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Abstract Renal cell carcinoma (RCC) is one of the lead-
ing causes of cancer mortality in adults, but there is still
no acknowledged biomarker for its prognostic evaluation.
Our previous proteomic data had demonstrated the dys-
regulation of some lipid metabolism enzymes in clear cell
RCC (ccRCC). In the present study, we elucidated the
expression of two lipid metabolism enzymes, hydroxyl-
coenzyme A dehydrogenase, alpha subunit (HADHA)
and acetyl-coenzyme A acetyltransferase 2 (ACAT2),
using Western blotting analysis, then assessed the prog-
nostic potential of HADHA and ACAT2 using immuno-
histochemistry (IHC) on a tissue microarray of 145
ccRCC tissues. HADHA and ACAT2 were downregulated
in ccRCC (P<0.05); further IHC analysis revealed that
HADHA expression was significantly associated with tu-
mor grade, stage, size, metastasis, and cancer-specific sur-
vival (P=0.004, P<0.001, P<0.001, P=0.049,
P<0.001, respectively) and ACAT2 expression was sig-
nificantly associated with tumor stage, size, and cancer-
specific survival (P<0.001, P=0.001, P<0.001,
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respectively). In addition, a strong correlation was found
between HADHA and ACAT2 expression (R=0.655,
P<0.001). Further univariate survival analysis demon-
strated that high stage, big tumor size, metastasis, and
HADHA and ACAT2 down-expression were associated
with poorer prognosis on cancer-specific survival
(P=0.007, P=0.005, P=0.006, P<0.001, P=0.001, respec-
tively), and multivariate analysis revealed that HADHA, stage,
and metastasis were identified as independent prognostic fac-
tors for cancer-specific survival in patients with ccRCC
(P=0.018, P=0.046, P=0.001, respectively). Collectively,
these findings indicated that HADHA could serve as a promis-
ing prognostic marker in ccRCC, which indicated lipid metab-
olism abnormality might be involved in ccRCC tumorigenesis.

Keywords Renal cell carcinoma - Lipid metabolism
enzymes - HADHA - ACAT2

Introduction

Renal cell carcinoma (RCC) is one of the leading causes of
cancer-related death in the world, which is characterized by
heterogeneity of histological subtype, drug resistance, and ab-
sence of acknowledged molecular markers [1]. Clear cell RCC
(ccRCC) is the most common subtype, and it accounts for
70~80 % of all kidney neoplasm. Nephrectomy remains the
best option for localized RCC, and systemic therapies are re-
quired for advanced RCC (including metastatic or recurrent
tumors) as they are resistant to conventional chemotherapy
and radiotherapy [2]. Although biological and targeted thera-
pies have shown promising results for advanced tumors, these
patients still have a dismal prognosis [3]. It is urgent to find
more molecular therapeutic targets to improve the overall prog-
nosis for advanced RCC patients, and further studies are also
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required to discover potential prognostic markers to monitor
recurrence or progression for localized RCC patients [4-6].

Cancer is fundamentally a disorder of cell proliferation, and
cancer cells harbor perturbed metabolism that allows them to
accumulate metabolic intermediates and synthesize macro-
molecules, including nucleic acids, fatty acids, and proteins
[7]. Glucose is the major energy source in normal cells, where-
as it undergoes the metabolic switch from energy production
to de novo synthesis of lipids, which are required for cell
growth and proliferation in tumor cells [7]. In addition to the
well-established Warburg effect (the abnormality in glucose
metabolism), alterations in lipid metabolism, including fatty
acid (FA) synthesis and oxidation, are increasingly being rec-
ognized in cancer cells [8-10]. Recently, there is a growing
acceptance for a link between obesity and cancers, including
breast, kidney, and liver cancers [11, 12], though the nature of
this relationship remains to be fully elucidated. Lipid droplet
formation in the cytoplasm is the typical characteristic for
ccRCC, which has been recognized as abundant storage of
lipid content [3]. Since the metabolism of cancer cells differs
from that of normal ones, a better understanding of the meta-
bolic changes facilitates to discover novel prognostic markers,
intervene tumor progression, and prompt new approaches to-
ward cancer therapy, thus improving the overall prognosis
(including cancer-specific survival, tumor response rate, and
health-related quality of life) of RCC patients [9, 10, 13].

Increasing literatures have reported various prognostic fac-
tors, such as tumor stage, nuclear grade, P53, Ki-67, prolifer-
ating cell nuclear antigen (PCNA), Eg5, and TGF-f3 in RCC
[14, 15], and cancer-specific survival (CSS) as one of the main
end-points [16]. Recently, proteomic approach has been wide-
ly used to discover potential prognostic biomarkers and ther-
apeutic targets in cancer biology [4-6, 15]. By mass spectrom-
etry (MS)-based proteomic approach, we and others have
identified some dysregulated metabolic pathways, such as
glucose metabolic pathway, FA [3-oxidation, and tryptophan
degradation in RCC [5, 13]. ccRCC, which was characterized
by typical “lipid drops” diffused in the cytoplasm, has been
recognized as a chronic metabolic disease recently [7, 11, 17].
Our previous proteomic analysis displayed that some lipid
metabolism enzymes, such as hydroxyl-coenzyme A dehy-
drogenase, alpha subunit (HADHA) and acetyl-coenzyme A
acetyltransferase 1 (ACAT1), were downregulated in ccRCC,
and ACAT1 dysregulation had been confirmed [5]. Bioinfor-
matics analysis indicated HADHA and acetyl-coenzyme A
acetyltransferase 2 (ACAT?2) interacted tightly and played vi-
tal roles in lipid metabolism. According to above knowledge,
we elucidated the expression of the two lipid metabolism en-
zymes, HADHA and ACAT?2, in ccRCC specimens and ana-
lyzed the correlation between their expression and clinico-
pathological parameters, which aimed at evaluating the two
proteins as potential prognostic factors or therapeutic targets
in patients with RCC.
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Materials and methods
Tissues

As approved by the ethical committees of Shandong Provin-
cial Hospital Affiliated to Shandong University, a total of 145
ccRCC patients who underwent radical or palliative nephrec-
tomy from March 2010 to January 2015 were chosen for im-
munohistochemistry (IHC) analysis. Clinical data were re-
corded, including their gender, age, tumor sizes, Fuhrman nu-
clear grade, pathological TNM stage, metastasis, and follow-
up. They were all primary ccRCC, and their pathological char-
acteristics were verified by two pathologists, separately. The
patients consisted of 109 men and 36 women, with a mean age
of 60.3 years old (range from 45 to 76). Twenty-four patients
had distant metastases (to the lung in 3 patients, lymph nodes
in 11 patients, and adrenal gland in 10 patients) at the time of
surgery. Ninety-three (64.1 %) tumors were discovered inci-
dentally, 32 (22.1 %) were locally symptomatic, and 20 pa-
tients (13.8 %) had systemic disease symptoms. The duration
of follow-up was calculated from the date of surgery to death
or last follow-up, and the median period of follow-up was
37.0 months, ranging from 8 to 65 months.

For Western blotting (WB) analysis, three cases of ccRCC
and their adjacent tissues were collected from December 2011 to
January 2013 and stored at —80 °C as described previously [5].
They were graded according to the Fuhrman nuclear grade (G1:
1 case, G2: 1 case, G3: 1 case) and staged according to the TNM
classification (T1: 1 case, T2: 2 cases). Radiotherapy, chemother-
apy, and immunotherapy were not performed before surgery, and
these samples were verified by two pathologists after surgery.
Kidney tissue samples were obtained with informed patient con-
sent and approval of the hospital research ethics committee.

Reactome and STRING analyses

Cancer cells harbor abnormal lipid metabolism, especial for
FA synthesis and (3-oxidation [8, 18]. Our previous proteomic
data had confirmed the dysregulation of ACAT1 in ccRCC; no
one reported the expression of ACAT?2, one enzyme for cho-
lesterol synthesis and the cytosolic counterpart of ACAT1, in
ccRCC. And the proteomic analysis also pinpointed HADHA,
the alpha (&) subunit of trifunctional protein (TFP), which is
involved in lipid metabolism and FA (-oxidation [5]. By
Reactome “PathwayBrowser” analysis (http://www.
reactome.org/PathwayBrowser), “fatty acid, triacylglycerol,
and ketone body metabolism” pathway showed the vital
proteins or protein complexes, small molecules, and their
reactions, which were involved in the lipid metabolism.
Protein—protein interaction for HADHA and ACAT2 was
visualized using STRING analysis (http://string-db.org/),
which was based on “confidence mode.” HADHA was input
into STRING database and one main interactive cluster was
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formed, which indicated the lipid metabolism proteins (or
enzymes) interacted and formed a densely interconnected
network.

Western blotting analysis

WB analysis was performed as previously described [5].
Three pairs of fresh frozen ccRCC and adjacent tissues were
homogenized in RIPA lysis buffer (Millipore, USA) contain-
ing protease inhibitor cocktail (Roche, Switzerland). After
protein concentration was determined using BCA protein as-
say (Bio-Rad, USA), the tissue lysates (50 pg each) were
separated on 10 % polyacrylamide gel, and the proteins in
the gel were transferred to polyvinylidene difluoride (PVDF;
Bio-Rad, USA) membranes. The membranes were detected
with desired antibodies: anti-HADHA (dilution 1:1000,
rabbit; ABcom, USA), anti-ACAT2 (dilution 1:1000, goat;
Santa Cruz, USA), and anti-tubulin (dilution 1:10,000, mouse;
Sigma-Aldrich, USA), then fluorescence-conjugated second-
ary antibodies were used to visualize the detected proteins.
Finally, the blots were developed by enhanced chemilumines-
cence (LAS4000; GE, USA).

Immunohistochemistry analysis

Kidney tissue hematoxylin—eosin (H&E)-stained sections
were reviewed by a pathologist to identify representative areas
ofthe tumors. After tissue microarrays (TMA) were construct-
ed [19], IHC analysis was performed as described previously
[14]. The slides were stained with anti-HADHA (dilution
1:200) and anti-ACAT2 (dilution 1:100) antibodies using an
Envision+-based detection system and developed with diami-
nobenzidine (DAB; Zhongshan, China). Negative controls
were performed by omitting the primary antibody.

Evaluation of immunohistochemical staining

Immunostained slides were scanned and analyzed with
the fluorescent microscope (Olympus, Japan). To ensure
accuracy, two pathologists, blinded to the clinicopatho-
logical parameters, independently evaluated immuno-
staining of the TMA slides. Immunostaining was evalu-
ated by recording the percentage of cells staining for four
random areas and at least 50 tumor cells were counted in
each area, then the mean percentage of the positive stain-
ing cells were calculated. According to the median per-
centage of positive cells for each antibody, the protein
expression results were classified into two groups: low
group (no staining or less than the median value) and
high group (equal to or greater than the median value).
The median values were 72 % for HADHA and 60 % for
ACAT2, respectively.

Statistical analysis

SPSS 17.0 software (SPSS Inc., USA) was used for statistical
analysis. For WB analysis, the protein expression of HADHA
and ACAT?2 was analyzed using paired ¢ test. For IHC analy-
sis, the associations between the expression of the two pro-
teins and clinicopathological parameters were explored using
Pearson chi-square test, and correlations between HADHA
and ACAT2 were carried out using Spearman correlation anal-
ysis. The survival curves for CSS was analyzed by Kaplan—
Meier method, and Cox proportional hazards regression mod-
el was performed to define the risk factors (including
HADHA, ACAT2, and clinicopathological parameters) for
tumor patient death. P values less than 0.05 were considered
statistically significant.

Results
Pathway analyses pinpointed HADHA and ACAT?2

Fatty acid, triacylglycerol, and ketone body metabolism path-
way analysis showed the lipid metabolism-related proteins or
protein complexes, small molecules, and their reactions,
among which HADHA was located in the core of the network
(Fig. 1a). Mitochondrial TFP is a hetero-octamer composed of
four - (HADHA) and four (3-subunits (HADHB), and
HADHA is more abundant than HADHB in kidney tissue.
STRING analysis demonstrated HADHA interconnected with
ACATI1, ACAT2, HADHB, et al., and HADHA interacted
tightly with ACAT2 in the cluster (confidence mode,
Fig. 1b). Other lipid-related proteins, such as ACADS,
ACADL, and ACADM, were scattered in both pathway
networks.

Validation of HADHA and ACAT?2 differential expression
between ccRCC and adjacent tissues

Our previous proteomic data had demonstrated the dysregu-
lation of some lipid metabolism enzymes (including
HADHA) in ccRCC [5]. This time, we detected the expression
of two lipid metabolism enzymes, HADHA and ACAT2, then
evaluated their prognostic significance in ccRCC.

As shown in Fig. 2a, significant downregulation of
HADHA expression in ccRCC was detected in all the three
samples, compared with adjacent tissues (0.724-fold,
P=0.017). Meanwhile, there was also a prominent downreg-
ulation of ACAT2 expression in ccRCC (0.524-fold,
P=0.049).

IHC also confirmed the low expression of HADHA and
ACAT?2 in ccRCC (Fig. 3). To be specific, strong cytoplasmic
staining for HADHA was confined in kidney tubule epitheli-
um cells instead of normal glomerular epithelial cells, and
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<« Fig.1 Bioinformatic analysis pinpointed two lipid metabolism enzymes,
HADHA and ACAT2. a Reactome analysis showed fatty acid,
triacylglycerol, and ketone body metabolism pathway (http://www.
reactome.org/PathwayBrowser), which trifunctional proteins (TFA,
including four HADHA and four HADHB), ACAT1, ACADS,
ACADL, and ACADM were involved in the pathway. b STRING
analysis displayed protein—protein interactions of the lipid metabolism
enzymes or proteins in the literatures (confidence mode, http://string-db.
org/). HADHA was input into STRING and a main cluster was formed.
Blue lines represent interactions between proteins and the thickness
denotes the confidence level associated with each interactions. Within
this cluster, HADHA and ACAT?2, which were located in the key nodes
and interacted with each other, were chosen to be validated

different degrees of positive staining in the majority of the
ccRCC cells, which verified both the MS and immunoblotting
results. ACAT2-positive cytoplasmic staining was seen in nor-
mal kidney tubule epithelium cells instead of normal glomer-
ular cells and weak to middle positive staining in the ccRCC
cells, which was also consistent with the immunoblotting
results.

HADHA and ACAT?2 expression and their correlation
with clinicopathological parameters

The protein expression and clinicopathological parameters of
the patients are summarized in Table 1 and Fig. 4. In ccRCC
tissues, positive staining signals of HADHA were detected in
76 (52.414 %) with low immunoreactivity and 69 (47.586 %)
with high immunoreactivity, respectively. The relationship be-
tween HADHA expression and tumor grade, stage, size, and
metastasis was statistically significant (P=0.004, P<0.001,
P<0.001, P=0.049, respectively). There was no significant
correlation between HADHA expression and patients’ gender
and age (P=0.960, P=0.982).

At the same time, positive cytoplasm staining signals of
ACAT?2 were detected in 81 (55.862 %) with low immunore-
activity and 64 (44.138 %) with high immunoreactivity, re-
spectively (Table 1, Fig. 4). The relationship between ACAT2
expression and tumor stage and size was statistically

Fig. 2 Validation of protein A
dysregulation in ccRCC by
Western blotting (WB). a WB for
HADHA and ACAT2 expression
of three individual ccRCC and
adjacent normal tissues. Tubulin
as a loading control (/eff). b The
statistic results of gray value
ratios of the WB bands in ccRCC
(right). *P<0.05; **P<0.01. N
normal kidney tissue, 7'ccRCC

Tubulin “.?..'55 kD

N1 T1 N2 T2 N3 T3

HADHA i o A o o, 83 KD 150

ACAT?2 “—‘;—-“41 KD

significant (P<0.001, P=0.001, respectively). There was no
significant correlation between ACAT2 expression and pa-
tients’ gender, age, grade, and metastasis (P=0.265,
P=0.367, P=0.960, P=0.475, respectively).

During a median follow-up of 37.0 months, we also found
that patients with low HADHA expression (<72 % positive
cells) or ACAT2 expression (<60 % positive cells) had poorer
survival rates, or a worse outcome, than patients with high
HADHA expression (>72 % positive cells) or ACAT?2 expres-
sion (>60 % positive cells), and the differences were statisti-
cally significant (P<0.001, P<0.001, respectively, Table 1).

Associations between HADHA and ACAT?2 expression

A significant positive correlation was found between
HADHA and ACAT?2 expression (R=0.655, P<0.001). A
further test was performed between patients with different
metastatic status. In non-metastatic ccRCC, the relationship
between HADHA and ACAT?2 expression was statistically
significant (R=0.625, P<0.001), and in metastatic ccRCC,
the relationship between HADHA and ACAT2 expression
was remarkably significant (R=0.828, P<0.001).

Survival analysis

The postoperative follow-up time for the 145 ccRCC patients
ranged from 8 to 56 months (median 37.0 months). In the
univariate analysis, the Kaplan—-Meier survival curves demon-
strated that CSS with low HADHA or ACAT2 expression was
significantly shorter than that with high expression (P<0.001,
P=0.001, respectively, Fig. 5, Table 2). And univariate Cox
regression analysis indicated that high pathological stage (haz-
ard ratio (HR) 3.319, confidence interval (CI)=1.318-8.356,
P=0.007), big tumor size (HR 1.986, CI1=1.218-3.239,
P=0.005), and metastasis (HR 3.667, CI=1.372-9.805,
P=0.006) were all associated with shorter CSS (Table 2).

In the multivariate analysis, the Cox proportional hazard
model also revealed that HADHA (HR 0.359, CI=0.153—

B ||
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*
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Fig. 3 Representative IHC
photomicrographs showed
HADHA (upper) and ACAT2
(lower) expression in ccRCC and
adjacent normal tissues (original
magnification, X400). a Positive
HADHA staining in normal
kidney tissues, b null or low
HADHA staining in ccRCC, ¢
high HADHA staining in ccRCC,
d positive ACAT? staining in
normal kidney tissues, e null or
low ACAT? staining in ccRCC, f
high ACAT?2 staining in ccRCC.
N normal kidney tissue, 7'ccRCC

Table 1 Expression of HADHA
and ACAT? in relation to clinical
parameters

@ Springer

Parameters HADHA staining P value ACAT?2 staining P value
Low (%) High (%) Low (%) High (%)

Gender
Male (n=109) 523 47.7 0.960 532 46.8 0.265
Female (n=36) 52.8 472 63.9 36.1

Age
<60 years (n=065) 523 47.7 0.982 60.0 40.0 0.367
>60 years (n=_80) 52.5 475 52.5 475

Nuclear grade
G1 (n=26) 38.5 61.5 0.004** 53.8 46.2 0.960
G2 (n=56) 41.1 58.9 57.1 429
G3—4 (n=63) 68.3 31.7 55.6 44.4

TNM stage
pT1 (n=42) 11.9 88.1 <0.001%** 23.8 76.2 <0.001%**
pT2 (n=38) 52.6 47.4 579 42.1
pT3—4 (n=65) 78.5 21.5 75.4 24.6

Primary tumor size
<7.0 cm (n=57) 26.3 73.7 <0.001%** 38.6 61.4 0.001%**
>7.0 cm (n=88) 69.3 30.7 67.0 33.0

Metastasis
Negative (n=121) 48.8 51.2 0.049% 54.5 455 0.475
Positive (n=24) 70.8 29.2 62.5 375

Survival rate
Alive (n=68) 20.6 79.4 <0.001%** 36.8 63.2 <0.001%**
Dead (n=77) 80.5 19.5 72.7 273

*P<0.05; ** P<0.01
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Fig. 4 The IHC statistical graphs for HADHA (a upper) and ACAT2 (b
lower) expression in ccRCC tissues (n = 145). Neg negative, Pos positive.

*P<0.05; **P<0.01

0.842, P=0.018), stage (HR 3.031, CI=1.021-8.999,
P=0.046), and metastasis (HR 6.691, CI=2.089-21.431,
P=0.001) were identified as independent prognostic factors
in patients with ccRCC (Table 2), while ACAT2 and tumor
size were excluded as independent predictors with no statisti-
cal significance (P=0.909, P=0.411).

Discussion

Renal cell carcinomas (RCCs) are a heterogeneous group
of tumors, which are associated with a high potential of
metastases or recurrence and therapeutic resistance. Clin-
ically, localized RCC patients have a favorable prognosis
after radical nephrectomy (5-year survival rate ~85 %),
while advanced RCC patients still have a dismal

prognosis (5-year survival rate ~10 %) [2]. Although con-
siderable progress has been made in the treatment of
RCC, some aspects of the prognosis still remain unclear,
especially concerning the prognostic markers of patient,
so it is urgent to identify the potential prognosis markers
to predict or improve patient outcomes. Recently, proteo-
mic approaches have been used in RCC research to dis-
cover diagnosis or prognosis markers and novel therapeu-
tic targets [4—6, 15]. Our previous proteomic data indicat-
ed HADHA, a lipid metabolism enzyme, was involved in
the dysregulated proteins network that had been implicat-
ed in ccRCC [5]. Bioinformatics analysis demonstrated
that HADHA interacted directly with ACAT2 among the
lipid metabolism enzymes. Based on these observations,
we speculated the two lipid metabolism enzymes,
HADHA and ACAT2, played a vital role in ccRCC path-
ogenesis and might be the prognostic markers or thera-
peutic targets. To date, very few data elucidated the rela-
tionship between lipid metabolism enzymes and RCC
tumorigenesis.

HADHA is the alpha subunit of the mitochondrial
trifunctional protein (TFP), which catalyzes the last three
steps of mitochondrial (3-oxidation of long chain fatty
acids. The mitochondrial TFP is composed of four «
(HADHA) and four  (HADHB) subunits: HADHA is
responsible for catalyzing the long-chain 3-hydroxyacyl-
coenzyme A dehydrogenase (LCHAD) and enoyl-
coenzyme A hydratase (ECH) activities while HADHB
catalyzes the 3-ketoacyl-coenzyme A thiolase (KACT) ac-
tivity [20]. Mutations in HADHA gene or deficiency in
HADHA enzymatic activity (<50 % of normal activity) is
associated with life-threatening manifestation of the
LCHAD deficiency, which include hypoglycemia, cardio-
myopathy, and sudden death [21]. Besides FA [3-oxida-
tion, HADHA also participates in other lipid metabolism
processes, such as lipid biosynthesis, ketogenesis, and
ketolysis.

To date, no one had confirmed HADHA dysregulation
in ccRCC yet. In the present study, we first verified

Fig. 5 Kaplan-Meier survival A
curves demonstrated cancer- 1.0 - P<0.001 1.0+ L _
specific survival of 145 patients L ' Fa W P=0.001
with ¢ccRCC, according to T 0.8 o T 0.8 ML
HADHA (a) and ACAT2 (b) s ] z LL i
.. 3 o +
staining. Blue and green curves 2 0.6 *"L ® 06 LN
represent low and high staining, = S 1
respectively. **P<0.01 2 L o I N
@ 0.4+ @ 0.44 .|
€ 0.2] _r HADHAlow staining S 020 ACATZlow staining 11
© ! HADHA high staining © ™1 ACAT2 high staining s
0.0 1 0.04 -
0.0 20.0 40.0 60.0 0.0 20.0 40.0 60.0
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Table 2 Univariate and

multivariate survival analysis of Parameters Univariate” Multivariate®
CSS (1= 145)
HR (95 % CI) P value HR (95 % CI) P value

Gender 1.178 (0.660-2.103) 0.578 1.184 (0.615-2.278) 0.614
Age 1.047 (0.648-1.691) 0.852 1.205 (0.725-2.003) 0.473
Grade (G3—4)° 1.363 (0.786-2.364) 0.268 1.111 (0.576-2.142) 0.754
Stage (pT3-4)° 3.319 (1.318-8.356) 0.007** 3.031 (1.021-8.999) 0.046*
Size (>7.0 cm) 1.986 (1.218-3.239) 0.005%* 1.283 (0.709-2.321) 0.411
Metastasis 3.667 (1.372-9.805) 0.006** 6.691 (2.089-21.431) 0.001**
High HADHA 0.250 (0.139-0.451) <0.001%** 0.359 (0.153-0.842) 0.018*
High ACAT2 0.432 (0.263-0.710) 0.001** 0.964 (0.519-1.794) 0.909

CSS cancer-specific survival, HR hazard ratio, CI confidence interval

*P<0.05; **P<0.01

# Statistical analysis by Cox proportional hazards regression model

® For grade: 1-2 vs 34
°For stage: 1-2 vs 3-4

HADHA differential expression between ccRCC and ad-
jacent kidney tissues, then provided evidence that
HADHA was an independent prognostic factor in patients
with ¢ccRCC. The immunoblotting indicated a significant
decrease of HADHA expression in ccRCC tissues
(Fig. 2), and THC also demonstrated that HADHA de-
creased in high grade or stage, metastatic, and low surviv-
al rate ccRCC tissues (Table 1). We therefore hypothe-
sized that there might be a compromised metabolism of
long-chain FAs in ccRCC due to a relative deficiency of
HADHA, and lipid droplets were accumulated in the cy-
toplasm, which was a typical histological characteristic of
ccRCC. During the follow-up period, multivariate surviv-
al analysis indicated HADHA, together with tumor stage
and metastasis, was an independent prognostic factor for
cancer-specific survival in patients with ccRCC. And in
an epidemiological context, our study showed that dysreg-
ulation of HADHA in the kidney tissue might herald the
onset of carcinogenesis, and HADHA could also be a
potential target for RCC prevention and treatment [22].
Together, these observations strongly supported the find-
ing that HADHA could be an independent prognostic
marker of ccRCC, and it also might be a potential molec-
ular target for ccRCC prevention and treatment.

Several previous studies had reported that HADHA was
involved in the pathogenesis, prognosis, and therapy re-
sistance of human cancers. By meta-analysis, Manju re-
ported HADHA down-expression in breast cancer, espe-
cially in metastatic and recurring breast cancers [22]. Kim
also observed a decrease of HADHA in hepatocellular
cancer compared to non-neoplastic controls [23], and
Kageyama reported HADHA might be a potential predic-
tor of response to platinum-based chemotherapy for lung
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cancer [24]. Recent reports also indicated HADHA was
involved in the processing of miRNAs [25], autophagy,
and apoptosis [26, 27].

ACAT2, also known as acetyl-coenzyme A transferase-
like protein or cytosolic acetoacetyl-coenzyme A thiolase,
like its mitochondrial counterpart, ACAT1, belongs to the
thiolase family. Both acetoacetyl-coenzyme A-specific
thiolases, ACAT1 and ACAT2, catalyze the formation of
acetoacetyl-coenzyme A from two acetyl-coenzyme A
molecules. Little is known about ACAT2 expression in
RCC. We provided evidence that ACAT2 downregulated
in ccRCC, and ccRCC tissues with low stage, small tumor
size, and high survival rate displayed higher ACAT2 ex-
pression than their counterparts, which indicated it was
also involved in ccRCC tumorigesis. Although multivari-
ate survival analysis did not indicate that ACAT2 was an
independent prognostic factor for ccRCC patients, the
Kaplan—Meier survival curves demonstrated that high
ACAT2 expression was positively associated with
cancer-specific survival in ¢ccRCC patients (Fig. 5;
Table 2). Based on these observations, ACAT2 might be
a potential predictor of favorable prognosis for patients
with ccRCC. The relationship between ACAT2 and pan-
creatic or hypopharynx cancers had been reported, and
ACAT2 was a potential biomarker and therapeutic target
in hypopharynx cancer [28] or pancreatic cancer [29].
Recently, Shan identified ACAT2 as an upstream acetyl-
transferase of 6-phosphogluconate dehydrogenase
(6PGD), which activated 6PGD and promoted oxidative
pentose phosphate pathway [30].

ACAT2 is involved in lipid metabolism, and STRING
pathway analysis indicated its interaction with some vital lipid
metabolism enzymes, such as HADHA, ACAT1, ACADM,
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ACADVL, et al. Our ccRCC data also showed a positive
significant correlation between ACAT2 and HADHA expres-
sion (P<0.001), both of which were inversely associated with
ccRCC stage, tumor size, and cancer-specific survival
(Table 1). During the follow-up duration, only HADHA as
an independent prognostic marker was concluded, and the
follow-up period should be prolonged and samples be in-
creased to elucidate whether ACAT2 might be an independent
prognostic marker of ccRCC.

Reprogramming of cellular energy metabolism is one
of the main hallmarks of cancer, and cancer cells rely on
FAs as building blocks for cell proliferation, so disturbing
the crucial enzymes or regulators in cellular metabolism is
a promising novel approach for cancer therapies [8, 31].
Etomoxir, the carnitine palmitoyltransferase 1 (CPT1) in-
hibitor in the mitochondria, was reported as a therapeutic
target for prostate cancer [32]. The acyl-coenzyme A
synthetase/stearoyl-coenzyme A desaturase (ACSL/SCD)
network caused an epithelial-mesenchymal transition
(EMT) program that promoted migration and invasion of
colon cancer cells and might represent a new therapeutic
opportunity for colon cancer [33]. Both HADHA and
ACAT?2 were reportedly involved in cancer chemothera-
peutic or radiotherapeutic resistance, while no one dem-
onstrated the role of the two enzymes in cancer-targeted
therapy yet. Future researches about the roles of HADHA
and ACAT?2 in ccRCC-targeted therapy and therapy resis-
tance were in progress.

Although extensive researches about cancer and its ini-
tiation are beginning to unravel the role of lipid metabo-
lism in cancer, the lipid metabolism enzymes that dictate
their characteristics for ccRCC remain largely ill-defined.
ccRCC, which is characterized by lipid accumulation in
the cytoplasm, has been recognized as a chronic metabolic
disease recently. By THC analysis of HADHA and
ACAT2, we found the two lipid metabolism enzymes
were involved in ccRCC tumorigenesis, which facilitated
to understand tumor biology, develop novel targeted anti-
cancer medicines, and increase overall survival in ccRCC
patients.

Conclusion

Collectively, our study suggested that two lipid metabolism
enzymes, HADHA or ACAT?2, could serve as potential prog-
nostic markers, and they might be promising therapeutic tar-
gets in ccRCC, which indicated lipid metabolism abnormality
might be involved in ccRCC tumorigenesis. Further re-
searches are to be undertaken to investigate the abnormal or
dysregulated lipid metabolism process in RCC, which will
shed light on potential prognostic biomarkers and therapeutic
molecular targets for clinical intervention of RCC.
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