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Abstract

The fragile X-related (FXR) family proteins FMRP, FXR1, and FXR2 are RNA binding proteins
that play a critical role in RNA metabolism, neuronal plasticity, and muscle development. These
proteins share significant homology in their protein domains, which are functionally and
structurally similar to each other. FXR family members are known to play an essential role in
causing fragile X mental retardation syndrome (FXS), the most common genetic form of autism
spectrum disorder. Recent advances in our understanding of this family of proteins have occurred
in tandem with discoveries of great importance to neurological disorders and cancer biology via
the identification of their novel RNA and protein targets. Herein, we review the FXR family of
proteins as they pertain to FXS, other mental illnesses, and cancer. We emphasize recent findings
and analyses that suggest contrasting functions of this protein family in FXS and tumorigenesis
based on their expression patterns in human tissues. Finally, we discuss current gaps in our
knowledge regarding the FXR protein family and their role in FXS and cancer and suggest future
studies to facilitate bench to bedside translation of the findings.
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Introduction:

The Fragile X-related (FXR) gene family includes three members that encode the highly
homologous RNA binding proteins (RBPs) Fragile X mental retardation 1 (FMRI), FMR1
autosomal homolog 1 (FXRI), and FMR1 autosomal homolog 2 (FXR2), and are located on
chromosomes Xq27.3, 3926.33, and 17p13.1, respectively. The proteins share significant
structural similarities, with approximately 60% amino acid sequence identity (Siomi, Zhang
et al. 1996). The homology shared among the three protein products is especially
pronounced over the first 13 exons, which exhibit a 73-90% amino acid sequence identity
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(Kirkpatrick, Mcllwain et al. 2001). However, the C-termini of these proteins varies
substantially. Isoform-specific inclusion and exclusion of specific exons proximal to the C-
termini contribute dramatically to this variance. The FXR proteins consist of a nonclassical
nuclear localization signal localized at its N-terminal region (Eberhart, Malter et al. 1996,
Bardoni, Sittler et al. 1997), a nuclear export signal (Eberhart, Malter et al. 1996), two Tudor
domains (Bardoni, Sittler et al. 1997, Ramos, Hollingworth et al. 2006, Adams-Cioaba, Guo
et al. 2010), three protein K homology (KH) domains (Zhang, O’Connor et al. 1995), and an
RGG box (Zhang, O’Connor et al. 1995, Darnell, Jensen et al. 2001, Schaeffer, Bardoni et
al. 2001) (Figure 1). The RGG motif is capable of binding to DNA and RNA structures,
including G-quadruplex RNAs (Brown, Small et al. 1998, Darnell, Jensen et al. 2001,
Darnell, Fraser et al. 2009). In addition to their RNA-binding capacity, they interact with
each other and associate with the ribosomal 40S and 60S subunit (Eberhart, Malter et al.
1996, Khandjian, Corbin et al. 1996, Siomi, Zhang et al. 1996, Tamanini, Meijer et al.
1996). The FXR family of proteins also undergo several post-translational modifications like
methylation (Say, Tay et al. 2010), phosphorylation (Stetler, Winograd et al. 2006),
sumoylation (Khayachi, Gwizdek et al. 2018), and ubiquitinylation (Qie, Majumder et al.
2017).

The FXR proteins are found to be highly abundant in the brain where they are mostly
localized to the cytoplasm and proximal dendrites of neurons (Bakker, de Diego Otero et al.
2000, Tamanini, Kirkpatrick et al. 2000). Recent studies show that while FMR1 transcripts
are primarily present in the neurons and astrocytes, FXR1 and FXRZ2transcripts are found in
oligodendrocytes, microglia, and endothelial cells in the cortex of mice (Thomsen, Pallesen
etal. 2013, Zhang, Chen et al. 2014). Work from the Murai laboratory showed that FXR1
controls local protein synthesis at synapses in the central nervous system as well as in the
dendrites and the three homologs exhibit overlying cytoplasmic and dendritic expression
patterns in developing and adult mammalian neurons (Cook, Sanchez-Carbente Mdel et al.
2011).

These findings define their expression patterns and functionally link the proteins to the
diseases associated with the Central Nervous System (CNS). Transcriptional silencing of the
FMR1 gene, due to an unstable hypermethylated CGG repeat expansion in its 5’-
untranslated region (UTR), is often linked to human fragile X syndrome and autism
(\erkerk, Pieretti et al. 1991). Recent findings also demonstrate that both FXR7 and FMR1
are directly or indirectly linked to schizophrenia, bipolar disorders, and mood regulation,
suggesting a broader function of these proteins in adult-onset mental diseases (Del’Guidice,
Latapy et al. 2015, Takata, Matsumoto et al. 2017). Genome-wide association studies
(GWAS) in 36,989 schizophrenia cases and 113,075 controls have found single nucleotide
polymorphisms (SNPs) in the £XRI locus only, that may possibly contribute to the disease
by affecting alternative splicing(Schizophrenia Working Group of the Psychiatric Genomics
2014, Takata, Matsumoto et al. 2017). Significant reduction in FMRP was reported in the
lateral cerebella of subjects with schizophrenia, bipolar disorder, and major depression
(Fatemi, Kneeland et al. 2010) while no change was observed in the FMR1 levels (Fatemi
and Folsom 2015). Moreover, a study of the FMRP regulon from superior frontal cortex
(Brodmann Area 9 (BA9)) of subjects with schizophrenia and bipolar disorder found
mutations in FMRP targets (Folsom, Thuras et al. 2015). A noteworthy study demonstrated
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that a GSK3p (glycogen synthase kinase 3 beta) mediated phosphorylation of FXR1
promotes its downregulation and contributes to the regulation of mood and emotional
processing (Del’Guidice, Latapy et al. 2015). Notably, patients with significant psychosis
disorders show an interaction between SNPs GSK3p rs12630592 and FXR1 rs496250
genotypes (Bureau, Beaulieu et al. 2017). Thus, both FMRP and FXR1, along with GSK3,
are considered therapeutic targets for mental disorders and neurogenerative diseases (Kaytor
and Orr 2002, Guo, Murthy et al. 2012, Del’Guidice, Latapy et al. 2015). Several groups in
the last decade have used GWAS to link the FXR family proteins to anxiety, bipolar
disorders, schizophrenia, and mood regulation pointing toward a greater involvement in
mental illnesses (Bontekoe, Mcllwain et al. 2002, Hamilton, Esseltine et al. 2014, Renoux,
Carducci et al. 2014, Borreca, Gironi et al. 2016, Khighatyan, Evstratova et al. 2018).

In recent years, FXR1, more so than the two other proteins, has surfaced as an oncogenic
protein, or at least a facilitator, that promotes carcinomas in various tissues. Our laboratory
and others have observed that FXR1 is capable of promoting tumorigenesis and blocking
senescence in lung and head and neck squamous cell carcinoma, respectively (Qian,
Hassanein et al. 2015, Majumder, House et al. 2016). Both reports demonstrate that the
FXR1 transcript is highly abundant in tumor tissues and correlates with poor prognosis and
survival. Several more recent publications support our finding that FXR1 overexpression is a
strong predictor of poor prognosis in multiple cancers (Fan, Yue et al. 2017, Jo, Kim et al.
2017, Nordio, Marques et al. 2018, Cao, Gao et al. 2019, Cao, Zheng et al. 2019, Phelps,
Pierce et al. 2019). Collectively, these studies demonstrated that high FXR1 expression at
the RNA and protein levels promotes oncogenesis, in contrast to the trend observed in FXS,
where FXR1and FMRI are functionally silenced or suppressed. In this review, we will
focus on the structural features of the FXR family proteins, their differential expression in
tissues, and the diverse functions of these proteins in several neurological disorders and
cancer.

The FXR family proteins

The FMR1 gene was first identified in 1991 (Verkerk, Pieretti et al. 1991) followed by
FMRP autosomal homolog 1 (FXRZ) (Zhang, O’Connor et al. 1995), and FMRP autosomal
homolog 2 (FXR2) (Zhang, O’Connor et al. 1995). FMRL1 plays a vital role in fragile X
syndrome (FXS), and FXS patients harbor long hypermethylated CGG repeats in the
promoter region of the FMR1 gene (Verkerk, Pieretti et al. 1991). Following this
observation, FXR1 was identified as a cytoplasmic RNA binding protein (RBP) (Zhang,
O’Connor et al. 1995) expressed independently of the FMRI gene at the mRNA and protein
levels. By the use of a yeast two-hybrid system, Zhang et a/. identified another FMRP
autosomal homolog, FXR2 (Zhang, O’Connor et al. 1995). They showed that FXR2, FXR1,
and FMRP form heteromers with each other in addition to the formation of homodimers by
themselves. The authors further demonstrated that the KH1 domain or the region between
KH1 and KH2 is responsible for the heteromers, drawing attention to the KH domains’
structural features and their implications for a coordinated protein-protein network.
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The FXR family protein domains

All three FXR proteins contain two Tudor domains (also known as agenet domains)
proximal to the N-terminus (Bardoni, Sittler et al. 1997, Ramos, Hollingworth et al. 20086,
Adams-Cioaba, Guo et al. 2010, D’ Annessa, Cicconardi et al. 2019, McClure and
Palanisamy 2019) (Figure 1). The first Tudor domain spans exons 1-3, while the second
spans exons 3-5. These Tudor domains are relatively dissimilar; however, they share high
structural similarity to the Tudor domains of the Survival motor neuron protein (SMN)
(Ramos, Hollingworth et al. 2006). The Tudor domains of Fragile X proteins serve as sites
for protein-protein interaction by recognition of methylated lysine residues of other proteins
(Adams-Cioaba, Guo et al. 2010). Subsequent studies demonstrated that Tudor Domain 2 is
primarily responsible for interacting with proteins containing methylated lysine residues
(Ramos, Hollingworth et al. 2006).

A non-classical Nuclear Localization Sequence (NLS) domain is present between the C-
terminus and the Tudor domain (Figure 1). The specific amino acids comprising the NLS
domain lie between residues 114 and 150, spanning exons 5 and 6 (Eberhart, Malter et al.
1996, Bardoni, Sittler et al. 1997, D’ Annessa, Cicconardi et al. 2019, McClure and
Palanisamy 2019). Despite the presence of this NLS, the protein products of FMRP, FXR1,
and FXR2 are predominantly in the cytoplasm, suggesting that alternative sequences present
in the proteins prevent nuclear accumulation (Verheij, Bakker et al. 1993, Zhang, O’Connor
et al. 1995). The discovery by Adinolfi et al. of the propensity of an area overlapping the
NLS to bind with RNA shed some light on this (Adinolfi, Bagni et al. 1999). They showed
that the NLS exhibits RNA binding activity and binds to mRNA in the nucleus. Once
attached, the NLLS is “masked,” leading to export from the nucleus to cytoplasm. The
mMRNA-bound FMRP transfers the mRNA to the polysomes for translation, then dissociates
itself (Adinolfi, Bagni et al. 1999). After dissociation from FMRP, mRNA exposed to NLS
is subjected to a further round of intracellular shuttling (Adinolfi, Bagni et al. 1999). This
hypothesis gained more attention with the identification of the KHO domain that is also a
single-stranded nucleotide binding motifs (Myrick, Hashimoto et al. 2015, D’ Annessa,
Cicconardi et al. 2019). Unlike the KH1 and 2 domains in this protein family and from other
KH domains identified in other proteins, the sequence of the KHO domain lacks the
canonical G-X-X-G motif (Myrick, Hashimoto et al. 2015, D’ Annessa, Cicconardi et al.
2019). Counteracting the NLS, exon 12 of FXR1 and FXRZ, and exon 14 of FMR1, encode
the Nuclear Export Sequence (NES) (Eberhart, Malter et al. 1996). This sequence shares
high similarity with the NES found in the HIV-1 Rev protein and Protein Kinase Inhibitor-a.
(PKIA) (Fridell, Benson et al. 1996, Bardoni, Sittler et al. 1997). The presence of a NES,
coupled with the nuclear export protein, Exportin 1, mediates the export of these proteins
from the nucleus to the cytoplasm. However, inhibition of nuclear export with leptomycin B
leads to an accumulation of all three proteins in the nucleus (Tamanini, Bontekoe et al.
1999), demonstrating the necessity of the NES domain and cytoplasmic function of FXR
proteins.

All three FXR family proteins contain a coiled-coil domain encoded within exon 7 (Siomi,
Zhang et al. 1996). This domain is responsible for interactions between the Fragile X
proteins and the ribosomal machinery, as well as for homo- and hetero-dimerization between

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Majumder et al.

Page 5

members of the Fragile X family (Zhang, O’Connor et al. 1995, Siomi, Zhang et al. 1996,
Tamanini, Bontekoe et al. 1999). The coiled-coil domain was also reported to be important
for protein-protein interactions; it is necessary for proper binding of FMR1 to cytoplasmic
FMRP-interacting protein 1/2 (CYFIP1/2) (Schenck, Bardoni et al. 2001).

Exon 8 encodes the K Homology, KH1 domain in all three Fragile X family members
(Siomi, Choi et al. 1994, Zhang, O’Connor et al. 1995, D’ Annessa, Cicconardi et al. 2019).
The KH1 domain is not unique to the Fragile X family: Several different families of RNA
binding proteins possess motifs with similar amino acid sequences (Siomi, Siomi et al.
1993). This motif confers upon proteins the ability to bind to DNA/RNA structures that are
typically four unpaired bases in length (Sjekloca, Konarev et al. 2009). Based on their
secondary structure and folding, the FXR proteins’ KH1 and C-terminal KH2 domains are
considered to be Type 1 (Dube, Huot et al. 2000). Exons 9-11 of £XR1 encode the KH2
domain (Siomi, Choi et al. 1994, Zhang, O’Connor et al. 1995). FXR1 differs in sequence
from the FMR1 variant, which contains additional exons that encode a lengthy variable loop
within the domain (Darnell, Fraser et al. 2009). Like the KH1 domain, the KH2 also binds to
RNA (Sung, Conti et al. 2000). Moreover, the KH2 domain is uniquely capable of binding
RNA containing a kissing-complex or loop-loop pseudoknot (Darnell, Fraser et al. 2009).
Finally, the KH2 domain of FXR1 is uniquely capable of binding to the Auto-Inhibitory
Domain (AID) of PAK1 that in turn, leads to a decrease in PAK1 concentration in cells (Say,
Tay et al. 2010).

The final signature RNA binding motif of the FXR family is the RGG box (Figure 1)
(Zhang, O’Connor et al. 1995, Darnell, Jensen et al. 2001, Schaeffer, Bardoni et al. 2001).
Exon 15 encodes this motif in both FMRP and FXR1. FMRP and FXR1 share high amino
acid sequence similarity in the RGG box and can bind G-quadruplex containing DNA/RNA
structures (Brown, Small et al. 1998, Darnell, Jensen et al. 2001, Darnell, Fraser et al. 2009).
The selectivity and the propensity of the RGG box to bind G-quadruplex-containing
DNA/RNA structures have been the subject of much experimental scrutiny resulting in a
plethora of evidence. Brown et al. were the first to report that the RGG box of FMRP was
the dominant RNA binding motif (Brown, Small et al. 1998). Later the Darnell group
published a series of manuscripts firmly establishing FMRP’s ability to bind RNA via the
RGG box (Brown, Small et al. 1998, Darnell, Jensen et al. 2001, Darnell, Fraser et al. 2009).
A recent review (D’Annessa, Cicconardi et al. 2019) sheds light on the structural features of
the FXR proteins, mainly FMRP, and the network of their interactions with RNAs and other
proteins that is helpful in reaching the deeper level of understanding which is so critical for
generation of FXS and cancer therapeutics.

Post-translational modification of FXR family proteins

Methylation: Ong et al. first demonstrated that methylation of FXR1 occurred /n vivoon
the arginine residues in the RGG box (Ong, Mittler et al. 2004). This finding was later
validated by several groups (Dolzhanskaya, Merz et al. 2006, Stetler, Winograd et al. 2006),
who demonstrated that Protein Arginine Methyltransferase 1 (PRMT1) is likely responsible
for such methylation. Methylation of the RGG box residues determines the protein’s ability
to associate with polysomes (Blackwell, Zhang et al. 2010). Further methylation alters the
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heterodimerization between the FXR family members (Dolzhanskaya, Merz et al. 2006). As
FXR1 methylation occurs mainly within its RGG box, many groups have studied its effects
on RNA binding and substrate recognition. Stetler et a/. concluded that methylation on
critical amino acid residues within the RGG box of FXR1 leads to a decrease in RNA
binding capability (Stetler, Winograd et al. 2006). This finding remains mostly unchallenged
concerning FXR1; however, Blackwell et a/. studied the methylation state of FMRP and
concluded that methylation does not affect FMRP’s ability to bind RNA but does affect the
protein’s ability to associate with the mRNA translational machinery (Blackwell, Zhang et
al. 2010). How methylation impacts FMRP- and FXR1-mediated RNA metabolism and
other biological processes remains understudied.

Phosphorylation: Several studies have identified and characterized kinases that are
responsible for site-specific phosphorylation of FXR proteins. About two decades ago,
Siomi et al. showed that residue S406 (S499 in mouse, S500 in human) of Drosophila
melanogaster FMRP is phosphorylated by Casein Kinase Il (CK2) (Siomi, Higashijima et al.
2002). This phosphorylation is proximal to the RGG box and appears to control RNA
recognition. This region is highly conserved in FXR1 and FXR2, which prompted others to
conduct further studies on FXR proteins’ phosphorylation. Later, Bartley ef a/. established a
connection between CK2 and mouse and mammalian FMRP (Bartley, O’Keefe et al. 2014,
Bartley, O’Keefe et al. 2016), providing evidence that CK2 phosphorylates residue S499 of
FMRP, “unlocking” the ability of FMRP to be further phosphorylated at nearby sites. The
CK2 enzyme has been shown in the past to be constitutively active (Ruzzene, Di Maira et al.
2010), which may suggest that FMRP S499 can be regulated by dephosphorylation at that
site alone more than phosphorylation. Interestingly, Bartley et al. showed that S499
phosphorylation levels are unaffected by the putative FMRP phosphatase, PP2A (Bartley,
O’Keefe et al. 2014). FMRP residues 496-503 are shown to interact with Dicer protein in
their dephosphorylated form (Cheever and Ceman 2009), but phosphorylation at the S499
residue of FMRP is found to be required for an RNA-dependent FMRP-AGO?2 interaction
(Muddashetty, Nalavadi et al. 2011). Bartley et al. also demonstrated that a difference in the
phosphorylation of FMRP influences glutamate receptor (mGIuR) activation. They further
identified that burst (<5 minutes) activation of mGIuR leads to phosphorylation of FMRP;
however, prolonged mGIuR activation leads to activation of Protein Phosphatase 2a (PP2A)
that subsequently dephosphorylates FMRP (Bartley, O’Keefe et al. 2014, Bartley, O’Keefe et
al. 2016). A recent comprehensive study succeeded in solving to solve this puzzle by
showing that although CK2 is constitutively active, it can stimulate secondary
phosphorylation by other kinases, many of which are regulated in a signal-dependent
manner (St-Denis, Gabriel et al. 2015). The S499 of FMR1 (S438, isoform X1) is present at
a highly conserved region between FMR1 and FXR1. Thus, a feedback regulatory pathway
operates to control the function of FMRP. Given the high level of homology between FMRP
and FXRL1 in this region, and the near-perfect homology of conserved serine and threonine
residues, we postulate that a similar mechanism of FXR1 dephosphorylation may determine
its functionality. Reports indicate that FXR1 is phosphorylated at S449 by a p21-activated
serine/threonine kinase 1 (PAK1) (Say, Tay et al. 2010). The impact of this phosphorylation
remains poorly understood; however, only the activated form of PAK1, unlike its inactivated
precursor protein, can perform this phosphorylation (Say, Tay et al. 2010). Protein Kinase C
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lota also phosphorylates FXR1 at an unknown threonine residue (Qian, Hassanein et al.
2015). Other kinases such as ERK2 and GSK3p are reported to phosphorylate FXR1
sequentially (Del’Guidice, Latapy et al. 2015). ERK2 phosphorylates an unknown residue of
GSK3p, increasing the efficiency of phosphorylation of other proteins, including FXR1 for
proteasomal degradation (Del’Guidice, Latapy et al. 2015). This phosphorylation event is
sensitive to ERK2 and GSK3g inhibitors, providing an opportunity to use these inhibitors
for FXR protein-related diseases.

Sumoylation: Sumoylation, a reversible PTM, involves the small ubiquitin-like modifier
(SUMO) protein and is involved in many cellular signaling pathways (Hickey, Wilson et al.
2012). The enzymatic pathway uses the SUMO paralogs (~100 amino acids; ~11 kDa) and
occurs in the covalent enzymatic conjugation of specific lysine residues of the substrate
proteins (Hickey, Wilson et al. 2012). Sumoylation regulates a myriad of
neurodevelopmental processes by preventing protein—protein interactions and/or by
providing new binding sites for novel interacting proteins (Schorova and Martin 2016). A
recent work by Khayachi and co-workers showed that FMRP is an active substrate of the
SUMO pathway in neurons (Khayachi, Gwizdek et al. 2018). This group identified the
sumoylation sites on FMRP that are induced by the activation of metabotropic glutamate
receptors (mMGIu5Rs). Modification of FMRP promotes the dissociation of FMRP-FMRP
dimers and frees FMRP from the RNA granules that allowing local translation of the protein.
FMRP-sumoylation is a major PTM that promotes FMRP-mediated neuronal function such
as synaptic plasticity, neurotransmitter release, and neuronal network formation in
mammalian brain.

Ubiquitinylation: A recent publication established that post-translational modification of
FXR1 leads to its ubiquitinylation in cancer cells (Qie, Majumder et al. 2017). In Head and
Neck Squamous Cell Carcinoma (HNSCC) cell lines, the authors demonstrated that FXR1 is
ubiquitinylated on an unknown C-terminal lysine residue by an E3 Ligase F-box only
protein 4 (Fbxo4). The authors here made an important point regarding the regulation
involving GSK3p that phosphorylates Fbxo4 to help degrade FXR1 in the cytoplasm.
GSK3p mediated phosphorylation is necessary for Fbxo4 dimerization and activation and
this event of Fbxo4-dependent ubiquitinylation leads to degradation of FXR1 by the
proteasomal machinery. However, the data also suggest that FXR1 negatively regulates the
translation of Fbxo4 by binding to the transcript. Thus, the authors propose the existence of
a novel feedback loop, whereby FXR1 prevents translation of a target that would cause its
degradation. This mechanism may partially account for the overexpression of FXR1
observed in HNSCC (Majumder, House et al. 2016, Qie, Majumder et al. 2017).

Role of FXR family proteins in Fragile X Syndrome

FMRP: The indicators of Fragile X Syndrome (FXS) depend on various factors like sex,
age, genetic and molecular variations, and environmental factors. Silencing of the FMR1
gene encoding FMRP (also known as synaptic functional regulator FMR1) is the
predominant cause of FXS, the most common form of inherited intellectual disability. FXS
is mostly caused by an expansion of CGG repeat sequence in the promoter region of FMR1
that leads to methylation and transcriptional, and translational/functional silencing of FMRP
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(Figure 2). Patients with >200 CGG repeats show a full FMRP mutation; they and those with
between 45 and 54 CGG (intermediate) or between 55 and 200 CGG (premutation) repeats
show an excessive transcription of FMR1 alleles and principally manifest two phenotypes,
fragile X tremor ataxia syndrome (FXTAS) and fragile X primary ovarian insufficiency
(FXPOI) (Tassone, Beilina et al. 2007)(Figure 2). Individuals with a less severe form of FXS
have cells containing methylated or unmethylated FMRP alleles where a few copies of
FMRP are produced. An early report highlighted patients who did not have the CGG repeats
but instead had an FMR1 deletion that caused FXS (Gedeon, Baker et al. 1992) (Figure 2).
Recent advances in high throughput targeted screening techniques have also identified
individuals with a deletion or point mutation in FMRP (mutations in the coding region:
S27X nonsense mutation, 1457insG, Arg138GIn, Gly266Glu, and Ile304Asn) rendering a
dysfunctional or absent protein (Myrick, Hashimoto et al. 2015, Suhl and Warren 2015,
Quartier, Poquet et al. 2017). A missense mutation within the amino-terminal domain
(includes the nuclear localization signal) of FMRP, Arg138GIn, interrupts both calcium-
activated potassium (BK) channel and chromatin binding to incur developmental delays in
males (Collins, Bray et al. 2010, Alpatov, Lesch et al. 2014, Myrick, Hashimoto et al. 2015).
A recent study showed that a specific in-frame deletion of exon 8, which encodes for the
KH1 domain in FMR1, is enough to cause FXS-like phenotypes in rats (Golden, Breen et al.
2019). This deletion renders behavioral and genetic patterns within the medial prefrontal
cortex (mPFC) of rats, which map to two weighted gene co-expression network modules that
are conserved in the human frontal cortex and contains known FMRP targets (Golden, Breen
et al. 2019). Besides, the mutation 1le304Asn in the KH2 domain of FMRP is found to be
associated with a severe form of FXS, reported in a single patient (De Boulle, Verkerk et al.
1993). Although it is still unclear whether an impaired nucleic acidic recognition or a
defective protein binding is the result of a single mutation that renders the FMRP
dysfunction, an initial biophysical experiments show that the mutation somehow destabilizes
the KH2 domain of FMRP (Di Marino, Achsel et al. 2014).

While present in most tissues, FMRP is highly expressed in brain and testis and plays a
critical role in the translational control of several mMRNAs in postsynaptic neurons, including
the regulation of mGIuRI (Darnell and Klann 2013, Bartley, O’Keefe et al. 2014, Bartley,
O’Keefe et al. 2016). FMRP binds to the dendritic, small non-coding brain cytoplasmic
RNA BC1 (Zalfa, Giorgi et al. 2003) where BCI acts as a bridging molecule between FMRP
and the substrate mMRNAS to help FMRP acting as a translational repressor of specific
MRNAs at synapses. Peptide mapping, molecular modelling and docking simulations also
revealed that BCI is 2'-O-methylated in the 5’-haripin region that is recognized by the
second tudor domain of FMRP and interestingly this PTM affects this RNA-protein
interaction (Lacoux, Di Marino et al. 2012). Other cellular functions of FMRP include a
chromatin dependent DNA damage response (Alpatov, Lesch et al. 2014), RNA editing
(Alpatov, Lesch et al. 2014, Shamay-Ramot, Khermesh et al. 2015), regulation of neuronal
activity (Akins, Leblanc et al. 2012), and activation of the potassium channels KCNT1
(Brown, Kronengold et al. 2010). In an RNA- dependent or -independent manner RNA
helicase MOV10 links FMRP with the miRNA pathway and this interaction promotes

MOV 10 association with mRNAs in brain cells (Muddashetty, Nalavadi et al. 2011). FMRP
controls a plethora of MRNAS; however, only a few have been validated at the translational
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level to play a direct role in FXS pathobiology. A few of the FMRP targets are GABA, and
GABAg receptor subunits, phosphatidylinositol 3-kinase enhancer (PIKE), matrix
metalloproteinase 9 (MMP9), glycogen synthase kinase 3 (GSK3), amyloid precursor
protein (APP) and diacylglycerol kinase-x (DGKx) (reviewed in detail in (Hagerman,
Berry-Kravis et al. 2017)). Nonfunctional FMRP results in dysregulation of the DgKk-
dependent mGIluRI pathway, leading to impaired synaptic plasticity that involves aberrant
mGIuRI signaling (Tabet, Moutin et al. 2016). Additionally, mGIuR5 plays a major role in
the positive regulation of FMRP expression that linked to Alzheimer’s disease (Hamilton,
Esseltine et al. 2014). Thus, proper FMRP function is vital for complex downstream
signaling of NMDA, mGIuR5, and BDNF receptors (Richter, Bassell et al. 2015).

In addition to FMRP-RNA interactions, a smaller number of studies have demonstrated
associations between FMRP and other proteins. FMRP generally binds to other proteins
through the Tudor domain at the N-terminus (Adams-Cioaba, Guo et al. 2010). However, the
interaction between FMRP and CYFIP1 was found to involve the KHO domain (Schenck,
Bardoni et al. 2003, Abekhoukh and Bardoni 2014), and this interaction plays a direct role in
FXS. A trimeric complex of the elFAE-CYFIP1-FMRP proteins is known to regulate mRNA
translation, but a failure of this complex due to lack of either FMRP or CYFIP1 can be
directly linked with the onset of FXS (Napoli, Mercaldo et al. 2008). Notably, CYF/P1 is
down-regulated in a group of patients with FXS who also have the Prader-Willi phenotype,
and CYFI/PI has recently been connected to schizophrenia (Napoli, Mercaldo et al. 2008, De
Rubeis, Pasciuto et al. 2013, Di Marino, Chillemi et al. 2015). Thus, proper FMRP function
requires its interacting partner proteins to alleviate FXS.

Following the generation of the FAMR1 knockout mouse in the early ‘90s, several studies
have successfully applied it to validate various cellular and psychological traits found in
human FXS patients. These mice show a behavioral phenotype similar to fragile X
syndrome (Huber, Gallagher et al. 2002). FMRP is one of the proteins known to be
synthesized in response to group 1 metabotropic glutamate receptor (mGIuR) activation
(Weiler and Greenough 1999). However, a report documenting increased translation
dependent mGIuRlI signaling in the FMR1 knockout mouse brain (Huber, Gallagher et al.
2002) suggested FMRP’s role as a negative regulator of translation. The study further
showed that intensified long-term depression (LTD) and/or mGIuR function is a plausible
cause of the behavioral phenotype in fragile X syndrome. In a separate study, the
GABAergic signaling pathway was found to be downregulated in FXS and other
neurodevelopmental disorders (Braat and Kooy 2015). Functional GABAergic signaling is
vital for normal neural circuit function (Braat and Kooy 2015). Disturbance in the
GABAergic interneurons, critical for regulating most of the excitatory neurons, can disrupt
the excitatory/inhibitory balance (E/I balance) and, consequently, precipitate dysfunction in
cognitive processes. A series of independent studies demonstrated the causative role that
compromised GABA, receptor-mediated signaling plays in FXS in FMR1 knockout mice
(Centonze, Rossi et al. 2008, Sabanov, Braat et al. 2017) (reviewed in (Hagerman, Berry-
Kravis et al. 2017)).

Both the loss and gain of FMRP functions cause different variants of FXS, suggesting a
delicate balance in the protein level is required for a proper neuronal purpose. Here, it is
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worth mentioning that carriers with a full mutation that leads to silencing of FMR1, do not
suffer from ovarian dysfunction (Sherman, Curnow et al. 2014). Thus, the significant
reduction of the FMR protein product, FMRP, does not appear to affect premature ovarian
insufficiency (POI). Fragile X-associated POl (FXPOI), the loss of the ovarian hormonal
function in a woman before or at the age of 40 years, is caused by an increase in the FMR1
levels that unexpectedly lowers protein levels leading to cellular toxicity (Barasoain,
Barrenetxea et al. 2016). It is thought that FAMMR1 gain-of-function toxicity may account for
FXPOI and the other premutation (PM)-associated disorder, fragile X-associated tremor/
ataxia syndrome (FXTAS) (Tassone, Beilina et al. 2007, Sherman, Curnow et al. 2014).
Although lower FMRP levels might contribute to neuronal dysfunction in FXTAS patients, it
is unlikely to be the major cause of neurodegeneration in FXTAS (Renoux, Carducci et al.
2014). FXTAS presents with neuronal cell death that occurs due to the impaired
development of nuclear lamina in the neurons harboring the FMRpolyG form is found
(Sellier, Buijsen et al. 2017). Together these findings demonstrate that exquisite regulation of
FMRP expression levels is critical for neuronal cell growth and development.

FXR1: While to date there is no direct evidence linking FXR1 to FXS, in human
neuroblastoma cells (SH-SY5Y), FXRL1 is found to be targeted by a microRNA,
miR-19b-3p, which plays a significant role in the molecular pathology of FXS (Ma, Tian et
al. 2016). Additionally, FXR1 shares strong homology with FMRP (Zhang, O’Connor et al.
1995) and thus is considered an autism-associated protein. FXR1 expression can be
abundant in the cerebrum, cerebellum, liver, kidney, testis, skeletal muscle, myocardium, and
other tissues, especially in skeletal muscle and myocardium where FMRP is produced at
significantly lower levels. FXR1 plays a vital role in healthy muscle development and has
been implicated in Facioscapulohumeral muscular dystrophy (FSHD) (Ma, Tian et al. 2016).
Interestingly, FXR1 forms heterodimer with FMRP, and these proteins have common mRNA
targets (Tamanini, Bontekoe et al. 1999, Darnell, Fraser et al. 2009) and, in turn, may also
play a key role in FXS. In addition to FMRP, FXR1 binds to other autism-associated
proteins (Sakai, Shaw et al. 2011), and SNPs in FXR1 are often associated with severe
autistic phenotypes FXR1 is also involved in bipolar disorder and schizophrenia
(Schizophrenia Working Group of the Psychiatric Genomics 2014, Liu, Bipolar Genome et
al. 2016). A GWAS including a large cohort of patients with bipolar disorder accompanied
by eating disorders (/.e., binge eating, purging, dietary restriction) revealed genetic variation
within SOX2-OT with a secondary peak in the adjacent FXR1 gene on chromosome 3926.33
(Liu, Bipolar Genome et al. 2016). The schizophrenia susceptibility gene, Disrupted-In-
Schizophrenia 1 (Discl), is a scaffolding protein that interacts with multiple pathways,
including GSK3p (Mao, Ge et al. 2009). GSK3p hyper-phosphorylates FXR1, and their
interaction is found to affect emotional stability in humans (Del’Guidice, Latapy et al.
2015). Moreover, the FXR1-GSK3p pathway controls the glutamatergic neurotransmission
by regulating AMPA receptor subunits GluA1 and GIuA2 with a vesicular glutamate
transporter VGlutl (Khlghatyan, Evstratova et al. 2018). Before this, Cook et al. showed that
FXR1 binds to one of the AMPA receptor subunits, GIluA2 mRNA through a conserved GU-
rich element in its 5’UTR to downregulate its translation and the loss of FXR1 from the
postnatal forebrain of mice enhanced expression of the AMPA receptor subunit GIuA2
(Cook, Nuro et al. 2014). Unlike autism, schizophrenia is more directly linked to adult
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neurogenesis, and FXR1 appears to be an essential protein implicated in this disease.
Uncovering the role of FXR1 in neurogenesis will undoubtedly open new avenues to better
understand various neurological disorders and develop therapeutics for neurodegenerative
diseases.

As for FXR1, the function of FXR2, the other autosomal homolog of FMRP in FXS, is not
well understood. One study showed that FMRP and FXR2 together regulate the significant
scaffolding postsynaptic density protein, PSD95 (Fernandez, Li et al. 2015). These
investigators suggested that FXR2 acts as a translational activator of PSD95, as the absence
of FXR2P, reduced PSD95 mRNA translation in the hippocampus, ultimately affecting its
fine-tuning during synaptic activity. Notably, £XR2knockout mice show similar specific
behavioral patterns as FMR1 knockout mice (Bontekoe, Mcllwain et al. 2002, Spencer,
Serysheva et al. 2006), and FMR1/FXRZ2 double knockout mice exhibit heightened
behavioral phenotypes in locomotor and cognitive processes compared to single knockout or
wild type. However, only £XR2 mutant mice show some distinct behavioral phenotypes
suggesting a role of FXR2 in central nervous system function (Bontekoe, Mcllwain et al.
2002). Further investigation is needed to fully reveal FXR2’s role in FXS and other
neurological disorders.

FXR family proteins and their contribution to cancer

FMRP: Although a significant body of work has illuminated the role of FMRP in FXS, only
a handful of studies have produced evidence of its direct or indirect involvement of FMRP in
cancer. There have been reports that FXS patients have decreased risk and exhibit a lower
incidence of cancer (Schultz-Pedersen, Hasle et al. 2001, Luca, Averna et al. 2013), and one
case study highlighted reduced glioblastoma invasion in a patient diagnosed with FXS
(Kalkunte, Macarthur et al. 2007). In contrast, a high level of FMRP is linked to metastatic
breast cancer, and overexpression of the protein in primary breast tumors induces lung
metastasis (Luca, Averna et al. 2013). Additional findings indicate that FMR1 is
overexpressed in hepatocellular carcinoma (Liu, Zhu et al. 2007). A recent report showed
that a high level of FMRP expression correlates significantly with metastatic melanoma
tissues, and that a reduction of FMRP in metastatic melanoma cell lines affects cell
migration, invasion, and adhesion (Zalfa, Panasiti et al. 2017). These findings demonstrate
that overexpressed FMRP can be linked to certain types of cancers.

As an RNA binding protein, FMRP binds to a variety of RNA targets while controlling their
translation, transport, and stability (Bardoni, Abekhoukh et al. 2012). FMRP is known to
bind to G-quadruplex (G4) motifs on RNA, a structure organized in repeated guanine tetrad
units, on RNA through the RGG domain (Didiot, Tian et al. 2008, Maurin, Zongaro et al.
2014). The G-quadruplex is involved in regulating different steps of RNA metabolism; in
particular, FMRP-RNA complexes regulate translation and additional post-transcriptional
gene regulatory functions (Didiot, Tian et al. 2008, Maurin, Zongaro et al. 2014). RNA G4
structures have been shown to regulate the expression of genes implicated in the hallmarks
of cancer, including 7P53, VEGF, hTERT, TGFBZ2, and other essential oncogenes (Cammas
and Millevoi 2017). These findings support the conclusion that FMRP is overexpressed in
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specific cancer and plays a significant role in tumor progression through altered FMRP-
dependent G4 mRNA expression. The copper/zinc dismutase SOD1 is overexpressed in
cancers and localized in the cytoplasm, the inter-membrane space of mitochondria, and the
nucleus (Papa, Manfredi et al. 2014). Through its RGG motif, FMRP recognizes the SoSLIP
RNA motif (SodZ mRNA Stem Loops Interacting with FMRP) and binds SodZ mRNA with
a high affinity to activate its translation (Bechara, Didiot et al. 2009). A detailed review
(Papa, Manfredi et al. 2014) compiles the emerging evidence for the role of SOD1 in
multiple cancers and how it can be targeted for therapy. FMRP overexpression and positive
regulation of SodI translation can directly or indirectly influence cancer progression.

FXR1: Two seminal papers that define FXR1’s role in cancer drew attention in recent years
(Qian, Hassanein et al. 2015, Majumder, House et al. 2016) (Figure 3). Qian et al. first
showed that FXR1 could promote tumor progression in non-small cell lung cancer (NSCLC)
by regulating two other oncogenes within the same chromosome 3q amplicon (Figre 3). The
authors inferred that elevated FXR1 expression could be a candidate biomarker predictive of
poor survival in NSCLC, opening avenues for a novel therapeutic target (Qian, Hassanein et
al. 2015). Around the same time, Majumder et a/. demonstrated that overexpressed FXR1
binds and destabilizes p21 to reduce p21 protein expression in oral cancer cells (Majumder,
House et al. 2016). This group also showed that FXR1 binds and stabilizes TERC
(telomerase RNA component) RNA in oral cancer cells (Majumder, House et al. 2016).
These reports demonstrated the oncogenic role of FXR1, as reflected in its overexpression in
various cancer cells and tissues. By using both /n vivo and in vitro biochemical assays, the
two groups established that FXR1 is overexpressed in lung, breast, and head and neck cancer
compared to normal tissues and that the increased expression is critical for cancer cell
growth and proliferation (Qian, Hassanein et al. 2015, Majumder, House et al. 2016) (Figure
3). Qian et al. identified the mechanisms by which FXRL1 regulates the function of
oncogenes like protein kinase C, iota, and epithelial cell transforming 2 by binding and
forming a complex (Qian, Hassanein et al. 2015). High expression of FXR1 in head and
neck cancer blocks cellular senescence (Majumder, House et al. 2016), an essential tumor-
suppressing mechanism invoked to attenuate transformation-promoting responses to various
cellular stresses like oxidative stress or reactive oxygen species (ROS) generation, telomere
attrition, and oncogene activation. A permanent G1-phase cell cycle arrest, where cells
remain metabolically active, can be a salient signature of senescence. Senescence plays a
vital role in abating tumorigenesis (Braig, Lee et al. 2005, Chen, Trotman et al. 2005). By
blocking this cellular function, FXR1 promotes head and neck cancer initiation and
proliferation (Fernandez and Mallette 2016, Majumder, House et al. 2016). In subsequent
work, others showed how FXR1 uses an ingenious feedback mechanism to downregulate its
substrate Fbxo4 to bypass senescence and contribute to neoplastic progression in head and
neck cancer (Qie, Majumder et al. 2017). Fbxo4, a tumor suppressor, is a component of an
Skp1-Cull-F-box E3 ligase (Qie, Majumder et al. 2017).

A recent publication from our laboratory shows that FXR1 preferentially binds and regulates
the levels of specific mMiRNAs in HNSCC, especially the oncogenic miRNA miR301a-3p
(Majumder and Palanisamy 2020). Interestingly, miR301a-3p targets COKN1A (p21) for
degradation, which is also a target of FXR1 (Majumder, House et al. 2016, Majumder and
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Palanisamy 2020). FXR1 binds and maintains a steady level of miR301a-3p in HNSCC by
protecting it from a 3’-5” exonuclease, PNPT1 mediated decay, and consequently,
miR301a-3p binds to the 3’-UTR of p27 mRNA for degradation (Majumder and Palanisamy
2020). FXR1 has been implicated in other cancers besides lung, breast, and head and neck.
Cao et al. showed that FXR1 and IncRNA MIR17HG are upregulated in glioma tissues and
cell lines (Cao, Zheng et al. 2019), in which FXR1 stabilizes the IncRNA. This study also
found that the cells’ progression is inhibited by the downregulation of FXR1 or MIR17HG.
Fan et al. reported that FXR1 knockdown inhibited cell proliferation in TP53/FXR2 co-
deletion cancers and uncovered a novel role of FXR1 in gene transcription (Fan, Yue et al.
2017). Utilizing ChIP-MS and ChIP coupling followed by high-throughput sequencing
(ChlP-seq), the study revealed the molecular mechanism that FXR1 employs to regulate cell
proliferation. It also showed how FXR1 recruits transcription factor STAT1 or STAT3 to
certain gene promoter regions, where it co-localizes with histone H3 lysine 4 trimethylation
(H3K4me3) to regulate transcription (Fan, Yue et al. 2017). It is evident from these studies
that high levels of FXR1 protein regulate transcription, post-transcription, and translation of
several target genes while degrading certain tumor suppressors and activating oncogenes, to
play a critical role in cancer growth and proliferation.

FXR2: Compared to FXR1 and FMREP, little is known about the role of FXR2 in cancer.
According to the human protein atlas, expression of FXR2 has low specificity in cancer;
however, according to protein atlas, FXR2 over-expression seems favorable for patients’
survival in pancreatic cancer (Uhlen, Zhang et al. 2017). Gumireddy et a/. showed that
IncRNA Tre is upregulated in paired samples of primary breast cancer and lymph-node
metastases (Gumireddy, Li et al. 2013), and that its expression stimulates tumor invasion.
TreRNA forms a novel ribonucleoprotein (RNP) complex with RNA-binding proteins
(hnRNP K, FXR1, and FXR2), PUF60 and SF3B3, and the complex is required for the
RNA'’s functions.

Conclusion and future perspective:

Over the last few decades, instead of pursuing in depth understanding of the molecular
mechanisms underlying these diseases, inordinate efforts have been to enumerating and
characterizing the symptoms of FXS and several other neurological disorders involving FXR
family proteins, instead of in depth understanding of the molecular mechanism of the
disease. Although various therapeutic approaches and specific FXS treatments and various
therapeutic approaches are being developed and tested on FXS animal models and patients,
delving into the molecular basis of the disease is of utmost necessity. For example, recent
efforts demonstrate that demethylation of the CGG repeats in post-mitotic FXS neurons
reactivates FMRP, restoring the protein’s function (Liu, Wu et al. 2018). This novel
molecular finding establishes that demethylation of the CGG expansion is sufficient to
promote FMRP function, suggesting a potential therapeutic strategy for FXS.
Transcriptional reactivation of FMR1 might provide an alternative strategy to achieve the
treatment options for FXS. This approach has been well-reviewed (Tabolacci, Palumbo et al.
2016), wherein the authors suggested that a better understanding of the molecular basis of
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FXS pathophysiology is critical to providing new therapeutic options based on such
transcriptional activation of proteins.

The FXR family members share similar structures, especially in their N-terminal and central
domains, the regions that are mainly involved in protein-protein interactions and functions
(Ramos, Hollingworth et al. 2006). Although, to date FMRP is mainly linked to FXS, and
FXR1 to cancer, their specific structural and functional differences which can account for
that which might also play a role in their differential expression and divergent regulatory
networks. For example, the ability of FXR1 to repress GIUA2 synthesis is unique to FXR1
and is not a property of FXR2 or FMRP. Ultimately, the loss of FXR1P-mediated GIuA2
repression heightens activity-dependent synaptic delivery of GIuA2, increasing its
incorporation at potentiated synapses. Association between the Gsk3p-FXR1 pathway and
glutamatergic signaling also suggests how it may contribute to emotional regulation in
response to mood stabilizers, or in illnesses like mood disorders and schizophrenia. Thus,
FXR1 has a critical role in limiting synaptic plasticity and memory storage in the brain and
fulfills an unexpected and dissimilar function among Fragile X proteins in these processes.

While considerable advances have been made in FXS, understanding how FXR protein
family members are modulated, and how they regulate a number of essential genes in cancer,
is still at a very preliminary stage. In multiple cancers, among the three proteins, FXR1
tends to show a higher expression and have a distinct gene regulatory network including
tumor suppressor genes, miRNAs, and IncRNA. Recent works has illuminated the
expression of specific FXR1 isoforms and how certain isoforms are included, excluded, or
skipped during transcription (McClure and Palanisamy 2019). Further studies on FMRP and
FXR2 will be needed to understand their role in oncogenesis.

In this review we have recapitulated the biological, biochemical, structural, and functional
characteristics of the FXR family of proteins, with a focus on the structural basis of their
RNA-binding specificities, their roles in fragile X syndrome and cancer, as well as the
prospects for appropriate therapeutic strategies. Much remains to discovered regarding the
significance of differential expression of the proteins in various tissues and how these affects
human disease. These questions will be answered by uncovering details about their
expression at co- and post-transcriptional levels, along with the effects of post-
transcriptional and post-translational modifications under various conditions. High-impact
future studies will explore the domains of FXR family proteins and their post-translational
modifications, including methylation, ubiquitinylation, phosphorylation, sumoylation, and
acetylation, and how the relevant RNA biology-related functions play out in fragile X and
cancer models. FXR family protein functions have been the object of increasing study and
scrutiny over the past thirty years. However, their co-existence, recognition of novel RNA
substrates, PTM changes related to protein-protein interactions, and functions, whether
deleterious or beneficial in terms of human disease, require further investigation.
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Figure 1: Comparison of human FXR family proteins.
Two N-terminal agenet domains that are often known as protein binding domains. NLS:

Nuclear localization signal. Three K-homology domains that are KHO, KH1, and KH2.
NES: Nuclear export signal. The C-terminal arginine-glycine-glycine (RGG) RNA-binding
domain, known to bind to G-quadruplex RNA structures.
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Figure2: The CGG trinucleotide repeats at the 5’-UTR of FMR1cause FXS.
Mutations in the FAMRI gene can lead to several different diseases. Healthy individuals have

less than 44 CGG repeats. FMRI intermediate and premutation carriers can have between
45-54 and 55-200 repeats, respectively. In these cases, FMRI mRNA is expressed at higher
levels than in healthy individuals, although for obscure reasons, FMRP protein levels go
down compared to normal due to unclear reasons. These carriers often have an increased
chance of developing two disorders, FRAXA in males and FXPOI in females. In cases
having more than 200 repeats, the “full mutation,” the FMRI gene is hypermethylated and
silenced, which is the primary cause of FXS.
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Figure 3: FXR1 overexpression promotes cancer growth and metastasis.
Chromosome 3q is often found to be amplified in several cancer types, including lung and

head and neck. A high level of DNA followed by mRNA results in heightened the levels of
FXR1 protein. Overexpressed FXR1 deregulates tumor suppressors and stabilize oncogenic

miRNAs to help promote cancer progression.
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