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Abstract

Eukaryotic cells utilize a wide range of mechanisms to regulate gene expression, generating
divergent expression profiles for distinct cellular functions. In addition to the primary sequences
of DNA and RNA that code for protein, modifications on the nucleic acids serve as additional
“codes” for precise control of gene product level. “Epigenetics” studies how DNA and histone
modifications alter gene expression without changing DNA sequences. As an analogy, a newly-
emerging field called “epitranscriptomics” focuses on chemical marks on RNA species. N°-
methyladenosine (m°A) is the most abundant internal modification on eukaryotic messenger RNA
(mRNA) and impacts various aspects of RNA function and metabolism. m®A methylation can be
recognized by assorted binding proteins called “readers”, and each reader may group a subset of
mSA-modified transcripts for particular downstream processing. In this thesis, we report the
translational promotion function of a reader YT521-B homology domain family 3 (YTHDF3). We
then take the physiological example of learning and memory in mice to demonstrate the biological
significance of m®A-mediated translational regulation through another reader YTHDF1. We also
report the discovery and characterization of additional classes of m®A readers. Studies of readers
proteins may provide valuable mechanistic insights into the multifunctionality as well as the
specificity of functions of RNA modifications, not only in proper cell fate transition but also in

optimal cellular response.
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Chapter 1

Introduction: Epitranscriptome and Its Effectors

1.1 Epigenetics: modifications above the primary sequences

The central dogma of molecular biology describes the flow of genetic information, from
deoxyribonucleic acid (DNA) to ribonucleic acid (RNA) to protein. Genes are coded in segments
of DNA, transcribed into the intermediate carrier messenger RNAs, and then translated into amino
acid sequences of proteins that execute all sorts of cellular functions. In multicellular organisms,
alongside this information flow is a wide range of complex mechanisms modulating final gene
product level and function, accounting for cell type- and tissue-specific gene expression from the

same DNA as well as divergent phenotype from identical genotype (Figure 1.1).

DNA mRNA Protein
Transcription Translation @
NNY ™= =
Gene state (on/off), Splicing, Export, Stability, Localization,
Chromatin compaction Translation, Decay, etc. Activity, Interactome, etc.

Post-translational

DNA/Histone modifications e
modifications

Figure 1.1 Regulatory mechanisms surrounding the central dogma

Key elements and steps in the central dogma are regulated to control gene product level and
function. DNA and histones can be modified to modulate gene state—a major research subject of
epigenetics (see below), while post-translational modifications on proteins fine-tune their
functions. Each step in the life-cycle of mRNA is also precisely controlled, where mRNA
modifications may come into play.

In 1942, Conrad Hal Waddington coined the term “epigenetics” and used “epigenotype” to
refer to factors besides genotype and environment that dictate context-dependent phenotypel. This

revolutionary view nurtured and later evolved into a way profound field—the study of stable and

heritable changes in gene expression or cellular phenotype resulting from changes in a

1



chromosome but not in DNA sequences®®. Nowadays, well-established epigenetic mechanisms
include DNA maodifications, histone modifications, chromatin remodelers, and non-coding RNAs.

5-methylcytosine (5-mC) is the most well studied DNA modification. It is enriched at
symmetric CpG dinucleotides in mammals, a key feature that allows modification heredity during
cell division®. 5-mC is established and maintained by DNA methyltransferases (DNMT), and is
subject to active demethylation by ten-eleven translocation enzymes (TET). The regulatory
functions of 5-mC is region-dependent. For instance, it is a repressive mark on promoters and
enhancers, while gene-body 5-mC is linked to active transcription*®. Other modified DNA bases,
including 5-hydroxymethylcytosine (5-hmC) and Né-methyladenosine (6-mA), are new candidate
epigenetic marks being actively studied in model organisms beyond mammals®.

Histone proteins, the other major components of eukaryotic nucleosomes, also bear
assorted post-translational modifications on their N-terminal tails and central globular domains®.
Each type of modification (e.g. methylation, acetylation, phosphorylation) that occurs at a specific
histone residue has a distinct distribution pattern and is linked to a unique gene state. Marks
associated with active genes include H3K4me3 at promoter regions, H3K9ac and H3K27ac at
enhancers and promoters, and H3K36me3 enriched towards the end of the gene body; whereas
those linked to gene silencing include H3K9me3 and H3K27me3 in heterochromatin regions®’.
Dynamic regulation has been observed for many of the histone modifications in development and

diseases, highlighting their biological significance.

1.2  Epitranscriptomics: chemical modifications on RNAs

In contrast, whether similar “epigenetic” mechanisms exist at the mRNA level had

remained unexplored until conceptually proposed less than a decade ago®. More than 150 distinct



chemical marks on cellular RNA have been identified to date®° since the discovery the first
structurally modified nucleoside pseudo-uridine in the 1950s'!. Among various RNA species,
transfer RNA (tRNA) is most extensively modified (11 to 13 modified sites in 76 to 90 nucleotides
of length per molecule in human) followed by ribosomal RNA (rRNA) (~100 pseudo-uridine sites
and ~100 2’-O-ribose methylation sites). Their biogenesis, metabolism, and functions are heavily
modulated by those modifications'? 14,

However, it was only until several years ago that broad interest in RNA modification
biology resurged as a fiecld named “epitranscriptomics”, prompted by recognition of the prevalence
and functional significance of internal mMRNA modifications, most prominently N¢-
methyladenosine (m®A, Figure 1.2). mPA is the most well-characterized mRNA modification so
far. It was first discovered in 1974 as the major form of internal methylation on mammalian
mRNA16 and early work showed that it occurs in a sequence context as (G/A)(m8A)C at the level
of 0.1-0.4% of all mMRNA adenosine!’°. More recent transcriptome-wide m®A site mapping has
given greater detail on its localization and prominence, revealing its prevalence in thousands of
transcripts and its unique and conserved distribution preferentially centered around stop codons
and 3’ untranslated regions (3°UTRs) in the transcriptomes of humans and mice?®-%2,

Using chemical/enzyme-based or antibody-based high-throughput sequencing methods,
researchers have characterized the distribution of a handful of additional MRNA modifications on
the eukaryotic transcriptome (Figure 1.2), including pseudo-uridine (¥)?*?*, N'-methyladenosine
(M'A)®28 5-methylcytosine  (m°C)?>%®, 5-hydroxymethylcytosine (hm°C)3, 2’-O-ribose
methylation (Nm)®, N8 2'-O-dimethyladenosine (mSAm)?!, and N*-acetylcytidine (ac*C)%.
Although functional characterization of some of these modifications is still in a very early stage

and their low abundance may cause technical challenges, this newfound diversity of mRNA



modifications and perhaps their crosstalk may suggest a complex regulation of mMRNA beyond our

current understanding.
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Figure 1.2  Structures and distributions of major mRNA modifications

(A) Chemical structures of known mRNA modifications with the chemical modification
highlighted in red. Principles of reported strategies for transcriptome-wide modification site
mapping are listed under each structure. (B) Illustration of the distribution pattern of each type of
modification along the 5’UTR, CDS, and 3’UTR of a transcript.
1.3  Effectors of the epitranscriptome: writers, erasers, and readers

The function of an RNA modification is intrinsically linked to its effector proteins,

including enzymes (“writers” and “erasers”) that alter the modification level and binding proteins
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(“readers”) that recognize the chemical marks. m®A methylation is the best studied modification

in this aspect (Figure 1.3).
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Figure 1.3 Effectors of mammalian m®A pathway: writers, erasers, and readers.

Writers: The majority of méA methylation on mRNA is installed by a writer complex ((1)
composed of core subunits METTL3 and METTL14 and additional adaptors proteins. The other
known writer METTL16 ((2)) installs m8A on a hairpin structure of transcript MAT2A. Erasers:
two erasers, FTO and ALKBHS5, have been characterized for m®A methylation on mRNA.
Readers: Three classes of reader proteins utilize different mechanisms to preferentially bind to
meA-containing RNAs. (1)YTHDF1-3 and YTHDC1-2 utilize a well-characterized YTH domain
to directly recognize mA. (2) A local structure disrupted by m®A could favor RNA-binding events
of HNRNPC/G and HNRNPA2B1. (3) RNA binding proteins including IGF2BP1-3 and FMR1
prefer m®A-containing RNAs through tandem common RNA binding domains (RBDs) via a
mechanism yet to be characterized.

mBA writers. The majority of the m®A on mRNA is installed co-transcriptionally in a
sequence context of RRACH (R = A or G; H = A, C, or U), through a complex composed of
multiple subunits with a stable core complex formed between methyltransferase-like 3 (METTL3)

and methyltransferase-like 14 (METTL14)3***— the former as the catalytic subunit and the latter

as an essential component to facilitate RNA binding®®-38. Further studies characterized a handful



of additional subunits and revealed how they contribute to the activity and specificity of the writer
complex. Wilms tumor 1-associating protein (WTAP) binds to METTL3/14 and is required for
optimal substrate recruitment and METTL3/14 localization3%4°; Vir like m®A methyltransferase
associated (VIRMA) is critical for deposition of m®A favorably to 3°UTRs of transcripts*'; Zinc
finger CCCH-type containing 13 (ZC3H13) facilitates nuclear localization of the writer complex
and 3°UTR m°®A occurence??; and RNA binding motif protein 15/15B (RBM15/15B) is reported
to bind U-riched regions and may facilitate methylation of certain RNAs*. In fruit flies,
Zc3h13/Flacc is shown to stabilize the interaction between Wtap/FI(2)d and Rbm15/Nito*,

Another mSA writer, methyltransferase-like 16 (METTL16), depends on a different
sequence motif combined with a distinct structure context for targeting its substrates*. Two
validated substrates of METTL16 are U6 small nuclear RNA (snRNA) and a hairpin (hpl) in the
3’UTR of human methionine adenosyltransferase 2A (MAT2A) mRNA that encodes the S-
adenosylmethionine (SAM) synthetase®. Truncation/mutation tests, in vitro methylation selection
assays, and crystal structures of METTL16 with its RNA substrates together suggested that
METTL16 prefers a sequence of UAC(mPA)GAGAA in the bulge of a stem loop-structured
RNA*47_ An important functional implication for METTL16-mediated MAT2A methylation is to
establish a negative feedback loop for SAM homeostasis, likely through mechanisms involving
alternative splicing and m®A-mediated mRNA decay*>*.

mOA erasers. The identification of enzymes capable of reversing meA especially sparked a
revival of interest and new insights on this long known RNA base modification®4%*, In 2010, my
advisor Prof. Chuan He pioneered the concept of dynamic RNA modification for biological
regulation®. Shortly after, our group reported fat mass and obesity-associated protein (FTO) and

AlkB homolog 5 (ALKBHS5) functioned as mRNA m®A demethylases*®*®. FTO is a versatile



demethylase, showing differential preferences for substrates—both RNA species and types of base
methylation—in the cell nucleus versus the cytoplasm®:. On mRNAs, FTO works on both internal
mPA and the m®A moiety of the cap-m®An under physiological conditions®*®?, although the
functional relevance of the latter remains to be clarified. In contrast, nRNA m®A has been known
as the sole substrate of ALKBHS5 so far®®.

mBA readers. One class of direct and robust m°A readers are proteins containing the
YT521-B homology (YTH) domain, including YTH domain family 1-3 (YTHDF1-3) and YTH
domain containing 1-2 (YTHDC1-2) in humans. After the initial characterization of YTH domain
as a new RNA binding domain®*** YTHDF2 and YTHDF3 were reported to bind strongly to m®A
RNA probes? in affinity pull down assays. Cytoplasmic YTHDF2 promotes degradation of its
target transcripts by recruiting the CCR4-NOT deadenylase complex and the endoribo-nuclease
complex RNase P/MRP®-*’. The other two cytoplasmic m®A readers, YTHDF1 and YTHDF3, are
suggested to promote translation of target transcripts by recruiting translation initiation factors®®-
61 Part of my doctoral work focuses on cellular roles of YTHDF3%°. Nuclear reader YTHDC1 has
been suggested to play multiple roles including regulating mRNA splicing by preferably recruiting
a certain splicing factor®?, expediting mMRNA export®®, and accelerating decay of certain
transcripts®®.  YTHDC2 mediates both mRNA stability and translation and regulates
spermatogenesis®*, and its additional RNA binding domains and helicase domains render detailed
mechanistic studies enigmatic.

Another type of m®A reader achieves preferential binding of m8A-containing RNAs
through common RNA binding domains (RBDs) such as K homology (KH) domains, RNA
recognition motif (RRM) domains, and arginine/glycine-rich (RGG) domains, where RNA

structure may play a role. The presence of méA can remodel local RNA structure and consequently



modulates RNA-protein interactions around or nearby, termed an “m®A switch”®. Several
heterogeneous nuclear ribonucleoproteins (HNRNPS) fall into this category, including HNRNPC,
HNRNPG, and HNRNPA2B1, which regulate alternative splicing or processing of target
transcripts®>8, Fragile X mental retardation 1 (FMR1) contains three KH domains and one RGG
domain, and has been shown to prefer mtA-containing RNA, impacting both RNA translation and
RNA stability likely through interplay with YTHDF1 and YTHDF2, respectively®®°. Insulin-like
growth factor 2 mRNA-binding proteins 1-3 (IGF2BP1-3), has been reported to stabilize target
mRNA in an m®A-dependent manner?, in contrast to the role of YTHDF2 in decreasing mRNA
stability. Mutation and truncation assays identified domains KH3-4 as indispensable for in vitro
binding to an m8A-modified RNA probe. A recent study added proline rich coiled-coil 2A (Prrc2a)
to the list of m®A readers’?, showing that recombinant Prrc2a prefers to bind a methylated probe
and Prrc2a stabilizes a critical m®A-modified transcript required for myelination. The exact
domains of Prrc2a that recognize m®A remain to be determined.

In summary, biochemical characterization of mSA effectors, transcriptome-wide
identification of their RNA substrates, and investigation on how the fate of substrates changes in
the absence of effectors, have altogether provided valuable insights into the molecular mechanisms
of mfA-mediated RNA function and metabolism. The expanding list of m®A effectors (especially
readers) and their potential to crosstalk with one another suggest great complexities of RNA

modification biology.

1.4  NOS-methyladenosine (m°A) effectors as new biological controllers

Building on the understanding of the m°A prevalence and molecular insights on its
effectors, recent work has uncovered that m®A plays an important role in gene expression

regulation, development and differentiation, human diseases, and viral infection**">-"5,



In terms of in vivo physiological significance of m°A, studies in cell lineage differentiation
and animal development have led the way. One of common theme there is that m®A- and Y THDF2-
mediated mRNA decay facilitates timely transcriptome clearance for proper cell fate transition. In
naive mouse embryonic stem cells (MESCs), depletion of METTL3 delays the decay of self-
renewal factors that are prominent, preventing the cells from leaving the naive state’®’’; while
knockdown of METTL3 in primed mESCs further accumulates lineage-commitment transcripts
that are dominant, facilitating differentiation’®. More recent in vivo examples include: (i) YTHDF2
facilitates maternal-to-zygotic transition in zebrafish and mice by regulating maternal transcript
dosage’®8%; (ii) METTL3 is critical for T cell homeostasis and differentiation in mice®; (iii)
generation of blood cells progenitors in zebrafish embryogenesis®?; and (iv) mouse
spermatogenesis®. Interestingly, in the case of mouse cortical neurogenesis, méA-mediated decay
is found to be critical for not only timely clearance of early stage marker but also “pre-patterning”
of late stage markers—transcriptions of these genes are turned on slightly but transcripts are timely
decayed to prevent protein production®.

Besides mRNA decay, m®A-mediated alternative splicing is another common mechanism
underlying the its physiological importance. The reader YTHDC1 modulates splicing of the
transcript SxI and thus sex determination in fruit flies®>®. The eraser ALKBH5 impacts mouse
fertility®® and is critical for proper splicing and selective degradation of the transcripts with long
3’UTRs®. FTO has been reported to affect adipogenesis dependent on its demethylase activity®®
and its regulation of mRNA splicing®. Loss of FTO also impedes myogenesis® and adult
neurogenesis®® in mice, likely through complex mechanisms beyond splicing regulation.

In contrast, to what extent méA-mediated translational regulation matters for physiological

processes had been largely unknown. In the heat shock response, m®A installation was observed



at 5’ untranslated regions (5’UTRs) of response genes, mediating to cap-independent translation®?.
In the dorsal root ganglion model of injury-induced axon regeneration, regeneration-associated
genes (RAGs) are heavily méA-methylated. The loss of the writer component METTL14 or the
reader YTHDF1 causes defects in the recovery process, likely due to attenuated de novo RAG
protein synthesis®. Since reader proteins directly link méA-modified transcripts to downstream
functional or processing machineries, investigating reader proteins holds the potential to elucidate
physiological functions of m®A at the molecular level. A major part of my work will be devoted

to studying roles of m°A in learning and memory from this perspective.

1.5 Scope of this thesis

m°A methylation regulates multiple steps of RNA lifecycle, modulating RNA function,
RNA metabolism, and gene expression. In this thesis, | will be focusing on how m°A achieves its
multifaceted regulatory roles through a collection of reader proteins.

Chapter 2 presents molecular characterization of a cytoplasmic m®A reader YTHDF3
followed by discussion on the roles of m®A on cytoplasmic mMRNA metabolism.

Chapter 3 presents a physiological example showing how m®A-mediated translational
regulation through the reader YTHDF1 contributes to learning and memory formation in mice.

Chapter 4 presents the discovery and characterization of additional m®A readers proteins
that do not contain YTH domains.

Chapter 5 summarizes, on a broader perspective, recent advances in the understanding of
context-dependent roles of m®A. This chapter also discusses potential future directions in the field

of epitranscriptomics.
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Chapter 2

Characterization of cytoplasmic m®A reader YTHDF3

2.1 Introduction: YTH domain family reader proteins

As introduced in section 1.3, the YTH domain directly binds m°A in single-stranded RNAs.
In humans, there are three proteins under YTH domain family named YTHDF1-3. They share over
65% protein sequence identify and a highly similar domain organization. YTHDF proteins are
composed of a low-complexity N-terminus and a YTH domain at the C-terminus, therefore
functioning as an “adaptor” to bring proper cellular machineries towards the m®A-containing target
transcripts (Figure 2.1A).

Our lab has reported the regulatory functions of YTHDF1 and YTHDF2 in HelLa cells. In
the cytosol, YTHDF1 enhances translation of its targets by interacting with initiation factors and
facilitating ribosome loading®®, and YTHDF2 promotes mRNA degradation by localizing m®A-
modified MRNA to processing bodies®. The two proteins share a set of common target mMRNAs,
to which YTHDF1 binds earlier during the mRNA life cycle than YTHDF2%8, Together, YTHDF1
and YTHDF2 may contribute to generating a burst of protein synthesis, with increased protein
production from temporally controlled mRNAs®. Further studies have identified two downstream
MRNA decay pathways linked to YTHDF2. The N-terminal 100 amino acids (aa) residues of
YTHDF2 binds to a small adaptor protein HRSP12 which recruits POP1, a component of the
endoribonuclease complex RNase P/MRP®’. A different region of YTHDF2, 101-200 aa, can

recruit CCR4-NOT de-adenylation complex®® (Figure 2.1B).
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YTHDEF3 is also predominately cytoplasmic, and its structural similarity with YTHDF1
and YTHDF2 indicates potential crosstalk among them. We aim to study YTHDF3 for a more

complete picture of mbA-mediated mMRNA function and metabolism in the cytosol.

A B elFs & ribosomal proteins
YTHDF1 ﬂ
Cellular machineries
POP1
(endo- 4-HRSP12 CCR4-NOT (deadenylase)
Recruit f

nuclease) ﬁ f'
ﬂ YTHDF2 ﬂ
¢ Bind
mRNA/\/.\/
meA YTHDF3 W

Figure 2.1 The domain structure of YTH domain family (YTHDF) proteins

—» -0

(A) Modularized functions of YTHDF proteins. The N-terminal low complexity domain could
recruit cellular machineries, while the C-terminal YTH domain specifically binds m®A. (B)
[llustration of functional proteins partners recruited by YTHDF1 and YTHDF2.

2.2 Results

2.2.1 YTHDF3 binds mPA inside cells

Previous studies have confirmed that YTHDF3 selectively binds m®A-modified mRNA in
vitro®. To examine this selective binding activity inside cells, we performed RNA
immunoprecipitation-based experiments using cell lysates.

We started by quantifying the m°A level of mRNA purified from the YTHDF3-RNA
complex using liquid chromatography-tandem mass spectrometry (LC-MS/MS). Compared to
input MRNA, we detected over 2-fold enrichment of m®A in the YTHDF3-bound portion and a
slight m®A depletion in the flow-through portion (Figure 2.2A), indicating that Y THDF3 binds to

méA-modifed mRNA.
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Next, we mapped binding sites of YTHDF3 in HeLa cells using photoactivatable
ribonucleoside-enhanced crosslinking and immunoprecipitation (PAR-CLIP). Three biological
replicates of PAR-CLIP identified 11,750 common peaks as YTHDF3 binding sites and 4,459
mMRNAs as target transcripts (Figure 2.2B). A “GGACH” motif, similar to the m®A consensus
motif in the transcriptome, was identified in over 65% of the PAR-CLIP peaks (Figure 2.2C). The
majority of YTHDEF3 binding sites locate at the 3’UTR and the CDS of transcripts and cluster
around stop codon (Figure 2.2D-E), coinciding with the distribution pattern of m®A along the
length of MRNA. Moreover, 59% of the PAR-CLIP peaks overlapped with m8A peaks in HeLa
cells profiled using specific anti-mPA antibody (Figure 2.2F). Therefore, we conclude that

YTHDF3 recognizes the m8A modification on transcripts inside cells.
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Figure 2.2 YTHDF3 selectively binds m8A-modified transcripts inside cells

(A) LC-MS/MS quantification showing m®A is enriched in RNAs pulled down with YTHDF3
from the cell lysate. Error bars, mean + s.d., n = 2, technical replicates. (B) Overlap of YTHDF3
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(Figure 2.2, continued) PAR-CLIP peaks in biological triplicates. (C) YTHDF3-binding motif
identified by HOMER from the sequences of common PAR-CLIP peaks. (D) Region distribution
of common PAR-CLIP peaks. (E) Distribution of common PAR-CLIP peaks along the length of
mRNA. (F) Overlap of common PAR-CLIP peaks and m°A-seq peaks from HelLa cells. PAR-
CLIP peak numbers, blue; m8A peak numbers, red.

2.2.2 YTHDEF3 shares target transcripts with YTHDF1 and YTHDF2

To obtain high-confidence YTHDF3 target transcripts for further functional
characterizations, we also sequenced the RNA that co-immunoprecipitated (RIP-seq) with
YTHDF3. In two biological replicates of RIP-seq, 2,264 different transcripts were identified with
over 2-fold enrichment. 1,239 of them overlap with transcripts identified with PAR-CLIP (Figure
2.3A) and were defined as high-confidence targets for YTHDF3 (“CLIP+IP”). Among these
targets, genes related to “regulation of transcription” are most enriched (Figure 2.3B). Comparing
with the published target transcript lists of YTHDF1 and YTHDF2%°8, we found that Y THDFs
share a large number of common targets: 58% of Y THDF3 targets are also recognized by YTHDF1,
and 60% by YTHDF2 (Figure 2.3C). These results suggest a potential coordinated action among

YTHDF proteins on common target transcripts.
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protein catabolism
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transcription from RNA polymerase Il promoter

Figure 2.3 High-confidence target transcripts of YTHDF3

(A) Overlap of YTHDF3 target transcripts identified in the PAR-CLIP triplicates and the RIP
replicates. (B) Gene Ontology (GO) analysis of top 500 target genes shared in PAR-CLIP and RIP-
seq of YTHDF3 with DAVID 6.7. GO terms with p < 0.001 were visualized with REVIGO. (C)
Overlap of target transcripts among YTHDF1-3.
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2.2.3 Effects of YTHDF3 on translation of target transcripts

2.2.3.1 YTHDEF3 facilitates translation promotion

We next monitored mRNA targets of YTHDF3 upon depletion of YTHDF3 or the m°A
methyltransferase components in HelLa cells, respectively. To evaluate whether YTHDF3 is
involved in translation, we performed ribosome profiling in HeLa cells transfected with either
siYTHDF3 or control siRNAs. We investigated the ribosome density of each transcript by
sequencing in parallel input mRNA and the ribosome footprint on mRNAs in order to estimate
translation efficiency. Considering the established function of Y THDF1 in promoting translation®®,
we catalogued the evaluated transcripts into three groups: non-targets, Y THDF3 targets (YTHDF3

CLIP+IP), and YTHDF1 targets that are not YTHDF3 targets (YTHDF1 unique).

Compared to non-targets, a noticeable decrease of translation efficiency was observed in
siYTHDF3 cells for both YTHDF3 targets (p < 2x10°8, Mann-Whitney U test) and YTHDF1
unique targets (p < 3x107, Mann-Whitney U test) (Figure 2.4A-F). This result suggests that,
YTHDF3 facilitates the translation of its RNA targets, and such effect interplays with the role of
YTHDF1. Of interest, the accumulation of the input RNA (Figure 2.4C&F) in the absence of
YTHDF3 largely contributes to the decrease of target translation efficiency. This may indicate a
crosstalk between YTHDF3 and Y THDF2—the reader mediating RNA decay (discussed below).

We next tested whether this observation depends on m®A. Based on the published ribosome
profiling data in HeLa cells depleted of the mSA methyltransferase complex component
METTL3%, we observed that upon a global loss of m®A, YTHDF3 targets experienced a
significant decrease in translation efficiency compared to non-targets (p < 4x10*#, Mann-Whitney

U test, Figure 2.4G-1), supporting that Y THDF3 functions in an m®A-dependent manner.
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Figure 2.4 Translation regulation effect of YTHDF3 shown in ribosome profiling

Cumulative distributions of log.-fold changes of translation efficiency (A, D, G), ribosome-bound
fragments (B, E, H), and input RNA (C, F, I), between siControl and siYTHDF3-replicate 1 (A-
C), siYTHDF3-replicate 2 (D-F), and sSIMETTL3 (G-1). Non-targets, black; YTHDF3 CLIP+IP
targets, red; YTHDF1 unique targets, blue. Number of genes in each group was indicated in
parentheses. P values were calculated from a two-sided Mann-Whitney U test compared to non-

targets.
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We then performed polysome profiling of YTHDF3-deficient cells to verify the observed
trend. A different YTHDF3 siRNA oligo was used to eliminate any potential siRNA off-targeting.
The three groups of mRNA-protein particles (mRNPs) were separated (Figure 2.5A): non-
ribosome (MRNPs without any ribosome), 40S-80S (mRNPs associated with ribosome but not
being translated), and polysome (actively translating pool). Changes in the distribution of specific
mRNAs among non-ribosome and polysome fractions were quantified via RT-qPCR. Noticeable
decreases in the polysome fraction were observed for the selected YTHDF3 target (4PC mRNA)
and YTHDF1 unique targets (7SC/ mRNA and DST mRNA), but not for a non-target (RPL30
mRNA) (Figure 2.5B). This result validates the function of YTHDF3 in promoting translation of

its mRNA targets and facilitating the function of YTHDFI.
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Figure 2.5 Polysome profiling validation of decreased target translation

(A) Polysome profiling of HeLa cells treated with siControl and siYTHDF3. (B) Redistribution of
representative targets in non-ribosome and polysome portions of mRNPs upon depletion of
YTHDF3 measured by RT-gPCR. APC, a YTHDF3 target; TSC1 and DST, YTHDF1 unique
targets; and RPL30, a non-target. Error bars, mean £ s.d., n = 2, technical replicates.
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2.2.3.2 YTHDF3 and YTHDF1 recruit similar protein partners

There are two mechanisms through which YTHDF3 could promote translation: it may
directly recruit translation machineries such as initiation factors (elFs), or it could interact with
YTHDF1 and affect the function of YTHDFL.

To investigate these possibilities, we studied protein partners of YTHDF3 using a HelLa
stable cell line expressing YTHDF3 with a Flag-HA tandem epitope tag at the N-terminus. After
polysome profiling of the stable cell line, western blotting of each fraction showed that YTHDF3
is distributed mainly in 40S mRNPs, suggesting YTHDF3 might regulate translation initiation
(Figure 2.6A). However, neither elF3A nor elF3B was detected by western blotting in proteins
specifically co-immunoprecipitated with YTHDF3 (Figure 2.6B). Unlike YTHDF1%, which
interacts with elF3, no direct interaction may exist between YTHDF3 and elF3 components.

We next compared protein partners of YTHDF3 and YTHDF1. Components of the
YTHDF3-containing protein complex from tandem-affinity purification were subject to protein
mass spectrometry analysis. Protein partners reported for YTHDF1 using the same method were
used for comparison®®. YTHDF3 and YTHDF1 shared 86 out of 154 proteins identified to interact
with YTHDF3, with 39 of the shared partners being 40S and 60S ribosomal proteins (Figure 2.6C).
These results suggest that YTHDF3 promotes translation through interacting with YTHDFL.

In addition, immunoprecipitation and western blotting identified additional RNA binding
proteins as shared protein partners of YTHDF1 and YTHDF3 (Figure 2.6D). They both interact
with YBX1, which is known to impact mRNA splicing, localization, and translation®; and elF4A3,
a component of exon junction complex that affects mMRNA translation before being displaced by
the first round of translating ribosomes®. These proteins may shuttle mRNAs to YTHDF3 and

YTHDF1 for accelerated translation.
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Figure 2.6 Protein partners of YTHDF3
(A) Polysome profiling of HelLa cells stably overexpressing Flag-HA tagged YTHDF3, and
western blotting of Flag, elF3A, and elF3B in each fraction. (B) Western blotting showed no
visible presence of elF3A nor elF3B in the proteins co-immunoprecipitated (IP) with YTHDF3.
(C) Comparison of components of protein complex co-immunoprecipitated with Flag-HA-
YTHDF3 and Flag-HA-YTHDF1. (D) Western blotting showing YBX1 and elF4A3 were co-
immunoprecipitated (IP) with both YTHDF1 and YTHDF3 in an RNA-dependent manner.
2.2.3.3 Additional factors exist to modulate translational roles of YTHDF3

It should be noted that, while the majority of Y THDF3 targets shows decreased translation
upon YTHDF3 depletion, there is still a group of transcripts behaving differently (Figure
2.4A&D), indicating secondary effects and/or that there are additional factors modulating the

translational roles of YTHDF3. To test this, we compared the characteristics of transcripts that

showing consistent increased translation in the absence of YTHDF3 in the two replicates of
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ribosome profiling with those showing consistent decreased translation. 319 transcripts showed

more positive change in translation efficiency (TE) than the median of non-targets (TE > median)

when YTHDF3 expression was disturbed; while 614 transcripts showed more negative change in

translation efficiency (TE < median).

The transcripts in “TE > median” group tend to code proteins with different functions and
cellular colocalization compared to those with reduced translation (Figure 2.7A). It is possible
that YTHDF3 works as a chaperon protein and these two groups of transcripts are processed
separately through distinct protein partners of Y THDF3 in specific biological contexts. In addition,
the “TE > median” transcripts have much lower base translation activity as measured in the
knockdown control sample (Figure 2.7B), and they are stronger YTHDF3 targets in terms of RIP
enrichment (Figure 2.7C). In fact, the top 40% YTHDF3 RIP targets were shown to be less
actively translated in general compared to the low 20% ones (Figure 2.7D). These differences
suggest that YTHDF3 may serve as an RNA storage site, forming an untranslatable mRNA-protein

complexes (MRNPs) preferentially with its high affinity targets.
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Figure 2.7 Analyses of factors contributing to the differential TE outcome

(A) Gene Ontology (GO) analysis with DAVID 6.7 of the group of genes with increased translation
efficiency (TE > median) and that with decreased translation efficiency (TE < median) in absence
of YTHDF3. GO terms with p < 0.05 were visualized with REVIGO. (B-C) Box plots of translation
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(Figure 2.7, continued) efficiency (Logz(Ribo/input)) in siControl samples (B) and YTHDF3 RIP
enrichment folds (C) of these two groups of genes. (D) Box plot of the correlation between
YTHDF3 RIP enrichment folds and translation efficiency in siControl samples. Box, 25-75%; “-”,
max and min; “X”, 1% and 99%; “0”, median. P values, a two-sided Mann-Whitney U test (B-D).

2.2.4 Crosstalk among YTHDF proteins: interconnected m°A regulation in the cytosol
2.2.4.1 YTHDF3 modulates the functions of YTHDF1 and YTHDF2

We examined the crosstalk among YTHDFs based on the observation that Y THDFs share
hundreds of common targets. The direct binding between YTHDFs was tested with an in vitro
binding assay using purified GST tagged YTHDF1-3 and cell lysate containing Flag-HA tagged
YTHDF1-3. Flag blotting after GST pull down showed that YTHDFs directly interacted with each
other (Figure 2.8A).

We observed a 40% increase of the m®A level in mMRNAs when all of the YTHDFs were
depleted (Figure 2.8B); the additional knockdown of YTHDF3 further enhances the m°A
accumulation comparing to the double knockdown of YTHDF1 and YTHDF2. These results
indicate that all three YTHDFs contribute collectively to accelerating the metabolism of m°A-

modified MRNAs in the cytosol.
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Figure 2.8 YTHDF proteins interact with each other and co-regulate MRNA méA level

(A) In vitro binding assay showing that YTHDFs co-immunoprecipitated with one another.
Purified recombinant GST tagged Y THDF1-3 were incubated with cell lysates from Flag-HA (FH)
tagged YTHDF1-3 as indicated. FH tagged proteins were western blotted in the eluent after GST
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(Figure 2.8, continued) affinity pull down. (B) LC-MS/MS quantification of m®A levels of HelLa
cells treated with siControl, siYTHDF1, siYTHDF2, siYTHDF3, and combinations of those
oligoes. Error bars, mean + s.d., n = 4 (two biological replicates x two technical replicates).

We then utilized tethering reporter assays to evaluate the function of YTHDF proteins on
their common targets. In the tethering assays, the 3’UTR region of the firefly luciferase (F-Luc)
was modified with hairpin RNA elements such as BoxB and MS2 sequences. The C-terminal YTH
domain is replaced with an affinity tag that specifically recognizes one of those RNA elements,
such as BoxB binding protein A peptide and MS2 binding protein MS2; therefore it mimics the

interaction between YTH domain and the 3°’UTR m®A methylation on target transcripts. The

renilla luciferase (R-Luc) was co-transfected as an internal control. (Figure 2.9A&C).
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Figure 2.9 Luciferase reporter assays showing cooperative functions of YTHDF proteins

22



(Figure 2.9, continued) (A, C) Constructs of the single (A) and double (C) tethering assays. The
C-terminal YTH domain of YTHDF proteins was replaced with affinity tags towards RNA
elements in the 3’UTR of firefly luciferase (F-Luc). Renilla luciferase (R-Luc) was co-transfected
as an internal control for normalization. (B, D) Normalized protein level, mRNA level, and
translation efficiency of F-Luc reporters under different tethering conditions in single (B) and
double (D) tethering assays.

In the single tethering assay, YTHDF1 tethering was sufficient to promote reporter
translation, and the promotion effect could be enhanced by the presence of YTHDF3 (Figure
2.9A-B). Tethering of YTHDF3 itself did not result in increased reporter production (Figure 2.9B),
consistent with the lack of direct interactions between YTHDF3 and elFs (Figure 2.6B). To further
confirm this observation, we designed a double tethering assay with YTHDF1N-A and YTHDF3N-
MS?2 to reflect the bindings of YTHDF1 and YTHDF3 to multiple m®A sites on a same mRNA
transcript (Figure 2.9C). The presence of YTHDF3N-MS2 magnified the translational promotion
effect of YTHDF1N-A on F-Luc (Figure 2.9D). The protein level of F-Luc was largely increased

while its mMRNA level remained unchanged (Figure 2.9D). These results further support the role

of YTHDF3 in cooperatively promoting translation with YTHDFL.

2.2.4.2 YTHDF3 modulates the RNA binding activities of YTHDF1 and YTHDF2

We then explored the molecular mechanisms underlying the integrative functions of
YTHDF proteins. First, we observed an increase in YTHDF1 and YTHDF2 protein level when
YTHDF3 was depleted (Figure 2.10A). This compensation effect indicates their relevance in
functions. Second, we checked how depletion of YTHDF3 affects target binding activities of
YTHDF1 and YTHDF2. PAR-CLIP was performed for YTHDF1 and YTHDF2 in cells depleted
of YTHDF3, and RNAs pulled down were semi-quantified with 5°-32P labelling. Knockdown of
YTHDF3 led to increased amount of RNA pulled down with YTHDF1 and YTHDF2, and the

extent of the increase correlated with the YTHDF3 knockdown efficiency (Figure 2.10B). To
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investigate how YTHDF3 affects RNA binding specificity of YTHDF1 and YTHDF2, we
performed RIP-seq for YTHDF1 and YTHDF2 in control cells and cells without YTHDF3. In
control samples, YTHDF1/3 common targets showed greater enrichment than YTHDF1 unique
targets, as was the case for YTHDF2 (Figure 2.10C, left). In the absence of YTHDF3, the RIP
enrichment of YTHDF1 or YTHDF2 targets was reduced significantly (Figure 2.10C, middle and
left). RIP followed by RT-gPCR of a number of target transcripts confirmed that, when expression
of YTHDF3 was disturbed, YTHDF1 and YTHDF2 showed a decreased binding specificity, with
reduced binding towards their target transcripts but increased binding towards non-target
transcripts (Figure 2.10D), indicating that the binding specificity of YTHDF1 and YTHDF2

towards their target mMRNAs could be modulated by YTHDF3.
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Figure 2.10 YTHDEF3 regulates binding capacity and specificity of YTHDF1-2
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(Figure 2.10, continued) (A) Western blotting showing that knockdown of YTHDF3 leads to
upregulated protein levels of YTHDF1 and YTHDF2 in wild-type HeLa cells. (B) Total RNAs
bound by YTHDF1 and YTHDF2 quantified with PAR-CLIP followed by 5°-3?P labelling in the
control HelLa cells and cells depleted of YTHDF3 using two different siYTHDF3 oligos. The
knockdown efficiency was labelled. (C) Box plot of RIP enrichment of different groups of
YTHDEF targets in siControl samples, and that of YTHDFL1 targets or of YTHDF2 targets in
siControl and siYTHDF3 samples. Box, 25-75%; “~”, max and min; “X”, 1% and 99%; “0”,
median. (D) Representative target transcripts co-immunoprecipitated with Flag-HA-YTHDFL1 or
Flag-HA-YTHDF2 upon YTHDF3 depletion were quantified with RT-gPCR and normalized to
their amounts in input RNA. Error bars, mean + s.d., n = 2, technical replicates.

2.2.4.3 Temporal order in the action of YTHDF proteins

By metabolically labelling nascent RNA with nucleoside-analogues such as 4-thio-uridine
(4SU) and 5-ethynyl-uridine (EU), the occupancy of Y THDFs on nascent RNA could be quantified
over time (Figure 2.11A&C).

It is observed that both YTHDF1 and YTHDF3 bound mRNA targets prior to YTHDF2,
as quantified by the 4SU incorporation percentage in the YTHDF-mRNA complex 2 hours and 4
hours after 4SU labeling (Figure 2.11B). Besides 4SU labelling, EU-mediated Click chemistry
allows imaging and purification of nascent RNA%. We co-stained YTHDF proteins and the EU-
labelled RNA that clicked with a fluorophore. YTHDF3 appeared to co-localize better than
YTHDF1 with nascent RNAs (Figure 2.11D). In the other assay, we first purified YTHDF1- and
YTHDF3-bound RNAs and then captured the nascent RNAs therein by biotinylating EU-labelled
RNAs and streptavidin pull down. The percentage of nascent RNAs bound by YTHDFs were
quantified by RT-gPCR of representative common targets. Y THDF3 bound to a higher percentage
of the EU-labelled transcripts than YTHDFL1 at both time points (Figure 2.11E), suggesting that
YTHDF3 binds more nascent RNA than YTHDFL.

Therefore, the m®A-modified transcripts might engage YTHDF3 and then YTHDF1 for

translation promotion before being decayed through the YTHDF2-mediated pathway in the
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cytoplasm. While both YTHDF1 and YTHDF3 facilitate translation of their target mMRNAs, they

also collectively affect partitioning methylated transcripts to YTHDF2 for accelerated decay.
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Figure 2.11 Temporal order of YTHDFs’ interaction with m®A-modified transcripts

(A) Scheme of experimental designs for 4SU (4-thio-uridine) pulse and chase. (B) LC-MS/MS
quantification of 4SU level in mRNAs pulled down with YTHDF1-3. Error bars, mean £ s.d., n =
3~4. P values, paired two-sided Student’s t-test. *, p < 0.05; **, p < 0.005; ***, p < 0.0005. (C)
Scheme of experimental designs for nascent RNA labelling with EU (5-ethynyl-uridine). HeLa
cells were treated with EU for 1 hour and analyzed 2-hour and 4-hour post labelling. (D) Pearson’s
coefficient quantification of co-localization between EU-labelled RNA and YTHDF proteins.
Error bars, mean + s.d., n = 8. (E) Percentage of nascent transcripts in YTHDF-mRNA complex,
quantified by RT-gPCR for representative YTHDF common targets. Error bars, mean £ s.d., n =
2, technical replicates.
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2.3  Conclusion and Discussion

In this work, we present a systematic characterization of YTHDF3 in HelLa cells. Our
studies on YTHDF3 binding sites and target mRNAs supported its specific binding to m°A
modifications on cellular mRNAs (Figure 2.2) and revealed hundreds of common targets shared
by YTHDFs (Figure 2.3). YTHDF3 facilitated YTHDF1 in promoting translation in the tethering
assay (Figure 2.9). The knockdown of YTHDF3 resulted in: (i) reduced translation efficiency of
MRNA targets of both YTHDF3 and YTHDF1 (Figure2.4&5); (ii) decreased RNA-binding
specificity of both YTHDF1 and YTHDF2 (Figure 2.10); and (iii) further increased cellular méA
level in cells with depletion of both YTHDF1 and YTHDF2 (Figure 2.8B). Nascent RNA labelling
and time-course assays revealed that YTHDF3 functions during the early time point of RNA life
cycle comparing to YTHDF1 or YTHDF2 (Figure 2.11).

These results led us to propose an interconnected and dynamic model for the regulatory
functions of YTHDFs in the cytosol (Figure 2.12): after a target m®A-modified RNA is exported
from the nucleus to the cytoplasm, it might be first recognized by YTHDF3 or a YTHDF3-
YTHDF1 complex, which facilitates YTHDF1 binding for enhanced protein translation; the
MRNA could be partitioned among all three YTHDF proteins and eventually bound by YTHDF2
for accelerated decay. The expression of YTHDF3 could act as a “buffering agent” for target access
to YTHDF1 and YTHDF2.

Fluctuation of YTHDF3 expression could affect the RNA-binding activities of the other
two, impacting target translation efficiency and stability. YTHDF3 may add robustness to the
network. Its presence and potential post-translational modifications could provide additional layers
of regulation of methylated target mRNAs. Besides the reversible, dynamic, and non-

stoichiometric nature of the m®A modification itself, a divergent expression pattern of YTHDF
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proteins in different cell types or developmental stages could provide temporal-spatial control of

protein production from m®A-modified transcripts.
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Figure 2.12 A proposed model of an integrated partition network for méA-methylated
transcripts mediated by YTHDFs in the cytosol

While YTHDF1 functions in translation regulation and YTHDF2 dominates in accelerating mRNA
decay, YTHDF3 could serve as a hub for fine-tuning the RNA accessibility of YTHDF1-2. These
three mMRNA pools controlled by YTHDF1-3 could be interchangeable and highly dynamic,
resulting in an interconnected and dynamic mMRNA modulation through m®A. YTHDF3 might also
interact with other protein partners (grey) to negatively impact translation.

Our conclusions were supported by another study published around the same time, which
reported that Y THDF3 promotes initial steps of translation by interacting with ribosomal proteins®’.
Besides, there are several follow-up studies demonstrating the roles of Y THDF3 beyond canonical
cap-dependent translation. Yang et. al. reported that m®A methylation also exists prevalently on

circular RNA species, and YTHDF3 is essential for protein translation from the m°A-modified

circular RNA likely through recruiting the translation initiation factor elF4G2%%. Coots et. al.
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reported that, for a great deal of transcripts, méA-promoted cap-independent translation co-exists
in physiological conditions with elF4F-mediated cap-dependent translation initiation; YTHDF3,
but not YTHDF1 nor YTHDF2, contributes to the elF4F-independent translation process®’.
There are cases in which YTHDF3 is distinctly regulated among YTHDFs. For instance, it
has been described that YTHDF3 is regulated with insulin receptors coherently in aging
processes®. Recently, it is found that YTHDF3, rather than YTHDF1 or YTHDF2, plays a
negative role in antiviral activities by promoting the translation of a transcription corepressor,
forkhead box protein O3 (FOX03), of interferon genes®. In collaboration with Prof. Suyun Huang
from the University of Texas, we found a high level of YTHDF3 is positively correlated with
breast cancer brain metastasis, and YTHDF3 promotes translation of metastasis-related genes
(manuscript submitted). Those models could be probed in the future to further understanding

functions of YTHDF3 in different biological processes or systems.

2.4 Methods

2.4.1 Antibodies

The antibodies used in this study for western blotting were listed below in the format of
name (catalogue; supplier; dilution fold): Rabbit anti-YTHDF1 (17479-1-AP; Proteintech; 2,000).
Rabbit anti-YTHDF2 (24744-1-AP; Proteintech; 2,000). Mouse anti-YTHDF3 (sc-377119; Santa
Cruz Biotech; 500). Goat anti-elF3B (sc-16377; Santa Cruz Biotech; 2,000). Rabbit anti-elF4A3
(17504-1-AP; Proteintech; 2,000). Rabbit anti-elF3A (3411; Cell Signaling Technology; 2,000).
Rabbit anti-YBX1 (ab76149; Abcam; 2,000). Mouse anti-Flag HRP conjugate (A8592; Sigma;
5,000). Mouse anti-HA HRP (sc-7392 HRP; Santa Cruz Biotech; 2,000). Donkey anti-Rabbit IgG-

HRP (sc-2313; Santa Cruz Biotech; 2,000). Donkey anti-Goat 1gG-HRP (sc-2033; Santa Cruz
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Biotech; 2,000). Goat anti-GAPDH HRP (A00192-100; GenScript; 5,000). Mouse anti-GST HRP

(sc-138 HRP; Santa Cruz Biotech; 500).

2.4.2 Plasmid construction
Flag-tagged YTHDF3 was cloned from commercial cDNA clones (Open Biosystems) into
vector pcDNA 3.0 (BamHI, Xhol; forward primer (with coding sequence for Flag-tag),

CGTACGGATCCGATTACAAGGACGACGATGACAAGATGTCAGCCACTAGCG; reverse

primer, CGTAGCTCGAGTCATTGTTTGTTTCTATTTCTCTCCCTAC).

Double tethering reporter pmirGlo-Ptight-2BoxB-2MS2: 2BoxB-2MS2 sequence was
designed as the following: CTCGACTAAGTCCAACTACTAAACTGGGCCCTGAAGAA
GGGCCCATATAGGGCCCTGAAGAAGGGCCCTAGCAAGTTCAAATAAGGCTAGTCCG
TTATCAACTTGGCCAACATGAGGATCACCCATGTCTGCAGGTCGACTCTAGAAAACA
TGAGGATCACCCATGTCTGCAGTATTCCCGGGTTCATTAGATCCTAAI0L synthesized,
and PCR amplified and cloned to 3’UTR of firefly luciferase in pmirGlo-Ptight vector reported®®
(Nhel, Sbfl; forward primer, ATACGCTAGCCTCGACTAAGTCCAACTACTAAACTGGG;
reverse primer, GTATCCTGCAGGTTAGGATCTAATGAACCCGGGAATACTG).

Tether effector: We first constructed pcDNA-Flag-MS2 vector by inserting Flag-MS2
protein coding sequence into pcDNA 3.0. MS2 coding sequence was amplified from pZS*12-
MS2-GFP vector'®?, by two rounds of PCR (BamHI, Xbal; forward primer 1 (with EcoRV and
Xhol sites), GGAGGTTCGGGGATATCGGGCTCGAGCATGGCTTCTAACTTTACTCAG
TTCGTTCTC; reverse primer 1, CATTCTAGACTAGTAGATGCCGGAGTTTGCTGC;
forward primer 2 (with coding sequence for Flag tag), CATGGATCCATGGATTACAAG
GACGACGATGACAAGGGAGGTTCGGGGATATCGGG; reverse primer 2, CATTCTAGAC

TAGTAGATGCCGGAGTTT). The resulting plasmid was subjected to a second round of cloning
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by inserting N-terminal of YTHDF3, resulting in plasmid pcDNA-YTHDF3N-MS2 (EcoRV, Xhol;
forward primer, CATGATATCGATGTCAGCCACTAGCGTGGATGC,; reverse primer, CATCTC
GAGCCTACACTAGAAGGTGAAGCACTGACAG). The pcDNA-Flag-YTHDF1N-A construct
was reported previously®®. Finally, insert Flag-MS2, Flag-Y THDF3N-MS2, and Flag-Y THDF1N-
A were cloned to a modified pPB-CAG vector with Mfel and Agel sites between Bglll and Xhol
sites, for optimized expression in HelLa cells (Mfel, Agel; forward primer,
ATCGCAATTGATGGATTACAAGGACGACGATGACAAG; Flag-MS2 and Flag-Y THDF3N-
MS2: reserve primer, CATGACCGGTCTAGTAGATGCCGGAGTTTGCTG,; Flag-YTHDF1N-
A: reverse primer, CATGACCGGT TCAGTTTGCAGCTTTCCATTGAGC).

Flag-HA tandem tagged YTHDF1-3 were cloned by insert their CDS into a modified pPB-
CAG vector where there is a Flag-HA-tandem tag inserted upstream of the restriction enzyme site
Bglll. The vector was digested with Bglll and Mfel, and the CDS of YTHDF1-3 were cloned with
Bglll and Mfel (YTHDF1: forward primer: CGTACAGATCTATGTCGGCCACCAGCG;
reverse primer. CCATACTCGAGTCATTGTTTGTTTCGACTCTGCC; YTHDF2: forward
primer. CGTACAGATCTATGTCGGCCAGCAGCC; reverse primer: CGATGCTCGAGTTA
TTTCCCACGACCTTGACG; YTHDEF3: forward primer: CGTACAGATCTATGTCAGCCAC

TAGCGTG; reverse primer: CGTAGCTCGAGTTATTGTT TGTTTCTATTTCTCTCCCTAC).

2.4.3 Cell culture, siRNA knockdown, plasmid transfection, and RNA isolation

Human HeLa cell line used in this study was purchased from ATCC (CCL-2) and grown
in DMEM (Gibco, 11995) media supplemented with 10% FBS and 1% 100 x Pen/Strep (Gibco).
HelLa Tet-off cell line was purchased from Clontech and grown in DMEM (Gibco) media
supplemented with 10% FBS (Tet system approved, Clontech), 1% 100 x Pen/Strep (Gibco) and

200 pg/ml G418 (Sigma).
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AllStars negative control siRNA from Qiagen (S103650318) was used as control sSiRNA in
knockdown experiments. YTHDF3 siRNAs were ordered from Qiagen. (siYTHDF3-2:
Hs_ YTHDF3 2 with the target sequence ATGGATTAAATCAGTATCTAA; siYTHDF3-5:
Hs_YTHDF3 5 with the target sequence TAAGTCAAAGAAGACGTATTA). YTHDF1 and
YTHDF2 siRNAs were reported previously®>®8, Transfection was achieved by using
Lipofectamine RNAIMAX (Invitrogen) for siRNAs, Lipofectamine 2000 (Invitrogen) for
transfection of one or two plasmids, and Lipofectamine LTX Plus (Invitrogen) for transfection of
multiple plasmids in tethering assay following the manufacturer’s protocols.

Stable overexpression cell lines: Stable expression HelLa cell line with double-tagged
YTHDF1, YTHDF2, and YTHDF3 individually (N terminal Flag and HA in tandem) was created
by puromycin selection (2 pg/ml) with the modified pPB-CAG vector. The control cell line with
expression of only tandem Flag and HA peptides was created similarly.

MRNA isolation for LC-MS/MS: total RNA was isolated from wild-type or transiently
transfected cells with TRIzol® reagent (Invitrogen). mMRNA was extracted using Dynabeads®
MRNA DIRECT kit (Ambion) followed by further removal of remaining rRNA using RiboMinus
Eukaryote Kit v2 (Ambion). mMRNA concentration was measured by Qubit® RNA HS Assay Kit
with Qubit® 2.0 fluorometer.

RNA isolation for RT—-qPCR: we followed the instruction of Direct-zol™ RNA Miniprep
kit (Zymo Research) or RNeasy Miniprep kit (Qiagen) both with an in-column DNase | digestion
step. For RT-gPCR following polysome profiling, RNA was extracted according to the manual of
TRizol® reagent (added 1:1), and contaminate DNA was removed using RNA clean and

concentrator-25 (Zymo Research) with additional in-column DNase | digestion.
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244 LC-MS/MS

50-100 ng of mRNA were digested by nuclease P1 (1 U, Wako) in 25 pl of buffer
containing 20 mM of NH4OAc (pH = 5.3) at 42°C for 2 h, followed by the addition of NHsHCO3
(1 M, 3 ul, freshly made) and alkaline phosphatase (1 U, sigma). After an additional incubation at
37°C for 2 h, the sample was diluted to 50 ul and filtered (0.22 pm pore size, 4 mm diameter,
Millipore), and 5 pl of the solution was injected into LC-MS/MS. Nucleosides were separated by
reverse phase ultra-performance liquid chromatography on a C18 column with on-line mass
spectrometry detection using an Agilent 6410 QQQ triple-quadrupole LC mass spectrometer in
positive electrospray ionization mode. The nucleosides were quantified by using retention time
and the nucleoside to base ion mass transitions of 284 to 152 (G), 282.1 to 150.1 (m°®A), 268 to
136 (A), 245 to 113.1 (U), 261.3 to 129 (4SU, 4-thio-uridine), and 244 to 112 (C). Quantification
was performed in comparison with the standard curve obtained from pure nucleoside standards
running with the same batch of samples. The m°A level was calculated as the ratio of m®A to A or
the ratio of m®A to (A+G) based on the calibrated concentrations*. For 4SU quantification, 0.25
mM DTT was supplemented in the digestion buffer and each digestion step lasted for only 1 h in
order to avoid oxidation of 4SU. The 4SU level was calculated as the ratio of 4SU to U based on

the calibrated concentrations.

2.4.5 Tethering assay

The procedure was adapted from the one reported previously®>8. 50 ng reporter plasmid
(pmirGlo-Ptight-5BoxB) and 450 ng effecter plasmid (A, YIN-A, Y2N-A, Y3N-A, combination of
equal amount of two of them, or combination of equal amount of the later three, in pcDNA3.0) in
the single tethering assay, or 50 ng reporter plasmid (pmirGlo-Ptight-2BoxB-2MS2) and 250 ng

of each effecter plasmid (Flag-MS2, Flag-YTHDF3N-MS2, and Flag-YTHDFIN-A in the
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combination indicated) in the double tethering assay, were used to transfect HelLa Tet-Off®
Advanced Cell Line (613356, Clontech) in each well of six-well plate at 60~80% confluency under
doxycycline (DOX, 100 ng/mL) inhibition. After 6 hours, transfection mixture was replaced with
fresh media containing DOX (100 ng/mL). After another 18 hours, each well was trypsin-digested,
extensively washed with PBS by suspending and spinning down for three times and re-seeded into
96-well plate (1:30) and 12-well plate (1:3) in media without DOX to induce transcription of
Firefly luciferase (F-Luc). 4 hours after F-Luc induction, cells in the 96-well plate were assayed
by Dual-Glo Luciferase Assay Systems (E2920, Promega). F-Luc activity was normalized by
Renilla luciferase (R-Luc) to evaluate protein production from the reporter. At the same time,
samples in the 12-well plate were processed to extract total RNA (DNase | digested) by TRIzol®
reagent (Invitrogen), followed by RT-gPCR quantification. The amount of F-Luc mRNA was also
normalized by that of R-Luc mRNA. Translation efficiency of F-Luc mMRNA was calculated as the

ratio of normalized F-Luc activity (protein level) to normalized F-Luc mRNA level.

246 PAR-CLIP

PAR-CLIP for sequencing: We followed the previously reported protocol® except starting
with 150-200 million Flag-HA-tagged YTHDF3 stable overexpression HelLa cells instead of
transient overexpression ones. YTHDF3-RNA complex was SDS-PAGE purified with a size-
selection range from 60 kDa to 95 kDa, and the RNA fragments was extracted via ethanol
precipitation after protease K digestion of the gel slices. The purified RNA pellet was dissolved in
12 pl RNase-free water, of which 6 pl was subjected to small RNA library preparation with
NEBNext® Multiplex Small RNA Library Prep Set for Illumina® (E7300S, NEB).

PAR-CLIP for quantification of protein-bound RNAs: 20 million Flag-HA-tagged

YTHDF1 or YTHDF2 stable expression HeLa cells treated with either siControl or siYTHDF3
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were subjected to the same PAR-CLIP procedure while using y-3?P-ATP in T4 PNK 5’ end-
repairing. After stringent washing following radioactive-labelling, the samples were subjected to
SDS-PAGE and the gel was exposed to a blanked phosphorimager screen overnight. The screen
was then imaged with the Molecular Imager FX™ (Bio-Rad).

24.7 RIP-LC-MS/MS, RIP-seq and RIP-RT-gPCR

RIP-LC-MS/MS. The RNA immunoprecipitation (RIP) procedure was reported
previously®. 60 million HeLa cells stably overexpressing Flag-HA tagged YTHDF3 were
subjected to RIP procedure. Input, flow-through, and YTHDF3-bound RNA were purified with
Trizol reagent. mMRNAs of the three portions were further purified by depleting rRNA with
RiboMinus Eukaryote Kit v2 (Ambion) followed by depleting tRNA with RNA Clean and
Concentrator-5 (Zymo Research, 200 nt cutoff protocol). 50 ng purified mRNA of each sample
were subjected to LC-MS/MS quantification of m°A levels as described above.

RIP-seq. The procedure was reported previously®®. Input mRNAs were prepared by either
Poly(A) selection (replicate 1, FastTrack MAG Micro mRNA isolation kit, Invitrogen) or rRNA
removal (replicate 2, RiboMinus Eukaryote Kit v2, Ambion). Input mRNA and IP with 150-200
ng RNA of each sample were used to generate the library using TruSeq stranded mRNA sample
preparation kit (lllumina). For RIP-seq of YTHDF1 and YTHDF2 with or without YTHDF3
depletion, 60 million HelLa cells stably expressing Flag-HA tagged YTHDF1 or YTHDF2 were
subjected to Flag-1P. Input RNAs and IP RNAs were subjected to rRNA removal in parallel before
library preparation.

RIP-RT-gPCR. 20 million HeLa cells stably overexpressing Flag-HA YTHDFL1 or Flag-
HA YTHDF2 were collected 48 hours after the treatment of siControl or siYTHDF3. The RIP

procedure was the same as that in RIP-seq till before eluting. 0.5 ml Trizol® reagent was added to
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anti-Flag M2 magnetic beads (Sigma) to extract YTHDF1- or YTHDF2-bound (IP) RNAs.
Amount of non-target or target transcripts in both the input and IP RNAs were analyzed with RT-
gPCR, and IP enrichment ratio of a transcript was calculated as the ratio of its amount in IP to that
in the input yielded from same number of cells.
2.4.8 Ribosome and polysome profiling

Ribosome profiling. We followed the procedure reported previously®®. Ribosome profiling
was conducted using TruSeq Ribo Profile (Mammalian) Library Prep Kit (Illumina,
RPHMR12126). Oligo siYTHDF3-5 was used in two biological replicates. The sequencing data
obtained from ribosome profiling were denoted as “ribosome-bound fragments” and those from
input as “input RNA”. Translation efficiency was defined as the ratio of “ribosome-bound fragments”
and “input RNA”, which reflected the relative occupancy of 80S ribosome per mRNA species'®.

Polysome profiling was performed to verify genome-wide analysis results from ribosome
profiling. We followed the procedure reported previously'®, with following modifications. (1)
Before collection, cycloheximide (CHX) was added to the media at 100 pg/ml for 7 min. (2) The
lysis buffer was formulated as 20 mM HEPES, pH 7.6, 100 mM KCI, 5 mM MgCl2, 100 pg/ml
CHX, 1% Triton-X-100, freshly add 1:100 protease inhibitor (Roche), 40 U/ml SUPERasin
(Ambion). Oligo siYTHDF3-2 was used in this experiment to perturb YTHDF3 expression.
siControl, siYTHDF3-2, Flag-HA-tagged YTHDF3 stable expression HeLa cells, and stable
expression control HelL a cells were analyzed with polysome profiling.
2.4.9 Sequencing data analysis

General pre-processing of reads. All samples were sequenced by illumine Hiseq2000 or
Hiseq4000 with single end 50bp read length. For libraries that generated from small RNA (PAR-

CLIP and ribosome profiling), the adapters were trimmed by using FASTX-Toolkit!®, The deep
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sequencing data were mapped to human genome version hg38 by Tophat version 2.01% without
any gaps and allowed for at most two mismatches. RIP and Ribosome profiling were analyzed by
DESeq? to generate RPKM (reads per kilobase, per million reads).

Data analysis for each experiment. (1) PAR-CLIP data were analyzed by PARalyzerv1.11%
with default settings. Binding motif was analyzed by HOMER (v4.7)!%; (2) for RIP, enrichment
fold was calculated as log2(IP/input); (3) for ribosome profiling, only genes with RPKM >1 in
input RNA sample and RPKM >0 in ribosome-bound fragments were used for analysis and the
change fold was calculated as logz(siY THDF3/siControl) or log2(SIMETTL3/siControl).

Integrative data analysis and statistics. PAR-CLIP targets were defined as gene targets
reproducible among three biological replicates (4,459). RIP targets (2,264) were genes with
logz2(IP/input) > 1 in both biological replicates. The overlap of PAR-CLIP and RIP targets were
defined as high confidence targets (1,239). For Figure 2.4, the three groups of transcripts are
defined as the following: (1) YTHDF3 targets: high confidence targets of YTHDF3; (2) YTHDF1
unique: high confidence targets of YTHDF1 reported previously®® as “CLIP+IP”, but not high
confidence target of YTHDF3; (3) Non-target: non-target for a reader protein is defined as (a)
complementary set of PAR-CLIP targets; (b) RIP enrichment fold <0; Non-target in the figure is
defined as the intersection of the non-targets of YTHDF1 and that of Y THDF3. For the comparison
of PAR-CLIP and m®A peaks, at least 1 nt overlap was applied as the criteria of overlap peaks.
Nonparametric Mann-Whitney U-test (Wilcoxon rank-sum test, two-sided, significance level =
0.05) was applied in ribosome profiling data analysis as previous reported*'°. Gene Ontology (GO)
term analyses were performed by DAVID!%112 Top terms were then selected for visualizations

by the interactive graph function of REVIGO!3,
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Data accession. All the raw and processed data can be accessed under GSE86214

(https://www.ncbi.nlm.nih.gov/geo/). The analysis of Figure 2.2F and Figure 2.4G-1 utilized data

from GSE46705. The analysis of Figure 2.3C and Figure 2.4A-F utilized data from GSE49339

and GSE63591.

2.4.10 Tandem affinity purification of protein interactome

We followed the procedure reported previously®®!4, The protein mass spectroscopy was
performed by Institutes of Biomedical Sciences at Fudan University, Shanghai.
2.4.11 In vitro binding assay using purified protein

GST-tagged YTHDF1-3 were purified as described previously®®. 60 million of Flag-HA
YTHDF1-3 stable expression cell lines and control cell lines were lysed in 1 mL IPP buffer (150
mM NaCl, 0.2% NP-40, 10 mM Tris, pH 7.5, 1:100 protease inhibitor cocktail, 0.5 mM DTT).
The cell lysate was aliquoted into three portions, and concentrated GST-tagged YTHDF1-3 were
added to the final concentration of 2.5 pM. The mixture was rotated at 4°C for 2 hrs before 50 pL
of pre-washed GST-affinity magnetic beads (Pierce) was added for another 2-hr rotation. The
GST-affinity beads were then washed with 400 uL IPP buffer for four times. Proteins bound by
GST-affinity beads were eluted with 25 uL. 2x Laemmli Sample Buffer (Bio-Rad) at 95°C for 5
min and subjected to Flag blotting analysis.
2.4.12 Pulse-chase experiment by metabolic labeling of nascent mMRNA

LC-MS/MS test with 4-thiouridine (4SU) labeling, and colocalization and qPCR test with
5-ethinyluridine (EU) labeling were performed with the same procedure described before®. Flag-

HA-tagged YTHDF1-3 stable expression HeLa cells were used in these experiments.
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Chapter 3

YTHDF1-mediated functions of m®A in learning and memory

3.1 Introduction: functions of m°A highlighted in the brain

As introduced in section 1.4, multiple studies have demonstrated that m®A governs mRNA
stability during cell fate transition and animal development. m°A also affects mMRNA translation.
In HelLa cells, an m°A binding protein YTHDF1 facilitates translation initiation of m®A-modified
mRNASs8; while in MCF7 cells, the function of YTHDF1 on translation is more complex, with
negative effects observed using reporters'®. Therefore, how m®A modulates mRNA translation
and to what extent this function impacts physiological events in intact biological systems, remain
to be elucidated.

Previous studies have suggested the functional importance of m®A in the brain. m°A is
shown to modulate numerous neural functions, including dopaminergic signaling in the mouse
midbrain®®, flight behavior in flies®, mouse embryonic and adult neurogenesis®*®*, and mouse
axon regeneration®®. Moreover, a positive correlation between mPA accumulation and brain
activity has been suggested in recent researches. Upregulation of m8A has been observed with
mouse brain maturation?2. Dynamic m8A removal and installation appeared to occur after memory-
inducing experience in the prefrontal cortex and the hippocampus in mice, and disrupting
expression of the demethylase FTO led to enhanced performance in certain memory tasks'!’8,

Learning and memory are fundamental functions of brains, and long-term memory
formation is believed to require activity-induced protein synthesis'*®. We speculated whether
learning and memory processes could be affected by translational effects of m®A and its binding

protein YTHDFL.
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3.2 Results

3.2.1 YTHDF1 depletion led to defects in hippocampus-dependent learning and memory

3.2.1.1 Construction and general characterization of the Ythdf1-KO mice

We constructed Ythdfl-knockout (Ythdf1-KO) mice using CRISPR/Cas9'%. Two sgRNAs
(red) were designed to target the 4™ exon (E4) of Ythdfl (Figure 3.1A). Founder #4 with a 179-bp
deletion (Figure 3.1B-D) was crossed with C57BL/6 wild-type mice for at least five generations
for further analysis. The complete elimination of YTHDF1 protein was verified in the

hippocampus (Figure 3.1E-F) and other brain regions (Figure 3.1G) of the Ythdf1-KO mice.
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Figure 3.1 CRISRP/Cas9 strategy to generate Ythdf1-KO mice
40



(Figure 3.1, continued) (A) Schematic diagram of the targeting strategy for generating Ythdfl-
KO mice using CRISPR/Cas9. PAM sequence, underlined, green; F1 and R1, genotyping primers.
(B-C) Genotyping PCR product sizes (B) and sequences (C) of the seven founders co-injected
with Cas9 mRNA and the two sgRNAs. (D) Representative genotyping PCR products of off-spring
mice with different genotypes. (E) Validation of Ythdfl knockout by western blot using mouse
hippocampal tissues. (F-G) Representative images of YTHDF1 immunostaining in the mouse
hippocampus (F) and other brain regions (G) in the control and Y#hdf1-KO mice. DG, dentate
gyrus; BLA, basal lateral amygdala.

Compared to wild-type (WT) control littermates, Ythdf1-KO mice develop normally before
sacrifice (up to four months of age) and appear normal in gross hippocampal (Figure 3.2A) and
cortical morphology (Figure 3.2B). Adult hippocampal neurogenesis also appeared normal as

quantified by hippocampal neural stem cell staining (Figure 3.2C).
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Figure 3.2 Hippocampal and cortical morphology and adult neurogenesis of Ythdf1-KO mice

(A-B) Representative images of hippocampal (A) and cortical (B) morphology staining using
Hoechst in adult control and Y#idf1-KO mice. P30/P120, postnatal day 30/120. (C) Quantification
of the number of doublecortin (a marker of neurogenesis) positive (DOX") cells and representative
images of DOX immunostaining in the DG region of Ythdf1-KO and wild-type control mice at
different postnatal development stages. Scale bar, 100 pm. P values, two tailed ¢-test. Numbers in
bars, numbers of mice. Error bars, mean + s.e.m.
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Moreover, loss of YTHDF1 does not alter mouse motor abilities in the open-field test

(Figure 3.3A) nor general emotional states as measured by the light-dark box transition test, the

elevated-plus maze test, and the tail-suspension test (Figure 3.3B-D).
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(A) Motor activities measured by various parameters as listed in the open-field test. (B-C) Anxiety-
like behavior measured by the light-dark box transition test (B) and the elevated-plus maze test
(C). (D) Depressive-like behavior measured by the tail suspension test. P values, two tailed z-test.

Numbers in bars, numbers of mice. Error bars, mean + s.e.m.

3.2.1.2 Hippocampal learning and memory defects in the Ythdf1-KO mice

In the mouse brain, Ythdfl mRNA is preferentially expressed in the hippocampus'?!, a key

region participating in spatial learning and memory. We first examined hippocampus-dependent

spatial learning and memory of the mice by Morris water maze (MWM) tests'??. The mice are

trained to learn the location of a platform inside a water pool based on visual cues around (Figure

3.4A, left). In the visible platform training, Ythdf1-KO mice performed as proficiently as WT
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control mice (Figure 3.4B), indicating normal visual functions and competent acquisition of
procedural learning. However, in the hidden platform training, Ythdf1-KO mice spent longer time

navigating to the platform than control mice (Figure 3.4C), suggesting impaired spatial learning.
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Figure 3.4 Spatial learning and memory defects in the Morris water maze (MWM)

(A) Schematics of procedure of MWM trainings and MWM probe tests. (B-C) Learning curves of
control (red) and Yzhdf1-KO (blue) mice in Morris water maze (MWM) tests in the visible (B) and
hidden (C) platform trainings. (D-F) Quadrant time (%) (D, left), representative swimming paths
(D, right), number of crossings over previous platform location (E), and swimming velocity (F) of
control and Y#hdf1-KO mice in the MWM probe test. The red dash line represents the chance level
(25%). P values, two-way repeated measures ANOVA with post hoc test (B-C), two-way ANOVA
with two tailed ¢-test (relative to “Target” or between genotypes) (D), and two-tailed z-test (E-F).
Numbers in bars, numbers of mice. Error bars, mean + s.e.m.

43



After the training, the mice were subjected to a probe test, where the platform was removed.
Each mouse was allowed a certain time to explore in the water pool and its swimming path was
recorded to evaluate whether the mouse remember the previous platform location (Figure 3.4A,
right). While the control mice spent most of the time in the target quadrant where the platform was
located, Ythdf1-KO mice failed to do so. They spent similar time in each quadrant (Figure 3.4D)
and seldomly swam across the previous platform location (Figure 3.4E) despite being normal in

swimming activity (Figure 3.4F), suggesting their defects in spatial memory.

To further confirm the importance of YTHDF1 in hippocampus-dependent learning and
memory, we performed classical fear conditioning tests. Each mouse was trained with one or more
pairs of tones and foot shocks in a conditioning chamber, and later tested for freezing responses to
either: (i) the conditioning chamber itself without the tone (contextual fear memory), or (ii) the
tone but inside a different chamber as a context (auditory fear memory) (Figure 3.5A). Contextual
fear memory is sensitive to hippocampal defects, while auditory fear memory depends on the
amygdala'?.

We first titrated the intensity of electric shock to establish fear conditioning protocols that
did not saturate fear response (Figure 3.5B). Under a moderate training protocol (0.5 mA, 2s, 1
pair), Ythdf1-KO mice showed less freezing response during inter-trial intervals (IT1) but not when
the tone sounded (Figure 3.5C-D), suggesting that contextual but not auditory learning was
impaired. 24 hours after conditioning, Ythdf1-KO mice showed deficits in contextual (Figure 3.5E)
but not auditory fear memory (Figure 3.5F). Consistently, under a weaker training protocol (0.5
mA, 1s, 1 pair), 2-hour contextual but not auditory fear memory of the mice was impaired (Figure
3.5G-H). Together, these data support that genetic deletion of Ythdfl disrupts learning and

memory formation in the mouse hippocampus.
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Figure 3.5 Contextual and auditory fear memories of the Ythdf1-KO mice

(A) Schematics of the fear conditioning procedures (left) and freezing responses measured at
different stages (right). (B) Titration curves of the freezing level of wild-type mice 24 hours after
trainings with different foot shock intensities. The conditioning protocols used in later experiments
(moderate protocols) are indicated by arrows. (C-D) Learning curves for auditory (C) and
contextual (D) fear conditioning (FC) under moderate (left) or strong (right) training protocols.
The training sessions were separated into three parts: baseline (base), tone periods (tone), and inter-
trial intervals (ITI). (E-H) Contextual (E&G) and auditory (F&H) fear memory assessed 24 hours
(E-F) or 2 hours (G-H) after the indicated FC. P values, two-way repeated measures ANOVA
with post hoc test (C-D) and two-tailed t-test (E-H). Numbers in bars, numbers of mice. Error bars,
mean + s.e.m.



3.2.1.3 Long-term-potentiation (LTP) defects in the Ythdf1-KO acute hippocampal slices
We next used electrophysiological characterization to study how YTHDF1 depletion
affects hippocampal synaptic functions. Basal synaptic properties of hippocampal CA1 neurons

were examined by whole-cell patch-clamp (see Methods 3.4.5).
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Figure 3.6 Basal synaptic properties of the Ythdf1-KO hippocampal CALl neurons

(A-B) Representative traces (A) and quantification of amplitude (B, left) and frequency (B, right)
of mEPSCs in control and Y#hdf1-KO hippocampal CA1 neurons. (C-D) PPR with different inter-
stimulus intervals in CA1l neurons from wild-type control and Ythdfl-KO mice. (E-F)
Representative images of Lucifer Yellow staining (E) and statistical analyses of spine density (F,
left) and spine size (F, right) in CA1 neurons from adult control and Ythdf1-KO brain. P values,
Kolmogorov-Smirnov test for cumulative distributions followed by comparisons with Mann—
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(Figure 3.6, continued) Whitney U test (B), two-way repeated measures ANOVA with post hoc
two-tailed t-test (C), and two-tailed #-test (F). Numbers in bars, numbers of neurons/mice (B),
neurons/mice (F, left), spines (F, right). Error bars, mean + s.e.m.

In Ythdf1-KO CA1 neurons, spontaneous miniature excitatory postsynaptic currents
(mEPSCs) were significantly decreased in amplitude and frequency, compared to control (Figure
3.6A-B), suggesting that loss of YTHDF1 might affect presynaptic glutamate release and/or
postsynaptic number of AMPA receptors. Paired-pulse ratio (PPR) analyses also indicate reduced
presynaptic release probability in Ythdf1-KO CA1 neurons (Figure 3.6C-D), confirming the
defects in basal synaptic transmission. Morphologically, Ythdf1-KO CA1 neurons have reduced
dendritic spine density yet unaltered spine size (Figure 3.6E-F).

Long-term potentiation (LTP) is a major cellular model for explaining learning and
memory. To test whether YTHDF1 modulates long-term synaptic plasticity, we recorded LTP
induced by high frequency stimulation (HFS) in the CA1 region of hippocampal slices. Compared
to WT controls, Ythdf1-KO slices failed to generate normal levels of field excitatory postsynaptic
potential (fEPSP) after 2 x HFS induction (Figure 3.7A-B). The initial potentiation following HFS
was similar between control and Ythdf1-KO slices (Figure 3.7A); therefore, it is less likely that
the decreased LTP was due only to impairments in basal synaptic transmission. Ythdf1-KO slices
were also defective in late phase LTP (induced by 4 x HFS) (Figure 3.7C-D), a process requiring
activity-induced synaptic protein synthesis. Indeed, depletion of YTHDF1 noticeably reduced the
abundance of key proteins involved in LTP in the postsynaptic density (PSD) fraction of
hippocampal neurons (Figure 3.7E-F), although such decreases were not observed for those
proteins in the whole hippocampal tissue (Figure 3.7G-H). Together, these results suggest that
YTHDF1 depletion in mice impairs basal synaptic transmission and LTP in hippocampal neurons,

contributing to the observed defects in learning and memory.
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Figure 3.7 Long-term-potentiation (LTP) in the Ythdf1-KO hippocampal CALl slices

(A-B) Summary plots (A) and average amplitude (B) of long-term potentiation (LTP) induced by
2 x high frequency stimulation (HFS) in the CA1 region of control and Ythdf1-KO acute slices.
fEPSP, field excitatory postsynaptic potential. (C-D) Summary plots (C) and average amplitude
(D) of late phase LTP induced by 4 x HFS. Top panels, sample traces taken at time points 1 and 2
indicated above the summary plots; scale bars, 10 ms (horizontal) and 0.2 mV (vertical) (A&C).
(E-H) Representative western blots (E, G) and quantification (F, H) of a number of LTP-related
proteins in the control and Yzhdf1-KO hippocampal postsynaptic density (PSD) fraction (E-F) and
the whole hippocampus (G-H). P values, two-tailed #z-test. Numbers in bars, numbers of
slices/mice (B, D) and number sof mice (F, H). Error bars, mean + s.e.m.
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3.2.1.4 Hippocampal-specific YTHDF1 re-expression rescues the defects

To confirm that the observed defects were derived from the loss of YTHDF1 specifically
in the hippocampus, we investigated whether re-expressing Y THDFL1 in the hippocampus of adult
KO mice would be sufficient to rescue the phenotypes. We delivered the adeno-associated virus
(AAV) expressing either mouse YTHDF1 (AAV-YTHDF1) or a control fluorescent protein
mCherry (AAV-control) (Figure 3.8A) specifically to the hippocampus by bilateral stereotactic

injection (Figure 3.8B), resulting in selective re-expression in injected regions (Figure 3.8C-E).
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Figure 3.8 Hippocampal-specific re-expression of mouse YTHDF1

(A) Schematics of AAV constructs overexpressing mouse Y THDF1 (AAV-YTHDF1) or control
(AAV-control). ITR, inverted terminal repeats; CMV, cytomegalovirus promoter; WPRE,
Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element. (B) Illustration of bilateral
viral injections into the mouse hippocampus. (C-D) Representative fluorescence images (C) and
YTHDF1 immunostaining (green) (D) in the mouse hippocampus after virus infection. Hoechst,
blue; YTHDF1 co-expressed with mCherry, red. (E) YTHDFL1 protein overexpression level
indicated by immunofluorescent signal intensity in the CA1 and DG regions. P values, two tailed
t-test. Numbers in bars, numbers of mice. Error bars, mean + s.e.m.
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Hippocampal YTHDFL1 re-expression in the KO mice substantially enhanced their learning
(Figure 3.9A) and memory (Figure 3.9B-C) performances in MWM tests and rescued contextual
fear memory to normal levels (Figure 3.9D), with no obvious effect on auditory fear memory
(Figure 3.9E), anxiety-like behavior (Figure 3.9F), nor motor activity (Figure 3.9G); it also

reversed hippocampal LTP deficiency in Ythdf1-KO mouse (Figure 3.10).
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Figure 3.9 YTHDF1 re-expression rescues hippocampal learning and memory defects

(A-C) Learning curves in MWM hidden-platform trainings (A), quadrant time (%) in MWM probe
tests (B), and the number of crossings over the previous platform location (C) for Ythdf1-KO mice
injected with AAV-control (red) or AAV-YTHDF1 (blue), compared to uninjected wild-type (WT,
green) in MWM probe tests. (D-E) Contextual (D) and auditory (E) fear memories assessed 24
hours after fear conditioning. (F), Anxiety-like behavior of the injected mice measured as open-
arm durations in elevated-plus maze. (G) Motor activities of the injected mice measured as total
distance and number of moves in the open-field test. P values, two-way repeated measures ANOVA
with post hoc two-tailed #-test (AAV-YTHDF1 relative to AAV-control or comparisons between
curves) (A), two-way ANOVA with post hoc two-tailed #-test (comparison within group or with
“Target”) (B), one-way ANOVA with post hoc Fisher test (D-E), and two-tailed #-test (F-G).
Numbers in bars, numbers of mice. Error bars, mean + s.e.m.
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Figure 3.10 Hippocampal YTHDF1 re-expression rescues the LTP defects

Representative traces (A), summary plots (B), and average amplitude (C) of LTP induced by 2 x
HFS in acute slices from Y#hdf1-KO mice injected with AAV-YTHDF1 or AAV-control. Sample
traces (A) were taken at the time points 1 and 2 indicated the summary plots (B). P values, two-
tailed 7-test. Numbers in bars, numbers slices/mice. Error bars, mean + s.e.m.

3.2.1.5 Hippocampal-specific YTHDF1 knockdown phenocopies the Ythdf1-KO mice

To test whether acute loss of YTHDF1 in the hippocampus was sufficient to induce the
phenotypes of Ythdf1-KO mice, we injected AAV expressing a short hairpin RNA targeting Ythdfl
transcripts (AAV-RNAI) to the hippocampus of adult WT mice (Figure 3.11A). Specific
knockdown of YTHDF1 but not other YTH proteins was verified in N2A cells (Figure 3.11B). In
mice injected with AAV-RNAI, learning and memory performances in MWM tests were
dramatically impaired (Figure 3.11C-F), as was contextual fear memory (Figure 3.11G) but not
emotional states (Figure 3.11H) nor auditory fear memory (Figure 3.111).

Moreover, hippocampal-specific knockdown of Mettl3 (Figure 3.12A) also phenocopied
the effects of YTHDF1 depletion, leading to defects in spatial memory (Figure 3.12B-D) and
contextual fear memory (Figure 3.12E) without affecting auditory fear memory (Figure 3.12F)
nor locomotor activities (Figure 3.12G). These knockdown results further support that the
observed phenotypes in Ythdfl-KO mice come from direct depletion of YTHDF1 instead of
potential developmental defects caused by lack of YTHDF1 and are m®A-dependent.
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Figure 3.11 Impaired spatial learning and memory after hippocampal knockdown of Ythdfl

(A) Schematics of the AAV construct expressing Ythdfl shRNA. (B) Western blot and
quantification of protein expression level of YTH proteins in N2A cells after Ythdfl-shRNA
(RNAI) or control vector (Ctrl) transfection. (C) Spatial learning curves in the hidden-platform
MWM training sessions for RNAi (red) and control (gray) mice. (D-F) Spatial memory
performances measured by quadrant time (%) (D) and number of platform crossings (E), and motor
activities (F) of RNAI (red) and control (gray) mice in MWM probe tests. (G, 1) Contextual (G)
and auditory (1) fear memories assessed 24 hours after fear conditioning in RNAi and control mice.
(H) Anxiety level of mice assessed by open-arm durations in elevated-plus maze. P values, two-
way repeated measures ANOVA with post hoc two-tailed t-test (C), two-way ANOVA with two-
tailed t-test (comparison between group or to “Target”) (D), and two tailed t-test (B, E-I). Numbers
in bars, numbers of biologically independent samples (B) and mice (D-1). Error bars, mean £ s.e.m.
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Figure 3.12 Impaired spatial learning and memory after hippocampal knockdown of Mettl3

(A) Representative western blot (left) and quantification (right) of Mettl3 protein level in N2A
cells transfected with Mettl3-shRNA (RNAI) or control vector (Ctrl). (B-D) Spatial learning curves
in the hidden-platform MWM training sessions (B), and spatial memory performances measured
by guadrant time (%) (C) and the number of platform crossings (D) in MWM probe tests, for
MettlI3-RNAI and control mice. (E-F) Contextual (E) and auditory (F) fear memories measured
by freezing levels 24 hours after fear conditioning in Mettl3-RNAi and control mice. (G) Motor
activities of mice accessed in the open-field test. P values, two-way repeated measures ANOVA
with post hoc two-tailed t-test (B), two-way ANOVA with two-tailed t-test (comparison between
groups or to “Target”) (C), and two tailed t-test (A, D-G), Numbers in bars, numbers of
biologically independent samples (A) and mice (C-G). Error bars, mean £ s.e.m.
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3.2.2 mPA methylation and YTHDF1-binding enrich functional transcripts in neurons

3.2.2.1 Transcriptome-wide characterization of YTHDFL1 targets in the mouse hippocampus

We next proceeded to investigate underlying molecular mechanisms. We mapped YTHDF1
binding sites and m®A sites on hippocampal mRNAs using crosslinking-and-immunoprecipitation-
based sequencing methods (CLIP-seq). Biological triplicates of YTHDF1-CLIP-seq identified
3,552 common peaks as high-confidence peaks (Figure 3.13A) on 1,042 transcripts (defined as

“YTHDF1-CLIP targets”), with validated pull-down efficiency of YTHDF1 (Figure 3.13B).

About two-thirds of the high-confidence YTHDF1-CLIP peaks are mapped to mature mRNAs
(Figure 3.13C) and enriched near the stop codon and 3’UTR (Figure 3.13D). Functional
annotation of YTHDF1-CLIP targets reveals substantial enrichment for synaptic transmission and

LTP (Figure 3.13E), consistent with the neuronal phenotypes observed in Ythdf1-KO mice.
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Figure 3.13 YTHDF1 binding sites and target transcripts in the mouse hippocampus

(A) Peak overlap among three biological replicates of YTHDF1-CLIP-seq. (B) Validation of
immunoprecipitation efficiency for YTHDF1-CLIP-seq. The position of the gel slice cut during
the step of protein-RNA complex size selection was indicated in red (see Methods 3.4.16). (C-D)
Distributions of high-confidence YTHDF1-CLIP peaks in different regions of genome (C) and
transcripts (D). (E) Functional annotation of YTHDF1-CLIP targets (n = 1,032) in the adult mouse
hippocampus.
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3.2.2.2 m8A profiling in the mouse hippocampus
Biological triplicates of m®A-CLIP-seq using purified hippocampal poly(A)+ RNA yielded
~11,000 common peaks, with the GGACU consensus sequence (Figure 3.14A) and enrichment at

CDS and 3’UTR (Figure 3.14B-C) on 3,460 transcripts (defined as “m°®A-modified transcripts™).

Similarly, genes mediating neuronal biological processes are overrepresented in m8A-modified

transcripts (Figure 3.14D).
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Figure 3.14 m®A methylation sites on the mouse hippocampal transcriptome
(A) Consensus motif and its P value generated by HOMER of the three sets of hippocampal m®A
sites from biological triplicates of m®A-CLIP-seq. (B-C) Distribution of m8A-CLIP peaks along
the different regions of transcripts (B) and genome (C). (D) Functional annotation of mCA-
modified transcripts in the adult mouse hippocampus (number of mutations in méA-CLIP-seq >=
5,n=2,922).

At the transcript level, YTHDF1-CLIP targets on average bear higher numbers of m°A-
CLIP peaks (Figure 3.15A) and crosslinking-induced mutations (Figure 3.15B) detected in the
mBA-CLIP-seq, either compared to transcripts without YTHDF1-CLIP peaks (defined as “non-

YTHDF1-CLIP transcripts”), or compared to m®A-modified transcripts; at the peak level, 30% of

YTHDF1-CLIP peaks overlap (> 1 nt) with m®A-CLIP peaks (Figure 3.15C; in comparison, 0.65-

0.72% of background peaks overlap with mA-CLIP peaks). These results indicate that YTHDF1
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preferentially recognizes m®A sites in the adult mouse hippocampus. Key synaptic plasticity
transcripts, including Grial, Grinl, and Camk2a, contain one or multiple overlapped YTHDF1-

CLIP peaks and m®A-CLIP peaks (Figure 3.15D).
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Figure 3.15 Overlap of YTHDF1 binding sites and m®A sites on the hippocampal mMRNAs

(A-B) Box-plots of the number of m®A-CLIP peaks (A) and the log> number of m®A-CLIP-seq
mutations (B) on m®A-modified transcripts, non-Y THDF1-CLIP transcripts, and YTHDF1-CLIP
targets. Box-plot elements: center line, median; box limits, upper and lower quartiles; whiskers, 1-
99%,; error bars; number in parentheses, number of genes. P values, two-sided unpaired
Kolmogorov-Smirnov test. (C) Peak overlap between high-confidence YTHDF1-CLIP peaks and
high-confidence m®A-CLIP peaks. The percentage of YTHDF1-CLIP peaks overlapped is
indicated. (D) IGV screenshots of the piled mutated reads for the each of the biological triplicates
of YTHDF1-CLIP-seq (red) and mPA-CLIP-seq (blue). Three examples of synaptic plasticity
transcripts were presented; the overlapped peak regions are highlighted in light orange.

3.2.3 YTHDF1 promotes translation in mouse neurons in response to stimulus

3.2.3.1 The effects of méA and YTHDF1 on the basal mRNA and protein levels
We then profiled mRNA and protein abundance in the hippocampus of Ythdf1-KO and WT

control mice. We noticed that Y THDF1-CLIP targets and m®A-modified transcripts exhibit a very
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slight decrease in mMRNA abundance (Figure 3.16A) and no global protein level changes (Figure
3.16B) in Ythdf1-KO hippocampus compared to control. These mild changes prompted us to

investigate whether YTHDF1 functions in a neuronal-stimulus-dependent manner.
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Figure 3.16 Mild roles of YTHDF1 and m8A on global hippocampal mRNA and protein levels

Box-plots of mRNA abundance (A) and protein abundance (B) log> fold changes (A) between
Ythdf1-KO hippocampus and wild-type control for all expressed genes (black), non-YTHDF1-
CLIP transcripts (gray), YTHDF1-CLIP targets (red), transcripts with overlapped YTHDF1-CLIP
peaks and m8A-CLIP peaks (pink), and m®A-modified transcripts (blue). Box-plot elements: center
line, median; box limits, upper and lower quartiles, whiskers, 1-99%; P values, two-sided unpaired
Kolmogorov-Smirnov test; number of genes is indicated below each box.

3.2.3.2 YTHDF1 promotes protein synthesis in response to stimuli in cultured neurons

To test the hypothesis of stimuli-dependency, we monitored nascent protein synthesis in
cultured WT control and Ythdf1-KO hippocampal neurons before and a few hours after potassium
chloride depolarization (KCI, 50 mM). Neurons were isolated from WT control and Ythdf1-KO
mouse embryos, and nascent proteins were imaged using an alkyne-puromycin analogue clicked
with fluorophore Alexa4882*. KCI depolarization induced noticeable protein synthesis 2 hours
(Figure 3.17A&C) and 4 hours (Figure 3.17B&D) post stimulation in control neurons but much
less in Ythdf1-KO ones. In the control neurons, a higher nascent protein signal at 2 hours post KCI
compared to the one at 4 hours post KCI may suggest a wave of protein production in response to

neuronal stimuli (Figure 3.17C-D).
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Figure 3.17 Nascent protein quantification in neurons before and after KCI depolarization
Representative images (A-B) and quantification (C-D) of nascent protein (Nascent-P) synthesis in

cultured wild-type control and Ythdf1-KO hippocampal neurons before (sham) and 2 hours (A&C)
or 4 hours (B&D) after KCI depolarization. P values, two-tailed #-test. Numbers in bars, numbers
of images/biologically independent samples. Error bars, mean £ s.e.m.

We also constructed a reporter system in which the N-terminus of mouse YTHDF1
(YTHDF1-N) was tethered to the 3’UTR of the firefly luciferase (F-Luc) coding sequence,
mimicking direct binding of YTHDF1 on m°®A-modified transcripts; Renilla luciferase was co-
transfected for normalization (Figure 3.18A)%°. YTHDF1-N tethering did not affect F-Luc protein
level before KCI stimulation (Figure 3.18B), consistent with proteomics results (Figure 3.16B).
However, increased F-Luc production was observed at 2 and 4 hours post KCI stimulus for

YTHDF1-N tethering compared to the control (Figure 3.18C-E), supporting that YTHDF1

promotes protein synthesis upon neuronal stimulation.
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Figure 3.18 YTHDF1 tethering reporter assays in neurons before and after KCI stimuli

(A) Schematics of a tether reporter system that mimics the binding between YTHDF1 and 3’UTR
mOA sites of target transcripts. Y THDF1-N, truncated N-terminal mouse Y THDF1 (1-389 aa); F-
Luc/R-Luc, firefly/Renilla luciferase. (B-E) Normalized F-Luc reporter expression in cultured
hippocampal neurons tethered with YTHDF1-N or control, before (sham, B), 2 hours (C), 4 hours
(D), and 8 hours (E) after KCI depolarization. P values, two-tailed z-test. Numbers in bars,
biologically independent samples. Error bars, mean + s.e.m.

Indeed, Bsn, one of the top YTHDF1-CLIP targets, showed attenuated protein expression
after fear conditioning (FC) in the Ythdf1-KO hippocampus (Figure 3.19A), as did Camk2a in the

Ythdf1-KO PSD fraction (Figure 3.19B).
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Figure 3.19 Western blots showing deficient protein production after FC in Ythdf1-KO mice

(A-B) Representative western blot (left) and quantification (right) of Bsn (A) and Camk2a (B)
protein levels, in the whole hippocampus and the PSD fraction, respectively, before (Mock) and 2
hours after fear conditioning (FC). Normalized to the Mock condition for each genotype separately.
P values, two-tailed 7-test. Numbers in bars, numbers of replicates. Error bars, mean £ s.e.m.
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3.2.3.3 Potential mechanisms underlying stimulus-dependent function of YTHDF1

Finally, we investigated the molecular mechanisms that might drive the observed stimulus-
dependent function of YTHDF1. We examined how YTHDF1 and m®A profile in the hippocampus
response to neuronal stimuli. After fear conditioning, YTHDF1 protein increased by 30% in the
PSD fraction, although no change occurred at the tissue level (Figure 3.20A-B). This suggests that
YTHDF1 may undergo translocation to PSD in response to stimulus, which could contribute to
localized translation in synapses and thus synaptic plasticity.

We also examined potential m8A landscape changes of YTHDF1 targets in the dentate
gyrus (DG) in an electroconvulsive treatment (ECT) model, in which dentate granule cells are
synchronously activated?>1%, The anti-m®A-immunoprecipitation followed by sequencing (m®A-
RIP-seq) was applied to mMRNAs purified from the DGs before and after ECT, and the ECT-
induced changes in transcript abundance was evaluated in both the input libraries and the m°A-
antibody-enriched RIP libraries (Figure 3.20C). The méA-RIP-seq of DG mRNAs showed that
while the level of YTHDF1-CLIP targets was not differentially regulated in response to ECT
compared to other transcripts (Figure 3.20D), the m®A-methylated copies of YTHDF1-CLIP
targets were up-regulated in abundance after ECT (Figure 3.20E). This up-regulation effect was
also observed, to a mild extent, for YTHDF1-CLIP targets and m®A-modified transcripts in the
naive WT mouse hippocampus compared to Ythdf1-KO one (Figure 3.16A). With the observation
that more YTHDF1 protein is present in the PSD fraction after stimulus (Figure 3.20A-B), these
results suggest that more binding of YTHDF1 to its m®A-methylated targets may occur upon

stimulation to facilitate translation of the targets as well as to help stabilize them.
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Briefly, stimulus-induced responses, including (i) synaptic enrichment of Y THDFL1 protein
(Figure 3.20A-B), (ii) up-regulation in the abundance of m®A-methylated copies of YTHDF1
targets (Figure 3.20D), and (iii) perhaps a global increase of mMRNA m°®A level, may together

contribute to the stimulus-dependent feature of the function of YTHDF1.
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Figure 3.20 Potential mechanisms for neuronal-stimuli-dependent YTHDF1 functions

(A-B) Representative western blot (A) and quantification of YTHDF1 protein level in the
hippocampal postsynaptic density (PSD) fraction (B, left) and the whole hippocampus (B, right)
before (Mock) and 2 hours after fear conditioning (FC). P values, two-tailed #-test. Numbers in
bars, numbers of biologically independent samples. Error bars, mean * s.e.m. (C) Schemes of the
experimental design to quantify the change in the extent of m8A methylation for each transcript in
the DG region before (Mock) and 1 hour after electroconvulsive treatment (ECT). (D-E) Box-plots
of transcript abundance log> fold change between electroconvulsive treated (ECT) and untreated
(Mock) dentate gyrus, for m°A-modified transcripts, m®A-modified non-YTHDFI-CLIP
transcripts, and transcripts with overlapped YTHDF1-CLIP and m°A-CLIP peaks, in “Input” (D)
and m®A-enriched “RIP” (E) RNA-seq libraries. Dash lines, median log, fold change of all reliably
detected transcripts (rpkm > 1). Box-plot elements: center line, median; box limits, upper and
lower quartiles; whiskers, 1-99%; number in parentheses, number of genes. P values, two-sided
unpaired Kolmogorov-Smirnov test.
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3.2.4 Ongoing research on YTHDF1 within other parts of the brain

3.2.4.1 m8A and striatum-dependent learning in mice

In collaboration with our group, Koranda et. al. reported the role of METTL14 in striatal
function and learning!?’. They deleted METTL14 in either striatonigral (dopamine D1 receptor
(D1R) positive) or stratopallidal (dopamine D2 receptor (D2R) positive) neurons, which
profoundly impaired striatal-mediated behaviors. Take striatonigral-specific Mettl14-knockout
(D1R-fM14) as an example (littermate controls labelled as “D1Rctrl”, KO labelled as “D1Rexp”)).
Mettl14 deletion reduced striatal m®A levels (Figure 3.21A). m®A-seq and RNA-seq analyses of
D1Rctrl and D1Rexp showed that the magnitude of change in RNA abundance positively
correlated with the magnitude of decrease in m®A peak enrichment®?’,

Interestingly, functional annotation of m®A-modified differentially expressed genes
between the genotypes revealed downregulation of neuron- or synapse-specific genes (Figure
3.21B) and upregulation of non-neuron-specific genes, such as those related to metabolism,

ribosome components, and translation. (Figure 3.21C).

A B FC (exp/ctrl) <1, p <0.05 C FC (exp/ctrl) > 1, p <0.05
345 cytoplasm 84 mitochondrion
0.40 1 P<0.0001 232 protein binding 22 ribosome
119 nucleoplasm 28intracellular ribonucleoprotein complex
0.30 A 317 membrane 12 rRNA binding
g 278" nucleus 31 translation
:(’ 0.20 | I 29 postsynaptic density 24 structural constituent of ribosome
I 44 Synapse 9 mitochondrial translation
‘€ 35 [ axon 50 poly(A) RNA binding
0.10 40 dendrite 38 RNA binding
18 neuron migration 9 cytosolic small ribosomal subunit
0.00 A 18 Rab GTPase binding 168 nucleus
Q_c}‘\qg;\g 1E-18 1.E-14 1.E-10 1.E-06 1.E-02 1.E-09 1.E-07 1.E-05 1.E-03 1.E-01

S False Discovery Rate (FDR) False Discovery Rate (FDR)

Figure 3.21 Differential expression analyses in D1R-fM14 striatum

(A) LC-MS/MS quantification of striatal polyA* RNA m®A levels from control and D1R-fM14exp
mice. Numbers in bars, numbers of mice. (B-C) GO analysis of m®A-modified mRNAs with reads
per kilobase of transcript, per million mapped reads (rpkm) fold change (FC) <1 and p <0.05 (B)
and FC > 1 and p < 0.05 (C) in D1R-fM14exp compared to controls. Number of genes in each
category shown in red.
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These results suggest that YTHDF2’s function on mRNA decay is unlikely to dominate for
m®A-modified neuron- and synapse-specific transcripts, since a decrease of m®A level co-occurred
with decreased transcript level. One possible explanation is that neuronal transcripts may undergo
transport along the neurites as granules and local translation at synapses'?®!?®, necessitating
specialized regulation different from those for non-neuron-specific or housekeeping transcripts.
Our findings in the hippocampus suggested binding of YTHDFL1 contributes to increased RNA
abundance (Figure 3.16A&20E). mRNA decay and translation are intrinsically linked®*°, and
YTHDF1-mediated translation promotion may help stabilize those transcripts as well. It is also
likely that there are m®A readers yet to be determined that account for the observation in Mettl14

KO mice.

The substantial heterogeneity of cell types in the brain causes great challenges in
interpreting tissue-wide data. To examine the translation effects of YTHDF1 in a more refined
neuronal cell types, we utilized the strategy of translating ribosome affinity purification (TRAP)
where EGFP-tagged ribosomal subunit protein L10A is expressed under cell-type-specific
promoters'®®, The Ythdfl-KO mouse line was crossed with B6;FVB-Tg(Drdla-
EGFP/Rpl10a)CP73Htz/J line, which incorporates the EGFP-L10a ribosomal fusion protein
targeted to the transcription start site of the D1R (also called Drd1a) gene'®. The crossed control
and Ythdf1-KO mice will be treated with the selective D1R agonist SKF-81297, and polysomal
RNAs that are being actively translated in D1R neurons will be purified through EGFP pull down.
Combined with the list of m8A-modified transcripts regulated by METTL14 in D1R neurons, we
expect to achieve a transcriptome-wide characterization of YTHDF1 functions in distinct neuron

types in response to stimuli.
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3.2.4.2 mbA and synaptosomal transcriptome
Around the same time when our study of YTHDF1 in hippocampal neurons was published,

Merkurjev et. al. reported a first characterization of synaptic méA epitranscriptome®®

. They found
that transcripts that are hypermethylated in the synaptosome compared to in the whole tissue
exhibit strong functional enrichment in synaptic pathways. Disturbing Ythdfl expression by
shRNAs in dissociated hippocampal neuronal cultures results in 20% yet not statistically
significant decrease of Apc (adenomatous polyposis coli, méA-modified in the synapse) mRNA
level and a dramatic decrease of APC protein level, consistent with our findings.

Taking advantage of the Ythdf1-KO mice model that we have, we tested how YTHDF1
depletion affects the cortical synaptic transcriptome profiles. Around 300 genes are upregulated in
the Ythdfl-KO cortical synaptosome, related to mitochondrial function, ribosome, and
cytoskeleton; while ~200 genes are down-regulated, showing functional enrichment for synaptic

processes (Figure 3.22). Examining YTHDF1 at a higher resolution in either cell types or

subcellular compartments holds the promise of an advanced understanding of m®A biology.
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Figure 3.22 Differential expression analyses of Ythdf1-KO mouse cortical synaptosome

(A) Volcano plot showing differentially expressed genes in Ythdfl-KO mouse cortical
synaptosome. The dots with an adjusted P value (Pagj) < 0.05 are highlighted in red. (B) Functional
annotations of the upregulated transcripts (top) and the downregulated transcripts (FDR < 0.05).
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3.3 Conclusion and Discussion

In summary, we show that mRNA m®A methylation facilitates learning and memory
formation in the mouse hippocampus mainly by promoting translation from target transcripts upon
neuronal stimuli, mediated through its binding protein YTHDF1. Mice with genetic deletion of
Ythdfl (Ythdfl-KO) exhibit learning and memory defects (Figure 3.4-5) as well as impaired
hippocampal synaptic transmission (Figure 3.6) and long-term potentiation (Figure 3.7).
YTHDF1 re-expression in the hippocampus of adult Ythdfl-KO mice rescues behavioral and
synaptic defects (Figure 3.9-10), while hippocampus-specific acute knockdown of Ythdfl or
Mettl3, the catalytic component of m8A methyltransferase complex, recapitulates the hippocampal
deficiency (Figure 3.11-12). Transcriptome-wide mapping of YTHDF1 binding sites and m°®A
sites on hippocampal mMRNAs uncovered key neuronal genes (Figure 3.13-14). Nascent protein
labeling (Figure 3.17) and tether reporter assays (Figure 3.18) in hippocampal neurons revealed
that YTHDF1 enhances protein synthesis in a neuronal-stimulus-dependent manner.

The presence of YTHDF1 could expedite new protein synthesis required for long-lasting
changes of synapse plasticity and thus memory formation, whereas, in Ythdfl-KO mouse
hippocampus, stimulus-dependent protein synthesis is attenuated, resulting in less efficient
synaptic strengthening and a lower probability of reaching “thresholds” for memory formation
(Figure 3.23). The méA-dependent translation promotion could be stimulation-induced as shown
here for YTHDF1, potentially a general theme for RNA methylation-dependent translational
regulation.

A recent paper discussed the stress-induced m®A epitranscriptome change in the brain®3,
An acute restraint stress, where the mouse is kept for 15 min in a ventilated 50 mL falcon tube, is

shown to induce m®A changes that are brain-region-, time-, and transcript-dependent. Of note,
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conditional knockout of Mettl3 or Fto in the excitatory neurons in the neocortex and hippocampus
both led to improved fear memory, indicating a rigorous regulation of m®A dynamics during stress

response and memory formation.
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Figure 3.23 A proposed mechanism for how YTHDF1 contributes to memory formation

YTHDF1 promotes translation of méA-modified target transcripts, including synaptic transmission
and LTP-related ones, in response to learning stimulus, thus facilitating synapse strength
adequately for a memory to occur.

The Ythdf1-KO mice also show interesting phenotypes in immune response. Our group
recently reported an increased CD8+ T cell antitumor response in Ythdfl-deficient mice!®.
YTHDF1 promotes the translation of lysosomal proteases transcripts it binds to, and loss of
YTHDF1 contributes to a lasting antitumor response beneficial to PD-L1 checkpoint blockade
immunotherapy. On-going research in the group about YTHDF1 also includes liver damage repair.
A common theme in these processes is how cells and organisms achieve optimal response upon
external stimuli. The functional significances of m®A and YTHDF1 in these biological systems

highlight RNA modifications as a mechanism underlying dynamic yet controllable cellular

response.
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3.4 Methods

3.4.1 Animals and cell lines

All animals were maintained under a 12/12-hour light/dark cycle with lights on at 7:00 AM,
and temperature and humidity were kept at 22 £ 1 °C, 55% + 5%, with ad libitum access to food
and water. Male adult (8-16 weeks of age) mice were used for behavioral tests. Animal
experiments, except for electroconvulsive treatment (ECT), were carried out in accordance with
protocols approved by the Institutional Animal Care and Use Committee of the School of Life
Science and Technology of Shanghaitech University and with the Guidance Suggestions for the
Care and Use of Laboratory Animals, formulated by Ministry of Science & Technology of the
People’s Republic of China. Animal procedures used in ECT were performed in accordance with
protocols approved by the Institutional Animal Care and Use Committee of Johns Hopkins
University School of Medicine and University of Pennsylvania School of Medicine.

The N2A cell line used in in vitro transfection experiments was purchased from Cell Bank
of Chinese Academy of Sciences and authenticated by the supplier. It is not in the list of commonly
misidentified cell lines maintained by the International Cell Line Authentication Committee

(ICLAC). Cells were tested negative for mycoplasma contamination before use.

3.4.2 Generation of Ythdf1-KO mice

The YTH domain family protein-1 knockout mice (Ythdf1l-KO) were generated based on
CRISPR/Cas9. sgRNA expression plasmids were generated by annealing and cloning oligos that
were designed to target Exon 4 of Ythdfl into the Bsal sites of pUC57-sgRNA (Addgene 51132).

mYthdfl-E4-1 T7 gRNA up: TAGGATAGTAACTGGACAGGTA;

mYthdfl-E4-1 gRNA down: AAACTACCTGTCCAGTTACTAT,

mYthdf1-E4-2 T7 gRNA up: TAGGCACCATGGTCCACTGCAG;
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mYthdfl-E4-2 gRNA down: AAACCTGCAGTGGACCATGGTG.

In vitro transcription and microinjection of CRISPR/Cas9 were performed as previously
described'?®. Briefly, Cas9 expression construct pST1374-Cas9-N-NLS-Flag-linker-D10A
(Addgene 51130) was linearized with Age I and transcribed using the mMACHINE™ T7 Ultra
Kit (Ambion, AM1345). Cas9 mRNA was purified by RNeasy Mini Kit (Qiagen, 74104). pUC57-
SgRNA expression vectors were linearized by Dra | and transcribed using the MEGAshortscript
Kit (Ambion, AM1354). sgRNAs were purified by MEGAclear Kit (Ambion, AM1908). A
mixture of Cas9 mRNA (20 ng/ul) and two sgRNAs (5 ng/ul each) was injected into cytoplasm
and male pronucleus of zygotes obtained by mating of CBF1. Injected zygotes were transferred
into pseudo-pregnant CD1 female mice. Founder mice used for experiments were backcrossed to
C57BL/6 for at least five generations. Ythdf1-KO mice used for the experiments were sacrificed
at age of 8-16 weeks and did not show obvious development defects before sacrifice.

mYthdfl-E4 C9 For: CACCTGAGTTCAGATCATTAC;

mYthdfl-E4 C9 Rev: GCTCCAGACTGTTCATCC.

Amplicon length: 650 bp. Applicable to genotyping founders and targeted ESC.

3.4.3 Genotyping

Mice were weaned at third postnatal week and genotyped by PCR. Ythdf1-KO and wild-
type alleles were detected by PCR assays in which primer F1 (5’- GTGTATGAGGTGGTCAG
CAT-3’) and primer R1 (5’- CTTGTTGAGGGAGTCACTGT-3") amplified a 465-bp fragment

(wild-type) and a 286-bp fragment (Ythdf1-KO) (Figure 3.1D).

3.4.4 Mouse behavioral tests
Open-field test. Mice were exposed to a square open arena (40 cm x 40 cm) with opaque

base and walls (40 cm high). Each mouse was allowed 30 min to explore the area and its activity
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was recorded and analyzed using the Tru Scan Activity System (Coulbourn Instruments). The
surface was cleaned with 70% ethanol after each mouse was tested.

Elevated-plus maze. Elevated-plus maze apparatus consists of two open arms (50 cm x 9
cm), two enclosed arms (50 cm x 9 cm x 39 cm) and a central area (9 cm x 9 cm). The maze is
elevated 70 cm above ground in a room with normal light. Mice were placed in the central area
individually and allowed 5 min to explore the maze. The time each mouse spent in the open arms
during the 5-min exploration was counted by Anymaze software.

Light-dark box transition test. The light and the dark compartments of the light-dark
transition box (35 cm x 35 cm x 40 cm) were separated by an opaque plexiglass board with a hole.
The light compartment was illuminated by strong light (400 lux). During the test, mice were
individually placed at the center of the light compartment facing away from the hole and allowed
30 min to explore freely in the box. Activity of each mice was monitored. The time mice spent in
the light compartment as well as the number of transitions between the two compartments were
automatically calculated by Tru Scan Activity System (Coulbourn Instruments).

Tail-suspension test. Tail-suspension test was used to assess behavioral despair of mice.
Each mouse was suspended by its tail with an adhesive tape for 6 min and was video recorded.
Total immobility time during the test was scored by independent observers. Mice were considered
immobile only when hung passively and motionlessly for at least 2 seconds.

Morris water maze task. Morris water maze test was specifically designed to evaluate
spatial reference memory abilities (Figure 3.4A)'%2. The Morris water-tank consists of a circular
pool (diameter 120 cm, height 50 cm) filled with water maintained at room temperature (23 + 1°C)
and is made opaque with nontoxic white paint. The pool is located in an experimental room with

many extra-maze visual cues and virtually divided into four equal quadrants. A circular platform,
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10 cm in diameter, is placed in the middle of one fixed quadrant (“target”) of the pool, just above
water surface (visible platform) or 1 cm underneath the water surface (hidden platform). For visible
platform training, mice were given a training of four trials with 30 min inter-trial intervals each
day for two consecutive days, and they were released from each starting point in a random order.
For hidden platform training, mice were given a training of four trials each day for five consecutive
days. 24 hours after last trial of training (day 6), the platform was removed, and all mice were
given one probe trial for 60 sec searching (probe test). The escape latency to visible or hidden
platform and the exploring time in each quadrant of the pool were automatically recorded by water
maze system (Coulbourn, Inc.). Mice were trained at the same time of a day during their light
phase.

Contextual and auditory fear conditioning. The fear conditioning test was performed as
previously described (Figure 3.5A)'%. Mice were first handled for 5 min each day for three
consecutive days and habituated to the conditioning chamber for 5 min the day before training. On
the day of training, after 3 min exploration in the conditioning chamber, each mouse received one
pairing of a tone (2,800 Hz, 75 dB, 30 s) with a short co-terminating foot shock (0.5 mA, 1 s) for
the weak training protocol, a long foot shock (0.5 mA, 2 s) for the moderate protocol, or three
pairings of a tone (2,800 Hz, 75 dB, 30 s) with a long co-terminating foot shock (0.5 mA, 2 s) for
the strong protocol, after which they were remained in the chamber for additional 30 s and then
returned to home cages. 2 hours and 24 hours after the conditioning, mice were tested for freezing
(behavioral immobility) in response to the training context (training chamber) and to the tone (in
the training chamber with a new environment and odor). The percentage of freezing time was
calculated as an index of fear learning and memory. For contextual fear memory tests, mice were

returned to the conditioning chamber for 3 min and freezing behavior was counted using StartFear
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Combined system (Panlab). For auditory fear memory tests, mice were placed in a changed
chamber and freezing responses were recorded during the last 3 min when the tone was delivered.

Tests of contextual and auditory fear memory were done in a counterbalanced manner.

3.4.5 Electrophysiological recording of hippocampal slices

Extracellular field recordings and whole-cell miniature excitatory postsynaptic current
(mEPSC) recordings in the hippocampal CA1 region were conducted in 380 um thick acute brain
slices from 6-9-week-old wild-type control and Ythdf1-KO mice of either sex. Coronal sections
that contain hippocampal formations were prepared according to the previously described
method®3®. Briefly, mice were anaesthetized with sodium pentobarbital and were sacrificed by
decapitation. Transverse slices of the hippocampus (380 um) were cut using the vibratome at 4 °C
in a modified artificial cerebrospinal fluid (MACSF) consisting of 110 mM Choline chloride, 2.5
mM KCI, 0.5 mM CaClz, 7 mM MgSOg4, 25 mM NaHCO3, 1.25 mM NaH2PO4, 25 mM D-glucose,
and 3.1 mM sodium pyruvate, which was saturated with 95% O, and 5% CO.. Slices were
transferred to an incubating chamber with oxygenated (95% O and 5% CO) normal ACSF
containing 120 mM NaCl, 2.5 mM KCI, 2.5 mM CaClz, 1.3 mM MgSOa, 26 mM NaHCOs, 1 mM
NaH2POs, 10 mM D-glucose (pH 7.3-7.4) and incubated at 30 °C for at least 2 hours before
recording. Data were collected with a MultiClamp 700B (Molecular Devices), digitized using
Digidata 1440A and pClamp 10.1 data acquisition system (Molecular Devices). Frequency,
duration and magnitude of extracellular stimulus were controlled with a Master 8 pulse stimulator
(A-M Systems). Evoked synaptic responses were triggered with a bipolar electrode.

LTP recording. To record the extracellular field excitatory postsynaptic potentials
(FEPSPs), a glass micro-electrode (4-8 MQ, filled with 0.5 M sodium acetate) was placed in the

stratum radiatum of the CAL region, and a bipolar tungsten stimulating electrode was placed along
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the Schaffer collateral fibers and was 100-150 um away from the recording pipette. Intensity of
the stimulation was adjusted to produce an fEPSP with an amplitude of 30-40% of the maximum
response. Test stimulation was delivered once per 30 seconds (0.033 Hz) or per minute (0.017 Hz).
After recording a stable baseline for at least 30 min, early-phase LTP or later-phase LTP was
induced by two (100 Hz for 1 s, 30 s interval) or four trains (100 Hz for 1 s, 5 min interval) high-
frequency stimulation (HFS), respectively. Magnitudes of LTP and L-LTP were calculated based
on the averaged fEPSP values during the last 10 min and 30 min of summary plots, respectively.
PPF recording. For paired-pulse facilitation (PPF) recording, a second stimulus was
delivered following the first one with different time intervals. The two stimuli were separated by
20, 40, 60, 80, 100, 200, 400, 600, 800, and 1,000 ms interval. The amplitude of the population
response to the second stimulus was compared with that to the first one to obtain the PPF ratio.
Miniature EPSCs. Voltage clamp recordings were obtained from neurons in hippocampus
slices equilibrated for at least 1 hour in the recording chamber. Micropipettes (tip diameter: 1.5 to
2.0 um; resistance: 4 to 6 MQ) were pulled from borosilicate capillaries (P-97; Sutter Instruments)
and filled with an internal solution (adjusted to pH 7.2) composed of 145 mM potassium gluconate,
5 mM NaCl, 1 mM MgCl;, 0.2 mM EGTA, 10 mM HEPES, 2 mM magnesium adenosine
triphosphate, 0.1 mM sodium-guanosine-5'-triphosphate, and 10 mM phosphocreatine disodium.
For mEPSC recordings, 0.5 uM tetrodotoxin was added to the perfusion solution. Picrotoxin (100
uM) was present in all of experiments to block y-aminobutyric acid (GABA) type A receptor—
mediated inhibitory synaptic currents. Neuron signals, which were amplified using an Axoclamp-
700B amplifier (bandwidth filter set at 1 kHz for voltage clamp recordings) were digitized

(Digidata 1440A, pClamp 10.1; Molecular Devices). The series resistance was 12 to 20 MQ and
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was monitored throughout the experiment. Data were discarded when access resistance changed

by more than 15% during the experiment.

3.4.6 Plasmid constructs and viruses

For reporter assay, pPB-CAG-Flag-YTHDF1-N-A and pPB-CAG-Flag-A were constructed
by inserting the Flag- YTHDF1-N-A (YTHDF1-N: N-terminus of mouse YTHDF1, 1-389 aa) and
Flag-A fragments into pPB-CAG backbone vector between Bglll and Xhol restriction sites,
respectively. For AAV vectors, pAAV-CMV-mouse-YTHDF1-2a-mCherry-WPRE, pAAV-
CMV-mCherry-WPRE, pAAV-CMV-RFP-U6-Ythdfl-shRNA, and pAAV-CAG-eGFP-H1-
Mettl3-shRNA were all designed and constructed by standard methods. The following
oligonucleotide sequences were used for knockdown:

Ythdfl-shRNA: 5’-GATCCTTACCTGTCCAGTTAC-3’;

Mettl3-shRNA: 5>-GCACACTGATGAATCTTTAGG-3’;

Scramble control: 5’-AACAGTCGCGTTTGCGACTGG-3".

AAV viruses were prepared by Taitool Biotech (Shanghai).

3.4.7 In vivo stereotactic injections

For viral injection, male mice (8-10-weeks of age) were anesthetized with 5% chloral
hydrate (100 pl/10 g body weight) by intra-peritoneal (i.p.) injection and placed on a stereotaxic
apparatus. Small bilateral holes were drilled into the skull at -1.7 mm posterior and -1.5 mm lateral
to bregma for injections into the hippocampal CA1 and dentate gyrus (DG) regions. Glass cannula
filled with a virus solution was lowered to CAl (-1.5 mm) and DG (-2.0 mm), and the virus
solution (0.6 ul) were injected using a Nanoject Il (Drummond) system at a rate of 0.1 pl per min
sequentially into each side of hippocampus. Injection cannula was slowly withdrawn 5 min after

the virus infusion. The scalp was then sealed, and injected mice were monitored as they recovered
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from anesthesia. Behavioral experiments or electrophysiological recordings were performed at
least 10 days after virus injection. Virus infection was examined at the end of all the behavioral

tests.

3.4.8 Immunohistochemistry

Ythdf1l-KO and wild-type male mice (from P28 to 16-week old) were perfused with
phosphate-buffered saline (PBS) followed by 4% paraformaldehyde in PBS. After post-fixation in
4% PFA for 12 hours at 4 °C and dehydration in 30% sucrose-PBS solution for another 24 hours,
the brains were frozen-sectioned into coronal slices (35 um) for next step use. For anti-YTHDF1
and anti-DCX staining, slices were incubated in diluted antibody solution at 4 °C overnight then
detected by Alexa Fluor conjugated second antibodies. All slices were counterstained with Hoechst
in the final step incubation. Fluorescent image acquisition was performed using Axioimager Z2
microscope or LSM 510 confocal microscope (Zeiss). Images were analyzed with Image-Pro Plus
and ImageJ software. Brain slices from mice injected with AAV-CMV-mouse-YTHDF1-2a-
mCherry-WPRE (AAV-YTHDF1) and AAV-CMV-mCherry-WPRE (AAV-control) were used

for YTHDFL1 over-expression quantification assay (Figure 3.8).

3.4.9 Western blot

Samples were homogenized in RIPA buffer (Beyotime) containing 1 mM PMSF,
1xprotease inhibitor cocktail and 1xphosphatase inhibitor cocktail (Sigma). Lysates were boiled
at 100 °C with 6xloading buffer (Beyotime) for 8 min and then stored at -80 °C for next step use.
A total of 30 ug protein per sample was resolved on SDS-PAGE (10%) at 80 V for 20 min and
then 110 V for 110 min. Proteins on the gel were transferred onto PVDF membranes (Millipore)
and blocked in 5% milk blocking solution for 1 hour at room temperature, incubated in a diluted

primary antibody solution at 4 °C overnight, and incubated in a dilution of secondary antibody
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conjugated to HRP for 2 hours at room temperature (dilution folds indicated in the section of
antibodies). Protein bands were detected using ECL western blotting detection reagents (Millipore)

and Amersham Imager 600 system (GE).

3.4.10 Dissociated neuron culture and tethering reporter assays

Hippocampal neurons from E18 C57BL/6 mice embryos of either sex were cultured at a
density of 200,000 cells per well on poly-D-lysine pre-coated 6-well plates. Neuron cultures were
maintained in complete medium (Neurobasal medium supplemented with 0.5mM GlutaMAX-I
and 2% B-27). Plasmid transfection was conducted using 4D-Nucleofector System (Lonza)
immediately after neuron dissociation.

The reporter plasmid (pmirGlo-5BoxB) and the effecter plasmid (Flag-A, or Flag-mouse-
YTHDF1-N-A in pPB-CAG vector) were used to transfect neuron cultures at a ratio of 1:9 as
previously reported®. After transfection, neurons were plated in plating medium (Neurobasal
medium supplied with 0.5 mM GlutaMAX-1, 2% B-27 and 5% FBS) for 6 hours, then changed to
complete medium for further culturing. 3 days after transfection, neurons were treated with KCI at
the final concentration of 50 mM for 2, 4, and 8 hours. Then neurons were collected and assayed
by Dual-Glo Luciferase Assay Systems (Promega) to test protein production.

3.4.11 Nascent protein synthesis assay

WT control and Ythdf1-KO mouse hippocampal neurons were cultured on pre-coated glass
cover slides. Twelve days later, protein synthesis assay was conducted using Click-iT Plus OPP
Alexa Fluor™ 488 Protein Synthesis Assay Kit (Invitrogen, C10456) following the manufacturer’s
protocol. Briefly, the neurons were treated with 50 mM KCI for 10 min before the complete culture
medium was changed back. Click-iT OPP (Component A) was diluted 1:1000 in pre-warmed

culture medium as a 20 uM working solution. 2 hours or 4 hours after the KCI treatment, the
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culture medium was replaced with the working solution for another 30-min incubation under
culturing conditions. The medium was then removed, and the neurons were washed once with PBS
before being fixed and permeabilized with 4% PFA and 0.5% Triton X-100 (in PBS) for 15 min
at room temperature, respectively. After two more rounds of wash with PBS, the neurons were
incubated with a freshly prepared Click reaction cocktail for 30 min at room temperature in the
dark and rinsed once with the reaction rinse buffer. Finally, neurons were counter stained with
NuclearMask Blue Staining working solution and washed twice with PBS prior to imaging and

analysis.

3.4.12 Quantitative mass spectrometry

Hippocampal samples from WT control and Ythdf1-KO mice (8-12 weeks, male) were
freshly isolated and snap frozen in liquid nitrogen. For each mouse, 100 mg tissues were used for
further preparation. Tissues were ground into fine powder in liquid nitrogen then lysed with 500
ul freshly prepared lysis buffer (20 mM triethylammonium bicarbonate (TEAB, pH 8.5), 8 M urea,
protease inhibitor cocktail (Roche), and 1 mM DTT). The yielded lysate was treated with
ultrasonication at 4 °C for 30 s to shear DNA, followed by centrifuge at 16000xg for 10 min at
4 °C. The resultant supernatant was carefully separated and transferred into a new tube. Protein
concentrations were measured using BCA Protein Assay Kit (Thermo Scientific). For each
condition, a total of 100 g protein was reduced with 5 mM tris(2-carboxyethyl)phosphine (TCEP)
for 3 hours at 30 °C, then alkylated with 10 mM methyl methanethiosulfonate (MMTS) for 45 min
at room temperature (protected from light). Samples were then diluted with 20 mM TEAB to obtain
a final concentration of 1 M urea prior to digestion with 2.5 pg trypsin overnight at 37 °C. Resultant
tryptic peptides were finally labeled with TMT10plex Mass Tag Labeling Kit (Thermo Scientific)

according to manufacturer’s protocol and followed with LC-MS/MS analysis.
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3.4.13 PSD preparation

Hippocampal tissues from WT and Ythdf1-KO mice (8-12 weeks, male) were isolated, snap
frozen in liquid nitrogen, and stored at -80 °C before use. PSD fraction preparation was prepared
as previously described™*, hippocampal tissues were homogenized in homogenization buffer (320
mM sucrose, 5 mM sodium pyrophosphate, 1 mM EDTA, 10 mM HEPES (pH 7.4), 1xprotease
inhibitor cocktail, and 1xphosphatase inhibitor cocktail (Sigma)). Resultant homogenate was
centrifuged at 800 x g for 10 min at 4 °C to yield post-nuclear pelleted fraction 1 (P1) and
supernatant fraction 1 (S1). S1 was further centrifuged at 15,000xg for 20 min at 4 °C. Then pellet
P2 (which contains synaptosome) was resuspended in 4 mM HEPES (pH 7.4) and incubated with
agitation at 4 °C for 30 min. Suspended P2 was centrifuged at 25,000 x g for 20 min at 4 °C.
Resulting pellet was resuspended in 50 mM HEPES (pH 7.4), mixed with an equal volume of 1%
Triton X-100, and incubated with agitation at 4 °C for 15 min. PSD fraction was generated by
centrifugation at 32,000 x g for 20 min at 4 °C. Final PSD pellet was resuspended in 50 mM
HEPES followed by protein quantification and then boiled with 6xloading buffer for western blot.
3.4.14 Lucifer yellow labelling by intracellular injection

WT control and Ythdf1-KO mice (8-12 weeks, male) were perfused with 4% PFA in PBS
and their brains were removed to perform the intracellular injection of the fluorescent dye Lucifer
Yellow (LY). The brains were post-fixed for 24 h in 4% PFA in PBS, and coronal sections were
obtained (200 pum). Intracellular injections were performed as previously described™’. In brief,
sections were placed under differential interference contract (DIC) microscope to find health CAl
neurons and a continuous current (5-10 nA) was used to inject cells with LY. At least five CAl
pyramidal cells per mouse were injected individually with LY, with the current applied till the

distal tips of each dendrite fluoresced brightly (5-10 min). Images (z-stacks) for spine density
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counting were acquired using LSM 510 confocal microscope with a 63X oil objective. Spine

counting and spine morphology analyses were performed using Neurostudio software.

3.4.15 YTHDF1-CLIP-seq in mouse hippocampus

15 pg rabbit anti-YTHDF1 antibody (Proteintech, 17479-1-AP), 50 ul Protein A beads
(ThermoFisher), 50 ul Protein G beads (ThermoFisher), and four pairs of hippocampi from
C57BL/6 mice (9 weeks, male) were used for each biological replicate. Three biological replicates
were performed.

For each replicate, Protein A/G beads were washed three times with PBST (PBS with 0.05%
Tween-20) and resuspended with anti-YTHDF1 antibody in 250 pl PBST prior to overnight
rotating at 4 °C. On the following day, mouse hippocampal tissues were dissected, homogenized
in 500 ul HBSS buffer, and crosslinked in 6-well plates on ice for four times with 254 nm UV
light, 0.15 J/cm? per time (UV stratalinker 2400, Stratagene). 1.5 ml lysis buffer (150 mM NacCl,
0.5% NP-40, 50 mM Tris-HCI (pH 7.5), 2 mM EDTA, 1% protease inhibitor cocktail (Roche), 0.5
mM DTT) was added to the crosslinked tissue pellet for a 40-min rotating at 4 °C. After being
cleared by maximum-speed centrifuge, the lysate underwent a first round of RNA digestion with
0.2 U/ul RNase T1 (ThermoFisher, EN0541) for 15 min at room temperature followed by a five-
min quenching on ice. A 100 pl aliquot of the resultant lysate was saved as “Input”, and the
remaining lysate was incubated with the Protein A/G beads conjugated with anti-YTHDF1
antibody. After three hours of rotating at 4°C, the beads were washed three times with 1 ml IP
wash buffer (50 mM Tris-HCI (pH 7.5), 300 mM KCI, 0.05% NP-40, 0.5 mM DTT, 1% protease
inhibitor cocktail), and resuspend in 200 pl IP wash buffer supplemented with 10 U/ul RNase T1
for a second round of RNA digestion for 8 min at room temperature. The previously saved “Input”

was digested in parallel, and immediately supplemented with 4x Laemmli sample buffer (Bio-
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Rad). After a 5-min quenching on ice, the beads were washed three times with high-salt wash
buffer (50 mM Tris-HCI (pH 7.5), 500 mM NacCl, 0.05% NP-40, 0.5 mM DTT, 1% protease
inhibitor cocktail, 1% SUPERasee In™) and another three washes with PNK buffer (50 mM Tris-
HCI (pH 7.5), 50 mM NaCl, 10 mM MgCl;). The RNA fragments co-immunoprecipitated with
Protein A/G beads (“CLIP”) were subject to end-repair by: (1) 1 U/ul T4 PNK (ThermoFisher,
EKO0031) in 100 pl 1x PNK buffer A (ThermoFisher) at 37°C for 20 min with vigorous shaking;
and then (2) 1 mM ATP (final concentration) with another 0.5 U/ul T4 PNK at 37°C for another
20 min. The beads were washed with PNK buffer for another five times and then resuspended in
100 pl 2x Laemmli sample buffer. The YTHDF1-RNA complex was size-selected by SDS-PAGE
(size indicated in Extended Data Fig. 8b), and the gel slice at the same molecular weight was cut
for “Input” samples in parallel. To extract RNA, the gel slices were mashed and digested with 2
mg/ml protease K (ThermoFisher, RNA-grade, 25530049) at 55°C for 1 hour. Then gel particles
were filter out, and the RNA were purified by Acid-Phenol:Chloroform extraction and overnight
ethanol precipitation. The “Input” RNA fragments were end-repaired using T4 PNK and further
cleaned up using RNA Clean & Concentrator-5 (Zymo Research). RNA libraries were generated
using NEBNext multiplex small RNA library preparation kit (NEB, E7300S) for both “Input” and
“CLIP” samples.
3.4.16 m8A-CLIP-seq in mouse hippocampus

RNA extraction: Total RNA was extracted from hippocampal tissue dissected from
C57BL/6 mice (8-16 weeks, male) using Trizol (Invitrogen) and isopropanol precipitation.
Poly(A)+ RNA was purified using Dynabeads™ mRNA DIRECT™ Purification Kit (Invitrogen)
following the manufacturer’s instructions. For the m®A-CLIP-seq, we followed the protocol

reported’® with a smaller amount of starting material: 300 ng purified poly(A)+ RNA, with 2.5 pg
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anti-m°A antibody (Synaptic System, 202003) and 25 pl Protein A/G beads. Three biological
replicates were performed, and the pair of hippocampi from one mouse were pooled for each

replicate.

3.4.17 RNA-seq of mouse hippocampus

Poly(A)+ RNA from WT littermate control and Ythdf1-KO mouse (8-16 weeks, male)
hippocampus was purified as described in 3.4.16. The RNA libraries were prepared using Truseq
stranded mRNA sample preparation kit (Illumina) according to manufacturer’s protocol. Three
biological replicates were performed for each genotype, and two hippocampi from one mouse were
pooled for each replicate.
3.4.18 ECT and mPA-RIP-seq of dentate gyrus

Adult male, 6~8-week old C57BL/6 mice were used (Charles River) and housed in a
standard facility. Electroconvulsive treatment (ECT) was achieved with pulses consisted of 1.0 s,
100 Hz, 16-18 mA stimulus of 0.3 ms delivered using the Ugo Basile ECT unit (Model 57800) as
previously described3. Mock mice were handled in parallel without the electrical current delivery.

m°A-RIP-seq. Total RNA from adult mouse DG was isolated using the TRIzol reagent
according to the manufacturer's instructions (Invitrogen). mRNA purification was performed with
poly(A)+ RNA selection twice using Dynabeads Oligo (dT)25 (Thermo Fisher; 61006). A total of
150 ng of MRNA was subjected to m®A-SMART-seq using anti-m°A rabbit polyclonal antibody
(Synaptic Systems, 202003) as previously described®. Briefly, 5 pg of anti-m®A polyclonal
antibody was conjugated to Dynabeads Protein A (Thermo Fisher; 10001D) and used for each
affinity pull-down. The m®A RNA was eluted twice with 6.7 mM N8-methyladenosine (Sigma-
Aldrich; M2780) in 1 x IP buffer (10 mM Tris-HCI (pH 7.5), 150 mM NaCl, and 0.1% (vol/vol)

Igepal CA-630) and recovered by RNA Clean and Concentrator-5 (Zymo Research). Libraries
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were generated using the SMART-seq protocol as described™®. Three biological replicates for

each condition were sequenced using Illumina NextSeq 550 from a single end for 75 bases.

3.4.19 Sequencing data analysis

General processing (for all sequencing samples unless specified). Sequencing was carried
out on NextSeg500 with single end 80-bp read length or NextSeg550 with single end 75-bp
according to manufacturer’s instructions. Sequencing data were mapped to mouse genome version
mm10 downloaded from UCSC using Tophat v2.0.14%, For RNA-seq analysis, RPKM were
calculated by Cuffnorm®*t. For CLIP-seq experiments, after removing the adapter by Cutadapt!*?,
the reads were aligned to the mouse genome (mm10) by Bowtie 2143,

Peak calling in YTHDF1-CLIP-seqg. All mapped reads were treated as background and
mutations were treated as signals for peak calling. PARalyzer'® was use for peak calling in CLIP-
seq sample with a few modifications: (1) mutations in both “CLIP” and “Input” were removed
from “CLIP”; (2) sites with 100% mutations rate were also removed. The remaining mutations
were used for peak calling. At least two mutation sites are need in each peak
(MINIMUM_CONVERSION_LOCATIONS_FOR_CLUSTER =2).

Peak calling in mPA-CLIP-seq. We followed the same peak calling method reported
previously’. Consensus motif was determined using HOMER® for the m8A-CLIP peaks
identified in each replicate.

m®A-RIP-seq analysis. Low-quality bases and adaptor sequences from original reads were
removed using Trimmomatic!4. The remaining reads were then mapped to the mouse genome
(mm10) using STAR aligner'*>. Mapped reads between samples were normalized using DESeq2®.

The “Input” and “RIP” libraries were normalized respectively.
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Integrative analysis. (1) Definitions for groups of transcripts (Figure 3.15-16&20): (i) The
common peaks (peaks from replicate 1 with > 1 nt overlap in peak location with those from both
replicate 2 and 3) of CLIP-seq are defined as high-confidence CLIP peaks; (ii) Transcripts with

high-confidence YTHDF1-CLIP peaks are defined as “YTHDF1-CLIP targets”; (iii) Transcripts

without YTHDF1-CLIP peaks in any of the three YTHDF1-CLIP-seq replicates are defined as

“non-YTHDF1-CLIP targets”, and they were used as a control group for analyzing gene

expression change in absence of Y THDF1; (iv) Transcripts with high-confidence m®A-CLIP peaks

are defined as “mPA-modified transcripts”; (v) Transcripts with overlapped high-confidence

YTHDF1-CLIP peaks and high-confidence m®A-CLIP peaks (> 1 nt in peak location) are defined

as “YTHDF1-CLIP + mSA-CLIP” transcripts. (2) Functional annotation of a list of genes were

generated by DAVID12) for YTHDF1-CLIP targets (Figure 3.13E) and m°A-modified
transcripts with no less than five mutations in m®A-CLIP-seq (Figure 3.14D). (3) Only genes with
sufficient expression (rpkm > 1 in RNA-seq of WT triplicates; rpkm > 1 in m®A-RIP-seq input or
RIP libraries respectively) were kept and subject to further analyses. The median rpkm value of
the sequencing triplicates was used for differential analyses.

High-throughput sequencing data can be accessed under GSE106607.

3.4.20 Antibodies

The antibodies used in this study are listed below in the format of name (application;
catalog; supplier; dilution fold): Rabbit anti-Ythdfl (western blot, 17479-1-AP, Proteintech, 500-
1,000; IF, 200). Rabbit anti-Ythdf2 (western blot, 24744-1-AP, Proteintech, 500). Rabbit anti-
Ythdf3 (western blot, 25537-1-AP, Proteintech, 500). Rabbit anti-Ythdcl (western blot, 14392-1-
AP, Proteintech, 500). Rabbit anti-Ythdc2 (western blot, ab176846, Abcam, 1,000). Rabbit anti-

Mettl3 (western blot, ab195352, Abcam, 1,000). Mouse anti-GAPDH (western blot, G8795, Sigma,
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3,000). Rabbit anti-DCX (IF, ab18723, Abcam, 1,000). Mouse anti-Actin (western blot, A4700,
Sigma, 1,000). Rabbit anti-GIuR1 (western blot, AB1504, Merck, 1,000). Rabbit anti-CaMKI|I
(western blot, 4436S, Cell Signaling, 1,000). Rabbit anti-Grinl (western blot, 5704S, Cell
Signaling, 1,000). Rabbit anti-Grin2a (western blot, 4205S, Cell Signaling, 1,000). Mouse anti-
Bsn (western blot, ab82958, Abcam, 500). Goat anti-Mouse 1gG HRP conjugated (western blot,
AP308P, Merck, 5,000). Goat anti-Rabbit IgG HRP conjugated (western blot, AP307P, Merck,
5,000). Alexa Fluor 488 Goat anti-Mouse 1gG (IF, A11029, ThermoFisher, 1,000). Biotin-SP-
conjugated Goat Anti-Rabbit IgG (IF, 111-065-003, Jackson ImmunoResearch, 500). Cy2-

conjugated Streptavidin (IF, 016-220-084, Jackson ImmunoResearch, 1,000).
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Chapter 4
An expanding spectrum of m°A reader proteins

4.1 Introduction: complexity in the binding modes of RBPs

The RNA recognition modes of RNA binding proteins (RBPs) are intrinsically complicated.

While many RBPs bind motifs with similar primary sequences, they may differ in preferences for
certain structural features (such as loops, stems, and bulged stems), flanking base composition,
and spaced “bipartite” motifs depending on the RBP’s RNA binding domain (RBD) components'#’.
It is likely that m®A-modified transcripts can be specifically recognized by proteins rather

than through direct binding of the m®A moiety. Researchers have made great efforts in discovering
additional m®A readers via mainly two complementary systematic strategies: firstly, quantitative
proteomics of interactomes of méA-modified and unmodified RNA probes in various cell lysates®®;
secondly, data mining of published transcriptome-wide RBP binding sites to see how well they
overlap with known m8A sites™. In this chapter, | present two collaborative projects that identified

and characterized additional classes of m®A readers using these two approaches.

4.2 Results

4.2.1 Quantitative protein pull down discovered additional m°A interactors

4.2.1.1 Quantitative proteomics of mA RNA probe interactome

To identify proteins that favorably bind méA-modified RNA, we carried out RNA pull
down with mammalian cell lysate followed by quantitative protein mass spectrometry (Figure
4.1A). A probe with four m®A modifications within the GGACU consensus motif was used
together with a unmethylated control. The probes were incubated the heavy-SILAC (stable isotope

labeling with amino acids in cell culture)-labeled (H) and light-SILAC labelled (L) cell lysates

84



respectively. A “forward” and a label-swap “reverse” pull down were performed. A typical RNA-
pull down interactome plot (Figure 4.1A, right) shows m®A readers at the top right corner (high
forward H/L ratio; low reverse H/L ratio) while the m®A-repelled proteins at the bottom left corner.
Background proteins are clustered together around the origin of the plot and show a ~1:1 ratio in
both experiments.

We used nuclear and cytoplasmic lysates from HeLa and mESC cells to identify respective
human and mouse proteins that are m®A readers or repelled proteins. As a positive control, proteins
containing YTH domains were robustly identified as the most prominent m®A readers in all sets
of experiments (Figure 4.1B-C&E-F). Other readers include FMRP proteins (FMR1, FXR1, and
FXR2) and HNRNP proteins (HNRNPF, HNRNPH1, and HNRNPH2). These experiments also
identified robust m®A repelled proteins G3BP1 and G3BP2, which are markers of stress granules*#®.
Analyses of common RNA binding domains in m®A readers or repelled proteins revealed that
besides YTH domain, the RNA binding capacity of KH, RRM, and RBD domains may also be
regulated by m®A (Figure 4.1D&G).

To address whether the identified readers or repelled proteins depend on the RNA sequence
flanking mPA, we performed the pull-down experiment with another two sets of 5-nt long
degenerate probes in mMESC whole cell extracts (Figure 4.2). YTHDF1-3 remained the strongest
mOA readers even with the degenerate sequence context, while YTHDC1 became less prominent
compared to in GGACU context (Figure 4.1F&4.2B), consistent with the report that only the YTH
domain of YTHDC1 harbors a distinctly selective binding pocket for the nucleotide preceding the
m8A nucleotide*®%®, In contrast, readers such as FMR1 recognize m®A in an RNA-sequence-
dependent manner (Figure 4.2). There was limited overlap in the repelled proteins of the two

degenerate sequence probes except G3BP1/2 (Figure 4.2).
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Figure 4.1 Quantitative proteomics of m®A readers and repelling proteins in humans in mice



(Figure 4.1, continued) (A) Schematic representation of the workflow of SILAC-based
quantitative proteomics characterization of m®A readers and repelled proteins. (B-C, E-F) Results
of SILAC-based m®A RNA pulldowns in HeLa nuclear extract (B), HeLa cytoplasmic lysates (C),
mMESC nuclear extract (E), and mESC cytoplasmic lysates (F). m®A-interacting proteins are
depicted in blue, repelled proteins are in orange, and background proteins are in black. Box-plots:
center lines, medians; box edges, interquartile range (IQR), whiskers, +1.5xIQR (the threshold to
identify significant interactors); outlier values, black circles. (D&G) Protein domains present in
human (D) and mouse (G) mPA interactors.
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Figure 4.2 m°®A interactors in degenerated sequences

Scatter plots of SILAC based m®A pull downs in mESC whole cell extract using degenerate
sequence probes 1 (A) and 2 (B). The sequence context of the probe is depicted at the top.
4.2.1.2 G3BP1 is an mPA repelled protein regulating mRNA stability

G3BP1 and G3BP2 share similar domain structures, and their C-termini comprise
canonical RNA binding domains RRM and RGG (Figure 4.3A)*L. For the rest of the section we
focus on G3BP1. We tested the RNA-sequence-context preference of G3BP1 using recombinant
proteins and RNA pull down. m°A in the GGACU motif (methylated “A” is underlined) clearly
abolished the binding of GST-G3BP1 while the trend was less apparent in the GAACU context
(Figure 4.3B). PAR-CLIP of Flag-tagged G3BP1 in HEK293T cells identified ~3,800 binding
sites of G3BP1 on mRNA, which are enriched in the 3’UTR and in the context of “AAC” (Figure

4.3C-D).
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Figure 4.3 G3BP1 is an m°A repelled protein regulating mRNA stability

(A) The G3BP1 domain structure. (B) GST western blot showing RNA-sequence-context-
dependent inhibition of GST-G3BP1 binding to RNA by m°A. (C) Metagene profiles of G3BP1
binding site distribution across the transcriptome. (D) The top consensus sequences of G3BP1 on
mRNA. (E) The distribution of G3BP1 relative to m°A sites. The distance between PAR-CLIP
peaks and mPA sites was counted in 10-nucleotide bins. A Gaussian kernel smoothing over the
histogram is plotted as a transparent black line. (F) Distribution of G3BP1 peaks relative to
YTHDF2 over the transcriptome. (G) The correlation between G3BP1 mRNA binding and target
gene transcript stability. Box-plot elements: center lines, medians; box edges, interquartile range
(IQR), whiskers, +1.5x1QR; outlier values, not shown. (H) Cumulative distribution showing the
effect of G3BP1 knockdown on target genes. The log. fold changes in mRNA half-life were
grouped and analyzed on the basis of the number of G3BP1-binding sites on each transcript. P
values were calculated by two-sided Mann—-Whitney U test. (I) A cumulative distribution showing
the effect of METTL3 knockdown on the life-time of G3BPL1 target genes.

We next compared the G3BP1 binding sites with published single-base-resolution m°A

sites in HEK293T cells?. The binding sites of G3BP1 cluster around m°A sites (Figure 4.3E),

suggesting that the binding between G3BP1 and a good portion of the target sites is subject to the
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presence of méA methylation. We also observed substantial overlap between the binding sites of
YTHDF2% and G3BP1 (Figure 4.3F), indicating their potential crosstalk on regulating mRNA
stability. Indeed, we observed a positive correlation between the G3BP1 target half-life'® and the
number of G3BP1 binding sites on the target (Figure 4.3G). The depletion of G3BP1 in HEK293T
cells led to a global decrease of G3BPL1 target life-time, especially for those with multiple G3BP1
binding sites (Figure 4.3H). Moreover, reducing the m®A level by knockdown of the writer
component METTLS3 stabilized G3BP1 targets (Figure 4.31), suggesting the stabilization effect of
G3BP1 is in part regulated by m®A, potentially through the competition for binding sites with
YTHDF2. In summary, these results reveal the intricate interplay among m°A, m°A readers, and

mOA repelled proteins to regulate mRNA turnover.

4.2.1.3 FMR1 is an m°A reader modulating translation of méA-modified transcripts

FMR1 contains three KH domains, an RGG domain, and two tandem Agenet (Age)
domains (Figure 4.4A)*3, The lack of FMRP causes Fragile X mental retardation, and a missense
mutation 1304N results in a variant phenotype of the severe syndrome®®*. FMR1 and its analogue
proteins FXR1 and FXR2 were consistently enriched by the m®A RNA probe in the SILAC
experiments (Figure 4.1). We further verified this preference for m®A modified RNA by purified
recombinant protein GST-FMR1 and RNA pull down (Figure 4.4B). The mutant GST-FMR1
I1304N, in contrast, barely bound the RNA probes. Using cross-linking immunoprecipitation
followed by ultra-high-performance liquid chromatography-tandem mass spectrometry (CLIP-
UPLC-MS/MS), we validated that Flag-HA-tagged FMR1, but not the control nor 1304N mutant
constructs, enriches méA-modified transcripts inside cells (Figure 4.4C). We also confirmed the
overlap between FMRP binding sites and m8A modified sites in HEK293T cells from published

datasets?>* (Figure 4.4D).
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Figure 4.4 FMR1 favorably binds méA-modified transcripts
(A) The domain structure of FMR1. (B) Western blots showing preferential m®A binding by

recombinant GST-FMR1 in vitro. (C) Representative LC-MS quantification showing enrichment
of m®A in Flag-HA-tagged FMR1-bound mRNA in HEK293T cells. Error bars represent the range;
n = 2 independent experiments. (D) Visualization of binding of FMR1 isoforms 1 and 7 to mRNA
relative to known meA sites on mRNA. Randomized peaks were generated from the transcriptome
and used as a control.

Given that FMRP has been suggested to repress translation by stalling ribosomes on the
transcripts®, we examined whether FMR1 would modulate the m®A- and YTHDF1-mediated
regulation on translation. From the published FMRP and YTHDF1 PAR-CLIP datasets®'%®, we
observed a significant overlap of their target transcripts (Figure 4.5A). We performed pulse
SILAC experiments (Figure 4.5B) to gain a proteome-wide insight into (i) how FMR1 regulates
the translation of its targets and the common targets with YTHDF1 and (ii) how this is modulated
by global m°A level. The overexpression of FMR1 or the 1304N mutant was under control of an
inducible promoter responding to doxycycline, and the cells were treated with either siControl or

SIMETTLS3 to evaluate the contribution of m8A. The time till half of the protein is labelled with

stable isotope reflects the translation rate—the longer the time, the slower the translation.
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Figure 4.5 Crosstalk between FMR1 and YTHDF1 on translation of méA-modified mRNA
(A) Overlap between FMR1 and YTHDF1 target transcripts. (B) A schematic representation of

the pulsed SILAC workflow to quantify translation rates at the proteome level. Dox, doxycycline.
(C) Box-plots depicting the global changes in protein half-lives for indicated group of genes and
samples. N represents the number of genes. Box-plot elements: center lines, medians; box edges,
interquartile range (IQR), whiskers, +1.5xIQR; outlier values, not shown.

In the siControl-treated cells, FMR1 overexpression significantly decreased translation rate
of its targets but to a less extent for its common targets with YTHDF1 (Figure 4.5C, top). The
translation repression effect of FMR1 (but not FMR1 mutant) on the common targets was apparent

only when METTLS3 expression was disturbed (Figure 4.5C, middle & bottom). On the basis of

our results, we propose that YTHDF1 and FMR1 compete for binding to m®A sites on mRNA
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while the former depends more strictly on m®A for binding than the latter. After METTL3
knockdown, many putative ACU-containing FMR1-binding sites become available in the absence
of YTHDF1, leading to more pronounced translation inhibitory effects of FMR1. These results

further illustrate the complex interplay among m®A, mPA readers, and mRNA homeostasis.

4.2.2 |1GF2BPs as a new class of m8A readers

4.2.2.1 Identification of IGF2BPs as méA-binding proteins

In collaboration with Prof. Jianjun Chen’s lab, we reported the identification of IGF2BPs
as a new class of m®A readers™. Besides using the strategy of RNA pull down followed by protein
mass spectrometry as discussed in section 4.2.1, we also analyzed the enrichment of “GGAC”
motif in the published RBP binding sites. All three IGF2BP proteins were among the top 15 of

112 RBPs in terms of the significance of m®A motif enrichment (Figure 4.6).
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Figure 4.6 Top RBPs with enriched m8A consensus sequence

Enrichment of the m°A consensus sequence ‘GGAC’ in the binding sites of RBPs. The three
IGF2BP paralogues are shown in red, whereas the Y THDFs were shown in orange. P values were
calculated based on the binomial test by the Homer software.

We then examined the binding between IGF2BPs and mPA inside cells. CLIP followed by
LC-MS/MS mPA quantification showed that mRNAs directly bound by Flag-tagged IGF2BPs are

preferentially m®A modified in HEK293T cells (Figure 4.7A). Analyses of published IGF2BP1-3
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PAR-CLIP datasets in HEK293 cells®®’ revealed extensive binding at the 3°UTR, similar to the
m8A profile? (Figure 4.7B). RIP-seq of Flag-tagged IGF2BPs were also performed and the
common targets from RIP and PAR-CLIP experiments were defined as high-confidence targets,
of which over 80% are annotated as m®A-modified (Figure 4.7C). IGF2BPs share similar domain
structures including two RRM domains and four KH domains. To narrow down the essential RNA
binding domains that confer the m®A preference, we made mutations in the GxxG motifs of the
KH domains, which abolishes the RNA binding capacity (Figure 4.7D). It revealed that KH3-4

domains are indispensable for méA binding (Figure 4.7E).

A
0.30- —IGF2BP1 — IGF2BP2 ,
' @ Input With m°A No m°A
— —IGF2BP3 — m°A
L @ Flowthrough 0.2 IGF2BP1 IGF2BP2  IGF2BP3
® 020{ mcCLUP 016 ]3
(:J) ;\; 0.8 685 602 721
< < o
] 0.08 » 0.6
< 0.10 00609 0.070.07 g o8 500 %600 5198
IS S oo 81.7% 81.2% 81.6%
0.004 0.0 r
IGF2BP1  IGF2BP2  IGF2BP3 5UTR CDS 3 UTR
D E WT  KH1-4 KH1-2 KH3-4
S Ky K} &
wt {RRMT RV —IEIHE G sSRNA - T & Tr & @r & o &

s regiorzen S ST

KH1-2 {RAMT) KH1 WikH2 W KHz W KH4 Flag-IGF25r2 [N M R - o
KH3—4 Flag-IGF25P3 [N IR I S 70

kDa

Figure 4.7 1GF2BPs preferentially bind m®A-modified RNAs depending on KH3-4 domains

(A) Quantification of m8A/AGCU ratio by LC-MS/MS in RNAs directly bound by ectopically
expressed IGF2BP1 (chicken ZBP1), IGF2BP2 (human) or IGF2BP3 (human). n = 2 independent
experiments. (B) Metagene profiles of enrichment of IGF2BP-binding sites and m®A modifications
across mRNA transcriptome. (C) Pie charts showing the numbers and percentages of IGF2BP
high-confidence target genes that contain m®A peaks. (D) Schematic structures showing RNA-
binding domains within IGF2BP proteins and a summary of IGF2BP variants used in this study.
Blue boxes are RRM domains, red boxes are wild-type KH domains with GxxG core and grey
boxes are inactive KH domains with GxxG to GEEG conversions. (E) RNA pulldown followed
by western blotting showed in vitro binding of single-stranded RNA (ssRNA) baits with wild-type
or KH domain-mutated IGF2BP variants, representative of three independent experiments.
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4.2.2.2 IGF2BPs regulate mRNA stability

IGF2BPs have been suggested to stabilize its targets in HEK293 cells®’. Using the target
lists identified, we confirmed that in HepG2 cells, knockdown of IGF2BPs also led to decreased
abundance of its targets (Figure 4.8A, shiIGF2BP3 was shown as an example). Moreover, the
abundance of their targets was also affected by mRNA mPA level, with decreased expression level

when m8A writer component METTL14 was depleted in HepG2 cells (Figure 4.8B).
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Figure 4.8 1GF2BPs regulate mRNA stability

(A-B) Cumulative frequency of mRNA logz FC in non-target, CLIP target and CLIP + RIP target
genes upon IGF2BP3 silencing (A) and in IGF2BP high-confidence target genes in SAMETTL14
versus shNS cells (B). (C-D) Cumulative distribution of MRNA half-lives of non-target or IGF2BP
high-confidence target genes in WT HepG2 cells (C) and of IGF2BP3 high-confidence targets in
shIGF2BP3 or shNS HepG2 cells (D). P values were calculated using two-sided Wilcoxon and
Mann-Whitney test.

To gain more direct evidence in mRNA stability, we performed mRNA half-life time

profiling in WT HepG2 cells or cells depleted of IGF2BP3. It was observed that high-confidence
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targets of IGF2BPs tend to have longer half-lives (P < 0.001) than their non-target counterparts
(Figure 4.8C). In the shiIGF2BP3 cells, the half-lives of IGF2BP3 targets were reduced 50%
compared to in control cells (Figure 4.8D), confirming its role as an mMRNA stabilizer. Further
analyses showed that IGF2BPs and YTHDF2 share very few binding sites, and YTHDF2 binding

sites tend to have higher GC content’®,

4.3 Conclusions and Discussion

Collaborative efforts from Vermeulen group, Chen group, and our group identified and
characterized additional m®A interacting proteins including readers and repelled proteins.
Evidence from experimental RNA pull down (Figure 4.1) and bioinformatics (Figure 4.6) jointly
revealed that RBPs with canonical RNA binding domains may also interact with m®A-modified
RNA where RNA structure and m®A context sequences are likely to play a role. G3BP1 is repelled
by m°A in the “GGAC” RNA context, and G3BP1 stabilizes its targets presumably through
competition with Y THDF2 for RNA binding (Figure 4.3). FMR1, on the other hand, prefers méA-
modified transcripts (Figure 4.4). We propose a model of competitive binding between the
“translation activator” YTHDF1 and the “translation repressor” FMR 1, where the translation state
of their common target transcripts is determined by the predominant binding protein depending on
transcript m®A modification state (Figure 4.5). Finally, IGF2BP proteins are preferentially
recruited by m®A-modified RNAs and stabilizes their RNA targets (Figure 4.7-8).

There have been three major types of mPA interactors discovered so far (Figure 4.9): (i)
direct readers that contain YTH domains; (ii) “mPA switch” readers in which the presence of m°A
can remodel local RNA structure and consequently modulates RNA-protein interactions around or
nearby®®; (iii) RNA proteins with canonical RNA binding domains as discussed in this chapter, for

which the detailed m°A recognition mechanisms have yet to be explored.
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Extensive crosstalk and interplay have been observed within (e.g. Chapter 2) and between
(e.g. Chapter 4) different types of m®A interactors and there are highly likely more to be discovered
(Figure 4.9). The expanding list of m®A readers and their interconnecting functions together add

to the complexity and multifunctionality of m®A-mediated regulation.
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Figure 4.9 Various m8A readers and their crosstalk add to the complexity of m°A regulation

Blue curves indicate crosstalk relationships found (solid) or yet to be examined (dashed).

4.4 Methods

4.4.1 Cell culture, SILAC labeling and cell-extract preparation

Section 4.2.1: HeLa cells and HEK293T cells were cultured in Dulbecco's modified Eagle's
medium (DMEM; Thermo) supplemented with 10% FBS (Gibco), 1x penicillin—streptomycin
(15140-122; Thermo) and 1 mM glutamine (Invitrogen). The cells were regularly tested in-house
for the presence of mycoplasma. HelLa cells were SILAC-labeled by culture in SILAC DMEM
(88420; Thermo) supplemented with 10% dialyzed FBS (DS-1003; Dundeecell), 1x Glutamax
(35050-061; Thermo), 1x penicillin—streptomycin, 73 mg/mL L-lysine (light/K0, Sigma, A6969;
or heavy/K8, Sigma, 608041) and 29.4 mg/mL arginine (light/R0, Sigma, A6969; or heavy/R10,

Sigma, 608033).
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ESCs were grown in serum-free 2i medium. Briefly, we prepared serum-free ESC medium
by mixing the following components: Neurobasal medium (Gibco; 21103-049), 250 mL;
DMEM/F12 (Gibco; 11320-033), 250 mL; N2-Supplement (Gibco; 17502-048), 2.5 mL; B27
minus RA (Gibco; 12587001), 5 mL; 7.5% BSA (Gibco;15260-037), 3.33 mL; penicillin—
streptomycin, 5 mL; 1 mM glutamine (Invitrogen); 1% nonessential amino acids (Invitrogen); 6.3
ul monothioglycerol (M6145; Sigma); LIF (1,000 U/mL); and CHIR99021 and PD0325901 (3 and
1 uM, respectively). For SILAC labeling of ESCs, we used custom-made Neurobasal and
DMEM/F12 (Life technologies) without lysine and arginine.

Whole cell lysates for RNA pulldowns were prepared according to the following protocol:
Cells were harvested with trypsin and washed twice with chilled PBS. Cells were then resuspended
in five pellet volumes of whole cell extract buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1%
NP-40, 0.5 mM DTT, 10% glycerol, and protease inhibitor cocktail) and incubated for 90 min at
4 °C on a rotating wheel. Crude lysates were then centrifuged for 30 min at 14,000 r.p.m. at 4 °C.
Soluble whole cell extracts were finally aliquoted and snap-frozen in liquid nitrogen until further
usage. Nuclear and cytoplasmic extracts were prepared as described previously*®,

Section 4.2.2: the human hepatocellular carcinoma cell line HepG2 (ATCC HB-8065) was
maintained in EMEM medium (American Type Culture Collection (ATCC)) supplemented with
10% FBS (Invitrogen), 2 mM L-glutamine and 1% penicillin—streptomycin. HEK293T and HelLa
cells were grown in DMEM medium (Invitrogen) containing 10% FBS, 2 mM L-glutamine and 1%
penicillin—streptomycin.

4.4.2 SILAC-based RNA pulldowns
All buffer solutions were prepared with high-quality, RNase-free reagents. Each SILAC-

based RNA pulldown experiment consisted of four individual pulldowns. 10 pl of streptavidin
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Sepharose high-performance beads (GE Healthcare) were used for each pulldown (20 pl of 50%
slurry). Beads were first washed twice in 1 mL of RNA binding buffer (50 mM HEPES-HCI, pH
7.5, 150 mM NaCl, 0.5% NP40 (v/v), 10 mM MgCl,). After each wash step, samples were
centrifuged for 3 min at 4,000 r.p.m. in a pre-cooled (4 °C) tabletop centrifuge to spin down the
beads. To inactivate and remove RNases, we incubated the beads with RNase inhibitor RNasin
plus (Promega) in RNA binding buffer (100 ul buffer with 0.8 units of RNasin/ul) for 30 min on
ice. After centrifugation and removal of RNasin—RNase complexes, beads were preblocked with
yeast tRNA (50 pg/mL; AM7119; Life Technologies) in RNA binding buffer overnight at 4 °C on
a rotation wheel. The preblocked beads were washed twice with RNA binding buffer and then
incubated with 5 pg of biotinylated RNA probe (per pulldown) diluted with RNA binding buffer
to a final volume of 600 pl. Beads were incubated for 30 min at 4 °C in a rotation wheel to allow
binding of biotinylated probes to the streptavidin beads. The beads were washed once with 1 mL
of RNA wash buffer (50 mM HEPES-HCI, pH 7.5, 250 mM NacCl, 0.5% NP-40 and 10 mM MgCly)
and twice with protein incubation buffer (10 mM Tris-HCI, pH 7.5, 150 mM KCI, 1.5 mM MgCly,
0.1% (v/v) NP-40,0.5 mM DTT, and complete protease inhibitors without EDTA (Roche)). Beads
containing immobilized RNA were then incubated with 600 pg of nuclear extract or 1,000 pg of
cytoplasmic extracts in a total volume of 600 pl of protein binding buffer. The incubation reaction
also contained 30 pg of yeast tRNA to prevent nonspecific binding, and RNasin. In the forward
experiment, the control probe was incubated with light-labeled (ROKO) lysates, whereas the m®A
probe was incubated with heavy (R10K8) lysates. The reverse experiment represented a biological-
replicate label swap. The reactions were incubated at room temperature for 30 min and then for 90

min on a rotation wheel at 4 °C. The beads were then washed three times with protein incubation
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buffer and twice with ice-cold PBS to remove detergent from the beads. The last PBS wash was
used to combine beads from the forward and the reverse pulldowns as follows:

Forward reaction: control probe, ROKO (light); m®A probe, R10K8 (heavy)

Reverse reaction: control probe, R10K8 (heavy); m®A probe, ROKO (light)

Proteins were on-bead digested with trypsin. Briefly, beads were resuspended in 100 pL of
elution buffer (50 mM Tris, pH 8.5, 2 M urea and 10 mM DTT) and then incubated for 20 min at
room temperature in a thermoshaker at 1,100 r.p.m. lodoacetamide was then added to a final
concentration of 55 mM, and the mixture was incubated for 10 min in a thermoshaker (1,100 r.p.m.)
at room temperature in the dark. Proteins were then partially digested from the beads by the
addition of 250 ng of trypsin for 2 h at room temperature in a thermoshaker in the dark. After
incubation, the supernatant was collected in a separate tube. The beads were then incubated with
50 uL of elution buffer for 5 min at room temperature in a thermoshaker (1,100 r.p.m.). 100 ng of
fresh trypsin was added to the pooled eluates, and proteins were digested overnight at room
temperature. Finally, tryptic peptides were acidified to pH <2 with TFA (10%) and desalted with
C18 Stage tips before MS analyses.

4.4.3 Mass spectrometry

Tryptic peptides were separated with an Easy-nLC 1000 (Thermo) connected online to a
Q Exactive or Orbitrap-Fusion mass spectrometer (Thermo). RNA pulldown samples were
separated with a 94-min acetonitrile gradient (7% to 32%) followed by washes at 50% and then
95% acetonitrile for a total of 120 min of data acquisition. For measurements on the Q Exactive,
the top ten most abundant peptides were fragmented for every full scan. For RNA pulldowns
measured on the LTQ-Orbitrap Fusion Tribrid mass spectrometer (Thermo), a similar LC gradient

was used, and samples were measured in top-speed mode. For the whole-cell proteome experiment
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measured on the LTQ-Orbitrap Fusion Tribrid mass spectrometer (Thermo), peptides were
separated with a 214-min acetonitrile gradient (7% to 30%) followed by washes at 60% and then
95% acetonitrile for a total of 240 min of data acquisition. Scans were collected in data-dependent

top-speed mode in cycles of 3 s with dynamic exclusion enabled and set to 60 s.

4.4.4 MaxQuant analysis

Data processing was done with the MaxQuant software. For SILAC-labeling-based
experiments, raw data were analyzed with MaxQuant version 1.5.0.1 with the default settings and
KORO, K4R6 or K8R10 (light, medium-heavy or heavy) labels, and matching between runs
enabled®™. We used the UniProt database downloaded on 13 July 2014 for identification. To
identify significant interactors, we plotted normalized ratios from MaxQuant output tables for the
forward and reverse pulldowns. Outliers were identified independently in the forward and reverse
pulldowns by means of box plot statistics (threshold: 1.5% the interquartile range). Proteins were
considered significant if they were identified as outliers in both experiments. Proteins identified in
MaxQuant output tables were classified into four groups: readers, repelled proteins, background
proteins, and contaminants. For whole-cell proteome experiments, we used a Swiss-Prot curated

database for identification (downloaded on 7 February 2016). Scatter plots were generated in R.

445 Plasmids and Constructs

Section 4.2.1: G3BP1 cDNA was cloned into the Hindlll and BamHI sites of pcDNA3-c-
Flag vector (Plasmid #20011; Addgene) to create an expression construct with a C-terminal Flag
tag. For the creation of N-terminally GST-tagged constructs, G3BP1 cDNA was amplified from
HeLa cDNA and cloned into pGEX-5X1 vector (GE Healthcare). We created FMR1
overexpression constructs for the creation of doxycycline-inducible HeLa cell lines by subcloning

FMR1 (pFRT-TODestFLAGHAhFMRPisol; Addgene; 48690) and FMR1-1304N (pFRT-
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TODestFLAGHAhFMRPis011304N; Addgene; 48692) into AAVS1-TRE3G-EGFP (Addgene;
52343) using Sall and Mlul sites. A Kozac sequence and a Flag-HA tag were added to the N-
terminus of FMR1 and FMR1-1304N by PCR.

Section 4.2.2: pcDNAS3-based vectors encoding wild-type and KH domain mutant FLAG-
tagged chicken ZBP1 (refer to as IGF2BP1), human IGF2BP2 and IGF2BP3 were kindly provided
by Dr Hittelmaier (Martin Luther University, Germany). The RNAi Consortium (TRC) lentiviral
vectors encoding shRNAs against IGF2BP1 (TRCNO0000075149 and TRCNO0000075152),
IGF2BP2 (TRCNO0000149002 and TRCNO0000148565), IGF2BP3(TRCNO0000074677 and
TRCNO0000074673), METTL3 (TRCN0000034715), METTL14 (TRCN0000015933) and their
non-specific control (shNS, RHS6848) were purchased from GE Dharmacon; whereas the packing

vectors, pMD2.G, pMDLg/pRRE and pRSV-Rev, were obtained from Addgene.

4.4.6 SIRNA transfection and lentivirus shRNA infection

Section 4.2.1: siRNAs targeting human G3BP1 (SR306845) or METTL3 (SR311159) and
control siRNAs (SR30004) were obtained from Origene. siRNAs were transfected at a final
concentration of 25 nM using Lipofectamine 3000 (Invitrogen) according to the manufacturer's
instructions.

Section 4.2.2: lentiviruses were produced in HEK293T cells by co-transfecting individual
shRNA construct with packing vectors (pMD2.G, pMDLg/pRRE and pRSV-Rev) into HEK293T
cells in a 60-mm cell culture dish using X-tremeGENE HP DNA Transfection Reagent (Roche
Diagnostics). The lentivirus particles were harvested at 48 h and 72 h after transfection and directly
added into target cells with 4 ug per ml polybrene. After two rounds of infection, cells were

selected for at least two passages by adding 1 pg per ml puromycin into growth medium.
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44,7 Recombinant protein expression and purification

Section 4.2.1: Rosetta BL-21 bacteria (Novagen) were used for GST-fusion protein
expression. Cells were grown in LB medium supplemented with 100 pg/mL ampicillin and 34
ug/mL chloramphenicol. IPTG was added to a final concentration of 0.5 mM, after which protein
expression was induced for 4 h or overnight at 16 °C. Cells were then harvested, washed with PBS
and resuspended in lysis buffer (50 mM Tris-HCI, pH 8.0, 15% glycerol, 1 mM EDTA, 0.5 mM
PMSF, 1 mM DTT, 100 mM NaCl, 1% Triton X-100, 0.25% NP-40, protease inhibitor cocktail,
and lysozyme to a final concentration of 0.5 mg/ml). Cells were lysed by repeated (five times)
freeze-thaw cycles. Bacterial debris was removed by centrifugation at 14,000 r.p.m. for 20 min at
4 °C, after which soluble extracts were aliquoted and snap-frozen in liquid nitrogen until further
usage.

Section 4.2.2: FLAG-tagged IGF2BP1, IGF2BP2 and IGF2BP3 were expressed in
HEK?293T cells. For each protein, four 15-cm dishes of cells were prepared and lysed in 4 ml lysis
buffer (50 mM Tris-HCI pH 7.5, 300 mM KCl, 0.5% NP-40, 5% glycerol, 5 ug per ml DNase I, 1%
RNase T1/A, 1% protease inhibitor, I mM dithiothreitol) at 4 °C for 1 h and sonicated (5 son, 25 s
off, for 24 cycles). The lysate was then cleared by centrifuge at 4 °C. The proteins were affinity
purified using 40 pl anti-FLAG M2 resin (Sigma-Aldrich) at 4 °C for 2 h. After extensive wash
with wash buffer (50 mM Tris-HCI, pH 7.5, 300 mM KCl, 5% glycerol, 1 mM dithiothreitol),
proteins were eluted in 500 ul 1x FLAG elution solution (0.5 mg per ml FLAG peptide in wash
buffer) at 4 °C for 1h. Protein purity was verified with SDS—PAGE followed by coomassie

staining.
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448 CLIP-LC-MS/MS

Section 4.2.1: we performed CLIP as described in section 2.4.6 with 10 dishes of confluent
HEK293T cells stably overexpressing Flag-HA tags, Flag-HA-tagged FMR1, or 1304N mutant
except skipping 4SU treatment and using 365 nm UV for crosslinking. After IP and washes, the
bound RNA was eluted directly from the beads by Protease K digestion in parallel with “Input”
and “Flow-through” samples. Three volumes of TRIzol were added to each sample, and total RNA
was extracted on a Direct-zol Microprep spin column (Zymo Research) according to the
manufacturer's protocol for RNA extraction and DNase | digestion. rRNA was removed with the
RiboMinus Eukaryote Kit v2 (Thermo). 50 ng of input, flow-through, and immunoprecipitated
MRNA were analyzed by LC-MS/MS as described in section 2.4.4.

Section 4.2.2: we performed CLIP-LC-MS/MS as described above with three 15-cm dishes
of confluent HEK293T cells transiently overexpressing FLAG-tagged IGF2BP (1, 2 or 3) except

without RNase T1 digestion.

449 Pulse SILAC

Pulsed SILAC is a variant SILAC method used to measure translation rates in cells'®.
HeLa cells expressing FMR1 under doxycycline control were SILAC-labeled in light medium
(KORO) for a week to allow them to adapt to the culture conditions. Doxycycline was added for 24
hours to induce expression of FMR1 or the FMR1 mutant. Cells without doxycycline induction
served as a control. In the case of FMR1 overexpression combined with METTL3 knockdown,
METTL3 siRNAs were transfected 24 h before the addition of doxycycline. Control sSiRNA was
transfected into control cells that were not treated with doxycycline. 24 h after doxycycline
induction, cells were washed with PBS to remove any light amino acid-containing medium. Cells

with FMRL1 overexpression alone or in combination with METTL3 knockdown were transferred

103



to medium-heavy (K4R6) medium. Non-doxycycline-treated control cells were transferred to
heavy (K8R10) medium. Cells were subsequently harvested 2, 6, 10 and 24 hours after transfer
into medium-heavy or heavy SILAC medium. The harvested cells were then lysed on ice by the
addition of 150 pl of lysis buffer (100 mM Tris-HCI, pH 7.6, 4% SDS) and heated for 5 min at
95 °C. The samples were sonicated with a Diagenode Bioruptor to reduce viscosity. Crude lysates
were then centrifuged at 14,000 r.p.m. for 20 min, and supernatants were recovered. Lysate protein
concentrations were measured with the BCA kit (Thermo). Equal amounts of protein from control
and treated samples at each time point were then mixed. DTT was added to a 100 mM final
concentration, and the samples were incubated for 15 min. Samples were then further processed
via the FASP method®®. A trypsin-LysC mix (Promega) was used for digestion. Finally, tryptic
peptides were acidified to pH <2 with TFA (10%) and desalted with C18 Stage tips before MS
analyses.

The time it took for half the protein to be labeled (THPL) was calculated for all identified
proteins as described by Visscher et al.'®2. In short, we performed a linear regression between the
log-transformed fraction of labeled protein and the pulse time. We then extrapolated the THPL by
dividing the slope of the regression by log(0.5). In addition to the four pulsed time points, we
forced the regression lines though zero as described previously*®?. To ensure high confidence of
our individual THPL measurements, we used only the proteins with an identified label ratio in all

time points and a Pearson correlation coefficient of 0.95 or higher for downstream analyses.

4.4.10 G3BP1 PAR-CLIP
PAR-CLIP was performed as described in section 2.4.6 with five 15-cm plates of

HEK?293T cells transfected with Flag-tagged G3BP1 or G3BP2 plasmid at 80% confluency for 24
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hours. Two biological replicates were carried out for G3BP1. All samples were sequenced on an

[llumina HiSeq 2000 with single-end 50-bp read length.

4.4.11 mRNA lifetime profiling

Section 4.2.1: 24 hours after transfection with sSiRNAs, cells were trypsinized and live cells
were counted. Cells were then equally divided over three fresh plates. 48 h after transfection,
actinomycin D was added to a final concentration of 5 pg/mL (Santa Cruz Biotechnology; sc-
200906). Cells were then harvested 0, 3 and 6 hours after the addition of actinomycin D,
respectively. The harvested cells were counted once again and snap-frozen. RNA was purified
with the Qiagen RNeasy mini kit and spike with ERCC RNA spike-in control (Thermo Fisher
Scientific). rRNA was removed with the Ribo-Zero rRNA removal kit (lllumina). RNA
fragmentation was performed with the NEBNext Magnesium RNA Fragmentation Module (NEB).
The first cDNA strand was synthesized with Superscript 111 in the presence of actinomycin D and
random hexamers. The second strand was synthesized with Escherichia coli DNA polymerase in
the presence of dUTP. USER enzyme was added before library amplification to maintain strand
identity. NEXTflex 8-bp adaptors were used for adaptor ligation. Size selection was performed
with E-gel, and quality was assessed on a Bioanalyzer.

Section 4.2.2: HepG2 cells with stably expressed shRNAs against IGF2BPs or shNS were
seeded into 6-well plates to get 50% confluency after 24 h. Cells were treated with 5 pg per ml
actinomycin D and collected at indicated time points. The total RNA was extracted by miRNeasy
Kit (Qiagen) and analysed by RT-PCR and RNA-seq. For RNA-seq, an equal amount of ERCC
RNA spike-in control (Thermo Fisher Scientific) was added to the total RNA samples as internal

controls before library construction. Sequencing libraries were prepared using NEBNext Ultra
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Directional RNA Library Prep Kit. RNA stability profiling was generated from two biological
replicates.
4.4.12 RIP of Flag-IGF2BPs

Cells seeded in a 10-cm dish at 70-80% confluency were crosslinked by UV and harvested
by trypsinization. Nuclear extraction was isolated and sonicated. 1 ug of FLAG (F3165, Sigma-
Aldrich), IGF2BP1 (8482, CST) or IGF2BP2 (14672, CST) antibody or a corresponding control
IgG (mouse IgG (CS200621, Millipore) for FLAG, rabbit IgG (NI101, Millipore) for IGF2BP1 and
IGF2BP2) was conjugated to protein A/G magnetic beads (Thermo Fisher Scientific) by
incubation for 4 h at 4 °C, followed by washing three times and incubation with pre-cleared nuclear
extraction in RIP buffer (150 mM KCl, 25 mM Tris (pH 7.4), 5mM EDTA, 0.5 mM DTT, 0.5%
NP-40, 1x protease inhibitor) at 4 °C overnight. After washing with RIP buffer for three times,
beads were resuspended in 80 ul PBS, followed by DNA digestion at 37 °C for 15 min and incubation
with 50 pg of proteinase K (Thermo Fisher) at 37 °C for 15 min. Input and co-immunoprecipitated
RNAs were recovered by TRIzol, extraction and analyzed by RNA-seq.

4.4.13 Sequencing data analyses

Section 4.2.1:

PAR-CLIP: G3BP1 PAR-CLIP peaks were called as described in section 2.4.9.

mRNA half-life: RNA-seq libraries were quantified with kallisto version 0.43.0% by
pseudo-alignment to the RefSeq transcript database downloaded 28 June 2016. Absolute transcript
concentrations per cell were computed by linear-fitting the RNA spike-in TPM values to attomoles.
RNA half-life measures were calculated as described by Wang et al.>®. To ensure accurate RNA half-

life estimations, we considered only transcripts with finite RNA half-lives of <24 h for further analyses.
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Integral analyses: to assess the distribution of m°A with respect to PAR-CLIP peaks, we
used publicly available single-nucleotide-resolution m®A data from Linder et al.?! and converted
the reported m®A sites to hg38 with liftOver'®*. For FMR1 and m®A colocalization analysis, we
generated random peaks by randomly permuting the location of m®A peaks on the transcriptome.

Section 4.2.2:

RIP—seq: samples were sequenced by Illumina HiSeq 1000 with a single-end 51-base pair
(bp) read length. The RIP—seq reads were mapped to human genome version hgl9 by Tophat2
version 2.0.13 with default settings'“°. Differential gene expression was calculated by Cuffdiff
version v2.2.1'41, The RIP targets were defined as genes with reads per kilobase, per million reads
(RPKM) > 1, immunoprecipitation/input > 2, and P <0.05.

PAR-CLIP: the IGF2BPs PAR-CLIP data were obtained from the public database Gene
Expression Omnibus (GEO; accession No. GSE21918)*. The adapters were trimmed by using
cutadapt version 1.9.1%2, The processed reads were mapped to human genome version hg19 by
bowtie version 1.1.2 with parameters: —v 3 —m 5 --best --strata’®®. The mapped results were
analysed by PARalyzer v1.5 with default settings'®. The results were further filtered by
ModeScore > 0.6. For peaks that were larger than 50 nt, we extracted 50 nt centered on the
ModeLocation site. GENCODE v24 was used to annotate the filtered peaks, and finally, the PAR-
CLIP target genes of IGF2BP1 (7,511), IGF2BP2 (7,974) and IGF2BP3 (9,228) were identified.

RNA-seq: all RNA-seq samples were sequenced by Illumina HiSeq 1000 with single-end
51-bp read length. All reads were mapped to human genome version hgl9 by hisat2 v2.0.4 with
default settings'®. Read counts were calculated using HTSeq!®’, and was converted to RPKM
using our custom Perl script. The average gene expression values of three independent studies

were used for the following analysis.
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mRNA lifetime profiling: all RNA-seq samples for mRNA lifetime profiling were
sequenced and processed as described above. RPKM was converted to attomole by linear fitting
of the RNA spike-in as previously described®. The degradation rate of RNA and the mRNA half-
life were calculated according to the aforementioned formula. The final half-life was calculated by

using the average value of 1 h, 3h and 6 h.

4.4.14 Antibodies

Section 4.2.1: primary antibodies to the following proteins were used: G3BP1 (Santa Cruz
Biotechnology; sc-98561), Flag (Sigma-Aldrich; F1804), GST (Thermo; MA4-004) and METTL3
(Bethyl Laboratories; A301-567-A).

Section 4.2.2: antibodies used for western blotting were as follows unless otherwise
specified: IGF2BP1 (IMP1, clone D33A2, no. 8482), IGF2BP2 (IMP2, clone D4R2F, no. 14672)
were from Cell Signaling Technology (CST), IGF2BP3 (IMP3, A303-426A) was from Bethyl
Laboratories, and FLAG (M2, F3165) was from Sigma-Aldrich. GAPDH (sc-47724, Santa Cruz)

was used as a loading control.

4.4.15 Data availability

Section 4.2.1: all mass spectrometric data generated in this study have been deposited to
the ProteomeXchange Consortium via the PRIDE repository under project identifier PXD006498.
RNA-sequencing and PAR-CLIP data have been deposited at Gene Expression Omnibus (GEO)
under accession code GSE98856.

Section 4.2.2: all sequencing data that support the findings of this study have been
deposited in NCBI’s GEO under accession number GSE90639 (for RIP—seq) and GSE90684 (for

RNA-seq).
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Chapter 5
Summary and Perspectives

5.1 Finer dissection of m8A functions in examination of m®A readers

mOA reader proteins function as “adaptors” that convert methylation codes into the signals
that can be recognized by cellular machineries, thus m®A-modified transcripts could be sorted out
for grouped processing and functions based on the binding of a certain reader or a combination of
multiple readers (Figure 5.1). mMRNA stability can be regulated by the destabilizer YTHDF2 and
the stabilizer IGF2BPs while mRNA translation may be modulated by the activator YTHDF1/3
and the repressor FMR1. In addition, there have been reports that the m®A methylation itself may
interact with translation machineries to modulate translation initiation efficiency® or translation
elongation dynamics*®°.

We currently do not know how readers achieve selectivity towards certain m°A sites or
certain m®A-modified transcripts. One likely scenario is that readers may be localized to different
regions of mMRNA by interacting with other RBPs that recognize distinct features of the RNA.
IGF2BP1-3 and YTHDF2, which regulate mMRNA stability in opposing directions, were shown to
bind distinct sites on mRNA: the former favors 3’UTR in HEK293T cells examined while the
latter shows more binding to CDS*. Secondly, the density and sequence contexts of m®A sites are
likely to matter. Densely populated m®A regions could be more frequently occupied by m°A
readers. In the case of FMRL1, it binds consensus RNA sequences of GGA and ACU similar to the
m°A-containing sequence®®®. Perhaps the protein has evolved to further recognize the methyl group
in these particular sequence contexts in order to add an additional layer of regulation. Thirdly,
reader proteins might be enriched at specific cellular compartments, and therefore preferentially

interact with local RNA species. For instance, reader proteins YTHDF1-3, FMR1, and
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HNRNPA2B1, were identified in mammalian stress granule cores!’®. YTHDF1-3, HNRNPK, and
IGF2BP2-3 were found to be enriched in the cell protrusion compared to the cell body in breast
cancer cells'’™. Finally, it has been observed that readers may act in response to stimuli. The
predominantly cytoplasmic YTHDF proteins could redistribute to the nuclei of cells under certain
stimuli including heat shock stress®? and viral infection*’?. In post-mitotic cells, the translation-
promoting effect of YTHDF1 becomes especially apparent when active translation of functional
proteins is desired, as exemplified in the dorsal root ganglion (DRG) model of injury-induced axon
regeneration®®, translation arrest recovery after removal of sodium arsenite stress in HeLa cells®,
and neuronal activity-induced new protein synthesis in the mouse brain'"3,

mOA reader proteins form a network of physical or functional interactions. Examining
function and specificity of reader proteins promises a finer and deeper understanding of m®A-

mediated gene expression regulation.
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Figure 5.1 Region- and stimuli-dependent roles of m®A and its readers

Multiple layers of contexts could substantially affect how m®A methylation regulates the fate of
modified mMRNA. Region-dependent regulation: 5°UTR m®A is linked to cap-independent
translation, especially during stress response when cap-dependent translation is repressed ((1)).
Reader-dependent regulation: YTHDF2 and IGF2BPs can affect mRNA stability in opposite
directions. YTHDF2 recruits CCR4-NOT complex via its N-terminal domain to promote mMRNA
decay ((2)) while IGF2BPs stabilizes mRNA likely through co-factors HUR and MATR3 ((3)).
They may recognize distinct m°A sites and exhibit differential binding density in CDS and 3°UTR.
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(Figure 5.1, continued) Stimulation-dependent regulation exemplified by YTHDF1 ((4)):
YTHDF1 preferentially binds 3°UTR mP®A and promotes translation through interaction with
translation initiation factors. While it constitutively promotes translation in cancer cells including
HeLa cells and endometrial cancer cells, in post-mitotic cells the effect only significantly manifests
when induced by stimulations such as recovery/repair processes or learning signals.

5.2 Context-dependent functions of m°A effectors

Besides the complexity derived from reader proteins, the function of m°A writers and
erasers may also vary depending on specific biological contexts, leading to dynamic and assorted
mPA profiles and thus m°A functions.

5.2.1 Multifaceted METTL3: Cellular Localization, PTM, and Functions

Cellular distribution of METTLS3 varies among cell lines, and there are cases where cellular
stress induces its redistribution!’41">, When interacting with WTAP in the form of a stable dimer
with METTL14, METTL3 localizes to the nuclear speckle in HeLa cells*®. Functional nuclear
localization signals (NLS) have been identified in both METTL3 and WTAP, of which key residue
mutations abolished preferential nuclear localization of ectopic METTL3 and WTAP in HelLa
cellst’®. A fraction of METTL3 protein is also detected in the cytoplasm in multiple human cancer
cell lines at various proportions, including HeLa cells’"~17°, breast cancer cells (MDA-MB-231
cells)*®?, and acute myeloid leukemia cells (MOLM13 cells)®L. In a rare instance, in mouse cortical
neurons METTL14 rather than METTL3 localizes to both cytoplasm and nuclei®®3. It is not yet
clear why METTL3 localization varies. The protein abundance ratios between METTL3 and
METTL14 as well as other adaptor subunits of the writer complex could vary among cell lines,
which could affect localization of METTL3. It is also possible that post-translational modifications
(PTMs) alter interactions between METTL3 and its partner proteins, leading to cytoplasmic

presence.
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mSA-containing genes are enriched in important cellular processes, and a subset of m°A
sites appear dynamic in response to stimuli and stress?®??, The transcript specificity of m°A
methylation could be due to writer recruitment at desired chromatin loci, likely through
transcription factors (TFs) and/or epigenetic marks (Figure 5.2A). After heat shock, METTL3 was
observed to localize to heat-shock genes in the chromatin, and m®A installation on those heat-
shock transcripts was suggested to ensure their timely clearance after the stress'’*. Upon DNA UV
damage METTL3/14 localizes within 2 min to UV-induced damage sites, co-occurring with
increased m°A intensity'’®. In the TGFp signaling pathway in human pluripotent stem cells,
activated transcription factors SMAD family member 2/3 (SMADZ2/3) interact with METTL3/14-
WTAP, facilitating co-transcriptional m®A installation on selective transcripts'®2. A recent study
in acute myeloid leukemia cells showed that a fraction of METTLS3 associates with the promoter
regions of ~80 active genes specified by a transcription factor CCAAT enhancer binding protein
zeta (CEBPZ) independent of METTL14!. Their results suggest that specialized “adaptor”
proteins might exist in different cells to target the writer to distinct sets of genes in the chromatin,
resulting in transcript-specific m8A methylation. Moreover, a gene-body enriched histone
modification Histone H3 trimethylation at lysine 36 (H3K36me3) is suggested to recruit the writer
complex through interaction with METTL14 in HepG2 cells, favoring mPA installation on mRNA
coding sequences (CDS) and 3°UTRs!83, In contrast to these nuclear roles, cytoplasmic-localized
METTLS3 is suggested not to function as an m8A writer, but instead as a potential m®A reader
(Figure 5.2B). Independent of its catalytic activity, METTLS3 in the cytoplasm in lung cancer cells
promotes translation of a reporter nRNA when tethered to its 3°UTR!®. Further studies showed
that this translation promotion effect depends on interaction between METTLS3 and elF3h, which

are coordinately overexpressed in many types of cancers’.
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Figure 5.2 A model of cellular-localization dependent functions of m®A writer proteins
(A) m°A writer complex installs m®A co-transcriptionally in the nucleus. The recruitment of the

writer complex to specific genomic loci by transcription factors (TFs) or histone marks may
contribute to the gene- or region-specificity in m®A installation. (B) In the cytoplasm, METTL3
itself recognizes 3’UTR m°®A sites on mRNA and promotes protein translation from the transcript
by facilitating translation loop formation through interaction with elF3h.

METTL3 could be modulated through PTMs or those of its interacting proteins, which
could affect protein stability, localization, writer complex formation, and writer catalytic activity.
Human METTL14 has been reported to be phosphorylated at residue Serine399 which lies on the
protein-protein interface with METTL3, suggesting regulatory functions®. SUMOylation sites
have also been detected on four lysine residues of human METTL3 and were shown to reduce
activity of METTL3/14 in in vitro methylation assays'®*. This repressive effect was mediated by a
currently unknown mechanism that affects neither METTLS3 stability, localization, nor interaction
with METTL14/WTAP. Further investigations of protein partners of METTL3 in either the
nucleus or the cytosol is likely to give more clues for deciphering PTM-mediated regulation of

METTL3’s functions, especially in a biological system where phosphorylation or SUMOylation

pathways are misregulated.
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5.2.2 FTO demethylation, cap m®Am, and internal méA

FTO, the first RNA demethylase identified, was reported to remove the methyl group of
mSA in mRNA both in vitro and inside cells*. FTO has also been reported to demethylate N, 2-
O-dimethyladenosine (m®Am), a modification that has an identical chemical structure in the base
moiety to m8A and is found on the second base adjacent to the 5’ cap (cap-m®Am) in a portion of
MRNASs18 poth in vitro!® and inside cells® (Figure 5.3). Our group has comprehensively
characterized the substrate spectrum of FTO by carefully validating FTO binding targets from
CLIP-seq results recently, confirming that FTO possesses effective demethylation activity towards
m*A in specific tRNAs, m®An, in some snRNAs, and internal méA and cap-m®Am in MRNASL,

Cellular localization of FTO varies among several mammalian cell lines and the spatial
regulation of FTO results in the distinct substrate preference in the nucleus versus the cytoplasm.
FTO mediates mMRNA m°A and cap m®An demethylation in cytoplasm, but mostly mRNA m°A
demethylation in cell nucleus®, likely because the cap moiety is bound by cap-binding proteins
and not accessible for demethylation. It is true that 5-10% of mMRNA m°®A is subjected to the FTO-
mediated demethylation in common cell lines such as HeLa and HEK293%%°1—perhaps because
nuclear mMRNA accounts for a small portion of total cellular mMRNA and they may not be adequately
accessed by FTO. However, in some AML cells, FTO is highly elevated and mostly localizes in
the cytoplasm. In these cells up to ~40% of all mMRNA m®A are subjected to demethylation by
FTOS18718 The highly expressed FTO and its prevalent méA demethylation play an oncogenic
role in these AML cells; inhibition of FTO by an oncometabolite 2-hydroxyglutarate (2HG)
suppresses leukemia progression®”18, This effect is context-dependent, as FTO-high AML cells

are more sensitive to 2HG inhibition.
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Moreover, the abundance of internal m®A is much higher than m8An in the mRNA, with
the ratio méAn/m®A ratios varying between 1/10 and 1/15 in HeLa, HEK293T, 3T3-L1, MEL624
and brain tissues, as quantified in several recent studies®13418%1%0 FTO mediates predominant
demethylation of m8A versus m®An, inside cells despite m8An, being a preferred substrate in vitro.
So far, all functionally relevant reports of FTO have been consistent with internal m°A but not cap
m°Am in MRNA as the relevant substrate, including but not limited to facilitating the 3T3-L1 cell
differentiation®; responding to heat shock® and UV damage!’®, regulating the hepatitis C virus

infection!®?, and promoting the growth and self-renewal of glioblastoma stem cells'%.
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Figure 5.3 Distinct effectors and functions of cap-m®Am versus internal méA in mRNA

While FTO exhibits catalytic demethylation activity towards both cap-m8Am and internal méA in
mRNA, in the cell nucleus, mPA is the main substrate of FTO since cap-m®An is most likely
masked by cap-binding complex (CBC) in mRNA ((1)). The methyl group on the N position of
mPAn is installed by a cap-specific methyltransferase PCIF1 while internal mPA is installed by
METTL3-METTL14 in a multi-component writer complex ((2)). The role of méA on mRNA
stability through the m®A readers have been established. However, recent characterization of the
mPAm writer PCIF1 showed that depletion of the writer had minimal effect on the
abundance/stability of the cap-m®Am-modified mRNA in cell lines tested ((3)), arguing against the
role of the FTO-mediated mRNA cap m®An demethylation in affecting transcript stability.
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The mechanistic study of cap-m®An is still in its early stage. It has been proposed to protect
mRNA from DCP2-mediated decapping and microRNA-mediated mRNA degradation®?. The
authors observed substantial changes in the levels of FTO target mMRNAs when FTO was depleted,
where they assigned the effect to cap-m®An demethylation. This conclusion was not supported by
a more careful analysis of the correlation between changes in expression levels of transcripts
containing only m®A or only mfAn upon FTO knockdown®. Only internal m®A-modified
transcripts showed correlation with the transcript level changes induced by FTO knockdown. The
confusion was recently resolved when three groups independently identified PCIF1 as the mMRNA
cap-m°Am methyltransferase!®®1°31% PCIF1 possess cap-m®Am but not internal methylation
activity. Two research groups independently showed that the PCIF1-mediated deposition of cap-
mPAm does not alter gene expression or transcript stability!®1%, Thus, the transcript-stabilizing
effect previously assigned to cap-m°Am upon FTO knockdown®? is mostly derived from the
stabilizing role of internal m®As but not cap-m®Am.

Cap-m®An was also proposed to promote translation efficiency of cap-m®Am-containing
mRNA with the FTO knockdown leading to decreased translation of several target genes®. This
result was recapitulated in one of the recent cap-m®Am methyltransferase studies'®®. However,
another two studies reported that cap-m°®Am has negligible effects on translation under basal
conditions®®, and even suppresses translation based on in vitro translation assays and in vivo
reporter assays*®®. The effect of cap-m®An on translation could also be context dependent and has

yet to be clarified.
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5.3  Future directions on the research of epitranscriptomics

Despite established biological significance of m®A epitranscriptomics and mechanistic
insights on the function of m8A from readers-oriented studies, there are still key questions
remaining to be solved.

1. Specificity of mSA methylation. What are the molecular determinants for m®A to be
installed or removed on a transcript, or more specifically, on a certain region of the transcript? Is
there any information flow between epigenetic marks and epitranscriptomics marks? How do
cellular signaling pathways and m®A coding regulate each other? To answer these questions,
previous studies have attempted to examine writers’ binding events on the chromatin during
cellular response processes or in disease models and to integrate those binding events with distinct
transcription factors, epigenetic modifications, or gene expression profiles in those systems (see
Section 5.2.1). The correlation between the gene-body-enriched active histone mark H3K36me3
and m8A seems to give a decent explanation for the preferential methylation in the CDS and
3°UTR!3, However, we still do not fully understand why some of the transcripts are methylated
and some are not. Even within the methylated transcripts, it is possible that “constitutively”
methylated transcripts and “context-specifically” (e.g. cell types, stress response) methylated ones
are driven by different writer recruitment mechanisms. Note that in neurons, the writer depletion
results in upregulation and downregulation of unique groups of genes (Section 3.2.4). This difference
in downstream processing may already be coded in how methylation occurs.

2. Specificity of target recognition of m®A readers. Besides the methyl group on the
adenosine, what elements on the transcript contribute to the recruitment of a certain reader protein?
What if multiple reader proteins share the same binding site—do they bind different copies of a

same RNA sequences, do they bind at a different time or location, do they compete for binding, or

117



do they bind as a complex? The lack of information at high temporal-spatial resolution or single-
molecule level could make it challenging to interpret the outcome of reader depletion. An
alternative strategy is to bring reader proteins close to endogenous or reporter transcripts. An RNA-
targeting platform has been developed to study the precise functions of readers on specific
transcripts by fusing the catalytically inactive Cas13b to an m®A reader'®®. This platform is capable
of recapitulating the function of YTHDF2 to promote decay and that of YTHDF1 to promote
protein production. Developing additional orthogonal RNA targeting platforms would be quite
beneficial for studying crosstalk between the reader proteins.

3. Moonlighting functions of m®A effectors. Take m®A writers as an example. (1) The
majority of m°A studies so far has focused on protein-coding transcripts, microRNAs, and a few
long-non-coding RNA species, which only account for a small percentage of the genome. Does
mSA methylation occur on other RNA species, and if so, what functions does m°A play therein?
Many of the nuclear and chromatin-associated RNA species are short-lived and their functions
have only become appreciated in recent years. It is possible that for those transcripts m®A is co-
transcriptionally installed as well and regulates their functions. (2) Moreover, the non-catalytic
functions of the m®A writers and erasers are also worthy of attention. METTL3 may localize in
the cytoplasm to promote translation by interacting with elF3h'” (Figure 5.2B), calling for more
careful investigation of METTL3’s interactome for deciphering its potential moonlight functions.

4. Epitranscriptomic marks beyond m®A. As introduced in Section 1.2 and Figure 1.2,
mRNAs are decorated with many types of chemical modifications besides mPA. (1) The writers
for some of the mMRNA modifications have been indicated from the screening predicted or known
non-coding-RNA-modifying enzymes. For example, a subset of nuclear transcripts containing a

tRNA-T-loop-like moiety were found to be methylated by tRNA m!A writer complex
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TRMTG6/61A in the sequence context of GUUCRA (R = A or G), and m*A on mitochondrial (mt)
coded mMRNA were found to be sensitive to both of the known mt-tRNA m*A writers TRMT61B
and TRMT10C?"?8, The ablation of N-acetyltransferase 10 (NAT10), a known tRNA/rRNA ac*C
writer, reduces mRNA ac*C level®. However, the dual-function of the writer makes it difficult to
pinpoint the functional contribution from modified sites on mMRNA, especially in protein
translation where mRNA, tRNA and rRNA all come into play. Identifying specific readers may
help clarify this situation. (2) The variety of mMRNA modifications also raises the possibility that
functional information can be stored in combinations of marks instead of each single one.
Techniques that are capable of detecting multiple marks on a transcript at the same time would be
highly desirable. Of interest, Dai et. al. reported that YTHDF proteins can also be pulled down by
an m!A-containing probe in a CC(m*A)GG motif and the in vitro affinity for the probe is ~5-20-
folds lower than that of its m®A counterpart!®®. While this observation might be a “side effect” of
the Dimroth Rearrangement of m*A into mPA, it also proposed a potential model of crosstalk
between different MRNA modifications.

5. Towards subcellular epitranscriptomics. As exemplified by FTO (see Section 5.2.2),
the physiologically relevant substrates of an epitranscriptomic enzyme could be largely determined
by the enzyme’s subcellular localization. Subcellular organelles may enrich certain modifications
or modifying enzymes, the functional outcome of which would be much diluted when the whole
cell is examined. This topic is also crucial for highly polarized cell types such as neurons.
Investigation of m°A profiles in the synaptosome have revealed significant links between m®A and
transcript functional partitioning®*3. There will be much more to discover by combining current
epitranscriptomic methodology with biochemistry-, microfluidics-, or super-resolution-imaging-

based techniques that distill signals from desired cellular compartments.
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