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Abstract

Breast cancer is one of the most aggressive and lethal types of transformation among women. An anomaly of normal fatty
acid metabolism is acknowledged as a critical trigger for malignant transformations including breast cancer, but the prospect
of targeting fatty acid metabolism for the treatment of malignancy has remained unrecognized so far. It has been observed
that specific fatty acid metabolism genes are involved in the commencement and development of breast cancer. These specific
genes have also been observed to be related to different isotypes/molecular subtypes of breast cancer. The main purpose
of this study was to scrutinize the prognostic significance, functional role, and expression pattern of fatty acid metabolism
genes. In-Silico tools like TCGA BrCA, Gepia2, Ualcan Analysis, UCSC Xena, Kaplan—Meier plotter, Bc-gene EXminer,
String, gene ontology, and KEGG databases, were used to assess the expression pattern of the fatty acid metabolism genes
in breast cancer patients and also among the different molecular sub-types of breast cancer. Differential gene expression
analysis revealed dysregulation of FABP4, FABPS, PLIN1, PLIN2, PLIN4, PLINS, LPIN1, MGLL, PNPLA2, PNPLA7,
ACSL1, and ACOX2 showing a fold change > + 1.5. Also, most of these genes show downregulation in Ualcan analysis
of different isotypes/molecular subtypes of breast cancer. The study reveals that the screened genes i.e., FABP4, FABPS,
PLIN1, PLIN2, PLIN4, PLINS, LPIN1, MGLL, PNPLA2, PNPLA7, ACSL1, and ACOX2 can be used as biomarkers that
reveal poor prognosis and may serve as therapeutic targets for the treatment of breast cancer.
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Abbreviations

RFS Relapse free survival

oS Overall survival

GO Gene ontology

BC Breast cancer

KEGG Kyoto Encyclopaedia of Genes and Genomes
TCGA The Cancer Genome Atlas

MF Molecular function

KM Kaplan Meier

ER Estrogen

PR Progesterone

HER2 Human epidermal growth factor receptor 2
EGFR Epidermal growth factor receptor

TNBC Triple negative breast cancer

BP Biological processes

CC Cellular compartment

SBR Scarff Bloom Richardson

PPAR Peroxisome proliferator-activated receptors
FA Fatty acid

PYR Pyruvate

SLC2A1 Solute carrier family 2 member (GLUT1)
FABP Fatty acid binding protein

oaKG Alpha ketoglutarate

LPL Lipoprotein lipase

ACOX2  Acyl-CoA oxidase
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FA-CoA Fatty actyl CoA
A-CoA  Acetyl CoA
TAG Triacyl glycerides

Introduction

Breast cancer is the most common cancer in female indi-
viduals responsible for the high rate of malignancy [1-3].
Excluding basal cell and squamous cell skin cancers, breast
cancer is the most commonly diagnosed cancer among
women in the U.S. In 2022, there will be an estimated
287,850 new cases of invasive breast cancer diagnosed in
women; 2710 cases diagnosed in men, and an additional
51,400 cases of ductal carcinoma in situ (DCIS) diagnosed
in women. [4, 5]. Breast cancer is a heterogeneous solid
tumor with > 20 distinct subgroups differing in appearance,
clinical behavior, and genetics [6]. Breast cancer has been
categorized into triple-negative breast cancer (TNBC),
luminal A, luminal B, & HER2 + based on gene expression
[7, 8]. Luminal A, the most common subtype, may be PR
positive, ER positive or negative, HER2 negative, and EGFR
and CK5/6 negative [9-12]. Lower expression of proges-
terone receptor (PR), estrogen receptor (ER), and high his-
tologic grade are characteristics of luminal B tumors [13].
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HER?2 + subtype may be ER/PR negative, HER2 positive,
and EGFR and CK5/6 negative [9, 10]. TNBC is the most
aggressive type of breast cancer which accounts for nearly
20% of identified breast cancer cases & is characterized by
the absence of progesterone (PR) receptor, estrogen receptor,
and or under-expression of human epidermal growth factor
receptor 2 (HER2) [13-15]. Among breast cancer isotypes,
TNBC has very poor overall survival and enhanced meta-
static potential [16-21].

To develop and survive, cancer cells frequently alter the
human body's metabolism [22]. One of the hallmarks of
tumor cells that are currently being realized is any abnormal
change in fatty acid metabolism [11, 23-27]. The modifica-
tion of fatty acid metabolism, necessary to achieve the high
rate of fatty acid synthesis for cancer cell proliferation is
one of the most intriguing modifications. Therefore, fatty
acid metabolism needs to be reprogrammed for cancer cells
to survive. Since it can alter cellular processes, fatty acid
metabolic reprogramming is one of the characteristics of
a cancer situation. Increased exogenous fatty acid intake,
de novo fatty acid synthesis and fatty acid oxidation are
all components of the reprogramming of fatty acid synthe-
sis. For diagnosing and estimating the effectiveness of the
therapy regimen for treating tumors, it is helpful to identify
the biochemical targets in fatty acid metabolism. [28-30].
This dependency of cancerous cells on the altered fatty acid
metabolism reveals that the proteins involved in this pro-
cess may prove good therapeutic targets for the treatment
of cancer [31-33].

Dysregulation of fatty acid metabolism is recognized as
a component of malignant transformation in many different
cancers, including breast; yet the potential for targeting this
pathway for prevention and/or treatment of cancer remains
unrealized. Evidence indicates that proteins involved in both
the synthesis and oxidation of fatty acids play a pivotal role
in the proliferation, migration, and invasion of breast cancer
cells [25]. Thus targeting the fatty acid metabolism pathway
and the genes related to it will prove an efficient treatment
strategy for breast cancer patients. In this study, we evalu-
ated the expression of fatty acid metabolism genes using
various bioinformatic tools. We used the TCGA BRCA
database obtainable from Gepia2 and UCSC XENA web
servers to evaluate the expression of fatty acid metabolism
genes in clinical samples of BC patients. Here we came up
with the significant dysregulation of fatty acid metabolism
gene expression in breast cancer patients. Furthermore, this
dysregulated gene expression was also found to exert an
influence on relapse-free survival (RFS) and overall survival
(OS) in breast cancer patients. Our findings suggest that fatty
acid metabolism gene expression is downregulated in differ-
ent tumor types and normal activation of their expression
may reduce abnormal cell proliferation and may give better
treatment outcomes in certain cancers.

Results

Expression of fatty acid metabolism genes
is dysregulated in breast cancer

The gene expression pattern of fatty acid metabolism
was examined in BC using UCSC XENA. Fatty acid
metabolism gene expression analysis shown by the TCGA
BrCa database disclosed a notable gene dysregulation in
BC (Fig. 1). Additional analysis of different fatty acid
metabolism genes obtained from the Gepia2 dataset dis-
played a log2-fold change as shown in Table 1. FABP4,
FABPS, PLIN1, PLIN2, PLIN4, PLINS, LPIN1, MGLL,
PNPLA2, PNPLA7, ACSL1, and ACOX2 were found
to be downregulated (Fig. 2). The expression pattern of
highly dysregulated fatty acid metabolism genes among
different BC subclasses was analyzed using UALCAN,
and it was found that the Luminal breast cancer patients
show high expression of genes PLINS, MGLL, PNPLA?2,
and ACOX2 as compared to their expression in TNBC
patients. Further, luminal patients show a high expres-
sion of ACOX2 as compared to normal. Moreover, it
is found that HER2 Positive patients show a very low
expression of FABPS, PLINI1, PLIN2, PLINS, ACSLI,
MGLL, PNPLA2, and ACOX2 genes when compared
to their normal levels. Adding to this, the expression of
PLINI, PLINS5, ACSL1, MGLL, PNPLA?2, and ACOX2
is downregulated in TNBC patients when compared to
normal levels (Fig. 3).

Dysregulation of fatty acid metabolism gene
is associated with poor prognosis in BC patients

The Kaplan—Meier plotter, a bioinformatic tool for gene
expression pattern information & survival probability of
BC patients, was used to look over the survival time of
highly dysregulated fatty acid metabolism genes. Based
on median expression, BC patients were splitted into two
groups viz: high expression group and low expression
group. The relapse-free survival (RFS) examination was
executed on 4929 patients with breast cancer for about
300 months, and it was reported that the patients with low
expression of PLIN1, MGLL, ACOX?2 have worse RFS
than patients with increased levels of FABPS mRNA, hav-
ing log-rank p value 1.3e-06, Hr-value 0.78 for PLIN1, p
value 0.1, HR-value 0.88 for MGLL, p value 1.6e-08, HR
0.75 for ACOX2, While as, patients with high expression
of SLC27A6 and FABPS5 show poor RFES with p value
0.17 and 1.8 e-13 respectively, Fig. 4A. The tie-up between
gene expression of fatty acid metabolism genes and over-
all survival (OS) was scrutinized in 1879 patients, and it
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Fig.1 mRNA expression pattern of Fatty acid metabolism genes in
breast cancer patients. Heat map showing the expression patterns of
Fatty acid metabolism genes. Gene expression was drawn out using
XENA. Contrasting the expression of fatty acid metabolism genes

was disclosed that patients of breast cancer with increased
expression of SLC27A6, and MGLL have a poor OS with
p value 0.00058, 0.0024, and HR 1.78, 1.61, respectively,
while as patients with low expression of FABPS, PLIN1,
PLIN2, PLINS PNPLA2 and ACOX2 have worse OS with
p value 0.074, 0.03, 0.15, 0.0012, 0.024, 0.029 and HR
0.75,0.72,0.79, 0.61,0.71, 0.81 respectively Fig. 4B.

Correlation of dysregulated fatty acid metabolism
genes with clinical-physiological characteristics
in BC

The be-Gen EXminer web source was used to analyze the
correlation between highly dysregulated fatty acid metab-
olism genes and ordinary pathophysiological character-
istics in BC patients Fig. 5. FABP4 was shown to exhibit
a higher expression in BC patients who expressed hor-
mone receptors (Estrogen and progesterone receptors) (p
value < 0.0001) and was observed to correlate with SBR
grade 1(p value <0.0001) and individuals with wild p53
had notably increased levels of FABP4 mRNA as compared

@ Springer

between GTEx samples (normal breast, n=291), Solid Tissue Nor-
mal (tissue surrounding the tumor (n=114), and primary tumor (can-
cer, n=1097)

to individuals with mutant p53 (p value <0.0001) Fig. 5A.
In comparison to FABP4, FABPS expression levels were
notably enhanced in BC patients lacking hormone receptors
(Estrogen and progesterone receptors) (p value < 0.0001)
however did not vary substantially from HER2 (p value of
0.0914). Enhanced FABPS expression levels were found to
be associated with SBR3 (p value <0.0001). Furthermore,
patients with mutant p53 had increased levels of FABPS
mRNA than individuals having normal-type of p53 Fig. 5B.

PLIN1 expression levels were high in BC patients who
expressed estrogen and progesterone receptors exhibiting p
value <(0.0001 and was observed to correlate with SBR1(p
value < 0.0001). Additionally, individuals having mutant p53
(p value <0.0001) had lower levels of PLIN1 mRNA than
those with wild-type p53 Fig. 5C.

PLIN2 expression levels were higher in BC patients
deficient in estrogen and progesterone receptors (p
value < 0.0001). In contrast, PLIN2 expression was
greater in HER2-augmented BCp-value 0.0003). PLIN2
expression was shown to be correlated with SBR3 (p
value < 0.0001). Moreover, patients with wild p53 had
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Table 1 Log2-fold change of Fatty acid metabolism genes in breast cancer

Gene symbol Gene ID Median (tumor) Median (normal) Log2(fold change) p value
ACLY ENSG00000131473.16 66.339 37.859 0.739 2.27e-29
ACACA ENSG00000278540.4 26.279 18.581 0.478 8.46e-14
FASN ENSG00000169710.6 249.742 268.577 -0.104 5.06e—4
VLDLR ENSG00000147852.15 5.280 9.940 —0.801 1.56e-38
FABP1 ENSG00000163586.9 0.000 0.180 -0.239 1.10e-36
FABP4 ENSG00000170323.8 30.290 3082.958 -6.623 8.32e-201
FABP5 ENSG00000164687.10 37.330 132.329 -1.798 2.73e-60
FABP6 ENSG00000170231.15 0.290 0.000 0.367 9.15e-23
SLC27A1 ENSG00000130304.16 12.700 23.840 -0.858 2.63e-77
SLC27A2 ENSG00000140284.10 3.890 0.850 1.402 3.05e-32
SLC27A3 ENSG00000143554.13 33.171 52.308 -0.642 1.53e-36
PLIN1 ENSG00000166819.11 3.230 274.449 -6.025 2.57e-195
PLIN2 ENSG00000147872.9 33.201 168.218 -2.307 2.32e-160
PLIN3 ENSG00000105355.8 51.599 31.130 0.711 1.43e-83
PLIN4 ENSG00000167676.4 2.820 167.729 -5.465 2.65e-203
PLINS ENSG00000214456.8 2.530 13.200 -2.008 6.64e-70
LPIN1 ENSG00000134324.11 6.880 22.371 -1.568 8.98e-134
LPIN3 ENSG00000132793.11 6.600 19.631 -1.441 5.89e-109
MGLL ENSG00000074416.13 20.359 75.279 -1.836 6.03e-108
PNPLA2 ENSG00000177666.15 88.972 389.370 -2.117 1.68e-176
PNPLA7 ENSG00000130653.15 2.900 11.790 -1.713 3.48e-147
ACSL1 ENSG00000151726.13 37.031 161.948 -2.099 1.24e-121
CPT1A ENSG00000110090 8.570 22.070 -1.269 3.48e-22
CPTI1B ENSG00000205560.12 4.730 11.725 -1.151 2.97e-16
SLC25A20 ENSGO00000178537.9 16.080 30.935 -0.903 7.81e-15
HADHA ENSG000000842754.10 78.962 113.598 -0.519 1.60e-3
HADHB ENSG00000138029.13 116.379 207.849 -0.831 8.10e-8
ACOX1 ENSGO00000161533.11 9.290 17.330 -0.833 9.39e-16
ACOX2 ENSG00000168306.12 3.710 20.779 -2.209 6.34e-14

Bold genes indicate that these genes have shown greater Log?2 fold change values as compared to rest of the genes

very low levels of PLIN2 mRNA than those with mutant
p53 who have notably higher levels of PLIN2 Fig. 5D.

PLIN4 and PLINS expression levels were high in BC
patients who expressed estrogen receptor and progester-
one receptor (p value <0.0001). Further, it was reported
that enhanced PLIN4 and PLINS expression was con-
nected with SBR1 (p value <0.0001) and individuals
with wild p53 had significantly greater PLIN4 and PLINS
mRNA levels than patients with mutant-type p53 (p
value < 0.0001) Fig. 5E, F.

MGLL expression was high in ER + and HER2 posi-
tive patients (p value < 0.0001) while as the expression did
not vary substantially from PR (p value =0.8046) or SBR
grade (p value <0.0001). Further individuals with wild

p53 showed increased levels of MGLL mRNA than those
who had mutant p53 (p value=0.013) Fig. 5 (G).

Expression levels of genes PNPLA2 and PNPLA7 were
found to be high in BC patients who expressed hormone estro-
gen and progesterone receptors (p value <0.0001). In respect
of SBR grading, increased levels of PNPLA2 and PNPLA7
were found to be connected with SBR1 (p value <0.0001).
Moreover, individuals who had wild p53 showed greater levels
of PNPLA?2 and PNPLA7 in comparison to those with mutant
p53 Fig. 5H, L.

ACSL1 gene expression appeared to be elevated in breast
tumors deficient in hormone estrogen and progesterone
receptors (p value < 0.0001). In contrast, HER2-augmented
breast tumors (p value-0.0001) showed elevated levels

@ Springer
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Fig.2 Fatty acid metabolism gene expression in Breast cancer. A. UCSC XENA. B. Box plots of the expression pattern of highly dys-
Bar graph of the expression pattern of fatty acid metabolism genes regulated fatty acid metabolism genes analysed in BC by making use
scrutinized using TCGA BRCA and GTEx databases by operating of Gepia2 web source (p value > 0.05)
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of ACSLI1. In respect of SBR grading, elevated ACSLI1
expression was connected with SBR3 (p value <0.0001).
And individuals with mutant p53 had elevated levels of
ACSL1 mRNA as opposed to those who had wild p53 (p
value=0.0517) Fig. 5J.

ACOX?2 expression was high in patients with breast can-
cer who expressed progesterone and estrogen receptors (p
value < 0.0001). ACOX2 expression was also found to be
elevated in HER2-augmented breast tumorsp-value-0.0001).
In respect of SBR grading, augmented ACOX2 expres-
sion was connected with SBR1 (p value <0.0001), and
individuals with wild p53 had remarkably higher levels of
ACOX2 mRNA as opposed to patients with mutant p53 (p
value < 0.0001) Fig. 5K.

Protein—protein interaction of Fatty Acid
Metabolism Genes

A network of protein—protein interactions was constructed
by connecting co-expressed 16 genes (nodes) with 62
protein—protein relationships (edges) in a string data-
base. Also, the PPI network developed displayed an aver-
age node degree: 7.75, expected number of edges: 7, avg.

local clustering coefficient: 0.81, and a PPI enrichment p
value: < 1.0e-16 (Fig. 6A). The top five hub genes of the net-
work depending on degree score were identified using Cyto-
hubba as shown in Fig. 6B. The top genes of the network
included ACSL1, LIPE, PNPLA2, FABP4, and PPARG.

Gene ontology enrichment and pathways analysis

By utilizing the Enricher database, we pointed out signal-
ling cascades and gene ontology features linked to FABP4,
FABPS, PLIN1, PLIN2, PLIN4, PLINS, LPIN1, MGLL,
PNPLA2, PNPLA7, ACSL1, and ACOX2. GO analysis in
biological processes revealed that these genes were enriched
in long-chain fatty acid transport, regulation of sequestering
of triglyceride fatty acid transport, acylglycerol catabolic
process, triglyceride catabolic process, triglyceride meta-
bolic process, acylglycerol acyl-chain remodeling, positive
regulation of sequestering of triglyceride, positive regulation
of cold-induced thermogenesis and regulation of triglycer-
ide catabolic process Fig. 7A. In molecular function (MF)
terms, these genes showed enrichment in activities of lipase,
carboxylic ester hydrolase, phospholipase, lysophospholi-
pase, arachidonate-CoA ligase, acid -thiol ligase, acylglyc-
erol lipase, acyl-CoA oxidase, oxidoreductase, triglyceride
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Fig.4 Expression of dysregulated Fatty acid metabolism genes corresponds with survival outcomes. A Correspondence between expression of
fatty acid metabolism genes with RFS in BC patients. B Relationship between expression of fatty acid metabolism genes with OS in BC patients

lipase, and long-chain fatty acid binding Fig. 7B. In respect
of cellular location, the recommended GO was primar-
ily enriched in lipid droplet, intracellular non-membrane
abounded organelle, endoplasmic reticulum membrane,
azurophil granule lumen, mitochondrial outer membrane,
asymmetric synapse, postsynaptic density, organelle
outer membrane, azurophil granule, vacuolar lumen, etc.
Figure 7C.

Kyoto Encyclopaedia of Genes and Genomes (KEGG)
web source was utilized to assess pathway studies. As per
KEGG Human 2021, these genes are associated with the
PPAR signalling pathway, regulation of lipolysis in adipo-
cytes, thermogenesis, glycerolipid metabolism, peroxisome,
primary bile acid biosynthesis, fatty acid biosynthesis, fer-
roptosis, fatty acid degradation, and adipocytokine signal-
ling pathway Fig. 7D.

Discussion

Breast cancers are quite frequent among the female popula-
tion and are responsible for increased tumor-related deaths
in women [25], 34. While breakthroughs in early detection
and therapy have improved the standard of life and overall
survival in BC patients, the emergence of metastatic and
resistant cancers demands immediate attention [26, 27].

@ Springer

Cancerous cells and their microenvironment including the
stroma around them impact reciprocally via paracrine factors
and juxtracrine interaction, promoting tumor development,
metastasis, and therapy resistance [28]. The stromal cells
have been discovered to generate epigenetic alterations in
tumor cells and regulate gene expression, supporting tumor
development and influencing prognosis [6, 29].

Several oncogenic signaling cascades regulate the lipid
metabolism of transformed cells and any type of deviation
in these pathways may lead to the development of tumors.
Alterations in the metabolism of lipids in tumor cells are
currently acknowledged as a trademark of transformed cells
[30]. Reprogramming metabolic pathways by tumor cells is
important for their proliferation and survival.

In the current study, we utilized various bioinformatic
tools to puzzle out the diagnostic and prognostic signifi-
cance, gene expression pattern, and functional role of the
dysregulated fatty acid metabolism genes in BC patients.
Our study reported that fatty acid metabolism genes are
very much dysregulated in breast tumors with FABP4,
FABPS, PLIN1, PLIN2, PLIN4, PLINS, LPIN1, MGLL,
PNPLA2, PNPLA7, ACSL1, and ACOX2 showing a fold
change>+1.5.

Our study revealed that breast cancer patients with low
levels of PLIN1, MGLL, and ACOX2 have poor Relapse
Free Survival as compared to patients having increased



Medical Oncology (2022) 39:256

Page9of 15 256

A

Sttt e o AP ot sk e of P s S it i 4 i s
el = f=ry
R0 RO i
o aoumnsm Proagy
H ‘ N ‘ )
. .
i i
3 i 3 3 0
i i i
< < <
H H H
: : H
He io i
H H H
§ i H § i 5 H
g ! 3 > 3 !
4+ : . 4 : 4 3
> peaom pensot peass
o o1 s
S & ES 3 = =
ry o o ) ey @ ) s o
Bon and whiskr ot of FASPS egression. Boa and whisker plot of FASP5 ugresson ‘Bou ind whisher piot o FASPS expressien
R
wouseym o xmcarim
. . . E
. ! :
H 4 . H i
4 1 ¥ 1 . i )
g i .
s £ 1
PR ‘2 < H
H E: i
B B H
Pv i
57 H
; ! = }
$ : o s £a 5
R : 1 . H 1
H . ' H .
N . N
| 4
et e pramu
3 [ 2 =1
EY ES Y £ = =
e o2 ger ™ o o i sy =
c Box end whsr gl f PLNT xpressce B it whsher gt o DAY expresion Box and washer pt of 2N cxpssen.
ety ey o
aM Ll i
stwacam s e Propeay
4| . L 5
. H
4 ! e 1 5 2
3 H 84 "
£ ‘ § :
: | N : |
H 2 i 2
N ; !
§ -] i = H
LD T | 1] | .
H ! i T H
iq ‘ i : :
i {4 i T T
4 | :
petzer s peateet P : peamn
»y »L »nL
EY ES "= = = =
% = 2 e am ) LR ™5
D B and whshw ot of PUAD egmession Box ond e it o FUND egression B0 and whsker ct of P exprenon
wra o "
5w wm s a0z Prrenadiy
8 - . s ‘ 1
: . i ! :
3 s 3 H | 3 .
HO H " i ! H _L i
! i ] 2
i | i :
£ H H
g i i
H H i
H i i
o : 3
M ! M
¢ H }
H H H T
i - 21 2
i -I— 1 N I { i .
: H |
] .
4 ° pealny petamt N praNe
12 o _sa | & s
ES & S = = e
~ =1 2% ey m 2 ) ) o™

Fig.5 Clinicopathological parameters and fatty acid metabolism
genes in BC. bC-Gen EXminer analysis of dysregulated fatty acid
metabolism genes showed a tie-up with clinicopathological param-

[T T —— N —

Bt w1 4 e e e
- )
v e Pl
. 2
H T 3
£z H
3 o
§ §
¢ = ;
: ie
2 T H :
4 2
3 : g
*d ‘ ol . y
N < 0.0001
peomt :7!
SeR1 oaz su Widtype Metand
ey (s = e ey L o8
Bon ind whisher plot of FASPS epressen ‘Box ant whisker plot of FASPS expressen
= i)
warernm P
1
‘ ; ' i
= . 4
3 3
i i : :
< < .
$ $
H z
3 s ®
i i
i H Lol
H T 1 i, .
i : :
£ H
pe H
§ §
S 2
4
peliont
3 et 12
ssat s8R e Widipe [
e &3 oG b o) &8 -
Bon and ke 3t of LN epession ‘Soa and whishar ot of PUNY expression
[ L)
-\ P O
P P
i .
t i P
1 i i i
H 4
H 1
H
L
i |
H
LR T
x? H
4
N - +
4 . )
) . et
et 4 [
R s B Wadte Maed
) = e e ) L] o8¢
Bex and whishr i of PN exressien. 8ot ¢ wsaw ot o PN epreson
ey et
- P53 s 40)
Pt #umn
i )
. 2
N £ . i
i i H
: H
[ H _L €1
H
2 i
HE
§
. .
N
; 4
H
! :
! 2 1 .
) © prawm
4 et k] :q
st s 83 Wadtype =™
) - e oS L =3 @

eters of BC i.e., Hormonal status, Her2 enrichment, SBR grade,
and p53 status. A FABP4 B FABPS5 C PLIN1 D PLIN2 E PLIN4 F
PLIN5 G MGLL H PNPLA2 I PNPLA7 J ACSL1 K ACOX2

@ Springer



256 Page100f15 Medical Oncology (2022) 39:256

E  Sweminnicom St b 3 M i ot e o P s e e B v st P e
" ey oy e e
a5 e el - P )
P e ey e Pireee
3
. 5 B 3
1
‘ 5
: 2 -
X : § 3 T
H i i i
H + HEN
H H
&2 £
i i
$ b
3 34
fa
H 1 H
i T
4 T
: petst
peamt 9 )
s s widtpe ]
e am L e o ) % 2 = e ™ o ) e L 0
F ot e et o PUNS e on i et of PLNS epicn Bex i it of PUNS iz Bexnd o et o PUS ersn. Sorin st f P e
[ o e oy ]
a0 R RO £ Psms B0
e ey s e annn
‘ ' ¢ 3 ‘

= &
1

|
- ’
o+
x‘ '
H
H
1
i

1l 4

; i
MU 5
£ g -+
2 T : :? ‘
i H H
-4 i e
2 H 1 H
4 . . < i
petam * et : peans * b et
o1 [ o1 pebttr b
EY & L " = w s s [ Wt
PO ) ) w) o v O ™ e g 2 > ~ s =
G Bon i whshr gt o B expmsion Bon it ot of DL eprssion. 51 et s gt f DL emssn. Bon it e it of WL wpssin. Bon nd whishr gt o L epession
o o [ ey o
A o # ey
v anomm i o s
: " J
. X < 4 !
. J» ‘ ‘ : ‘ l ‘ ; l | :
R " ; 1 : ¢ R .
i 3 i 3 : P
i H i i i i i i =
£ | i &3 i £ H
§t § _L . st s
H a H H
H H H H
= | reEE |
LY : ' - :
H H H H
i H i = i
H Jl = 4 H
H H H H it
2 + :
H H M H 4 H
§ T § § il T ] + g -
< H < < —— < . ~
H : o L i ' H : : i
{J i+ 4| i | oo i
~ . i g L
: i ¢
i : peb 4 e 4 ) petmt & ' T
[0 = i« pebaet oI
|- L L3 L L E k1 = Widtpe Wz
® = W ow o T * L) g a0 T [
H s S o PR i o e AP St d AP e
L i i L Lova
a0 B0 R ® ]
spems #xzmm sy Wnonm P
s ¢ )
] . . ' X -
H ' { H i | § it T
HG X : { | _L i H
< H . <
§ J_ : i 4 4 § | §
£ £ £ i B!
: : I :
S H it i
H H §
i i - H it
H H = H H
- v - | - i
% 8 y 3
H H H H £
H H H \ 3
§ $e M { '}
{a i £ [} "= i
T { T s T t4 L
| ! & "
' i ! ' ' . 1 4
4 peaomt s petm Pl J pebit
» »i 4 [ ¥ pebm A bl
B B R L3 [ MR E-d kA SR Widtype Netaed
[ wo @ . o ™ wooE 0 an Mo e

Fig.5 (continued)

levels of PLIN1, MGLL, and ACOX2 mRNA, while patients OS, while patients with low expression of FABPS, PLINI,
having high expression of SLC27A6 and FABPS5 show  PLIN2, PLINS PNPLA2 and ACOX2 have worse OS.
poor RFS. Further, it was reported that BC patients having Further investigation suggested that FABP4 expression
elevated expression of SLC27A6, and MGLL, have poor  was significantly higher in those BC patients who expressed
hormone progesterone and estrogen receptors, depicting a
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Fig.5 (continued)

negative relationship with hormone receptors, and was
observed to correlate with SBR grade 1 and wild p53. On
the other hand, FABPS expression appeared remarkably
high in those patients deficient in estrogen and progesterone

receptors, however, did not vary substantially from HER2.
In respect of SBR grading, elevated levels of FABP5 were
found to be correlated with SBR3 and mutant p53.

@ Springer



256 Page12o0f15

Medical Oncology (2022) 39:256

Fig.6 PPI analysis of FAM PNPLAT
genes A PPI constricted module A o
of FAM genes using STRING.
B Top 5 hub genes of PPI net-
work identified using cytohubba
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Fig.7 Gene enrichment and pathway analysis. (A—C)G O analysis of the BP, CC, and MF and, (D) KEGG pathway enrichment analysis of
FABP4, FABPS, PLIN1, PLIN2, PLIN4 PLINS, LPIN1, MGLL, PNPLA2, PNPLA7, ACSL1 and ACOX2 genes in breast cancer

PLIN1 expression was high in BC patients who had
estrogen receptors and progesterone receptors, depicting a
negative relationship with hormone receptors and was asso-
ciated with SBR1 and wild p53. Experimentally PLIN1
was overexpressed exogenously in breast cancer cell lines
which resulted in the inhibition of invasion, cell prolifera-
tion, migration, and in vivo tumor formation in mice models

@ Springer

[31]. In contrast to this, expression levels of PLIN2 expres-
sion were enhanced in those patients not having estrogen and
progesterone receptors and also enhanced in HER2-enriched
breast cancers. In respect of SBR grading, elevated levels
of PLIN2 appeared to be connected with SBR3 and mutant
pS3.
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PLIN4 and PLINS expression was high in those patients
having estrogen and progesterone receptors showing a neg-
ative relation with hormone receptors (p value <0.0001).
In respect of SBR grading, it was confirmed that elevated
levels of PLIN4 and PLINS were connected with SBR1
and wild p53.

MGLL expression was high in ER +and HER?2 positive
patients while its expression did not vary very much from
PR (p value =0.8046) or SBR grade (p value <0.0001) and
individuals with wild-type p53 showed notably larger lev-
els of MGLL mRNA as opposed to those with mutant p53.

PNPLA?2 and PNPLA?7 expression levels were elevated
in BC patients having estrogen and progesterone recep-
tors depicting a negative relation with hormone receptors.
In respect of SBR grading, elevated levels of PNPLA2 &
PNPLAT7 appeared to be associated with SBR1 & wild p53.

Elevated expression of ACSL1 was reported in BC
patients lacking progesterone and estrogen receptors, but its
expression was augmented in HER2-enriched breast cancers.
Concerning SBR grading, higher ACSL1 expression was
found to be associated with SBR3 and mutant p53.

BC patients with estrogen and progesterone receptors
exhibited elevated levels of ACOX2 depicting a positive
relation. Its expression was also enhanced in HER2-enriched
breast cancers. About SBR grading, elevated ACOX2
expression was connected with SBR1 & wild p53.

Also, the string analysis using the Cytoscape as export
software revealed the top five hub genes associated with
fatty acid metabolism in breast cancer. Further, Gene ontol-
ogy analysis in biological processes revealed that these
genes were enriched in long-chain fatty acid transport, acyl-
glycerol catabolic process, triglyceride metabolic process,
regulation of sequestering of triglyceride fatty acid trans-
port, triglyceride catabolic process, acylglycerol acyl-chain
remodeling, positive regulation of cold-induced thermogen-
esis, positive regulation of sequestering of triglyceride and
regulation of triglyceride catabolic process. In molecular
function (MF) terms, these genes showed enrichment in
long-chain fatty acid binding and activities of carboxylic
ester hydrolase, lysophospholipase, lipase, phospholipase,
arachidonate -CoA ligase, acylglycerol lipase, acid-thiol
ligase, CoA- ligase, triglyceride lipase, etc. About cellular
location, the preferred GO was primarily enriched in lipid
droplet, intracellular non-membrane abounded organelle,
endoplasmic reticulum membrane, azurophil granule lumen,
mitochondrial outer membrane, asymmetric synapse, post-
synaptic density, organelle outer membrane, azurophil gran-
ule, vacuolar lumen, etc.

This dependency of transformed cells on the deviated
metabolism of lipids demonstrates that proteins that function
in lipid metabolism may be pinpointed as chemotherapeutic
targets for the treatment of breast cancer [32, 33]

Materials and methods

Differential gene expression of fatty acid
metabolism genes in breast cancers

The expression pattern of fatty acid metabolism genes was
analyzed using the UCSC XENA web source and resulted in
the production of a heatmap [35]. The Gepia2 online dataset
(http://gepia2.cancer-pku.cn/) was utilized to show the fold
change in differential expression levels of fatty acid metabo-
lism genes in breast tumors [36]. This web source has 291
samples of GTEX & 1085 samples of BC. Additionally, our
study also used UALCAN comprehensive web portal just
to delineate the expression of highly dysregulated fatty acid
metabolism genes in different subclasses of breast cancers
[37].

Kaplan-Meier plotter

The Kaplan—Meier plotter, a bioinformatic tool for gene
expression pattern information and survival probability
of BC patients, was used to look over the survival time
of highly dysregulated fatty acid metabolism genes [38].
This web server has OS data for 1879 patients and RFS
data for 4929 patients in its mRNA gene chip BC dataset.
Two groups of patients were created based on median gene
expression. Among these two designated cohorts, conse-
quences of dysregulated gene expression on OS and RFS
were inspected from KM- survival curves. Moreover, the
KM plotter was used to calculate log-rank p value and the
hazard ratio intervals.

bc-Gen EXminer

The be-Gen EXminer web source (http;//bcgenex.centre-
gauducheau.fr/BC-GEM) was used to analyze the corre-
lation between highly dysregulated fatty acid metabolism
genes and ordinary pathophysiological characteristics in
BC patients [39, 40]. This database was utilized to assess
the correlation between expression levels of different fatty
acid metabolism genes and different clinical parameters of
breast tumor patients such as Her2 enrichment, p53 status,
hormonal status, and SBR grade.

Protein—protein interaction of Fatty acid
metabolism genes

A protein—protein interaction (PPI) network of selected FAM
genes was created using the Search Tool for the Retrieval
of Interacting Genes (STRING database ver.11.0b), a bio-
logical database created to construct and study functional
interactions between proteins, with a confidence score of
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0.7 [41]. Using the Cytoscape program, the PPI network was
further examined and visualized (version 3.8.2). To identify
the noteworthy modules in the PPI network, the Cytoscape
software's Molecular Complex Detection (MCODE) plug-
in was added. The cytohubba plugin was used to extract the
HUB nodes with the top 5° in the PPI network [42].

Functional enrichment of highly dysregulated fatty
acid metabolism genes

The Mayaan laboratory database (https://maayanlab.cloud/
Enrichr/)meant for gene ontology function and KEGG
(Kyoto Encyclopaedia of Genes and Genomes) was utilized
to reveal biological process, gene ontology features, and
pathway enrichment analyses of FABP4, FABPS5, PLINI,
PLIN2, PLIN4, PLINS, LPIN1, MGLL, PNPLA2, PNPLA7,
ACSL1 and ACOX2 [43]. A p value of <0.05 was con-
sidered significant for pathways & functions in respect of
KEGG & GO.

Conclusion

In this study, a correlation was assessed between expression
levels of different fatty acid metabolism genes and progno-
sis among different molecular isotypes/subtypes of breast
cancers. Our findings suggest that FAM genes viz, FABP4,
FABPS, PLIN1, PLIN2, PLIN4, PLINS, LPIN1, MGLL,
PNPLA2, PNPLA7, ACSL1, and ACOX2 are downregu-
lated in different subtypes of breast cancers, and may serve
as ideal therapeutic targets for cancer treatment. The studies
have revealed that PLIN1 overexpression done exogenously
in breast cancer cell lines resulted in inhibition of prolifera-
tion, migration, invasion as well as in vivo tumor forma-
tion in mice models, hence normal activation of fatty acid
metabolism pathways in tumors may reduce abnormal cell
proliferation and may give better treatment outcomes. There-
fore, targeting the fatty acid metabolism pathway and the
genes related to it will prove an efficient treatment strategy
for breast cancer patients.
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