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ABSTRACT

Abnormalities in tricarboxylic acid (TCA) cycle function were related to a variety of pathological processes.
Fumarate hydratase (FH) is a required enzyme in the TCA cycle. To explore the general influence of FH knock-
out, we isolated FH*" rat and normal rat lung fibroblasts and cultured these cells in vitro. The isolated
fibroblasts with the current method were rather homogeneous and were confirmed spindle in morphology,
positive for vimentin and negative for a-SMA (a-smooth muscle actin). Sequencing of the PCR (polymerase
chain reaction) products flanking the FH gene mutation verified the FH*/~ status, and the FH gene and protein
expression were confirmed to be reduced in the FH"" cells. No sign of ageing for the FH/" cells after 61 pas-
sages was observed, but the controls died out at this stage. Flow cytometry revealed increased S-phase and
decreased G1/GO proportions with significantly less early apoptosis in FH'" cells compared to that in control
cells. At the same time, increased glucose consumption, intracellular fumarate production and extracellular
lactate secretion were verified in the FH"" cells. Correspondingly, FH"~ cells showed a lower basal oxygen
consumption rate (OCR) but a higher level of reactive oxygen species (ROS) production. Single cell cloning
and cell line establishment were successfully performed with the FH"" cells at the 84™ passage. All the above
results indicate an important role for FH'" in the longevity or immortality of the FH*~ cells, in which in-
creased p53 and TERT (telomerase reverse transcriptase) protein expression, decreased p21 and p16 protein
expression and negative SA-B-Gal (senescence-associated beta-galactosidase) were verified along with meta-
bolic reprogramming.

www.aging-us.com 573 AGING



INTRODUCTION

The TCA cycle is a central hub for energy metabolism,
macromolecule synthesis and redox balance. The cycle
consists of a series of biochemical reactions occurring in
the mitochondrial matrix, which allow aerobic organisms
to oxidize fuel sources and provide energy, macromole-
cules, and redox balance to the cell [1]. Abnormalities in
TCA cycle function were related to a variety of patho-
logical processes ranging from cancer to neurological and
metabolic disorders. For example, altered expression of
citrate synthase (CS), aconitase (ACO2) and malate de-
hydrogenase (MDH2) has been reported to contribute to
cancer-specific features, such as glycolysis addiction,
resistance to chemotherapy and increased lipid biosyn-
thesis [2—4]. More importantly, cancer occurrence has
been linked to genetic mutations in isocitrate dehydro-
genase (IDH) 2, succinate dehydrogenase (SDH) subunits
and FH [5].

FH is a required enzyme in the TCA cycle and is respon-
sible for the conversion of fumarate to malate. Mutation
in the FH gene leads to the abnormal accumulation of
fumarate in cells [6]. This increased fumarate can act as
an oncometabolite and promote cancer. Homozygous
mutations in the FH gene have previously been reported
to cause a severe neurological disorder, and heterozygous
germline mutations in the FH gene result in a clinical
syndrome characterized by hereditary leiomyomatosis
and renal cell cancer [7].

Fibroblasts are the most abundant indigenous cells that
are widely distributed in connective tissues and have a
variety of functions, including the synthesis of collagen,
reorganization of extracellular matrix, and regulation of
angiogenesis. Lung fibroblasts differentiate from embry-
onic mesenchymal cells and constitute the major cellular
components of lung connective tissue. Pulmonary fibro-
blasts have key roles in the formation and maintenance of
lung structure and function and are involved in tissue
repair and remodelling, providing a certain material basis
for lung physiological activity [8].

We established a FH rat model that was reported pre-
viously [9]. The purpose of our current study was to
explore the impact of heterozygous FH knockout (KO)
on metabolic reprogramming, cell biology and ageing in
isolated lung fibroblasts in this rat model, with lung fi-
broblasts from normal rats as controls.

RESULTS

Characterization of rat fibroblast cultures

The fibroblasts from both the control and heterozygous
FH KO rat lungs started to exit tissue fragments within

2-5 days (Figure 1A). All primary rat lung fibroblasts
displayed typical spindle-shaped morphology under HE
staining (Figure 1B) and were positive for vimentin ex-
pression (Figure 1C), but a few cells were positive for a-
SMA (Figure 1D), as reported in an previous rat lung
fibroblast study [10]. All primary lung fibroblasts grew
confluent at approximately five days before passaging.
However, after 30 passages, the fibroblasts from the
control rats started to slow down the doubling time, from
five days before the 30th passage to 12 days after 55
passages. Along with growth slow down, the fibroblasts
from the control rats gradually showed a smaller size.
These fibroblasts died out at approximately 61 passages
(two primary cultures). However, the fibroblasts from the
FH"" KO rats continued the same growth speed without
any changes in morphology or doubling time.

FH'" KO resulted in reduced FH gene and protein
expression

To verify the FH KO in the fibroblasts derived from the
FH"" rats, PCR was performed, and TA cloning of the
PCR products were sequenced. The sequences of the TA
cloning from both wild type (WT) and FH"" KO fibro-
blasts at the 30" passage are shown in Figure 2A. FH""
cells were identified with 11 base deletions in one allele in
FH exon 1. The mutation is shown in Figure 2B and is
marked in red. To analyse the FH expression status in the
cells, gene and protein expression was detected by real-
time quantitative polymerase chain reaction (RT-qPCR)
and Western blot and immunofluorescence (IF), respec-
tively. The FH mRNA expression was reduced by ap-
proximately 59.66% in the FH" cells compared to that
in the controls, as verified by the RT-qPCR results
shown in Figure 2C. Western blot analysis of the cells
demonstrated approximately 31.90% reduced FH pro-
tein expression in the F H'" cells, as shown in Figure 2D
and 2E. Figure 2F also shows decreased protein expres-
sion in the FH"" cells.

FH'~ KO accelerated cell proliferation

To determine whether the FH KO had an effect on cell
proliferation, we explored cell growth analyses. Growth
curves demonstrated that the growth of FH”™ cells was
always faster compared with that of WT cells at the same
passage (Figure 3A and 3B). For further analysis, cell
cycle and cell apoptosis were detected by flow cytome-
try. As shown in Figure 3C and 3D, the FH"" cells show
a significantly increased percentage of cells at S phase
(p< 0.001) and a decreased percentage of cells at the
GO0/G1 phases (p< 0.001) compared with the WT cells,
indicating GO/G1 phase arrest in the WT cells. The re-
sults of the apoptosis assay are shown in Figure 3E and
3F. The early apoptosis of WT cells was significantly
higher than that of FH"" cells.
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FH"~ KO impaired the oxidative TCA cycle and
promoted anaerobic glycolysis

To further confirm the functional alteration of the FH""
cells, the fumarate concentration in these cells was de-
tected. As shown in Figure 4A, FH"" cells show a sig-
nificantly larger amount of cellular fumarate (p=0.05)
compared to the WT cells, indicating the impairment of
the catalytic function of fumarase in these cells. We next
asked whether there were metabolic changes in the
FH" cells. First, the difference in lactate acid secretion
and cellular retention in the FH"™ cells was examined.
There was a significantly larger amount of extracellular
lactate acid in the FH" cells compared to that in the WT
cells, as shown in Figure 4B (p=0.01). However, there
was no significant difference in the cellular lactate acid
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DAPI

concentration in the FH"™ cells compared with that in
WT cells, as shown in Figure 4B (p=0.09), although
higher levels of cellular lactate in the FH"" cells could be
detected. We then examined glucose consumption in
these cells. The FH"" cells consumed significantly more
glucose (p=0.000) compared with the control cells, as
shown in Figure 4C and 4D.

To further reveal the status of metabolism in the FH""
cells, functional mitochondria analyses were performed
by using a Seahorse XFe96 Extracellular Flux Analyser,
focusing on the OCR under basal and stressed conditions
in the presence of oligomycin, phenylhydrazone (FCCP)
and rotenone/antimycin A. Under basal conditions, the
OCR of FH" cells was 81.8+9.1 pmol/min per 5x10*
cells, which was significantly lower than that in the WT

Vimentin Merge

Figure 1. Characterization of rat fibroblast cultures. (A) The fibroblasts exit from tissue fragments reviewed under a microscope on the
4" day in culture. (B) Typical spindle morphology of the fibroblasts evaluated after HE staining. All primary culture cells at the 25™ passage
were confirmed to be positive for Vimentin by immunofluorescence microscopy (C), but occasionally some cells were positive for a-SMA as

well (D).
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Figure 2. Reduced FH gene and protein expression in FH'-
of FH" cells. (B) The 11 base pair deletion in one allele in exon 1 in FH
reduced FH mRNA expression detected by RT-qPCR is shown in (C). Western blot analysis of FH protein expression is shown in (D), and the
corresponding histogram is shown in (E), where the bar graphs represent FH protein expression normalized by B-actin. (F) Immunofluores-
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cells (123.3+4.3 pmol/min, p=0.03) (Figure 4E and 4F). only a slight increase in OCR (146.334+4.7 pmol/min)

The addition of FCCP should lead to an increase in OCR was observed in the FH” cells (Figure 4E and 4F,
in cells. The experiments showed that a concomitant p=0.000). The FCCP-induced OCR increase represents
OCR increase (283.284+3.7 pmol/min) was observed in respiratory reserve capability, as shown in Figure 4F,
the WT cells, while under the same stress conditions, which shows significantly reduced spare respiratory
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Figure 3. Effect of FH'~ KO on proliferation, apoptosis and cell cycle. All experiments were performed on the cells at approximately
25 passages. (A) and (B) The growth curves and images, respectively, generated by the Incucyte Zoom system. A representative flow cytome-
try cell cycle analysis is shown in (C), and the corresponding histogram of the cell cycle analysis is shown in (D), where the bar graphs repre-
sent the percentage of WT and FH" cells in the G2/M, S and GO/G1 phases. Early apoptosis detected by flow cytometry is shown in (E), and
the corresponding histogram is shown in (F), where the bar graphs represent the percentage of apoptotic cells.
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Figure 4. Metabolic reprogramming of the FH'" cells. (A) Significantly more cellular fumarate production, and the bar graphs repre-

sent the fumarate concentration detected with the assay kit. (B) Extracellular lactate excretion and cytoplasmic lactate production. (C) Repre-
sentative glucose consumption results examined by flow cytometry, and the corresponding histogram is shown in (D). (E) Representative OCR
results investigated by a Seahorse XFe96 Extracellular Flux Analyser and (F) the OCR histograms. A representative flow cytometry of ROS is
shoyvn in (G), and the corresponding histogram is shown in (H), where the bar graphs show the percentages of ROS" cells among the WT and
FH™ cells.
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capability in the FH™™ cells (p=0.000), implying that at
basal level, the FH"™ cells operated at approximately
maximal OCR. Therefore, the FH"" cells showed defec-
tive mitochondrial function, indicated by low basal OCR
and a lack of response to FCCP. To reveal the effect of
FH"" on ROS generation, ROS detection was performed.
There was significantly higher ROS in the FH" cells
compared to that in the WT cells, as shown in Figure 4G
and 4H (P=0.001). In summary, these experiments dem-
onstrated abnormal mitochondrial oxidative respiration in
the FH'" cells.

Transcriptomic analysis

To explore the transcriptomic difference between the
FH"" and control fibroblasts, 6 samples, including 3 WT
and 3 FH" at the 50" passage, were subjected to tran-
scriptome sequencing technology. The scatter plots of all
expressed genes based on the results of each WT-FH""
pair are shown in Figure SA. A total of 1724 significantly
upregulated genes and 2227 downregulated genes com-
pared with WT were screened under the criteria of a
minimum 2-fold change and a P value < 0.05.

Genes usually interact with each other to play roles in
certain biological functions. Therefore, we performed a
pathway enrichment analysis of differentially expressed
genes (DEGs) based on the Kyoto Encyclopaedia of
Genes and Genomes (KEGQG) database. Pathways in
cancer had the largest number of DEGs (Figure 5B and
5C). The genes in cancer pathways are shown in Figure
5D. To verify the results of transcriptome sequencing
analyses, 14 DEGs associated with pathways in cancer
based on the above transcriptome sequencing analyses
were selected for RT-qPCR to further investigate their
expression profiles. Gene expression measured by RT-
gPCR exhibited similar changes to the gene expression
profiles, with 7 genes (Gsta2, Gsta5, Fgf7, Ednrb, Plcbl,
Bdkrbl, and Wnt5a) upregulated and 7 genes (Adcy4,
Cdkn2a, Agtrla, Cdkn2b, Fgf13, Pdgfb, and Pgf) down-
regulated (Figure S5E). Among these genes, Gsta2 showed
the largest upregulation, and Adcy4 manifested the larg-
est downregulation. Other genes of interest from the
sequencing analysis included Cdkn2a and Cdkn2b, which
are tumour suppressor genes that showed large down-
regulation by RT-qPCR.

Immortality of FH™ cells

We noted that when the FH”  cells were constantly
grown under the same culture conditions from the first
generation to approximately the 60" generation without
change, the fibroblasts from the control rats not only
became gradually slower in growth but also showed
smaller bodies in size, indicating a typical apoptotic
process (Figure 6A).

To study the ultrastructural changes of the cells, we
performed transmission electron microscopy on the WT
and FH" cells at passage 55. As shown in Figure 6B,
the FH"" cells are usually larger with prominent cellular
organelles, such as mitochondria, Golgi complex, rough
endoplasmic reticulum and ribosomes. In contrast to
these cells, the control fibroblasts show smaller body
sizes and fewer prominent organelles, such as mito-
chondria, Golgi complexes, rough endoplasmic reticu-
lum and ribosomes. Occasionally, a large rough endo-
plasmic reticulum could be observed, but the reticulum
cavity was extremely enlarged, indicating a problem
with secretion or material transportation. To observe
whether the WT cells show senescence, we examined
the protein expression of p53, p21, pl16 and the activity
of SA-B-Gal in both groups at passage 50. The results
showed that pS3 and TERT protein expression in the
FH'" cells was upregulated, whereas p21 and p16 were
downregulated (Figure 6C, 6D and 6E). As shown in
Figure 6F, WT cells were positive for SA-B-Gal, but no
SA-B-Gal positive cells were seen in the FH" cells.

All fibroblasts derived from the control rats died out at
passage 61, while the fibroblasts derived from the
FH"" rats demonstrated no signs of ageing. After 84
passages for the FH"™ cells, we performed single cell
cloning with these fibroblasts. Single cells from the
FH™" fibroblasts could continuously divide and finally
form a clone in the 96-well plate, as shown in Figure
6G, which could be expanded in larger plates and con-
ventional cell culture flasks later. Three clones were
successfully obtained, and one clone was continuously
propagated at the 25" passage, and the line was then
named RLFHF. Two other clones were frozen at the
5™ passage. Further karyotyping and electron micro-
scopic analyses of the RLFHF cells were performed.
As shown in Figure 6H, there are 21 pairs of chromo-
somes in the FH cells with no abnormal chromoso-
mal mor})hological structure. Electron microscopy of
the FH™ cells revealed a similar ultrastructure as
shown at an earlier 55" passage, with prominent cell
organelles and a high density of ribosomes (Figure 61).
To understand the FH expression in the later passages
and RLFHF clone, Western blot was performed, and
FH expression in the FH” and RLFHF cells was sig-
nificantly lower than that in the 58" passage WT cells
(Figure 6] and 6K).

DISCUSSION

In recent years, the relationship between mitochondrial
function and cell survival, especially cancer cell immor-
tality, has attracted widespread attention [11-13]. Cancer
cells, in contrast to normally differentiated cells, which
primarily utilize mitochondrial oxidative phosphorylation
to generate the energy for cellular bioactivities, rely on
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largely aerobic glycolysis, a phenomenon termed “the
Warburg effect” [3]. Mitochondria are conventionally
viewed as the cell ‘energy factory’, as these organelles
normally generate almost 90% of cellular ATP through
the process of oxidative phosphorylation and provide the
energy needed for the metabolism of various substances
in cells [14]. The metabolic functions of the mitochondria
include the TCA cycle, oxidative phosphorylation
(OXPHOS), generation of biosynthetic precursors, ca-
tabolism of fatty acids and amino acids, and redox regu-
lation [15]. Research has shown that normal mitochon-
drial function can suppress tumourigenesis [16]. The
Warburg effect describes a form of mitochondrial dys-
function such that cancer cells are able to bypass mito-
chondrial oxidative phosphorylation under stress condi-
tions [3].

The TCA cycle is a key metabolic pathway that allows
mammalian cells to use glucose, amino acids, and fatty
acids. The entry of these fuels into the cycle is carefully
regulated to efficiently fulfil the bioenergetics and bio-
synthetic, and redox balance requirements of cells. Mul-
tiple types of cancers are marked by drastic changes in
TCA cycle enzymes, which result in characteristic meta-
bolic and epigenetic changes that are correlated with
disease transformation and progression [7, 17-19]. Inac-
tivating mutations in FH result in fumarate accumulation
and metabolic reprograming [20], which includes an
increased dependence on glycolysis and glutamine
anaplerosis [21].

In our study, we successfully cultivated FH"" lung fibro-
blasts with the fibroblasts from WT rats as controls and
discovered no sign of ageing for the FH" ™ lung fibro-
blasts after 61 passages, but all control fibroblasts died
out at this stage. The isolated fibroblasts with the current
method were rather homogeneous and were confirmed
spindle in morphology, positive for vimentin and nega-
tive for a-SMA, supportive of fibroblasts. PCR products
flanking the FH"" mutation were sequenced three times
with identical mutations as reported earlier [9]. Further-
more, diminished FH gene and protein expression was
observed in the FH" cells. Flow cytometry revealed
increased S-phase and decreased G1/GO proportions with
early apoptosis compared to that in the control cells.
Additionally, increased intracellular fumarate production,
glucose consumption and extracellular lactate secretion
were verified in the FH"™ cells. Correspondingly, the
FH'"" cells showed less basal OCR but higher levels of
ROS production. The above results indicate an important
role for FH" in the longevity or immortality of FH"
cells, which is interesting for both ageing and cancer
studies.

FH is known as a TCA cycle enzyme and tumour sup-
pressor, and the deletion of FH leads to cellular fumarate

accumulation and TCA cycle blockage [22, 23]. The
energy metabolism of cells is achieved by both the cellu-
lar glycolytic pathway and the oxidative phosphorylation
of carboxylic acid in mitochondria. There is mutual co-
operation and competition between these two pathways.
Generally, if the oxidative phosphorylation pathway of
the carboxylic acid in mitochondria is weakened, then the
cells will upregulate the glycolytic pathway through
some mechanisms [24]. Studies have shown that defects
in mitochondrial function can cause the reprogramming
of energy metabolism and promote the occurrence and
growth of tumours through some mechanisms [25-28].
The results of ROS and OCR assays demonstrate that the
mitochondrial function of the FH"™ cells is defective.
Increased extracellular lactic acid and enhanced cellular
glucose uptake indicate an increased cell glycolysis rate.
These phenomena indicate that FH™™ cells have mito-
chondrial dysfunction and are forced to rely on glycolysis
to produce energy. Correspondingly, transcriptome
analysis revealed a series of gene alterations in the cancer
pathways.

As a tumour suppressor, p53 is one of the most com-
monly inactivated or mutated genes in human cancer
[29]. Loss of p53 function through mutations is a com-
mon feature in the majority of human cancers, and more
than 75% of the mutations result in the expression of a
p53 protein that has, in most cases, lost wild-type func-
tions [30]. Recently, it was also reported that dimethyl
fumarate cytoprotection against oxidative stress in as-
trocyte culture in vitro is due to p53 expression induc-
tion via NRF2-dependent OSGINI expression [31],
indicating an important role for cytoplasmic fumarate
accumulation. Notably, p53 plays a central role in not
only cancer suppression and stem cell protection but
also in anti-ageing [32]. However, there may be mecha-
nisms other than NRF2 and OSGIN1 underlying the p53
induction in FH"" fibroblasts because we could not
identify any expression variation of these genes in our
current study. As a cyclin-dependent kinase (CDK)
inhibitor, p21 plays an important role in cell cycle arrest
and senescence [33-35]. Alterations of p21 are also
associated with ageing, cellular senescence, cellular
differentiation and tumourigenesis [35-37]. Another
tumour suppressor gene, pl6, encodes a specific inhibi-
tor of CDK4 and CDK6 and is altered in a wide range
of human cancers [38]. Cellular senescence is a stable
cell cycle arrest caused by damage, such as oncogene
activation, irradiation, DNA damage, oxidative stress,
viral infection and the abrogation of tumour suppressor
gene functions [35, 39, 40]. Cellular senescence is a
barrier to oncogenic transformation induced by onco-
genic signals, the abrogation of which enables the path
to tumourigenesis [41, 42]. Growing evidence suggests
that senescence and tumourigenesis are crossed during
tumour progression [43]. During the past 20 years, the
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SA-B-gal assay has been viewed as the gold standard for
identification of senescent cells [44—46] and has been
the most extensively utilized biomarker for senescent
cells in vitro and in vivo [47, 48]. It was reported that
TERT was able to improve mitochondrial function and
to decrease oxidative stress which was associated with
cellular senescence and ageing [49, 50]. Compared to the
control cells, the p21, p16 protein expression in the FH"
cells was significantly downregulated, but P53 and TERT
were upregulated, together with the negative SA-B-Gal
strongly indicating an important role for FH"" induced
anti-ageing cascades, which include at least metabolic
reprogramming and fumarate-induced signalling.

In summary, we have confirmed the longevity/immor-
tality of the fibroblasts derived from the FH" Sprague-
Dawley (SD) rat lungs, while the fibroblasts from the
control SD rat lungs can survive only up to 61 passages
in the current study. The FH" cells grow faster and show
significantly increased S-phase and decreased G1/GO
proportions with significantly less early apoptosis. Fur-
thermore, the FH"™ cells demonstrated prominent meta-
bolic reprogramming towards the Warburg effect and
significantly increased cellular fumarate and gene altera-
tions in cancer pathways, including the increased expres-
sion of p53 and TERT, the decreased expression of
p21, pl6 and negative SA-B-Gal. All of these results
support a potential role for FH" in anti-ageing and there-
fore carcinogenesis as well.

MATERIALS AND METHODS
Fibroblast isolation and culture

SD rat lungs were removed and placed in 50 ml tubes
with sterile phosphate buffer saline (PBS) to avoid drying
after the rats were euthanized with 10% chloral hydrate
(3 males and 3 females at 2 months). The lungs were then
transferred into a 10 cm tissue culture dish, cut into 1
mm® pieces using two sterile scalpels and 10 ml of
DMEM/F12 media with 2 mg/ml collagenase (C5138,
Sigma, USA), and 1X antibiotic/antimycotic was added
and the sample was stirred slowly at 37°C for 90 mins.
The solution containing tissue fragments in the dish was
pipetted up and down to breakdown the tissue clumps
before transferring to a 50 ml sterile tube, followed by
centrifuging for 5 min at 1000 rpm to remove the super-
natant. The tissues were washed 3 times with 30 ml
DMEM/F12 media supplemented with 15% FBS and 1X
antibiotic/antimycotic to remove the traces of colla-
genase. The pellet was resuspended in 2 ml of MEM/
EBSS supplemented with 15% FBS and 1X antibiotic/
antimycotic and transferred to culture bottles before be-
ing placed in a culture incubator at 37°C and 5% CO..
The bottles were checked and the media was changed
every day.

Haematoxylin and eosin (HE) staining

A total of 2x10* cells were grown on coverslips, which
were placed on the bottom of 12-well plates. The cells at
75% confluence were fixed with 4% paraformaldehyde in
PBS (pH 7.5) for 30 min, stained with haematoxylin for 3
min, rinsed under running tap water, stained with eosin
for 3 mins, dehydrated with anhydrous ethanol, transpar-
entized with xylene I and xylene II, and finally mounted
in neutral gum. The cells were observed under a micro-
scope.

Immunofluorescence microscopy

The cells were grown on coverslips in 6-well plates until
75% confluence. Before examination, the cells were
fixed with 4% paraformaldehyde in PBS (pH 7.5) for 30
min and permeabilized with 0.5% Trion X-100 for 15
min at room temperature. The coverslips were first im-
mersed for 1 h in blocking solution containing 5% bovine
serum albumin (BSA) in PBS, and then the cells were
incubated overnight at 4°C with antibodies against
Vimentin (ProteinTech Group, China), a-SMA (Protein-
Tech Group, China) FH (ABCAM, UK), p53 (Abcam,
UK), p21 (Abcam, UK) and pl6 (ABCAM, UK). The
DNA was counterstained with 4°, 6-diamidino-2-
phenylindole (DAPI, 5 ug/ml) and observed under an
inverted fluorescence microscope.

Mutation analysis (Genomic DNA extraction, PCR,
restriction digests assay and sequencing)

A total of 5x10° cells at 75% confluence were harvested
for genomic DNA isolation with the Tissue DNA Kit
(OMEGA, D3396-02, USA) following the manufac-
turer’s instructions. The extracted DNA was amplified by
PCR in a total volume of 25 pl containing 2X Taq Master
Mix (CW Biotech, Beijing, China) 12.5 pl, forward
primer 1 pl, reverse primer 1 ul, DNA 500 ng and RNase
free water. The primers used are shown in Table 1. The
conditions for PCR were as follows: 98°C for 3 mins;
98°C for 10 s, 60°C for 20 s and 72°C for 20 s for 35
cycles; 72°C for 10 mins; and a 4°C hold. The PCR
products were cloned into the pMD19-T vector (D102A,
TaKaRa, China) and sent to BGI (Shenzhen, Guangdong,
China) for sequencing.

RT-qPCR analysis

Total RNA from 1x10° cells was extracted using
TRIZOL reagent (TaKaRa, Japan). The concentration
and purity of all total RNA samples was verified using
the NanoDrop 2000 (Thermo Scientific). The Revert Aid
First Strand cDNA Synthesis Kit (TaKaRa, Japan) was
used for cDNA synthesis. The forward and reverse
primer sequences are shown in Table 2. Quantitative real-
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Table 1. Primers for sequencing.

Gene Name

Sequence(5’ to 3')

Forward primer
FH .
Reverse primer

CTGGGCAGTATGTGAATTGTATAAAC
GAACCCTGACTAAAACAGCCC

time PCR using a SYBR Green PCR master mix
(Qiagen, Germany) was performed with the Agilent
Mx3005P. The samples were amplified using the follow-
ing conditions: 95°C for 5 min and 40 cycles of 95°C for
10 sec and 60°C for 30 sec. Relative gene expression was
determined by normalizing the expression of each target
gene to GAPDH. The data were analysed by using 2",

Western blot

A total of 1x10° cells at 75% confluence were harvested
and lysed with RIPA buffer containing 50 mM Tris-HCI
(pH 7.5), 150 mM NaCl, 1% NP-40, 0.5% sodium de-
oxycholate, 0.1% SDS and 1% PMSF (100x)(CW Bio-
tech, Beijing, China) on ice for approximately 30 mins
and then centrifuged at 1500 g for five mins at 4°C. Pro-
tein samples (30 pg) were loaded onto 12% SDS-PAGE
gels and then transferred to PVDF (Millipore, Bedford,
MA) membranes. The membranes were blocked in TBST
buffer containing 5% non-fat milk at room temperature
(22°C) for 1 h and then probed with antibodies against
FH (11375-1-AP, ProteinTech Group, China), p53
(ab131442, Abcam, UK), p21 (ab109199, Abcam, UK),
pl6 (ab51243, ABCAM, UK) and TERT(bs-0233R,
Bioss, China ) at 4°C overnight, followed by incubation
with the respective horseradish peroxidase-conjugated
secondary antibodies for 1 h at room temperature. The
membranes were exposed to a chemiluminescent reagent
(ECL) for approximately 5—10 min. The membranes
were then exposed to X-ray photographic film in a dark-
room, and the band densities were later quantified with
Image] software (NIH, USA).

Cell proliferation assay

Real-time assessment of cell proliferation over 3 days
was carried out using the IncuCyte Imaging System (Es-
sen Biosciences). The cells were seeded onto 96-well
plates (35599, Corning, USA) with 3000 cells per well
and incubated in medium containing 10% FBS overnight
before being transferred to the IncuCyte apparatus. Im-
ages (2/well) were collected every 4 h over time, and cell
growth curves were obtained with the corresponding
software installed in the IncuCyte System.

Cell cycle analysis

After harvesting the cells with 0.05% trypsin without
EDTA solution, single cell suspensions were fixed us-

ing ice-cold 75% ethanol at 4°C overnight. For cell
cycle analysis, the cells were stained with 2 pg/ml
RNase A and 10 pg/ml PI in 500 pul PBS. The DNA
contents were measured with the BD LSR II flow cy-
tometer, and FlowJo version 7.6 software was used for
further data analysis.

Flow cytometric evaluation of apoptosis

A total of 10° cells at 75% confluence were harvested and
washed twice with ice-cold PBS. Then, the cells were
resuspended in Annexin V-binding buffer. Thereafter, the
cells were incubated with Alexa Fluor 647 Annexin V
(cat no. 640912, Biolegend, USA) for 15 min at 4°C in
the dark, and PI (Sigma, USA) was subsequently added.
The samples were immediately analysed by flow cytome-
try (BD FACSCanto II).

Fumarate measurement

The concentrations of cellular fumarate were determined
according to the manufacturer’s instructions (Fumarate
Colorimetric Assay Kit, Biovision, K633-100, USA).
Briefly, 1x10° cells at confluence were homogenized in
the assay buffer and centrifuged at 13,000 g for 10 min to
remove insoluble materials. A total of 30 pul of the sample
supernatant with 70 pl of reaction buffer was added to a
96-well plate. After a 1-h incubation at 37°C, the absorb-
ance of the samples and the standard were measured at an
optical density (OD) of 450 nm.

Lactate assay

A total of 2x10° cells were seeded evenly onto 6-well
plates with 3 ml of medium and cultured for 48 h. Then,
the cell culture medium was collected and centrifuged at
13,000 g for 10 mins. The supernatant was then use in
the extracellular lactate assay with the Lactate Assay
Kit (MAKO064, Sigma, USA). Additionally, the cells
were harvested and homogenized in assay buffer and
centrifuged at 13,000 g for 10 min to remove insoluble
materials, and the supernatant was used in the intracel-
lular lactate assay with the same kit. To perform the
lactate assay, 50 pl of sample supernatant with 50 pl of
master reaction mix was added to a 96-well plate. OD
values at 570 nm were read after 30 mins of incubation
at room temperature. The sample lactate acid concentra-
tion was determined by the OD values from the stan-
dard curve.
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Table 2. Primers for RT-qPCR.

Gene Name Sequence(5’ to 3')
FH Forward primer TGTGAGGCTGTTGATTGGA
Reverse primer GGCGAAACAAACCACAGTTC
Gsta2 Forward primer AGTGCATCCGGTGGCTCCTG
Reverse primer GGTGGCGATGTAGTTGAGAATGGC
Gstas Forward primer CTACCTTGTAGGCAACAGGCTGAC
Reverse primer AGGCTGCTGATTCTGCTCTTGAAG
Fef7 Forward primer ATCCTGCCGACTCCGCTCTAC
Reverse primer TCTGCTCTGGACTCATGTCATTGC
Ednrb Forward primer CCAACTCCAGTCTGATGCGTTCC
Reverse primer AGCACGAACACGAGGCATGATAC
Plcbl Forward primer CCTCAGCTCTTCTGGAATGC
Reverse primer CAGCCTGTAGCCACTCTTCC
Bdkrb1 Forward primer TGGCTATCAGTCAGGACCGCTAC
Reverse primer GATGCAGGCAGAGACGTTCAGATC
WntSa Forward primer CAAATAGGCAGCCGAGAGAC
Reverse primer TGCAACCACAGGTAGACAGC
Adey4 Forward primer GCTGTCCGACTGCCTCATTGC
Reverse primer AGCCAGGACGAGGAGTGTGAAG
Cdkn2a Forward primer CAGCTCTCCTGCTCTCCTATGGTG
Reverse primer CAGGCATCGCGCACATCCAG
Agtrla Forward primer GCTTCAACCTCTACGCCAGTGTG
Reverse primer CAGCCAGATGATGATGCAGGTGAC
Cdkn2b Forward primer CCAACGCCGTCAACCGCTTC
Reverse primer TGCCTTGTGCAGCACCATTAGC
Faf13 Forward primer GGAAGTCGTATTCAGAGCCTCAGC
Reverse primer TGGTGCCATCAATGGTTCCATCTG
Pdgfb Forward primer TCTCTGCTGCTACCTGCGTCTG
Reverse primer AAGGAGCGGATGGAGTGGTCAC
Pof Forward primer TGTCCTTCTGAGTCGCTGTAGTGG

Reverse primer

CATTCGCAGAGCACATCCTGAGAG

Glucose uptake assay

Glucose uptake was measured by flow cytometry accord-
ing to the manufacturer’s instructions (2-NBDG, Cay-
man, 186689-07-6). The cells were collected, washed in
PBS, and then resuspended in glucose-free medium con-
taining 100 uM 2-deoxy-2- [(7-nitro-2, 1,3-ben-
zoxadiazol-4-yl) amino]-D-glucose (2-NBDG). After
incubation for 2 h, the cells were collected, and the fluo-
rescence was measured by flow cytometry.

OCR analyses

OCR was measured using a Seahorse XF°96 Extracellu-
lar Flux Analyser (Seahorse Bioscience, North Billerica,
MA, USA). Briefly, the cells were plated at 5%10*
cells/well onto an XF°96 cell culture microplate (Sea-
horse Bioscience) and allowed to attach to the bottom

overnight. The cell culture medium was changed to
analysis medium supplemented with 4 mM glucose, 2
mM sodium pyruvate and 2 mM glutamine at 1 h prior to
the beginning of the assay and maintained at 37°C. After
baseline measurements, OCR was measured by sequen-
tially injecting each well with oligomycin (1 uM), car-
bonyl cyanide-4 (trifluoromethoxy), phenylhydrazone
(FCCP)(1 uM) and rotenone/antimycin A (0.5 pM). The
values were calculated as absolute OCR in pmol Oy/min.
Each measurement loop comprised 30 sec mixing, 3 min
waiting and 3 min measuring of oxygen consumption.
The OCR data were corrected for cell number by nuclear
staining with Hoechst.

ROS assay

Intracellular ROS production was detected using the
fluorescent probe DCFH-DA. The cells were pretreated
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with 4 pmol/L carboxy-2’, 7’-dichlorodihydrofluorescein
diacetate (H2DCFDA; Sigma) and then stained with
surface markers to monitor the ROS level in the cells.

Transcriptomic analysis

Six samples (three WT cells and three FH"™ cells) were
sequenced at BGI (Shenzhen, Guangdong, China) using
transcriptome sequencing technology. The first step in
the workflow involved purifying the poly-A-containing
mRNA molecules using poly-T oligo-attached magnetic
beads. Following purification, the mRNA was frag-
mented into small pieces using divalent cations under
elevated temperature. The cleaved RNA fragments were
copied into first strand cDNA using reverse transcriptase
and random primers. This was followed by second strand
cDNA synthesis using DNA polymerase I and RNase H.
These cDNA fragments underwent the addition of a sin-
gle ‘A’ base and subsequent ligation of the adapter. The
products were then purified and enriched through PCR
amplification. We then quantified the PCR yield by Qubit
and pooled the samples together to make a single strand
DNA circle (ssDNA circle), which generated the final
library. DNA nanoballs (DNBs) were generated with the
ssDNA circle by rolling circle replication (RCR) to
enlarge the fluorescent signals during the sequencing
process. The DNBs were loaded into the patterned na-
noarrays, and pair-end reads of 100 bp were read on the
BGISEQ-500 platform for the following data analysis.

SA-B-Gal staining

The cells were grown on coverslips in 6-well plates until
75% confluence. Then the staining was performed ac-
cording to the manufacturer’s instructions (G1073-1,
Sigma, USA). The cells were observed under a micro-
scope and positive cells were stained blue.

Single cell cloning

The cell suspension was prepared, and the cell number
was counted before the sample was serially diluted to a
final concentration of 7 cells per ml. The suspension was
dispensed into 96-well plates at 100 pL per well (average
0.7 cells per well) and incubated at 37°C and 5% CO,.
After overnight cultivation, the cells were observed under
a microscope, and the wells were confirmed to contain
only a single labelled cell. The next day, 100 ul of culture
medium was added to the labelled wells. When the cells
reached density saturation (clone), the wells still contain-
ing single clones were digested with trypsin, and the
detached cells from the single clones were transferred to
24-well plates. When the cells in the 24-well plates
reached confluence, they were transferred to 6-well
plates. When the cells in the 6-well plate reached conflu-
ence, they were transferred to 25 cm cell culture flasks

for large volume expansion. The cells were then split 1:3
for further passaging, and at least one proportion at each
passage was frozen in nitrogen for later use. The het-
erozygous FH KO in these cells at passages 10, 40 and 50
was verified by mutation analysis of specific PCR prod-
uct sequencing.

Chromosome preparation

When the cells reached 75% confluence, 0.5 pg/ml col-
chicine was added to the flask for 14 h, and the cells were
harvested by 0.02% trypsinization. Then, the cells were
centrifuged at 1500 rpm for 10 mins to obtain the cell
pellet. Next, 6 ml of 0.075 M potassium chloride was
added to the centrifuge tube, pipetted, and incubated at
37°C for 10 min. The cells were fixed with 1 ml of fixa-
tive (methanol/acetic acid=3:1) and centrifuged at 1500
rpm for 10 min. The supernatant was discarded, and 6 ml
of fixative was added. The cells were mixed gently and
then centrifuged at 1500 rpm for 10 mins. The super-
natant was discarded again, and a few drops of fresh
fixative were added, and the cells were mixed by pipet-
ting. The fixative was removed before conventional G-
banding after drying the slide at 75°C for 150 mins.

Transmission electron microscopy

The cells were collected and fixed in 2.5% buffered glu-
taraldehyde (Servicebio, G1102). The cells were post-
fixed with 1% osmium tetroxide, dehydrated using a
gradient series of ethanol and embedded in Epon 812
resin. The resin was polymerized for 48 h at 60°C. Ultra-
thin sections of 60—80 nm in thickness were prepared and
poststained with 2% uranyl acetate and lead citrate. Im-
ages were acquired using a TEM (HT7700, Hitachi, Ja-

pan).
Statistical analyses

All data represented at least three repeated experiments,
and statistical analyses were performed using GraphPad
prism 5.0. The results are shown as the means + SD. Data
were analysed by one-way ANOVA and Student’s t test
(p< 0.05 was considered statistically significant), unless
otherwise noted.
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