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Abstract

AU : Pleaseconfirmthatallheadinglevelsarerepresentedcorrectly:Congenital hydrocephalus (CH) is a common neurological disorder affecting many new-

borns. Imbalanced neurogenesis is a major cause of CH. Multiple CH-associated mutations

are within the RNA-binding domain of Trim71, a conserved, stem cell–specific RNA-binding

protein. How these mutations alter stem cell fate is unclear. Here, we show that the CH-

associated mutations R595H and R783H in Trim71 accelerate differentiation and enhance

neural lineage commitment in mouse embryonic stem cells (mESCs), and reduce binding to

mRNAs targeted by wild-type Trim71, consistent with previous reports. Unexpectedly, how-

ever, each mutant binds an ectopic and distinct repertoire of target mRNAs. R595H-Trim71,

but not R783H-Trim71 nor wild-type Trim71, binds the mRNA encoding β-catenin and

represses its translation. Increasing β-catenin by overexpression or treatment with a Wnt

agonist specifically restores differentiation of R595H-Trim71 mESCs. These results suggest

that Trim71 mutations give rise to unique gain-of-function pathological mechanisms in CH.

Further, our studies suggest that disruption of the Wnt/β-catenin signaling pathway can be

used to stratify disease etiology and develop precision medicine approaches for CH.

Introduction

Congenital hydrocephalus (CH) is a common birth defect affecting approximately 1 in every

1,000 newborns [1]. It clinically manifests as the pathological expansion of the cerebral ventri-

cles (ventriculomegaly) and abnormal accumulation of cerebrospinal fluid. Although CH is rou-

tinely treated by lifelong neurosurgical shunting, this procedure has numerous complications

[2] and does not always restore neurodevelopment, making CH a significant cause of childhood

morbidity. The molecular basis of CH pathogenesis is largely unknown. This knowledge is

essential to develop new preventive, diagnostic, and therapeutic approaches for CH.

Human exome sequencing studies identified multiple CH-associated mutations in several

genes that are specifically expressed in embryonic and neural stem cells [3,4]. These observa-

tions argue that impaired/imbalanced neural differentiation is the primary cause of CH and

that the abnormal accumulation of cerebrospinal fluid in the brain is a consequence [5].
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A number of CH-associated missense mutations have been identified in the gene Trim71
[3,4]. Trim71 is an evolutionarily conserved RNA-binding protein (RBP) that is abundantly

expressed in embryonic and neural stem cells [6,7]. Genetic studies in multiple model organ-

isms revealed that Trim71 is essential for early embryogenesis and proper neural differentia-

tion [6]. Mechanistically, Trim71 binds target mRNAs and triggers translational repression

and/or mRNA degradation [8–13]. Trim71-mediated posttranscriptional regulation is critical

for proper stem cell differentiation [8,13].

The pathogenesis resulting from the CH-associated mutations in Trim71 is also conserved

between mouse and human, as mice with CH-specific Trim71 mutations display ventriculo-

megaly, cerebrocortical hypoplasia, progressive macrocephaly, and impaired neurogenesis

[14]. However, the molecular mechanisms by which CH-associated mutations in Trim71 lead

to defects in stem cell differentiation and neurogenesis are still incompletely understood.

All the CH-associated mutations in Trim71 are within its RNA-binding domain (the NHL

domain) (S1A Fig) [4], suggesting that these mutations alter the RNA-binding capability of

Trim71. We recently showed that one such CH-associated mutation, R783H, significantly

changes the repertoire of mRNAs bound by Trim71. R783H-Trim71, but not wild-type (WT)

Trim71, binds to Lsd1 mRNA and represses its translation, resulting in stem cell differentia-

tion defects [15]. The CH-associated R595H-Trim71 has overall weaker binding to mRNA

than WT-Trim71 [14]. However, the mRNA substrates of R595H-Trim71 and the pathogenic

mechanisms of distinct Trim71 mutants are still unclear.

Here, we found that although R783H-Trim71 and R595H-Trim71 lead to premature differ-

entiation and accelerated neural lineage commitment in mouse embryonic stem cells

(mESCs), each Trim71 mutant binds a distinct and ectopic subset of target mRNAs. We dis-

covered that R595H-Trim71, but not R783H-Trim71 nor WT-Trim71, specifically binds and

represses the translation of Ctnnb1 mRNA, which encodes β-catenin. This repression leads to

decreased Wnt/β-catenin signaling activity specifically in R595H-Trim71 mutant mESCs.

Increasing β-catenin levels alleviates the differentiation defects in the R595H-Trim71 mESCs,

but not in R783H mESCs. These data suggest that gain-of-function mutations in the RNA-

binding domain of Trim71 cause CH via distinct pathological mechanisms, that CH patients

could be stratified based on these distinct mechanisms, and that precise therapeutic strategies

could be designed for genetically diverse etiologies of CH.

Results

Two CH-associated mutations in Trim71 result in similar stem cell

differentiation defects in mESCs

We used mESCs as a model for mechanistic studies of the CH-associated mutations in Trim71

because the pathogenesis caused by Trim71 mutants is conserved between mouse and human

[14], and Trim71 is an evolutionarily conserved, stem cell–specific RBP [6,7]. Briefly, we

employed FLAG-Trim71 mESCs with biallelic FLAG-tag knock-in at the N-terminus of the

endogenous Trim71 loci [8] and used CRISPR/Cas9-mediated genome editing to introduce

R595H or R783H in Trim71. We obtained four mutant mESC lines, representing monoallelic

(R595H/+, R783H/+) and biallelic (R595H, R783H) mutations (S1B–S1E Fig).

The protein levels of pluripotency factors (Fig 1A) and colony formation (S2 Fig) were simi-

lar in Trim71 mutant and WT mESCs, suggesting that self-renewal was not impacted by the

mutations. However, all four mutant lines displayed differentiation defects. First, when assayed

for pluripotency exit [16], all the Trim71 mutant mESCs lost pluripotency faster than WT

mESCs (Fig 1B). Second, during spontaneous differentiation, all the Trim71 mutant mESCs

displayed lower levels of pluripotency factors, such as Nanog (Fig 1C–1E), when compared to
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WT mESCs. However, in contrast with Trim71 knockout (KO) mESCs [13], the mutant

mESCs had similar rates of proliferation and apoptosis as WT mESCs, under both self-renewal

and differentiating conditions (S3 Fig). Thus, the spontaneous differentiation defects in the

Trim71 mutant mESCs are not caused by alterations in either proliferation or apoptosis. Given

that the heterozygous and homozygous mutants displayed similar cellular and molecular phe-

notypes (Fig 1A–1E), we used the homozygous mutant mESCs for mechanistic studies.

CH is a neurological disorder that can be caused by impaired neurogenesis [5,14]. We

found that neural lineage commitment was enhanced in both the R595H-Trim71 and

R783H-Trim71 mESCs compared to WT mESCs, consistent with recent work [14]. Briefly,

Fig 1. The two CH-associated mutations in Trim71 cause similar differentiation defects in mESCs. (A) Western blotting in the WT mESCs and mESCs

with the CH-associated mutations in Trim71. The cells were cultured in the 2i + Lif medium. (B) Exit pluripotency assay for mESCs. The mESCs were induced

to exit pluripotency in medium without Lif for 2 days and then switched to 2i+Lif medium for 5 days. The resultant colonies were fixed and stained for AP. The

colony morphology and AP intensity were evaluated through microscopy. ToAU : PleasenotethatasperPLOSstyle; numeralsarenotallowedatthebeginningofasentence:Pleasecheckandconfirmthattheeditstothesentence}Todeterminethepercentageofundifferentiatedcolonies; 100 � 200colonies:::}arevalid; andamendifnecessary:determine the percentage of undifferentiated colonies, 100–200 colonies were

examined each time. The results represent the means (± SD) of three independent experiments. (C) Western blotting of pluripotency factors during the

spontaneous differentiation of mESCs. (D) IF staining of NANOG in mESCs cultured in the stemness (2i + Lif) and differentiating (15% FBS–Lif) conditions.

(E) Relative intensity of IF NANOG signals from individual cells in the differentiating condition. (F) Expression of neural lineage markers during the directed

neural differentiation. (G) Quantification of Pax6 and Sox1 protein level at the neural differentiation Day5. (H) IF staining of Nestin. The quantifications

represent the means (± SD) of three independent experiments. In C, F, and G, representative western blots are shown, and the quantifications represent the

means (± SD) of three independent experiments. �p< 0.05; and n.s. not significant (p> 0.05) by one-way ANOVA. See also S1–S4 Figs. The data for B, C, E, G,

and H are available in S1 Data. CHAU : AbbreviationlistshavebeencompiledforthoseusedinFigs1 � 8; attheendofeachfigurecaption:Pleaseverifythatallentriesarecorrect:, congenital hydrocephalus; IF, immunofluorescence; mESC, mouse embryonic stem cell; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001947.g001
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Sox1 and Pax6, two lineage-specific transcription factors essential for neuroectodermal specifi-

cation, showed higher expression during directed neural differentiation of the two Trim71

mutant mESCs compared to WT mESCs (Fig 1F and 1G) [17]. Moreover, the neural stem/pro-

genitor cell marker Nestin was also more highly expressed during neural differentiation of the

two Trim71 mutant mESCs compared to WT mESCs (Fig 1H). Finally, embryoid bodies (EBs)

generated by spontaneous differentiation of Trim71 mutant mESCs expressed higher levels of

ectoderm markers, but not of endoderm or mesoderm makers, than EBs generated from either

WT or Trim71 KO mESCs (S4 Fig). These results suggest that mESCs with CH-associated

mutations in Trim71 are more prone to neural differentiation.

Altogether, these observations indicate that the two different CH-associated mutations in

Trim71 lead to similar defects in embryonic stem cell differentiation and neural lineage commit-

ment. However, our data also argue that these CH-associated mutations are gain-of-function muta-

tions, leading to differentiation phenotypes that are not necessarily recapitulated by Trim71 KO.

The two CH-associated Trim71 mutants bind distinct substrate mRNAs

Both of the CH-associated mutations are located in the RNA-binding domain of Trim71. We

recently showed that R783H-Trim71 and WT-Trim71 bind distinct subsets of mRNAs [15].

To determine whether R595H-Trim71 binds a different pool of mRNA substrates, we identi-

fied transcriptome-wide targets by crosslinking immunoprecipitation and sequencing (CLIP-

seq) and performed comparative analysis with the CLIP-seq data from the R783H-Trim71 and

the WT-Trim71 (Fig 2A) [8,15]. These analyses revealed three similarities. First, the

WT-Trim71 and both Trim71 mutants mainly bound 30 UTRs of their target mRNAs (S1

Table). Second, the binding sites from WT-Trim71 and the two Trim71 mutants had a similar

overrepresentation of predicted stem-loop structures, but no enriched primary sequence

motifs, compared to randomized sequences (Fig 2C). These data are consistent with the find-

ings from in vitro studies that Trim71 recognizes structural motifs [18]. Third, similar to the

R783H mutation, the R595H mutation also altered the mRNA substrates of Trim71 (Fig 2B).

Intriguingly, however, the two Trim71 mutants bound distinct sets of mRNAs with a very

small overlap (Fig 2B). We validated this by CLIP-qRT-PCR (Fig 2D and 2E). For example,

Lsd1 mRNA, a target of the R783H Trim71 [15], was associated with the R783H-Trim71, but

not with WT- or the R595H-Trim71; similarly, Ctnnb1 mRNA was specifically bound by

R595H-Trim71, but not by the WT- or R783H-Trim71 (Fig 2E). These results argue that dif-

ferent Trim71 mutants bind different sets of target mRNAs.

The difference in mRNA targets among the WT and the two Trim71 mutants was not due to

alterations in cellular developmental state, as all the cells were maintained in the ground state

using the 2i + Lif medium [19]. Moreover, mRNA availability does not appear to contribute to

the differential RNA binding, because most (464 out of 466) RNA targets of R595H-Trim71

were not differentially expressed in the WT and the mutant mESCs (S5 Fig), similar to the RNA

targets of R783H-Trim71 [15]. These observations suggest that different CH-associated muta-

tions in Trim71 have distinct impacts on RNA target recognition by Trim71.

Identification of potential functional target mRNAs of R595H-Trim71

To identify the functional mRNA targets of the Trim71 mutants, we initially focused on the

mRNAs that were bound by both the Trim71 mutants, but not by WT-Trim71, given that the

two mutant mESCs displayed similar differentiation defects that were not evident with

Trim71-KO mESCs. Among these 34 common targets, we focused on the ones with reasonable

expression levels in mESCs and encoding genes with annotated functions in stem cell biology

and neural differentiation (Fig 3A and 3B and S2 Table). However, among the four such
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Fig 2. Comparative analysis of the transcriptome-wide target mRNAs of the WT Trim71 and the two Trim71 mutants in mESCs.

(A) An outline of the comparative analysis on the CLIP-seq datasets. (B) Venn diagram showing mRNAs with binding sites from the

WT Trim71 and the two Trim71 mutants. (C) Comparison of RNA secondary structures overrepresented in the WT Trim71 and the

two Trim71 mutants. “H,” “S,” and “I” indicate a nucleotide in a hairpin loop region, a stack region, and an internal loop region,

respectively. (D) A workflow of the CLIP-qRT-PCR to validate the target mRNAs identified from the CLIP-seq experiments. (E) CLIP-

qRT-PCR for the identified target mRNAs of the two Trim71 mutants. The results represent the means (± SD) of three independent

experiments from the cells cultured in the 2i + Lif medium. (F) UCSC genome browser snapshot for the CLIP-seq datasets from the WT

Trim71 and the two Trim71 mutants in the 30 UTRs of the Ctnnb1 and Lsd1. The red boxes indicate the binding regions of the Trim71

mutants. The inputs are from the size-matched input samples in the CLIP-seq analysis. The conservation score determined from the

genome sequences of 60 vertebrates is from the default track of the UCSC genome browser. See also S5 Fig and S1 Table. The data for E

are available in S2 Data. CLIP-seq, crosslinking immunoprecipitation and sequencing; mESC, mouse embryonic stem cell; qRT-PCR,

quantitative real-time PCR; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001947.g002
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mRNA tested, none of them displayed consistent alterations at the protein levels in the WT

and two Trim71 mutant mESCs (Fig 3C). These results argue that ectopic binding of the two

Trim71 mutants on these mRNAs does not affect transcript stability or translation and suggest

that none of these common target mRNAs are the functional targets of the Trim71 mutant.

Given that the CH-associated mutations appear to be distinct gain-of-functions (Fig 2B),

we considered the possibility that the similar defects in the two mutant mESCs might arise

from binding and dysregulating different target mRNAs. We recently determined that Lsd1
mRNA is a functional target of R783H-Trim71 [15]. Here, we observed that LSD1 protein was

specifically decreased in the R783H mESCs, but not altered in the R595H mESCs (Fig 3C).

This result further supported that the notation that the molecular mechanisms of the two

Trim71 mutants may be different. Thus, to identify the functional target mRNAs of the

R595H-Trim71, we applied the similar rationales (Fig 3A and S2 Table) on the target mRNAs

that are specifically bound by the R595H-Trim71. Among the five such candidates we ana-

lyzed, only CTNNB1 displayed consistent and specific decrease at the protein level in the

R595H mESCs (Fig 3B and 3C), suggesting that Ctnnb1 mRNA is functional target of the

R595H-Trim71. Ctnnb1 mRNA encodes β-catenin, a key component of the classical Wnt/β-

catenin signaling pathway that is essential for proper stem cell differentiation [20].

Fig 3. Identification of candidate genes for functional characterization. (A) Outline of strategies to identify potential functional targets of the Trim71

mutants. (B) A table summarizing the selected candidate mRNAs with binding sites from the Trim71 mutants. (C) Western blots in the WT, R595H Trim71,

and R783H Trim71 mESCs cultured in 2i + Lif medium. GAPDH was used for normalization in determining the relative protein levels. mESC, mouse

embryonic stem cell; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001947.g003
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Interestingly, there is a major R595H-Trim71-specific binding site in the 30 UTR of Ctnnb1
mRNA (Fig 2F). Moreover, unlike many mRNAs, the Ctnnb1 mRNA 30 UTR is highly con-

served among vertebrates (Fig 2F).

R595H-Trim71 binds Ctnnb1 mRNA and represses its translation

Multiple lines of evidence indicated that the R595H-Trim71 specifically represses the transla-

tion of Ctnnb1 mRNA. First, R595H-Trim71 mESCs specifically showed reduced levels of β-

catenin with no change in Ctnnb1 mRNA levels (Fig 4A–4C). Second, the association of

Ctnnb1 mRNA with polysomes was specifically decreased in R595H-Trim71 mESCs (Fig 4D

and 4E). Third, ectopic expression of R595H-Trim71 in WT mESCs reduced β-catenin levels

without decreasing Ctnnb1 mRNA levels (Fig 4H–4J).

Fig 4. The two Trim71 mutants represses the translation of different mRNAs in mESCs. (A) Western blotting in the WT, R595H, and R783H mESCs.

The cells were cultured in the 2i + Lif medium. The color code displayed in the panel are used in all the other panels of the figure. (B, C) Quantification of

the protein (B) and mRNA (C) levels of Ctnnb1 and Lsd1 in the cells cultured in the 2i + Lif medium. GAPDH and 18S rRNA were used for normalization

in protein and mRNA quantifications, respectively. (D) Polysome analysis in the WT and the two mutant mESCs cultured in the 2i + Lif medium. (E, G)

Quantification of the indicated mRNA distribution in the RNP, 80S, and polysome fractions from the WT and the two mutant mESCs. (H) Western blotting

in the WT mESCs expressing an empty vector, Flag-Trim71, Flag-Trim71(R595H), and Flag-Trim71(R783H). The cells were cultured in the 2i + Lif

medium. (I, J) Quantification of the protein (I) and mRNA (J) levels of Ctnnb1 and Lsd1. GAPDH and 18S rRNA were used for normalization in protein

and mRNA quantifications, respectively. The quantification results in B, C, E, F, G, I, and J represent the means (± SD) of three independent experiments.
�p< 0.05; and n.s. not significant (p> 0.05) by one-way ANOVA. See also S6 Fig. The data for B-G and I-J are available in S3 Data. mESC, mouse

embryonic stem cell; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001947.g004
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In contrast, the protein levels and polysome association corresponding to Lsd1 mRNA were

specifically affected by R783H-Trim71 but not R595H-Trim71 (Fig 4A–4J). Overall, these data

suggest that the two CH-associated Trim71 mutants repress the translation of different, ectopic

mRNAs and that R595H-Trim71 specifically represses Ctnnb1 mRNA translation.

Strikingly, we observed similar results upon ectopic expression of the corresponding

human TRIM71 mutants in human embryonal carcinoma cells, suggesting that the regulation

of Ctnnb1 mRNA by R595H-Trim71 is conserved in human (S6 Fig versus Fig 4H–4J). Thus,

similar to the regulation of Lsd1 mRNA by R783H-Trim71, the R595H-Trim71-mediated reg-

ulation of Ctnnb1 mRNA is conserved between mouse and human.

Collectively, these results support the notion that different Trim71 mutants regulate the

translation of different, ectopic target mRNAs.

Eliminating the ectopic R595H-Trim71:Ctnnb1 mRNA interaction

alleviates the mESC differentiation defects

Because β-catenin is a key component in the Wnt signaling pathway, we determined whether

reduced β-catenin levels impact Wnt signaling in R595H-Trim71 mESCs. Briefly, we mea-

sured Wnt signaling activity using a luciferase reporter whose expression is controlled by Wnt

signaling response elements (TCF/LEF) (Fig 5A) [21]. Wnt signaling activity was reduced in

R595H-Trim71 mESCs compared to WT and R783H-Trim71 mESCs (Fig 5A), suggesting that

Ctnnb1 mRNA is a functionally relevant target of R595H-Trim71.

To determine if dysregulation of Ctnnb1 mRNA contributes to the differentiation defects of

R595H-Trim71 mESCs, we deleted the R595H-Trim71 binding site in the 30 UTR of Ctnnb1
mRNA (termed “Ctnnb1 CLIPΔ”; Fig 5B). We verified that Ctnnb1-CLIPΔ specifically dis-

rupted the interaction between Ctnnb1 mRNA and R595H-Trim71 by CLIP-qRT-PCR (Fig

5C). Importantly, β-catenin levels and Wnt signaling activity were restored in R595H-Trim71

mESC expressing Ctnnb1 CLIPΔ, without an obvious alteration of Ctnnb1 mRNA levels (Fig

5D–5F). This increase of β-catenin levels and Wnt signaling were specific to the

R595H-Trim71 mESCs and were not observed upon expression of Ctnnb1 CLIPΔ in the WT

mESCs (Fig 5D–5F).

Next, to determine if Ctnnb1 CLIPΔ also alleviates the stem cell and neural differentiation

defects in the R595H-Trim71 mESCs, we performed the exit pluripotency assay and examined

the expression of pluripotency factors during differentiation. Indeed, the rate of exit pluripo-

tency and levels of Nanog during differentiation were restored in R595H-Trim71 mESCs

expressing Ctnnb1 CLIPΔ (Fig 5G and 5H). Similarly, the levels of neural lineage specification

factors Pax6 and Sox1 during directed neural differentiation were restored in R595H-Trim71

mESCs expressing Ctnnb1 CLIPΔ (Fig 5I). In contrast, Ctnnb1 CLIPΔ did not mitigate the dif-

ferentiation defects in the R783H-Trim71 mESCs (S7 Fig). Additionally, Lsd1 CLIPΔ, which

alleviated the differentiation defects in R783H-Trim71 mESCs [15], failed to rescue the defects

in R595H-Trim71 mESCs (S7 Fig). Thus, the effects of each CH-associated Trim71 mutation

on differentiation are target mRNA-specific.

Taken together, these results suggest that Ctnnb1 mRNA is an important ectopic and func-

tional target of the R595H-Trim71 and that decreased Wnt/β-catenin signaling is a major and

specific cause of the differentiation defects s in R595H-Trim71 mESCs.

Increasing β-catenin levels specifically alleviates the differentiation defects

in R595H-Trim71 mESCs

Based on our findings so far, we hypothesized that increasing β-catenin levels would alleviate

the differentiation defects in R595H-Trim71 mESCs.
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To test this hypothesis, we treated R595H-Trim71 mESCs with a well-characterized Wnt

signaling activator, BML-284 [22], to stabilize β-catenin. We found that R595H-Trim71

mESCs but not R783H-Trim71 mESCs treated with BML-284 showed a dose-dependent miti-

gation of the differentiation defects, as indicated by the exit pluripotency assay (Fig 6A). Treat-

ment with this agonist also restored Nanog levels during spontaneous differentiation of

R595H-Trim71 but not of R783H-Trim71 mESCs (Fig 6B). Unfortunately, we observed signif-

icant cell death during directed neural differentiation of WT and mutant mESCs in the pres-

ence of BML-284, suggesting that constitutive activation of the Wnt signaling is detrimental.

As an orthogonal approach, we increased β-catenin levels by ectopically expressing

Ctnn1b-GFP (Fig 6C). The increased level of β-catenin alleviated the differentiation defects of

Fig 5. Disrupting the interaction between the Ctnnb1 mRNA and the R595H Trim71 specifically alleviates the differentiation defects in the R595H

mESCs. (A) Measuring the Wnt signaling activity in the WT and the two mutant mESCs using a luciferase report. The cells were cultured in the 15% FBS + Lif

medium. (B) Deletion of the R595H Trim71 binding site in Ctnnb1 mRNA’s 30 UTR. (C) CLIP-RIP followed by qRT-PCR to examine mRNAs associated with

the WT Trim71 and the R595H Trim71 in the WT, R595H, CLIPΔ, and R595H/CLIPΔ mESCs. The mRNA signals from the E14 mESCs were set as 1 for

relative comparison. The cells were cultured in 2i + Lif medium. (D, E) Western blotting and qRT-PCR quantifications in the WT, R595H, CLIPΔ, and R595H/

CLIPΔ mESCs. GAPDH and 18S rRNA were used for normalization in protein and mRNA quantifications, respectively. The cells were cultured in 2i + Lif

medium. (F) Measuring the Wnt signaling activity in WT, R595H, CLIPΔ, and R595H/CLIPΔ mESCs using the luciferase assay. The cells were cultured in 15%

FBS + Lif medium. (G) Exit pluripotency assay for mESCs. (H) Western blotting of pluripotency factors during the spontaneous differentiation of mESCs. (I)

Western blotting of neural lineage markers during the directed neural differentiation. All the quantification results represent the means (± SD) of three

independent experiments. �p< 0.05; and n.s. not significant (p> 0.05) by one-way ANOVA. See also S7 Fig. The data for A, C, and E-H are available in S4

Data. mESC, mouse embryonic stem cell; qRT-PCR, quantitative real-time PCR; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001947.g005
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R595H-Trim71 mESCs, as revealed by the restored rate of pluripotency exit (Fig 6D) and levels

of Nanog during spontaneous differentiation (Fig 6E). Morever, during directed neural differ-

entiation, the increased β-catenin levels had no effect on WT mESCs but mitigated the prema-

ture neuro-lineage commitment of R595H-Trim71 mESCs (Fig 6F).

Altogether, these results strongly suggest that decreased Wnt/β-catenin signaling specifi-

cally contributes to the stem cell differentiation defects in R595H-Trim71 mESCs.

Identification of β-catenin target genes with decreased expression in

R595H-Trim71 mESCs

To identify the target genes impacted by the decreased Wnt/β-catenin signaling in

R595H-Trim71 mESCs, we determined the chromatin regions associated with endogenous β-

catenin in WT and R595H-Trim71 mESCs. β-catenin does not directly bind DNA/chromatin

Fig 6. Enhancing the Wnt signaling specifically alleviates the differentiation defects in the R595H mESCs. (A) Exit pluripotency assay for mESCs in the

presence BML-284. InAU : PleasenotethatasperPLOSstyle; numeralsarenotallowedatthebeginningofasentence:Pleasecheckandconfirmthattheeditstothesentence}Intheassay; 0; 85; 90; 95nMBML � 284:::}arevalid; andamendifnecessary:the assay, 0, 85, 90, 95 nM BML-284 was used. (B) Western blotting of pluripotency factors during the spontaneous differentiation of

mESCs. DuringAU : PleasenotethatasperPLOSstyle; numeralsarenotallowedatthebeginningofasentence:Pleasecheckandconfirmthattheeditstothesentence}Duringthedifferentiation; 95nMBML � 284wasused:}arevalid; andamendifnecessary:the differentiation, 95 nM BML-284 was used. (C) Ectopic expression of Ctnnb1 in the WT and the R595H mESCs. The cells were cultured in

the 2i + Lif medium. (D) Exit pluripotency assay for mESCs with the ectopically expressed Ctnnb1. (E) Western blotting of pluripotency factors during the

spontaneous differentiation of mESCs with the ectopically expressed Ctnnb1. (F) Western blotting of neural lineage markers during the directed neural

differentiation. All the quantification results represent the means (± SD) of three independent experiments. �p< 0.05; and n.s. not significant (p> 0.05) by

one-way ANOVA. The data for A, B, and D-F are available in S5 Data. mESC, mouse embryonic stem cell; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001947.g006
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but regulates target gene expression by functioning as a scaffold to recruit other transcriptional

factors, such as TCF and LEF [21]. We considered that the formaldehyde crosslinking in the

ChIP-seq may not efficiently trap all the β-catenin-associated chromatin regions, so we used

the Cut&Run assay to identify target sites (Fig 7A). Cut&Run isolates the chromatin regions

associated with the target protein through proximity-mediated nuclease cleavage without

crosslinking [23]. Consistent with previous findings [24], β-catenin-associated chromatin

regions (peaks) identified by Cut&Run were enriched around promoter regions in WT mESCs

(Figs 7B and S8A). Moreover, β-catenin peaks were observed in a number of well-character-

ized target genes of the Wnt signaling pathway, as such Sp6 (S8B Fig and S3 Table), validating

our approach.

Comparing β-catenin peaks from WT with those from R595H-Trim71 mESCs revealed a

global decrease in their intensity in R595H-Trim71 mESCs (Fig 7B and 7C), consistent with

attenuated Wnt signaling activity. Differential analysis revealed 68 chromatin regions, includ-

ing 9 promoters, with a significant decrease of β-catenin association in R595H-Trim71 mESCs

(Fig 7D and S3 Table), suggesting that those genes may be dysregulated. We focused on one

such gene, Ralb, because the β-catenin peak in its promoter region was dramatically decreased

in R595H-Trim71 cells (Fig 7E) and Ralb mRNA was significantly decreased during differenti-

ation of R595H-Trim71 mESCs compared to WT mESCs (Fig 7F). Moreover, Ralb encodes a

GTPase with implicated functions in stem cell biology [25]. To determine whether decreased

Ralb can cause stem cell differentiation defects, we examined pluripotency exit of Ralb hetero-

zygous mESCs. Similar to R595H-Trim71 mESCs, Ralb heterozygous mESCs also displayed an

accelerated exit from pluripotency (Fig 7G). Collectively, these results argue that reduced Ralb
expression due to decreased Wnt/β-catenin signaling may contribute to the differentiation

defects in R595H-Trim71 mESCs.

Dysregulated β-catenin underlies differentiation defects in mESCs with

monoallelic R595H-Trim71

To evaluate whether the mechanistic insights we obtained using biallelic R595H mESCs are

pathologically relevant, we examined mESCs with a monoallelic R595H mutation in Trim71

(R595H/+) (S1 Fig), which mimics the genetic setting of CH in humans. Similar to homozy-

gous R595H-Trim71 mESCs, heterozygous R595H-Trim71 mESCs also had lower β-catenin

levels (Fig 8A), decreased Wnt signaling activity (Fig 8B), and enhanced neural lineage com-

mitment (Fig 8C) when compared to WT mESCs. Moreover, ectopic expression of β-catenin

(Fig 8D) alleviated all the differentiation defects in heterozygous R595H-Trim71 mESCs, as

indicated by the restored rate of pluripotency exit (Fig 8E), restored expression of Nanog dur-

ing the spontaneous differentiation (Fig 8F), and restored expression of neural lineage markers

during directed neural differentiation (Fig 8G). Thus, in a heterozygous setting mimicking

CH, elevating β-catenin levels can mitigate the stem cell differentiation defects caused by the

R595H mutation in Trim71.

Discussion

We discovered that although two different CH-associated mutations in Trim71 lead to similar

differentiation defects in mESCs, they do so via distinct mechanisms, namely, the two Trim71

mutants ectopically bind to and translationally repress different mRNAs. We determined that

R595H-Trim71 disrupts mESC differentiation because it specifically represses the translation

of Ctnnb1 mRNA, leading to attenuated Wnt/β-catenin signaling. These results strongly sug-

gest that dysregulation of the Wnt/β-catenin signaling pathway at the posttranscriptional level

is important for the pathogenesis of CH mediated by the R595H mutation in Trim71.
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Moreover, our findings indicate the two CH-associated mutations are gain-of-function muta-

tions, consistent with monoallelic mutations in Trim71 causing CH in human.

CH-associated mutations in Trim71

Recent studies in mice showed that CH-associated mutations result in prenatal hydrocephalus

in mice [14], indicating conserved pathogenesis. Detailed phenotypic analysis of the mouse

models established that defects in neurogenesis and differentiation underlie the abnormal

accumulation of cerebrospinal fluid in the brain. This work also showed that Trim71 KO,

Trim71R595H/R595H, and Trim71R595H/+ mESCs were less proliferative than WT-mESCs upon

N2B27-induced neural differentiation [14].

Our findings complement this study [14]. Instead of focusing on the generation of mature

neurons from neural progenitor/stem cells as the recent study did [14], our study focused on

the neural lineage specification from mESCs (i.e., from mESCs to neural progenitor/stem

cells). We found that heterozygous and homozygous R595H-Trim71 mESCs and

R783H-Trim71 mESCs, but not Trim71-KO mESCs, were more prone spontaneous differenti-

ation, particularly into the neural ectoderm lineage, revealing a novel gain-of-function defect.

This defect is not due to altered proliferation, because heterozygous and homozygous

R595H-Trim71 mESCs and R783H-Trim71 mESCs displayed similar proliferation as WT-

mESCs under self-renewal and spontaneous differentiation conditions. Together, our findings

and the recent studies on mouse models with CH-associated mutations suggest that the CH-

associated mutations in Trim71 cause differentiation defects in multiple and potentially con-

tinuous developmental processes, including germ layer specification and neurogenesis. This is

consistent with specific and abundant Trim71 expression in embryonic stem cells, neural pro-

genitor cells, and the developing brain.

Monoallelic mutations in Trim71 result in CH in human [4], suggesting that those muta-

tions could be gain-of-function mutations or, alternatively, that CH could arise from haploin-

sufficiency of Trim71 due to the loss-of-function mutations. Trim71R595H/+ mice and mice

with neuroprogenitor-specific KO of Trim71 survive until birth, with approximately 16% to

25% displaying ventriculomegaly and progressive macrocephaly [14], whereas Trim71R595H/

R595H and Trim71-KO mice are embryonic lethal and displayed defects in neural tube forma-

tion [14]. In addition, R595H-Trim71 has reduced binding to mRNA targets of WT-Trim71 in

mESC, as we also found here. However, heterozygous Trim71−/+ mice are viable, fertile, and

lack abnormalities [26], suggesting that R595H is not a null allele. Moreover, our results here

on the R595H mutation, together with our recent findings on the R783H mutation [15], argue

that these two mutations are gain-of-functions because they (1) cause Trim71 to bind different,

ectopic target mRNAs and (2) induce specific differentiation defects that are not observed with

Trim71-KO mESCs. These results can help explain the phenotypic differences between

Trim71 heterozygous mice and mice with CH-associated mutations in Trim71.

Fig 7. Identification of target genes impacted by the decreased Wnt signaling in the R595H mESCs. (A) A workflow for the Cut&Run analysis on the

endogenous Ctnnb1 in the WT and the R595H mESCs. The cells were cultured in the 15% FBS + Lif medium for the Cut&Run analysis. (B) Metagene

analysis of Ctnnb1 binding regions within 3 kb upstream of TSS and 3 kb downstream of TES. (C) Ctnnb1 peak signal intensity in the WT and the R595H

mESCs. (D) Identification of Ctnnb1 peaks with differential intensity between the WT and the R595H mESCs. (E) Ctnnb1 Cut&Run signal in the Ralb

locus. The red box indicated the region with decreased signaling intensity in the R595H mESCs. (F) qRT-PCR quantification of Ralb mRNA in the WT and

the R595H mESCs cultured in the stemness (2i + Lif) and differentiating (15% FBS–Lif) conditions. 18S rRNA was used for quantification. (G) Exit

pluripotency assay for the mESCs. In B, C, E, the A and B (e.g., WT_A and WT_B) are Cut&Run data from two biological replicates. The quantifications in

F and G represent the means (± SD) of three independent experiments. �p< 0.05; and n.s. not significant (p> 0.05) by one-way ANOVA. See also S8 Fig.

The data for F and G are available in S6 Data. FDR, false discovery rate; mESC, mouse embryonic stem cell; qRT-PCR, quantitative real-time PCR; RPKM,

reads per kilobase per million mapped reads; TES, transcription end site; TSS, transcription start site; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001947.g007
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Our studies and others showed that R595H-Trim71 and R783H-Trim71 have reduced

binding to many WT-Trim71 target mRNAs. However, our results indicate that each of the

two CH-associated Trim71 mutants also bind a new set of target mRNAs. Consistent with this

finding, the RNA binding results from the recent study [14] indicated that although the

R595H Trim71 mutant binds less RNA compared to the WT Trim71, the amount of the RNA

bound by this mutant is still higher than the background signal and comparable to that of the

positive control (DHX36) (Fig 7F in [14]), suggesting the mutant Trim71 can still bind and

potentially regulate target mRNAs. Our recent study on R783H-Trim71 [15] and the results in

this study on R595H-Trim71 further showed that the differentiation defects in the two mutant

mESCs arise from the repression of new target mRNAs, specifically regulated by each of gain-

of-function Trim71 mutant.

Target mRNA recognition by Trim71 and its mutants

Trim71 interacts with RNA targets through the NHL domain [7]. In vitro RNA-binding stud-

ies revealed that the binding to the NHL domain is mediated by an RNA stem-loop structure

rather than primary sequence motifs [18]. The results from our CLIP-seq analysis revealed

that in mESCs, the two CH-associated mutations in the NHL domain do not abolish but rather

almost completely change the mRNAs bound by Trim71 (Fig 2B). Interestingly, however, sim-

ilar stem-loop secondary structures are overrepresented in the RNA regions bound by the WT

or mutant Trim71 (Fig 2C). These observations raise the intriguing questions: (a) how Trim71

recognizes and binds its target RNAs; (b) how the CH-associated mutations in Trim71 alter its

target recognition. Interestingly, the CH-associated mutations are localized on the surface, but

not in the deep region of the RNA-binding pocket of the NHL domain of Trim71, as indicated

by both the AlphaFold prediction and recent crystal structures of the NHL domain of Trim71

[27]. This structural information provides an explanation on the observation that among the

enriched motifs from the WT Trim71 and the two Trim71 mutants, the core stem-loop region

(regions close to H in Fig 2C) are highly similar, while the trailing regions (the ends of the

motifs) display increased variation. We anticipate that future structural studies of Trim71:

RNA complexes will reveal how this developmentally important and disease-relevant RBP rec-

ognizes its target RNAs.

The Wnt/β-catenin pathway in CH

The Wnt/β-catenin signaling pathway plays important roles in diverse developmental pro-

cesses [28]. Our results revealed that R595H-Trim71 attenuates this pathway by repressing the

translation of Ctnnb1 mRNA and reducing the levels of β-catenin, resulting in stem cell differ-

entiation defects. Intriguingly, it was recently shown that deletion of β-catenin in neural stem/

progenitor cells also leads to CH in mice [29]. These observations collectively argue that

Trim71 mutations can cause CH pathogenesis due to dysregulation of Wnt/β-catenin signal-

ing. β-catenin does not directly bind to DNA/chromatin but functions as a scaffold to recruit

Fig 8. The down-regulated Ctnnb1 is critical for the differentiation defects in mESCs with monoallelic R595H mutation in Trim71. (A)

Representative western blotting and quantification in the WT and the R595H/+ mESCs cultured in the 2i + Lif medium. (B) Measuring the Wnt signaling

in the WT and the R595H/+ mESCs cultured in the 15% FBS + Lif medium using the luciferase assay. (C) Representative western blotting and

quantification of neural lineage markers during the directed neural differentiation. (D) Western blotting in the WT and the R595H/+ mESCs cultured in

the 2i + Lif medium with the ectopically expressed Ctnnb1. (E) Exit pluripotency assay for the WT and the R595H/+ mESCs with the ectopically expressed

Ctnnb1. (F) Representative western blotting and quantification of pluripotency factors during the spontaneous differentiation of the WT and the R595H/

+ mESCs with the ectopically expressed Ctnnb1. (G) Representative western blotting and quantification of neural lineage markers during the directed

neural differentiation of the WT and the R595H/+ mESCs with the ectopically expressed Ctnnb1. All the quantification results represent the means (± SD)

of three independent experiments. �p< 0.05; and n.s. not significant (p> 0.05) by one-way ANOVA. The data for A-C and E-G are available in S7 Data.

mESC, mouse embryonic stem cell; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001947.g008
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other transcription factors to modulate gene expression [21], therefore identifying its direct

targets is challenging. Here, we used Cut&Run followed by sequencing to identify 68 genomic

regions with significantly decreased β-catenin association in R595H-Trim71 mutant mESCs.

We showed that Ralb has decreased β-catenin association in R595H-Trim71 mutant mESCs

and that reduced expression of Ralb also leads to differentiation defects. We anticipate that

uncovering additional Wnt/β-catenin target genes that are dysregulated in R595H-Trim71

mESCs will reveal new insights into CH pathogenesis.

Materials and methods

All the antibodies, oligonucleotides, and plasmids used in this study are listed in S4 Table.

Cell culture

All the mESCs were derived from the ES-E14TG2a line (ATCC CRL-1821) and were cultured

in either 15% FBS + Lif or 2i + Lif medium on 0.5% gelatin-coated plates at 37˚C with 5%

CO2.

CRISPR-mediated genome editing in mESCs

sgRNA-expressing vector and donor oligo/plasmid were cotransfected into mESCs using

Fugene6. TransfectedAU : PleasenotethatasperPLOSstyle; numeralsarenotallowedatthebeginningofasentence:Pleasecheckandconfirmthattheeditstothesentence}Transfectedcellsweresingle � cellsortedto96 � wellplates:::}arevalid; andamendifnecessary:cells were single-cell sorted to 96-well plates, 48 hours posttransfection.

The desired clones were selected based on the PCR genotyping, Sanger sequencing, and west-

ern blot analysis.

Western blot analysis

Total proteins were extracted by RIPA buffer, quantified using BCA assay kit, and then

resolved by SDS-PAGE gels. Western blotting was performed using a BlotCycler (Precision

Biosystems) with the indicated antibodies. The signals on the membranes were generated with

the Western ECL substrate (Bio-Rad) and imaged with an ImageQuant LAS 500 instrument

(GE Healthcare).

RNA isolation and RT-qPCR

RNA was isolated using Trizol with DNase1 treatment and then reverse transcribed into

cDNA using random hexamers and Superscript2 reverse transcriptase. Quantitative real-time

PCR was performed in triplicate for each sample by CFX96 real-time PCR detection system

(Bio-Rad) with SsoAdvanced Universal SYBR Green Supermix (Bio-Rad).

Assays for mESC self-renewal and differentiation

The colony formation assay and the exit pluripotency assay were performed as described previ-

ously [8]. For the monolayer differentiation, 20,000 mESCs were plated on gelatinized-6 well

plate in the differentiation medium. Cells were harvested at day 2 for western blot analysis.

The directed neural differentiation was performed as described previously [17].

Immunofluorescence staining

For immunofluorescence staining, cells cultured on chamber sliders were fixed with 4% PFA

for 20 minutes at room temperature and then permeabilized with 0.2% Triton X-100 in PBS.

Cells were blocked with 3% BSA in PBS and subjected to staining with the indicated antibodies

diluted in blocking solution supplemented with 0.1% Tween-20 for 2 hours at room
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temperature. Cells were then washed and stained with Hoechst Staining Dye for 10 minutes

and then mounted with mounting medium. The images were acquired by a Nikon Eclipse

fluorescence microscope and analyzed by ImageJ.

Luciferase reporter assay

The luciferase assays were performed using the Dual-Glo Luciferase Assay System (Promega)

on a GloMax 20/20 Luminometer (Promega).

Polysome analysis

Polysome analysis was performed using the methods described previously [30].

CLIP-seq, RNA-seq, Cut&Run, and computational analysis

CLIP-seq and peaking calling was performed using the methods described previously [8,31].

Poly(A)+ RNA was used for standard RNA-seq. The Cut&Run assay was performed using the

CUT&RUN Assay Kit (Cell Signaling Technology, Cat#86652) in accordance with the pro-

vided protocol. To identify the peaks form the sequencing data, the raw reads were mapped to

the mouse mm10 genome assembly using Bowtie2 (v2.4.5) with options:—local—very-sensi-

tive-local—no-unal—no-mixed—no-discordant—phred33 -I 10 -X 700. Then, reads that

mapped to the mitochondrial DNA were removed. PCR duplicates were removed by Picard

(v.2.26.11), and peak calling was performed using SEACR (v1.3) in “stringent” mode. Differen-

tial binding peaks were identified with DiffBind (v3.2.7) with FDR cutoff of 0.05, and peaks

were annotated using ChIPSeeker (v1.28.3). Motif discovery was performed using HOMER

(v4.10). The high-throughput sequencing datasets generated in this study are available at GEO:

GSE201945.

Supporting information

S1 Fig. Generation of the CH-associated mutations in FLAG-Trim71 mESCs. (A) The loca-

tions of the two CH-associated in Trim71. (B) Outline of the genome editing procedure. (C)

Work flow of generating the two CH-associated mutations in mESCs. (D) Sanger sequencing

results verifying the R595H mutation in mESCs. (E) Sanger sequencing results verifying the

R783H mutation in mESCs. CHAU : AbbreviationlistshavebeencompiledforthoseusedinS1 � S8Figs; attheendofeachfigurecaption:Pleaseverifythatallentriesarecorrect:, congenital hydrocephalus; mESC, mouse embryonic stem

cell.

(EPS)

S2 Fig. The CH-associated mutations in Trim71 do not impact mESC self-renewal. The

mESCs were cultured in 15% FBS + Lif for 7 days, and the resultant colonies were fixed and

stained for AP. The colony morphology and AP intensity were evaluated through microscopy.

To determine the percentage of undifferentiated colonies, 100–200 colonies were examined

each time. The results represent the means (± SD) of three independent experiments. One-way

ANOVA was used to determine the significance of the difference, n.s. not significant

(p> 0.05). The data are available in S8 Data. CH, congenital hydrocephalus; mESC, mouse

embryonic stem cell.

(EPS)

S3 Fig. The CH-associated mutations in Trim71 does not change the proliferation and apo-

ptosis of mESCs. (A) Proliferation of mESCs under the stemness condition. The cells were

cultured in the 2i + Lif medium, and the cell proliferation was monitored by the CellTiter 96

AQueous One Solution Cell Proliferation Assay (Promega). (B) Proliferation of mESCs under
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the differentiating condition. The cells were cultured in the 15% FBS—Lif medium, and the

cell proliferation was monitored by the CellTiter 96 AQueous One Solution Cell Proliferation

Assay (Promega). (C) Apoptosis of mESCs under the stemness condition. The cells were cul-

tured in the 2i + Lif medium, and the cellular apoptotic state was monitored by annexin-V and

PI staining followed by flow cytometry analysis. (D) Apoptosis of mESCs under the differenti-

ating condition. The cells were cultured in the 2i + Lif medium, and the cellular apoptotic state

was monitored by annexin-V and PI staining followed by flow cytometry analysis. The results

represent the means (± SD) of three independent experiments. �p< 0.05, n.s. not significant

(p> 0.05) by one-way ANOVA. The data for A-D are available in S9 Data. CH, congenital

hydrocephalus; mESC, mouse embryonic stem cell.

(EPS)

S4 Fig. The mESCs with CH-associated mutations are more prone differentiate into the

ectoderm lineage during EB formation. 18S rRNA was used for the normalization in the

gene quantification by qRT-PCR. The qRT-PCR results represent the means (± SD) of three

independent experiments. �p< 0.05, n.s. not significant (p> 0.05) by one-way ANOVA. The

data are available in S10 Data. CH, congenital hydrocephalus; EB, embryoid body; mESC,

mouse embryonic stem cell; qRT-PCR, quantitative real-time PCR.

(EPS)

S5 Fig. Transcriptome profiling in the WT and the R595H mESCs. (A) Work flow of the

RNA-seq analysis. (B) Differentially expressed genes in the WT and R595H mESCs. (C)

Expression of the target RNAs of the R595H Trim71 mutant in the WT and the R595H

mESCs. The differentially expressed genes were identified by the edgeR package. The expres-

sion level of each gene is the average of the three biological replicates. CPM, counts per million

reads; mESC, mouse embryonic stem cell; WT, wild-type.

(EPS)

S6 Fig. Regulation of the target mRNAs by the CH-associated Trim71 mutants is con-

served between mouse and human. A representative western blotting the NCCIT cells

expressing an empty vector, HA-hTRIM71, HA-hTRIM71(R608H), and HA-hTrim71

(R796H). GAPDH was used for normalization in the quantification of Lsd1 protein levels, and

18S rRNA was used for normalization in the qRT-PCR quantification of Lsd1 mRNA levels.

The quantification results represent the means (± SD) of three independent experiments.
�p< 0.05, n.s. not significant (p> 0.05) by one-way ANOVA. CH, congenital hydrocephalus;

qRT-PCR, quantitative real-time PCR.

(EPS)

S7 Fig. Inhibition of the interaction between Ctnnb1 mRNA and the R595H Trim71 can

only alleviate the differentiation defects in the R595H mESCs, but not in the R783H

mESCs. The exit pluripotency assay was performed on the indicated mESCs, and the resultant

colonies were fixed and stained for AP. The colony morphology and AP intensity were evalu-

ated through microscopy. To determine the percentage of undifferentiated colonies, 100–200

colonies were examined each time. The results represent the means (± SD) of three indepen-

dent experiments. One-way ANOVA was used to determine the significance of the difference,

n.s. not significant (p> 0.05). The data are available in S11 Data. mESC, mouse embryonic

stem cell.

(EPS)

S8 Fig. Identification of genomic regions associated with Ctnnb1 in mESCs. (A) Distribu-

tion of the Ctnnb1-associated genomic regions in the mouse genome. Only the genomic
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regions identified in two independent Cut&Run assays were retained for the analysis. (B)
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