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Abstract

A previous genome-wide association study (GWAS) revealed an
association of the noncoding SNP rs1663689 with susceptibility to
lung cancer in the Chinese population. However, the underlying
mechanism is unknown. In this study, using allele-specific 4C-seq
in heterozygous lung cancer cells combined with epigenetic infor-
mation from CRISPR/Cas9-edited cell lines, we show that the
rs1663689 C/C variant represses the expression of ADGRG6, a gene
located on a separate chromosome, through an interchromosomal
interaction of the rs1663689 bearing region with the ADGRG6 pro-
moter. This reduces downstream cAMP-PKA signaling and subse-
quently tumor growth both in vitro and in xenograft models. Using
patient-derived organoids, we show that rs1663689 T/T—but not
C/C—Dbearing lung tumors are sensitive to the PKA inhibitor H89,
potentially informing therapeutic strategies. Our study identifies a
genetic variant-mediated interchromosomal interaction underlying
ADGRG6 regulation and suggests that targeting the cAMP-PKA sig-
naling pathway may be beneficial in lung cancer patients bearing
the homozygous risk genotype at rs1663689.
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Introduction

Lung cancer is one of the most frequently diagnosed cancers and the
leading cause of cancer mortality worldwide, with an estimated 5-

year survival rate of approximately 19% (Paz-Ares et al, 2008;
Gadgeel et al, 2011; Ferlay et al, 2015; Bray et al, 2018; Bade & Dela
Cruz, 2020). Small-cell lung carcinoma (SCLC) and non-small-cell
lung carcinoma (NSCLC) are two major histological subtypes,
accounting for 15 and 85% of all lung cancers, respectively. NSCLC
consists primarily of adenocarcinoma (LUAD), squamous cell carci-
noma (LUSC), and large cell carcinoma (LCC; Zappa & Mousa, 2016;
Siegel et al, 2017). For patients with early-stage lung cancer, surgery
is generally recommended, while patients with advanced lung cancer
generally benefit from molecular targeted therapy (Vansteenkiste
et al, 2014) and platinum-based doublet therapy (Bradley et al, 2015;
Senan et al, 2016). Recent studies have revealed extensive genetic
diversity both between and within tumors. This heterogeneity affects
phenotypic variation and differential responses to therapeutic drugs.
Understanding molecular heterogeneity is critical for precision medi-
cine to tailor cancer treatments to the specific features of a patient’s
disease. For example, lung adenocarcinoma comprises genetic sub-
types with distinct, mutually exclusive alterations in genes such as
EGFR, KRAS, or ALK, and targeting EGFR- or ALK-mutant tumors
with targeted inhibitors prolongs survival and improves the patient
outcome (Collisson & Howell, 2014; Lin et al, 2016; Remon
etal, 2019a, 2019b, 2019c).

In addition to these well-known tumor-specific somatic muta-
tions, germline mutations also make great contributions to interpa-
tient heterogeneity. Genome-wide association studies (GWAS)
previously identified 81 lung cancer susceptibility variants in 51 loci
that are robustly associated with lung cancer risk (Bosse &
Amos, 2018; Dai et al, 2019). Functional analysis of these SNPs will
improve our understanding of lung tumor etiology and the develop-
ment of personalized treatment. However, as the vast majority
(> 80%) of GWAS hits are located in noncoding regions of the
genome, often at considerable genomic distances from annotated
genes, making an assessment of their potential function in disease
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etiology problematic (Hindorff et al, 2009; Freedman et al, 2011;
Javierre et al, 2016). The majority of cancer-associated noncoding
genetic variants are functionally uncharacterized.

It has been reported in a GWAS of a Chinese population that
SNP locus rs1663689 is associated with lung cancer susceptibility
and that the variant C allele is the protective allele (Dong
et al, 2012). The distribution of the C allele show racial disparity,
with a frequency (ALFA) of 20.431% in the European and 50% in
the Asian population. rs1663689 is located within an intergenic
region at chromosome 10pl.4. Its upstream neighboring gene is
GATA3, and its downstream neighboring gene is CELF2. In this
study, we observed a risk-preventive association between the
1s1663689 variant with lung cancer outcome. Using allele-specific
4C-seq in combination with genome-wide epigenetic information,
we found that rather than regulating its neighboring genes,
rs1663689 regulates the expression of ADGRG6, a gene located on
chromosome 6, via interchromosomal interaction and subse-
quently modulates the cAMP-PKA pathway. Further, we showed
that the PKA inhibitor H89 exhibits a striking inhibitory effect on
patient-derived lung cancer organoids carrying the T/T genotype
at rs1663689. Our studies demonstrated a nontraditional trans-
effect of a genetic variant and suggest a novel personalized treat-
ment strategy for lung cancer patients harboring the T/T genotype
at rs1663689.

Results and Discussion
The rs1663689 variant reduces proliferation and invasion in vitro

To explore the mechanism by which rs1663689 regulates lung can-
cer, we generated isogenic lung cancer cell lines homozygous for
the minor (C/C) allele from the major allele (T/T)-bearing lung can-
cer line H460 with the CRISPR/Cas9 technique. To exclude potential
off-target effects, we also generated T/T and C/C lines from a differ-
ent human lung cancer line, A549, which has the T/C genotype.
Parental H460 (T/T) and A549 (T/C) cells were also exposed to the
CRISPR/Cas9 complex. We confirmed the successful targeting of
rs1663689 by Sanger sequencing (Fig 1A) and then tested the resul-
tant differences in cellular behavior function. In a two-dimensional
culture of H460 and A549 lines, the C allele of rs1663689 was asso-
ciated with reduced proliferation but enhanced cell death in both
lines, as evaluated by 5-bromodeoxyuridine (BrdU) and Cell Death
ELISA assays (Fig 1B and C). Consistently, a significantly higher
level of cleaved Caspase3 was detected in H460 (C/C) cells than in
H460 (T/T) cells. Additionally, A549 (C/C) cells expressed higher
levels of cleaved Caspase3 than the corresponding T/C cells, and
the T/C cells expressed higher levels of cleaved Caspase3 than the
corresponding T/T cells (Fig 1D). PARP was not involved in
rs1663689-regulated cell death. In three-dimensional (3D) Matrigel
culture, T/T cells formed more and larger clones than C/C cells,
confirming the role of rs1663689 in cell proliferation. The spheroids
formed by both T/T and C/C cells were well-polarized, character-
ized by a basal distribution of Laminin5 (Patarroyo et al, 2002),
indicating that rs1663689 does not affect polarity (Fig 1E). T/T cells
formed acinus in 3D culture with the loss of inner cell mass through
anoikis, a type of apoptosis triggered by the loss of attachment to
the extracellular matrix (Frisch, 2001). However, C/C cells were not
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able to form large and hollow spheroids (Fig 1E). To explore
whether T/T and C/C cells exhibit similar sensitivity to anoikis, we
cultured H460 (T/T), H460 (C/C), A549 (T/T), A549 (T/C), and
A549 (C/C) cells in low-attachment plates to force them into suspen-
sion and measured cell death. Suspended cells with different geno-
types exhibited similar cell death in Cell Death ELISA assay and
expressed comparable levels of cleaved caspase3 and PARP
(Fig 1F), indicating that rs1663689 does not affect anoikis (Fig 1F).
C/C cells formed significantly less colonies in soft agar than T/C
cells, and each group formed less colonies than T/T cells (Fig 1G).
These results collectively indicated that rs1663689 regulates prolifer-
ation and apoptosis (Fig 1B-G). In addition, the C allele was associ-
ated with lower invasion and migration (Fig 1H and I), as evaluated
by the Boyden chamber assays.

To understand the molecular background underlying these
behavioral changes, we studied the transcriptomic differences
between H460 (T/T) and H460 (C/C) cells. Differential gene
expression analysis showed that 2,017 genes were downregulated
(Dataset EV1) and 1,708 genes were upregulated (Dataset EV2) in
H460 (C/C) cells compared with H460 (T/T) cells. We ranked the
differentially expressed genes by log2-transformed fold change
values and applied gene set enrichment analysis (GSEA) to iden-
tify the differentially expressed functional gene sets (Fig 1J). The
most enriched downregulated signaling pathways in H460 (C/C)
cells versus H460 (T/T) cells were related to the cell cycle, includ-
ing CENP-A-containing nucleosome assembly, centromere complex
assembly, membrane disassembly, and nuclear envelope disassem-
bly (Fig 1K; Dataset EV3). Specifically, TGEBRI, IGFBP4, NEKG6,
AURKA, CENPF, LAMBI1, CTGF, PTK2B, CCNB2, CDCA3, CDCAZ,
and CENPO were downregulated in H460 (C/C) cells compared
with H460 (T/T) cells (Fig 1L), supporting the finding that
1s1663689 regulates proliferation. The most enriched upregulated
signaling pathways in H460 (C/C) cells versus H460 (T/T) cells
were related to protein demethylation and cholesterol storage
(Dataset EV3).

The rs1663689 variant reduces tumor growth and lung
metastasis in vivo

To more directly study the function of rs1663689 in vivo, we subcu-
taneously injected A549 (T/T), H460 (T/T), A549 (C/C), and H460
(C/C) cells into BALB/c nude mice. Five weeks after inoculation, C/
C cells formed smaller subcutaneous tumors than T/T cells, for
both lines (Fig 2A-C). Immunostaining with a human Ki67 antibody
showed a twofold decrease in the proportion of Ki67-positive cancer
cells in C/C compared with T/T tumors (Fig 2D). In addition, when
we stained subcutaneous tumor tissue sections for HLA-I, which
can be used to distinguish human tumor cells from mouse cells, we
observed that C/C tumors were well circumscribed with no inva-
sion, while T/T tumors invaded the surrounding tissues (Fig 2E).
Consistent with this phenotype, when we stained cells collected
from the angular vein of the mice for HLA-I and tested circulating
tumor cells (CTCs) using FACS, we found that mice bearing A549
(C/C) and H460 (C/C) tumors contained significantly less CTCs
than those bearing A549 (T/T) and H460 (T/T) tumors (Fig 2F).
Additionally, our immunostaining analysis revealed less infiltrated
HLA-I-positive human cancer cell clusters in the lung tissue sections
in mice bearing A549 (C/C) and H460 (C/C) tumors than in those

© 2023 The Authors



Xinyue Lei et al

bearing A549 (T/T) and H460 (T/T) tumors (Fig 2G). Notably, the
C/C clusters were significantly smaller than the T/T clusters,
suggesting that rs1663689 also regulates proliferation in metastatic
sites. To confirm the role of rs1663689 in metastatic colonization,
we performed a 5-ethynyl-2’-deoxyuridine (EdU) incorporation
assay. We intravenously inoculated A549 (T/T) or A549 (C/C) cells
into BALB/c nude mice and analyzed lung metastasis on Days 2,
14, 28, and 42 postinjection. Immunofluorescence staining of lung
sections revealed that both A549 (T/T) and (C/C) cells have settled
down as small clusters in lung tissue on day 2 and followed by
incremental colonization from Days 14 to 42 (Fig 2H). Compared
with T/T cells, C/C cells exhibited a lower proliferative index and
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therefore formed smaller metastatic clones (Fig 2H). These results
indicate that rs1663689 functions in proliferation at both the pri-
mary and metastatic sites. These in vivo observations were consis-
tent with the in vitro findings: the C genotype at rs1663689 reduces
proliferation and invasion, which represses malignant lung cancer
progression.

rs1663689 is associated with lung cancer outcome
We next assessed the rs1663689 genotype in relation to the overall

survival of 239 Chinese lung cancer patients with known clinical
outcomes from the Tianjin Medical University Cancer Hospital.
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Figure 1. T allele of rs1663689 promotes cell proliferation and invasiveness.

A

Schematic representation of the experimental strategy to mutate rs1663689 by CRISPR/Cas9 technology is shown on the top. Sanger sequencing of CRISPR/Cas9-
modified cells is shown on the bottom.

BrdU incorporation assay for H460 and A549 cells. The mean £ SD represents 6 biological replicates in one experiment. Three independent experiments were
performed. **P < 0.01, ****P < 0.0001, unpaired two-tailed Student’s t-test.

Photometric enzyme immunoassay for the qualitative and quantitative in vitro determination of cytoplasmic nucleosomes. The relative cytoplasmic nucleosome
index for H460 and A549 cells was measured by detection with the cell death detection ELISA kit. The mean =+ SD represents 4 biological replicates in one
experiment. Three independent experiments were performed. *P < 0.05, **P < 0.01, unpaired two-tailed Student’s t-test.

Immunoblot showing the expression of Cleaved-PARP, Cleaved-CASP3, CASP3, and Actin in H460 and A549 cells.

H460 and A549 cells were cultured in 5% Matrigel for 10 days. Representative images of the 3D Matrigel culture are shown in the top panel, and
immunofluorescence staining with anti-laminin5 and DAPI is shown in the bottom panel (laminin5, red; DAPI, blue). Scale bars, 200 um. The right panel shows the
percentages of colonies with a diameter > 50 um and colonies with a diameter < 50 um. The mean =+ SD represents 5 visual fields from one experiment. Three inde-
pendent experiments were performed. ****P < 0.0001, unpaired two-tailed Student’s t-test.

The relative cytoplasmic nucleosome index was measured by detection with the cell death detection ELISA kit for H460 and A549 cells after 24 h under attached or
suspended conditions. Immunoblot showing the expression of Cleaved-PARP, Cleaved-CASP3, CASP3, and Actin in H460 and A549 cells after 24 h under attached or
suspended conditions. The mean =+ SD represents 4 biological replicates in one experiment. Three independent experiments were performed. ns, nonsignificant,
**P < 0.01, unpaired two-tailed Student’s t-test.

The indicated cells were allowed to grow in soft agar for 2 weeks, and colonies were counted. The mean + SD represents 3 biological replicates in one experiment.
Three independent experiments were performed. *P < 0.05, **P < 0.01, ***P < 0.001, unpaired two-tailed Student’s t-test.

Boyden chamber assay for H460 and A549 cells. The bar chart shows the corresponding counts of invaded cells. Scale bars, 200 um. The mean =+ SD represents 5
visual fields from one experiment. Three independent experiments were performed. ****P < 0.0001, unpaired two-tailed Student’s t-test.

Images showing the motility of H460 and A549 cells by Boyden chamber assay. Scale bars, 200 um. The mean + SD represents 5 visual fields from one experiment.

Three independent experiments were performed. ***P < 0.001, ****P < 0.0001, unpaired two-tailed Student’s t-test.
] The volcano plot maps based on RNA-seq data show changes in the gene expression profile in H460 (C/C) cells versus H460 (T/T) cells.
K Gene set enrichment analysis showed the top eight enriched pathways in H460 (C/C) cells versus H460 (T/T) cells. To the left of the column is the downregulated

pathways, and the right of the column is the upregulated pathways.

L Heatmap of differentially expressed genes identified based on RNA-seq data in H460 cells.

Source data are available online for this figure.

Patients with C/C genotype at rs1663689 exhibited moderate lon-
ger survival time than those with T/C genotype, but the benefit
was not statistically significant (P = 0.3798). Likewise, patients
with T/C genotype exhibited moderate longer survival time than
those with T/T genotype, but the benefit was not statistically sig-
nificant either (P = 0.1974). However, patients with C/C genotype
had significantly longer survival time than those with T/T geno-
type (P =0.0310, HR = 2.114) (Fig 2I and Table 1; Dataset EV4).
We did not observe any association between the rs1663689 with
either pathological stage or lymph node metastasis in the cohort
that includes the above 239 patients (Fig 2J and Table 1;
Dataset EV4).

rs1663689 regulates ADGRG6 through
interchromosomal interaction

We next sought to identify the target genes of rs1663689. Long-
distance regulation requires direct physical interactions between cis-
regulatory elements and their target genes through alterations in
higher-order chromatin structure (Fraser & Bickmore, 2007; Zheng
& Xie, 2019). Therefore, to globally screen for rs1663689-interacting
DNA sequences, we conducted allele-specific circularized chromo-
some conformation capture followed by sequencing (4C-seq) in the
heterozygous (T/C) A549 cell line using the rs1663689 region as bait
(Fig 3A). We also performed chromatin immunoprecipitation
followed by sequencing (ChIP-seq) for H3K4me3, a marker of pro-
moter regions, and for H3K27ac, a marker of active enhancers and
active promoters (Xia et al, 2019), to define the rs1663689-
interacting DNA sequences. The commonly or differentially detected
strong (top 5%) intrachromosomal /interchromosomal interactions
were shown in Fig 3B and C. None of these interacting fragments

4 of 15 EMBO reports  24: e56212 | 2023

showed differential enrichment of H3K4me3 or H3K27ac, suggesting
that these strong interactions are not involved in transcriptional reg-
ulation (Figs EV1 and EV2). Then, we screened all the allele-specific
interacting DNA fragments from raw data of 4C for those that simul-
taneously showed differential enrichment of H3K4me3 and identi-
fied 13 interactions (10 C-specific and 3T-specific interactions)
including 5 intrachromosomal interactions and 8 interchromosomal
interactions (Dataset EV5). Among them, only ADGRG6, a C-specific
interchromosomal interacting fragment that is located on chromo-
some 6, showed increased H3K4me3 and H3K27ac association and
transcription in T/T lines versus C/C lines (Fig 3D). The other 12
fragments, however, exhibited no transcriptional difference in A549
(T/T) and A549 (C/C) cells (Fig EV3). This rs1663689C-ADGRG6
interchromosomal interaction was also detected in 4C analysis using
A549 (C/C) cells but not in 4C analysis using A549 (T/T) cells
(Fig 3E), and further confirmed by DNA fluorescence in situ hybridi-
zation (FISH) in H460 and A549 cells (colocalization percentages:
6.0% in H460 (C/C), 3.5% in H460 (T/T), 6.7% in A549 (C/C),
5.4% in A549 (T/C), 3.5% in A549 (T/T); negative control: 2.8% in
H460 (C/C), 2.8% in H460 (T/T); 3.2% in A549 (C/C), 3.0% in
A549 (T/C), 3.1% in A549 (T/T)) (Fig 3F). Notably, the trans con-
tact frequency between rs1663689C and ADGRG®6 is less than 10%,
suggesting that this interchromosomal interaction is very dynamic,
consistent with the low interacting frequency observed in 4C
analysis.

Immunoblot showed that H460 cells carrying rs1663689 C/C
expressed less ADGRG6 than the corresponding T/T cells. Addition-
ally, A549 cells carrying rs1663689 C/C expressed less ADGRG6
than the corresponding T/C cells, and the T/C cells expressed less
ADGRG6 than the corresponding T/T cells (Fig 3G). Consistently,
expression quantitative trait locus (eQTL) analysis using data from
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another cohort of 175 Chinese cancer specimens obtained from the
Tianjin Medical University Cancer Hospital showed a strong associa-
tion of the C allele of rs1663689 with lower ADGRG6 transcript
levels (Fig 3H; Dataset EV6). The neighboring genes of rs1663689,
GATA3, and CELF2, were not altered, revealed by RNA-seq in H460
(C/C), H460 (T/T), A549 (C/C), and A549 (T/T) cells (Fig EV4A).
These data indicate that rs1663689 interchromosomally regulates
ADGRG6.

To confirm that colocalization with the rs1663689 region can
repress ADGRG6, we inserted the rs1663689-centered 710-bp DNA
sequence upstream of the ADGRG6 promoter into a luciferase
reporter construct and performed a luciferase assay. We found that
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the rs1663689 region inhibited the activity of the ADGRG6 promoter,
and this repression was independent of the genotype of rs1663689
(Fig 31). This suggests that rs1663689 resides within a silencer and
that rs1663689 may regulate the proximity between the silencer and
the ADGRG6 promoter because the T and C genotypes exhibit a sim-
ilar effect on the ADGRG6 promoter when adjacent to the promoter.
Taken together, these findings indicate that rs1663689C inhibits the
expression of ADGRG6 by mediating the physical interchromosomal
interaction. rs1663689T fails to establish this trans contact and
therefore releases the ADGRG6 promoter from silencing (Fig 3J).
However, ChIP-seq analysis showed that the reported silencer-
associated histone marks, such as H3K9me3, H3K27me3, and
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Figure 2. The T allele of rs1663689 promotes tumor growth and lung metastasis.

A-C  H460 (T/T), H460 (C/C), A549 (T/T), and A549 (C/C) cells were subcutaneously inoculated into BALB/c nude mice (n = 5). Primary tumors were resected after 5 weeks
(A). The graphs show the mean tumor volumes (B) and weight (C). Values shown are mean + SD obtained from animal experiments. *P < 0.05, **P < 0.01, two-way
ANOVA (B) and unpaired two-tailed Student’s t-test (C).

D IHC staining for Ki67 in primary tumors from animals. The panels show representative images (left), and the graph shows the quantification of Ki67-positive cells in
the tumor (right). Scale bars, 100 pm. The mean =+ SD represents 5 visual fields from each tumor tissue. ***P < 0.001, ****P < 0.0001, unpaired two-tailed Stu-
dent’s t-test.

E Hematoxylin and eosin and IHC staining for HLA-I were performed in subcutaneous tumor tissue sections. The arrowhead indicates tumor cells invading surround-
ing tissues. Scale bars, 200 um.

F The scatter plot and the percentage of HLA-I-positive circulating tumor cells (CTCs) in the peripheral blood were analyzed by flow cytometry, and numerical statis-
tics of the two groups were calculated (n = 5). Tumor-free mice were used as a negative control to determine the gating. *P < 0.05, **P < 0.01, unpaired two-tailed
Student’s t-test.

G Lung sections were stained as indicated. Left, lung metastases were detected in mice inoculated with subcutaneous tumors (immunofluorescence: DAPI, blue; HLA-
|, green). Scale bars, 40 um. Right, quantitation of lung metastatic nodules. The number of HLA-I-positive cells was counted in 5 sections per mouse. *P < 0.05,

**P < 0.01, unpaired two-tailed Student’s t-test.

H The schematic diagram of the EdU incorporation assay and representative images of lung sections stained as indicated (immunofluorescence: DAPI, blue; HLA-I,
green; Edu, red). Scale bars, 40 pm.

| The log-rank (Mantel-Cox) test of overall survival of 239 Chinese lung cancer patients based on rs1663689 genotype.

J The frequency of samples of Chinese lung cancer patients with stage |-l disease and lymph node metastasis stratified by rs1663689 genotype.

Source data are available online for this figure.

Table 1. Patient demographics used in overall survival analysis,
pathological stage, or lymph node metastasis.

ADGRGS is involved in rs1663689-regulated proliferation
and invasion

All
patients T/T T/C c/c . . . .

Characteristic (n = 239) (n=77) (n = 99) (n = 63) ADGRGG is a membe.r o'f the a.dhesmr.l GPCR family and medla?es
cell-extracellular matrix interactions with type IV collagen and prior
Age at treatment protein as its agonistic ligand (Fredriksson et al, 2003; Bjarnadottir
Mean + SD 604 +£81 606+75 602+80 604+381 et al, 2004; Paavola et al, 2014; Hamann et al, 2015; Petersen
Median (range) 62 (30-74) 62 (34-74) 62 (34-70) 62 (30-74) et al, 2015; Kiuffer et al, 2016). ADGRG®6 is crucial for development
Sex, no. (%) and its germline mutations or somatic mutations are associated with
multiple developmental diseases in humans (Hancock et al, 2010;
Female 111 (46) 43 (56) 41 (42) 27 (43) ..
Kou et al, 2013; Ravenscroft et al, 2015; Shaffer et al, 2017; Hosseini
Male 128 (54) 34 (44) 58 (58) 36 (57) et al, 2019). To explore whether ADGRG6 is involved in rs1663689-
Primary diagnosis, no. (%) regulated proliferation and invasion, we knocked down ADGRG6 in
LUAD 179 (75) 64 (83) 68 (69) 47 (75) H460 (T/T) and A549 (T/T) cells and overexpressed ADGRG6 in
LUSC 47 (20) 10 (13) 23 (23) 14 (22) .H460.(C/C) and A549 (C/C) cells .and analyz.ed the proliferation and
invasion phenotypes of the resulting cells (Fig 4A). ADGRG6 knock-
e 6@ 1@ >0) 00 down in T/T cells decreased the proliferative index and invasive
SCLC 70 2(3) 3(3) 2(3) capability to the levels seen in the corresponding C/C cells, whereas
Survival, no. (%) ADGRGO6 overexpression in C/C cells enhanced the proliferative
S 181 (76) 53 (69) 76 (77) 52 (83) index and invasive capability to the levels seen in the corresponding
T/T cells (Fig 4B and C). These results indicate that ADGRG6 greatly

Death 58 (24) 24 (31) 23 (23) 11 (17) . . . . .
contributes to rs1663689-regulated proliferation and invasion. Thus,
TNM stage, no. (%) our study identifies a noncoding SNP that is involved in a long-
I 145 (61) 45 (59) 59 (60) 41 (65) range interaction underlying ADGRG6 transcriptional regulation.
1 45 (19) 15 (19) 20 (20) 10 (16) Compared with intrachromosomal interactions, many fewer inter-
" 49 (20) 17 (22) 20 (20) 12 (19) chromosomal 1nt.eract10ns are known. Interchromosomal 1ntera.c—
- - . tions are mostly involved in promoting the formation of chromatin
RO 3 EEREEE e (6 domains such as centromere clusters and the nucleolus or control-
NO 168 (70) 50 (65) 73 (74) 45 (71) ling X chromosome inactivation (Bacher et al, 2006; Xu et al, 2006;
N1 23 (10) 9(12) 8 (8) 6 (10) Splinter & de Laat, 2011; Quinodoz et al, 2018; Muller et al, 2019;
N2/N3 48 (20) 18 (23) 18 (18) 12 (19) Nedeljkovic & Sundberg, 2020). Our study demonstrates the patho-

LCC, large cell carcinoma; LUAD, adenocarcinoma; LUSC, squamous cell
adenocarcinoma; SCLC, Smallsmall-cell lung carcinoma.

H3K27ac (Rea et al, 2000; Heintzman et al, 2007; Campos & Rein-
berg, 2009; Pang & Snyder, 2020), were not enriched in this
1s1663689-encompassing DNA fragment (Fig EV4B).
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The PKA inhibitor H89 reduces the growth of patient-derived
organoids carrying the homozygous T/T genotype at rs1663689

ADGRG®6 signals through Gso proteins to transiently elevate cyclic
adenosine monophosphate (cAMP) and activate PKA in Schwann

© 2023 The Authors
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cells (Moriguchi et al, 2004; Stehlik et al, 2004; Pogoda et al, 2006;
Monk et al, 2009, 2011; Glenn & Talbot, 2013; Mogha et al, 2013,
2016; Paavola et al, 2014). Because tumor cells carrying the homo-
zygous T/T genotype express higher levels of ADGRG6 than cells
with other genotypes, we expected that these cells would exhibit rel-
atively higher PKA activity. Indeed, the level of PKA substrate phos-
phorylation in A549 (T/T) cells was higher than that in A549 (T/C)
cells, and the level of PKA substrate phosphorylation in A549 (T/C)
cells was higher than that in A549 (C/C) cells. Similarly, the level of
PKA substrate phosphorylation in H460 (T/T) cells was higher than
that in H460 (C/C) cells (Fig 5A). We next explored the responses of

EMBO reports

H460 and A549 cells carrying different rs1663689 genotypes to
the PKA inhibitor H89 [N-[2-p-bromocinnamylamino-ethyl]-5-
isoquinolinesulfonamide], a compound that blocks PKA actions
through competitive inhibition of the adenosine triphosphate site on
the PKA catalytic subunit (Lochner & Moolman, 2006; Fig 5A). As
expected, H89 treatment significantly impaired the proliferation and
invasion of H460 and AS549 cells carrying the homozygous T/T
genotype of rs1663689 (Fig 5B and C). However, H89 treatment had
little effect in both cell lines carrying the homozygous C/C genotype
of 1s1663689 (Fig 5B and C). To further confirm that targeting PKA
may benefit lung cancer patients carrying the T/T genotype at
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Figure 3. rs1663689 regulates ADGRG6 through interchromosomal interaction.

A
B

Flow chart of 4C technology.

The panel shows the intrachromosomal interactions within 2 Mb around the central position of rs1663689 (T/C). 4T-specific and 3 C-specific intrachromosomal inter-
actions were marked with asterisks above them. The axes label of 2 Mb scales is chr10:7980000-9980000.

Circos plot for intrachromosal interactions and interchromosomal interactions in T allele-specific 4C compared with C allele-specific 4C of A549 (T/C) cells as detected
from broad domain analysis using domainograms.

Venn diagram showing the degree of overlap between allele-specific interacting DNA fragments in raw data of A549 (T/C) cells and the specific enrichment of
H3K4me3 peak of A549 (T/T) cells and A549 (C/C) cells.

4C-seq distribution map showing specific peaks in A549 (T/C) cells, A549 (T/T) cells and A549 (C/C) cells, H3K4me3 ChIP-seq, H3K27ac ChIP-seq, and RNA-seq distribu-
tion at representative gene loci, showing specific peaks in both A549 (T/T) and A549 (C/C) cells, H460 (T/T) and H460 (C/C) cells. The yellow shade indicates the ADGRG6
promoter.

The location diagram shows 4C enrichment around the negative control and ADGRG6 probe. Representative images of nuclei stained with DNA FISH probes for SNP
rs1666389 (green) and negative control (red) or ADGRG6 (red) in H460 and A549 cells. The numerical points in the figure show the percentage of colocation in seven
slides (with a total of 80 nuclei). Arrows point to the colocation signals. Nuclei with a green or red positive signal are listed in the counting range. Values shown are
mean =+ SD. Scale bars, 5 um. ns, nonsignificant, *P < 0.05, **P < 0.01, unpaired two-tailed Student’s t-test.

Expression of ADGRG6 at the protein levels in H460 and A549 cells.

eQTL analysis demonstrating the correlation between the rs1663689 genotype and the expression of ADGRG6 in the clinical patient cohorts. The P-value of the linear
model was assessed by the Kruskal-Wallis test. Values shown are mean + SD.

Luciferase reporter activity is shown with pGL3-basic vector, vector with ADGRG6 promoter, and vector with a 710-bp SNP-centered sequence inserted upstream of
the promoter. The mean =+ SD represents 3 biological replicates in one experiment. Three independent experiments were performed.

Graphical representation of the role of the noncoding SNP rs1663689 in regulating interchromosomal interaction. rs1663689 resides within a silencer, and the C allele
promotes an interchromosomal interaction between the silencer and ADGRG6 promoter, which inhibits the expression of ADGRG6. rs1663689T fails to establish this
trans contact and therefore releases the ADGRG6 promoter from silencing, which increases ADGRG6 expression.

Source data are available online for this figure.
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Figure 4. ADGRG6 is involved in rs1663689-regulated proliferation and invasion.

A

Protein expression of ADGRG6 or Actin after ADGRG6 knockdown in T/T cells and overexpression in C/C cells.

B, C BrdU incorporation assay (B) and Boyden chamber assay (C) of ADGRG6-knockdown T/T cells and ADGRG6-overexpressing C/C cells. Values shown are mean =+ SD

obtained from one experiment. Scale bars, 200 um. Three independent experiments were performed. **P < 0.01, ****P < 0.0001, unpaired two-tailed Student’s
t-test.

Source data are available online for this figure.

rs1663689, we used patient-derived organoids (PDOs). We collected tumor 7: T/C; tumor 8: T/C; tumor 9: T/C; tumor 10: T/C; tumor
15 fresh human primary lung cancer tissues (tumor 1: T/T; tumor 2: 11: T/C; tumor 12: T/C; tumor 13: T/C; tumor 14: C/C; tumor 15:
T/T; tumor 3: T/T; tumor 4: T/T; tumor 5: T/C; tumor 6: T/C; C/C, Table EV1), disassociated the cancer tissues into individual
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Figure 5. H89 exhibited a significantly repressive effect on the proliferation and invasiveness of cancer cells and impaired the growth of patient-derived

organoids (PDOs) harboring the homozygous T genotype at rs1663689.

A Immunoblot showing the expression of PKA substrate phosphorylation, PKA, and Actin in the indicated cells and genotypes and the indicated cells treated with
H&9.
B, C BrdU incorporation assay (B) and Boyden chamber assay (C) of the indicated cells after treatment with H89. Scale bars, 200 pum. Values shown are mean =+ SD

obtained from one experiment. Three independent experiments were performed. ns, nonsignificant, **P < 0.01, ***P < 0.001, ****P < 0.0001, unpaired two-tailed

Student’s t-test.

D Representative images and quantification of patient-derived organoids treated with 20 uM H89 and controls. The mean =+ SD represents 5 visual fields from one
experiment. Scale bars, 20 um. ns, nonsignificant, ***P < 0.001, ****P < 0.0001, unpaired two-tailed Student’s t-test.

Source data are available online for this figure.

cells or cell clusters, and cultured them in 3-dimensional Matrigel
containing necessary factors, as described previously (Kim
et al, 2019). Except for tumor 1 (T/T) and tumor 5 (T/C), the other
13 tumors successfully developed organoids in the 3-dimensional
Matrigel. Notably, the 3 tumors carrying the T/T genotype at
rs1663689 developed larger organoids than the tumors carrying the
T/C or C/C genotype at 151663689 (Figs 5D and EV5), supporting
the above results showing that T is associated with elevated prolifer-
ation and reduced apoptosis. In addition, while H89 exhibited a sig-
nificant repressive effect on the growth of all T/T organoids, it had
no effect on C/C organoids (Figs 5D and EV5). T/C organoids from
different lung cancer patients exhibited differential responses to
H89. Organoids from tumors 6, 7, and 8 were repressed by H89,
whereas organoids from tumors 9, 10, 11, 12, and 13 were not
responsive to H89 (Figs 5D and EV5). These PDO data confirm that
rs1663689 may be predictive of cAMP-PKA dependency in lung can-
cers, which suggests that targeting ADGRG6 or the cAMP-PKA

© 2023 The Authors

signaling pathway may benefit lung cancer patients with the T/T
genotype at rs1663689.

How 151663689 regulates ADGRG®6 is not defined in this study.
Presumably, rs1663689 regulates the binding affinity of a transcrip-
tion factor that directly or indirectly controls the physical interchro-
mosomal interaction between the SNP and ADGRG6. Identifying this
transcription factor and deciphering the molecular mechanisms
underlying interchromosomal interaction formation will be an inter-
esting future study.

Materials and Methods
Human samples

The lung cancer tissues used in this study were all from the Tianjin
Medical University Cancer Hospital. Informed consent of patients
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was obtained before use, and samples were deidentified before anal-
ysis. The relevant experiments were approved by the Institutional
Review Committee of Tianjin Medical University.

Cell culture

A549, H460, and HEK293T cells were purchased from ATCC. A549
and H460 cells were cultured with 10% FBS-RPMI 1640 (GIBCO),
and HEK293T cells were cultured with 10% FBS-DMEM (GIBCO).
All cells were cultured at 37°C under a humidified atmosphere
containing 5% CO,.

SNP editing with CRISPR/Cas9

Single guide RNAs (sgRNAs) that bind near rs1663689 were designed
with an online tool (http://crispr.mit.edu/) and cloned into pX458,
which expressed green fluorescent protein and Cas9 (Addgene,
pSpCas9(BB)-2A-GFP, Plasmid 48138). A 68 bp double-stranded
DNA (dsDNA) containing “T” or “C” at rs1663689 was used for
homology-directed repair. A total of 4 ng pX458 containing sgRNAs
and 14 pmol of dsDNA donor were cotransfected into A549 and H460
cells in 60 mm culture dishes following the instructions of the Lipo-
fectamine™ 3000 Reagent Protocol (1684916, Thermo Fisher). Thirty-
six hours after transfection, FACS sorting was carried out using the
expression of GFP as a selection marker. Single cells were cultured in
96-well plates to form clones. Genomic DNA was extracted using a
Genomic DNA Purification Kit (EE101-02, TransGen) according to the
manufacturer’s instructions. The rs1663689 region was amplified by
PCR and verified by Sanger sequencing. Primers were listed in
Table EV2.

Brdu cell proliferation assays

For the cell proliferation assays, 1.5 x 10° cells were cultured in 96-
well plates for 24 h. 5-Bromo-2’-deoxyuridine was added according
to the manufacturer’s instructions, Cell Proliferation ELISA
(11647229001, Roche). The absorbance was measured at 450 nm on
an enzyme-labeled instrument.

Cell death ELISA assay

The apoptosis of A549 and H460 was assessed by Cell Death
Detection ELISA PLUS kit (11774425001, Roche) following the
manufacturer’s instructions. Briefly, 5 x 10* cells were cultured in
24-well plates for 24 h. Cells were harvested and lysed with 200 pl
lysis buffer for 30 min at room temperature, followed by centrifug-
ing at 200 g for 10 min. Twenty microlitre of the supernatant that
contains histone-associated DNA fragments was added into
streptavidin-coated microplate. Anti-Histone-Biotin and Anti-DNA-
POD were then added into the microplate for 90 min at room tem-
perature. After washing 3 times with incubation buffer, POD was
determined photometrically with 100 ul ABTS substrate. The
absorbance was read at 405 nm on an ELISA microplate reader.
For anoikis determination, cells were cultured on ultralow-
attachment 24-well plates for 24 h and harvested for cell death
detection.
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3D Matrigel culture

The growth factor-reduced Matrigel (Corning) was thawed at 0°C
overnight. Matrigel was diluted to 5% with prechilled 2% FBS-RPMI
1640 medium. Cells were trypsinized, centrifuged, resuspended,
counted, and diluted with 5% Matrigel-RPMI 1640 to 4 x 10°/ml,
and 500 pl of cell mixture was added to each well of 24-well
ultralow-attachment plates (Corning). Cells were incubated at 37°C
and 5% CO, for 8-10 days. The culture was replenished with 100 pl
of 5% Matrigel-RPMI 1640 every 2 days.

Soft agar colony formation

A two-layer soft agar system in 6-well plates was used. The lower
layer contained 10% FBS-RPMI 1640 and 0.6% agar, and the upper
layer contained 1 x 10* cells in a final volume of 1 ml of 10% FBS-
RPMI 1640 and 0.35% agar. The system was replenished with
200 pl of 10% FBS-RPMI 1640 every 3 days. After 2 weeks of incu-
bation, the dishes were stained with 0.005% crystal violet for 3 h,
and the numbers of colonies were quantified using ImageJ software.

Cell invasion assays

Twenty-four-well plates were used for this assay. A 500 pl volume
of 10%-FBS culture medium was added to each well before transfer-
ring Transwell inserts with 8 pm membrane (BD Biosciences)
coated with 20% Matrigel (Corning). A total of 2 x 10° cells
suspended in serum-free medium were plated into the upper cham-
ber of the Transwell inserts. After incubation at 37°C and 5% CO,
for 20 h, the cells that had invaded through the membrane to the
lower surface were fixed with 4% paraformaldehyde for 15 min,
stained with 0.1% crystal violet for 10 min, and washed three times
with PBS. Images were captured under an inverted microscope.

Migration assays

Twenty-four-well plates were used for this assay. The lower surface
of Transwell inserts with 8 ym membrane (BD Biosciences) was
precoated with 100 pg/ml poly-L-lysine (P4707, Sigma) at room
temperature for 10 min. The Transwell inserts were washed three
times with sterile water, and then coated with 50 pg/ml Laminin
(L2020, Sigma) at 37°C for 30 min and washed three times with PBS
before use. A 500 pl volume of 10%-FBS culture medium was added
to each well before transferring Transwell inserts. A total of 2 x 10°
cells suspended in 0.1% FBS-RPMI 1640 medium were plated into
the upper chamber of the Transwell inserts. After incubation at 37°C
and 5% CO, for 24 h, the cells that had migrated through the mem-
brane to the lower surface were fixed with 4% paraformaldehyde
for 15 min, stained with 0.1% crystal violet for 10 min, and washed
three times with PBS. Images were captured under an inverted
microscope.

Xenograft assay and circulating tumor cells experiments

Animal studies were approved by the Tianjin Medical University
Animal Care and Use Committee. All mice were maintained under

© 2023 The Authors
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specific pathogen-free conditions. H460 cells (2 x 10°) mixed with
human lung CAFs (1 x 10%) and A549 cells (6 x 10°) mixed with
human lung CAFs (3 x 10°) in 100 ul PBS containing Matrigel (1:1
vol/vol; Corning) were inoculated subcutaneously into BALB/c
nude mice (36 and 33 days). Tumor size was measured every
3 days using calipers with a Vernier scale. Tumor volume was cal-
culated as (length x width x width)/2. For the circulating tumor
cells (CTCs) assay, 1 ml blood from each mouse was collected into
EDTA tubes and diluted with 1 ml PBS. The tumor cells were
enriched using Ficoll centrifugation at 500 rpm for 30 min at room
temperature. The cells were washed in 10 ml PBS, and ACK was
used for erythrocyte lysis. CTCs were detected using an HLA anti-
body (1:200) and a FITC-conjugated secondary antibody (1:200).
DAPI was used to exclude dead cells. Then, the cells were analyzed
by flow cytometry.

EdU incorporation experiments

For the EdU incorporation assay, viable A549 cells (2 x 10°) were
resuspended in 100 pl PBS and injected into the tail vein of 5-week-
old female BALB/c nude mice. Three days before sacrifice on days
14, 28, or 42, mice were intraperitoneally injected with EAU at
400 pg/day (the mice that were sacrificed on day 2 were not given
EdU). Lung sections were processed for immunofluorescent detec-
tion of HLA and EdU.

Immunohistochemistry

Mouse tumor and lung tissues were fixed in 4% paraformaldehyde
overnight at 4°C and embedded in paraffin. Paraffin-embedded tis-
sues were cut into 5 pm sections. After dewaxing and rehydration,
the tissues were repaired and then washed with PBS followed by
permeabilization and blocking for 1 h and then staining with anti-
bodies against HLA-I (ab70328, Abcam) following standard DAB
staining protocols.

Immunofluorescence

Spheroids harvested from the 3D culture were transferred to slides
and air-dried. The slides were fixed with 2% PFA and successively
washed three times with 0.1% BSA in PBS and 0.75% glycine in PBS.
Then, slides were sequentially blocked with 10% normal goat serum
(NGS) and Fab (1:100) at room temperature for 1 h. The slides were
then incubated with laminin5 (ab78286, Abcam) primary antibody
(1:200) at 4°C overnight. On the next day, the slides were incubated
with goat anti-mouse secondary antibody (A21422, Thermo Fisher)
for 1 h and sealed with a DAPI-containing medium. To examine lung
metastases of subcutaneous tumors in mice, paraffin sections of lung
tissue were incubated with HLA-I primary antibodies (1:100) at 4°C
overnight and then with goat anti-mouse (A11001, Thermo Fisher)
secondary antibody (1:500) for 1 h at room temperature.

Gene expression analysis by qPCR and eQTL
Lung cancer tissues were collected from patients at Tianjin Medical
University Cancer Hospital, and informed consent was obtained from

all patients. For genomic DNA extraction, samples were subjected to
a kit following the manufacturer’s protocol and genotyping by
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Sanger sequencing. For total RNA extraction, tissues were cut into
small pieces, and RNA was isolated by TRIzol (15596026, Thermo
Fisher) and chloroform, precipitated with isopropanol, and washed
with 75% ethanol. cDNAs were synthesized from 2 pg of total RNA
using oligo(dT) with the RevertAid First Strand cDNA Synthesis Kit
(11483188001, Thermo Fisher). The mRNA expression of ADGRG6
was measured by RT-qPCR, which was performed using SYBR Green
Master Mix (DBI-2043, DBI® Bioscience). Primers were listed in
Table EV2.

4C-sequencing analysis

4C-seq was performed as previously described using EcoR I for the
first digestion and Cspé I for the second digestion. In brief, cells were
cross-linked in 2% formaldehyde for 10 min at room temperature,
and glycine (V900144, Sigma) was added to a final concentration of
0.2 M to quench the reaction. After crosslinking, the cells were rinsed
twice with cold PBS at room temperature and incubated in lysis
buffer (50 mM Tris—Cl, pH 8.0, 150 mM NaCl, 5 mM EDTA, 0.5%
CA630, 0.1% Triton X-100 and protease inhibitor cocktail
[04693132001, Roche]) with rotation for 1 h at 4°C. Cells were then
pelleted, washed, and resuspended in EcoR I buffer. SDS was added
to a final concentration of 0.3% for 1 h in a thermomixer at 37°C and
900 rpm. Triton X-100 was then added to a final concentration of
1.8% and incubated in a thermomixer at 37°C and 900 rpm for 3 h.
Two hundred units of EcoR I enzyme (New England Biolabs,
R3101M) were added for a 4 h incubation in a thermomixer at 37°C
and 900 rpm; another 200 units of EcoR I were added for overnight
incubation. EcoR 1 was heat-inactivated by incubation at 65°C for
20 min. Cells were suspended in a ligation buffer, to which
4,000 units of T4 ligase (New England Biolabs, M0202M) were added
and incubated for more than 8 h at 16°C and 300 rpm. After ligation,
300 pg Proteinase K was added for overnight incubation at 65°C and
400 rpm. DNA was purified and digested with 90 units of Csp6 I
(New England Biolabs, R0639S) and incubated for 5 h in a thermo-
mixer at 25°C and 500 rpm, followed by heat inactivation of the
enzyme at 65°C for 20 min. DNA was then diluted with ligation
buffer, and 100 units of T4 ligase were added for ligation overnight at
16°C and 300 rpm. The product of the second ligation, that is, circu-
larized DNA, was purified and amplified using bait-specific inverse
primers (29 bp downstream of rs1663689 and 55 bp downstream of
the EcoR 1 site) to identify the allele at the SNP and unknown DNA
sequences interacting with the bait. Primers were extended with over-
hanging Illumina adaptor sequences. After amplification, the PCR
products were pooled and purified. Sequencing reads were demulti-
plexed and trimmed of the primer sequence using the saber tool
(https://github.com/najoshi/sabre), mapped to the human reference
genome (hg38) with Bowtie2 (version 2.2.1) and converted to restric-
tion fragment space. The 4C data were analyzed by pipe4C using a
sliding window size of 0, then merged any fragment within 2,000 bp
using bedtools. The reads number was ranked for all interactions and
selected the top 5% of intrachromosomal interactions and the top 5%
of interchromosomal interactions for visualization.

Chromatin immunoprecipitation sequencing (ChlP-seq)

This assay was performed as previously described. A total of 1 x 107
cells were cross-linked in culture media containing 1% formaldehyde
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(preheated to 37°C) for 10 min at room temperature and then
quenched with 0.125 M glycine (V900144, Sigma) for 5 min. Cells
were washed twice with PBS and harvested in SDS Buffer (100 mM
NaCl, 50 mM Tris—Cl, pH 8.1, 5 mM EDTA, 0.5% SDS, and protease
inhibitor cocktail). After that, the cells were centrifuged at 500 g and
4°C for 10 min and resuspended in precooled IP Buffer (IP buffer = 1
volume SDS Buffer: 4 volume Triton Dilution Buffer [100 mM Tris—
Cl, pH 8.0, 100 mM NaCl, 5 mM EDTA, pH 8.0, 1.25% Triton X-100])
for sonication. The sonication settings were as follows: 10 s on, 20 s
off, 8 min of total sonication time, and amplitude 45%. Samples were
rotated at 4°C overnight with 6 pg of antibodies (H3K4me3 [ab8580,
Abcam], H3K27ac [ab4729, Abcam]). Antigen—antibody complexes
were collected with protein A Sepharose beads (17-0618-01, GE
Healthcare) rotating at 4°C for 6 h followed by centrifugation at
1,800 g and 4°C for 1 min. Beads were sequentially washed with
low-salt buffer (0.1% SDS, 1% Triton X-100, 150 mM NacCl, 2 mM
EDTA, pH 8.0, 20 mM Tris—Cl, pH 8.0) and high-salt buffer (0.1%
SDS, 1% Triton X-100, 500 mM NacCl, 2 mM EDTA, pH 8.0, 20 mM
Tris—Cl, pH 8.0). The beads were then resuspended in elution buffer
(1% SDS, 0.1 M NaHCOs3, and cocktail) and incubated at 65°C over-
night with shaking to elute DNA and reverse the crosslinking. Super-
natants containing DNA were purified with a MinElute PCR
Purification Kit (28106, QIAGEN) for sequencing library preparation.
Trimmed reads from the sequence were mapped to a restriction-
digested human reference genome (hg38) using Bowtie2 (version
2.2.1). The allele-specific interacting DNA fragments were screened
from raw data of 4C for those that simultaneously showed allele-
specific enrichment of H3K4me3. Peak calling of the H3K4me3 ChIP-
seq was conducted using MACS (v2.1.4). The differential peaks were
detected by Bioconductor packages edgeR and compared with all
allele-specific 4C contacts. Integrative Genomics Viewer (IGV) was
used to generate and visualize ChIP-seq tracks.

RNA sequencing

After the cell culture medium was discarded, TRIzol (15596026,
Thermo Fisher) was added to extract RNA. Three replicates for each
sample were submitted to Novogene for RNA sequencing. The
barcode sequence library was constructed using a TruSeq RNA Sam-
ple Preparation Kit (Illumina) and sequenced on a NovaSeq 6000
instrument.

Luciferase assays

Segments surrounding rs1663689 and the promoter of ADGRG6
were cloned into the multiple cloning site of the pGL3-basic vector
and verified by Sanger sequencing. 293 T cells were cultured in
10% FBS-DMEM until ready for transfection. Luciferase plasmids
were cotransfected into 293 T cells with the Renilla plasmid pRL-TK
as a control using Lipofectamine 3000 (1684916, Thermo Fisher).
After 24 h, firefly and Renilla luciferase activities were measured
using the Dual-Luciferase Reporter Assay System (E1960, Promega)
according to the manufacturer’s protocol.

DNA fluorescence in situ hybridization

DNA FISH was performed as previously described. DNA probes
targeting the ADGRG6 promoter and the SNP were amplified from
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A549 genomic DNA. The probes targeting CRYBGI, which did not
interact with rs1663689 were used as a negative control. To synthe-
size the biotin- and digoxigenin-labeled dUTP probe, 1 pg DNA
was labeled at 16°C overnight using a Nick Translation Kit
(10976776001, Roche) as described by the manufacturer’s protocol.
Labeled DNA was precipitated with salmon sperm DNA (15632-011,
Thermo Fisher) and human Cot-1 DNA (15279-001, Thermo Fisher)
at —20°C for more than 3 h, followed by centrifugation at 4°C for
30 min. The probe DNA was washed twice with 75% ethanol and
successively dissolved at 37°C with formamide (11814370001,
Roche) for 30 min and a dextran sulfate mixture for 10 min. After
24 h of incubation, cells on the slide were fixed with 4% parafor-
maldehyde. The slide was successively immersed in 0.1 M Tris—Cl
(pH 7.4), 0.1% Triton X-100 in PBS, PBS for 10 min, and 20% glyc-
erin in PBS for 30 min at room temperature. The slide was repeat-
edly freeze-thawed with liquid nitrogen five times and then washed
twice with PBS for 5 min at room temperature. The slide was then
washed with 0.1 M HCI for 30 min, PBS for 10 min, 0.5% Triton X-
100 in PBS for 30 min, and PBS again. Before hybridization, the
DNA in the cells on the slide was denatured in 50% formamide in
2 x SSC (F3369, Sigma, pH 7.0) for 1 h. Subsequently, the hybridi-
zation buffer-containing probe DNA was added to the sample area
of the slide, covered with glass, and sealed. The material on the
slide was denatured at 85°C for 10 min, followed by hybridization
at 37°C in a humidified chamber. Forty-eight hours later, the slide
was successively immersed in 50% formamide in 2 x SSC at 45°C
for 15 min, 0.2 x SSC at 63°C for 15 min, 2 x SSC at 45°C for
5 min, and 2 x SSC at room temperature for 5 min. Thereafter, the
cells were blocked with 4% BSA in 4 x SSC at room temperature for
1h and incubated with antibodies against biotin (ab201341,
Abcam) and digoxigenin (ab64509, Abcam; both 1:200) at 4°C over-
night. The next day, goat anti-mouse (A21422, Thermo Fisher) and
donkey anti-sheep (ab150177, Abcam) secondary antibodies were
applied. After that, DAPI was applied to the cell area and covered
with a coverslip.

Immunoblots

2 x Laemmli sample buffer containing p-mercaptoethanol (BIO-
RAD) was used for protein extraction. Proteins were separated by
10% Bis—Tris gels using 1 x SDS running buffer and transferred to
PVDF membranes. Blots were blocked in TBS containing 5% milk
and incubated overnight with ADGRG6 (CSB-PA002757, CUSABIO),
PKA (AF7746, Affinity), p-PKA substrate (9624S, Cell Signaling
Technology), and actin (AC026, ABclonal) antibodies. The next day,
blots were washed three times with TBS containing 1% Tween and
exposed to the secondary antibody for 1 h at room temperature.
Blots were washed three times followed by incubation in luminol-
based substrate for HRP-catalyzed detection. Luminescence was
captured on an Amersham Imager 600.

Gene knockdown and overexpression

For gene knockdown, shRNA sequences targeting ADGRG6 were
designed with an online tool (https://rnaidesigner.thermofisher.com/
rnaiexpress/sort.do) and cloned into the pSUPER.retro.puro vector.
The shRNA sequence together with the H1 promoter was inserted
into the lentiviral shuttle vector pCCL.PPT.hPGK.GFP.Wpre. For gene
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overexpression, the ADGRG6 CDS was amplified from H460 cDNA
and cloned into pCCL.PPT.hPGK.IRES.GFP/pre. Primers were listed
in Table EV2. Then, the lentivirus was packaged in HEK293T cells
with the pMD2.BSBG, pMDLg/pRRE, and pRSV-REV packaging plas-
mids and used to infect H460 and A549 cells. Gene expression was
detected by qPCR and western blotting.

PKA inhibitor treatment

H460 and A549 cells were cultured in an appropriate medium
supplemented with DMSO or 20 uM PKA inhibitor H89 (S1582,
Selleck Chemicals). The cells were kept in the presence of H89 for
24 h and then harvested for protein extraction and subsequent phe-
notypic experiments.

Patient-derived organoids culture

Lung cancer samples from Tianjin Medical University Cancer Hospi-
tal were washed three times with PBS supplemented with 1x penicil-
lin/streptomycin and cut into small pieces. The sectioned samples
were incubated with 0.001% DNase I (Sigma, MO, USA), 1 mg/ml
collagenase IV (Roche, IN, USA), and 1x penicillin/streptomycin in
DMEM/F12 medium (Lonza) at 37°C for 3 h with rotation. After
incubation, the suspension was passed through a 70 um cell strainer
(BD Falcon, CA, USA) and centrifuged at 1,000 rpm for 3 min. The
pellet was resuspended in 50 ul MBM (DMEM/F12 supplemented
with 20 ng/ml of bFGF (Invitrogen, CA, USA), 50 ng/ml human
EGF (Invitrogen), N2 (Invitrogen), B27 (Invitrogen), 10 pM ROCK
inhibitor (Enzo Life Sciences, NY, USA) and 1x penicillin/strepto-
mycin (Gibco, USA)). Then, 100 pl Matrigel (Corning) was added to
the 50 pl suspension and seeded in prewarmed (37°C) 96-well cul-
ture plates (Corning). After Matrigel polymerization at 37°C for 1 h,
120 ul of MBM supplemented with or without 20 uM of the PKA
inhibitor H89 was added to the well. The medium was changed
every 4 days.

Statistical analysis

The data are shown as the mean + SD. The unpaired two-tailed Stu-
dent’s t-test was used to compare two independent experimental
groups, Kaplan-Meier methods were used for survival curves, and
one-way analysis of variance (ANOVA) was used to compare three
or more groups. P < 0.05 was considered significant for all tests.

Data availability

All data in this paper are presented in the main text and supplemen-
tary materials. The RNA-seq data of H460 (T/T) and H460 (C/C) cells
are available in the Gene Expression Omnibus (GEO) database
(www.ncbi.nlm.nih.gov/geo) under GSE213199
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE213199).
The RNA-seq data of A549 (T/T) and A549 (C/C) cells have been
deposited to the GEO database and assigned the identifier accession
no. GSE225330 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE225330). The allele-specific 4C data of A549 (T/C) cells are
available in the GEO database under accession no. GSE213196
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE213196).

accession no.
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The 4C data of A549 (T/T) and A549 (C/C) cells have been deposited
to the GEO database and assigned the identifier accession no.
GSE225518 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc =
GSE225518). The H3K27ac, H3K4me3, H3K27me3, and H3K9me3
ChIP-seq data of H460 (T/T) and H460 (C/C) are available in the GEO
database under accession no. GSE213197 (http://www.ncbi.nlm.nih.
gov/geo/query/acc.cgilacc=GSE213197). The H3K27ac and
H3K4me3 ChIP-seq data of A549 (T/T) and A549 (C/C) have been
deposited to the GEO database and assigned the identifier accession
no. GSE225332 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE225332). The > 300 Mb file with the microscopy images
has been uploaded to Biolmage Archive and assigned the identifier
accession BioStudies S-BIADG624 (https://www.ebi.ac.uk/biostudies/
studies/S-BIAD624).

Expanded View for this article is available online.
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