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ABSTRACT 

Cardiac muscle function necessitates the meticulous assembly and interactions of 

several cytoskeletal and regulatory proteins into specialized structures that orchestrate 

contraction and transmission forces. Despite extensive studies identifying the protein 

components responsible for these important aspects of heart development, putative RNA 

based mechanisms remain poorly understood, even with their demonstrated importance in 

other tissues. Evidence suggests that post-transcriptional regulation is critical for muscle 

function, but the molecular players involved (RNA binding proteins and mRNA targets) 

have remained elusive. We investigated the molecular mechanisms and targets of the 

muscle-specific Fragile X Related protein-1 (FXR1), an RNA binding protein whose 

absence leads to perinatal lethality in mice. Loss of FXR1 results in global protein level 

alterations. Morphological and biochemical analyses of Fxr1-/- mice revealed severe 

disruption of intercalated disc and costamere architecture and composition. We identified 

several candidate mRNAs specifically enriched in the FXR1 protein complex. Two 

targets that likely contribute to the architectural defects are desmoplakin (dsp) and talin2 

(tln2). In vitro assays indicate that FXR1 binds to these mRNA targets directly and 

represses their translation. Additionally, we provide preliminary evidence that the Fxr1-/- 

mice mimic a hypothyroid state of cardiac gene expression, with alterations in myosin 

heavy chain and troponin I isoforms. Our findings reveal the first mRNA targets of FXR1 

in muscle and support translational repression as a novel mechanism for cardiac muscle 

development and function. 
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CHAPTER 1: INTRODUCTION TO RNA-BINDING PROTEINS AND RNA 

METABOLISM IN STRIATED MUSCLE 

The importance of gene regulation is undisputed in every tissue type, in all 

organisms. One mechanism of gene control involves post-transcriptional processing and 

metabolism of RNA. RNA-binding proteins are emerging as critical players in RNA 

metabolism, regulating their specific mRNA transcripts via several different mechanisms, 

including: alternative splicing, translational silencing or activation, transcript stabilization 

or degradation, and trafficking or localizing the transcripts within cells. Relatively 

speaking, the most well characterized RNA-binding proteins are those expressed in the 

brain, governing mRNA splicing, (e.g., Nova), transport (e.g., Zip code binding protein 

(ZBP1)), stability (e.g., Staufen) and localized translation (e.g., FMR1: Fragile X mental 

retardation protein).  

These proteins have been the focus of intense research because of their critical 

functions in neuron morphology, synaptic plasticity and disease. In fact, loss of FMR1 

leads to Fragile X Syndrome, the most common hereditary cause of human mental 

retardation and autism (for review see: [1]) and point mutations in RNA-binding proteins 

TDP-43 and FUS/TLS (fused in sarcoma/translocated in liposarcoma) are implicated in 

Amyotrophic lateral sclerosis (ALS) (For review see: [2]). Although RNA metabolism 

and the need for an immediate stimulatory response in the way of translational control is 

well established in neurons, other tissues have widely been overlooked in their 

transcriptional gene control machinery and requirements. However, there is growing 

evidence that RNA metabolism also is a multifaceted process for the proper functioning 
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of striated muscle, whose composition includes multiple, inter-linked complexes of 

structural and regulatory proteins (See Figures 1.1-1.3).  

Striated muscle has several requirements for post-transcriptional gene regulation 

from the de novo assembly of sarcomeres (the functional contractile units of muscle 

(Figure 1.1)), cell-cell junctions (Figure 1.2) and cell-matrix interactions (Figure 1.3), 

involving some of the largest proteins yet identified (i.e., titin), to the intricate regulation 

of protein turnover, contractile regulation and signaling involved throughout muscle 

development, maintenance and disease. The purpose of this introduction is to discuss our 

current understanding of the mechanisms and molecules involved in RNA metabolism in 

striated muscle. Table 1.1 briefly details the different RNA-binding proteins identified in 

muscle, and their mechanisms of RNA regulation that are discussed in this introduction. 

 

Background:  The need for regulated RNA metabolism in muscle 

The continual contraction of the myocardium is a highly demanding process 

where architectural and regulatory proteins must be turned over and assembled without 

(literally) missing a beat. Additionally, skeletal muscles, similar to neurons, possess 

unique intra-cellular distance requirements given that myocytes fuse together and can 

span the entire length of an adult muscle, from tendon to insertion. Though several 

laboratories have investigated details of the architectural players and their direct 

accessory molecules in striated muscle for decades, the mechanisms and requirements of 

post-transcriptional gene regulation through RNA metabolism is still an emerging field 

for muscle biologists and physiologists. 
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Intriguingly, the concept of localized translation and mRNA trafficking in muscle 

was initiated in the late 1960s, with the evidence of free ribosomes associating with 

muscle myofilaments, the structures that generate contractile force [3-5]. These studies 

were supported by work completed in the 1990s, showing that ribosomes are present not 

only in the perinuclear and subsarcolemmal sarcoplasm but also in the myofibrillar 

cytoplasm localizing in the region of the A-band, which contains the myosin-rich thick 

filaments [6]. (See Figure 1 for schematic of myofibril proteins.) The presence of 

cytoplasmic, cytoskeletal-associated ribosomes pointed to a novel concept: that the 

ribosomes were involved in the synthesis of the large cytoskeletal proteins that comprise 

the essential structures of the myofibrils (such as myosin or titin). Fulton and colleagues 

provided further evidence for this notion of localized translation of myofibril proteins [7], 

revealing co-localization of mRNA and cognate proteins of titin, nebulin and myosin in 

the mature myofilament.  

Though the roles of localized mRNA in de novo myofibril assembly versus 

sarcomere maintenance and turn-over may be different, there is the precedent in muscle 

for mRNA and protein assembling in a co-linear fashion [7-10]. Clearly, there is a 

requirement for mRNA translocation from the nucleus and trafficking to a defined 

location among the myofilament network where translation by free ribosomes can occur. 

This process likely involves chaperone RNA-binding proteins, which transport, stabilize 

and/or translationally control its target mRNAs. Therefore, it is the goal of this review to 

provide a collection and synopsis of the primary literature for some of the RNA-binding 
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proteins in striated muscle responsible for mRNA transfer, stability and translational 

management. 
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1.1 RNA Splicing 

 Cells use RNA splicing to achieve diversity of the proteome. This process 

requires both the major conserved components of the spliceosome and auxiliary RNA-

binding proteins. Several examples of the need for precise regulation of RNA splicing 

exist in development and disease. The best studied of these examples in striated muscle is 

myotonic dystrophy, a chronic progressive disease that results in specific muscle 

symptoms such as weakness, myotonia (hyper-excitability of skeletal muscle), and heart 

conduction defects (for review see: [11]. The literature covering both primary 

mechanisms and reviews of the disease process of myotonic dystrophy is extensive, 

therefore this review will focus on minimally studied RNA-binding proteins involved in 

splicing that do not appear to be associated with myotonic dystrophy. 

 

1.1.1 Srsf2 serine/arginine-rich splicing factor 2 (SC35) 

 SC35 is a model serine/arginine rich splicing factor involved in multiple steps of 

spliceosome assembly and alternative splicing [12, 13] whose germ line ablation results 

in early (<E7.5) embryonic lethality. Surprisingly, mice with a cardiac specific knockout 

of SC35 live as long as their WT littermates but develop significant dilated 

cardiomyopathy [14]. Though deletion of SC35 has no apparent effect on cardiomyocyte 

viability or proliferation, animals lacking SC35 exhibit defects in systolic heart function 

as early as 5-6 weeks, which typically progress to chamber dilation and heart failure.  

Importantly, SC35 null animals can progress through normal heart development 

as well as compensatory pathological hypertrophy, indicating that the loss of SC35 may 
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inhibit normal processes involved in heart maintenance. The ryanodine receptor (RyR2), 

an integral protein of the sarcoplasmic reticulum involved in calcium handling, is down 

regulated in the SC35 null hearts. Although the authors could not identify mutant 

spliceforms of the RyR, they could not dismiss that these species could exist but are 

rapidly degraded by the myocardium. Functionally, deficiencies in calcium handling in 

the SC35 null hearts occur under stress conditions. Unfortunately, direct splicing defects 

caused by a loss of SC35 in heart have not yet been discovered. Future studies that 

dissect the specific targets and mechanisms of action of SC35 in the heart may lead to 

further understanding of heart disease and potential therapeutic targets.  

 

1.1.2 RNA-Binding Motif (Rbm) Proteins 

Rbm proteins are a large, often unrelated super-family designated “RBM” due to 

the presence of at least one RNA Recognition Motif (RRM). Documented functions of 

RBM proteins can range from apoptosis [15] to RNA-splicing [16].  

 Rbm proteins 38 and 24 promote cell cycle arrest and differentiation of muscle 

myoblasts [17]. Rbm38 specifically appears to do so by binding the cell-cycle regulator, 

p21 mRNA. Though p21 mRNA does have a defined regulatory AU-rich element (ARE) 

which may influence transcript stability, the exact location where Rbm38 binds p21 has 

not been mapped, nor has a putative mechanism of regulation been described. The 

importance of Rbm24 (seb4 in xenopus) to muscle development was investigated in 

Xenopus laevis by morpholino injection [18]. Excitingly, a cell-cycle specific role was 

not described, but instead the authors were able to place Rbm24 as a target of MyoD 
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activation. Interestingly, even though Rbm24 is downstream of MyoD, it appears to be 

upstream of other myogenic genes such as Myf5 and muscle actin. The C. elegans 

orthologue of Rbm24, Sup-12, is implicated in muscle specific alternative splicing of 

ADF/cofilin pre-RNA, and has been located in speckles within the nucleus [19]. 

Rbm4 (or Lark in Drosophila) has been implicated in many RNA metabolic 

functions including alternative splicing, translational control and RNA silencing. Its 

initial description placed Lark in control of circadian rhythms [20] with several studies 

following on this subject matter until the mammalian ortholog, Rbm4, was shown to be 

involved in pre-mRNA splicing of α-tropomyosin, which exhibits muscle specific 

splicing patterns [21]. Descriptions of the subcellular localization of Rbm4 place it in 

speckles in the nucleus and in the nucleolus, characteristic of other splicing regulator 

proteins [22, 23]. Interestingly however, Rbm4 does not appear to contain a RS-domain 

or other targeting feature that is common to splicing regulators. Although work on the 

translocation and targeting into the nucleus reveals, on one hand, a shared import 

pathway with other splicing factors via transportin-S2 [22], there also is evidence that 

Rbm4 may be part of its own novel sub-nuclear pathway unique from other splicing 

regulator proteins [23]. 

To summarize, though there is ample experimental evidence noting the crucial 

roles of MBNL and CELF splicing proteins in myotonic dystrophy, several other RNA-

binding, splicing proteins have been implicated in controlling RNA metabolism in 

muscle. Of the several proteins discussed above, RNA splicing targets have been named 

for only three: α-tropomyosin for Rbm4, p21 for Rbm38 and ADF/cofilin for Sup-12. 
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This opens the door for numerous new investigations to examine what other specific 

targets are regulated by these proteins and what are the novel targets likely being 

regulated by proteins such as SC35. Importantly, groundwork for the functional 

significance of these RNA-binding proteins has been laid by the generation of conditional 

knockout mice (SC35) and the discovery of human cardiomyopathy associated with 

mutations in Rbm20, however the molecular mechanisms of the proteins are yet to be 

elucidated. 
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1.2 RNA Translation/Stability 

 The phenomenon of localized translational control is perhaps best studied and 

described in neurons. A classic example involves the Zip code binding protein (ZBP1) 

interacting with β-actin mRNA and controlling local protein synthesis required for 

neuronal remodeling [24]. Interestingly, classical examples of mediating gene control 

through RNA stability reside primarily with cytokines and the immune system. 

Regulatory elements (including AU-rich elements, or AREs) in the untranslated regions 

of RNAs facilitate recognition by RNA-binding proteins to direct the rapid degradation of 

that RNA (for review see: [25]). Here we will explore RNA-binding proteins expressed in 

striated muscle whose roles in translational control or stability have been demonstrated. 

 

1.2.1 AUF1 

 The AU-rich element RNA-binding protein (AUF1) was first cloned and 

characterized in 1993 [26]. Rapid progress on this molecule identified it as an RNA-

binding protein involved in target transcript stability mediated through the AU-rich 

elements in the transcript’s 3’ untranslated region. Significantly, AUF1 directly binds and 

mediates the stability of several cardiovascular associated transcripts including the β-

adrenergic receptor-1 (βAR1), the angiotensin II type I receptor (AT1), the targeting 

subunit of PP2A, B56α, the potassium channel Kv4.3, and the calcium ATPase, 

SERCA2a [27-31].  

Strikingly, post-translational modification of AUF1 (specifically, 

phosphorylation), alters its affinity for its RNA substrates, and influences its 
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conformation in the RNA-AUF1 complex [32]. Notably, several of these target 

transcripts are either directly involved or immediate targets of molecular remodeling of 

signaling pathways in heart disease (i.e., β-adrenergic, renin–angiotensin system, JNK, or 

PKC pathways). This places AUF1 in a central feedback role to respond to and be 

regulated by signaling events in heart disease. Downstream RNA targets such as Kv4.3 

and SERCA2a can directly affect depolarization and contractility of the myofilaments. 

Dysregulation of SERCA2a, as well as the other mRNA targets of AUF1 mentioned 

above, are hallmarks of cardiac disease, making AUF1’s directed degradation of these 

RNAs a potential therapeutic target.  

 

1.2.2 Staufen 

Staufen, a double stranded RNA-binding protein first discovered in the 

Drosophila oocyte as being important for bicoid RNA localization [33], was recently 

localized to the postsynaptic neuromuscular junction in mammals as two homologs, 

Staufen 1 and 2 (Stau1 and Stau2) [34]. The function of Staufen was previously thought 

to be limited to RNA translocation through the cytoplasm, until it was reported that Stau1 

binds to Upf1, a major player in nonsense-mediated RNA decay (NMD) [35]. 

Interestingly, further research demonstrates a competition between the Staufen-mediated 

(SMD) and NMD pathways in myogenesis [36]. Localizing Staufen to the neuromuscular 

junction may implicate a role for either transport or degradation of a host of transcripts 

involved in maintaining structural integrity as well as in signaling events (reviewed in 

[37]). 
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1.2.3 Rbm4 (Lark) 

Although a role for Rbm4 in alternative splicing is undisputed, more recent evidence also 

implicates Rbm4 in translational control and silencing of RNAs in the cytoplasm. Rbm4 

appears to shuttle between the nucleus and the cytoplasm [22], suppressing cap-

dependent translation but facilitating IRES (internal ribosomal entry site) mediated 

translation [38]. The mechanism of Rbm4’s translational control seems to be cell-stress 

arbitrated, with phosphorylation of Rbm4 governing its cytoplasmic accumulation and 

association with stress granules. In addition, Rbm4 interacts with Argonaute (Ago2) and 

functions in RNA silencing during muscle differentiation in C2C12 cells [39]. It is 

important to point out that the authors, though monitoring endogenous protein by 

Western blotting, resorted to over-expression of exogenous Rbm4 for some of their 

localization and binding studies. Notably, if Rbm4 is indeed involved in muscle 

differentiation and its function is to target mRNA transcripts for degradation via the 

RISC, over-expression of this protein or other members of the RISC could alter the 

myofibrillogenesis program and subsequently influence downstream observations. 

However, the biochemical results indicating Rbm4’s interaction with Ago2 and the 

recruitment of CU-rich containing elements to Ago2 and the RISC in the presence of 

Rbm4 provide fuel for new hypotheses into this RNA-binding protein’s contradictory 

roles of translational activation in times of cell stress, and transcript silencing during 

myogenic differentiation. 
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1.2.4 Held-out-wings (How) 

 Held-out-wings (How or Who) is a single KH domain RNA-binding protein 

discovered in drosophila. How is expressed throughout the invaginating mesoderm but its 

expression becomes restricted to myogenic tissues and persists throughout adulthood. 

How is most closely related to mouse Quaking (Qk), a protein involved in myelination of 

neurons. Studies place How in the nucleus of both cardiac and skeletal muscle myoblasts, 

where interestingly, its loss results in a dramatically reduced heart rate in the fly. These 

data indicate that How may not be required for organogenesis, but for proper cardiac 

muscle maintenance [40].  

Interestingly, there is a genetic interaction between How, Slit, Robo and dystroglycan, 

potentially placing How upstream of an actin cytoskeleton remodeling pathway required 

for tubulogenesis and cardiac lumen formation [41]. The How gene produces two 

transcripts brought about by alternative splicing, How(L) and How(S) (for long and short, 

respectively). These differential isoforms appear to have antagonistic functions in their 

control of Stripe, a key regulator of tendon cell differentiation. How(L), a primarily 

nuclear transcript, functions to accelerate the degradation of Stripe mRNA, whereas 

How(S) operates to stabilize Stripe transcripts in the cytoplasm [42]. Though certain 

other mRNA targets involved in the mesoderm and gastrulation have been described [43, 

44], direct mRNA targets that could explain the cardiac bradycardia (slow heart beat) and 

cardiac tube malformations have yet to be identified. 
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1.3 RNA Transport/Localization 

Many RNA-binding proteins contain nuclear trafficking signals in the form of 

import (NLS), export (NES) and sometimes even nucleolar-targeting sequences (NoS). 

These subcellular homing devices may play a part in an RNA-binding protein’s 

regulation of its target mRNA’s lifecycle (from splicing regulation to cytoplasmic 

trafficking and subsequent translational or stability control). In muscle, at least two 

examples of dual compartment localization can be described during differentiation: FXR1 

and Raver1. Both of these proteins remain bound in the nucleus of undifferentiated 

C2C12 myoblasts, and then are released into the cytoplasm upon differentiation. This 

shuttling is an intriguing regulatory mechanism that may have critical implications in 

muscle function.  

 

1.3.1 Raver 

Raver1, a protein involved in splicing of α-tropomyosin mRNA[45], co-localizes 

in perinucleolar bodies with polypyrimidine tract binding protein (PTB) [46], a 

quintessential RNA-splicing protein that also regulates nuclear-cytoplasmic shuttling, 

polyadenylation, stability and translation initiation of RNAs (for review, see [47]. 

Interestingly, when Raver1 shuttles out of the nucleus, it assembles into the myofibrils as 

an integral part of the actin filament- containing I-band and points of cell-matrix 

(costamere) and cell-cell (intercalated disk) contact. This is consistent with its ability to 

bind the cytoskeletal proteins vinculin, meta-vinculin and α-actinin [46, 48]. Other 

cytoskeletal proteins that reside at these locations in muscle (the costamere or the 
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intercalated disk) can be mammoth in size (e.g. dystrophin and myomaxin >425 kDa) and 

likely require localized translational assembly as opposed to cytoplasmic shuttling of the 

fully translated protein. 

 Lee and colleagues conducted more detailed work on raver1’s structure and 

function, where a feed forward mechanism of protein interaction and RNA delivery was 

investigated [49]. The direct interaction of raver1 with vinculin protein is obligatory for 

raver1’s targeting to focal contacts. Additionally, the activation of vinculin (brought 

about by talin binding and integrin signaling) is required for raver1’s ability to interact. 

Furthermore, the ability of raver1 to directly bind RNA was investigated and proven that 

not only can raver1 bind RNA, but it also binds a stretch of sequence identical to 

sequence within vinculin’s coding region. This provides a framework for the concept of 

extracellular signaling governing post-transcriptional control of gene expression where 

cell matrix contact stimulates an integrin-signaling cascade inducing an activation of 

vinculin. This cascade then promotes localization of raver1, which may be carrying 

mRNAs of focal contact proteins to be translated by localized translational machinery 

[50]. 

 

1.3.2 Rbm15 

Of the several RNA-binding proteins in striated muscle described in this review, 

few have the benefit of a knockout mouse model. Rbm15 (or OTT1) is one of those few 

with a conditional knockout mouse generated, which also exhibits significant cardiac 

abnormality. After the conditional rescue of a significant placental defect that caused 



 

 

27

embryonic lethality around E10.5, Ott1-/- pups were dead at birth or immediately after. 

Gross morphological assessment attributed cause of death to a severe ventricular septal 

defect and swelling of the heart [51]. Despite this dramatic phenotype, a definitive RNA 

associated mechanism has not been reported. A role for Rbm15 in the nuclear export of 

RNPs (ribonuclear protein particles) has been postulated based on its ability to bind the 

mRNA export receptor NXF1. In addition to this protein interaction, Rbm15 also binds 

the DEAD family RNA helicase member, Dbp5, a protein which itself binds NFX1 to 

generate directional passage for nuclear export of mRNA. Remarkably, siRNA 

knockdown of Rbm15 in HEK293 cells causes a general mRNA export defect where 

mRNAs get trapped in the “soluble” nuclear fraction, indicating the transcripts have 

already undergone splicing and are awaiting mRNP export [52]. Additional work is 

needed to decipher whether Rbm15 has specific mRNA targets whose export is facilitated 

by the protein, or if Rbm15 is part of more global export mechanism, in which case, 

further exploration into protein binding partners and post-translational modification of 

Rbm15 itself is critical. 
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1.4 RNA-Binding Proteins in Striated Muscle Development and Disease 

Importantly, identification and subsequent contributions of RNA-binding proteins 

in cardiac and skeletal muscle development and disease remain largely understudied. 

However, there are a handful of RNA-binding proteins implicated either in striated 

muscle development or cardiac diseases (Hermes, Rbm20, Rbm15, SC35, AUF1 and 

Acheron). However, in most cases, their RNA targets and/or mechanisms of RNA 

regulation have yet to be discovered.  

 

1.4.1 Hermes 

 Hermes, an RNA-binding protein consisting of a single RNA recognition motif, is 

robustly expressed in the myocardium, the ganglion layer of the retina, and the 

pronephros of Xenopus, mouse, and chicken during embryonic development throughout 

adulthood [53]. However, a mechanism of Hermes as an RNA-binding protein in heart 

has not been specifically described. Importantly, over-expression of Hermes in the 

developing Xenopus embryo produces a striking inhibition of heart development, 

resulting in dramatic reduction of cardiac differentiation markers cardiac troponin I 

(cTnI) and α-cardiac actin [54]. These results led the authors to investigate transcription 

factors that regulate the cardiac gene program. Indeed, over-expression of Hermes 

resulted in a significant decrease in Nkx2.5 expression, a master regulatory factor in 

cardiac development. It is important to note that Hermes is not expressed in skeletal 

muscle; however, α-cardiac actin is and remained unchanged in that tissue after Hermes 

over-expression. Thus, the phenotype is specific to cardiac muscle. 
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Structural assessment of Hermes’ RNA recognition motif uncovered similarities 

with the RNA recognition motifs of the RNA-binding proteins HuD2 and sex lethal 

(SXL) [55]. Therefore, Hermes may have both RNA splicing and transcript stability 

functions in the developing myocardium. Consistent with these conclusions, the 

subcellular localization of Hermes in the Xenopus oocytes shows an 85% and 15% 

distribution between the cytoplasm and nucleus, respectively, indicating a potential role 

of this protein in both cellular compartments [54]. Additionally, Hermes binds Poly(A)+ 

RNA and homodimerizes in a moderately RNA dependent manner [54]. Taken together, 

all of these results point to Hermes having an integral role in heart differentiation 

(possibly acting on the transcription factor Nkx2.5), with a putative function of either 

splicing regulation and/or transcript stability. Though a role for Hermes in cleavage of 

Xenopus oocytes and meiotic maturation has been described, where Hermes interacts 

with and negatively regulates the translation of RINGO/Spy, Mos, and Xcat2 mRNAs in 

vivo [56, 57], its direct RNA targets and functions in the developing or adult myocardium 

have yet to be elucidated. 

 

1.4.2 Rbm20 

Other Rbm family members described earlier in this review have been implicated 

in RNA splicing, trafficking, and translational control. However, a function for Rbm20 

remains unknown. Intriguingly, human mutations in the RRM of Rbm20 are correlatively 

linked to dilated cardiomyopathy (DCM) [58, 59]. In one cohort, [59] parameters of the 

disease such as age of onset and the degree of symptoms were variable among patients 
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diagnosed with cardiomyopathy, but an earlier age and severity of disease were positively 

correlated with patients positive for Rbm20 mutations suggesting that Rbm20 mutations 

are correlated with an advanced disease state. The original description of Rbm20’s 

association with DCM was in a group of patients who experienced sudden death with 

interstitial and subendocardial fibrosis. Although analysis of Rbm20’s protein structure 

revealed a RRM followed by a well-characterized RNA-splicing domain, it is important 

to note that a function of Rbm20 has not yet been explored, nor have RNA targets been 

identified. 

 

1.4.3 Acheron 

Acheron (or LARP6 in mammals) is a Lupus antigen-related protein (Larp), 

containing a Lupus antigen (La) motif and a second downstream RNA-recognition motif 

that was first characterized as being involved in the programmed cell death of the 

Manduca Sexta intersomitic flight muscles. It also is robustly expressed in both skeletal 

and cardiac muscle of mice [60].  

Manipulation of Acheron levels in C2C12 myoblasts alters their differentiation 

profiles [61]. Ectopic expression of Acheron pushes myoblasts towards differentiation by 

up regulating MyoD even in the absence of differentiation cues from the media. This 

results in dramatic increases in myosin heavy chain protein levels, larger myotubes and a 

subsequent depletion of “reserve” satellite cells in the culture seemingly from Acheron 

induction of caspase-mediated apoptosis in the C2C12 cells. Conversely the silencing of 

Acheron via antisense RNA prohibits C2C12 differentiation into myotubes, presumably 
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due to Acheron expression being upstream and required for MyoD expression. Some of 

these findings seem to translate in vivo in developing zebrafish where over-expression of 

Acheron results in larger somites with fewer muscle nuclei. However, when Acheron is 

translationally silenced by morpholino injection, muscle development is disturbed but 

differentiation does not appear to be affected as it is in C2C12 cells. In zebrafish, 

Acheron morpholino treated embryos show somites that are much smaller, yet contain 

more nuclei than control embryos. These data place Acheron very early in the chain of 

events of both somitogenesis and myofibrillogenesis, and implicate Acheron as a player 

in regulation of muscle-restricted stem cell survival.  

There also appears to be role for the Acheron RNA-binding protein in integrin 

expression, adherence and motility in C2C12 myoblasts [62]. Seemingly, expression of 

the laminin receptor, α7β1 integrin was blocked by Acheron anti-sense treatment, 

resulting in decreased adherence and motility. Thus, Acheron may influence muscle 

differentiation by mediating cell adhesion and dynamics. It is unclear, however, what the 

upstream target in this pathway is that Acheron may regulate. No mRNA targets were 

discussed and attempts to explore whether Acheron binds and regulates integrin mRNA 

directly were not made. 

In spite of the compelling data both in vitro and in vivo for Acheron’s role in 

muscle development, studies to investigate RNA targets or to further dissect the 

mechanism of caspase-mediated apoptosis have not yet been conducted. There has been 

one RNA target identified in lung fibroblasts, type I collagen. Intriguingly, both over-

expression and knockdown of Acheron decrease type I collagen translation [63]. The 
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authors suggest that non-physiological levels of Acheron inhibit translation, yet 

physiological levels of the protein normally function to promote type I collagen protein 

synthesis. Notably, Acheron was found to bind a stem-loop structure at the 5’ end of type 

I collagen mRNA and is not only deemed important for translational activation but 

discreet subcellular localization of translation as well. 
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1.5 Statement of the problem 

The concept of localized translation and mRNA trafficking in muscle is not novel, 

as evidence of free ribosomes associating with muscle myofilaments date back to the late 

1960’s [3-5]. These studies were supported by further work completed in the 1990’s 

showing that ribosomes occur not only in the perinuclear and subsarcolemmal sarcoplasm 

but are also present in the myofibrillar cytoplasm localizing in the region of the A-band 

[6]. The presence of cytoplasmic, cytoskeletal-associated ribosomes has been thought to 

be of physiological significance if these ribosomes are involved in the synthesis of large 

cytoskeletal proteins such as myosin or titin. Fulton and colleagues provided further 

evidence for this notion of localized translation of proteins like myosin and titin [7]. This 

work shows co-localization of both mRNA and cognate proteins of titin, nebulin and 

myosin in the mature myofilament.  

Though the roles of localized mRNA in de novo myofibril assembly versus 

sarcomere maintenance may be different, there does seem to be precedence in muscle for 

mRNA and protein assembling in a co-linear fashion [7-10]. These results dictate a need 

for mRNA translocation from the nucleus and trafficking to a defined location among the 

myofilament network where translation by free ribosomes can occur. Such a need must 

be fulfilled by a chaperone RNA-binding protein, which may be responsible for the 

transport, translational control, or both of its target mRNAs.  

The continual contraction of the myocardium presents a highly demanding 

environment where architectural and regulatory proteins must be turned over and 

assembled without (literally) missing a beat. Additionally, skeletal muscle similar to 
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neurons also possesses unique cellular distance requirements given that skeletal cells 

develop through fusion and can span the entire length of an adult muscle from tendon to 

insertion. Several laboratories have investigated details of the architectural players as 

well as direct accessory molecules to the cytoskeleton in striated muscle for decades. Yet 

the mechanisms and requirements of post-transcriptional gene regulation through RNA 

metabolism is still an emerging field for muscle biologists and physiologists. Therefore, it 

is the goal of this dissertation to investigate the RNA-binding protein, FXR1 to determine 

its functional role in mRNA management in cardiac muscle. 
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Table 1.1 Summary of RNA-binding proteins identified in striated muscle. 

RNA-
Binding 
Protein 

Putative 
Function in 

Striated 
Muscle 

Target 
RNA(s) 

Identified Model System 
Disease 

Association/Phenotype Reference 
FXR1 Translational 

repression 
Desmoplakin, 
Talin2 

Mouse, 
Xenopus, 
Zebrafish 

Perinatal lethality, 
Somite defects, Skeletal 
and Cardiomyopathy 

[64-67] 

Staufen 
1 & 2 

Stability and/or 
localization 

None Neonatal rat 
cardiomyocytes 

Unknown  

Rbm4 Splicing and/or 
translational 
control  

α-
tropomyosin 

C2C12 cells Unknown [21, 39] 

Rbm15 Nuclear export None Conditional 
knockout mouse 

Perinatal lethality, septal 
defects, edema 

[51] 

Rbm20 Unknown None Human 
mutations 

Dilated Cardiomyopathy [58, 59] 

Rbm24 Splicing ADF/cofilin C. Elegans None [19] 
Rbm38 None p21 C2C12 cells Differentiation [17] 
How Stability None Drosophila Bradycardia [41, 42] 
Acheron Translational 

control 
None Manduca Sexta, 

C2C12 cells 
Apoptosis, Muscle 
differentiation 

[60, 61] 

Raver1 Localization 
and/or splicing 

Vinculin Cultured 
fibroblasts 

Unknown [45, 49] 

SC35 Splicing None Conditional 
knockout mouse 

Dilated Cardiomyopathy [14] 

AUF1 Stability β-adrenergic 
receptor-1, 
Angiotensin II 
receptor 
subtype 1, 
SERCA2a, 
Kv4.3 channel 

Neonatal rat 
cardiomyocytes, 
human smooth 
muscle cells in 
culture 

Unknown [27, 28, 
30] 

Hermes Unknown None Xenopus Defects in cardiac 
differentiation 

[53, 54] 
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Figure 1.1 General Architecture of the Sarcomere 
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Figure 1.2 General Architecture of the Intercalated Disc 
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Figure 1.3 General Architecture of the Costamere 
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CHAPTER 2: PRESENT STUDY – FXR1 IN CARDIAC MUSCLE 

2.1 Introduction 

The Fxr1 gene was first identified in Xenopus laevis in 1995 [68] as a closely 

related family member to the extensively studied Fragile X mental retardation gene 

(Fmr1). Fragile X related protein-1 (FXR1) was described as a cytoplasmic protein 

containing highly similar RNA-binding domains (KH and RGG) to FMR1, allowing 

FXR1 to bind RNA in vitro. Described as a ubiquitously expressed transcript, Fxr1 

splicing was evident in this first characterization, and subsequent studies have identified 

up to seven splice variants, all with tissue specific or developmental expression patterns 

[68-71]. Relevant to striated muscle, there are two, long, muscle specific isoforms (82 

and 84 kD) present in the cytoplasm after differentiation of the mouse myoblast line, 

C2C4 [70]. 

Translation blocking morpholino (MO) studies in Xenopus laevis reveal the 

importance of FXR1 in early somitogenesis, since the absence of the protein leads to 

severe curling of the embryo and defective muscle gene expression [65]. MyoD, the 

canonical skeletal program transcription factor, is either slightly reduced or perhaps 

misexpressed with the lack of segmented somites in xFxr1 MO injected embryos. This 

reduction in MyoD RNA as well as the curved phenotype can be rescued by co-injection 

or rescue with xFxr1 mRNA. Interestingly, the onset of phenotypic alterations occurs at 

the onset of somitogenesis (~stage 22) where as the long, muscle specific Fxr1 isoform is 

not detected in Xenopus until after the commencement of somitogenesis, at 

approximately stage 25-30. Since the morpholino used in their study will also target the 
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start region of the shorter Fxr1 isoform, the authors conclude that it appears the temporal 

expression of different Fxr1 isoforms may indicate a conserved, unique contribution to 

early somitogenesis (short) and maintenance or growth (long) of striated muscle. 

 Supporting studies in zebrafish place FXR1 at sites of the myotendonous junction 

as well as integrated into the sarcomeres of the tail muscle [72]. FXR1 appears to co-

localize at the sarcolemma and myoseptum where vinculin, talin and dystrophin all 

reside. Confirmation of FXR1’s vital role in cardiac muscle comes from a morpholino 

study in zebrafish where not only general muscle architecture is disturbed but the authors 

also report a heart looping and beating defect [67].  

Mientjes et al. were the first to report the Fxr1 knockout mouse, finding gross 

muscular disarray and immediate postnatal death [66]. Though the final cause of death in 

Fxr1 -/- mice remains undetermined, the speculations of either a cardiovascular or 

striated muscle (i.e., diaphragm) dysfunction remain the most plausible. Due to FXR1’s 

localization to the sarcomeric Z-disc, examination of the architecture of the Z-disc and 

costameric proteins in the Fxr1 knockout mice reveal dramatic alteration of structure in 

cardiac muscle, though skeletal muscle did also show evidence of either reduced or 

altered localization of dystrophin, α-actinin, vinculin and actin. No change in levels of 

the aforementioned proteins were found, suggesting either FXR1 may be implicated in 

the cognate mRNA localization or these observations may be compensatory effects for 

the loss of Fxr1. 

 Although the original portrayal of the Fxr1-/- mouse hypothesized FXR1s 

involvement in RNA localization for some costameric RNAs, no mRNA targets of FXR1 
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in striated muscle were described. Recently, we discovered the first FXR1 mRNA targets 

to be identified in striated muscle: desmoplakin and talin. Desmoplakin and talin are 

major protein components of the intercalated disc and costamere, respectively. Additional 

observation of the cardiac ultrastructure revealed significantly disturbed intercalated 

discs, sarcomere spacing, and myofibril alignment. Further investigation into the 

molecular mechanisms of FXR1 in cardiac muscle uncovered the 3’UTR of desmoplakin 

and talin as interacting regulatory regions where FXR1 directly binds and represses target 

mRNA translation. Thus, FXR1 appears to function as an RNA translational repressor for 

these specific targets, whose precise levels are required for the structure of intercalated 

discs and costameres. (This study has been submitted for publication and is detailed here 

in Chapter 3 (Whitman et al., submitted).  

 In humans, the importance of FXR1 in proper muscle function is revealed in the 

case of facioscapulohumeral muscular dystrophy (FSHD), which is an inherited 

myopathy typified by altered splicing of mRNAs encoding muscle specific proteins. 

Davidovic et al. propose the muscle weakness and atrophy associated with the disease 

may be, in part, attributed to a decreased stability of mRNA of the long muscle specific 

isoforms of Fxr1. This loss of transcript stability results in a corresponding reduction of 

the long FXR1 isoform [64]. Although there are currently no documented human diseases 

or myopathies correlated directly to mutations, truncations, or transcriptional silencing of 

Fxr1, the data presented in the FSHD model above imply that among other systemic 

problems, FXR1 may be indirectly contributing to the disease symptoms given the severe 

consequences to muscle architecture and health in the Fxr1 knockout mice. 
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 Novel functions of FXR1 continue to be discovered, including protein interactions 

and post-translational modification of FXR1 itself. Recently PAK1 was described as the 

first protein-binding partner in the KH-domain of any FXR family members [73]. PAK1 

is a Cdc42 effector kinase and was implicated in protein interactions and phosphorylation 

of FXR1. This phosphorylation may be important in FXR1s localization to stress 

granules, and adequate protein function.  

The studies on FXR1 and PAK interaction described above are not the first 

description of post-translational modification (particularly phosphorylation) of an FXR 

family member [74-78]. FMRP’s translational repressor function is correlated with its 

phosphorylation state where phosphorylation promotes association with stalled 

polyribosomes, and dephosphorylation permits association with actively translating 

polyribosomes. In the case of FXR1 and the zebrafish rescue studies (by adding back 

phospho-mimetic FXR1) performed by Say and colleagues the same logic would apply 

that providing constitutively phosphorylated FXR1 allows the protein to exert the 

translational repression over unnamed targets that would otherwise be absent causing the 

severe muscle phenotypes in the FXR1 morpholino-treated zebrafish.  

 Future experiments that determine the array of mRNA targets of FXR1 in muscle 

coupled with the determination of FXR1s functional control over those targets are 

required to decipher if FXR1 behaves solely as a translational repressor or in fact may 

also be required to activate translation as was described by Vasudevan and Steitz [79]. 

Importantly, the work described by Vasudevan and Steitz details the shorter, non-muscle 

isoforms Iso-a and-b. One possibility to describe the phenomenon of translational 
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activation could be that this is an isoform specific function. Another point to 

acknowledge while discussing these data is the cell-cycle dependent nature of FXR1’s 

ability to activate translation. Importantly, muscle is a terminally differentiated cell type 

that will not be susceptible to cell-cycle control after differentiation. The fact remains that 

FXR1’s function in muscle is most likely multifaceted and may be determined by not 

only the target mRNA being bound but the protein-protein interactions and/or post-

translational modification to the RNA-binding protein. 
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2.2 Methods 

Animals: Heterozygous Fxr1 mice were obtained from Baylor College of Medicine. 

Detailed methods of the generation of the mouse lines are described in [80]. Briefly, 

mating and timing pregnancies between C57BL/6 Fxr1 +/- mice obtained Fxr1 +/+ and -

/- mice. Embryos were collected 18.5 days post coitum for all downstream experiments to 

ensure maximal retention of Fxr1 -/- embryos since early postnatal lethality had been 

described [80]. Animals were handled, bred and sacrificed according to policies approved 

by the University of Arizona Institutional Animal Care and Use Committee (IACUC). 

 

 

1D-, 2D-Gels and Proteomics: 1D-GELS - Hearts from FXR-WT and KO animals were 

pulverized over liquid N2, harvested into boiling SDS sample buffer minus β-

mercaptoethanol (5% SDS, 10% glycerol, 60mM Tris, pH 6.8) and boiled for 5-10 

minutes. Samples were then sonicated to ensure solubilization and spun to pellet debris. 

A sample of the supernatant was set aside to determine protein concentration. β-

mercaptoethanol was added to the remaining supernatant at a final concentration of 5% 

and samples were stored at -80°C. Equal amounts of protein (as determined by a BCA 

protein assay (Thermo Fisher Scientific) from WT and KO hearts were loaded on a 10% 

polyacrylamide gel. Gels were stained with Coomassie blue and lanes were cut into 

molecular weight regions of interest (approximately 0-15, 15-25, 25-30, 30-40, 40-70, 

70-100, 100+ kD). Molecular weight ranges were in-gel digested with trypsin and 
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analyzed by LC-MS/MS by the Arizona Proteomics Consortium at the University of 

Arizona.  

2D-GELS- The samples were lysed in 150 µl each of osmotic lysis buffer 

containing 10x nuclease stock (50 mM MgCl2, 100 mM Tris, pH 7.0, 500 µg/ml RNase 

(Ribonuclease A from bovine pancreas Type IIIA, Sigma R5125) and 1000 µg/ml DNase 

(Deoxyribonuclease I, Type II from bovine pancreas, Sigma D4527)), phosphatase 

inhibitor stocks (I and II) (EMD Biosciences), and protease inhibitor stock (20 mM 

AEBSF (Calbio-chem 101500), 1 mg/ml leupeptin (Sigma L2884), 0.36 mg/ml E-64 

(Sigma E3132), 500 mM EDTA (Calbiochem 34103), and 5.6 mg/ml benzamidine 

(Sigma B6506)). One hundred fifty µl each of SDS Boiling Buffer (5% SDS, 10% 

glycerol and 60 mM Tris, pH 6.8) minus ß-mercaptoethanol (BME) plus sample was 

added, and samples were heated in a boiling water bath for five minutes before protein 

determinations were performed using the BCA Assay (Smith et. al. Anal. Biochem. 150: 

76-85, 1985, and Pierce Chemical Co., Rockford, IL). Samples were then diluted to 3.6 

and 1 mg/ml in SDS Boiling Buffer with BME (5%) and heated in a boiling water bath 

for five minutes before loading. Detailed description of 2D gel loading and running 

conditions are provided in Appendix A. 

CRITERIA FOR PROTEIN IDENTIFICATION- Scaffold (version 

Scaffold_3_00_01, Proteome Software Inc., Portland, OR) was used to validate MS/MS 

based peptide and protein identifications. Peptide identifications were accepted if they 

exceeded specific database search engine thresholds. Mascot identifications required at 

least ion scores must be greater than both the associated identity scores and 20, 30, 40 for 
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singly, doubly, triply charged peptides. Sequest identifications required at least deltaCn 

scores of greater than 0.08 and XCorr scores of greater than 1.8, 2.5, 3.5 for singly, 

doubly, triply charged peptides. X! Tandem identifications required at least -Log(Expect 

Scores) scores of greater than 2.0. Protein identifications were accepted if they contained 

at least 2 identified peptides. Proteins that contained similar peptides and could not be 

differentiated based on MS/MS analysis alone were grouped to satisfy the principles of 

parsimony. 

 

Triton Extraction of Cells in Culture: Rat neonatal cardiac myocytes were isolated and 

maintained as described previously [81, 82]. Cells were cultured 4-6 days before being 

treated with CSK buffer (10mM Pipes pH 6.8, 100mM KCL, 300mM Sucrose, 2.5mM, 

MgCl2 , 1mM PMSF (added fresh), 1% aprotinin (added fresh), 1% Trition X-100) for 5 

minutes on ice, rinsed 3 times with ice cold PBS with protease inhibitors and fixed in 2% 

formaldehyde for 15 minutes.  

 

Primary Cardiomyocyte Transfection/Infection: Neonatal rat cardiomyocytes were 

transfected one day after plating with GFP-FXR1 in pEGFP-C2 vector (Clontech) using 

Effectene according to manufacturer’s protocols (Qiagen). Cardiomyocytes were cultured 

for 3-6 days in culture prior to fixation (2% formaldehyde in PBS for 15 minutes) and 

GFP-FXR1 signal was analyzed on a fluorescent microscope (Axiovert; Carl Zeiss 

MicroImaging, Inc.) using a 100x (NA 1.25) objective and micrographs were collected as 

digital images (Orca-ER; Hamamatsu) using OpenLab software (Improvision).  
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 Endogenous FXR1 was knocked down using a shRNA constructed designed and 

validated by Sigma (St. Louis, MO). The shRNA sequence in the pLKO.1 vector (Sigma) 

was packaged into lentiviral particles using 293FT cells (Invitrogen) according to 

manufacturer’s protocols. Briefly, 293FT cells were plated at ~95% confluence and 

transfected using lipofectamine 2000 (Invitrogen) with the FXR1 shRNA vector and the 

packaging plasmids, pVSVG, pLP1 and pLP2 (Invitrogen). Viral supernatant was 

collected 24- and 48-hours post-transfection and concentrated by ultracentrifugation. 

Adding concentrated virus particles to the media one day after plating infected neonatal 

rat cardiomyocytes. Efficacy of the FXR1 knockdown was assessed by Western blot and 

immunolocalization of the endogenous protein.     

 

Immunofluorescence Microscopy: Frozen mouse heart tissue sections were double or 

triple stained to distinguish myocytes from fibroblasts and/or to evaluate the subcellular 

distribution of FXR1 with respect to other muscle proteins. Sarcomeric architecture and 

organization was also assessed in  WT and Fxr1 KO heart tissue with double or triple 

immunolabeling. Heart tissue was embedded in Optimal Cutting Temperature compound, 

frozen over a dry ice-ethanol slurry at -80°C and cut into 5 µm sections (tissue was 

processed by the Histology Service Laboratory, University of Arizona). Tissue sections 

were fixed in either 4% PFA or 100% methanol for compatibility with primary 

antibodies. The fixed sections were permeabilized with 0.2% Triton-X 100 and blocked 

with 2% BSA, 1% normal donkey serum in PBS prior to incubation with antibodies. 

Cells and tissue sections were incubated with affinity-purified rabbit anti-FXR1 (0.05 
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µg/ml; E9013 generated according to Khandjian et al. [83]), mouse anti-sarcomeric α-

actinin (1:5000; EA-53; Sigma-Aldrich), rabbit or mouse anti-desmoplakin (1:500; AbD 

Serotec), rabbit anti-desmin (1:50; Biomedia), rabbit anti-connexin 43 (1:10,000; Sigma), 

rabbit anti-N-cadherin (1:500; Santa Cruz Biotechnology) or mouse anti-talin (1:500; 

8d4; Sigma-Aldrich) antibodies. The following secondary antibodies were obtained from 

Jackson ImmunoResearch Laboratories or Invitrogen: goat anti–mouse AlexaFluor 488 

(1:1,000), goat anti–mouse Texas Red (1:600), donkey anti–rabbit Texas Red (1:600), 

goat anti–rabbit AlexaFluor 350 (1:300) and goat anti–mouse AlexaFluor 350 (1:200) 

antibodies. Coverslips were mounted using Aqua Poly/Mount (Polysciences, Inc.) and 

analyzed on a fluorescent microscope (Axiovert; Carl Zeiss MicroImaging, Inc.) using a 

100x (NA 1.25) objective and micrographs were collected as digital images (Orca-ER; 

Hamamatsu) using OpenLab software (Improvision) (Fig 3). Imaging was also performed 

using a DeltaVision Deconvolution microscope (model D-OL; Olympus) with a 100x 

objective (1.3 NA) or 60x objective (1.4 NA) using a charge-coupled device camera 

(series 300; Photometrics), or on a Zeiss multiphoton microscope (model 510; Carl Zeiss 

MicroImaging, Inc.) using a 60x objective (1.4 NA). 

 

RNA-IP: FXR1 RNA-IPs were performed essentially according to the protocol described 

in Brown et al. [84] with slight modifications. Heart tissue was ground over liquid N2 

then further homogenized with a frosted glass dounce with 2ml IP buffer (10mM HEPES, 

200mM NaCl, 30mM EDTA, 0.5% Triton X-100, pH 7.4) per heart. Debris was pelleted 

at 3,000 x g for 10 minutes at 4°C, the supernatant set aside and the pellet washed again 
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with 1ml of IP buffer. Supernatants were pooled and the lysate cleared at 50,000 x g for 

30 min at 4°C. The lysate was pre-incubated with protein A conjugated beads 

(Invitrogen) for 1 h at 4°C to minimize non-specific binding. The precleared lysates were 

then added to the beads with 10 µg of affinity-purified rabbit anti-FXR antibodies 

(E9013) and rotated at 4°C for 3 hours. As a negative control an immunoprecipitation 

was also performed using anti-FXR1 antibody that was pre-incubated with 10 molar 

excess of its antigenic peptide. This control allowed us to assess non-specific mRNA 

binding to the beads and heavy and light chains of the antibody. The beads were then 

washed 3X with IP buffer followed by 3 washes with IP buffer plus 1M Urea to decrease 

secondary protein interactions according to published protocols [85]. The samples were 

resuspended in 100µl nuclease-free water: 20µl were used to analyze protein content and 

80µl were added to 1ml of Trizol (Invitrogen) for RNA extraction. RNA was quantified 

and normalized from all samples, which included: the total RNA prior to IP (direct from 

original lysate), RNA bound in the FXR1-IP and RNA sticking non-specifically in our 

competition control IP. The normalized cDNA was used in candidate real-time PCR on 

RNA collected from three separate RNA-IP experiments. RNA-IPs were conducted with 

two adult mouse hearts per experiment and replicated three times (encompassing a total 

of six animals). 

 

Real-time PCR: cDNA was generated from RNA isolated from WT and Fxr1 KO whole 

hearts for transcript stability, or from RNA-IP experiments and used as template in real-

time PCR using SYBR green chemistry (Maxima SYBR Green, Fermentas) using the 



 

 

50

Rotor-Gene 6000 (Qiagen). Cycling parameters consisted of a 2 minute 50° hold, 2 

minute 95° hold and 30 cycles of denaturation at 95° for 10 seconds, annealing/extension 

at 60° for 30 seconds. Primers to candidate genes (listed in Table 2.4) were designed to 

span exon/exon junctions using the Internet based Primer3 program. A housekeeping 

gene (Odc1) was used to normalize loading for transcript stability studies. Primer 

efficiencies were all validated to be within 5% of the housekeeping gene primers so that 

the delta-delta-CT method of quantification could be employed for transcript stability 

experiments. Alterations in basal gene transcription or stability were assessed using 2-

∆∆CT [86], where a 2-fold (one cycle) difference was set as the threshold for noteworthy 

change in gene expression. Enrichment of target RNAs in the FXR1-IP studies were 

determined as fold increase over starting total RNA (where normalization was 

accomplished by quantifying RNA levels using a Qubit fluorimeter (Invtrogen), allowing 

equal amounts of RNA to be loaded into the cDNA reaction (100ng)). For both transcript 

stability and FXR1-IP experiments, each gene was analyzed in technical triplicate per 

qPCR experiment, as well as in biological triplicate. 

 

Western Blot Analysis: Frozen heart lysates were analyzed for total protein content by 

BCA assay (Pierce Chemical Co.). Equal amounts of protein from all samples were then 

solubilized in SDS sample buffer (5% SDS, 5%BME, 10% glycerol and 60 mM Tris, pH 

6.8), sonicated and incubated at 100°C for 5 min before loading onto a 4–12% gradient 

Bis-Tris NuPAGE gel (Invitrogen). After transfer to nitrocellulose membranes, the 

nitrocellulose strips were probed with ~1 µg/ml anti–FXR1, desmoplakin (DP2.15, 
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AbSerotec), desmin (clone DE-U-10, Sigma), connexin 43 (Sigma), talin (clone 8d4, 

Sigma), Ncadherin (Santa Cruz Bioechnology) and GAPDH (clone 6C5, Ambion) 

antibodies, followed by either anti–rabbit or anti-mouse IgG-conjugated HRP antibodies 

(1:30,000; Jackson ImmunoResearch Laboratories). After incubation in SuperSignal 

chemiluminescent substrate (Pierce Chemical Co.), the strips were exposed to Basic Blue 

Autorad/Chemiluminescent film (ISC Bioexpress) and band intensity was quantified 

using National Institutes of Health Image-J. The linear range of protein loading was 

determined empirically prior to quantifying protein levels by densitometry. In addition to 

normalization of protein loading by BCA, GAPDH was also used as a loading control for 

densitometry measurements. 

 

Yeast-2-Hybrid Screen: Full-length FXR1 (the longest isoform e) was cloned into the 

yeast bait vector pGBKT7 (Clontech) downstream of the DNA-binding domain of GAL4. 

FXR1 bait was co-transformed into yeast strain AH109 using the Yeastmaker Yeast 

Transformation Kit (Clontech) according to the manufacturer’s specifications. FXR1 bait 

positive AH109 yeast was mated with a human heart pretransformed cDNA library 

(Clontech) in yeast strain Y187 according to the manufacturer’s instructions. Selection 

for positive interactions, and therefore activation of the HIS3 and ADE2 genes, was 

carried out on agar plates lacking tryptophan, leucine, histidine and adenine. All 

constructs were determined not to be toxic to the yeast or to activate the reporter genes 

independently of a positive interaction (autoactivation). 
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Statistics: A paired Student’s t-Test was used to determine statistical significance 

between WT and Fxr1 KO groups for quantitative Western blotting and luciferase assays. 

Significance for real-time PCR experiments was set at a 2-fold change using the 2^(-∆∆CT) 

method [86]. 
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2.3 Results 

2.3.1 Loss of FXR1 results in Global Protein Level Changes 

Taking cues from the extensive work identifying the brain fragile X family 

member, FMRP, as a moderator of translational control, we sought to determine whether 

loss of FXR1 would result in substantial protein level changes in the heart. Protein lysates 

were generated from E18.5  WT and Fxr1 KO mouse whole hearts. Protein samples were 

first loaded onto a 10% SDS-PAGE gel, resolved and detected by Coomassie blue (Fig. 

2.1). Gel lanes were then cut into molecular weight regions of interest (~0-25 kDa, ~25-

40 kDa, ~40-70 kDa, ~70-100 kDa and ~100+ kDa), in-gel digested with trypsin and 

evaluated for peptide composition by mass spectrometry. Analysis of peptide sequences 

and abundance was conducted within the Scaffold 2 software. Table 2.1 lists the 

candidate proteins exhibiting altered protein level expression between  WT and Fxr1 KO 

hearts. 

Interestingly, several classes of molecules were identified after evaluating the list 

in Table 2.1 with the online Gene Ontology (GO) Term analysis in the Database for 

Annotation, Visualization, and Integrated Discovery (DAVID) functional annotation tool. 

For example, proteins were grouped into the functional classifications of “myofiber, 

membrane bound vesicle, nucleotide binding, molecular chaperone”, and several 

metabolic pathways including “respiration” and “glycolysis”. It is important to note that 

those proteins falling under the functional class of “myofiber” or “cytoskeleton” included 

not only sarcomeric proteins involved in muscle contraction (i.e., myosin, MyBPC3, and 
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titin) but accessory molecules of the intercalated disc and costamere (i.e., plakoglobin, 

desmoplakin, talin1, vinculin, and fermt2 (or Kindlin-2)).  

The observation of several proteins involved in protein folding, vesicular 

trafficking and the sarcoplasmic reticulum may imply a general endoplasmic reticulum 

(ER) stress in hearts of mice lacking Fxr1. Specifically the identification of several 

components of the t-complex protein 1 (Tcp1) chaperonin complex (responsible for both 

actin and tubulin folding) was investigated to determine if any of these subunits were 

direct targets. Results from triplicate FXR1-IP and real-time PCR indicate that none of 

the Tcp1 subunits identified by mass spectrometry appear to be direct candidate mRNA 

targets of FXR1 (Figure 2.4). Identification of protein level changes of molecules such as 

SERCA2a may also indicate potential calcium handling defects in these hearts. 

Interestingly, SERCA2a was also identified as a potential protein interacting partner that 

is associated in the FXR1 complex (Fig. 2.7).  

As a parallel tactic to investigate changes in protein levels in the Fxr1 KO mouse, 

we also prepared samples for 2D gel electrophoresis (that was sent to the Kendrick Labs 

for analysis) on one WT and one KO heart. Representative silver stained images of WT 

(Fig. 2.2A) and KO (Fig. 2.2B) 2D gels were evaluated, duplicate gels were obtained 

from each sample and were scanned with a laser densitometer (Model PDSI, Molecular 

Dynamics Inc, Sunnyvale, CA). Spot % is expressed as a percentage of total density 

above background of all spots measured. Difference is defined as fold-change of spot 

percentages. Student’s t test values, generated by SameSpots software (Non-Linear 

Dynamics) for n = 2 gels per measurement, was used to help decide whether a difference 
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is valid. A complete report of the 2D-gel analysis is located in Appendix B. A total of 

1085 spots were analyzed and only those with a fold change of >1.7 were counted to be 

changed. Of the 1085 spots that were identified and analyzed, 143 (13.2%) were down 

regulated and 68 (6.3%) were up regulated in the Fxr1 KO hearts. Twenty candidate 

spots were chosen for mass spectrometry analysis based on fold changes of spot intensity 

and are listed in Table 2.2. These identified proteins consisted primarily of metabolic 

enzymes, such as carbonic anhydrase, succinate dehydrogenase and creatine kinase. 

Interestingly, creatine kinase m-type (CKM) was identified in two separate spots of 

antagonistic expression (#560 up in WT and 584/582 up in KO). One possible 

explanation for these conflicting results could be that CKM is post-translationally 

modified by phosphorylation, therefore the mass spectrometry results could be indication 

a differential expression of modified species of CKM between  WT and Fxr1 KO hearts. 

Significantly, these studies were only conducted on hearts collected from E18.5 mice. It 

will be of critical importance to conduct similar studies on hearts collected from embryos 

much earlier in the developmental process (e.g., E9.5) to help determine which of these 

protein level changes might be due to the primary loss of FXR1 versus those that may be 

secondary, compensatory alterations. 

 

2.3.2 Identification of FXR1 Candidate mRNA Targets 

As an unbiased approach to identifying mRNA targets of FXR1, a FXR1 RNA-

immunoprecipitation was used to harvest RNA associated with the FXR1 complex. 

Duplicate RNA-IP experiments were used to probe Affymetrix mouse full genome 
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arrays. Results were compared to arrays probed with input RNA as well RNA isolated 

from a competition IP where the anti-FXR1 antibody was pre-incubated with antigenic 

peptide, blocking its ability to bind endogenous protein. A full list of candidate mRNA 

targets is provided in Table 2.3. To identify cellular and developmental processes that are 

overrepresented among the significantly enriched mRNA candidates (P value <0.5) we 

performed a Gene Ontology (GO) analysis as previously described [87]. A representative 

GO term network was then established using Cytoscape and is illustrated in Figure 2.3.  

Briefly, of the 725 unique genes enriched in the FXR1 IP, 460 were associated 

with GO terms that fell into the following categories: 1) Rho/Ras/Rab GTPase mediated 

signaling; 2) regulation of transcription and chromatin remodeling; 3) 

phosphorylation/post-translational protein modification; 4) nervous system/heart 

development; and 5) organization of the actin cytoskeleton. The results of probing a 

genome wide microarray with RNA associated with the FXR1 protein complex indicate 

that FXR1 may be capable of interacting with approximately 3% of all mRNA. This 

finding is in line with previous reports of the FraX family member FMRP associating 

with ~4% of brain mRNAs [88]. 

 Prior to completing the microarray, a candidate approach was used to identify 

possible target RNAs of FXR1. We first examined transcripts encoding several 

components of the sarcomere such as titin, troponin I (slow skeletal and cardiac), 

vinculin, α-actinin, and the myosin heavy chains 6 and 7. After triplicate IP experiments 

and subsequent real-time PCR, the data show that only titin is moderately enriched in the 

FXR1 IP over the input and negative controls (3.46-fold (Figure 2.4)). We also examined 
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several candidate mRNAs of cognate proteins located at the intercalated disc and 

costamere (i.e., dsp, tln, zasp, jup, fak, itgα6, itgβ1, kindlin2, tjp1, des) to support the 

findings presented in Chapter 3: “Desmoplakin and Talin2 are novel mRNA targets of 

fragile x related protein-1 in cardiac muscle.” In addition to dsp and tln2 we also found 

that fak and tjp1 (ZO-1) were also enriched in the FXR1 complex by 7.75 and 6.11-fold, 

respectively after replicate FXR-IP validation. The validation of a handful of potential 

mRNA targets produced from the microarray and candidate approaches is shown in 

Figure 2.4. Candidates were considered validated if the target mRNA was enriched in the 

FXR1 protein complex greater than 2-fold over input and negative control mRNA 

(average over three biological replicate experiments). Candidate targets involved in gene 

transcription, such as Thrap1 and Thrap2 will be discussed in further detail in the next 

section (2.3.3). 

 

2.3.3 FXR1 may be implicated in developmental isoform shifting of structural cardiac 

genes 

 Upon finding titin as a potential candidate mRNA for FXR1, we next investigated 

titin isoform expression in E18.5 hearts of WT and Fxr1 KO mice (with help from the lab 

of  Dr. Henk Granzier according to published protocols [89]).  Figure 2.5 shows 

representative titin gels (C) and the subsequent quantification (D). No consistent 

differences were observed in either titin N2BA/N2B isoform expression, or in total titin 

amounts between WT and Fxr1 KO hearts. Additionally, the mobility of  myosin heavy 

chain (MHC) isoforms α and β (or myh6 and myh7, respectively) by gel electrophoresis 
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is well established [90]. Examination of the MHC-α and -β isoform expression in E18.5 

hearts of WT Fxr1 mice show a 69.5% MHC-α and 30.5% MHC-β resulting in an α:β 

ratio of 2.28. Conversely, Fxr1 KO hearts display a 36% MHC-α and 64% MHC-β 

isoforms expression profile resulting in an α:β ratio of 0.56 (Fig 2.5A). The striking 

alterations in myosin heavy chain α:β ratios occur without either myosin 6 or 7 (α and β 

respectively) being detected as candidate mRNA targets of FXR1. These data coupled 

with the identification of several transcription factors/gene regulatory candidate mRNAs 

being enriched in the FXR1 complex led to the hypothesis that FXR1 may be affecting 

developmental isoform shifting of the myogenic program in an indirect manner. 

However, total transcript levels of myh6 and myh7 have not yet been evaluated in the 

Fxr1 KO animals. In order for a transcriptional mechanism to be involved, we would 

anticipate that total levels of myh6 mRNA would decrease while total levels of myh7 

mRNA would increase in the KO mouse hearts.  

 One possible indirect mechanism by which FXR1 could be able to regulate 

sarcomeric developmental isoforms expression is by mediating thyroid hormone 

signaling. Importantly, several mRNA candidates were identified by microarray that are 

involved in nuclear regulation and direct gene transcription by thyroid hormone signaling 

(Table 2.3 and Figure 2.4). These candidates include thyroid hormone receptor-associated 

protein-1 and 2 (Thrap1 & 2 or Med13 or Med13l), the thyroid hormone- and retinoic 

acid receptor-associated corepressor 1 (Ncor1), the thyroid hormone receptor binding 

protein (Ncoa6), and the thyroid hormone receptor interactor 8 (Jmjd1c). The presence of 
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Thrap1 and 2 were confirmed by showing enrichment in triplicate FXR1-IP experiments 

by 4.71 and 7.09-fold, respectively (Figure 2.4). 

 Further examination of thyroid hormone sensitive genes lead us to investigate the 

developmental shift in Troponin I from slow skeletal (the embryonic isoform) to cardiac 

(the “adult” isoform). Figure 2.5B shows a representative Western blot of both ssTnI and 

cTnI isoforms in hearts from  WT and Fxr1 KO animals. Densitometry reveals the WT 

hearts starting to undergo the developmental isoform switch, displaying 45% ssTnI and 

55% cTnI, whereas the KO hearts show an 85% ssTnI and 15% cTnI distribution. To rule 

out the possibility of FXR1 directly regulating ssTnI and cTnI expression, the presence of 

these RNAs in the FXR1 complex was assessed by real-time PCR. Figure 2.4 shows that 

neither ssTnI nor cTnI mRNAs are enriched in the FXR1 complex, indicating they are 

not potential direct targets of FXR1. 

 

2.3.4 Knockdown of FXR1 in Neonatal Rat Cardiomyocytes  

 To establish a model system that mimics the Fxr1 KO mouse hearts, we attempted 

to knock down levels of FXR1 in neonatal rat cardiomyocytes (NRCs). NRCs were 

infected with packaged lentiviral FXR1-shRNA plKO.1 directed against the 3’UTR. This 

will allow for future rescue experiments by adding back only coding regions of FXR1 

that are immune to the shRNA treatment. Western Blots for FXR1 at both four and eight 

days after infection with the shRNA show the knockdown of FXR1 is robust and nears 

100% (Figure 2.6A).  
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In this NRC-FXR1 knockdown system, desmoplakin (DSP) also increases when 

FXR1 protein levels are reduced. This mimics the findings from the Fxr1 KO animals 

(Chapter 3). Analysis by immunofluorescent localization of FXR1 shows a dramatic 

reduction in intensity of signal in the FXR1 knockdown (Figure 2.6B). Further analysis 

will need to be conducted to assess connexin 43, desmin and talin2 protein levels to 

verify the extent to which the NRC knockdown model system mimics the Fxr1 KO 

mouse heart. 

The goal of these knockdown studies is to develop a model system that will allow 

us to conduct functional experiments that are not feasible in a neonatal lethal knockout 

mouse model. Specifically, given the profound architectural and protein level alterations 

discovered at the intercalated disc of the Fxr1 KO mice (Chapter 3), we may be able to 

test electrical conductance and gap junction function in vitro using the FXR1 shRNA. 

 

2.3.5 Shared mRNA Targets of FXR1 with Other RNA-Binding Proteins 

 In addition to FXR1, Staufen is another RNA binding protein expressed in cardiac 

muscle. To take advantage of recent publications of Staufen target mRNAs [91], we 

examined whether FXR1 may be working in concert with Staufen and merged Staufen 

candidate targets with our own microarray target list from the FXR1-IPs. It is important 

to note that the Staufen studies were conducted on human HEK293 cells with exogenous 

HA-Stau. The HA-Stau was immunoprecipitated, RNA protected and hybridized to 

Affymetrix human genome arrays. The candidate lists of Staufen targets generated by 

microarray analysis were merged with those of FXR1 and all results are displayed in 
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Table 2.4 (help provided by Chinedu Nworu). Even though the tissue source for the 

Staufen and FXR1 RNA-IPs were different, several genes have expression across a wide 

variety of tissue so the merged candidates were validated individually for expression in 

heart tissue by looking up their GeneCard expression library information. The 

overlapping candidates are inherently limited to those genes expressed in whole heart 

lysate, because that was the input sample used in the FXR1 RNA-IP. A GO term analysis 

was again conducted and the shared candidate mRNAs between Staufen and FXR1 

cluster into functional groups involved in GTPase regulator activity, golgi apparatus, 

metal ion binding, and chromosome organization and transcription. These groupings are 

not surprising, given that similar functional groupings were identified for the entire FXR1 

candidate list. Therefore it seems, that those FXR1 mRNA candidate targets that most 

highly represent “GTPase regulator activity”, etc. are also the candidates that are shared 

with Staufen.  

 Further examination into possible regulatory elements contained within the 

mRNAs of the FXR1 target candidates was conducted by screening for the presence of an 

AU-rich element (ARE) in the 3’UTR, which facilitates recognition by RNA-binding 

proteins to direct the rapid degradation of that RNA. Candidate mRNAs generated from 

the microarray FXR1-IP experiment were run through the AU-rich element-containing 

mRNA database [92] and those targets where an ARE was located are listed in Table 2.5. 

Interestingly, DAVID analysis of FXR1 targets containing an ARE reveal the top 5 

functional groups are again: 1) GTPase regulation, 2) cytoskeleton/actin filament 

organization, 3) ATP-binding, 4) nuclear lumen and 5) chromatin binding. These 
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categories or functional groups indicate that FXR1 may play a central role in immediate 

signaling responses ranging from regulation of actin dynamics to chromatin remodeling 

and direct gene control. 

 

2.3.6 FXR1 localizes to intercalated discs and anchors to the cytoskeleton in cardiac 

myocytes  

To investigate the subcellular localization of FXR1 in cardiac tissue, 

immunofluorescence microscopy studies were performed on tissue sections from adult 

and neonatal mouse hearts, as well as neonatal rat cardiomyocytes in primary culture. We 

observed that in addition to a characteristic cytoplasmic punctate distribution of FXR1 

(Bolivar et al., 1998; Siomi et al., 1995; Tamanini et al., 1997), the protein also 

accumulates around mature intercalated discs and can be found in close proximity to the 

intercalated disc protein, desmoplakin (Figure 2.7A and 2.7B) in adult heart tissue. To 

determine if FXR1 was associating with components of the cytoskeleton, we extracted 

neonatal cardiomyocytes in a high (1%) Triton X-100 containing buffer, before fixation. 

After extraction, in approximately 20% of the cardiomyocytes, the remaining FXR1 

staining is found to be most intense at the cardiac Z-discs co-localizing with α-actinin 

(Figure 2.7C and 2.7D). Additionally, the localization of GFP-FXR1 was analyzed in 

transfected neonatal rat cardiomyocytes. Over-expression of FXR1 accumulates in much 

larger puncta or aggregates than is observed for endogenous FXR1 within the cytoplasm 

of cardiomyocytes (Figure 2.7E). 
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We previously investigated the localization of Tln2 and Dsp proteins in the Fxr1 

KO mice (Appendix A), however, some additional non-target proteins (whose levels 

were altered in the KO hearts) were also investigated, such as desmin, N-cadherin, and 

connexin43. No observable differences were found in any of these proteins’ location in 

E18.5 WT and KO hearts (representative images are displayed in Figure 2.8). 

 

2.3.7 Potential Protein Interacting Candidates of FXR1 

Fragile X related protein-1 has been shown to bind the other FraX family 

members in vitro [93] and these interactions among family members has also been shown 

to modulate FMRP’s affinity for RNA [94]. Interestingly, a recent publication by Say and 

colleagues named PAK1 as the first protein binding partner in the KH2 RNA binding 

domain of any of the FraX family members [73], however, no other protein binding 

partners of FXR1 have yet been described.  

To identify potential protein interacting partners in the same complex as FXR1 in 

cardiac muscle, we conducted a co-immunoprecipitation using the same conditions as the 

RNA-IPs described in section 2.3.4, visualized the protein complex by SDS-PAGE 

coupled with silver staining of the proteins and identified candidate proteins by mass 

spectrometry. The representative silver stained gel of FXR1s co-IP is shown in Figure 

2.9. Results from peptide analysis revealed Vasp, Ahnak2, Plectin-1, Myosin-binding 

protein-C3, Integrin α4, and Rbm15 as potential proteins associated in the FXR1 

complex (exact peptide identities are provided in Appendix B). Importantly, these studies 
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were not repeated under conditions of RNase treatment to assess the possibility of 

protein-RNA interaction requirements of the complex. 

To then determine possible direct protein partners of FXR1 we conducted a 

Yeast-2-hybrid (Y2H) screen utilizing full length (long isoforms e) FXR1 as bait and a 

human heart pretransformed cDNA prey library (with help from Katherine Bliss). 

Complete results of the Y2H screen are displayed in Table 2.6. Again, myosin-binding 

protein-c3 was identified as a potential binding partner; this was the only protein that 

appeared in both the Y2H and co-IP experiments. One additional candidate protein 

includes Dazap2, a proline-rich protein with relevant functions including cell signaling 

and transcription regulation, formation of stress granules during translation arrest and 

RNA splicing [95]. The Receptor for Activated C Kinase 1 (Rack1 or Gnb2l1) was also a 

candidate interacting protein identified and confirmed by Y2H. Rack1 is an intracellular 

receptor that anchors activated PKC to the cytoskeleton (reviewed in [96]). Follow up 

ELISAs (enzyme-linked immunosorbent assay) unfortunately show that FXR1 binds the 

negative control, 6X-HIS peptide in a saturable manner (Figure 2.10A). These results 

indicate that the saturable interaction detected between FXR1 and Dazap2 (Figure 

2.10B), as well as FXR1 and Rack1 (Figure 2.10C) can be fully accounted for by the 

“stickiness” of FXR1 to the 6X-HIS tag. Further experiments will need to be conducted 

to definitively prove or disprove the interaction of FXR1 with Dazap2 and Rack1. 

Importantly, we were able to confirm the interactions of FXR1 with both Dazap2 and 

Rack1 in a yeast-2-hybrid assay. This might indicate that the interaction could be either 

RNA dependent, or dependent on some type of post-translational modification of FXR1 



 

 

65

or the interacting partners that is capable of taking place within the yeast. If either of 

these possibilities are true, then binding assays will either need to be performed in the 

presence of RNA, or in live cells to maintain any modifications. 

Another potential interactor that was confirmed in the Y2H assay is Cmya5 

(Myospryn). Myospryn is a large protein (449 kDa) expressed in heart and skeletal 

muscle that has been linked with cardiomyopathy and muscular dystrophy [97-99], and 

localizes to the costamere where it interacts with desmin and dysbindin [100, 101]. 

Interestingly, Cmya5 was also a candidate mRNA target of FXR1 identified by FXR1-IP 

and microarray. This result may imply that FXR1 uses the mature Cmya5 protein to 

deliver the cognate mRNA so that it may be locally regulated and translated. Another 

possibility, though unlikely, is that FXR1 protein may bind the Cmya5 mRNA only and 

is capable of delivering the RNA with partially translated protein (including the GAL4 

activating domain) into the nucleus providing a false positive readout.  
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2.4 Conclusions and Future Studies 

2.4.1 Loss of FXR1 results in Global Protein Level Changes 

 One- and two-dimensional gel electrophoresis and mass spectrometry of E18.5 

whole hearts showed global protein level disruptions in the Fxr1 KO animals as 

compared to WT. Importantly, after receiving proteomic data on more than 100 

individual proteins, the biological range of FXR1 appears extensive. For example, 

changes were observed in a myriad of proteins ranging in involvement from the 

sarcomeric cytoskeleton to molecular chaperones.  

Regarding the notable changes to proteins of the endoplasmic reticulum (ER) and 

protein folding it is important to identify the possibility that this general ER stress may be 

a secondary effect to loss of FXR1. It will be critical for future experiments to involve 

similar proteomic analysis on hearts harvested from much earlier developmental time 

points (e.g., E9.5). If, however, the alterations in ER/SR and molecular chaperone 

proteins are a direct phenomenon of loss of FXR1 (meaning one or some of these 

proteins could be direct mRNA targets), then it is easy to see how loss of FXR1’s 

regulation of a single direct target may have a biological “ripple” effect within the heart. 

One pathway that was specifically investigated was the chaperonin containing t-complex 

protein-1 (Tcp1) complex (CCT). The FXR1 protein complex was investigated for the 

presence of mRNA of the molecular subunits of the CCT that were found to change by 

proteomics: none of the 4 subunits (Tcp1, Cct2, Cct3 and Cct7) that were looked for were 

found to be in the FXR1 complex, under the conditions used.  
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Interestingly, a cross comparison of the list of identified proteins that change by 

mass spectrometry with the FXR1-IP microarray list yielded only dsp and tln1 as 

potential mRNA candidates with documented protein level changes. If these proteomic 

data were to be used for publication we would need to repeat these experiments in 

biological triplicate (at least), as well as increase the information we obtain by generating 

a more detailed molecular weight profile (i.e., restrict the molecular weight range of each 

individual sample and send more samples to cover the same total range) as there is likely 

a lot of data that we are currently “missing”. 

 

2.4.2 Identification of FXR1 Candidate mRNA Targets 

 Probing a genome-wide microarray with RNA harvested from the FXR1 complex 

in WT adult mouse hearts revealed ~750 unique candidate targets, encompassing almost 

3% of total RNA represented on the chip. Importantly, a role for FXR1 regulating 

transcripts at the costamere and intercalated disc of the heart was more fully pursued and 

can be found in Chapter 3. More mRNA targets have since been validated and include 

tjp1 (tight junction protein-1 or ZO-1) and fak (focal adhesion kinase), which are located 

at the intercalated disc and costamere, respectively. Given that tln2 was one of the 

original targets of FXR1 that was identified (Chapter 3), we originally attempted to 

utilize phosphorylated FAK as readout of integrin signaling to further dissect a 

consequence of Tln2 over-expression in the Fxr1 KO hearts. However, results of this 

experiment would likely be compounded by the fact that fak is a putative mRNA 

candidate of FXR1 and presumably total FAK levels may be altered in KO hearts. This 
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would make interpretation of ratios of phosphorylated FAK to total FAK difficult without 

first determining the mechanism of FXR1 regulation of fak. Future studies to determine 

FXR1’s regulatory influence on fak should include Western blots for total FAK on  WT 

and Fxr1 KO hearts, real-time PCR to determine transcript stability levels, and luciferase 

assays to determine translational control. It is important to note that while we 

hypothesized up-regulation of Tln2 through FXR1 may influence integrin signaling, 

direct regulation of the immediate downstream effecter, FAK, is much more likely to 

alter integrin signaling throughout development and maintenance of the heart. Therefore, 

this could place either Tln2 or FAK as the primary cause of costameric defect, given the 

precedent for integrin signaling requirements of myofibrillogenesis [102]. 

 

2.4.3 FXR1 may be implicated in developmental isoform shifting of structural cardiac 

genes 

 One of the most interesting findings was that Fxr1 KO hearts appear to be delayed 

or incapable of transitioning through normal developmental isoform switches of 

sarcomeric proteins, such as myosin heavy chain (MHC) and troponin I (TnI). 

Interestingly, the developmental delays exhibited by the Fxr1 KO mice mimic symptoms 

of hypothyroidism. Thyroid hormone plays an essential role in directly regulating 

developmental gene transcription of several sarcomeric components such as MHC [103], 

TnI [104, 105], SERCA [106, 107] and phospholamban (PLB) [108]. Additionally, 

thyroid hormone has been reported to control titin isoform shifting in an indirect 
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regulatory manner, specifically through signaling through the AKT pathway and 

effecting gene splicing rather than direct transcriptional control [109].  

Intriguingly, our preliminary results regarding MHC, TnI and titin isoform 

shifting in the Fxr1 KO hearts, support the notion that loss of FXR1 leads to defects in 

the heart’s localized ability to respond to the direct gene transcriptional control caused by 

circulating thyroid hormone, rather than defects in circulating thyroid hormone levels 

themselves. This conclusion is based on the lack of alterations in titin isoform expression, 

supporting the notion that the heart can effectively respond to circulating thyroid 

hormone via signaling pathways involved in influencing the splicing machinery. 

Importantly, we looked specifically for the major thyroid hormone receptors that are 

expressed in the heart (Thrα and Thrβ) and did not find they were enriched in the FXR1 

protein complex. However, Thrap1 and Thrap2 are two potential thyroid hormone 

responsive transcriptional genes. Thrap1 can control MHC α and β isoform expression in 

a thyroid hormone directed manner, via the miRNA pathway [103]. It will be important 

to increase the number of  WT and Fxr1 KO embryos for these studies to determine that 

these preliminary findings truly are indicative of the biology in these animals.  

Additionally, we are obligated to prove whether thyroid function and 

subsequently circulating levels of thyroid hormone are in fact unchanged in the Fxr1 KO 

animals, compared to WT littermates. This will prove to be technically challenging given 

that the volume of serum required for these experiments is greater than what can be 

obtained form E18.5 mice. One alternative is to utilize the Fxr1-NEO mice, where the 

neo cassette was left in place, disrupting protein translation but resulting in enough FXR1 
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to rescue the perinatal lethality [80]. These mice survive up to 10-weeks, and may 

provide enough serum to determine whether circulating thyroid hormone levels are 

changed. 

 

2.4.4 Shared mRNA Targets of FXR1 with Other RNA-Binding Proteins 

 A precedent has been set in brain for the entire FraX family to hetero-dimerize 

with each other [93] and also to be contained within RNP granules with other RNA-

binding proteins, such as Staufen [110]. To date there has been no description of FXR1 

working in concert with, or antagonistically to, any other RNA-binding protein in muscle. 

The discovery of potentially shared RNA targets through microarray analysis of Staufen 

and FXR1 candidate lists provides the first step to investigating what role FXR1 and 

Staufen may have together in regulating their target RNAs. 

 The exact function of Staufen in striated muscle has not yet been determined. 

Staufen is well characterized in the Drosophila oocyte for its role in localizing bicoid 

mRNA [33], and was only recently discovered to localize to the neuromuscular junction 

in striated muscle [34]. One report describes GFP-Staufen trafficking along microtubules 

in neonatal cardiomyocytes [111]. Scholz et al. report that decoration of microtubules 

with microtubule-associated protein-4 (MAP-4) slows and inhibits microtubule 

dependent distribution of mRNA in isolated cardiomyocytes. One caveat to this study is 

that the authors did not directly image mRNA but instead monitored known 

ribonucleoprotein markers, staufen and zipcode binding-protein-1. New evidence 

supports a function of Staufen in its own specialized RNA decay pathway [35, 36], one 
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that competes with nonsense-mediate mRNA decay (NMD) by binding one of the major 

effector molecules, Upf1. One candidate mRNA shared by FXR1 and Staufen is 

dedicator of cytokinesis (Dock1), the drosophila ortholog being myoblast city (mbc). The 

protein product of Dock1 is member of a new family of atypical Rho GTPase activators 

involved in activating Rac GTPase signaling. Importantly, a role for Dock1/mbc has 

recently been demonstrated in myoblast fusion [112-114], through specific interactions 

with the adapter molecules, Crk and Crkl [114].  

 Even though Dock1 was identified from an FXR1-IP utilizing a heart tissue 

lysate, both FXR1 and Staufen have been shown to be expressed in skeletal muscle, 

therefore, follow up studies of the interplay between FXR1 and Staufen on a shared 

mRNA target such as Dock1 may be best completed in a skeletal muscle system. 

Utilizing luciferase assays with combinatorial transfections of FXR1 and Staufen 

combined may provide insight into whether these two RNA-binding proteins may be 

functioning to synergize or antagonize each other. Similarly, given Staufen’s documented 

role in RNA decay, simple experiments such as real-time PCR against shared mRNA 

targets in the presence of FXR1 and Staufen both individually and together, will examine 

the hypothesis that FXR1 protects shared targets from targeted degradation by Staufen. 

 Following along this hypothesis, that Staufen’s function is to degrade RNA 

targets within the cell as a method of post-transcriptional gene regulation, we also 

investigated FXR1 candidate mRNAs that contain a putative AU-rich element (ARE) in 

their 3’ UTR. The ARE is a well-documented regulatory element in cytokines and 

oncogenes presumed to facilitate rapid degradation of ARE containing message. Of the 
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~750 unique mRNA candidates of FXR1, 109 of those contain AREs. Additionally, 19 

overlapping FXR1 and Staufen targets also contain AREs. Interestingly, none of these 19 

candidates are “canonical” ARE containing targets such as cytokines or oncogenes. 

Instead represented targets are heavily represented as being involved in poly(ADP-

ribosylation) (protein modification involved in cell signaling, DNA repair and chromatin 

architecture) and gene transcription. These results could indicate a much larger 

requirement of a “global” FXR1-Staufen regulation. Whether these targets are being 

synergistically or antagonistically regulated by FXR1 and Staufen remains to be tested, 

but one possibility is that FXR1 and Staufen are in a position to respond to and effect 

signaling and gene transcription events within the myocardium. 

 

2.4.5 FXR1 localizes to intercalated discs and anchors to the cytoskeleton in cardiac 

myocytes  

 The subcellular distribution of FXR1 corroborates its potential to interact with 

and regulate up to 3% of mRNAs within muscle. Without cytoplasmic extraction, FXR1 

is broadly distributed throughout the cytosol and rarely exhibits a specified sarcomeric 

preferential location (i.e., Z-disc, M-line, I-band). However, upon high triton-X 100 

extraction of the cytoplasm, FXR1 can now be seen (roughly 30% more frequently) 

associating with the Z-disc of the sarcomere, as indicated by its co-localization with the 

Z-disc marker, α-actinin. Given the documented association with costameric mRNAs 

such as tln2 and fak (and several other non-validated candidates from the microarray for 

example utrn, svil, ahnak2, Spnb1, Cmya5, Ank2 and Ank3), this tight association with 
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the Z-disc could be putting FXR1 in a physical location to locally control its target 

mRNAs.  

 In neonatal and adult mouse heart tissue, FXR1 again localizes throughout the 

cytoplasm; however, a more distinct accumulation of FXR1 at the mature intercalated 

disc is observed (Figure 2.7A). Again, this concentrated localization may be indicative of 

FXR1’s localized control of validated mRNA targets such as dsp and tjp1 or other 

candidate targets like Xirp1. Specifically how FXR1 can localize to discrete subcellular 

compartments or positions in the muscle cell is not yet known. Whether there are 

targeting codes (i.e., “zip codes”) within the mRNA that FXR1 associates with, or 

whether FXR1’s protein-protein interactions dictate its location remain to be determined. 

Some potential protein-binding partners that may account for FXR1’s costamere/Z-disc 

and intercalated disc localization are discussed in section 2.4.6. Additionally, the 

specifics of how FXR1 is “trafficked” throughout the cell still need to be elucidated. 

Although there is a precedent for the brain family member FMRP to associate with 

kinesins [115] and therefore be trafficked along microtubules, this hypothesis has yet to 

be directly tested with FXR1 in striated muscle. This question has begun to be addressed 

by the cloning of GFP-FXR1 (Figure 2.7E). Preliminary studies have been conducted 

with live-cell imaging in neonatal rat cardiomyocytes but results are inconclusive. One 

observation made from these studies was that over-expressed GFP-FXR1 appears to 

associate in large aggregates, whose fusion can be observed by video microscopy. What 

this fusion event means, specifically, and whether these aggregates become toxic to the 

cell, remain to be determined. 
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2.4.6 Potential Protein Interacting Candidates of FXR1 

 As discussed earlier, one potential role for protein-protein interactions with FXR1 

could be to localize it to the place in the cell where its cargo mRNA can be locally 

regulated so that the cognate protein can be integrated into the cytoskeleton or perform its 

unique function at the desired subcellular location. Given the substantial confirmation of 

FXR1s regulation of costameric and intercalated disc mRNAs, some candidate protein 

interactors that may localize FXR1 to these distinct positions within the cell include 

Integrin-α4, Rack1, and Ahnak at the costamere, and Vasp at the intercalated disc. All of 

the aforementioned proteins have yet to be confirmed as direct interacting partners of 

FXR1. 

One candidate protein-binding partner that was identified and confirmed by yeast-

2 hybrid is Rack1 (Gnb2l1). Rack1 is an intracellular receptor that anchors activated PKC 

to the cytoskeleton, it also interacts with integrin-β subunits as well as insulin growth 

factor receptors to facilitate signaling [116, 117]. Notably, a role for Rack1 in binding of 

the ribosome implicates this protein as a bridge between signaling and localized post-

transcriptional gene control (reviewed in [118]). Another candidate protein-binding 

partner also identified and confirmed by yeast-2 hybrid is Dazap2, a proline-rich protein 

with several other documented protein interactions including Sox6 [119], eukaryotic 

initiation factor 4G [95], and an E3 ubiquitin ligase that regulates its stability in splicing 

factor containing nuclear speckles [120]. Relevant functions of Dazap2 include cell 
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signaling and transcription regulation, formation of stress granules during translation 

arrest and RNA splicing [95].  

Lee and colleagues [49] proposed the concept of a feed-forward mechanism of 

localized translational control using Raver1 and focal adhesions as their specific example. 

The identification of Rack1 and Dazap2 as potential protein-binding partners of FXR1 

provides preliminary evidence that FXR1 might also be involved in a feed-forward 

mechanism of post-transcriptional gene regulation at the costamere, or other sites of 

integrin-β localization. Interestingly, Dazap2 contains a putative protein kinase C (PKC) 

phoshorylation site, which leads to the hypothesis that FXR1 may be interacting with 

both Rack1 and Dazap2 in the same complex and that Rack1 provides an anchor for 

activated PKC to phosphorylate Dazap2 (and possibly FXR1 itself [121]) and control 

local protein translation of FXR1 mRNA cargo. 

 

2.4.7 Summary 

The results presented in this chapter demonstrate a myriad of possible function of 

FXR1 in cardiac muscle. With over 700 unique mRNA candidate targets ranging from 

cytoskeletal to transcriptional regulating genes, FXR1 appears to be a molecule that may 

exert regulatory control across multiple biological systems. Additionally, preliminary 

data suggest there is a subset of mRNA candidate targets that may be co-regulated by 

FXR1 and Staufen, however further investigation into the nature of this 

relationship/regulation must be conducted. The groundwork has also been laid to identify 

a novel function of FXR1 in striated muscle, mRNA stability. This is provided in the 
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identification of several candidate mRNA targets possessing an AU-rich element, a 

typical regulatory element that signals rapid degradation. 

The biological diversity of FXR1 is evident by finding global protein alterations 

(by both 1D and 2D gel electrophoresis) in hearts from E18.5 Fxr1 KO animals, and by 

the extensive immunolocalization of FXR1 throughout the cytoplasm of cardiomyocytes. 

Putative protein-protein interactions with candidates such as integrin, vasp, rack1 and 

dazap2 suggest a mechanism by which FXR1 can deliver and locally regulate its mRNA 

cargo. Preliminary data also implicates FXR1 in the regulation of developmental isoform 

switching of cardiac genes, and points to regulation of nuclear thyroid hormone 

responsive transcription factors as the primary cause of these alterations. 

Finally, this chapter provides preliminary data to launch several detailed 

experiments and inquiries into FXR1’s targets and functions in cardiac development and 

or maintenance. Additional studies may be launched to also investigate the function of 

FXR1 in heart diseases such as hypertrophic and dilated cardiomyopathy. With FXR1 

being a centralized molecule with the potential to influence several areas of cardiac 

biology ranging from direct cytoskeleton to indirect regulatory targets, elucidating a role 

of FXR1 in cardiac disease presents a prime therapeutic target. 

 

 



 

 

77

Figure 2.1. Coomassie Stain of  WT and Fxr1 KO samples used for 1D proteomics. 
Lysate from  WT and Fxr1 KO E18.5 hearts was run using 10% SDS-PAGE. The gel was 
stained with Coomassie Blue to visualize proteins and molecular weight regions were cut 
out and in-gel digested with trypsin for mass spectrometry analysis. The molecular 
weight regions that were analyzed are 0-40kDa, 40-70kDa, 70-100kDa, 100+kDa, 
myosin and actin regions were separated from their respective molecular weight region 
and analyzed separately. 
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Figure 2.2. 2D-Gel from Fxr1 WT and knockout hearts. E18.5 hearts from Fxr1 WT (A) 
and KO (B) animals were solubilized in SDS-boiling buffer and run on 2D-gels to 
analyze global protein changes. Gel images were analyzed individually using Progenesis 
PG240 software (Nonlinear Dynamics) for spot intensity. A representative false colored 
overlay of WT (green) and KO (magenta) is provided in (C). 
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Table 2.1. 1D Proteomic Analysis of  WT and Fxr1 KO Hearts. The in-gel digested 
peptides acquired from the 1D-gel were analyzed by mass spectrometry and protein 
identifications (with molecular weight (MW)) and relative quantity are provided in the 
form of “relative fold change” in the KO compared to the WT heart values. 
 

 Identified Proteins MW  
Fold Change 
KO vs. WT 

Acadvl - Very long-chain specific acyl-CoA dehydrogenase 71 kDa 1.8 

Aco2 - Aconitate hydratase, mitochondrial 85 kDa 11.0 

Actn2 - actinin alpha 2 104 kDa 28.0 

Actn4 - Alpha-actinin-4 105 kDa 8.8 

Aldh1b1 - Aldehyde dehydrogenase X, mitochondrial 58 kDa 1.8 

Ap1b1 - adaptor protein complex AP-1, beta 1 subunit 104 kDa 1.4 

Ap2b1 - Isoform 1 of AP-2 complex subunit beta-1 105 kDa 2.7 

Atp2a2 - SERCA2B  115 kDa 2.0 

Atp5a1 - ATP synthase subunit alpha, mitochondrial 60 kDa 10.0 

Atp5b - ATP synthase subunit beta, mitochondrial 56 kDa 5.0 

Cap1 - Adenylyl cyclase-associated protein 1 52 kDa 2.6 

Cct7 - T-complex protein 1 subunit eta 60 kDa 2.6 

Cdh2 - Cadherin-2 100 kDa 2.0 

Ckap4 - Cytoskeleton-associated protein 4 64 kDa 1.7 

Ckb - Creatine kinase B-type 43 kDa 4.3 

Cltc - Clathrin heavy chain 1 192 kDa 2.0 

Col6a1 - Collagen alpha-1(VI) chain 108 kDa 1.4 

Col6a3 - Col6a3 protein 289 kDa 2.7 

Copb1 - Coatomer subunit beta 107 kDa 1.4 

Cs - Citrate synthase, mitochondrial 52 kDa 2.8 

Ctnna1 - Catenin alpha-1 100 kDa 5.5 

Ddx1 - ATP-dependent RNA helicase DDX1 83 kDa -3.3 

Des - Desmin 53 kDa -1.5 

Dhx9 - Isoform 2 of ATP-dependent RNA helicase A 150 kDa 1.4 

Dld - Dihydrolipoyl dehydrogenase, mitochondrial 54 kDa 2.5 

Dnm1l - Isoform 2 of Dynamin-1-like protein 80 kDa 2.0 

Dsp - desmoplakin 333 kDa 1.4 

Eef1a1 - Elongation factor 1-alpha 1 50 kDa 4.0 

Eef1g - Elongation factor 1-gamma 50 kDa 1.7 

Eef2 - Elongation factor 2 95 kDa 11.0 
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Eno1 - Alpha-enolase 47 kDa 11.0 

Eno2 - Enolase 35 kDa 12.0 

Eno3 - Beta-enolase 47 kDa 3.0 

Ezr - Ezrin 69 kDa -4.5 

Fh1 - Isoform Mitochondrial of Fumarate hydratase 54 kDa 2.0 

Flnc - Isoform 1 of Filamin-C 292 kDa -11.0 

Fn1 - Putative uncharacterized protein 253 kDa -7.5 

Gars - Glycyl-tRNA synthetase 82 kDa 3.8 

Gpi1 - Glucose-6-phosphate isomerase 63 kDa 2.0 

Gsn - Isoform 1 of Gelsolin 86 kDa 4.3 

Hadha - Trifunctional enzyme subunit alpha, mitochondrial 83 kDa 2.0 

Hadhb - Trifunctional enzyme subunit beta, mitochondrial 51 kDa 1.8 

Hnrnpf - Isoform 1 of Heterogeneous nuclear ribonucleoprotein F 46 kDa 2.6 

Hnrnph1 - Heterogeneous nuclear ribonucleoprotein H 49 kDa -1.5 

Hnrnpk - Isoform 1 of Heterogeneous nuclear ribonucleoprotein K 51 kDa 1.8 

Hnrnpm - Isoform 1 of Heterogeneous nuclear ribonucleoprotein M 78 kDa -1.9 

Hsp90ab1 83 kDa 17.5 

Hsp90b1 - Endoplasmin 92 kDa 4.1 

Hspa5 78 kDa glucose-regulated protein 72 kDa 15.0 

Hspa8 Heat shock cognate 71 kDa protein 71 kDa 10.0 

Hspa9 Stress-70 protein, mitochondrial 74 kDa -2.5 

Hspd1 Isoform 1 of 60 kDa heat shock protein, mitochondrial 61 kDa 3.5 

Immt Isoform 1 of Mitochondrial inner membrane protein 84 kDa 4.0 

Itgb1 Integrin beta-1 88 kDa 2.0 

Jup Junction plakoglobin 82 kDa 2.6 

Lamb1-1 laminin B1 subunit 1 202 kDa 1.4 

Ldb3 Isoform 3 of LIM domain-binding protein 3 71 kDa 6.5 

Lrpprc Leucine-rich PPR motif-containing protein, mitochondrial 157 kDa 2.7 

Matr3 Matrin-3 95 kDa 4.1 

Msn Moesin 68 kDa 3.5 

Mybpc3 myosin binding protein C, cardiac 141 kDa 26.0 

Myh6 Myosin-6 224 kDa 20.0 

Myh7 Myosin-7 223 kDa 10.0 

Naca Nascent polypeptide-associated complex subunit alpha 221 kDa -5.4 

Ndufs1 NADH-ubiquinone oxidoreductase 75 kDa subunit 80 kDa 5.0 

Ndufs2 NADH dehydrogenase [ubiquinone] iron-sulfur protein 2 53 kDa 1.8 

Nebl 116 kDa protein 116 kDa 2.0 

Oat Ornithine aminotransferase, mitochondrial 48 kDa 2.6 

Pdia3 Protein disulfide-isomerase A3 57 kDa 5.2 
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Pdia6 Putative uncharacterized protein 49 kDa 2.6 

Pkm2 Isoform M2 of Pyruvate kinase isozymes M1/M2 58 kDa -4.0 

Pygb Glycogen phosphorylase, brain form 97 kDa 4.1 

Pygm Glycogen phosphorylase, muscle form 97 kDa 4.8 

Rps27a;Gm1821;Ubc;Ubb;EG619900 ribosomal protein S27a 18 kDa -5.4 

Sdha Succinate dehydrogenase [ubiquinone] flavoprotein subunit 73 kDa -2.5 

Serpinh1 Serpin H1 47 kDa 5.0 

Sfpq Splicing factor, proline- and glutamine-rich 75 kDa 3.4 

Slc25a3 Phosphate carrier protein, mitochondrial 40 kDa -5.4 

Slc25a4 ADP/ATP translocase 1 33 kDa -5.4 

Snd1 Staphylococcal nuclease domain-containing protein 1 102 kDa 2.8 

Sorbs2 Isoform 2 of Sorbin and SH3 domain-containing protein 2 145 kDa 1.4 

Spna2 Isoform 2 of Spectrin alpha chain, brain 282 kDa -2.0 

Spnb2 Isoform 2 of Spectrin beta chain, brain 1 251 kDa -4.0 

Srl Isoform 1 of Sarcalumenin 99 kDa -0.8 

Synpo2l Synaptopodin 2-like protein 103 kDa 1.4 

Tcp1 Isoform 1 of T-complex protein 1 subunit alpha B 60 kDa 1.8 

Tln1 Talin-1 270 kDa 1.4 

Tuba1a Tubulin alpha-1A chain 50 kDa 2.0 

Tubb2c Tubulin beta-2C chain 50 kDa 3.0 

Tubb5 Tubulin beta-5 chain 50 kDa 1.5 

Uba1 Ubiquitin-like modifier-activating enzyme 1 118 kDa 7.5 

Uqcrc1 Cytochrome b-c1 complex subunit 1, mitochondrial 53 kDa 1.0 

Vcl Vinculin 117 kDa 3.3 

Vcp Transitional endoplasmic reticulum ATPase 89 kDa 9.5 

Vim Vimentin 54 kDa -5.0 
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Table 2.2. Candidate proteins identified by 2D-DIGE and mass spectrometry. 
Twenty spots (or groups of spots) were cut from the 2D-gels and analyzed by mass 
spectrometry for peptide identity. The spot number corresponds to nomenclature 
provided by Kendrick labs and individual “montage” images are provided in Appendix B. 

Spot ID # 

Fold 
Change 
KO vs. 

WT Protein ID by Mass Spectrometry 
99 -2.2 Apeh Isoform 2 of Acylamino-acid-releasing enzyme 
347 -13.7 Triobp 
954 12.4 Carbonic anhydrase 2 
881 -9.1 Carbonic anhydrase 2 

584, 582 -2.2 Creatine kinase M-type 
560 6.6 Creatine Kinase M-type 
360 5.5 Cytoplasmic dynein 1 light intermediate chain 1 
365 -8.8 desmoplakin 
210 -1.9 Kininogen-1 -plasma protease activating enzyme 
995 -5.0 Myl7 - Myosin regulatory light chain 2, atrial isoform 
989 -14.8 Park7 or DJ1 

895, 900 -7.4 Pnpo Pyridoxine-5'-phosphate oxidase 
895, 900 -5.7 Psma6 Proteasome subunit alpha type-6 
199, 194, 

197 -2.0 
Sdha Succinate dehydrogenase [ubiquinone] flavoprotein 
subunit 

603 -12.3 Short-chain specific acyl-CoA dehydrogenase 
23 4.2 Vascular cell adhesion protein 1 

464, 421, 
449, 457 -4.6 Vimentin 

49 -14.2 Vinculin 
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Figure 2.3. Network of Gene Ontology Term Analysis of Candidate mRNA Targets of 
FXR1. Canidate genes identified by the FXR1-IP and microarray were categorized by 
their Gene Ontology terms (GO terms). That information was then used to generate this 
network using the binGO plugin for Cytoscape (Chris Bauer). The figure shows how the 
over represented GO terms from the microarray list are related to each other. Red circles 
are highly over represented and yellow are less so but still statistically significant 
(p<0.05). The FXR1 candidate target genes fall into ~five categories:  1- Rho/Ras/Rab 
GTPase mediated signaling; 2- regulation of transcription and chromatin remodeling; 3-
phosphorylation/post-translational protein modification; 4- nervous 
system/heart development; 5- organization of actin cytoskeleton. 
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Table 2.3. Microarray analysis of candidate mRNA targets of FXR1. The complete list of 
FXR1 mRNA candidates is provided here. Each sample group, FXR-IP, Input and IgG-IP 
were normalized separately and the averages of the results from two chips compared. 
Only those targets with a log fold change level of 3.5 were considered “enriched.” Data is 
provided for the fold change of both FXR1-IP over input, and the negative control over 
input to represent “stickiness.” The data is provided from the highest to lowest fold 
change and can be read top to bottom, then left to right. 
 

Gene Symbol 

Fold 
Change 
FXR / 
Input 

Fold 
Change 
IgG / 
Input  Gene Symbol 

Fold 
Change 
FXR / 
Input 

Fold 
Change 
IgG / 
Input 

Chd7 5.16 -2.46  Zfp646 3.82 -3.85 
Pdzd2 5.08 -3.46  Uaca 3.82 -2.73 
Lats2 5.04 -3.04  Zfp142 3.82 -3.48 
Rnf160 4.91 -3.12  Golga3 3.82 -3.49 
Trappc10 4.90 -3.25  Secisbp2l 3.82 -3.61 
Ep300 4.86 -2.74  Ptpn13 3.82 -3.10 
Hivep2 4.82 -3.80  EG636398 3.82 -3.06 
Pcnx 4.82 -3.06  Smurf2 3.82 -4.06 
Camsap1l1 4.79 -3.17  Extl3 3.82 -4.04 
Med13l 4.78 -3.21  Senp6  3.82 -3.34 
Nipbl 4.73 -3.48  Dot1l 3.81 -2.75 
Ankrd50 4.73 -4.63  Cep164 3.81 -3.35 
9930021J03Rik 4.73 -5.04  Akap11 3.81 -3.97 
0610007P08Rik 4.73 -3.91  Med14 3.81 -3.36 
Usp32 4.72 -3.54  Maml2 3.81 -2.95 
Zfp518 4.71 -4.18  Brpf1 3.81 -3.04 
Ttc28 4.70 -2.71  Abl1 (Cbl) 3.81 -3.44 
Dicer1 4.69 -3.90  Usp25 3.81 -3.90 
Tln2 4.68 -3.67  Dock9 3.81 -2.67 
Map3k4 4.68 -3.71  Dgkd 3.80 -4.23 
D430042O09Rik 4.68 -3.02  Speg 3.80 -2.47 
Cdc42bpa 4.68 -4.86  Fam179b 3.80 -3.63 
AW555464 4.64 -3.10  Stxbp5 3.79 -3.99 
Jak2 4.64 -3.98  Arhgef2 3.79 -2.68 
Arhgef11 4.62 -4.56  Tns3 3.79 -3.88 
Arap2 4.62 -3.78  Tbc1d1 3.79 -4.50 
Sos2 4.61 -3.91  Arhgef7 3.79 -3.39 
Zfp236 4.59 -4.26  Zmym4 3.79 -4.37 
Dennd4a 4.58 -2.71  Dhx8 3.79 -3.76 
Myo5a 4.57 -2.80  Plcg1 3.78 -2.36 
Zcchc6 4.56 -4.33  Pds5b 3.78 -3.11 
Ptpn21 4.56 -4.02  Sfrs2ip 3.78 -4.18 
Sbf1 4.54 -3.04  C030046E11Rik 3.78 -4.29 
Setd2 4.54 -3.17  2210018M11Rik 3.78 -3.14 
Arid2 4.53 -3.45  Sp140 3.78 -3.51 
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Tyk2 4.53 -3.63  Ankfy1 3.77 -3.95 
Pik3cb 4.52 -2.62  Dennd5a 3.77 -3.75 
Bptf 4.52 -3.87  Chd6 3.77 -2.79 
Arfgef2 4.51 -3.65  Gtf3c1 3.77 -2.75 
Celsr1 4.51 -3.69  Mll1 3.77 -3.21 
Fryl 4.49 -2.99  Lrba 3.77 -4.78 
Sbf2 4.49 -3.02  Huwe1 3.77 -2.78 
Arhgef5 4.49 -3.93  1110037F02Rik 3.77 -3.56 
Dip2c 4.49 -4.72  Rock1 3.77 -2.83 
Sos1 4.48 -3.14  Map3k5 3.77 -3.80 
Lmtk2 4.48 -3.52  Plcb4 3.76 -2.62 
BC018507 4.45 -4.19  E430025E21Rik 3.76 -4.29 
Zbed4 4.44 -4.02  Tnks2 3.76 -3.38 
Tshz1 4.44 -4.06  Pde4a 3.76 -2.91 
BC005561 4.44 -2.50  Fam171b 3.76 -3.69 
Myo5b 4.43 -4.01  Snx33 3.76 -4.01 
Hivep1 4.43 -4.53  Map4k3 3.76 -3.46 
Ankrd11 4.43 -3.27  Fgd6 3.76 -4.20 
Crebbp 4.42 -2.45  Rad54l2 3.76 -2.71 
Dock5 4.42 -3.54  Tbc1d8 3.76 -3.95 
Arhgef17 4.41 -2.94  Rasal2 3.76 -4.68 
Apc 4.40 -4.51  Zfhx3 3.76 -3.35 
4932417H02Rik 4.40 -4.57  Phf20 3.76 -3.87 
Dnajc13 4.40 -3.69  Erbb2ip 3.75 -3.45 
Zcchc14 4.39 -3.62  Ipo8 3.75 -4.81 
Sec16a 4.39 -3.26  Atg2a 3.75 -3.05 
Tjp1 4.38 -4.29  Itpr1 3.75 -2.89 
Kif13a 4.37 -3.30  Smek2 3.75 -3.78 
Bptf 4.37 -3.85  Smcr8 3.75 -4.34 
Wdfy3 4.36 -3.34  Pacs1 3.75 -3.78 
Sipa1l2 4.36 -3.42  Zfp827 3.75 -3.34 
Wapal 4.36 -4.09  Pum2 3.75 -3.68 
Dlg5 4.35 -3.56  Dido1  3.75 -3.89 
Cdc42bpb 4.35 -3.49  N4bp1 3.75 -3.71 
Crybg3 4.35 -4.60  A230054D04Rik 3.75 -1.64 
Plekhh2 4.35 -4.44  Plekhm2 3.74 -2.82 
Rnasen 4.34 -4.47  Ar 3.74 -4.60 
B230339M05Rik 4.34 -3.42  Zfyve26 3.74 -3.32 
Nsd1 4.33 -4.03  Luzp1 3.74 -3.90 
Plxnc1 4.33 -3.75  Gm347 3.74 -3.00 
Dlc1 4.32 -2.87  Ttll7 3.74 -3.68 
Pde8a 4.32 -3.78  Syne2 3.74 -1.39 
Bat2 4.32 -2.77  Camta2 3.74 -2.54 
Pitpnm2 4.31 -2.67  Pacs2 3.74 -3.18 
Bmp2k 4.31 -3.83  Dmxl2 3.74 -4.63 
Aff1 4.30 -2.92  Ankrd17 3.73 -3.45 
Usp24 4.30 -4.11  2810474O19Rik 3.73 -3.34 
N4bp2 4.30 -3.75  Hmcn1 3.73 -2.92 
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Myo10 4.30 -2.84  Tex2 3.73 -4.25 
Nav1 4.29 -2.94  Rpap1 3.73 -3.49 
Nf1 4.29 -3.14  Bicc1 3.73 -3.37 
Trip12 4.28 -3.39  Svil 3.72 -2.89 
Mast4 4.28 -3.64  Akna 3.72 -3.07 
Arhgap21 4.28 -3.35  Magi3 3.72 -3.44 
EG668139 4.28 -3.86  Spg11 3.72 -3.30 
Cytsa 4.28 -3.75  Frmd4b 3.72 -3.43 
Usp38 4.27 -3.79  Gbf1 3.72 -2.99 
Atmin 4.27 -3.59  Usp1 3.72 -4.90 
Plce1 4.26 -3.58  Cdgap 3.72 -3.71 
Polr2a 4.26 -2.76  Myo18a 3.72 -2.57 
Rreb1 4.26 -3.27  Rassf4 3.71 -3.39 
Bat2l 4.26 -3.30  Myof 3.71 -3.42 
Dzip1 4.26 -3.87  Snord37 3.71 -2.21 
Fat4 4.25 -4.05  Als2 3.71 -4.29 
Ahnak2 4.25 -4.02  AU040829 3.71 -4.05 
Bbx 4.25 -3.64  Dock8 3.71 -3.49 
Myst3 4.25 -3.86  Pde5a 3.71 -4.17 
Alpk2 4.25 -3.32  Map4k4 3.71 -2.61 
Acaca 4.25 -3.43  1700081L11Rik 3.71 -3.38 
Phlppl 4.24 -3.42  Plxna1 3.71 -3.43 
Znfx1 4.24 -3.20  Eif4enif1 3.71 -3.53 
Phf3 4.24 -4.18  Mapkbp1 3.71 -2.38 
Tnrc6c 4.24 -2.74  Tanc2 3.71 -3.43 
Camsap1 4.23 -4.04  Maml1 3.71 -3.87 
Tulp4 4.23 -3.63  Fgd5 3.71 -3.04 
C2cd3 4.22 -3.54  Wnk2 3.70 -3.14 
Hcfc1 4.22 -3.07  Usp37 3.70 -3.70 
Ap1gbp1 4.20 -2.78  Zfp217 3.70 -3.69 
Arfgef1 4.20 -3.15  Adnp 3.70 -4.36 
Ubn1 4.20 -4.60  Lpin2 3.70 -3.93 
4631426J05Rik 4.20 -3.54  Zfp710 3.70 -3.36 
Arid1b 4.19 -3.59  Samd4b 3.70 -3.45 
Epb4.1 4.19 -2.86  Mll3 3.70 -2.81 
Ncor1 4.19 -2.34  Nr3c1 3.70 -3.72 
Cep350 4.19 -3.95  Lyst 3.70 -3.53 
D030074E01Rik 4.18 -3.89  Plxna4 3.69 -3.51 
Setx 4.18 -4.10  Tnks 3.69 -3.31 
BC046331 4.18 -4.06  Cnot1 3.69 -3.66 
Arhgap20 4.18 -4.19  C330019G07Rik 3.69 -3.00 
Ncoa3 4.17 -2.62  Daam1 3.69 -2.80 
Phf15 4.17 -3.18  Xpo1 3.69 -3.96 
Cacna1g 4.16 -3.12  Xirp1 3.69 -3.02 
Usp6nl 4.16 -4.12  Zc3h6 3.69 -2.86 
Cabin1 4.16 -2.86  Nbea 3.69 -4.09 
Grlf1 4.16 -4.16  Akap13 3.68 -2.90 
Rapgef1 4.16 -3.45  Spnb1 3.68 -3.52 
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Cep170 4.16 -3.86  Sipa1l1 3.68 -4.03 
Zfyve9 4.15 -4.75  Smg7 3.68 -3.65 
Heatr5a 4.14 -3.96  AU042671 3.68 -3.75 
Bdp1 4.14 -3.82  Trio 3.68 -3.13 
Mga 4.14 -3.55  Kif16b 3.68 -3.92 
Cdc2l5 4.14 -3.35  5830417I10Rik 3.68 -4.14 
Ube3b 4.14 -3.46  Ralbp1 3.68 -2.60 
4933428G20Rik 4.14 -4.20  Ap2a2 3.68 -3.69 
Rapgef2 4.13 -4.30  Urb2 3.67 -4.35 
Phlpp 4.13 -4.50  Nedd4l 3.67 -5.00 
Ncoa1 4.13 -3.49  BC034090 3.67 -3.18 
Plekhg1 4.13 -5.04  Smarca2 3.67 -3.12 
Wwc2 4.13 -4.24  Kcnb1  3.67 -3.23 
Pdzd8 4.12 -3.62  Dusp8 3.66 -3.46 
Rb1cc1 4.12 -3.60  B230380D07Rik 3.66 -4.02 
Ncoa2 4.12 -3.09  Nfatc3 3.66 -4.66 
Scn2a1 4.12 -2.44  Nbas 3.66 -3.95 
Ncoa6 4.12 -2.99  Erbb3 3.66 -4.98 
Nhsl1 4.12 -4.07  Cmya5 3.66 -3.30 
Cecr2 4.12 -3.35  Akap2 3.66 -3.29 
Akap11 4.12 -3.62  Cul7 3.66 -4.80 
Ncor2 4.11 -2.68  Atp11a 3.66 -3.62 
Npat 4.11 -3.91  Tiparp 3.66 -3.29 
Arhgef12 4.11 -3.05  Cc2d2a 3.66 -3.07 
4921513D23Rik 4.11 -3.87  Rasa1 3.66 -3.73 
Plekhm1 4.11 -3.80  Pcm1 3.66 -3.35 
Myh10 4.10 -3.24  Nr3c2 3.66 -3.77 
Hisppd2a 4.10 -3.39  Tceb3 3.65 -3.20 
Supt6h 4.10 -3.35  Ptch1 3.65 -4.39 
A230067G21Rik 4.10 -3.16  Bahcc1 3.65 -2.29 
Pcnxl3 4.10 -2.91  Pi4ka 3.65 -3.23 
Rbbp6 4.10 -2.66  Arid4b 3.65 -2.94 
Peg10 4.09 -4.52  Ccdc88a 3.65 -3.50 
Tpr 4.09 -3.11  Dip2b 3.65 -3.04 
Usp47 4.09 -3.20  Setd1a 3.65 -2.79 
Prex2 4.09 -3.42  Phf20 3.65 -2.19 
Pdzrn3 4.08 -3.70  Nes 3.65 -2.72 
Larp1 4.08 -3.58  Rad54l2 3.64 -2.61 
Smarca4 4.08 -3.19  Caskin2 3.64 -2.62 
Fam160a1 4.08 -3.45  Tbc1d9b 3.64 -3.38 
Chd1 4.08 -3.84  Saps2 3.64 -2.97 
Tsc2 4.07 -3.96  Jmjd1b 3.63 -3.35 
Setd5 4.07 -2.82  Ncoa7 3.63 -3.08 
9430020K01Rik 4.07 -3.56  Arid4a 3.63 -2.37 
Nckap1 4.07 -4.27  Plk4 3.63 -3.51 
Arhgef5 4.06 -2.93  Rc3h2 3.63 -3.60 
Btbd7 4.06 -4.46  Ylpm1 3.63 -3.15 
Tet1 4.06 -3.91  Slmap 3.63 -3.30 
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Usp34 4.06 -3.43  Pak6 3.63 -4.08 
Usp7 4.06 -3.50  Trim37 3.63 -4.33 
Gpr125 4.05 -4.40  Farp1 3.63 -3.06 
Farp2 4.05 -4.39  Gm608 3.63 -2.86 
Abr 4.05 -3.71  Ankrd28 3.63 -4.72 
Fam178a 4.05 -3.83  Zfyve20 3.63 -4.74 
Inppl1 4.05 -3.52  Mapk4 3.62 -3.92 
Frap1 4.05 -3.29  Ankrd27 3.62 -3.53 
Ank2 4.05 -2.82  Dapk1 3.62 -3.49 
Rbl2 4.05 -4.08  Tlr4 3.62 -4.39 
2610507B11Rik 4.04 -3.18  Med13 3.62 -4.94 
A630007B06Rik 4.03 -3.58  Lrp6 3.62 -3.79 
Dmxl1 4.03 -3.68  Cux2 3.62 -3.11 
Gm340 4.03 -2.87  Gtf3c2 3.62 -2.60 
Jmy 4.03 -2.32  Zmym2 3.61 -3.88 
Usp42 4.03 -3.82  Tiam1 3.61 -4.01 
Ppp1r13b 4.02 -3.02  Mink1 3.61 -2.52 
Taf2 4.02 -4.49  Lrrk2 3.61 -3.69 
Rapgef6 4.02 -4.04  Fem1a 3.61 -4.02 
Dock1 4.02 -4.23  Iqsec1 3.61 -2.83 
Plxnd1 4.02 -2.88  Btbd12 3.61 -3.82 
Mtap1b 4.01 -3.20  Utx 3.61 -4.97 
Fat1 4.01 -3.41  Rsbn1l 3.61 -3.00 
Kank1 4.01 -4.52  Usp54 3.61 -3.05 
Atg2b 4.01 -3.79  Inpp5e 3.61 -2.85 
Ssfa2 4.00 -2.69  Hisppd1 3.61 -3.76 
Mfhas1 4.00 -4.79  Pkn1 3.61 -3.02 
Mlh3 4.00 -4.19  Ep400 3.61 -3.31 
Samd9l 4.00 -2.96  Fhod3 3.60 -3.05 
Fam102a 4.00 -4.75  Eml4 3.60 -2.96 
Adcy5 4.00 -3.69  Asap1 3.60 -3.07 
Polr1a 4.00 -3.75  Dopey1 3.60 -3.42 
Anapc1 3.99 -4.86  Uhrf1bp1 3.60 -3.85 
Jmjd1c 3.99 -2.61  Rgs12 3.60 -3.91 
Pik3c2a 3.99 -3.52  Hdac4 3.60 -3.50 
Ulk1 3.99 -3.16  Polg 3.60 -4.06 
Erc1 3.99 -3.54  Mkl2 3.60 -3.51 
Bcor 3.99 -3.85  Golgb1 3.60 -2.98 
Clock 3.98 -3.85  Chd4 3.60 -3.26 
Irs1 3.98 -4.36  Arhgef10 3.60 -3.02 
Ankhd1 3.98 -4.00  Mtss1l 3.59 -3.34 
Ube3c 3.98 -3.81  Sash1 3.59 -3.48 
Baz2a 3.98 -2.08  Phldb2 3.59 -2.96 
Brwd3 3.97 -3.29  Cubn 3.59 -3.01 
Ncapd3 3.97 -4.55  Spred1 3.59 -4.15 
Mll5 3.97 -3.65  Ranbp6 3.59 -4.36 
Uhrf1bp1l 3.97 -3.49  BC032203 3.59 -3.90 
Ube4b 3.97 -3.71  Tln1 3.59 -3.14 
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Casz1 3.97 -2.60  Casp8ap2 3.59 -3.57 
Rest  3.97 -4.01  Pds5a 3.59 -3.54 
Pbrm1 3.96 -3.63  Pde4dip 3.59 -2.98 
Camta1 3.96 -3.52  Fam116a 3.59 -3.96 
Phf2 3.96 -3.51  Arhgap5 3.59 -4.49 
Hmgxb3 3.96 -4.42  Ipo5 3.59 -3.46 
Tbc1d14 3.95 -2.43  Zfp462 3.58 -3.79 
Pkn2 3.95 -4.28  Adamts5 3.58 -4.39 
Shroom4 3.95 -3.91  Phf12 3.58 -4.12 
Fam46c 3.95 -5.83  5830418K08Rik 3.58 -4.00 
4932438A13Rik 3.95 -3.85  Zfp712 3.58 -2.52 
Fndc3a 3.95 -3.36  Nup205 3.58 -3.99 
Akap11 3.94 -3.84  Rps6kc1 3.58 -4.34 
Pik3ca 3.94 -3.83  Ncdn 3.58 -3.77 
2410089E03Rik 3.94 -3.92  Shroom3 3.58 -4.36 
Myo9a 3.94 -3.80  Nol8 3.58 -2.79 
Zfp318 3.94 -3.31  Zbtb33 3.58 -2.84 
Tanc1 3.94 -3.12  Trrap 3.58 -2.66 
2410025L10Rik 3.94 -3.25  Ocrl 3.58 -4.66 
Sec24b  3.94 -3.62  Rnf216 3.58 -3.71 
Dclre1a 3.93 -4.01  Rbm16 3.57 -3.43 
Dennd4b 3.93 -3.11  Rin3 3.57 -3.72 
Maml3 3.93 -3.22  Smarcc1 3.57 -3.54 
Slfn8 3.93 -3.05  Flt4 3.57 -4.73 
Ube2o 3.92 -3.40  Dock2 3.57 -3.28 
Rock2 3.92 -2.80  Asxl1 3.57 -3.48 
D15Ertd621e 3.92 -4.15  Ttll7 3.57 -3.23 
Sin3a 3.92 -3.71  Urb1 3.57 -4.01 
Stag2 3.92 -2.94  Gcc2 3.57 -1.91 
Zswim5 3.92 -3.71  Pld1 3.57 -4.43 
Myo18b 3.92 -3.52  Opa1 3.57 -4.28 
Prkcbp1 3.91 -3.27  Pip5k3 3.57 -3.74 
Morc2a 3.91 -3.31  Trps1 3.57 -3.82 
Ank3 3.91 -4.30  Kpnb1 3.56 -2.92 
Gramd1b 3.91 -2.81  Topbp1 3.56 -4.01 
Tubgcp6 3.91 -2.79  Nup214 3.56 -3.40 
Rfx7 3.91 -4.35  Bcl9 3.56 -3.36 
Aff4 3.91 -3.00  Tbc1d2b 3.56 -3.77 
Parp14 3.91 -3.57  Neurl4 3.56 -3.21 
4933409K07Rik 3.90 -4.03  Cask 3.56 -3.83 
Atad2b 3.90 -3.59  Kctd3 3.56 -4.43 
Mast2 3.90 -3.84  Unc13b 3.56 -3.45 
Ulk2 3.90 -3.80  Scaf1 3.55 -3.77 
Pde3b 3.90 -3.64  Aim1 3.55 -3.34 
Dock10 3.90 -3.55  Gvin1 3.55 -4.18 
Aggf1 3.90 -4.19  2700081O15Rik 3.55 -3.15 
Zfpm1  3.90 -2.68  Dip2a 3.55 -3.48 
Rnpepl1 3.90 -3.19  Mark1 3.55 -4.57 
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Pkd1 3.89 -2.94  Arhgef19 3.55 -3.52 
Mtmr10 3.89 -4.13  Osbpl11 3.55 -4.97 
Tlk1 3.89 -4.57  Nbeal1 3.55 -3.30 
AI314180 3.89 -3.76  Ttbk2 3.55 -5.01 
Itsn2 3.89 -3.21  Daxx 3.54 -4.11 
Dock11 3.89 -4.27  Fbxo11 3.54 -3.46 
Garnl1 3.89 -2.77  Dis3 3.54 -4.24 
Ankib1 3.89 -3.74  Map3k3 3.54 -4.33 
C230081A13Rik 3.89 -3.55  Rgnef 3.54 -3.59 
Rc3h1  3.89 -3.75  Lrrk1 3.54 -4.39 
Fry 3.88 -3.31  2310021P13Rik 3.54 -2.73 
Prr12 3.88 -3.42  Gtf2ird1 3.54 -3.44 
Cic 3.88 -2.63  Brd4 3.54 -3.22 
Hectd1 3.88 -3.50  Prpf8 3.54 -3.63 
Ankrd12 3.88 -3.89  Ino80 3.54 -3.58 
Cebpz 3.88 -2.52  Cyfip2 3.54 -3.58 
Ralgds 3.88 -3.35  Sacs 3.54 -2.65 
Fnip2 3.88 -4.41  Plxnb2 3.54 -4.00 
Rab11fip3 3.88 -3.23  Mid2 3.54 -4.06 
Rev3l 3.88 -4.03  9030420J04Rik 3.54 -4.99 
Kif1b 3.87 -3.43  Cgnl1 3.53 -3.47 
Aff2 3.87 -5.01  Kif21a 3.53 -3.49 
Zfp521 3.87 -3.77  Htt 3.53 -3.89 
Arhgef10l 3.87 -3.27  Palm2-akap2 3.53 -3.24 
Taf1 3.87 -4.00  Ssh2 3.53 -3.34 
Arhgap29 3.87 -2.60  Zfhx2 3.53 -3.91 
Zeb1 3.87 -2.96  Cand1 3.53 -4.97 
Gapvd1 3.87 -3.82  Lrrc41 3.53 -4.46 
Mical3 3.87 -2.62  Zhx2 3.53 -3.26 
Tmf1 3.87 -3.82  Sgsm2 3.53 -3.99 
Ttc3 3.87 -3.80  Smc4 3.53 -3.38 
Helb 3.87 -3.33  Med12l 3.53 -3.95 
Utrn 3.87 -3.14  Naip2 3.53 -2.90 
Fam120c 3.87 -3.67  Eprs 3.53 -3.75 
Dchs1 3.86 -3.71  Taf5l 3.53 -3.96 
Tns1  3.86 -2.54  Nod1 3.52 -3.93 
Tshz2 3.86 -4.24  Phf17 3.52 -4.24 
Eea1 3.86 -2.62  Vps13c 3.52 -3.65 
Usp53 3.85 -4.13  Megf8 3.52 -2.93 
Srcap 3.85 -3.17  Ptprj 3.52 -3.29 
Spen 3.85 -3.58  Usp9x 3.52 -4.12 
Foxo3  3.85 -3.63  Adamts9 3.52 -4.75 
4931406P16Rik 3.85 -3.48  Zcchc11 3.52 -3.07 
Evi1 3.85 -3.75  4921505C17Rik 3.52 -3.99 
Clec16a 3.84 -3.68  Usp8 3.52 -3.28 
Eif4g3 3.84 -3.39  Vprbp 3.52 -5.07 
Larp1 3.84 -3.32  Zhx3 3.52 -3.59 
Arid1a 3.84 -2.89  Jarid1b 3.52 -2.75 
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Xpot 3.84 -3.66  Mical2 3.51 -3.54 
Baz1b 3.84 -3.10  Tnpo3 3.51 -4.04 
Ascc3 3.84 -4.00  Iqgap2 3.51 -4.16 
Top2b 3.83 -3.68  Dennd4c 3.51 -4.21 
Mn1 3.83 -4.83  Mprip 3.51 -3.48 
Arid5b 3.83 -1.93  Gtf3c4 3.51 -4.11 
Cep192 3.83 -3.22  Baz2b 3.51 -2.26 
Zfp777 3.83 -4.06  2810051F02Rik 3.51 -2.98 
Upf2  3.83 -3.53  Tbc1d4 3.51 -3.50 
Acacb 3.83 -2.39  Dstyk 3.51 -3.60 
Ppfia1 3.83 -3.06  Aftph 3.51 -3.64 
Ahctf1 3.83 -3.14  Zbtb38 3.51 -3.72 
9630058J23Rik 3.83 -3.40  Mdc1 3.50 -2.58 
6720487G11Rik 3.83 -3.09  Rbbp8 3.50 -3.54 
Limd1 3.83 -4.32  Wdtc1 3.50 -4.18 
Myo9b 3.82 -2.63  Fxr1 3.47 1.42 
Dab2ip 3.82 -2.89  Dsp 2.97 -2.83 
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Table 2.4. Primer list for qPCR. Forward and reverse primer sequences utilized in real-
time PCR experiments are listed by target gene name. Gene Accession numbers from 
NCBI are provided for reference. 

Gene 
Name 

Accession 
Number 

Forward Primer Reverse Primer 

Odc NM_013614.2 GCCAGTAACGGAGTCCAGAT ATCATCAGTGGCAATCCGTA 
β2M NM_009735.3 ACACTGAATTCACCCCCACT TCACATGTCTCGATCCCAGT 
Dsp XM_621314.3 GAGCATCCACAACACCATTG AGGCTTTCAGCAGGTTTTCA 
Tln2 NM_001081242.2 GGCACACTGAATGCAGAGAA CGAGGAGCTTTGTGTCTTCC 
Des NM_010043.1 GAGGTTGTCAGCGAGGCTAC GAAAAGTGGCTGGGTGTGAT 
Vim NM_011701.4 ATGCTTCTCTGGCACGTCTT AGCCACGCTTTCATACTGCT 
Gja1 NM_010288.3 AGAGCCCGAACTCTCCTTT TGGAGTAGGCTTGGACCTTG 
Cdh2 NM_007664.4 CGGTTCACTTGAGAGCACA CATACGTCCCAGGCTTTGAT 
Vcl NM_009502.4 GAAGGAGACTGTGCGAGAGG TGTACCAGCCAGATTTGACG 
Itga6 NM_008397.3 AGCCCCAGGGACTTACAACT CTTCATAGGGCCCATCTTCA 
Itgb1 NM_010578.2 AACTGCACCAGCCCATTTAG ACATTCCTCCAGCCAATCAG 
Dmd NM_007868.5 TCAGGAGCTGCTTCCAATTT TTGATGCTTGGCAGTTTCAG 
Thrap1 NM_001080931 ACTGACTGGGTTTGGTCCAG CTGTCCAGCTTCTCCAAAGG 
Thrap2 NM_172424 TGTTTGCTCCACTGAAGACG CCCGACACTAGGCACGTTAT 
ThrA NM_178060 AAGACGAGCAGTGTGTCGTG TGGGATGGAGATTCTTCTGG 
ThrB NM_001113417 GGGCTAGCCTGTGTTGAGAG GCCAAAAGTGTGTCACATGG 
Nfatc3 NM_010901 GTGGTGCAACTGTGAGCATT TGGCTTGGGAAACAGAAATC 
Serca2 NM_001110140 TACTGACCCTGTCCCTGACC CACCACCACTCCCATAGCTT 
Pln NM_001141927 GGCTGCCTGTTGTCAACTTT TAGCCGAGCGAGTGAGGTAT 
Ep300 NM_177821 GAGGTCACTGTTCGGGTTGT GCCTTTGTTCGGTATGGAAA 
Myh6 NM_010856 AGTCCCAGGTCAACAAGCTG TTATTGTGTATTGGCCACAG 
Myh7 NM_080728 AGCATTCTCCTGCTGTTTCC TAAGCCCAGGCCTGTAGAAG 
Ttn NM_011652 GAGCAAACTGCTCAGAGGAC GCTTTATCGGCAGCAACTAC 
cTnI NM_009406 CCTCAAGCAGGTGAAGAAGG GGACGTCCTTCAGAGCACA 
ssTnI NM_021467 AGAAGATGTTCGACGCTGCT GGCACGAGCAGAAAGATAGG 
Jup NM_010593 CTGTGTGCCCTCTGTAAGCA GAACTGTCCTCGCCTGAGAC 
Tjp1 NM_009386 GCCAGAGAAAAGTTGGCAAG ATGGTCAGTCCCAGCATCTC 
Fak NM_007982 GCGATCCTATTGGGAGATGA TTTTGGCCTTGACAGAATCC 
Zasp NM_011918 GGCATTCACTCCCAGCTATT TGATCCGGGAGATAGTGAGG 
Fermt2 NM_146054 ATGAGATCTGGCTTCGCTGT TCAGATGCTGCATTTTCAGG 
Tcp1 NM_013686 GGTGGAGGTGCTGTAGAAGC TAGCAAGCTGTTCCCGAGAT 
Cct2 NM_007636 ATCTTCAAGGCTGGAGCTGA GAGAATGGTAGCACCGTCGT 
Cct3 NM_009836 AGTGCTCGTGCTCAGTCAGA TTGGGTCCAAAAGCATCTTC 
Cct7 NM_007638 TAGTTGCTGGTGTTGCGTTC TATTCCACTCGGCATCAACA 
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Figure 2.4. Validation of mRNA targets identified by microarray. Replicate FXR1-RNA-
Immunoprecipitations were used to validate microarray and candidate mRNA targets. 
Data is represented as Fold change of immunoprecipitated RNA over input RNA. All 
samples were normalized prior to cDNA synthesis. Biological categories are marked by 
colored text with the key provided below. For most targets, RNA-IPs were performed in 
biological triplicate, those targets marked with a “!” were tested in technical triplicate 
using the same biological sample under different IP conditions. 
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Figure 2.5 Loss of FXR1 alters developmental isoform expression in E18.5 mouse 
hearts. In (A) SDS-PAGE was performed on  WT and Fxr1 KO hearts to separate myosin 
α from myosin β isoforms. WT Fxr1 mice show and α:β ratio of 2.27, whereas the KO 
Fxr1 hearts show a α:β ratio of 0.56. Troponin I isoforms were also compared in (B), WT 
and KO animals display a cTnI:ssTnI ratio of 1.22 and 0.18, respectively. No detectable 
difference in titin isoform expression or total titin levels was observed between WT and 
KO hearts, (C) is a representative gel and (D) is the quantification of the gels. 
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Figure 2.6 Knockdown of FXR1 in neonatal cardiomyocytes. Neonatal rat 
cardiomyocytes (NRCs) were infected with packaged lentiviral FXR1-shRNA. Lanes 1 & 
3 are from samples treated with a control scramble shRNA, lanes 2 & 4 are samples from 
FXR1-shRNA treated NRCs. Paired control and knockdown samples were taken from 
one culture at 4 days post infection (1 & 2). A second paired control and knockdown 
sample were taken from a second culture at 8 days post infection (3 & 4). As indicated by 
the Western Blot for FXR1, the knockdown from the shRNA is robust and nears 100%. 
Desmoplakin (DSP) protein levels increase with the reduction of FXR1 protein levels (2 
& 4). GAPDH was used as a loading control. Immunofluorescence of control (A‘-D‘) and 
knockdown NRCs (E‘-H‘) shows a reduction in intensity of FXR1 in E‘. 
 

A)            1        2       3        4 

 

B) 
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Figure 2.7. FXR1 Subcellular Localization. Accumulations of FXR1P (A) can be found 
colocalizing at intercalated discs with desmoplakin (A’). (B) FXR1P punctae are enriched 
at cardiac Z-discs where Talin (B’) links the sarcomere to the plasma membrane. (C & D) 
FXR1P is diffusely located in the cytoplasm of neonatal rat cardiomyocyes (C) but 
remains associated with the cytoskeleton after 1% Triton-X extraction (D) and 
colocalizes with alpha-actinin (C’ and D’). (E) GFP-FXR1P accumulates in large punctae 
when highly overexpressed. 
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Table 2.5. Shared mRNA targets of FXR1 and Staufen. Candidate mRNA lists from 
FXR1 and Staufen were merged to identify overlapping candidate targets. The gene name 
and brief description of function are provided. 
 
Gene Name Description 
1700081L11Rik RIKEN cDNA 1700081L11 gene 
Acaca acetyl-Coenzyme A carboxylase alpha 
Ankfy1 ankyrin repeat and FYVE domain containing 1 

Arfgef2 
ADP-ribosylation factor guanine nucleotide-exchange factor 2 (brefeldin A-
inhibited) 

Arhgap20 Rho GTPase activating protein 20 
Arhgap5 Rho GTPase activating protein 5 switch between adipogenesis and myogenesis 
Arhgef12 Rho guanine nucleotide exchange factor (GEF) 12 
Arid1b AT rich interactive domain 1B (SWI-like) 
Btbd7 BTB (POZ) domain containing 7 
Camsap1 calmodulin regulated spectrin-associated protein 1 
Cebpz CCAAT/enhancer binding protein zeta 
Cnot1 CCR4-NOT transcription complex, subunit 1 
Dennd4b DENN/MADD domain containing 4B 
Dip2a DIP2 disco-interacting protein 2 homolog A (Drosophila) 
Dmxl1 Dmx-like 1 
Dock1 dedicator of cytokinesis 1 regulates myoblast fusion 
Dock1 dedicator of cytokinesis 1 
Fam116a family with sequence similarity 116, member A 
Farp2 FERM, RhoGEF and pleckstrin domain protein 2 
Fem1a feminization 1 homolog a (C. elegans) 
Flt4 FMS-like tyrosine kinase 4 
Golga3 golgi autoantigen, golgin subfamily a, 3 
Hdac4 histone deacetylase 4 
Hisppd2a histidine acid phosphatase domain containing 2A 
Inpp5e inositol polyphosphate-5-phosphatase E 
Iqsec1 IQ motif and Sec7 domain 1 
Limd1 LIM domains containing 1 
Lpin2 lipin 2 
Lrrc41 leucine rich repeat containing 41 
Mga MAX gene associated 
Ncoa3 nuclear receptor coactivator 3 
Nfatc3 nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 3 
Nipbl Nipped-B homolog (Drosophila) 
Pacs1 phosphofurin acidic cluster sorting protein 1 
Phf15 PHD finger protein 15 
Phlppl PH domain and leucine rich repeat protein phosphatase-like 
Rpap1 RNA polymerase II associated protein 1 
Smarcc1 SWI/SNF related, matrix associated, actin dependent regulator of chromatin 
Tbc1d2b TBC1 domain family, member 2B 
Tiparp TCDD-inducible poly(ADP-ribose) polymerase 
Tmf1 TATA element modulatory factor 1 
Tnks tankyrase, TRF1-interacting ankyrin-related ADP-ribose polymerase 
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Tnks2 tankyrase, TRF1-interacting ankyrin-related ADP-ribose polymerase 2 
Tns3 tensin 3 
Ube3c ubiquitin protein ligase E3C 
Ulk1 Unc-51 like kinase 1 (C. elegans) Autophagy 
Ulk2 Unc-51 like kinase 2 (C. elegans) 
Utx ubiquitously transcribed tetratricopeptide repeat gene, X chromosome 
Vprbp Vpr (HIV-1) binding protein 
Wdfy3 WD repeat and FYVE domain containing 3 autophagy (?) 
Wdtc1 WD and tetratricopeptide repeats 1 
Zfp236 zinc finger protein 236 
Zfyve20 zinc finger, FYVE domain containing 20 
Zfyve26 zinc finger, FYVE domain containing 26 
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Table 2.6. Candidate mRNA targets of FXR1 containing an AU-rich element (ARE). 
Candidate mRNA targets of FXR1 identified by microarray analysis were run against the 
AU-rich element-containing mRNA database to identify candidate targets containing a 
predicted AU-rich element. Candidtate gene names with the corresponding NCBI 
Accession number, the ARE sequence and the location within the mRNA transcript are 
provided in the table below. 
 

Gene Name Accession # ARE Sequence Location 
4921505C17Rik NM_030168 AAGTATTTATATA 3941-3953 

5830418K08Rik NM_176976 ATATATTTATTTA 284-296 

A230067G21Rik NM_001033348 ATTTATTTATTTATTTATTTT 1634-1654 

Abr NM_198895 TATTATTTATAAA 2001-2013 

Aff4 NM_033565 TATTATTTATTTT 6180-6192 

Aftph NM_181411 ATATTTATTTACA 154-166 

Ank2 NM_178655 TTATATTTAATTT 335-347 

Ankrd12 NM_001025572 TATTATTTATATT 207-219 

Ankrd17 NM_030886 TTTTATTTATTTA 2081-2093 

Ankrd50 NM_001033198 ATATTTATTTAAT 1825-1837 

Arhgap29 NM_172525 TAATATTTACATA 477-489 

Arhgef10 NM_172751 TGTTATTTATATT 404-416 

AU024582 NM_153125 AAATATTTAAAAA 1062-1074 

Baz2b NM_001001182 AATTATTTATGAT 488-500 

BC043118 NM_174848 AAGTATTTATATT 504-516 

Bcl9 NM_029933 TAAGATTTATTTT 204-216 

Bcor NM_175045 TTGTATTTATATT 747-759 

Birc1b NM_010872 TTTTATTTAGTAA 2044-2056 

Cdgap NM_020260 ATATTTATTTACA 2587-2599 

Chd6 NM_173368 ATTTATTTATGTA 1726-1738 

Clock NM_007715 TGATTTATTTAAT 4870-4882 

Crsp2 NM_001048208 AATTATTTATGAT 1814-1826 

Cyfip2 NM_133769 TTACATTTATTTA 2269-2281 

D030074E01Rik NM_029491 TTATATTTATAAC 713-725 

Daam1 NM_026102 ACATATTTATTAA 1430-1442 

Dapk1 NM_134062 TATGATTTATAAA 518-530 

Dennd4b NM_201407 ATTTAGTTATTTA 454-466 

Dhx8 NM_144831 ATTTATTTTTTTA 481-493 

Dock8 NM_028785 TTTTATTTATTTA 653-665 

Dusp8 NM_008748 TTTTATTTATTTA 125-137 

EG627299 NM_011308 AAATATTTATATA 1574-1586 

Fat4 NM_183221 TATAATTTATATA 851-863 
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Fgd6 NM_053072 TGTTATTTATTAA 179-191 

Fndc3a NM_207636 TTTAATTTATTAT 1419-1431 

Gapvd1 NM_025709 AAATATTTATTAG 630-642 

Gm608 NM_001029889 GATTATTTATATT 1011-1023 

Golga3 NM_008146 TATTATTTATTTG 58-70 

Gtf3c1 NM_207239 ATGTATTTATTTA 512-524 

Helb NM_080446 AAATATTTATTAC 695-707 

Hisppd1 NM_173760 TAATATTTAAATA 1047-1059 

Hivep2 NM_010437 TAATATTTATTTT 482-494 

Inpp5e NM_033134 AATCATTTATTTT 727-739 

Irs1 NM_010570 TTTGATTTATATA 463-475 

Itsn2 NM_011365 AATTATTTATGTA 643-655 

Lats2 NM_015771 TATTATTTATTGA 1554-1566 

Mapkbp1 NM_011941 ATTTATTAATTTA 152-164 

Mid2 NM_011845 TATCATTTATTAT 365-377 

Morc2a NM_198162 AAATATTTATTTT 162-174 

Ncapd3 NM_178113 TATTATTTATAAT 428-440 

Ncoa7 NM_172495 TTTTATTTAGTTT 772-784 

Nf1 NM_010897 CTATATTTATTTT 1311-1323 

Nfatc3 NM_010901 ATATATTTAAATA 1337-1349 

Nr3c1 NM_008173 AATTATTTAATAA 2186-2198 

ORF34 NM_198105 AAATATTTATGTA 117-129 

Palm2 NM_172868 TTATATTTATTAT 1734-1746 

Pcnx NM_018814 ATTTATTTATATA 559-571 

Pde4dip NM_001039376 TCTTATTTATTTT 1436-1448 

Pde8a NM_008803 TTTTATTTATTTT 399-411 

Pdzd8 NM_001033222 ATTAATTTATTTT 238-250 

Phf12 NM_174852 TTTTATTTAATAT 434-446 

Pik3cb NM_029094 ATGTATTTATTAA 937-949 

Plekhh2 NM_177606 TTGTATTTATTTT 1360-1372 

Plk4 NM_173169 TTATATTTATTTT 381-393 

Ptpn13 NM_011204 ATATATTTATATA 5912-5924 

Rab6ip1 NM_021494 TTATTTATTTAAC 676-688 

Rb1cc1 NM_009826 AAATATTTAATTT 1166-1178 

Sacs NM_172809 ATTTATTTATTTATTTT 24-40 

Samd4b NM_175021 ACATATTTATATA 580-592 

Sec24b NM_207209 ATTTATTTATGAT 1337-1349 

Setd5 NM_028385 TTTTATTTATCTA 1216-1228 

Slmap NM_032008 TTTAATTTATATA 138-150 
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Specc1l NM_153406 TTTTATTTATTAT 1669-1681 

Svil NM_153153 ATATATTTATATA 367-379 

Tanc1 NM_198294 ATTTATTTATTTA 704-716 

Tbc1d1 XR_005071 ACATATTTATTTT 736-748 

Tbc1d8 NM_018775 TTCTATTTATTAA 110-122 

Tceb3 NM_013736 ATGTATTTATAAT 309-321 

Tiam1 NM_009384 TTATATTTATACA 847-859 

Tiparp NM_178892 ATTTATTTTTTTA 1530-1542 

Tlr4 NM_021297 CTATATTTATTAA 541-553 

Tnks NM_175091 CTTTATTTATTAA 1508-1520 

Tulp4 NM_054040 TTATTTATTTAGA 1897-1909 

Usp6nl NM_181399 TTAAATTTATTTT 2038-2050 

Vprbp NM_001015507 GTATTTATTTAAA 945-957 

Xpo1 NM_134014 TTACATTTATTTT 898-910 

Zc3h6 NM_178404 GTTTATTTATTTT 75-87 

Zfhx1a NM_011546 ATTTCTTTATTTA 1301-1313 

Zmym2 NM_029498 TATTATTTATTTG 1830-1842 

Zswim5 NM_001029912 AACTATTTATAAT 384-396 
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Figure 2.8 Localization of Desmin and Connexin 43 are unaltered in E18.5 Fxr1 KO 
mouse hearts. No detectable differences were seen in connexin43 (Cn43) or desmin (Des) 
immunolocalization in Fxr1 KO mice. 
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 Figure 2.9. Silver stained gel of FXR1 co-IP. FXR1 was immunoprecipitated under the 
same conditions used to identify mRNA candidates. The protein complex was run by 
10% SDS-PAGE and silver stained for protein visualization. Unique protein products in 
the FXR1-IP compared to the FXR1+peptide-IP were cut out of the gel, in-gel digested 
with trypsin and analyzed by mass spectrometry. The peptide identification is provided 
nest to the corresponding protein band identified by silver stain. 
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Table 2.7. Protein interacting candidates from yeast-2-hybrid screen. A yeast-2-hybrid 
screen was performed with full length FXR1 (longest isoform e) as bait and a human 
heart library as prey. Yeast colonies that survived selection from the screen were isolated 
for DNA extraction and sent for sequencing. The sequencing results of candidate 
identification are provided below. Some candidates were then tested in a yeast-2-hybrid 
assay for confirmation of interaction and identification of auto-activation of the prey 
alone. 
 

Protein Candidate Putative Function Confirmed 
Cardiac Actin (ACTC) Sarcomeric Actin N/A 
Gamma Actin (ACTG) Costameric Actin N/A 
Aconitase 2 (Aco2) Mitochondrial Enzyme N/A 
Ancient Ubiquitous Protein 
(AUP1) 

Binds ubiquitin-conjugating 
enzymes and integrin receptors 

Auto 

Collagen (Col1a) Extracellular matrix protein N/A 
Collagen (Col4a) Extracellular matrix protein N/A 
Myospryn (Cmya5) Protein kinase A signalling and 

vesicular trafficking 
YES 

Daz Associated protein 2 
(Dazap2) 

Cell signaling and transcription 
regulation, formation of stress 
granules during translation arrest, 
RNA splicing 

YES 

Filamin C (FlnC) Actin cross-linking protein Auto 
Fragile X related protein-1 (Fxr1) RNA-binding protein N/A 
Galectin-1 (Lgals) ? Auto 
 (Masp1) Complement activation N/A 
Myosin binding protein-c 
(Mybpc3) 

Thick filament binding protein that 
helps regulate striated muscle 
contraction 

? 

(Nadh)  N/A 
Palladin (Palld) Organizes the actin cytoskeleton. 

Involved in the control of cell shape, 
adhesion, and contraction 

Auto 

Phosphoglucomutase 1 (Pgm1)  N/A 
Pro-saposin (Psap) Catabolism of glyco-sphingolipids in 

the lysosome 
Auto 

Rack1 (Gnb2l1) Receptor of activated PKC YES 
Syntrophin (SNTA1) Associated with dystrophin complex YES 
KEY: 
“Auto” = Auto-activating prey 
“YES” = confirmed by Y2H Assay with FXR1 bait and individual identified prey 
“N/A” = not tested 
“?” = tested by Y2H assay but results inconclusive
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Figure 2.10 Recombinant FXR1 binds non-specifically to 6X-HIS tag. 
Protein-protein interacting candidates, HIS-Dazap2 and HIS-Rack1 were tested by 
enzyme-linkedimmunosorbent assay (ELISA). FXR1 binds non-specifically to the 6X-
HIS peptide in a saturable manner (A), accounting for the same curve shape and signal 
intensity of saturable binding of Dazap2 in (B). Rack1 in (C) also shows similar 
saturation, likely accounted for by the non-specific interaction of FXR1 and 6X-HIS. 
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CHAPTER 3: DESMOPLAKIN AND TALIN2 ARE NOVEL mRNA TARGETS OF 

FRAGILE X RELATED PROTEIN-1 IN CARDIAC MUSCLE 

3.1 Introduction 

The Fragile X (FraX) family of RNA-binding proteins has been implicated in 

several aspects of RNA regulation including mRNA transport, stability and translation 

[122-125]. Evidence suggests they may function both as negative and positive regulators 

of protein synthesis [126]; [79, 127]. The majority of studies to date have focused on the 

Fragile X Mental Retardation Protein (FMRP) due to its linkage to Fragile X Syndrome 

(FXS), the most common form of inherited mental retardation and autism (for review see: 

[128]. FMRP has been reported to interact with ~4% of all brain mRNAs [88] spanning a 

biological range from signaling molecules to metabolic enzymes [84, 129, 130].  

All members of the FraX family possess a similar domain structure, suggesting 

that they have biological properties in common. Domains include RNA-binding domains 

(KH1 & 2, RGG) and a nuclear localization and nuclear export sequence (NLS and NES). 

Biochemical purification and fractionation experiments indicate that all FraX protein 

family members associate with RiboNuclear Protein particles (RNPs) as well as actively 

translating polyribosomes [131-136]. In vitro studies show that the FraX proteins possess 

both common and unique RNA binding properties (reviewed in [137, 138], suggesting 

that the FraX family members have distinct RNA targets and thus, exert different 

functional roles. This is further substantiated by the fact that the FraX proteins exhibit 

overlapping expression patterns in the nervous system [139-141] but have unique 

distributions outside the brain. While all family members are highly expressed in brain 



 

 

107

and testes, Fxr1 is the only FraX protein with robust expression in striated muscle [142]. 

To date, no mRNA targets have been reported in this tissue.  

Two FXR1 isoforms (82 and 84 kDa) are localized to the myofibrils and 

costameres in striated muscle cells [83, 143]. Costameres anchor myofibrils to the 

sarcolemmal membrane and are required for effective lateral transmission of force and 

efficient contraction (for review see: [144]. Elimination or reduction of FXR1 protein 

levels leads to perinatal lethality in mice and severe striated muscle defects in zebrafish, 

including muscular dystrophy and cardiomyopathy [80, 145]. Although the cause of 

lethality in the Fxr1 null mice has not been elucidated, it has been attributed to 

abnormalities in the development and/or function of cardiac or skeletal (specifically, 

diaphragm) muscle. In addition, FXR1 expression is altered in myoblasts from patients 

with an inherited myopathy (facioscapulohumeral muscular dystrophy, FSHD), 

suggesting that FXR1 may also play a role in human disease [146]. Despite the obvious 

importance of FXR1 in striated muscle development and disease, the functional role of 

the protein and the identity of mRNA targets remain unknown.  

To elucidate the function of FXR1 and to identify its mRNA targets in the heart, 

we examined the ultrastructure of cardiac muscle at embryonic day 18.5 (E18.5) in Fxr1 

WT and knockout (KO) mice. We discovered that the ultrastructure and protein 

composition of the intercalated discs, sarcomere architecture and myofibril alignment are 

severely altered in Fxr1 KO mice. Using RNA-immunoprecipitations (RNA-IPs) we 

identified desmoplakin (dsp) and talin2 (tln2) mRNAs as candidate targets of FXR1. 

Furthermore, we determined that FXR1 binds dsp and tln2 mRNAs directly and 
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negatively regulates their translation. These results constitute the first report of mRNA 

targets for FXR1 in striated muscle and indicate that FXR1 functions as an essential 

regulator for correct levels of protein expression at costameres and intercalated discs in 

the embryonic heart. 
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3.2 Methods 

Animals: Heterozygous Fxr1 mice were obtained from Baylor College of Medicine. 

Detailed methods of the generation of the mouse lines are described in [80]. Briefly, 

mating and timing pregnancies between C57BL/6 Fxr1 +/- mice obtained Fxr1 +/+ and -

/- mice. Embryos were collected at E18.5 to ensure maximal retention of Fxr1 -/- 

embryos since early postnatal lethality was described [80]. Animals were handled, bred 

and sacrificed according to policies approved by the University of Arizona Institutional 

Animal Care and Use Committee. 

 

Transmission Electron Microscopy: Freshly isolated 0.5cm x 0.5cm pieces of left 

ventricle were dissected from E18 WT and Fxr1 KO hearts and submerged in Karnovsky 

fixative (2% paraformaldehyde/2.5% gluteraldehyde, pH 7.2–7.4). This stage was chosen 

to ensure survival of the embryos. Subsequently, the tissue was dehydrated in a series of 

ethanol washes and embedded in Spurr. Sections were viewed and imaged on a Philips 

CM12 electron microscope in the Arizona Research Laboratories, Division of 

Biotechnology Imaging Facility. 

 

Immunofluorescence Microscopy: Sarcomeric architecture and organization was assessed 

in frozen Fxr1 WT and KO heart tissue with double or triple immunolabeling. Heart 

tissue was embedded in Optimal Cutting Temperature (OCT) compound, frozen over dry 

ice-ethanol slurry and cut into 5 µm sections. Tissue sections were fixed in either 4% 

PFA or 100% methanol for compatibility with primary antibodies. Fixed sections were 
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permeabilized with 0.2% Triton-X 100 and blocked with 2% BSA/1% normal donkey 

serum prior to incubation with antibodies. Stained tissue was mounted using Aqua 

Poly/Mount (Polysciences) and imaging was conducted using a DeltaVision 

Deconvolution microscope (model D-OL; Olympus) with a 100x (1.3 NA) or 60x (1.4 

NA) objective using a charge-coupled device camera (Photometrics) (Figures 3 & 6). 

 

Thin Filament Length Assessment: NIH ImageJ version 1.43 software was used to 

measure the sarcomere lengths of frozen heart tissue samples. Details are provided in the 

supplemental methods.  

 

RNA-IP: FXR1 RNA-IPs were performed according to the protocol described in [84] 

with slight modifications. Details are provided in supplemental materials. Briefly, heart 

tissue was ground over liquid N2 then further homogenized with a frosted glass dounce 

with 2ml IP buffer (10mM HEPES, 200mM NaCl, 30mM EDTA, 0.5% Triton X-100, pH 

7.4,) per heart. Supernatants were cleared at 50,000g for 30 min at 4°C. Lysates were 

immunoprecipitated with 10 µg of affinity-purified rabbit anti-FXR antibodies (E9013) at 

4°C for 4h. The beads were then washed 3X with IP buffer followed by 3 washes with 

1M Urea buffer to decrease secondary protein interactions according to published 

protocols [85]. The samples were resuspended in 100µl nuclease-free water: 20µl were 

used to analyze protein content and 80µl were added to 1ml of Trizol (Invitrogen) for 

RNA extraction.  
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Real-time PCR: cDNA was generated from RNA isolated from WT and Fxr1 KO whole 

hearts for transcript stability, or from RNA-IP experiments and used as template in real-

time PCR using SYBR green chemistry (Maxima SYBR Green, Fermentas) using the 

Rotor-Gene 6000 (Qiagen). Primers to candidate genes (Table 2.4) were designed to span 

exon/exon junctions using the Internet based Primer3 program. A housekeeping gene 

(Odc1) was used to normalize loading for transcript stability studies. Primer efficiencies 

were validated to be within 5% of the housekeeping gene primers so that the delta-delta-

CT method of quantification could be used for transcript stability experiments. 

Alterations in basal gene transcription or stability were assessed using 2-∆∆CT [86], where 

a 2-fold (one cycle) difference was set as the threshold for noteworthy change in gene 

expression. Enrichment of target RNAs in the FXR1-IP studies were determined as fold 

increase over starting total RNA (where normalization was accomplished by quantifying 

RNA levels using a Qubit fluorimeter (Invitrogen), allowing equal amounts of RNA to be 

loaded into the cDNA reaction (100ng)). For both transcript stability and FXR1-IP 

experiments, each gene was analyzed in technical triplicate per qPCR experiment, and in 

biological triplicate. 

 

Western Blot Analysis: Frozen heart lysates were analyzed for protein content by BCA 

assay (Pierce). Equal amounts of protein from all samples were solubilized in SDS 

sample buffer, sonicated and incubated at 100°C for 5 min before loading onto a 4–12% 

gradient Bis-Tris NuPAGE gel (Invitrogen). After transfer to nitrocellulose membranes, 

strips were probed with ~1 µg/ml anti–FXR1, desmoplakin (DP2.15, AbSerotec), desmin 
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(clone DE-U-10, Sigma), connexin 43 (Sigma), talin (clone 8d4, Sigma), vinculin (clone 

hVIN, Sigma), or GAPDH (clone 6C5, Ambion) antibodies, followed by either anti–

rabbit or anti-mouse IgG-conjugated HRP antibodies (1:50,000; Jackson Laboratories). 

After incubation in SuperSignal chemiluminescent substrate (Pierce), the strips were 

exposed to Basic Blue Autorad/Chemiluminescent film (ISC Bioexpress) and band 

intensity was quantified using NIH Image-J. The linear range of protein loading was 

determined empirically prior to quantifying protein levels by densitometry. In addition to 

normalization of protein loading by BCA, GAPDH was also used as a loading control for 

densitometry measurements. 

 

Luciferase Assays: COS-7 cells were co-transfected with FLAG- Fxr1 (the longest 

muscle isoform e) and pmirGLO luciferase vector containing a multi-cloning site in the 

3’UTR of firefly luciferase (Promega). The 3’UTR of luciferase was cloned to contain 

the coding sequence of FXR1 (positive control), β-2-microglobulin (negative control), or 

the 3’UTRs of dsp and tln2. Transfected cells were allowed 48 hours to express 

exogenous proteins before luciferase assays were performed following the 

manufacturer’s instructions (Dual-Glo Luciferase Assay System; Promega). This 

system allows for internal normalization to Renilla luciferase to control for transfection 

efficiency or cell death. Briefly, cells were lysed and firefly luciferase was read on a 

luminometer. Firefly luciferase was then quenched and Renilla luciferase was measured. 

Data was expressed as the ratio of Firefly:Renilla luciferase. Experiments were 
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performed in technical triplicate on three separate COS-7 cultures for a total of nine 

replicate points. 

 

Statistics: A paired Student’s t-Test was used to determine significance between WT and 

Fxr1 KO groups for quantitative Western and luciferase assays. An a priori power 

analysis was conducted using preliminary data collected for luciferase assays to 

determine the sample size required. Significance for real-time PCR experiments was set 

at a 2-fold change using the 2^(-∆∆CT) method [86]. 
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3.3 Results 

3.3.1 Architecture of intercalated discs is disrupted in mouse hearts lacking FXR1. 

To better understand the basis of the perinatal lethality and the phenotypic defects 

in the cardiac architecture of Fxr1 KO mice, we isolated hearts at E18.5 and evaluated 

them by transmission electron microscopy. Whereas WT E18.5 mouse hearts exhibited 

classical arrangements of the three junctional complexes: adherens junctions, gap 

junctions and desmosomes (Figures 3.1A-B and 3.2), gap junctions could not be located 

in Fxr1 KO hearts. Furthermore, the cell junctions at intercalated discs in the KO hearts 

appear in many instances to consist of adherens junctions with inconsistent inter-

membrane spacing and significantly broader, less defined desmosomes (Figures 3.1D and 

3.2). Additionally, WT desmosomes contain well-defined, dense desmosomal inner 

plaques, consisting of intermediate filaments tethered to the membrane (via 

desmoplakin). In contrast, desmosomes in KO hearts have inner dense plaques that are 

much less defined, with intermediate filaments appearing poorly or incompletely attached 

to the desmosomal membranes (Figure 3.3). These data show that intercalated discs and 

desmosomes are significantly altered in mice deficient for FXR1.  

 

3.3.2 Loss of FXR1 leads to defects in sarcomere spacing and structure as well as lateral 

adherence of myofibrils. 

Further analyses of the Fxr1 KO heart muscle structure showed striking 

alterations in myofibril architecture. Frozen heart sections were co-stained with 

antibodies to a Z-disc marker, titin Z1Z2 and analyzed by deconvolution microscopy. WT 
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E18.5 hearts exhibit mature, narrow, evenly spaced Z-discs, as well as myofibrils that are 

thick, laterally aligned and tightly bundled (Figure 3.4A and D). Conversely, the Fxr1 

KO hearts display areas containing sarcomeres of extremely shortened length, 

interspersed amongst sarcomeres nearly matching the WT length. On average, the 

sarcomere length in the KO was 0.94 ± 0.37 µm (N=240), compared to 1.46 ± 0.21µm 

(N=150) in WT hearts (Figure 3.4). Furthermore, in the areas of altered sarcomeric 

spacing, the myofibrils appeared to “splay out” and lose their lateral connections (Figure 

3.4C). This phenomenon was also observed at the ultrastructural level, where the Fxr1 

KO mice show widened Z-discs, inconsistent sarcomere lengths (Figure 3.4E) and a 

“curved” shape of some myofibrils as they lose lateral contact with their neighbors 

(Figure 3.4F). WT hearts, on the other hand have well-ordered and spaced sarcomeres 

with narrow Z-discs, well aligned filaments and highly distinguishable I- and A-bands 

(Figure 3.4D). When sections of the entire heart were visualized by light microscopy, 

large regions of severely disrupted tissue were interspersed amongst areas where the 

architecture looked similar to WT hearts, thus creating a mosaic-like appearance (Figure 

3.4B).  

To summarize, Fxr1 KO hearts display abnormal sarcomere spacing, wider and 

disorganized Z-discs and loss of lateral connections of myofibrils. All of these 

observations are consistent with defects in development of the costamere, a specialized 

cytoskeletal assembly known to function in sarcomeric spacing during early 

myofibrillogenesis and lateral alignment of muscle cells (reviewed in [102] and [144]. 

 



 

 

116

3.3.3 Desmoplakin and talin2 mRNAs are enriched in the FXR1 complex. 

Given the striking alterations in the ultrastructure of the intercalated discs, the variation in 

sarcomere spacing and alterations in both Z-disc and myofibril alignment in Fxr1 KO 

hearts, we sought to determine if mRNAs encoding any of the major intercalated disc or 

costamere proteins may be targets of FXR1 regulation. As a first step we performed 

immunoprecipitations (IPs) from adult WT mouse heart extracts using an antibody 

against FXR1 and conditions previously used to isolate FMRP associated mRNAs [84] 

(Figure 3.5A). For the negative control IP, the FXR1 antibody was pre-incubated with 10 

molar excess of competing antigenic peptide before addition to the heart extract. 

Candidate transcripts present in the IP complex were assayed using quantitative PCR 

(qPCR) and those that were reproducibly enriched in the FXR1-IP by more than 2-fold 

over input RNA and negative IP control were considered to be associated with the FXR1 

complex.  

As shown in Figure 4B, FXR1 mRNA itself was enriched in the RNA-IP fraction 

relative to controls (6.8-fold), consistent with previous reports that the founding member 

of the FraX family, FMRP interacts with its own mRNA [131]. Of the candidate mRNA 

targets tested, only dsp and tln2 transcripts were reproducibly enriched (7.3-fold and 

13.1-fold respectively) in the FXR1 RNA-IPs compared to the input total RNA and the 

negative control (Figure 3.5B). Despite previous reports of dystrophin and vinculin 

protein being mislocalized in the heart muscle of Fxr1 KO animals [80, 145], mRNAs 

encoding these proteins were not enriched in the FXR1 complex (Figure 3.5B). The 

identification of dsp and tln2 transcripts associated with FXR1 in striated muscle is 
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consistent with the severe morphological phenotypes of the intercalated discs (dsp) and 

costameres (tln2) observed in Fxr1 KO hearts (see Figures. 1-3).  

 

3.3.4 Talin protein localization expands beyond the region of the costamere in Fxr1 KO 

mice.  

Identification of dsp and tln2 mRNA as candidate targets of FXR1 prompted us to 

investigate the localization of their cognate proteins in Fxr1 KO hearts. The analysis was 

carried out using immunofluorescence deconvolution microscopy since it is difficult (if 

not impossible) to analyze costameres by thin section transmission electron microscopy. 

Talin associates with the integrin receptor complex at the costamere and links the 

myofibrils to the surrounding extracellular matrix. In WT hearts talin is localized in a 

characteristic striated pattern with obvious punctate accumulation at the lateral edges of 

the myofibrils (localizing over the Z-disc), representative of a costameric localization 

(Figure 3.6A). Due to the variability in the severity of the myofibril phenotypes 

recognized by light microscopy in the Fxr1 KO hearts (see above), talin localization was 

assessed in both areas that were more similar to WT (Figure 3.6D), and in areas that 

demonstrate disruption (Figure 3.6G). In contrast to WT hearts, talin was rarely confined 

to a typical punctate, costameric localization in the Fxr1 KO hearts, such that the overall 

staining was more diffuse along the membrane, beyond the typical costameric location.  

These data suggest that FXR1 is required for the restricted assembly and 

localization of talin at the costamere. Mislocalization of talin is consistent with the 

hypothesis that FXR1 is required for development and/or maintenance of the costamere 
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and is supported by previous reports of additional costameric protein such as dystrophin 

and vinculin that are also mislocalized in the KO mice [80]. Our finding that talin is 

mislocalized in areas where the myofibrils appear relatively “normal” suggests that the 

talin/costamere disruption is primary and the sarcomere/myofibril perturbation is 

secondary to costameric dysfunction in embryonic hearts null for Fxr1. Unfortunately, at 

this developmental time point (E18.5) desmoplakin protein does not exhibit a clear 

localization pattern in WT hearts, therefore the comparison to Fxr1 KOs was not 

informative (representative images are displayed in Figure 3.7).  

 

3.3.5 Desmoplakin and talin protein levels are up regulated, desmin and connexin 43 

protein levels are down regulated in Fxr1 KO hearts.  

 To determine the molecular mechanisms by which FXR1 may control the 

expression of dsp and tln2 mRNAs we carried out Western blots to examine the levels of 

desmoplakin and talin proteins in E18.5 hearts from Fxr1 KO compared to WT mice. 

Densitometric analysis revealed a reproducible, significant increase in protein levels of 

desmoplakin (1.77-fold, p < 0.05) and talin2 (2.13-fold, p < 0.05) in the Fxr1 KO hearts 

compared with WT (Figure 3.8A-B). These increases in desmoplakin and talin protein 

levels in the Fxr1 KO hearts may be explained by regulation at the level of either 

transcription/stability and/or translational control.  

We also analyzed the levels of intercalated disc and costamere proteins whose 

RNAs were not enriched in the FXR1 complex, including connexin 43, vinculin and 

desmin. The levels of connexin 43 (the major component of gap junctions in the 
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ventricle) were decreased in the KO hearts by an average of 2-fold (p < 0.05). The 

intermediate filament desmin was also significantly decreased in Fxr1 KO hearts to 

~70% (1.4-fold) of WT desmin levels (p < 0.05) (Figure 3.8A-B). These results are 

consistent with the absence of visible gap junctions at intercalated discs and the lack of 

intermediate filaments at the desmosome described by electron microscopy analysis 

above. Vinculin interacts directly with talin at the costamere however, as previously 

reported, no changes in vinculin levels were detected in the Fxr1 KO hearts [80].  

Next, we asked whether alterations in the protein levels of desmoplakin, talin, 

desmin and connexin 43 were due to modifications in gene transcription or transcript 

stability in the KO mouse hearts. Semi-quantitative real-time PCR showed no changes in 

total transcript levels of dsp, tln2, desmin or connexin 43 between WT and KO hearts 

(data not shown). These results suggest that the substantial alterations of protein 

composition of the intercalated discs and costamere in Fxr1 KO embryos are likely 

posttranscriptional. Given our RNA-IP results (Figure 3.8), these data suggest that the 

effects on desmin and connexin 43 proteins are indirect, likely due to the dysregulation of 

the direct FXR1 targets, dsp and tln2 mRNAs, which may lead to alterations in the 

stoichiometry of junctional and membrane protein complexes.   

 

3.3.6 FXR1 directly binds and represses the translation of dsp and tln2 mRNAs in vitro. 

The observation that protein levels of desmoplakin and talin2 are up regulated in 

the Fxr1 KO hearts led us to hypothesize that FXR1 acts as a negative regulator of 

translation for dsp and tln2 mRNAs. To test this, we used in vitro dual luciferase assays 
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where the 3’ UTRs of dsp or tln2 were inserted into the 3’UTR of a luciferase reporter 

construction and co-transfected into COS cells with or without purified FXR1. The 

coding region of Fxr1 was also inserted into the luciferase construction as a potential 

positive control; this was based on previously published work, which showed that FMRP 

binds its own mRNA within the coding region [147]. Figure 3.9A shows that FXR1 

represses the translation of luciferase constructs containing Fxr1, or dsp or tln2 3’UTRs, 

compared to the negative control, β2-microglobulin. Luciferase activity was reduced to 

65 and 73% of control levels by the dsp or tln2 3’ UTRs, respectively. This reduction in 

luciferase signal was statistically significant for both dsp and tln2 (p = 0.04 and p= 0.01, 

respectively).  

Given the ability of FXR1 to reduce protein translation of luciferase containing 

the dsp and tln2 3’UTRs, we next determined whether FXR1 was capable of binding their 

3’UTRs directly. To test direct protein-RNA binding, the same 3’UTRs of dsp and tln2 

were in vitro transcribed and labeled with biotin. Biotin-RNA was immobilized on 

streptavidin beads, incubated with purified recombinant FXR1 and the presence of FXR1 

was detected via Western Blot analysis. Figure 3.9B illustrates that FXR1 binds directly 

to the 3’UTR of dsp and tln2 but not to the b-microglobulin negative control. Since the 

steady state levels of dsp and tln2 mRNA were not significantly different in Fxr1 KO 

versus WT hearts (data not shown), our results suggest that FXR1 negatively regulates 

translation through direct binding to target mRNAs (Figure 3.9A). 
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3.4 Discussion 

Among the three members of the FraX family of RNA binding proteins, the 

majority of effort to date has been focused on FMRP, whose loss results in Fragile X 

syndrome. These studies have led to an enhanced understanding of the role of 

translational control in neuronal function. The functions of the FXRs are much less well 

characterized, despite their potential to help define the range of roles undertaken by this 

family and their significant contributions to development. The expression of FXR1 in 

striated muscle provides a unique opportunity to decipher the mechanisms of RNA 

regulation in heart development.  

With the exception of the involvement of splicing misregulation in the etiology of 

myotonic dystrophy, the idea of post-transcriptional RNA metabolism in muscle 

development and disease remains understudied. Mechanistic insights into FXR1 function 

in muscle, combined with existing knowledge of FMRP activity in neural tissues, will 

lead to an increased overall understanding of the importance of RNA metabolism during 

development. Therefore, we sought to identify specific RNA targets of FXR1 in cardiac 

muscle. Identification of muscle target transcripts is critical for elucidating the causes of 

perinatal lethality in animals lacking FXR1 and, more generally, may improve 

understanding of the mechanisms by which FraX family proteins translationally regulate 

protein expression levels during development.  

Here we identified dsp and tln2 as mRNA targets of FXR1 in cardiac muscle. In 

addition to identifying RNA targets of FXR1, we show that FXR1 can bind the 3’UTR 

directly and reduce the translation of dsp and tln2 mRNA. Consequently, complexes 
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where desmoplakin and talin2 proteins are prominent components, the intercalated disc 

and costamere, respectively, are highly disrupted in hearts of mice lacking FXR1. Thus, 

we report direct mechanisms by which cytoskeletal assemblies are regulated at the 

translational level in cardiac muscle. In addition, our results are the first to demonstrate 

specific interactions between FXR1 and its transcript and to demonstrate that inhibition 

of Fxr1 translation is mediated at least in part, through sequences located in the coding 

region.  

 

3.4.1 FXR1 KO mice exhibit severely disrupted intercalated disc structure, likely due to 

desmoplakin dysregulation.  

Our data point to mechanisms that may contribute to the early lethality observed 

in the Fxr1 null mice. Examination of the KO mouse hearts by electron microscopy 

revealed altered desmosome architecture with an obvious reduction of the characteristic 

inner dense plaque where the intermediate filaments join the desmosome (via 

desmoplakin). Mechanistically, the absence of Fxr1 could contribute to sudden cardiac 

arrest in the null mice due to the dysregulation of desmoplakin, a molecule that has been 

implicated in proper cardiac function as well as subsequent junctional protein 

composition and structural alterations (for review see: [148]. In support of this model, we 

identified and confirmed dsp mRNA as a direct binding target of FXR1 and Western blot 

studies revealed a significant increase in total desmoplakin protein levels in the Fxr1 KO 

hearts compared with their WT littermates. These observations are consistent with FXR1 

normally functioning as a translational repressor of dsp.  
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Mutations or truncations in desmoplakin, together with alterations in other 

intercalated disc proteins, have been linked to several human diseases including 

ventricular arrhythmias and cardiomyopathy (e.g., Carvajal syndrome, Naxos disease and 

Arrhythmogenic Right Ventricular Dysplasia/Cardiomyopathy (ARVD/C) [149-151]). 

Previous studies showed that over-expression of N-terminal desmoplakin, which lacks 

the intermediate filament binding sites, results in displacement of intermediate filaments 

from the desmosome [152], which is remarkably similar to our observations in Fxr1 KO 

hearts. Although loss of FXR1 leads to the up regulation of full-length desmoplakin, it is 

possible that this increase in protein levels will disrupt the normal stoichiometry of a 

multiple protein complex leading to the observed displacement of intermediate filaments 

from the intercalated disc.  

Additional alterations in ultrastructure observed in the Fxr1 KO heart, included 

disrupted and apparently immature intercalated discs with a striking lack of visible gap 

junctions and inner dense plaque of desmosomes. With evidence suggesting that the 

distribution and remodeling of gap junctions may contribute to the onset of arrhythmia 

[153, 154], our electron microscopy results showing the lack of structurally intact gap 

junctions provide an additional explanation for the perinatal lethality of Fxr1 KO mice. 

Inspection of the gap junction channel marker, connexin 43, and the intermediate 

filament protein, desmin, by Western blot analyses indicated a ~50% and ~30% reduction 

in total connexin 43 and desmin levels, respectively. Since connexin 43 and desmin 

mRNAs do not associate with the FXR1 complex, our data support a model whereby the 

effect on their expression is an indirect consequence of increased desmoplakin levels in 
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the Fxr1 KO hearts. Indeed, the assembly of one intercellular junction is known to affect 

the compilation of another (i.e., adherens junctions and desmosomes or gap junctions [44, 

155] and reviewed in [156]). Thus in addition to the direct effect that loss of FXR1 has on 

desmoplakin levels, secondary phenotypes likely include cell signaling and 

communication amongst the other cell junctions at the intercalated disc.  

 

3.4.2 FXR1 KO mice exhibit severely disrupted costameric structure, likely due to talin 

dysregulation 

 The initial characterization of the Fxr1 KO mice revealed severe disarray of the 

musculature, more pronounced in heart than skeletal muscle [80]. Specific proteins of the 

costamere such as dystrophin, α-actinin and vinculin were reported to have altered 

localization in the Fxr1 KO mice yet the molecular mechanism underlying these 

alterations remained unknown. In this study, both light and electron microscopy revealed 

defects in costamere structure and we identified tln2 (but not dystrophin, α-actinin or 

vinculin) as an mRNA target of FXR1. Talin is a large (~250 kD) protein located at cell-

matrix contacts that functions to link integrin receptors to the actin cytoskeleton through 

interactions with vinculin and α-actinin. There are two talin genes (tln1 and tln2) with 

tln2 being highly expressed in cardiac muscle [157]. The absence of dystrophin, α-actinin 

and vinculin in the FXR1 complex, strongly suggests that, mechanistically, up regulation 

of talin2 in the KO heart is the primary cause of the costamere defects and that 

mislocalization of dystrophin, α-actinin and vinculin [80] is a secondary effect.  
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 Functionally, the role of talin2 in cardiac muscle is not clearly understood since 

only the skeletal muscle was characterized in the tln2 KO [158]. Ablation of talin2 results 

in defective skeletal myoblast fusion, sarcomere formation and poor integrity of the 

myotendonous junction of skeletal muscle [158]. Since the normal functions of talin2 are 

to modulate the ligand-binding activity of integrins and integrate signaling pathways (for 

review, see [159], alterations in talin localization or levels in the Fxr1 KO mice may 

disrupt integrin signaling and subsequent interactions with either the extracellular matrix 

or the cortical actin cytoskeleton. Evidence for a phenotypic consequence of talin up 

regulation has been demonstrated by over-expression of the N-terminus of talin, which 

acts as a dominant negative by stimulating integrin receptors via inside-out signaling 

[160]. Our studies of costameric architecture in Fxr1 KO hearts clearly reveal alterations 

in talin localization. Specifically, talin is more diffuse along the membrane and often 

does not localize in the discrete puncta typical of costamere localization seen in WT 

hearts. Although the precise cause of structural disruption is unclear, our data indicate 

that FXR1 is required to regulate correct talin levels and for normal structure of the 

costamere regions. 

 

3.4.3 FXR1 investigations in other model systems  

Our findings on FXR1, its novel target mRNAs and the mechanism by which it 

regulates their expression and localization open a door to the study of RNA-based 

mechanisms of muscle biology and disease. A number of investigations have 

demonstrated the ability of FXR1 to bind RNA as well as modulate FMRP’s RNA 
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binding affinity in vitro [68, 138, 161]. Importantly, several studies in different model 

organisms (Xenopus, zebrafish and mouse) have clearly demonstrated the importance of 

FXR1 in striated muscle. While the skeletal muscle was clearly disrupted in the zebrafish 

study [67], there also were possible delays in myofibrillogenesis and alterations in 

dystrophin localization. However, the localization of talin or total protein levels of other 

costameric components were not assessed, nor were structural immunofluorescence 

studies conducted on the myocardium. Nevertheless, functional analysis of FXR1 

morphants showed a marked reduction in heart rate compared to the WT fish. 

FXR1 was previously proposed to play a role in costamere development based on 

the close localization with vinculin and dystrophin at the myoseptum of zebrafish [162], 

and findings of myoseptum and myofibrillar disruption in Xenopus, zebrafish, and mouse 

[67, 80, 163]. Significantly, our findings identify direct functional targets that give an 

explanation for the perinatal lethality of Fxr1 KO mice as well as offer molecular insight 

into the previously described dysfunctions incurred through loss or reduction of FXR1. 

 

3.4.4 Summary and Conclusions 

Our findings on FXR1, its novel target mRNAs and the mechanism by which 

FXR1 regulates their expression and localization open a door to the study of RNA based 

mechanisms of muscle biology and disease. Taking into account descriptions of FXR1’s 

documented association with RiboNuclear Protein particles (RNPs) and actively 

translating polyribosomes [68, 135] and the family member FMRP associating with ~4% 

of all brain mRNAs [88], it is likely that FXR1 also interacts with many transcripts in 
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striated muscle in addition to the desmoplakin and talin2 mRNAs described in this work. 

Since FXR1 is the sole FraX family member present in the heart, targets that we have 

identified here are FXR1-specific and may provide insights into the mRNA targets of 

FXR1 in the brain as well. The results presented in this study are the first to directly 

relate an RNA-binding protein to translational repression of specific targets in cardiac 

muscle. This work, combined with other descriptions of RNA-binding proteins in striated 

muscle, provide a scenario where muscle function and development (in particular, 

cytoskeletal assembly) are governed by the interplay of post-transcriptional RNA 

regulation comprised of transcript localization, splicing, transcript stability and 

translational control. 
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Figure 3.1 Architecture of intercalated discs is disrupted in hearts lacking FXR1. Electron 
micrographs of WT hearts (A-B) show maturing, properly developing intercalated discs 
containing all three cellular junctions: adherens junctions (brackets), desmosomes 
(arrowheads), and gap junctions (star). KO hearts (C-D) have intercalated discs 
comprised of adherens junctions with broader, less defined desmosomes. No gap 
junctions could be found in KO hearts. Intermembrane spacing of the intercalated disc is 
also frequently irregular in KO animals (red arrow). 
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Figure 3.2 Fxr1 WT hearts have intercalated discs that are more mature than KO 
counterparts. Electron microscopy of E18.5 WT hearts (A-B) reveal the ultrastructure of 
intercalated discs containing adherens (brackets), desmosome (arrowhead) and gap 
junctions (star). WT intercalated discs show a more compact organization where well 
organized thick and thin filaments (arrows) are observed anchoring to the cellular 
adherens junction. Fxr1 KO hearts (C-D) display intercalated discs consisting primarily 
of adherens junctions (brackets) as well as disorganized thick filaments on either side of 
the cell junctions (arrows). 
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Figure 3.3 Loss of FXR1 causes disruption of the inner dense plaque of desmosomes. In 
WT hearts (A, B & C), characteristic inner dense plaques are prominent, where 
intermediate filaments anchor to the membrane of the desmosome (marked by arrows). 
Loss of FXR1 in the KO hearts (D, E & F) results in little to no observable inner dense 
plaques at desmosomes. Arrowheads denote the presumed location (or absence) of the 
inner dense plaque. 
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Figure 3.4 Loss of FXR1 leads to defects in sarcomere spacing and structure, and lateral 
adherence of myofibrils. Immunofluorescent localization of Z-disc titin shows even 
spacing and alignment of sarcomeres in WT hearts (A). Sarcomere spacing is erratic and 
shortened in Fxr1 KO hearts (B, areas indicated by asterisks). Myofibrils also lose lateral 
bundling and “splay” out in the KO hearts (C, denoted by #). Electron micrographs of 
WT hearts reveal evenly spaced Z-discs (arrowheads), well-organized thick filaments 
(arrows) within sarcomeres and clearly aligned myofibrils (D). In contrast, Z-discs 
(arrowheads in E & F) are variably broad, disorganized and unevenly spaced in KO 
hearts (E); disorganized myosin thick filaments are apparent (arrows in F). Additionally, 
the lack of lateral bundling of myofibrils is observed in the KO hearts (F) indicated by >. 
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Figure 3.5 Desmoplakin and tln2 mRNAs are enriched in the FXR1 complex. (A) FXR1 
was successfully immunoprecipitated from adult mouse heart lysate (left lane) or the anti-
FXR1 antibodies were competed with their antigenic peptide to establish specificity of 
transcript association (right lane). Real-time PCR shows the enrichment of candidate 
mRNA targets in the FXR1-IP compared to input RNA and control IP RNA (B). Beta-2-
microglubulin (Beta2-M) RNA is a negative control not associated with the FXR1 
complex, and Fxr1 RNA is a positive control. * = Fxr1, dsp and tln2 are enriched in the 
FXR1 complex 6.8-, 7.3-, and 13.1-fold, respectively. 
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Figure 3.6 Talin protein localization expands beyond the typical costameric localization 
in Fxr1 KO mice. Frozen sections of E18.5 mouse hearts from WT and KO animals were 
stained for talin (green) and I-band titin (N2A, red). In WT animals (A-C) talin can be 
found in distinct puncta at costameres near the cell membrane (see insert, A). Staining for 
talin in the KO animals in regions where the sarcomeric architecture looks similar to that 
of the WT animals (D-F) displays a continuous positive signal along the length of the 
membrane in addition to occasional puncta in register with titin (white arrows). Talin 
localization in disrupted areas of KO hearts (G-I) exhibits an extensive web of positive 
staining filling in gaps of tissue lacking titin (asterisks). 
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Figure 3.7 Desmoplakin protein localization in late embryonic Fxr1 KO hearts is 
indistinguishable from WT hearts at this early stage of assembly. Localization of 
desmoplakin protein was assessed in WT (A) and KO (B) hearts and was found at some 
intercalated discs (arrows) as well as in a punctate distribution in the cytoplasm 
(arrowheads). 
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Figure 3.8 Desmoplakin and talin protein levels are up regulated in Fxr1 KO mouse 
hearts. (A) Representative Western blots performed on WT and KO heart lysates for 
candidate targets enriched in the FXR1 protein complex: desmoplakin and talin2, and 
non-targets: connexin 43, desmin and vinculin. GAPDH was used as a loading control. 
(B) Quantification shows the fold increases in protein expression in the KO compared to 
the WT mouse hearts. Desmoplakin and talin2 protein levels are up in KO hearts 
1.77±0.56 and 2.13±0.34-fold, respectively. Non-target proteins connexin 43 and desmin 
are down regulated in KO hearts 2.08±0.23 and 1.41±0.04-fold, respectively. Vinculin 
protein levels are unchanged (1.03±0.33), * = p < 0.05. 
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Figure 3.9 FXR1 directly binds and represses the translation of dsp and tln2 mRNAs in 
vitro. (A) A dual reporter luciferase assay in COS-7 cells. Luciferase containing Beta-2 
microglobulin in the 3’UTR serves as control RNA that is not translationally repressed by 
FXR1. The coding region of Fxr1 is a positive control for translational repression. When 
the reporter vector contains the dsp 3’UTR, average luciferase activity is repressed to 
65% of luciferase containing Beta-2 microglobulin in the 3’UTR. Likewise FXR1 
represses the tln2 3’UTR reporter to an average of 73% of luciferase containing Beta-2 
microglobulin in the 3’UTR, (* = p > 0.01). Direct protein-RNA binding experiments in 
(B) show recombinant FXR1 binds biotin-dsp 3’UTR, and biotin-tln2 3’UTR RNA, but 
not biotin-Beta-2 microglubulin 3’UTR (as detected by probing Western Blots forFXR1, 
after incubation with immobilized biotin-RNA). 
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APPENDIX A 
COMPLETE 2D GEL ELECTROPHORESIS REPORT 

 
 

Report on Computerized Analysis of Polypeptides Resolved by 2D Electrophoresis 
52 Wildtype vs 3 Knockout 

 

 
Prepared for:   Samantha Whitman 
     University of Arizona 

    1656 East Mabel Street 
    MRB Room 330 
    Tucson, AZ 85724 
     

By:    Kendrick Laboratories, Inc 

    1202 Ann Street 

    Madison, WI 53713 
    1 800 462-3417 

 
Samples Compared:   

 
1.  E18 mouse heart 52 wildtype (gels LF457 #3-4) 

 vs. E18 mouse heart 3 knockout (gels LF457 #5-6) 

Contents 
Summary table showing results of comparison (Table 1). 
Images showing spot differences and sample overlay of comparison (Figs 1 - 3). 
Reference image showing all spot numbering (Fig 216). 
Methods and pH Gradient. 
Table 1.  Summary of Results for 2D gel comparison of 52 Wildtype vs 3 Knockout. 
Reference spot numbering, pI, and MW are given for changing polypeptide spots analyzed in 
samples E18 mouse heart 52 wildtype (gels LF457 #3-4) and E18 mouse heart 3 knockout 
(gels LF457 #5-6). Also shown are fold increases or decreases (difference) of the 
polypeptides for 52 Wildtype vs 3 Knockout. The differences are calculated from spot 
percentages (individual spot density divided by total density of all measured spots). 
Polypeptide spots increased in 52 Wildtype vs 3 Knockout by a fold increase of > 1.7 and p 
value < 0.05 are highlighted in blue in the difference column, while spots decreased with a 
fold decrease of ≤ -1.7 and p value < 0.05 are highlighted in red. All differences were 
visually verified using the montage images found on the following pages. Spot percentages 
are given to indicate relative abundance.  Note that the p values are for n= 2 gels/sample. A 
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total of 1085 spots were analyzed. Figures showing spot numbering, sample overlay, and 
individual montages showing the spots of interest outlined in green are provided on the 
following pages. All spot data is given on the CD. 

 
   Averaged Averaged WT  WT  Montage 
   Wildtype  Knockout vs KO vs KO Image 

Spot # pI  MW  Spot % Spot % Difference T-test (p) Page # 
11 6.0 190,942 0.023 0.009 2.6 0.003 12 
12 6.1 190,590 0.016 0.004 4.5 0.037 13 
23 5.2 181,028 0.004 0.001 4.2 0.006 14 
30 6.9 177,839 0.003 0.002 1.7 0.023 15 
51 7.0 147,175 0.027 0.007 3.7 0.095 16 
54 6.3 143,202 0.004 0.001 5.6 0.183 17 
55 6.4 143,202 0.012 0.005 2.5 0.026 18 
65 6.9 158,572 0.003 0.001 5.9 0.002 19 
67 7.0 157,521 0.010 0.001 17.9 0.001 20 
69 6.0 134,743 0.045 0.019 2.4 0.001 21 
86 8.0 125,935 0.032 0.009 3.6 0.000 22 
88 6.1 123,132 0.015 0.007 2.1 0.022 23 
89 6.4 149,463 0.004 0.002 2.0 0.034 24 
92 6.6 148,412 0.004 0.001 5.8 0.023 25 
102 6.6 142,807 0.005 0.001 8.0 0.029 26 
108 6.7 141,406 0.005 0.001 5.0 0.017 27 
121 6.7 138,604 0.008 0.001 7.1 0.008 28 
128 5.9 136,258 0.031 0.014 2.3 0.006 29 
137 7.2 99,204 0.013 0.007 1.9 0.032 30 
147 6.9 129,838 0.007 0.004 1.8 0.005 31 
148 6.7 129,062 0.013 0.007 1.9 0.035 32 
149 7.8 91,373 0.013 0.004 3.0 0.024 33 
151 6.8 128,804 0.064 0.029 2.2 0.015 34 
158 8.0 90,970 0.035 0.018 2.0 0.011 35 
164 6.7 125,444 0.038 0.020 1.9 0.020 36 
166 6.8 124,927 0.086 0.049 1.8 0.048 37 
167 7.3 89,396 0.014 0.006 2.5 0.017 38 
168 7.4 89,396 0.033 0.010 3.4 0.073 39 
169 7.2 89,149 0.003 0.001 2.5 0.004 40 
178 6.6 121,567 0.067 0.028 2.4 0.003 41 
193 7.2 86,061 0.041 0.014 2.9 0.015 42 
213 8.1 84,308 0.015 0.007 2.3 0.006 43 
215 6.0 84,666 0.056 0.012 4.5 0.005 44 
221 6.9 111,487 0.071 0.034 2.1 0.012 45 
225 8.0 82,097 0.009 0.003 2.8 0.028 46 
235 5.5 98,182 0.047 0.012 3.8 0.164 47 
236 6.8 107,093 0.009 0.004 2.2 0.001 48 
238 6.1 81,104 0.006 0.003 2.3 0.020 49 
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   Averaged Averaged WT  WT  Montage 
   Wildtype  Knockout vs KO vs KO Image 

Spot # pI  MW  Spot % Spot % Difference T-test (p) Page # 
250 7.8 79,514 0.137 0.074 1.8 0.020 50 
251 8.1 78,733 0.040 0.017 2.4 0.013 51 
254 7.4 79,019 0.040 0.024 1.7 0.033 52 
283 6.9 96,238 0.028 0.011 2.6 0.031 53 
293 8.3 72,887 0.022 0.011 1.9 0.050 54 
300 7.9 73,337 0.029 0.014 2.1 0.007 55 
304 7.8 72,596 0.024 0.013 1.8 0.027 56 
307 6.9 89,259 0.078 0.029 2.7 0.032 57 
308 7.0 72,349 0.009 0.004 2.3 0.046 58 
310 7.9 71,978 0.408 0.170 2.4 0.003 59 
311 5.1 70,714 0.013 0.003 4.7 0.001 60 
316 6.4 72,136 0.047 0.009 5.1 0.002 61 
322 5.4 73,668 0.008 0.003 2.6 0.035 62 
323 6.9 86,416 0.020 0.010 2.0 0.029 63 
325 5.9 69,299 0.065 0.009 7.0 0.013 64 
351 7.2 68,148 0.018 0.009 2.0 0.043 65 
352 5.8 66,314 0.038 0.017 2.2 0.035 66 
360 6.8 79,179 0.011 0.002 5.5 0.001 67 
363 8.1 65,274 0.031 0.013 2.4 0.016 68 
366 7.9 67,037 0.054 0.024 2.2 0.028 69 
370 7.0 66,666 0.016 0.009 1.7 0.042 70 
382 7.7 65,801 0.038 0.020 1.9 0.044 71 
386 7.8 65,307 0.010 0.003 3.7 0.002 72 
388 6.1 65,502 0.042 0.025 1.7 0.016 73 
391 6.4 65,256 0.035 0.014 2.5 0.016 74 
400 7.6 64,195 0.034 0.010 3.4 0.006 75 
407 5.7 61,022 0.050 0.017 2.8 0.006 76 
417 8.3 62,394 0.042 0.012 3.5 0.075 77 
418 7.2 63,018 0.019 0.005 3.5 0.045 78 
426 8.0 62,427 0.120 0.068 1.8 0.045 79 
430 6.8 62,338 0.007 0.001 7.0 0.015 80 
432 5.8 59,359 0.044 0.025 1.8 0.003 81 
455 6.4 59,940 0.079 0.028 2.8 0.027 82 
458 6.1 59,461 0.009 0.002 4.1 0.006 83 
470 5.9 56,030 0.049 0.021 2.4 0.032 84 
478 7.8 56,627 0.013 0.007 1.8 0.021 85 
484 6.2 55,864 0.107 0.045 2.4 0.009 86 
490 5.7 53,875 0.019 0.004 5.1 0.028 87 
501 6.7 54,305 0.012 0.006 2.0 0.035 88 
505 8.0 53,904 0.908 0.432 2.1 0.005 89 
511 7.8 52,720 0.013 0.008 1.7 0.001 90 
519 6.7 52,028 0.135 0.071 1.9 0.019 91 
523 6.9 51,188 0.022 0.010 2.2 0.003 92 
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   Averaged Averaged WT  WT  Montage 
   Wildtype  Knockout vs KO vs KO Image 

Spot # pI  MW  Spot % Spot % Difference T-test (p) Page # 
551 5.4 47,411 0.146 0.086 1.7 0.012 93 
560 7.7 46,447 0.032 0.005 6.6 0.000 94 
561 7.9 46,329 0.060 0.020 3.0 0.110 95 
595 7.8 46,171 0.032 0.016 2.0 0.035 96 
600 6.1 47,413 0.081 0.046 1.8 0.015 97 
616 6.8 46,782 0.057 0.031 1.8 0.026 98 
620 8.2 42,336 0.319 0.154 2.1 0.029 99 
621 8.5 42,336 0.135 0.076 1.8 0.031 100 
622 6.1 46,572 0.035 0.020 1.8 0.024 101 
634 7.5 41,721 0.009 0.002 5.6 0.055 102 
646 8.2 41,351 0.030 0.017 1.7 0.037 103 
656 7.3 40,691 0.013 0.006 2.2 0.034 104 
668 5.9 43,924 0.024 0.010 2.3 0.033 105 
669 8.9 40,253 0.087 0.032 2.7 0.033 106 
676 6.1 43,049 0.014 0.008 1.8 0.048 107 
680 9.0 39,609 0.957 0.531 1.8 0.008 108 
683 8.9 39,495 0.127 0.045 2.8 0.030 109 
684 6.7 42,576 0.010 0.003 3.5 0.012 110 
688 6.8 42,208 0.064 0.035 1.9 0.040 111 
698 7.0 41,577 0.065 0.030 2.2 0.012 112 
705 6.8 41,209 0.009 0.005 2.0 0.048 113 
716 7.3 37,907 0.034 0.020 1.7 0.039 114 
725 8.8 37,639 0.049 0.020 2.5 0.041 115 
726 7.3 37,487 0.029 0.015 2.0 0.027 116 
729 7.9 37,411 0.232 0.134 1.7 0.019 117 
730 5.3 39,763 0.025 0.004 6.2 0.002 118 
734 7.3 36,992 0.024 0.013 1.8 0.033 119 
735 7.4 36,915 0.008 0.004 2.2 0.002 120 
750 8.0 38,019 0.099 0.043 2.3 0.017 121 
751 8.3 36,123 0.518 0.286 1.8 0.014 122 
775 7.4 34,894 0.014 0.005 2.7 0.024 123 
776 8.1 34,987 0.272 0.112 2.4 0.003 124 
796 8.4 34,002 1.465 0.803 1.8 0.010 125 
807 8.2 33,282 0.404 0.234 1.7 0.015 126 
810 8.4 33,206 0.304 0.119 2.6 0.046 127 
814 5.3 33,704 0.069 0.036 1.9 0.020 128 
819 8.9 32,751 0.274 0.117 2.3 0.050 129 
840 8.0 31,271 0.048 0.015 3.2 0.036 130 
842 7.9 31,195 0.024 0.012 2.0 0.007 131 
843 6.3 31,174 0.018 0.011 1.7 0.023 132 
853 8.3 30,554 0.140 0.060 2.3 0.008 133 
867 7.8 29,555 0.373 0.207 1.8 0.042 134 
885 5.7 28,710 0.027 0.015 1.8 0.022 135 
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   Averaged Averaged WT  WT  Montage 
   Wildtype  Knockout vs KO vs KO Image 

Spot # pI  MW  Spot % Spot % Difference T-test (p) Page # 
897 6.4 28,252 0.126 0.042 3.0 0.016 136 
912 8.2 27,503 0.464 0.262 1.8 0.026 137 
930 6.4 27,113 0.023 0.002 10.6 0.014 138 
949 8.6 25,718 0.137 0.077 1.8 0.009 139 
954 7.1 25,761 0.070 0.006 12.4 0.013 140 
975 6.8 23,696 0.249 0.070 3.5 0.006 141 
991 6.3 22,354 0.014 0.007 2.0 0.033 142 
993 7.4 22,172 0.043 0.007 6.4 0.025 143 
999 7.0 21,622 0.035 0.015 2.3 0.042 144 
1003 6.2 21,256 0.024 0.013 1.8 0.025 145 
1006 8.1 20,580 0.388 0.145 2.7 0.022 146 
1007 6.7 21,175 0.014 0.002 7.4 0.002 147 
1013 5.9 20,349 0.022 0.007 3.1 0.013 148 
1016 8.2 19,644 0.531 0.260 2.0 0.011 149 
1021 7.4 20,287 0.042 0.003 13.0 0.006 150 
1028 7.1 19,926 0.054 0.010 5.2 0.007 151 
1034 6.7 19,548 0.032 0.016 2.1 0.002 152 
1044 5.2 17,355 0.010 0.003 3.8 0.000 153 
1064 8.3 15,595 0.387 0.230 1.7 0.050 154 

5 6.3 200,625 0.048 0.108 -2.3 0.018 155 
49 6.1 145,432 0.003 0.044 -14.2 0.008 156 
70 5.7 155,845 0.006 0.012 -2.0 0.029 157 
99 6.1 114,212 0.022 0.049 -2.2 0.031 158 
111 7.4 110,185 0.009 0.021 -2.3 0.009 159 
157 7.4 90,755 0.020 0.067 -3.3 0.067 160 
180 6.5 121,308 0.051 0.097 -1.9 0.002 161 
194 7.4 86,061 0.002 0.014 -6.3 0.018 162 
197 7.5 85,937 0.004 0.017 -4.7 0.032 163 
199 7.6 85,814 0.016 0.031 -2.0 0.009 164 
210 5.7 107,492 0.031 0.061 -1.9 0.040 165 
253 6.3 79,384 0.005 0.019 -3.5 0.008 166 
256 6.2 79,261 0.006 0.018 -3.0 0.148 167 
275 7.9 76,549 0.015 0.062 -4.1 0.031 168 
288 5.6 82,977 0.007 0.029 -4.3 0.220 169 
294 6.4 74,470 0.040 0.078 -1.9 0.004 170 
326 7.0 70,743 0.008 0.027 -3.2 0.106 171 
343 5.7 66,992 0.011 0.023 -2.1 0.019 172 
344 5.5 67,152 0.018 0.043 -2.4 0.019 173 
347 8.1 66,497 0.001 0.018 -13.7 0.177 174 
350 6.4 68,573 0.009 0.022 -2.5 0.008 175 
365 7.7 67,037 0.003 0.024 -8.8 0.125 176 
373 7.8 66,542 0.002 0.018 -8.3 0.051 177 
431 5.4 59,359 0.006 0.047 -8.2 0.033 178 
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   Averaged Averaged WT  WT  Montage 
   Wildtype  Knockout vs KO vs KO Image 

Spot # pI  MW  Spot % Spot % Difference T-test (p) Page # 
449 5.3 58,184 0.010 0.073 -7.0 0.043 179 
457 5.4 57,303 0.016 0.107 -6.9 0.003 180 
464 5.3 56,617 0.009 0.042 -4.6 0.124 181 
471 6.5 57,902 0.003 0.011 -3.4 0.173 182 
582 8.1 44,979 0.047 0.116 -2.5 0.030 183 
584 8.0 49,230 0.022 0.048 -2.2 0.025 184 
592 6.5 42,916 0.013 0.034 -2.6 0.043 185 
603 7.4 45,908 0.001 0.011 -12.3 0.053 186 
610 5.5 47,033 0.053 0.129 -2.4 0.013 187 
638 7.0 45,520 0.031 0.061 -2.0 0.004 188 
687 7.4 39,127 0.010 0.077 -7.7 0.000 189 
690 7.2 38,937 0.043 0.145 -3.4 0.003 190 
838 6.1 31,400 0.014 0.045 -3.2 0.001 191 
850 7.4 30,546 0.072 0.480 -6.6 0.001 192 
854 7.6 30,356 0.010 0.069 -6.8 0.001 193 
855 7.7 30,356 0.006 0.038 -6.5 0.001 194 
861 7.7 30,127 0.294 0.799 -2.7 0.023 195 
872 6.8 28,698 0.002 0.012 -7.4 0.059 196 
873 7.7 29,097 0.005 0.065 -12.1 0.019 197 
879 8.5 28,766 0.047 0.081 -1.7 0.019 198 
881 7.0 28,821 0.003 0.031 -9.1 0.050 199 
895 7.2 28,348 0.004 0.027 -7.4 0.006 200 
898 8.5 28,047 0.003 0.044 -13.1 0.004 201 
900 7.3 28,127 0.013 0.074 -5.7 0.029 202 
902 8.7 27,938 0.009 0.051 -5.4 0.000 203 
905 8.4 27,808 0.007 0.065 -9.7 0.004 204 
914 8.7 27,459 0.004 0.091 -21.3 0.009 205 
916 8.4 27,416 0.002 0.035 -14.1 0.001 206 
917 8.5 27,394 0.008 0.094 -11.1 0.022 207 
922 6.0 27,295 0.222 0.449 -2.0 0.023 208 
923 8.3 27,133 0.007 0.029 -4.4 0.002 209 
925 8.4 27,046 0.006 0.049 -8.6 0.010 210 
927 8.5 26,959 0.009 0.067 -7.4 0.013 211 
948 7.9 26,102 0.190 0.753 -4.0 0.000 212 
964 7.1 24,698 0.039 0.102 -2.6 0.039 213 
966 5.5 24,171 0.534 1.022 -1.9 0.015 214 
969 5.4 24,065 0.008 0.075 -8.9 0.005 215 
978 5.5 23,326 0.118 0.447 -3.8 0.008 216 
989 6.8 22,435 0.015 0.218 -14.8 0.002 217 
995 5.3 21,532 0.034 0.168 -5.0 0.117 218 
1008 7.4 21,149 0.003 0.026 -7.3 0.142 219 
1056 6.4 17,168 0.024 0.085 -3.5 0.209 220 
1068 5.4 14,812 0.016 0.111 -7.1 0.031 221 
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   Averaged Averaged WT  WT  Montage 
   Wildtype  Knockout vs KO vs KO Image 

Spot # pI  MW  Spot % Spot % Difference T-test (p) Page # 
1071 6.2 14,526 0.007 0.097 -14.3 0.306 222 
1077 8.3 13,434 0.440 1.239 -2.8 0.014 223 
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Figure 1.  2D Gel Difference Image of E18 mouse heart 52 wildtype (gels LF457 
#3-4) versus E18 mouse heart 3 knockout (gels LF457 #5-6). Polypeptide spots 
Increased in 52 Wildtype vs 3 Knockout by 1.7-fold or greater and p values < 0.05 
are outlined in Blue. Magnified images of crowded regions are shown on following 
page. See Table 1 for spot measurements. Montage and overlay images of changing 
spots are provided on the following pages. All spot data is given in the Excel Table 
on the CD.   
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Figure 1a. Magnified images of crowded regions from figure 1. 
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Figure 2.  2D Gel Difference Image of E18 mouse heart 3 knockout (gels 
LF457 #5-6) versus E18 mouse heart 52 wildtype (gels LF457 #3-4). 
Polypeptide spots Decreased in 52 Wildtype vs 3 Knockout by a 1.7-fold or 
greater difference and p values < 0.05 are outlined in Red. Magnified images of 
crowded regions are shown on following page. See Table 1 for spot 
measurements. Montage and overlay images of changing spots are provided on 
the following pages. All spot data is given in the Excel Table on the CD.   
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Figure 2a. Magnified images of crowded regions from figure 2. 
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Figure 216. Reference gel showing all spot numbering. Magnified images to show greater 
detail will be provided on request. 
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Materials & Methods 
 
Two-dimensional electrophoresis was performed using the carrier ampholine method of 
isoelectric focusing (O’Farrell, PH.J. Biol. Chem. 250: 4007, 1975) by Kendrick Labs, Inc 
(Madison, WI).  Isoelectric focusing was carried out in glass tubes of inner diameter 3.5 
mm, using 2% pH 3.5-10 (GE Healthcare, Piscataway, NJ) for 20,000 volt-hrs. 100 ng of 
an IEF internal standard, tropomyosin, was added to each sample prior to loading.  
Tropomyosin shows two polypeptide spots of similar pI; the lower spot of MW 33,000 and 
pI 5.2 is marked with an arrow on the silver-stained 2D gels.  The enclosed pH gradient 
plot for these ampholines was determined using a surface pH electrode. 
 
After equilibrium in SDS sample buffer (10% glycerol, 50 mM dithiothreitol, 2.3% SDS 
and 0.0625 M tris, pH 6.8), each tube gel was sealed to the top of a stacking gel that 
overlays a 10% acrylamide slab gel (1.0 mm thick). SDS slab gel electrophoresis was 
carried out for about 5 hrs at 25 mA/gel.  The following proteins (Sigma Chemical Co, St. 
Louis, MO) were added as molecular weight markers: myosin (220,000), phosphorylase A 
(94,000), catalase (60,000), actin (43,000), carbonic anhydrase (29,000), and lysozyme 
(14,000). The gels were dried between cellophane sheets with the acid end to the left.   

Computerized Comparisons 

Duplicate gels were obtained from each sample and were scanned with a laser densitometer 
(Model PDSI, Molecular Dynamics Inc, Sunnyvale, CA).  The scanner was checked for 
linearity prior to scanning with a calibrated Neutral Density Filter Set (Melles Griot, Irvine, 
CA).  The images were analyzed using Progenesis PG240 software with TT900 (version 
2006, Nonlinear Dynamics). The general method of computerized analysis for these pairs 
included image warping with TT900 software followed by automatic spot finding, 
background subtraction (average on boundry), matching, and quantification in conjunction 
with detailed manual checking.  
 
Spot % is equal to spot integrated density above background (volume) expressed as a 
percentage of total density above background of all spots measured. Difference is defined 
as fold-change of spot percentages. For example, if corresponding protein spots from 
different samples (e.g. mutant versus WT) have the same spot %, the difference field will 
show 1.0; if the spot % from the mutant is twice as large as WT, the difference field will 
display 2.0 indicating 2-fold up regulation. If the spot % from the mutant has a value half 
as large, the difference field will display – 2.0 indicating a 2-fold down regulation. 
Student’s t test values, generated by the software for n = 2 gels per measurement, are 
used to help decide whether a difference is valid. 
 
MW and pI Measurements 
 
Note that the isoelectric point (pI) measurements are approximate being based on the pH 
gradient plot included with the gels for this batch of ampholines for conditions of 9M 
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urea and room temperature of 22oC.  Since the samples themselves may perturb the pH 
gradient, internal pI standards should be included if more exact pI measurements are 
required.  The molecular weight and pI values for each spot are determined from 
algorithms applied to the reference image. 
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    Name: Samantha Whitman                                                            Date:  1/2/2008                    

       Sample(s): E18 Mouse heart: 52 wildtype and 3 knockout
          

    Ampholines:   2% pH 3.5-10 Amersham                                                                                              

   Conditions of IEF:   20,000 VHrs.  (20 Hrs. at 1,000 V)                                                                          

       Comments:                                                                                                                                                   

                  This pH gradient was measured using a surface pH electrode for 6 blank IEF tube gels.

              The dried slab gel for the second dimension is 20 cm wide with a 2D pattern about 18.5 cm wide.
             If SDS has been added to the sample, an SDS-NP-40 micelle migrates to the extreme acid end of the  
             tube gel, constricting the pH gradient.  In this case, the tube gels are poured long and the SDS bulb
             is cut off and discarded.  The dried 2D pattern for samples containing SDS is also about 18 cm wide.

             The black arrow on your 2D gel indicates our internal standard, Tropomyosin, pI 5.2 and molecular weight 
             32,700.  The molecular weight standard lines are due to myosin (220,000), phosphorylase A (94,000), 
             catalase (60,000), actin (43,000), carbonic anhydrase (29,000), and lysozyme (14,000) which have been 
             added to the sealing agarose.
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APPENDIX B 
PEPTIDE SEQUENCES OF PROTEINS IDENTIFIED BY CO-IP AND MASS 

SPECTROMETRY 
 
Candidate Unique Peptides Identified 
Ahnak ADLDVSGPK 
 VKGDMDVTVPK 
 AEGPEVDVNLPK 
 VEGDLKGPDVDIK 
 VPDVDIK 
 GGQTGLQGPGLSVSGPQGHLESESGK 
 VDIDVPDVNIEGPDAK 
 HEVTEISNTDVETQPGK 
  
Itga4 AHEDLSISVHASCENEGELDQVRDNR 
 RNTEEFPPLQPILQQKKEKDVIRK 
  
MybpC KLEPAYQVNK 
 AHNVAGPGGPIVTK 
 NPVGEDQVNLTVK 
 SAEVTAGSAAVFEAETER 
  
Plectin1 RPELEDSTLR 
 AALAHSEIATTQAASTK 
  
Rbm15 EYETGGGSSSSR 
 SSSSSATSDTAASTQRPLR 
  
Vasp PAGTGPQAFSR 
 VKQELLEEVRK 
 WLPAGTGPQAFSR 
 ATVMLYDDSNKR 
 ATVMLYDDSNKR 
 RPWEKNSTTLPR 
 VQIYHNPTANSFR 
 VQIYHNPTANSFR 
 YNQATPIFHQWR 
 STGGGLMEEMNAMLAR 
 SSSSVTTSEAHPSTPCSSDDSDLER 
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APPENDIX C: 
IACUC ANIMAL PROTOCOL APPROVAL 
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