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Triple Negative Breast Cancer (TNBC) is the most aggressive breast cancer
subtype suffering from limited targeted treatment options. Following recent
reports correlating Fibroblast growth factor-inducible 14 (Fnl4) receptor
overexpression in Estrogen Receptor (ER)-negative breast cancers with
metastatic events, we show that Fnl4 is specifically overexpressed in TNBC
patients and associated with poor survival. We demonstrate that constitutive
Fnl4 signalling rewires the transcriptomic and epigenomic landscape of TNBC,
leading to enhanced tumour growth and metastasis. We further illustrate that
such mechanisms activate TNBC-specific super enhancers (SE) to drive the
transcriptional activation of cancer dependency genes via chromatin looping.
In particular, we uncover the SE-driven upregulation of Nicotinamide phos-
phoribosyltransferase (NAMPT), which promotes NAD+ and ATP metabolic
reprogramming critical for filopodia formation and metastasis. Collectively,
our study details the complex mechanistic link between TWEAK/

Fnl4 signalling and TNBC metastasis, which reveals several vulnerabilities
which could be pursued for the targeted treatment of TNBC patients.

M Check for updates

Breast cancer (BC) is the leading malignancy in women (which com-
prises 11.7% of total cases), accounting for 6.9% of all cancer related
deaths globally'™*. Additionally, the heterogeneity of this disease
makes it challenging for both diagnosis and treatment>°. There are five
distinct molecular subtypes of BC: Luminal A, Luminal B, HER2-enri-
ched, Basal-like/Triple negative and Normal-like’’. Amongst them,
TNBC is the most aggressive and heterogenous subtype that exhibits
enhanced proliferative and metastatic capacity, poorer prognosis and
higher disease recurrence compared to the other subtypes. In addi-
tion, TNBCs are insensitive to endocrine and HER2-targeted therapy
due to the absence of all three hormonal receptors which limits

treatment options to standard chemotherapeutic regimens, such as
taxanes, anthracyclines and platinum-based agents, alongside recent
combination treatment with immuno-therapeutics'®'. However,
despite various treatment options, fewer than 30% of patients achieve
pathologic complete response'®”, Consequently, there is an urgent
need to identify effective molecular markers or driver factors specific
to TNBC patients for targeted therapies.

To discover new therapeutic targets, it is crucial to elucidate the
oncogenic signalling mechanisms and their requisite gene regulatory
programmes which sustain TNBC malignancy. The Tumour necrosis
factor (TNF)-like weak inducer of apoptosis (TWEAK)/Fibroblast
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growth factor-inducible 14 (Fn14) pathway is one such signalling cas-
cade implicated in the pathogenesis of TNBC and other solid tumours.
The TWEAK cytokine, TNFSF12, is a member of the TNF superfamily
that is widely expressed in several tissues and cell types including
fibroblasts, immune, mesenchymal, endothelial and tumour cells**,
Through binding to its cognate receptor, Fn14 (or TNFRSF12A), TWEAK
activates multiple cellular responses including modulation of cell
death, proliferation, migration, angiogenesis and production of
proinflammatory mediators'*?°. While TWEAK and Fnl4 expression are
typically low in most normal tissues, their aberrant expression has
been detected during tissue injury or chronic inflammation, and in
various tumours and metastases such as gliomas, prostate and BCs* >,
Notably, TWEAK and Fnl4 have been found to be overexpressed in ER-
negative BCs relative to the ER-positive subtype and activation of this
pathway has been further correlated with increased breast tumour
invasion and metastasis®.

Aberrant TWEAK/Fn14 signalling has been shown to activate sev-
eral pro-oncogenic pathways such as NF-kB, JNK, ERK and TRAF
signalling” . Many of the transcription factors activated downstream
of these pathways have been reported to mediate tumour cell invasion,
metastasis and cancer stem cell phenotypes in multiple cancer
types® . Additionally, some factors such as those from the AP-1 or NF-
kB family are known to regulate the epigenome in various disease or
inflammatory settings**°. However, the clinical significance and bio-
logical roles of deregulated TWEAK/Fn14 signalling in regulating the
epigenetic plasticity and transcriptome of TNBCs remain elusive. In
this study, we performed integrative transcriptomic and epigenomic
analyses of TNBC cell lines and patient samples to characterise the
gene regulatory roles of TWEAK/Fnl4 pathway in remodelling the SE
landscape of TNBC tumours. We identify a distinct TWEAK-induced
transcriptional signature in basal-like tumours that is enriched in pro-
metastatic and metabolic genes. We further demonstrate that con-
stitutive TWEAK/Fn14 signalling activates a significant proportion of
TNBC-specific SEs targeting several of these genes through chromatin
interactions. Importantly, deleting one of the TNBC-specific SEs tar-
geting a TNBC dependency gene, NAMPT, abrogated the TWEAK/Fn14-
driven tumorigenesis and metastasis of TNBC xenografts. Moreover,
TWEAK/Fnl4-induced NAMPT expression resulted in nicotinamide
adenine dinucleotide (NAD) metabolic rewiring that is critical for the
filopodia formation and invasion of TNBC cells. Collectively, our
findings reveal a previously unrecognised role for TWEAK/Fn14 path-
way in reprogramming the SE landscape of TNBC tumours to drive the
expression of metastasis and metabolic genes critical for TNBC pro-
gression. Our work thereby highlights the therapeutic potential of
targeting the TWEAK/Fnl4 signalling cascade and future character-
isation of the oncogenic functions of its downstream gene targets for
plausible intervention.

Results

Persistent Fnl4 activation drives TNBC tumorigenesis and
metastasis

The expression of Fni4 in breast tumours has previously been shown
to be positively correlated with HER2 expression as well as the lack of
ER status®**. To evaluate the prevalence of aberrant TWEAK/
Fnl4 signalling in patients with TNBC, we interrogated the TCGA BRCA
RNA-seq dataset which revealed the overexpression of Fni4 in basal-
like tumours, the predominant molecular subtype of TNBC, relative to
ER-positive tumours (Fig. 1a). Further analysis of primary TNBC patient
samples demonstrated higher Fnl4 protein expression levels in TNBC
tumours relative to their adjacent normal tissues (6 out of 9 malignant
samples) (Fig. 1b). The elevated expression of Fnl4 was also consistent
in TNBC cell lines compared to ER-positive cell lines. Surprisingly,
HER2 cell lines exhibited low Fnl4 protein expression (Fig. 1c), sug-
gesting a possible unreported mechanism for the post-transcriptional
regulation of Fnl4 in the HER2 subtype. Further single cell RNA-seq

(scRNA-seq) analysis of TWEAK and FnI4 expression ina TNBC primary
tumour and its matched lymph node metastases revealed that in both
primary and metastatic settings, Fnl4 was most highly expressed in
epithelial cells. In contrast, TWEAK was most highly expressed in
endothelial cells in the primary tumour and in monocytes and mac-
rophages in the lymph node metastases** (Supplementary Fig. 1).
Together, this suggests that in TNBCs, TWEAK/Fnl4 activation occurs
through a paracrine mechanism.

Notably, Fnl4 overexpression was selectively associated with a
poorer relapse-free survival in TNBC and HER2 patients but not in
patients with ER-positive BCs (Supplementary Fig. 2), suggesting that
TWEAK/Fnl4 signalling may trigger subtype specific responses in BC
patients. These observations therefore recapitulate the predominant
overexpression of Fnl4 in TNBC tissues relative to ER-positive sub-
types and normal breast tissues, implicating the critical involvement of
Fnl4 signalling in the pathogenesis of TNBCs.

To functionally validate this, we treated a panel of TNBC cell lines -
MDA-MB-231, Hs578T and BT549, HER2 cell lines - SKBR3 and MDA-
MB-453, and ER-positive BC cell lines - MCF7, T47D and CAMAL, with
exogenous TWEAK ligand. Only the TWEAK-induced TNBC cell lines
displayed a striking increase in cancer cell invasion and proliferation
(Fig. 1d-f). These effects were abolished upon CRISPR-mediated Fni4
deletion in TNBC cells, confirming that the oncogenic activity of
TWEAK/Fn14 signalling is driven through specific binding of TWEAK to
the Fnl4 receptor (Supplementary Fig. 3a-d). Consistent with the
functional effects observed in vitro, TWEAK-overexpressing MDA-MB-
231 cells, but not TWEAK-overexpressing MCF7 cells, displayed
enhanced tumour growth and metastasis in orthotopic tumour xeno-
grafts (Fig. 1g-i, Supplementary Fig. 4). We further evaluated the
impact of the tumour microenvironment on TWEAK/Fnl4-driven
TNBC progression. Here, we found that Fni4 knockdown (KD) reduced
the tumour growth and metastasis of 4T1 cells (mouse TNBC cell line)
in immune competent BALB/cN mice (Supplementary Fig. 5). Collec-
tively, these findings highlight the causal role of constitutive TWEAK/
Fnl4 activation in promoting TNBC malignancy, which is likely to
confer a worse clinical outcome in TNBC patients.

TWEAK/Fn14 signalling induces distinct TNBC transcriptional
signatures associated with pro-metastatic and metabolic
programmes
To examine the gene regulatory programmes mediating the distinct
phenotypic effects induced by TWEAK/Fnl4-signalling among BC
subtypes, we performed RNA-seq analyses of the changes in their
transcriptional regulome upon Fnl4 activation. Intriguingly, con-
stitutive TWEAK/Fn14 signalling induced distinct transcriptomic pro-
files in TNBC versus HER2 and ER-positive cell lines (Fig. 2a,
Supplementary Fig. 6a, b). We identified 220 upregulated and 118
downregulated differentially regulated genes (DEGs) in TNBC cell lines
that were also selectively enriched and depleted, respectively, in basal-
like tumours compared to other subtypes from the TCGA-BRCA
dataset (Fig. 2b). Remarkably, these genes were prominently enriched
in pro-metastatic, proliferative and metabolic functions (Fig. 2c),
reaffirming the oncogenic effects and clinical significance of aberrant
TWEAK/Fnl4 signalling in TNBC progression (Fig. 1). In contrast,
TWEAK-induced DEGs in HER2 and ER-positive cell lines displayed a
low concordance with the transcriptomic profiles of their respective
tumour samples (Supplementary Fig. 6c, d), suggesting the oncogenic
activity of the TWEAK/Fn14 pathway may be subtype specific.
Further investigation of the biochemical pathways activated
downstream of TWEAK/Fn14 signalling revealed a similar enrichment
of MAPK, AP-1, TNF and NF-kB pathways in all three subtypes, con-
sistent with previous literature**™*¢, Interestingly, we also observed
subtype-specific pathway enrichment such as pathways associated
with NAD+ biosynthesis, methionine and purine metabolism, induc-
tion of JNK and cJun phosphorylation in TNBC cell lines (Fig. 2d).
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Fig. 1| Constitutive Fnl4 expression correlates with poor survival in TNBC
patients and drives TNBC progression. a Relative Fnl4 gene expression levels in
Basal-like (n=229), HER2 (n=158), Luminal A (n=300), Luminal B (n=304),
Normal-like (n=106) and non-cancer (n=113) patient samples from the TCGA
BRCA RNA-seq dataset. Box plot depicts the first quartile, median and third quartile
of values. Fnl4 protein expression analysed by western blotting in (b) TNBC patient
tumours (T) and their matched normal samples (N), and in (c) TNBC, HER2 and ER-
positive breast cancer cell lines. d Transwell invasion assay was performed in MDA-
MB-231, Hs578T, BT549, SKBR3, MDA-MB-453, MCF7, T47D and CAMAL cells with
and without TWEAK treatment. Representative images from n = 3 biological repli-
cates are shown. Scale bars: 400 um. e Plot depicts the average number of invaded
cells/frame (mean + s.d) from n =3 biological replicates, across four fields per
replicate. f Proliferation assay plot depicts the average number of cells counted
relative to 0 h (mean +s.d) in MDA-MB-231, Hs578T, BT549, SKBR3, MDA-MB-453,
MCF7, T47D and CAMAL cells, treated with and without TWEAK from n=3

Overexpression

biological replicates. g Tumour growth plot depicts the weekly average tumour
volume (mean + s.d) from mice injected with MDA-MB-231 cells overexpressing
luciferase and overexpression control or TWEAK. Performed in n =35 biological
replicates. h IVIS tracking of mice injected with MDA-MB-231 cells overexpressing
luciferase and overexpression control or TWEAK. Representative bioluminescent
images of the animals were taken at 1 and 8 weeks after orthotopic xenograft. i Plot
depicts total flux (mean + s.d) at the metastatic sites of each animal after 8 weeks in
n=5 biological replicates. Western blot samples were derived from the same
experiment and on the same gels for Fn14 and GAPDH. Experiments involving cell
lines were performed 3 times independently, each time on different days. Two-
sided Wilcoxon signed-rank test was used for differential gene expression. Two-
sided two-way ANOVA was used for in vitro proliferation and invasion assay. Two-
sided ¢ test was used for in vivo assays. *P < 0.05; **P < 0.01; **P < 0.001. Source data
are provided as a Source Data file.
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Fig. 2| TWEAK/Fnl4 signalling drives a distinct transcriptomic signature which
is associated with oncogenic processes in TNBC tumours. a Heatmap depicting
the average expression of TWEAK/Fn14 differentially regulated TNBC genes in
MDA-MB-231, Hs578T, SKBR3, MDA-MB-453, MCF7 and CAMAL cell lines, treated
with and without TWEAK. Data shown represent n = 3 biological replicates.

b Heatmap depicting the expression of TWEAK/Fn14 upregulated and down-
regulated genes in TNBC cell lines that were respectively enriched and depleted in
TCGA BRCA basal-like patient samples. ¢ Dot plot depicting the enriched GO terms
associated with the TWEAK/Fn14 differentially regulated genes in TNBC cell lines
and TCGA BRCA basal-like patient samples. d Dot plot depicting enriched signalling

pathways specific to and common between TNBC, HER2 and ER-positive breast
cancer cell lines following TWEAK treatment. e NF-kB and MAPK pathway signalling
regulators analysed by western blotting in MDA-MB-231, Hs578T, BT549, MCF7,
T47D and CAMAL cells, treated with and without TWEAK. The western blot samples
derive from the same experiment but different gels for Fnl4, another for NFKB2,
p65 and GAPDH, another for p-JNK1/2 and JNK1/2 and another for p-ERK1/2 and
ERK1/2 were processed in parallel. Fisher’s exact test was used for statistical analysis
of GO terms. Kolmogorov-Smirnov test was used for statistical analysis of enriched
pathways. Source data are provided as a Source Data file.

Consistent with earlier survival analyses (Supplementary Fig. 2), we
observed that the upregulation of genes associated with TNBC or
HER2-specific pathways conferred Basal and HER2 patients, respec-
tively, to poorer relapse-free survival. In contrast, high expression of
genes associated with ER-positive specific pathways improved the
relapse-free survival of Luminal A and Luminal B patients (Supple-
mentary Fig. 6e), further suggesting the subtype specificity of TWEAK/
Fnl4-driven oncogenicity.

Immunoblotting analysis of control versus TWEAK-treated TNBC,
HER2 and ER-positive BC cell lines validated the similar levels of non-
canonical NF-kB activation, without impacting canonical NF-kB, in all
cell lines following TWEAK stimulation. Furthermore, in line with our
pathway analyses, TWEAK stimulation resulted in the selective induc-
tion of JNK signalling in TNBC cell lines (Fig. 2e, Supplementary Fig. 6f).
However, ERK phosphorylation, a major signalling event downstream
of MAPK activation, was not affected by TWEAK stimulation. The
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activation of JNK and non-canonical NF-kB pathways was abolished in
TWEAK-treated Fnl4 knockout (KO) TNBC cells (Supplementary
Fig. 3a), along with the pro-tumorigenic effects of TWEAK/
Fnl4 signalling (Supplementary Fig. 3b-d). We further demonstrate
that JNK and non-canonical NF-kB activation in TWEAK-treated TNBC
cell lines was ameliorated following 96 h wash-off (Supplementary
Fig. 7a), indicating the requirement for persistent TWEAK/Fnl4 acti-
vation to drive these pathways. Importantly, these pathways have been
shown to be critical mediators of TNBC progression via the activation
of oncogenic transcription factors including AP-1*. Our observations
thereby highlight the distinct regulation of pro-metastatic and meta-
bolic transcriptional programmes by TWEAK/Fn14 pathway in TNBCs,
which are likely to be mediated via AP-1, non-canonical NF-kB and JNK
signalling.

TWEAK/Fn14 signalling stimulates oncogenic super-enhancer
activation in TNBCs

Several of the TWEAK/Fnl4-activated transcription factors (TFs) such
as NF-kB2/p52 and AP-1 can bind accessible chromatin regions to
modulate the genomic landscape of cancers and drive aberrant
transcription®**¢*%, In particular, these factors have been reported to
coordinate enhancer function and various epigenomic alterations to
potentiate transcription in different diseases and cell types*****°. To
gain mechanistic insights into the TWEAK/Fnl4-driven chromatin
dynamics and cis-regulatory changes that impact oncogenic tran-
scription, we performed ATAC-seq and H3K27ac ChIP-seq in our panel
of BC cell lines and TNBC patient samples. Notably, TWEAK/Fn14
activation resulted in the gain and loss of chromatin accessibility at
4186 and 550 genomic loci, respectively, in TNBC cell lines (Fig. 3a). In
contrast, these sites were generally unperturbed in the HER2 cell line,
SKBR3, and ER-positive cell line, MCF7, suggesting that TWEAK/Fn14-
induced chromatin changes may be subtype specific. These differ-
ential accessible regions displayed corresponding enhanced or
depleted accessible chromatin elements in Fnl4-high TNBC tumours
(2086, 8370, 2063, 6122, 8850 and 5929) relative to matched normal
tissues, implying that TWEAK/Fn14-driven chromatin remodelling may
be impacting TNBC development. Conversely, TWEAK/Fn14-mediated
chromatin dynamics observed in SKBR3 and MCF?7 cells did not appear
to be differentially regulated in TNBC tumours versus normal tissues
(Supplementary Fig. 8a, b). Altogether, these data illustrate a pre-
viously unrecognised role for TWEAK/Fn14 pathway in modulating the
chromatin plasticity of TNBCs, potentially to drive transcriptional
programmes critical for TNBC progression.

Further analysis of the TWEAK/Fn14-altered accessible chromatin
regions in TNBC revealed their predominant distribution (>90%) at
intronic and intergenic regions, implicating a plausible rewiring of the
enhancer landscape (Fig. 3b). Consistently, TWEAK/Fnl4-induced
H3K27 acetylation changes were positively correlated with the chro-
matin accessibility dynamics observed in TNBC cell lines (Fig. 3c).
Differential H3K27ac signals in TWEAK/Fnl4-activated TNBC cell lines
displayed a distinct TNBC-specific signature in Fnl4-high tumours
relative to adjacent normal tissues (Fig. 3d). In contrast, this TWEAK/
Fnl4-induced TNBC enhancer landscape was weakly regulated upon
TWEAK stimulation in HER2 and ER-positive cell lines (Fig. 3d), corre-
lating with the chromatin accessibility dynamics. Conversely, TWEAK/
Fnl4-induced H3K27ac peaks in HER2 and ER-positive cell lines were
mostly associated with enhancer activation in TNBCs (Supplementary
Fig. 8¢, d). Furthermore, these TNBC-specific epigenetic changes were
abolished following Fnl4 KO (Supplementary Fig. 3e) or 96 h wash-off
(Supplementary Fig. 7b), highlighting the requirement for persistent
TWEAK/Fnl4 activation to drive enhancer activity. Gene ontology
analysis of genes associated with these TNBC-specific enhancers
revealed the significant enrichment of cancer-promoting biological
processes including migration, cell proliferation and angiogenesis
(Fig. 3e). Such epigenomic profiles recapitulate the distinct

transcriptomic signatures and oncogenic functions of TWEAK/Fn14
signalling highlighted previously in TNBCs (Figs. 1 and 2).

To further characterise the gene regulatory roles of TWEAK/Fn14-
driven TNBC enhancers in promoting malignancy, we examined the
prevalence of TWEAK/Fn14-dynamic SEs in our clinical samples and
their association with oncogenic transcription. Multiple studies have
identified the critical roles of TNBC-specific SEs in promoting subtype
specific tumorigenic and metastatic functions®**, highlighting this as
an exploitable therapeutic vulnerability. Interestingly, approximately
25-60% of all SEs detected in TNBC cell lines were differentially
regulated upon TWEAK/Fn14 activation and they displayed substantial
concordance between the two TNBC cell lines (Supplementary Fig. 9).
A large proportion (-70%) of these TWEAK/Fn14-dynamic SEs were also
detected in Fnl4-high TNBC tumours (Fig. 3f). Specifically, TWEAK-
gained SEs exhibited elevated enhancer activity in tumours relative to
adjacent normal tissues, which correlated with a significantly higher
average relative expression of neighbouring genes in basal-like
tumours compared to other BC subtypes and non-cancer tissues
(Fig. 3g, h). These findings highlight the distinct regulation of TWEAK/
Fnl4 pathway in the reprogramming of TNBC-specific SEs, which are
clinically important and likely to drive the aberrant expression of
oncogenes essential for TNBC progression.

TWEAK/Fnl4-activated oncogenic SEs are enriched with AP-1
binding sites

Next, we sought to identify the DNA binding factors associated with the
TWEAK/Fnl4-driven TNBC SE landscape by performing ATAC-seq
footprinting analyses in the TNBC cell lines and clinical samples. Our
analyses revealed the enhanced enrichment of NF-kB and AP-1 TF
footprints genome-wide in both TWEAK/Fn14 activated TNBC cell lines
and Fn14-high TNBC tumours (Fig. 4a, b, Supplementary Fig. 10). This is
consistent with the induction of NF-kB and MAPK pathways in TWEAK/
Fnl4-activated TNBC cells (Fig. 2d, e) and consequent activation of NF-
kB and AP-1 TFs that have been implicated in disease-associated
enhancer/SE regulation®*%*¢, Notably, a cluster of AP-1 TF footprints
exhibited the highest enrichment in Fnl4-high tumours, suggesting an
association between increased AP-1 DNA binding with TNBC develop-
ment and TWEAK/Fnl4 activation. Intriguingly, further analysis
demonstrated increased binding activity of many AP-1 TFs in Fn14-high
TNBC tumours specifically at TWEAK/Fnl4-driven TNBC SEs (Fig. 4c).
Furthermore, the genes proximal to these enriched SE binding sites
were mainly associated with cell proliferation, migration and nucleo-
tide metabolism, mirroring the cancer-promoting processes enriched
in the TWEAK-induced transcriptomic and enhancer signatures
(Fig. 4d). These observations implicate the enhanced AP-1 binding
activities in TNBC during TWEAK/Fn14-driven epigenomic alterations
and oncogenesis. We functionally verified this through supplementa-
tion of an AP-1 inhibitor, T5224, which abolished TWEAK/Fn14-driven
proliferation and invasion in MDA-MB-231 and Hs578T cells (Supple-
mentary Fig. 11a—-c). Consistent with the in vitro data, T5224 supple-
mentation reduced the TWEAK/Fnl4-driven metastasis of TNBC cells
in vivo without affecting tumour growth (Supplementary Fig. 11d-g).
Our data therefore suggest that AP-1 factors are critical regulators of
TWEAK/Fnl4-induced oncogenic SEs and function.

TWEAK/Fnl4 activation drives enhancer-promoter looping
associated with TNBC dependency genes

Distal enhancers and SEs have been shown to activate the transcription
of cancer driver genes through enhancer-promoter cis-regulatory
interactions in various malignancies including TNBCs****. To determine
whether the TWEAK/Fn14-dynamic, TNBC-specific SEs were interacting
with potential oncogenes to enhance malignancy, we performed
H3K27ac HiChIP to characterise the chromatin interactome in control
versus TWEAK-treated MDA-MB-231 cells. TWEAK/Fnl4 activation
induced a drastic remodelling of the TNBC chromatin architecture,
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Fig. 3 | TWEAK/Fn14 signalling rewires the SE landscape of TNBCs. a ATAC-seq
signals of MDA-MB-231, Hs578T, SKBR3 and MCF7 cells, treated with and without
TWEAK, as well as the merged signals of Fn14 high TNBC patient tumours and their
matched normal samples (2086, 8370, 2963, 6122, 8850 and 5929) at differentially
regulated chromatin accessible sites in TNBC cell lines following TWEAK treatment.
b Genomic distribution of the TWEAK/Fn14 differentially regulated TNBC ATAC-seq
peaks. ¢ Correlation plot between TWEAK/Fn14 differentially regulated TNBC
ATAC-seq peaks and the H3K27ac ChIP-seq peaks that overlap. d H3K27ac ChIP-seq
signals of MDA-MB-231, Hs578T, SKBR3, MDA-MB-453, MCF7 and CAMAL cells,
treated with and without TWEAK, as well as the merged signals of Fn14 high TNBC
patient tumours and their matched normal samples at differentially regulated
enhancer sites in TNBC cell lines. € GREAT terms associated with TNBC TWEAK/
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Fnl4-upregulated and downregulated enhancers. f Bar plot depicting the number
of shared TWEAK/Fn14 regulated TNBC SEs found in cell lines and tumours.

g Merged H3K27ac normalised binding score of the Fnl4 high TNBC patient
tumours and their matched normal samples at TWEAK/Fn14 differentially regulated
SEs found in TNBC cell lines and tumour samples. h Average gene expression in
TCGA BRCA patient samples of the nearest genes to TWEAK/Fn14 upregulated SEs
detected in TNBC cell lines and tumour samples. Basal-like (n = 229), HER2 (n =158),
Luminal A (n=300), Luminal B (n=304), Normal-like (n=106) and non-cancer
(n=113). Box within violin plot depicts the first quartile, median and third quartile
of values. Binomial test was used for statistical analysis of GREAT GO terms. Two-
sided Wilcoxon signed-rank test was used for statistical analysis of differential gene
expression. *P<0.05; *P<0.01; **P<0.001.

whereby 15,293 gained and 5258 lost chromatin interactions were
detected from 26,011 significant chromatin loops (>10KB to 2 MB)
called across both conditions (Fig. 5a, b). We subsequently classified the
loops into three annotations: E-P: Enhancer-Promoter, P-P: Promoter-
Promoter and E-E: Enhancer-Enhancer. Intriguingly, majority of the
differential loops, particularly gained loops, were E-P interactions
(10828 loops, 41.6%) followed by E-E (9018 loops, 34.7%) and P-P (6165

loops, 23.7%) interactions (Fig. 5c). Such observations uncovered a
distinct role for TWEAK/Fnl4 pathway in mediating active chromatin
interactions between enhancers and gene promoters in TNBC.
Further integration of the TWEAK/Fnl4-induced E-P interaction
dynamics with the enhancer and gene expression changes revealed a
positive correlation between the cis-regulatory interaction dynamics
and enhancer/gene expression fold change (Fig. 5d). Among the E-P

Nature Communications | (2024)15:5638



Article

https://doi.org/10.1038/s41467-024-50071-z

Motif clustering 2]
MAFG:NFE2L1-lke 200 = ®
O JUNB-iike ® AV.TFBS
O NRF1-like ® ® Score
- O MAFG-like ®- o:
° O ETV1-like . :
= O NFKB2-like ) @ oo
S 03+ ERF::FOXI1-like [=J .
8 [ ZNF571-like & ® ® ® ® @
£ 150 «
> 5 ®) L L
g 11
[} Average global § ‘. . ‘ '
E -log10(FDR) 8 . 12
o 180 5
e = 160 ‘£-=
= A 140 = . 13
S 120 £ 100
£ Average log2 FC 2
<} | —— ] : o
8 = g— — . gene expression £
3 (TWEAK / Control) 2 A%‘jg? FC
@ .
%’ | ’ o 00 50 = 83;
8 @ ! Q os i
8 036
s Q 1w
<
O
® .
% 20
O T T T T T T T T ¥ T T T T T T T T T T T T T T T T T
~ NN N - ©® 0 W N T OO0 00 Z Q00 Z Z 00 Z ® L Z o
e EiE35E38372828832¢835¢282z¢CL38
- S 22323 3 0033 33 g3 3 <2 333 oL s
@ @D S L d 248482022324z 3 3 E
T T T 2 2 32 a2 g 33 @ o @
0.03 0.06 0.09 Q o Q o2 & re
Global footprint log2 FC (Tumour / Normal) Transcription factors
= tumours w— tumours = tumours
JUND normal JUNB normal NFKB2 _ normal
0.08 0.10 0.08
_ o008 007 d
¥ 0% 2 006 T o006
2 0.04 B B = Selected GO terms
v g 004 § 0.05
© 0.02 ‘g 0.02 S 004 regulation of plasma membrane Bl
g g - o bounded cell projection organization Enrichment
2 0.00 8 0.00 g 0.03 ® 15
< < < chemotaxis = . ®
o5 002 002 20
o) 004 0.01 kynurenine metabolic process = . . 25
-0, ; 30
0.00 3
60 40 20 0O 20 40 60 60 40 20 0 20 40 60 60 40 20 0 20 40 60 actin filament-based movement = [ ] . 36
bp fr t
p from center bp from center bp from center ribonucleotide catabolic process = ®
= tumours = tumours = tumours
FOS ~— normal JUN ~ normal MAFG . nomal regulation of cell growth = .
=log10(FDR
0.08] 008 0.07 second-messenger-mediated signaling = ° gﬂé 2
% w 0.06 0.06 1.12
2 0.06 g B e mesenchymal cell proliferation @ 1.08
@ @ 004 B 1.04
3 0.04 3 D 0.04 purine—containing compound catabolic process
g} ‘ % o %, 0.0 25 26 27 2.8 29 30
5 5 g
3002 2 000 2 0.02 ~log10 P-Value
< 001
0.00) -0.02 .
-0.04
60 40 -20 0 20 40 6l 60 40 -20 0 20 40 60 60 40 -20 O 20 40 60

bp from center bp from center

Fig. 4 | TWEAK/Fnl4 signalling alters the binding dynamics of key transcription
factors from the AP-1 and NF-kB families. a Global TF binding dynamics in TWEAK
stimulated MDA-MB-231, Hs578T and Fn14 high TNBC patient tumours (2086, 8370,
2963, 6122, 8850 and 5929). MDA-MB-231 and Hs578T log2 fold changes for foot-
prints and gene expression are averaged. Average global FDR for each TF footprint
across cell lines and tumours indicated. TF binding changes exhibiting p values in
the upper half of the distribution are selected and filtered for consistent global
footprint and gene expression dynamics across cell lines and tumours. Motifs are
clustered based on similarity via TOBIAS. b Aggregate plots for footprints called as
bound in tumour samples and unbound in normal samples. Aggregated signal is

bp from center

normalised for coverage, centred on the TFBS flanked by 60 bp. ¢ AP-1 family
transcription factor binding sites at SEs showing increased binding under TWEAK
stimulation and in TNBC tumours. Average transcription factor binding site (TFBS)
score is calculated across all sites showing increased binding. Average log2 fold
change is the average across MDA-MB-231, Hs578T under TWEAK stimulation and
TNBC versus normal samples. d GO biological processes enriched for genes in
proximity to binding sites showing increased footprint depth across enhancers
under TWEAK stimulation and in TNBC versus normal samples. False discovery rate
test was used for statistical analysis of GO terms.

pairs displaying epigenomic changes, 171 interactions were associated
with TNBC-specific SEs and 88 interactions were associated with
TWEAK/Fnl4-regulated expression of 48 unique DepMap TNBC
dependency genes (44 of which were also pan cancer DepMap
dependency genes). Additionally, majority of the TNBC dependency
genes (26 out of 48) were transcriptionally activated following TWEAK
stimulation and targeted by upregulated enhancers, consistent with
the TWEAK/Fnl4-induced oncogenic transcriptional signatures and SE
activity observed previously. Some of these dependency genes, such
as ITGAV, NAMPT and KIF18A, have also been reported to drive TNBC
proliferation and metastasis®® (Fig. 5d). Notably, we detected 15
interactions between TWEAK/Fnl4-dynamic TNBC SEs and differen-
tially regulated TNBC dependency genes, where the loop targeting
NAMPT was the most highly upregulated. Collectively, these findings
demonstrate a previously unexplored role of TWEAK/Fnl4-driven

epigenomic rewiring in the promotion of TNBC malignancy through
augmenting enhancer-promoter looping. Our data further implicate
the critical role of aberrant TWEAK/Fn14 signalling in the activation of
TNBC dependency genes via oncogenic SE acquisition.

NAMPT is a target gene of a TNBC-specific, TWEAK-activated SE
To validate this further, we selected the NAMPT locus which contained
the most upregulated TNBC dependency gene associated with a
TWEAK/Fn14-gained TNBC SE. Clinically, NAMPT is overexpressed in
the basal-like subtype and its high expression confers the poorer sur-
vival of patients with TNBC but not HER2- or ER-positive BCs (Sup-
plementary Fig. 12). Moreover, TWEAK treatment selectively induced
NAMPT expression in TNBC but not HER2 or ER-positive cell lines
(Fig. 6a, Supplementary Fig. 13a), correlating with the elevated levels of
NAMPT in Fn14-high TNBC tumours relative to matched normal tissues
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Fig. 5 | TWEAK/Fnl4 signalling remodels the TNBC chromatin interactome
associated with key oncogenes. a Aggregated peak analysis matrices depicting
H3K27ac HiChIP loop signals in MDA-MB-231 cells, treated with and without
TWEAK. b Venn diagram depicting the common and differential H3K27ac HiChIP
loops between untreated and TWEAK-activated MDA-MB-231 cells. ¢ Annotation of
H3K27ac HiChIP loops detected in MDA-MB-231 cells, treated with and without
TWEAK treatment. E-P: Enhancer-Promoter; P-P: Promoter-Promoter; E-E:
Enhancer-Enhancer. d Plot depicting the TWEAK/Fn14 differentially regulated

HiChIP loops between enhancers and gene promoters. Squares indicate loops
where the interacting enhancer overlaps a TNBC-specific SE. Diamonds indicate
loops where the interacting gene promoter belongs to a DepMap TNBC depen-
dency gene. Triangles indicate loops between a TNBC-specific SE and DepMap
TNBC dependency gene. The upper right quadrant of the plot containing loops
between upregulated enhancers and DEGs is enlarged, and the top 20 DepMap
TNBC dependency genes are labelled.

(Fig. 6b, Supplementary Fig. 13b). These observations corroborated
with the selective induction of SE activity, located ~40KB downstream
of the NAMPT promoter, only in TNBC cells during TWEAK/
Fnl4 signalling (Fig. 6¢).

To investigate whether this TNBC-specific SE is critical for NAMPT
expression and TNBC development, we introduced 1KB deletions to
three constituent enhancers within the SE in MDA-MB-231 cells using
CRISPR-Cas9 (Supplementary Fig. 14). Interestingly, deletion of
enhancer #3, but not the other two enhancers, attenuated TWEAK-
induced expression of NAMPT (Fig. 6d, Supplementary Fig. 13c).
Additionally, the TWEAK-induced activity of enhancer #3 was abol-
ished in Fn14-KO TNBC cells (Supplementary Fig. 15), demonstrating
the role of this TWEAK/Fnl4-driven SE in the regulation of NAMPT
expression in TNBCs.

Further investigation of the NAMPT enhancer #3 deletion locus via
TOBIAS footprinting analysis revealed the enhanced enrichment of AP-
1 TF binding in TWEAK-activated TNBC cell lines and Fnl4-high TNBC
tumours (Supplementary Fig. 16a, b). This is consistent with the
genome-wide footprint changes observed earlier (Fig. 4a). Intriguingly,
MAFG, a poorly characterised small Maf protein from the AP-1
superfamily*®, exhibited the highest enrichment. While MAFG is
expressed in all our BC cell lines, its expression was typically higher in
the TNBC cell lines (Supplementary Fig. 16¢). Since TWEAK-mediated

non-canonical NF-kB activation and the cooperativity of NF-kB/p52
with non-kB factors have been documented in cancer cells**"*°, we
hypothesised the possibility of p52 facilitating MAFG recruitment to
enhancer sites following TWEAK treatment. Here, we found minimal
colocalisation between MAFG and p52 at differential TWEAK/Fn14-
regulated TNBC enhancer sites but instead, observed increased MAFG
binding at upregulated regions (Supplementary Fig. 16d). This
enhanced genomic binding of MAFG at upregulated enhancer sites
correlated with the increased ATAC-seq signals, further suggesting
that MAFG may be recruited to the TNBC enhancers during TWEAK/
Fnl4-mediated upregulation of chromatin accessibility.

To evaluate the role of MAFG in mediating TWEAK-driven NAMPT
expression, we found a significant positive correlation between MAFG
and NAMPT expression in the TCGA BRCA and Pan-cancer dataset
(Supplementary Fig. 16e). This is consistent with the MAFG and NAMPT
expression levels in our cell lines (Fig. 6a, Supplementary Fig. 16c). To
elucidate how MAFG could regulate NAMPT, we performed MAFG
ChIP-seq in our BC cell lines. Here, within the NAMPT locus, we
detected MAFG binding only in the TNBC cell lines at NAMPT enhancer
#3 (Supplementary Fig. 16f). We then induced short hairpin RNA
(shRNA)-mediated KD of MAFG in MDA-MB-231 and Hs578T cells.
Remarkably, MAFG KD abolished TWEAK/Fnl4-driven NAMPT
expression and NAMPT enhancer #3 activation (Supplementary
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Figs. 17, 18), highlighting a previously unrecognised role of MAFG in

oncogenic E-P regulation in TNBCs.

ig

Overexpression Overexpression

unreported regulatory mechanism of a key cancer driver gene in
TNBC, that is mediated through TWEAK/Fn14 signalling. These find-

Subsequent analysis of the functional impact of NAMPT enhancer
#3 deletion on TNBC development revealed the abrogation of TWEAK/
Fnl4-induced invasion, in vivo tumorigenesis and metastasis
(Fig. 6e-h, Supplementary Fig. 19). KD of NAMPT through CRISPR-Cas9
in TNBC cells similarly attenuated these TWEAK/Fnl4-driven onco-
genic traits both in vitro and in vivo (Supplementary Fig. 20), further
verifying that the phenotypic changes following NAMPT enhancer #3
deletion occurred via NAMPT. Collectively, our results highlight an

ings depict the clinical significance of TWEAK/Fnl4 pathway in repro-
gramming the SE landscape of TNBCs to drive oncogenic transcription
and TNBC progression.

TWEAK/Fnl4-activated NAMPT expression promotes NAD-+
metabolic reprogramming critical for filopodia formation
NAMPT is the rate-limiting enzyme in the nicotinamide (NAM) salvage
pathway that catalyses the conversion of NAM to nicotinamide
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Fig. 6 | TWEAK/Fnl4-activated TNBC SE drives NAMPT expression and TNBC
progression. Western blot analysis of NAMPT expression in (a) untreated and
TWEAK-treated TNBC, HER2 and ER-positive breast cancer cell lines, and (b) TNBC
patient tumours (T) and their matched normal samples (N). ¢ NAMPT locus. Top:
H3K27ac HiChIP heatmap of TWEAK-treated MDA-MB-231 cells. Middle: H3K27ac
ChlIP-seq of untreated and TWEAK-treated MDA-MB-231, Hs578T, SKBR3, MDA-MB-
453, MCF7 and CAMAL cells. Bottom: chromatin interactions in untreated and
TWEAK-treated MDA-MB-231 cells, and merged H3K27ac ChIP-seq of Fn14 high
TNBC tumours and their matched normal samples (2086, 8370, 2963, 6122, 8850
and 5929). d Western blot analysis of NAMPT and NFkB2 expression in Control and
NAMPT enhancer #1, #2 and #3 deleted MDA-MB-231 cells, with and without
TWEAK. e Transwell invasion assay performed in Control and NAMPT enhancer #3
deleted MDA-MB-231, cells with and without TWEAK. Scale bars: 400 um. f Plot
depicts the average number of invaded cells/frame (mean * s.d), across four fields
per replicate. g IVIS imaging of mice injected with control and NAMPT enhancer #3

deleted MDA-MB-231 cells overexpressing TWEAK and luciferase. Representative
bioluminescent images were taken 1 and 8 weeks after injection (luminescent signal
of Control mouse #2 at week 1 was detectable but very low). h Plot depicting the
total flux (mean * s.d) at the metastatic sites of each animal at week 8. (Repre-
sentative image of Control Mouse #3 was taken at week 7 as the mouse died before
week 8). The western blot samples derive from the same experiment and same gel
for NAMPT and GAPDH in (a) and (b). The western blot samples derive from the
same experiment but different gels for NFKB2 and GAPDH and another for NAMPT
were processed in parallel in (d). In vivo assays represent n = 5 biological replicates,
other assays represent n =3 biological replicates. Experiments involving cell lines
were performed 3 times independently, each time on different days. Two-sided ¢
test was used for in vivo assay, two-sided two-way ANOVA was used for the other
assays where *P < 0.05; **P < 0.01; **P < 0.001. Source data are provided as a Source
Data file.

mononucleotide (NMN), which is then converted to NAD+", NAD+ is
utilised in many essential biological processes such as ATP production
which can drive cancer progression®>®, To investigate this, we com-
pared the ATP levels in NAMPT high TNBC cell lines versus NAMPT low
ER-positive cell lines. Here, we found that TWEAK/Fn14 signalling sig-
nificantly increased NAD +/NADH and intracellular ATP levels exclu-
sively in TNBC cell lines (Supplementary Fig. 21a, b). This is also
consistent in our TNBC patient samples where Fnl4 and NAMPT-high
TNBC tumour samples had higher NAD +/NADH and intracellular ATP
levels compared to their matched normal samples (Supplementary
Fig. 21c, d). Importantly, this metabolic rewiring was NAMPT-
dependent as deletion of NAMPT enhancer #3 or NAMPT KD failed to
stimulate NAD +/NADH and ATP levels upon TWEAK treatment. Con-
versely, exogenous NAD+ supplementation was sufficient to rescue
intracellular ATP levels in these TNBC cells (Fig. 7a, b, Supplementary
Fig. 22a, b).

ATP is crucial for numerous biochemical functions, particularly
actin polymerisation and formation of actin protrusions such as filo-
podia which promote cell motility®*®. Consistent with TWEAK-
induced ATP effects, increased filopodia formation was detected in
TNBC but not ER-positive cell lines following TWEAK stimulation
(Supplementary Fig. 21e, f). Moreover, deletion of NAMPT enhancer #3
or NAMPT KD abolished TWEAK/Fnl4-mediated filopodia formation,
which was restored with the addition of NAD+ (Fig. 7c, d, Supple-
mentary Fig. 22¢, d). These NAMPT-regulated phenotypic changes
correlated with the TWEAK/Fnl4-induced invasiveness of TNBC cells
(Fig. 7e, f, Supplementary Fig. 22e, f). Furthermore, disruption of actin
polymerisation through latrunculin A (Lat A) supplementation ame-
liorated TWEAK or NAD + -driven filopodia formation and invasion of
TNBC cells (Fig. 7c-f, Supplementary Fig. 22c-f), reaffirming the key
role of TWEAK/Fn14-induced NAMPT and NAD+ metabolism in pro-
metastatic functions of TNBCs. Altogether, our data establish a
mechanistic link between TWEAK/Fn14-driven epigenomic alterations
and metabolic rewiring in TNBC progression (Fig. 8).

Discussion

The TWEAK/Fnl4 signalling axis regulates various cellular and phy-
siological processes including proliferation, apoptosis, migration,
differentiation, angiogenesis and tissue repair during acute injury and
pathological conditions. However, its precise role(s) in mediating the
epigenetic switch that contributes to the dysregulated gene signature
during disease pathogenesis is poorly characterised. Here, we uncov-
ered a distinct role for this pathway in reprogramming the SE land-
scape of TNBCs to induce the aberrant expression of pro-metastatic
and metabolic genes. We show that constitutive TWEAK/
Fnl4 signalling activates oncogenic SEs associated with the TNBC-
specific chromatin landscape and augments the expression of TNBC
dependency genes via E-P interactions. Notably, we reveal an unre-
ported mechanism underscoring TWEAK/Fn14-induced rewiring of the

TNBC epigenome, contributing to the dysregulated expression of
NAMPT critical for metastasis.

Extensive research has characterised the pivotal role of epigenetic
aberrations, particularly oncogenic SE activation, in regulating the
transcriptome of various cancers including BC*, medulloblastoma®®,
colorectal cancer®”*® and multiple myeloma®. This often leads to
dysregulated oncogenic transcription, promoting tumorigenesis,
metastasis and metabolic reprogramming. Collectively, these studies
demonstrate the critical role of SE-driven transcriptional dependen-
cies in cancer malignancy and highlight potential vulnerabilities that
can be exploited for therapeutic targeting. Intriguingly, our findings
show that TWEAK/Fnl4-activated oncogenic SEs promote aberrant
gene expression programmes in TNBC through chromatin looping. In
particular, we identified a TWEAK/Fn14-driven, TNBC-specific SE that is
crucial for activating NAMPT expression. This in turn rewires NAD +/
NADH and ATP metabolism to promote filopodia formation which is
essential for TNBC metastasis.

As cancer cells develop and progress, metabolic pathways are
altered to meet the increased bioenergetic demands required for
tumour growth and to support cell state transition into a metastatic
phenotype’®”2 This is typically attributed to mutations in metabolic
regulators such as HIFI and MYC™* or the aberrant activation of
pathways including PI3K and AMPK”>7°, However, emerging evidence
have implicated the critical roles of SEs in the metabolic reprogram-
ming of cancer cells®’””’. Here, we report a previously uncharacterised
mechanism whereby constitutive TWEAK/Fn14 signalling induces the
activity of an oncogenic SE targeting NAMPT, a key regulator of cancer
cell metabolism’®”?, in TNBCs. Consequently, TWEAK/Fn14-activated
NAMPT expression promoted NAD+ metabolic rewiring and the
increased tumorigenesis and metastasis of TNBC cells”*°. These data
indicate a functional link between aberrant NAD + /NADH metabolism
and TNBC progression. NAD+ is intricately involved in many essential
biological processes. However when dysregulated, it is linked to self-
renewal and radiotherapy resistance in GBM®, increased stemness in
colon cancer and gliomas®>®® and altered ATP metabolism which has
been implicated in TNBC metastasis®*. Despite their importance in
cancer cell functions, the precise mechanism linking NAD+ and ATP
metabolism to the promotion of TNBC metastasis remains elusive.
Interestingly, our findings revealed that TWEAK treatment led to a
NAD +-dependent increase in intracellular ATP levels selectively in
TNBC cell lines. Furthermore, NAD + -dependent filopodia formation
upon TWEAK/Fn14 activation correlated with the invasiveness of TNBC
cell lines. These results illustrate an unrecognised mechanism wherein
NAD+ drives TNBC invasion via ATP-dependent filopodia formation
and highlights the complex TWEAK/Fn14 regulatory landscape in dic-
tating TNBC progression.

Collectively, our study unveils an understudied role of TWEAK/
Fnl4 signalling in the activation of oncogenic SEs to drive metabolic
reprogramming and metastasis. Specifically, we reveal the mechanistic
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Fig. 7| TWEAK/Fnl14-driven NAMPT regulates NAD + /NADH and ATP produc-
tion to stimulate filopodia and promote invasion in TNBC cells. a Plot depicting
the relative NAD +/NADH levels in control and NAMPT enhancer #3 deleted MDA-
MB-231 cells, with and without TWEAK treatment. b Plot depicting the relative
intracellular ATP levels in control and NAMPT enhancer #3 deleted MDA-MB-231
cells, following TWEAK and NAD+ treatment. ¢ Representative images of control
and NAMPT enhancer #3 deleted MDA-MB-231 cells stained for actin and DAPI,
following TWEAK, NAD+ and LatA treatment, using a Zeiss Live Cell Observer
microscope (63x magnification). White arrows point to filopodia protrusions. Scale
bars: 50 um. (n =3 biological replicates) (d) Plot depicting the average filopodia

density (mean + s.d) from n =3 biological replicates. e Representative images of
transwell invasion assay performed in Control and NAMPT enhancer #3 deleted
MDA-MB-231 cells following TWEAK, NAD+ and LatA treatment (n = 3 biological
replicates). Scale bars: 400 um. f Plot depicts the average number of invaded cells/
frame (mean + s.d) from n = 3 biological replicates, across four fields per replicate.
Experiments involving cell lines were performed 3 times independently, each time
on different days. Two-sided one-way ANOVA was used for statistical analysis all
assays. *P<0.05; *P<0.01; **P < 0.001. Source data are provided as a Source
Data file.

basis underlying aberrant TWEAK/Fnl4 activation and pro-metastatic
metabolic rewiring in TNBC. These findings provide evidence for the
clinical significance of TWEAK/Fnl4-driven epigenomic alterations in
TNBC progression, supporting further investigation of their associated
transcriptional dependencies that will be useful in the discovery of
effective molecular targets for TNBC therapy.

Methods

This research complies with all relevant ethical regulations. Con-
sent and approval for the use of clinical samples was obtained from
the Nanyang Technological University Institutional Review Board,

Singapore under the protocol Oncogenic TWEAK/Fnl4 driven
enhancer-promoter interactions in breast cancer (IRB: IRB-2021-
388), in accordance with the Human Biomedical Research Act
(HBRA) requirements. All clinical samples were obtained from
SingHealth Tissue Repository Tissue Bank, Singapore. Animal stu-
dies were approved by Institutional Animal Care and Use Com-
mittee of Nanyang Technological University Singapore (NTU-ARF;
AUP: A21070). Tumour size/burden was monitored every 2-3 days.
The maximal tumour volume approved by the IACUC was
2000 mm?. Once this limit is exceeded, the mice were immediately
euthanised.
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regulate its activity which in turn leads to NAD+ and ATP metabolic rewiring,
resulting in enhanced TNBC proliferation, filopodia formation and metastasis.
Created with BioRender.com.

Cell lines and reagents

MDA-MB-231 and MCF7 BC cell lines were a gift from Asst Prof. Zhao
Wenting at Nanyang Technological University, Singapore®. T47D BC
cell line was a gift from Assoc Prof. Li Shang at Duke-NUS Medical
School, Singapore. BT549, SKBR3, MDA-MB-453 and CAMAL1 BC cell
lines were a gift from Assoc Prof. Tam Wai Leong at the Genome
Institute of Singapore, Singapore®. Hs578T was purchased from ATCC
(HTB-126). 4T1 cells were a gift from Assoc Prof Su I-Hsin at Nanyang
Technological University, Singapore. 4T1 cells were maintained in
RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS;
Sigma). All other cell lines were maintained in Dulbecco’s modified
Eagle’s medium (DMEM; HyClone) supplemented with 10% FBS. Cell
lines were regularly tested negative for mycoplasma contamination
using Mycoplasma PCR Detection Kit (Applied Biological Materials Inc;
G238). Identity of the cell lines were verified by STR analysis.

Recombinant human TWEAK (PeproTech; 310-06) was recon-
stituted according to the manufacturer’s recommendations. TNBC and
HER2 cell lines were treated with 10 ng/ml TWEAK while ER-positive BC
cell lines were treated with 30 ng/ml TWEAK.

For in vitro experiments, AP-1 inhibitor, T5224, (MedChemEx-
press; HY-12270) was dissolved in DMSO to a concentration of 10 mM
and cells were treated with 10 uM T5224. For in vivo experiments,
T5224 was dissolved in polyvinylpyrrolidone solution administered to
mice orally at a concentration of 150 mg/kg.

Clinical samples

Human TNBC tumour samples and their matched normal samples
were collected from female patients who have not undergone neoad-
juvant therapy nor had previous cancer treatment. Tissue samples
were fresh frozen and stored in liquid nitrogen. Consent and approval
for the use of clinical samples was obtained from the Nanyang Tech-
nological University Institutional Review Board, Singapore under the
protocol Oncogenic TWEAK/Fn14 driven enhancer-promoter interac-
tions in breast cancer (IRB: IRB-2021-388), in accordance with the
Human Biomedical Research Act (HBRA) requirements. All clinical

samples were obtained from SingHealth Tissue Repository Tissue
Bank, Singapore.

Plasmids

Fnl4 CRISPR KO cells were generated using TLCV2 (Addgene; 87360)
cloned with two different sgRNA guides (Supplementary Table. 1).
NAMPT and mouse Fnl4 CRISPR KD cells were generated using lenti-
CRISPR v2 (Addgene; 52961) cloned with two different sgRNA guides
(Supplementary Table. 1).

NAMPT enhancer deletions were generated by cloning the first
sgRNA targeting upstream of the enhancer into TLCV2 and the second
sgRNA targeting 1 kb downstream of the first sgRNA into pSpCas9(BB)-
2A-GFP (PX458) (Addgene; 48138) which had Cas9 and EGFP replaced
with RFP (Supplementary Table. 1).

shMAFG cells were generated using pLKO.1 (Addgene; 10878)
cloned with shRNA sequences (Supplementary Table. 2).

The TWEAK overexpression construct was generated by amplify-
ing the soluble TWEAK (sTWEAK) sequence from cDNA (Supplemen-
tary Table. 3) through PCR and this was cloned into pLJM1-EGFP
(Addgene; 19319), replacing EGFP. Subsequently, pLJM1-sTWEAK was
used as a template to amplify sSTWEAK with a 3x Flag tag before being
cloned into pLJMI-EGFP. In some experiments, hygromycin resistance
was required, thus the hygromycin resistance sequence was amplified
and cloned into pLJMI-Flag-sTWEAK by replacing the puromycin
resistance.

pLenti CMV V5-LUC Blast (Addgene; 21474) was used for luciferase
overexpression.

CRISPR genotyping
FnI4 KO MDA-MB-231 and Hs578T cells were identified through wes-
tern blotting and then further verified through Sanger sequencing
(Supplementary Table. 4).

NAMPT enhancer deletion MDA-MB-231 cells were identified
through PCR and gel electrophoresis. Positive clones were further
verified through Sanger sequencing (Supplementary Table. 4).

Nature Communications | (2024)15:5638

12



Article

https://doi.org/10.1038/s41467-024-50071-z

Lentiviral production and transduction
For lentivirus production, 3 x 10® HEK293T cells were seeded per poly-
I-lysine coated 10 cm plate. After 24 h, pMDL, VSVG, REV and the
plasmid of interest was transfected into the cells via the calcium
chloride method. 8h later, the cells were washed with PBS and
replenished with complete DMEM. After 24 h, the supernatant con-
taining viral particles was harvested and filtered.

For lentiviral transduction, virus and 10 ug/ml polybrene was
added to the cells. Media was changed 24 h after transduction and
appropriate antibiotics was added 48 h after transduction.

Mouse orthotopic xenograft

All animal experiments were performed in compliance with protocols
approved by the Nanyang Technological University Institutional Ani-
mal Care and Use Committee (IACUC). Six- to ten-week-old female Rag
-/~ IL.2y-/- BALB/c and BALB/cN mice were housed at the animal facility
of the Nanyang Technological University School of Biological Sciences.

When performing orthotopic xenograft, mice were anaesthetised
with isofluorane and injected with cancer cells. In immunocompro-
mised mice (Rag—/- IL2y-/- BALB/c), 5 x 10’ luciferase overexpressing
MDA-MB-231 cells that also co-express combinations of sTWEAK
overexpression, overexpression control, CRISPR NAMPT KD, CRISPR
control, NAMPT enhancer #3 deletion and enhancer deletion control
were injected. Immunocompromised mice were also injected with
1x10° MCF7 cells the harbour sSTWEAK overexpression and the over-
expression control. In regular BALB/cN mice, 3 x 10° luciferase over-
expressing 4T1 cells that also co-express either lentiCRISPR Fni4 KD or
lentiCRISPR control were injected.

In AP-1 inhibition experiment utilising T5224, immunocompro-
mised mice were injected with 5x10° luciferase and sTWEAK over-
expressing MDA-MB-231 cells. Mice were treated with 150 mg/kg of
T5224 or vehicle orally three times a week.

Primary tumour growth was measured weekly using callipers. For
In vivo Imaging System (IVIS) imaging, 150 mg/kg D-luciferin (GoldBio)
was injected intraperitoneally into the mice 10 min beforehand. The
mice were then anaesthetised with isofluorane and imaged in an IVIS
system (Perkin Elmer) under default settings. Images were analysed
with Living Imaging Software (Perkin Elmer). Bioluminescent signals at
metastatic sites were quantified by detecting the bioluminescent sig-
nal across the entire mouse and subtracting the bioluminescent signal
from the primary tumour.

The mice were housed in temperatures of 21-25°C, relative
humidity (RH) of 55-60% and pressure (Pa) of 5-8 with a 12 h light-
dark cycle.

Western blotting

Cells were harvested and lysed for 30 min in RIPA buffer (50 mM Tris
pH 8.0, 1mM EDTA, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 0.1%
sodium doxycholate) supplemented with cOmplete protease inhibitor
cocktail (Roche; 5056489001), 5 mM sodium fluoride (Merck; S7920)
and 1mM DTT (Sigma-Aldrich; 10708984001). Whereas tissue samples
were cut into small pieces, resuspended in RIPA buffer supplemented
with protease inhibitor, sodium fluoride and DTT, then disrupted and
homogenised with TissueRuptor Il (Qiagen). The homogenate was
incubated at 4 °C under mild agitation for 2 h, then centrifuged at 4 °C,
max speed for 20 min and the supernatant was transferred to a new
tube. For normal tissue samples with high fat content, they were fur-
ther centrifuged and had their supernatant transferred to new tubes 2
additional times to ensure there was no carryover of fat.

The lysate concentration was then quantified using Bradford
Assay dye solution (Bio-Rad; 5000006), lysate concentration from
tissue samples were quantified using a BCA Protein Assay kit (Pierce;
23225). 30 ug of lysate was resolved on 8-12% Bis-Acrylamide gel (Bio-
Rad; 1610158) and transferred to PVDF membrane (Bio-Rad; 1620177).
The membranes were blocked using 5% skim milk in TBST buffer

(20 mM Tris, 150 mM NacCl, 0.1% Tween 20) and incubated with the
following primary antibodies overnight at 4 °C: anti-NFkB2 (Cell Sig-
nalling; 3017), anti-NF-kB p65 (Cell Signalling; 8242), anti-phospho-JNK
(Cell Signalling; 4668), anti-JNK (Santa Cruz; 7345), anti-phospho-p44/
p42 (ERK1/2) (Cell Signalling; 4370), anti-p44/p42 (ERK1/2) (Cell Sig-
nalling; 9107), anti-Fn14 (Abcam; 109365), anti-PBEF (NAMPT) (Santa
Cruz; 393444), anti-MAFG (Santa Cruz; 166548) and anti-GAPDH (Santa
Cruz; 32233). The next day, membranes were incubated for 1 h at room
temperature with anti-rabbit secondary antibody (Cell Signalling;
7074) or anti-mouse secondary antibody (Santa Cruz; 516102). Anti-
bodies used were diluted in 5% skim milk in TBST buffer at following
dilutions: 1:10,000 for anti-GAPDH and secondary antibodies, and
1:1000 for all other antibodies. Protein bands were visualised using
ChemiDoc MP Imaging System (Bio-Rad).

Cell proliferation assay

3 x10* cells were seeded in complete media in a 12 well plate. Cells
were incubated overnight to allow attachment. The cells were then
starved for 8h in serum-free DMEM before being treated with or
without TWEAK. Cells were counted at O h, 24 h and 48 h after addition
of TWEAK. The number of cells counted were normalised against the
0 h cell count. For AP-1 inhibition experiments, the assay was repeated
with the addition of 10 uM T5224 or vehicle. The experiment was
performed in 3 biological replicates.

Invasion assay

Invasion assay was performed with 24 well Transwell inserts (Corning)
that were coated with 200 ug/ml Matrigel (Corning). BC cell lines were
starved in optiMEM (Gibco) for 8 h, followed by treatment with or
without 10 ng/ml TWEAK. After 24 h, cells were trypsinised, counted
and resuspended in optiMEM to a concentration of 2.5 x 10° cells/ml.
TWEAK was also added to the samples previously treated with TWEAK.
Before seeding the cells, excess liquid was removed from the upper
chamber of the transwell inserts and the inserts are placed into a 24
well plate containing 600 ul complete DMEM. 100 ul of the cell sus-
pension was then added to the upper chamber of the transwell insert.
The cells were then incubated at 37°C for 24 h. After which, the
transwell inserts were fixed in 70% ethanol for 10 min, left to dry for
10 min and stained in 0.2% crystal violet for 10 min. Non-invading cells
in the upper chamber were then removed with cotton buds. Invaded
cells were visualised under an inverted microscope and images were
taken from four random frames per insert. The number of invaded
cells per frame was counted and averaged. For AP-1 inhibition experi-
ments, the assay was repeated with the addition of 10 uM T5224 or
vehicle. The experiment was performed in 3 biological replicates.

NAD/NADH and ATP metabolic assays

Cells were seeded in complete media in a 6 well plate and incubated
overnight to allow attachment. The next day, cells were starved for 8 h
in serum-free DMEM before being treated with or without TWEAK for
48 h. After treatment, cells were trypsinised, counted and resuspended
in PBS at a concentration of 8 x 10* cells/ml. TNBC tumours used were
homogenised in PBS at a concentration of 20 ul/gram. NAD/NADH and
ATP assays were performed using NAD/NADH-Glo assay kit (Promega;
G9071) and CellTiter-Glo 2.0 assay kit (Promega; G9241), respectively.
Assays were performed in 384 well plates according to the manu-
facturer’s protocol. The luminescence recorded for each sample was
averaged, had the background subtracted. For samples from cell lines,
values were normalised against the untreated control whereas in tissue
samples, tumour values were normalised against their matched normal
samples.

Filopodia staining and microscopy
5x10* cells/treatment condition were seeded and grown on a cover-
slip in a 6 well dish overnight for attachment. On the next day, cells
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were starved for 8 h in serum-free DMEM followed by treatment with
or without TWEAK for 48h. Following treatment, medium was
removed, and cells were fixed with 3.7% formaldehyde (Sigma) in 1X
PBS for 20 min at room temperature. Once fixed, cells were washed 3
times with 1X PBS and incubated in permeabilization buffer containing
0.2% Triton X-100 in PBS for 15 min. After permeabilization, cells were
washed 3 times with 1X PBS and incubated with Alexa Fluor™ 488
Phalloidin (diluted 1.5:200 in PBS from 400X stock solution in DMSO)
(Invitrogen; 12,379) for 30 min in the dark. Following staining, cells
were washed 3 times in 1X PBS. Finally, coverslips were mounted onto a
microscopic glass slide using ProLong Gold antifade with DAPI reagent
(Invitrogen; P36914) and viewed under fluorescence microscope using
a63x objective and a FITC filter. Images were further analysed using Fiji
software® and filopodia density (Number of filopodia/edge length)
was calculated per image for each treatment condition using
FiloQuant®®. Total of three frames were taken for analysis.

RNA library construction, sequencing and analysis

Total RNA was isolated using TRIzol Reagent (Invitrogen) according to
the manufacturer’s protocol and Dnase-treated with TURBO DNA-free
kit (Invitrogen). The RNA quality was verified using Agilent RNA 6000
kit (Agilent Technologies; 5067-1511) and Agilent Bioanalyzer System
(Agilent Technologies). Next, poly-A mRNA was isolated using NEB-
Next Poly(A) mRNA Magnetic Isolation Module (NEB; E7490) and
subsequently used to assemble the RNA-seq library using NEBNext®
Ultra™ Il Directional RNA Library Prep Kit for Illumina (NEB; E7760),
according to the manufacturer’s protocol. RNA-seq libraries were
sequenced on HiSegX. All RNA-seq experiments were performed with
three biological replicates.

The quality of sequencing reads was assessed with FastQC*. The
library adaptors were removed using Trimmomatic’. RNA-seq reads
were then mapped to hg38 with STAR” and the raw counts were
extracted using featureCounts®”. Differential analysis was performed
with DESeq2” where differentially expressed genes were defined by a
FDR < 0.1. Gene ontology analysis was performed using PANTHER™*%,
Pathway analyses were performed using the GSEA software’ .
Heatmaps were generated using R Statistical Programming Language
and ggplot2”.

Integration with TCGA BRCA RNA-seq dataset
TCGA BRCA RNA-seq sample counts were retrieved using the UCSC
Cancer Browser (http://xena.ucsc.edu/welcome-to-ucsc-xena/)'%.

scRNA-seq analysis

scRNA-seq dataset was acquired from*? where patient 5 (TNBC) pri-
mary tumour and both lymph node (metastasis-positive) samples were
used for analysis. scRNA-seq analysis was performed using Seurat'” as
described by the authors. Cell type classification was performed using
SingleR'% Plots depicting average Fnl4 and TWEAK expression were
generating using R Statistical Programming Language.

ChIP gPCR, sequencing library construction, sequencing and
analysis

Cells and clinical samples were crosslinked with 1% Formaldehyde
(Sigma) for 10 min and quenched with 0.125M glycine for 5min at
room temperature. Cells were washed with cold PBS and lysed with a
SDS lysis buffer supplemented with protease inhibitor (Roche).
Crosslinked clinical samples were washed thrice with cold PBS, dis-
rupted and homogenised with TissueRuptor Il (Qiagen) before being
lysed with a SDS lysis buffer supplemented with protease inhibitor.
Lysed samples were then sonicated with Bioruptor Plus (Diagenode) to
achieve DNA fragments ranging between 200 and 500 bp. Chromatin
was precleared with blocked Protein G Sepharose beads (GE Health-
care) for 2 h at 4 °C before being rotated overnight at 4 °C with Anti-
acetyl-Histone H3 (Lys27) (Sigma; 07-360) or Anti-MAFG (GeneTex;

GTX114541) antibody. Following that, blocked Protein G Sepharose
beads were added and rotated at 4 °C for 6 h. The beads were subse-
quently washed in the following order of buffers: SDS buffer, high salt
buffer, lithium chloride wash buffer and Tris-EDTA buffer. Beads were
then eluted in ChIP elution buffer overnight at 65 °C. Eluted ChIP DNA
was purified using QIAquick PCR purification kit (Qiagen).

Eluted ChIP DNA was used for ChIP qPCR and ChlIP-seq library
preparation. ChIP qPCR was performed using SsoAdvanced Universal
SYBR mix (Bio-rad; 1725272). Ct values were normalised to relative
amount of 1% of input DNA. The ChIP qPCR primer sequences used can
be found in Supplementary Table 5. ChIP-seq libraries were prepared
using NEBNext Ultra Il DNA Library Prep Kit (NEB; E7645) according to
the manufacturer’s protocol. Size and quality of libraries were verified
using the Agilent high sensitivity DNA kit (Agilent Technologies; 5067-
4626) and Agilent Bioanalyzer System (Agilent Technologies). Librar-
ies were then quantified using the KAPA library quantification kit
(Roche; KK4824) and pooled. ChIP DNA libraries were sequenced on
HiSegX. All cell line-based ChIP-seq experiments were performed with
at least two biological replicates.

ChlIP-seq reads were assessed and the adaptors were removed as
performed with the RNA-seq data. Reads were then mapped to hg38
using Bowtie2'”® and peaks were called using MACS2 with subtraction
of input signal. Blacklisted regions were then removed from the called
peaks using bedtools'*. Differential analysis between ChIP peaks was
performed with DiffBind'®. Heatmaps showing signal distribution over
ChIP peak regions were generated using deepTools'*. Prediction of
biological functions associated with differential enhancers was per-
formed with GREAT'?. Plots of ChIP-seq peaks were produced with
pyGenomeTracks'%'%°

SE calling was performed using the ROSE algorithm'*'", Differ-
entially regulated SEs were identified by overlapping SEs with differ-
entially regulated enhancers. Common SEs between cell lines were
defined as SEs that had at least 5 kb overlap between them.

ATAC-seq library construction, sequencing and analysis
ATAC-seq was performed as described in ref. 112 with some mod-
ifications. In brief, 5 x 10* cells were lysed in ATAC Resuspension buffer
containing NP40, TWEEN-20 and Digitonin. While clinical samples
were disrupted and homogenised with TissueRuptor Il (Qiagen) and
nuclei were isolated through lodixanol density gradient centrifugation.
Subsequently, lysed cells or nuclei were transposed in a transposition
mix containing digitonin and Tn5 transposase for 30 min at 37 °C while
shaking at 1000 rpm. The transposition reaction was then cleaned up
with DNA Clean and Concentrator kit (Zymo), followed by amplifica-
tion through PCR with Nextera DNA CD Indexes (lllumina) and NEB-
Next Ultra Il Q5 Master mix (NEB). Amplified ATAC-seq libraries were
then size selected with AMPure XP Reagent (Beckman Coulter) and
sequenced on HiSegX. All cell line based ATAC-seq experiments were
performed with at least two biological replicates.

ATAC-seq reads were assessed, library adaptors removed and
then mapped to hg38 as performed with the ChIP-seq data. Following
which, mitochondrial reads were filtered with Bamtools', duplicate
reads were removed with Picard and peaks were called with MACS2.
Differential analysis between ATAC-seq peaks was performed using
DiffBind and the heatmaps were plotted using deepTools. TF Foot-
printing and differential TF binding analysis was performed using
TOBIAS™ where volcano plots were generated using R.

HiChlIP sequencing and analysis
2 x10” MDA-MB-231 cells were treated with 10 ng/ml TWEAK for 48 h.
The cells were pelleted, stored at —80 °C and sent to Dovetail Genomics
(part of Cantata Bio, LLC.) for acetyl-H3K27 HiChIP library preparation
and sequencing.

Sequencing reads were aligned to hg38 with BWA-MEM™. Next,
valid ligation events were recorded and sorted, PCR duplicates were
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then removed and the bam files were generated with pairtools and
SAMtools"¢. HiChIP loops were then called using FitHiChIP" and dif-
ferential analysis was performed with diffloop™.

Statistics and reproducibility

Two-way ANOVA statistical test was used in all in vitro assays while ¢
test was used to test for statistical significance in vivo tumour growth
and metastasis assays. All in vitro assays and western blots were per-
formed in 3 biological replicates while all in vivo assays were per-
formed in 5 biological replicates. Experiments involving cell lines were
performed 3 times independently, each time on different days.
Asterisks represent the degree of statistical significance, *P<0.05;
*P<0.01; **P<0.001. All statistical analyses and graphics were per-
formed using R Statistical Programming Language or GraphPad Prism
software.

No statistical method was used to predetermine sample size. No
data were excluded from the analyses. No experiments were rando-
mised. The investigators were not blinded to allocation during
experiments and outcome assessment.

Data availability

The ChIP-seq, RNA-seq, ATAC-seq and HiChIP data generated in this
study have been deposited in the GEO (Gene Expression Omnibus)
database under accession code GSE231483. Source data are provided
with this paper.

References

1 Sung, H. et al. Global cancer statistics 2020: GLOBOCAN esti-
mates of incidence and mortality worldwide for 36 cancers in 185
countries. CA: Cancer J. Clin. 71, 209-249 (2021).

2. Wu, H.-J. & Chu, P.-Y. Recent discoveries of macromolecule-and
cell-based biomarkers and therapeutic implications in breast
cancer. Int. J. Mol. Sci. 22, 636 (2021).

3. Siegel, R. L., Miller, K. D., Fuchs, H. E. & Jemal, A. Cancer statistics,
2022. CA: Cancer J. Clin. 72, 7-33 (2022).

4. Yi, M. etal. Epidemiological trends of women'’s cancers from 1990
to 2019 at the global, regional, and national levels: a population-
based study. Biomark. Res. 9, 55 (2021).

5. LGoNd, F., Tiede, S. & Christofori, G. Breast cancer as an example
of tumour heterogeneity and tumour cell plasticity during malig-
nant progression. Br. J. cancer 125, 164-175 (2021).

6. Polyak, K. Heterogeneity in breast cancer. J. Clin. Investig. 121,
3786-3788 (2011).

7. Sotiriou, C. et al. Breast cancer classification and prognosis based
on gene expression profiles from a population-based study. Proc.
Natl Acad. Sci. 100, 10393-10398 (2003).

8. Parker, J. S. et al. Supervised risk predictor of breast cancer based
on intrinsic subtypes. J. Clin. Oncol. 27, 1160 (2009).

9. Searlie, T. et al. Gene expression patterns of breast carcinomas
distinguish tumor subclasses with clinical implications. Proc. Natl
Acad. Sci. 98, 10869-10874 (2001).

10. Li, Y. et al. Recent advances in therapeutic strategies for triple-
negative breast cancer. J. Hematol. Oncol. 15, 121 (2022).

1. Bianchini, G., De Angelis, C., Licata, L. & Gianni, L. Treatment
landscape of triple-negative breast cancer - expanded options,
evolving needs. Nat. Rev. Clin. Oncol. 19, 91-113 (2022).

12.  Bianchini, G., Balko, J. M., Mayer, I. A., Sanders, M. E. & Gianni, L.
Triple-negative breast cancer: challenges and opportunities of a
heterogeneous disease. Nat. Rev. Clin. Oncol. 13, 674-690 (2016).

13.  von Minckwitz, G. et al. Definition and impact of pathologic
complete response on prognosis after neoadjuvant chemother-
apy in various intrinsic breast cancer subtypes. J. Clin. Oncol. 30,
1796-1804 (2012).

14.  Chicheportiche, Y., Fossati-Jimack, L., Moll, S., Ibnou-Zekri, N. &
Izui, S. Down-regulated expression of TWEAK mRNA in acute and

15.

16.

17.

18.

19.

20.

21.

22.

283.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

chronic inflammatory pathologies. Biochem. Biophys. Res. Com-
mun. 279, 162-165 (2000).

Kawakita, T. et al. Functional expression of TWEAK in human
hepatocellular carcinoma: possible implication in cell prolifera-
tion and tumor angiogenesis. Biochem. Biophys. Res. Commun.
318, 726-733 (2004).

Kawakita, T. et al. Functional expression of TWEAK in human
colonic adenocarcinoma cells. Int. J. Oncol. 26, 87-93 (2005).
Girgenrath, M. et al. TWEAK, via its receptor Fn14, is a novel reg-
ulator of mesenchymal progenitor cells and skeletal muscle
regeneration. EMBO J. 25, 5826-5839 (2006).

Lynch, C. N. et al. TWEAK induces angiogenesis and proliferation
of endothelial cells. J. Biol. Chem. 274, 8455-8459 (1999).
Chicheportiche, Y. et al. TWEAK, a new secreted ligand in the
tumor necrosis factor family that weakly induces apoptosis. J. Biol.
Chem. 272, 32401-32410 (1997).

Bossen, C. et al. Interactions of tumor necrosis factor (TNF) and
TNF receptor family members in the mouse and human. J. Biol.
Chem. 281, 13964-13971 (2006).

Tran, N. L. et al. The human Fn14 receptor gene is up-regulated in
migrating glioma cells in vitro and overexpressed in advanced
glial tumors. Am. J. Pathol. 162, 1313-1321 (2003).

Yin, J. et al. AR-regulated TWEAK-FN14 pathway promotes prostate
cancer bone metastasis. Cancer Res. 74, 4306-4317 (2014).
Chao, D. T. et al. Expression of TweakR in breast cancer and pre-
clinical activity of enavatuzumab, a humanized anti-TweakR mAb.
J. Cancer Res. Clin. Oncol. 139, 315-325 (2013).

Cordido, A. et al. TWEAK signaling pathway blockade slows cyst
growth and disease progression in autosomal dominant poly-
cystic kidney disease. J. Am. Soc. Nephrol. 32, 1913-1932 (2021).
Zhao, Z. et al. TWEAK/Fn14 interactions are instrumental in the
pathogenesis of nephritis in the chronic graft-versus-host model
of systemic lupus erythematosus. J. Immunol. 179,

7949-7958 (2007).

Willis, A. L. et al. The fibroblast growth factor-inducible 14 receptor
is highly expressed in HER2-positive breast tumors and regulates
breast cancer cell invasive capacity. Mol. Cancer Res. 6,
725-734 (2008).

Enwere, E. K., LaCasse, E. C., Adam, N. J. & Korneluk, R. G. Role of
the TWEAK-Fn14-clAP1-NF-kB signaling axis in the regulation of
myogenesis and muscle homeostasis. Front. Immunol. 5,

34 (2014).

Vincent, C. et al. Pro-inflammatory cytokines TNF-related weak
inducer of apoptosis (TWEAK) and TNFa induce the mitogen-
activated protein kinase (MAPK)-dependent expression of scler-
ostin in human osteoblasts. J. Bone Miner. Res. 24,

1434-1449 (2009).

Zhang, Y., Zeng, W. & Xia, Y. TWEAK/Fn14 axis is an important
player in fibrosis. J. Cell. Physiol. 236, 3304-3316 (2021).

Vince, J. E. et al. TWEAK-FN14 signaling induces lysosomal
degradation of a clAP1-TRAF2 complex to sensitize tumor cells to
TNFo. J. Cell Biol. 182, 171-184 (2008).

Cherry, E. M., Lee, D. W., Jung, J. U. & Sitcheran, R. Tumor necrosis
factor-like weak inducer of apoptosis (TWEAK) promotes glioma
cell invasion through induction of NF-kappaB-inducing kinase
(NIK) and noncanonical NF-kappaB signaling. Mol. Cancer 14,

9 (2015).

Kaltschmidet, C. et al. A role for NF-kB in organ specific cancer and
cancer stem cells. Cancers 1, 655 (2019).

Xie, X. et al. c-Jun N-terminal kinase promotes stem cell pheno-
type in triple-negative breast cancer through upregulation of
Notch?1 via activation of c-Jun. Oncogene 36, 2599-2608 (2017).
Huber, M. A. et al. NF-kB is essential for epithelial-mesenchymal
transition and metastasis in a model of breast cancer progression.
J. Clin. Investig. 114, 569-581 (2004).

Nature Communications | (2024)15:5638

15


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE231483

Article

https://doi.org/10.1038/s41467-024-50071-z

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Vleugel, M. M., Greijer, A. E., Bos, R., van der Wall, E. & van Diest, P.
J. c-Jun activation is associated with proliferation and angiogen-
esis in invasive breast cancer. Hum. Pathol. 37, 668-674 (2006).
Franco, H. L. et al. Enhancer transcription reveals subtype-specific
gene expression programs controlling breast cancer pathogen-
esis. Genome Res. 28, 159-170 (2018).

Brown, J. D. et al. NF-kappaB directs dynamic super enhancer
formation in inflammation and atherogenesis. Mol. Cell. 56,
219-231 (2014).

Han, R. et al. Functional CRISPR screen identifies AP1-associated
enhancer regulating FOXF1 to modulate oncogene-induced
senescence. Genome Biol. 19, 118 (2018).

Seo, J. et al. AP-1 subunits converge promiscuously at enhancers
to potentiate transcription. Genome Res. 31, 538-550 (2021).
Michida, H. et al. The number of transcription factors at an
enhancer determines switch-like gene expression. Cell Rep. 31,
107724 (2020).

Zhou, H. et al. Development of human serine protease-based
therapeutics targeting Fn14 and identification of Fn14 as a new
target overexpressed in TNBC. Mol. Cancer Ther. 13,

2688-2705 (2014).

Xu, K. et al. Single-cell RNA sequencing reveals cell heterogeneity
and transcriptome profile of breast cancer lymph node metas-
tasis. Oncogenesis 10, 66 (2021).

Li, Y. et al. Non-canonical NF-kappaB signalling and ETS1/2
cooperatively drive C250T mutant TERT promoter activation. Nat.
Cell Biol. 17, 1327-1338 (2015).

Dogra, C., Hall, S. L., Wedhas, N., Linkhart, T. A. & Kumar, A.
Fibroblast growth factor inducible 14 (Fn14) is required for the
expression of myogenic regulatory factors and differentiation of
myoblasts into myotubes. Evidence for TWEAK-independent
functions of Fn14 during myogenesis. J. Biol. Chem. 282,
15000-15010 (2007).

Dogra, C., Changotra, H., Mohan, S. & Kumar, A. Tumor necrosis
factor-like weak inducer of apoptosis inhibits skeletal myogenesis
through sustained activation of nuclear factor-kappaB and
degradation of MyoD protein. J. Biol. Chem. 281,

10327-10336 (2006).

Deka, K. & Li, Y. Transcriptional regulation during aberrant acti-
vation of NF-kB signalling in cancer. Cells 12, 788 (2023).

Sim, N. & Li, Y. NF-kappaB/p52 augments ETS1 binding genome-
wide to promote glioma progression. Commun. Biol. 6, 445 (2023).
Ang, D. A. et al. Aberrant non-canonical NF-kappaB signalling
reprograms the epigenome landscape to drive oncogenic tran-
scriptomes in multiple myeloma. Nat. Commun. 15, 2513 (2024).
Di Stefano, V., Wang, B., Parobchak, N., Roche, N. & Rosen, T. RelB/
p52-mediated NF-kappaB signaling alters histone acetylation to
increase the abundance of corticotropin-releasing hormone in
human placenta. Sci. Signal. 8, ra85 (2015).

Raisner, R., Bainer, R., Haverty, P. M., Benedetti, K. L. & Gascoigne,
K. E. Super-enhancer acquisition drives oncogene expression in
triple negative breast cancer. PLoS ONE 15, e0235343 (2020).
Zheng, L. et al. ELK4 promotes the development of gastric cancer
by inducing M2 polarization of macrophages through regulation
of the KDM5A-PJA2-KSR1 axis. J. Transl. Med. 19, 342 (2021).
Huang, H. et al. Defining super-enhancer landscape in triple-
negative breast cancer by multiomic profiling. Nat. Commun. 12,
2242 (2021).

Xu, J. et al. Subtype-specific 3D genome alteration in acute
myeloid leukaemia. Nature 611, 387-398 (2022).

Flavahan, W. A. et al. Insulator dysfunction and oncogene activa-
tion in IDH mutant gliomas. Nature 529, 110-114 (2016).

Cheuk, I. W. et al. ITGAV targeting as a therapeutic approach for
treatment of metastatic breast cancer. Am. J. Cancer Res. 10,
211-223 (2020).

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

Marquis, C. et al. Chromosomally unstable tumor cells specifically
require KIF18A for proliferation. Nat. Commun. 12, 1213 (2021).
Zhang, H. et al. Epigenetic regulation of NAMPT by NAMPT-AS
drives metastatic progression in triple-negative breast cancer.
Cancer Res. 79, 3347-3359 (2019).

Hesari, Z. et al. Down-regulation of NAMPT expression by mir-206
reduces cell survival of breast cancer cells. Gene 673,

149-158 (2018).

Katsuoka, F. & Yamamoto, M. Small Maf proteins (MafF, MafG,
MafK): History, structure and function. Gene 586, 197-205 (2016).
Xu, X. et al. Structural basis for reactivating the mutant TERT
promoter by cooperative binding of p52 and ETS1. Nat. Commun.
9, 3183 (2018).

Gardell, S. J. et al. Boosting NAD(+) with a small molecule that
activates NAMPT. Nat. Commun. 10, 3241 (2019).

Braidy, N. et al. Role of nicotinamide adenine dinucleotide and
related precursors as therapeutic targets for age-related degen-
erative diseases: rationale, biochemistry, pharmacokinetics, and
outcomes. Antioxid. Redox Signal. 30, 251-294 (2019).

Fiorillo, M., Ozsvari, B., Sotgia, F. & Lisanti, M. P. High ATP production
fuels cancer drug resistance and metastasis: implications for mito-
chondrial ATP depletion therapy. Front. Oncol. 11, 740720 (2021).
Mallavarapu, A. & Mitchison, T. Regulated actin cytoskeleton
assembly at filopodium tips controls their extension and retrac-
tion. J. Cell Biol. 146, 1097-1106 (1999).

Korn, E. D., Carlier, M. F. & Pantaloni, D. Actin polymerization and
ATP hydrolysis. Science 238, 638-644 (1987).

Lin, C. Y. et al. Active medulloblastoma enhancers reveal
subgroup-specific cellular origins. Nature 530, 57-62 (2016).
Zhou, R. W. et al. A local tumor microenvironment acquired super-
enhancer induces an oncogenic driver in colorectal carcinoma.
Nat. Commun. 13, 6041 (2022).

Yu, D. et al. Super-enhancer induced IL-20RA promotes pro-
liferation/metastasis and immune evasion in colorectal cancer.
Front. Oncol. 11, 724655 (2021).

Jia, Y. et al. Myeloma-specific superenhancers affect genes of
biological and clinical relevance in myeloma. Blood Cancer J. 11,
32 (2021).

Sullivan, W. J. et al. Extracellular matrix remodeling regulates
glucose metabolism through TXNIP destabilization. Cell 175,
117-32.e21 (2018).

Chuang, C. H. et al. Altered mitochondria functionality defines a
metastatic cell state in lung cancer and creates an exploitable
vulnerability. Cancer Res. 81, 567-579 (2021).

Lim, S. K. et al. Sustained activation of non-canonical NF-kappaB
signalling drives glycolytic reprogramming in doxorubicin-
resistant DLBCL. Leukemia 37, 441-452 (2023).

Semenza, G. L. HIF-1: upstream and downstream of cancer
metabolism. Curr. Opin. Genet Dev. 20, 51-56 (2010).

Dang, C. V., Le, A. & Gao, P. MYC-induced cancer cell energy
metabolism and therapeutic opportunities. Clin. Cancer Res. 15,
6479-6483 (2009).

Wong, K. K., Engelman, J. A. & Cantley, L. C. Targeting the PI3K
signaling pathway in cancer. Curr. Opin. Genet. Dev. 20,

87-90 (2010).

Shackelford, D. B. & Shaw, R. J. The LKB1-AMPK pathway: meta-
bolism and growth control in tumour suppression. Nat. Rev.
Cancer 9, 563-575 (2009).

Nguyen, T. T. T. et al. HDAC inhibitors elicit metabolic repro-
gramming by targeting super-enhancers in glioblastoma models.
J. Clin. Investig. 130, 3699-3716 (2020).

Tan, B. et al. Inhibition of Nicotinamide Phosphoribosyltransferase
(NAMPT), an enzyme essential for NAD+ biosynthesis, leads to
altered carbohydrate metabolism in cancer cells. J. Biol. Chem.
290, 15812-15824 (2015).

Nature Communications | (2024)15:5638

16



Article

https://doi.org/10.1038/s41467-024-50071-z

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Tan, B. et al. Pharmacological inhibition of nicotinamide phos-
phoribosyltransferase (NAMPT), an enzyme essential for NAD+
biosynthesis, in human cancer cells: metabolic basis and
potential clinical implications. J. Biol. Chem. 288, 3500-3511
(2013).

Zhovu, S.J., Bi, T.Q., Qin, C. X., Yang, X. Q. & Pang, K. Expression of
NAMPT is associated with breast invasive ductal carcinoma
development and prognosis. Oncol. Lett. 15, 6648-6654 (2018).
Guijar, A. D. et al. An NAD+-dependent transcriptional program
governs self-renewal and radiation resistance in glioblastoma.
Proc. Natl Acad. Sci. USA 113, E8247-E8256 (2016).
Lucena-Cacace, A., Otero-Albiol, D., Jimenez-Garcia, M. P.,
Munoz-Galvan, S. & Carnero, A. NAMPT is a potent oncogene in
colon cancer progression that modulates cancer stem cell prop-
erties and resistance to therapy through Sirt1 and PARP. Clin.
Cancer Res. 24, 1202-1215 (2018).

Lucena-Cacace, A., Otero-Albiol, D., Jimenez-Garcia, M. P., Pei-
nado-Serrano, J. & Carnero, A. NAMPT overexpression induces
cancer stemness and defines a novel tumor signature for glioma
prognosis. Oncotarget 8, 99514-99530 (2017).

Fiorillo, M., Scatena, C., Naccarato, A. G., Sotgia, F. & Lisanti, M. P.
Bedaquiline, an FDA-approved drug, inhibits mitochondrial ATP
production and metastasis in vivo, by targeting the gamma sub-
unit (ATP5F1C) of the ATP synthase. Cell Death Differ. 28,
2797-2817 (2021).

Zeng, Y. et al. Guiding irregular nuclear morphology on nanopillar
arrays for malignancy differentiation in tumor cells. Nano Lett. 22,
7724-7733 (2022).

Loo, S. Y. et al. Fatty acid oxidation is a druggable gateway reg-
ulating cellular plasticity for driving metastasis in breast cancer.
Sci. Adv. 7, eabh2443 (2021).

Schindelin, J. et al. Fiji: an open-source platform for biological-
image analysis. Nat. Methods 9, 676-682 (2012).

Jacquemet, G. et al. FiloQuant reveals increased filopodia density
during breast cancer progression. J. Cell Biol. 216, 3387-3403
(2017).

Andrew S. FastQC: A quality control tool for high throughput
sequence data. http://www.bioinformatics.babraham.ac.uk/
projects/fastqgc (2010).

Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: a flexible
trimmer for Illumina sequence data. Bioinformatics 30, 2114-2120
(2014).

Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioin-
formatics 29, 15-21 (2013).

Liao, Y., Smyth, G. K. & Shi, W. featureCounts: an efficient general
purpose program for assigning sequence reads to genomic fea-
tures. Bioinformatics 30, 923-930 (2014).

Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeqg2. Genome
Biol. 15, 550 (2014).

Mi, H. et al. Protocol Update for large-scale genome and gene
function analysis with the PANTHER classification system (v.14.0).
Nat. Protoc. 14, 703-721 (2019).

Thomas, P. D. et al. PANTHER: making genome-scale phyloge-
netics accessible to all. Protein Sci. 31, 8-22 (2022).
Subramanian, A. et al. Gene set enrichment analysis: a knowledge-
based approach for interpreting genome-wide expression pro-
files. Proc. Natl Acad. Sci. USA 102, 15545-15550 (2005).
Mootha, V. K. et al. PGC-1alpha-responsive genes involved in oxi-
dative phosphorylation are coordinately downregulated in human
diabetes. Nat. Genet. 34, 267-273 (2003).

Zhou, Y. et al. Metascape provides a biologist-oriented resource
for the analysis of systems-level datasets. Nat. Commun. 10,
1523 (2019).

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

10.

1.

12.

13.

14.

115.

116.

17.

18.

Wickham H. ggplot2: Elegant Graphics for Data Analysis (Cham:
Springer International Publishing: Imprint: Springer, 2016).
Goldman, M. J. et al. Visualizing and interpreting cancer genomics
data via the Xena platform. Nat. Biotechnol. 38, 675-678 (2020).
Hao, Y. et al. Dictionary learning for integrative, multimodal and
scalable single-cell analysis. Nat. Biotechnol. 42, 293-304 (2023).
Aran, D. et al. Reference-based analysis of lung single-cell
sequencing reveals a transitional profibrotic macrophage. Nat.
Immunol. 20, 163-172 (2019).

Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with
Bowtie 2. Nat. Methods 9, 357-359 (2012).

Quinlan, A. R. & Hall, I. M. BEDTools: a flexible suite of utilities for
comparing genomic features. Bioinformatics 26, 841-842 (2010).
Stark S., Brown G. DiffBind: Differential Binding Analysis of ChIP-
Seq Peak Data. 2011.

Ramirez, F. et al. deepTools2: a next generation web server for
deep-sequencing data analysis. Nucleic Acids Res. 44,
W160-W165 (2016).

McLean, C. Y. et al. GREAT improves functional interpretation of
cis-regulatory regions. Nat. Biotechnol. 28, 495-501 (2010).
Ramirez, F. et al. High-resolution TADs reveal DNA sequences
underlying genome organization in flies. Nat. Commun. 9,

189 (2018).

Lopez-Delisle, L. et al. pyGenomeTracks: reproducible plots for
multivariate genomic datasets. Bioinformatics 37, 422-423 (2021).
Loven, J. et al. Selective inhibition of tumor oncogenes by dis-
ruption of super-enhancers. Cell 153, 320-334 (2013).

Whyte, W. A. et al. Master transcription factors and mediator
establish super-enhancers at key cell identity genes. Cell 153,
307-319 (2013).

Corces, M. R. et al. An improved ATAC-seq protocol reduces
background and enables interrogation of frozen tissues. Nat.
Methods 14, 959-962 (2017).

Barnett, D. W., Garrison, E. K., Quinlan, A. R., Stromberg, M. P. &
Marth, G. T. BamTools: a C++ APl and toolkit for analyzing and
managing BAM files. Bioinformatics 27, 1691-1692 (2011).
Bentsen, M. et al. ATAC-seq footprinting unravels kinetics of
transcription factor binding during zygotic genome activation.
Nat. Commun. 1, 4267 (2020).

Li H. Aligning sequence reads, clone sequences and assembly
contigs with BWA-MEM. arXiv:13033997 [g-bioGN] 2013.
Danecek, P. et al. Twelve years of SAMtools and BCFtools. Giga-
science. 2021;10.

Bhattacharyya, S., Chandra, V., Vijayanand, P. & Ay, F. Identifica-
tion of significant chromatin contacts from HiChlIP data by FitHi-
ChIP. Nat. Commun. 10, 4221 (2019).

Lareau, C. A. & Aryee, M. J. diffloop: a computational framework
for identifying and analyzing differential DNA loops from
sequencing data. Bioinformatics 34, 672-674 (2018).

Acknowledgements

This study is funded by the National Research Foundation (NRF) Singa-
pore, under its Singapore NRF Fellowship (NRF-NRFF2018-04). In addi-
tion, we thank the Nanyang Assistant Professorship (NAP) Start-up-grant
to Y.L.’s lab and Nanyang Technological University for the PhD scholar-
ship funding of N.S.

Author contributions

Y.L. conceptualised the ideas to this manuscript and supervised the
study. Y.L. and N.S. planned and devised the experiments. N.S. per-
formed and analysed all molecular and cell biology experiments, with
assistance from K.D. in western blotting, cell sorting, genotyping and
microscopy. B.K.T.T. and Y.S. contributed to the TNBC patient analysis

Nature Communications | (2024)15:5638

17


http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc

Article

https://doi.org/10.1038/s41467-024-50071-z

and tissue samples. N.S. performed the tumour xenograft studies, while
S.M.T. contributed the Rag—/- IL2y-/- BALB/c model and technical
expertise. N.S. performed the computational analyses and data visuali-
sation, with input from J.M.C. in the RNA-seq, ATAC-seq and HiChIP
analyses. N.S. and Y.L. co-wrote the manuscript, with input from J.M.C.,
K.D., and Y.S.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-50071-z.

Correspondence and requests for materials should be addressed to
Yinghui Li.

Peer review information Nature Communications thanks Igor Bado,
Luca Magnani, and the other, anonymous, reviewer for their contribution
to the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:5638

18


https://doi.org/10.1038/s41467-024-50071-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	TWEAK/Fn14 signalling driven super-enhancer reprogramming promotes pro-�metastatic metabolic rewiring in triple-negative breast cancer
	Results
	Persistent Fn14 activation drives TNBC tumorigenesis and metastasis
	TWEAK/Fn14 signalling induces distinct TNBC transcriptional signatures associated with pro-metastatic and metabolic programmes
	TWEAK/Fn14 signalling stimulates oncogenic super-enhancer activation in TNBCs
	TWEAK/Fn14-activated oncogenic SEs are enriched with AP-1 binding sites
	TWEAK/Fn14 activation drives enhancer-promoter looping associated with TNBC dependency genes
	NAMPT is a target gene of a TNBC-specific, TWEAK-activated SE
	TWEAK/Fn14-activated NAMPT expression promotes NAD+ metabolic reprogramming critical for filopodia formation

	Discussion
	Methods
	Cell lines and reagents
	Clinical samples
	Plasmids
	CRISPR genotyping
	Lentiviral production and transduction
	Mouse orthotopic xenograft
	Western blotting
	Cell proliferation assay
	Invasion assay
	NAD/NADH and ATP metabolic assays
	Filopodia staining and microscopy
	RNA library construction, sequencing and analysis
	Integration with TCGA BRCA RNA-seq dataset
	scRNA-seq analysis
	ChIP qPCR, sequencing library construction, sequencing and analysis
	ATAC-seq library construction, sequencing and analysis
	HiChIP sequencing and analysis
	Statistics and reproducibility

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




