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The impact of methylation of the 3′-untranslated region (UTR) of a messenger RNA (mRNA) 
remains largely unknown. Here we show that NSun2, a transfer RNA methyltransferase, inhibits 
the turnover of p16INK4 mRNA. Knockdown of NSun2 reduces p16 expression by shortening 
the half-life of the p16 mRNA, while overexpression of NSun2 stabilizes the p16 mRNA.  
In vitro methylation assays show that NSun2 methylates the p16 3′UTR at A988. Knockdown 
of NSun2 reduces the stability of the EGFP-p16 chimeric reporter transcripts bearing wild-type 
p16 3′UTR, but not p16 3′UTR with a mutant methylation site. Methylation by NSun2 prevents 
the association of p16 3′UTR with HuR, AUF1 and Ago2/RISC, and prevents the recruitment 
of EGFP-p16 3′UTR chimeric transcripts to processing bodies. In response to oxidative stress, 
NSun2 is essential for elevating p16 expression levels. We conclude that NSun2-mediated 
methylation of the p16 3′UTR is a novel mechanism to stabilize p16 mRNA. 
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Methylation is an important post-transcriptional modifi-
cation for almost all species of RNA. The methylation of 
transfer RNA (tRNA) and ribosomal RNA (rRNA) has 

been described as a regulatory modification for processes such as 
the faithful ribosomal decoding1, the stabilization of tRNA2, ribos-
ome assembly3, ribosomal recycling, and the accuracy of transla-
tion initiation4–5. A variety of cellular and viral messenger RNAs 
(mRNAs) were also found to contain methylated constituents. For 
example, the methylation of the mRNA 5′-cap has been intensively 
studied6–7. In addition, a few studies have described the methyla-
tion of other regions of an individual mRNA, such as intron-specific 
region of the bPRL mRNA8 and the 3′-untranslated region (UTR) 
of bovine prolactin9. Although small amounts of N5-methylcyto-
sine have been identified, mRNA methylation events predominantly 
occur as N6-methyladenosine. Methylation at an intron influences 
the processing of bPRL mRNA precursor and the accumulation of 
mature mRNA in the cytoplasm8. However, whether methylation 
within the 3′UTR of an individual mRNA can impact upon such 
processes as mRNA maturation, translation or turnover has not 
been elucidated.

NSun2 (NOP2/Sun domain family, member 2; Myc-induced SUN 
domain-containing protein, Misu) is a nucleolar RNA methyltrans-
ferase mediating c-Myc-induced proliferation of the skin by recruit-
ing the nucleolar and spindle-associated protein10. The nucleolar 
localization of NSun2/Misu is dependent on RNA polymerase III 
transcripts, suggesting that NSun2 may target methylation of rRNA 
or tRNA. Indeed, in vitro methylation assays have proven that tRNA 
is a typical substrate of NSun211–12. The subcellular distribution of 
NSun2 may link its methyltransferase activity to the cell division 
cycle. During interphase, NSun2 is concentrated in the nucleolus 
and interacts with nucleolar proteins NPM1/nucleophosmin/B23 
as well as nucleolin/C23, thereby suppressing the methyltransferase 
activity of NSun210. The phosphorylation of NSun2 at Ser139 by 
Aurora-B suppresses the methyltransferase activity of NSun2 by 
enhancing this association12. In mitosis and the G2 phase, NSun2 is 
present in the perichromosome and cytoplasm11. Although the bio-
logical impact of this distribution is not known, the observation that 
NSun2 is expressed highly in cancer as well as in the S phase of the 
cell cycle11 suggests that NSun2-mediated RNA methylation may 
act as an important post-transcriptional regulator of cancer and cell 
proliferation genes. However, the methylation of specific mRNAs by 
NSun2 and the downstream consequences have not been reported.

In recent years, post-transcriptional regulatory events, especially 
the regulation of mRNA turnover and translation by RNA-binding 
proteins and microRNAs, have gained much recognition13–14. This 
regulation occurs largely via the interaction of target mRNAs (pre-
dominantly at their 3′UTR) and these post-transcriptional regula-
tory factors. The sequence and the secondary structure of mRNAs 
are also important for the association of mRNA with the regulatory 
factors as well as for the fate of the mRNA (for example, translation, 
turnover, and so on). For example, the secondary structure of a tar-
get mRNA is a key determinant for the binding of HuR or AUF1 to 
the target mRNA; a stem-loop structure located at the 3′UTR of p16 
mRNA is necessary for the destabilizing influence of RNA-binding 
proteins HuR, AUF1 and Ago2 upon the p16 mRNA15.

In the present study, we show that NSun2-mediated methyla-
tion of the p16 3′UTR reduces p16 mRNA decay. We have identified 
A988 within the p16 3′UTR as the methylation site of NSun2. The 
methylation of p16 3′UTR prevents the mobilization of p16 mRNA 
into processing bodies, linked to the stabilization of p16 mRNA. 
This regulatory pathway is responsible for elevating p16 expression 
under oxidative stress.

Results
NSun2 induces p16 expression by stabilizing the p16 mRNA. 
The finding that NSun2 mediates Myc-induced cell proliferation11 

prompted us to ask if NSun2 regulates the expression of genes related 
to cell cycle progression. We tested if knockdown or overexpression 
of NSun2 influenced the levels of cell proliferation proteins, 
including cyclin A, cyclin B1, PCNA and p16. By western blot 
analysis, transfection of HeLa cells with a vector expressing NSun2 
shRNA reduced the levels of NSun2 by ~85%, while transfection 
of the cells with a vector expressing NSun2 increased the levels of 
NSun2 by ~8.2-fold (Fig. 1a). Knockdown of NSun2 in HeLa cells 
reduced p16 levels by ~74%, whereas overexpression of NSun2 
increased p16 levels by ~3.9-fold. However, neither knockdown nor 
overexpression of NSun2 altered the levels of cyclin A, cyclin B1, 
PCNA or glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

As NSun2 has been described as an RNA methyltransferase, we 
asked if NSun2 regulates p16 expression at the post-transcriptional 
level. To begin to answer this question, the levels of p16 pre-mRNA 
and mRNA in cells treated as described in Figure 1a were assessed 
by real-time quantitative PCR (RT–qPCR) analysis. As shown in 
Figure 1b, neither knockdown nor overexpression of NSun2 mark-
edly altered p16 pre-mRNA levels. In contrast, knockdown of 
NSun2 reduced p16 mRNA by ~77%, and overexpression of NSun2 
increased the mRNA levels of p16 by ~3.7-fold (Fig. 1c). These results 
suggest that NSun2 may regulate the half-life of p16 mRNA. To test 
this hypothesis, the cells described in Figure 1a were used to ana-
lyse p16 mRNA half-life. As shown in Figure 1, the half-life of p16 
mRNA in NSun2-silenced cells was markedly shorter (3.34 ± 0.13 h) 
than that observed in control shRNA-expressed cells (4.16 ± 0.15 h; 
P = 0.002, Student’s t-test) (Fig. 1d), while the half-life of p16 mRNA 
in NSun2-overexpressing cells was longer (4.72 ± 0.12 h) than that 
in control vector-transfected cells (3.53 ± 0.17 h; P = 0.001, Student’s 
t-test) (Fig. 1e). As a negative control, neither knockdown nor over-
expression of NSun2 altered the half-life of β-actin mRNA. These 
data suggest that NSun2 may act as a stabilizer of p16 mRNA.

NSun2 binds p16 3′UTR and stabilizes EGFP-p16 reporter RNAs. 
Previous studies demonstrated that p16 mRNA turnover was regu-
lated by HuR and AUF115–17. To test if NSun2 similarly interacted 
with p16 mRNA, biotinylated fragments of p16 mRNA (coding 
region (CR), FL (full-length 3′UTR of p16), as well as 3′UTR frag-
ments A, B, C, Ba, Bb and Bc (Fig. 2a, schematic)) and whole-cell 
extracts of HeLa cells were prepared and used for pull-down analy-
sis. The presence of NSun2 in the pull-down materials was analysed 
by western blotting. HuR and HDAC1 served as a positive and 
negative control, respectively. As shown in Figure 2b, fragments FL,  
B and Bc interacted with NSun2, but fragments CR, A, C, Ba and Bb 
did not. HuR interacted with fragments FL, A, B and Bb, in agree-
ment with previous findings15–16, while HDAC1 did not interact 
with any of the fragments used. These results suggested that the 
NSun2-response element may be located within fragment Bc.

To further test if NSun2 was associated with the p16 3′UTR 
directly, the interaction of purified His-NSun2 with 32P-labelled 
fragments CR and B as well as with the fluorescein-labelled fragment 
B was assessed by in vitro RNA–protein-binding assays (rEMSA). 
The binding of His-HuR to fragment B served as a positive control. 
Both His-NSun2 and His-HuR were capable of binding to fragment 
B (Fig. 2), but not to fragment CR (Fig. 2c); the Kd of the NSun2-
p16B interaction was 2277 ± 216 (Fig. 2d). Therefore, NSun2 is able 
to interact directly, albeit weakly, with the p16 3′UTR.

Next, we tested if the association of NSun2 with the p16 3′UTR 
affected the turnover of p16 mRNA. Several EGFP-derived reporter 
vectors bearing partial p16 fragments (Fig. 3a, schematic) were con-
structed. HeLa cells stably transfected with the pTet-off plasmid 
were individually co-transfected with each of the EGFP-p16 vectors 
plus a vector expressing either NSun2 shRNA or control shRNA. 
After 48 h, total RNA was prepared at the times indicated and the 
half-lives of the encoded chimeric RNAs were evaluated15–16. As 
shown in Figure 3b, knockdown of NSun2 significantly shortened 
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Figure 1 | NSun2 regulates p16 expression by stabilizing p16 mRNA. (a) At 48 h after transfection of HeLa cells with a vector expressing the NSun2 
shRNA (shNSun2) or NSun2 (pNSun2), lysates were prepared to assess the levels of NSun2, cyclin A, cyclin B1, PCNA, p16 and loading control  
GAPDH by western blot analysis. (b) RNA isolated from cells described in a was subjected to RT–qPCR analysis (normalized to GAPDH mRNA) to  
assess the p16 pre-mRNA levels. (c) RNA isolated from cells described in a was subjected to RT–qPCR analysis to assess the p16 mRNA levels.  
(d) At 48 h after transfection with a vector expressing the NSun2 shRNA (shNSun2) or the control shRNA (Control), HeLa cells were exposed to 
actinomycin D (2 µg ml − 1), whereupon the cellular RNA was isolated at times indicated. RT–qPCR against GAPDH was performed to assess the half-lives 
of p16 and β-actin mRNA (dotted curves, shNSun2; solid curves, control). (e) At 48 h after transfection with a vector expressing NSun2 (pNSun2) or the 
control vector (Vector), HeLa cells were exposed to actinomycin D (2 µg ml − 1), whereupon the cellular RNA was isolated at times indicated. RT–qPCR 
was performed to assess the half-lives of p16 and β-actin mRNA (dotted curves, pNSun2; solid curves, vector). The RT–qPCR data are represented as 
means ± s.e.m. from three independent experiments. Western blots are representative of three or more experiments, and the signals were quantified  
by densitometry.
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Figure 2 | NSun2 interacts with the p16 3′UTR. (a) Schematic representation of the p16 mRNA, depicting fragments used for biotin pull-down assays. 
(b) Biotin pull-down assays using the biotinylated fragments shown in a to detect bound cellular HuR and NSun2 by western blotting. A 10-µg aliquot 
of whole-cell lysate (Lys.) and binding to HDAC1 were included as controls. (c) In vitro protein–RNA-binding assays (rEMSA) were performed using 32P-
lablled p16 fragments CR (coding region) and B as well as the indicated amounts of purified His-NSun2 (200–400 ng per reaction). Binding of His-HuR 
to the p16 3′UTR served as a positive control. (d) rEMSA was performed using fluorescein-labelled p16 fragment B (0.003 nM) and purified His-NSun2 
(0.003 nM). The dissociation constant (Kd) was estimated.
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the half-lives of the EGFP-FL (4.84 ± 0.19 h versus 3.02 ± 0.13 h, 
P < 0.001, Student’s t-test), EGFP-B (4.92 ± 0.29 h versus 2.90 ± 0.10 h, 
P < 0.001, Student’s t-test) and EGFP-Bc (4.50 ± 0.22 h versus 
2.74 ± 0.13 h, P < 0.001, Student’s t-test). In contrast, the half-lives 
of EGFP, EGFP-CR, EGFP-A, EGFP-C, EGFP-Ba and EGFP-Bb 
mRNAs were not influenced. Therefore, the NSun2-response ele-
ment is located in fragment Bc of the p16 3′UTR. As the response 
element of HuR, AUF1 and Ago2 is located at positions 929–960 
(within the fragment B)15, our results indicate that the regulation 
of p16 mRNA turnover by NSun2 may be independent from the 
regulation by HuR, AUF1 and Ago2.

NSun2 methylates the p16 3′ UTR at A988. NSun2 has been 
described as a tRNA methyltransferase. To test if NSun2 might be 
able to methylate p16 mRNA, in vitro-transcribed fragments of p16 
mRNA (Fig. 2a) and purified His-NSun2 were used in in vitro meth-
ylation assays. 3H incorporation to the p16 complementary DNA 
and to bacterial tRNA was included as negative and positive con-
trols, respectively. As shown in Figure 4a, 3H incorporation into FL  
p16 3′UTR was significantly higher than that observed from fragment 
UC (spanning the 5′UTR and p16-CR). Unlike the p16 3′UTR, 3H 
incorporation into the 3′UTR of cyclin A, cyclin B1 and CDC25A 
was not significantly higher than that observed from p16 cDNA 
(Fig. 4b), suggesting that the methylation of p16 3′UTR by NSun2 
is specific. Further study showed that NSun2 methylated fragments 
FL, B and Bc, but not fragments CR, A, C, Ba or Bb, indicating 
that the methylation site is located within fragment Bc (positions 
970–1053) (Fig. 4c), which contained the NSun2-response ele-
ment (Figs 2b,c and 3b). Fragment Bc contains an AAC (positions 
987–989), but no GAC or CAA sequences. The AAC motif within 

fragment B was then mutated as UAC (B∆1), AUC (B∆2) or AAU 
(B∆3) by overlap PCR (Fig. 4d, schematic); C989 was not mutated 
to G because it would produce another consensus methylation motif 
(GAC). These mutated fragments were transcribed and subjected to 
in vitro methylation assays. As shown in Figure 4e, 3H incorpora-
tion into fragments B∆1, B∆2 and B∆3 was much lower than that 
seen with fragment B, indicating that the methylation site of p16 
mRNA by NSun2 is located within the AAC motif. Notably, muta-
tion of A987 and C989 exhibited similar effect as that of A988, in 
keeping earlier findings19 that the context of the methylation site is 
also important for the methylation of RNA. We therefore conclude 
that the methylation site in p16 mRNA by NSun2 is located in A988 
(Am6AC). To evaluate the efficiency of the methylation catalysed by 
NSun2, we performed titre assays and measured the initial velocity. 
3H incorporation into fragment B, but not into fragments CR, B∆1, 
B∆2 and B∆3, increased when the amount of His-NSun2 increased 
(Fig. 4f). The estimated initial velocity was 718 ± 111 (3H incorpo-
ration (CPM) min − 1) for fragment B and 831 ± 130 (3H incorpo-
ration (CPM) min − 1) for tRNA methylation; the methylation of 
both tRNA and p16 fragment B was ~40% completed within 1 min 
(Supplementary Fig. S1a,b). The methylation efficiency of fragment 
B was estimated to be ≥55.7% (Supplementary Table S1). There-
fore, the methylation of p16 mRNA catalysed by NSun2 is fast and 
efficient. In addition, a similar methylation motif (AAC) was con-
served in the p16 3′UTR of Chimpanzee, but not in that of mouse 
or rat (Supplementary Fig. S1c), suggesting that the methylation of 
p16 3′UTR by NSun2 may occur only in primates.

Methylation at A988 stabilizes the EGFP-p16 reporter RNAs. 
To evaluate the influence of NSun2-mediated methylation on the 
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Figure 3 | Influence of NSun2 on the stabilization of EGFP-p16 chimeric transcript. (a) Schematic representation of the EGFP-p16 reporters studied.  
(b) HeLa cells stably transfected with pTet-Off plasmid were co-transfected with each of the EGFP-derived reporters bearing fragments of p16 mRNA  
(a, schematic), and a vector expressing NSun2 (shNSun2) or the control shRNA (control). After 48 h, the half-lives of the chimeric transcripts were 
assessed by RT–qPCR (dotted curves, shNSun2; solid curves, control). 
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half-life of p16 mRNA, B∆1, B∆2, B∆3 and B∆4 mutants depicted 
in Figure 5a were inserted into the pTRE-d2-EGFP vector (Fig. 5a, 
schematic). The B∆4 mutant (AAC to AUC) was derived from B1 
fragment, a mutant fragment that was not a target of HuR, AUF1 
or Ago215. The effect of NSun2 knockdown on the half-lives of 
these reporter transcripts was assessed. As expected, knockdown of 
NSun2 shortened the half-life of EGFP-B mRNA (4.93 ± 0.36 h ver-
sus 3.10 ± 0.13 h, P = 0.001, Student’s t-test), but not those of EGFP-
B∆1, EGFP-B∆2, EGFP-B∆3 and EGFP-B∆4 mRNAs (Fig. 5b). In 
addition, the half-life of EGFP-B1 mRNA, bearing the mutated 
HuR/AUF1-binding site, was also shortened by NSun2 silencing 
(4.49 ± 0.12 h versus 2.77 ± 0.11 h, P < 0.001, Student’s t-test). There-
fore, methylation by NSun2 may act as a stabilizing modification 
of p16 mRNA and function independently of the HuR/AUF1-p16 
regulatory process.

In previous studies, we reported that p16 mRNA was destabi-
lized by AUF1, HuR and Ago2/RISC15. We further asked if NSun2-
mediated methylation influenced the association of p16 mRNA with 
HuR, AUF1 and Ago2. To answer this question, HeLa cells were 
transfected with plasmids pGL3-B, pGL3-B∆2, pGL3-B1 or pGL3-
CR (Fig. 6a, schematic). The association of fragments B, B∆2 and CR 
with HuR, AUF1 and Ago2, as well as the association of fragments 
B, B1, CR and B∆2 with NSun2, were assessed by RNP IP assays. 
The presence of Luc-CR chimeric transcript in the IP materials of 
HuR, AUF1, Ago2 or NSun2, and the presence of Luc-B, Luc-B∆2, 
Luc-B1 or Luc-CR chimeric transcripts in the IP materials of IgG 

antibody were included as negative controls. As shown in Figure 6 
by RT–qPCR from the IP materials, although the level of luciferase 
(Luc)-B∆2 chimeric transcript was ~30% lower than that of pGL3-B 
transcript (input), the presence of Luc-B∆2 chimeric transcript in 
the IP materials of HuR, AUF1 and Ago2 was significantly higher 
than that of Luc-B (Fig. 6b). However, the presence of Luc-B1 and 
Luc-B∆2 chimeric RNAs in the NSun2 IP materials was comparable 
to that of Luc-B chimeric RNA (Fig. 6c,d). Further evidence was 
obtained from the biotin pull-down assays using in vitro methylated 
fragment B. As shown in Figure 6e, the presence of HuR, but not 
NSun2, in the pull-down material of methylated fragment B was 
reduced by ~61% (P < 0.001, Student’s t-test), compared with that 
of unmethylated fragment B. These results suggest that methylation 
by NSun2 antagonizes the binding of HuR to the p16 3′UTR; but 
neither the binding by HuR/AUF1 nor the methylation by NSun2 
influenced the interaction of NSun2 with the p16 3′UTR. Further-
more, mutation of the methylation site increased the effect of HuR in 
inhibiting the activity of luciferase encoded by Luc-B∆2 RNA, while 
mutation of the HuR/AUF1-binding motif enhanced the effect of 
NSun2 in inducing the activity of Luc-B1-encoded luciferase (Fig. 
6f,g). Moreover, although miR-24 was described as a repressor for 
p16 translation20, methylation by NSun2 had no influence on the 
interaction of p16 3′UTR with miR-24, miR-365 and miR125b 
(miR-365 and miR125b also target the p16 3′UTR, as determined 
using Target Scan) (Supplementary Fig. S2). Together, our results 
indicate that NSun2-mediated methylation of p16 3′UTR prevented 
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the interaction of HuR/AUF1/Ago2/RISC with the p16 3′UTR, 
thereby antagonizing the effect of these RNA-binding proteins in 
destabilizing the p16 mRNA. Although binding by HuR/AUF1 did 
not influence the interaction of NSun2 with the p16 3′UTR, loss of 
HuR/AUF1 binding enhanced the effect of NSun2-mediated meth-
ylation in stabilizing p16 mRNA.

Methylation at A988 reduces pMS2-p16 chimeric RNAs in PBs. We 
previously described that the RISC component Ago2 destabilized p16 
mRNA. As RISC has been implicated in the recruitment of mRNAs 
into PBs, we further asked if NSun2-mediated methylation of p16 
3′UTR influences the colocalization of p16 mRNA with processing 
bodies (PBs). To address this question, the presence of the chimeric 
transcripts encoded by pMS2-B and pMS2-B∆2 was evaluated. Co-
transfection of pMS2, pMS2-B or pMS2-B∆2 together with plasmid 

pMS2-green fluorescent protein (GFP) (Fig. 7a, schematic) express-
ing the chimeric green fluorescent protein MS2-GFP with a nuclear 
localization signal21 allowed us to track the subcellular localization 
of the chimeric MS2-B and MS2-B∆2 RNAs (as the MS2-GFP–MS2-
B and MS2-GFP–MS2-B∆2 complex) as well as the control MS2 
RNA (as the MS2-GFP–MS2 complex) by confocal microscopy. 
The MS2 system has been used successfully to track the subcellu-
lar localization of RNAs21–23. As shown in Figure 7b,c and previ-
ously reported21, the control MS2 RNA appeared to be exclusively  
nuclear in all of the transfected cells, owing to the presence of a 
nuclear localization signal in the MS2 fusion protein. By contrast, 
the GFP–MS2-B and MS2-B∆2 RNAs were readily observed in the 
cytoplasm, colocalizing to some extent (but not exclusively) with 
RCK signals; the colocalization results in yellow signals in the 
merged images. The colocalization of MS2-GFP–MS2-B and RCK 
signals was reduced ~74% (P = 0.0006, Student’s t-test) when NSun2 
was overexpressed (Fig. 7b,d), while the colocalization of MS2-
GFP–MS2-B and RCK signals was enhanced ~1.4-fold (P = 0.0074, 
Student’s t-test) when NSun2 was silenced (Fig. 7c,e). Furthermore, 
in empty vector (pcDNA3.1) and control siRNA-transfected cells, 
the colocalization of MS2-GFP–MS2-B∆2 and RCK signals was 
~1.4-fold (P = 0.0139, Student’s t-test) and ~1.5-fold (P = 0.0056, 
Student’s t-test) higher than that of MS2-GFP–MS2-B and RCK sig-
nals, respectively. Moreover, neither overexpression nor silencing of 
NSun2 significantly altered the colocalization of MS2-GFP–MS2-
B∆2 and RCK (P = 0.9454 for NSun2 overexpression, P = 0.1454 for 
NSun2 knockdown, Student’s t-test) (Fig. 7b–e). Together, these 
results suggest that NSun2 stabilizes p16 mRNA at least in part by 
protecting the transcript from transport into PBs.

NSun2 stabilizes p16 mRNA under oxidative stress. As the 
increased stability of p16 mRNA is responsible for the elevation 
of p16 under oxidative stress17, we further asked if NSun2-medi-
ated methylation stabilizes the p16 mRNA in response to oxidative 
stress. Although exposure of HeLa cells to different doses of H2O2 
for 6 h increased the protein levels of p16 and NSun2, the maxi-
mum induction of NSun2 and p16 required at least 100 µM H2O2 
(Supplementary Fig. S3a). Exposure of the HeLa cells to a low dose 
(50 µM) of H2O2 for 24 h, which increased the cells in G1 phase but 
did not trigger apoptosis (Supplementary Fig. S3b,c), significantly 
induced the protein levels of NSun2 and p16 (Fig. 8a). The induc-
tion of p16 by H2O2 was mediated, at least in part, through stabi-
lization of the p16 mRNA, as both the level and the half-life of p16 
mRNA (2.78 ± 0.13 h versus 4.28 ± 0.12 h, P < 0.001, Student’s t-test) 
increased (Fig. 8a,b). To evaluate the contribution of NSun2-medi-
ated methylation in the regulation of p16 under oxidative stress, the 
half-lives of EGFP-CR, EGFP-FL, EGFP-B, EGFP-B1, EGFP-B∆2 
and EGFP-B∆4 chimeric transcripts were analysed. As shown in 
Figure 8c, under oxidative stress, the half-lives of transcripts EGFP-
FL (2.57 ± 0.10 h versus 4.00 ± 0.13 h, P < 0.001, Student’s t-test), 
EGFP-B (3.22 ± 0.14 h versus 4.55 ± 0.18 h, P = 0.001, Student’s t-test), 
EGFP-B∆2 (3.23 ± 0.10 h versus 4.15 ± 0.14 h, P = 0.001, Student’s t-
test) and EGFP-B1 (3.08 ± 0.12 h versus 4.78 ± 0.10 h, P < 0.001, 
Student’s t-test) increased, but those of EGFP-CR or EGFP-B∆4 
mRNAs did not. Notably, EGFP-B∆4 RNA, a mutant that was not 
a target of HuR, AUF1 or Ago2 and was not methylated by NSun2, 
was completely refractory to H2O2 treatment. Furthermore, knock-
down of NSun2 markedly diminished the effect of H2O2 on induc-
ing the expression of p16 (Supplementary Fig. S3d). In agreement to 
the observation from Figure 8c, the luciferase activity of pGL3-B∆2 
and pGL3-B1 reporters under oxidative stress was much lower than 
that encoded by pGL3-B, while the activity of pGL3-B∆4 reporter 
(Supplementary Fig. S3e, schematic) was not altered by oxidative 
stress (Supplementary Fig. S3f). These results suggest that the sta-
bility of p16 mRNA under oxidative stress was regulated by both 
HuR/AUF1/Ago2-p16 and NSun2-p16 pathways, and the NSun2-
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p16 regulatory process was required for the utmost induction of  
p16 by oxidative stress.

Discussion
Altered mRNA turnover is an important post-transcriptional 
regulatory mechanism for a variety of mRNAs encoding cell 
cycle regulators such as p21CIP1 and cyclins A, B1, D1 and E24–26, 
proliferation-associated genes such as c-fos27, as well as factors 
controlling tumour growth such as VEGF, COX-2, β-actin, tumour-
necrosis factor-α, interleukin-6 and interleukin-818,28–31. It is well  
known that RNA-binding proteins and microRNAs act as regulatory 
factors for mRNA turnover. In addition, the sequence and struc-

ture of mRNAs are also important determinants of mRNA stability.  
For example, a stem-loop structure of p16 3′UTR determines the 
effect of HuR and AUF1 to destabilize p16 mRNA15. As a typical 
tRNA methytransferase, NSun2 was identified as a positive regula-
tor of cell cycle progression11. However, ectopically increasing or 
decreasing NSun2 had no influence on the protein levels of cyc-
lin A, cyclin B1 or PCNA (Fig. 1a). Instead, our findings indicate 
that methylation of p16 3′UTR by NSun2 may act as a stabilizing 
factor for p16 mRNA (Figs 1,3,5 and 8), which encodes a well-
known inhibitor of cell proliferation. In our ongoing studies, we 
are screening for targets of NSun2 other than p16 mRNA by using 
cDNA/protein arrays and investigating whether NSun2-mediated 
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means ± s.e.m. from three independent experiments.



ARTICLE

��

nature communications | DOI: 10.1038/ncomms1692

nature communications | 3:712 | DOI: 10.1038/ncomms1692 | www.nature.com/naturecommunications

© 2012 Macmillan Publishers Limited. All rights reserved.

methylation functions as a broad post-transcriptional mechanism 
to control cell proliferation. The results of this work will enhance  
our understanding of NSun2 function during the process of cell 
proliferation.

Although methylation at all four nucleotides (A, U, C and G) 
of RNA has been reported32–33, methylation of an mRNA at other 
than the 5′-cap occurs predominantly as N6-methyladenosine 
(m6A), with a small amount of m5C identified in mRNA isolated 
from cultured hamster cells8. The Am6AC and Gm6AC motifs were 
described as the consensus sequences for adenosine methylation 
of mRNA catalysed by RNA methyltransferase8,34. In keeping with 
these earlier reports, the AAC motif locating at positions 987–989 in 
the p16 3′UTR has been identified by in vitro methylation assays as 
the methylation site by NSun2 (Fig. 4). This motif appears to be con-
served only among primates (Supplementary Fig. S1c). In vitro pro-
tein–RNA-binding assays and biotin pull-down assays suggest that 
NSun2 may be an RNA-binding protein (Fig. 2b,c,d). It appears that 
the p16 3′UTR associates with NSun2 more weakly than with HuR 
(Fig. 2b,c), although it can efficiently methylate fragment B (Sup-
plementary Fig. S1b and Table S1). In addition, methylation may 
occur at the p16 pre-mRNA stage or on mature (but still nuclear) 
p16 mRNA; it is unlikely that methylation occurs in the cytoplasm 
because no colocalization signals between NSun2 and GFP–MS2-
B was observed in the cytoplasm (data not shown). Although the 
specific mechanisms by which NSun2 stabilizes p16 mRNA are not 
fully understood, our data suggest that NSun2-mediated p16 3′UTR 
methylation has two main consequences: it prevents the association 

of HuR and AUF1 (but not the association of miR-24, miR-365 or 
miR125b) with the p16 mRNA (Fig. 6b and Supplementary Fig. S2c),  
and it prevents the recruitment of p16 mRNA into PBs (Fig. 7). The 
stabilization of p16 mRNA by NSun2 may not be caused by NSun2 
binding to the p16 3′UTR, as mutation of the methylation site  
has no influence on the association of NSun2 with the p16 3′UTR 
(Fig. 6d,e).

In previous studies15–17, we showed that HuR- and AUF1- 
regulated p16 mRNA decay is an important mechanism for the  
elevation of p16 in both oxidative stress-induced cellular senescence 
and replicative senescence. Therefore, it was of interest to us to study 
whether NSun2-mediated p16 mRNA stabilization was involved in 
the elevation of p16 during cellular senescence. Unfortunately, the 
reduced level of NSun2 during replicative senescence suggests that 
NSun2 is unable to stabilize the p16 mRNA in replicative senes-
cence (unpublished data). Under oxidative stress conditions, the 
increased stability of p16 mRNA could be achieved by repression 
through the complex HuR/AUF1/Ago2-p16 mRNA17 and by the 
activation of NSun2-p16 regulatory process, as the plasmid pEGFP-
B∆4/pGL3-B∆4, but not pEGFP-B1/pGL3-B1 or pEGFP-∆2/pGL3-
B∆2, completely lost its responsiveness to oxidative stress (Fig. 8c 
and Supplementary Fig. S3f). In addition, loss of the NSun2-p16 
process enhances the effect of HuR/AUF1 on regulating p16 expres-
sion under oxidative stress and vice versa (Fig. 6f,g). It is challenging 
to evaluate the contribution of NSun2-p16 or the HuR/AUF1-p16 
regulatory process to the elevation of p16 under oxidative stress. 
However, the NSun2-p16 regulatory process is, at least in part, par-
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ticipating in elevating p16 under oxidative stress (Supplementary 
Fig. S3d). Therefore, the turnover of p16 mRNA (or other tran-
scripts) could be regulated by multiple pathways and the relative 
contribution of each pathway might vary depending on the stimulus 
or the cell status.

Although methylation in the 3′UTR of bovine prolactin was 
reported two decades ago, the consequences of this regulation have 
not been described. The present study demonstrates that NSun2-
mediated methylation of p16 3′UTR can stabilize the p16 mRNA 
and enhance p16 expression. This study sets the stage for future 
work to investigate the influence of 3′UTR methylation in the con-
trol of the turnover of other mRNAs.

Methods
Cell culture. HeLa cells were cultured in Dulbecco’s modified Eagle’s medium 
(Invitrogen) supplemented with 10% foetal bovine serum and antibiotics, at 37 °C 
in 5% CO2.

Transfection and treatment of cells. Cells at 50% confluence were treated with 
50 µM H2O2 (Sigma) and collected for analysis 24 h later. All plasmid transfec-
tions were performed using Lipofectamine 2000 (Invitrogen). Unless otherwise 
indicated, cells were analysed 48 h after transfection.

Antibodies and western blot analysis. Whole-cell extracts were prepared in 
20 mM HEPES (pH 7.4), 50 mM β-glycerophosphate, 1% Triton X-100, 10% glyc-
erol, 2 mM EGTA, 1 mM dithiothreitol plus protease inhibitor cocktail. Western 
blot analysis was performed using 1 µg ml − 1 polyclonal anti-cyclin A (Abcam), 

1 µg ml − 1 polyclonal anti-cyclin B1 (Abcam), 0.25 µg ml − 1 polyclonal anti-PCNA 
(Abcam), 0.5 µg ml − 1 polyclonal anti-NSun2 (Abcam), 0.2 ìg ml − 1 monoclonal 
anti-GAPDH (Abcam), 0.2 µg ml − 1 monoclonal anti-HuR (Santa Cruz Biotechnol-
ogies), 0.2 µg ml − 1 monoclonal anti-p16 (Santa Cruz Biotechnologies) or 1 µg ml − 1 
polyclonal anti-AUF1 (Santa Cruz Biotechnologies).

RNA isolation and RT–qPCR. Total cellular RNA was prepared using the RNeasy 
Mini Kit (Qiagen). The levels of p16 mRNA, GAPDH mRNA, and transcripts 
derived from pGL3 and pEGFP plasmids (chimeric Luc and EGFP transcripts, 
respectively) were detected using the following primer pairs: 5′-TGGAGGCG 
GGGGCGCTGCCCA-3′ and 5′-TCGTGCACGGGTCGGGTGAGA-3′ for p16 
mRNA, 5′-CGAGTCAACGGATTTGGTGGTAT-3′ and 5′-AGCCTTCTCCAT 
GGTGAAGAC-3′ for GAPDH mRNA, 5′-TACAACTACAACAGCCACAACG-3′ 
and 5′-ATCCTGCTCCTCCACCTCC-3′ for pEGFP-derived reporter transcripts 
(EGFP RNA), and 5′-GATTACCAGGGATTTCAGT-3′ and 5′-GACACCTTTAG 
GCAGACC-3′ for pGL3-derived transcripts (Luc RNA). The primers for RT–qPCR 
analysis of miR-24, miR-365 and miR-125b were from Ribo Biology (Beijing, China).

RNA–protein interaction assays and UV crosslink RNP IP assays. cDNA was 
used as a template for PCR amplification of the different p16 mRNA fragments. All 
5′ primers contained the T7 promoter sequence (5′-(T7)CCAAGCTTCTAATACG
ACTCACTATAGGGAGA-3′]. Fragments CR, FL, A, B, C and B1 were described 
previously15. To prepare templates for the fragments UC (5′UTR + CDS), Ba, Bb 
and Bc, we used the following primer pairs:

5′-(T7)AGGAAGAAAGAGGAGGGGC-3′ and 5′-TCAATCGGGGAT 
GTCTGA-3′ for UC, 5′-(T7)AGAAAATAGAGCTTTTAAAAATGTCCTG-3′ and 
5′-ACATTTACGGTAGTGGGGGAAGG-3′ for Ba, 5′-(T7)AGAAAATAGAGCTT
TTAAAAATGCCTG-3′ and 5′-TTACATTTTTATAAGAATATATAAAAAATG-3′ 
for Bb, and 5′-(T7)AAAAGAAAAACACCGCTTCTGCCTTTCAC-3′ and 5′-
ACCACATGAATGTGCGCTTAG-3′ for Bc. To prepare templates for the 3′UTR of 

0 50

1.0 6.8

1.0 7.1

NSun2 (fold)

p16 (fold)

NSun2

p16

GAPDH

100 kDa

16 kDa

36 kDa

10%

100%

0 1 2 3 4 5 6 7 8 9

Time after Act.D (h)

0 1 2 3 4 5 6 7 8 9

Time after Act.D (h)

%
 R

N
A

 r
em

ai
ni

ng

10%

100%

%
 R

N
A

 r
em

ai
ni

ng

0
1
2
3
4
5
6

Ctrl

p1
6 

m
R

N
A

 le
ve

l
(f

ol
d 

of
 C

tr
l)

H2O2 (µM)

H2O2

p16, t1/2: 2.78±0.13 h
versus 4.28±0.12 h, P< 0.001

Actin, t1/2: 4.49±0.19 h
versus 4.37±0.15 h, P= 0.445

0 1 2 3 4 5 6 7 8 9
10%

100%

Time in Dox (h)

0 1 2 3 4 5 6 7 8 9

Time in Dox (h)

0 1 2 3 4 5 6 7 8 9

Time in Dox (h)

0 1 2 3 4 5 6 7 8 9

Time in Dox (h)

0 1 2 3 4 5 6 7 8 9

Time in Dox (h)

0 1 2 3 4 5 6 7 8 9

Time in Dox (h)

%
 R

N
A

 r
em

ai
ni

ng

10%

100%

%
 R

N
A

 r
em

ai
ni

ng
10%

100%

%
 R

N
A

 r
em

ai
ni

ng
10%

100%

%
 R

N
A

 r
em

ai
ni

ng

10%

100%

%
 R

N
A

 r
em

ai
ni

ng

10%

100%

%
 R

N
A

 r
em

ai
ni

ng

CR, t1/2: 2.78±0.11 h
versus 2.67±0.10 h, P= 0.288

FL, t1/2: 2.57±0.10 h
versus 4.00±0.13 h, P< 0.001

B, t1/2: 3.22±0.14 h
versus 4.55±0.18 h, P= 0.001

B1, t1/2: 3.08±0.12 h
versus 4.76±0.10 h, P< 0.001

B∆4, t1/2: 3.08±0.33 h
versus 3.36±0.10 h, P= 0.242

B∆2, t1/2: 3.23±0.10 h
versus 4.15±0.14 h, P= 0.001

Figure 8 | Induction of NSun2 and p16 in HeLa cells by H2O2. (a) HeLa cells were exposed to H2O2 (50 µM) for 24 h. The protein levels of NSun2, p16 and 
GAPDH were analysed by western blot analysis and the levels of p16 mRNA were analysed by RT–qPCR. (b) 24 h after exposure to H2O2 (50 µM), HeLa 
cells were treated with actinomycin D (2 µg ml − 1); at the times indicated, total RNA was isolated and subjected to RT–qPCR analysis. The half-lives of p16 
mRNA and β-actin were calculated after normalization to GAPDH mRNA (solid curves, untreated; dotted curves, H2O2 treated). (c) HeLa cells stably 
transfected with pTet-Off plasmid were co-transfected with each of the EGFP-derived reporters bearing fragments CR, FL, B, B1, B∆2 and B∆4. After 24 h, 
cells were treated with H2O2 (50 µM) for 24 h and the half-lives of the chimeric transcripts assessed by RT–qPCR (solid curves, untreated; dotted curves, 
H2O2 treated).
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cyclin A, cyclin B1 and CDC-25A, we used these primer pairs: 5′-(T7)CAATGAAA
GACTGCCTTTGTT-3′ and 5′-TTTTTTTTTTTTTAAGGTAACA-3′ for cyclin A 
3′UTR, 5′-(T7)CTTGTAAACTTGAGTTGGAGT-3′ and 5′-TTTTTTTTTTTTGT 
ATTTGAG-3′ for cyclin B1 3′UTR, and 5′-(T7)GGGGCCTGCGCCAGTCCTG-3′ 
and 5′-CTCAACTTGCTCAGTGCTTTA-3′ for CDC-25A 3′UTR. To generate  
p16 fragment B mutants B∆1, B∆2 and B∆3, as well as the fragment FL mutant 
FL∆, the anticipated NSun2 methylation motif (AAC, positions 987–989) was 
mutated as UAC (B∆1), AUC (B∆2, FL∆) and AAU (B∆3) by overlapping PCR.  
The B∆4 was generated by mutating the AAC of fragment B115 as AUC by overlap-
ping PCR.

For biotin pull-down assays, PCR-amplified DNA was used for in vitro tran-
scription in the presence of biotin-UTP15. One microgram of purified biotinylated 
transcripts was incubated with 100 µg of whole-cell lysates for 30 min at room 
temperature. Complexes were isolated using paramagnetic streptavidin-conjugated 
Dynabeads (Dynal, Oslo, Norway), and the pull-down material was analysed by 
western blotting.

To perform RNA–protein interaction assays (rEMSA), p16 fragments B and 
CR were transcribed in vitro in the presence of 32P-UTP18. The reaction mixtures 
(0.02 ml) contained 50 mM Tris (pH 7.0), 150 mM NaCl, 0.25 mg ml − 1 tRNA, 
0.025 mg ml − 1 bovine serum albumin, 2.6 fmol of 32P-labelled RNA and protein as 
indicated. Mixtures were incubated at 37 °C for 10 min, whereupon 5 µl of reaction 
mixture was loaded on a 0.8% agarose gel in TAE buffer (40 mM Tris acetate and 
1 mM EDTA). After electrophoresis (40 V, 2.5 h), gels were dried and exposed to 
X-ray film.

To measure the dissociation constant of the NSun2-p16 3′UTR interaction,  
p16 fragment B was transcribed in vitro in the presence of fluorescein-12-UTP 
(Roche). The rEMSA assay was performed using 0.003 nM of His-NSun2 and 
0.003 nM of fluorescein-labelled fragment B18. The reaction mixture was loaded 
immediately on a 0.8% agarose gel in TAE buffer (40 mM Tris acetate and 1 mM 
EDTA). The signals were visualized under 520-nM wavelength light and quanti-
tated by densitometric analysis with the ImageMaster VDS software. The Kd was 
estimated as F1×F2/C2 (F1, unbound probe; F2, unbound protein; and C, complex).

For crosslinking of RNP IP complexes, cells were exposed to UVC 
(400 mJ cm − 2) and whole-cell lysates prepared for immunoprecipitation15 using 
monoclonal HuR or Ago2, or with polyclonal AUF1 and NSun2 antibodies. Briefly, 
lysates were precleaned (30 min, 4 °C) by using 5 µg of IgG1 and 20 µl of Protein-A 
Sepharose beads that had been previously swollen in NT2 buffer (50 mM Tris, pH 
7.4/150 mM NaCl/1 mM MgCl2/0.05% Nonidet P-40) supplemented with 5% BSA. 
Lysates (200 µg) were incubated (16 h, 4 °C) with 20 µl of Protein-A Sepharose 
beads in the presence of 3 µg of antibody for 3 h at room temperature. The IP mate-
rials were washed twice with stringent buffer (100 mM Tris–HCI, pH 7.4, 500 mM 
LiCI, 0.1% Triton X-100, 1 mM dithiothreitol, 2 µg ml − 1 leupeptin, 2 µg ml − 1 
aprotinin and 1 mM phenylmethylsulphonyl fluoride) and twice with the IP buffer. 
The transcripts present in the RNP complexes were analysed by RT–qPCR.

RNA interference. To silence NSun2 transiently, cells were transfected with plas-
mid pSuper.retro-NSun2 or with siRNA targeting NSun2 (5′-GAGATCCTCT 
TCTATGATC-3′) using Lipofectamine-2000 or Oligofectamine (Invitrogen), 
respectively. To silence HuR or AUF1 transiently, vectors pSuper.retro-HuR or 
pSilencer-AUF115 were transfected into cells using Lipofectamine-2000. Cells were 
collected 24–48 h after transfection for further analysis.

Constructs and mRNA half-life measurement. For constructing pGL3- and 
pTRE-d2EGFP-derived reporter plasmids, the p16 fragments were amplified by 
PCR using the primers without the T7 promoter sequence and inserted into the 
pGL3- or pTRE-d2EGFP vector (Clontech).

To construct the pSL-MS2-GFP vector, the YFP in pSL-MS2-YFP20 was 
mutated into GFP (Y203T203, [TACACC]) and subcloned into pcDNA3.0. For 
constructing the MS2-B, MS2-B∆2, MS2-FL and MS2-FL∆, the PCR-amplified 
fragments B, B∆2, FL and FL∆ of p16 were inserted into the pMS2 vector (6×MS2 
repeats). For constructing the flag-MS2-GFP vector, the PCR product of MS2-GFP 
was inserted between EcoRI and XbaI sites of flag-CMV 9.1 vector (Sigma).

For the construction of vectors expressing NSun2, the FL CR of NSun2 was 
amplified by PCR using primers 5′-CCGAATTCAATGGGGCGGCGGTCGCG 
GGGT-3′ and 5′-CCGCTCGAGTCACCGGGGTGGATGGACC-3′ and inserted 
between EcoRI and XhoI sites of pcDNA3.1 +  vector (Clontech). To construct 
pET-28a( + )-NSun2, the FL CR of NSun2 was amplified using PCR primers  
5′-CCGAATTCATGGGGCGGCGGTCGCGGGGT-3′ and 5′-CCGCTCGAGT 
CACCGGGGTGGATGGACC-3′, and inserted into the EcoRI and XhoI sites of the 
pET-28a +  vector.

To prepare vectors expressing NSun2 shRNA or control shRNA, oligonucle-
otides corresponding to shRNA targeting NSun2 (5′-GAGATCCTCTTCTAT 
GATC-3′) or a control shRNA (AAGTGTAGTAGATCACCAGGC) were inserted 
between the Hind III and Bgl II sites in pSuper.retro (Oligoengine).

To measure the half-life of endogenous p16 mRNA, actinomycin D (2 µg ml − 1) 
was added into the cell culture medium and total RNA was prepared and subjected 
to RT–qPCR analysis using p16-specific primers. To test the half-lives of the EGFP-
p16 chimeric transcripts, HeLa cells stably transfected with the pTet-Off plasmid 
were further transfected with each of the pEGFP-p16 constructs. After 24 h, expres-
sion of the EGFP-p16 chimeric transcripts was shut off by addition of Doxycyclin 

(Dox, 2 µg ml − 1), whereupon total RNA was prepared at the times indicated and 
the transcript half-lives were evaluated by RT–qPCR using EGFP-specific prim-
ers. The half-lives of the reporter transcripts were represented as the means ± s.d. 
from three independent experiments. The statistical significance was analysed by 
Student’s t-test.

In vitro methylation assays. For in vitro methyltransferase assay, His-tagged 
NSun2 was expressed in E. coli and purified using Ni-NTA Agarose (Qiagen) 
following the manufacturer’s instructions. Reaction mixtures (50 µl) containing 
1 µg of His-NSun2 (1 µg, ~0.24 nM), 0.02 µg (~0.007 nM) of in vitro transcribed 
fragments of mRNA and 1 µ Ci of 3H-labelled S-adenosyl-l-methionine (Amer-
sham Bioscience) in reaction buffer (5 mM Tris–HCl (pH 7.5), 5 mM EDTA, 10% 
glycerol, 1.5 mM dithiothreitol and 5 mM MgCl2)35 supplemented with inhibitors 
(leupeptin (1 µg ml − 1), aprotinin (1 µg ml − 1), 0.5 mM phenylmethylsulphonyl 
fluoride and RNasin (5 U µl − 1)) were incubated for 60 min at 37 °C. E. coli tRNA 
(0.013 nM (0.2 µg), Sigma) and unmethylated DNA (p16 fragment B DNA, 
0.0035 nM (0.04 µg)) were used as positive and negative controls, respectively. 
Unincorporated 3H S-adenosyl-l-methionine was removed by using Microspin 
G25 columns and incorporated radioactivity was measured by liquid scintillation 
counting. The nonisotopic methylated fragment B was prepared using cold SAM 
(Sigma) and biotin-labelled fragment B under same conditions.

Immunofluorescence and confocal microscopy. At 48 h after transfection, cells 
were fixed with 4% formaldehyde, permeabilized with 0.5% Triton X-100, blocked 
with 5% BSA and incubated with primary antibodies recognizing RCK (1 µg ml − 1) 
(Santa Cruz Biotechnology). Alexa 405- or TRITC-conjugated secondary antibod-
ies (0.8 µg ml − 1) (Invitrogen) were used to detect primary antibody–antigen 
complexes with different colour combinations as needed. Images were visual-
ized using FV1000-ASW Olympus Micro with FV1000-ASV 1.6 Viewer image 
processing software. The images were acquired with 10×100×2 and merged using 
maximum intensity. The relative colocalization signals of GFP and RCK (percent-
age of (GFP + RCK) from total GFP signals in the cytoplasm) were calculated. 
Statistical significance for the relative colocalization of GFP and RCK was analysed 
by Student’s t-test. 
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Corrigendum: The tRNA methyltransferase NSun2
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30-untranslated region of p16
Xiaotian Zhang, Zhenyun Liu, Jie Yi, Hao Tang, Junyue Xing, Minqwei Yu, Tanjun Tong, Yongfeng Shang,

Myriam Gorospe & Wengong Wang

Nature Communications 3:712 doi: 10.1038/ncomms1692 (2012); Published 6 Mar 2012; Updated 25 Oct 2013

Concern was raised over the level of processing of the images in Fig. 2b in this Article. Because the original blots were no longer
available, the experiment was repeated and the results presented in the new Fig. 9 below. As shown in this figure, fragments FL, B and
Bc interacted with NSun2, but fragments CR (coding region), A, C, Ba and Bb did not. HuR interacted with fragments FL, A, B and Bb,
whereas GAPDH did not interact with any of the fragments used. These additional data are consistent with Fig. 2b and thus support
our original conclusions.
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Figure 9 | NSun2 associates with the 30UTR of p16 mRNA. (a) Biotin pull-down assays using p16 mRNA fragments CR, FL, as well as 30UTR fragments A,

B and C (Fig. 2a, schematic), to detect bound cellular NSun2 and HuR by western blotting. Controls included a 10mg aliquot of whole-cell lysate (Lys.) and

immunoblotting for GAPDH. (b) Biotin pull-down assays were used to assess the association of NSun2 and HuR with p16 30UTR fragments Ba, Bb and Bc

(Fig. 2a, schematic), as described in a. (c,d) Full blots for panel a (c) and panel b (d). Western blot analysis was performed using 0.5mgml� 1 polyclonal

anti-NSun2 antibody (Abcam), 0.2 mgml� 1 monoclonal anti-HuR antibody (Santa Cruz Biotechnology) and 0.2 mgml� 1 monoclonal anti-GAPDH antibody

(CWBIO, Beijing).
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