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Abstract: Objective: The use of human epidermal growth factor receptor-2 (HER2) as a biomarker for gastric can-
cer (GC) has greatly helped some patients receive benefit from HER2-targeted therapy. However, the correlation 
between HER2 and other biochemical markers is unclear. The aim of this study was to examine the relationship 
between HER2 and lactate dehydrogenase A (LDHA) in GC tissues and GC cells. Methods: The correlation between 
clinicopathological features and HER2 was analyzed in 179 cases of GC. The expression of HER2 and LDHA was 
examined by immunohistochemical staining in 12 pairs of GC tissues and by western blotting in seven pairs of 
fresh GC tissues and adjacent normal tissues. Wound healing, transwell migration assay, quantitative real-time 
reverse-transcription polymerase chain reaction (RT-PCR), and LDH activity assays were performed with GC cells. 
Results: HER2 expression and serum LDH levels were closely correlated (P = 0.027) in 179 GC patient cases. Im-
munohistochemical staining demonstrated a positive correlation between HER2 and LDHA in 12 pairs of GC tissues 
(P = 0.0308). Knocking down LDHA suppressed cell migration and invasion in GC cells. In addition, HER2 positively 
regulated hypoxia-inducible factor-1α (HIF-1α) and LDHA. Furthermore, the expressions of HER2, HIF-1α, and LDHA 
were consistent in 5/7 pairs of fresh GC tissues and adjacent normal tissues as well as in GC cell lines. Conclusions: 
The HER2-HIF-1α-LDHA axis may serve as the basis for new methods and strategies for the treatment of GC.
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Introduction

Gastric cancer (GC) is one of the most common 
malignancies in the world [1, 2]. The latest can-
cer data show that GC morbidity and mortality 
have already risen to the second place for ma- 
lignant tumors in China [3]. Patients have no 
obvious symptoms and signs in the early stag-
es of GC, so the first diagnosis in the majority of 
patients is advanced stage GC with unresect-
able metastasis [4]. Chemotherapy and target-
ed treatment of advanced GC has had little 
progress in recent years, and the median over-
all survival (OS) has remained the same at 
approximately 1 year. Therefore, elucidation of 
the molecular mechanisms of GC and clinical 

applications for inhibiting metastasis are the 
current hot research topics for GC.

Overexpression of human epidermal growth 
factor receptor-2 (HER2), a member of the ErbB 
receptor tyrosine kinase family, suggests a high 
degree of malignancy, rapid disease progress, 
resistance to radiotherapy and chemotherapy, 
shortened disease-free survival, and decreas- 
ed OS. Furthermore, HER2 overexpression is 
seen in 3.7-20.2% of all patients with GC. 
Research of anti-HER2 targeted therapies has 
been encouraging in patients with breast can-
cer. Studies concerning HER2 and GC have 
shown that cisplatin resistance in GC cells is 
associated with HER2 upregulation-induced epi- 
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thelial-mesenchymal transition [5]. Although 
HER2 overexpression as an independent prog-
nostic factor for GC remains controversial [6- 
8], it can be combined with other biomarkers 
such as JWA (an ADP ribosylation factor like 
GTPase 6 interacting protein 5), c-MET (a re- 
ceptor tyrosine kinase that binds with hepato-
cyte growth factor), and Lauren classification  
to determine the prognosis of GC [9-11]. Tra- 
stuzumab, a monoclonal antibody of HER2, is 
the first targeted drug showing survival benefit 
in patients with advanced GC [12].

The ability of malignant tumor cells to increase 
glycolysis under aerobic conditions is called  
the Warburg effect [13]. Lactate dehydroge-
nase A (LDHA) catalyzes the conversion of py 
ruvate to lactic acid, which is a key step in gly-
colysis. Hypoxia-inducible factor-1α (HIF-1α) 
can regulate LDHA by transcription. LDHA is 
elevated in many types of cancer and is report-
ed to be associated with tumor proliferation, 
growth, invasion, and metastasis. Inhibition of 
LDHA can limit the energy supply in cancer ce- 
lls [14-19], thereby reducing metastasis and 
invasion of cancer cells. LDHA is overexpress- 
ed in most patients with GC, and many studies 
have suggested that LDHA is a prognostic fac-
tor [20, 21] and a potential target for treatment 
in GC [22].

We found that HER2 and LDHA are closely cor-
related with GC, but the regulatory relationship 
between HER2 and LDHA in GC has not yet 
been reported. The aim of this study was to 
identify the molecular mechanism and clinical 
significance of LDHA in HER2-mediated pro-
gression of GC.

Materials and methods

Cell lines and culture conditions

The AGS and NCI-N87 gastric cell lines (Ame- 
rican Type Culture Collection, Manassas, VA, 
USA) as well as the HGC-27, SGC-7901, BGC-
823 and GES-1 gastric cell lines (Shanghai 
Institute of Biochemistry and Cell Biology, Chi- 
nese Academy of Sciences, Shanghai, China) 
were cultured in RPMI 1640 medium supple-
mented with 10% fetal calf serum (FBS; Gibco, 
Grand Island, NY, USA), 100 U/ml penicillin, and 
100 μg/ml streptomycin. Cultures were main-
tained at 37°C and 5% CO2 in a humidified 
atmosphere.

Patients and specimens

A total of 179 GC patients who underwent HER2 
testing by immunohistochemistry (IHC) or fluo-
rescence in situ hybridization (FISH) in the First 
Affiliated Hospital of Nanjing Medical University 
from January 2011 to July 2013 were included 
in the study. The correlations between HER2 
and clinicopathological features were retro-
spectively analyzed. HER2 positivity was de- 
fined as IHC 3+ or IHC 2+/FISH+. The exclusion 
criteria included patients with previous history 
of acute myocardial infarction, pulmonary em- 
bolism, chronic viral hepatitis, cirrhosis, and 
liver and hematological malignancies. The de- 
tailed medical history of each patient was col-
lected from patient records. The data were 
completed and checked by two persons. In to- 
tal, 12 pairs of HER2-positive and HER2-
negative GC samples that were confirmed by 
HER2 immunohistochemical staining were ob- 
tained from the First Affiliated Hospital of 
Nanjing Medical University. The immunoreac-
tive score (IRS) was calculated for the LDHA 
staining analysis by multiplying the staining 
intensity by the percentage of GC cells as 
described previously [23]. In addition, seven 
pairs of fresh histology-confirmed GC tissues 
and adjacent normal gastric mucosa tissues 
were obtained from the Yixing City People’s 
Hospital. Western blotting was employed for 
determining HER2, HIF-1α, and LDHA expres-
sions. This study was approved by the Resear- 
ch Ethics Committee of the corresponding 
hospitals.

Plasmids, small interfering RNA, and reagents

The HER2 wild-type (HER2 WT) and its control 
plasmid vector were purchased from Addgene 
(Cambridge, MA, USA), and the target gene 
fragment was sequenced. The HER2 small  
hairpin RNAs (shRNAs) were synthesized (Ge- 
neChem, Shanghai, China). The LDHA small 
interfering RNA (h) [siRNA (h)]: sc-43893 was 
purchased from Santa Cruz Biotechnology 
(Dallas, TX, USA). The HER2 inhibitor CP724- 
714 was purchased from Selleck Chemicals 
(Houston, TX, USA). The plasmid DNA or siRNA 
was transiently transfected into cells with 
Lipofectamine 3000 (Invitrogen, Carlsbad, CA, 
USA) according to the manufacturer’s pro- 
tocol.
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TGACTGCCTGTCCCTACAA-3’ (forward) and 5’- 
CCAGACCATAGCACACTCGG-3’ (reverse) for HE- 
R2; 5’-GAACGTCGAAAAGAAAAGTCTCG-3’ (for-
ward) and 5’-CCTTATCAAGATGCGAACTCACA-3’ 
(reverse) for HIF-1α; and 5’-ATGGCAACTCTAA- 
AGGATCAGC-3’ (forward) and 5’-CCAACCCCAA- 
CAACTGTAATCT-3’ (reverse) for LDHA. The fol-
lowing thermal cycling conditions were used: 
denaturation at 94°C for 5 min, followed by 36 
cycles of denaturation at 94°C for 35 s, anneal-
ing at 56°C for 30 s, and then extension at 
72°C for 35 s.

LDH activity assay

LDH activity was detected using the LDH 
Cytotoxicity Assay Kit according to the manu-
facturer’s protocol (Beyotime).

Statistical analysis

The statistical analyses were performed us- 
ing STATA 14.0 and GraphPad 6.0 software 
(GraphPad Software Inc., La Jolla, CA, USA). The 
data between two groups were analyzed with 
the Student’s t test. The Spearman test was 
used to investigate the correlation between 
HER2 and LDHA. A value of P < 0.05 was cho-
sen to indicate a statistically significant dif- 
ference.

Results

Correlation between clinicopathological fea-
tures and HER2 expression in 179 GC patients 

The correlations between clinicopathological 
features and HER2 expression in 179 GC pa- 
tients are shown in Table 1. The positive rate  
of HER2 was 16.2% (29/179) overall, 20.3% 
(13/64) in gastroesophageal junction cancer, 
and 10.6% (5/47) in gastric antrum cancer. The 
positive rates of HER2 expression in poorly, 
moderately, and well-differentiated GC were 
10.3% (10/97), 22.2% (18/81), and 100% 
(1/1), respectively. The correlation between 
HER2 expression and histological differentia-
tion of GC was statistically significant (P = 
0.007; Fisher’s exact test). Interestingly, we 
found the correlation between HER2 expres-
sion and serum LDH level in GC patients was 
statistically significant (P = 0.027; Fisher’s 
exact test). Moreover, serum LDH was posi- 
tively correlated with the tumor maximum diam-
eter (P = 0.035; Fisher’s exact test) and distant 
metastasis of GC (P < 0.001; Fisher’s exact 
test).

Cell Counting Kit-8 assay

Cell count was determined using a cell count- 
ing kit (CCK8) purchased from Dojindo La- 
boratories (Kamimashiki-gun, Japan). After ad- 
ding CCK8 reagent (1:10 ratio) for 2 h, test kit 
operation steps were followed and the cell 
absorbance value at 450 nm was assessed.

Western blotting and antibodies

Western blotting was performed as previously 
described [24]. The antibodies used include 
monoclonal anti-β-tubulin (1:1000, Beyotime 
Biotechnology, Jiangsu, Beijing, China), mono-
clonal anti-JWA (1:500, contract produced by 
AbMax Biotechnology Company, Ltd., Beijing, 
China), polyclonal anti-HER2 (1:1000, Santa 
Cruz), monoclonal anti-HER2 (1:250, Abcam, 
Cambridge, MA, USA), polyclonal anti-LDHA 
(1:500, Abgent, San Diego, CA, USA), and poly-
clonal anti-HIF-1α (1:200, Cayman Chemical, 
Ann Arbor, MI, USA).

Wound healing assay

The GC cells in a 6-well plate were carefully 
scratched using 200-μl sterile pipette tips, and 
cell debris was discarded. Images were taken 
at 0 and 24 h and analyzed using ImageJ2x 
software (Rawak Software, Inc., Dresden, Ger- 
many).

Transwell assay

The migration assay used 1×105 cells that were 
seeded onto the non-coated upper chamber. 
Matrigel-coated transwell inserts with 8.0-μm 
filters (Corning Inc., Corning, NY, USA) were 
used for the invasion assay. After culturing for 
24 h, cells were fixed by methanol and stained 
with 0.4% trypan blue staining solution. The 
migrated cell population was evaluated using 
ImageJ2x software (Rawak Software, Inc.).

Quantitative real-time reverse-transcription 
polymerase chain reaction (qRT-PCR) assay

Total RNA was extracted from cell cultures 
using the Trizol reagent (Gibco) according to the 
manufacturer’s instructions. Approximately 1 
μg of RNA was used for the reverse transcrip-
tion reaction with Oligo dT (18T) (Life Tech- 
nologies, Carlsbad, CA, USA). The cDNA was 
amplified with the following primers: 5’-GCCG- 
GTGCTGAGTATGTC-3’ (forward) and 5’-CTTCTG- 
GGTGGCAGTGAT-3’ (reverse) for GAPDH; 5’-TG- 
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High expression of LDHA in HER2 positive GC

In order to verify the relationship between 
HER2 and LDHA in GC tissues shown in Ta- 
ble 1, we examined LDHA in paraffin-embed-
ded histopathological specimens of GC using 
immunohistochemical staining. The results sh- 
ow that the expression of LDHA in HER2 posi-
tive group was significantly higher than that in  
HER2 negative group (16.7%; P = 0.0308, 

Spearman rank test; Figure 1A). Typical immu-
nohistochemical staining results for HER2 and 
LDHA in six patients (cases 1-3: HER2 and 
LDHA both weak; cases 4-6: HER2 and LDHA 
both strong) are shown in Figure 1B.

HER2 expression in GC cell lines

In order to choose the appropriate cell lines as 
experimental models, the expression of HER2 

Table 1. Comparison of clinicopathological features between HER2-negative and HER2-positive 
groups and serum LDH-normal and serum LDH-elevated groups in 179 cases

Variable Total  
(n = 179)

HER2 [n (%)] Serum LDH [n (%)]
Negative  
(n = 150)

Positive  
(n = 29) Pa Normal  

(n = 163)
Elevated  
(n = 16) Pa

Gender 0.821 0.774
    Male 129 107 (82.9) 22 (17.1) 118 (91.5) 11 (8.5)
    Female 50 43 (86.0) 7 (14.0) 45 (90.0) 5 (10.0)
Age 0.422 0.431
    < 60 99 85 (85.9) 14 (14.1) 92 (92.9) 7 (7.1)
    ≥ 60 80 65 (81.2) 15 (18.8) 71 (88.8) 9 (11.2)
Tumor diameter 0.229 0.035
    < 5 cm 92 74 (80.4) 18 (19.6) 88 (95.7) 4 (4.3)
    ≥ 5 cm 87 76 (87.4) 11 (12.6) 75 (86.2) 12 (13.8)
Location 0.437 0.461
    Junctionb 64 51 (79.7) 13 (20.3) 61 (95.3) 3 (4.7)
    Body 55 45 (81.8) 10 (18.2) 48 (87.3) 7 (12.7)
    Antrum 47 42 (89.4) 5 (10.6) 42 (89.4) 5 (10.6)
    Diffuse 13 12 (92.3) 1 (7.7) 12 (92.3) 1 (7.7)
Differentiation 0.007 0.461
    Poor 97 87 (89.7) 10 (10.3) 86 (88.7) 11 (11.3)
    Moderate 81 63 (77.8) 18 (22.2) 76 (93.8) 5 (6.2)
    Well 1 0 (0.0) 1 (100.0) 1 (100.0) 0 (0.0)
Depth of invasion 0.587 0.079
    T1+T2 30 24 (80.0) 6 (20.0) 30 (100.0) 0 (0.0)
    T3+T4 149 126 (84.6) 23 (15.4) 134 (89.9) 15 (10.1)
Lymph node metastasis 1.000 0.472
    N0 28 24 (85.7) 4 (14.3) 27 (96.4) 1 (3.6)
    N1-3 151 126 (83.4) 25 (16.6) 137 (90.7) 14 (9.3)
Distant metastases 0.177 < 0.001
    M0 130 112 (86.2) 18 (13.8) 127 (97.7) 3 (2.3)
    M1 49 38 (77.6) 11 (22.4) 36 (73.5) 13 (26.5)
TNM stage 0.818 0.120
    I+II 46 38 (82.6) 8 (17.4) 45 (97.8) 1 (2.2)
    III+IV 133 112 (84.2) 21 (15.8) 119 (89.5) 14 (10.5)
Serum LDH 0.027
    Normal 163 140 (85.9) 23 (14.1)
    Elevated 16 10 (62.5) 6 (37.5)
aTwo-sided Fisher’s exact test; bGastroesophageal junction.
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protein was detected in metastatic GC cell lin- 
es (HGC-27, SGC-7901, NCI-N87) and primary 
GC cell lines (BGC-823, AGS). The results 
(Figure 2A) show that the expression of HER2 
protein was higher in metastatic GC cell than in 
primary GC cell lines. The HER2 expression 
level was the highest in NCI-N87 among meta-
static GC cell lines (Figure 2A and 2B). Im- 
munofluorescence assay results show a posi-
tive correlation between LDHA expression and 
HER2 expression in GC cell lines (Figure 2C). 
The results show that the expression of LDHA 
was the highest in HER2-positive NCI-N87 
cells, moderate in HGC-27 cells, and lowest in 
HER2-negative SGC-7901 cells.

Down-regulation of LDHA inhibits cell invasion 
and migration in GC cells

Three LDHA siRNAs were verified in the normal 
gastric epithelium cell line GES-1. The results 
of qRT-PCR showed that LDHA mRNA levels 
were significantly decreased after siRNA trans-
fection. In addition, si-LDHA-1 had the best 
interference effect (P < 0.001, Student’s t test; 
Figure S1), so it was used for subsequent ex- 
periments.

In order to determine the effect of LDHA kno- 
ckdown on the proliferation of GC cells, we 
transfected the LDHA siRNA separately into 
HGC-27 and SGC-7901 cell lines. The prolifera-
tion ability of the following groups was detect- 
ed using a CCK8 assay. The cell proliferation 
curves of the LDHA siRNA transfected group 

and the vector control group were similar in 
both HGC-27 and SGC-7901 cell lines (Figure 
S2). Thus, the inhibitory effect of LDHA on pro-
liferation of the two GC cell lines was not 
observed.

Western blotting analysis showed that LDHA 
protein levels were significantly down-regulated 
in HGC-27, SGC-7901, and NCI-N87 cell lines 
following transfection with LDHA siRNA (Figure 
3A, 3E and 3I). The wound healing assay 
revealed that LDHA knockdown inhibited the 
migration ability of SGC-7901 and HGC-27 cells 
compared with the control group (Figure 3B 
and 3F). In addition, the numbers of invasion 
and migration cells of SGC-7901 and HGC- 
27 were significantly decreased (P < 0.001, 
Student’s t test) in the siRNA interference gr- 
oup (Figure 3C, 3D, 3G and 3H). The number of 
migration cells of NCI-N87 was also significant-
ly decreased compared with the control group 
(Figure 3J and 3K).

HER2 regulates HIF-1α and LDHA expression

After transfection with HER2 WT or HER2 sh- 
RNA into HGC-27 and SGC-7901 cells, western 
blotting showed that HER2 expression was  
consistent with the expression of HIF-1α and 
LDHA (Figures 4 and S3). Because NCI-N87 is 
an HER2-positive cell line, we only used HER2 
shRNA to downregulate HER2 expression, 
which down-regulated the protein levels of HIF-
1α and LDHA (Figures 4 and S3).

Figure 1. HER2 and LDHA expressions in GC tissues. A. LDHA and HER2 expressions in 12 pairs of paraffin-embed-
ded GC tissues. Key: (*) P < 0.05 (Spearman rank test). B. Typical immunohistochemical staining of HER2 and LDHA 
in six patients (cases 1-3: HER2 and LDHA both weak; cases 4-6: HER2 and LDHA both strong). 
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Figure 2. HER2 expression in GC cell lines. A. Detection of HER2 and β-tubulin by western blot analysis of cells from 
three metastatic GC cell lines (HGC-27, SGC-7901, NCI-N87) and two primary GC cell lines (BGC-823, AGS). B. HER2 
bands were normalized to β-tubulin. The data are expressed as the means ± SD from three independent experi-
ments. C. Immunofluorescence imaging of HER2 (red), LDHA (green), and nucleus labeled as DAPI (blue), and the 
co-localization of the three signals (merge) in SGC-7901, HGC-27, and NCI-N87.

HER2 and LDHA regulate the activity of LDH in 
GC cells

After transfection with HER2 WT plasmids into 
HGC-27 and SGC-7901 cells, the activity of 
LDH was increased compared with that of  
control group (P < 0.05, Student’s t test). Also, 
the activity of LDH in HGC-27 and SGC-7901 
cells was decreased by LDHA siRNA (Figure 5A 
and 5B). The activity of LDH in NCI-N87 cells 
was also decreased by LDHA siRNA compared 
with that of control group (P < 0.05, Student’s  
t test). After the HER2 activity inhibitor CP- 
724714 (2 μM) was used to treat NCI-N87 cells 
for 24 h, the activity of LDH was significantly 

decreased compared with that of control gr- 
oup (P < 0.001, Student’s t test; Figure 5C). 
CP724714 inhibited HER2 phosphorylated pro-
tein expression (Figure 5D) and significantly 
reduced the number of migration cells of NCI-
N87 compared with that of the control group  
(P < 0.01, Student’s t test) (Figure 5E and 5F).

Expressions of HER2, HIF-1α, and LDHA in GC 
are consistent and significantly higher than 
those in normal tissues

We used seven pairs of fresh GC tissues and 
the adjacent normal tissues (Yixing City Peo- 
ple’s Hospital) to examine HER2 and LDHA lev-
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Figure 3. Silencing of LDHA inhibits cell invasion and migration. SGC-7901, HGC-27, and NCI-N87 cells were trans-
fected with LDHA siRNA for 48 h (A, E, I). The expression of LDHA in the three cell lines was detected by western 
blot analysis (B, F). The wound healing assay was carried out at 0 and 24 h to observe the migration ability of the 
HGC-27 and SGC-7901 after down-regulation of LDHA (C, G, J). Transwell migration and invasion experiments with 
SGC-7901, HGC-27, and NCI-N87 were performed and microscopic images (200× magnification) were acquired (D, 
H, K). Differences of the cell migration and invasion between the RNA interference group and the control group are 
shown. Each group of cells was counted by five fields of view. The data are expressed as the means ± SD from three 
independent experiments. The data were analyzed by a two-tailed Student’s t test. ***: P < 0.001.

els by western blotting. The results show that 
the expression of LDHA was significantly in- 
creased (100%) in GC tissues compared with 
adjacent normal tissues, the expressions of 
HER2 and HIF-1α were significantly higher in 
cancer tissues than those in adjacent tissues 
in 6/7 (85.7%) pairs of tissues, and the expres-
sions levels of HER2, HIF-1α, and LDHA were 
consistent in 5/7 (71.4%) pairs of tissues 
(Figures 6 and S3).

Discussion

The mortality rate of patients with GC in China 
has risen to the second place among malignant 

tumors [3]. GC has a high degree of malignancy 
and heterogeneity with characteristics of “three 
highs and three lows” (high incidence, high 
recurrence rate, and high mortality, and low 
early diagnosis rate, low cure rate, and low 
5-year survival rate). Radical surgery is the on- 
ly potential curative treatment. Because the 
early symptoms and signs of GC are often not 
obvious, approximately 70% of GC patients are 
diagnosed with advanced GC at first diagnosis. 
Systemic chemotherapy is usually used to tr- 
eat these patients, yet the median OS remains 
only 10 to 12 months [25]. Therefore, elucida-
tion of the symptoms and mechanisms of the 
occurrence and development of GC as well as 
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Figure 4. HER2 regulates HIF-1α and LDHA expressions. NCI-N87 was transfected with HER2 shRNA plasmid and 
control for 48 h. HER2 WT, HER2 shRNA, and control plasmids were respectively transfected into HGC-27 and SGC-
7901. Western blot analysis was used to detect HER2, HIF-1α, and LDHA expressions.

Figure 5. HER2 and LDHA regulate the activity of LDH in GC cells. A, B. HGC-27 and SGC-7901 cells were transfected 
with HER2 WT or LDHA siRNA, respectively, for 48 h. Then the activity of LDH was detected. C. NCI-N87 cells were 
transfected with LDHA siRNA or treated with HER2 tyrosine kinase inhibitor CP724714. Then the activity of LDH was 
detected. D. NCI-N87 cells were treated with CP724714. Then the expressions of HER2 and phosphorylated HER2 
were determined by western blot analysis. E. NCI-N87 cells were treated with CP724714, the transwell migration 
experiments were performed, and microscopic images were acquired (200× magnification). F. The difference of the 
migrated NCI-N87 cells between the DMSO group and the CP724714 group. The data are expressed as the means ± 
SD from three independent experiments. The data were analyzed by a two-tailed Student’s t test. Key: (*) P < 0.05, 
(**) P < 0.01, (***) P < 0.001.

treatment methods is urgently needed and has 
important translational research significance. 

In recent years, with the rapid development of 
molecular biology and gene detection technol-
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ogy, predictive molecular markers and target- 
ed therapy drugs have achieved some encour-
aging results. As an example, activation of the 
HER2 downstream signaling pathway can pro-
mote cell proliferation, differentiation, migra-
tion, and anti-apoptosis, thus leading to cancer. 
Indeed, HER2 positivity is not only a poor prog-
nostic factor but also a target for treatment  
in breast cancer. HER2-targeted therapy has 
shown great progress in breast cancer patients 
[26, 27]. Until recently, HER2 overexpression 
has not been successfully identified as an inde-
pendent prognostic factor in GC, but more and 
more studies suggest that HER2 overexpres-
sion is associated with the prognosis of GC  
and can promote tumor progression. Trastu- 
zumab, a monoclonal antibody that interferes 
with the activation of HER2, is the first drug  
that has been used for HER2-targeted therapy 
in advanced GC patients. The results of ToGA 
(Trastuzumab for Gastric Cancer; an open-
label, international, phase 3, randomized con-
trolled trial undertaken in 122 centers in 24 
countries) show that HER2 positivity is associ-
ated with histological type and primary site of 
GC. The ToGA trial assessed trastuzumab in 
combination with chemotherapy versus chemo-
therapy alone for treatment of HER2-positive 
advanced gastric or gastroesophageal junction 
cancer. The results show that the median OS 
was 13.8 months for the combination therapy 
vs. 11.1 months for chemotherapy alone, indi-
cating that trastuzumab significantly prolong- 
ed the survival of HER2-positive advanced GC 
patients. 

Although these results are encouraging, HER2-
targeted drug resistance is a common clinical 
treatment problem in GC patients. Activation of 
HER2 together with HER3 dimerization or c- 
MET pathway crosstalk has been reported to 
lead to activation of the downstream signaling 
PI3K pathway [28]. The gene changes lead to 
abnormal activation of HER downstream signal-
ing pathways, epithelial-mesenchymal transfor-
mation signal [29], heterogeneity of GC [30, 
31], and so on. Therefore, it is of significant 
importance to improve of the therapeutic ef- 
fect of GC, overcome HER2-targeted drug re- 
sistance, and find other innovative treatment 
drugs. 

In the 179 cases in this study, the overall HER2 
positive rate was 16.2% and the HER2 positive 
rate of gastroesophageal junction cancer was 
higher than that of gastric antrum cancer. The 
positive expression of HER2 in GC was associ-
ated with the degree of histological differentia-
tion. We also found a correlation between HER2 
positive expression and elevated serum LDH  
in GC. In addition, the elevated serum LDH was 
positively correlated with maximum tumor dia- 
meter and distant metastasis.

There are five active LDH isozymes in human 
tissues and each is composed of two major 
subunits; namely, M and H (or A and B) homo- 
logous or heterotetrameric metabolites. The M 
and H subunits are regulated by LDHA and 
LDHB genes, respectively. The M/A subunit is 
mainly from skeletal muscle, whereas the H/B 

Figure 6. HER2, HIF-1α. and LDHA expressions in seven pairs of GC tissues and adjacent normal tissues. Western 
blot analysis was used to detect HER2, HIF-1α, and LDHA expressions in the seven pairs of GC tissues and adjacent 
normal tissues. Key: (N) paired non-cancerous gastric tissues, (T) gastric cancerous tissues.
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subunit is mainly from the heart muscle. The 
five active LDH isoenzymes are LDH1 (4H), 
LDH2 (3H, 1M), LDH3 (2H, 2M), LDH4 (1H, 3M), 
and LDH5 (4M). Among these isoenzymes, the 
higher the M/A subunit content, the more ef- 
ficient the LDH isoenzyme becomes in catalyz-
ing pyruvate into lactic acid. In contrast, excess 
of the H/B subunit, especially LDH1 (LDHB), 
favors the transformation of pyruvate into the 
tricarboxylic acid cycle (Krebs cycle) to acetyl 
coenzyme A. LDHA is involved in cell metabo-
lism in normal tissue cells, which regulates cell 
cycle and functions as a transcription factor. In 
addition, LDHA is closely correlated with malig-
nancy. The elevated serum LDH is mainly due to 
LDHA overexpression in tumor cells [32]. LDHA 
is highly expressed in malignant tumors and 
can be used as a biomarker for many malignan-
cies, including lymphoma, prostate cancer, re- 
nal cell carcinoma, and melanoma [33]. LDHA 
abnormal upregulation and LDHB downregula-
tion are common features of malignant tumors 
that promote metabolic switching to aerobic 
glycolysis and produce lactate as a byproduct. 
LDHA plays an important role in malignant 
tumor cells by producing hypoxia and an aci- 
dic microenvironment, promoting tumor cell 
growth, survival, invasion, migration, metasta-
sis, and angiogenesis, and leading to immune 
escape of tumor cells [33].

HER2 can promote cell glycolysis and growth  
by up-regulating LDHA via heat shock factor-1 
(HSF-1) in breast cancer [34]. Overexpression 
of HER2 in non-small cell lung cancer (NSCLC) 
can lead to elevated LDH in the pleural effu- 
sion [35]. In this study, we are the first to report 
that HER2 was not only positively correlated 
with elevated serum LDH in GC, but also posi-
tively correlated with LDHA expression in 12 
pairs of GC tissues and GC cells. In addition, 
HER2, HIF-1α, and LDHA were detected in 
seven pairs of fresh GC tissues and correspon- 
ding adjacent normal tissues. LDHA expression 
was significantly higher in GC tissues than in 
the adjacent tissues. Moreover, the expres-
sions of HER2, HIF-1α, and LDHA were positive-
ly correlated in GC tissues and GC cell lines. 
Laughner et al. reported that HER2 signaling 
increased the synthesis rate of HIF-1α [36]. 
Moreover, HIF-1 is reported to transcriptionally 
activate LDHA gene expression [37]. These 
studies are consistent with our findings that 
HER2, HIF-1α, and LDHA expression levels are 

positively correlated and HER2 plays a regula-
tory role in promoting the progression of GC via 
the HIF-1α-LDHA signaling pathway.

In our study of the role of LDHA in migration and 
invasion of GC cells, the wound healing assay 
confirmed that LDHA knockdown inhibited the 
migration ability of the HGC-27 and SGC-7901 
cell lines. Transwell assays also confirmed that 
LDHA down-regulation exhibited an inhibitory 
effect on migration and invasion of the two cell 
lines. Transwell migration experiments confir- 
med that cell migration in the NCI-N87 cell line 
was significantly reduced after interfering with 
LDHA. Zhang et al. [13] found that lentivirus-
mediated LDHA siRNA can inhibit the migration 
of an intestinal type of GC. These results sug-
gest that LDHA plays an important role in the 
migration of GC cells. It is speculated that HER2 
may promote the expression of LDHA through 
the HIF-1α-LDHA signaling pathway, thereby 
leading to the progression and metastasis of 
GC. In addition, we found that LDHA siRNA 
directly reduced LDH activity, whereas HER2 
can indirectly regulate LDH activity. Knowing 
LDH plays an important role in the local micro-
environment suitable for the growth and sur-
vival of malignant tumors [38], targeted treat-
ment of HER2 and LDHA can not only inhibit  
the migration of tumor cells but also improve 
the microenvironment to inhibit tumor progres- 
sion.

Our recent studies show that JWA negatively 
regulates HER2 expression and can be a bio-
marker for lapatinib sensitivity in GC [9, 39].  
We speculate that the JWA-HER2-HIF-1α-LDHA 
signaling pathway may play a specific role in  
the regulation of GC progression. Further pro-
spective studies with a large number of GC 
patients are warranted to elucidate the speci- 
fic role and mechanism of the JWA-HER2-HIF-
1α-LDHA pathway in the development, progres-
sion, and metastasis of GC. 

HER2-targeted drugs have been successfully 
utilized in clinical application. Other targets, 
like LDHA, are still in research and exploration 
stages and have generated great interest in 
recent years. Zhang et al. [13] suggest that in- 
hibition of LDHA by lentivirus-mediated siRNA 
suppresses intestinal-type GC tumorigenicity 
through the downregulation of the Oct4 pro- 
tein. In addition to LDHA siRNA, more than 900 
types of plant extracts and traditional Chinese 
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medicines have been found to be LDHA inhibi-
tors in recent years (e.g., oxamate, FX11, gallo-
flavin, gossypol, quinoline 3-sulfonamides, N- 
hydroxyindole-based inhibitors, spatholobus 
suberectus, etc.) [40-45]. However, these LDHA 
inhibitors tend to act on multiple target genes, 
which can cause other side effects, or may 
require intolerable high doses. Therefore, no 
suitable LDHA inhibitors have been used clini-
cally. Recent studies of the LDHA inhibitors are 
more concerned with inhibiting activity of LDH 
enzyme than inhibiting LDHA protein expres-
sion. LDHA inhibitors, if successfully applied in 
the clinical setting, will play an important role in 
the synergistic effect based on radiotherapy 
and chemotherapy [46].

In summary, GC is not only a genetic disease, 
but also a metabolic disease with biological 
energy disorders. In addition to the many iden-
tified oncogene functions of HER2 in cancer 
development and progression, it is worth con-
sidering that HER2 also contributes to the regu-
lation of glycolysis in GC cells.
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Figure S1. Verification of LDHA siRNA. GES-1 was transfected with three LDHA siRNA, LDHA mRNA level was de-
tected by qRT-PCR. The si-LDHA-1 interference effect was the best. The data are expressed as means ± SD from 
three independent experiments. Student’s t test, two tail. ***, P < 0.001.

Figure S2. LDHA siRNA has no significant effect on the proliferation of GC cells. The cells of HGC-27 (A) and SGC-
7901 (B) were transfected with LDHA siRNA or vector, and then cultured in 96-well plates. After 24, 48, 72 and 96 
hours, the absorbance of the cells was measured by CCK8. Each group had three parallel and expressed as means 
± SD.
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Figure S3. The original films of western blot results corresponding to Figures 4 and 6.


