The RNA hairpin binder TRIM71
modulates alternative splicing by

repressing MBNL1
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TRIM71/LIN-41, a phylogenetically conserved regulator of development, controls stem cell fates. Mammalian
TRIM71 exhibits both RNA-binding and protein ubiquitylation activities, but the functional contribution of either
activity and relevant primary targets remain poorly understood. Here, we demonstrate that TRIM71 shapes the
transcriptome of mouse embryonic stem cells (mESCs) predominantly through its RNA-binding activity. We reveal
that TRIM71 binds targets through 3’ untranslated region (UTR) hairpin motifs and that it acts predominantly by
target degradation. TRIM71 mutations implicated in etiogenesis of human congenital hydrocephalus impair target
silencing. We identify a set of primary targets consistently regulated in various human and mouse cell lines, including
MBNLI1 (Muscleblind-like protein 1). MBNL1 promotes cell differentiation through regulation of alternative splicing,
and we demonstrate that TRIM71 promotes embryonic splicing patterns through MBNLI1 repression. Hence, re-
pression of MBNL1-dependent alternative splicing may contribute to TRIM71’s function in regulating stem cell fates.

[Keywords: 3' UTR; 5 UTR; LIN41; RNA-binding protein; TRIM71; alternative splicing; mRNA degradation;

muscleblind; stem cell; translational repression]
Supplemental material is available for this article.

Received May 8, 2019; revised version accepted June 19, 2019.

Organogenesis relies on a balance between self-renewal
and differentiation of stem cells and their progeny. Ac-
cordingly, stem cell fates are tightly controlled through
transcriptional and posttranscriptional mechanisms.
TRIM71/LIN-41 is a phylogenetically conserved regulator
of stem and progenitor cell fates and developmental
events. In vertebrates, TRIM71 regulates proliferation
and differentiation of human induced pluripotent and
mouse neuronal stem cells (Chen et al. 2012; Worringer
et al. 2014), limb development (Lancman et al. 2005), and
neurulation (Maller Schulman et al. 2008) and is implicat-
ed in human congenital hydrocephalus (Furey et al. 2018).
In Caenorhabditis elegans, where TRIM71 is known as
LIN-41, it controls differentiation and self-renewal of epi-
dermal progenitor cells (Slack et al. 2000), oocyte matura-
tion (Spike et al. 2014; Matsuura et al. 2016), oocyte-to-
embryo transition (Tocchini et al. 2014), reproductive or-
gan formation (Del Rio-Albrechtsen et al. 2006; Ecsedi
et al. 2015; Aeschimann et al. 2019), and sexually dimor-
phic neuron differentiation (Pereira et al. 2019). Trim71
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overexpression is associated with rapid disease progression
in myxoid liposarcoma (De Cecco et al. 2014), hepatocellu-
lar carcinoma (Chen et al. 2013), and nonsmall cell lung
cancer (Ren et al. 2018).

Despite its developmental importance, the molecular
functions of TRIM71 are poorly understood. TRIM71 con-
tains an N-terminal RING domain typical of a class of E3
ubiquitin ligases and a C-terminal NHL domain with
RNA-binding activity, suggesting posttranscriptional
and/or posttranslational functions (Ecsedi and Grof$hans
2013). The NHL domain exhibits RNA-binding activity
in vertebrates and C. elegans (Lodige et al. 2013, 2015;
Kumari et al. 2018). In contrast, although the RING
domain has ubiquitin ligase activity in mammalian cells
and is important for neural progenitor cell proliferation
(Rybak et al. 2009; Chen et al. 2012; Nguyen et al. 2017),
this domain is absent from the Drosophila melanogaster
protein and is dysfunctional in C. elegans LIN-41 (Loer
et al. 2008; Tocchini et al. 2014).
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Manipulation of TRIM71 levels in mammalian cell lines
and reporter gene experiments showed that TRIM71 can
destabilize mRNAs by binding to 3’ untranslated regions
(UTRs) (Chang et al. 2012; Lodige et al. 2013; Mitschka
et al. 2015). Moreover, in C. elegans, TRIM71/LIN-41
can bind 5 UTRs to elicit translational repression without
mRNA degradation (Aeschimann et al. 2017). A structure
of a truncated zebrafish TRIM71 protein and C. elegans in
vivo experiments suggest that TRIM71 functions through
binding hairpin elements on target RNAs (Kumari et al.
2018). However, evidence that these are the relevant bind-
ing sites of endogenous TRIM71 in mammals is lacking,
and the physiological target mRNAs are largely unknown.

Here, we show that the NHL domain of TRIM71 is crit-
ical for RNA interaction and maintenance of physiologi-
cal gene expression levels in mouse embryonic stem
cells (mESCs). We reveal that mutations in the NHL
domain observed in patients with congenital hydrocepha-
lus disrupt target repression, providing a disease model for
this condition and further underlining the importance of
RNA binding for TRIM71’s function in development.
We define the RNA interactome of mouse TRIM71 and
show that hairpin motifs mediate silencing of endogenous
mRNAs, with repression efficacy depending on hairpin
number. We identified a core set of TRIM71 targets in
mice and humans, including the splicing regulator
Muscleblind-like protein 1 (MBNLI1), and found that
TRIM71-dependent repression of MBNLI is required to
maintain alternative splicing patterns in stem cells.

Results

TRIMY71 acts primarily by repressing target transcripts
through binding to 3 UTRs

Previous gene expression profiling experiments revealed
changes in TRIM71 depletion and knockout cells (Lodige
et al. 2013; Worringer et al. 2014; Mitschka et al. 2015).
However, it is unclear which transcripts are direct primary
versus indirect secondary targets and to what extent
TRIM71 RNA binding versus protein ubiquitylation con-
tributes to its function. To address the latter question, we
generated three mESC lines: Trim71 knockout, RING mu-
tant (RING_mut), and NHL mutant (NHL_mut) mESCs
(Fig. 1A). RING_mut contained two point mutations in
the conserved catalytic dyad, C12A and C15A (Supplemen-
tal Fig. S1A), that inactivate ubiquitin ligase activity
(Rybak et al. 2009; Lee et al. 2014). NHL_mut contained
an R738A point mutation, corresponding to an R751A mu-
tation in human TRIM71 (Supplemental Fig. S1B) that
compromised reporter gene silencing by TRIM71 (Kumari
etal.2018). Western blot analysis confirmed equal levels of
full-length TRIM71 in wild-type (WT), RING_mut, and
NHL_mut mESCs and full knockout in Trim71 knockout
mESCs (Supplemental Fig. SIC,E).

RNA sequencing (RNA-seq) analysis revealed that rela-
tive to WT, Trim71 knockout and NHL_mut cells exhibit
similar changes in gene expression, whereas RING_mut
cells exhibit a separate gene expression pattern (Fig. 1B;
Supplemental Fig. S1F; Supplemental Table S1). This sug-
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gests that TRIM71 affects gene expression in mESCs pri-
marily through its NHL domain, presumably by RNA
binding.

In order to distinguish primary from secondary effects by
interaction profiling, we performed CRAC-seq (cross-link-
ing and analysis of cDNAs [CRAC] combined with se-
quencing) (Granneman et al. 2009; Tuck et al. 2018) on
mESCs with endogenously 3xFlag-AVI-tagged Trim71
(Ostapcuk et al. 2018). We also generated cells with tagged
RING_ mut and NHL_mut Trim71 (Supplemental Fig.
S1E). WT and RING_mut TRIM71 bound a specific and
similar set of transcripts, whereas binding specificity was
severely impaired for NHL_mut (Fig. 1C). The NHL
domain is therefore critical for RNA binding in these cells.
Comparing CRAC-seq and RNA-seq data revealed a corre-
lation between TRIM71 binding (measured as CRAC-seq
enrichment: CRAC-seq counts normalized to RNA-seq])
and derepression in Trim71 knockout cells (Fig. 1D; Sup-
plemental Table S2). A regression model confirmed that
this relationship was significant (P<2.2x 1076, adjusted
R?=0.036). Therefore, binding observed by CRAC-seq re-
veals TRIM71 targets.

We next assessed the relative contributions of TRIM71
binding to different transcript regions; i.e., 5 UTR, coding
DNA sequence (CDS), and 3 UTR. We calculated
TRIM71 CRAC-seq enrichment separately for these re-
gions and compared regression models, including enrich-
ment for 3 UTR only; 3 UTR and CDS; or 3’ UTR,
CDS, and 5 UTR. The “3’ UTR only” model fits the
data similarly well (residual sum of squares, RSS = 570; to-
tal sum of squares=590) to the whole transcript model
(RSS=569). The “3 UTR and CDS” (RSS 567) and
“3' UTR, CDS, and 5 UTR” (RSS 569) models improved
the fit only slightly (data source: Supplemental Table
S2). Regulation by TRIM71 can therefore be mostly ex-
plained by its binding to 3’ UTRs, which is consistent
with its preference for binding to 3’ UTRs in our CRAC-
seq experiments (Fig. 1E,F) and with reporter gene studies
in C. elegans and in mammalian cell lines (Chang et al.
2012; Lodige et al. 2013; Worringer et al. 2014; Mitschka
et al. 2015; Aeschimann et al. 2017).

As we recently observed an instance in which C. ele-
gans LIN-41 represses a target exclusively at the level of
translation by binding to its 5 UTR (Aeschimann et al.
2017), we wanted to rule out the possibility of missing tar-
gets by focusing only on RNA expression. We therefore
performed matched RNA-seq and ribosome profiling
(Ribo-seq) experiments in Trim71 knockout and WT
mESCs. Changes in endogenous transcript levels and ribo-
some occupancy (quantified for 12,718 transcripts) (Fig.
1G) were highly correlated (Pearson’s correlation coeffi-
cient r=0.73). Although 2954 transcripts were differen-
tially expressed (false discovery rate [FDR]<0.05; 1890
up-regulated in Trim71 knockout cells), translation effi-
ciency changed for only two (FDR<0.05), and both of
these were down-regulated in Trim71 knockout cells
(Supplemental Table S3). We conclude that, in mESCs,
TRIM71 functions primarily by reducing target RNA
abundance and focused further analyses on RNA-seq
experiments.
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TRIM71 binds cellular transcripts through mRNA
hairpin motifs

Having demonstrated the functional relevance of our
binding data for transcript repression, we aimed to identi-
fy TRIM71-binding motifs. For this, we calculated
TRIM71 CRAC-seq enrichments for 50-nucleotide (nt)
windows across transcripts and performed a motif analy-
sis across their 3 UTRs using a previously described ap-
proach (Kumari et al. 2018). We observed a significant
enrichment of hairpin motifs with a loop of 3 nt in
TRIM71-bound windows (Fig. 2A), in addition to a strong
preference for U-A base-pairing in the first position of the
stem and a purine at position III in the loop (Fig. 2B,C).
These features are strikingly similar to those identified
previously by in vitro binding assays with LIN-41/

TRIM71 NHL domains (Kumari et al. 2018). This enabled
us to use the published in vitro model to scan for hairpin
motifs across all transcripts (Supplemental Table S4), as-
signing each motif a predicted strength based on sequence
features and the base-pairing probability of the stem (Sup-
plemental Methods). Total CRAC-seq read coverage was
elevated at predicted hairpin sites for WT and RING_mut
TRIM71 but not for NHL_mut TRIM71. This confirms
that TRIM71 binds to hairpin motifs and that binding de-
pends on the NHL domain (Fig. 2D). Notably, the intensi-
ty of TRIM71 binding correlated with predicted hairpin
strength (Fig. 2D). In conclusion, structural and sequence
elements that determine RNA binding of the LIN-41/
TRIM71 NHL domains in vitro also do so remarkably
well in an endogenous cellular context with full-length
TRIM71.
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Figure 2. TRIM?71 binds cellular transcripts through mRNA hairpin motifs. (A) Scatter plot showing enrichment of 11-mer structure mo-
tifs in TRIM71-bound 50-nt windows versus their occurrence in TRIM71-unbound 50-nt windows. Data source: Supplemental Table S4.
The top 20 enriched motifs are highlighted in red. Corresponding dot bracket strings reveal a stem-loop motif with a loop of 3 nt. Struc-
tures containing a loop with 4, 5, or 6 nt (highlighted in cyan, blue, and purple) are not enriched. (B) Heat map showing median-normalized
CRAC-seq enrichment values (red to blue color) for groups of predicted 3-nt hairpins; 1536 unique hairpins are vertically ordered by pairing
probability in the stem (binned in four groups on log, scale; grayscale at the left of the heat map) and nucleotide pairing in the loop-prox-
imal stem position (“position —1, +1”; six sequence features; indicated at the right of the heat map). Nucleotide sequence in the loop (“po-
sitions, I, and IT1”; 64 sequence features) is used for horizontal ordering and is indicated at the bottom of the heat map; purine bases (A/G)
at the last position in the loop (position III) are colored in red. (C) Graph displaying structural and sequence features of the TRIM71 re-
sponse element. (D) Metaplot showing total CRAC-seq read depth around predicted hairpin motifs with varying motif strength according
to sequence features identified for C. elegans LIN-41 in Trim71 WT, RING_mut, and NHL_mut mESCs. For each plot, reads were normal-
ized to the depth at position —50.

Repression efficacy correlates with the number
of TRIM71-bound hairpins

To test the functional relevance of TRIM71 binding to
hairpin motifs, we examined the ability of hairpin binding
to predict transcript down-regulation. We calculated
CRAC-seq enrichments in windows of 100 nt around pre-
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dicted hairpins (Supplemental Table S4) and summed
these “hairpin enrichments” for each transcript. Similar
to our previous analyses with total CRAC-seq signal,
high hairpin enrichments correlated with derepression
in Trim71 knockout mESCs (Fig. 3A,B). A regression mod-
el revealed a similar fit (adjusted R”=0.041, P<2.2 x 107}
versus the model based on total CRAC-seq signal across
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transcripts (adjusted R% = 0.036, P < 2.2 x 1079), suggesting
that TRIM71 binding to hairpin motifs fully explains its
effect on RNA abundance.

As the extent of mRNA silencing varied considerably
between transcripts with similar levels of TRIM71 bind-
ing (Fig. 3A), we suspected that additional factors deter-
mine TRIM71 activity on its targets. Specifically, we
wondered whether the number of TRIM71-binding sites
was relevant. To test this experimentally, we used a
Renilla luciferase reporter gene assay with a previously
described variant of the C. elegans mab-10 3 UTR con-
taining five annotated hairpins (“mab-10 condensed 3’
UTR”) (Kumari et al. 2018). This Renilla::mab-10 reporter
was repressed by endogenous TRIM71 in mESCs in lucif-
erase reporter gene assays (Supplemental Fig. S2A). We
generated a series of mutant constructs in which we suc-
cessively disrupted more hairpins by inserting point mu-
tations starting from either the most upstream or the
most downstream hairpin. Testing these constructs in
WT and Trim71 knockout mESCs revealed a “dose depen-
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CRAC binding Figure 3. Repression efficacy correlates with the num-
- o1 ber of TRIM71-bound hairpins. (A) Scatter plot showing
medium differential gene regulation in Trim71 knockout versus

B :i;hz“e- p=1  WT mESCs (n=10 biological replicates) versus hairpin
n=164,p=1 CRAC-seq enrichment (from n=4 biological replicates

in 100-nt windows around hairpins, summed by tran-

CRAC signal script and divided by RPKMs from n =3 RNA-seq exper-

- ;";:LﬁRgsAC iments in WT mESCs). Transcripts with high (red) and

medium (orange) TRIM71 binding are indicated. This as-
signment and regression analyses were done as de-
scribed in Figure 1D. (B) Cumulative density functions
showing similar transcript repression efficacy in respec-
tive binding categories for total CRAC-seq enrichment
and hairpin CRAC-seq enrichment. Significance was
tested with a two-sided Kolmogorov-Smirnov test be-
tween total CRAC and hairpin CRAC for each binding
category as defined in A. (C) Luciferase reporter gene as-
say with Renilla::mab-10 condensed 3 UTR and hairpin
inactivation mutants in WT and Trim71 knockout
mESCs. Data were normalized to WT and represent
mean+SEM. n=6 biological replicates. Significance
was tested using a two-tailed Student’s t-test. (*) P<
0.05; (**) P<0.01; (***) P<0.001; (ns) not significant (P
>0.05). (D) Heat map showing median differential gene
regulation in Trim71 knockout versus WT mESCs (n=
10 biological replicates) for transcripts grouped by total
TRIM71 binding to all hairpins and the number of bound
hairpins. Hairpin binding categories are as in A. Bound
hairpins per transcript are defined as hairpins with at
least half as many CRAC-seq read counts as the hairpin
with the highest CRAC-seq read count. Color gradient
represents the median RNA-seq (log,) fold change of
Trim71 knockout versus WT mESCs in each group.
Numbers of transcripts in each group are indicated
in purple. Data source for A, B, and D: Supplemental
Table S5.

dence”; i.e., repression increased with increasing hairpin
number (Fig. 3C). We conclude that the extent to which
TRIM71 binds transcripts through hairpins determines
the magnitude of their silencing.

To uncouple the effects of overall TRIM71 binding on a
transcript from effects resulting from the number of bound
sites, we assigned transcripts bound by TRIM71 to nine
categories based on the total level of TRIM71 binding
(low, medium, or high summed hairpin enrichments)
and the number of hairpins bound (one to two, three to
four, and more). Comparing transcripts with similar over-
all binding, the extent of silencing depended on the num-
ber of bound hairpins. For instance, in the “medium”
binding group (Fig. 3D, middle row), average silencing is
low for targets with one to two bound hairpins, higher
for those containing three to four bound hairpins, and
highest for those with more than four bound hairpins.
Hence, target repression is favored when a given binding
activity is distributed over several rather than few binding
sites.
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Identification of a core set of TRIM71 target candidates
in mouse and human cell lines

Having defined candidate TRIM71 targets in mESCs, we
next sought to determine those likely to explain shared
functions in stem and tumor cells by identifying tran-
scripts reproducibly regulated by TRIM71 across different
cell lines. Hence, we knocked out Trim71 in mouse neu-
ronal stem cells (Ne4C) and human hepatocellular carci-
noma cells (Huh-7) (Supplemental Fig. S1C,D) and
performed RNA-seq to measure changes in endogenous
transcript levels (Supplemental Table S1). Transcripts
bound by TRIM71 in mESCs (defined as the 5% of tran-
scripts with the highest total CRAC-seq enrichment)
were globally derepressed in all cell lines, indicating
reasonable target conservation (Fig. 4A,B). Applying an ad-
ditional log, fold change cutoff of >0.5 and an FDR cutoff
of <0.05 in all cell lines identified 12 genes as consistent
direct target candidates (Fig. 4C). As expected, we predict
“strong” and “medium” hairpins in both mouse and hu-
man 3’ UTR homologs for most of these genes, indicating
conservation of binding motifs (Supplemental Table S5).

We focused on Mbnl1 (a splicing regulator), Mllt1 (a his-
tone acetylation reader), and PIxnb2 (an Angiogenin cell
surface receptor), as these are developmental regulators
(Chen et al. 2013; Han et al. 2013; Maethner et al. 2013).
CRAC-seq peaks overlapped with predicted hairpins in
their 3 UTRs (Supplemental Fig. S2B), indicating the va-
lidity of our hairpin model for individual targets. Consis-
tent with being direct TRIM71 targets, luciferase
reporter gene assays with 3’ UTRs of Mbnll, Plxnb2,
and MIlt1 caused an approximately twofold TRIM71-
dependent repression of luciferase activity in mESCs. Si-
lencing depended on a functional NHL but not the
RING domain (Fig. 4D). We used the 3" UTR of Pou5f1
as anegative control, as this did not bind TRIM71 or chan-
ge in abundance in Trim71 knockout cells, in agreement
with a previous study (Mitschka et al. 2015).

We hypothesized that Mbnl1, MIit1, and PIxnb2 are reg-
ulated by TRIM71 during development. To test this, we
conducted neuronal differentiation assays with WT and
Trim71 knockout mESCs and analyzed gene expression
by RT-qPCR. As reported previously (Chen et al. 2012;
Mitschka et al. 2015), Trim71 mRNA levels decreased
throughout differentiation. In WT cells, mRNA levels of
Mbnli, PIxnb2, and MlIt1 increased as cells differentiated,
and Trim71 levels decreased. Conversely, in Trim71
knockout cells, Mbnl1, PIxnb2, and MIlt1 mRNA levels
were already high in undifferentiated cells and showed
at most moderate increases during differentiation. The ex-
pression of Pou5f1 mRNA was unaltered by loss of
TRIM71 (Fig. 4E). In combination with the 3’ UTR report-
er assays, this demonstrates that MBNL1, PLXNB2, and
MLLT1 are bona fide TRIM71 targets in mESCs.

Patient-related mutations in the human TRIM71
NHL domain impair RNA silencing

The identification of TRIM71 targets enabled us to exam-
ine mutations in the TRIM71 NHL domain found in con-

1226 GENES & DEVELOPMENT

genital hydrocephalus patients (Furey et al. 2018). These
patients exhibit brain developmental defects resembl-
ing those in Trim71 knockout mice (Mitschka et al.
2015). Together with our finding that the TRIM71 NHL
domain is critical for posttranscriptional gene regulation,
this suggests that the RNA-binding activity of TRIM71
may be of particular importance for its developmental
function. To test this further, we explored whether point
mutations in the Homo sapiens (Hs)JTRIM71 NHL
domain, present heterozygously in three patients with
congenital hydrocephalus (Furey et al. 2018), affect
TRIM71 target mRNA repression. Supporting this, the
mutated amino acids R608H and R796H are highly con-
served (Supplemental Fig. S2C,D), located in the RNA-
binding groove, and in contact with a bound RNA hairpin
[based on the Danio rerio (DrJTRIM71 NHL domain
structure| (Supplemental Fig. S2E; Kumari et al. 2018).
We performed luciferase reporter gene assays for the
3’ UTRs of Mbnli1, PIxnb2, and MlIt1 using Trim71 knock-
out mESCs complemented with transgenes expressing
WT HsTRIM71, HSTRIM71_R608H, or HSTRIM71_
R796H. As controls, we expressed mCherry or the
R751A NHL point mutant HsTRIM71, described above.
Although all TRIM71 constructs were expressed to simi-
lar levels (Supplemental Fig. S2F), the three NHL point
mutant proteins failed to provide effective reporter gene
repression (Fig. 4F).

Collectively, our results demonstrate the importance of
the TRIM71 NHL domain for target repression and phys-
iological gene expression. Combined with the Trim71
knockout mouse phenotype, this suggests that derepres-
sion of TRIM71 targets might contribute to the disease
phenotype of the hydrocephalus patients.

Repression of Mbnll by TRIM71 is mediated
by a 8 UTR hairpin

As our results indicated that Mbnl1, a known regulator of
stem cell fates, was among the most strongly regulated
TRIMY71 targets, we analyzed it in greater detail. First,
we performed RT-qPCR analysis of Mbnll in mESCs,
NedC cells, and Huh-7 cells, confirming the RNA-seq
results (Supplemental Fig. S3A). Second, we tested the
Mbnl1 3’ UTR luciferase reporter construct in the three
cellular backgrounds and observed derepression in
Trim71 knockout cells but not for the Pou5f1 3’ UTR con-
trol (Fig. 5A). Third, we showed that re-expression of
HsTRIM71 in Trim71 knockout mESCs rescued Mbnli
repression in luciferase reporter assays (Fig. 5B) and at
the level of endogenous mRNA and protein (Supplemen-
tal Fig. $3B,C).

To identify TRIM71-responsive elements in the Mbnl1
3’ UTR, we analyzed CRAC-seq reads. We identified two
regions (stretch 1 [178 nt| and stretch 2 [351 nt]) with
strong TRIM71 binding (Fig. 5C). Deletion of stretch 1 se-
verely impaired reporter repression in luciferase assays,
whereas deletion of stretch 2 did not alter repression
(Fig. 5D), suggesting that a primary functional TRIM71-
binding site is in stretch 1. To dissect this further, we
cloned the entire stretch 1 or one of four overlapping
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Figure 4. Identification of a core set of TRIM71 target candidates in mouse and human cell lines. (A,B) Scatter plot of differential gene
expression in Trim71 knockout versus WT in mESCs and Ne4C cells (A) and Trim71 knockout versus WT in mESCs and Huh-7 cells (B).
TRIM71-bound genes (top 5% total CRAC-seq enrichment) with significant expression change (FDR <0.05) are shown in red (or black if
not bound). Red numbers indicate the number of significantly differentially expressed TRIM71-bound transcripts in each quadrant as a
percentage of all TRIM71-bound transcripts, including those not significantly expressed. (C) “Core” TRIM71 target candidates. Signifi-
cantly up-regulated (FDR <0.05; log, fold change >0.5 in Trim71 knockout vs. WT mESCs, Ne4C cells, and Huh-7 cells) TRIM71-bound
genes (as defined in A) were ranked descending according to CRAC enrichment. (D) Luciferase reporter gene assay with Renilla::Mbnl1,
PIxnb2, and Mlit1 3' UTR constructs in the indicated mESC lines. Data were normalized to WT and represent mean + SEM. n1 = 3 biological
replicates. (E, top left panel) Schematic view of expected gene expression levels in WT (straight lines) and Trim71 knockout (dashed lines)
cells for Trim71 (black) and TRIM71 (red) targets over the course of differentiation. (All other panels) mRNA profiles during neuronal dif-
ferentiation of WT and Trim71 knockout mESCs measured by RT-qPCR. Cell culture medium conditions for the five differentiation steps
(I-V) are indicated. Trim71, Mbnl1, PIxnb2, Mllt1, and Pou5f1 levels were tested. Values were normalized to Eif5 and are shown relative to
expression levels in WT mESCs. Data represent mean = SEM. n =2 biological replicates. (F) Luciferase reporter gene assay with Renilla::
Mbnl1, PIxnb2, and Mllt1 3’ UTR constructs in Trim71 knockout mESCs overexpressing HsTRIM71 (positive control), mCherry (negative
control), HsSTRIM71 R751A, R608H, or R796H. Data were normalized to HsTRIM71-overexpressing cells and represent mean + SEM. n=3
biological replicates. Data source for A-C: Supplemental Table S5. Significance in D and F was tested as in Figure 3C.

subsections (“parts”) into the TRIM71-independent vation from mice to humans (Supplemental Fig. S3D). De-
Poubf1 3’ UTR (Fig. 5E) and compared repression efficacy. leting this motif from part 2 led to complete abrogation of
The complete stretch 1—or part 2 alone—showed repres- repression in the luciferase assay (Fig. 5F). We conclude
sive activity, while parts 1, 3, and 4 did not (Fig. 5F). Part 2 that TRIM71 binding to this hairpin motif in the Mbnl1
contains a consensus hairpin motif with sequence conser- 3’ UTR results in repression.
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periments were performed together. Significance in A, B, D, and F was tested as in Figure 3C.

To validate the luciferase reporter results in an endoge-
nous context, we deleted stretch 1 [Mbnllzyrrumuy] in
3xFlag-AVI-Trim71 mESCs using CRISPR-Cas9. RNA
immunoprecipitations (RIPs) revealed reduced binding of
TRIM71 to Mbnl1 but not PIxnb2 and Mllt1 mRNAs in
Mbnllg yrr(mur) cells (Fig. 6A; Supplemental Fig. S3E). Fur-
thermore, the same UTR deletion in Trim71 WT cells re-
sulted in partial derepression of Mbnll mRNA and
protein (Fig. 6B; Supplemental Fig. S4A,B). This confirms
that MBNLI is a direct target of TRIM71 via the hairpin
motif in its 3’ UTR (Fig. 6C). Notably, elimination of the
binding motif does not fully abrogate binding or repres-
sion. Hence, additional (less strongly bound) TRIM71-
binding sites on Mbnl1 are likely to be identified in future
experiments, consistent with our observation that
TRIM71 preferentially silences targets with multiple hair-
pins (Fig. 3C,D).

TRIM71 modulates alternative splicing by repressing
MBNL1

As frequently observed for RNA-binding proteins (Takada
et al. 2009; Cho et al. 2012; Yu et al. 2014), changes in
mRNA levels caused by TRIM71 on its targets were mod-
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est. Nonetheless, targets may be very dose-sensitive, with
small changes in abundance having large effects. To test
this for MBNL1, we focused on its function as a regulator
of differentiation-specific alternative splicing that can in-
fluence reprogramming of induced pluripotent stem
cells (iPSCs) (Han et al. 2013). We used paired-end RNA-
seq to analyze splicing events in WT, Trim71 knockout,
Mbnls yrrmu), and Mbnll overexpression (Mbnllo )
cell lines, calculating percentage spliced in (PSI) values
for all splicing events. We observed correlation of global
splicing changes in Mbnlls yrrmuy, Trim71 knockout,
and Mbnl1 o /g, cell lines, consistent with them all having
elevated MBNLI levels (Fig. 7A,B; Supplemental Table
S6). This indicates that splicing changes detected in
Trim71 knockout cells can be explained by MBNLI1
deregulation.

We further confirmed the MBNLI1-dependent PSI
changes for a set of differential splicing events by RT-
gqPCR (Fig. 7C). We also investigated splicing of Foxp].
This was not identified in our splicing analysis due to in-
sufficient sequence coverage, but a previous study showed
that MBNL1 promotes accumulation of the adult isoform
of FOXP1, leading to differentiation of stem cells (Gabut
et al. 2011; Han et al. 2013). As for the other splicing
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Figure 6. MBNLI is a primary TRIM71 tar-
get. (A, top panel) Quantification of RNA im-
munoprecipitating with 3xFlag-AVI-TRIM71
by RT-qPCR. Data were normalized to WT
mESC input levels and represent mean=
SEM. n =3 technical replicates. (Bottom panel)
Western blot of the RNA coimmunoprecipita-
tion experiment. 3xFlag-AVI-tagged TRIM71
migrates more slowly than WT TRIM71, and
its recognition by the TRIM71 antibody is im-
paired (asterisk). Second biological replicate of

80 - Genotype [\ gene expression | . .
5 wr TRIM71 Wr RNA coimmunoprecipitation (Supplemental
2115 o-TRIM71 WT3UTR Fig. S3E). (B) RT-qPCR for Mbnll in WT,
5 i
3 :g i1 KO ®  ama " Trim71 knockout, anq Mbnllg 7R mu)
2 a-Tubulin WT3'UTR mESCs. Data were normalized to WT and rep-
| — — — . . .
50 TRIM71 resent mean = SEM. n =4 biological replicates.
MBI, 1, &I AAA | Significance was tested as in Figure 3C. Data

are an excerpt of Supplemental Figure S4B.

(C) Schematic view of TRIM71-dependent Mbnli1 repression. Mbnll WT 3’ UTR is bound by TRIM71, leading to repression. In Trim71
knockout cells, Mbnl1 is not repressed. Mbnli1 lacking the hairpin region in the 3’ UTR is impaired for binding and repression by TRIM71.

events, PSI values for the Foxpl embryonic isoform in-
versely correlated with MBNLI1 levels in WT, Trim71
knockout, NHL_mut, RING_mut, Mbnllg yrrmur), and
Mbnl1 /g, mESCs (Fig. 7C; Supplemental S4A-C). Also,
overexpression of HSTRIM71 in Trim71 knockout mESCs
led to a reversal of Foxpl from an adult to an embryonal
splicing pattern (Supplemental Fig. S4D). Finally, while
the FOXP1 embryonic isoform was not expressed in
Huh-7 cells and so could not be quantified, TRIM71-de-
pendent alternative splicing at Foxpl was confirmed in
Ne4C cells (Supplemental Fig. S4E). We thus conclude
that TRIM71 globally shapes alternative splicing by re-
pressing MBNLI.

Discussion

Although the functions of TRIM71 in controlling stem
and progenitor cell fates are well documented, its mecha-
nism of action has been poorly understood. This is
because (1) it has been unclear to what extent the two
TRIM71 molecular activities—RNA binding and protein
ubiquitylation—contribute to its functions (Rybak et al.
2009; Chang et al. 2012; Lodige et al. 2013), (2) the magni-
tudes of TRIM71-dependent changes in target RNA abun-
dance are often low (Lodige et al. 2013; Worringer et al.
2014; Mitschka et al. 2015), and (3) few direct targets
have been extensively validated.

Our data show that in mESCs, RNA binding explains
most effects on the transcriptome. We note that the tran-
scriptome of RING_mut cells does not resemble that of
WT or Trim71 knockout cells. Speculatively, this could
suggest that lack of RING domain activity causes some
neomorphic or dominant-negative TRIM71 activity. Al-
though the RING domain does not explain the transcrip-
tome changes in Trim71 knockout cells, we cannot
exclude important cellular functions of TRIM71-mediat-
ed protein ubiquitylation, and indirect but compelling ev-
idence suggests that TRIM71 promotes mouse neural
progenitor maintenance through protein ubiquitylation

(Chen et al. 2012). Nevertheless, several lines of evidence
support the importance of the RNA silencing activity of
TRIM71/LIN-41. First, in C. elegans LIN-41, the NHL
domain is a hot spot for phenotypically detectable muta-
tions (Slack et al. 2000), and various developmental phe-
notypes are explained through its target transcripts
(Aeschimann et al. 2019). Second, mutations in the NHL
domain of human TRIM71 are detected in patients with
congenital hydrocephalus (Furey et al. 2018), the most
prevalent developmental human brain defect (Tully and
Dobyns 2014), which resembles the neurulation pheno-
type in Trim71 knockout mice (Mitschka et al. 2015).
Third, we show that these patient-derived mutations im-
pair mRNA silencing by TRIM71. Notably, the hydro-
cephalus phenotype is associated with heterozygous
mutations in the NHL domain. As Trim71 full knockout
leads to embryonic lethality in mice (Mitschka et al.
2015) and analysis of genetic variation in 60,076 humans
has shown TRIM71 to be highly intolerant to loss of func-
tion or missense variation (Lek et al. 2016), homozygous
mutations in the NHL domain likely lead to embryonic
lethality. It will be of great interest to study the pheno-
types of analogous NHL, but also RING domain, mutant
mice.

By combining functional and interaction profiling, we
found that TRIM71 predominantly silences transcripts
in mESCs by inducing degradation, mostly via binding
to 3’ UTRs. Interestingly, we did not observe evidence of
translational repression (Lodige et al. 2013; Aeschimann
et al. 2017), although we cannot rule out isolated instanc-
es. Transcript binding occurred through a trinucleotide
loop hairpin within endogenous targets that gratifyingly
matches the motif found to confer in vitro RNA-binding
by the C. elegans, D. rerio, and H. sapiens LIN-41/
TRIM71 NHL domains (Lodige et al. 2015; Kumari et al.
2018). Together with the extensive loss of specific
CRAC-seq signal in Trim71 NHL_mut cells, we conclude
that the RNA-binding activity and target specificity of
full-length TRIM71 in cells are indeed predominantly
conferred by the NHL domain.
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Figure 7. TRIM71 modulates alternative splicing by repressing MBNLI. (A) Heat map of differences in PSI values in Trim71 knockout,
Mbnl1z yrrmur, and Mbnll o5 mutants relative to WT cells. (B, top panel) Correlation of differences in PSIs of Trim71 knockout versus
WT mESCs and differences in PSI of Mbnl1s yrrmuy versus WT mESCs. Spearman’s correlation coefficient p=0.71. P<2.2 x 1071, one-
sided binomial test between quadrants. A median squared error (between biological replicates for all conditions) of <40 was applied to filter
out highly noisy events within the same condition, resulting in 3264 splice events. APSIs of >10 or <—10 in Trim71 knockout versus WT
and/or Mbnlls yrrmue versus WT cells are colored in red and were used as input data for subsequent plots (965 splice events). (Bottom left
panel) Correlation of differences in PSIs of Mbnl1 /g, versus WT mESCs and differences in PSIs of Trim71 knockout versus WT mESCs.
Spearman'’s correlation coefficient p=0.67. P< 2.2 x 107'¢, one-sided binomial test between quadrants. (Bottom right panel) Correlation of
differences in PSIs of Mbnl1 /gy versus WT mESCs and differences in PSIs of Mbnllg ;y7gmur Versus WT mESCs. Spearman’s correlation
coefficient p=0.65. P<2.2 x 1071, one-sided binomial test between quadrants. Data source: Supplemental Table S6. (C) Validation of in-
dividual splice events by RT-qPCR. Data represent mean = SEM. n = 3-4 biological replicates. Specificity of amplicons for individual splice
isoforms was validated by sequencing. Significance of PSI change relative to WT mESCs was tested as in Figure 3C. Displayed Foxp1 data

are an excerpt from Supplemental Fig. S4C.

The extent of target repression depends on the number
of TRIM71 target sites. Sites appear to have mostly addi-
tive effects, which would seem to argue against coopera-
tive binding or function. Instead, a greater number of
binding sites might increase the probability of at least
one (or two) TRIM71 being bound to a given transcript.
Nonetheless, the fact that at a given level of experimental-
ly determined binding, distributed binding across more
sites is beneficial for silencing suggests that some level
of cooperativity exists. Given the low to inexistent levels
of silencing achieved with only a single site, it seems pos-
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sible that efficient silencing depends on occupation of at
least two binding sites, which may be more readily
achieved by increasing the number rather than the quality
of binding sites. Systematic variations of binding site qual-
ity, quantity, and distance and in particular in vitro assays
might help to elucidate this in future experiments.
Despite the presence of a clear binding motif, many pre-
dicted hairpins did not show CRAC-seq binding or dere-
pression in RNA-seq experiments. Hence, only some
potential targets elicit TRIM71-dependent regulation.
This may be due to their adopting alternative RNA
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structures in the cell compared with those predicted in sil-
ico and/or competing binding by other RNA-binding pro-
teins. Although our ability to computationally predict
TRIM71 targets is thus limited, our insights into tran-
script binding help to overcome the small effects observed
upon experimental manipulation of TRIM71 levels. Many
other RNA-binding proteins are similarly challenging to
study for the same reason, and our approach thus high-
lights how combining functional and interaction studies
can be of huge benefit. Importantly, the TRIM71-binding
sites that we validated in mESCs also explain a large ex-
tent of TRIM71 target repression in other mouse and hu-
man cell lines, with approximately two thirds of the
binding sites functionally conserved (Fig. 4A,B). Hence,
we predict that our data will be useful for TRIM71 target
identification in other biological contexts.

Here, we focused on identifying a set of “core” targets
broadly regulated across cell types to reveal some fun-
damental rather than cell type-specific function of
TRIM71. Two previously reported candidate TRIM71 tar-
gets—EGR1 (Worringer et al. 2014) and CDKN1A (Chang
etal. 2012)—did not fulfill our criteria for “core” targets, as
they were not up-regulated in all tested cell lines, suggest-
ingeither cell type-specific regulation or secondary effects.
In contrast, PLXNB2 did pass our criteria and has been pro-
posed previously as a TRIM71 target (Mitschka et al.
2015). PLXNB2 and two other targets that we validated—
MLLT1/ENL and MBNL1—have important functions in
development and disease: PLXNB2 is the receptor of the
secreted ribonuclease Angiogenin, which mediates intra-
cellular RNA processing (Yu et al. 2017), and MLLT1/
ENLis a histone acetylation reader that regulates oncogen-
ic transcriptional programs in acute myeloid leukemia
(Wan et al. 2017). The three MBNL paralogs (MBNLI1-3)
are regulators of alternative splicing, mRNA stability
and localization (Wang et al. 2012), and alternative polya-
denylation (Batra et al. 2014), with MBNL1 and MBNL2 ex-
pressed in the adult muscle and brain, respectively, and
MBNL3 expressed in embryonal tissues (Holt et al. 2009;
Charizanis et al. 2012). MBNLI1 and MBNL2 have been
shown to promote diverse developmental transitions,
such as ESC differentiation (Han et al. 2013), muscle and
heart development (Lin et al. 2006; Kalsotra et al. 2008),
erythroid and monocyte-macrophage differentiation
(Chenget al. 2014; Liu et al. 2018), and brain development
(Charizanis et al. 2012). Sequestration of MBNL proteins
on RNA expanded trinucleotide repeats leads to the neuro-
muscular disease myotonic dystrophy type 1 (DM1) by
causing a splicing shift in MBNL targets (Lin et al. 2006).

The identification of a TRIM71-binding site enabled us
to disrupt Mbnl1 regulation by TRIM71 without affecting
other TRIM71 targets and thus specifically test the contri-
bution of the TRIM71-Mbnl1 interaction to the overall ef-
fect of TRIM71. This revealed that not only does TRIM71
shape alternative splicing in ESCs but that this is largely
attributable to its regulation of MBNLI1. This analysis
also emphasizes the importance of precise control of
MBNLI levels, as small expression changes lead to dose-
dependent splicing defects. This dose dependence has
been demonstrated in previous studies and was proposed
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to explain the phenotypic variability in DM1 (Nakamori
et al. 2013; Wagner et al. 2016).

Given that both depletion of MBNL1 proteins and over-
expression of TRIM71 enhance reprogramming of mouse
embryonic fibroblasts to iPSCs (Han et al. 2013; Worringer
etal. 2014) and that MBNLI promotes differentiation-spe-
cific alternative splicing (Han et al. 2013), we propose that
these events may be linked and that TRIM71 may at least
in part promote stem cell fates through repression of
MBNLI and maintenance of embryonic alternative splic-
ing patterns. As we observed substantial TRIM71 binding
and repression for MBNLI1 but not for its paralogs, which
differ in function and expression patterns (Squillace et al.
2002; Holt et al. 2009; Charizanis et al. 2012), we hypoth-
esize that posttranscriptional regulation of MBNLI1 ex-
pression by TRIM71 might enable precise spatial and
temporal control of alternative splicing to help regulate
and shape development.

Materials and methods

Cell culture

mESCs (129xC57BL/6 Rosa26°T¢ERT2/BIA-VS [cMBO63]) (Ostap-
cuk et al. 2018) were cultured as described previously (Flemr
and Biihler 2015).

Ne4C cells were cultured on poly-L-lysine-coated dishes in
Ne4C medium (DMEM [Gibco, 11885084], 10% fetal bovine
serum [FBS] [Sigma, F7524], 2 mM L-glutamine [Gibco, 25030
024], 50 pg/mL penicillin, 80 pg/mL streptomycin, 1x MycoZap
prophylactic [Lonza, VZA-2032]) at 37°C in 5% CO,.

Hubh-7 cells (JCRB0403) (Nakabayashi et al. 1982) were cultured
in Huh-7 medium (DMEM [Gibco, 31966021], 10% FBS, antibiot-
ic supplements as in Ne4C cells).

Neuronal differentiation assay

mESCs were differentiated to embryoid bodies (EBs) and treated
with retinoic acid (RA) as described previously (Bibel et al.
2007). The culture of neuroprogenitors as neurospheres from
RA-treated EBs was performed as described previously (Iwamaru
et al. 2013). For generation of neurons, neurospheres were dissoci-
ated and plated on laminin/poly-DL-ornithine-coated adherent
plates as described previously (Bibel et al. 2007).

Genome editing

Genome editing of mESCs and Ne4C cells was performed as de-
scribed previously (Flemr and Buhler 2015). Sequences of
TALENS, single-stranded oligodeoxynucleotides (ssODNSs; or-
dered as ultramers from Integrated DNA Technologies), and
sgRNAs are in Supplemental Table S7A. Genome-edited clones
were characterized by genotyping, sequencing, and Western blot-
ting. Sequences of genotyping primers are in Supplemental Table
S7B. A list of generated cell lines is in Supplemental Table S8.

As we failed to achieve clonal selection with Huh-7 cells,
we integrated EGFP with a previously described variant of
the C. elegans mab-103' UTR containing five annotated hairpins
(“mab-10 condensed 3 UTR”) (Kumari et al. 2018) into
the AAVS locus. Based on the resulting cell line (Huh-7
AAVS]EGFP::unc-Sd::mab-lO condensed), we generated TRIM71 -/- cells
by CRISPR genome editing and enriched those by FACS sorting
for increased EGFP expression in comparison with the parental
cell line (Supplemental Fig. S5A-C).
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Descriptions for the generation of individual cell lines are in
the Supplemental Material.

Plasmid generation

For SpCas9-2A-puromycin (named pC2P in our study), mCherry
from SpCas9-2A-mCherry (Knuckles et al. 2017) was deleted
and replaced with puromycin. sgRNAs were cloned into the
Bsal restriction site of pC2P. TALENS and loxP recombination re-
porters were assembled as described previously (Flemr and Biihler
2015). pCAGGS overexpression constructs were generated by in-
serting HsTRIM71, Mbnll, and mCherry into the BglII site of
PCAGGS expression vectors containing a C-terminal T2A puro-
mycin tag. HsSTRIM71 point mutants were generated by cloning
mutation-bearing gBlocks into Bael/EcoRI (R753A and R796H)
or BpulOI/EcoRI (R608H) sites in HsTRIM71. Luciferase con-
structs were generated by cloning respective 3’ UTRs into the
NotI site of psiCHECK-2 (Promega, C8021).

For generating pAAVSI reporter constructs, sequences of unc-
54 3' UTR (pCM5.37; Addgene, 17253; gift from Geraldine Sey-
doux) and unc-54::mab-10 condensed 3’ UTR (pFA113) (Kumari
et al. 2018) were cloned 3’ of EGFP in pcDNA3.1. EGFP 3’ UTR
reporter constructs were then cloned into the EcoRI site of
PAAVS1-Nst-CAG-DEST (Addgene, 80489) (Oceguera-Yanez
et al. 2016).

Generated plasmids with insert sources and primer and gBlock
sequences are in Supplemental Tables S9 and S10.

Luciferase reporter gene assays

Luciferase assays were performed as described (Mitschka et al.
2015), except 100 ng of plasmid DNA per well was transfected.
For luciferase assays with Trim71 knockout cells overexpressing
HSsTRIM71 constructs, cells were transfected with overexpres-
sion plasmid followed by puromycin selection at 1 ng/mL for
24 h for 5 d. Expression levels of transfected cells were analyzed
by Western blotting. Cells were then split and transfected with
luciferase plasmids (see above).

RNA extraction, RT-qPCR, and RNA-seq

Total RNA was extracted using the Norgen single-cell RNA puri-
fication kit (Norgen, 51800) with on-column DNase digestion
(Norgen, 25710). Four-hundred nanograms of total RNA was
transcribed to ¢cDNA using the reverse transcription system
(Promega, A3500) and random primers. qPCRs were performed
using the SYBR Green PCR master mix (Applied Biosystems,
4309155) with standard cycling conditions. Unless indicated oth-
erwise, data were normalized to Gapdh expression levels.

For splice isoform RT-qPCRs, the specificity of PCR products
was analyzed by sequencing of PCR products. PSIvalues were cal-
culated as described previously (Han et al. 2013; Camacho Lon-
dono and Philipp 2016) by the following formula:

ZdeT(EXon)
PSI =100 x

9 —dCT|(Exon) + 0,—~dCT|Exon skip) *

qPCR primer sequences are in Supplemental Table S11.

Sequencing library preparation was performed using either
ScriptSeq 2 (Epicentre, SSV21106) or TruSeq 2 (Illumina, RS-
122-2001) kits.

Western blotting

Cells were lysed with lysis buffer (25 mM Tris-HCL at pH 7.5,
100 mM KCl, 0.5% [v/v] NP-40, 1 mM EDTA, EDTA-free
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cOmplete miniprotease inhibitor [Roche]). Forty micrograms of
protein was loaded onto NuPAGE-Novex Bis-Tris 4%-12% gradi-
ent gels (Invitrogen), transferred semidry to PVDF membranes,
blocked for 1 h with 5% milk in TBS plus 0.1% Tween
20 (TBST), and stained with primary antibodies. Antibodies, dilu-
tions, and incubation conditions are in Supplemental Table S12.

RIPs

Cells were grown in 10-cm dishes, washed in PBS, and lysed in
500 pL of lysis buffer (see “Western Blotting”) with 0.25 U/mL
RNaseOUT (Invitrogen, 10777019). Equal amounts of protein
were incubated with 20 uL of Flag M2 magnetic beads (Sigma,
M8823) for 3 h at 4°C. Beads were washed three times with 200
pL of washing buffer (50 mM Tris-HCI at pH 7.5, 150 mM KCI,
5 mM MgCl,, 0.05% NP-40, EDTA-free cOmplete miniprotease
inhibitor [Roche, 11836153001], 0.25 U/mL RNaseOUT [Invitro-
gen, 10777019]) followed by RNA extraction and qPCR.

Ribo-seq

Ribo-seq was performed as published previously (McGlincy and
Ingolia 2017), except RNase digestion was carried out for 30
min at 23°C using 4.8 U/uL RNase T1 (Thermo Fisher,
ENO0541) and 8 ng/uL RNase A (Thermo Fisher, EN0531). Mono-
some isolation, extraction of ribosome RNA footprints, and li-
brary preparation were performed as described in Aeschimann
et al. (2015), except an rfRNA contaminant was depleted by an-
nealing the library with 10 pM of an oligonucleotide harboring
a 3 C3 spacer group (sequence GGCCTCGATCAGAAG
GACTTGGGCCCCCC spacer C3; ordered from Integrated
DNA Technologies) before the reverse transcription step.

CRAC-seq

CRAC-seq was performed as described in Tuck et al. (2018),
except (1) 50 mM Tris-HCI (pH 7.8), 150 mM NaCl, and 0.5%
(v/v) Nonidet P-40 substitute were used for cell lysis and binding
to Flag beads, and (2) SDS-PAGE and nitrocellulose transfer steps
were omitted. Instead, streptavidin beads were incubated directly
with proteinase K to release RNA.

Bioinformatic analysis

A detailed description of bioinformatic analysis is in the Supple-
mental Material.

Data availability

Sequencing data have been deposited in the Gene Expression
Omnibus under accession code GSE134125. A BED file contain-
ing genome-wide hairpin predictions is in the Supplemental
Material.

Computer codes are available on request.
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