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ABSTRACT
◥

Aberrant N6-methyladenosine (m6A) modification has emerged
as a driver of tumor initiation and progression, yet how long
noncoding RNAs (lncRNA) are involved in the regulation of
m6A remains unknown. Here we utilize data from 12 cancer types
from The Cancer Genome Atlas to comprehensively map lncRNAs
that are potentially deregulated by DNAmethylation. A novel DNA
methylation–deregulated and RNA m6A reader–cooperating
lncRNA (DMDRMR) facilitated tumor growth and metastasis in
clear cell renal cell carcinoma (ccRCC).Mechanistically,DMDRMR
bound insulin-like growth factor 2 mRNA-binding protein 3
(IGF2BP3) to stabilize target genes, including the cell-cycle kinase
CDK4 and three extracellular matrix components (COL6A1,
LAMA5, and FN1), by specifically enhancing IGF2BP3 activity on

them in an m6A-dependent manner. Consequently, DMDRMR
and IGF2BP3 enhanced the G1–S transition, thus promoting
cell proliferation in ccRCC. In patients with ccRCC, high coex-
pression of DMDRMR and IGF2BP3 was associated with poor
outcomes. Our findings reveal that DMDRMR cooperates with
IGF2BP3 to regulate target genes in an m6A-dependent manner
and may represent a potential diagnostic, prognostic, and ther-
apeutic target in ccRCC.

Significance: This study demonstrates that the lncRNA
DMDRMR acts as a cofactor for IGF2BP3 to stabilize target genes
in an m6A-dependent manner, thus exerting essential oncogenic
roles in ccRCC.

Introduction
Long noncoding RNAs (lncRNA) are non–protein coding tran-

scripts longer than 200 nucleotides (nt; ref. 1). The deregulation of
lncRNAs by somatic/germline or epigenetic alterations plays critical
roles in tumor initiation and progression (2, 3). DNA methylation is
one of most prevalent epigenetic modifications in regulating gene
expression (4). A number of DNA methylation–deregulated (DMD)
protein-coding genes (PCG) have been shown to be molecular drivers
in tumor initiation and progression (5). However, the DMD lncRNAs
and their consequences remain largely unexplored.

The molecular mechanisms of lncRNA function are multilayered
complexity, as lncRNAs serve as guides or scaffolds to regulate DNA–
RNA protein interactions (6). N6-methyladenosine (m6A) is the most
abundant modification of mRNAs and lncRNAs in eukaryotes and
plays critical roles in gene expression and cell fate (7). This modifi-
cation is regulated by m6A modulators, including “writer,” “eraser,”
and “reader” proteins (8). For example, insulin-like growth factor
2 mRNA-binding proteins (IGF2BP), including IGF2BP1/2/3, are a
family of m6A reader that recruit cofactor proteins to stabilize
m6A-modified transcripts (9). However, the lncRNAs that cooperate
with m6A readers to regulate their functions and the underlying
mechanisms of their action remain poorly elucidated.

In this study, we provide the comprehensive landscape of DMD
lncRNAs in human cancers and reveal that a DMD and RNA m6A
reader–cooperating lncRNA (DMDRMR) cooperates with IGF2BP3 to
regulate their target transcripts, for example, cyclin-dependent kinase
4 (CDK4), in an m6A-dependent manner, thus exhibiting essential
oncogenic roles in clear cell renal cell carcinoma (ccRCC). Collectively,
our work illustrates the posttranscriptional regulation of CDK4 and
highlights the functional importance of the DMDRMR/IGF2BP3/
CDK4 axis in ccRCC cells.

Materials and Methods
DMD pattern analysis

The differentially methylated promoters (DMP) were analyzed
according to previously published article (10). Twelve cancer types,
in which cases of adjacent tissues are greater than 10, were fitted
into the analysis. Data from The Cancer Genome Atlas (TCGA)
HumanMethylation450 (HM450) BeadChip Array was processed and
analyzed using RnBeads version 2.2.0 (11) in the R software 3.5.0. In
the analysis, the reference human genome 19 was used to annotate all
genes and CpGs. The linear models for microarray data package
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(limma) were used to identify DMPs between tumor and adjacent
tissues (12). Promoters with false discovery rate (FDR) < 0.05 and
delta-beta methylation difference between tumor and adjacent normal
tissues less than or equal to �0.2 were considered hypomethylation,
promoters with FDR < 0.05 and delta-beta greater than or equal to 0.2
were considered hypermethylation. Tumor-specific methylated pro-
moters were observed in only one cancer. Tumor-commonmethylated
promoters occurred at least eight cancers with consistent trend.

Cell lines and clinical specimens
786-O, 769-P, ACHN, and Caki-1 cell lines were maintained in

RPMI1640 medium (Gibco) supplemented with 10% FBS. HK2 was
maintained in DMEM/F-12 medium (Gibco) containing 10% FBS.
The human embryonic kidney HEK293T cell was cultured in DMEM
(Gibco) supplemented with 10% FBS. These cell lines were purchased
from the Shanghai Cell Bank Type Culture Collection Committee,
verified by short tandem repeat assays for their identification, and
cultured at 37�C in a humidified incubator with 5% CO2. These cell
lines were tested negative for Mycoplasma contamination. A cDNA
microarray including 15 pairs of ccRCC and adjacent tissues (Sup-
plementary Table S1), and a tissue array including 90 pairs of ccRCC
and adjacent tissues (Supplementary Table S2), were purchased from
Shanghai Outdo Biotech CO. All clinical information of patients with
ccRCC was provided by the company. Forty-eight pairs of frozen
ccRCC and adjacent tissues (Supplementary Table S3) were randomly
obtained with written informed consent from patients who underwent
radical resections in The General Hospital of the People's Liberation
Army (Beijing, China). Our study was approved by the Medical
Ethics Committees of The General Hospital of the People's Liberation
Army (Beijing, China). Clinicopathologic characteristics of patients
with ccRCC from TCGA cohort were also analyzed (Supplementary
Table S4).

In vivo assays
Stable DMDRMR knockdown (KD) and control cell lines were

injected subcutaneously (s.c.; 1� 107 cells/inoculum) into the flanks of
recipient NOD/SCID/IL2Rg-null (NSG) mice (Shanghai Model
Organisms Center). Tumor formation/growth was assessed until the
experimental endpoint, and tumor volume was calculated by the
formula: (width)2� length/2. For tail vein injection, stableDMDRMR
KD and control cell lines (5� 106 cells/0.1 mL PBS) were injected into
the lateral tail vein of age-matched NSG mice. Mice were euthanized
after 4–5 weeks. The number of metastatic foci in the lung was
determined using the hematoxylin and eosin (H&E) staining (Beyo-
time Biotechnology) in tissue sections under a binocular microscope
(Leica). All protocols involving animals were previously approved by
the Ethics Committee for the Use of Experimental Animals of the
Suzhou Institute of Biomedical Engineering and Technology, Chinese
Academy of Sciences (Suzhou, Jiangsu, China).

Sequences and antibodies
Primer sequences, probe sequences, sequences of short hairpin

RNA (shRNA), and small interfering RNA (siRNA) for KD and
antibodies used are listed in Supplementary Tables S5–S11.

Statistical analysis
Data was presented as themean� SEM or SD. Two-tailed Student t

tests were performed to assess the statistical significance of differences
between groups. Kaplan–Meier estimate was performed to analyze the
correlation between the RNA or protein levels and the overall survival.
A two-sided x2 test was used to assess the statistical significance of the

association between the expression of RNA or protein levels and the
clinicopathologic parameters of patients. Spearman correlation was
performed to analyze the correlation. “pROC” package in R software
was used to construct receiver operating characteristic (ROC) curves
and then to calculate area under curve (AUC; ref. 13). P < 0.05 was
considered statistically significant. All statistical analyses were per-
formed using GraphPad Prism 5.0 or R software (version 3.5.2).

Additional methods can be found in the Supplementary Material
and Methods.

Results
Demethylation-mediated DMDRMR activation

To study functional DMD lncRNAs in tumorigenesis, we first
identified the differential DNA methylation levels in tumors and
adjacent tissues in 12 cancer types identified in TCGA (Supplementary
Fig. S1). Given that DNA methylation in a gene promoter is an
essential epigenetic regulator of the gene expression (14), our analysis
focused on DMPs (Supplementary Dataset S1). From these DNA
methylation pattern data, we identified tumor-common and tumor-
specific methylated promoters (Supplementary Fig. S2A and S2B;
Supplementary Dataset S2) and found that the DMDRMR (Ensembl:
ENSG00000256128) promoter was the most frequently hypomethy-
lated across nearly all cancer types (Supplementary Fig. S2C), in
consistent with previous reports (3, 15, 16). We also analyzed the
DMDRMR expression data from the MiTranscriptome database for
the 12 cancer types with adjacent tissues available and found that
DMDRMR was significantly upregulated in the tumor tissues of 8
cancer types compared with its level in the adjacent tissues (Supple-
mentary Fig. S2D; ref. 17). Integrated analyses revealed that promoter
methylation and expression levels of DMDRMR were negatively
correlated in 7 of 9 cancer types (Supplementary Fig. S3A). Altogether,
these data suggest that DMDRMR is a potential functional DNA
hypomethylation–driven lncRNA in cancers.

DMDRMR association with clinical outcomes for patients with
ccRCC

We next assessed whether DMDRMR expression was correlated
with clinical outcomes in the 8 TCGA cancer types, in which it was
upregulated (Supplementary Fig. S2D). For ccRCC, higher DMDRMR
expression was significantly associated with a low survival rate (Sup-
plementary Fig. S3B) and poor outcomes, including pathologic stage,
tumor size, metastatic status, and Fuhrman grade in patients with
ccRCC (Supplementary Fig. S3C and S3D; Supplementary Table S4),
but not for the other seven cancer types (Supplementary Fig. S3D and
S3E). Similarly, a low methylation level of DMDRMR was associated
with poor outcome for patients with ccRCC (Supplementary Fig. S4A).
It has been reported that the von Hippel Lindau (VHL) tumor
suppressor gene is frequently mutated in ccRCC (18); therefore, we
also analyzed the relationships between the expression and promoter
methylation levels of DMDRMR and the mutation status of VHL.
Neither the DMDRMR expression nor the methylation levels were
associated with themutation status ofVHL in the patients with ccRCC
(Supplementary Fig. S3C and S4A). ROC analysis showed that both
DMDRMR expression and promoter methylation levels displayed
highly AUCs, clearly distinguishing ccRCC tissues from the adjacent
tissues (Supplementary Fig. S4B and S4C). Using the beta values of two
probes (cg04396850 and cg00440032) in HM450 BeadChip mapping
to theDMDRMRpromoter (19), we classified patientswith ccRCC into
three subgroups by hierarchical clustering analysis. The hypermethy-
lated subgroup exhibited a highDMDRMRmethylation level similar to
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that in adjacent normal tissues (Fig. 1A). This subgroup was charac-
terized by reduced DMDRMR expression and improved overall sur-
vival in comparison with the other two groups (Fig. 1A; Supplemen-
tary Fig. S4D). In contrast, the hypomethylated subgroup had elevated
DMDRMR expression and the worst survival (Fig. 1A; Supplementary
Fig. S4D). Other publicly available databases also revealed that
DMDRMR was overexpressed (Supplementary Fig. S4E) and hypo-
methylated (Supplementary Fig. S4F) in ccRCC tissues versus adjacent
normal tissues. To further validate the clinical significance of
DMDRMR in ccRCC, we examined the DMDRMR expression or
methylation level in two independent ccRCC cohorts. Quantitative
real-time PCR (qRT-PCR) analysis showed higher expression levels of
DMDRMR (Fig. 1B and C; Supplementary Tables S1 and S3), and
pyrosequencing analysis showed a lower cg00440032methylation level
in the ccRCC tissues compared with adjacent normal tissues (Fig. 1D;

Supplementary Table S3). However, no specific primers were identi-
fied for the detection of the cg04396850methylation level. Moreover, a
correlation analysis showed that the cg00440032methylation level was
negatively correlated with the DMDRMR expression level (Fig. 1E),
and a similar result was observed in the TCGA ccRCC cohort
(Supplementary Fig. S4G), suggesting that high levels of DMDRMR
expression might be activated by its promoter DNA demethylation in
patients with ccRCC. Overall, these data demonstrate that DMDRMR
expression is elevated in ccRCC and is associated with poor outcomes
for patients with ccRCC.

DMDRMR is an oncogenic lncRNA in ccRCC cells
To evaluate the potentially oncogenic role of DMDRMR in ccRCC

cells, we first performed 50- and 30- rapid amplification of cDNA
ends (RACE) and found that DMDRMR was a 669-nt transcript with

Figure 1.

DMDRMR functions as an oncogenic lncRNA in ccRCC. A, Heatmap with beta values for the two DMDRMR HM450 probes in the ccRCC tumors and adjacent tissues.
Three subgroupswere identified: black, hypermethylation; green, intermediate; and red, hypomethylation.DMDRMRDNAmethylation in the adjacent tissues (blue) is
shown as a control. Relative DMDRMR expression in these three subgroups compared with the level in adjacent tissues, respectively. B and C, qRT-PCR analysis of
DMDRMR expression in 15 paired (B) and 48 paired (C) ccRCC and adjacent tissues. DMDRMR expression was normalized to the reference gene GAPDH. Delta
threshold cycle (DCt). D, Pyrosequencing analysis of cg00440032 methylation levels from the same cohort as shown in C. E, Correlation analysis between
cg00440032methylation andDMDRMR expression levels in the same cohort of C. F,Representative images ofDMDRMR expression and localization in the indicated
cells using RNA FISH assays. The nuclei were stained with 40 ,6-diamidino-2-phenylindole (DAPI). Scale bars, 10mm. G–L, Cell proliferation assay assessing DMDRMR
KD (G) and OE (J) cells (n¼ 3). Representative micrographs and quantification of the DMDRMR KD (H and I) and OE (K and L) cells in Matrigel-coated or noncoated
Transwell assays (n¼ 3).M, Effects of 786-O KD cells on tumor growth in s.c.-implanted NSGmice (n¼ 6).N andO, Endpoint tumor size (N) andmass (O) in the NSG
mice s.c.-implanted with 786-O KD cells. P and Q, Representative images of brightfield (P) and H&E-stained (Q) samples from the tumor foci of the lungs obtained
from NSG mice, the lateral tail vein of which were injected by 786-O KD cells. R, Number of metastatic lesions in mice (n¼ 6), as determined by H&E staining. Data
present the mean � SD or SEM. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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5 exons (Supplementary Fig. S5A and S5B; Supplementary Table S12),
the expected size of which was confirmed by northern blot analysis
(Supplementary Fig. S5C). Coding Potential Calculator software indi-
cated that DMDRMR is noncoding (Supplementary Fig. S5D). RNA
FISH using two independent probes and cellular fractionation assays
revealed that DMDRMR was located in both the cytoplasm and
nucleus of 769-P cells, which was further verified by shRNA-
mediated DMDRMR KD (Fig. 1F; Supplementary Fig. S5E and
S5F), using ACTB as a cytoplasmic control (Supplementary
Fig. S5E). The MassARRAY assay showed that methylation levels of
the DMDRMR promoter in the 786-O and 769-P cell lines were
significantly lower than the immortalized human HK2 tubular epi-
thelial cell line (Supplementary Fig. S5G). Furthermore, inhibition of
DNA methyltransferase led to a dose-dependent increase in
DMDRMR expression in 786-O cells (Supplementary Fig. S5H).
Moreover, the copy number and expression levels of DMDRMR were
higher in ccRCC cell lines than the HK2 cell line (Supplementary
Fig. S5I–S5K). These results indicate that DMDRMR is expressed and
regulated by DNA methylation in ccRCC cells.

To further define the molecular mechanisms driving DMDRMR
expression in ccRCC cells, we predicted the potential transcription
factors of DMDRMR using JASPAR (20), AliBaba2.1 (21), and PRO-
MO software (22). The putative transcription factor c-Jun was iden-
tified (Supplementary Fig. S6A). We therefore further confirmed
the effects of c-Jun on DMDRMR expression. Overexpression (OE)

of c-Jun increased andKD of c-Jun decreasedDMDRMR expression in
786-O cells (Supplementary Fig. S6B and S6C). Two putative c-Jun–
binding sites (c-Jun-BS1: -640 to -627 and c-Jun-BS2: -571 to -558 bps)
on upstream of the DMDRMR transcriptional start site (TSS) were
predicted (Supplementary Fig. S6A). Luciferase reporter assay showed
that c-Jun OE increased the luciferase activity of the DMDRMR
promoter wild-type reporter but not the mutated BS reporter (Sup-
plementary Fig. S6D). Moreover, chromatin immunoprecipitation
(ChIP) qRT-PCR analyses showed that c-Jun directly bound to both
of the identified BSs in the DMDRMR promoter, and the OE of c-Jun
further increased the occupancy (Supplementary Fig. S6E). Consis-
tently, ENCODE ChIP-sequence data also confirmed the presence of
c-Jun on the DMDRMR promoter in both K562 and HeLa cell lines
(Supplementary Fig. S6F). Taken together, these data suggest that
DMDRMR is transcribed by c-Jun.

Given the association ofDMDRMR expression with poor outcomes
for patients with ccRCC, we explored the potential function of
DMDRMR in ccRCC. We used shRNA and CRISPR-Cas9 system
technologies to stably KD and knockout (KO) endogenousDMDRMR
in 786-O cells expressing high DMDRMR level (Supplementary
Fig. S7A–S7C). The KD of DMDRMR by two independent shRNAs
led to a significant decrease in the proliferation, migration, and
invasion of the 786-O cells (Fig. 1G–I), which was further confirmed
by theKOofDMDRMR (Supplementary Fig. S7E and S7G).Moreover,
DMDRMR KO resulted in reduced colony formation in a soft agar

Figure 2.

DMDRMR directly binds with IGF2BP3. A, Visualization of silver-stained protein bands by biotin-labeled DMDRMR sense and antisense RNA probes incubated with
total protein extracts from 769-P cells. Red arrow, approximate 72-kilodalton (KDa) DMDRMR sense–specific band. B, Immunoblotting to determine the specific
association of IGF2BP3 with biotinylated DMDRMR. C, qRT-PCR analysis of DMDRMR enriched by IGF2BP3 in 769-P cells (top). Immunoblot of IGF2BP3 is shown
(bottom; n¼ 6). IP, immunoprecipitation.D, Secondary structure ofDMDRMR analyzed by RNAfold web server and deletionmapping of biotinylatedDMDRMR RNA
motifs, as indicated. The red boxes represent the remaining fragments of DMDRMR, with the corresponding number label in the corner. E, Immunoblot showing the
association of IGF2BP3 with biotinylated DMDRMR sense and antisense RNA strands and the above-mentioned biotinylated DMDRMR RNA motifs. F, Schematic
structures showing six domains in IGF2BP3.G andH, Immunoblot of the FLAG (G) and RIP (H) analysis forDMDRMR enrichment inHEK293T cells transfectedwith the
FLAG-tagged full-length or truncated IGF2BP3 constructs (n ¼ 3). IB, immunoblot; aa, amino acid. I, Confocal images showing the colocalization of DMDRMR and
IGF2BP3 in the IGF2BP3 KDandDMDRMR KD cells. Scale bars, 10 mm. J, qRT-PCR analysis of IGF2BP3mRNA levels (top) and immunoblot of IGF2BP3 (bottom) in the
DMDRMR KD cells (n¼ 3). K, qRT-PCR analysis of DMDRMR RNA levels (top) and immunoblot of IGF2BP3 (bottom) in the IGF2BP3 KD cells (n¼ 3). The results are
presented as the mean � SEM. ��� , P < 0.001; ns, not significant.
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assay (Supplementary Fig. S7H and S7I). In contrast, DMDRMR OE
accelerated the proliferation,migration, and invasion of the 769-P cells
(Fig. 1J–L; Supplementary Fig. S7D). Furthermore, we investigated the
roles ofDMDRMR in tumor growth andmetastasis in vivo.DMDRMR
KD was shown to inhibit in vivo xenograft tumor growth and mass of
786-O and ACHN cells (Fig. 1M–O; Supplementary Fig. S8A–S8F).
Moreover, H&E staining showed that number of metastatic nodules in
the lungs were significantly decreased in the DMDRMR KD group
(Fig. 1P–R; Supplementary Fig. S8G–S8I). Taken together, these data
suggest oncogenic activity of DMDRMR in ccRCC.

DMDRMR and IGF2BP3 cooperate to play oncogenic roles
As lncRNAs bind to specific proteins to exert their functions (6),

thus we performed RNA pull-down assay coupled with mass spec-
trometry to screen DMDRMR-interacting proteins (Fig. 2A; Supple-
mentary Dataset S3). We verified that IGF2BP3 is a putative
DMDRMR-binding protein (Fig. 2B). Furthermore, RNA immuno-
precipitation (RIP) assay confirmed that IGF2BP3 was associated with
DMDRMR but not the U1 control, the IgG as a negative control
(Fig. 2C). We also determined the regions of DMDRMR required for
this interaction. Truncatedmapping revealed that the 51–115nt region
within DMDRMR exon 1 interacts with IGF2BP3 (Fig. 2D and E).
IGF2BP3 possesses 2 RNA-recognition-motif (RRM) domains and 4K
homology (KH) domains (Fig. 2F; ref. 23). RIP assays for FLAG-
tagged full-length and truncated IGF2BP3 showed that the KH1 and
KH2domainswere essential for recruitingDMDRMR (Fig. 2G andH).
In addition, DMDRMR FISH followed by immunofluorescence of
IGF2BP3 demonstrated the colocalization ofDMDRMR and IGF2BP3
in the cytoplasm of 786-O cells, further supporting their interaction
(Fig. 2I). Overall, these data demonstrate that DMDRMR physically
interacts with IGF2BP3.

To further characterize the molecular consequences of the
DMDRMR and IGF2BP3 interaction, we performed qRT-PCR and
immunoblot assays and confirmed thatDMDRMR and IGF2BP3 failed
to alter each other's expression level (Fig. 2J and K; Supplementary
Fig. S9A and S9B). Moreover, DMDRMR and IGF2BP3 KD did not
affect each other's cellular localization and fluorescence intensity
(Fig. 2I). We next explored the role of the DMDRMR/IGF2BP3 axis
in ccRCC and performed rescue experiments. Strikingly, IGF2BP3 KD
abolished the induction of cell proliferation, migration, and invasion
elicited by the DMDRMR OE (Fig. 3A–C; Supplementary Fig. S9C).
Conversely, DMDRMR KD abrogated the promoting effects of
IGF2BP3 OE on cell proliferation, migration, and invasion
(Fig. 3D–F; Supplementary Fig. S9D). These results suggest that
DMDRMR and IGF2BP3 may cooperate to play oncogenic roles in
ccRCC.

DMDRMR cooperates with IGF2BP3 to stabilize their targets
IGF2BP3, which belongs to a conserved family of RNA-binding

proteins (RBP), has been reported to stabilize a large repertoire of
target mRNA transcripts, including MYC, which is critical for onco-
genic function (9). Thus, we hypothesized that DMDRMR modulates
IGF2BP3-dependent gene regulation. To confirm this hypothesis, we
first performed an integrated analysis on the RNA-sequencing data of
DMDRMR KD and two published IGF2BP3 RIP- and cross-linking
immunoprecipitation (CLIP)-sequencing data (9, 24) to define the
target genes potentially regulated by DMDRMR and IGF2BP3. Gene
expression profiling after DMDRMR KD showed the downregulation
of 1,039 genes and upregulation of 749 genes (Supplementary Fig. S9E;
Supplementary Dataset S4), which were indeed enriched in cell
growth- and cell metastasis–related pathways such as “cell cycle” and

“focal adhesion” (Fig. 4A), according to a Kyoto Encyclopedia of
Genes and Genomes (KEGG) database analysis (25). Among 1,039
downregulated genes after DMDRMR KD, 145 genes had IGF2BP30s
enrichment on their transcripts through two independent IGF2BP3
RIP- and CLIP-sequencing data (Fig. 4B; Supplementary Dataset S5).
By further performing KEGG pathway analysis of the 145 genes, we
identified three pathways (ecm–receptor interaction, focal adhesion,
pathways in cancer) that contained 10 genes as possible key targets of
theDMDRMR/IGF2BP3 axis (Fig. 4C). Strikingly, the transcript levels
of the cell-cycle kinase CDK4 and three extracellular matrix (ECM)
components, collagen type VI alpha 1 chain (COL6A1), laminin alpha
5 (LAMA5), and fibronectin 1 (FN1), were decreased in KD of both
DMDRMR and IGF2BP3 (Fig. 4D and E), suggesting that CDK4,
COL6A1, LAMA5, and FN1 are cotarget genes of DMDRMR and
IGF2BP3. Similar to the transcript levels, the protein levels of CDK4
were reduced in the KD and KO ofDMDRMR and the KD of IGF2BP3
cells (Supplementary Fig. S9F). Conversely, OE of DMDRMR and
IGF2BP3 upregulated CDK4 expression (Supplementary Fig. S9G).
Consistent with a previous study (9), IGF2BP3 KD reduced the
transcript level of MYC, while DMDRMR KD failed to alter MYC
expression (Fig. 4D and E). These results suggest that DMDRMR
specifically regulates a subset of IGF2BP3 targets, consistent with
recent study that even direct modulation of RBPs only affects tran-
script abundance of some targets (26).

To further investigate whetherDMDRMRmediates the stabilization
of IGF2BP3 targets, we chose CDK4 for further study. IGF2BP3 KD
abolished the half-life andmRNA level ofCDK4 increased by theOE of
DMDRMR (Fig. 4F; Supplementary Fig. S9H), and DMDRMR KD
abrogated the stable effect and mRNA level of IGF2BP3 OE on the
CDK4 transcript (Fig. 4G; Supplementary Fig. S9I), suggesting that the
stabilizing effects of DMDRMR and IGF2BP3 on the CDK4 transcript
are likely interdependent. Collectively, these data indicate that
DMDRMR cooperates with IGF2BP3 to regulate CDK4 by enhancing
mRNA stability.

DMDRMR mediates IGF2BP3-dependent gene regulation in an
m6A-dependent manner

IGF2BP3 has been characterized as an m6A reader that regulates
m6A-modified genes (9), which led us to hypothesize that DMDRMR
mediates IGF2BP3-dependent gene regulation in an m6A-dependent
manner. To test this hypothesis, we first identified the potential m6A-
modified regions of CDK4, COL6A1, LAMA5, and FN1 based on the
IGF2BP3RIP- andm6ARIP-sequencing data (9), whichwere enriched
by IGF2BP3 and m6A methylation that markedly reduced upon
methyltransferase-like 14 (METTL14) KD (Fig. 5A; Supplementary
Fig. S10A–S10C). According to the “GGAC”m6Acoremotif across the
m6Apeaks, we further confirmedwhether these targets aremodified by
m6A methylation. The gene-specific m6A RIP qRT-PCR assays
showed that in methyltransferase-like 3 (METTL3) and METTL14
KD cells (Supplementary Fig. S11A), the m6A methylation of the 50

untranslated region (UTR), but not the exon 1 and 30 UTRof theCDK4
transcript, were substantially decreased (Fig. 5B). A similar result was
found for the exon 15 and 30 UTR in COL6A1, the exon 20 in FN1 and
the exon 4 in LAMA5 (Supplementary Fig. S11B). As expected, a
similar reduction in the coding region instability determinant (CRD)
ofMYCwas also observed, but it was not found in the negative controls
ofHPRT1 orDMDRMR (Fig. 5B; Supplementary Fig. S11B and S11C),
confirming that the targets ofDMDRMR and IGF2BP3 aremodified by
m6A. Considering that IGF2BP3 preferentially binds the “GGAC”
m6A core motif of its target mRNAs (9), we next explored whether
DMDRMR affects IGF2BP3 binding to these m6A-modified regions.
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The IGF2BP3 RIP qRT-PCR assays showed that DMDRMR KD
significantly reduced IGF2BP3 binding to the m6A-modified regions
of CDK4, COL6A1, LAMA5, and FN1 but not to the MYC CRD and
CDK4 exon 1 and 30 UTR (Fig. 5C; Supplementary Fig. S11D),
supporting that DMDRMR specifically enhances the occupancy of
IGF2BP3 at the m6A-modified regions of their targets. In addition,
in vitro–transcribed DMDRMR pull-down assay revealed that, except
for the COL6A1 30 UTR,MYCCRD and CDK4 exon 1 and 30 UTR, the
binding abilities of DMDRMR to the m6A-modified regions of CDK4,
COL6A1, LAMA5, and FN1 were nearly abolished by IGF2BP3 KD
(Fig. 5D; Supplementary Fig. S11E), suggesting that DMDRMR may
bind the m6A-modified regions of their targets in an IGF2BP3-
dependent manner. To further define the binding abilities, we then
examinedwhether IGF2BP3was required for the engagement ofCDK4
50 UTR byDMDRMR. Protease K treatment remarkably weakened the
interaction of CDK4 50 UTR and DMDRMR (Supplementary
Fig. S11F). Moreover, truncated DMDRMR pull-down assay showed
that 51–115 nt of DMDRMR bound to CDK4 50 UTR (Supplementary
Fig. S11G), suggesting that the binding of DMDRMR to the m6A-
modified regions of their targets are dependent on IGF2BP3. These
data demonstrate that DMDRMR contributes to IGF2BP3 reading of
the m6A-modified regions in their targets.

To determine the effect ofDMDRMR on the binding of IGF2BP3 to
CDK4 m6A-modified sites, we firstly constructed luciferase reporters
for the 50 UTR inCDK4 that contain thewild-type ormutated “GGAC”
m6Amotif (Fig. 5E). IGF2BP3 andm6A RIP qRT-PCR assays showed
the higher enrichment of both IGF2BP3 and m6A with the wild-type

reporter, compared with the mutated reporter (Fig. 5F–I). Moreover,
OE of DMDRMR or IGF2BP3 remarkably increased, and KD of
DMDRMR or IGF2BP3 remarkably reduced the binding of IGF2BP3
andm6A in thewild-type reporter (Fig. 5F–I). In themutated reporter,
we also confirmed the endogenous IGF2BP3 and m6A binding
(Fig. 5F–I). Furthermore, luciferase reporter assays showed that
DMDRMR OE increased and DMDRMR KD reduced the luciferase
activity of the 50 UTR wild-type reporter but not the mutant reporter,
the similar results were observed for IGF2BP3 (Fig. 5J and K). The
elevated luciferase activity was also observed in the 51–115 nt region
withinDMDRMR, supporting that the 51–115 nt region ofDMDRMR
is functionally important by interacting with IGF2BP3 and CDK4
(Supplementary Fig. S11H). Moreover, the KD of METTL3,
METTL14, or IGF2BP3 significantly restored the effects ofDMDRMR
OE on the 50 UTR wild-type reporter (Fig. 5L), indicating that
DMDRMR cooperates with IGF2BP3 to regulate the CDK4 transcript
by enhancing the reading of the m6A-modified site in the CDK4 50

UTR by IGF2BP3. Altogether, these data reveal that DMDRMR
cooperates with IGF2BP3 to regulate their targets in an m6A-
dependent manner.

DMDRMR and IGF2BP3 coordinate cell proliferation through the
CDK4-mediated cell cycle

It has been previously shown that CDK4 is required for the G1–S
transition in the cell cycle (27). Given the above findings, we thus
analyzed the effect of the DMDRMR/IGF2BP3 axis on the cell
cycle and performed flow cytometry assays. The DMDRMR KD and

Figure 3.

DMDRMR and IGF2BP3 cooperative to play oncogenic roles.A, Cell proliferation assay assessing IGF2BP3 KD 769-P cells with ectopically expressedDMDRMR on the
fifth day (top). Immunoblot of IGF2BP3 from the above-mentioned cells (n ¼ 3). B and C, Representative micrographs (B) and quantification (C) of the above-
mentioned cells in the Matrigel-coated or noncoated Transwell assays (n ¼ 4). D, Cell proliferation assay assessing DMDRMR KD 786-O cells with ectopically
expressed IGF2BP3 on the fifth day. Immunoblot of IGF2BP3 from the above-mentioned cells (n ¼ 4). E and F, Representative micrographs (E) and quantification
(F) of the above-mentioned cells in the Matrigel-coated or noncoated Transwell assays (n ¼ 6). Results are presented as the mean � SEM. � , P < 0.05; �� , P < 0.01;
��� , P < 0.001; ns, not significant.
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Figure 4.

DMDRMR cooperates with IGF2BP3 to stabilize CDK4. A, The top 20 enriched KEGG terms for differentially expressed genes. The color intensities represent the
Q values. The circle sizes represent the number of differentially expressed genes. B, Venn diagram showing the 145 overlapping genes by downregulated genes of
DMDRMR KD RNA-sequence data and IGF2BP3 binding genes of IGF2BP3 RIP- and CLIP-sequencing data. C, Chord graph representing the association of 10
overlapping genes, with the indicated KEGG terms. D and E, qRT-PCR analysis of the 10 overlapping genes and MYC transcript levels in the DMDRMR KD (D) and
IGF2BP3 KD (E) 786-O cells (n¼ 3). F andG, The half-life of CDK4 after treatment with 5 mmol/L actinomycin D for the indicated times in the IGF2BP3 KD 769-P cells
with ectopically expressedDMDRMR (F) and in theDMDRMRKD786-O cellswith ectopically expressed IGF2BP3 (n¼ 5;G). Results are presented as themean� SEM.
� , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ns, not significant.
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Figure 5.

DMDRMR cooperates with IGF2BP3 to regulate CDK4 in anm6A-dependent manner.A,Distribution ofm6A peaks across the CDK4 transcript based onm6A RIP- and
IGF2BP3RIP-sequencing data. Thepotentialm6A-modified and IGF2BP3-binding regions inCDK4 aremarked by rectangles.B,RIPqRT-PCR showing the enrichment
ofm6Amodification in theCDK4 50 UTR/exon 1/30 UTR regions in theMETTL3 andMETTL14KD769-P cells (n¼ 3).MYCCRDwas used as a positive control.HPRT1was
used as a negative control. C and D, RIP qRT-PCR detecting the enrichment of IGF2BP3 (C) and biotin-labeled DMDRMR (D) in the CDK4 50 UTR and MYC CRD in
DMDRMR KD (C) and IGF2BP3 KD (D) 769-P cells (n ¼ 3). E, Schematic representation of wild-type (WT) and mutated (MUT; GGAC to AAGT) CDK4 50 UTR of the
pmirGLO vector. F andH,RIP qRT-PCR detection of the enrichment of IGF2BP3 (F) andm6A (H) in the CDK4 50 UTRWT andMUT luciferase reporters in theDMDRMR
and IGF2BP3 OE cells (n¼ 3). G and I, RIP qRT-PCR detection of the enrichment of IGF2BP3 (G) and m6A (I) in the CDK4 50 UTRWT and MUT luciferase reporters in
theDMDRMR and IGF2BP3 KD cells (n¼ 3). J, Relative luciferase activity levels of CDK4 50 UTRWT andMUT reporters in theDMDRMR and IGF2BP3 OE cells (n¼ 3).
K,Relative luciferase activity levels of CDK4 50 UTRWT andMUT reporters in theDMDRMR and IGF2BP3 KD cells (n¼ 3). L, Relative luciferase activity levels of CDK4
50 UTRWT in the METTL3 KD, METTL14 KD, or IGF2BP3 KD cells with ectopically expressed DMDRMR (n¼ 3). Results are presented as the mean� SEM. � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001; ns, not significant.
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KO inhibited the G1–S transition (Fig. 6A and B), which was also
observed in the KD of IGF2BP3 cells (Fig. 6C), indicating that
the DMDRMR/IGF2BP3 axis promoted cell proliferation by acceler-
ating the G1–S transition. Consequently, we further examined whether
DMDRMR and IGF2BP3 mediates CDK4/6 inhibitor resistance in
ccRCC. Cell proliferation assay showed that both DMDRMR and
IGF2BP3 KD cells significantly reduced palbociclib resistance com-
pared with that of the control cells (Supplementary Fig. S12A). In
contrast, DMDRMR and IGF2BP3 OE cells increased the resistance to
palbociclib (Supplementary Fig. S12B). To further determine whether
CDK4 is a key downstream effector of the DMDRMR/IGF2BP3 axis
promoting the proliferation of ccRCC cells, we also performed rescue
experiments. As expected, the inhibitory effects of DMDRMR KD and
IGF2BP3 KD on cell proliferation could be greatly reversed by CDK4
OE (Fig. 6D and E). Together, these data suggest that DMDRMR and
IGF2BP3 accelerate ccRCC cell proliferation by stabilizing CDK4 and
mediates the resistance of CDK4/6 inhibitor.

DMDRMR and IGF2BP3 coordinate cell invasion and metastasis
partially through FN1

FN1, an abundant and ubiquitous ECM component, has been
shown to be responsible for cancer cell movement, including cell
metastasis and adhesion (28, 29). Thus, we examined whether FN1 is a
downstream effector of DMDRMR/IGF2BP3 axis to mediate the
invasion and metastasis of ccRCC cells. The transwell assay showed
that, FN1 KD partially reversed the increased invasion and metastasis
of ccRCC cell by the OE of DMDRMR and IGF2BP3 (Supplementary

Fig. S12C–S12F), suggesting that DMDRMR and IGF2BP3 promote
invasion and metastasis of ccRCC partially through FN1.

DMDRMR is clinically associated with IGF2BP3 in ccRCC
To further investigate the clinical relevance of these findings, a tissue

microarray containing 90 pairs of ccRCC andmatched adjacent tissues
(Supplementary Table S2) was evaluated to characterize the relation-
ship of DMDRMR and IGF2BP3 expression. In situ hybridization
(ISH) results revealed that, in both the cytoplasm and nucleus,
DMDRMR expression significantly increased in the ccRCC tissues
versus the adjacent tissues and in patients at a pathologic high stage
compared with those at a pathologic low stage (Fig. 7A and B;
Supplementary Fig. S13A). High expression levels of DMDRMR were
associated with poor overall survival of patients with ccRCC (Fig. 7E;
Supplementary Fig. S13B). Similar results were observed by IGF2BP3
IHC staining (Fig. 7C, D, and F). Further correlation analysis results
showed that the cytoplasmic expression of DMDRMR was positively
correlated with the levels of IGF2BP3 (Fig. 7G). In addition, the
combination of highly expressed DMDRMR and IGF2BP3 predicted
the poorest overall survival of patients (Fig. 7H). These findings
support the oncogenic role of DMDRMR in ccRCC.

More importantly, TCGA ccRCC expression data revealed positive
correlations of DMDRMR with IGF2BP3, CDK4, FN1, LAMA5,
and COL6A1 and of IGF2BP3 with CDK4, FN1, and COL6A1
(Supplementary Fig. S13C). The high expression levels of IGF2BP3,
CDK4, COL6A1, and FN1 in the patients with ccRCC were correlated
with poor outcomes (Supplementary Fig. S14A–S14D). The high

Figure 6.

DMDRMR and IGF2BP3 promote tumor cell progression via CDK4. Flow cytometry analysis assays showing the percentage of DMDRMR KD (A) and DMDRMR
KO (B) and IGF2BP3 KD (C) 786-O cells in the sub-G0–G1, S, and G2–M cell-cycle phases (n ¼ 3). Representative cell-cycle profiles (left) and quantification
(right) analysis are shown. PI-A, propidium iodide-A. Cell proliferation assay assessing 786-O DMDRMR KD (D) and IGF2BP3 KD (E) cells with ectopically
expressed CDK4 on the fifth day (top; n ¼ 3). Immunoblots of CDK4 from the above-mentioned cells. Results are presented as the mean � SEM. �, P < 0.05;
�� , P < 0.01; ��� , P < 0.001.
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expression level of LAMA5 in ccRCC cells failed to show clinical
relevance (Supplementary Fig. S14E). These data suggest that the
DMDRMR/IGF2BP3 axis is critical to ccRCC tumor pathogenesis
and the prognosis of patients with ccRCC.

Discussion
DNAmethylation is one of the most common epigenetic modifica-

tions that regulate gene expression (4, 30). The deregulated expression
of lncRNAs has been linked to the initiation, progression, and drug
responses of cancer (31). Thus, the identification of new DMD
lncRNAs with driver functions is important for the comprehensive
understanding of tumorigenesis. In this study, we identified numerous
DMD lncRNAs, including well-characterized lncRNAs, such as
EPIC1 (3), LINC00968 (32), andWT1-AS (33). Our study reveals that
elevated DMDRMR expression is regulated by its hypomethylated
promotor in patients with ccRCC.

Genomic studies have revealed critical genemutations that drive the
pathogenesis of ccRCC, such as frequentVHL inactivation andmTOR
mutation, which support the current use of first-line therapies for
advanced ccRCC, which primarily target VEGF and mTOR (18).
However, the fact that the efficacious targeted treatments were quite
limited in clinic impel to identify novel ccRCC drivers. In recent years,
the expansion of knowledge of lncRNA biology has revealed their
critical roles in ccRCC tumorigenic processes (34, 35). m6A modifi-
cation has been linked to diverse effects in human cancers through the
regulation of oncogene expression (36). Nevertheless, few lncRNAs

and m6A-regulations have well-characterized functions in ccRCC.
Here, we extended new insights into ccRCC tumorigenesis by showing
that the lncRNA DMDRMR interacts with the IGF2BP3 protein and
cooperatively stabilizes the cell-cycle kinase CDK4 and three ECM
components in an m6A-dependent manner, potentially promoting
ccRCC tumorigenesis.

It had been reported that IGF2BP3 represents an independent
predictor for aggressive ccRCC (37). The mechanism of IGF2BP3
overexpression in the ccRCC and other tumors have not been eluci-
dated. We showed that the expression of IGF2BP3 is not regulated by
c-Jun and DNA methylation (Supplementary Fig. S15A–S15C). The
mechanism of IGF2BP3 deregulation in ccRCC need to be further
investigated, which might contribute to target IGF2BP3. IGF2BP3 has
been shown to promote cell invasion and migration in ccRCC (38);
however, the molecular mechanism for the acquisition of these
phenotypes remains enigmatic. Here, we discovered that the ability
of IGF2BP3 to drive ccRCC is dependent on DMDRMR, which
regulates some common targets, including CDK4, COL6A1, FN1, and
LAMA5. All of these targeted genes are involved in proliferative or
metastatic tumor progression (28, 39–41). Furthermore, DMDRMR
did not alter IGF2BP3 binding to or the expression of MYC, a well-
known target of IGF2BP3 (9). In contrast,DMDRMR but not IGF2BP3
regulates VEGFA, which is a critical angiogenic cytokine andmay be a
key therapeutic target for renal cell carcinoma (Fig. 4D and E; ref. 42),
thus implying that DMDRMR and IGF2BP3 also selectively regulate
the targets, except regulating cotargets. The specificity of DMDRMR
function on IGF2BP3 and underlying mechanism need to be further

Figure 7.

The correlation between cytoplasmicDMDRMR and IGF2BP3 in the ccRCC tissues.A–D,Representative stained tissuemicroarray cores ofDMDRMR (A) and IGF2BP3
(C). Quantification of cytoplasmic DMDRMR ISH staining (B) and IGF2BP3 IHC staining (D) in the ccRCC tissues versus the matched adjacent tissues (left) and in
patientswith pathologic stage greater than II (n¼ 25) versus patientswith pathologic stage IþII (n¼ 65; right). Scale bars, 50mm. Kaplan–Meier curves represent the
percentages of surviving patientswith ccRCCwith high- and low-DMDRMR (E)/IGF2BP3 (F) scores. The score one for the cytoplasmicDMDRMR/IGF2BP3 expression
was used as the cut-off value. G, Correlation analysis of cytoplasmic DMDRMR and IGF2BP3 expression. H, Kaplan–Meier analysis indicating the correlation of the
combination of cytoplasmicDMDRMR and IGF2BP3 expressionwith percentages of surviving patientswith ccRCC. I, Proposedmodel for theDMDRMR/IGF2BP3 axis
promoting the pathogenesis of ccRCC.DMDRMR, which is activatedbyDNAdemethylation and transcribed by c-Jun, cooperateswith IGF2BP3 to regulate theirm6A-
modified target transcripts, including CDK4, FN1, COL6A1, and LAMA5, thus promoting cell proliferation, invasion, andmigration in ccRCC. ��, P < 0.01; ���, P < 0.001.
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studied. Although the importance of lncRNAs in mediating the
stabilization of IGF2BP3 targets in cancers has been established by
numerous studies (43–45), it is not yet clear how lncRNAs cooperate
with IGF2BP3 in regulating these targets. Our finding not only support
that DMDRMR can bind IGF2BP3 and enhance its function, but also
propose a precise mechanism by which the action of DMDRMR and
IGF2BP3 on their targets is likely dose-cooperative and m6A-depen-
dent. IGF2BP3 also regulates expression of target genes through RNA-
induced silencing complex (46); however, whether DMDRMR is
involved in this process through m6A remains elusive.

CDK4 is a therapeutic target in various cancers, including breast
cancer and melanoma, resulting from amplification and upregulation
of the CDK4 gene (47). Our study sheds light on posttranscriptional
m6A-mediated CDK4 expression. Numerous m6A mapping studies
have displayed a pronounced accumulation of m6A in the 30 UTR and
near stop codons, only a few of which were in the 50 UTR (48). Our
study confirmed that rather than the 30 UTR, the CDK4 50 UTR is
modified by m6A and interacts with IGF2BP3 and DMDRMR, result-
ing in the stabilization of CDK4. Together, 50 UTRm6A is functionally
important, but whether it widely stabilizes transcripts remains
unknown and further studies are needed. Clearly, our study used the
published IGF2BP3 CLIP- and RIP-sequencing data, which are not
from ccRCC cell lines. We need further explore the IGF2BP3-binding
targets based on ccRCC cells to improve the identification of genes
regulated by DMDRMR and IGF2BP3 in future.

Overall, our study reveals that DMDRMR is a protumorigenic
lncRNA that mediates the stabilization of IGF2BP3 targets in an
m6A-dependent manner in ccRCC (Fig. 7I).
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