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Abstract

Breast cancer remains the most prevalent malignancy among women globally, with its complexity linked to genetic
variations and metabolic alterations within tumor cells. This study investigates the role of fumarate hydratase (FH),

a key enzyme in the tricarboxylic acid (TCA) cycle, in breast cancer progression. Our findings reveal that FH mRNA
and protein levels are significantly upregulated in breast cancer tissues and correlate with poor patient prognosis
and aggressive tumor characteristics. Using in vitro and in vivo models, we demonstrate that FH overexpression
enhances breast cancer cell proliferation, migration, and invasion through metabolic reprogramming and by increas-
ing reactive oxygen species (ROS) production. Furthermore, we identify matrix metalloproteinase 1 (MMP1)

as a downstream effector of FH, linked to p21 downregulation, elucidating a novel regulatory pathway influenc-

ing tumor behavior. Interestingly, unlike its tumor-suppressing role in other cancer types, this study highlights FH's
oncogenic potential in breast cancer. Our results suggest that FH enhances cancer cell viability and aggressiveness
via both catalytic and non-catalytic mechanisms. This work not only underscores the metabolic adaptations of breast
cancer cells but also proposes FH as a potential biomarker and therapeutic target for breast cancer management.

Introduction

Breast cancer represents the most commonly diagnosed
malignancy among women globally, with a significant
upward trend in incidence rates [1]. The progression
of the disease, available therapeutic options, and the
response to treatment are influenced by genetic varia-
tions within the breast epithelium and the surrounding
microenvironment [2]. Although numerous genes and
proteins have been scrutinized in the context of breast
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cancer, metabolic reprogramming has emerged as a piv-
otal factor in cancer advancement [3, 4]. Consequently,
metabolomics-based biomarkers and targeted thera-
pies could offer promising alternatives for patients who
exhibit resistance to existing treatments.

Metabolic reprogramming is recognized as a hallmark
of cancer cells, facilitating sustained growth and prolif-
eration [5, 6]. Otto Warburg’s seminal discovery in 1924,
now termed the “Warburg effect; demonstrated that
cancer cells preferentially utilize anaerobic glycolysis
for ATP generation, even in oxygen-rich environments,
diverging from normal cellular metabolism [7]. While
glycolysis was initially considered the primary energy
source for cancer cells as opposed to mitochondrial res-
piration in healthy cells [8], recent studies underscore the
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importance of mitochondrial dysfunction in driving can-
cer cell proliferation and progression [9, 10].

The tricarboxylic acid (TCA) cycle, also referred to as
the Krebs cycle, takes place in the mitochondria and is
integral to the metabolism of carbohydrates, lipids, and
amino acids [11, 12]. This pathway enables aerobic organ-
isms to oxidize biological substrates, thereby generating
energy while maintaining macromolecular synthesis and
redox balance within cells [13]. In normal tissues, glu-
cose metabolism occurs via conversion to pyruvate in the
cytosol, which is subsequently oxidized in aerobic condi-
tions by pyruvate dehydrogenase and various TCA cycle
enzymes. Recently, the non-metabolic roles of TCA cycle
enzymes have garnered heightened attention in cancer
research [14—16].

Fumarate hydratase (FH), an enzyme within the TCA
cycle, catalyzes the reversible hydration of fumarate to
malate, exhibiting dual localization and functionality
within both mitochondrial and cytosolic/nuclear com-
partments of eukaryotic cells [17]. In human cells, FH
plays a role in DNA repair through the non-homologous
end joining (NHE]) pathway [17], and has been impli-
cated as a tumor suppressor [18, 19]. Mutations in the
FH gene are associated with a predisposition to multiple
cutaneous and uterine leiomyomas (MCUL) and heredi-
tary leiomyomatosis and renal cell carcinoma (HLRCC).
In contrast, recessive mutations can lead to severe out-
comes, including early mortality and acute encepha-
lopathy [20]. In renal cancer models deficient in FH,
metabolic shifts towards aerobic glycolysis occur, with
both glycolytic and tumorigenic phenotypes reverting
upon restoration of FH activity [21]. Furthermore, FH
has demonstrated tumor suppressive properties in lung
and endometrial cancers [22, 23].

Currently, the specific role of FH in breast cancer
remains poorly defined. Notably, mutations in FH are
infrequently observed in breast carcinoma [24]. While
DNA methylation typically affects the promoter regions
of tumor suppressor genes in various cancers, such modi-
fications are absent in the FH promoter region within
breast carcinoma [25]. Investigations have highlighted
that Rutaecarpine, an experimental anti-cancer agent,
promotes differentiation of triple-negative breast cancer
cells and inhibits fumarate hydratase activity [26], while
mitochondrial long non-coding RNA GAS5 has been
identified as a tumor suppressor that disrupts the meta-
bolic functions of FH [27].

In this study, we aim to investigate the role of FH in
breast cancer by starting with its expression in breast can-
cer tissues and its correlation with established prognostic
markers using online databases including Oncomine and
Km.plot, followed by functional investigation into the
implications of FH in breast cancer pathophysiology.
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Methods

Patient samples

Breast cancer tissues were collected from patients who
underwent surgical treatment at the Department of
Surgery, Kaohsiung Medical University Hospital, Tai-
wan (Approval numbers: KMUHIRB-F(I)-20,180,112,
KMUHIRB-E(I)-20,180,136, KMUHIRB-
E(I)—20,200,299). Overall survival (OS) was defined as
the time from diagnosis to death, while disease-free sur-
vival (DFS) was measured from diagnosis or the start of
treatment to the first recurrence.

Immunohistochemistry

Tissues for the immunohistochemistry study were
sourced from formalin-fixed, paraffin-embedded blocks.
Immunohistochemical (IHC) staining for fumarate
hydratase (FH) was conducted using the Bond-Max sys-
tem (Leica Microsystems, Wetzlar, Germany). FH expres-
sion in the breast cancer specimens was evaluated with
the TissueFaxs microscopy system and HistQuest soft-
ware (TissueGnostics, Vienna, Austria). IHC scores were
assigned based on FH staining intensity in cancer cells: 0,
1+, 2+, or 3+, with 0/1 +indicating low expression and
2+/3 +indicating high expression.

Cell culture

The human breast cancer cell lines MDA-MB-231, BT-20,
HS578 T, MCF-7, BT-474, ZR75-1, T47D, and the mouse
breast carcinoma cell line 4T1 were obtained from the
Bioresource Collection and Research Center (BCRC,
Hsinchu, Taiwan). The BT-549 human breast cancer cell
line was sourced from ATCC. MDA-MB-231, HS578
T, MCF-7, T47D, ZR75-1, and BT-474 cells were main-
tained in DMEM medium. BT-20 cells were maintained
in EMEM medium, whereas BT-549 and 4T1 cells were
maintained in RPMI-1640 medium. All culture media
were supplemented with 10% fetal bovine serum, 1% pen-
icillin G, and streptomycin.

Lentiviral infection for FH knockdown and overexpression
To silence fumarate hydratase in breast cancer cells,
we used lentiviruses carrying the pLKO.1_puro len-
tiviral vector expressing shRNA targeting human
fumarate hydratase (four clones: TRCN0000052466,
TRCNO0000310398, TRCNO0000052465,
TRCNO0000299140). Each clone had specific target
sequences and oligo sequences. A lentiviral vector
expressing shRNA targeting firefly luciferase, which does
not match any human sequence, served as a negative
control (National RNAi Core Facility, Academia Sinica,
Taiwan).

For overexpression, we used lentiviral particles con-
taining the pReceiver Lv105 vector expressing the human
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fumarate hydratase gene, obtained from Genecopoeia
(Rockville, MD). Lentiviral particles with an empty pRe-
ceiver Lv105 vector served as a negative control. Lenti-
viral infection was carried out by adding virus solution
to culture media supplemented with 8 pg/mL polybrene.
For selection, 2 ug/mL puromycin was added 24 h post-
infection, and surviving cells were maintained in 2 pg/mL
puromycin throughout the experiment.

XTT colorimetric assay

Cell proliferation rates were assessed using the XTT
colorimetric assay, which involves 2,3-Bis(2-methoxy-4-
nitro-5-sulfophenyl)—2H-tetrazolium-5-carboxanilide
(XTT) (Roche Molecular Biochemicals, Germany). The
procedure followed was based on previously published
reports [28, 29]. Cell viability was assessed at two time
points, 24 and 48 h.

Cell cycle analysis

Cells were trypsinized, then fixed in 1 mL of 70% ethanol
overnight at 4 °C. Following this, they were centrifuged at
1500 g for 5 min and resuspended in 1 mL of phosphate-
buffered saline (PBS) containing 50 pg/mL RNase and 50
pg/mL propidium iodide (Sigma Chemical Co., St. Louis,
MO). The stained cells were analyzed using flow cytom-
etry (BD, Becton, Dickinson & Co).

Transwell migration and invasion assays

The cell migration assay was conducted using 24-well
plates with Transwell membrane filter inserts (6.5 mm
diameter, 8 pm pore size; Corning Costar Corp., Cam-
bridge, MA, USA). Breast cancer cells, subjected to
fumarate hydratase overexpression or knockdown, were
seeded in serum-free medium in the upper chamber
of the Transwell filters. The lower chamber contained
serum-supplemented medium. Cells were incubated
for 24 h at 37 °C, then fixed with 4% formaldehyde and
stained with crystal violet. Non-migrating cells were
removed from the filter’s upper surface, while migrated
cells were imaged using an Olympus SZX10 microscope
and analyzed with Image]J software.

For invasion assays, BioCoat Matrigel invasion cham-
bers (Corning, BioCoat ") were rehydrated following the
manufacturer’s instructions, with subsequent steps mir-
roring those of the migration assay.

Western blot analysis

Western blotting was employed to evaluate knockdown
efficiency post-lentivirus infection and to examine the
expression of various proteins, following the methodol-
ogy described in a prior study (23). After protein trans-
fer, the polyvinylidene fluoride (PVDF) membrane was
incubated overnight with primary antibodies. Protein
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bands were visualized using an enhanced chemilumines-
cence reagent (Perkin Elmer, American Fork, UT, USA)
and Image Lab software (BIO-RAD). MMP1 inhibi-
tor GM6001 (Ilomastat, HY-15768) and p21 inhibitor
UC2288 (532,813) were procured from Sigma and used
to treat breast cancer cells for 6 h and 48 h, respectively,
before collection for Western blot analysis.

Mito stress test

The Mito Stress Test was performed using the Agilent
Seahorse XFe/XF Analyzer along with the Agilent Sea-
horse XF Cell Mito Stress Test Kit. To measure multiple
statuses of OCR in mitochondria, an Agilent Seahorse
XFe24 Analyzer (Agilent Technologies, Santa Clara,
CA, USA) was used in accordance with the procedures
from the manufacturer and our previous report [28].
The mitochondrial modulators were obtained from Sea-
horse XF Cell Mito Stress Test Kit (Agilent Technolo-
gies, Santa Clara, CA, USA) and injected sequentially for
specific measurements as follows: first, 1 pM oligomycin
was injected to measure ATP production; second, 0.5
UM carbonyl cyanide 4-(trifluoromethoxy)phenylhydra-
zone (FCCP) was injected to measure maximal respira-
tion; finally, 0.5 pM rotenone and 0.5 puM antimycin A
were injected to measure spare respiratory capacity. The
OCR and ECAR values were normalized by the final cell
numbers.

ECAR and OCR analysis by CLARIOstar

For extracellular acidification rate (ECAR) measurement,
FH-overexpressing breast cancer cells were seeded in
96-well plates at a density of 8 x 1074 cells per well in 200
pL of medium. After 24 h, the plate was placed in a CO2-
free incubator for 3 h to deplete CO2. The medium was
then replaced with 150 pL of respiration buffer and 10 uL
of glycolysis reagent in each well. ECAR was measured
using a CLARIOstar plate reader (BMG Labtech) over a
period of 200 min.

For oxygen consumption rate (OCR) analysis, FH-over-
expressing breast cancer cells were also seeded in 96-well
plates at a density of 8 x 10* cells per well in 200 pL of
medium. After 24 h, the medium was refreshed with new
medium containing the O2 reagent. Each well was imme-
diately covered with pre-warmed mineral oil to minimize
evaporation. OCR was then measured using the CLARI-
Ostar (BMG Labtech) for 120 min [28].

Measurement of cellular reactive oxygen species (ROS)

Cellular ROS were detected using flow cytometry. Cells
were incubated with 2’,7’-dichlorodihydrofluorescein
diacetate (DCFH-DA, 10 uM, Sigma-Aldrich) for 30 min
at 37 °C, after which the cells were washed, suspended
in ice-cold PBS, and analyzed for fluorescence intensity
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using a 485 nm excitation beam (BD, Becton, Dickinson
& Co). Flow Jo 7.6 was utilized to quantify the mean fluo-
rescence intensity.

Animal study

All animal experimentation was conducted in compli-
ance with the Institutional Animal Care and Utilization
Committee of Kaohsiung Medical University, Kaohsi-
ung, Taiwan (IACUC number: 109046). The number of
animals used was thoughtfully designed and minimized
to adhere to the principles of the three Rs (Replace-
ment, Reduction, and Refinement). In the syngeneic
orthotopic mouse model, 1x 10° Luc-4 T1 mouse breast
cancer cells, either with or without fumarate hydratase
(FH) knockdown, were injected into the fourth mam-
mary fat pads of female BALB/c mice, aged six to eight
weeks (Lasco, Taiwan). The bioluminescent signals from
Luc-4 T1 cells were monitored using an in vivo imaging
system (IVIS) over a period of 7 weeks, after which the
mice were sacrificed for hematoxylin—eosin staining and
immunohistochemical (IHC) analysis.

Statistical analysis

Statistical analyses were conducted using the SPSS ver-
sion 14.0 statistical software package for PC (SPSS,
Inc., Chicago, IL). The association between fumarate
hydratase expression and various variables—such as
stage, grade, age, tumor size, and lymph node metasta-
sis—was assessed using Chi-square tests. Kaplan—Meier
estimates were employed to generate survival curves,
with differences between curves evaluated using the log-
rank test. Both univariate and multivariable Cox regres-
sion models were utilized to examine the relationships
between clinicopathological characteristics and overall
survival. To analyze the data in all other experiments,
student t-test was used. A statistical significance thresh-
old was set at p < 0.05.

Results

FH mRNA and protein upregulation in breast cancer tissue
correlates with malignant behavior and poor prognosis
Fumarate hydratase (FH) expression in breast cancer was
initially evaluated using online datasets from Oncomine,
Km.plot, Human Protein Atlas, and UALCAN [30-33].
Analysis revealed that FH mRNA levels were significantly

(See figure on next page.)
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higher in breast cancer tissues compared to normal tis-
sues (Fig. 1A & B). Furthermore, elevated FH expression
was associated with poor survival outcomes for patients
(Fig. 1C & D). To assess FH protein levels, immunohis-
tochemistry (IHC) was performed on breast cancer tis-
sues (Fig. 1E), correlating FH expression with various
clinicopathological characteristics. Survival analysis
using the log-rank test indicated that high FH expres-
sion was linked to shorter disease-free survival (DFS, p=
0.022) and overall survival (OS, p= 0.030) compared to
low FH expression (Fig. 1F). Additional analysis showed
that high FH expression in breast cancer tissues posi-
tively correlated with larger tumor size (T status, p=
0.007) and lymph node metastasis (N status, p= 0.011)
(Table 1). Univariate and multivariate Cox regression
analyses demonstrated that FH was a significant predic-
tor of patient survival (HR =6.54 for univariate and HR
=4.85 for multivariate analyses, respectively, as shown in
Tables 2 and 3).

Using UALCAN, we further analyzed FH expression
based on cancer stage, breast cancer subclass, nodal
metastasis, and TP53 status. This analysis showed ele-
vated FH expression in breast cancer adenocarcinoma
(BRCA), independent of cancer stage, subclass, nodal
metastasis, and TP53 mutation status (Supplementary
Fig. S1).

Upregulated FH expression enhances cell viability,
migration, and invasion

FH protein levels were assessed across eight breast can-
cer cell lines, comprising four luminal and four basal
types (Supplementary Fig. S2 A). MCF-7 luminal and
MDA-MB-231 basal-like cells were selected for further
investigation based on their FH expression profiles. FH
overexpression led to increased cell proliferation in both
MCEF-7 and MDA-MB-231 cells (Fig. 2A). For FH knock-
down, four shRNA clones were evaluated, and shRNA1
(KD1) and shRNA2 (KD2) were selected for their supe-
rior knockdown efficiency (Supplementary Fig. S2B).
Cells with FH knockdown exhibited reduced prolifera-
tion compared to the control group (Shluc) (Fig. 2B).

Cell cycle distribution analysis revealed that FH knock-
down cells were enriched in the GO/G1 phase (Supple-
mentary Fig. S2 C) and displayed increased p21 protein
expression (Supplementary Fig. S2D). Further analysis

Fig. 1 Breast cancer tissues showed high expression of FH mRNA and protein, which were associated with poor survival in breast cancer patients. A
& B FH mRNA expression in normal and tumor tissues from online datasets Oncomine and TCGA. C & D Kaplan—-Meier OS analysis, according to FH
mRNA expression using publicly available breast cancer online datasets Human Protein Atlas and Km.plot. E Protein expression of FH in normal
breast and breast cancer tissues, determined by immunohistochemistry of patients’ samples obtained from KMUH, Taiwan. F Kaplan-Meier survival
analysis of the association of FH expression in breast cancer tissues with disease-free survival and overall survival
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Table 1 Correlation of FH expression with clinicopathological characteristics in breast cancer
FH
Low High

Variables Categories N % N % p-Value*

Age (y) <50 30 46.9 36 50.7 0.657
>50 34 53.1 35 493

Grade 1711 51 79.7 48 67.6 0.113
Il 13 20.3 23 324

T status T 41 64.1 29 40.8 0.007*
T2-T4 23 359 42 59.2

N status NO 41 64.1 30 423 0.011*
N1-3 23 359 41 57.7

M status MO 62 96.9 67 94.4 0.683
M1 2 3.1 4 56

BMI (kg/m2) <24 45 70.3 39 549 0.066
>24 19 29.7 32 451

ER Negative 19 29.7 27 38 0.307
Positive 45 70.3 44 62

PR Negative 28 438 32 45.1 0.877
Positive 36 56.2 39 549

Her2/Neu Negative 32 50 42 59.2 0.286
Positive 32 50 29 40.8

Chemotherapy No 7 109 5 7 0427
Yes 57 89.1 66 93

Radiotherapy No 31 484 24 338 0.084
Yes 33 516 47 66.2

Hormone therapy No 21 328 28 394 0424
Yes 43 67.2 43 60.6

" The p-Value was calculated by the chi-square test

confirmed enhanced migration and invasion abilities in
FH-overexpressing breast cancer cells (Fig. 2C), while FH
knockdown resulted in decreased migration and invasion
capabilities (Fig. 2D).

Increased oxygen consumption rate in FH-overexpressing
cells

To assess the role of FH in energy production, we meas-
ured the extracellular acidification rate (ECAR) as an
indicator of glycolysis, and the oxygen consumption
rate (OCR) as an indicator of respiration rate, in both
FH-overexpressing and FH-knockdown cells. FH over-
expression resulted in elevated OCR, but not ECAR, in
both MDA-MB-231 and MCEF-7 cells (Fig. 3 A & B; Sup-
plementary Fig. S3 A-D). Conversely, FH knockdown led
to decreased OCR, but not ECAR, levels (Fig. 3C & D).
Given that reactive oxygen species (ROS) are produced as
byproducts during respiration and may affect cancer cell
behavior (34), we assessed ROS levels in FH-overexpress-
ing and FH-knockdown cells. Results demonstrated that
ROS production increased in FH-overexpressing cells

(Fig. 3E) but decreased in FH-knockdown cells (Fig. 3F).
When the cells were treated with ROS scavengers, N-ace-
tylcysteine (NAC) and ascorbic acid, the proliferation
induced by FH overexpression was diminished (Fig. 3G;
Supplementary Fig. S3E).

FH overexpression-induced breast cancer cell proliferation
reduced by mitochondrial complex inhibitors

Mitochondrial electron transport chain (ETC) com-
plexes I and III are principal sources of reactive oxygen
species (ROS) generated during cellular respiration [34].
To determine if ROS produced by complex III contrib-
uted to the enhancement of proliferation and migration
in FH-overexpressing cells, we assessed cell viability fol-
lowing treatment with antimycin (a complex III inhibi-
tor). The proliferation of FH-overexpressing (FH-OE)
cells was significantly diminished compared to the con-
trol group after antimycin treatment (Fig. 4A), indicating
that FH overexpression increases the oxygen consump-
tion rate (OCR) and promotes cell proliferation via ROS
production from complex III. Additionally, migration
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Table 2 Univariate and multivariable analysis of disease-free survival for breast cancer patients
Univariate Multivariable
Variables Categories HR (95%(Cl) p-Value HR (95%Cl) p-Value
Age (y) >50 1.47 (0.60-3.60) 0.403
<50 1
Grade Il 1.54 (0.61-3.88) 0.359
I/11 1
T status T2-T4 1.51(0.62-3.68) 0.365
T 1
N status N1-3 1.62 (0.66-3.97) 0.292
NO 1
BMI (kg/m?2) >24 2.75(1.12-6.76) 0.027 2.18(0.87-541) 0.095
<24 1 1
ER Positive 0.91(0.36-2.28) 0.837
Negative 1
PR Positive 1.08 (0.44-2.63) 0.875
Negative 1
Her2/Neu Positive 0.82 (0.34-2.02) 0.669
Negative 1
Chemotherapy No 3.09(0.39-24.3) 0.284
Yes 1
Radiotherapy No 1.22 (0.49-3.04) 0.667
Yes 1
FH High 6.54 (1.85-23.16) 0.004 7.27 (2.04-25.95) 0.002
Low 1 1

"Variables with p < 0.1 were included in multivariable analysis
HR Hazard ratio, C/ Confidence interval,—not applicable

capabilities and ROS levels in FH-OE cells were reduced
following antimycin treatment (Fig. 4B & C). We also
examined the effects of inhibiting electron transport on
cell proliferation and migration, finding that treatment
with Mitox20 peptide, an electron transport chain inhibi-
tor [35], led to decreased proliferation and migration in
MDA-MB-231 cells (Fig. 4D & E).

MMP1 downregulation and p21 Upregulation in FH
knockdown breast cancer cells

To identify signaling pathways influenced by fuma-
rate hydratase in breast cancer cells, we utilized next-
generation sequencing (NGS) to compare differentially
expressed genes in vector control and FH-knockdown
cells. Analysis revealed that four genes—THBS1, MMP1,
LCP1, and P3H2—were differentially expressed between
control and knockdown cells (Supplementary Fig. S4 A).
Western blot analysis confirmed that only MMP1 pro-
tein levels were significantly reduced, consistent with the
RNA sequencing results (Supplementary Fig. S4 A & B).
Ingenuity pathway analysis (IPA) indicated that MMP1 is
connected to FH through p-ERK and p21 signaling (Sup-
plementary Fig. S4 C). Our findings revealed that p21 was

upregulated while p-ERK and MMP1 were downregu-
lated in breast cancer cells with FH knockdown, as deter-
mined by Western blot analysis (Fig. 5A). Conversely,
FH-overexpressing cells demonstrated downregulation
of p21 and upregulation of p-ERK and MMP1 (Fig. 5B).
Notably, endogenous p21 expression in MDA-MB-231
cells is quite low compared to MCE-7 cells, and there-
fore lead to a mild increase of p21 expression when FH
is downregulated, and a mild decrease of p21 expression
when FH is upregulated, in MDA-MB-231 cells (Fig. 5).
Inhibiting p21 using UC2288 in FH knockdown cells
resulted in increased MMP1 and p-ERK protein expres-
sion (Fig. 5C), suggesting that p21 is an upstream regu-
lator of MMP1 and p-ERK. Additionally, treatment
of FH-overexpressing cells with the MMP1 inhibi-
tor GM6001 and the ERK phosphorylation inhibitor
PD98059 indicated that MMP1 inhibition downregu-
lated p-ERK expression, while inhibition of p-ERK did
not affect MMP1 levels (Fig. 5D; Supplementary Fig.
$4D), indicating that MMP1 is upstream of p-ERK.
Furthermore, treatment with NAC and ascorbic acid
increased p21 expression in FH-overexpressing MDA-
MB-231 cells, suggesting a ROS-mediated regulation of
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Table 3 Univariate and multivariable analysis of overall survival for breast cancer patients
Univariate Multivariable
Variables Categories HR (95%(Cl) p-Value HR (95%Cl) p-Value
Age (y) >50 2.51(0.67-947) 0.175
<50 1
Grade Il 246 (0.75-8.07) 0.137
I/11 1
T status T2-T4 1.31 (0.36-4.66) 0.677
T 1
N status N1-3 1.08 (0.32-3.58) 0.905
NO 1
BMI (kg/m?2) >24 2.00 (0.61-6.58) 0.254
<24 1
ER Positive 144 (0.38-5.45) 0.59
Negative 1
PR Positive 1.32 (0.39-4.54) 0.657
Negative 1
Her2/Neu Positive 3.36 (0.89-12.70) 0.075 4.09 (1.05-15.96) 0.043
Negative 1 1
Chemotherapy No 1.84(0.22-15.51) 0.577
Yes 1
Radiotherapy No 1.00 (0.30-3.38) 0.991
Yes 1
FH High 4.85(1.02-23.12) 0.048 6.11(1.17-31.98) 0.032
Low 1 1

"Variables with p < 0.1 were included in multivariable analysis
HR Hazard ratio, C/ Confidence interval,—not applicable

p21 (Fig. 5E). Correlation analysis of FH with p-ERK and
MMP1 in clinical tissue samples demonstrated a positive
relationship between FH, p-ERK, and MMP1 but a nega-
tive correlation with p21 (Fig. 5F; Supplementary Fig.
S4E).

FH knockdown in mouse breast cancer 4T1 cells reduces
proliferation and invasion In Vitro and In Vivo

To explore the biological functions of FH in vivo, we per-
formed FH knockdown in 4 T1 mouse breast cancer cells
using four distinct shRNAs, with shRNA clones 3 and 4
exhibiting superior knockdown efficiency (Fig. 6A). Simi-
lar to findings in human breast cancer cells, the knock-
down of FH resulted in decreased cell proliferation and
invasion in the 4T1 model (Fig. 6B & C). Additionally,
we overexpressed both wild-type FH and its enzymatic
mutant FH H235 N in 4T1 KD4 cells to assess whether
the enzymatic activity of FH is crucial for its role in cell
proliferation and migration (Fig. 6D). Restoration of pro-
liferation and migration in FH-knockdown 4 T1 cells was
achieved following transfection with either wild-type FH
or the catalytic-inactive FH H235 N mutant (Fig. 6E & F)
[36].

To investigate the effect of fumarate hydratase (FH)
on breast tumor growth, we employed a syngeneic
mouse model using BALB/c mice and 4T1 mouse
breast cancer cells. Our observations indicated that
orthotopic mammary tumor growth was significantly
reduced in 4 T1 cells with FH knockdown, as measured
by tumor volume and bioluminescent signals obtained
from the IVIS imaging system (Fig. 7A & B). At the
time of sacrifice, both tumor volume and weight were
markedly lower in the FH knockdown group compared
to the luciferase control (Luc control) group (Fig. 7C).

Additionally, we assessed the expression levels of FH,
p21, and phosphorylated ERK (p-ERK) through immu-
nohistochemistry (IHC) analysis. The results revealed
decreased levels of both FH and p-ERK, along with
increased p21 expression in FH-knockdown tumors
when compared to the Luc control tumors (Fig. 7D).
Weekly measurements of the mice’s body weight and
tumor images taken at the time of sacrifice are pre-
sented in Supplementary Fig. S5 A & B.
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and MCF-7 (right) cells infected with empty vector control (EV) or FH-overexpressing (OE) lentivirus. B Cell proliferation in MDA-MB-231 (left)

and MCF-7 (right) cells infected with shluc or FH shRNAs. C Cell migration ability of MDA-MB-231 and MCF-7 cells infected with vector controls,
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Discussion

Our study provides evidence that fumarate hydratase
(FH) plays a significant role in breast cancer progression,
highlighting its potential as a prognostic biomarker and
therapeutic target. While the role of FH as a tumor sup-
pressor has been reported in uterine leiomyomas, soft
tissue sarcoma, and renal cell carcinomas [19, 22, 23],
the data presented here identifies novel and previously
underexplored role for FH as an oncoprotein in breast
cancer, exerting its effects through both metabolic and

non-metabolic pathways. A graphic abstract in Fig. 8 pro-
vides a summary for our findings on FH’s role in breast
cancer.

FH promotes breast cancer cell proliferation

and metastasis in a catalysis-independent manner

TCA cycle enzymes including FH provide precursors
for the synthesis of other biomolecules for fueling cell
growth and proliferation [37], and database analysis of
human mitochondrial transcriptome from breast cancer
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MDA-MB-231 cells after antimycin (0.5 uM) treatment for 24 h and 48 h. B Cell migration ability after antimycin treatment (0.5 uM, 24 h). CROS level
in FH-overexpressed MDA-MB-231 cells after antimycin treatment. D Cell viability of FH-overexpressed MDA-MB-231 cells after Mitox20 (20 uM)
treatment for 48 h. E Cell migration of FH-overexpressed MDA-MB-231 cells after Mitox20 (20 uM) treatment for 24 h. The data shown represent
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cells suggests that FH is upregulated in breast cancer
cells [38]. It is possible that FH-promoted breast cancer
cell proliferation and migration/invasion may be in part
mediated by upregulated biomolecule production. This
has been observed with citrate synthase (CS), another
TCA cycle enzyme, which is upregulated in prostate
cancer and associated with decreased survival [39], and
increases cell proliferation, migration, invasion and mito-
chondrial respiration [39].

While FH downregulation leads to a more evident
decrease in cell viability (Fig. 2B), FH overexpression has a
limited but significant increase in breast cancer cell viability

(Fig. 2A). One possible explanation for these results could
be that overexpressed protein levels are above the threshold
and lead to limited effect. Our study additionally suggested
that catalytic activity may not be required for oncogenesis
of FH, since FH H235 N mutant, with loss of catalytic activ-
ity, did not suppress FH-mediated breast cancer cell prolif-
eration and migration (Fig. 6E&F).

FH activates mitochondrial metabolism and ROS
generation to enhance breast cancer proliferation
Glycolysis generates not only energy but also organic
molecules to build biomass and maintain cell growth
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[40], while mitochondrial metabolism produces ATP to
support cell functions. In this study, both OCR—a meas-
urement for mitochondrial metabolism and ECAR—a
measurement for glycolysis, were upregulated by FH, a
result similarly seen in ovarian cancer cells [40, 41]. Our
results, suggesting that FH promotes OCR to support
the proliferation of breast cancer cells, align with a previ-
ous report suggesting that cancer cells require increased
biosynthesis of nucleotides, lipids, and proteins. This
elevated demand leads to upregulated metabolic activ-
ity, which may in turn contribute to increased OCR [42].
Furthermore, it is well documented that ROS, byproducts
of the respiration process in mitochondrial complexes I

and III, influences cancer cell behavior [43]. In agreement
with this, we observed that FH enhanced ROS generation
followed by elevated cell proliferation (Fig. 3E-G).

FH activates MMP1 expression and inactivates p21
expression to promote malignant breast cancer behaviors
Using next generation RNA sequencing, we discov-
ered that matrix metalloproteinase 1 (MMP1) expres-
sion was activated by FH. MMP-1 is a zinc-dependent
endopeptidase that cleaves the extracellular matrix [44],
and is highly expressed in a variety of cancers including
nasopharynx, lung, esophagus, and oral cavity [45—-48]. It
participates in different signaling pathways that promote
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Data are presented as mean +SD; *p < 0.05, **p < 0.01, and ***p < 0.001

esophageal cancer cell proliferation and migration via
activation of the PI3 K/AKT pathway [49] or downregu-
lation of miR-188-5p to activate SOX2 and CDK4 [50].
MMP1 promotes drug resistance in lung cancer cells
through fibroblast senescence [51, 52] and inhibition of
p21, a cell cycle regulator that functions as a mediator of
p53 in suppressing cell growth and promoting apoptosis
[53], promotes MMP1 activation [54] and cancer cell pro-
liferation and migration [55—-57]. In breast cancer, MMP1
is a poor prognostic marker [58] and is involved in drug
resistance [59, 60]. In agreement with these reports, we

observed that MMP1 is a downstream effector of p21 and
its expression is activated by FH via p21 downregulation.

Recent studies also revealed that elevated MMP1 lev-
els in breast cancer-associated fibroblasts (CAFs) con-
tribute to tumor advancement and poor prognosis [61].
p21 acts as a negative regulator of epithelial mesenchy-
mal transition (EMT) by interaction with various genes
[62, 63]. ERK is a prominent protein that plays a crucial
role in several biological functions such as cell growth,
movement, and invasion of cancer cells [64]. In our pre-
sent study, we observed that ERK phosphorylation was



Yuan et al. Cancer & Metabolism

KD (n=8)

500

Tumor volume (mm?)

® Luc (n=9)

(2025) 13:26

FH

Avg Radiance [p/s/cm?/sr]

p21

Luc

KD
(n=9)  (n=8)

Tumor volume (mm3)

Page 14 of 17

2.0
*
_ 1
215 H
=
K= ole
2 10
‘E- .
3 0.5
I j} 0
B
0.0
Luc KD Luc KD
(n=9) (n=7) (n=9) (n=7)
p-ERK

300
*%
—
i
& 200+
o
<
o
(2]
® 100
I
0_
Luc KD
(n=8)  (n=6)

H score of p21

200 | —|
150
100
50
0 -
Luc KD
(n=8)  (n=6)

200+

=y

(24

(=]
1

H score of p-ERK
@ >
o o
1 1

KD
(n=6)

Luc
(n=8)

Fig. 7 FH downregulation suppressed orthotopic breast tumor growth in mice. A Weekly measurement of tumor volume in control (Luc) group
and FH knockdown (KD) group. B Bioluminescence level, as determined by IVIS, in the orthotopic tumors in FH knockdown (KD) group and control
(Luc) group before sacrifice. C Tumor volume and tumor weight in FH knockdown (KD) group and control (Luc) group at sacrifice. D Expression

of FH, p21 and p-ERK, as determined by IHC, in the orthotopic tumors of FH knockdown (KD) group and control (Luc) group. Of note, one mouse
in the KD group died before sacrifice and was not included in Fig. 7 C result

cytoplasm
/_\
oo 8 t
\ Malate
my Citrate
TCA
Fumarate cycle
a-KG
Succinate

mitochondria

i’

'
o
Ky

A

#,\Ys Promoter

N\

nucleus

Cell proliferation

t

Cell migration and invasion

Tumor growth

t

Lymph node metastasis

Fig. 8 Schematic diagram showing FH signaling pathway in breast cancer. FH promotes breast cancer cell proliferation through upregulation
of OCR, which results in upregulated ROS production. ROS further inhibits p21, which leads to upregulated MMP1 and p-ERK protein expression,
resulting in upregulated cell proliferation and migration ability of breast cancer cells. Therefore, tumor growth and metastasis are enhanced



Yuan et al. Cancer & Metabolism (2025) 13:26

increased in FH overexpressed cells and decreased in FH
knockdown cells. Also, p-ERK has been reported to be
associated with poor survival in breast cancer patients
[65].

FH exerts oncogenic or tumor-suppressing activity

in different cancer type settings

Previous studies report that FH functions as a tumor sup-
pressor in renal, lung and endometrial cancers [21-23].
In this study, we provide direct evidence that FH pro-
motes breast cancer progression. While our study clearly
demonstrated a direct oncogenic role of FH in breast can-
cer, a recent study on maelstrom spermatogenic transpo-
son silencer (MAEL) [66] showed that MAEL facilitates
metabolic reprogramming from oxidative phosphoryla-
tion to glycolysis and promotes breast cancer progres-
sion via autophagic degradation of citrate synthase and
fumarate hydratase [67], suggesting an indirect tumor-
suppressing activity of FH in breast cancer. These con-
tradictory results may stem from alternative downstream
pathways of MAEL, potential FH and CS interactions,
and non-metabolic effects of FH and CS which were not
examined in this study.

This study has some limitations and unsolved ques-
tions. First, established prognostic markers, such as
tumor grade, nodal status, ER, HER2, and others, are
not significantly prognostic in our analysis in univari-
ate and multivariable analysis (Table 2). Similar findings
have also been reported by other groups [68—70]. The
possibility of insufficient case numbers cannot be ruled
out. Second, we did not check the mitochondrial ROS to
confirm that increased ROS in FH-overexpressing cells
is produced by mitochondrial activity. Third, only XTT
colorimetric assay was applied for studying the short-
term cell proliferation effect of FH before proceeding
with orthotopic mouse model. It may be more appropri-
ate to explore the long-term in vitro activity of FH, e.g.
crystal violet staining or other clonogenic assays, before
animal study [71, 72]. While our study suggest that FH
suppresses the expression of p21, a senescence marker,
to promote breast cancer cell proliferation, the possible
involvement of p53 in modulating p21 expression after
FH downregulation (Fig. 5) was not pursued in this study
[73, 74]. Therefore, further efforts are required to clarify
the role of FH in breast cancer.

In conclusion, our findings suggest FH as an impor-
tant modulator of breast cancer cell survival, prolifera-
tion, and metastatic behavior through metabolic and
signaling pathways. Given its association with poor
clinical outcomes, targeting FH or its downstream
pathways could offer a potential therapeutic avenue for
managing aggressive breast cancer, justifying further
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investigation into its functional roles and possibilities
for translational applications.
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