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Abstract
Succinate dehydrogenase (SDH)-deficient renal cell carcinoma (RCC) is mainly associ-
ated with a mutation in the SDHB gene and sometimes with mutations in the SDHC 
or SDHD genes. However, only three cases of succinate dehydrogenase A (SDHA)-
deficient RCC have been reported, and the relation between SDHA mutations and 
RCC has not been clarified. This study assessed the role of SDHA gene mutations 
in human RCC. We investigated SDHA/B/C/D gene mutations in 129 human RCCs. 
Targeted next-generation sequencing and direct Sanger sequencing revealed single 
nucleotide variants (SNVs) of the SDHA gene with amino acid sequence variations in 
11/129 tumors, while no SDHB/C/D gene mutations were found. Tumor cells with 
SNVs of the SDHA gene were characterized by eosinophilic cytoplasm and various 
patterns of proliferation. Immunohistochemistry examination found that the 11 tu-
mors with SNVs of the SDHA gene showed significant reduction of SDHA protein 
and SDHB protein expression compared to the 19 tumors without SDHA or SDHB 
mutations (both P < .0001). Western blotting showed a greater decrease in the ex-
pression of SDHA and SDHB proteins in the 11 tumors with SNVs of the SDHA gene 
than in the 19 tumors without (both P  <  .0001). There was a positive correlation 
between SDHA and SDHB protein levels (P < .0001). On immunohistochemistry and 
Western blotting, the 11 tumors with SNVs of the SDHA gene had higher protein 
expression for nuclear factor E2-related factor 2 (Nrf2) compared to the 19 tumors 
without the mutation (P < .01). These observations suggest that SDHA gene muta-
tions might be associated with a subset of RCC.
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1  | INTRODUC TION

The TCA cycle, which occurs in mitochondria, is a core pathway 
for the metabolism of sugars, lipids, and amino acids. A series of 
previous studies showed that altered activity and expression of 
TCA cycle key enzymes is associated with a subset of human can-
cers that show changes in cell metabolism.1,2 Increasing evidence 
indicates that germline mutations of TCA cycle enzymes are as-
sociated with various hereditary and sporadic tumors.1,2 To date, 
five such genes have been identified, which are fumarate hydratase 
(FH; 1q43 region) and the genes encoding the four subunits of suc-
cinate dehydrogenase (SDHA; 5p15 region, SDHB; 1p36.1 region, 
SDHC; 1q21 region, and SDHD; 11q23 region). SDH is a TCA cycle 
enzyme complex consisting of four protein subunits (SDHA, SDHB, 
SDHC, and SDHD) that is involved in the electron transport chain 
and is required for cellular energy metabolism. Mutations of genes 
encoding subunits of SDH are predominantly linked to pheochro-
mocytoma and paraganglioma,3,4 whereas mutations of FH are as-
sociated with leiomyoma, leiomyosarcoma, and HLRCC.5-7 These 
genes have been reported to act as tumor suppressors and only 
loss-of-function mutations have been detected so far.2 Intrinsic 
loss of the normal TCA cycle presumably promotes tumorigenesis 
due to metabolic alterations that arise with enforced dependence 
on glycolysis for energy production, mimicking the metabolic re-
programming pattern known as the Warburg effect that is associ-
ated with malignancy.8-10 The Warburg effect involves an increase 
of glycolysis to generate ATP for cell proliferation and enhance-
ment of fatty acid synthesis by dephosphorylation of acetyl CoA 
carboxylase, an enzyme involved in the rate-limiting step of fatty 
acid synthesis. Conversion of glucose metabolism from oxidation 
to glycolysis is one of the representative strategies cancer cells em-
ploy for generation of ATP.11

Renal cell carcinoma generally displays the Warburg effect.12 
HLRCC-associated RCCs do not possess a complete TCA cycle due 
to loss of FH enzyme activity and are effectively unable to perform 
oxidative phosphorylation, indicating that these cancers exist in a 
state of enforced dependence on glycolysis and are a notable ex-
ample of the Warburg effect.12 Thus, FH-deficient HLRCC might be 
a useful model for studying the deregulation of energy metabolism, 
as well as for developing new therapies to target cancers with TCA 
cycle enzyme deficiencies.13

SDH-deficient RCC was accepted as a provisional entity in 
the 2013 ISUP Vancouver Classification, and was accepted as a 
unique RCC subtype by the WHO in 2016.14 Similar to FH-deficient 
HLRCC-associated RCC, SDH-deficient RCC is characterized by im-
pairment of oxidative phosphorylation and a metabolic shift to aer-
obic glycolysis.15 So far, most genomic alterations in patients with 

SDH-deficient RCC have been found to affect SDHB, with the as-
sociated renal tumors being immunohistochemically negative for 
SDHB expression and having distinctive morphologic features,16-19 
while involvement of SDHC or SDHD is less common. Thus, informa-
tion about SDH-deficient RCC has largely been obtained by studying 
tumors with SDHB/C/D deficiency and the role of SDHA in RCC is 
not fully understood because only three cases of genetically con-
firmed SDHA-deficient RCC have been reported.20-22 In the present 
study, we utilized a combination of genetic and biological techniques 
to investigate the role of SDHA in human RCC. Our findings could be 
useful for understanding the diverse roles of SDHA/B/C/D in cancer 
progression.

2  | MATERIAL S AND METHODS

2.1 | Patients

We retrospectively investigated 129 patients (73 men and 56 
women) with a histopathological diagnosis of RCC who underwent 
nephrectomy at our hospital between 2011 and 2018. Nephrectomy 
was performed before any other treatment. Preoperative imaging 
with CT and/or MRI was done for staging in all 129 patients. The 
postoperative follow-up period ranged from 5 to 93 months (median: 
29 months). All patients had no past or family history of paragan-
glioma, pheochromocytoma, or gastrointestinal stromal tumors. Of 
these 129 patients, 107 had clear cell RCC (ccRCC), 17 had papillary 
RCC type 2 (pRCC2), three had chromophobe RCC, and two had col-
lecting duct RCC. In addition, 87 patients had a distant metastasis 
(M1), 103 had invasive disease (pT3/4) or lymph node involvement 
(pN1-2) or both, and 81 had a poorly differentiated tumor (Fuhrman 
grade 3/4). On the other hand, as a control study for SDHB, but not 
SDHA, gene mutation, we examined a paraganglioma tissue with 
SDHB gene mutation with amino acid sequence abnormality (exon 
3, c.274T>C, p.Ser92Pro, variant effect: missense). Furthermore, we 
also examined surgical samples of FH-deficient RCC with FH, but not 
SDHA and SDHB, gene mutation.

2.2 | DNA extraction

Frozen tumor samples were ground to a powder in liquid nitrogen, 
and 30-50  mg of the powder was used for DNA extraction with 
an AllPrep kit (Qiagen). DNA was quantified, and its purity was as-
sessed with a NanoDrop ND-1000 spectrophotometer (LabTech). 
Blood DNA was extracted from leukocytes according to the stand-
ard protocols.
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2.3 | Next-generation sequencing

Next-generation sequencing was performed for detection of SNVs, 
short insertions, and deletions (indels). We investigated mutations 
of SDH subunit genes (SDHA, SDHB, SDHC, and SDHD), as well as 
mutations of the VHL, PBRM1, RET, Akt, and FH genes, by sequenc-
ing the coding exons and intron flanking regions using both blood 
samples and tumor specimens, as described previously.23 The custom 
primers for these regions were designed using AmpliSeq Designer 
(Life Technologies). Library construction and sequencing were car-
ried out with an Ion AmpliSeq Library Kit 2.0, Ion PGM IC 200 kit, and 
Ion PGM (Life Technologies), according to the manufacturer's instruc-
tions. Sequencing data were analyzed with Torrent Suite, and variant 
call was conducted with Torrent Variant Caller, Ion Reporter (v.5.1.0). 
Ion AmpliSeq panels cover broad research areas for germline analysis, 
including genes recommended by the ACMG.24 Then, the accuracy of 
the Ion Torrent sequencer platform in detecting SDHA gene muta-
tions was confirmed according to a previously published method.25

2.4 | Direct Sanger sequencing of SDHA, SDHB, and 
VHL genes

Direct Sanger sequencing of all 15 coding exons of SDHA, all eight 
coding exons of SDHB, and all three coding exons of VHL gene was 
undertaken in 11 samples to confirm the mutations identified by 
next-generation sequencing. Primers were described in Table S1.

2.5 | Data analysis

After each sequencing reaction, raw data were analyzed by using 
Torrent Suite version 4.2.1 for processing of the signals, base calling, 
quality score assignment, adapter trimming, mapping to GRCH37/
hg19 reference, assessment of mapping quality, and variant calling. 
After completion of primary data analysis, a list of the sequence 
variants detected (SNVs and indels) was compiled in a variant call 
file format and presented via the web-based user interface. The re-
sults of mapping and variant calling were visualized using Integrative 
Genome viewer (Broad Institute).

2.6 | Immunohistochemistry

Tumor tissue specimens from 30 RCC patients (11 tumors with SNVs of 
SDHA gene and 19 tumors without such mutations) were subjected to 
immunohistochemical staining for SDHA, SDHB, and the transcription 
factor Nrf2. Staining of 4-μm thick formalin-fixed, paraffin-embedded 
whole tissue sections was done with a polymer-based detection sys-
tem and a High pH K8024 Dako EnVision FLEX Mini Kit (Dako), using 
mouse monoclonal antibodies for SDHA (Abcam, 2E3GC12FB2AE2; 
1:1000 dilution), SDHB (Abcam, 21A11AE7; 1:400 dilution), and Nrf2 

(Abcam, ab-62352; 1:1000 dilution).20 Immunostaining was inter-
preted as negative when tumor cells showed no cytoplasmic staining 
and as positive when cytoplasmic staining was present, as reported 
previously.20 The tumors were divided into three groups: a low ex-
pression group in which most tumor cells were negative or weakly 
positive for anti-SDHA, anti-SDHB, and anti-Nrf2 antibodies (<30% 
of all tumor cells were positive), a moderate expression group in which 
most tumor cells showed moderate positivity for these antibodies 
(30%-80% of all tumor cells were positive), and a high expression 
group in which many tumor cells showed strong positivity for these 
antibodies (>80% of all tumor cells positive).

We also performed immunostaining with anti-SDHA, anti-SDHB, 
and anti-Nrf2 antibodies in a paraganglioma with SDHB gene muta-
tion, but no SDHA mutation.

Furthermore, we performed immunostaining of pRCC2 with FH 
gene mutation derived from HLRCC family 1 (exon 2, c.247_267del) and 
HLRCC family 2 (exon 5, c.583T>C, p.Met195Thr) using a mouse mono-
clonal antibody for FH (Santa Cruz Biotechnology, J-13; dilution 1:1000).

2.7 | Western blotting

Samples of tumor tissue and normal tissue from the same 30 pa-
tients in immunohistochemistry were carefully dissected free of 
stromal tissue. We performed Western blotting using the same 
anti-SDHA antibody, anti-SDHB antibody, and anti-Nrf2 antibody 
as immunohistochemistry, and an anti-VHL antibody (Cell Signaling 
TECHNOLOGY; #68547). After protein bands were visualized by 
chemiluminescence, each membrane was scanned for densitometry 
with a precision document imaging scanner (Agfa Japan) and the 
data were analyzed with NIH Image software (ImageJ for Mac OS, 
version 1.50). Expression of SDHA, SDHB, Nrf2, and VHL was cal-
culated relative to that of beta-actin in the tumor tissue specimens 
and corresponding non-neoplastic specimens. For quantification of 
protein levels, the relative amount of SDHA, SDHB, Nrf2, and VHL 
in tumor tissue specimens was expressed as a ratio of the optical 
density for the tumor specimen to that for the corresponding non-
neoplastic specimen (set at 1.0) by densitometric analysis.

2.8 | DNA constructs

A full-length human SDHA cDNA fragment was amplified from HeLa 
cDNA by PCR and introduced into the EcoRI and XhoI sites of the 
pcDNA3-myc vector. Three new SNVs of the SDHA (p.Tyr55His, 
p.Gly184Arg, and p.Val657Ile) observed in the present study and 
a previously reported SNV (p.Arg589Trp) were investigated.22 
pcDNA3-myc-SDHA-Tyr55His-SDHA-Gly184Arg, -SDHA-Val657Ile, 
and -SDHA-Arg589Trp were constructed from pcDNA3-myc-SDHA 
with the PrimeSTAR Mutagenesis Basal Kit (Takara Bio), according to 
the manufacturer's protocol. The PCR products and the structures 
of all plasmids were confirmed by DNA sequencing.
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2.9 | Cell culture and transfection

HeLa cells were grown in DMEM high glucose (Wako) with 10% fetal 
bovine serum, 2 mM glutamine, 100 U/ml penicillin, and 0.1 mg/ml 
streptomycin in a 5% CO2 incubator at 37℃. Transfection of plasmid 
DNA into cells was performed with Lipofectamine 2000 (Thermo 
Fisher Scientific), according to the manufacturer's protocol, and the 
cells were used for experiments 24 hours post-transfection.

2.10 | Cycloheximide chase assay

HeLa cells transfected with the various plasmids were treated with 
cycloheximide (Sigma-Aldrich, C1988) (20 µg/ml) for various time pe-
riods. Cells were then lysed in radioimmunoprecipitation lysis buffer 
containing protease inhibitor cocktail. Cell lysates were subjected to 
SDS-PAGE followed by Western blotting with anti-myc (MBL, M171-
3, 1:4000 dilution) and anti-GAPDH antibodies (MBL, 562, 1:1000 
dilution). Immunoreactive bands were detected with the ECL Prime 
Western Blotting Detection Reagent (GE Healthcare) or Clarity 
Western ECL substrate (Bio-Rad) and captured with an Amersham 
Imager 600 (Amersham). Band intensities were measured with NIH 
Image software (ImageJ for Mac OS, version 1.50).

2.11 | Statistical analysis

Associations among SDHA gene mutation and SDHA, SDHB or 
Nrf2 protein expression on immunohistochemistry were analyzed 
by Pearson's chi-square test for contingency tables using commer-
cially available software. Western blotting data were analyzed by the 
Mann-Whitney U test for comparisons between SDHA gene muta-
tion and SDHA, SDHB or Nrf2 protein expression, and Spearman's 
rank correlation coefficient analysis was employed to determine the 
relations between SDHA, SDHB, and Nrf2. P < .05 was considered 
to indicate statistical significance.

3  | RESULTS

3.1 | Next-generation sequencing

Targeted next-generation sequencing of coding exons re-
vealed numerous SNVs, de novo mutations, and somatic/blood 
mutations in the resected primary tumor tissue samples. The 
blood/tumor sequence traces for the SDHA variants to allow 
assessment for loss of heterozygosity are shown in Table S2. 
SNVs of the SDHA gene causing amino acid sequence variants 
(missense mutations) were detected in 11 (six pRCC2 and five 
ccRCC) out of 129 patients, while there were no mutations 
of the SDHB, SDHC, SDHD, or FH genes. We found three 
SNVs of the SDHA gene (exon 3, c.163T>C, p.Tyr55His, vari-
ant effect: missense; exon 5, c.550G>A, p.Gly184Arg, variant 

effect: missense; and exon 15, c.1969G>A, p.Val657Ile, vari-
ant effect: missense) (Table  1). These three SNVs of SDHA 
gene have not been identified in previous studies of SDHA-
deficient RCC.20-22 Interestingly, the missense mutation of 
SNVs of the SDHA gene was identical between somatic and 
blood DNA in all 11 patients. The SNV was also consistent 
within two families. In brief, the blood and somatic SNVs of 
the SDHA gene were identical in a father (case 4-1) and his 
son (case 4-2), while family members from another pedigree 
had the same SNV of the SDHA gene from blood and the two 
RCC patients in this family (daughter and father: cases 5-1 and 
5-2, respectively) showed identical somatic and blood SNV of 
the SDHA gene.

3.2 | Direct Sanger sequencing

The SNVs of the SDHA and VHL genes acquired by targeted 
next-generation sequencing were identified to those by direct 
Sanger sequencing in 11 samples (Figure  S1). The mutation of 
the SDHB gene was not confirmed by direct Sanger sequencing.

3.3 | Clinicopathological characteristics

The clinicopathological characteristics of the patients with 
tumors showing SNVs of the SDHA gene are summarized in 
Table 1.

Renal cell carcinoma with SNVs of the SDHA gene displayed 
diverse histological features, including tumor cells with pale eosin-
ophilic cytoplasm, vascular stroma, and various patterns of prolif-
eration from formation of tubular structures to solid alveolar nests. 
Both clear cells and strongly eosinophilic cells were found at differ-
ent sites (Figure 1).

These tumors were infiltrative and were composed of polyg-
onal cells that contained large pleomorphic nuclei with prom-
inent nucleoli. RCCs with SNVs of the SDHA gene featured 
tumor cells with large, heavily stained (eosinophilic) nucleoli 
surrounded by a noticeable unstained space or halo within a 
normally stained nucleus (Figure  2). These features were sim-
ilar to that of HLRCC-associated RCCs with FH gene mutations 
(Figure S2A,C).

3.4 | Immunohistochemistry

In non-tumor tissues, epithelial cells of renal tubular showed a 
strong reaction for anti-SDHA and anti-SDHB antibodies, while 
the glomerulus showed a weak reaction (Figure S3). On the other 
hand, in a paraganglioma with SDHB, but not SDHA, gene muta-
tion, which was examined as a control study, homogeneous deletion 
of SDHB protein was noted, while SDHA protein expression was 
normal (Figure 3A).
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Renal cell carcinomas without SDHA gene mutation showed strong 
immunostaining by anti-SDHA and anti-SDHB antibodies and weak im-
munostaining by anti-Nrf2 antibody (Figure 3B, Figure S3). In contrast, 
tumors with SNVs of the SDHA gene of missense mutations showed a 
significant decrease in the expression of SDHA protein (P < .0001) and 
SDHB protein (P < .0001), and a significant increase in the expression 
for Nrf2 protein (P =  .0067, Figures 3C and Figure S3, and Table 2). 
There was a significant positive correlation between SDHA and SDHB 
protein expression (P  <  .0001, Table 2). Even when tumors had the 
same SNVs of missense mutation, some showed weak positivity for 

SDHA and SDHB, while others were moderately positive (Table 1). On 
the other hand, we found an inverse relationship of immunostaining 
between Nrf2 and SDHA (P = .0023, Table 2) and SDHB (P = .0025, 
Table 2).

In HLRCC family 1 with FH gene deletion (c.247_267del), tumor 
cells displayed FH deficiency (Figure S2B), while the tumor cells of 
HLRCC family 2 with SNVs of FH gene missense mutation (c.583T>C) 
demonstrated a weak reaction to anti-FH antibody (Figure  S2D). 
The HLRCC-associated RCCs without SDHA gene mutation showed 
strong staining not only for anti-SDHA and anti-SDHB antibodies 
but also for anti-Nrf2 antibody (Figure S4).

3.5 | Western blotting

In ccRCC without SDHA and VHL gene mutations, SDHA and SDHB 
were similarly expressed in cancer and non-tumor tissues (Figure 4A). 
In ccRCC with SNVs of the SDHA gene, expressions of SDHA and 
SDHB were lower in cancer tissues than in non-tumor tissues, regard-
less of a VHL gene mutation (Figure  4A). In pRCC2 without SDHA 
gene mutation, SDHA and SDHB were similarly expressed in cancer 
and non-tumor tissues (Figure 4A). In pRCC2 with SNVs of the SDHA 
gene, SDHA and SDHB were decreased in cancer tissues than non-
tumor tissues (Figure 4A). The 11 tumors with SNVs of the SDHA gene 
showed greater decreased expressions for SDHA and SDHB than the 
19 tumors without (Figure 4B,C, both P <  .0001). In contrast, the tu-
mors with SNVs of the SDHA gene showed higher expression for Nrf2 
than those without the mutation (Figure 4D, P < .0001). There was a sig-
nificant positive correlation between SDHA and SDHB protein expres-
sion (Figure 4E, P < .0001) but an inverse relationship between Nrf2 and 
SDHA (Figure 4F, P = .0009) and SDHB (Figure 4G, P = .0013) protein 
expression.

F I G U R E  1   Diverse histological 
patterns. Tumor cells have diverse 
histological patterns; small alveolar 
structure of cells with eosinophilic 
granular cytoplasm in case 1 (A), acinar 
architecture composed of eosinophilic 
granular cells with large nuclei exhibiting 
prominent nucleoli in case 4-2 (B), sheet 
arrangement with mixed clear and 
eosinophilic cytoplasm in case 8 (C), and 
a single layer of cuboidal cells cover a 
fibrovascular stalks and form papillary 
structures in case 9 (D)

(A) (B)

(C) (D)

F I G U R E  2   Prominent pale eosinophilic cytoplasmic inclusions 
within the tumor cells. Some neoplastic cells contained cytoplasmic 
eosinophilic inclusions. The tumor cells are pleomorphic 
appearance with cytoplasmic eosinophilic inclusions (yellow arrows) 
in case 2 (A) or enlarged, heavily stained (eosinophilic) nucleoli 
surrounded by a noticeable unstained space or halo within normally 
stained nuclei (yellow arrows) in case 8 (B)

(A) (B)
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3.6 | Cycloheximide chase assay

Some SDHB mutants identified in pheochromocytoma and paragan-
glioma may undergo faster degradation than wild-type SDHB.26 The 
same may be true for the SDHA mutants identified here, in which 
case the expression level of the SDHA mutants in tumors would be 
decreased. To test this possibility, we compared the protein stability 
of wild-type SDHA and SDHA mutants by transfecting pcDNA-myc-
SDHA or -SDHA mutant (p.Gly184Arg, p.Val657Ile, and p.Tyr55His) 
into HeLa cells and then treating the cells with cycloheximide chase 
assay to inhibit protein synthesis 24 hours post-transfection. The ex-
pression levels of SDHA were measured at various times by Western 
blot analysis. The expression levels of p.Gly184Arg and p.Val657Ile 
SDHA but not of p.Tyr55His SDHA decreased faster than the ex-
pression level of wild-type SDHA (Figure  S5). A similar result was 
obtained by using another SDHA mutant, p.Arg589Trp SDHA 

(Figure  S5), the expression level of which was reported to be de-
creased in tumors.22

4  | DISCUSSION

As represented by the malignant phenotype of FH-deficient HLRCC-
associated RCC, germline mutations of TCA cycle enzyme genes have 
been suggested to have a role in several aspects of carcinogenesis 
and tumor progression,27 but there has been limited investigation 
of the genetic and genomic profile of SDH-deficient RCC, particu-
larly SDHA-associated RCC. The following findings were obtained in 
the present study. First, 11 out of 129 RCCs had SNVs of the SDHA 
gene of missense mutations causing amino acid changes with a de-
crease in SDHA and SDHB protein expression, without mutations of 
SDHB/C/D or FH. Second, the tumor cells with SNVs of the SDHA 

F I G U R E  3   Immunohistochemistry for succinate dehydrogenase (SDH) A, SDHB, and nuclear factor E2-related factor 2 (Nrf2). A, 
Paraganglioma (PGL) with only SDHB gene mutation, but not SDHA. Tumor cells show diffusely strong staining for an anti-SDHA antibody 
(A-1) and an anti-Nrf2 antibody (A-3), but very weak reaction for an anti-SDHB antibody (A-2). B, Clear cell renal cell carcinoma (RCC) 
without SDHA gene mutation. Tumor cells show diffusely strong staining for an anti-SDHA antibody (B-1) and an anti-SDHB antibody (B-2), 
but very weak staining for an anti-Nrf2 antibody (B-3). C, Clear cell RCC with SDHA gene mutation (case 1). Tumor cells show heterogeneous 
reaction with weak to moderate staining for an anti-SDHA antibody (C-1) and an anti-SDHB antibody (C-2), while those show strong staining 
for an anti-Nrf2 antibody (C-3)
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gene generally had eosinophilic cytoplasm with a clear space (halo) 
around the nucleus. The mechanism underlying the association of 
SDH gene mutations with RCC has not been elucidated. However, 
FH is the enzyme that follows SDH in the mitochondrial TCA cycle, 
so loss or reduction of SDH function and consequent TCA cycle im-
pairment may result in a similar metabolic shift to aerobic glycoly-
sis in FH-deficient HLRCC-associated RCC and SDH-deficient RCC, 
suggesting that these cancers could share common features and be 
similarly aggressive.12,15,27

The kidney is one of the most common sites for oncocytic tu-
mors characterized by abundant mitochondria.1 Most of the SDHA-
deficient RCCs had eosinophilic cytoplasm and seemed to be 
oncocytic tumors.20-22 In the present study, some of the tumors with 
SDHA mutation demonstrated histopathological features associated 
with HLRCC, ie, tubulo-papillary architecture and cells with a large 
nucleus containing an eosinophilic nucleolus surrounded by a clear 
halo,28,29 although the number of such cells was small and there 
were variations among the tumors. RCC associated with HLRCC is an 
aggressive form of inherited renal cancer with type 2 papillary or col-
lecting duct histology that usually has an unfavorable prognosis.5-7 
Three patients with SDHA-deficient RCCs with nuclear grade 3/4 

who underwent surgical resection developed systemic metastases 
within a few years, and the metastatic foci had a poorer response for 
systemic therapy, indicating that SDHA-deficient RCCs had biologi-
cal aggressive features.20-22 On the other hand, in the present cases 
with 11 RCCs, six pRCC2, and five ccRCC, with SNVs of the SDHA 
gene, the clinicopathological features, such as histological grade, 
stage, a reduction in SDHA expression and outcome, were diverse 
and showed a variety of features for each case, while the prognosis 
of these tumors might not be worse than that of HLRCC-associated 
RCC.5-7 It is unclear whether these differences are due to a com-
plete deletion of SDHA, a reduction of SDHA, or SNVs of the SDHA 
gene. Thus, clinicopathological features of RCCs with SNVs of SDHA 
gene cannot be unequivocally concluded at this time. Although the 
number of patients was too small for drawing definite conclusions, 
the similarities and differences between these types of RCC are con-
sidered here.

There have only been three previous reports about SDHA-
deficient RCC, and immunohistochemistry suggested complete de-
letion of SDHA in all cases.20-22 The SDHA gene is located at p15.33 
and comprises 15 exons at the coordinates chr5:218356 to 256815. 
The previously reported SDHA gene deletions were located at 

TA B L E  2   Relationship between succinate dehydrogenase (SDH) A gene mutation and proteins (n = 30)

Immunohistochemistry

SDHA protein

Strong (diffused positive) (n = 17) Moderate (n = 7) Lower (n = 6) P value

SDHA gene Mutation (−) (n = 19) 17 1 1 <.0001

Mutation (+) (n = 11) 0 6 5

SDHB protein

Strong (diffused positive) (n = 17) Moderate (n = 5) Lower (n = 8) P value

SDHA gene Mutation (−) (n = 19) 17 1 1 <.0001

Mutation (+) (n = 11) 0 4 7

SDHB protein

Strong (diffused positive) (n = 17) Moderate (n = 5) Lower (n = 8) P value

SDHA protein Strong (diffused positive) 
(n = 17)

17 0 0 <.0001

Moderate (n = 7) 0 5 2

Lower (n = 6) 0 0 6

Nrf2 protein

High (n = 17) Low (n = 13) P value

SDHA gene Mutation (−) (n = 19) 7 12 .0067

Mutation (+) (n = 11) 10 1

SDHA protein

Strong (diffused positive) (n = 17) Moderate (n = 7) Lower (n = 6) P value

Nrf2 protein High (n = 17) 5 6 6 .0023

Low (n = 13) 12 1 0

SDHB protein

Strong (diffused positive) (n = 17) Moderate (n = 5) Lower (n = 8) P value

Nrf2 protein High (n = 17) 5 5 7 .0024

Low (n = 13) 12 0 1
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chr5:218437 through chr5:235454, at splice site 622-2_622-2delA, 
and at c.91C>T (p.Arg31*) with a somatic missense variant c.1765C 
> T (p.Arg589Trp).20-22

In the present study, we found three new SNVs of SDHA in 
human RCC by next-generation sequencing and direct Sanger se-
quencing, but we did not detect any somatic or blood mutations of 
SDHB, SDHC, or SDHD. We performed next-generation sequenc-
ing that targeted the coding exons and detected numerous SNVs, 
de novo mutations, and germline/somatic mutations in the coding 
regions. A nonsynonymous substitution is a nucleotide change that 
alters the amino acid sequence of a protein. Missense mutations 

are nonsynonymous substitutions that arise from point mutations, 
which are mutations of an SNV that result in substitution of a dif-
ferent amino acid in the protein encoded by the gene. We con-
firmed such SNVs by direct Sanger sequencing. We also found that 
the blood (germline) mutations of SDHA detected were identical to 
those seen in the sporadic somatic in the tumors in all 11 patients. 
However, it is not clear if the mutations were monoallelic or bial-
lelic in the tumor, and if those in the blood were germline mutations. 
If the tumors have biallelic inactivation (germline on one allele and 
sporadic on the other), negative immunohistochemistry staining 
for SDHA would be expected. SDHA appears to act as a tumor 

F I G U R E  4   Western blotting for succinate dehydrogenase (SDH) A, SDHB, and nuclear factor E2-related factor 2 (Nrf2). A, Case-K, -L, 
-M: clear cell renal cell carcinoma (ccRCC) without mutations of SDHA, SDHB, and von Hippel-Lindau (VHL) genes. SDHA and SDHB are 
expressed to the same extent in non-tumor (N) and tumor (T) tissues, or more prevalent in non-tumor (N) tissues. Nrf2 are expressed to the 
same extent in non-tumor (N) and tumor (T) tissues, or more prevalent in tumor (T) tissues. Case-3, −4.1: ccRCC with SDHA and VHL gene 
mutation. SDHA, SDHB, and VHL are expressed lower in tumor (T) tissues, while Nrf2 are higher expressed in tumor (T) tissues. Case-1, 
−9: ccRCC with SDHA gene mutation. SDHA and SDHB are expressed lower in tumor (T) tissues, and Nrf2 are abundant in tumor (T) 
tissues. Case-P, -R: papillary renal cell carcinoma type 2 (pRCC2) without mutations of SDHA, SDHB and VHL genes. SDHA and SDHB are 
expressed to the same extent in non-tumor (N) and tumor (T) tissues, or less in non-tumor (N) tissues, and Nrf2 are increased in tumor (T) 
tissues. Case-6: pRCC2 with SDHA gene mutation. The tumor (T) tissues show less reaction for anti-SDHA and -SDHB antibodies, but strong 
reaction for anti-Nrf2 antibody. B, C, D, The central line indicates the median value, the box shows the interquartile range, the bars display 
the full range, and the points are outliers. Ratio of the optical density of the tumor specimen to that of the corresponding non-neoplastic 
specimen (set at 1.0) in western blotting for SDHA, SDHB, and Nrf2. E, F, G, Spearman's rank correlation coefficient analysis. There was a 
positive correlation between expressions of SDHA and SDHB, and there was an inverse correlation between Nrf2 and SDHA or SDHB in the 
tumor tissues
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suppressor gene in relation to paraganglioma and pheochromocy-
toma.30 SDHA-deficient RCC is characterized by inactivation of the 
SDHA gene, which is usually due to germline mutation with the addi-
tion of a somatic second hit (double hit with different mutations) and 
leads to dysfunction of the SDH complex and SDHA is deleted.20-22 
Therefore, SDHA gene deletion may be linked with carcinogenesis in 
SDHA-deficient RCC. In contrast, none of our 11 cases had somatic 
SNVs that were different from germline SNVs, and none showed 
complete loss of SDHA protein. Therefore, the presented cases were 
not categorized as SDHA-deficient RCC.

We observed a reduction in SDHA expression only with immu-
nohistochemistry and Western blotting, arguing against a double 
hit. When mutations are mono-allelic, it is difficult to discriminate 
between germline and sporadic mutation. Because the previously 
reported SDHA-deficient RCC had two variants of germline SNV 
of p.Arg31* in conjunction with somatic p.Arg589Trp,22 in the cy-
cloheximide chase assay we transfected p.Arg589Trp as a control. 
In this assay, degradation of SDHA protein was enhanced for p.Gl-
y184Arg, p.Val657Ile, and p.Arg589Trp compared with wild-type, 
but not for p.Tyr55His. Furthermore, p.Gly184Arg and p.Val657Ile 
reduced SDHA proteins by almost the same amount as p.Arg589Trp 
did. These findings suggest that p.Gly184Arg and p.Val657Ile might 
be involved in reducing protein content, whereas p.Tyr55His might 
be involved in a different process. However, the detailed mechanism 
of protein reduction by p.Gly184Arg and p.Val657Ile, for example 
destabilization by conformational change, ubiquitination, binding 
molecule change or localization change, has yet to be elucidated. 
Moreover, the possibility that the amount of protein decreased 
because of a reduction in mRNA could not be ruled out. Thus, it is 
currently unclear which gene regulates SDHA enzyme activity, but 
it is likely that SDHA mutations associated with amino acid abnor-
malities as in our patients do not necessarily cause complete SDHA 
enzyme deficiency. On the other hand, HLRCC is an aggressive RCC 
characterized by biallelic inactivation of FH, and FH acts as a tumor 
suppressor and its activity is very low to absent in tumors from pa-
tients with HLRCC. However, various FH gene alterations causing 
loss of FH activity have been reported, including missense, frame-
shift, and nonsense mutations, as well as whole-gene deletion, and 
not all tumors had complete loss of FH expression in HLRCC cases.5-7 
In fact, as shown in Figure S2 in this study, tumor cells with FH gene 
deletion showed no FH expression in HLRCC family 1, while tumor 
cells with FH gene missense mutation displayed weak to moderate 
FH positivity in HLRCC family 2. We found that missense mutations 
of SNVs of SDHA gene did not necessarily lead to complete suppres-
sion of SDHA protein expression, and even tumors with the same 
missense mutation showed variable (weak to moderate) immuno-
histochemical staining for SDHA. Even without complete deletion, 
reduction of SDHA activity due to gene mutation might play a role 
in tumorigenesis of RCC, and identifying loss- or gain-of-function 
mutations that affect other key enzymes may help to shed light on 
metabolic changes related to SDHA-associated tumorigenesis. The 
present study showed that SDHA gene mutation was identical be-
tween somatic and blood DNA in all 11 patients. Somatic and blood 

mutations of SDHA were identical in cases 4-1 and 4-2. Similarly, 
cases 5-1 and 5-2 displayed identical somatic and blood SNVs. The 
high mutation rate in HLRCC families has led to screening of at-risk 
individuals for early detection of RCC, allowing initiation of therapy 
while the tumor is still small.5-7 SDHA gene mutation may be auto-
somal dominant like the mutations causing HLRCC, suggesting that 
family members with blood SDHA mutation should be kept under 
active surveillance for early detection of RCC.

In addition to reduction of SDHA protein, loss of SDHB protein 
has been observed in SDHA-deficient RCC by immunohistochem-
istry.20-22 In the present study, no SDHB gene mutation associated 
with an amino acid abnormality was recognized, but the tumors 
with SNVs of SDHA gene also showed a weaker reaction for SDHB 
protein by immunohistochemistry and western blotting. It has been 
reported that the entire mitochondrial complex 2 becomes unsta-
ble if biallelic inactivation of any of its components leads to degra-
dation of the SDHB subunit, which means that biallelic inactivation 
of SDHA results in loss of both SDHA and SDHB.3,4,30 In contrast, 
tumors with SDHB, SDHC, or SDHD mutations have been reported 
to exhibit loss of SDHB staining but retain SDHA staining, although 
it is not clear why SDHA protein expression remains stable in the 
presence of SDHB, SDHC, or SDHD mutations. In the current study, 
SDHB gene mutation associated with an amino acid abnormality 
was recognized in a paraganglioma, but not SDHA mutation, and 
SDHB protein was completely deleted while SDHA protein expres-
sion was normal. Taken together, these findings suggest that SDHA 
gene deletion may lead to combined deficiency of SDHA and SDHB 
proteins and that missense mutations of SDHA may suppress SDHA 
and SDHB protein expression, indicating the existence of a pathway 
by which the SDHA gene mediates or modifies expression of both 
SDHA and SDHB protein in cells with SDHA mutation. Furthermore, 
even if SDHA and SDHB protein are not complete deleted, some of 
the reduction of these two proteins may be involved in the develop-
ment of RCCs with SDHA gene mutation. We did not examine the 
expression for SDHB proteins by cycloheximide chase assay using 
transfection of SDHA variants such as p.Arg589Trp, so this topic 
needs to be investigated to confirm this hypothesis in the future.

One possibility is that not only the gene mutation itself but also 
an unknown interaction between SDHA and other signaling path-
ways leads to loss or substantial reduction of SDHA protein func-
tion. In the present study, we found a difference in the ratio of SNVs 
of the SDHA gene in five ccRCC (0.9%) and in six pRCC2 (3.5%). So 
far, no SDH-deficient RCCs have been shown to harbor mutations in 
the VHL gene.20-22 Furthermore, FH-deficient RCCs have been well 
documented to be associated with pRCC2 or collecting duct carci-
noma,5-7 no FH-deficient RCCs of the clear cell subtype (ccRCC) have 
been reported. FH catalyzes sequential steps in the TCA cycle (oxida-
tion of succinate to fumarate by SDH, followed by hydration of fuma-
rate to malate by FH), and it is tempting to speculate that their roles 
in the TCA cycle are relevant to their tumor suppressor activity.1,2 
Although the association of SDH mutation with RCC has not yet been 
elucidated, two mechanisms have been suggested to explain how mu-
tations of mitochondrial tumor suppressor genes could contribute to 
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tumorigenesis, which are oxidative stress resulting from increased mi-
tochondrial production of ROS, and metabolic signaling via TCA cycle 
metabolites as intracellular messengers.1,2 Some SDH mutations lead 
to generation of ROS.1,2 There is growing evidence that Nrf2 is the 
major regulator of antioxidant and detoxification pathways for ROS, 
and has a pivotal role in tumor proliferation, invasion, and chemore-
sistance, with elevated tumor expression of Nrf2 protein being linked 
to a poor prognosis.31,32 It was reported that activation of Nrf2-
dependent antioxidant pathways is a key step in the development of 
FH-deficient pRCC2. In HLRCC, FH deficiency leads to succination 
of Kelch-like ECH-associated protein 1 (Keap1), stabilization of Nrf2, 
and induction of stress-response genes to promote survival of FH-
deficient cells, indicating that FH-deficient HLRCC-associated RCC 
has an antioxidant phenotype.12,33-35 Several studies have shown that 
immunohistochemical staining for 2SC and FH can aid in the detec-
tion of FH gene aberrations in RCC.29 2SC is a chemical modification 
of proteins formed by a Michael addition reaction between the TCA 
cycle intermediate, fumarate, and thiol groups in proteins, a process 
known as protein succination, and a succinated protein causes irre-
versible inactivation of the protein.36 In the present study, the tumor 
cells with SDHA gene mutation and HLRCC-associated pRCC2 with 
FH gene mutation showed higher expression of Nrf2 than the tumors 
without SDHA or FH gene mutations, indicating that a sustained ac-
tivation of Nrf2 has a role in RCC with SDH or FH gene mutations. 
Thus, future studies should examine the expression of 2SC in RCC 
with SDHA gene mutation to assess the roles of the Keap1/Nrf2 
pathway. Furthermore, changes of metabolic signaling with induction 
of pseudo hypoxia were recently proposed as an alternative mech-
anism of carcinogenesis, and pseudo hypoxia may be related to the 
development and progression of HLRCC.12,27 Succinate production is 
increased in SDH-deficient tumors and succinate is known to inhibit 
prolyl hydroxylase, which degrades HIF under normoxic conditions, 
leading to induction of HIF.1,2 Generation of ROS by SDH mutations 
also leads to inhibition of prolyl hydroxylase, indicating that increased 
ROS production can mediate pseudo hypoxia in tumors with SDH 
mutation as well as in HLRCC, in which FH-associated changes might 
develop in a HIF-dependent manner.12,27 Accordingly, we should also 
study the HIF pathway in RCCs with SDHA mutation in the future. 
In addition, a cardinal feature of ccRCC is a very high frequency of 
VHL inactivation caused by gene deletion, mutation, and/or silencing 
via promoter methylation, leading to HIF accumulation, and the VHL 
gene is thought to be driver gene as a tumor suppressor.37 Among 
five ccRCCs with SDHA gene mutation, three tumors had VHL gene 
mutation in the current study. On the other hand, to date no SDHA-
deficient RCCs have been shown to harbor VHL mutations.20-22 This 
contrasts with our finding where three tumors had VHL mutations. In 
the present study, gene mutations in SDHA, SDHB, and VHL were in-
vestigated using both next-generation sequencing and direct Sanger 
sequencing, and both sequencing methods identified the mutations. 
Western blotting showed that ccRCC without SDHA gene mutation 
had almost similar expression of SDHA in cancer tissues and non-
tumor tissue. In contrast, the tumors with SDHA gene mutation had 
lower SDHA expression in cancer tissues than in non-tumor tissues, 

regardless of the presence or not of a VHL mutation. This was also 
observed in a pRCC2 without VHL mutation. Biallelic gene mutation 
for SDHA is directly responsible for SDHA-deficient RCC. However, 
even if complete deletion of SDHA by a double hit is not confirmed, 
it appears likely that an SDHA gene mutation might be linked to a 
subset of SDHA-mutated RCCs, regardless of a VHL mutation. 
Furthermore, a common feature of SDH and VHL mutations is their 
capacity to mediate a pseudo-hypoxic response, and inactivation of 
SDH also leads to HIF stabilization, through the inhibition of their 
hydroxylation by prolyl-4-hydroxylases, necessary for their recogni-
tion by VHL protein.38 Therefore, it is necessary to study the signal 
crosstalk between the VHL-HIF pathway and SDHA.

The present study had several limitations, including its retro-
spective design, a relatively small number of subjects, and a fol-
low-up period that was too short to allow definite conclusions 
regarding the possible influence of SDHA mutation on the progno-
sis of RCC. SDH-deficient RCC is very rare and among the various 
types of SDH-deficient RCC, SDHA-deficient RCC is the rarest. In 
the present study, we found three SNVs of the SDHA gene, and 
the frequency of SDHA gene mutation (11 of 129 RCC, 8.5%) was 
uncommonly high and may indicate sequencing artifacts; however, 
we identified the SNVs of SDHA gene mutation in the tumors by 
next-generation sequencing, for which an artifact rate of 0.5%-1.7% 
was reported,39,40 and all SNVs of the SDHA gene identified by 
next-generation sequencing were also confirmed by direct Sanger 
sequencing. Furthermore, the unsolved problem was the criteria 
for assigning pathogenicity to the SDHA missense substitutions. In 
the present study, the variants were assessed according to ACMG 
criteria.24,25 Ion AmpliSeq panels covered broad research areas for 
germline analysis, including genes recommended by the ACMG, and 
the accuracy in detecting SDHA gene mutations was confirmed ac-
cording to a previously published method.24,25 As shown in Table S3, 
at present the ClinVar and OMIM databases suggest a link between 
SDHA gene mutations and benign diseases, while the COSMIC data-
base shows a link between SDHA gene mutations and leukemia, ma-
lignant lymphoma, adenocarcinoma, and hemangioblastoma. Thus, 
so far, the association of SDHA gene mutation with malignancy has 
not been fully elucidated. We showed that HLRCC-associated and 
SDHA mutation-associated RCCs might have morphological similar-
ities, suggesting the functions and mutations of both FH and SDH 
should be evaluated in more detail to support development of new 
treatment options for these mitochondria-associated hereditary 
RCCs. Our findings need to be confirmed by further investigations, 
preferably large-scale prospective controlled trials.
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