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研究成果の概要（和文）：lncRNAである pncRNA-DがRNA修飾の一つm6A修飾を受けることにより、cyclin D1の発
現を制御し、細胞増殖に影響を与えることを明らかにした。
近年、RNAもメチル化やアセチル化といった修飾を受けることが判明し、その中でも多くのmRNAに見られるm6A修
飾に着目して研究を行った。cyclin D1のpromoterから転写されるlncRNA, pncRNA-Dにおけるm6A修飾は、
pncRNA-DとRNA結合タンパク質との相互作用や半減期に関わっており、pncRNA-Dのm6A修飾を解してがん細胞増殖
に関わっていることを示した。

研究成果の概要（英文）：m6A modification of lncRNA named pncRNA-D regulates cell cycle by 
controlling the expression of cyclin D1.
RNA is also methylated or acetylated, and this time I focused on the most abundant RNA modification,
 m6A. pncRNA-D is a long noncoding RNA transcribed from the promoter region of cyclin D1. m6A 
modification of pncRNA-D altered interaction with RNA binding proteins, and half-life of this RNA. 
in summary, I discovered m6A modification of pncRNA-D is deeply related with cell cycle and cell 
growth of cancer cell lines.

研究分野：分子生物学

キーワード： RNAメチル化　lncRNA　pncRNA-D　TLS/FUS
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令和

研究成果の学術的意義や社会的意義
本研究では複数のがん細胞由来の細胞株の増殖を抑えるRNA修飾を発見した。これはつまり、がん細胞間で保存
された細胞増殖メカニズムを抑制するRNA修飾であることを意味する。本研究をさらに進めると、多くのがん細
胞の増殖を抑えられるRNA断片の作製に繋がることが期待される。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 

CCND1 は、細胞周期の G1/S 期チェックポイントを制御しており、B 細胞リンパ腫、

乳がん、肺がん等で過剰発現が報告されている。その発現は、プロモーターに結合するヒ

ストンアセチル化酵素 CBP により活性化されている。一方で、発現を抑制する因子とし

て SIP1、Oct-1、Myc などが知られているが、いずれも CCND1 を特異的に阻害する転写因

子ではない。CBP による CCND1 の転写活性化が RNA 結合タンパク質 TLS により、RNA

依存的に抑制されることを発見した。また CCND1 プロモーターからは、放射線処理によ

り誘導される promoter-associated noncoding RNA (pncRNA)-A, -B, -D, -E という 4 種類の

lncRNA が発現していた。以上より pncRNA は TLS と結合する事で、CCND1 の発現を特異

的に抑制している可能性が示唆された。 

 

２．研究の目的 

本研究の目的は、long noncoding RNA (lncRNA)による cyclin D1(CCND1)遺伝子の発現制

御メカニズムを解明することである。CCND1 は細胞周期を司る因子で、数々のがんでその

過剰発現が認められ、がん細胞の増殖異常を介して病状や予後の悪化に関与している。その

ため、CCND1 の発現を特異的に制御する機構の解明が急務である。我々の研究室では、放

射線により CCND1 プロモーターから lncRNA が転写され、CCND1 の発現を抑制している

ことを発見した。この CCND1 の発現制御メカニズムを詳細に解析することで、lncRNA の

作用機序の解明と、CCND1 の過剰発現を示すがん治療への応用が期待できる。 

 

３．研究の方法 

放射線およびソルビトール処理後に、pncRNA-D プロモーターに結合するタンパク質を

同定し比較することで、pncRNA-D の発現誘導に必須な因子を同定した。pncRNA-D のメチ

ル化を認識するタンパク質を同定し、その効果を検証した。セルソーターを用いて、細胞

周期各ステージの pncRNA-D と CCND1 の発現量を比較した。さらに pncRNA-D の有無に

よる細胞周期への効果を調べた。RNA のメチル化や pncRNA-D の過剰発現による細胞周期

への影響を検討した。 

 

４．研究成果 

研究費をいただいた期間で 3 本の論文を筆頭

著者として発表することができた。特に期間を延

長した 4 年目に発表した論文 1 の内容を記す。 

pncRNA-D は 602 塩基からなる lncRNA で、

cyclin D1 遺伝子(CCND1)の上流より転写されて

いる(図 1 上)。放射線や高浸透圧ストレス(0.4M

ソルビトール)により発現が誘導され(図 1 下)、

RNA 結合タンパク質 TLS/FUS をこの領域にリ

クルートして CCND1 の発現を抑える。pncRNA-

(31, 32). Several studies have reported the involvement of m6A
modification in the cell cycle as well. Knockdown of FTO delays
cell cycle at the entry of G2 phase in adipogenesis (33), and
knockdown of METTL3 results in cell cycle arrest at G0/G1
phase (34). Moreover, WTAP participates in cell cycle progres-
sion by stabilizing cyclin A2 mRNA (35), and knockdown of
YTHDC1 reduces HeLa cell proliferation (36). However,
despite diverse comprehensive studies of m6A modification,
there are very few reports that discovered the function of m6A
modification in individual RNA, especially in lncRNAs.

In this study, we demonstrated that pncRNA-D was induced
after osmotic stress by recruitment of RNA polymerase II to its
promoter. We also confirmed that TLS was required for repres-
sion of CCND1 expression. Moreover, pncRNA-D was highly
m6A-methylated in the usual state, but its level decreased after
exposure to cellular stresses. m6A methylation of pncRNA-D
was preferentially recognized by nuclear RNA-binding protein,
YTHDC1. The m6A modification of pncRNA-D shortened its
life time, and YTHDC1 blocked the interaction with TLS. In
addition, knockdown of pncRNA-D successfully rescued the
cell cycle arrest at the G0/G1 phase caused by reduced m6A
methylation. In conclusion, we elucidated the importance of
pncRNA-D and TLS in the inhibition of CCND1, and this inhi-
bition is due to increased expression and decreased RNA m6A
modification of pncRNA-D.

Results

Osmotic stress induces pncRNA-D by recruiting general
transcription factor proteins to the promoter region

Because pncRNA-D is induced by irradiation (6), we tested
whether other stimuli could also induce pncRNA-D. HeLa cells
were treated with heat shock, osmotic stress, or etoposide,
which induce DNA double-stranded break. A double-stranded
break was detected by !H2AX antibody, but no difference was
observed among the stimuli tested compared with irradiation
(Fig. S1A). Although heat shock and etoposide treatment
showed slight increase of pncRNA-D, only osmotic stress by 0.4
M sorbitol treatment significantly induced pncRNA-D other
than irradiation (Fig. 1A, bottom panel). Therefore, in terms of
convenience and induction efficiency compared with irradia-
tion, we decided to employ osmotic stress instead of irradiation
in this study. HeLa cells were treated with 0.4 M sorbitol, and
the expression levels of pncRNA-D and CCND1 were exam-
ined at 2 and 3 h after treatment. As a result, negative corre-
lation between pncRNA-D and CCND1 expression was
observed (Fig. 1B).

We then validated the importance of TLS in the pncRNA-D
provoked CCND1 repression system. WT HAP1 cells and TLS-
knockout (KO) HAP1 cells were treated with 0.4 M sorbitol and
increased expression of pncRNA-D was detected in both cells

Figure 1. Expression of pncRNA-D is enhanced after osmotic stress, and TLS is essential for CCND1 repression by pncRNA-D. A, schematic drawing of
CCND1 upstream region (top) and relative expression level of pncRNA-D in HeLa cell after indicated stimuli was detected by RT-qPCR (bottom). Expression levels
in control cells were set to a value of 1.0 (n ! 3). Black boxes in the schematic drawing indicate the regions examined in Fig. 2B. B, relative expression level
(normalized to GAPDH) of CCND1 and pncRNA-D was evaluated by RT-qPCR. Expression level of pncRNA-D in control cells was set to a value of 1.0 (n ! 5). C,
relative expression level (normalized to GAPDH) of pncRNA-D (left panel) and CCND1 (right panel) of WT and TLS-KO HAP1 cells before and after sorbitol
treatment. For TLS-KO HAP-1 cells, GFP-tagged TLS was overexpressed at the same time with sorbitol treatment (light gray box). Expression levels in control cells
were set to a value of 1.0 (n ! 4). D, relative expression level (normalized to GAPDH) of pncRNA-D after 0.4 M sorbitol treatment with or without actinomycin D
treatment. Expression levels in control cells were set to a value of 1.0 (n ! 5). *, p " 0.05; **, p " 0.01.
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図 1. 細胞ストレスによるpncRNA-D の誘導 



 

 

D は通常、高い m6A修飾を受けており、この修飾に

より RNA 結合タンパク質との結合や RNA の安定

性がどのような影響を受けるか検証した。(図 2)。ま

ず pncRNA-D の m6A 修飾を認識するタンパク質を

探したところ、YTHDC1 というリーダータンパク質

が結合することがわかった。そこで YTHDC1 と、

m6A 修飾酵素である METTL3 をノックダウンした

時の、pncRNA-D の半減期を調べた。その結果、

YTHDC1 のノックダウンではコントロールに比べ

影響はなかったが、METTL3 をノックダウンした際には半減期が延びたことから(図 2)、m6A

修飾は pncRNA-D の分解を促進していることが示唆された。 

また、YTHDC1 と METTL3 いずれのノックダウンでも、pncRNA-D と TLS/FUS の相互作

用が増加した。これらの結果から、pncRNA-D の m6A 修飾は pncRNA-D を不安定化し、

YTHDC1 が結合することで、TLS/FUS が結合しにくくなっていると考えられる。さらに

YTHDC1 や METTL3 をノックダウンした細

胞では細胞増殖が抑えられたが、同時に

pncRNA-D をノックダウンすると、増殖率が

レスキューされることを明らかにした

(図)3。以上より、pncRNA-D は cyclin D1 の

発現を介して細胞周期を負に制御しており、

がん細胞由来細胞株の増殖を抑える効果を

得た。 
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that the decrease in pncRNA-D m6A modification is caused by a
reduced expression level of WTAP.

Next, we asked which of the m6A-binding protein(s) recog-
nize the m6A modification of pncRNA-D. m6A modification is
recognized by YTHDF1 or YTHDF2 in the cytoplasm and
YTHDC1, hnRNP A2B1, or hnRNP C in the nucleus. RIP assay
with antibodies against the above five proteins revealed that
YTHDF1, YTHDC1, hnRNP A2B1, and hnRNP C exhibited
interaction with pncRNA-D (Fig. 3D). Unexpectedly, the cyto-
plasmic YTHDF1 was able to bind pncRNA-D. This is because
despite predominant nuclear localization of pncRNA-D, a small
portion of them localize in the cytoplasm. However, we focused
on YTHDC1, which bound more intensely than other m6A rec-
ognition proteins.

The major role of RNA m6A methylation is to influence the
stability of RNA (39, 40). Therefore, we tested whether the
modification could affect the stability of pncRNA-D by knock-
down of METTL3, a m6A modification protein, or YTHDC1.
Knockdown efficiency of METTL3 or YTHDC1 by siRNAs
were detected by Western blotting analysis, and their protein
levels decreased dramatically after 48 h (Fig. S1D). As a result of
actinomycin D treatment, the expression level of pncRNA-D in
the control HeLa cells reduced down to 50% in approximately
2 h, but the knockdown of METTL3 increased stability of
pncRNA-D (Fig. 3E). Meanwhile, knockdown of YTHDC1 had
no effect on pncRNA-D stability. Collectively, m6A modifica-

tion itself destabilizes pncRNA-D, but YTHDC1 is not involved
in destabilization directly.

m6A modification also interrupts the interaction between
pncRNA-D and TLS

Because YTHDC1 did not influence the stability of
pncRNA-D, we expected that YTHDC1 and m6A modification
have some other functions; thus, we examined the effect on the
interaction between pncRNA-D and TLS. RIP assay by TLS
antibody after knockdown of METTL3 or YTHDC1 resulted in
increased interaction between TLS and pncRNA-D by !2-fold
(Fig. 4A). The result indicated that m6A modification and
YTHDC1 interrupts the binding between pncRNA-D and TLS.

To determine which adenosine residue(s) of pncRNA-D has
m6A modification, we searched for RRACH motif in the
pncRNA-D sequence and found 12 motifs (Fig. S1B, blue and
red boxes). m6A modification especially tends to occur in the
consensus sequence GGACU (41–44), and among the 602 nt of
the full-length pncRNA-D, we could only find one motif at 465–
469 nt (Fig. 4B, top panel, gray box). Notably, we previously
identified that the sequence around GGACU of pncRNA-D
strongly bound to RGG2-ZF-RGG3 domains of TLS, which
were responsible for RNA binding (Fig. 4B, middle panel) (9).
The meRIP-seq data also implied that m6A modification occurs
at the region around 3" end of pncRNA-D (Fig. S1B); therefore
we predicted that the GGACU motif at 465– 469 nt is m6A-

Figure 3. pncRNA-D is highly m6A-modified, and the modification destabilizes pncRNA-D. A, the interaction between pncRNA-D and TLS was detected by
RIP assay using TLS antibody with HeLa cells before and after osmotic stress (n # 5). B, Western blotting analysis using HeLa NE with or without 0.4 M sorbitol
treatment. The arginine-methylated TLS level was compared with the total TLS level. ACTB was used as a loading control. A representative image of three
independent experiments is shown. C, RIP assay with HeLa cell after osmotic stress or irradiation by m6A antibody (n # 5). D, RIP assay as in A with indicated
antibodies of m6A recognition proteins. pncRNA-D bound to each recognition protein was measured by RT-qPCR (n # 3). E, relative expression level (normal-
ized to GAPDH) of pncRNA-D after actinomycin D treatment with HeLa cells treated with siRNAs of negative control, METTL3, or YTHDC1. Expression levels at 1,
2, and 3 h after actinomycin D treatment are shown. Expression levels at 0 h in control cells were set to a value of 1.0 (n # 5). *, p $ 0.05; **, p $ 0.01; ***, p $
0.005.
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in regions around 3! end also supports this speculation (15,
50). Experiments with HAP1 cells lacking the GGACU motif
resulted in decreased m6A level and enhanced TLS interac-
tion, but RNA stability was not affected. Because the reduced
methylation level destabilized pncRNA-D, other RRACH

motifs in pncRNA-D should be m6A-modified and functions
in RNA stabilization. Nevertheless, our data show that m6A
modification in pncRNA-D could alter its stability and in-
teraction with RNA-binding proteins in HeLa and HAP1
cells.

Figure 7. pncRNA-D negatively regulates cell proliferation. A–C, cell proliferation assay of HeLa cells with indicated siRNA treatments (A) or induced RNAs
(C) or HAP1 cells with or without GGACU deletion (B). The numbers of living cells after the indicated number of days after treatments were evaluated. *, p " 0.05;
**, p " 0.01; ***, p " 0.005. D, model of TLS–pncRNA-D inhibitory effect on CCND1 expression caused by cellular stresses. Normally, pncRNA-D is highly
methylated, and this modification leads to pncRNA-D degradation, and interaction with YTHDC1 inhibits binding to TLS. Therefore, histone acetyltransferase
activity of CBP is maintained, and CCND1 is activated. However, once the cell gets damaged by cellular stresses, pncRNA-D expression is enhanced, and
decreased methylation stabilizes it and thereafter recruits TLS to the promoter. Interaction with pncRNA-D enables TLS to inhibit histone acetyltransferase
(HAT) activity of CBP and subsequently reduces the expression of CCND1, which results in cell cycle arrest.

Reduced m6A modification of lncRNA inhibits CCND1 expression
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図 2. pncRNA-D の半減期 

図 3. pncRNA-D, METTL3,YTHDC1 を

ノックダウンした際の細胞増殖 
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