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SUMMARY

As key regulators in cellular functions, microRNAs
(miRNAs) themselves need to be tightly controlled.
Lin28, a pluripotency factor, was reported to downre-
gulate let-7 miRNA by inducing uridylation of let-7
precursor (pre-let-7). But the enzyme responsible
for the uridylation remained unknown. Here we iden-
tify a noncanonical poly (A) polymerase, TUTase4
(TUT4), as the uridylyl transferase for pre-let-7.
Lin28 recruits TUT4 to pre-let-7 by recognizing a
tetra-nucleotide sequence motif (GGAG) in the
terminal loop. TUT4 in turn adds an oligouridine tail
to the pre-let-7, which blocks Dicer processing.
Other miRNAs with the same sequence motif (miR-
107, -143, and -200c) are regulated through the
same mechanism. Knockdown of TUT4 and Lin28
reduces the level of stem cell markers, suggesting
that they are required for stem cell maintenance.
This study uncovers the role of TUT4 and Lin28 as
specific suppressors of miRNA biogenesis, which
has implications for stem cell research and cancer
biology.

INTRODUCTION

MicroRNAs (miRNAs) are small RNAs of �22 nt that regulate

target mRNAs through complementary base-pairing (Kim et al.,

2009). MiRNAs are generated via two-step processing. In the

nucleus, the primary transcript of miRNA gene (pri-miRNA) is

cropped into the hairpin-structured precursor (pre-miRNA) by

nuclear RNase III Drosha (Lee et al., 2003) and its cofactor

DGCR8/Pasha (Denli et al., 2004; Gregory et al., 2004; Han

et al., 2004; Landthaler et al., 2004). Pre-miRNA is exported to

the cytoplasm by exportin 5 (Bohnsack et al., 2004; Lund et al.,

2004; Yi et al., 2003) and gets further processed into a mature

miRNA of �22 nt by another RNase III, Dicer (Bernstein et al.,

2001; Grishok et al., 2001; Hutvagner et al., 2001; Ketting et al.,

2001; Knight and Bass, 2001). One strand of the duplex is loaded

onto the RNA-induced silencing complex (RISC) that contains
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the Argonaute protein as the core component (Hammond et al.,

2001; Mourelatos et al., 2002; Tabara et al., 1999). Regulation

of miRNA biogenesis can be achieved at multiple levels. Some

miRNAs are reported to be controlled posttranscriptionally, but

the detailed mechanisms remain largely unknown.

let-7 miRNA was initially discovered as a heterochronic gene

during larval development in C. elegans (Grosshans et al.,

2005; Meneely and Herman, 1979; Pasquinelli et al., 2000; Rein-

hart et al., 2000). By targeting multiple oncogenes such as RAS,

HMGA2, and c-MYC, let-7 also functions as a tumor suppressor,

most prominently in lung cancer (Johnson et al., 2005; Lee and

Dutta, 2007; Mayr et al., 2007; Sampson et al., 2007). Reduced

let-7 expression is strongly associated with increased tumorige-

nicity and poor patient prognosis. Previously, we and other

groups reported that mature let-7 appears only after differentia-

tion in embryonic stem (ES) cells, while the levels of pri- and pre-

let-7 are comparable between undifferentiated and differenti-

ated ES cells, suggesting a posttranscriptional control in let-7

biogenesis (Suh et al., 2004; Thomson et al., 2006; Wulczyn

et al., 2007). Recently the Lin28 proteins have been identified

as the regulatory factors (Heo et al., 2008; Newman et al.,

2008; Rybak et al., 2008; Viswanathan et al., 2008). Mammals

have two Lin28 homologs, Lin28a and Lin28b, which are indistin-

guishable from each other in their biochemical activities (Heo

et al., 2008; Viswanathan et al., 2008). Lin28a is mainly ex-

pressed in undifferentiated stem cells while Lin28b is present

in stem cells and certain cancer cells (Balzer and Moss, 2007;

Guo et al., 2006; Polesskaya et al., 2007; Richards et al., 2004;

Yang and Moss, 2003). Lin28 has been reported to interfere

with Drosha processing of pri-let-7 (Newman et al., 2008; Viswa-

nathan et al., 2008) and Dicer processing of pre-let-7 (Heo et al.,

2008; Rybak et al., 2008). Furthermore, we observed that Lin28

mediates the terminal uridylation of pre-let-7 in the cytoplasm

of liver cancer cells and embryonic stem cells (Heo et al.,

2008). The uridylated pre-let-7 (up-let-7) fails to be processed

by Dicer and undergoes decay.

Lin28 itself does not show any uridylation activity and does not

contain a catalytic domain. Thus, Lin28 may recruit a ribonucleo-

tidyl transferase, which can add ribonucleotides to the 30 end of

RNA substrates in a template-independent manner (Martin and

Keller, 2007; Stevenson and Norbury, 2006; Wilusz and Wilusz,

2008). Ribonucleotidyl transferases contain DNA polymerase
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b-like nucleotidyl transferase domains that are highly conserved.

Best known members of this family are the canonical poly (A)

polymerases (PAPs), which function in the polyadenylation of

pre-mRNA in the nucleus. In the past few years, a new family

of PAPs has emerged. This noncanonical PAP family is also

known as the Cid1 family because the cytoplasmic PAP, Cid1,

was the first identified member of noncanonical PAPs in fission

yeast (Wang et al., 2000). Noncanonical PAPs are conserved

across eukaryotes (Stevenson and Norbury, 2006).

In mammals, seven noncanonical PAPs have been predicted

(Martin and Keller, 2007; Stevenson and Norbury, 2006; Wilusz

and Wilusz, 2008). Some noncanonical PAPs can utilize uridine

triphosphate (UTP) instead of adenine triphosphate (ATP). There-

fore, they are also called poly (U) polymerases (PUPs) or terminal

uridylyl transferases (TUTases or TUTs) (Kwak and Wickens,

2007; Mullen and Marzluff, 2008; Rissland et al., 2007; Wickens

and Kwak, 2008). The cytoplasmic PAP, GLD2 (also known as

TUTase2 and PAPD4), functions in the polyadenylation of neu-

ronal mRNAs at synapses (Rouhana et al., 2005). In addition,

mouse GLD2 induces the translation of specific dormant

mRNAs by adding poly (A) tails to the mRNAs during oogenesis

(Nakanishi et al., 2006). Recently, GLD2 was found to monoade-

nylate and stabilize mature miR-122 in mammalian liver cells

(Katoh et al., 2009). TUTase1 (also known as mtPAP, PAPD1,

and Hs4) was reported to adenylate mitochondrial pre-mRNAs

(Nagaike et al., 2005; Tomecki et al., 2004). TUTase3 (PAPD5

and TRF4-2) and TUTase1 uridylate histone mRNAs, leading to

their decay at the end of early S phase (Mullen and Marzluff,

2008). U6 TUTase (TUTase6, also known as PAPD2, Hs5, and

TUT1) can add up to three uridyl groups to the 30 end of U6

snRNAs and function in the recycling of U6 snRNA during

splicing (Trippe et al., 2003, 2006).

Here, we report that a noncanonical PAP, TUTase4 (TUT4,

also known as ZCCHC11, Hs3, and PAPD3), functions as the ur-

idylyl transferase for pre-miRNA. Lin28 interacts with pre-let-7

through a conserved sequence motif of GGAG in the terminal

loop and recruits TUT4 to the pre-miRNA. TUT4 then adds

a uridine tail to the 30 end of pre-miRNA. Through this activity,

TUT4 represses miRNA biogenesis in embryonic stem cells

and consequently affects the maintenance of ES cells.

RESULTS

TUT4 Associates with pre-let-7 MicroRNA
We have previously reported that Lin28 induces the terminal ur-

idylation of pre-let-7 (Heo et al., 2008). Because Lin28 itself does

not possess uridylating activity, we suspected the existence of

another factor that participates in let-7 suppression. To find

this enzyme, we carried out RNA affinity purification by incu-

bating immobilized pre-let-7a-1 with cell lysates from HEK293T

cells transfected with the Lin28a expression plasmid (Fig-

ure 1A). We previously showed that the Lin28a-expressing

HEK293T cells can support uridylation of pre-let-7 (Heo et al.,

2008), implying that the uridylating enzyme is present in

HEK293T cells. The interacting proteins were identified with

liquid chromatography-tandem mass spectrometry (LC-MS/

MS) (Table S1 available online). As expected, Lin28a was effi-

ciently pulled down. In addition, pre-let-7 precipitated another
protein named TUT4. TUT4 belongs to a family of noncanonical

PAPs and contains nucleotidyl transferase domains and C2H2-

and CCHC-types of zinc finger domains. Although TUT4 has

been reported to exhibit PUP activity on synthetic oligonucleo-

tide in vitro, its natural target substrates and its cellular role as

a PUP remains unknown (Kwak and Wickens, 2007).

To confirm the interaction between TUT4 and pre-let-7, we

repeated the RNA affinity purification and the LC-MS/MS anal-

ysis with Huh7 cells where Lin28b is expressed endogenously.

TUT4 was again identified in Huh7 cells as a protein interacting

with pre-let-7 (data not shown). Considering its association

with pre-let-7 and its PUP activity, we hypothesized that TUT4

is the uridylyl transferase for pre-let-7 elongation.

Figure 1. Identification of TUT4 as the Interactor and Suppressor of

pre-let-7

(A) Proteins interacting with pre-let-7 were pulled down from Lin28a-trans-

fected HEK293T cells. pre-let-7a-1 with a short 50 extension was transcribed

in vitro. A 30-biotinylated adaptor DNA that is complementary to the 50 exten-

sion of pre-let-7 was used to immobilize pre-let-7 on streptavidin-coated

agarose beads (left panel). pre-miR-16-1 was used as a negative control.

The associated proteins were separated on 10% SDS-PAGE and analyzed

by LC-MS/MS (right panel and Table S1).

(B) Knockdown of TUT4 results in the upregulation of mature let-7. TUT4 was

knocked down in mouse embryonic stem (mES) cell line, R1, for 48 hr. Level of

mature miRNAs (left) and pri-miRNAs (middle) were determined by quantitative

RT-PCR (qRT-PCR). The degree of TUT4 knockdown was measured by semi-

quantitative RT-PCR (right). The standard errors are from two independent

experiments.
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Figure 2. Lin28 Recruits TUT4 to pre-let-7 in the Cytoplasm

(A) TUT4 interacts with pre-let-7 only when Lin28a is coexpressed. FLAG-TUT4 and/or V5-Lin28a proteins were expressed in HEK293T cells, and the RNA pull-

down assay was carried out using pre-miR-16-1 or pre-let-7a-1 as the baits, as in Figure 1A. Precipitated proteins were visualized by western blotting using anti-

TUT4, anti-Lin28a, and anti-tubulin antibodies. Tubulin was detected as a control in (A) and (B). The amounts of RNA baits used are visualized by ethidium bromide

staining (lanes 7 and 8).

(B) TUT4 fails to interact with pre-let-7 when Lin28a is knocked down. The mouse ES cell (A3-1) was transfected with siRNA against Lin28a, and the total cell

extract was used for RNA pull-down and western blotting as in (A).

(C) V5-Lin28a is coimmunoprecipitated with FLAG-TUT4 only in the presence of pre-let-7. FLAG-TUT4 and V5-Lin28a were coexpressed in HEK293T cells.

Immunoprecipitation (IP) was carried out using anti-FLAG antibody-conjugated agarose beads together with in vitro transcribed pre-let-7a-1 or pre-miR-16-1

(100 pmol). Anti-FLAG and anti-V5 antibodies were used for western blotting.

(D) Cytoplasmic localization of TUT4. Fractionated nuclear (Nu) and cytoplasmic (Cyto) extracts were analyzed by western blotting using anti-TUT4 antibody. The

efficiency of fractionation was monitored by detecting tubulin (cytoplasmic protein) and hnRNP C (nuclear protein).

(E) TUT4 binds to pre-let-7 in the cytoplasmic fraction. Cytoplasmic or nuclear extracts were prepared from HEK293T cells that had been transfected with FLAG-

TUT4 and V5-Lin28a. The extracts were used for RNA pull-down assay and western blotting as described in (A). The fractionation efficiency was monitored by

measuring the protein levels of tubulin (cytoplasmic protein) and lamin (nuclear protein).
TUT4 Suppresses the Biogenesis of let-7 MicroRNA
Posttranscriptionally
Because the uridylated pre-let-7 (up-let-7) is resistant to Dicer

processing and subject to decay (Heo et al., 2008), it is expected

that the uridylating enzyme will have an inhibitory effect on let-7

biogenesis. To test this, we transfected a mouse embryonic

stem (mES) cell line R1 with siRNA against TUT4. After 48 hr of

transfection, the miRNA levels were determined by quantitative

RT-PCR (qRT-PCR). The mature miRNA levels of let-7a, let-7g,

and let-7f increased by 2- to 4-fold upon TUT4 knockdown,

demonstrating the suppressive role of TUT4 in let-7 biogenesis

(Figure 1B). On the contrary, the level of mature miR-16 did not

change, suggesting that regulation by TUT4 is specific to let-7
698 Cell 138, 696–708, August 21, 2009 ª2009 Elsevier Inc.
family miRNAs. The let-7-specific change was also observed

with another siRNA targeting a different position in TUT4 mRNA,

excluding a possibility of off-target effects by siTUT4 (data not

shown).

In contrast to the significant increase of mature let-7, the levels

of pri-let-7 remained unaltered in TUT4-depleted cells (Fig-

ure 1B). This suggests that TUT4 regulates let-7 biogenesis

posttranscriptionally and that TUT4 does not affect Drosha pro-

cessing.

The knockdown of TUT4 did not cause differentiation of the

stem cells in the time range of our experiment (48 hr), excluding

the possibility that the observed upregulation of let-7 is a sec-

ondary effect of cell differentiation (Figure S1).



Figure 3. TUT4 Specifically Uridylates

pre-let-7 in a Lin28-Dependent Manner

(A) Immunoprecipitated TUT4 uridylates pre-let-

7a-1 in vitro in the presence of recombinant

Lin28a or Lin28b. FLAG-TUT4 wild-type (WT) and

catalytically dead mutant (mt) were expressed

in HEK293T cells and were immunoprecipitated

using anti-FLAG beads. Comparable amounts of

WT and mt TUT4 proteins (Figure S3A) were

used for the reaction together with 0.5 mM re-

combinant Lin28 (rLin28), 0.25 mM UTP, and

50-labeled synthetic pre-let-7a-1 (left) or pre-miR-

16-1 (right).

(B) 50-labeled pre-let-7g and pre-miR-30a were

used for in vitro uridylation assay as in (A).

(C) TUT4 favors UTP over ATP, cytosine triphos-

phate (CTP), and guanine triphosphate (GTP).

The immunopurified TUT4 protein was incubated

with 50-labeled synthetic pre-let-7a-1, 0.5 mM re-

combinant Lin28b, and 0.025 mM of UTP, ATP,

CTP, or GTP.
Lin28 Mediates the Association between TUT4
and pre-let-7
In order to investigate the action mechanism of TUT4, we further

analyzed the interaction between TUT4, Lin28, and pre-let-7. We

first carried out RNA affinity purification as in Figure 1A. For this,

either pre-let-7a-1 or pre-miR-16-1 was immobilized on beads

and was incubated with extracts from HEK293T cells transfected

with TUT4- and Lin28a-expression plasmids. We observed that

TUT4 did not bind to pre-let-7 when it was expressed alone (Fig-

ure 2A, lane 3). But when Lin28 was coexpressed, TUT4 was

precipitated with pre-let-7 (Figure 2A, lane 6). This suggests

that TUT4 requires Lin28 to bind to pre-let-7. TUT4 did not asso-

ciate with pre-miR-16 under any conditions. Lin28 can interact

with pre-miR-16 to some degree but less avidly compared to

pre-let-7. This weak interaction with pre-miR-16 appears to be

nonspecific and nonfunctional because the inactive Lin28 mu-

tant (Heo et al., 2008) can also bind to pre-miR-16 at a similar

affinity (Figure S9B).

To confirm the Lin28 dependency of TUT4, we performed a

similar RNA pull-down experiment with mES cells in which both

Lin28a and TUT4 are endogenously expressed (Figure 2B).

Lin28a and TUT4 were precipitated with pre-let-7 (Figure 2B,

lane 3). However, after knockdown of Lin28a, TUT4 failed to

associate with pre-let-7 efficiently (Figure 2B, lane 6). This again

demonstrates that TUT4 interacts with pre-let-7 in a Lin28-

dependent manner.

We then asked whether Lin28 recruits TUT4 through direct

protein-protein interaction. In order to test this, we transfected

FLAG-TUT4 and V5-Lin28a expression plasmids into HEK293T

cells, in which let-7 is transcribed at very low levels (Figure 2C).

Immunoprecipitation was carried out using anti-FLAG antibody,

and the precipitated proteins were detected using anti-FLAG

and anti-V5 antibodies. FLAG-TUT4 could not precipitate V5-

Lin28, unless synthetic pre-let-7 was added into the extract

(Figure 2C, lane 8–10). pre-miR-16 could not mediate the inter-
action between Lin28 and TUT4 (Figure 2C, lane 10). Thus,

TUT4 specifically requires pre-let-7 to interact with Lin28.

It was previously shown that purified recombinant Lin28 binds

directly to pre-let-7 without any other protein cofactors (Piskou-

nova et al., 2008). On the other hand, TUT4 can interact with pre-

let-7 and Lin28 only when they are present at the same time

(Figure 2). These results suggest that Lin28 first recognizes

pre-let-7 and, subsequently, TUT4 is recruited to the binary

complex of Lin28 and pre-let-7.

Association between TUT4, Lin28, and pre-let-7 Occurs
in the Cytoplasm
We then asked in which cellular compartment TUT4 localizes

and functions. The nucleus and the cytoplasm were separated,

and the protein levels were determined by western blotting

(Figure 2D). TUT4 was detected mainly in the cytoplasmic frac-

tion in both HEK293T and mES cells. The cytoplasmic localiza-

tion of TUT4 was also confirmed by immunocytochemistry in

Huh7 and HeLa cell lines using anti-TUT4 antibody (Figure S2).

When the nuclear and the cytoplasmic extracts were incu-

bated with immobilized pre-miRNA, we found that TUT4 binds

efficiently to pre-let-7 in the cytoplasmic fraction but not in the

nuclear fraction (Figure 2E). This is consistent with our previous

observations that Lin28 acts mainly in the cytoplasm and that

the pre-let-7 uridylating activity is detected in the cytoplasmic

extract (Heo et al., 2008). Therefore, the data show that TUT4 and

Lin28 act together to suppress let-7 biogenesis in the cytoplasm.

TUT4 Uridylates pre-let-7 In Vitro
In previous experiments, we recapitulated the uridylation reac-

tion of pre-let-7 in vitro by incubating synthetic pre-let-7 and re-

combinant Lin28 protein with HEK293T cell extract (Heo et al.,

2008). In order to examine whether TUT4 is indeed the factor

that is responsible for the uridylating activity in the cell extract,

TUT4 was immunopurified and incubated with recombinant
Cell 138, 696–708, August 21, 2009 ª2009 Elsevier Inc. 699



Figure 4. TUT4, but Not the Other Human TUTases, Can Uridylate pre-let-7

(A) Schematic representation of human TUTase proteins based on the information from InterPro database. The catalytic motif is composed of nucleotidyl trans-

ferase domain (red box) and PAP-associated domain (orange box). Hatched red box indicates a conserved nucleotidyl transferase domain that is inactive due to

sequence variations. Blue and olive boxes represent C2H2- and CCHC-type zinc finger domains, respectively. Yellow box corresponds to the RRM (RNA recog-

nition motif).

(B) FLAG-tagged TUTase proteins were immunoprecipitated at comparable levels. Each FLAG-tagged TUTase protein was expressed in HEK293T cells and

immunoprecipitated using anti-FLAG agarose beads. The proteins were visualized by western blotting using anti-FLAG antibody. Though the juxtaposed lanes

are not contiguous, all of them are from a single gel, which is true of all the membranes with gray lines.

(C) In vitro uridylation assay. The FLAG-TUTases immobilized on anti-FLAG-agarose beads were incubated with 50-labeled pre-let-7a-1, 0.25 mM UTP, and

0.5 mM recombinant Lin28b.
Lin28 and synthetic pre-let-7a-1 (Figure 3A). The uridylated pre-

let-7a-1 (up-let-7a-1) band of �100 nt appeared only when both

TUT4 and Lin28 were included in the reaction. This up-let-7a-1

band was similar in size to the band that had previously been de-

tected in incubation with cell extract but was stronger in its inten-

sity (Heo et al., 2008). A catalytically dead mutant of TUT4, which

contains a point mutation at the nucleotidyl transferase domain

(D1011A), failed to generate any elongated band (Figures 3A

and S3A), ruling out the possibility that a contaminating protein

was responsible for the reaction. The two human homologs of

Lin28—Lin28a and Lin28b—show the equivalent effect on the

uridylation of pre-miRNA by TUT4 (Figure 3A), which is consis-

tent with our previous results (Heo et al., 2008). Furthermore,

TUT4 can extend pre-let-7g but neither pre-miR-16-1 nor -30a,

indicating that Lin28-mediated TUT4 activity is specific to let-7

family pre-miRNAs (Figures 3A and 3B).

Next, to investigate the nucleotide specificity of TUT4, the im-

munopurified TUT4 was incubated with pre-let-7, recombinant

Lin28b, and each of the four nucleotide triphosphates (NTPs)

separately. TUT4 elongated pre-let-7 most efficiently with UTP

(Figure S3B). At a lower concentration of NTPs (0.025 mM), the

elongation activity with UTP was not reduced whereas the activ-
700 Cell 138, 696–708, August 21, 2009 ª2009 Elsevier Inc.
ities with other NTPs decreased (Figure 3C). Therefore, TUT4

prefers UTP to the other NTPs. This UTP preference is consistent

with our previous results showing that the 30-tails of up-let-7 are

predominantly, but not exclusively, composed of uridine resi-

dues (Heo et al., 2008).

We also compared the activities between three different iso-

forms of human TUT4. Although the isoforms a, b, and c

(NP_001009881, NP_056084, and NP_001009882, respectively)

are different in protein length (1645, 1644, and 1640 amino acids,

respectively) due to alternative splicing, they are comparable in

their uridylating activities (Figure S4). Isoform c was used in the

experiments throughout this study.

The Other TUTases Do Not Regulate pre-let-7
To investigate whether the other TUTases can also uridylate pre-

let-7, seven human noncanonical PAPs including TUT4 were

cloned and immunopurified (Figure 4A). Western blotting data

showed that the seven TUTases were expressed and immuno-

precipitated at comparable levels (Figure 4B). When these pro-

teins were incubated with pre-let-7, however, only TUT4 gener-

ated up-let-7 (Figure 4C).



Figure 5. Knockdown of TUT4 and Lin28

Increases let-7 and Decreases Stem Cell

Markers

(A) MicroRNA microarray was performed with mES

cells (R1) transfected with siRNAs against TUT4 or

Lin28a. Four biological replicates were used for

the assay. The microarray signals from each type

of sample were normalized to the signals from

siGFP-treated samples. The normalized microar-

ray signals from Lin28a-depleted samples (hori-

zontal axis) were plotted versus those from

TUT4-depleted samples (vertical axis) in log scale.

(B) Northern blotting analysis was carried out

following the knockdown of TUT4 and Lin28a in

mES cells (A3-1). For quantification of the northern

blotting, the band intensity was measured by

phosphoimager and normalized against signals

from siGFP-treated sample. The standard errors

are from two independent experiments, and the

original northern blotting data are shown in

Figure S6A.

(C) Double knockdown of TUT4 and Lin28a in mES

cells (R1). Equal amounts of siTUT4 (20 nM) and

siLin28a (20 nM) were combined to knock down

TUT4 and Lin28a simultaneously. For single-

gene knockdown, 20 nM siGFP was added to

adjust the total amount of siRNA to 40 nM. The

levels of mature miRNAs and pri-miRNAs were

analyzed by qRT-PCR. The standard errors are

from three data sets. The knockdown efficiency

was determined by western blotting in Figure S6B.

(D) Knockdown of TUT4 and Lin28a affects the

maintenance of mES cells (R1). The siRNA against

either TUT4 or Lin28a was transfected into feeder-

free R1. The cells were incubated in the presence

of LIF. One day later, identical numbers of cells

were aggregated to make EBs using the hanging

drop method (Wang and Yang, 2008) without LIF

for 2 days and were transferred into the bacterial

Petri dish with fresh differentiation medium. Two

days later, RNA was extracted and analyzed by

qRT-PCR to measure the mRNA levels of pluripo-

tency markers, Oct4 and Nanog. The standard

errors are from three independent experiments,

and paired one-tailed t test was used to calculate

the p value (*p < 0.1; **p < 0.05; ***p < 0.01).
We also knocked down each protein in mES cells and carried

out qRT-PCR to measure let-7 levels. As the knockdown of

TUTase6 was previously reported to be lethal and TUTase6

is known to uridylate U6 snRNA, we did not test TUTase6 in

this experiment (Trippe et al., 2006). Although the TUTases

were knocked down efficiently, the mature let-7 level did not

change considerably (Figure S5). Therefore, our data indicate

that TUT4 may be the sole enzyme responsible for pre-let-7

uridylation.

In the case of TUTase7, which is similar to TUT4 in its domain

organization, a weak smeared band appeared in the reaction

(Figure 4C, lane 14). Therefore, although depletion of TUTase7

did not show a significant derepressive effect on let-7 levels

(Figure S5), we cannot formally rule out the possibility that

TUTase7 has weak redundancy with TUT4.
let-7 Family Is a Major Target of Both TUT4 and Lin28
Next, by performing microarray experiments on the RNA sam-

ples from mES cells (R1) depleted of either TUT4 or Lin28a, we

investigated whether TUT4 can regulate miRNAs other than

let-7 (Table S2). The signals of let-7 family members increased

significantly upon Lin28a knockdown (Figure 5A, horizontal

axis); the same effect was observed with TUT4 knockdown

(Figure 5A, vertical axis). Notably, it was only the let-7 family—

let-7a, let-7d, let-7f, let-7g, and let-7i—that was upregulated

by over 2-fold in both TUT4- and Lin28a-depleted cells (Fig-

ure 5A, top right). The other members of the let-7 family—let-

7b, let-7c, let-7e, and miR-98—were expressed at levels too

low for reliable quantitation. Levels of most miRNAs including

miR-16 did not change significantly, with some exceptions in

which the changes were modest but reproducible (discussed
Cell 138, 696–708, August 21, 2009 ª2009 Elsevier Inc. 701



Figure 6. Conserved Sequence Motif Triggers Lin28 Binding and TUT4 Uridylation Activity

(A) (left) Shown is the schematic representation of a hybrid form of pre-miRNA. (middle) Electrophoretic mobility shift assay (EMSA) was carried out with 50 end-

labeled synthetic pre-let-7a-1, pre-miR-16-1, and their hybrid. ‘‘Free’’ represents RNA free of proteins and ‘‘bound’’ represents RNA bound to Lin28. The concen-

trations of rLin28b used are 0, 3, 10, 30, 100, and 300 nM. (right) In vitro uridylation was carried out with FLAG-TUT4-overexpressed HEK293T cell extracts and

150 nM rLin28b, which is the same with all the other uridylation reactions in this figure. The experiment was repeated twice (Figure S7).

(B) Aligned are the sequences of human pre-let-7 miRNAs. Highlighted at left and right are 5p and 3p strands. Boxed in the middle is the conserved GGAG

sequence.

(C) GGAG and GGAG-like motifs were searched in the terminal loop near the 3p strand with all pre-let-7 miRNAs in bilateral animals (miRBase, release 13.0). ‘‘X’’

stands for a random nucleotide sequence. The numbers indicate pre-let-7 miRNAs counted in total. The numbers in parentheses indicate miRNAs counted in

invertebrates only. N/C stands for ‘‘not conserved.’’
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below). We confirmed this observation using another mES cell

line, A3-1 (Figures 5B and S6A). Consistent with the microarray

data, the levels of all the let-7 family members detected by

northern blotting increased by more than 2-fold in both TUT4-

and Lin28a-depleted cells. These results indicate that let-7

miRNAs are the major targets of both TUT4 and Lin28.

Then, we tested the effect of double knockdown of TUT4

and Lin28 on let-7 biogenesis. We found that the levels of mature

let-7 increased dramatically in mES cells depleted of both TUT4

and Lin28a at the same time (Figure 5C). The degree of accumu-

lation was even greater than the changes observed in the

samples with knockdown of either TUT4 or Lin28a alone, sug-

gesting that both TUT4 and Lin28 are required for the suppres-

sion of let-7 biogenesis. The level of miR-16 did not change

significantly in the double knockdown cells.

The efficiency of knockdown was measured by western blot-

ting (Figure S6B). We reproducibly observed that RNA interfer-

ence (RNAi) of TUT4 is less efficient than that of other genes

including Lin28, which may explain why let-7 is upregulated

less prominently in TUT4-depleted cells than in Lin28-depleted

cells. Further investigation on the knockdown of TUT4 is de-

scribed later (see Discussion).

TUT4 and Lin28 Contribute to the Maintenance of ES
Cells
let-7 has been implicated in cell differentiation in mammals

(Bussing et al., 2008) and nematodes (Roush and Slack, 2008).

It has also been shown that Lin28a overexpression facilitates

the formation of inducible pluripotent stem (iPS) cells (Yu et al.,

2007). Because TUT4 suppresses let-7, it is conceivable that

TUT4 is also involved in stem cell formation and/or maintenance.

To further examine the effect of TUT4 and Lin28a on ES cell

maintenance, we transfected mES cells (R1) with siRNAs and

incubated the cells for 5 days under conditions that induce the

formation of embryoid bodies (EBs). It is known that mES cells

pose for differentiation and begin to lose the expression of pluri-

potency markers when the cells are grown to form cell aggre-

gates (EBs) in the absence of leukemia inhibitory factor (LIF).

Figure 5D shows that the pluripotency markers, Oct4 and Nanog,

decrease more rapidly in cells depleted of TUT4 or Lin28a than in

the control cells. Notably, more significant reduction was ob-

served when both TUT4 and Lin28a were knocked down. This

is consistent with the increased effect of double knockdown on

the level of mature let-7 (compare Figures 5C and 5D). Taken

together, our results demonstrate that TUT4 and Lin28a are

required for ES cells to maintain pluripotency.

Lin28 Interacts with a Motif in the Terminal Loop
of pre-let-7
Finally, the high selectivity of TUT4 and Lin28 toward let-7

observed in Figure 5A promoted us to address the reason for

this specificity. It has been suggested that Lin28 specifically
recognizes the terminal loop of pre-let-7 (Newman et al., 2008;

Piskounova et al., 2008). To confirm this, we generated a hybrid

form of pre-miR-16 by replacing its loop with that of pre-let-7a-1

and carried out electrophoretic mobility shift assay (EMSA) with

50 end-labeled RNA and recombinant Lin28 protein (Figure 6A,

middle). The hybrid pre-miR-16 with the let-7 loop effectively in-

teracted with Lin28. Furthermore, the hybrid RNA was as effi-

ciently uridylated by TUT4 as pre-let-7 was (Figure 6A, right

and Figure S7). Therefore, the pre-let-7 loop is sufficient for

Lin28 binding of pre-miRNA and subsequent TUT4 activity.

To identify potential sequence motifs in the loop of pre-let-7,

which may be recognized by Lin28, we aligned the pre-miRNA

sequences of all human let-7 members (Figure 6B). While the

loop sequences exhibit diversity among the let-7 members,

there are short common sequences near both 5p and 3p strands.

To determine which of these regions may function as a recogni-

tion motif, we generated pre-let-7a-1 mutants with a shortened

terminal loop that is equivalent to only a half of the full-length

loop (Figure S8A). When we carried out in vitro uridylation with

these constructs, the mutant containing the shortened loop

sequence from the 30 half was uridylated (Figure S8B), indicating

that a recognition motif exists in this region.

Lin28 proteins contain two CCHC-type zinc fingers that are

critical for uridylation (Heo et al., 2008). When we performed

EMSA with the Lin28b zinc finger mutant (Figure S9A), its binding

affinity toward pre-let-7 decreased dramatically compared to

that of the wild-type Lin28b, whereas the weak and nonspecific

binding toward pre-miR-16 did not (Figure S9B). Together, these

data suggest that it may be the CCHC-type zinc fingers that

mediate the specific interaction of Lin28 with pre-let-7 and the

subsequent uridylation.

It had been reported that the CCHC-type zinc finger domains

recognize a specific RNA sequence motif of ‘‘GGAG’’ or

‘‘GGUG’’ in the case of an HIV nucleocapsid protein (Amara-

singhe et al., 2000; De Guzman et al., 1998; Pappalardo et al.,

1998). Interestingly, the sequence of GGAG is present in the

terminal loop near the 3p strand of pre-let-7 (Figure 6B). The

sequence and its position are highly conserved throughout all

vertebrates (Figures 6C and 6D). To explore the potential impor-

tance of the GGAG motif, we introduced a mutation (GuAu) and

carried out EMSA and in vitro uridylation. The affinity of Lin28

toward the mutant was lower compared to that toward the

wild-type pre-let-7 (Figure S10A). In addition, uridylation was

not observed in the mutant (Figures 6E and S10B), showing

that the GGAG motif is indeed essential for Lin28 binding and

TUT4 action.

To further test the importance of the GGAG motif, we asked

whether the introduction of GGAG into other unrelated pre-

miRNAs is sufficient for the binding to Lin28 and subsequent

TUT4 activity. We generated three artificial pre-miR-16-1 con-

structs, each of which has the GGAG motif in its terminal loop

near the 3p strand (Figures 6F and S11). Remarkably, the
(D) The location of the conserved motifs is measured based on their distance from the 50 end of the 3p strand, throughout all bilateral animals.

(E) In vitro uridylation was performed with the wild-type and the mutant of pre-let-7a-1. The GGAG motif was mutated into GuAu. This experiment was repeated

twice (Figure S10B). Lin28 binding affinity toward the mutant RNA is shown in Figure S10A.

(F) (top) Shown are the sequences of pre-miR-16-1 and its mutants. The GGAG motif introduced is highlighted in the middle. (left) EMSA was carried out with

30 nM rLin28b and was repeated twice (Figure S11A). (right) In vitro uridylation was carried out and repeated twice (Figure S11B).
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introduction of the short sequence motif of GGAG enhanced

Lin28 binding affinity. Furthermore, ‘‘GGAG@4’’ mutant was as

effectively uridylated as pre-let-7, suggesting that when located

in the terminal loop with a proper context, the GGAG motif is

sufficient for Lin28 binding and TUT4 action.

A Set of Pre-miRNAs with GGAG Are Subject
to Uridylation in a Lin28-Dependent Manner
The essential role of the GGAG motif suggested that other pre-

miRNAs with the same motif might be regulated by Lin28

and TUT4. Searching human miR-1 through miR-400 revealed

15 such candidates, 12 of which contain the motif near the 3p

strand (miR-9, 107, 132, 139, 142, 143, 149, 152, 200c, 204, 324,

and 363) (Figure S12). The GGAG motifs in 9 of the 12 miRNAs

are conserved in mammals (miR-107, 139, 143, 149, 152, 200c,

204, 324, and 363).

We examined Lin28-dependent uridylation in a subset of the

pre-miRNAs selected above (5 out of the final 9; miR-107, 143,

200c, 324, and 363; randomly chosen) (Figure 7A, top). Up-

miRNA was observed with all of the five miRNAs—the highest

efficiency with pre-miR-107, 143, and 200c. The up-miRNA pop-

ulation was not observed with randomly chosen pre-miRNAs

that do not contain the GGAG motif (Figure 7A, bottom).

Lin28 binds to the three miRNAs (pre-miR-107, 143, and 200c)

(Figures 7B and S13A). The qRT-PCR and the microarray data

indicate that the mature miRNA levels of the three miRNAs are

modestly upregulated upon Lin28 and TUT4 knockdown in

mES cells (Figures 7C and S13B). Whereas the functions of these

miRNAs in stem cells are largely unknown, they are more abun-

dantly observed in differentiated cells than in undifferentiated

cells (Bar et al., 2008; Esau et al., 2004; Peter, 2009) as in the

case of let-7 (Figure S13C). These data support the role of

Lin28 and TUT4 in stem cell maintenance through suppression

of a set of miRNAs including let-7.

DISCUSSION

Here, we identified a terminal uridylyl transferase, TUT4, as a

novel regulator of miRNA biogenesis. The action mechanism is

summarized in Figure 7D. Following the nuclear export of pre-

miRNA, Lin28 binds to pre-miRNA in the cytoplasm. Lin28

recognizes its substrate through a conserved sequence motif

in the RNA loop. Subsequently, TUT4 recognizes the binary

complex of Lin28 and pre-miRNA and adds an oligouridine tail

(U tail) of 10–30 nt to the 30 terminus of pre-miRNA. The uridy-

lated pre-miRNA (up-miRNA) is resistant to Dicer processing

since Dicer is unable to cleave hairpin RNAs with such long 30

extensions. Because uridylyl groups are known to recruit 30/50

exonucleases (Mullen and Marzluff, 2008; Shen and Goodman,

2004), the U tail may facilitate decay of up-miRNA. The identity

of the nuclease(s) responsible for the degradation of up-miRNA

is currently unknown.

We have previously shown that Lin28 acts mainly after Drosha

processing and after nuclear export steps (Heo et al., 2008). This

conclusion was based on the following evidence: (1) Lin28 is

localized mainly to the cytoplasm, (2) the pri-let-7 levels do not

change significantly in either Lin28-depleted or Lin28-overex-

pressing cells, (3) nuclear export of pre-let-7 is not affected in
704 Cell 138, 696–708, August 21, 2009 ª2009 Elsevier Inc.
Lin28-overexpressing cells, (4) Lin28 associates with pre-let-7

but not with pri-let-7 in vivo, and (5) Lin28 induces uridylation

of pre-let-7 when incubated with cytoplasmic extract. Our cur-

rent discovery of TUT4, which confirms and extends our pre-

vious model, suggests that let-7 biogenesis is suppressed

mainly in the cytoplasm by the concerted action of the two cyto-

plasmic proteins Lin28 and TUT4.

From the biochemical analyses, we learn how Lin28 and TUT4

recognize their substrates. The association of TUT4 with pre-

miRNAs is strongly dependent on Lin28 (Figure 2). Lin28 was re-

ported to interact with the terminal loop of pre-let-7 (Newman

et al., 2008; Piskounova et al., 2008), and we show that Lin28

specifically recognizes a sequence motif of GGAG in the terminal

loop of pre-let-7 (Figure 6). The GGAG motif is conserved

throughout vertebrates (Figure 6C). It is notable that the motif

may come in variable forms of GGAG (GAAG, GGUG/GGCG,

and UGXG) in other miRNAs such as human let-7b, miR-98,

and let-7a-3. Lin28 may recognize these variable forms as well,

considering that the fourth G is the most essential for the interac-

tion between CCHC-type zinc fingers and RNA (De Guzman

et al., 1998). The mutations retaining the fourth G intact (GagG

and aaAG) weaken but do not fully disrupt the interaction

between Lin28 and pre-let-7 (Figure S10). It is noted that the

sequence motif of GGAG is not conserved in invertebrates

(Figures 6C and 6D). Lin28 homologs of invertebrates may

have different sequence specificity.

Lin28 binding does not always lead to effective uridylation by

TUT4 (Figure S10, GagG and aaAG mutants; Figure 6F,

GGAG@5). This result is in parallel with the observation that

some pre-miRNAs containing the GGAG motif are not effectively

uridylated (Figure 7A; miR-324 and 363). We suspect that the

location of the tetra-nucleotide motif determines the proper

context for Lin28 binding and TUT4 action, considering that its

location is highly conserved in all vertebrates (Figure 6D). It is

also possible that TUT4 may discriminate the pre-miRNAs to

some degree, contributing to the substrate specificity, when it

binds to the binary complex of Lin28 and pre-miRNA.

TUT4 is expressed broadly while Lin28 is restricted to undiffer-

entiated stem cells and certain cancer cells. Therefore, while

TUT4 regulates some miRNAs together with Lin28 in Lin28-

abundant cells, TUT4 may also regulate other miRNAs in a

Lin28-independent manner in different cell types. It is conceiv-

able that different specificity factors assist TUT4 in recognizing

distinct pre-miRNAs. It is also plausible that other TUTases

may participate in the miRNA pathway by modifying the 30 end

of other pre-miRNAs.

It is worthwhile to mention that we encountered technical diffi-

culties in the RNAi of TUT4. We have tried six different siRNAs

and five small hairpin RNAs for RNAi of TUT4 without significantly

improving the knockdown efficiency. When we carried out

knockdown for various durations, we realized that TUT4 mRNA

level is rapidly restored 24 hr after transfection whereas Lin28

mRNA is depleted effectively for a longer period (Figure S14).

We observed a similar pattern of TUT4 recovery in a hepatocel-

lular carcinoma line, Huh7 (data not shown). This fast restoration

of TUT4 implicates a strong feedback control that maintains

TUT4 at homeostatic levels in these cells. The mechanism of

this feedback regulation requires further investigation.



Figure 7. Pre-miRNAs with the GGAG Sequence Motif Are

Regulated by Lin28 and TUT4

(A) In vitro uridylation was carried out with six different pre-

miRNAs that contain the GGAG sequence near 3p strand in their

terminal loop (top) and five pre-miRNAs without GGAG (bottom).

It was carried out with FLAG-TUT4 overexpressed HEK293T cell

extracts, 150 nM rLin28b, and 0.25 mM UTP. All the pre-miRNAs

are from human except miR-7b, which is from mouse. The stan-

dard deviations are from three (top) and two (bottom) independent

experiments.

(B) EMSA was carried out with 50 end-labeled synthetic pre-miR-

107, 143, and 200c as well as pre-let-7a-1 and pre-miR-16-1

with 30 nM rLin28b. ‘‘Free’’ represents RNA free of proteins and

‘‘bound’’ represents the slowly migrating RNA bound to Lin28.

The standard deviations are shown in Figure S13A.

(C) The mature miRNA levels of miR-107, 143, and 200c were

measured by qRT-PCR with the RNA samples used in Figure 5C.

The standard errors are from three independent experiments.

(D) A model for the suppression of miRNA by Lin28 and TUT4. Pri-

miRNA is cropped into pre-miRNA by Microprocessor consisting

of Drosha and DGCR8. The pre-miRNA is exported to the cyto-

plasm by exportin 5 (EXP5). After the export, the pre-miRNA is

bound to Lin28, which interferes with Dicer processing. Lin28

recruits TUT4, which uridylates the pre-miRNA. The uridylated

pre-miRNA (up-miRNA) fails to be processed by Dicer and gets

degraded by nuclease(s).
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let-7 is a critical regulator of cell differentiation and cell prolif-

eration (Bussing et al., 2008). By suppressing let-7, Lin28 partic-

ipates in stem cell maintenance and tumorigenesis (Bussing

et al., 2008; Chang et al., 2009). Our current study suggests

that TUT4 is important in the maintenance of the undifferentiated

state (Figure 5D) and possibly in the formation of iPS cells. It

would be interesting to investigate the involvement of TUT4 in

human cancers since abnormal expression of TUT4 may perturb

miRNA populations. Lung, liver, and ovarian cancers in which

let-7 is downregulated are particularly interesting tumor types

to investigate. Furthermore, Lin28 and TUT4 are promising new

targets for drug discovery. The uridylation assay developed in

our study may provide a way to screen for chemicals that either

boost or inhibit let-7 biogenesis, which may be useful for stem

cell engineering and cancer therapy.

EXPERIMENTAL PROCEDURES

Cell Culture

HEK293T cell was grown in DMEM (WelGENE) supplemented with 10% fetal

bovine serum (WelGENE). Mouse embryonic stem cell line R1 was maintained

in GlutaMAX DMEM (GIBCO, Invitrogen) supplemented with 10% fetal bovine

serum (Hyclone), 100 unit/ml penicillin, 100 mg/ml streptomycin (WelGENE),

nonessential amino acids (GIBCO, Invitrogen), 100 mM 2-mercaptoethanol

(Amresco), and 10 ng/ml leukemia inhibitory factor (Sigma). R1 cell was cul-

tured on a feeder layer of mouse CF-1 cells treated with mitomycin C (Sigma),

and the media were changed daily. Another mouse embryonic stem cell line

A3-1 was cultured on gelatin-coated dishes with DMEM (WelGENE) containing

20% FBS (Hyclone), 100 units/ml penicillin, 100 mg/ml streptomycin, nones-

sential amino acids (GIBCO, Invitrogen), 13 nucleosides mix (Sigma), 100 mM

2-mercaptoethanol (Amresco), and 0.15% LIF. The LIF was from the condi-

tioned media from a CHO cell line secreting human LIF.

To make EB from a mES cell (R1), hanging drop method was used (Wang

and Yang, 2008). In summary, transfected cells were trypsinized and diluted

to a concentration of 100,000 cells per 1 ml of LIF-free differentiation medium.

The 20 ml drops (500 cells/one drop) were suspended on the inside surface of

the up-turned lids of 150 mm tissue culture dishes. The dishes were incubated

for 2 days in the 37�C incubators to make cell aggregates (EBs). Two days

later, EBs were transferred into bacterial Petri dishes with fresh differentiation

medium. After 2 days of incubation, EBs were collected for RNA extraction.

Transfection

To prepare R1 cells for transfection, feeder cells were removed, and 300,000

cells were seeded onto gelatin-coated 60 mm dish. The 30 nM siRNA duplexes

and Lipofectamine 2000 (Invitrogen) were used for the transfection. In the

double knockdown experiment, a total 40 nM siRNA (20 nM for each gene)

was used. The sequences of siRNA are listed in the Supplemental Data.

RNA Pull-Down

pre-let-7a-1 and pre-miR-16-1 with 50 extension were produced by in vitro

transcription. PCR products were used as direct templates for in vitro tran-

scription. A 30-biotinylated adaptor DNA complementary to the 50 extension

was incubated with streptavidin-conjugated agarose beads (Pierce) in buffer

I (20 mM Tris-Cl [pH 7.5], 100 mM KCl, 2 mM EDTA) at 4�C for 1 hr. The beads

were washed twice with 300 mM KCl buffer D (20 mM Tris-Cl [pH 8.0], 300 mM

KCl, 0.2 mM EDTA) and incubated with the in vitro transcribed pre-miRNA in

buffer D with 100 U/ml of RNase inhibitor (Takara) for 2–3 hr at room temper-

ature. The beads were washed twice with buffer I and incubated with cell

extract.

HEK293T and A3-1 cells were collected and incubated in buffer L (50 mM

Tris-HCl [pH 8.0], 150 mM KCl, 1 mM DTT, 10% glycerol, 0.5% Triton X-100)

on ice for 30 min. The suspended cells were passed through a 23-guage

syringe 20 times. After removing cell debris by centrifugation, the total cell

extract was added to the pre-miRNAs immobilized on the streptavidin beads
706 Cell 138, 696–708, August 21, 2009 ª2009 Elsevier Inc.
and incubated with constant rotation for 12 hr at 4�C. After washing with buffer

I, the associated proteins were separated on 10% SDS-PAGE. The nuclear

and cytoplasmic extracts from subcellular fractionation were diluted in buffer

L and used for the same procedure as above.

Immunoprecipitation and In Vitro Uridylation

For immunoprecipitation of FLAG-TUTases, HEK293T cells grown on 10 cm

dishes were collected 48 hr after transfection of FLAG-TUTase expression

plasmids. The cells were incubated with lysis buffer (500 mM NaCl, 1 mM

EDTA, 10 mM Tris [pH 8.0], 1% Triton X-100) for 20 min followed by sonication

on ice and centrifugation twice for 10 min at 4�C. The supernatant was incu-

bated with 5 ml of anti-FLAG antibody-conjugated agarose beads (anti-FLAG

M2 affinity gel, Sigma) with constant rotation for 2 hr at 4�C. The beads were

washed three times with lysis buffer and then four times with 200 mM KCl

buffer D (200 mM KCl, 10 mM Tris [pH 8.0], 0.1 mM EDTA). The reaction

was performed in a total volume of 30 ml in 3.2 mM MgCl2, 1 mM DTT,

0.25 mM NTP (Ambion), 50 end-labeled pre-miRNA of 1 3 104–1 3 105 cpm,

and 15 ml of immunopurified proteins in buffer D. The reaction mixture was

incubated at 37�C for 20 min. The RNA was purified from the reaction mixture

by phenol extraction and analyzed on 12.5% urea polyacrylamide gel. pre-let-

7a-1, pre-let-7g, pre-miR-16-1, and pre-miR-30a were synthesized by Sam-

chully Pham. The pre-miRNAs were labeled at the 50 end with T4 polynucleo-

tide kinase (Takara) and [g-32P] ATP. The sequences of pre-miRNAs are listed

in the Supplemental Data.

SUPPLEMENTAL DATA

Supplemental Data include Supplemental Experimental Procedures, 14 fig-

ures, and 2 tables and can be found with this article online at http://www.

cell.com/supplemental/S0092-8674(09)00964-7.
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