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Abstract

Cancer immunotherapies targeting the interaction between Programmed death 1 (PD-1) and 

Programmed death ligand 1 (PD-L1) have recently been approved for the treatment of multiple 

cancer types, including gastric cancer. However, not all patients respond to these therapies, 

while some eventually acquire resistance. A partial predictive biomarker for positive response 

to PD-1/PD-L1 therapy is PD-L1 expression, which has been shown to be under strict post­

transcriptional control in cancer. By fractionating the PD-L1 3′ untranslated region (3′UTR) into 

multiple overlapping fragments, we identified a small 100-nucleotide-long cis-acting region as 

being necessary and sufficient for post-transcriptional repression of PD-L1 expression in gastric 

cancer. In parallel, we performed a correlation analysis between PD-L1 expression and all host 

miRNAs in stomach cancer patient samples. A single miRNA, miR-105-5p, was predicted to 

bind to the identified cis-acting 3′UTR region and to negatively correlate with PD-L1 expression. 

Overexpression of miR-105-5p in gastric cancer cell lines resulted in decreased expression of 

PD-L1, both at the total protein and surface expression levels, and induced CD8+ T cell activation 

in co-culture assays. Finally, we show that expression of miR-105-5p in gastric cancer is partly 

controlled by DNA methylation of a cancer- and germline-specific promoter of its host gene, 

GABRA3. Dysregulation of miR-105-5p is observed in many cancer types and this study shows 

the importance of this miRNA in controlling the immunogenicity of cancer cells, thus highlighting 

it as a potential biomarker for PD-1/PD-L1 therapy and target for combinatorial immunotherapy.
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1. Introduction

Programmed death ligand 1 (PD-L1) is an immune checkpoint (IC) protein expressed 

in multiple cell types that interacts with its receptor PD-1 on T cells. The PD-L1/PD-1 

interaction triggers inhibitory signals that prevent T-cell activation and proliferation. In the 

tumor microenvironment, PD-L1 is expressed on the surface of cancer cells and stromal 

immune cells and allows the tumor to evade the cytotoxic effects of infiltrating T cells (1). 

Recently, monoclonal antibodies that block the interaction between PD-1 and PD-L1 have 

been used as therapeutics and have had remarkable success in promoting tumor regression in 

multiple cancer types, including lung cancer, melanoma, and stomach cancer (2–4).

However, only a subset of patients responds favorably to PD-L1/PD-1 blockade therapy. The 

Food and Drug Administration (FDA) recommends two predictive biomarkers for beneficial 

response to PD-L1/PD-1 blockade therapies, namely PD-L1 expression and microsatellite 

instability (MSI)(5, 6). Indeed, the FDA has recently approved pembrolizumab, a PD-1 

targeting monoclonal antibody (mAb), as a third-line treatment for patients with locally 

advanced or metastatic gastric cancer with high PD-L1 expression (7, 8).

Understanding the regulation of PD-L1 expression in cancer is key in identifying new 

predictive biomarkers for immune blockade therapy, as well as potential targets for 

combination therapies. It is known that chromosomal alterations or single-nucleotide 

variants (SNVs) in the 3′ untranslated region (3′UTR) region of PD-L1 are associated 

with changes in PD-L1 expression and immune escape in cancer (9–12). Interestingly, 

Kataoka et al. showed that genomic disruptions in the PD-L1 3′UTR region are particularly 

common in stomach cancer (12). MicroRNAs (miRNAs), such as miR-152 and miR-200, 

and RNA-binding proteins (RBPs) like tristetraprolin (TTP) have been shown to control 

PD-L1 expression through direct binding to its 3′UTR (13–16). In this study we sought to 

identify novel cis- and trans-acting post-transcriptional regulators of PD-L1 expression.

miR-105 is an intronic miRNA residing in the GABRA3 (γ-aminobutyric acid receptor 

3) gene on chromosome X (17, 18). GABRA3 and miR-105 are normally expressed in 

the brain and testis (19, 20), but aberrant expression of both genes has been reported in 

multiple cancer types (18, 21–24). In melanoma and lung cancer, it was previously described 

that miR-105 expression is driven by a cancer- and germline-specific GABRA3 transcript 

(CT-GABRA3) (18). Interestingly, the expression of CT-GABRA3 is controlled by a CpG 

dinucleotide-rich bidirectional promoter shared with MAGEA6 (25). The role of miR-105 

in cancer has been argued (22), but a pro-metastatic effect has been proposed in different 

cancer types, including colorectal, breast and gastric cancer (18, 22, 26, 27).

Here we identify a cis-acting regulatory region in the PD-L1 3′UTR that is necessary 

and sufficient for repression of PD-L1 expression. We show that miR-105-5p regulates 

PD-L1 expression through direct binding at the identified cis-acting 3′UTR region. 

Overexpression of miR-105-5p in cancer cells results in downregulation of PD-L1 and 

consequent increased activation of CD8+ T cells in co-culture experiments. This is the 

first time that miR-105-5p has been identified as a mediator of immune modulation in 

cancer. Finally, we show that changes in miR-105-5p expression in gastric cancer are partly 
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controlled by DNA methylation of the CT-GABRA3 promoter, establishing a promoter 

methylation/miR-105-5p/PD-L1/immune escape axis.

2. Materials and Methods

2.1 Cell culture

Gastric cancer cell lines AGS (ATCC CRL-1739) and NCI-N87 (ATCC CRL-5822) were 

purchased from ATCC, SNU-719 (KCLB-00719) and SNU-216 (KCLB-00216) were 

purchased from the Korean Cell Line Bank (KCLB), and MKN-74 (JCRB-0255) was 

purchased from the Japanese Collection and Research Bioresources Cell Bank (JCRB Cell 

Bank). All gastric cancer cell lines were maintained in RPMI-1640 (Gibco, Gaithersburg, 

MD, USA), supplemented with 10% FBS (Invitrogen, Carlsbad, CA, USA). HEK293T 

cells (ATCC CRL-3216) were purchased from ATCC and maintained in DMEM (Gibco), 

supplemented with 10% FBS (Invitrogen). All cells were incubated at 37°C and 5% CO2.

2.2 Transfection

Small interfering RNAs (siRNAs) and miRNA mimics/inhibitors were transfected at a final 

concentration of 25nM using the TransIT-X2 reagent (Mirus Bio, Madison, WI, USA) as 

per the manufacturer’s protocol. Silencer select siRNAs were purchased from ThermoFisher 

Scientific (Waltham, MA, USA): CD274 siRNA (#4392420, siRNA ID s26548) and Silencer 

negative control #2 (AM4613). MirVana miRNA mimics and inhibitors were also purchased 

from ThermoFisher Scientific: miRNA mimic negative control (#4464058), hsa-miR-105-5p 

mimic (#4464066, assay ID MC12838), miRNA inhibitor negative control (#4464076), and 

has-miR-105-5p inhibitor (#4464084, assay ID MH12838).

2.3 Luciferase assay

The full-length (FL) PD-L1 3′UTR psicheck2 reporter was constructed as described 

previously (28). Fragments of the PD-L1 3′UTR were amplified from the FL reporter 

and subcloned into the psickeck2 vector using primers in Supplementary Table 1. Deletion 

constructs and miRNA seed-binding site mutant reporters were created using the Q5 site­

directed mutagenesis kit (NEB, Ipswich, MA, USA) with primers shown in Supplementary 

Table 1.

The PD-L1 promoter sequence (−1081bp to +168bp from the transcription start site) was 

amplified from Taqman control genomic DNA (ThermoFisher Scientific, #4312660) using 

primers shown in Supplementary Table 2. The promoter sequence was cloned into the 

pGL4.10 luciferase reporter vector (Promega, Madison, WI, USA) using standard restriction 

digest cloning.

The day before transfection, 10 000 cells were seeded in each well in a 96-well plate. The 

cells were then transfected in triplicate with 100ng of luciferase reporter plasmid, and 25nM 

miRNA mimics/inhibitors where indicated, using the TransIT-X2 reagent (Mirus Bio). In the 

case of promoter reporter assays, cells were co-transfected with 80ng of the pGL4.10 and 

20ng of the control pIS2-Renilla vector (Addgene, https://www.addgene.org, #12177). After 

24 hours (h), fresh media were added to the cells. Finally, 48 h post-transfection, Renilla and 
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Firefly luciferase activities were measured with the Dual-Luciferase Reporter Assay System 

(Promega) on the GloMax explorer luminometer (Promega).

2.4 Correlation and exon expression analysis

Level 3 data for The Cancer Genome Atlas (TCGA) stomach adenocarcinoma (STAD) 

patients were obtained from Xenabrowser (https://xenabrowser.net). Log2(RSEM+1) 

normalized counts (Illumina Hiseq 2000) and log2(RPM+1) normalized counts (Illumina 

Hiseq) were used for mRNA expression and miRNA expression, respectively. Cancer 

samples with both mRNA and miRNA data available were analyzed further (n=368). 

Spearman’s rank order correlation was performed between normalized PD-L1 expression 

and each miRNA individually (n=1 147). False discovery rate (FDR) adjusted p-values are 

reported. For exon expression profiling, log2(RPKM+1) normalized counts (Illumina Hiseq 

2000) were used. Pearson’s correlation analysis was performed for the exon expression 

correlation matrix.

2.5 Dual-fluorescence reporter assay

The pTRETIGHTBI-RY-0 plasmid (#31463) was obtained from Addgene and the rtTA 

plasmid was a kind gift from Prof. Phillip A. Sharp (MIT, Cambridge, MA, USA). 

The pTRETIGHTBI-RY-0 plasmid was linearized with the HindIII-HF restriction enzyme 

(NEB), which cuts downstream of the mCherry gene. The PD-L1 3′UTR was amplified 

from the psicheck2 PD-L1 3′UTR reporter construct by PCR with the Phusion polymerase 

(NEB), using the following primers: 5′-gctgtacaagtaaatcgatagagacgtaatccagcattg-3′ and 

5′-ctctggagatatcgtcgacataactttctccactgggatg-3′. The underlined sequences correspond to 

sequences that overlap with the ends of the linearized pTRETIGHTBI-RY-0 plasmid. The 

pTRETIGHTBI-RY-0 PD-L1 3′UTR reporter was assembled using the NEBuilder HiFi 

DNA Assembly kit (NEB).

To perform the dual fluorescence reporter assay, 200 000 cells were seeded in a 6-well plate. 

The next day, the cells were co-transfected with 0.5μg of the pTRETIGHTBI-RY-0 PD-L1 
3′UTR reporter, 0.5μg of the rtTA plasmid and 25nM of miR-105-5p or control mimics 

using the TransIT-X2 reagent (Mirus Bio). After 24 h, the transfection media was aspirated 

and replaced with media containing 1μg/ml doxycycline. Fresh doxycycline-containing 

media was added every 24 h after that. Four days post-transfection, the cells were collected 

in DPBS+2%FBS and mCherry and eYFP fluorescence intensities were measured by flow 

cytometry, using the Cytoflex LX Cytometer. The data was analyzed in the FCS Express 

6 software. Linear regression analysis between eYFP and mCherry fluorescence intensities 

was performed in R.

2.6 RNA extraction and RT-qPCR/RT-PCR

Cells were lysed in TRIzol (Invitrogen) and total RNA was extracted with the Direct-zol 

RNA miniprep plus kit (Zymo Research, Irvine, CA, USA). Reverse transcription for 

mRNAs was performed on 1μg total RNA using the SuperScript IV RT kit (ThermoFisher 

Scientific) with random hexamers. Quantitative PCR (qPCR) was performed on 1:10 diluted 

complementary DNA (cDNA) using the LightCycler 480 SYBR Green I Master Mix 

(Roche, Basel, Switzerland) as per the manufacturer’s protocol. For RT-PCR, diluted cDNA 
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was amplified (34 cycles) using Phusion polymerase (NEB). Primer sequences for mRNA 

RT-qPCR and RT-PCR are provided in Supplementary Table 1. Reverse transcription for 

miRNAs was performed on 100ng total RNA using the miRCURY LNA RT kit (Qiagen, 

Hilden, Germany) and qPCR was carried out using the LNA miRCURY SYBR Green 

PCR mix (Qiagen). miRCURY LNA miRNA PCR assays for hsa-miR-105-5p and hsa­

miR-103a-3p were purchased from Qiagen.

2.7 Protein extraction and Western blotting

Cells were lysed in RIPA buffer supplemented with protease and phosphatase inhibitors 

(ThermoFisher Scientific). Total protein concentration was determined with the Pierce BCA 

protein assay kit (ThermoFisher Scientific). Samples were subjected to SDS-PAGE and 

transferred to a PVDF membrane (Bio-Rad Laboratories, Hercules, CA, USA) pre-activated 

with methanol. The membrane was blocked in 5% non-fat dry milk in TBST for 1 h at 

room temperature (RT) and incubated with primary antibody (1:1 000 dilution) overnight 

at 4°C. The membrane was washed three times with TBST, 5 minutes (min) per wash, 

and incubated with secondary antibody (1:10 000 dilution) for 1 h at RT. Following three 

more washes with TBST, the signal was developed using the SuperSignal™ West Pico 

PLUS Chemiluminescent Substrate (ThermoFisher Scientific). The following antibodies 

were obtained from Cell Signaling Technology Inc. (CST, Danvers, MA, USA): PD-L1 

(E1L3N), GAPDH (D16H11), anti-rabbit IgG – HRP-linked antibody (#7074).

2.8 Flow cytometry

Cells were washed once with PBS (ThermoFisher Scientific) and once with Stain Buffer 

(BD Biosciences, #554656). A million cells were then stained in 100 μl Stain Buffer 

with 5 μl of fluorophore-conjugated antibody for 30 min on ice. Following staining, 

cells were washed three times with Stain Buffer. Finally, the samples were run on the 

Cytoflex LX Cytometer and the data were analyzed with the FlowJo software. The 

following antibodies were purchased from Biolegend: APC anti-human CD274 antibody, 

clone 29E.2A3 (#329707) and APC Mouse IgG2b, κ Isotype Control antibody (#400322).

For interferon γ (IFNγ) treatment, cells were first transfected with miRNA mimics as 

described above and after 24 h they were treated with 10 ng/ml IFNγ (R&D Systems, 

Minneapolis, MN, USA) or mock. At 24 h post-treatment, cells were collected for flow 

cytometry.

2.9 Lentivirus transduction

For lentivirus production, HEK293T cells were co-transfected with the psPAX2 packaging 

vector, VSVg envelope vector, and the pLVX carrier plasmid at a 5:4:1 ratio using the 

Trans-IT Lenti (Mirus Bio) reagent. After 48 h, the supernatant was collected, centrifuged at 

1000g for 5min, and filtered through a 0.45μm nitrocellulose filter. The virus was then added 

to target cells, and stably transduced cells were selected with puromycin 48 h later.

2.10 Co-culture of cancer cells with pre-activated CD8+ T cells.

PBMCs were isolated from blood donated by healthy donors using Ficoll-Plaque separation 

media (GE Healthcare, Chicago, IL, USA). The RosetteSep Human CD8+ T cell 

Miliotis and Slack Page 5

Cancer Lett. Author manuscript; available in PMC 2022 October 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Enrichment cocktail (StemCell Technologies, Vancouver, Canada) and the EasySep Human 

CD8+ T cell Isolation kit (StemCell Technologies) were used for negative selection of CD8+ 

T cells from whole blood.

Isolated CD8+ T cells were activated with Dynabeads Human T-Activator CD3/CD28 

(ThermoFisher Scientific) for three days as per the manufacturer’s protocol. Pre-activated 

CD8+ T cells, or control inactivated cells, were washed once with PBS, resuspended in 

fresh media and directly co-cultured with cancer cells that had been transfected with miRNA 

mimics or siRNAs 48 h before. The cells were co-cultured for 48 h.

For intracellular staining of IFNγ, 5 h before the collection of the cells, GolgiStop 

(BD Biosciences, Franklin Lakes, NJ, USA) was added to the media. The supernatant 

containing CD8+ T cells was then collected, the dynabeads were removed magnetically, 

and the cells were stained with FITC anti-human CD8, clone SK1 and APC/Cyanine7 

anti-human CD3, clone SK7 (Biolegend, Dedham, MA, USA). The cells were then fixed 

and permeabilized using the Cytofix/Cytoperm buffer (BD Biosciences), according to 

the manufacturer’s protocol. Intracellular staining was performed with the IFN gamma 

monoclonal Antibody 4S.B3, PE (#12-7319-41) or the mouse IgG1 kappa isotype control 

P3.6.2.8.1, PE (#12-4714-41) purchased from ThermoFisher Scientific. Sample acquisition 

was performed using the Cytoflex LX Cytometer and the data were analyzed with the 

FlowJo Software.

To determine the concentration of secreted IFNγ and interleukin 2 (IL-2), the co-culture 

media was collected, and cells were removed by centrifugation. The supernatant was 

then serially diluted and IFNγ and IL-2 concentrations were measured using the ELISA 

MAX™ Deluxe Set Human IFNγ (Biolegend) and ELISA MAX™ Deluxe Set Human IL-2 

(Biolegend), respectively.

2.11 Treatment with the demethylating agent 5-aza-2’-deoxycytidine

Cells were treated with fresh 5-aza-2’-deoxycytidine (final concentration 0–2μM) for 5 

consecutive days, corresponding to at least 3 division cycles for all cell lines. Total RNA and 

genomic DNA (gDNA) were extracted at the end of the treatment.

For 5-methylcytosine (5mC) dot blots, gDNA was denatured in 1M NaOH by heating at 

95°C for 10 min. Denatured gDNA was spotted on a Hybond-N+ membrane (Amersham 

Biosciences Corp., Little Chalfont, UK) and crosslinked using the Autocrosslink mode on 

the Stratalinker UV Crosslinker 2400 (Stratagene, La Jolla, CA, USA). The blot was then 

blocked in 5% non-fat dry milk in TBST for 1 h at room temperature (RT) and incubated 

with 5mC rabbit mAb (D3S2Z, CST) at 1:1 000 dilution in blocking buffer overnight at 4°C. 

Finally, the blot was incubated with anti-rabbit IgG – HRP-linked antibody (#7074) diluted 

1:10 000 in blocking buffer for 1 h at RT.

2.12 Bisulfite PCR

Genomic DNA was extracted using the Monarch Genomic DNA purification kit (NEB). 

500ng of gDNA were bisulfite converted using the EZ DNA Methylation-Gold kit (Zymo 

Research). The bisulfite-converted gDNA was eluted in 10μl and 1μl was used for each PCR 
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reaction. Two rounds of PCR with the OneTaq DNA polymerase (NEB) were performed 

to amplify the CT-GABRA3 promoter. The CTGAB3 F1-R1 primer pair (Supplementary 

Table 1) was used in the first round. The PCR product was diluted 1:200 and 1μl of the 

diluted product was used for the second round of PCR with the CTGAB3 F2-R2 primer pair 

(Supplementary Table 1). The final PCR products were cloned into the pMiniT 2.0 vector 

using the NEB PCR cloning kit (NEB). Five clones per cell line were analyzed with Sanger 

sequencing.

3. Results

3.1 Identification of a cis-acting region in the 3′UTR of PD-L1 that affects its post­
transcriptional regulation

To identify repressive cis-acting regions in the 3′UTR of PD-L1 in gastric cancer, we 

employed a reductionist approach. The 2.7kb-long 3′UTR of PD-L1 was divided into ten 

overlapping fragments and each was cloned downstream of the Renilla luciferase gene in 

the psicheck2 luciferase reporter vector (Fig. 1A). To measure the basal post-transcriptional 

activity of each fragment, luciferase assays were performed with all fragments, as well as 

an empty vector negative control and a full-length (FL) 3′UTR positive control, in SNU719 

gastric cancer cells. Two fragments, designated F2.1 and F5.2, were found to downregulate 

luciferase activity compared to empty vector control (Fig. 1B) and were further fragmented 

into overlapping 100bp-long fragments. The repressive activity of the F2.1 and F5.2 

fragments was narrowed down to the smaller F212 and F522 fragments, respectively (Fig. 

1C). To determine whether they were not only sufficient, but also necessary for reporter 

repression, the sequences corresponding to these fragments were deleted from the full-length 

3′UTR. The F522 fragment (chr9:5,470,385- 5,470,502, GRCh38) was the only fragment 

that when deleted from the FL construct resulted in an increase in reporter activity (Fig. 1D). 

A similar pattern in regulation by the F522 3′UTR fragment was observed in reporter assays 

performed in two additional gastric cancer cell lines (Fig. 1E). This indicates that the F522 

3′UTR fragment contains cis-acting elements that promote post-transcriptional repression of 

PD-L1.

3.2 miR-105-5p is predicted to bind to F522 and its expression is negatively correlated 
with PD-L1 expression in cancer patients

Using data from the TCGA STAD cohort (29), we sought to identify miRNAs that are 

negatively correlated with PD-L1 expression in patient samples. Normalized expression data 

for PD-L1 and all host miRNAs in tumors from 368 STAD patients were obtained from 

Xenabrowser (https://xenabrowser.net), and a Spearman’s rank-order correlation analysis 

was performed between PD-L1 and each miRNA individually (Fig. 2A). Following false 

discovery rate (FDR) correction, 24 miRNAs were found to have a significant negative 

correlation with PD-L1 expression (Supplementary Table 2). One of those miRNAs, 

miR-105-5p, is predicted by TargetScan (http://targetscan.org) and microT-CDS/Diana 

Tools (http://diana.imis.athena-innovation.gr/DianaTools) to have a binding site in the F522 

3′UTR fragment of PD-L1, as well as an additional potential binding site in the F5.1 

fragment (Fig. 2B) (30, 31). Interestingly, miR-105-5p has also been found to bind to 

the putative F522 site, but not the F5.1 site, in a meta-analysis of multiple Argonaute 
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2 (AGO2)-Cross-linking immunoprecipitation (CLIP) experiments from different cancer 

cell lines, including nasopharyngeal carcinoma, Ewing’s sarcoma and lymphoma cell 

lines (Supplementary Fig. 1A) (32–37). In addition, to validate the negative correlation 

observed between miR-105-5p and PD-L1 in the TCGA gastric cancer cohort, we 

performed a correlation analysis between the host gene of miR-105-5p, GABRA3, and 

PD-L1 in a different gastric cancer cohort of 300 samples (38). A significant negative 

correlation was identified in the second cohort as well (Supplementary Fig. 1B). Finally, 

miR-105-5p expression negatively correlates with PD-L1 expression in other cancer types 

(Supplementary Fig. 1C). The strongest negative correlation coefficient is found in Low 

Grade Gliomas (LGG), which is notable given that miR-105-5p is normally detected only in 

the brain and testis (19).

3.3 PD-L1 is a direct target of miR-105-5p

To confirm functional binding of miR-105-5p to the PD-L1 3′UTR, we co-transfected 

miR-105-5p mimics with the PD-L1 3′UTR FL and F522 luciferase reporters. 

Overexpression of miR-105-5p resulted in downregulation of the luciferase activity 

conferred by these constructs, suggesting the ability of miR-105-5p to bind to the PD-L1 
3′UTR, either at the F522 site alone or both F522 and F5.1 sites (Fig. 3A). To determine 

whether both putative binding sites are functional, we mutated the seed-binding sequence of 

each site individually (Fig. 3B). The mutations consisted of the shuffling of six nucleotides 

(positions 2–7) in the predicted seed-binding sequences. Mutation of the F522 site alone 

was sufficient to abolish reporter repression caused by miR-105-5p co-transfection with 

the FL reporter, whereas mutation of the F5.1 site had no significant effect (Fig. 3C). 

In addition, overexpression of miR-105-5p had no significant effect on reporter assays 

with the F522del and F5.1 PD-L1 3′UTR constructs (Fig. 3C). This data suggests that 

miR-105-5p primarily binds to the predicted F522 site. To confirm functional binding with 

an independent reporter system, we used a single-cell dual-fluorescence reporter construct 

carrying the mCherry and eYFP genes controlled by a bidirectional promoter. The FL 

3′UTR of PD-L1 was cloned downstream of the mCherry gene, while the eYFP gene 

contained a rudimentary 3′UTR sequence (Fig. 3D). AGS cells were co-transfected with 

the dual-fluorescence reporter construct and miR-105-5p or miR-control mimics and then 

analyzed by flow cytometry. Overexpression of miR-105-5p resulted in the downregulation 

of mCherry intensity compared to control eYFP intensity (Fig. 3E), confirming functional 

binding of miR-105-5p to the PD-L1 3′UTR.

3.4 miR-105-5p downregulates constitutive and IFNγ-induced PD-L1 expression

Next, we determined whether overexpression of miR-105-5p downregulates PD-L1 

expression at the mRNA, total protein, and surface expression levels. For further analysis, 

we selected two cell lines, AGS and MKN74, with low and high miR-105-5p expression, 

respectively (Fig. 4A). Transfection with a miR-105-5p mimic reduced constitutive PD-L1 

levels in both cell lines (Fig. 4B–E). Transfection of HEK293T and A549 cells with 

miR-105-5p mimics also resulted in a reduction in PD-L1 surface expression levels, 

further suggesting that the miR-105-5p/PD-L1 axis is not unique to gastric cancer (Fig. 

4E). Pro-inflammatory cytokines like IFNγ are known to be strong inducers of PD-L1 

expression in gastric and other cancers (39, 40). To identify whether miR-105-5p could 
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offset IFNγ-mediated induction of PD-L1 expression, AGS and MKN74 were transfected 

with miR-105-5p or miR-control mimics and then treated with IFNγ for 24 h. A reduction in 

IFNγ-induced PD-L1 expression was observed in miR-105-5p overexpressing cells for both 

cell lines (Supplementary Fig. 2A–B).

Several miRNAs have been shown to affect PD-L1 expression indirectly, through 

modulating IFNγ signaling or by targeting transcription factors involved in PD-L1 

regulation (41–44). To determine whether miR-105-5p controls PD-L1 expression not only 

through direct binding to its 3′UTR, but also through indirect transcriptional effects we 

performed reporter assays with a PD-L1 promoter construct. Overexpression of miR-105-5p 

did not have a significant effect on the activity of the PD-L1 promoter reporter, suggesting 

that miR-105-5p does not affect PD-L1 transcription (Supplementary Fig. 2C).

Finally, transfection of miR-105-5p inhibitors in MKN74 cells resulted in significant 

downregulation of miR-105-5p expression (Fig. 4F), partly reversed repression of the FL 

and F522 PD-L1 3′UTR luciferase reporters (Fig. 4G) and resulted in increased PD-L1 

protein levels (Fig. 4H).

3.5 Overexpression of miR-105-5p in cancer cells promotes T-cell activation in co-culture 
experiments

To determine the effect of miR-105-5p on the immunogenicity of cancer cells, we performed 

in vitro co-culture experiments. CD8+ T cells isolated from healthy blood donors were 

activated with α-CD3/CD28 beads for three days and then co-cultured with miR-105-5p 

or miR-control mimic-transfected MKN74 or AGS cells. After 48 h, T cell activity was 

determined by intracellular IFNγ staining and by measuring the levels of secreted IFNγ 
and IL-2 using ELISA assays. MKN74 cells overexpressing miR-105-5p allowed for higher 

levels of CD8+ T cell activation than cells transfected with miR-control mimics (Fig. 

5A–C). In the case of AGS cells, downregulation of PD-L1 by transfection with small 

interfering RNAs (siRNAs) against PD-L1 did not affect CD8+ T cell activity in co-culture 

experiments (data not shown). To increase sensitivity of the co-culture assay, we created 

AGS cells stably overexpressing PD-L1 (AGS-PDL1). The PD-L1 construct used to create 

the AGS-PDL1 cell line included both the coding sequence (CDS) and 3′UTR of PD-L1. 

Transfection of miR-105-5p mimics resulted in a two-fold reduction in PD-L1 expression 

even in AGS-PDL1 cells (Supplementary Fig. 3). Overexpression of PD-L1 in AGS cells 

inhibited activation of CD8+ T cells, as measured by intracellular IFNγ staining (Fig. 

5D–E). Transfection of miR-105-5p in wild-type AGS cells had no effect on CD8+ T cell 

activation, similar to siPD-L1 transfection (Fig. 5D–E). In contrast, miR-105-5p mimic 

transfection in AGS-PDL1 partially reversed the effect of PD-L1 overexpression on CD8+ 

T cell activation, as measured by both intracellular IFNγ staining and IFNγ/IL-2 ELISA 

assays (Fig. 5D–F). Our findings reveal that miR-105-5p overexpression can promote 

immune surveillance in gastric cancer through downregulation of PD-L1.

3.6 Promoter methylation controls miR-105-5p expression in gastric cancer

As mentioned above, miR-105-5p is an intronic miRNA located in the GABRA3 gene on 

chromosome X and is normally only expressed in the brain and testis (17). The reference 
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GABRA3 (ref-GABRA3) transcript variant consists of 10 exons, and miR-105 is processed 

form the first intron. A recent study showed that an alternative promoter controls to the 

expression of a unique GABRA3 transcript (CT-GABRA3) in melanoma and lung cancer 

(18). The CT-GABRA3 transcript shares exons 2–10 with the ref-GABRA3 transcript 

but skips exon 1. To determine whether GABRA3 expression in gastric cancer is mainly 

driven by the ref- or the CT- GABRA3 transcript we analyzed the exon expression profile 

of TCGA STAD patients. We show that despite very strong pairwise correlation in the 

expression of exons 2–10, expression of exon 1 is poorly correlated with all other exons 

(Supplementary Fig. 4A–B). Using an RPKM (Reads Per Kilobase of transcript per Million 

mapped reads) cutoff of 0.5, we identify that less than 10% of patients with detectable 

expression of exons 2–10 also have detectable expression of exon 1 (Supplementary Fig. 

4C). This indicates that in most gastric cancer samples with detectable GABRA3 expression, 

the transcript that is expressed is most likely CT-GABRA3. The CT-GABRA3 promoter 

also controls the expression of the MAGEA6 gene. Genes controlled by a bidirectional 

promoter are commonly co-expressed and, indeed, MAGEA6 and GABRA3 show strong 

positive correlation in gastric cancer patient samples (Supplementary Fig. 4D ) and cell lines 

(Supplementary Fig. 4E).

For analysis of GABRA3 expression in gastric cancer cells in vitro, we selected four cell 

lines with variable miR-105-5p expression (Fig.4A) and no copy number alterations in the 

GABRA3 gene in the Cancer Cell Encyclopedia (CCLE) database (Fig. 6A) (45). The 

MKN74 cell line was excluded from further analysis because it showed increased GABRA3 
copy number in this database (Fig. 6A). To determine whether GABRA3 expression in 

these cell lines correlates with CT-GABRA3 promoter methylation, we performed bisulfite 

PCR to analyze the methylation status of the CpG islands in the promoter. We found 

that SNU216 and SNU719, the cell lines with the highest miR-105-5p and GABRA3 
expression, had a hypomethylated CT-GABRA3 promoter, whereas NCI-N87 and AGS, the 

cell lines with the lowest miR-105-5p and GABRA3 expression, had the highest levels of 

CT-GABRA3 promoter methylation (Fig. 6B). By performing reverse transcription PCR 

(RT-PCR) with primers that can amplify either the ref- or the CT- GABRA3 transcript alone, 

we show that expression of GABRA3, and thus miR-105-5p, in SNU719 and SNU216 cells 

is primarily driven by the CT transcript (Fig. 6C). In contrast, AGS and NCI-N87 cells, 

which have low levels of miR-105-5p expression and high levels of CT-GABRA3 promoter 

methylation, show low levels of the ref-GABRA3 transcript, but no detectable levels 

of CT-GABRA3 transcript (Fig. 6C). Treatment with the de-methylating agent 5-aza-2’­

deoxycytidine (Fig. 6D) increased expression of miR-105-5p in NCI-N87 and AGS but 

not in SNU216 or SNU719 (Fig. 6E). As previously reported, global DNA demethylation 

leads to transcriptional overexpression of PD-L1 (46, 47). Therefore, to specifically identify 

whether hypomethylation-induced miR-105-5p expression can have a functional effect on 

the post-transcriptional regulation of PD-L1, we performed luciferase assays with WT and 

miR-105-5p site-mutant PD-L1 3′UTR reporters. Treatment with 5-aza-2’-deoxycytidine 

decreased luciferase activity in AGS cells transfected with a wild-type PD-L1 3′UTR 

reporter to a higher extent than cells transfected with a reporter bearing a mutation in the 

miR-105-5p binding site (Fig. 6F). This indicates that overexpression of miR-105-5p caused 
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by CT-GABRA3 promoter hypomethylation is sufficient to have a functional effect on the 

post-transcriptional regulation of PD-L1 expression.

4. Discussion

It was previously shown that disruption of the PD-L1 3′UTR by chromosomal structural 

variations results in an increase in PD-L1 levels in cancer (12, 48). This indicates that 

the 3′UTR of PD-L1 contains important cis-acting elements that fine-tune its expression. 

Different miRNAs and RBPs have been described to contribute to the regulation of PD-L1 
expression (49). Here, by performing reporter assays with PD-L1 3′UTR fragments and 

correlation analysis in patient data we identify miR-105-5p as an important mediator of 

PD-L1 post-transcriptional repression in gastric cancer. Using an in vitro co-culture assay, 

we show that miR-105-5p overexpression can counter immune escape caused by PD-L1 

upregulation in cancer cells. The miR-105-5p binding site in the PD-L1 3′UTR is only 

conserved among primates (30), thus complicating the pursuit of mouse model experiments 

to assess the effect of miR-105-5p on tumor immunogenicity in vivo.

Correlation analysis in different TCGA cohorts (Supplementary Fig. 1C), AGO-CLIP 

data from different cell lines (Supplementary Fig. 1A) and overexpression analysis in non­

gastric cancer cell lines (Fig. 4E) indicate that regulation of PD-L1 expression and tumor 

immunogenicity by miR-105-5p may be important in multiple cancer types.

Several studies have reported detection of miR-105-5p in the blood of cancer patients (21, 

24). Indeed, elevated levels of circulating miR-105-5p have been proposed as a biomarker 

for early detection of non-small cell lung cancer, as well as triple negative breast cancer 

(TBNC)(21, 24). The direct effect of miR-105-5p on PD-L1 expression and immune escape 

in cancer cells highlights miR-105-5p expression as a potential biomarker for PD-1/PD­

L1 therapy. Secretion of miR-105-5p to the tumor microenvironment and the blood has 

been shown to occur through packaging in exosomes (23, 50). Interestingly, a study on 

TBNC showed that exosomal miR-105-5p promotes metastasis through the modulation of 

neighboring endothelial cells (27). PD-L1 expression in stromal immune cells in the tumor 

microenvironment is known to be important in immune escape and tumor progression in 

gastric cancer (51), as well as other cancer types. This raises the question of whether cancer 

cell-derived exosomal miR-105-5p could affect immune escape through modulating PD-L1 

levels in neighboring tumor-resident immune cells.

Aberrant expression of GABRA3 and miR-105-5p has been described in multiple cancer 

types (22). In this study, we demonstrate that CT-GABRA3 is the primary GABRA3 
transcript expressed in gastric cancer (Supplementary Fig. 4). Hypomethylation of the CT­
GABRA3 promoter is associated with elevated expression of miR-105-5p and consequent 

post-transcriptional silencing of PD-L1 expression (Fig. 6B–F).

In conclusion, this study establishes a regulatory network that connects DNA methylation­

controlled upregulation of miR-105-5p with decreased PD-L1 expression and increased 

immunogenicity in cancer cells. We show that hypomethylation of the CT-GABRA3 
promoter is associated with induction of miR-105-5p expression in gastric cancer. Through 
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direct targeting of an important cis-acting regulatory region of the PD-L1 3′UTR, 

miR-105-5p downregulates PD-L1 expression and promotes CD8+ T cell activation in in 
vitro co-culture experiments. This is the first study that describes a role for miR-105-5p in 

cancer immune surveillance. The extensive in vitro evidence outlined in this study warrants 

the pursuit of future studies to determine whether miR-105-5p can serve as a predictive 

marker for PD-1/PD-L1 blockade therapy or a target for combinatorial immunotherapy in 

gastric cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• A 100bp-long region in the PD-L1 3′UTR is necessary and sufficient 

for post-transcriptional repression of PD-L1 expression and is bound by 

miR-105-5p.

• miR-105-5p regulates constitutive and interferon-induced PD-L1 expression 

in cancer.

• Overexpression of miR-105-5p increases immunogenicity of cancer cells 

through downregulation of PD-L1.

• Induction of miR-105-5p expression in gastric cancer occurs mainly through 

hypomethylation of a cancer-specific GABRA3 promoter.
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Figure 1. Identification of a post-transcriptionally repressive region in the PD-L1 3′UTR.
(A) Table with the PD-L1 3′UTR coordinates of the fragments used in the luciferase 

reporter assays. (B) Luciferase reporter assay with all ten 200–300bp long fragments, along 

with a full-length (FL) and an empty vector control, in SNU719 cells. The Renilla to Firefly 

luciferase activity ratio was calculated for each fragment. The results for each fragment were 

normalized against the empty vector control. (C) Luciferase reporter assays with smaller 

fractions (100bp-long) of the F2.1 and F5.2 fragments, which demonstrated repressive 

activity in (B). (D) The F212 and F522 fragments were deleted from the FL PD-L1 3′UTR 

reporter (del constructs). The activity of the deletion constructs was normalized to the 

FL control. (E) The same experiment as (C) and (D) for F212 and F522 was repeated 

in two additional gastric cancer cell lines. The activity of the fragments was normalized 

to the empty vector control, while the activity of the del reporters was normalized to the 
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FL control. All experiments were performed in triplicate and statistical significance of 

comparisons was assessed by Student’s t-test. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 2. miR-105-5p negatively correlates with PD-L1 expression in gastric cancer patient 
samples and is predicted to bind to the F522 fragment.
(A) Volcano plot representing the correlation of each miRNA with PD-L1 in TCGA 

STAD patients (n=368). Dots colored blue represent miRNAs with a significant negative 

correlation with PD-L1 expression (FDR p-value < 0.05). A table with the 10 miRNAs with 

the highest negative correlation coefficient with PD-L1 is shown on the right. miR-105-5p 

is highlighted. (B) A Venn diagram with the miRNAs that negatively correlate with PD-L1 
in blue and the miRNAs that are predicted to bind to the F522 fragment of the PD-L1 
3′UTR by microT-CDS in yellow. The miRNAs from each of the two analyses are listed in 

Supplementary Table 2. The only miRNA in the intersect is miR-105-5p.
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Figure 3. The binding of miR-105-5p to the PD-L1 3′UTR occurs mainly at the F522 fragment.
(A) Luciferase assay using the FL, F522, and F522del reporters with co-transfection of 

miR-105-5p or control mimics in AGS cells. (B) Binding sites of miR-105-5p in the PD-L1 
3′UTR, predicted with TargetScan (http://targetscan.org). (C) Targeted mutagenesis of the 

seed sequence of each of the two miR-105-5p binding sites in the FL reporter. FL-miR1mut 

carries a mutation in the seed sequence of the first miR-105-5p binding site shown in the 

table in (C), which maps to the F5.1 fragment. FL-miR2mut carries a mutation in the 

F522 binding site. To determine the effect of miR-105-5p overexpression in each construct, 

the data are normalized per construct to the relative luciferase levels measured with 

miR-control co-transfection. (D) Graphic representation of the dual fluorescence reporter 

construct. eYFP and mCherry are controlled by a doxycycline-inducible bidirectional 

promoter. The full-length PD-L1 3′UTR was cloned downstream the mCherry gene, while 

the eYFP gene carries a rudimentary 3′UTR. (E) Regression plot of eYFP vs mCherry log 

fluorescence intensity from three replicates for miR-control or miR-105-5p co-transfections 

with construct in (D). The slope of the regression line is reduced in the miR-105-5p 

transfected cells. The bar plot compares the median fluorescence intensity (MFI) ratio of 

mCherry to eYFP in miR-105-5p compared to miR-control transfected cells. All graphs 

represent the mean ± SD of three experiments, *P < 0.05; **P < 0.01; ***P < 0.001, by 

Student’s t-test.
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Figure 4. miR-105-5p expression affects PD-L1 levels in vitro.
(A) RT-qPCR analysis of miR-105-5p expression in five gastric cancer cell lines. 

miR-105-5p levels were normalized to miR-103a-3p. (B) qPCR analysis of PD-L1 
expression following miR-105-5p compared to miR-control mimic transfection in AGS 

and MKN74 cells. PD-L1 levels were normalized to GAPDH levels. (C) Western blot 

analysis of PD-L1 in total protein extracted from AGS and MKN74 cells transfected with 

siPD-L1 or miR-105-5p mimics, and respective controls. The levels of GAPDH are shown 

as an internal control. (D) Representative flow cytometry plots showing the percentage of 

PD-L1+ cells following miR-105-5p or miR-control mimic transfection in AGS and MKN74 

cells. The PD-L1+ gate comprises of cells with higher fluorescence intensity than cells 

stained with non-targeting isotype control. (E) A bar plot showing the relative levels of 

%PD-L1+ cells in miR-105-5p vs miR-control transfected cells in gastric cancer cell lines, 

as well as HEK293T and A549 cells. The relative percentage of PD-L1+ cells is normalized 

Miliotis and Slack Page 21

Cancer Lett. Author manuscript; available in PMC 2022 October 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to miR-control transfected cells for each cell line. (F) qPCR analysis of miR-105-5p 

expression in MKN74 cells transfected with miR-105-5p or control inhibitors. The levels 

of miR-105-5p were normalized to miR-103a-3p. (G) and (H) Luciferase assay and western 

blot analysis showing the effect of miR-105-5p antagomirs on PD-L1 expression in MKN74 

cells. All experiments were performed in triplicate. The graphs represent mean ± SD of 

three experiments, *P < 0.05; **P < 0.01; ***P < 0.001, by Student’s t-test. Representative 

images are shown for Western blotting.
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Figure 5. Overexpression of miR-105-5p in cancer cells downregulates PD-L1 and promotes 
increased activation of CD8+ T cells in an in vitro co-culture system.
(A) Representative flow cytometry plots showing the percentage of IFNγ-positive CD8+ 

T cells in a co-culture experiment with miR-control or miR-105-5p transfected MKN74 

cells. The cells were pre-selected for being CD3+CD8+. (B) Graph represents the relative 

percentage of IFNγ-positive CD8+ T cells in miR-control vs miR-105-5p transfected 

MKN74 cells in three independent experiments. (C) Supernatant collected from MKN74/

CD8+ T cell co-culture experiments was analyzed with ELISA assays for the levels of 

secreted IFNγ and IL-2. (D) Representative flow cytometry plots of the IFNγ-positive 

CD8+ T cells in a co-culture experiment with pLVX-control or pLVX-PD-L1 transduced 

AGS cells transfected with miR-control or miR-105-5p transfected. (E) Graph represents the 

mean of three independent experiments described in (D). (F) Supernatant from co-culture 

experiments described in (D) were analyzed by ELISA for the levels of secreted IFNγ and 

IL-2 from activated CD8+ T cells. All experiments were repeated in triplicate and bar plots 
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represent the mean ± SD of all experiments. Significance was calculated by Student’s t-test, 

*P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 6. DNA methylation at the CT-GABRA3 promoter controls expression of miR-105-5p in 
gastric cancer.
(A) Scatterplot of Copy Number vs mRNA expression of the GABRA3 gene in all stomach­

derived cell lines from CCLE. The four cell lines selected for further analysis are indicated 

with arrows. MKN74 was not pursued further due to increased GABRA3 copy number. 

(B) Bisulfite PCR was performed to analyze the methylation status of the CT-GABRA3 
promoter (GRCh38, chrX:152,769,581–152,769,864) in four gastric cancer cell lines. Five 

clones were sequenced for each cell line. Filled circles indicate methylated CpG islands, 

while blank circles indicate unmethylated CpG islands. (C) RT-PCR with primers either 

detecting both GABRA3 transcripts (b-GABRA3), only the ref-GABRA3 transcript or only 

the CT-GABRA3 transcript. RT-PCR for GAPDH is also shown as an internal control. 

(D) 5meC dot-blot with gDNA extracted from SNU719 cells treated with 0, 1, or 2 μM 

5’-aza-2’-deoxycytidine for 5 days. Relative intensity of each dot was calculated on ImageJ. 

(E) RT-qPCR analysis of miR-105-5p in gastric cancer cell lines treated with 0, 1, or 2 
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μM 5’-aza-2’-deoxycytidine for 5 days. (F) Luciferase assay with WT and miR-105-5p seed 

mutant constructs in AGS cells treated with 0, 0.5, 1, or 2 μM 5’-aza-2’-deoxycytidine 

for 5 days. For each 5’-aza-2’-deoxycytidine concentration the relative Renilla to Firefly 
luciferase activity is normalized to the miR-105-5p seed mutant construct.
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