As nuclear
receptors share homology in their functional structures, the ERs also consist of five
functional domains: an unstructured N-terminal region that contains the activation function
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1 (AF1) surface, a zinc finger DNA-binding domain (DBD), a variable hinge region, and

a ligand-binding domain (LBD) that not only binds to ligands but also interacts with
co-regulators through the activation function 2 (AF-2) or the carboxyl-terminal domain

[13, 51, 52]. Two major isoforms exist for the ERs, ERa (NR3A1) and ERB (NR3A2),

with ERp having a shorter N-terminal region compared to ERa [13, 53]. ER signaling

can be “genomic” or “non-genomic”. In classic or genomic signaling, upon ligand binding,
a conformational change in ER occurs, and heat shock proteins dissociate from the ERSs,
allowing receptor dimerization and translocate into the nucleus. ER dimers then bind to

the DNA estrogen response element (ERE) and/or enhancer regions, which then regulates
the transcriptional activity of the target genes through the recruitment of co-regulators [53].
Besides directly binding DNA, indirect genomic signaling also takes place for the ER, where
the ER interacts with other transcription factors, such as Sp1, already bound to DNA through
protein-protein interactions [53, 54]. Non-genomic or rapid signaling of the ERs can be
mediated through the membrane-bound G protein-coupled estrogen receptor 1 (GPERL1), or
direct interactions of the ER with other signaling proteins at the cytoplasmic membrane
[54-56].

Estrogens including 17p-estradiol (E2) are known to be potent agonists of the ERSs,

inducing conformational changes of the receptor to promote transcriptional activities that
play vital physiological roles ranging from reproduction to the regulation of cardiovascular,
musculoskeletal, immune and brain functions [57-59]. Another class of molecules that binds
the ERs and regulate transcriptional activities are known as SERMs [60-63]. The first
described SERM was tamoxifen when it was being evaluated as a breast cancer treatment

in the 1970s. Tamoxifen behaves like an ER antagonist in breast tissues, which blocks the
proliferative actions of estrogens. However, and very unexpectedly at the time, tamoxifen
exerted estrogenic activities in the bone, sparing bone loss [18]. We now know that the
majority if not all ER ligands can be characterized as SERMS, having tissue- and context-
specific activities. They can even have differential effects on the transcriptome within the
same cell type [64]. This unique pharmacology has provided an opportunity for tailored drug
development, and likely applies to all nuclear receptors [61], as it has now been described
for the androgen receptor among others [65].

Mechanistically, it is generally thought that SERMs can manifest differential ER activity
across different tissues through their ability to induce subtle yet distinct conformational
changes in the three-dimensional structure of the ER [66-69]. Since the ability of the ER

to regulate transcriptional activity essentially depends on the recruitment of and interaction
with co-activators and corepressors, the distinct ligand-receptor structures ultimately affect
the complex’s engagement of those co-regulators. Indeed, coactivators such as the SRC1/3,
p300/CBP, p68 RNA helicase, and L7/SPA were found to promote the transcriptional
activity of tamoxifen-bound ER, while corepressors, such as silencing mediator for retinoid
and thyroid receptors (SMRT) and nuclear receptor co-repressor (NCoR), support the
opposite [66, 70-74]. In addition to the distinct conformational changes of the ER upon
SERM binding, other factors including the tissue-specific expression of co-regulators,
tissue-specific expression of the ER isoforms and the binding of ER-SERM complex to
distinct DNA motifs could also contribute to the selective modulatory nature of SERMs [18,
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75]. Finally, certain ligands may activate receptors in addition to the ER, with the resulting
crosstalk defining the biological outcome [62, 63].

The first endogenous ligand with SERM-like qualities to be described was 27HC, by
Umetani et al., in an effort to understand the roles of 27HC in cardiovascular disease [76]. It
was shown that 27HC competitively displaced E2 in EA.hy926 cells, suggesting that 27HC
is a naturally occurring ER antagonist [76]. Furthermore, it was found that 27HC inhibited
E2-induced, but not lipopolysaccharide (LPS)-induced, nitric oxide synthase (NOS) activity
[76]. Outside vascular endothelial cells, 27HC also antagonized ER transactivation in
BAECs and MCF-7 cells [76]. However, 27HC displayed properties similar to other ER
agonists in HepG2 and Caco-2 cells [76]. 27HC nevertheless did not seem to impact the
reproductive functions of mice [76]. In subsequent work, DuSell et al. used peptide display
to demonstrate that upon binding, 27HC induced conformational changes in ER that were
unique from those induced by E2, 4-hydroxy-tamoxifen (a SERM) or Fulvestrant (an ER
antagonist) upon binding to ER [77]. Beyond inducing conformational changes, they further
reported 27HC drives the recruitment of co-activators, including SRC1-NR, ASC2-NR,
AIB1-NR and GRIP1-NR, to ERa, which then increased the expression of ER target genes
and enhanced ER degradation (see abbreviation definitions in Table 1). Collectively, these
data support the idea that 27HC is an endogenous SERM [77].

Besides 27HC, several other oxysterols also activate the ERs. Among them, 25HC was
reported to inhibit the up-regulation of hypoxia-inducible factor (HIF)-1a and connective
tissue growth factor in cardiomyocytes through ERa [78, 79]. It was described that the
serum concentration of 25HC was in the range of 0.5 - 25 ng/mL for 25HC, compared to

5 - 250 ng/mL for 24(S)-hydroxycholesterol (24SHC) and 27HC [80]. A recent study also
found 4p-hydroxycholesterol (4gHC), 7-ketocholesterol (7KC) and desmosterol being able
to activate ER in T47D cells, measured by luciferase activity of the transfected ER reporter
construct [22].

4.2 27HC and LXR signaling

The LXR is considered a major target receptor of 27HC, given its purported role in
maintaining cholesterol homeostasis. Like the ER, LXR also has two isoforms, LXRa
(NR1H3) and LXRp (NR1H2), with LXRa being expressed mainly in the liver and tissues
important for lipid metabolism and LXR expressed ubiquitously [81]. Originally thought to
be an orphan nuclear receptor, LXRs were later identified as an endogenous target receptor
of the oxysterols [82]. It is recognized that LXR forms a ‘permissive’ heterodimer with

all isoforms of RXR and binds to LXRE of the target genes in an unliganded state. The
consensus sequence is comprised of a direct repeat-4 (DR-4) DNA fragment with two
AGGTCA half-sites separated by a 4-nucleotide spacer (5’-AGGTCA-NNNN-AGGTCA-3’)
[13, 82]. Even though the dimers are already associated with the LXRE the in absence of
ligand binding, LXR:RXR complexes suppress the transcriptional activity of the target genes
by interacting with co-repressors, such as NCoR, SMRT and histone deacetylase 3 (HDAC3)
[81]. Ligand binding triggers a conformational change in LXR:RXR dimer and leads to the
release of co-repressors in exchange for co-activators, such as NAD*-dependent deacetylases
Sirtuin 1 (SIRT1) [13]. Transrepression is also described for LXRs when LXRs become
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small ubiquitin-related modifier (SUMO)ylated upon agonist binding to LXR monomers.
SUMOylated LXR monomer is often recruited to NFxB or AP1 promoters where it
stabilizes the repressive nuclear complexes to inhibit the expression of inflammatory genes
[81, 83]. For example, Lee et al. reported LXR-mediated repression of STAT1 signaling

in interferon (IFN)-y-stimulated brain astrocytes required SUMOylation [84]. However,
transrepression is not the only way LXR participates in anti-inflammatory responses, as Ito
et al. described that LXR activation could inhibit toll-like receptors (fs) 2, 4 and 9 signaling
by inducing ABCAL expression in macrophages [85].

The best described roles for LXRs are their ability to act as intracellular cholesterol sensors.
It has been shown that elevated cholesterol levels induced by a high-cholesterol diet (HCD)
led to a significant increase of 27HC, 4B-hydroxycholesterol (4BHC), 25-hydroxycholesterol
(25HC) and 7KC in rabbit heart tissues [86]. A strong correlation between the concentration
of 27HC in plasma and the concentration of cholesterol was also described in humans

[87]. Additionally, high cholesterol levels induced the expression of LXRa. [86]. These data
indicate that, when cholesterol levels are raised, 27HC and other oxysterols are produced

as a part of the feedback loop to engage and activate LXRs to elicit signaling pathways
responsible for restoring the cholesterol homeostasis. The most prominent target genes
involved in these pathways are the ATP binding cassette (ABC) transporters, promoting the
efflux and reverse transport of cholesterol to the outside of cells. Studies have demonstrated
that exogenous 27HC directly induces the expression of ABCAL and ABCG1 [22, 88].
Mechanistically, ABCA1 promotes the transfer of free cholesterol and phospholipids to
lipid-poor apolipoproteins (apoA-1), forming discoidal high-density lipoprotein (HDL)
particles [89]. Unlike ABCA1, ABCGL1 is capable of driving cholesterol efflux to mature
HDL, LDL, and cyclodextrin, but not to lipid-poor apoA-1 [89]. Yvan-Charvet et al.
described that combined loss of ABCA1 and ABCG1 in mice impaired cholesterol efflux

to HDL or apoA-1, resulting in accelerated atherosclerotic lesion formation, suggesting
complementary roles of ABCA1 and ABCGL in cholesterol efflux [90].

5. 27HC and Cancer

27HC was first described as a biochemical mediator of the effects of a high cholesterol

diet on breast tumor growth [91]. This oxysterol was also found to play a role in endocrine
resistance of breast cancer, as 27HC administration stimulates the growth of tamoxifen-
resistant MCF7 cells to levels at least comparable to tamoxifen or E2 [91]. Later, 27HC’s
roles were further studied in a variety of cancer types, including prostate cancer, lung cancer,
colorectal cancer and glioblastoma [92]. Interestingly, studies revealed that 27HC’s effects
on tumor progression were both cancer cell-intrinsic and extrinsic.

5.1 The cancer cell intrinsic effects of 27HC on cancer progression

5.1.1 27HC generally promotes the proliferation of cancers driven by the
estrogen receptor—The ERs are a critical regulator of innumerable physiological
functions and play recognized or suggestive roles in cancer progression of various cancer
types, such as breast, lung and brain cancer [93-96]. Since the discovery of 27HC as a
natural ligand of the ERs, it has raised a possibility that 27HC could also play a number
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of important physiological roles by signaling through this receptor. In 2008, soon after
recognizing 27HC as an endogenous SERM, DuSell et al. first reported that 27HC could
undertake similar roles as E2 in breast cancer cell lines, which promotes ER activation and
subsequent cellular proliferation of ERa+ cell lines [77]. This suggests that 27HC signaling
through ERa could facilitate cancer progression by cancer cell-intrinsic mechanisms.

In support of this notion, Wu et al. found that 27HC induced ERa+ breast cancer

cell proliferation /in vitro, and a selective ERa antagonist, methyl-piperidino-pyrazole,
ablates this effect, suggesting the requirement of ERa for 27HC-driven breast cancer cell
proliferation [97]. Additionally, 27HC also stimulates the growth of ERa+ breast tumors

in preclinical mouse models [91,97]. The growth of MCF7 xenografts was stimulated by
exogenous 27HC, and this effect was attenuated by co-treatment with the ER antagonist
Fulvestrant [91]. Germline deletion of CYP27A1 increased latency and decreased tumor
growth in MMTV-PyMT mice, while loss of CYP7B1 (and subsequent increased circulating
27HC) increased growth [91].

To understand how 27HC promotes breast tumor growth through the ER, Raza et al.
examined p53 activity downstream of ER in MCF-7 cells [98]. Interestingly, 27HC treatment
resulted in reduced p53 activation and expression, which could be attributed to increased

E3 ubiquitin-protein ligase (MDM2) expression and dimerization with p53, resulting in

p53 degradation [98]. In support of a MDM2-dependent mechanism, inhibiting MDM2-p53
interaction by Nutlin-3 restored MCF-7 proliferation to basal level [98]. In addition, 27HC
was also found to augment the expression of Vascular endothelial growth factor (VEGF)
through ERa signaling in ER+ breast cancer cells [99].

Growth factor signaling such as EGFRvIII has been shown to increase the expression of
the low-density lipoprotein receptor (LDLR) in glioblastoma cancer cells, allowing for
increased cholesterol uptake. It was reported that these cells were in fact reliant on this
cholesterol uptake mechanism, short-circuiting of which through LXR induced cholesterol
efflux inhibited proliferation and tumor growth [100]. Interestingly, growth hormone and
insulin like growth factor-1 (IGF-1) have been shown to increase CYP27A1 promotor use
and subsequent CYP27A1 activity [101], suggesting that growth factor signaling not only
can increase cholesterol uptake, but also its conversion to 27HC. It has also been suggested
that 27HC itself may increase the expression of EGFR2 (HER2) in MCF7 cells, but the
paper did not include quantified data with controls for readers to evaluate [102].

27HC’s promotion of tumor development through cancer-intrinsic mechanisms in breast
cancer cells not involving the ERs were also reported. Among those mechanisms, STAT3
was a common regulator. As 27HC significantly increased the level of phosphorylated
STAT3 (pSTAT3) in both MCF-7 and T47D cells, while E2 did not, an ER-independent
mechanism driven by 27HC was proposed by Zhu et al. [99]. Further investigation revealed
that reactive oxygen species (ROS) production induced by 27HC in breast cancer cells
promoted STAT3/VEGF signaling, resulting in enhanced angiogenesis of both ER+ and ER-
breast cancer cells [99]. On top of angiogenesis and VEGF, STAT3 activation by 27HC also
increased breast cancer invasion and migration through epithelial-mesenchymal transition
(EMT) [103]. Genetic knockdown of STAT3 attenuated the invasive and migratory capacity
of MCF-7 and T47D cells by transwell assay and reduced the expression as well as the
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activation of MMP9 previously stimulated by 27HC [103]. Structurally similar to 27HC,
25HC was shown to support migration and invasion of lung adenocarcinoma cells (ADC)
through the LXRs and the expression of Snail in ADC was reduced by the loss of LXR
[104].

Extrapolating the relevance to humans, 27HC content was found to be elevated in normal
breast tissue and further elevated in tumors of ER+ breast cancer patients, compared

to that in cancer-free controls [97]. Roberg-Larsen et al. detected an increased level of
27HC in exosomes secreted by human ER+ breast cancer cell line compared to an ER-

one and non-cancerous cell line, even though the ER- cell line had higher cytoplasmic
27HC concentration [105]. More importantly, the expression of CYP7B1 was predictive

of the overall survival of breast cancer patients [97]. Additionally, increased expression

of CYP27A1 in humans is correlated with a higher likelihood of having a higher tumor
grade [91]. A recent cohort study on a Swedish-based population with invasive breast
carcinoma showed that higher CYP27A1 expression not only correlated with higher tumor
grade and larger tumor size, but also increased the risk of late lethal disease, especially

in postmenopausal ERa+ breast cancer patients [106]. On the other hand, studies have
shown that CYP27A1 expression was correlated with longer survival in prostate cancer and
breast cancer among premenopausal women while this protective effect might be lost in
post-menopausal women [107, 108]. These seemingly conflicting consequences of CYP27A
overexpression in human patients indicate that well-controlled prospective clinical trials are
needed in order to evaluate CYP27A1’s true influence on cancer progression.

Apart from breast cancer, 27HC was found to promote the growth of several other cancer
types through the ERs, including endometrial cancer, thyroid cancer, prostate cancer,
melanoma and lung cancer. Wu et al. first found that 27HC could induce Ishikawa cell
growth /n vitro, a model of endometrial cancer [97]. Hyperthyroidism is one of the most
common co-morbidities of endometrial cancer and thyroid health is an important risk factor
of thyroid carcinoma development [109]. Intriguingly, the 27HC was found to also promote
thyroid cancer progression by Revilla et al. [23]. Thyroid tumor samples from advanced
disease were found to have lower expression of CYP7B1 and a higher concentration of
27HC [23]. Moreover, overexpression of CYP7B1 in a thyroid anaplastic carcinoma model,
but not in cells derived from normal thyroid epithelial cells, halted cell growth and migration
after LDL treatment [23].

Tian et al. found that cholesterol promotes melanoma tumors in a 27HC-dependent
fashion [110]. They demonstrated /in vivothat CYP27A1 ablation attenuated the increased
melanoma progression driven by a high cholesterol diet [110]. Further analysis suggested
the involvement of the ERa and phosphorylation of Akt and MAPK pathways [110].

Given the high local concentration of 27HC in the lung [111], the oxysterol, 27HC
expectedly could participate in paracrine and autocrine signaling of the local lung tissue.
Previous work has reported that 27HC promoted cell proliferation in ERB-positive lung
cancer cells, and such effect by 27HC and estrogen could be obstructed by ERB-specific
inhibitors [79]. Akin to the case of melanoma, the proliferative outcome of lung cancer cells
was driven by PI3K-Akt signaling, confirmed by kinase inhibitors [79].
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Another endocrine-related cancer, prostate cancer, was found to be affected by 27HC [112].
Specifically, 27HC increased the proliferation of LNCaP and PC3 cells, which was inhibited
by the ER antagonist, Fulvestrant [112]. To investigate the relative contribution of the two
ER isoforms, Raza et al. found that 27HC’s effect on prostate cancer growth was dependent
on ERB, as 27HC-induced proliferation was mitigated by ERp selective inhibitor, PHTPP
[112]. However, two independent studies have indicated a protective (anti-proliferative)
effect of 27HC in prostate cancer. As described below (section 5.1.2), this protective effect
could emanate from the reduction of cellular cholesterol content (due to cholesterol efflux)
and therefore reduced proliferative capacity [44, 108].

5.1.2 27HC generally impairs or has limited effects on the proliferation of
ER-negative cells.—In the absence of the ER, 27HC was found to have limited impact
on or even inhibit cancer cell proliferation. In ER-negative lung cancer and cellular
models of triple-negative breast cancer (TNBC), 27HC did not significantly impact cell
proliferation [10, 79]. On the other hand, prostate cancer cells with little or no ER had
reduced proliferation when CYP27A1 was overexpressed or were treated with 27HC [108].
Likewise, this was apparent in several ER-negative models of ovarian cancer, including
ID8, MOE, HEYAS8 and ES2: when exogenous 27HC was administered, there was a
dose-dependent decrease in cellular proliferation of those cell lines [113]. It is generally
thought that the anti-proliferative effects of 27HC and other LXR agonists are due to
either inhibition of SREBP2 and/or activation of LXR and subsequent reduction in cellular
cholesterol, as described for prostate cancer above [108]. Work in ovarian cancer cell lines
suggested that activity through LXR and subsequent cholesterol efflux was most important
for the anti-proliferative effects of 27HC [113].

However, the anti-proliferative effects in ovarian cancers and TNBC were at first
counterintuitive, given that high expression of CYP27A1 was associated with decreased
progression-free survival (PFS) of ovarian cancer patients, while high expression of
CYP7B1 was associated with increased PFS [113], and CYP27AL1 protein expression was
associated with increased tumor grade in breast cancer [10]. These data and the previous
work showing the ablation of 27HC’s pro-proliferative effect by blocking the ERs suggest
that 27HC promotes cancer cell proliferation primarily through this receptor. However, when
the ERs are not expressed or blocked by antagonists, 27HC could potentially persistently
drive cancer progression through alternate mechanisms including therapy resistance or
cancer cell-extrinsic mechanisms.

Interestingly, recent work has implicated LXR as a mediator of chemoresistance in ER-
negative breast cancer [114]. Both the synthetic ligand of LXR, GW3965, and oxysterols,
including 27HC, were able to diminish the effect of epirubicin in TNBC cell lines, which
could be attributed to the upregulation of chemotherapy efflux pump Pgp in an LXRa-
dependent manner [114]. An LXRa target gene signature was correlated with Pgp in human
breast tumor samples. On the other hand, /n vitro work indicated that 27HC did not alter
sensitivity to doxorubicin in MCF7 cells [115]. In ovarian cancer however, 27HC was also
shown to confer chemoprotective property in mice grafted with MOE cells [113].
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5.2 27HC’s tumor extrinsic effect on cancer progression

The conflicting effects of 27HC on different cancers could potentially be explained by the
presence or absence of ER. However, in certain cases such as in ovarian cancer, the tumoral
expression of CYP27A1 was associated with a poor prognosis in human patients while
27HC treatment of ovarian cancer cells was antiproliferative [113]. Furthermore, 27HC
treatment resulted in increased breast cancer metastasis even in ER-negative models [12].
These apparently paradoxical observations suggested that alternative targets may mediate the
effects of 27HC.

There is rising awareness of the tumor microenvironment’s roles in cancer development and
progression, and growing number of studies have revealed cancer-extrinsic factors involved
in dictating disease progression and response to therapy. Of those, tumor-infiltrating immune
cell populations have been shown to have high predictive value in disease prognosis,

even compared to traditional indicators in breast cancer, colorectal cancer, melanoma and
pancreatic cancer [116-119]. Anti-PD1 (Pembrolizumab) and anti-PDL1 (Atezolizumab) are
now approved for the treatment of several solid tumors, including a subset of patients with
advanced TNBC [120-122]. However, these two immune checkpoint inhibitions have limited
efficacy in the treatment of many solid tumors, including breast and ovarian. The efficacy

of immune checkpoint inhibitors relies on the functionalities of the host immune system

and studies have shown that immune cell infiltration is associated with the response to
immunotherapy [123-126]. Therefore, it was of interest as to whether 27HC could modulate
immune cell recruitment or function within the tumor microenvironments.

Previous work showed that human and mouse tumor-derived LXR ligands could inhibit
C-C chemokine receptor 7 (CCR7) expression on mature dendritic cells, thereby hindering
their migration to the lymphoid organs [127]. These findings back the possibility of 27HC,
as an LXR ligand, acting on the cells of myeloid origin at the tumor site during tumor
progression. In support of this, Baek et al. showed that 27HC treatment of metastasis-
bearing mice led to increased myeloid cell infiltration, both inflammatory monocytes and
polymorphoneutrophils (PMNs), and a decrease of intratumoral CD8+ cytotoxic T cells
[12]. Follow-up experiments found that the prometastatic effect of 27HC required myeloid
immune cells, and specifically PMNs. -y6-T cells were also found to be critical, likely
playing a role in conditioning the PMNSs to be pro-tumorigenic [12].

Interestingly, in models of ovarian cancer, it was found that inflammatory monocytes
(monocytic myeloid-derived suppressor cells, M-MDSCs, defined as CD11b+Ly6C+Ly6G-)
and immature macrophages (CD11b+Ly6C+IA/IE+) were enriched post administration

of 27HC [113]. Tumors grown in CYP27A1~/~ mice failed to thrive and regressed to
non-detectable levels in many of the CYP27A17~ mice. Bone marrow-derived cells were
implicated as a marrow transplant from wildtype mice allowed tumors to establish and grow
in CYP27A17~ mice. These results strongly implicate the immune system in mediating the
effects of 27HC on cancer progression. They also support the notion that 27HC can work
through different myeloid immune cell types to suppress adaptive immune function.

In this regard, we have recently determined that 27HC can act through myeloid immune
cells to inhibit T cell expansion and function [22]. Since tumor-infiltrating macrophages
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are a prototypical myeloid immune cell, and one of the most abundant cell types residing

in and constantly being recruited to the tumor site, we focused on how 27HC regulates

the function of this cell type. In this study, 27HC was shown to modulate the expression

of antigen presentation genes in macrophages, again supporting the notion that 27HC
modulates myeloid — T cell interactions. Using co-culture systems, it was found that
27HC-treated macrophages impaired T cell activation and expansion [22]. This phenomenon
was regardless of whether CD8+, CD4+ or naive CD4+ T cells were co-cultured with the
macrophages. Interestingly, the conditioned media from 27HC-treated macrophages also
inhibited T cell expansion, indicating that the effects were being mediated through the
secretion of a soluble factor. The inhibitory effects were also observed when PMNs were
treated with 27HC, again indicating that 27HC can work through different myeloid immune
cell types to suppress adaptive immune cells.

It was found that T cells also underwent a greater level of advanced apoptosis after being
exposed to 27HC-treated macrophages [22]. Importantly, those CD8+ T cells that did
expand were less functionally active, as they expressed decreased levels of the effector
enzymes perforin and granzyme B and had decreased cytolytic capacity when co-cultured
with tumor cells expressing the antigen specific for their T cell receptor [22]. In an effort to
demonstrate the clinical relevance of these findings, the study surveyed the Human Cancer
Genome Atlas (TCGA) and found positive correlations between tumoral CYP7B1 mRNA
in invasive breast cancer carcinoma and the expression of several genes encoding T cell
effector proteins including CD3G, CD8A, perforin 1, granzyme B, and IFN-y [22].

Because 27HC is a ligand of the ER and LXR, roles of these two nuclear receptors in
mediating 27HC’s suppressive effect were assessed. Using both pharmacologic and RNA-
interference approaches, it was found that the ER within macrophages was dispensable
for the inhibitory actions of 27HC-treated macrophages [22]. However, the LXR within
macrophages was required for the subsequent inhibitory effects on T cells. Expanding on
these findings, it was found that several oxysterols and other LXR ligands also worked

on macrophages to reduce T cell expansion. Further, there was a positive correlation of
the ability of a ligand to induce the LXR target gene ABCA1, and T cell expansion [22].
Previous work described that LXR activation within T cells impairs their proliferation [128].
This work on the other hand demonstrates that the LXR-mediated suppression on T cells
could also be indirect and mediated through macrophages.

In preclinical models, mice lacking CYP27A1 in the myeloid cell population developed
smaller breast tumors and exhibited less metastasis, indicating that targeting the production
of 27HC or the 27HC-LXR axis may attenuate the suppressive effects of 27HC in the tumor
microenvironment [22]. Such attenuation may eventually help alleviate T cell restraint,
improve checkpoint inhibition efficacy and reduce tumor progression. Indeed, one study
found that administration of a CYP27A1 inhibitor along with checkpoint inhibitor, anti-
PDL1, helped overcome immunotherapy resistance in the 4T1 model of metastatic breast
cancer [22]. Additionally, this combination therapy was also shown to be effective in
reducing ovarian tumor burden in mice [113]. Recent findings by Yu et al. also support

the possible influence of cholesterol and/or cholesterol metabolites on macrophage-driven
T cell death, as the study showed that F4/80+ cells isolated from liver metastasis, a high
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cholesterol microenvironment, induced apoptosis of OT-1 T cells [129]. Another group of
researchers showed that an inverse agonist of LXR promotes CD8+ T cell activity and
enhances tumor destruction, although whether these effects were myeloid cell-driven was
not investigated [130]. Furthermore, inhibiting cholesterol synthesis by zaragozic acid A,
which decreased LXR target gene expression in the tumor microenvironment, potentiates the
tumoricidal ability of antitumor T cells /n vivo [131]. Similarly, blocking PCSKO to reduce
cholesterol metabolism synergized with immune checkpoint blockade, anti-PD1, to reduce
the tumor burden of B16F10, MC38, 4T1 or CT26 models, some of which are known to be
resistant to immune checkpoint monotherapy [7]. Subsequent analysis showed that depleting
PCSK9 could promote intratumoral infiltration of T cells [7]. These data provide robust
support for developing therapeutic targets along the cholesterol metabolic axis (cholesterol-
CYP27A1-27HC-LXR) for bolstering the immune response to various cancers.

However, LXR signaling and effects on immune function may be ligand- and context-
specific. Several studies also suggested the immune-protective roles of LXR. In 2018,
Tavazoie et al. demonstrated that agonism of LXR led to decreased MDSC abundance

in murine melanoma models as well as in human samples. This same ligand improved
checkpoint blockade efficacy in the B16F10 mouse model [132]. Recent work also showed
that pharmacological activation of LXR using T0901317 downregulates the expression of
Ccl7 in macrophages, a Treg-attracting chemokine [133]. Another study suggested that
activation of LXR through synthetic ligand, GW3965, could promote natural Killer (NK)
cell-mediated cytotoxicity against cancer cells [134]. Outside cancer, an LXR agonist was
found to augment the pro-inflammatory signal in human monocytes trained by Bacillus
Calmette-Guerin (BCG) vaccine [135]. However, an earlier study also suggested that
activation of LXR through tumor-derived factors (oxysterols) dampened the maturation and
therefore the anti-tumor response of dendritic cells [127].

The conflicting roles of LXR in immunoregulation and anti-tumor functions could be

due to several reasons: 1. the consequence of LXR activation is likely context-dependent,
being tissue-type and cell-type specific. 2. Cholesterol metabolite signaling (e.g., 27HC)
may result in the crosstalk between multiple receptors, so the observed effects may not

be solely accredited to the activation of LXR. 3. LXR activation by synthetic agonists

could yield a protective effect, yet natural ligands (oxysterols and cholesterol metabolites)
may lead to pro-tumor consequences due to their selective modulatory activities [136]. 4.
There are possible off-target effects of synthetic LXR agonist that render enhanced immune
surveillance and anti-tumor outcome [137]. Nevertheless, further investigations are needed
to better understand the immunoregulatory roles of LXR and its relationship to anti-tumor
functions of immune cells. It is also important to delineate the differences in LXR activation
and downstream signaling cascade driven by 27HC and other cholesterol metabolites versus
the synthetic ligands in various tissue types and cancer types to better understand the
pro-tumor and anti-tumor paradox of LXR.

6. Conclusion

27HC has been historically understood as being important in the regulation of cholesterol
metabolism and homeostasis. When cholesterol is in excess, 27HC can bind to INSIGs
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to inhibit cholesterol synthesis through SREBPs, and LXRs to promote cholesterol efflux
through ABCA1 and ABCGL1 and decrease uptake by downregulating LDLR. The ERs

are an additional nuclear receptor whose activity 27HC and several other oxysterols can
modulate. As a SERM, 27HC has been demonstrated to activate or antagonize the ERs
under a tissue-specific context. Signaling through the ER, 27HC plays important roles in
the cardiovascular system, where it is the most common oxysterol present in atherosclerotic
lesions [138]. Specifically, it was observed that 27HC competes with estradiol to regulate
iNOS and eNOS and impairs the E2-stimulated reendothelialization upon artificial injury
[76]. On the other hand, 27HC does not seem to influence all estradiol-ER-driven functions,
as 27HC did not disrupt the reproductive functions of mice lacking CYP7B1 [76, 139].
Therefore, the precise physiological roles of 27HC signaling through the ERs remain to

be elucidated. Nevertheless, behaving as an ER agonist, 27HC stimulates tumor growth of
various origins, including endocrine-related breast and prostate tumors. However, in the case
of prostate and ovarian cancer, the contributions of 27HC to its progression appear to be

a balanced outcome between 27HC serving as an ER agonist and its role as a cholesterol
regulator; on one hand, 27HC was shown to promote prostate cancer cell proliferation
through ERp, while on the other, the reduction of cellular cholesterol content signaled by
27HC was unfavorable to tumor growth [108, 112].

The complexity of 27HC’s tumor-promoting roles was further revealed through its influence
of the tumor microenvironment. To date, this facet of 27HC biology seems to lie in its

target receptor, LXR. LXR activation itself was found to suppress various inflammatory
gene expression in macrophages and other immune cells [85, 140, 141]. Expectedly, under
tumor development, abundant infiltrating macrophages and cancer cells themselves could
induce LXR activity through an increased activity of cholesterol metabolism brought

by cells, especially in the context of hypercholesterolemia. This therefore could lead

to increased anti-inflammatory phenotype, decreased immune surveillance and increased
tumor growth. Indeed, studies have found that oxysterols such as 27HC led to increased
metastasis, likely due to increased tumor-associated myeloid immune cells and decreased

T cell cytotoxicity. LXR was shown to play an indispensable role in some of these
processes. Blockade of targets along the cholesterol-metabolic axis boosted the immune
functions against tumor cells in various tumor models. However, it was also shown that LXR
activation could be beneficial to anti-tumor activities, as it depletes MDSC infiltration into
the tumor microenvironment. Studies also showed direct pro-inflammatory actions of LXR
activation by synthetic agonists. One example was increasing Bacillus Calmette-Guerin
(BCG) vaccine-trained immunity in monocytes [135]. We discussed several possibilities that
might have caused this paradox, especially in the tumor context: 1. the tissue-type and cell-
type specific consequence of LXR activation. 2. Effects mediated by cholesterol metabolite
(e.g., 27HC) signaling could involve crosstalk between multiple nuclear receptors. 3.
Natural ligands (oxysterols and cholesterol metabolites) of cholesterol could have selective
modulatory effects. 4. The off-target effects of LXR agonists may play a role in the anti-
tumor effect. Further investigation will be needed to validate the participation of LXR

and the difference between LXR agonists and cholesterol metabolites in their influence on
cancer development.
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Despite the confounding contributions of LXR, cholesterol metabolism and 27HC, the most
prevalent oxysterol present in circulation, has been shown to directly and indirectly promote
breast cancer progression. Targeting the synthesis of 27HC presents a logical option to
circumvent the to-be-scrutinized roles of LXR. Various independent studies have shown that
inhibiting the enzyme CYP27A1 that generates 27HC could reduce tumor development and
improve checkpoint inhibition efficacy [12, 22, 113]. Additionally, a marketed aromatase
inhibitor, anastrozole, had off-target effects as an inhibitor of CYP27A1 without altering
plasma and hepatic cholesterol content, implying the minimal impact this approach may put
on cholesterol homeostasis [142], and that the efficacy of aromatase inhibitors may be in
part due to their influence on this axis. Upstream of CYP27A1, a recent study targeting
PCSKO9 to reduce cholesterol levels also poses a resolution to improve checkpoint inhibition
efficacy through targeting this axis [7]. The use of statin to directly inhibit cholesterol
synthesis may also be effective. Indeed, observational studies have shown statin use is
associated better response rate or clinical outcome of checkpoint inhibitors in NSCLC [8, 9].
Yet, it will be important to determine the long-term efficacy of this approach, as cholesterol
homeostasis might be restored, and the beneficial effect could be counteracted by increased
cholesterol synthesis in response to the lowered cellular cholesterol level.

In order to realize the therapeutic translation of this axis, we call for future research

with the following directions: (1) Prospective clinical trials to evaluate the influence of

and interactions between circulating cholesterol/27HC, CYP27A1 and CYP7B1 and statin
therapy on cancer progression. (2) Characterization of 27HC within the inner and outer
leaflets of the plasma membrane. (3) Determine if and how 27HC interacts with membrane
associated proteins, and how this may influence subsequent signaling or the effects of
cholesterol itself. (4) Mechanistic studies to determine the selective modulator activity of
different ligands on the LXR. (5) Development of more pharmacologically suitable small
molecule inhibitors of CYP27A1.
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Figure 1. Cholesterol-27HC axis promotes tumor progression.
The enzyme CYP27A1 catalyzes the conversion of cholesterol to 27HC. 27HC is a ligand

for both the ERs and LXRs. Through the ERs expressed in certain cancers (ERa. for
breast, ERp or prostate; see text for details), 27HC promotes proliferation in a cancer
cell-intrinsic manner. The activation of LXR in cancer cells leads to an upregulation of
chemotherapy efflux pump Pgp and support chemoresistance of those cells, but has also
been shown to induce cholesterol efflux and slow proliferation. In a cancer cell-extrinsic
manner, 27HC works on LXRs in antigen (Ag)-presenting macrophages and other myeloid
immune cells such as neutrophils to suppress T cell activity, which ultimately suppresses
immune surveillance and drives cancer progression. Figure created with BioRender
(BioRender.com).
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Figure 2. The LXRs have multifaceted contributionsto cancer progression.
When the LXRs were activated by certain synthetic agonists, MDSC population was

depleted, leading to augmented T cell activity and cancer death in various cancer models.

On the other hand, 27HC has been shown to increase the recruitment and differentiation

of other types of myeloid cells including MDSCs to the tumor site, resulting in impaired

T cell function. The precise role of LXR in this process has not been determined.

27HC could activate LXR in Ag-presenting macrophages and other myeloid cells such

as neutrophils, resulting in a phenotype that confers suppressive effects on T cells.
Additionally, endogenously produced oxysterols have been shown to decrease the expression
of CCR7 within dendritic cells, impairing their ability to migrate towards tumor sites. Figure
created with BioRender.
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Table 1:

List of Abbreviations.

Abbreviation
22(R)HC
24SHC
25HC
27HC
4BHC
7KC
ABCA1l
ABCG1
AF1
AIB1
AR

ATP
BCG
CCR7
COPII
CXCR2
CYP27A1
CYP7B1
DBD

DR

Dvl

E2
EGFR
EMT

ER

ERE

GH
GPCR
GPER1
GPR183
GRIP1
HDAC3
HDL

HER2

HIF
HMGCR
IDOL
IFN
IGF-1

Definition
22(R)-hydroxycholesterol
24(S)-hydroxycholesterol
25-hydroxycholesterol
27-hydroxycholesterol
4B-hydroxycholesterol
7-ketocholesterol
ATP-binding cassette Al
ATP-binding cassette G1
activation function 1
Amplified in breast cancer 1
Androgen Receptor
Adenosine triphosphate
Bacillus Calmette-Guerin
C-C chemokine receptor 7
Coat protein complex Il
C-X-C chemokine receptor type 2
Cytochrome P450 27A1
Oxysterol 7a-hydroxylase
DNA-binding domain
Direct repeats
Dishevelled
17B-estradiol
Epidermal growth factor receptor
Epithelial-mesenchymal transition
Estrogen receptor
Estrogen response element
Growth hormone
G protein-coupled receptor
G protein-coupled estrogen receptor 1
G-protein coupled receptor 183
Glutamate receptor-interacting protein 1
Histone deacetylase 3
High-density lipoprotein

Receptor tyrosine-protein kinase erbB-2, also
known as human epidermal growth factor receptor 2, EGFR2 and CD340

Hypoxia-inducible factor

HMG-CoA reductase

Inducible degrader of the LDL receptor
Interferon

Insulin-like growth factor-1
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Abbreviation Definition
INSIG Insulin-induced protein
JAK Janus Kinase
LBD Ligand-binding domain
LDL Low-density lipoprotein
LDLR Low-density lipoprotein receptor
LPS Lipopolysaccharide
LXR Liver X receptor
LXRE Liver X response element
MAPK Mitogen-activated protein kinase
MDM2 Mouse double minute 2
MDSC Myeloid-derived suppressor cell
MMP9 Matrix metallopeptidase 9
NCoR Nuclear receptor co-repressor
NOS Nitric Oxide Synthase
NR Nuclear receptor
NSCLC Non-small cell lung cancer
PCSK9 Proprotein convertase subtilisin/kexin type 9
PD1 Programmed cell death protein 1
PDL1 Programmed death-ligand 1
PI3K Phosphoinositide 3-kinase
PMN Polymorphoneutrophils
PPAR Peroxisome proliferator-activated receptor
ROS Reactive oxygen species
RXR Retinoid X receptor
SCAP SREBP-cleavage activating protein
SERM Selective estrogen receptor modulator
SIRT1 NAD*-dependent deacetylases Sirtuin 1
SMRT Silencing mediator for retinoid and thyroid receptors
SRC1 Steroid receptor coactivator-1
SREBP2 Sterol regulatory element-binding protein 2
STAT Signal transducer and activator of transcription
SUMO Small ubiquitin-related modifier
TLR Toll-like receptor
TNBC Triple-negative breast cancer
VEGF Vascular endothelial growth factor
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