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Super-enhanced MARCO variant drives triple-negative breast

cancer progression

Weei-Chin Lin**'®, and Fang-Tsyr Lin®'

About 50% of human genes contain multiple active alterna-
tive promoters (1). Since transcription and splicing are tightly
coupled (2), transcripts from different promoters often lead
to changes in exon inclusion and produce different splicing
variants. Multiple promoters and alternative splicing greatly
amplify the complexity of the protein variants and regulation
within our limited human genome to meet the enormous
need during human development or in response to environ-
mental challenges. Unfortunately, cancer cells have evolved
to highjack the usage of alternative promoters for their own
gains (3). Notable examples include an alternative transcrip-
tion initiation (ATI) isoform of anaplastic lymphoma kinase
ALKA" in melanoma (4), an estrogen receptor isoform ERa36
in breast cancer (5, 6), and multiple isoforms of p53 family
proteins in a wide variety of cancers (7), to name a few.
Identification of new oncogenic protein isoforms in each type
of cancer will certainly enhance our understanding of cancer
development and more importantly provide new opportu-
nities for therapy.

Triple-negative breast cancer (TNBC) does not express
hormone receptors, such as estrogen receptor and proges-
terone receptor, and also does not have human epidermal
growth factor receptor 2 (HER2) gene amplification. Therefore,
patients with TNBC do not respond to endocrine therapy or
anti-HER2 targeted therapy. Moreover, TNBC is usually more
aggressive and tends to recur or metastasize. Thus, innova-
tive approaches are urgently needed for TNBC treatment. In
PNAS, Yang et al. (8) report a previously unidentified variant
of macrophage receptor with a collagenous structure
(MARCO) in some TNBCs and show that the presence of this
variant is associated with poor patient outcomes but also
with a better response to inhibitors of BET (bromodomain
and extra-terminal motif).

The authors carried out a comprehensive analysis of RNA
splicing from 360 TNBC patients in Fudan University Shanghai
Cancer Center TNBC (FUSCCTNBC) cohort and found that
tumor-specific transcripts (TSTs) are associated with poor
patient outcomes. Among 227 TSTs in TNBC, they focused
on a new splicing variant of MARCO (named MARCO-TST),
which showed the highest frequency (16.4%) in the
FUSCCTNBC cohort. MARCO is a class A scavenger receptor
present on the cell surface of some immune cells, such as
macrophages, monocytes, and dendritic cells, and mediates
opsonin-independent phagocytosis (9). There are eight
classes (A-H) of scavenger receptors, all with the ability to
bind polyanions for clearance (9). MARCO contains a cyto-
plasmic domain, a transmembrane domain (TM), a spacer
domain, and a long extracellular fibrillary collagenous
domain ended with a scavenger receptor cysteine-rich (SRCR)
domain. MARCO binds exogenous pathogens (such as bac-
teria) or modified endogenous ligands (such as acetylated or
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oxidized low-density lipoprotein and apoptotic cells) and
promotes phagocytosis and clearance of these ligands.
MARCO-TST is derived from an alternative promoter and is
expressed in some TNBCs but not in macrophages (Fig. 1).
MARCO-TST and MARCO share the same TM, spacer, colla-
genous domain, and SRCR domain but have different cyto-
plasmic domains. The authors demonstrate that MACRO-TST
can promote tumor progression of TNBC. Through transcrip-
tome profiling and immunoprecipitation combined with sta-
ble isotope labeling with amino acids in cell culture
(SILAC)-based quantitative mass spectrometry , they eluci-
date the mechanism of action.

MARCO-TST interacts with procollagen-lysine, 2-oxoglut-
arate 5-dioxygenases (PLOD), particularly PLOD2, to enhance
hypoxia-inducible factor-1a (HIF-1a) stability. PLOD2 cata-
lyzes the hydroxylation of lysyl residues in collagen to form
stable collagen cross-links. The enzyme activity of PLOD2
depends on its dimerization (10). The interaction between
MACRO-TST and PLOD2 enhances PLOD2 dimerization and
therefore promotes collagen deposition. Upregulation of
PLODs expression or activity promotes cancer progression
and metastasis (11). Thus, MACRO-TST may promote tumor
progression through enhancing the procollagen activity of
PLOD2. Enhancement of PLOD2 activity also leads to deple-
tion of a-ketoglutarate (a-KG) since a-KG is used as a cofactor
in the hydroxylation of lysyl residues in collagen. On the other
hand, the proline hydroxylation of HIF-1«a by prolyl hydroxy-
lation domain proteins also requires a-KG. Proline hydroxy-
lation of HIF-1a induces VHL-dependent ubiquitination,
leading to HIF-1a degradation (12). Thus, MARCO-TST over-
expression also inhibits proline hydroxylation of HIF-1a and
therefore stabilizes HIF-1a, which is known to be able to drive
tumor progression (Fig. 1).

Since MARCO-TST and MARCO-wild-type (WT) share most
of the functional domains (except for the cytoplasmic
domain), MARCO-TST does not gain new functions. In fact,
when ectopically expressed in tumor cells, both MARCO-TST
and MARCO-WT share the same ability in PLOD2 binding and
HIF-1a stabilization (8). In normal tissues, the expression of
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Fig. 1. In normal tissues, MARCO and procollagen-lysine, 2-oxoglutarate 5-dioxygenases 2 (PLOD2) are expressed in different cell types. MARCO is solely
expressed in macrophages, monocytes, and dendritic cells, whereas PLOD2 is widely expressed in different cell types but not immune cells. In some TNBCs,
the BRD4-driven super-enhancer activates an alternative promoter (P1) of MARCO, resulting in the transcription of a splicing variant MARCO-TST. MARCO-TST
interacts with PLOD2 in TNBC and promotes PLOD2 dimerization and activation. Enhancement of PLOD2 activity can drive cancer progression by promoting
collagen cross-linking. It also reduces the levels of intracellular «-KG and inhibits the degradation of HIF-1q, thereby activating the hypoxic response. Consequently,

these tumors respond better to BETI.

MARCO and PLOD2 is mutually exclusive (Fig. 1). MARCO is
expressed in immune cells where PLOD2 is not present. On
the other hand, PLOD?2 is regulated by HIF-1a (13), E2 pro-
moter binding factors (E2Fs) (14), etc., and is overexpressed
in many types of cancer, such as breast cancer, bladder can-
cer, renal cell carcinoma, non-small cell lung cancer, etc. (11).
Unlike MARCO-WT, the expression of MARCO-TST is aber-
rantly activated in some TNBCs by a separate promoter,
which resides upstream of the promoter of MARCO-WT.
Thus, PLOD2 is coexpressed with MARCO-TST in some TNBCs
but not macrophages (Fig. 1). The interaction between
MARCO-TST and PLOD2 and its functional consequences
therefore only exist in MARCO-TST-expressing TNBC.

The authors went on to demonstrate that the expression
of MARCO-TST is activated by a BRD4-driven super-enhancer
and thus can be inhibited by BET inhibitors (BETi). The sensi-
tivity to a BETi OTX015 is correlated with the expression of
MARCO-TST among several TNBC patient-derived organoids,
supporting a connection between MARCO-TST expression and
BETi sensitivity. Super-enhancers are large clusters of enhanc-
ers that drive very high levels of transcription and often con-
trol genes important for cell-type specification (15). There is
growing evidence supporting that super-enhancers also play
avital role in the tumorigenesis. BRD4, one of the BET protein
family members, binds acetylated histones at transcription
start sites and super-enhancers and mediates transcriptional

20of 3 https://doi.org/10.1073/pnas.2217953119

coactivation and elongation via RNA polymerase Il and a medi-
ator. BETi disrupts the communication between super-en-
hancers and their target promoters along with a subsequent
cell-specific repression of oncogenes, which is considered to
be the main mechanism of sensitivity to BETi (16).

This study identifies an oncogenic splicing variant of
MARCO in some TNBCs and elucidates the mechanism by
which the aberrant expression of MARCO-TST activates the
hypoxia pathway. It has significant clinical implications.
Several BETi have been tested in clinical trials. But one of the
challenges is to identify good biomarkers to predict response
to BETi since not all of the overexpressed BET proteins are
oncogenic drivers (17). This study suggests that MARCO-TST
may serve as a biomarker to predict the BETi response in
TNBC. Besides BETi, this study also suggests that the HIF-1
inhibitors can be used for the treatment of MARCO-TST-
positive TNBC. Although HIF-2a was not studied in this paper,
one would expect a similar stabilization of HIF-2a by MARCO-
TST in these cancer cells given the essential role of proline
hydroxylation in the degradation of both HIF-1a and HIF-2a.
Nevertheless, the role of HIF-1a vs. HIF-2ain TNBC needs to
be formally tested since both can have different or even
contrasting activities (18). Should HIF-2«a also play a role in
these TNBC cells, a HIF-2a inhibitor belzutifan, which was
approved by FDA recently (19), can be immediately tested
in clinical trials for MARCO-TST-positive TNBC. Furthermore,
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the unique cytoplasmic domain in MARCO-TST may serve as
a tumor neoantigen for the future development of tumor
immunotherapy. The study by Yang et al. (8) undoubtedly
has opened up opportunities to develop new therapies
against TNBC.

“In PNAS, Yang et al. (8) report a previously
unidentified variant of macrophage receptor
with collagenous structure (MARCO) in some
TNBC, and show that the presence of this variant
is associated with a better response to inhibitors
of BET (Bromodomain and Extra-Terminal motif).”

The study also raises several intriguing questions: First,
since BRD4-directed super-enhancers are involved in a
wide range of cancers (20), one would expect to see the
aberrant expression of MARCO-TST in other types of cancer
besides TNBC. Indeed, MARCO-TST can be detected in sev-
eral other types of cancer, such as HER2+ breast cancer,
esophageal cancer, glioblastoma multiforme, etc. However,
the frequency is much lower (below 5%). Therefore,
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additional factors besides BRD4-directed super-enhancers
may be required for the accumulation of MARCO-TST.
Second, MARCO-TST contains a long collagen-like domain.
Can PLOD?2 catalyze the hydroxylation of lysyl residues in
the collagen-like peptides of MARCO-TST and regulate
MARCO-TST? If so, the interaction between
MARCO-TST and PLOD2 may lead to a reciprocal
regulation. Third, the enhancer, alternative pro-
moter, and additional exons of MARCO-TST are
inherently present in our genome. Is MARCO-
TST really tumor specific, i.e., can it be expressed
in some normal tissues at certain stages of
development? If so, does MARCO-TST play any
role in normal tissues or during development?
Many splice variants play different but important roles.
Future study will be required to address this question. After
all, it is still possible that MARCO-TST is not totally an “evil
me.”
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