
Chapter 2
Mapping Regulatory Interactions
of the RNA-Binding Protein LIN28B

2.1 PAR-CLIP Reproducibly Identifies Thousands
of Human RNAs Directly Bound by LIN28B

To identify LIN28B binding sites at high resolution, we applied photoactivatable-
ribonucleoside-enhanced crosslinking and immunoprecipitation (PAR-CLIP) in
combination with next-generation sequencing (Hafner et al. 2010). In PAR-CLIP
experiments, nascent RNA is metabolically labeled with the photoreactive ribo-
nucleosides 4-thiouridine (4SU) or 6-thioguanosine (6SG). Crosslinking of protein
to 4SU or 6SG-labeled RNA leads to specific T to C or G to A transitions that occur
at high-frequency in cDNA sequence reads and mark the protein crosslinking site
on the target RNA (Hafner et al. 2010). Briefly, HEK293 cells stably expressing
inducible FLAG/HA-tagged LIN28B at physiological levels (see Graf et al. 2013,
Supplementary Figure S1 A) were crosslinked after metabolic labeling of RNA
with photoreactive ribonucleosides. Immunopurified, ribonuclease treated and
radiolabeled LIN28B-RNA complexes were separated by SDS-PAGE and bands
migrating at the expected molecular weight of LIN28B protein were excised
(Fig. 2.1a, also see Graf et al. 2013, Supplementary Figure S1 B). Protein-protected
RNA fragments were recovered and converted into a cDNA library amenable to
Illumina sequencing.

In total we performed three independent PAR-CLIP experiments (two biological
replicates with 4SU and one experiment with 6SG; see Graf et al. 2013, Supple-
mentary Figure S1 C and Supplementary Table S1). Sequence reads were aligned to
the spliced human transcriptome and overlapping reads were used to build sequence
read clusters. In PAR-CLIP experiments using 4SU, diagnostic T-C mutations were
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30-fold more abundant than any other mutation within clustered sequence reads
(Fig. 2.1b, also see Graf et al. 2013, Supplementary Figure S1 D). Similarly, but
less pronounced, the diagnostic G-A mutation was the most abundant mutation

Fig. 2.1 PAR-CLIP reproducibly identifies thousands of human mRNAs directly bound by
LIN28B. a Autoradiogram of SDS-PAGE gel, transferred to a nitrocellulose membrane.
Crosslinked protein-RNA complexes migrating at 39 kDa correspond to epitope-tagged LIN28B.
Anti-HA Western blot validates immunoprecipitation of FLAG/HA-LIN28B. Lanes 1 and 2 show
protein-RNA complexes used for generation of 4SU-1 and 4SU-2 PAR-CLIP libraries. b and
c Frequency of nucleotide mutations detected in 4SU-1 and 6SG PAR-CLIP libraries after
alignment to spliced human transcriptome. dA, dT, dG and dG indicate respective nucleotide
deletions. d Number of diagnostic transitions per gene observed in 4SU-1 and 4SU-2 experiments.
dA, dT, dG and dG indicate respective nucleotide deletions. e Length distribution of 4SU-1 PAR-
CLIP sequence clusters after quality filtering. f Scaled Venn diagram of target genes with at least
two independent diagnostic transitions in indicated PAR-CLIP libraries
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observed in sequence clusters derived from 6SG PAR-CLIP experiments
(Fig. 2.1c). In addition to these diagnostic mutations and consistent with previous
reports (Kishore et al. 2011; Lebedeva et al. 2011; Zhang and Darnell 2011), we
observed respective T or G deletions at crosslinking sites, however less frequently
(compare Fig. 2.1b, c). We therefore considered the respective nucleotide transi-
tions as well as nucleotide deletions as indicators for direct protein-RNA cross-
linking events and refer to them as diagnostic transitions in what follows.

When comparing the number of diagnostic transitions per gene in the two 4SU
experiments, we observed a high reproducibility between biological replicates
(Pearson Correlation: 0.96) (Fig. 2.1d). Furthermore, crosslinking positions in one
4SU library were highly reproducible in the other 4SU replicate library (see Graf
et al. 2013, Supplementary Figure S1 E and S1 F). Comparing mRNA expression
levels of genes covered by the top 1000 4SU PAR-CLIP binding sites to those of all
transcribed genes indicated a good dynamic detection range (see Graf et al. 2013,
Supplementary Figure S1 G). Figure 2.1e shows that the cluster length distribution
peaked at a cluster length of *27 nucleotides.

The total number of target genes identified in each PAR-CLIP experiment was
strongly dependent on the photoreactive ribonucleosides used, likely reflecting
different crosslinking efficacies (Hafner et al. 2010). While the two 4SU experi-
ments identified target transcripts of 10,415 and 10,633 genes, respectively, only
1919 genes were detected in the 6SG PAR-CLIP. Despite obvious differences in the
total number of target transcripts captured in 4SU or 6SG experiments, the identity
of target genes was largely overlapping (Fig. 2.1f). The surprisingly large number
of bound transcripts detected in both 4SU experiments points towards an unusual
widespread mode of LIN28B target interaction that encloses the majority of all
expressed transcripts. A similar observation was recently described for LIN28A
(Cho et al. 2012).

2.2 LIN28B Binds to Let-7 Precursors and Protein
Coding Transcripts

For further analysis, we defined a conservative set of sequence clusters that showed at
least two independent diagnostic transitions in overlapping reads from 4SU and 6SG
PAR-CLIP libraries. Applying these criteria with a flank of 30 nucleotides, we
retained 2540 conservative sequence clusters mapping to transcripts of 1527 protein-
coding genes. Almost all of LIN28B binding sites were detected within 3′ UTRs
(51 %) and CDS (44 %) of mRNAs (Fig. 2.2b). While early studies on the mRNA
binding activity of LIN28 focused on binding elements in 3′UTRs (Peng et al. 2011;
Polesskaya et al. 2007; Xu et al. 2009), the high frequency of CDS targeting is
surprising, but not unreported for other RNA-binding proteins (Baltz et al. 2012).

Consistent with previous in vitro experiments, we found pre-let-7b and pre-let-7f
to be directly contacted by LIN28B in loop and hairpin regions in all 3 PAR-CLIP
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experiments, while pre-let-7d was detected in 4SU experiments only (Fig. 2.2b, also
see C, Graf et al. 2013, Supplementary Figures S2 A and B). Since the let-7 family
of miRNAs represents the best-studied group of functionally regulated LIN28 tar-
gets, we considered them as important internal controls. Diagnostic transitions
within the loop regions of pre-let-7b and pre-let-7f precisely occurred in the pre-
viously described GGAG binding motif (Fig. 2.2b, c), thus validating that our
approach captures functional LIN28B target interactions at high resolution. Inter-
estingly, Fig. 2.2c shows extensive sequence coverage of 4SU experiments in the
pre-let-7b loop region, while 6SG preferentially captured the 5p stem region of the
same precursor. Apart from the let-7 family we found only 3 other miRNA pre-
cursors (pre-miR-19b-1, pre-miR-663, and pre-miR-16-2) being bound by LIN28B,
underlining the specificity of our approach (see Graf et al. 2013, Supplementary
Figure S2 C).

Fig. 2.2 LIN28B binds to 3′ UTRs and CDS of protein coding genes and interacts with let-7
precursors. a Distribution of LIN28B-binding sites in conservative sequence clusters to non-
coding RNAs and different transcript regions (5′ UTR, CDS and 3′ UTR) of protein-coding genes.
b Identified LIN28B binding sites in let-7b and let-7f1 precursors. Mature microRNA sequences
(light-gray), biochemically identified GGAG motif (encircled) and weighted PAR-CLIP transition
sites (yellow to orange) are indicated. Structures are adapted from RNAfold outputs (ViennaRNA).
c Alignment of sequence coverage signal and diagnostic nucleotide transitions observed in 4SU-1
(gray), 4SU-2 (orange) and 6SG (red) libraries to the genomic region encoding let-7b precursor
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2.3 Target Transcripts Are Enriched for a RGGSWG
Consensus Motif

Toenable identificationof sequencemotifs responsible for LIN28BmRNAbinding,we
generated crosslink centered regions (30 nucleotides upstream and downstream of
crosslinking sites) from the conservative set of sequence clusters. We applied MEME
motif finding algorithm (Bailey et al. 2009) on the top 300 conservative 6SG-centered
target regions in 3′UTRs and identifiedRGGSWG(R=GorA, S =GorC,W=AorT)
as the most enrichedmotif (E = 0.14, 74 sites) (Fig. 2.3a). Consistently, GGAGwas the
most frequently observed tetramer in all 6SG-centered binding sites within our set of
conservative target transcripts (Fig. 2.3b). Reducing the window size from 60 to 10

Fig. 2.3 LIN28B target transcripts are enriched for GGAG consensus motif. a Top sequence
motif identified by MEME in top 300 6SG centered 3′ UTR binding sites (extended by 30
nucleotides upstream and downstream) within conservative sequence clusters. b Most frequent
tetramers within 6SG centered conservative clusters, extended by 30 nucleotides upstream and
downstream of 6SG-crosslinks. c Frequency of GGAG in the top 1000 sequence clusters from
indicated PAR-CLIP data sets (left) and mean vertebrate conservation (phyloP) of GGAG within
those sequence clusters (right)
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nucleotides around crosslinked sites left the results largely unchanged, indicating that
the GGAG motif is mostly observed in the vicinity of 6SG crosslinks (see Graf et al.
2013, Supplementary Figure S3 A). On the other hand, when applying our analysis to
random G-centered sequences derived from the same transcript set, AGAA was the
most frequently observed tetramer (see Graf et al. 2013, Supplementary Figure S3 B).
Interestingly, a motif search in CDS clusters yielded AAGRWG (R =A or G), which is
highly similar to the LIN28A consensus sequence reported by Cho et al. 2012 (also see
Graf et al. 2013, Supplementary Figure S3 C). To exclude that a technical bias leads to
an enrichment of GGAG in our PAR-CLIP data, we compared the occurrence of the
GGAGmotif in LIN28B PAR-CLIP clusters to the presence of the samemotif in PAR-
CLIP data from previously studied RBPs. Figure 2.3c shows that GGAG containing
clusters were at least twofold more enriched in LIN28B PAR-CLIP data. At the same
time, the evolutionary conservation of the GGAG motif in LIN28B clusters exceeded
the conservation in other PAR-CLIP clusters by a factor of 2 (Fig. 2.3 C, also see Graf
et al. 2013, SupplementaryFigureS3D). In conclusion, theGGAGmotif appears tobe a
crucial determinant for LIN28B binding, not only in let-7 precursor interaction, but also
in recognition of target mRNAs. While co-crystals of LIN28 and let-7 revealed that
GGAG is contacted by the ZKD of LIN28, evidence for a distinct binding motif or
region contacted by the CSD is less clear. Namet al. proposedNGNGAYNNNwithin a
closed loop as a consensus for CSD binding, whereas Mayr et al. identified a GUN-
NUNN motif (Mayr et al. 2012; Nam et al. 2011). However, neither of these motifs is
enriched in our dataset.

2.4 Individual Domain PAR-CLIP Enables
Characterization of Domain Specific Target
Interactions

To further explore the contribution of CSD and ZKD binding to LIN28 target
recognition, we generated a stable cell line, expressing FLAG/HA-LIN28B-HIS
protein that contains a PreScission protease cleavage site between the two RNA
binding domains at amino acids 108–114 (Fig. 2.4a). Following crosslinking and
RNase digest, the N-terminal FLAG-tag was used to immunopurify the full length
protein. We then used PreScission protease to cleave crosslinked LIN28B protein
between CSD and ZKD. Following cleavage of full length LIN28B, the C-terminal
HIS-tag enabled purification of the ZKD fragment allowing us to perform indi-
vidual domain PAR-CLIP (iDo-PAR-CLIP). Resulting domain fragments were
separated on SDS-PAGE (Fig. 2.4b), and excised from the gel. Crosslinked RNA
fragments were converted into a cDNA library amenable for Illumina sequencing.
After aligning the sequence reads to the spliced human transcriptome, we detected
characteristic PAR-CLIP nucleotide transitions (see Graf et al. 2013, Supplemen-
tary Figures S4 A and B). Surprisingly, we observed differences in CSD and ZKD
crosslinking patterns on individual target transcripts. Figure 2.4 C exemplifies
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Fig. 2.4 iDo-PAR-CLIP (individual domain PAR-CLIP) enables characterization of domain
specific target interactions. a Domain structure of FLAG/HA-LIN28B-HIS protein harboring a
PreScission protease cleavage site that replaces amino acids 108-114 in LIN28B. Schematic
representation of iDo-PAR-CLIP approach. b Autoradiogram of SDS-PAGE gel, transferred to a
nitrocellulose membrane. Crosslinked protein-RNA complex migrating at 39 kDa (blue single
asterisk) corresponds to full length LIN28B protein. Two beige asterisks indicate N-terminally
FLAG/HA-tagged LIN28B CSD fragment after PreScission protease cleavage. Three cyan
asterisks indicate C-terminally HIS-tagged LIN28B ZKD fragment. c Full-length LIN28B and
individual domain binding sites in TOMM20 transcript region. Sequence coverage and number of
crosslinks derived from 4SU PAR-CLIPs of ZKD, CSD, and LIN28B full-length (FL) protein are
shown. Asterisks indicate preferred local crosslinking site. d Global analysis of CSD and ZKD
crosslinking patterns in iDo-PAR-CLIP data. Top panel comparison of cluster occupancy (number
of cluster at respective position). Lower panels diagnostic transitions observed in CSD, ZKD, and
FL PAR-CLIP clusters. Left column crosslinking signal in ZKD, CSD, and FL PAR-CLIPs,
centered on strongest local crosslinking site in ZKD iDo-PAR-CLIP data. Right column
crosslinking signal in ZKD, CSD, and full-length PAR-CLIPs, centered on preferred crosslinking
site in CSD iDo-PAR- CLIP data
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LIN28B domain interactions on TOMM20 mRNAs. A global analysis revealed that
both domains bound to largely overlapping regions with highly similar cluster
occupancy profiles (determined as the number of clusters mapping to the respective
region) (Fig. 2.4d, top panel). However, centering sequence clusters on the stron-
gest local transition sites observed in the ZKD PAR-CLIP showed increased CSD
crosslinking in a 5′-proximal region of ZKD binding sites (Fig. 2.4d, left column).
Consistently, elevated ZKD crosslinking was observed 3′ of CSD binding sites
(Fig. 2.4d, right column). Comparing the number of diagnostic transitions observed
5′ and 3′ of the respective preferred crosslinking site, we found highly significant
differences in CSD and ZKD crosslinking patterns (ZKD p = 4.7 × 10−15; CSD
p = 4.9 × 10−06) (Fig. 2.4d). Together these results indicate that both RNA binding
domains interact with the same RNA region and bind in close proximity of each
other, suggesting a defined 5′–3′ domain orientation of LIN28B CSD and ZKD on
target RNAs.

Next we used the full length LIN28B 4SU PAR-CLIP library to overlap the top
300 CSD or ZKD binding sites and deduce RNA binding motifs that might be
specific to CSD or ZKD target interactions. We found DGGGAG (D = A, T, or G) to
be the best scoring motif in the top 300 ZKD-overlapping 4SU binding sites.
Conversely, the best scoring motif observed in the top 300 CSD-overlapping 4SU
binding sites was UUUUCC and rather distinct from the top scoring ZKD motif.
Although we detect the domain-specific motifs with low frequency, our findings are
consistent with biochemical efforts, elucidating LIN28B binding preferences on let-7
precursors (Desjardins et al. 2012; Lei et al. 2012; Loughlin et al. 2012; Mayr et al.
2012; Nam et al. 2011).

2.5 LIN28B Enhances Protein Production of mRNA
Target Transcripts

To examine the effect LIN28B exerts on expression of its mRNA target transcripts,
we performed pulsed SILAC proteomics measurements upon LIN28B knock down.
Pulsed stable isotope labeling by amino acids in cell culture (pSILAC) was
essentially carried out as described before (Lebedeva et al. 2011; Selbach et al.
2008) (Schwanhäusser et al. 2009). Briefly, cells were grown in medium supple-
mented with ‘light’ stable isotope labeled amino acids. Upon knockdown of
endogenous LIN28B, siRNA transfected cells were cultured for 24 h in medium
containing ‘medium-heavy’ stable isotope labeled amino acids, while mock treated
cells were grown in medium containing ‘heavy’ stable isotope labeled amino acids
(see Graf et al. 2013, Supplementary Fig. 1c). The labeled amino acids are incor-
porated into newly synthesized proteins, leading to a mass shift of proteins derived
from LIN28B knock down (‘medium-heavy’) and mock treated (‘heavy’) cells,
allowing the quantification of changes in newly synthesized protein levels inde-
pendent of the pool of ‘light’ labeled pre-existing proteins. We used two different
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siRNAs in independent experiments and achieved 80–90 % decrease in LIN28B
mRNA levels, resulting in a significant reduction of LIN28B protein level (see Graf
et al. 2013, Supplementary Figure S5 A). In measurements of two biological rep-
licates (Pearson Correlation = 0.71; see Graf et al. 2013, Supplementary Figure S5
B) we were able to quantify changes in protein synthesis for about 4500 proteins.
Interestingly, mRNA transcripts bound by LIN28B showed significantly higher
protein expression levels in mock treated cells when compared to LIN28B knock
down cells (p < 0.003) (Fig. 2.5a, also see Graf et al. 2013, Supplementary Fig-
ure S5 C). Next, we subdivided the mRNA targets into different groups based on
the location of LIN28B binding sites and found that targets bound within the CDS
showed a mild, but significantly higher change in protein synthesis when compared

Fig. 2.5 LIN28B globally enhances protein synthesis of target mRNAs. a Cumulative distribution
of log2 transformed changes in newly synthesized protein levels, measured by pulsed SILAC upon
LIN28B knock down (pSILAC data using siRNA2, replicate 1 is shown). PAR-CLIP targets with
3′ UTR binding sites only and targets with CDS binding sites are compared to all targets and non-
targets. b Cumulative distribution of log2 transformed changes in newly synthesized protein levels
upon LIN28B knock down. Genes covered by the top 5000, 1000, 300 and 100 conservative
binding sites are shown (pSILAC data from siRNA2, replicate 1 is shown). All indicated P-values
are based on Wilcoxon rank sum test. cWestern analysis of target transcript encoded proteins upon
LIN28B knockdown using siRNA2 and siRNA3. UPF1 and vinculin (VCL) served as controls.
Table indicates log2 fold changes in protein synthesis upon LIN28 knockdown as determined by
pSILAC experiments. CDF cumulative distribution function, LFC log2 fold change
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to 3′ UTR bound targets (p < 0.041) (Fig. 2.5a, also see Graf et al. 2013,
Supplementary Figure S5 C). Interestingly, we observed increasing changes in
protein synthesis when considering only the top 5000, 1000, 300 or 100 binding
sites in our conservative set of target clusters (Fig. 2.5b, also see Graf et al. 2013,
Supplementary Figure S5 D). This observation was confirmed for the group of
genes mapping to the top 100 binding sites in 4SU and 6SG PAR-CLIP experi-
ments (see Graf et al. 2013, Supplementary Figure S5 E). We next focused on the
100 lowest ranked binding sites in 4SU and 6SG PAR-CLIPs and did not observe
significant changes in protein synthesis for the corresponding genes (see Graf et al.
2013, Supplementary Figure S5 F). Thus, we hypothesize that protein production
from highly ranked PAR-CLIP targets is more likely to be regulated by LIN28B.
This effect is independent of let-7, as PicTar (Anders et al. 2012; Krek et al. 2005)
predicted let-7 targets, as a group, do not show a significant change in protein
production upon LIN28 knock down (see Graf et al. 2013, Supplementary
Figure S5 G). The observation that CDS bound targets show enhanced protein
production when compared to 3′ UTR bound targets suggests a previously unap-
preciated aspect of LIN28B regulation and points towards a functional relevance of
LIN28B binding events in the CDS. We validated the changes in protein synthesis
as observed in pSILAC experiments in LIN28B knockdown cells by Western
analysis of target transcript encoded proteins (Fig. 2.5c). A reduction in protein
levels was observed for the LIN28-targets TARDBP, HNRNPK, and RPL7 upon
LIN28 depletion, whereas no significant protein changes could be detected for non-
targets UPF1 and vinculin (VCL).

2.6 LIN28B Controls Core Cell Cycle Regulators

Gene Ontology enrichment analysis of LIN28B targeted transcripts revealed a
highly significant enrichment of genes involved in ribosome (p = 3.0 × 10−120), cell
cycle (p = 1.3 × 10−36), spliceosome (p = 4.0 × 10−36), and pathways in cancer
(p = 6.7 × 10−30) (see Graf et al. 2013, Supplementary Table S3). Importantly,
genes belonging to the most significantly enriched GO-term “ribosome” also rep-
resent the strongest LIN28B PAR-CLIP targets and exhibit highest log2 fold
changes in pSILAC experiments upon LIN28B knock down (see Graf et al. 2013,
Supplementary Table S2 and Supplementary Figure S6). LIN28B binding and
regulation of mRNA targets involved in cell cycle control and gene regulation is
consistent with its well established role in stem cell differentiation and oncogenesis
(Thornton and Gregory 2012). In agreement with these findings we observed a
strong reduction of cell proliferation in LIN28B knockdown cells (Fig. 2.6a).
Accordingly, cell cycle analysis by DNA content (propidium iodide staining)
revealed a substantially higher percentage of cells residing in the G2/M phase under
LIN28B knock down conditions (Fig. 2.6b), further supporting the importance of
LIN28B-mRNA interactions in cell cycle control.
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