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Dicer increases the indication 
for trastuzumab treatment 
in gastric cancer patients 
via overexpression of human 
epidermal growth factor receptor 2
Jianhua Wu1,5, Qun Zhao2,5, Yue Zhao3, Xiaoyun Zhang4, Yuan Tian2 & Zhanjun Guo4* 

The low proportion of gastric cancer (GC) patients with high HER2 expression limits the clinical 
application of trastuzumab, a humanized epidermal growth factor receptor 2 (HER2) antibody 
targeting for GC treatment. We found that Dicer was positively correlated with HER2 expression in 
GC tissue by immunostaining as well as induce HER2 overexpression without increasing invasiveness 
of GC cell. In addition, both the growth of GC referring to cell proliferation, invasion, migration and 
apoptosis was inhibited by Dicer overexpression. Moreover, the HER2 overexpression induced by Dicer 
provided more effective and additive target for trastuzumab to amplify the inhibition effect for GC 
cells in vitro and in vivo. Furthermore, as assessed in a subsequent experiment, calcitriol induced HER2 
overexpression and amplified the inhibition effect of trastuzumab in GC cells referring to proliferation. 
Our finding demonstrated the calcitriol might increase indication of trastuzumab by inducing HER2 
overexpression in GC patients. Dicer would be a potential target that extend the clinical indications of 
HER2 antibody in patients with low or negative HER2, who were not fit for HER2 antibody treatment 
before.

Abbreviations
GC  Gastric cancer
HER2  Human epidermal growth factor receptor 2
VEGF  Vascular endothelial growth factor
AAs  Anti-angiogenic agents
TKIs  Tyrosine kinase inhibitors
GEJ  Gastro-esophageal junction cancer
3′UTR   3′-Untranslated region
siRNA  Short interfering RNA
SP  Streptavidin-peroxidase
DAB  3, 3′-Diaminobenzidine
GFP  Green fluorescent protein
CCK-8  Cell counting kit-8
ANOVA  One-way analysis of variance

Gastric cancer (GC) is the fourth most common cancer and the second leading cause of cancer mortality 
worldwide. One million cases are diagnosed annually worldwide, with approximately 50% of these found in 
 China1,2. Most patients present with inoperable advanced or metastatic disease that has a 5-year survival rate 
of 5%–20% with median overall survival less than 1 year 3. The most popular treatment for this cancer is the 
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fluoropyrimidine-based and platinum-based combination with or without a third drug such as docetaxel and 
epirubicin. Vascular endothelial growth factor (VEGF) and its receptor mediated signaling and angiogenesis 
play pivotal role in pathogenesis of GC; hence, various antiangiogenic agents (AAs) including both antibodies 
and tyrosine kinase inhibitors (TKIs) which target the angiogenic signaling pathways have been tested for GC 
 treatment3–7, but only two AAs have been proved to improve the overall survival in GC or gastroesophageal junc-
tion (GEJ) cancer patients. Ramucirumab (VEGFR-2 antibody) is recommended as the second line treatment 
combined with panclitaxel or the third line treatment with monotherapy, whereas apatinib is recommended as 
the third line treatment with  monotherapy4–7. The human epidermal growth factor receptor 2 (HER2) antibody 
trastuzumab could be used as the first line treatment combined with chemotherapy, and displays dramatically 
improved survival in GC and GEJ patients with high HER2 expression (median OS: 16 months vs. 11.8 months)3. 
HER2 is a member of the HER family (including HER-1, HER-3, and HER4) that is associated with tumor cell 
proliferation, apoptosis, adhesion, migration, and differentiation, and it encodes a 185-kDa plasma membrane-
bound tyrosine kinase receptor on chromosome  178,9. Increasing evidences reveal that HER2 triggers tumori-
genesis associated with poor outcome and aggressive disease in  GC8,10. Trastuzumab is a humanized monoclonal 
antibody that targets HER2 to inhibit HER2-mediated signaling transduction, and is widely used in metastatic 
breast cancer and advanced GC patients with high HER2 expression levels to achieve survival  advantage3,11,12; 
however, the fact that only 7%–34% GC tissue exhibits high HER2 expression limited trastuzumab use in GC 
 patients3,8,13.

MiRNAs are small noncoding RNAs of 18–25 nucleotides in length that bind to the 3′-untranslated region 
(3′UTR) of target mRNAs to repress targeted gene translation, thereby resulting in decreased encoded  protein14,15. 
The cytoplasmic RNase III endonuclease Dicer, which cleaves the loop of the pri-miRNA and long double-
stranded RNA into ~ 22 bp double-stranded miRNA and short interfering RNA (siRNA), is implicated in both 
regulation of cell proliferation and apoptosis  control16,17. Dicer expression is associated with poor prognosis as a 
tumor suppressor in tumors including GC, hepatocellular carcinoma, and breast  cancer18–20. Calcitriol is one of 
the important active metabolite of vitamin D that functions as a potent steroid hormone. Moreover, apart from 
calcium homeostasis and bone mineralization, calcitriol exhibits antitumor/anti-inflammatory effects in vari-
ous cancers by regulating multiple signaling pathways involved in cell proliferation, apoptosis, differentiation, 
inflammation, invasion, angiogenesis, and  metastasis21–23. Furthermore, calcitriol can induce Dicer expression 
in cervical  cancer24. Since the Dicer expression was positively correlated with HER2 status in breast  cancer25, 
we assessed the relationship between Dicer and HER2 in GC as well as their interaction with GC progression 
in the present study.

Methods
Human tissue specimens and immunohistochemistry. Gastric cancer tumor tissues were collected 
from 116 GC patients who underwent curative resection between June 2011 and December 2013 in the Depart-
ment of General Surgery of the Fourth Hospital of Hebei Medical University. All procedures were supervised 
and approved by the hospital’s Human Tissue Research Committee. Written consent was obtained from all 
patients enrolled in this study.

Immunohistochemical analysis for Dicer was performed as described in a previous study using the streptavi-
din-peroxidase (SP)  method26. After fixation with 10% formalin, the paraffin-embedded tumor tissues were cut 
into 4-μm thick sections and were stained with primary antibody against Dicer (1: 100 dilution, Abcam, Cam-
bridge, UK) overnight at 4 °C, followed by incubation with a biotinylated secondary anti-mouse IgG antibody for 
1 h at room temperature. Thereafter, the sections were subsequently incubated with HRP-conjugated streptavidin 
and were developed using 3, 3′-diaminobenzidine (DAB). The stained slides were scored using the HSCORE by 
two pathologists with knowledge of the clinical data of patients, according to the HSCORE as described previ-
ously (HSCORE = (i + 1) π. i = 1, 2, 3 and 4; i was weighted by the staining intensity as follows: 0, no staining; 1, 
weak staining, light-yellow; 2, moderate-weak staining, yellow brown; 3, moderate-strong staining, brown; and 
4, strong staining, dark brown. Additionally, π was the sum of each of the percentages, ranging from 0 to 100%). 
A score of > 100 was defined as high expression and ≤ 100 as low  expression27. HER2 immunohistochemical 
staining in GC tissue was performed with the fully automated BenchMark ULTRA platform (Ventana Medical 
Systems, Inc., Tucson, AZ) using the Pathway anti-HER2/neu (4B5) anti-body (Ventana Medical Systems, Inc., 
Tucson, AZ). HER2 expression was graded using a score of 0 to 3 + by two pathologists, with the scoring methods 
described  previously13.

Cell lines and cell culture. The Dulbecco’s Modified Eagle Medium (DMEM) high-glucose medium 
(Gibco Life Technologies, Grand Island, NY) or RPMI 1640 medium (Gibco Life Technologies) with 10% fetal 
bovine serum (FBS) (Gibco Life Technologies) was used for human GC cell lines culturing. The cell line of 
SGC7901 (RRID:CVCL_0520) and MGC803 (RRID:CVCL_5334) provided by Shanghai Institute of Biologi-
cal Sciences and Cell Biology, Chinese Academy of Sciences (Shanghai, China) were incubated at 37 °C with a 
humidified incubator containing 5% CO2. Trastuzumab (Herceptin, Roche Pharma, South San Francisco, CA) 
with final concentration of 10 μg/mL was added into the medium for subsequent analysis.

Cell transfection. Green fluorescent protein (GFP)-tagged Dicer-overexpressing lentivirus (pCMV-Dicer) 
and negative control lentivirus (pCMV-NC) were constructed by GeneCopoeia Corp (Rockville, MD). The 
SGC7901 and MGC803 cells were infected with lentivirus, according to the manufacturer’s instruction. To over-
express HER2, the coding sequence of HER2 was amplified and subcloned into the pEZ-Lv105 vector with a 
puromycin selection marker (GeneCopoeia, Rockville, MD). Thereafter, the MGC803 cells were transfected with 
HER2-pEZ-Lv105 and pEZ-Lv105 plasmids using lipofectamine 3000 (Invitrogen, San Diego, CA). Moreover, 
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polyclonal populations of stably transfected cells were isolated by puromycin selection. Successful overexpres-
sion of Dicer and HER2 was confirmed by western blotting analysis.

Western blotting analysis. The SGC7901 and MGC803 cells were lysed with radioimmunoprecipitation 
assay buffer containing protease inhibitor (Roche, Basel, Switzerland). Proteins from each sample were sub-
jected to sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE), and transferred onto poly-
vinylidene difluoride (PVDF) membranes (Roche, Basel, Switzerland). After blocking with 5% skim milk, the 
membrane was incubated with primary antibody against Dicer (dilution rate 1:1,000; Abcam, Cambridge, UK), 
HER2 (dilution rate 1:1,000; Abcam, Cambridge, UK), and β-actin (1:10,000 dilution; Santa Cruz, CA) at 4 °C 
overnight, followed by incubation with a HRP-conjugated anti-mouse IgG secondary antibody (1:5,000 dilu-
tion; Thermo Fisher, New York, NY) for 1 h at room temperature. The relative intensities of protein bands were 
visualized using an enhanced chemiluminescence reagent (Thermo Fisher, New York, NY) and analyzed using 
an FluorChem HD2 protein imprinting imaging system (Alpha Innotec, San Leandro, CA).

Cell proliferation assay. Cell proliferation assay was measured with Cell Counting kit-8 (CCK-8; Dojindo, 
Kumamoto, Japan). Briefly, 96-well plates with six duplicate wells for each group was used for cell culturing, the 
GC cell with quantity of  103 cells in each well was incubated at 37 °C with 10 µl CCK-8 in a humidified incubator 
containing 5% CO2 for 2 h. After that, the absorbance of each cell was calculated with a microplate reader (Bio-
Tek, Winooski, VT) at wavelength of 450 nm for the different time points (0, 12, 24, 48, and 72 h).

Wound healing assay. Cells were seeded on 6-well plates and cultured to approximately 100% confluence. 
A straight wound was drawn with a 200 μL pipette tip on the monolayer. After washing twice with PBS, the 
cells were further cultured in fresh medium with 2% FBS. Wound closure was monitored at 0, 12, and 24 h via 
inverted microscopy (Nikon, Tokyo, Japan). Migration rates were calculated as the width of a scratch divided by 
the initial width of the same scratch, as previously  described28. All measurements were repeated thrice.

Cell invasion assays. Cell invasion assays were performed in a 24-well transwell chamber with 8-µm pore 
size (Corning, New York, NY) precoated with 1 mg/mL BD Matrigel (BD Biosciences, Franklin Lakes, NJ). Cells 
were suspended in serum-free medium and seeded into the upper chamber at 1 ×  105/well, whereas the lower 
chamber was filled with 500 μL medium including 10% FBS. After incubation at 37 °C for 24 h, cells on the upper 
surface of the membrane were removed, and then the cells invaded into the underside were fixed with 4% para-
formaldehyde and stained with 0.5% crystal violet. Stained cells were enumerated under an inverted microscope 
in 5 random fields of each membrane (magnification, × 200).

Flow cytometry. Cell apoptosis was measured using PE Annexin V Apoptosis Detection Kit (BD Bio-
sciences Pharmingen, San Diego, CA), following the manufacturer’s instructions. Each group of cells was har-
vested and washed twice with cold PBS, and thereafter, the cells were resuspended in the binding buffer. Subse-
quently, cells were incubated with 5 µL PE annexin V and 5 µL 7-aminoactinomycin D for 15 min in the dark at 
room temperature, and 400 μL binding buffer was added to each sample. The percentage of apoptotic cells was 
analyzed via flow cytometry using FACS Aria II flow cytometer (BD Biosciences) within 1 h. The experiments 
were repeated at least thrice.

In vivo tumor growth assay. The protocol of animal experiment in this study was approved by Animal 
Ethnics Committee of The Fourth Hospital of Hebei Medical University. Sixty four-week-old male athymic nude 
mice of the BALB/c strain were purchased from Charles River Laboratories (Beijing, China; permission no. 
SCXK (Jing) 2016-0006). Nude mice were housed and treated in accordance with the guidelines established by 
the National Institutes of Health Guide for the Care and Use of Laboratory  Animals29.

The SGC7901 and MGC803 cells treated with Dicer-lenti and NC-lenti were harvested and resuspended in 
PBS. Subsequently, groups of nude mice were subcutaneously injected at the shoulder with 0.2 mL of the cell 
suspensions (5 ×  106 cells/mouse). Moreover, mice were intraperitoneally injected with 15 mg/kg trastuzumab 
once every 3 days for 3 weeks since the 7th  day30. After initiating trastuzumab administration, the tumor growth 
was monitored by measuring the tumor dimensions with digital calipers every 7 days, and the tumor volumes 
were calculated by the formula: Volume = Length × (Width)2/2. Furthermore, in vivo green fluorescent images 
were captured by NightOwl Bioimager (Berthold Technologies, Bad Wildbad, Germany) at 15 and 25 days after 
administration. The fluorescent intensity was analyzed by WinLight32 software package (Berthold Technologies).

miRNA microarray analysis. The microarray experiment was commissioned to CapitalBio Corporation 
(Beijing, China). In brief, three samples were randomly selected from each group of pCMV-Dicer and pCMV 
transfected MGC803 cells, and total RNA was extracted and purified using miRNeasy Mini Kit (Qiagen, Valen-
cia, CA), according to the manufacturer’s instructions. Microarray of miRNA was manufactured and processed 
as  described31. The microarrays were scanned on GeneChip Scanner 3000 (Affymetrix, Santa Clara, CA), and the 
data were analyzed using a GeneChip Command Console software (Affymetrix).

Statistical analysis. The data are reported as the mean value ± SD. Correlation between Dicer protein level 
and HER2 protein level was estimated using chi-square test. Cell proliferation, migration, invasion, apoptosis, 
and tumor growth assay were compared by one-way analysis of variance (ANOVA). Values of p < 0.05 were con-
sidered as statistically significant. Data was obtained from at least three independent experiments with a similar 
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pattern. All statistical analyses were carried out using SPSS statistical software, version 19.0 (IBM Corporation, 
Armonk, NY).

Results
HER2 overexpression was mediated by dicer in gastric cancer tissue. The protein expression of 
HER2 and Dicer in GC tissue were semi-quantified by immunostaining with anti-HER2 and anti-Dicer antibody 
(Table 1 and Supplementary Fig. S1), Dicer is positively correlated with HER2 expression by chi-square test 
(p = 0.002, Table 1 and Supplementary Fig. S1). The interaction between these two genes was evaluated subse-
quently in GC cell in vivo, as illustrated in Fig. 1A, the HER2 expression was markedly increased upon Dicer 
overexpression by comparing SGC7901, SGC7901 transfected with pCMV vector and SGC7901 transfected with 
pCMV-Dicer cells. These data demonstrated that Dicer could mediate HER2 overexpression in GC cell.

Table 1.  Correlation between dicer protein level and HER2 protein level in GC patients by χ2 test. HER2 
2 + and 3 + were defined as high expression, HER2 0 and 1 + were defined as low expression.

Protein expression

HER2

χ2 p-valueHigh Low

Dicer
High 10 25

9.206 0.002
Low 6 75

Figure 1.  Trastuzumab enhance the Dicer related inhibition for SGC7901 cell. (A) Western Blot of Dicer and 
HER2 in SGC7901 cells. The grouping of gels/blots cropped from diferent parts of the same gel, the full blots are 
shown in Fig. S4; (B, C) The SGC7901 cells proliferation measured with CCK-8 assay; (D, E) The SGC7901 cells 
migration measured by wound healing assay; (F, G) The SGC7901 cells invasion measured with transwell assay; 
(H, I) The measurement of SGC7901 cells apoptosis rate with flow cytometry. **P < 0.01, #P < 0.05, ##P < 0.01.
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Dicer inhibited the growth of GC cells. The proliferation capacity of SGC7901 cell in three different 
group including pCMV-Dicer transfected cell, pCMV tranfected cell, and blank control cell was measured 
with CCK assay at different timepoint, the proliferation capacity of pCMV-Dicer transfected cells was signifi-
cantly decreased from 24 to 72 h compared with that of pCMV transfected cell and blank control cell (p < 0.01, 
Fig. 1B,C). We subsequently assessed the capacity of migration and invasion for this GC cell upon Dicer overex-
pression with wound healing assay and transwell assay, as illustrated in Fig. 1D and F. SGC7901 cells transfected 
with pCMV-Dicer displayed significantly decreased migration capacity than that of control vector and blank 
control by wound healing assay (p < 0.01, Fig. 1E). Moreover, the invasive ratio was significantly decreased in 
pCMV-Dicer transfected GC cells than that in pCMV transfected GC cells and blank control (Fig. 1G, p < 0.01). 
To further investigate the mechanism of GC cell inhibition by Dicer overexpression, apoptosis was assessed 
by Annexin V-PE/7-AAD double staining via flow cytometry. Apoptotic cells were significantly augmented in 
pCMV-Dicer group compared with those of the control vector and blank control (p < 0.01, Fig. 1H,I). These 
results indicated that Dicer overexpression could inhibit proliferation, migration, and invasion, as well as induce 
apoptosis for GC cells with high Dicer-induced HER2 expression. We validated our result with another GC cell 
line of MGC803, and almost the same result was obtained referring to proliferation, migration, invasion, and 
apoptosis for GC cells (Fig. 2A–I). Furthermore, to confirm that Dicer-induced inhibition for GC was not caused 
by HER2 overexpression, we overexpressed HER2 in MGC803 cell (Supplementary Fig. S2), and proved that 
proliferation, migration, and invasion were enhanced by HER2 overexpression.

We evaluated the Dicer initiated GC inhibition in vivo. The growth of Dicer overexpressed xenograft was 
significantly decreased compared with that of control pCMV xenograft at 25 days after implantation (Fig. 3A), 
and the tumor volume of Dicer overexpressed xenograft was smaller than that of control xenograft and SGC7901 
cell xenograft at 28 days after implantation (Fig. 3B, p < 0.01). Similar result was obtained with MGC803 xenograft 
transfected with pCMV-Dicer (Fig. 3C,D, p < 0.01). These data demonstrated that the Dicer could inhibit the 
growth of GC cell with high HER2 expression in vivo.

Figure 2.  Trastuzumab enhance the Dicer related inhibition for MGC803 cell. (A) Western Blot of Dicer and 
HER2 in MGC803 cells. The grouping of gels/blots cropped from diferent parts of the same gel, the full blots are 
shown in Fig. S4; (B, C) The MGC803 cells proliferation measured with CCK-8 assay; (D, E) The MGC803 cells 
migration measured by wound healing assay; (F, G) The MGC803 cells invasion measured with transwell assay; 
(H, I) The measurement of apoptosis rate with flow cytometry for MGC803 cells. *P < 0.05, **P < 0.01, #P < 0.05.
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Trastuzumab promotes inhibition induced by Dicer for GC cells. Since Dicer could promote HER2 
expression in GC cells, we assessed whether the overexpressed HER2 induced by Dicer acts as an efficient target 
for inhibition by HER2 antibody. The humanized HER2 monoantibody trastuzumab with final concentration 
of 10 μg/mL was added to the medium incubated with pCMV and pCMV-Dicer GC cells, and subsequently, 
SGC7901 and MGC803 cells were analyzed for proliferation, apoptosis, migration, and invasion. No difference 
in proliferation, migration, invasion, and apoptosis was found after trastuzumab addition in SGC7901 cells by 
comparing control GC cells and GC cell plus trastuzumab (Fig. 1B–I); however, this antibody decreased the pro-
liferation capacity from 48 to 72 h (p < 0.05), migration (p < 0.05), and invasion (p < 0.05), whereas it increased 
the apoptosis rate (p < 0.01) of SGC7901 cell when comparing pCMV-Dicer and pCMV-Dicer plus trastuzumab 
GC cells (Fig. 1B–I). Trastuzumab incubation could inhibit the migration (p < 0.05) and invasion (p < 0.05) of 
MGC803 cell, whereas it increased the apoptosis rate (p < 0.05) when comparing MGC803 cell and MGC803 
plus trastuzumab cell (Fig. 2D–I). Moreover, trastuzumab inhibited pCMV-Dicer MGC803 cell proliferation 
from 36 to 72 h (p < 0.05), migration (p < 0.05), and invasion (p < 0.05), as well as promoted apoptosis (p < 0.05) 
by comparing pCMV-Dicer MGC803 cell and pCMV-Dicer plus trastuzumab MGC803 cell (Fig. 2B–I). These 
data demonstrated that trastuzumab could inhibit the growth of GC cells and amplify GC suppression by Dicer 
presumably due to the overexpressed HER2 provided effective target for trastuzumab.

Considering xenograft, intraperitoneal injection with 15 mg/kg trastuzumab once every 3 days could not 
inhibit the growth of pCMV transfected GC cells at any time point (Fig. 3A–D), but the trastuzumab related 
growth inhibition for pCMV-Dicer-transfected GC xenograft was achieved when compared to pCMV-Dicer 
and pCMV-Dicer plus Trastuzumab GC cells(p < 0.01; Fig. 3A–D). These data demonstrated that trastuzumab 
injection suppressed at the base of Dicer inhibited GC cells in vivo and in vitro.

Calcitriol accelerates trastuzumab‑related inhibition in GC cells. Calcitriol can increase the Dicer 
expression in SiHa cervical cancer  cells24. We measured the Dicer expression for SGC7901 cells after incubation 
with calcitriol for 72 h to check whether calcitriol could be used as Dicer inducer in order to initiate HER2 over-
expression. As illustrated in Fig. 4A, the concentration of calcitriol in Lines 1–7 is 1, 2, 4, 6, 8, 10, and 15 mmol/L 
respectively; whereas, Line 8 depicts the concentration of calcitriol in pCMV-Dicer transfected GC cells. The 
expression of Dicer and HER2 were significantly induced by calcitriol with concentrations of 10 mmol/L and 
15 mmol/L; hence, we used the concentration of 15 mmol/L for subsequent inhibition experiment. The single 
drug treatment with calcitriol inhibited cell proliferation from 24 to 72 h (p < 0.05), migration (p < 0.01), and 
invasion (p < 0.01) for GC cells at statistically significant levels (Fig. 4B–G), whereas it had no effect on apop-
tosis (Fig. 4H,I). These data demonstrated that calcitriol induced HER2 overexpression without increasing the 
malignancy of GC cells; moreover, it could inhibit cell proliferation, invasion, and migration presumably due 
to Dicer overexpression. The addition of trastuzumab to calcitriol inhibited proliferation of GC cells from 24 to 

Figure 3.  Effects of Dicer overexpression and treatment with Trastuzumab on GC cell growth in vivo. (A) 
Fluorescence image of mice bearing SGC7901 cells xenografts; (B) Tumor growth was monitored by measuring 
tumor volume for SGC7901 xenografts (n = 6 for each group); (C) Fluorescence image of mice bearing MGC803 
cells xenografts; (D) Tumor growth was monitored by measuring tumor volume for MGC803 xenografts (n = 6 
for each group).
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72 h when compared to the calcitriol and calcitriol plus trastuzumab cells (Fig. 4B,C). Furthermore, the addition 
of trastuzumab slightly accelerates the inhibition caused by calcitriol referring to migration and invasion for GC 
cells, but does not reach the statistical levels (Fig. 4D–G). Although no difference was observed for apoptosis 
between calcitriol and calcitriol plus trastuzumab cells, calcitriol plus trastuzumab increased the apoptosis rate 
when compared with SGC7901 control cells (Fig. 4H,I, p < 0.05), but calcitriol monotreatment could not achieve 
apoptosis difference when compared to that of control GC cells. Collectively, calcitriol favored GC cell inhibition 
induced by trastuzumab by initiating HER2 expression.

Discussion
We found that Dicer could inhibit the growth of GC cell as well as induce HER2 overexpression without increas-
ing malignancy of GC cell. Moreover, the HER2 overexpression provided more effective and additive target for 
trastuzumab in inhibiting GC cells. Furthermore, we proved that calcitriol amplified the trastuzumab related 
GC inhibition by inducing Dicer overexpression to initiate HER2 overexpression. Trastuzumab is an effective 
first line treatment for GC, a cancer with few effective antiangiogenic drugs due to its heterogeneity, but only 
7%–34% patients adapt to trastuzumab, thereby limiting its application in GC  patients3,8,13. We aim to find an 
inducer for HER2 overexpression that can help in adapting the low HER2 expressed GC cell to HER2 antibody 
treatment, simultaneously without increasing the aggressiveness of GC. Dicer is proven to be a suitable inducer 
based on our data; however, the clinical impracticability of vector transfection hampers its clinical application. 
Calcitriol induced Dicer expression to promote the efficiency of HER2 antibody in subsequent analysis. Moreover, 
it amplified the inhibition of trastuzumab to GC cells undergoing proliferation. The suitable concentration for 
trastuzumab and calcitriol should be calculated to obtain the best inhibition efficiency referring to prolifera-
tion. Our finding implied that calcitriol might increase the adabtibility of patients to HER2 antibody via HER2 
overexpression; however, this finding needs to be further validated in the model animal for calcitriol referring 
to HER2 induction and trastuzumab synergism prior to clinical trial. Furthermore, the suitable concentra-
tion for calcitriol needs to be evaluated in GC patients for subsequent clinical application. The monotherapy 
using trastuzumab exhibited only mild inhibition for GC cells based on our data, whereas the combination of 

Figure 4.  Calcitriol could induce HER2 expression and synergy with Trastuzumab for GC inhibition. (A) 
Western Blot analysis of Dicer and HER2 expression upon Calcitriol induction in SGC7901 cells, Line 1–7 
with Calcitriol concentration of 1, 2, 4, 6, 8, 10 and 15 mmol/L, Line 8: pCMV-Dicer. The grouping of gels/
blots cropped from diferent parts of the same gel, the full blots are shown in Fig. S4; (B, C) The SGC7901 cells 
proliferation measured with CCK-8 assay; (D, E) The SGC7901 cells migration measured by wound healing 
assay; (F, G) The SGC7901 cells invasion measured with transwell assay; (H, I) The measurement of apoptosis 
rate with flow cytometry for SGC7901 cells. *P < 0.05, **P < 0.01, #P < 0.05.
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chemotherapeutic drugs and calcitriol helped in assessing their synergism for HER2 antibody. Another reagent 
of Metformin, which can induce Dicer expression in breast cancer cell and affect its growth, will be assessed for 
its synergism with trastuzumab by inducing Dicer and HER2  expression32.

The mechanism by which Dicer expression mediated the overexpression of HER2 without increasing malig-
nancy of GC cell remains unclear. Since Dicer might induce HER2 overexpression via regulating miRNA expres-
sion, we performed the miRNA array analysis to identify the potential miRNA that could mediate HER2 expres-
sion. Ten miRNAs were upregulated, whereas 24 miRNAs were downregulated with fivefold changes upon Dicer 
overexpression (Supplementary Fig. S3, Supplementary Table S1). Among these miRNAs, the miR-139 and 
miR-203a, which were downregulated upon Dicer overexpression, have been proved to be negatively associated 
with HER2 expression in GC or breast cancer  tissue33–35. Dicer might induce HER2 expression through down-
regulating these miRNAs. Further laboratory-based functional studies are warranted to identify these candidate 
miRNAs in mediating HER2 expression.

In conclusion, the Dicer inducer of calcitriol might be considered as a potential opinion to extend clinical 
indications of HER2 antibody for low or negative HER2 patients who were not fit for HER2 antibody treatment 
before.

Data availability
Research data supporting the results of this paper will be provided by corresponding author at reasonable request.

Received: 16 February 2020; Accepted: 8 March 2021

References
 1. Jemal, A. et al. Global cancer statistics. CA Cancer J. Clin. 61, 69–90 (2011).
 2. Cancer fact sheets. International Agency for Research on Cancer. http:// globo can. iarc. fr/ Pages/ fact_ sheets_ cancer. aspx (2015).
 3. Bang, Y. J. et al. Trastuzumab in combination with chemotherapy versus chemotherapy alone for treatment of HER2-positive 

advanced gastric or gastro-oesophageal junction cancer (ToGA): A phase 3, open-label, randomised controlled trial. Lancet 376, 
687–697 (2010).

 4. Li, J. et al. Randomized, double-blind, placebo-controlled phase III trial of apatinib in patients with chemotherapy-refractory 
advanced or metastatic adenocarcinoma of the stomach or gastroesophageal junction. J. Clin. Oncol. 34, 1448–1454 (2016).

 5. Fuchs, C. S. et al. Ramucirumab monotherapy for previously treated advanced gastric or gastro-oesophageal junction adenocar-
cinoma (REGARD): An international, randomised, multicentre, placebo-controlled, phase 3 trial. Lancet 383, 31–39 (2014).

 6. Wilke, H. et al. Ramucirumab plus paclitaxel versus placebo plus paclitaxel in patients with previously treated advanced gastric or 
gastro-oesophageal junction adenocarcinoma (RAINBOW): A double-blind, randomised phase 3 trial. Lancet Oncol. 15, 1224–1235 
(2014).

 7. Chan, D. L. et al. The effect of anti-angiogenic agents on overall survival in metastatic oesophago-gastric cancer: A systematic 
review and meta-analysis. PLoS ONE 12, e0172307 (2017).

 8. Palle, J. et al. Human epidermal growth factor receptor 2 (HER2) in advanced gastric cancer: Current knowledge and future 
perspectives. Drugs 80, 401–415 (2020).

 9. Slamon, D. J. et al. Studies of the HER-2/neu proto-oncogene in human breast and ovarian cancer. Science 244, 707–712 (1989).
 10. Begnami, M. D. et al. Prognostic implications of altered human epidermal growth factor receptors (HERs) in gastric carcinomas: 

HER2 and HER3 are predictors of poor outcome. J. Clin. Oncol. 29, 3030–3036 (2011).
 11. Hunter, F. W. et al. Mechanisms of resistance to trastuzumab emtansine (T-DM1) in HER2-positive breast cancer. Br. J. Cancer. 

122, 603–612 (2020).
 12. von Minckwitz, G. et al. Trastuzumab emtansine for residual invasive HER2-positive breast cancer. N. Engl. J. Med. 380, 617–628 

(2019).
 13. Hofmann, M. Assessment of a HER2 scoring system for gastric cancer: Results from a validation study. Histopathology 52, 797–805 

(2008).
 14. Yao, Q., Chen, Y. & Zhou, X. The roles of microRNAs in epigenetic regulation. Curr. Opin. Chem. Biol. 51, 11–17 (2019).
 15. Vos, P. D., Leedman, P. J., Filipovska, A. & Rackham, O. Modulation of miRNA function by natural and synthetic RNA-binding 

proteins in cancer. Cell Mol. Life Sci. 76, 3745–3752 (2019).
 16. Song, M. S. & Rossi, J. J. Molecular mechanisms of dicer: Endonuclease and enzymatic activity. Biochem. J. 474, 1603–1618 (2017).
 17. Su, X. et al. RNAase III-type enzyme Dicer regulates mitochondrial fatty acid oxidative metabolism in cardiac mesenchymal stem 

cells. Int. J. Mol. Sci. 20, 5554 (2019).
 18. Zhang, J. et al. Dysregulation of microRNA biosynthesis enzyme Dicer plays an important role in gastric cancer progression. Int. 

J. Clin. Exp. Pathol. 7, 1702–1707 (2014).
 19. Zhang, L. et al. Prognostic significance of Dicer expression in hepatocellular carcinoma. Oncol. Lett. 11, 3961–3966 (2016).
 20. Cochrane, D. R. et al. MicroRNAs link estrogen receptor alpha status and Dicer levels in breast cancer. Horm. Cancer. 1, 306–319 

(2010).
 21. Díaz, L., Díaz-Muñoz, M., García-Gaytán, A. C. & Méndez, I. Mechanistic effects of Calcitriol in cancer biology. Nutrients 7, 

5020–5050 (2015).
 22. Ma, Y., Johnson, C. S. & Trump, D. L. Mechanistic insights of vitamin D anticancer effects. Vitam. Horm. 100, 395–431 (2016).
 23. Feldman, D., Krishnan, A. V., Swami, S., Giovannucci, E. & Feldman, B. J. The role of vitamin D in reducing cancer risk and pro-

gression. Nat. Rev. Cancer. 14, 342–357 (2014).
 24. González-Duarte, R. J. et al. Calcitriol increases Dicer expression and modifies the microRNAs signature in SiHa cervical cancer 

cells. Biochem. Cell Biol. 93, 376–384 (2015).
 25. Caffrey, E. et al. Prognostic significance of deregulated dicer expression in breast cancer. PLoS ONE 8, e83724 (2013).
 26. Cao, X. et al. Preoperative Cyfra21-1 and SCC-Ag serum titers predict survival in patients with stage II esophageal squamous cell 

carcinoma. J. Transl. Med. Sep. 10, 197 (2012).
 27. Wang, C., Wu, J., Zhao, Y. & Guo, Z. miR-502 medaited histone methyltransferase SET8 expression is associated with outcome of 

esophageal squamous cell carcinoma. Sci. Rep. 6, 32921 (2016).
 28. Meng, F. et al. MiR-30a-5p overexpression may overcome egfr-inhibitor resistance through regulating PI3K/AKT signaling pathway 

in non-small cell lung cancer cell lines. Front. Genet. 7, 197 (2016).
 29. National Research Council of the National Academies. Guide for the Care and Use of Laboratory Animals 8th edn, 199–200 (The 

National Academies Press, 2011).

http://globocan.iarc.fr/Pages/fact_sheets_cancer.aspx


9

Vol.:(0123456789)

Scientific Reports |         (2021) 11:6993  | https://doi.org/10.1038/s41598-021-86485-8

www.nature.com/scientificreports/

 30. Yang, Y. et al. Osthole synergizes with HER2 inhibitor, trastuzumab in HER2 overexpressed N87 gastric cancer by inducing apop-
tosis and inhibition of AKT-MAPK pathway. Front. Pharmacol. 9, 1392 (2018).

 31. Zhou, M. et al. Toxicogenomic analysis identifes the apoptotic pathway as the main cause of hepatotoxicity induced by tributyltin. 
Food Chem. Toxicol. 97, 316–326 (2016).

 32. Blandino, G. et al. Metformin elicits anticancer effects through the sequential modulation of DICER and c-MYC. Nat. Commun. 
3, 865 (2012).

 33. Bao, W. et al. HER2 interacts with CD44 to up-regulate CXCR4 via epigenetic silencing of microRNA-139 in gastric cancer cells. 
Gastroenterology 141, 2076–2087 (2011).

 34. Kang, H. S. et al. MicroRNA signature for HER2-positive breast and gastric cancer. Anticancer Res. 34, 3807–3810 (2014).
 35. Gomes, B. C. et al. Prognostic value of microRNA-203a expression in breast cancer. Oncol. Rep. 36, 1748–1756 (2016).

Author contributions
J.W. and Q.Z. performed all experiments, Y.Z. collected data, X.Z. and Y.T. performed statistical analysis, Z.G. 
designed the experiments, conceived the concept, and wrote the manuscript. All authors were involved in writing 
the paper and had final approval of the submitted and published versions.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 86485-8.

Correspondence and requests for materials should be addressed to Z.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-86485-8
https://doi.org/10.1038/s41598-021-86485-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Dicer increases the indication for trastuzumab treatment in gastric cancer patients via overexpression of human epidermal growth factor receptor 2
	Methods
	Human tissue specimens and immunohistochemistry. 
	Cell lines and cell culture. 
	Cell transfection. 
	Western blotting analysis. 
	Cell proliferation assay. 
	Wound healing assay. 
	Cell invasion assays. 
	Flow cytometry. 
	In vivo tumor growth assay. 
	miRNA microarray analysis. 
	Statistical analysis. 

	Results
	HER2 overexpression was mediated by dicer in gastric cancer tissue. 
	Dicer inhibited the growth of GC cells. 
	Trastuzumab promotes inhibition induced by Dicer for GC cells. 
	Calcitriol accelerates trastuzumab-related inhibition in GC cells. 

	Discussion
	References


