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SUMMARY

The precise control of microRNA (miRNA) biogenesis
is critical for embryonic development and normal cel-
lular functions, and its dysregulation is often associ-
ated with human diseases. Though the birth and
maturation pathway of miRNA has been established,
the regulation and death pathway remains largely un-
known. Here, we report the RNA-binding proteins,
Lin28a and Lin28b, as posttranscriptional repressors
of let-7 miRNA biogenesis. We observe that the Lin28
proteins act mainly in the cytoplasm by inducing
uridylation of precursor let-7 (pre-let-7) at its 30

end. The uridylated pre-let-7 (up-let-7) fails Dicer
processing and undergoes degradation. We provide
a mechanism for the posttranscriptional regulation of
miRNA biogenesis by Lin28 which is highly ex-
pressed in undifferentiated cells and certain cancer
cells. The Lin28-mediated downregulation of let-7
may play a key role in development, stem cell pro-
gramming, and tumorigenesis.

INTRODUCTION

MiRNA processing is initiated by nuclear RNase III Drosha and

completed by cytoplasmic RNase III Dicer (Kim, 2005). Drosha

in a complex with DGCR8/Pasha cleaves a long primary tran-

script (pri-miRNA) liberating a characteristic hairpin structure

(pre-miRNA) (Denli et al., 2004; Gregory et al., 2004; Han et al.,

2004; Landthaler et al., 2004; Lee et al., 2003). After its nuclear

export, the pre-miRNA is further processed by Dicer into a final

product of�22 nt mature miRNA (Bernstein et al., 2001; Grishok

et al., 2001; Hutvagner et al., 2001; Jaskiewicz and Filipowicz,

2008; Ketting et al., 2001; Knight and Bass, 2001), which associ-

ates with an Argonaute protein to generate the RNA-induced si-

lencing complex (RISC) (Hammond et al., 2001; Mourelatos

et al., 2002; Tabara et al., 1999). Regulation of miRNA biogenesis

can be achieved at either transcriptional or posttranscriptional

level. Although a number of miRNAs, including let-7, miR-138,

and miR-31, are known to be controlled posttranscriptionally

(Lee et al., 2008; Obernosterer et al., 2006; Suh et al., 2004;

Thomson et al., 2006; Wulczyn et al., 2007), the regulatory mech-

anisms remain unknown.
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let-7 RNA, highly conserved in bilaterian animals, controls de-

velopmental timing (Grosshans et al., 2005; Meneely and Her-

man, 1979; Pasquinelli et al., 2000; Reinhart et al., 2000). let-7

also functions as a tumor suppressor by targeting RAS,

HMGA2, and c-Myc (Johnson et al., 2005; Lee and Dutta,

2007; Mayr et al., 2007; Sampson et al., 2007). The human

genome contains 12 loci that encode let-7 miRNA family: let-

7a-1, let-7a-2, let-7a-3, let-7b, let-7c, let-7d, let-7e, let-7f-1,

let-7f-2, let-7g, let-7i, and miR-98. We previously reported that

the primary transcript of let-7a-1 (pri-let-7a-1) is expressed in

both undifferentiated and differentiated human embryonic

stem cells (ESCs), while mature let-7a is detected only in differ-

entiated cells, indicating that let-7a may be posttranscriptionally

controlled (Suh et al., 2004). It was further reported that other

let-7 members are regulated in a similar way in mouse ESCs

and that the posttranscriptional inhibition of let-7 may also take

place in the process of tumorigenesis (Thomson et al., 2006).

As for the mechanism, Thomson et al. postulated that the down-

regulation may occur via a failure at the Drosha processing.

However, because the level of pre-let-7 was not determined in

either our study (Suh et al., 2004) or Thompson and colleagues’

study, the regulatory mechanism remained unclear. More

recently, Nitsch and coworkers showed that pre-let-7 miRNAs

are generated at comparable levels in both undifferentiated

and differentiated ESCs, suggesting that the blockade may exist

at post-Drosha step(s) (Wulczyn et al., 2007).

Here, we find that the let-7 miRNA biogenesis is posttranscrip-

tionally regulated by Lin28 proteins. Lin28 interacts with pre-let-7

and mediates the 30 terminal uridylation of pre-let-7. The uridy-

lated pre-let-7 is resistant to Dicer processing due to its

elongated tail and susceptible to degradation.

RESULTS

let-7 MicroRNA Is Posttranscriptionally Regulated
in Hepatocellular Carcinoma Cell Lines
In order to elucidate the posttranscriptional regulation mecha-

nism of the let-7 miRNA, we first examined the expression of

let-7 in various cell types by northern blotting and RT-PCR analy-

ses. We found that the level of mature let-7 was low in most hepa-

tocellular carcinoma (HCC) cell lines (HepG2, Huh7, and Hep3B)

compared to that in HeLa cells, while the levels of pri-let-7 and

pre-let-7 were comparable between these cell lines (Figure S1

available online). This implied that let-7 biogenesis may be sup-

pressed posttranscriptionally in HCC cells as well as in ESCs.
c.
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Lin28 Associates with Pre-let-7 MicroRNA
To identify the factors that bind and may regulate pre-let-7, we

carried out RNA affinity purification with Huh7 cell extract

(Figure S2). One of the proteins that interact with pre-let-7 was

Lin28b, which is a homolog of LIN28 in C. elegans. LIN28 was

originally identified as a regulator of developmental timing (Am-

bros and Horvitz, 1984). Based on the evidence from early

genetic studies, LIN28 was proposed to suppress let-7 in

C. elegans (Slack and Ruvkun, 1997) although the regulation

hierarchy remained unclear. The mouse homolog of Lin28a

was recently reported to interfere with either Drosha processing

of pri-let-7 (Newman et al., 2008; Viswanathan et al., 2008) or

Dicer processing of pre-let-7 (Rybak et al., 2008) in studies on

mouse embryonic cells.

Vertebrates possess two genes related to LIN28: Lin28a (also

known as Lin28) and Lin28b. Both proteins contain two types of

RNA-binding domains: a cold-shock domain at the N terminus

and two CCHC-type zinc finger domains at the C terminus.

Both the nematode and mammalian LIN28 homologs are local-

ized mainly in the cytoplasm and processing bodies (P bodies)

(Balzer and Moss, 2007). The Lin28a is specifically expressed

at the early stages of embryonic development and in undifferen-

tiated ESCs and embryonic carcinoma cells (Polesskaya et al.,

2007; Richards et al., 2004; Yang and Moss, 2003). A recent

seminal study demonstrated that ectopic expression of Lin28a

along with Oct4, Sox2, and Nanog is sufficient to reprogram hu-

man somatic fibroblasts into pluripotent stem cells (Yu et al.,

2007). Unlike Oct4, Sox2, and Nanog, which are well-known

transcription factors, the biochemical function of Lin28a remains

unclear. Another homolog, Lin28b, is found in testis, placenta,

and fetal liver (Guo et al., 2006). Lin28b is also highly expressed

in poorly differentiated HCC tissues as well as in HCC cell lines,

including Huh7, HepG2, and Hep3B. The ectopic expression of

Lin28b in MCF7 cells stimulates cell proliferation, suggesting

an oncogenic property of this protein. A truncated form of

Lin28b, known as Lin28bs or Lin28bDN70, exists in normal liver

cells and well-differentiated HCC cells (Guo et al., 2006).

Lin28 Is a Posttranscriptional Regulator of let-7
MicroRNA
To test whether the Lin28 proteins have any influence on the let-7

biogenesis, we first knocked down Lin28b in Huh7 cells and car-

ried out northern blotting and quantitative RT-PCR (qRT-PCR)

(Figure 1A). When the Lin28b was depleted, mature let-7a in-

creased (lanes 1 and 2) while pri-let-7a remained unaltered

(lanes 5 and 6), suggesting that Lin28b suppresses let-7 biogen-

esis without significantly affecting Drosha processing. The pre-

cursor let-7a (pre-let-7a) band was too dim and fuzzy to make

a reliable estimation.

Figure S3 shows that the knockdown of Lin28a causes a sim-

ilar derepressive effect on let-7 biogenesis in mouse ESCs, indi-

cating that Lin28a and Lin28b have equivalent roles in ESCs and

HCC cells, respectively. Throughout our study, we observe that

Lin28a and Lin28b paralogs are biochemically similar to each

other although they are expressed in different cell types.

Next, we ectopically expressed Lin28a and Lin28b along with

pri-let-7a-1 in HEK293T cells where the endogenous levels of

Lin28 proteins and let-7 RNAs are very low. Figure 1B shows
Mo
that both Lin28a and Lin28b markedly reduced the accumulation

of mature let-7a. The suppressive effect was only marginal with

Lin28bDN70, which has a cold-shock domain partially truncated

(data not shown). The reduction also led to the decrease of let-7

activity as measured by a reporter assay with a luciferase con-

struct containing let-7 binding sites (Figure S4). It was notable

that Lin28 does not have strong influence on the pri-miRNA level

as measured by qRT-PCR (Figure 1B). The pre-let-7a slightly re-

duced, although the degree was smaller than that of the mature

let-7a. Similar results were obtained with other let-7 family mem-

bers, such as let-7g, let-7b, let-7d, and let-7e, but with neither

miR-16-1 nor miR-29b (Figures S5; Figure 2A; data not shown),

indicating that Lin28 proteins specifically target let-7 family

members. Such specificity was also observed with endogenous

miRNAs in Huh7 (Figure 1A) and mESCs (Figure S3).

Lin28 Targets Pre-let-7 for Regulation of let-7
MicroRNA Biogenesis
Because Lin28 controls the mature let-7 level without apprecia-

ble changes in the pri-let-7 level, Lin28 is likely to act primarily af-

ter Drosha processing. In order to further test this idea, we gen-

erated a transdominant-negative Drosha mutant (TN Drosha),

which contains point mutations at both RNase III domains. The

catalytically dead, transdominant Drosha mutant effectively

blocks pri-miRNA processing, which was manifested by the dra-

matic decrease in both pre- and mature miRNA levels (Figure 2A,

lane 5; Figure S6). If Lin28 had strongly blocked Drosha process-

ing, Lin28 overexpression would have resulted in a similar antag-

onistic effect on both pre- and mature let-7, which was not the

case (Figure 2A, compare lane 3 with lane 5). To summarize,

Lin28 is unlikely to interfere with Drosha processing and instead

may act downstream of Drosha.

We then asked whether Lin28 interferes with nuclear export of

pre-let-7. We carried out subcellular fractionation of HEK293T

cells transfected with Lin28a and pri-let-7a expression plasmids.

Figure 2B shows that the ratio between the nuclear and the cy-

toplasmic levels of pre-let-7a was identical between Lin28-trans-

fected and control cells. This result indicates that Lin28 does not

interfere with the nuclear export step and that Lin28 may act in

the cytoplasm after the export. This is consistent with earlier re-

ports that Lin28a and Lin28b are localized predominantly in the

cytoplasm in embryonic cells, myoblast cells (Balzer and

Moss, 2007; Polesskaya et al., 2007), and Huh7 cells (Guo

et al., 2006).

If the Lin28-mediated inhibition occurs at Dicer processing af-

ter the export, one will expect that pre-let-7 accumulates in the

cytoplasm when Lin28 is introduced. Opposed to the prediction,

our data showed that the pre-let-7 level reduced slightly but

reproducibly in the presence of Lin28 (Figures 1B and 2), impli-

cating a different type of regulation, such as Lin28-induced de-

stabilization of pre-let-7.

Looking for a true target of Lin28 in vivo, we carried out immu-

noprecipitation of FLAG-Lin28a (Figure 3A). Northern blot and

qRT-PCR analyses showed that pre-let-7 was strongly associ-

ated with Lin28. In contrast, pri-let-7 was not bound to Lin28.

Mature let-7a was coprecipitated with Lin28a, albeit with lower

efficiency. This implies that Lin28 targets mainly pre-let-7 rather

than pri-let-7 for regulation in vivo. The Lin28a mutant that
lecular Cell 32, 276–284, October 24, 2008 ª2008 Elsevier Inc. 277



Molecular Cell

Lin28-Mediated Terminal Uridylation of Pre-let-7
Figure 1. Suppression of let-7 Biogenesis by Lin28 In Vivo

(A) Lin28b was knocked down in Huh7 cells. MiRNA was analyzed with northern blotting (NB) and quantitative real-time (qRT)-PCR analyses. Pri-let-7a-2 was not

detected even after 43 cycles (data not shown). With western blotting (WB), the degree of Lin28b knockdown was shown with anti-Lin28b antibody. The standard

deviation (SD) for qRT-PCR is from two different measurements, and SD for NB is from four different measurements.

(B) Lin28a and Lin28b were ectopically expressed along with pri-let-7a-1 in HEK293T cells. Quantification of RNA levels were carried out as in (A). The SDs are

from four data sets.
contains point mutations in both zinc-finger domains (ZFDs)

(Balzer and Moss, 2007) binds to pre-let-7 but fails to suppress

let-7 biogenesis (Figure 3A, lanes 4 and 8), suggesting that sim-

ple binding to pre-miRNA is not sufficient for Lin28 to repress

miRNA biogenesis; rather, Lin28 may exert an extra activity

through the ZFDs.

Lin28 Mediates the Terminal Uridylation of Pre-let-7
MicroRNA
Intriguingly, we recognized an unexpected fuzzy band above

pre-let-7a when wild-type Lin28a was overexpressed

(Figure 3Aa, marked with an asterisk; �18 nt longer than pre-

let-7a-1). Lin28a interacted avidly with this long RNA. This

band was also visualized when we used a different probe that

was complementary to the terminal loop of pre-let-7a-1

(Figure 3Ab). So, this RNA must have shared the 50 strand and

the loop sequences of pre-let-7a-1. This band was not promi-

nent when cells were immediately treated with TRIzol for quick

cell lysis and homogenization. We began to clearly notice the

band after immunoprecipitation since this RNA species associ-

ates strongly with Lin28. The band is usually fuzzy and weak, in-
278 Molecular Cell 32, 276–284, October 24, 2008 ª2008 Elsevier Inc
dicating that the band contains RNAs of heterogeneous length. It

is noted that the functionally dead Lin28a mutant (ZFD mutant)

captured pre-let-7 efficiently but could not extend it (Figure 3A,

lanes 4 and 8), indicating that the ZFDs are essential to induce

the elongation. Both endogenous and ectopically expressed

pre-miR-16 did not show an extra band above pre-miRNA

band (Figure S7), suggesting that the elongated species is gen-

erated specifically to pre-let-7.

In order to clarify the identity of the elongated RNA species, we

gel-purified it, ligated it to a 30 linker, amplified it with RT-PCR,

and then cloned the product for sequencing. Surprisingly, the

long RNA species had 30 terminal extension of �14 nt, which

was mainly composed of U residues (Figure 3B). These U se-

quences were not found in the genome, so they must have

been added after Drosha processing. The presence of the U ex-

tension was further confirmed by RNase H cleavage reaction

carried out with oligo-(dA)18 (Figure S8). The DNA-RNA hybrid

formed at the U tail was endonucleolytically cleaved by RNase

H, which resulted in the shortening of the RNA.

It needs to be noted that the uridylated pre-let-7 was detected

by northern blotting only when the cell extract containing
.
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pre-let-7 was left at 4�C for �1 hr before RNA extraction. It is

probably due to the fact that uridylated pre-let-7 is less abundant

than pre-let-7 and its length is heterogeneous. The U tail can be

added further to the pre-let-7 during the incubation by unknown

factors, endogenously present, whose activity depends on

Lin28. Endogenously uridylated pre-let-7 may be difficult to de-

tect by northern blotting under normal RNA extraction condi-

tions, possibly because they are rapidly removed in the cells

Figure 2. Suppression of let-7 Biogenesis by Lin28 Occurs at

Post-Drosha Steps in the Cytoplasm

(A) pri-let-7a-1 and pri-miR-16-1 expression plasmids were cotransfected with

either Lin28a or Drosha into HEK293T cells. TN Drosha stands for the transdo-

minant-negative Drosha mutant. The same membrane was probed with let-7a

(left) and miR-16 (right).

(B) NB analysis was carried out following subcellular fractionation of HEK293T

cells transfected with pri-let-7a-1 and FLAG-Lin28a. The fractionation effi-

ciency is shown via RT-PCR and WB. C and N stand for cytoplasm and nucleus

fractions, respectively.
Mo
and because northern blotting is not sensitive enough to detect

such heterogenous, less-abundant RNA species.

To identify any endogenously uridylated pre-let-7 species, we

cloned the RNAs (�80–100 nt) from Hep3B, Huh7, and HepG2

cells (Figure 3C). The cells were immediately treated with TRIzol

so as to clone only the endogenously uridylated forms. Multiple

clones from these cells (26%, 11%, and 15% of the sequenced

let-7 clones) contained 30 U tails of heterogeneous lengths,

which demonstrated that the terminal uridylation takes place en-

dogenously on pre-let-7. We abbreviate the uridylated pre-let-7

into ‘‘up-let-7.’’ Such uridylated species were not found from

pre-miR-16-1 (data not shown).

Lin28 Can Mediate the Terminal Uridylation of Pre-let-7
MicroRNA In Vitro
We next asked whether the terminal uridylation of pre-let-7 could

be recapitulated in vitro. Synthetic pre-let-7 was incubated with

total extract from HEK293T cells that had been transfected with

Lin28. The extended band appeared only when both Lin28 and

UTP were included (Figure 4Aa, lane 4). The ZFD mutant failed

to induce uridylation (Figure 4Aa, lane 6), suggesting that

the ZFD is essential in recruiting the uridylating enzyme to

pre-let-7. UTP was the most favored nucleotide for the elonga-

tion reaction (Figure 4Ab, lane 8). Pre-let-7g was also uridylated,

while neither pre-miR-16 nor pre-miR-30a was uridylated under

the same condition (Figure 4Ab and Figure S9), indicating that

the Lin28-mediated uridylation is specific to the pre-let-7 family.

The recombinant Lin28b protein purified from E. coli could trig-

ger the uridylation reaction in a dose-dependent manner when in-

cubated with cell extract (Figure 4B). Thus, Lin28 proteins may

directly recruit a uridylating enzyme to pre-let-7. It is noted that

the amount of mature let-7 observed is inversely proportional

to that of up-let-7, indicating that Lin28 effectively competes

with Dicer and, therefore, diverts the let-7 maturation pathway.

Up-let-7 Is Resistant to Dicer Processing
and Susceptible to Degradation
By carrying out the uridylation assay with subcellular fractions,

we found that the uridylating activity was enriched in the cyto-

plasm (Figure 4C). This is consistent with the suppressive effect

of Lin28 observed in the cytoplasm (Figure 2B) as well as with the

cytoplasmic localization of Lin28 (Balzer and Moss, 2007; Guo

et al., 2006).

To determine the fate of the up-let-7 in the cytoplasm, in vitro

processing experiments were carried out with Dicer immunopre-

cipitates. When we incubated gel-purified up-let-7 with the

immunoprecipitates, we observed that Dicer processing of up-

let-7 did not occur (Figure 4D, lane 4). This complete inhibition,

which is expected because Dicer cannot cleave pre-miRNA

with such an elongated 30 tail, suggests that the terminal uridyla-

tion of pre-let-7 blocks Dicer processing.

We also asked whether the up-let-7 is more susceptible to

degradation than unmodified pre-let-7 is by incubating the puri-

fied RNA with cell extracts. We reproducibly observed that the

up-let-7 decayed more rapidly than pre-let-7 (Figure 4E and

Figure S10). It is noted that a Dicer transdominant-negative mu-

tant was included in this assay so that the decay of pre-let-7 was

not affected by Dicer processing.
lecular Cell 32, 276–284, October 24, 2008 ª2008 Elsevier Inc. 279
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Figure 3. Terminal Uridylation of Pre-let-7

(A) Immunoprecipitation (IP) was carried out using anti-FLAG antibody and cell extracts from HEK293T cells transfected with pri-let-7a-1 and FLAG-Lin28a. The

zinc finger domain mutant of Lin28a is marked as ‘‘mt.’’ The asterisk indicates the extended pre-let-7, called up-let-7. Though the juxtaposed lanes are not con-

tiguous, all of them are from a single gel, which is true of all the membranes with dashed lines. MiRNA levels were determined with NB and qRT-PCR and were

used to estimate the IP efficiency. The SDs are from two data sets. (Aa) Shown is NB probing the guide strand of let-7a. (Ab) Shown is NB probing the terminal loop

of pre-let-7a-1.

(B) Shown are the U-tail sequences of the up-let-7a-1 cloned from HEK293T cells ectopically expressing pri-let-7a-1 and Lin28a. The U-tails were found in all 28

sequenced clones.

(C) Shown are the U-tail sequences of the endogenous up-let-7a-1 and up-let-7d cloned. The U-tails were found in 14 out of the 54 sequenced clones from Hep3B

(26%), 6 out of 56 from Huh7 (11%), and 4 out of 26 from HepG2 (15%).
DISCUSSION

A terminal U tail on RNA is known to serve as a ‘‘mark’’ for deg-

radation. Certain types of mRNA, such as histone mRNA (Mullen
280 Molecular Cell 32, 276–284, October 24, 2008 ª2008 Elsevier In
and Marzluff, 2008) and RNA interference cleavage products

(Ibrahim et al., 2006; Shen and Goodman, 2004), are uridylated

before degradation. Small RNAs are also known to be terminally

uridylated for degradation in Arabidopsis—unless small RNAs
c.
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Figure 4. In Vitro Uridylation of Pre-let-7

(Aa) The 50-end-labeled synthetic pre-let-7a-1 was incubated with extracts from HEK293T cells transfected with either Lin28 or its mutant. (Ab) The synthetic pre-

let-7a-1 and pre-miR-16-1 were incubated with different NTP factors. The loading control was 50-end-labeled oligonucleotide that was added to the solution after

reaction.

(B) In vitro uridylation of pre-let-7a-1 was carried out with purified recombinant Lin28b protein of 0, 15, 30, 60, and 200 nM. HEK293T cell extract and 0.25 mM UTP

was included to the reactions to provide with uridylating enzyme activity.

(C) In vitro uridylation of pre-let-7a-1 was carried out with nuclear (N) and cytoplasmic (C) fractions from HEK293T cells transfected with Lin28a. UTP of 0.25 mM

was included to the reactions.

(D) In vitro Dicer processing of pre- and up-let-7 was carried out. The pre-let-7a-1 and the up-let-7a-1 were gel-purified from the reaction in (Aa) and were in-

cubated with Dicer immunoprecipitates.

(E) In vitro decay assay was carried out to compare the stabilities of pre- and up-let-7a-1. Purified pre- and up-let-7 were incubated with HEK293T cell extracts.

The cells had been transfected with transdominant-negative (TN) Dicer, which contains point mutations at both RNase III domains. Therefore, Dicer processing is

effectively blocked by the catalytically dead mutant. The SDs are from three different data sets. The raw data is available in Figure S10.
are protected by methylation at the 30 end by methyl transferase

HEN1, they are uridylated and targeted for decay (Li et al., 2005).

However, such a degradation pathway has not been reported for

animal small RNAs including miRNAs. Our present study reveals

that Lin28 mediates the terminal uridylation of pre-let-7 diverting

the Dicer processing and irreversibly reroutes pre-let-7 into

a decay pathway (Figure 5). Terminal uridylyl transferase(s)
Mo
(TUTase) for pre-let-7 and nuclease(s) responsible for degrada-

tion remain unknown at this point.

Our finding is in parallel with the let-7 expression patterns ob-

served by Nitsch and coworkers (Wulczyn et al., 2007), as well

as with the Lin28 localization documented by Moss and co-

workers (Balzer and Moss, 2007; Guo et al., 2006). Recently,

the binding of Lin28a was reported to interfere with Drosha
lecular Cell 32, 276–284, October 24, 2008 ª2008 Elsevier Inc. 281
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processing of pri-let-7 (Newman et al., 2008; Viswanathan

et al., 2008). To clarify the mechanism, we performed in vitro

processing experiments and found that Lin28 inhibits Drosha

processing only moderately (Figure S11A). Interference with

Dicer processing was also suggested (Rybak et al., 2008),

and our in vitro processing experiments indicate that Lin28

can inhibit Dicer processing (Figure S11B). Taking the abun-

dance of Lin28 in the cytoplasm into account, it is reasonable

to consider that Lin28 binding is attributed to the blockade of

Dicer processing to some extent. However, the strong repres-

sive effect of Lin28 in vivo (Figure 1) suggests that the main bio-

chemical role of Lin28 is to induce the uridylation and decay of

pre-let-7 in the cytoplasm, ensuing such suppressed Dicer

processing.

It has been reported that some miRNAs show sequence vari-

ations at the 30 ends, many of which have untemplated U addi-

tions (1 to 2 nt) (Landgraf et al., 2007; Morin et al., 2008; Seitz

et al., 2008). We notice that these miRNAs are derived mostly

from the 30 strand of their precursors, suggesting that they may

have been uridylated before Dicer processing and that uridylat-

ing machineries may be used to control these miRNAs. Polyuri-

dylated pre-miRNAs would not be processed by Dicer and would

fail to generate mature miRNAs, explaining why such polyuridy-

lated miRNAs have not been found in previous cloning experi-

ments. However, short U tails can be tolerated by Dicer so that

miRNAs with short (1 to 2 nt) U additions are frequently observed

in small RNA cloning.

Figure 5. Model for the Maturation and Regulation Pathway of let-7

MicroRNA

The transcribed pri-let-7 is processed into pre-miRNA by Drosha whose activ-

ity might be transiently affected by Lin28 binding. After export, the pre-miRNA

is further processed into a mature form by Dicer whose action might be also

transiently affected by Lin28 binding. However, upon the arrival of TUTase(s),

the Dicer processing pathway is effectively diverted because pre-miRNA is ir-

reversibly transformed into uridylated pre-miRNA (up-miRNA), which may be

swiftly degraded by nuclease(s) afterward.
282 Molecular Cell 32, 276–284, October 24, 2008 ª2008 Elsevier In
Our study sheds light on the posttranscriptional regulation of

miRNA. It will be interesting to learn whether a similar mecha-

nism is responsible for the control of other animal miRNAs. It

will be also of great interest to know if Lin28 homologs play a sim-

ilar role in other species—yeasts, worms, and plants—and if

Lin28b that is expressed in testis is involved in the biogenesis

of germline-specific piwi-interacting RNAs (piRNAs).

Lin28 suppresses let-7, while let-7 downregulates Lin28 (Slack

and Ruvkun, 1997). This double-negative feedback may function

as a ‘‘bistable switch’’ that reinforces their commitment to devel-

opmental transition. This switch may be reversed in rare cases,

resulting in dedifferentiation. For instance, the reversal of the

switch may contribute to hepatocellular carcinoma development

where Lin28b is abnormally expressed at a high level (Guo et al.,

2006). Engineering the circuit may be a potent tool for controlling

the differentiation status of the cell as evidenced recently by the

reprogramming of human fibroblasts into inducible pluripotent

stem cells (Yu et al., 2007).

EXPERIMENTAL PROCEDURES

Overview

Lin28b was identified via RNA affinity purification of Huh7 cell extracts with

pre-let-7a-1, which was immobilized on streptavidin-coated agarose beads.

Protein knockdown was carried out against human Lin28b in Huh7 cells and

mouse Lin28a in mouse ESCs. For ectopic expression, HEK293T cells were

transfected with plasmids expressing pri-let-7a-1 and FLAG-Lin28. RNA was

analyzed with quantitative RT-PCR and northern blotting 48–72 hr after the

transfection or the knockdown. Immunoprecipitation of the HEK293T cell ex-

tracts was carried out with anti-FLAG antibody agarose beads. To identify the

sequence of up-let-7, RNA of 80–100 nt was gel-purified and ligated to a 30

adaptor with T4 RNA ligase. The RNA was then reverse-transcribed with

a primer complementary to the adaptor. The transcribed cDNA was amplified

with a 50 primer specific to let-7a-1 and a 30 primer complementary to the

adaptor. In vitro uridylation was carried out by incubating 50-end-labeled syn-

thetic pre-let-7a-1 with cell extracts, UTP, and Lin28 protein. In vitro decay

was performed by incubating pre- and up-let-7a-1 with the extracts from

HEK293T cells transfected with transdominant-negative Dicer, which contains

point mutations at both RNase III domains.

Northern Blotting Analysis of miRNA

Total RNA was isolated with TRIzol reagent (Invitrogen). Ten to fifty micro-

grams of the total RNAs were resolved with 12.5% or 15% urea-polyacryl-

amide gels and transferred electronically to Zeta-probe GT membrane (Bio-

Rad). Oligonucleotides complementary to miRNAs were end-labeled with

[g-32P] ATP and used as probes for northern blotting. The sequences of the

oligonucleotides are 50-ACT ATA CAA CCT ACT ACC TCA-30 (let-7a), 50-AAC

TAT ACA ACC TCC TAC CTC A-30 (let-7e), 50-AAC TGT ACA AAC TAC TAC

CTC A-30 (let-7g), 50-TCT CCC AGT GGT GGG TGT GAC-30 (let-7a-1 loop),

50-GCC AAT ATT TAC GTG CTG CTA-30 (miR-16), 50-CGA CCT AAG GAT

CTA CAG TCC TCC-30 (tRNA), and 50-GCT TCA CGA ATT TGC GTG TCA

TCC T-30 (U6). The membrane was exposed to Phosphor Imaging Plate (Fuji-

film) and was read with the BAS-2500 system (Fujifilm) for quantification.

Real-Time PCR

The comparative Ct method with SYBR green was conducted with the 7300

Real-Time PCR System (Applied Biosystems). For pri-let-7a-1 detection, the

following primers were used: 50-GAT TCC TTT TCA CCA TTC ACC CTG

GAT GTT-30 (forward) and 50-TTT CTA TCA GAC CGC CTG GAT GCA GAC

TTT-30 (reverse). The TaqMan GAPDH endogenous control kit was from

Applied Biosystems.
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Western Blotting Analysis

Proteins were resolved with 10% or 15% SDS-polyacrylamide gels and trans-

ferred to Immobilon-P transfer membrane (Millipore). Primary antibodies used

were rabbit anti-Lin28a (Abcam), rabbit anti-Lin28b raised against recombi-

nant Lin28b prepared from E. coli, mouse anti-FLAG M2 (Sigma), rabbit anti-

tubulin (Ab frontier), and mouse anti-hnRNP C antibody 4F4 (Santa Cruz).

Immunoprecipitation

Forty-eight hours after FLAG-Lin28 transfection, HEK293T cells were har-

vested and incubated in ice-cold buffer D with 100 U/ml of RNase inhibitor

(Takara) for 20 min and then sonicated for 2 min on wet ice. After removing

cell debris by centrifuging twice for 20 min at 4�C, the total cell extract was in-

cubated with anti-FLAG M2 affinity gel (Sigma) for 1 to 2 hr at 4�C with constant

rotation.After washing, theassociated RNAwas isolated withphenolextraction.

Small RNA Cloning

Lin28a-associated RNA was prepared from FLAG-immunoprecipitates of

HEK293T cells (15 cm dish) transfected with pri-let-7a-1 and FLAG-Lin28a as

described above. The total RNA from Hep3B, Huh7, and HepG2 were extracted

with TRIzol (Invitrogen). The up-let-7 miRNA was resolved with 10% urea-poly-

acrylamide gel and retrieved from the area positioned above the pre-let-7 de-

tected (80–100 nt). The eluted solution was ligated with 100 pmol of phosphor-

ylated 30-adaptor, 50-uuu AACCGCGAATTCCAG idT-30 (uppercase for DNA,

lowercase for RNA, and idT for inverted deoxythymidine) with T4 RNA ligase

(TAKARA) in 13 T4 RNA ligase buffer (TAKARA), 0.01% BSA, and 10% DMSO

overnight at 4�C. The ligated substrate was phenol-extracted and further puri-

fied with 10% urea-polyacrylamide gel. The eluted solution was reverse-tran-

scribed with a primer of 50-GAC TAG CTG GAA TTC GCG GTT AAA-30 by Super-

Script II (Invitrogen). The cDNA was PCR-amplified with the backward primer

above and a forward primer of 50-TGA GGT AGT AGG TTG TAT AGT TTT AG-30.

PCR products were subcloned into pGEM-T easy vector (Promega) and were

sequenced with the primer of 50-GAT GTG CTG CAA GGC GAT TAA G-30.

In Vitro Uridylation

HEK293T cells grown on 10 cm dishes were collected in 500 ml of ice-cold

buffer D (pH 7.5) 48 hr after FLAG-Lin28 transfection. The cells were sonicated

on ice and centrifuged twice for 10 min at 4�C. The reactions were performed in

a total volume of 30 ml in 3.2 mM of MgCl2, 1 mM of DTT and 0.25 mM of NTP

(Ambion) that contains 10 mg total cell extract, 1 ml of Ribonuclease Inhibitor

(40 unit/ml, TAKARA), and 50-end-labeled pre-miRNA of 1 3 104–1 3 105

cpm. The reaction mixture was incubated at 37�C for 30 min. RNA was purified

from the reaction mixture by phenol extraction and analyzed with 12.5% urea

polyacrylamide gel. The pre-let-7a-1, pre-let-7g, and pre-miR-16-1 were pur-

chased from Samchully Pham Co. Ltd. The pre-miRNAs were labeled at the 50

end with T4 polynucleotide kinase (TAKARA) and [g-32P] ATP.

SUPPLEMENTAL DATA

The Supplemental Data include 11 figures and Supplemental Experimental

Procedures and can be found with this article online at http://www.

cancercell.org/supplemental/S1097-2765(08)00660-6.

ACKNOWLEDGMENTS

We are grateful to the members of our laboratory for their helpful discussion

and critical reading of the manuscript. We also thank Kyung Hoon Kim and

Dr. Se Won Seo for their advice on protein purification and Drs. Guhung

Jung and Seung Hwan Hong for the gift of cell lines. This work was supported

by the Creative Research Initiatives Program (R16-2007-073-01000-0) and the

BK21 Research Fellowships (I.H., C.J., M.H., and J.H.) from the Ministry of

Education, Science and Technology of Korea.

Received: August 25, 2008

Revised: September 25, 2008

Accepted: September 29, 2008

Published: October 23, 2008
Mo
REFERENCES

Ambros, V., and Horvitz, H.R. (1984). Heterochronic mutants of the nematode

Caenorhabditis elegans. Science 226, 409–416.

Balzer, E., and Moss, E.G. (2007). Localization of the developmental timing

regulator Lin28 to mRNP complexes, P-bodies and stress granules. RNA

Biol. 4, 16–25.

Bernstein, E., Caudy, A.A., Hammond, S.M., and Hannon, G.J. (2001). Role for

a bidentate ribonuclease in the initiation step of RNA interference. Nature 409,

363–366.

Denli, A.M., Tops, B.B., Plasterk, R.H., Ketting, R.F., and Hannon, G.J. (2004).

Processing of primary microRNAs by the Microprocessor complex. Nature

432, 231–235.

Gregory, R.I., Yan, K.P., Amuthan, G., Chendrimada, T., Doratotaj, B., Cooch,

N., and Shiekhattar, R. (2004). The Microprocessor complex mediates the

genesis of microRNAs. Nature 432, 235–240.

Grishok, A., Pasquinelli, A.E., Conte, D., Li, N., Parrish, S., Ha, I., Baillie, D.L.,

Fire, A., Ruvkun, G., and Mello, C.C. (2001). Genes and mechanisms related to

RNA interference regulate expression of the small temporal RNAs that control

C. elegans developmental timing. Cell 106, 23–34.

Grosshans, H., Johnson, T., Reinert, K.L., Gerstein, M., and Slack, F.J. (2005).

The temporal patterning microRNA let-7 regulates several transcription factors

at the larval to adult transition in C. elegans. Dev. Cell 8, 321–330.

Guo, Y., Chen, Y., Ito, H., Watanabe, A., Ge, X., Kodama, T., and Aburatani, H.

(2006). Identification and characterization of lin-28 homolog B (LIN28B) in

human hepatocellular carcinoma. Gene 384, 51–61.

Hammond, S.M., Boettcher, S., Caudy, A.A., Kobayashi, R., and Hannon, G.J.

(2001). Argonaute2, a link between genetic and biochemical analyses of RNAi.

Science 293, 1146–1150.

Han, J., Lee, Y., Yeom, K.H., Kim, Y.K., Jin, H., and Kim, V.N. (2004). The

Drosha-DGCR8 complex in primary microRNA processing. Genes Dev. 18,

3016–3027.

Hutvagner, G., McLachlan, J., Pasquinelli, A.E., Balint, E., Tuschl, T., and

Zamore, P.D. (2001). A cellular function for the RNA-interference enzyme Dicer

in the maturation of the let-7 small temporal RNA. Science 293, 834–838.

Ibrahim, F., Rohr, J., Jeong, W.J., Hesson, J., and Cerutti, H. (2006). Untem-

plated oligoadenylation promotes degradation of RISC-cleaved transcripts.

Science 314, 1893.

Jaskiewicz, L., and Filipowicz, W. (2008). Role of Dicer in posttranscriptional

RNA silencing. Curr. Top. Microbiol. Immunol. 320, 77–97.

Johnson, S.M., Grosshans, H., Shingara, J., Byrom, M., Jarvis, R., Cheng, A.,

Labourier, E., Reinert, K.L., Brown, D., and Slack, F.J. (2005). RAS is regulated

by the let-7 microRNA family. Cell 120, 635–647.

Ketting, R.F., Fischer, S.E., Bernstein, E., Sijen, T., Hannon, G.J., and Plasterk,

R.H. (2001). Dicer functions in RNA interference and in synthesis of small RNA

involved in developmental timing in C. elegans. Genes Dev. 15, 2654–2659.

Kim, V.N. (2005). MicroRNA biogenesis: coordinated cropping and dicing. Nat.

Rev. Mol. Cell Biol. 6, 376–385.

Knight, S.W., and Bass, B.L. (2001). A role for the RNase III enzyme DCR-1 in

RNA interference and germ line development in Caenorhabditis elegans. Sci-

ence 293, 2269–2271.

Landgraf, P., Rusu, M., Sheridan, R., Sewer, A., Iovino, N., Aravin, A., Pfeffer,

S., Rice, A., Kamphorst, A.O., Landthaler, M., et al. (2007). A mammalian

microRNA expression atlas based on small RNA library sequencing. Cell

129, 1401–1414.

Landthaler, M., Yalcin, A., and Tuschl, T. (2004). The human DiGeorge syn-

drome critical region gene 8 and Its D. melanogaster homolog are required

for miRNA biogenesis. Curr. Biol. 14, 2162–2167.

Lee, E.J., Baek, M., Gusev, Y., Brackett, D.J., Nuovo, G.J., and Schmittgen,

T.D. (2008). Systematic evaluation of microRNA processing patterns in tissues,

cell lines, and tumors. RNA 14, 35–42.
lecular Cell 32, 276–284, October 24, 2008 ª2008 Elsevier Inc. 283

http://www.cancercell.org/supplemental/S1097-2765(08)00660-6
http://www.cancercell.org/supplemental/S1097-2765(08)00660-6


Molecular Cell

Lin28-Mediated Terminal Uridylation of Pre-let-7
Lee, Y., Ahn, C., Han, J., Choi, H., Kim, J., Yim, J., Lee, J., Provost, P.,

Radmark, O., Kim, S., et al. (2003). The nuclear RNase III Drosha initiates

microRNA processing. Nature 425, 415–419.

Lee, Y.S., and Dutta, A. (2007). The tumor suppressor microRNA let-7 re-

presses the HMGA2 oncogene. Genes Dev. 21, 1025–1030.

Li, J., Yang, Z., Yu, B., Liu, J., and Chen, X. (2005). Methylation protects

miRNAs and siRNAs from a 30-end uridylation activity in Arabidopsis. Curr.

Biol. 15, 1501–1507.

Mayr, C., Hemann, M.T., and Bartel, D.P. (2007). Disrupting the pairing be-

tween let-7 and Hmga2 enhances oncogenic transformation. Science 315,

1576–1579.

Meneely, P.M., and Herman, R.K. (1979). Lethals, steriles and deficiencies

in a region of the X chromosome of Caenorhabditis elegans. Genetics 92,

99–115.

Morin, R.D., O’Connor, M.D., Griffith, M., Kuchenbauer, F., Delaney, A.,

Prabhu, A.L., Zhao, Y., McDonald, H., Zeng, T., Hirst, M., et al. (2008). Appli-

cation of massively parallel sequencing to microRNA profiling and discovery

in human embryonic stem cells. Genome Res. 18, 610–621.

Mourelatos, Z., Dostie, J., Paushkin, S., Sharma, A., Charroux, B., Abel, L.,

Rappsilber, J., Mann, M., and Dreyfuss, G. (2002). miRNPs: a novel class of ri-

bonucleoproteins containing numerous microRNAs. Genes Dev. 16, 720–728.

Mullen, T.E., and Marzluff, W.F. (2008). Degradation of histone mRNA requires

oligouridylation followed by decapping and simultaneous degradation of the

mRNA both 50 to 30 and 30 to 50. Genes Dev. 22, 50–65.

Newman, M.A., Thomson, J.M., and Hammond, S.M. (2008). Lin-28 interaction

with the Let-7 precursor loop mediates regulated microRNA processing. RNA

14, 1539–1549.

Obernosterer, G., Leuschner, P.J., Alenius, M., and Martinez, J. (2006). Post-

transcriptional regulation of microRNA expression. RNA 12, 1161–1167.

Pasquinelli, A.E., Reinhart, B.J., Slack, F., Martindale, M.Q., Kuroda, M.I.,

Maller, B., Hayward, D.C., Ball, E.E., Degnan, B., Muller, P., et al. (2000). Con-

servation of the sequence and temporal expression of let-7 heterochronic reg-

ulatory RNA. Nature 408, 86–89.

Polesskaya, A., Cuvellier, S., Naguibneva, I., Duquet, A., Moss, E.G., and

Harel-Bellan, A. (2007). Lin-28 binds IGF-2 mRNA and participates in skeletal

myogenesis by increasing translation efficiency. Genes Dev. 21, 1125–1138.

Reinhart, B.J., Slack, F.J., Basson, M., Pasquinelli, A.E., Bettinger, J.C.,

Rougvie, A.E., Horvitz, H.R., and Ruvkun, G. (2000). The 21-nucleotide let-7

RNA regulates developmental timing in Caenorhabditis elegans. Nature 403,

901–906.
284 Molecular Cell 32, 276–284, October 24, 2008 ª2008 Elsevier In
Richards, M., Tan, S.P., Tan, J.H., Chan, W.K., and Bongso, A. (2004). The

transcriptome profile of human embryonic stem cells as defined by SAGE.

Stem Cells 22, 51–64.

Rybak, A., Fuchs, H., Smirnova, L., Brandt, C., Pohl, E.E., Nitsch, R., and Wulc-

zyn, F.G. (2008). A feedback loop comprising lin-28 and let-7 controls pre-let-7

maturation during neural stem-cell commitment. Nat. Cell Biol. 10, 987–993.

Sampson, V.B., Rong, N.H., Han, J., Yang, Q., Aris, V., Soteropoulos, P.,

Petrelli, N.J., Dunn, S.P., and Krueger, L.J. (2007). MicroRNA let-7a down-reg-

ulates MYC and reverts MYC-induced growth in Burkitt lymphoma cells. Can-

cer Res. 67, 9762–9770.

Seitz, H., Ghildiyal, M., and Zamore, P.D. (2008). Argonaute loading improves

the 50 precision of both MicroRNAs and their miRNA strands in flies. Curr. Biol.

18, 147–151.

Shen, B., and Goodman, H.M. (2004). Uridine addition after microRNA-di-

rected cleavage. Science 306, 997.

Slack, F., and Ruvkun, G. (1997). Temporal pattern formation by heterochronic

genes. Annu. Rev. Genet. 31, 611–634.

Suh, M.R., Lee, Y., Kim, J.Y., Kim, S.K., Moon, S.H., Lee, J.Y., Cha, K.Y.,

Chung, H.M., Yoon, H.S., Moon, S.Y., et al. (2004). Human embryonic stem

cells express a unique set of microRNAs. Dev. Biol. 270, 488–498.

Tabara, H., Sarkissian, M., Kelly, W.G., Fleenor, J., Grishok, A., Timmons, L.,

Fire, A., and Mello, C.C. (1999). The rde-1 gene, RNA interference, and trans-

poson silencing in C. elegans. Cell 99, 123–132.

Thomson, J.M., Newman, M., Parker, J.S., Morin-Kensicki, E.M., Wright, T.,

and Hammond, S.M. (2006). Extensive post-transcriptional regulation of

microRNAs and its implications for cancer. Genes Dev. 20, 2202–2207.

Viswanathan, S.R., Daley, G.Q., and Gregory, R.I. (2008). Selective blockade

of microRNA processing by Lin28. Science 320, 97–100.

Wulczyn, F.G., Smirnova, L., Rybak, A., Brandt, C., Kwidzinski, E., Ninnemann,

O., Strehle, M., Seiler, A., Schumacher, S., and Nitsch, R. (2007). Post-tran-

scriptional regulation of the let-7 microRNA during neural cell specification.

FASEB J. 21, 415–426.

Yang, D.H., and Moss, E.G. (2003). Temporally regulated expression of Lin-28

in diverse tissues of the developing mouse. Gene Expr. Patterns 3, 719–726.

Yu, J., Vodyanik, M.A., Smuga-Otto, K., Antosiewicz-Bourget, J., Frane, J.L.,

Tian, S., Nie, J., Jonsdottir, G.A., Ruotti, V., Stewart, R., et al. (2007). Induced

pluripotent stem cell lines derived from human somatic cells. Science 318,

1917–1920.
c.


	Lin28 Mediates the Terminal Uridylation of let-7 Precursor MicroRNA
	Introduction
	Results
	let-7 MicroRNA Is Posttranscriptionally Regulated in Hepatocellular Carcinoma Cell Lines
	Lin28 Associates with Pre-let-7 MicroRNA
	Lin28 Is a Posttranscriptional Regulator of let-7 MicroRNA
	Lin28 Targets Pre-let-7 for Regulation of let-7 MicroRNA Biogenesis
	Lin28 Mediates the Terminal Uridylation of Pre-let-7 MicroRNA
	Lin28 Can Mediate the Terminal Uridylation of Pre-let-7 MicroRNA In Vitro
	Up-let-7 Is Resistant to Dicer Processing and Susceptible to Degradation

	Discussion
	Experimental Procedures
	Overview
	Northern Blotting Analysis of miRNA
	Real-Time PCR
	Western Blotting Analysis
	Immunoprecipitation
	Small RNA Cloning
	In Vitro Uridylation

	Supplemental Data
	Acknowledgments
	References


