@ © 2011 Nature America, Inc. All rights reserved.

ARTICLES

nature
structural &
molecular biology

LIN-28 co-transcriptionally binds primary let-7 to
regulate miRNA maturation in Caenorhabditis elegans

Priscilla M Van Wynsberghe!, Zoya S Kai!, Katlin B Massirer?-, Victoria H Burton!, Gene W Yeo?* &

Amy E Pasquinelli!

The highly conserved let-7 microRNA (miRNA) regulates developmental pathways across animal phyla. Mis-expression of let-7
causes lethality in C. elegans and has been associated with several human diseases. We show that timing of let-7 expression in
developing worms is under complex transcriptional and post-transcriptional control. Expression of let-7 primary transcripts
oscillates during each larval stage, but precursor and mature let-7 miRNAs do not accumulate until later in development after
LIN-28 protein has diminished. We demonstrate that LIN-28 binds endogenous primary let-7 transcripts co-transcriptionally. We
further show that LIN-28 binds endogenous primary let-7 transcripts in the nuclear compartment of human ES cells, suggesting
that this LIN-28 activity is conserved across species. We conclude that co-transcriptional interaction of LIN-28 with let-7 primary
transcripts blocks Drosha processing and, thus, precocious expression of mature let-7 during early development.

MicroRNAs (miRNAs) function as ~22-nucleotide (nt) guide RNAs
in the RNA-induced silencing complex (RISC) by binding to partially
complementary sites in target mRNAs, causing inhibition of trans-
lation or destabilization!. Typically, mature miRNAs originate from
long, capped and polyadenylated primary miRNAs (pri-miRNAs) that
are transcribed by RNA polymerase II'. Endonucleolytic cleavage of
the pri-miRNA by the RNase III enzyme Drosha in cooperation with
the RNA-binding protein Pasha (also known as DGCRS8) releases the
~70-nt hairpin precursor miRNA (pre-miRNA)!. Exportin-5 trans-
locates the pre-miRNA to the cytoplasm, where subsequent endo-
nucleolytic cleavage by the RNase III enzyme Dicer produces the
mature miRNA that functions in the RISC complex!2.

Originally discovered in C. elegans, the let-7 miRNA is conserved
across species in both sequence and temporal expression®*. In
C. elegans, let-7 regulates developmental timing and promotes cellular
differentiation pathways>°. The human let-7 miRNAs also have anti-
proliferative functions, and downregulation of let-7 levels is associated
with many cancers, including those of the lung, breast and colon®.
Overexpression of let-7 early in worm development causes premature
adoption of adult fates, whereas cells in let-7 underexpression mutants
fail to terminally differentiate at the larval-to-adult transition®. Thus,
the level and timing of mature miRNA expression are paramount in
determining organismal development.

The worm let-7 gene encodes two nascent and one trans-spliced
primary transcripts (Fig. 1a)”. Deletion of the 3’ splice site sequence,
required for trans splicing, abolishes let-7 rescue activity, indicat-
ing that the splicing event or the sequence and structural changes
produced by it are important for let-7 biogenesis’. Accumulation of

mature let-7 is first observed during the third larval stage (L3) and
is maintained into adulthood*. Recently, LIN-28 protein activity was
shown to prevent premature accumulation of let-7 in the second larval
stage (L2)8. The lin-28 gene encodes a nucleocytoplasmic localized
cold-shock domain- and zinc finger-containing protein that is con-
served across animal species®"!3. The LIN-28 protein is expressed
early in worm development but is downregulated by a factor of more
than 10 from L1 to L3 through the action of lin-4 miRNA and other
pathways>!415, Decreases in LIN-28 protein levels coincide with
mature let-7 accumulation during the L3 stage®!4. Likewise, opposite
expression patterns for LIN-28 protein and mature let-7 miRNA have
been documented in several mammalian cell types!>16-1°. Moreover,
LIN-28 has been shown to regulate the accumulation of mature
let-7 miRNA in mammalian systems through multiple mechanisms,
including blocked Drosha or Dicer processing and destabilization of
let-7 precursor RNAs!6-22, What determines the utilization of one
mechanism versus another to regulate accumulation of mature let-7
in vivo has yet to be resolved.

In this study we examine the role of LIN-28 in regulating endo-
genous let-7 expression in a whole organism throughout develop-
ment. We find that let-7 primary transcript expression is dynamic
and accumulation of primary transcripts is uncoupled from pre-
and mature let-7 in wild-type (WT) but not lin-28 mutant animals.
We further show that LIN-28 binds endogenous pri-let-7 in both
C. elegans and human embryonic stem cells and that this interaction
is co-transcriptional in C. elegans. Altogether our results suggest that
LIN-28 acts co-transcriptionally at the Drosha processing step to
inhibit precocious expression of let-7 during animal development.
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Figure 1 Expression of let-7 is transcriptionally and post-transcriptionally regulated. (a) Depiction of the 2,460-nt-long let-7 rescue construct with

the positions of the mature let-7 sequence (blue), 3’ splice site (SS; yellow) and two start sites (A and B) and the approximate sizes of the spliced and
unspliced transcripts indicated®’. (b) Northern blot analysis of total RNA isolated from embryos (E) or synchronized plet-7g:: GFP transgenic worms.
The similar-sized B and SL1 transcripts often do not clearly resolve. (c) Agarose or PAGE northern blot analysis of total RNA isolated from embryos (E) or
synchronized WT N2 worms at larval (L) and adult (AD) stages. Representative blots from four independent experiments are shown. (d) Average levels of
pri-, pre- and mature let-7 after normalization to 18S or 5.8S rRNA from four independent experiments. (e) Analysis as in b of total RNA isolated from
synchronized plet-7g::GFP transgenic worms. The entire blot is shown in Supplementary Figure 1c.

The ability of LIN-28 to interact with primary let-7 transcripts as they
are being synthesized provides an efficient mechanism for blocking
production of this essential miRNA in multiple organisms.

RESULTS

Uncoupling of primary and mature let-7 miRNA expression
Mature let-7 miRNA accumulates during the third larval stage (L3)
of development in C. elegans®7-?324, Previous studies also found that
the two unspliced (A and B) and one trans-spliced (SL1) pri-let-7
transcripts were first detected during the L3 stage, suggesting that
production of mature let-7 is transcriptionally regulated’. However,
reporter constructs consisting of green fluorescent protein (GFP)
fused to sequences upstream of mature let-7 revealed potential tran-
scriptional activity earlier than the L3 stage?*?>2°, In agreement with
this, we observed fluorescence at the end of the L1 stage in transgenic
worms that express GFP fused to the pri-let-7B start site (data not
shown). Detection of GFP mRNA, driven by both let-7 promoter
A and B sequences in the transgenic worms, mirrored that of endo-
genous let-7 primary transcripts, indicating that expression of let-7 is
repressed largely at the transcriptional level from embryogenesis until
the late L1 stage (Fig. 1b and Supplementary Fig. 1a).

To further investigate the possibility of uncoupled expression of
let-7 primary and mature RNAs, we used northern blotting and quanti-
tative reverse transcription PCR (qQRT-PCR) to analyze the endogenous
expression patterns of all three pri-let-7 isoforms as well as pre- and
mature let-7 in RNA collected from embryos and every 2 h during larval
development to adulthood (Fig. 1¢,d and Supplementary Figs. 1b
and 2). Consistent with our reporter analysis, we first observed
pri-let-7 during the late L1 stage (Fig. 1c,d). We detected all three
pri-let-7 isoforms, and coordinate expression of these isoforms oscillated
throughout development (Fig. 1¢,d and Supplementary Fig. 2).

This cycling pattern of expression was specific to pri-let-7, given that
other endogenous mRNAs, such as act-1, maintained steady levels
throughout the time course (Supplementary Fig. 1b). The low levels
of pri-let-7 at most mid-larval time points and the slight shifts in
the timing of pri-let-7 expression between experiments indicate
that expression of endogenous pri-let-7 transcripts is dynamic, and
that even slight changes in culture conditions can affect the rate of
development and thus pri-let-7 expression (Fig. 1 and Supplementary
Fig. 1a,b). Therefore, the failure of prior studies to detect expression
of let-7 primary transcripts in L1 and L2 was likely due to the analysis
of only single time points at each stage’. GFP mRNA levels of our
let-7 promoter reporter oscillated with a frequency identical to that
of endogenous pri-let-7 expression, suggesting that transcriptional
mechanisms largely control the cycling pattern of pri-let-7 expression
(Fig. 1e and Supplementary Fig. 1c¢).

Consistent with previous reports, pre- and mature let-7 RNAs
were undetectable until the L3 stage, and mRNA levels of the let-7
target lin-41 decreased concordantly with the appearance of let-7
(Fig. 1c,d and Supplementary Fig. 1b)*?%. In the L3 and L4
stages, levels of pre-let-7 oscillated in parallel to those of pri-let-7,
while mature let-7 accumulated to a relatively constant level
(Fig. 1¢,d and Supplementary Fig. 1b). Taken together, our results
indicate that expression of let-7 is regulated by transcriptional and
post-transcriptional control mechanisms during development
in C. elegans.

Primary let-7 processing is developmentally regulated

The detection of primary but not precursor or mature let-7 in the
first two larval stages could be due to blocked Drosha processing
of pri-let-7 or to destabilization of pre- or mature let-7 RNAs. To
distinguish between these possibilities, we used a sensitive cloning
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Figure 2 Developmentally regulated processing of let-7 pri-miRNA transcripts. (a) Depiction of expected Drosha cleavage products: 5" flanking, let-7
hairpin precursor and 3’ flanking. The number of sequenced RACE clones that mapped to the precise 3” and 5’ Drosha cleavage products at each time
point from two independent experiments is shown. The sequences of all Drosha cleavage products are shown in Supplementary Figure 3. (b) RT-PCR
analysis of two independent 5" RACE samples from N2 (left) or N2 and /in-28(n719) worms (right). (c) Agarose and PAGE northern blot analysis of
total RNA isolated from synchronized eri-1(mg366) RNAi-hypersensitive worms at the indicated time points after vector control (=) or pup-2 (+) RNAI
treatment. Representative blots from three independent experiments are shown.

strategy to detect potential Drosha cleavage products and/or degra-
dation intermediates. Drosha processing is expected to release the
let-7 miRNA hairpin precursor from primary transcripts, leaving
specific 5" and 3’ products comprised of flanking sequences. We
assayed for these cleavage products by performing 5" or 3 RNA
oligo ligation reactions using total RNA isolated from 10-h (L1) and
24-h (L3) time points, and then conducted standard rapid ampli-
fication of cDNA ends (RACE) cloning experiments to detect the
ligation junctions. Drosha cleavage products were evident in the
24-h RNA sample, as the majority of 3" RACE results mapped to
the 3" end of the let-7 precursor and almost half of the 5° RACE
results mapped to the expected cleavage site between the precursor
and 3" product (Fig. 2a and Supplementary Fig. 3). In contrast, no
5" RACE products from the 10-h time point mapped to canonical
Drosha cleavage sites; instead these clones may represent general
degradation intermediates (Fig. 2a and Supplementary Fig. 3). The
3’ RACE of 10-h RNA samples, which was performed in parallel
with RNA from the 24-h time point, yielded no products that could
be cloned (Fig. 2a). Because we purposefully selected clones from
the 5" RACE with different-sized inserts, the identification of 8/19
clones that mapped to the Drosha cleavage site from the 24-h RNA
sample is not a quantitative measure of frequency. Indeed, another
5" RACE clone from the 24-h RNA sample mapped to the Drosha
cleavage position at the 5" end of the let-7 hairpin, likely represent-
ing a molecule in which 3’ cleavage had not yet been accomplished
(Supplementary Fig. 3).

To further assess the presence of Drosha cleavage products within
the primary transcript population of N2 (wild type, WT) worms at
the 10- versus 24-h time points, we analyzed the 3 cleavage products
by PCR. 5" RACE cDNA samples were amplified with primers cor-
responding to the 5" RNA oligo linker (P1), the pri-let-7 sequence
upstream of the let-7 hairpin (P2) or the pri-let-7 sequence down-
stream of the cleavage site (P3) and a common reverse primer (P4)
(Fig. 2b). No amplification of the P1+P4 PCR product was detected at
the 10-h time point from two independent samples, whereas consist-
ent amplification was seen from 24-h samples (Fig. 2b). The P2+P4
PCR product was detected at a slightly higher level at 10 versus 24 h,
whereas the P3+P4 PCR product was readily detected from all samples
at both time points at similar levels (Fig. 2b). These differences in

detection of Drosha cleavage products at 10 and 24 h indicate that
processing of let-7 primary transcripts is inhibited during the first
larval stages of development.

A recent study reported that RNAi inactivation of the pup-2 poly(U)
polymerase gene results in increased levels of a precursor let-7 miRNA
processed from transcripts encoded by a transgene with truncated
let-7 sequences driven by a heterologous promoter®. Using similar
RNAi conditions, we also achieved an approximately 50% decrease in
pup-2 mRNA levels but did not detect substantial effects on the accu-
mulation of let-7 RNAs (Fig. 2¢). The strong pulse of endogenous let-7
primary transcript expression during L2 did not give rise to detectable
precursor in vector control or pup-2 RNAi samples (Fig. 2¢c). No
appreciable difference in accumulation of precursor or mature let-7
miRNA during the L3 and L4 stages was observed in worms depleted
of pup-2 mRNA compared to controls (Fig. 2¢). Similar results were
also observed in the pup-2(tm4344) deletion strain (Supplementary
Fig. 4). Thus, regulation of endogenous let-7 miRNA expression is
independent of PUP-2 activity. Altogether our results indicate that
regulation of let-7 processing occurs at a step before precursor forma-
tion in developing worms.

LIN-28 blocks early accumulation of mature let-7 miRNA

lin-28 acts upstream of let-7 in the C. elegans developmental timing
pathway®, and multiple mechanisms by which LIN-28 may inhibit
let-7 expression have been proposed®1-22, Thus, we next tested
whether LIN-28 mediates post-transcriptional regulation of endo-
genous let-7 expression in C. elegans. In contrast to N2 worms, we
observed accumulation of mature let-7 concordant with expression
of pri-let-7 in lin-28(n719) putative null mutant worms (Fig. 3a).
In RNA samples from N2 and [lin-28(n719) worms, primary
let-7 transcripts were undetectable in embryos and early L1, but
by the 10-h L1 time point, unspliced pri-let-7 RNAs were apparent
in both strains (Fig. 3a). Because lin-28(n719) worms develop
precociously and skip the L2 stage of development®, pri-let-7
levels at the 24-h time point in lin-28(n719) worms resemble the
decreased levels observed in N2 at the later L4 stage (Fig. 3a and
Supplementary Figs. 2 and 5). Notably, precursor and mature
let-7 accumulated, whereas the SL1 trans-spliced primary transcript
was under-represented, in /in-28 mutants at the 10-h time point
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Figure 3 Regulation of let-7 processing by LIN-28. (a) Agarose and PAGE northern blotting analysis

of total RNA isolated from WT N2 or /in-28(n719) embryos (E) and synchronized worms at the
indicated time points. Representative blots from three independent experiments are shown. The
arrowheads mark the location of the SL1 pri-let-7 transcript. (b) Analysis as in a of total RNA
from late L1 and early L2. Representative blots from three independent experiments are shown.
(c,d) Levels of each pri-let-7 isoform at the 10-h time point in /in-28(n719) relative to WT N2

worms after normalization of 18S rRNA, calculated from six independent northern blot experiments (c)

or three independent qRT-PCR experiments (d) and analyzed by Student’s t-test (*P < 0.05,

ARTICLES

primary or precursor RNAs expressed from
transgenes in cell culture or synthesized
in vitro has been shown to block processing
or promote degradation of these substrates,
respectively!®-22, Because our results sug-
gest that LIN-28 inhibits the processing step
from pri- to pre-let-7, we tested whether
LIN-28 binds endogenous let-7 primary
transcripts in C. elegans by RNA immuno-
precipitation (RIP). We used a strain that
expresses LIN-28 tagged with GFP in the
lin-28(n719) mutant background (PQ272);
the integrated transgene fully rescues
lin-28 mutant phenotypes and is develop-
mentally regulated like the endogenous
protein, with a gradual reduction from
late L1 to L3 (Fig. 4a,b)®!4. Extracts from
10-h late L1 transgenic worms were used
for RIP experiments to test for specific
association of let-7 and control RNAs with
LIN-28:GFP (Fig. 4c and Supplementary
Fig. 7a). Primers designed to amplify all
three isoforms of pri-let-7 produced a
robust signal from the anti-GFP precipi-
tate. The unspliced A and B transcripts
and the SL1 trans-spliced isoform were co-
immunoprecipitated with LIN-28:GFP, indi-
cating that LIN-28 does not substantially
discriminate among these let-7 primary
transcripts (Fig. 4c and Supplementary
Fig. 7a). Sequences upstream of the A
start site in the let-7 gene could not be

**P < 0.005, ***P < 0.0005). Error bars, s.e.m.

amplified, confirming that the PCR sig-
nals are dependent on RNA transcripts

(Fig. 3a). Consistent with these results, we detected 3" Drosha cleav-
age products of pri-let-7 in lin-28(n719) worms at the 10-h time
point (Fig. 2b). Thus, maturation of let-7 occurs two stages earlier
in lin-28(n719) as compared to WT worms (Fig. 3a). Expression of
mature lin-4 and mir-58 miRNAs was unaffected in lin-28(n719)
worms (Fig. 3a and Supplementary Fig. 6), indicating that LIN-28
has a specific role in the regulation of let-7 as opposed to a general
role in miRNA biogenesis.

Closer analysis of pri-let-7 levels during the late L1 and early
L2 stages revealed significantly reduced levels of total pri-let-7
during the initial peak of expression at 10 h in lin-28(n719)
compared to WT worms (Fig. 3b,c). Furthermore, this reduc-
tion is largely accounted for by under-representation of the SL1
trans-spliced primary transcript isoform, as seen by both northern
blotting and qRT-PCR analyses (Fig. 3b-d). The correlation
between decreased pri-let-7 levels and increased pre- and mature
let-7 levels in lin-28 mutant worms suggests that LIN-28 normally
functions to block processing of primary to precursor let-7 during
development in C. elegans.

LIN-28 interacts with endogenous primary let-7 transcripts

Expression of LIN-28 protein is developmentally regulated, with
strongly reduced levels by the mid-L3 stage when mature let-7
begins to accumulate®®!4, Decreased LIN-28 in mammalian cells
and tissues has also been linked to upregulation of mature let-7
(refs. 12,16-19). Furthermore, association of LIN-28 with let-7

(Fig. 4c and Supplementary Fig. 7a).
Additionally, signals for the abundant actin mRNA or other pri-
mary miRNA transcripts, such as pri-mir-58, were not enriched in
the LIN-28:GFP immunoprecipitates (Fig. 4c and Supplementary
Fig. 7a), indicating that LIN-28 specifically binds let-7 primary
transcripts in C. elegans.

Although LIN-28 has been reported to regulate Drosha process-
ing in mammalian embryonic stem (ES) cells, association of
LIN-28 with endogenous let-7 primary transcripts has not yet been
demonstrated'®!7. To determine whether LIN-28 also binds human
pri-let-7 transcripts in vivo, we performed RIP in the human embry-
onic stem cell line HUES6. As a positive control, oct-4 mRNA was
specifically detected in the LIN-28 immunoprecipitate (Fig. 4d and
Supplementary Fig. 7b)?’. Primary transcript sequences for human
let-7a-1, let-7g or let-7i also were present in the anti-LIN-28 immu-
noprecipitation samples (Fig. 4d and Supplementary Fig. 7b). In
contrast, other primary miRNA transcripts expressed in ES cells,
such as pri-mir-21 and pri-mir-16-1 (ref. 28), were not enriched
in the LIN-28 immunoprecipitates (Fig. 4d and Supplementary
Fig. 7b). Thus, LIN-28 binds endogenous let-7 primary transcripts
in worm and human cells.

To determine if LIN-28 bound pre-let-7 in addition to pri-let-7, we
performed quantitative PCR (qPCR) after RIP with primers specific
for pri-let-7 (pri and prig) or primers residing within the precursor
sequence (preg and preg), which would amplify cDNA representing pre-
cursor and the hairpin-containing primary let-7 transcripts (Fig. 4e).
Comparison of the LIN-28 immunoprecipitated pre- to pri-let-7 signal
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Figure 4 LIN-28 binds endogenous let-7 a

primary transcripts in C. elegans and
human ES cells. (a,b) Western blot analysis
of total protein isolated from PQ272
(LIN-28:GFP) worms. (b) Ratios of LIN-28:
GFP levels to the 10-h time point after
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showed no significant increase in precursor compared to primary let-7
levels in C. elegans (Fig. 4e). However, though the amount of the increase
differed among the let-7 genes, the ratio of precursor to primary for each
human let-7 isoform was significantly higher than 1 (Fig. 4e). Thus, in
C. elegans LIN-28 predominately interacts with endogenous let-7 pri-
mary transcripts, whereas in human ES cells LIN-28 interacts with both
endogenous primary and precursor let-7 transcripts.

To determine the cellular location of LIN-28 interaction with
endogenous pri- and pre-let-7, we performed RIP on fractionated
HUESS6 cells (Fig. 4f,g). Consistent with the results of prior stud-
ies in C. elegans and human cells®!11318 we detected endogenous
LIN-28 in both nuclear and cytoplasmic fractions, with a greater
relative distribution in the cytoplasm (Fig. 4f). QRT-PCR analysis
of immunoprecipitated LIN-28 showed that the majority of both
pri-let-7g and pri-let-7a-1 was nuclear localized (Fig. 4g). In contrast,
immunoprecipitated pre-let-7g and pre-let-7a-1 were predominantly
cytoplasmic (Fig. 4g). Thus, in human ES cells, LIN-28 interacts with
pri- and pre-let-7 in cellular fractions consistent with the sites of
Drosha and Dicer processing, respectively.

0.05 RNAP Il ChIP 0.03 * GFP ChIP
m oPol Il W oGFP
5 0.04 IgG 5 1gG
Q. Q
£ 0.03 £
e 2
2 0.02 )
© ©
o o

0.01

GFP
worms

LIN-28:GFP worms

LIN-28 co-transcriptionally binds endogenous primary let-7

Our results suggest that LIN-28 negatively regulates let-7 expres-
sion at the Drosha processing step. Because Drosha processing can
be co-transcriptional, we asked whether the association of LIN-28
with pri-let-7 also occurs at this step?®-3L. To test if LIN-28 binds the
endogenous let-7 gene in C. elegans, we performed chromatin immuno-
precipitation (ChIP) experiments. Worms expressing LIN-28:GFP or
GFP alone were collected at the 10-h time point in late L1 and pro-
cessed to detect association of RNA polymerase II, GFP or a control
IgG antibody with specific DNA sequences. QPCR was used to analyze
the immunoprecipitated genomic DNA levels for multiple primary
miRNAs relative to the amount of genomic DNA in the input sample.
Unlike sequences for pri-mir-47 and an untranscribed region ~20 kb
upstream of pri-let-7 (ref. 32), sequences for pri-let-7 and pri-mir-58
were significantly enriched for association with RNA polymerase II
relative to IgG (Fig. 5). The let-7 gene also showed significant associa-
tion with LIN-28:GFP relative to IgG in LIN-28:GFP worms (Fig. 5). In
contrast, no significant increase in GFP versus IgG was detected for the
untranscribed regions upstream of pri-let-7, pri-mir-47 or pri-mir-58
in LIN-28:GFP worms or pri-let-7 in GFP-only worms (Fig. 5). Taking
these observations together, we conclude that LIN-28 associates with
endogenous let-7 transcripts co-transcriptionally in C. elegans.

Figure 5 LIN-28 binds endogenous let-7 genomic DNA. Chromatin
immunoprecipitation (ChIP) analysis of synchronized PQ272 (LIN-28:
GFP) or pD4792 (GFP) worms collected at 10 h. ChIP was carried

out with polyclonal antibodies against RNA polymerase Il (c.Pol I1) or
GFP (aGFP) or with 1gG. The ratio of the indicated genomic DNA in

the immunoprecipitated sample to the input sample for at least three
independent experiments is shown and was analyzed by Student’s t-test
(*P < 0.05). Error bars, s.e.m.
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DISCUSSION

The levels and timing of mature let-7 expression are critical for animal
development and viability. In C. elegans, underexpression of let-7 late
in development or overexpression of let-7 early in development causes
abnormal cell fates that ultimately result in lethality?. In humans, inap-
propriate let-7 levels are found in multiple types of tumors, and in
some cases, mis-expression of let-7 has been shown to have a causal
role in disease progression®. Accordingly, multiple genes have been
found that negatively, like hnRNP A1, or positively, like KSRP, regulate
let-7 expression in mammalian cells>33*. Here we demonstrate that
both transcriptional and post-transcriptional mechanisms contribute
to let-7 miRNA expression during the development of C. elegans. Our
results indicate that, early in development, LIN-28 binds and prevents
processing of endogenous pri-let-7 transcripts as they are being syn-
thesized. Downregulation of LIN-28 levels by late larval stages permits
efficient processing of pri-let-7 to the precursor and mature forms.

Pri-let-7 is first detected during the late L1 stage, and its levels cycle
throughout development, with peak expression coinciding with each
molt early in development (Fig. 1 and Supplementary Figs. 1 and 2).
Identical patterns of timing and oscillation of GFP mRNA and pri-let-7
RNAs in let-7 reporter worms indicate that transcriptional control
mechanisms largely regulate the pulses of pri-let-7 expression dur-
ing development (Fig. 1e and Supplementary Fig. 1c). The cycling
of pri-let-7 accumulation warrants caution when choosing time
points to analyze pri-let-7 levels, as less than 2 h is sufficient to dra-
matically alter expression levels (Fig. 1 and Supplementary Fig. 1).
Furthermore, synchronization and the rates of worm development
within a population are sensitive to slight changes in culture condi-
tions, such as temperature and availability of food, and this is reflected
in shifts in the timing of let-7 transcription (Fig. 1 and Supplementary
Fig. 1). Indeed, previous studies of pri-let-7 levels in staged worm
samples showed varying or no pri-let-7 expression, likely because of
the limited time points that were chosen for analysis”>2°.

The LIN-28 RNA binding protein is an important regulator of let-7
biogenesis across species>®3%. Originally discovered as the product
of a gene that regulates developmental timing in C. elegans®, LIN-28
has been shown to promote stem cell fates in mammalian cells®.
Developmental abnormalities in /in-28 mutant worms are partially
rescued by loss of let-7 expression®. Recent work has demonstrated
that let-7 miRNA is expressed prematurely in the absence of LIN-28
activity in C. elegans®. We show that, in contrast to WT worms, in
lin-28 mutant worms the initial pulse of primary let-7 expression at
the end of the first larval stage coincides with the accumulation of
mature let-7 miRNA (Fig. 3). Thus, LIN-28 uncouples primary from
mature let-7 expression early in development, and loss of this control
results in premature engagement of let-7 miRNA regulatory pathways
and abnormal development.

Our studies indicate that LIN-28 blocks the processing of endo-
genous primary let-7 transcripts. In the presence of LIN-28, neither
precursor nor flanking Drosha cleavage products were detected,
loss of pup-2 activity did not affect regulation of let-7, and levels of
let-7 primary transcripts diminished as precursor and mature let-7
accumulated in lin-28 mutant worms. Additionally, LIN-28 specifi-
cally bound let-7 primary transcripts in vivo, and LIN-28 associated
with the let-7 gene co-transcriptionally. In contrast, another study
concluded that LIN-28, in conjunction with PUP-2, inhibits the
processing and stability of let-7 precursor RNAs in C. elegans®. This
model was based largely on the analysis of transgenic let-7 expression
under the control of a heterologous promoter®. This construct also
lacked the 3’ splice site required for generation of the SL1 isoform
previously shown to be important for let-7 rescue activity’. Notably,

ARTICLES

endogenous primary transcript significantly decreased as mature let-7
increased in lin-28 mutants, but this correlation was not detected in
the transgenic strain®. As depletion of pup-2 by RNAi was only shown
to result in let-7 precursor upregulation in the transgenic strain®,
and we detected no effect on regulation of endogenous let-7 miRNA
expression after RNAi treatment or in a pup-2 mutant strain (Fig. 2¢
and Supplementary Fig. 4), it is possible PUP-2 helps cull excess
precursor RNAs that escape the LIN-28-mediated block in primary
transcript processing. In the endogenous context, there may be suf-
ficient LIN-28 activity to fully prevent the first step of let-7 processing,
but this mechanism may become limiting in cells overexpressing let-7
transcripts, resulting in the detection of additional pathways that can
repress maturation of let-7 miRNA. Additionally, our findings that
LIN-28 associates with let-7 co-transcriptionally and that the spliced
primary transcript is particularly sensitive to LIN-28 activity suggest
that natural regulation of let-7 expression may not be fully recapitu-
lated by some transgenes.

A function for LIN-28 in repressing let-7 expression was first dis-
covered in mammalian systems!6-1%35. Consistent with our findings in
C. elegans, some studies concluded that LIN-28 blocks the processing
of let-7 primary transcripts in human and mouse embryonic cells'®!7.
Other reports proposed that LIN-28 binds let-7 precursors and inhib-
its Dicer processing and/or recruits TUT4 (also known as Zcchcll or
PUP-2 poly(U) polymerase) to catalyze 3’ end tailing, which results
in destabilization of pre-let-7 RNAs!#-20:22, We found that LIN-28
binds both primary and precursor endogenous let-7 RNAs in human
ES cells, indicating that LIN-28 regulates let-7 biogenesis at multiple
steps in this cell type. This ability could be required for regulation of
the multiple, highly similar let-7 genes expressed in mammalian cells.
In contrast, LIN-28 appears to primarily block the first step of let-7
processing during normal worm development.

Association of LIN-28 with the let-7 gene provides an efficient
mechanism for preventing processing of primary transcripts. In mam-
malian cells, Drosha can bind and cleave primary miRNA transcripts
co-transcriptionally?®-3L. Thus, recognition of let-7 transcripts as
they are being synthesized would allow LIN-28 to effectively com-
pete with Drosha and prevent processing. A rescuing LIN-28:GFP
protein shows fluorescence in the cytoplasm and occasionally in the
nucleus and nucleoli of most worm cell types early in development®.
Endogenous mammalian LIN-28 protein also has a nucleocytoplas-
mic distribution that fluctuates with the cell cycle!">13. Exit from the
nucleus may be dependent on association with RNA, as mutation of
both RNA binding domains renders LIN-28 entirely nuclear in mouse
P19 cells!®. We also detected LIN-28 in both the nucleus and the
cytoplasm of human ES cells, and found that LIN-28 predominantly
interacted with endogenous pri-let-7 in the nucleus and pre-let-7 in
both the nucleus and cytoplasm (Fig. 4f,g). Taken together, the pulses
of endogenous let-7 primary transcript expression may coincide with
sufficient accumulation of LIN-28 in the nucleus to bind newly syn-
thesized let-7 primary transcripts and block processing in C. elegans.
Association of LIN-28 with let-7 RNAs may then facilitate export
of the complex to the cytoplasm, where the primary transcripts are
subject to general mRNA decay pathways. Recent evidence suggests
that C. elegans let-7 primary transcripts may also undergo processing
in the cytoplasm3®. Thus, the nucleocytoplasmic distribution of
LIN-28 could be poised to regulate processing of let-7 primary tran-
scripts in either cellular compartment.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/nsmb/.
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Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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ONLINE METHODS

Nematode culture and strains. C. elegans were grown under standard
conditions®” and synchronized by hypochlorite treatment. Starvation-
arrested L1 worms were plated on OP50 bacteria, cultured at 25 °C and
collected at the desired time points. The wild-type (WT) strain was N2
Bristol. The pD4792(mls11 IV) strain expresses myo-2:: GFP, pes-10:: GFP
and gut::GFP. plet-7B::GFP [plet-7B:: GFP;pha-1(+)] expresses plet-
7B::GFP and a pha-1(+) rescue construct as transgenes in a pha-1(e2123)
background. PQ272 (lin-28(n719); plin-28::LIN-28:GFP; pRF4 (rol-6
marker)) was made by crossing lin-28(n719) with a strain containing stably
integrated copies of rescuing LIN-28-GFP, flanked by the lin-28 promoter
and 3" UTR®.

RNAi treatment. Two-generation feeding RNAi experiments used the
eri-1(mg366) RNAi hypersensitive strain as described®.

ES culture. The hESC line HUES6 was cultured as described (http://www.mcb.
harvard.edu/melton/HUES/)38. Briefly, cells were grown to 80% confluency on
growth factor-reduced (GFR) Matrigel-coated plates (Becton Dickinson) in
StemPro hESC serum-free medium (Invitrogen) before collection for RIP.

DNA constructs. plet-7B :: GFP was made by PCR amplifying the let-7 promoter
(Supplementary Table 1) and fusing it upstream of three nuclear localization
center (NLS) repeats and GFP sequence.

Northern blotting. PAGE and agarose northern blotting analysis for small (<200-nt)
and larger RNA species, respectively, was performed as described’, with the
probe templates listed in Supplementary Table 2, and analyzed with ImageQuant
software (Molecular Dynamics).

RNA ligase-mediated rapid amplification of cDNA ends (RACE). RACE
was completed with the GENERACER kit (Invitrogen) and primers listed in
Supplementary Table 3 (ref. 7). For 5" RACE, total RNA was ligated to the kit
5’ linker and reverse-transcribed with Superscript III (Invitrogen) and a pri-let-7
primer downstream of pre-let-7. PCR and nested PCR used 5’ linker and pri-let-7
sequence primers. For 3" RACE, gel-purified, 50-100-nt, dephosphorylated RNA
was ligated to a RNA linker with a 5" phosphate group and a 3’ puromycin tag.
c¢DNA was made as above with a primer complementary to the 3" linker. PCR
used mature let-7 and the 3 linker primers. Nested 5 and 3’ RACE PCR products
were analyzed by gel electrophoresis (Supplementary Table 3) or sequenced after
TOPO cloning (Invitrogen).

Western blotting. Western blotting was performed as described with mouse
monoclonal antibodies against GFP (Santa Cruz), actin (MP Biomedicals), tubu-
lin (Sigma) and RNA polymerase II (Santa Cruz) or a rabbit polyclonal antibody
against LIN-28 (Abcam)?%. The Rabbit IgG TrueBlot secondary antibody (eBio-
science) was used for LIN-28 western blots.

C. elegans RNA immunoprecipitation (RIP). PQ272 worms were cross-linked
by UV treatment. Equal amounts of lysates were precleared before immunopre-
cipitation with the appropriate antibody and protein G Dynabeads (Invitrogen).
Immunoprecipitated material associated with the beads was subjected to pro-
tein degradation and RNA extraction before RT-PCR with the primers listed in
Supplementary Table 4. For further details, see Supplementary Methods.

ES cell RNA immunoprecipitation (RIP). Equal amounts of precleared lysates
from un-cross-linked HUES6 cells were immunoprecipitated and treated as
described above. For further details, see Supplementary Methods.

ES cell fractionation. Cell fractionation was performed as previously described>’.
For further details, see Supplementary Methods.

Chromatin immunoprecipitation (ChIP). ChIP was performed as described
previously?»4%, with some modifications. PQ272 or pD4792 worms were cross-
linked with formaldehyde. Equal amounts of sonicated worm lysates were pre-
cleared before immunoprecipitation with the appropriate antibody and protein G
Dynabeads (Invitrogen). Inmunoprecipitated material was eluted from the beads,
reverse cross-linked and subjected to protein degradation, and DNA was then
extracted. QPCR was performed with primers listed in Supplementary Table 4.
For further details, see Supplementary Methods.

qPCR. qPCR was performed with SYBR green (Applied Biosystems) and
6.25 pmol of each primer (Supplementary Table 4) on an ABI Prism 7000 real-
time PCR machine.
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