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ABSTRACT

Gene expression patterns change dramatically during neuronal development. Proliferating cells, including
neural stem cells (NSCs), express telomere repeat-binding factor 2 (TRF2), a nuclear protein that associates
with telomeric proteins, DNA, and RNA telomeres. In NSCs TRF2 also binds to the transcription regulator
REST to facilitate repression of numerous neuron-specific genes, thereby keeping the NSCs in a self-
renewing state. Upon neuronal differentiation, TRF2 levels decline, REST-regulated neuronal genes are
derepressed, and a short isoform of TRF2 arises (TRF2-S) which localizes in the cytoplasm, associates with
different subsets of proteins and transcripts, and mobilizes axonal G-rich mRNAs. We recently identified
two RNA-binding proteins, HNRNPH1 and H2 (referred to jointly as HNRNPH due to their high homology),
which mediate the alternative splicing of an exon required for the expression of full-length TRF2. As
HNRNPH levels decline during neurogenesis, TRF2 abundance decreases and TRF2-S accumulates. Here,
we discuss the shared and unique functions of TRF2 and TRF2-S, the distinct subcellular compartment in
which each isoform resides, the subsets of proteins and nucleic acids with which each interacts, and the
functional consequences of these ribonucleoprotein interactions. This paradigm illustrates the dynamic
mechanisms through which splicing regulation by factors like HNRNPH enable distinct protein functions
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as cells adapt to developmental programs such as neurogenesis.

Introduction

In mammalian cells, more than 100,000 proteins are pre-
dicted to be synthesized from 20,000-25,000 protein-coding
genes"” at least in part by rearrangement of protein-coding
exons in a tissue- and developmental stage-specific manner.
This process, known as alternative splicing, is essential for
maintaining proteomic complexity." Indeed, more than 90%
of human genes that contain more than one exon undergo
alternative splicing with variable expression among tissues.””
The inclusion or exclusion of particular exons from the final,
processed mRNA leads to the formation of distinct protein
isoforms that harbor specific sets of domains or signaling pep-
tides, which in turn alters the functionality and/or subcellular
localization of final protein products.®

Distinct from dividing cells, postmitotic neurons exhibit
extreme polarity that allows signal propagation from den-
drites to axons. Dendrites are short protrusions around the
cell body and receive input from afferent neuron axons,
whereas axons are long neurites that propagate action
potentials to trigger neurotransmitter release from presyn-
aptic terminals at synapses. The establishment and mainte-
nance of neuronal polarity in part requires the precise
localization of mRNAs in dendrites and axons so that pro-
tein synthesis can be regulated locally by synaptic activation
and signals such as neurotrophic factors.*” In addition,

neurons exhibit an unusually high number of alternative
splicing events, whereby neuron-specific protein isoforms
are produced to control neuronal properties such as excit-
ability, neurite outgrowth and synaptogenesis.®

Regulation of TRF2 splicing and function
during neurogenesis

In mammalian nuclei, the ends of chromosomes or telomeres,
comprise stretches of TTAGGG repeats. Telomeres are pro-
tected by a protein complex termed shelterin that protects
chromosome termini against nucleolytic processing events and
prevents the triggering of a DNA damage response.” " Yet,
during S-phase, this telomere-capping structure is disassembled
in order to proceed with DNA replication and is reassembled
after replication.'*"” Among the shelterin proteins, telomere
repeat-binding factor 2 (TRF2, also known as TERF2 and
TRBF2) has emerged as a key scaffolding molecule for remodel-
ing telomeres throughout the replicative stages of a cell.'®'>'®
TRF2 was originally discovered as a telomeric DNA-binding
protein via its C-terminal SAND/Myb-like DNA-binding
domain."”” TREF2 also functions as a protein hub to recruit
numerous shelterin and non-shelterin proteins through its N-
terminal GAR domain and its TRFH dimerization domain
(Table 1).
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Table 1. TRF2- and TRF2-S-associated proteins and nucleic acids. Top, molecules (proteins, DNA, RNA) that associate with TRF2 (column 1), domain of TRF2 implicated
(column 2), influence of these interactions on TRF2 function (column 3), and bibliography describing these functions (column 4). Bottom, molecules (proteins and RNAs)
that associate with TRF2-S (column 1), domain of TRF2-S implicated (column 2), influence of these interactions on TRF2-S function (column 3), and bibliography describing

these functions (column 4).

TRF2 binding partners TRF2 domain TRF2 function References
Duplex telomeric DNA Myb TRF2 protects telomeres from end-to-end fusions 64
DNA replication fork GAR TRF2 promotes telomere replication 65
TERRA RNA GAR TRF2 recruits ORC and TERRA to telomeres 32
PARP1, poly(ADP-ribose) polymerase GAR TRF2 recruits PARP1 to damaged telomeres 66
PRMT1, protein methyltransferase GAR Arginines in TRF2 GAR domain are methylated 36
OPC1 (origin recognition complex) GAR TRF2 is recruited to telomeres at S-phase 32
REST (neuron-restrictive transcription repressor) TRFH TRF2 prevents REST degradation 46
hREST4 (REST splicing isoform) TRFH-F120 TRF2 prevents hREST4 degradation 49
RAP1 (repressor/activator1) TRFH-F120 TRF2 forms shelterin complex 67
SLX4 (endonuclease) TRFH-F120 TRF2 assembles with multiple endonucleases 68
Apollo (nuclease) TRFH-F120 TRF2 protects telomeres in S phase 38
RTEL1 (helicase) TRFH TRF2 unwinds telomere t-loops in S phase 1
WRN (RecQ helicase) N/A TRF2 lacking GAR domain forms telomeric circles, 69
telomere recombination, and senescence
ATM (sensor of double-stranded DNA damage) N/A TRF2 inhibits ATM activation at telomeres 14
MRE11 (nuclease) N/A TRF2 prevents assembly of TERRA-LSD1-MRE11 31
at damaged telomeres
TRF2-S binding partners TRF2-S domain TRF2-S function References
G-rich mRNAs GAR TRF2-S binds to and facilitates neuron mRNA trafficking 50
FMRP GAR TRF2-S binding to mRNA is suppressed by FMRP 50
REST TRFH TRF2-S sequesters REST in the cytoplasm 17

Although the telomeric role of TRF2 in dividing cells has
been extensively investigated for nearly 2 decades, it is poorly
understood whether TRF2 and other shelterin proteins
expressed in postmitotic neurons function to safeguard telo-
meres. While studying this question, we discovered a C-termi-
nal truncated TRF2 splicing isoform (TRF2-S) that was
expressed as neurons differentiated and grew their axons and
dendrites,'”” and 5 years later we identified the splicing factor
HNRNPH as being important for regulating neuronal TRF2
alternative splicing.'® We also reported recently that instead of
telomeric DNA, TRF2-S displayed a preference for binding
RNA, and that TRF2-S is present in axons where it regulated
mRNA trafficking.'” In the present Extra Views, we briefly
review the distinct functions of the nuclear, telomere-protective
TREF2, and the cytoplasmic RNA-regulatory TRF2-S. We dis-
cuss the generation of the two TRF2 splicing isoforms and the
role of HNRNPH in regulating the production of TRF2 in neu-
ral stem cells (NSCs) and TRF2-S in mature neurons.

Nuclear role of TRF2

TRF2 was originally identified as part of the shelterin complex
that protects telomeres.'>'" TRF2 was found to bind selectively
to double-stranded telomeric DNA aided by other components
of the shelterin complex, TRF1, POT1, TPP1, TINs and
RAP1.*° Progressive telomere attrition or deficiency of the shel-
terin complex is recognized as a break in double-stranded
DNA and elicits genotoxic response which can trigger apopto-
sis.”"** To prevent such genotoxic response, TRF2 protects
telomeres and thereby prevents activation of the ATM (ataxia
telangiectasia mutated)-mediated DNA damage response*>**;
TRF2 further inhibits ATM by interacting with an upstream
regulator of ATM, the checkpoint kinase 2 (CHEK2)* and sup-
pressing CHEK2 phosphorylation. Loss of TRF2 induces chro-
mosome end-to-end fusions mediated by the non-homologous

end-joining (NHE]) pathway.”® TRF2 was proposed to achieve
this function by folding and maintaining the telomeric DNA in
a lasso-like structure called a ‘t-loop’, a configuration that
sequesters the telomere end and blocks a DNA damage
response.”* This structure likely limits the loading of the Ku70/
80 heterodimer onto the telomeres and prevents NHE].>"*°
TRF2 also contributes to the synthesis of functional 3’ G-over-
hangs, which are required for folding telomeres into t-loop
structures,””*® to the unwinding of t-loops,'® and to the main-
tenance of telomere integrity following the topological stress
encountered during DNA replication in S phase.””*° In addi-
tion, TRF2 prevents excess accumulation of long non-coding
telomeric repeat-containing RNAs, TERRA,”" which are tran-
scribed from subtelomeric regions and function as structural
components of telomeres.*>>*

TREF2 acts as a protein ‘hub’ to recruit shelterin and non-
shelterin proteins through its N-terminal GAR domain and
its central TRFH dimerization domain (Table 1). The lack
of a GAR domain can induce DNA recombination at telo-
meres and telomere deletion,’ whereas amino acid substitu-
tions can promote telomere doublet formation.”® These
findings further support a key role of TRF2 in maintaining
telomere integrity. In the C-terminus, TRF2 contains a
DNA-binding Myb/SANT domain (Telobox) through which
it interacts with sequence-specific telomeric DNA.”” The
homodimerization domain of TRF2 in the middle of the
protein forms a horseshoe structure in its dimeric form
(TRFH for TRF homology domain).*® This domain is
responsible for preventing ATM activation®* and for the
transcriptional control of TERRA expression.”” It was
recently discovered that this domain interacts with DNA
through lysines and arginines, and that a 90-bp long DNA
segment wraps around the homodimer.'®

Given its function in the DNA damage response, TRE2 is
implicated in development and in diseases such as cancer.””
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TRF2-deficient mice die during embryonic development and
TRE?2 is essential for adult skin homeostasis.*>*' TRF2 is a potent
oncogene in telomerase-deficient mice*’; conversely, since TRF2
inhibits the recruitment of natural killer (NK) cells to tumors,
cells with reduced TRF2 are more easily eliminated by NK
cells.”” In addition, TRF2 overexpression promotes telomere
shortening, an effect not caused by inhibition of telomerase™ but
instead by replication stalling in duplex telomeric regions and
the formation of ultrafine anaphase bridges (UFBs), triggering
chromosome fusions similar to those seen in human cancers.*

Besides its function on telomeres, extra-telomeric functions
of TRF2 have recently emerged. TRF2 is upregulated during
human embryonic stem cell differentiation and promotes dif-
ferentiation by binding to and preventing the proteasomal deg-
radation of REST (Repressor Element—1 Silencing
Transcription Factor).*® Since REST binds to the promoters of
many genes that are critical for neuronal differentiation and
inhibits their transcription,”” REST stabilization represses neu-
ronal gene transcription in NSCs, thereby inhibiting neuronal
differentiation and enabling continued proliferation of the
NSCs.* An isoform of REST, hREST4, counters the gene-
silencing effect of REST in a dominant negative fashion.
Depending on the cell context, TRF2 could either stabilize
REST to maintain self-renewal of NSCs,***® or prevent hREST4
from ubiquitin-mediated proteasomal degradation to promote
neuronal differentiation.***” A dominant negative form of
TRF2 triggers a DNA damage response and senescence in
mitotic neural cells and TRF2 inhibition enhances the differen-
tiation of hippocampal neurons.”

Molecular switch of TRF2 to TRF2-S
by alternative splicing

Alternative splicing of the TRF2 mRNA (Trf2 mRNA in
rodents) leads to the production of a short protein isoform
named TRF2-S.'"® Alternative splicing is a regulated process
because recognition and recruitment of the spliceosomal
machinery is suboptimal on alternative splice sites.”' Trf2
mRNA contains 10 exons. In rodents, TRF2-S arises when an
alternative 5’ splice site on exon 7 is utilized; this creates a vari-
ant mRNA that contains only part of exon 7. As a consequence,
a shift occurs in the open reading frame that gives rise to a pre-
mature termination codon on exon 8 and a smaller protein iso-
form is synthesized. TRF2-S lacks the DNA-binding domain
and the nuclear localization signal (NLS) and instead possesses
a short sequence that retains the protein in the cytoplasm'” and
enables distinct functions (Fig. 1A and B).

To regulate alternative splicing events, pre-mRNA sequen-
ces within the regulated exon or near the splice sites (<300
nucleotides apart) act as cis-elements recognized by RNA-bind-
ing proteins (RBPs) to bind and block or promote the recruit-
ment of the spliceosome to the site, in turn driving the skipping
or inclusion of alternatively spliced exons in the mature tran-
script.”® This regulatory process was observed for TRF2 and
TRF2-S. By conducting a proteomic screen, we identified sev-
eral RBPs that bind to rat Trf2 pre-mRNA using as bait exon 7
along with flanking intronic sequences, where we expected to
find regulatory cis-elements. Among the RBPs that were pulled
down from rodent brain lysate, HNRNPH1 and HNRNPH2

(2 highly conserved proteins, >95%) positively regulated exon
7 inclusion and inhibited TRF2-S production, although
HNRNPHI appeared to suppress splicing and TRF2-S produc-
tion more robustly.'® Crosslinking and immunoprecipitation
revealed that human HNRNPH] also bound TRF2 pre-mRNA,
and that the binding sequence was a G-rich tract containing A
residues.”>”* HNRNPH binding sites on and near exon 7 were
further identified using in vitro binding assays. Interestingly,
3 binding sites were identified as potentially regulating splicing
and all 3 appeared to be partially redundant.'® Both paralogs
were implicated in regulating alternative splicing. The signifi-
cance of HNRNPH in controlling alternative splicing of neural
genes was previously shown in oligodendrocytes.”>*® Of note,
HNRNPHLI regulates alternative splicing of the neuron-specific
exon N of REST.””

The role of HNRNPH on TRE2 splicing in neuronal differen-
tiation was tested in two model systems. In one, treatment of rat
pheochromocytoma PCI2 cells with nerve growth factor for
7 days to induce neuritogenesis caused a gradual decrease in
HNRNPH1/2 levels, suggesting an inhibitory role of the protein
during differentiation. In another, primary cortical neurons from
rats at embryonic day 18 differentiated over the course of
15 days; during this time, a similar decrease in HNRNPH1/2
protein was observed, coinciding with a rise in TRF2-S expres-
sion. Interestingly, Hurnphl and Hnrnph2 mRNAs did not
decline, suggesting that HNRNPH proteins were regulated via
changes in protein translation or stability. To test directly the
hypothesis that HNRNPH was involved in neuronal differentia-
tion, HNRNPH2 was suppressed in PCI2 cells using CRIPSR-
Cas9 or shRNA. Inhibition of HNRNPH?2 increased the number
of differentiated cells earlier in the process, implicating it in sup-
pressing neuronal differentiation through inhibition of TRF2-S.'®

Cytoplasmic TRF2-S shifts its binding preference
to other RNAs and proteins

Mammalian telomeric DNA and RNAs (TERRA) contain tan-
dem repeats of the G-rich sequences (TTAGGG), and
(UUAGGG),, respectively.”® Both sets of sequences can form a
4-stranded helical structure named G-quadruplex or G-quartet
with multiple stacking of G-G-G-G tetrads, although their
topologies may differ if they consist of single or double strands
of oligonucleotide.” G-quadruplexes are commonly present in
RNAs as a distinct motif recognized by a subset of RBPs and
participate in many aspects of mRNA metabolism, including
localization, translation, and turnover. RBPs can bind G-quar-
tet-containing RNAs via the GAR domain, also known as an
‘RGG box’ because it harbors arrays of glycine-arginine repeats
(Fig. 1B)." For example, the RGG box in the fragile X mental
retardation protein (FMRP) binds intramolecular G-quartets in
mRNAs encoding proteins important for neuronal function,
and regulates local protein synthesis in dendrites.*>*' Nonethe-
less, this general model was challenged by the recent discovery
that a single FMRP target, DgkK mRNA, encoding a key regula-
tor of signaling lipid production (diacylglycerol kinase «), is
translationally activated by FMRP and was proposed to elicit
the major FMRP actions.®*

TRF2 was reported to bind TERRA RNAs via its N-terminal
GAR domain,”* and DNA via its C-terminal Myb-DNA
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Figure 1. Regulation and impact of alternatively spliced TRF2 and TRF2-S on neurogenesis. (A) Schematic of the alternatively spliced exon 7 giving rise to full
length TRF2 (left) and a truncated, short form, TRF2-S (right). In dividing neural cells, the splicing factor HNRNPH1/H2 (HNRNPH) enables a splicing pattern
leading to high levels of TRF2. During neurogenesis, HNRNPH levels decline, favoring the formation of the short isoform TRF2-S. (B) The two isoforms share
the GAR and TRFH domains, but TRF2 has a nuclear localization signal (NLS), whereas TRF2-S has a nuclear export signal (NES) that mobilizes TRF2-S to the
cytoplasm. ‘F’ indicates the TRF2-Phe120 site that interacts with the [F/Y]xL signature motif on hREST4. (C) Schematic representation of the distinct subcellular
localizations TRF2 (green ovals) and TRF2-S (green circles) in dividing (left) and post-mitotic (right) neural cells, respectively. The gray shaded boxes summarize
the major functions of TRF2 (left) and TRF2-S (right) in different differentiation states.

binding domain. Distinct from its telomere-binding counter-
part TRE2, TRF2-S retains the GAR and TRFH domains, but
its nuclear localization signal is replaced by a nuclear export
signal, and it lacks a Myb DNA-binding domain.'”"* Using
E18 rat embryonic cortical neuron cultures, we performed RNP
immunoprecipitation (RIP) analysis to identify TRF2-S-associ-
ated neuronal mRNAs and identified 140 mRNAs that were
highly enriched in the TRF2-S RIP. Using approaches such as
in vitro crosslinking and IP (CLIP) and biotin RNA pulldown
analyses, we were able to map the TRF2-S-mRNA-binding
sequences in Trf2-S, Aplpl, and Rab3a mRNAs. Tagging RNA
with MS2 hairpins, further revealed that G-rich, TRF2-S target
mRNAs localized in axons.'” These studies suggest that the
TRF2-S GAR domain is involved in assembling and transport-
ing G-rich mRNA-protein complexes in the cytoplasm of axons
in neurons. We therefore hypothesize that when TRF2 is bound
to the DNA-shelterin complex, the GAR domain binds TERRA

RNAs; however, since TRF2-S is cytoplasmic and thus not
bound to shelterin, the GAR domain binds other RNAs
(e.g. neuronal G-rich mRNAs) and participates in the post-
transcriptional regulation of neuronal protein production.

Cytoplasmic TRF2-S interacts with protein subsets

TRF2 and TRF2-S can bind to a broad spectrum of non-
shelterin proteins (Table 1). In particular, we and others
showed that in the cytoplasm of neurons, TRF2-S binds
and stabilizes REST, in turn maintaining the self-renewal of
NSCs,'”** or binds the truncated, dominant negative iso-
form hREST4, thus promoting neuronal differentiation.***’
In addition, TRF2-S binds and sequesters REST in the cyto-
plasm of neurons to antagonize REST nuclear activity and
to maintain neuronal traits.'” It is worth noting that
hREST4 harbors a [F/Y]xL signature motif that can be
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recognized by a TREF2-Phel20 binding site in TRFH
domain.*” Since the TRF2-Phel20 is conserved in both
TRF2 and TREF2-S (Fig. 1B and C), it is reasonable to pre-
dict that TRF2-S may interact dynamically with nuclear or/
and cytoplasmic protein networks during neurogenesis.®***

Besides the TRFH domain, the GAR domain in TRF2-S
is also capable of binding non-shelterin proteins [e.g.,
PARP1, ORC, and FMRP (Table 1)]. Interestingly, we
recently reported that FMRP binds to the TRF2-S GAR
domain in the absence of RNA, thereby blocking the inter-
action of TRF2-S with its target mRNAs. On the other
hand, the TRF2 GAR domain binds to TERRA RNAs, facili-
tating heterochromatin formation and the recruitment of
origin recognition complex at telomeres.”> Therefore, there
are rich and dynamic interactions of the GAR domain in
TRF2 and TRF2-S with RNAs and proteins. These interac-
tions provide molecular insight into the regulation of gene
expression patterns by TRF2/TRF2-S in dividing NSCs and
postmitotic neurons.

Concluding remarks

In neuronal cells, alternative splicing gives rise to TRF2 and
TRE2-S, two proteins with distinct functions, subcellular
localization, and interacting molecules. Proliferating neural
cells, such as NSCs and glial cells, express the long isoform,
TREF2, which resides in the nucleus, associates with telo-
meres and the transcription repressor REST, which together
preserve telomere integrity and suppress neuronal differenti-
ation. As shown in dividing rodent neural precursors, the
splicing factor HNRNPH enhances the inclusion of exons
giving rise to TRF2. Upon differentiation, HNRNPH levels
decline and exon-skipping leads to the rise of the short iso-
form, TRF2-S. TRF2-S resides in the cytoplasm, and associ-
ates with a distinct subset of proteins and RNAs (including
G-rich RNAs) and via such molecular interactions may reg-
ulate mRNAs transport and protein translation.

These new findings raise interesting questions aimed at
elucidating the underlying molecular mechanisms. For
example, how does HNRNPH regulate the TRF2/TRF2-S
splicing switch? Does HNRNPH inhibit spliceosome recruit-
ment to the 5 alternative splice site? Are there binding
partners in this regulation? New questions concerning the
functions of the two isoforms at the molecular and physio-
logic level are also emerging. For instance, does TRF2 have
the ability to bind TERRA RNA or other RNAs through the
GAR domain? Is TRF2-S involved in the post-transcrip-
tional metabolism of target mRNAs? What other cellular
roles does TRF2-S have in neuronal differentiation?

In sum, this is an interesting paradigm in which a sin-
gle alternative splicing event retools a protein with one
function and one set of interacting factors during a prolif-
erative state (TRF2), into another protein that has a differ-
ent function and a different set of interacting factors
during a differentiated state (TRF2-S). This mechanism
sets the stage for the identification of other alternatively
spliced protein isoforms which are responsible for different
developmental tasks dictated by their molecular structure
and interacting factors.
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