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Abstract 

Title of Dissertation: Protein and RNA determinants regulating binding of AUF1, a major 

post-transcriptional regulator of gene expression 

 

Beth E. Zucconi, Doctor of Philosophy Candidate, 2013 

 

Dissertation Directed by: Gerald M. Wilson, Associate Professor, Ph.D., Department of 

Biochemistry and Molecular Biology  

 

AU-rich element RNA binding protein 1 (AUF1) regulates the stability of 

mRNAs containing AU-rich elements (AREs) in their 3’-untranslated regions.  AREs are 

highly enriched in mRNAs that encode cytokines, cell cycle regulators, and other 

regulatory proteins, making AUF1 a critical factor in control of many cellular systems.  

Four AUF1 isoforms arise through alternative splicing of exons 2 and 7 from a common 

pre-mRNA.  Preliminary evidence suggested that the different isoforms have varied 

functional and regulatory characteristics, but no detailed, quantitative analysis of their 

biochemical properties had been reported.  Using purified recombinant forms of each 

AUF1 protein variant, we used chemical crosslinking and gel filtration chromatography 

to show that each exists as a dimer in solution.  We then defined the association 

mechanisms of each isoform for ARE-containing RNA substrates and quantified binding 

affinities using electrophoretic mobility shift and fluorescence anisotropy assays.  While 

all AUF1 isoforms generated oligomeric complexes on ARE substrates by sequential 

dimer association, exon 2-encoded sequences inhibited RNA-binding affinity.  By 

contrast, the exon 7-encoded domain enhanced RNA-dependent protein oligomerization.  

Finally, fluorescence resonance energy transfer-based assays (FRET) showed that the 

different isoforms remodel bound RNA substrates into divergent structures as a function 



 

 

of protein:RNA stoichiometry.  Together, these data describe isoform-specific 

characteristics among AUF1 ribonucleoprotein (RNP) complexes, which likely constitute 

a mechanistic basis for differential function and regulation. 

Subsequently we evaluated RNA requirements for AUF1 binding.  Despite a 

binding site size of 33-34 nucleotides on ARE substrates, p37
AUF1

 requires only 15 

nucleotides of AU-rich sequence to form stable RNPs in a larger RNA context.  In 

particular, a 3’-guanine and 5’-non-base-specific sequence stabilize p37
AUF1

 binding, but 

by a mechanism that does not involve new ionic contacts.  However, van’t Hoff and 

FRET analyses showed that AUF1 contacts with the 5’-extension contribute to RNA 

structural condensation.  Reporter mRNAs containing minimal high-affinity target 

sequences associate with AUF1 by RNP-immunoprecipitation and are destabilized in an 

AUF1-dependent manner in cells.  These findings provide a mechanistic explanation for 

the diverse population of AUF1 target mRNAs, but also suggest that the role of AUF1 

and proteins/miRNAs binding adjacent sites may be reciprocally regulated by local RNA 

structure. 
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Chapter 1 

“Manipulation of neoplastic gene regulatory pathways by the RNA-binding factor 

AUF1” 
1
 

 

1. 1 AUF1 function  

The need for cells to precisely control the extent and timing of protein production 

is met by the intricate array of mechanisms that regulate gene expression.  This multi-

faceted control circuitry can manipulate the utilization of genetic information at many 

levels, including transcription, RNA processing, RNA localization, translation, and 

protein degradation.  One regulatory mechanism that facilitates very rapid cellular 

responses to a variety of stimuli is control of mRNA stability, which directly modulates 

the cytoplasmic concentrations of specific transcripts, and hence their potential to 

program protein synthesis, at minimal energetic cost (reviewed in Refs. 1, 2).  In fact, 

microarray surveys of nascent and total RNA levels indicated that over half of all genes 

modulated by stress responses were principally regulated at the level of mRNA turnover 

(3).  This enables control of steady-state mRNA levels independent of transcription.  

Also, in response to changes in transcription these unstable mRNAs achieve their new 

steady-state levels more quickly than more stable transcripts (4, 5).   

 

 

                                                           
1
 Largely derived from “Manipulation of neoplastic gene regulatory pathways by the RNA-binding factor 

AUF1.”  This chapter includes additions and modifications made to enlarge the scope and include recent 

findings.  The work was first published by B.E. Zucconi and G.M. Wilson in Frontiers in Bioscience in 

June 2011.   
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IL-3 (Ref. 11) 

5’-AUUUAUUUAUGUAUUUAUGUAUUUAUUUAUUUA-3’ 
 

TNFα (Ref. 12) 

5’-AUUAUUUAUUAUUUAUUUAUUAUUUAUUUAUUUA-3’ 
 

c-fos (Ref. 13) 

5’-UUUUAUUGUGUUUUUAAUUUAUUUAUUAAGAUGGA 

UUCUCAGAUAUUUAUAUUUUUAUUUUAUUUUUUUU-3’ 
 

c-jun (Ref. 14) 

5’-UUUCGUUAACUGUGUAUGUACAUAUAUAUAUUUUUU 

AAUUUGAUUAAAGCUGAUUACUGUGAAUAAACAGCUUC

AUGCCUUUGUAAGUUAUUUCUUGUUUGUUUGUUUGGGU

AUCCUGCCCAGUGUUGUUUGUAAAUAAGAGAUUU-3’ 

 

Figure 1-1. AREs from selected mRNAs.  These were defined 

functionally by their ability to accelerate the turnover of a β-globin-

chimeric mRNA in cis.  AUUUA motifs are underlined.  

1.1.1 RNA turnover regulated by AU-rich elements 

Cells can degrade individual mRNA species at vastly different rates, which are 

largely controlled by the presence of specific cis-acting sequence and/or structural 

determinants within each transcript.  Furthermore, the mRNA-stabilizing or -destabilizing 

activities of elements can be rapidly activated or inhibited in response to a plethora of 

intracellular and extrinsic signals.  The best characterized cis-acting determinants of 

mRNA turnover are the AU-rich elements (AREs), a varied family of 3’-untranslated 

sequences that generally span 40-120 nucleotides and are dominated by uridylate 

residues, often containing repetitive AUUUA or similar motifs (reviewed in Ref. 6).  

Recent bioinformatics surveys have indicated that as many as 5-8 % of all genes may 

contain ARE-like sequences (7), but they are disproportionally frequent in transcripts  

that encode factors contributing to the development and progression of cancer including 

oncoproteins, cell cycle regulators, growth factors, and inflammatory cytokines.  Between 

different mRNAs, AREs can 

vary widely in sequence 

context (Fig. 1-1).  For 

example, AREs from mRNAs 

encoding cytokines or 

lymphokines such as 

granulocyte macrophage-

colony stimulating factor 

(GM-CSF) or interleukin-3 
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(IL-3) are normally fairly short (40-60 nt) and include several overlapping AUUUA 

motifs.  By contrast, AREs from proto-oncogene mRNAs like c-fos or c-jun typically 

have a few dispersed pentamers (or none at all) within a larger U-rich background 

(reviewed in Ref. 6).  However, for homologous mRNAs, the ARE sequence can be more 

highly conserved than the coding region, indicating a strong pressure to maintain distinct 

features of each ARE (8, 9).  For example, the 34-nt core sequence of the ARE from 

tumor necrosis factor α (TNFα) mRNA is identical between humans and other mammals 

as diverse as sheep and whales (10).   

 

1.1.2 Trans-acting factors 

 In cells, AREs are recognized by a diverse population of trans-acting factors 

collectively termed ARE-binding proteins (ARE-BPs).  At present there are over twenty 

identified ARE-BPs.  These interact with RNA using a variety of protein modules 

including RNA Recognition Motifs (RRMs), K homology (KH)-domains, and zinc finger 

domains.  Recruitment of ARE-BPs to ARE-containing mRNAs can positively or 

negatively regulate their decay kinetics or translational efficiency (reviewed in Refs. 5, 

15-17).  For example, members of the Hu family of proteins including the ubiquitously 

expressed HuR or neuron-specific homologues HuC, HuD, and Hel-N1 stabilize ARE-

containing mRNA substrates (18-23).  Conversely, binding of tristetraprolin (TTP) (24, 

25) and the KH-type splicing regulatory protein (KSRP) are closely associated with 

acceleration of mRNA decay (26, 27).  A separate subpopulation of ARE-BPs is 

represented by T-cell intracellular antigen 1 (TIA-1) and TIA-1-related protein (TIAR), 

which are associated with translational repression of targeted mRNAs (reviewed in Refs. 
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15, 16).  However as research progresses, it is becoming clear that a single ARE-BP can 

assume multiple roles.  For example, HuR association may be a destabilizing factor or 

translational inhibitor in some contexts (28-31), while TTP or its family members have 

demonstrated functions in transcriptional activation, mRNA 3’-end processing and 

polyadenlyation, mRNA translocation, translation, and mRNA stabilization (reviewed in 

Ref. 32).  Multiple ARE-BPs have also been found to associate with common targets.  

This binding can be competitive, combinatorial or allosterically coupled (33-35).  

Additionally transcripts can be regulated by alterations in their subcellular distributions 

as well as through post-translational modifications of associated ARE-BPs (36). 

AU-rich element RNA-binding factor 1 (AUF1) was the first ARE-BP to be 

purified and cloned (37, 38), and in the two decades since its discovery has revealed a 

rich array of biochemical and functional detail.  Normally associated with destabilization 

of mRNA substrates, other studies have indicated mRNA-stabilizing roles and even 

indirect control of translation by this factor (39-43).  Recent work has also linked 

perturbation of AUF1 expression with cancer and inflammatory dysfunction, likely 

involving aberrant post-transcriptional control of selected ARE-containing mRNAs.  In 

this chapter, we will first summarize our current knowledge of the mRNA targeting 

mechanisms of AUF1 and the functional consequences of these interactions.  

Subsequently, we will describe links between AUF1 and the development and 

progression of cancer and cardiovascular disease, involving atypical regulation of: (a) 

relative levels of AUF1 isoforms, (b) subcellular localization of AUF1, and (c) post-

translational modifications that modify biochemical properties of this factor. 
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1.2.   Functions of AUF1 in post-transcriptional control of gene expression 

AUF1 is encoded by a single copy gene comprised of 10 exons on chromosome 

4q21), and is expressed as a family of four protein isoforms generated by alternative pre-

mRNA splicing of exons 2 and 7 (44, 45).  The AUF1 proteins are named according to 

their apparent molecular masses as p37
AUF1

, p40
AUF1

, p42
AUF1

, and p45
AUF1

.  The two 

largest isoforms contain the 49 amino acid sequence encoded by exon 7 while p40
AUF1

 

and p45
AUF1

 both contain the 19 amino acid exon 2-encoded domain (Fig. 1-2) (45).  All 

isoforms include two centrally-positioned, tandemly arranged RNA recognition motifs 

 

(RRMs) which mediate RNA binding (46).  The general organization of an RRM is a β-

α-β-β-α-β RNA binding platform of anti-parallel β sheets backed by the α helices (47).  

Structures of individual AUF1 RRM domains resolved by NMR are largely consistent 

with this overall tertiary fold (Fig. 1-3) (48-50).  The protein domain encoded by exon 2 

is immediately N-terminal to the RRMs; interactions or interference between this domain 

 
 

Figure 1-2:  Schematic of AUF1 isoforms generated by alternative splicing. 
Both p42

AUF1
 and p45

AUF1
 contain the 49 amino acid region encoded by exon 7 

(green) while p40
AUF1

 and p45
AUF1

 contain the 19 amino acid region encoded by 

exon 2 (yellow). All isoforms contain two RRMs (RNA recognition motifs) each 

composed of characteristic RNP-2 and RNP-1 boxes respectively (red) followed by 

a Gln-rich domain. The isoform names are listed at left and number of amino acids 

at right. 
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and RNA substrates may contribute to the decreased 

ARE-binding affinity reported for p40
AUF1

 and 

p45
AUF1

 relative to AUF1 isoforms lacking this 

domain (45), include a glutamine-rich region that may 

also contribute to ARE binding affinity (38, 45, 46, 

51).  The exon 7-encoded domain contained within 

p42
AUF1

 and p45
AUF1

 is located proximal to the C-

terminus, and plays a role in the subcellular 

distribution of this protein (described in section 1.6).  

The AUF1 translational termination codon is 

contained within exon 8.  The subsequent exon 9 and 

the flanking introns 8 and 9 can also be differentially spliced yielding five detectable 

3’UTR splice variants although transcripts terminating with a combination of exons 8 and 

10 alone are most abundant (Fig. 1-4) (52).  The inclusion of the alternative 107-

nucleotide exon 9 but not the following intron 9 places the exon 9:exon10 junction more 

than 50-55 nucleotides downstream of the stop codon, a criterion for the stimulation of 

mRNA degradation by nonsense-mediated decay (NMD) (53).  Consistent with this 

hypotheses, these +exon 9/-intron 9 transcripts have low expression profiles (52) but are 

stabilized upon depletion of the NMD trans-acting factors Upf1 or Upf2 (54).  A second 

form of post-transcriptional regulation of AUF1is dependent upon the inclusion of intron 

9 which is sufficient to confer mRNA destabilization via two conserved AU-rich 

sequences that can bind AUF1 protein (52).  AUF1 crosstalk and feedback-based 

regulatory mechanisms are seen on a broader level as well, by its interaction with 

Figure 1-3: RRM2 of AUF1 

bound to nucleic acid.  
NMR structure of the C-

terminal AUF1 RRM (green) 

bound to telomeric DNA 

(orange backbone, blue 

bases).  Adapted from Ref. 

(50). 
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transcripts encoding HuR, TIA-1, TIAR, KSRP, and NF-90 – all factors that function 

post-transcriptionally as ARE-BPs (55). 

 

1.2.1. Substrate selectivity of AUF1 

Early biochemical analyses with recombinant p37
AUF1

 demonstrated high affinity 

binding (low nM Kd) to AREs from c-fos, c-myc, and TNFα mRNAs (56, 57), all 

prototypical ARE sequences containing multiple AUUUA motifs.  More recently, 

comparative sequence analyses of AUF1-associated cellular mRNAs recovered by 

ribonucleoprotein immunoprecipitation (RNP-IP) supported a preference for AU-rich 

sequences.  Based on these studies, a loose consensus motif enriched in A and U residues 

(79% A+U) spanning 29-39 nucleotides was identified in 75% of all mRNA targets of 

AUF1 (58).  However, since 25% of AUF1-associated mRNAs lacked this sequence, it is 

possible that AUF1 recruitment may also be mediated by distinct families of mRNA 

sequences, may involve higher-order RNA structures, and/or be facilitated by ancillary 

RNA-binding factors.  Additionally the presence of an ARE in an AUF1-targeted 

 
 

Figure 1-4:  Schematic of alternative splicing of the AUF1 3’-UTR.  Following the 

coding sequence (white box), alternative splicing of AUF mRNA 3’-UTR exons (red 

boxes) and introns (black lines) gives rise to transcripts that are susceptible to 

differential regulation.  Adapted from Ref. (5). 

Figure 1-4: Alternative AUF1 3’-Splicing Variants.  Following the coding 

sequence (white boxes), the 3’-UTR exonic sequences (red) and introns (line) can be 

alternatively spliced to yield transcripts susceptible to NMD and recognized by 

AUF1 
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transcript does not confirm that AUF1 directly interacts with this sequence.  Further 

analyses of AUF1-associated RNA populations supported roles for these proteins in both 

nuclear and cytoplasmic RNA metabolic processes.  First, both nuclear and cytoplasmic 

AUF1 associated with target RNAs.  Second, AUF1 bound to both mature mRNAs and 

pre-mRNAs containing the target motif (58), implying that AUF1 may be loaded onto 

some RNA substrates at co-transcriptional or early post-transcriptional pre-mRNA 

processing steps. 

The possibilities that: (i) AUF1 loads early in nuclear RNA processing, and (ii) 

selected AUF1 isoforms may escort processed mRNAs during nucleocytoplasmic 

transport (described in section 1.6.1) suggest a stable RNA-protein interface.  However, 

in vitro AUF1 binding to RNA substrates is highly dynamic in solution.  For example, the 

dissociative half-time for a p37
AUF1

 complex with the TNFα ARE is approximately 10 

seconds (57).  Since the equilibrium dissociation constant for p37
AUF1

 binding to this 

RNA substrate is approximately 2 nM (51, 59), the on-rate for this interaction must 

approach 10
8
 M

-1
·s

-1
, very rapid but well within the diffusion limit of 10

9
 – 10

10
 M

-1
·s

-1
 

(60).  The rapid dynamics of AUF1 binding to RNA substrates observed in vitro present 

some interesting functional possibilities for AUF1 in cellular environments.  One 

possibility is that AUF1 may require ancillary binding factors or post-translational 

modifications to stabilize the AUF1-RNA complex in cells.  Consistent with this option, 

several AUF1 isoforms are phosphorylated in cells (38, 61), and independent labs have 

identified a variety of AUF1-interacting proteins (described below).  Conversely, AUF1 

function could be coupled to re-iterative cycles of RNA binding and release.  For 

example, local RNA conformations resulting from transient AUF1 binding to AREs 
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(discussed below) may obstruct or enhance access of other trans-acting factors, including 

RNA-binding proteins (RBPs) or miRISC (miRNA loaded-RNA-induced silencing 

complex), to proximal sites.    RISC is a multiprotein complex including GW182, Dicer, 

AGO, and helicase proteins which binds the guide strand of an miRNA or siRNA duplex 

to form miRISC which post-transcriptionally regulates mRNAs, typically by inducing 

mRNA degradation and/or translational repression (62, 63).  Furthermore, dynamic 

interactions between AUF1 and RNA substrates would permit rapid changes in RNA 

occupancy in response to alterations in the cellular environment. 

In addition to binding RNA, ongoing research indicates that DNA-targeted events 

can also be regulated by AUF1.  All AUF1 isoforms have high affinity for the G-rich 

strand of the telomeric repeat sequence (64).  AUF1 binding to these sequences 

destabilizes local guanosine quadruplex structures (50), which may enhance telomerase 

access and thus promote telomere maintenance.  Other studies have provided additional 

evidence that nuclear AUF1 may also play roles in the regulation of transcription.  For 

example, p40
AUF1

 can bind and activate transcription from the complement receptor 2 

gene promoter (65), and in complex with nucleolin forms the B cell-specific transcription 

factor LR1 (66).  Furthermore, multiple AUF1 isoforms have been shown to regulate 

transcription of the enkephalin gene in developing brain (67), and the α-fetoprotein gene 

(68), which encodes an onco-developmental protein that can be re-activated during liver 

regeneration or cancer (69).  p37
AUF1

 also binds both single and double-stranded ATTT-

containing fragments of the thymidine kinase promoter and activates transcription in a 

ATTT-sequence dependent manner (70).  Linking both transcriptional function and 

telomerase activity, AUF1 was recently shown to bind to the mTERT (mammalian 
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telomerase) promoter in conjunction with an >20-fold AUF1-dependent increase in 

mTERT mRNA levels.  Expression of both p45
AUF1

 and p42
AUF1

 were sufficient to 

significantly restore mTERT expression in AUF1
-/-

 mouse embryo fibroblasts (71).   

 

1.2.2. Structural considerations and consequences of AUF1 binding 

In solution, p37
AUF1

 exists as a dimer (46, 57), but forms larger oligomers once 

bound to RNA substrates.  The size of these oligomers is related to the length of the ARE 

target; for example, two dimers of p37
AUF1

 bind to form a tetrameric protein-RNA 

complex on the 38-nt TNFα ARE (57, 59), while the p37
AUF1

 complex assembled on the 

70-nt ARE from c-fos mRNA is consistent with a protein hexamer (46).  To date, 

however, the functional significance of RNA-dependent AUF1 oligomerization remains 

unknown. 

While the “canonical” ARE substrates of AUF1 are generally considered to be 

largely single-stranded based on their AU-rich content, computational algorithms suggest 

that variants of AUF1 consensus motifs may form punctuated local secondary structures 

consisting of bulged and kinked stem-loops (58).  Similarly, the AUF1 binding site 

within phosphoenolpyruvate carboxykinase mRNA includes a stem-loop structure (72).  

A similar structure formed by the TNFα ARE has been biochemically validated using 

both nuclease mapping and fluorescence-based techniques (10).  However, while p37
AUF1

 

binds the TNFα ARE substrate with nanomolar affinity, conditions that stabilize ARE 

folding weakened AUF1 binding.  By contrast, association of the mRNA-stabilizing 

factor HuR was unaffected by stabilizing folding of the TNFα ARE (10).  In this manner, 

local RNA structural potential may serve as an additional determinant of protein-binding 
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specificity.  Perhaps more importantly, alterations in local RNA structure through protein 

binding or other events could rapidly alter selectivity for ARE-binding proteins.  Finally, 

AUF1 binding to RNA substrates can also modify their local structure.  By monitoring 

the distance between the termini of RNA substrates using fluorescence resonance energy 

transfer (FRET), both p37
AUF1

 and p40
AUF1

 were shown to condense local RNA 

structures, bringing the termini closer together in solution (73, 74).  Interestingly, 

compaction of ARE structure was abrogated by phosphorylation of p40
AUF1

 at Ser83 and 

Ser87 (74), which occurs in resting THP-1 monocytic cells and is accompanied by rapid 

decay of substrate mRNAs.  Stimulation by phorbol esters resulted in loss of these 

phosphate groups, concomitant with stabilization of the TNFα and interleukin 1-β (IL-1β) 

transcripts (61).  The direct functional significance of remodeling local RNA structure by 

AUF1 binding is not yet clear.  However, it is likely that such modulation of local higher-

order RNA structure may block or vacate nearby binding sites for other factors including 

other RNA-binding proteins or microRNAs (miRNAs), which may mediate antagonistic 

or complimentary functions on mRNA stability.   

Some recent findings support the model that combinatorial influences of RNA-

binding proteins and/or miRNAs can direct mRNA fates.  For AREs, this possibility was 

envisioned early based on the overlapping nature of RNA sequences targeted by different 

ARE-BPs.  For example, while the mRNA-destabilizing protein TTP shows a strict 

preference for sequences of the type UAUUUAUU (75), RNA selectivity by HuR and 

AUF1 appears to be more permissive, as both factors bind many RNA substrates with a 

generally U-rich character (58, 76).  Consistent with this idea, microarray-based surveys 

of mRNAs co-purifying with AUF1 and HuR identified a broad range of mRNA targets 



 

12 

 

that can bind both proteins, and validation studies on selected mRNA substrates 

demonstrated that both bind concurrently to some mRNAs (33).  Another report provides 

evidence that p42
AUF1

 and HuR compete for binding to the 3’UTR of the mRNA 

encoding the cap-binding translation initiation factor eIF4E (42), a potent oncoprotein 

that is overexpressed in many aggressive cancers (77).  Similarly, AUF1 binding to c-myc 

mRNA enhances translation of this transcript by competing with the translational 

inhibitor TIA-1 for a common binding site (41).  Competition and/or cooperation 

between AUF1 and other trans-factors are likely extensible to miRNAs as well, because 

some miRNAs can also associate with ARE targets (78).  Considering the high degree of 

base pair complementarity required for miRNA targeting, protein-induced changes in 

local RNA structure may regulate miRNA accessibility by exposing or obstructing 

adjacent sequences.  Precedents for such mechanisms have already been reported in other 

systems.  For example, binding of the RNA-binding protein Dead end 1 (Dnd1) to the 

3’UTR of p27
KIP

 mRNA prevents targeting by miR-211 (79).  Similarly, HuR can block 

repression of cationic amino acid transporter 1 (CAT-1) mRNA translation by miR-122 

(80), although HuR can also serve as a positive regulator of miRNA action, since it 

enhances let-7 recruitment to c-myc mRNA (28).  Together, these models predict a 

reciprocal relationship between RNA structure and trans-factor recruitment, where the 

local structural context of an ARE may dictate the relative affinity and positioning of 

ARE-BP and/or miRNA recruitment.  In turn, local RNA conformational changes 

mediated by this initial binding event would then be expected to positively or negatively 

influence the accessibility of adjacent sites for ancillary binding factors.   
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1.2.3.   The AUF1 interactome and mechanics of ARE-directed mRNA decay 

 Cytoplasmic turnover of most cellular mRNAs proceeds via the deadenylation-

dependent mRNA decay pathway.  Decay is initiated by 3’→5’ removal of the poly(A) 

tail, followed by excision of the 5’-cap and exonucleolytic degradation of the mRNA 

body from both 5’ and 3’ ends (reviewed in Ref. 1).  Deadenylation is considered the rate 

limiting step of the process, since poly(A)
-
 intermediates do not normally accumulate in 

vivo (6).  The poly(A) tail is shortened by dedicated deadenylase enzymes, which in the 

cytoplasm include members of the POP2 and CCR4 protein families, and the poly(A)-

specific ribonuclease (PARN) (reviewed in Refs. 53, 81, 82).  One current model 

indicates that removal of the poly(A) tail makes the 3’-end of the mRNA susceptible to 

3’→5’ degradation by the cytoplasmic exosome (83).  Alternatively, deadenylated 

mRNAs may be rapidly degraded from the 5’-end through the activities of decapping 

enzymes and 5’→3’ exonucleases including Xrn1, possibly involving transport to P 

bodies, intracellular foci that are enriched in these factors (reviewed in Refs. 53, 84). 

AREs enhance mRNA decay by increasing mRNA deadenylation rates (6).  

Although AUF1 binding to ARE-containing mRNAs is most frequently associated with 

acceleration of mRNA decay, AUF1 itself exhibits no nucleolytic activity, nor is it 

competent to stimulate the decay of polysomal mRNA in its purified form (reviewed in 

Ref. 85).  However, AUF1 was initially discovered as a protein component of a 7S 

cytosolic complex that enhanced polysomal c-myc mRNA turnover in cell-free mRNA 

decay reactions (37).  Together, these observations have prompted the working model 

whereby AUF1 binding to ARE-containing mRNAs may function by conveying or 

recruiting additional trans-acting factors to the targeted mRNA substrate.  The identities 



 

14 

 

of AUF1-interacting proteins discovered by several groups in recent years lend some 

support to this model.  For example, co-immunoprecipitation experiments indicated that 

cytoplasmic AUF1 exists in complexes with proteins including the translation initiation 

factor 4G (eIF4G), heat shock protein 70 (Hsp70), heat shock cognate protein 70 

(Hsc70), heat shock protein 27 (Hsp27), and poly(A)-binding protein (PABP) (86-88).  

Each of these AUF1-binding partners has established roles in the control of mRNA decay 

or translation.  eIF4G promotes ribosome loading by coordinating a complex of proteins 

that brings together the 5’-cap, 3’-poly(A) tail, and the 40S ribosomal subunit (reviewed 

in Ref. 89).  Another co-immunoprecipitation revealed that interactions between inhibitor 

of growth 4 (ING4) and AUF1 can promote c-myc mRNA translation (43).  Interestingly, 

several groups had previously shown that rapid decay of ARE-containing mRNAs 

requires ongoing translation (90-92).  Hsp70, Hsc70, and Hsp27 can all function 

independently as ARE-binding factors, and in the case of Hsc70, can stabilize targeted 

transcripts in cytokine-activated hematopoietic cells (93, 94).  Finally, cytoplasmic PABP 

forms high affinity complexes with mRNA poly(A) tails to both protect the tail and 

enhance translational initiation by aiding in the recruitment of eIF4G (88). 

Yeast two-hybrid assays have identified p37
AUF1

 interactions with itself, p40
AUF1

, 

ubiquitin conjugating enzyme E2I (UBCE2I), and additional RNA-binding proteins 

including nuclease sensitive element binding protein 1 (NSEP-1), synaptotagmin binding, 

cytoplasmic RNA-interacting protein 1 (NSAP-1) and insulin-like growth factor 2 

mRNA-binding protein 2 (IMP-2) (95).  The interaction with NSAP-1 may aid AUF1 

function in promoting IRES-dependent translation (96).  AUF1 and NSAP-1 were also 

detected in a complex associated with the coding region of c-fos mRNA (97).  It is 
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possible that UBCE2I binding is associated with control of AUF1 protein turnover, since 

all isoforms can be polyubiquitinated in cells and are susceptible to degradation by the 

proteasome (98-100).  Independent two-hybrid surveys have shown that AUF1 also 

associates with proteins αCP1 and αCP2 (101).  These factors are members of the α-

globin mRNA stability complex that bind a pyrimidine-rich element within the α-globin 

mRNA 3’UTR and contribute to the extreme stability of this transcript, although the role 

of AUF1 in this process remains unclear.  Finally, AUF1 can interact with components of 

the exosome (26) and co-localizes with exosome proteins in cells (33).  While this 

indicates an immediate and direct link between AUF1 and a very efficient 3’ → 5’ 

exonucleolytic machine, exosomes alone do not appear to deadenylate mRNA substrates 

(26), but rather, contribute to rapid degradation of the deadenylated intermediate products 

of mRNA turnover.   

Taken together, these findings suggest that AUF1 binding and oligomerization on 

ARE-containing mRNAs may direct rapid decay by nucleating assembly of a multi-

subunit trans-acting complex, which at some point must enhance substrate mRNA 

deadenylation.  However, the mechanism by which these factors accelerate 3’-

deadenylation has not been defined.  Conceivably, the AUF1 complex, sometimes named 

the AUF1- and Signal Transduction-Regulated Complex (ASTRC), may recruit 

deadenylases or may activate enzymes already a part of the complex (88).  For some 

AUF1 isoforms, deadenylation enzymes may alternatively be recruited by AUF1-TTP 

interactions (Ref. 34 and reviewed in Refs. 32, 102, 103).  This model of enzyme 

activation within the context of ASTRC is consistent with the inability of purified AUF1 

to stimulate decay of substrate mRNA in a cell-free assay system (104).  Alternatively 
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ASTRC may modify the interaction of PABP and the mRNA poly(A) tail to increase 

accessibility of the 3’-end to cytoplasmic deadenylases.  As previously mentioned, AUF1 

is known to also interact with exosomes which contain 3’→ 5’ exoribonuclease activities 

(26, 105).  After deadenylation AUF1 may recruit exosomes to degrade the mRNA body 

since exosomes lack significant deadenylase activity (81).  However, exosomes are not 

thought to primarily function in deadenylation, so AUF1 may only translocate there for 

mRNA body degradation after efficient deadenylation elsewhere (81).  Alternatively the 

RNA-dependent interaction of AUF1 and argonaute 2 (AGO2) may circumvent the need 

for deadenylation in selected cases by facilitating endonucleolytic cleavage (29, 82). 

 

1.3. Positive and negative contributions of AUF1 to neoplasia 

The prototypical mRNA to which AUF1 binds is one whose expression must be 

precisely and rapidly regulated.  These mRNAs include many encoding cyclins and 

cyclin kinase inhibitors, regulators of apoptosis, proto-oncogenes, and cytokines (Table 

1-1).  Cyclins promote the progression of the cell cycle.  Conversely, cyclin kinase 

inhibitors arrest the cell at checkpoints to slow proliferation and maximize genome 

maintenance, thus minimizing the potential for cancer-stimulating mutations.  Excessive 

promotion of the cell cycle without activation of apoptosis yields uncontrolled cellular 

proliferation, also known as hyperplasia.  Hyperplasia can progress into dysplasia, the 

precursor to malignancy, as cells accumulate genetic errors through repeated rounds of 

premature division.  Cell proliferation rates can be further enhanced by overexpression or 

over-activation of proto-oncogenes or lack of apoptosis activation (reviewed in Ref. 106).   
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Cytokines are encoded by a distinct subset of highly regulated mRNAs.  Although 

cytokines are intrinsically linked to inflammation and atherosclerosis, connections 

between inflammatory syndromes and the development and progression of cancer are 

becoming established (reviewed in Ref. 107).  For example, chronic inflammation can 

include sustained production and secretion of many cytokines and chemokines including 

TNFα, interleukins-1α, -1β, -6, -8, and -18, and vascular endothelial growth factor 

(VEGF).  Accumulation of these factors generates local microenvironments that can 

activate tumorigenic properties in nearby cells, including proliferation, inhibition of 

apoptotic signals, and angiogenesis (108).  In this section, we will first overview the 

broad scope of AUF1-binding mRNAs and then discuss AUF1-dependent regulation of 

specific transcripts that encode cell cycle/apoptotic factors and cytokines, where AUF1 

exhibits activities consistent with a tumor suppressor.   

 

1.3.1.   Insights from AUF1 target mRNAs  

Shortly after AUF1 was identified, binding experiments demonstrated selective 

binding to AREs from a few proto-oncogene (c-myc, c-fos) and cytokine (GM-CSF) 

mRNAs (38, 56).  However, several ribonome-wide surveys of AUF1-binding mRNAs 

subsequently demonstrated that AUF1 function could be intimately linked to malignancy 

at multiple levels (summarized in Table 1-1).  The first such study was performed by Jim 

Malter’s lab, which used repeated rounds of AUF1-affinity chromatography to isolate 

AUF1-binding mRNAs from activated peripheral blood mononuclear cells (109).  

Sequencing cDNA micro-libraries generated from the AUF1-binding mRNA pool 

revealed a plethora of early response gene targets, which comprised 33% of all mRNAs 
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recovered.  Putative AUF1 substrate mRNAs identified in this screen included those 

encoding plasminogen activator inhibitor, IL-8, the transcription factors JunD and BTF2, 

the chemokine Gro-β, and the cyclin-dependent kinase inhibitor p21.  Proteins encoded 

by these mRNAs have diverse roles in the control of several tumorigenic phenotypes 

including cell proliferation, apoptosis, and cell motility.  Additional AUF1 target mRNAs 

encoded factors involved in mRNA metabolism including the splicing regulators SC35 

and hnRNP A1, and translation factors eEF-1α and the p36 subunit of eIF3.  Regulated 

production of these factors would be expected to modulate the diversity of spliced gene 

products and possibly global protein synthesis. 

The next large-scale screen for AUF1 substrate mRNAs was performed in 

Myriam Gorospe’s lab, where AUF1-bound mRNAs were recovered from HeLa cell 

lysates by RNP-IP and identified using cDNA arrays (33).  These experiments identified 

over 450 potential AUF1 substrate mRNAs, including many that encode proteins closely 

associated with oncogenic processes.  For example, the α isozyme of the catalytic subunit 

of protein phosphatase 1 (PPP1CA) is a potential activator of p53-induced cell cycle 

arrest (110).  The chemokine (C-X-C motif) ligand 5 (CXCL5) is a pro-angiogenic 

inflammatory mediator and stimulator of cell proliferation that is up-regulated at the 

mRNA and/or protein level in prostate and selected other cancers (111).  XRCC5 mRNA 

encodes a component of the DNA-dependent protein kinase required for non-homologous 

end-joining (NHEJ), an integral component of the cellular DNA repair machinery.  

Disruption of NHEJ is associated with increased cancer risk in murine models and human 

patients (reviewed in Ref. 112).  Other AUF1-targeted mRNAs identified in this study 
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that encode products related to cell growth and division include the translation initiation 

factor eIF4A2 and cyclin dependent kinase 7 (CDK7) (33).   

Table 1-1: AUF1 substrate mRNAs that encode cancer-related products 
Gene 

symbol 

Gene name Regulation by AUF1 binding Ref(s) 

Cell Cycle Regulators 

CCND1 Cyclin D1 destabilize mRNA (33) 

CDKN1A p21 destabilize mRNA (33) 

CDKN1B p27 decreased mRNA (113) 

RB1 Retinoblastoma protein increased protein expression associated with 

decreased AUF1 expression 

(113) 

CDKN2A p16INK4a destabilize mRNA (29, 114) 

Apoptosis Regulators 

BAX BCL2-associated X protein decreased protein expression associated with 

increased mRNA-AUF1 association 

(115) 

BCL2 B cell leukemia  destabilize mRNA (116) 

GADD45a Growth arrest and DNA-

damage-inducible, α 

destabilize mRNA (117) 

IER2 Immediate early response 2 stabilize mRNA (40) 

CASP2 Caspase 2 decreased protein expression associated with 

increased mRNA-AUF1 association 

(115) 

Metastasis Regulators 

MMP9 Matrix metaloproteinase -9 increased mRNA with decreased AUF1 

expression 

(118) 

FGF9 Fibroblast growth factor 9 p42
AUF1

 destabilizes mRNA (119) 

Inflammatory Mediators 

GM-CSF Granulocyte-macrophage 

colony-stimulating factor 

destabilize mRNA (120) 

GM-CSF Granulocyte-macrophage 

colony-stimulating factor  

stabilize mRNA (39) 

IL1B Interleukin 1β stabilize mRNA (121) 

IL10 Interleukin 10 LPS induces stabilization by p40
AUF1

  (122) 

IL6 Interleukin 6 destabilize and stabilize mRNA (123) 

NOS human inducible nitric 

oxide synthase 

destabilize mRNA (124) 

DNA Repair and Replication Regulators 

FOS c-fos destabilize mRNA (125) 

TYMS thymidylate synthase destabilize mRNA of one allele type (126) 

JUND jun D proto-oncogene destabilize mRNA (127) 

 

A third ribonome-scale screen for AUF1 substrates performed by Ron 

Gartenhaus’ lab specifically searched for mRNAs exhibiting differential association with 

AUF1 in non-tumorigenic breast epithelial cells versus those transformed by the 
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oncogene MCT-1 (115).  While AUF1 expression levels did not detectably change as a 

result of cell transformation, there were significant differences in the mRNA 

subpopulations that associated with AUF1 between these cell models.  For example, 

AUF1 binding to mRNAs encoding several cell cycle regulators (CDK1, CDK7, cyclins 

D1 and D2, and p21), as well as the apoptosis regulatory factor BAX, apoptotic protease 

caspase 2, and the translation regulatory factor eIF4EBP2 was enhanced in the 

transformed cell model.  Western analyses showed that levels of BAX, caspase 2, and 

eIF4EBP2 proteins were significantly repressed in the transformed cells, consistent with a 

negative influence of AUF1 on the expression of each factor.  Conversely, some AUF1-

targeted mRNAs showed poorer binding to AUF1 in transformed versus non-tumorigenic 

cells.  These included mRNAs encoding the pro-apoptotic and -angiogenic cytokine 

TWEAK, the Ras-related signal transduction mediator RAB2, and the DNA repair 

regulatory factor RAD51-associated protein 1 (RAD51AP1) (115).  These observations 

that different mRNA subpopulations show increased or decreased AUF1 binding in non-

tumorigenic versus MCT-1-transformed cells suggest that the mRNA selectivity of AUF1 

may be modulated during cell transformation.  Biochemical and cellular mechanisms that 

can regulate various aspects of AUF1 function are discussed in detail in sections 1.5, 1.6, 

and 1.7 (below).  

 

1.3.2.   Anti-tumorigenic roles of AUF1 in regulation of the cell cycle and apoptosis  

The examples of section 1.3.1 show that AUF1-targeted mRNAs include those 

encoding both positive and negative regulators of neoplasia.  The complexity of these 

gene regulatory networks thus precludes a universal definition of AUF1 as an exclusively 
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pro- or anti-tumorigenic factor.  However, in selected gene regulatory circuits this 

ambiguity is minimized.  In this section, we describe two systems in which AUF1 

function has distinctly anti-tumorigenic effects. 

A pro-apoptotic role for AUF1 has been defined by its ability to suppress 

expression of the proto-oncogene bcl-2.  Bcl-2 is an integral membrane protein that 

associates with the cytoplasmic surfaces of mitochondrial, nuclear, and endoplasmic 

reticular membranes.  Bcl-2 inhibits apoptosis in many cell models, which enhances cell 

survival and can obstruct the efficacy of radiological and chemotherapeutic treatments for 

cancer (reviewed in Ref. 128).  The 3’UTR of bcl-2 mRNA includes an extended AU-

rich sequence that binds all four isoforms of AUF1, and deletion of this AU-rich 

sequence significantly stabilizes bcl-2 mRNA (129).  Irradiating cells with UVC 

increases the cytoplasmic concentration of p45
AUF1

 and enhances AUF1 binding to bcl-2 

mRNA, which may aid in UVC-induced apoptosis by suppressing bcl-2 mRNA levels.  

However, other cellular mechanisms can interfere with suppression of bcl-2 expression 

by AUF1.  For example, CDIR, a non-coding RNA overexpressed in lung cancer, binds 

Hsp27 and together they sequester AUF1 away from bcl-2 mRNA (130).  Formation of 

CDIR-AUF1 complexes can thus inhibit apoptosis by preventing AUF1 from targeting 

bcl-2 mRNA, resulting in increased production of Bcl-2 protein.  The RNA-binding 

protein nucleolin can also block AUF1-dependent suppression of bcl-2 expression, but 

does so by competing for the AUF1 binding site in the bcl-2 mRNA 3’UTR (116).  

A second anti-tumor role for AUF1 is exemplified by its control over expression 

of cyclin D1.  The major function of cyclin D1 is to activate the cell cycle transition 

between G1 and S phases.  Following mitogenic stimulation, cyclin D1 forms complexes 
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with one of a number of cyclin-dependent kinases (generally CDK4), which are in turn 

activated by phosphorylation.  Downstream targets of cyclin D1/CDK4 include the 

retinoblastoma-associated protein (pRb); inactivation of pRb by cyclin D1/CDK4-

directed hyperphosphorylation initiates a cascade of events leading to S phase.  Cyclin 

D1 also functions independently of CDKs, largely by regulating the activity of selected 

transcription factors (reviewed in Ref. 131).  In HeLa cells, UVC-induced cell cycle 

arrest was accompanied by increased AUF1 binding to cyclin D1 mRNA, resulting in 

decreased levels of cyclin D1 mRNA and protein (33).  Furthermore, depletion of AUF1 

using siRNA resulted in stabilization of cyclin D1 mRNA and accumulation of cyclin D1 

protein.  In the non-small-cell lung cancer cell line H1299, prostaglandin A2 treatment 

induces expression of p45
AUF1

, which binds within the 3’UTR of cyclin D1 mRNA and 

suppresses its expression by accelerating decay of this transcript (132).  These examples 

highlight how AUF1 interactions with elements in the cyclin D1 3’UTR function to limit 

expression of cyclin D1, and hence cellular potential for cell cycle activation.  Consistent 

with this model, many aggressive mantle cell lymphoma (MCL) tumors express 3’-

truncated forms of cyclin D1 mRNA, which lack AUF1 binding sites and hence express 

cyclin D1 protein at very high levels (133). 

 

1.3.3.   AUF1 regulates expression of factors contributing to pre-cancerous chronic 

inflammation 

Inflammation, particularly in chronic states, can promote transformation of 

surrounding tissues through enhanced local concentrations of growth factors, angiogenic 

factors, reactive oxygen species, and cytokines (107, 134).  Many mRNAs encoding 
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cytokines and other proteins contributing to both inflammation and neoplasia contain 

AREs and can be regulated by AUF1; such transcripts include COX-2 (135), IL-1β, IL-6, 

GM-CSF, iNOS, bcl-2, and c-fos (reviewed in Ref. 136 and Table 1-1).  For example, IL-

6 can contribute to proliferation of myeloma cells by activating cellular signaling 

cascades (137).  However, p37
AUF1

 and p42
AUF1

 can suppress IL-6 production by 

enhancing degradation of its mRNA through interactions with the IL-6 ARE sequence 

(123).  Conversely, lipopolysaccharide (LPS)-stimulated production of the anti-

inflammatory factor IL-10 in THP-1 promonocytic leukemia cells requires p40
AUF1

 (122).  

Perhaps most dramatically, AUF1 knockout mice experience severe endotoxic shock due 

to overexpression of TNFα and IL-1β, owing to enhanced levels of mRNAs encoding 

these inflammatory cytokines (138).  Consistent with a central role in regulating cytokine 

production, AUF1 protein levels are relatively high in organs rich in lymphoid (thymus) 

and myeloid (spleen) tissues, as well as the brain, testes, uterus, and ovaries (139).   

 

1.3.4.   Pro-tumorigenic roles of AUF1: over-expression induces malignancy  

 While the roles of AUF1 in suppressing many target mRNAs encoding cell cycle, 

apoptotic, and inflammatory factors (described above) are consistent with an anti-

tumorigenic function for this RNA-binding protein, other data indicate that substantial 

increases in AUF1 levels can promote the initiation and/or progression of cancer.  First, 

in three transgenic mouse models engineered to overexpress p37
AUF1

, many animals 

developed undifferentiated sarcomas with high vascularization and cellularity that usually 

progressed to a late stage resulting in animal death (140).  The murine tumors explicitly 

showed increased expression of cyclin D1, c-myc, and c-fos, especially in cell types that 
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normally exhibit low endogenous AUF1 levels, but decreased expression of GM-CSF and 

TNFα in other tissues.  Endogenous AUF1 is also overexpressed in some tumors, 

suggesting that cellular AUF1 levels may be clinically significant.  For example, AUF1 

expression is elevated in human hepatocellular carcinoma samples relative to benign 

controls, but decreases as cells are induced to differentiate (141).  Similarly, AUF1 levels 

were elevated in neoplastic murine lung tissues (142).  AUF1 levels were also increased 

in neonatal rat cardiomyocytes in upon activation of multiple stress-activated pathways 

including c-Jun N-terminal kinase (JNK), 12-O-tetradecanoylphorbol-13-acetate (TPA), 

fetal bovine serum (FBS), and LPS (143), and in DDT1-MF2 hamster smooth muscle 

cells in response to β-adrenergic receptor (β1-AR)  activation (144).    

 The possibility that elevated AUF1 levels could enhance expression of selected 

pro-tumorigenic or pro-inflammatory factors was also noted in cultured cell-based 

models.  For example, ectopic overexpression of AUF1 in NIH3T3 fibroblasts stabilized 

reporter transcripts containing AREs from several mRNAs including c-fos and GM-CSF 

(39).  Conversely, p37
AUF1

 overexpression destabilized a reporter mRNA containing the 

ARE from GM-CSF mRNA in CHO cells (120).  While these discrepancies between 

mRNA-stabilizing and -destabilizing roles for AUF1 were previously attributed to 

differences in cell type and physiological conditions (39), we believe that two other 

explanations also merit consideration.  First, the loose RNA consensus motifs for AUF1 

recognition resolved by ribonome-wide RNP-IP surveys suggests that the RNA sequence 

specificity for AUF1 binding may be very broad (58).  As such, there is a strong 

likelihood that AUF1 proteins may bind to physiologically irrelevant RNA targets (or 

sequences therein) when the protein is expressed at supra-physiological concentrations.  
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An observation consistent with this model is that a 3’UTR-localized U32 homopolymeric 

stretch cannot accelerate the decay kinetics of a stable reporter mRNA (145), even 

through p37
AUF1

 protein binds this sequence with a Kd of 4 nM, only 4-fold weaker than 

its affinity for the ARE from TNFα mRNA (73).  Since the overall changes in cellular 

AUF1 levels have not always been reported in published overexpression studies, this 

potentially critical variable cannot be compared.  An additional complication is that a 

fraction of cellular AUF1 protein may be sequestered in cytoplasmic granules while 

target mRNAs are stabilized (146).  A second likely consequence of elevating cellular 

AUF1 levels comes from a systems biology perspective.  Recent work by Myriam 

Gorospe’s lab has demonstrated a high degree of regulatory crosstalk controlling the 

relative expression levels of different ARE-BPs.  In particular, AUF1 binds to elements 

in the 3’UTRs of mRNAs encoding HuR, KSRP, NF90, TIA-1, and TIAR (55).  

Furthermore, several of these factors can reciprocally bind and regulate AUF1 mRNA.  

As a result, the consequences of substantially elevating AUF1 expression may be 

amplified or attenuated by downstream effects on the expression and/or activity of other 

ARE-BPs. 

 

1.4.  AUF1 significance in cardiovascular disease  

In addition to its roles in cancer, AUF1 regulates expression of inflammatory 

cytokines, at least one key lipid regulator, and key mediators of cardiac cell function.  In 

addition to their roles as mentioned above, cytokines can contribute to atherosclerosis, an 

inflammatory disease (147), by stimulating plaque formation, rupture, and thrombosis 

(reviewed in Ref. 148).  For example, TNFα deficiency, which can be simulated by 
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AUF1-mediated mRNA destabilization (39, 138), reduces atherosclerosis in 

apolipoprotein E knock-out mice (149).  Suppressing IL-1β, also encoded by an AUF1-

regulated mRNA (121, 138, 149, 150), decreases atherosclerotic lesion size (reviewed in 

Ref. 148).  Finally, IL-6, a pro-inflammatory coronary heart disease mediator, is 

regulated at the mRNA level by AUF1 directly (123) and also at the protein level in 

response to TNFα and IL-1 (reviewed in Ref. 151).  In all these systems, increasing 

AUF1 activity may provide a potential therapy for inhibiting progression of 

atherosclerosis.  

 Increased AUF1 activity would also be advantageous for lipid regulation.  AUF1 

interacts with Elovl6 mRNA (58), which encodes the rate-limiting enzyme in endogenous 

long-chain fatty acid synthesis producing stearate from palmitate and vaccinate from 

palmitoleate.  Elovl6 deficiency results in an imbalance of fatty acid composition by 

decreasing long chain fatty acid synthesis. This activates cellular signals that further 

decrease both hepatic lipid oxidation and lipogenesis (reviewed in Ref. 152).  High 

palmitoleate consumption, pathologically similar to ELOVL6 deficiency, correlates with 

decreased concentrations of total serum cholesterol and low-density lipoprotein 

cholesterol (152, 153).  Elovl6
-/-

 mice show increased leptin and insulin sensitivities and 

decreased obesity (154), a key finding given that obesity is a primary risk factor for 

cardiovascular disease (155).  Given these consequences, regulation of ELOVL6 at the 

mRNA level by activation of AUF1 function may provide a unique mechanism to 

regulate lipid homeostasis. 

However, in cardiomyocytes, suppressing AUF1 activity may be advantageous to 

survival.  During hypertrophic stress modeled in cardiomyocyte culture by JNK 
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activation, AUF1 levels increase and bind to several regions in the 3’UTR of B56α 

mRNA, which encodes the targeting subunit of protein phosphatase 2A (PP2A) (143).  

This increase in AUF1 expression is coordinated with B56α mRNA destabilization and 

protein depletion (143).   B56α expression induces the nuclear export of the catalytic 

subunit of PP2A (156).   PP2A is key to cardiac function as overexpression of the 

catalytic subunit leads to decreased cardiac contraction and hypertrophy, a function 

which is likely dependent upon its cytoplasmic localization (157).  Cardiac hypertrophy 

also increases AUF1 phosphorylation and association with sarco(endo)plasmic reticulum 

calcium ATPase2a (SERCA2a) mRNA in coordination with SERCA2a mRNA decay 

(158).  Additionally angiotensin II treatment leads to the translocation of AUF1 from the 

nucleus to the cytoplasm in coordination with p37
AUF1

 association with angiotensin 

receptor (hAT1) mRNA and mRNA destabilization (144, 159).  Expression of hAT1 is 

important since its activation increases cytosolic calcium and may therefore have a role in 

hypertension (reviewed in Ref. 160).  Finally, in failing human heart, AUF1 levels 

increase (144).  Simultaneously, norepinephrine levels increase and activate the β-

andrenergic receptor (β1-AR) to inhibit heart failure by activating adenylate cyclase 

signaling. However the increased AUF1 binds to and stimulates the decay of β1-AR 

mRNA negating the protective effects of norepinephrine (144, 160).  Together, these 

examples suggest that modulation of AUF1 expression or activity may have therapeutic 

potential for multiple aspects of cardiovascular disease.  A more complete understanding 

of its activity is required to enable either stimulation or inhibition of its function, as 

required by the specific system and/or target. 
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 To date, published studies have provided evidence that experimental or 

pathological elevation of AUF1 expression may destabilize or stabilize selected mRNA 

targets, thus potentially giving AUF1 properties of both a pro- and anti-neoplastic and 

inflammatory factor.  Although the biochemical and depletion-based studies of AUF1 

function described previously are most consistent with this factor targeting mRNAs for 

decay, the seemingly contradictory data revealed by overexpression studies present us 

with new questions regarding AUF1’s role(s) in the mechanics of regulated mRNA 

decay.  For example, does AUF1 binding trigger an mRNA decay cascade in all RNA 

contexts, or only for a subset thereof?  While competition between AUF1 and other ARE-

BPs is well documented, do AUF1 and other ARE-BPs also exert combinatorial effects 

on decay of mRNA substrates?  Is overexpression of AUF1 sufficient to activate the 

protein, or are post-translational modifications required? Are there isoform-specific 

differences in AUF1 activity?  Recent progress in addressing some of these concepts is 

discussed below. 

 

1.5. Functional and regulatory distinctions among AUF1 isoforms. 

Although most studies of AUF1 function to date have considered all isoforms as 

an ensemble, some work has described opposing or unique functions for individual 

protein variants.  Furthermore, the individual isoforms show unique expression profiles in 

response to some stimuli, many of which are linked to inflammation and carcinogenesis, 

and specific isoforms have been associated with the decay of some mRNAs.  As will be 

detailed later, AUF1 isoforms also have distinct subcellular localization patterns, partly 

owing to unique preferences for protein binding partners.  
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On a functional level, regulated decay of some AUF1-targeted mRNAs relies on 

the presence of individual isoforms or combinations thereof, which conceivably may vary 

in a cell type- or mRNA substrate-specific manner.  As reported above, overexpression of 

p37
AUF1

, or to a lesser degree, p40
AUF1

, destabilized a reporter mRNA containing the GM-

CSF ARE in CHO cells (120).  However, in THP-1 monocytes, IL-10 mRNA and protein 

levels are increased by p40
AUF1

, but not by p37
AUF1

 (122).  Fibroblast growth factor 9 

(FGF9) mRNA, which encodes an autocrine/paracrine growth factor that stimulates cell 

growth (161) and is oncogenic in NIH3T3 fibroblasts (162), is destabilized by the 

p42
AUF1

 isoform (163).  This is a critical gene regulatory target in cancer, since 

uncontrolled FGF9 expression can promote cell transformation and invasion (119).  

Finally, while these examples indicate preferences for individual AUF1 isoforms in 

control of ARE-directed mRNA decay, both p40
AUF1

 and p45
AUF1

 were required to 

destabilize IL-3 mRNA in HT1080 human fibrosarcoma cells (19).  Interestingly, no 

changes in IL-3 mRNA stability were noted when all isoforms were suppressed or when 

p42
AUF1

 and p45
AUF1

 were depleted concomitantly.   

Several mechanisms may account for AUF1 isoform-specific influences on 

mRNA stability.  First, the different isoforms may recruit unique ancillary factors that 

lead to changes in localization or function (34, 95).  Second, AUF1 isoforms can have 

different binding affinities for ARE-containing mRNAs.  For example, p37
AUF1

 has an 

approximately 5-fold greater affinity for the TNFα ARE sequence than p40
AUF1

 does (51).  

As such, at equivalent protein concentrations p37
AUF1

 might saturate the ARE with 

oligomeric complexes, but p40
AUF1 

only exhibit a single dimer binding event.  Variations 

in the oligomeric status of the major AUF1-RNA species could conceivably alter the 
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function of the complex by differential recruitment of ancillary factors (see above) or by 

unique consequences on local RNA structure (51, 73).  This concept may explain why 

both AUF1 overexpression and knockdown were observed to stabilize IL-6 mRNA (123).  

Under low AUF1 concentrations (i.e., basal levels or siRNA knockdown), AUF1 

complexes on the IL-6 ARE may have been limited to protein dimers.  Conversely, when 

AUF1 expression was dramatically increased (i.e., by ectopic overexpression), AUF1 

tetramers or larger complexes may form on the IL-6 ARE, which could exert stabilizing, 

rather than destabilizing influences on the mRNA.  Finally, the individual isoforms of 

AUF1 may be subject to unique combinations of post-translational modifications that 

could impact both subcellular localization and the functional consequences of mRNA 

binding.  

Consistent with isoform-dependent functional consequences of AUF1 binding, the 

expression and/or activity of the individual isoforms can also be differentially regulated.  

For example, testosterone and dihydrotestosterone induce changes in the expression of 

individual AUF1 isoforms in a tissue and sex-specific fashion in mouse models (164).  

Specifically, p37
AUF1

 is the predominant AUF1 isoform in submaxillary glands from male 

mice, while these glands from female mice express principally p40
AUF1

 and p45
AUF1

.  

However, these patterns are reversed when male mice are deprived of androgens (by 

castration), or female mice are treated with testosterone.  By contrast, the distributions of 

AUF1 isoforms in kidney are not influenced by androgens in either model (164).  In 

several other experimental systems, levels of p45
AUF1

 are specifically induced.  For 

example, estradiol treatment increased p45
AUF1

 expression in ovine uterus, leading to 

increased protein binding to estrogen receptor α mRNA and stabilization of this transcript 
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(165).  Similarly, p45
AUF1

 was specifically induced in H1299 non-small-cell lung 

carcinoma cells treated with prostaglandin A2, and was linked to cell cycle arrest through 

enhanced degradation of cyclin D1 mRNA (132).  In the developing rat cerebellum, 

AUF1 mRNA is globally down-regulated very quickly at the end of embryonic 

development and after birth, but the p45
AUF1

 protein is progressively up-regulated at later 

stages of development (166).  At present there are no details available regarding the 

molecular mechanisms responsible for altered levels and/or activity of AUF1 isoforms, 

but theoretically these may include regulated pre-mRNA splicing or isoform-specific 

control of AUF1 mRNA decay, protein turnover, post-translational modifications, or 

association with ancillary factors.    

 

1.6.   Subcellular localization of AUF1  

AUF1 was independently identified as heterogeneous nuclear ribonucleoprotein D 

(hnRNP D) based on its enrichment in nuclear RNA fractions and association with 

telomeric repeat sequences (167).  However, concomitant with the cloning of the first 

AUF1 cDNA in the early 1990’s, Brewer and colleagues demonstrated that different 

isoforms of AUF1 displayed variable subcellular distributions (38).  In most cell types, 

the two largest two isoforms (p42
AUF1

 and p45
AUF1

) are mainly nuclear, while p37
AUF1

 

and p40
AUF1

 are typically distributed in both nuclear and cytoplasmic compartments (61, 

168, 169). 

Nucleocytoplasmic shuttling is a common property of many RNA-binding 

proteins (reviewed in Ref. 170), and modulating the subcellular distribution of specific 

factors can have pathological consequences.  Among the ARE-BPs, the prototypical 



 

32 

 

example for this model is HuR, as cytoplasmic accumulation of this mRNA-stabilizing 

factor is associated with malignancy (reviewed in Ref. 171).  While AUF1 can also 

shuttle between nuclear and cytoplasmic compartments, its subcellular distribution is 

highly isoform-dependent and can be modulated by cellular signaling pathways and other 

extrinsic stimuli.  For example, during heat shock or prolonged inhibition of the 

proteasome, cytoplasmic AUF1 is transported to the nucleus or perinuclear region 

concomitant with stabilization of AUF1 target mRNAs (86).  There is also a shift in the 

cytoplasmic isoforms during granulopoiesis, MAPK and ERK activation, and cytokine 

exposure among other stimuli (Refs. 135, 172-174 and sections 1.6.2-3).  In skeletal 

muscle, chronic contractile activity increases cytoplasmic levels of p37
AUF1

, p40
AUF1

, and 

p45
AUF1

, resulting in enhanced decay of mRNAs that encode regulators of mitochondrial 

biogenesis (175).  Most recently, cytoplasmic translocation of AUF1 has been observed 

upon viral-induced protein cleavage (176).  Considering accumulating data indicating 

distinct roles for AUF1 in nuclear versus cytoplasmic cell compartments (described in 

section 1.2.1), we submit that the subcellular distribution of AUF1 isoforms may 

constitute a critical factor in the regulated expression of many genes. 

 

1.6.1.  AUF1 translocation mechanisms  

Nuclear import of all AUF1 isoforms is mediated by a common 19-amino acid 

domain at the extreme C-terminus that can bind transportin 1 (177).  However, the 

biochemical rationale for isoform-specific differences in AUF1 subcellular distribution 

remains contentious.  For example, an alternative nuclear import model suggests that 

insertion of the exon 7-encoded domain inhibits nuclear import of p42
AUF1

 and p45
AUF1

, 
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implying that their accumulation in the nucleus may require transport as part of a larger 

AUF1-containing protein complex (178).  If so, then additional mechanisms must 

contribute to preferential retention of these AUF1 isoforms in the nucleus.  One such 

mechanism may involve interactions between the exon 7-encoded domains of p42
AUF1

 

and p45
AUF1

 with nuclear scaffold attachment factor-β (SAFβ) (168).  Another possibility 

is that a subpopulation of p37
AUF1

 and p40
AUF1

 is sequestered in the cytoplasm by 

association with 14-3-3-σ.  The binding site for this 14-3-3 family member on AUF1 

overlaps and occludes the AUF1 nuclear localization signal, but is interrupted by the 

exon 7-encoded domain, which precludes its association with p42
AUF1

 and p45
AUF1

 (179).  

Finally, some evidence suggests that AUF1 isoforms may differentially associate with 

specific subpopulations of nuclear RNA.  In HeLa cells, nuclear p37
AUF1

 and p40
AUF1

 are 

freely diffusible in nuclear mRNA-protein complexes (nmRNPs) (180).  These 

complexes contain the mRNA export factor REF, but neither pre-mRNAs nor non-

shuttling proteins, and form late in the mRNA maturation pathway in anticipation of 

cytoplasmic export.  By contrast, the larger isoforms of p42
AUF1

 and p45
AUF1

 

preferentially associate with hnRNP complexes in the nucleoplasm (180) which are not 

ready for export, but rather are instrumental in pre-mRNA processing (181).  By this 

model, p37
AUF1

 and p40
AUF1

 may be selectively exported to the cytoplasm in conjunction 

with mRNA cargoes.  Taken together, these emerging data indicate that the subcellular 

distribution of AUF1 proteins may be a combined function of isoform-dependent 

transport across the nuclear envelope, and location-specific sequestration of individual 

protein variants. 
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1.6.2.   AUF1 relocalization in malignant cells 

AUF1-dependent control of mRNA decay is most consistently associated with 

cytoplasmic AUF1 proteins.  As such, perturbation of cytoplasmic AUF1 levels would be 

expected to impact the ability of these proteins to regulate expression of targeted 

mRNAs, which could lead to profound changes in cellular physiology.  Consistent with 

this model, the subcellular localization of AUF1 proteins is misregulated in diverse 

cancers.  For example, cytoplasmic AUF1 levels increased in urethane-induced neoplasia 

and butylated hydroxytoluene-induced compensatory hyperplasia in murine lung tissue, 

and proliferation of neoplastic epithelial cell lines corresponded with increased 

cytoplasmic AUF1 concentrations when compared to non-tumorigenic counterparts 

(142).  By contrast, in MNT1 melanoma cells AUF1 is restricted to the nucleus, while 

normal melanocytes express some AUF1 proteins in the cytoplasm which are competent 

to bind ARE-containing mRNAs (182).  In this model, retention of AUF1 in melanoma 

cell nuclei is coordinated with a 10-fold stabilization of IL-10 mRNA.  The IL-10 protein 

is commonly overexpressed in malignancies and may minimize host tumor rejection 

(reviewed in Ref. 183).  However, perhaps the most comprehensive study to date 

examining AUF1 localization in cancer was published in 2009 by Cuong Hoang-Vu’s 

group.  They surveyed 55 patient specimens to show that AUF1 accumulates to higher 

levels in the cytoplasm of thyroid carcinoma tissues versus their benign counterparts, and 

noted even higher cytoplasmic AUF1 levels in carcinoma cells undergoing mitosis (113).  

Decreasing AUF1 levels using siRNA substantially retarded proliferation of thyroid 

carcinoma cell lines, concomitant with increased expression of cell cycle inhibitory 

factors p21, p27, and Rb1, each encoded by an AUF1-binding mRNA.  These findings 
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support a pro-tumorigenic role for cytoplasmic AUF1 in this context, since enhanced 

levels of AUF1 in the cytoplasm can suppress expression of cell cycle inhibitory proteins 

important for limiting proliferation. 

 

1.6.3.   Cellular regulation of AUF1 localization 

Emerging findings from several labs have shown that a variety of cellular 

signaling pathways can modulate the subcellular distribution of AUF1 isoforms, often 

coincident with altered expression of inflammation and cancer-related gene products.  

Activation of mitogen-activated protein kinase (MAPK) pathways is commonly 

associated with stabilization of ARE-containing mRNAs, and is accompanied by 

increased cytoplasmic accumulation of both HuR and AUF1 (174, 184).  Interestingly, 

HuR accumulates more rapidly in the cytoplasm than AUF1, raising the possibility that 

preferential enrichment of HuR could be responsible for stabilizing ARE substrate 

mRNAs early following MAPK activation, but afterwards must compete with AUF1 for 

many of its mRNA targets.  A recent study showed that p42
AUF1

 relocalized from the 

nucleus to the cytoplasm in human fibroblasts cells treated with the inflammatory 

mediator leukotriene B4 by a mechanism involving Ras/c-Raf/ERK signaling and the 

nuclear export receptor CRM1 (135).  Enhanced cytoplasmic accumulation of p42
AUF1

 

resulted in stabilization of COX-2 mRNA, leading to enhanced expression of COX-2 

protein.  COX-2 activity is closely associated with promotion of several tumorigenic 

phenotypes, particularly cell proliferation, apoptotic resistance, metastasis, and 

angiogenesis.  Accordingly, overexpression of COX-2 is associated with many cancers 

(reviewed in Ref. 136).   
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 In addition to MAPK pathways, several other cellular signaling systems have 

been shown to influence the subcellular localization of AUF1.  For example, nitric oxide 

exposure increased AUF1 cytoplasmic concentrations leading to an AUF1-dependent 

decrease in expression of matrix metalloproteinase-9 (MMP-9) mRNA (118).  MMP-9 is 

a gelatinase that can penetrate the basement membrane to facilitate angiogenesis, and 

generally contributes to tumor growth and metastasis (185).  Conversely, prostaglandin 

E2 treatment decreased cytoplasmic AUF1 concentrations without affecting global AUF1 

protein levels in cultured human endometrial stromal cells, leading to induction of FGF9 

mRNA (163), an AUF1-targeted transcript that is misregulated in a variety of cancers 

(section 1.3.1).   

Finally, the subcellular distribution of AUF1 can be influenced by hormonal 

signals.  In breast epithelial cells, lactogenic hormone promotes nuclear retention of 

AUF1 concomitant with changes in gene expression patterns that restrict proliferation 

and promote differentiation of breast epithelium (186).  By contrast, in ovariectomized 

rats, estradiol promoted transient accumulation of p40
AUF1

 in the cytoplasm of uterine 

cells, which was coupled to induction of AUF1-targeted mRNAs encoding the A20 

binding inhibitor of NF-κB activation-2 (ABIN2) and immediate early response-2 

(Ier2/pip92/Chx1) proteins (40).  ABIN2 is a potential activator of A20, an inhibitor of 

NF-kappaB, and functions to inhibit activation of inflammatory genes (187).  ABIN2 also 

interacts with the anti-inflammatory receptor tyrosine kinase Tie2 which is necessary for 

angiogenesis and blood vessel maintenance (188) and regulates apoptosis (189).   

Together, these findings support the hypothesis that modulation of cytoplasmic 

AUF1 concentrations can influence the stability of some mRNAs that encode products 
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involved in cancer as well as cardiovascular and inflammatory diseases.  While nuclear 

retention of AUF1 largely promotes stabilization of AUF1-targeted transcripts, shifting 

abnormally large concentrations of AUF1 to the cytoplasm may also stabilize some 

mRNAs.  Furthermore, the consequences of AUF1 relocalization may be profoundly 

impacted by coordinated changes in other RBPs.  For example, AUF1 and HuR can 

compete for many mRNA targets (33, 190) and present very similar tissue distributions 

(139), suggesting that the relative cytoplasmic concentrations of these normally 

antagonistic factors may be just as important as their individual levels on the net stability 

of their substrate mRNAs. 

 

1.7.   AUF1 modifications  

In the 1993 study by the Brewer lab reporting the cloning of the first AUF1 

cDNA, AUF1 immunoprecipitations from 
32

P-labeled K562 cells revealed that the 

various AUF1 isoforms could exist as phosphoproteins (38).  In addition, many examples 

have been reported where the decay kinetics of specific ARE-containing mRNAs is 

regulated by the activation or suppression of cellular signaling events.  Among the most 

extensively studied of these regulatory pathways are the MAPK (including p38
MAPK

, 

ERK, and JNK) and phosphatidylinositol 3-kinase (PI3-K) cascades, which modulate the 

stability of many ARE-containing transcripts that encode factors involved in both 

inflammation and tumorigenesis (reviewed in Refs. 103, 136).  Together, these 

observations contributed to an early hypothesis that regulation of AUF1 localization 

and/or function could be mediated by post-translational modifications, particularly 

phosphorylation.  Many subsequent studies that have added support to this model are 
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described above, including prostaglandin A2-induced decay of cyclin D1 mRNA in lung 

cancer cells (section 1.3.2), which is accompanied by activation of the ERK pathway 

(191), and ERK-dependent accumulation of p42
AUF1

 in the cytoplasm of human 

fibroblasts (section 1.6.3). 

 Although phosphorylation of AUF1 shows promise as a potential mechanism for 

regulating the activity of these proteins in post-transcriptional control of gene expression, 

emerging data suggest that other covalent modifications of AUF1 may also influence its 

abundance and/or function.  First, many RNA-binding proteins, particularly among the 

hnRNP family, can be methylated on arginine residues within conserved RGG motifs 

(192).  Recently, high throughput proteomic screening for methylated proteins revealed 

that an arginine located near the most C-terminal RGG motif of all AUF1 isoforms 

(Arg345 in p45
AUF1

) could be dimethylated (193).  A subsequent study showed that 

inhibition of arginine methylation decreased AUF1 protein levels, and a construct 

encoding the RGG and upstream polyglutamine domains together was sufficient to 

replicate the AUF1-dependent repression of VEGF expression in a 3’UTR-dependent 

manner (194).  The absence of this domain abrogated VEGF repression leading to the 

hypothesis that the presence of the unmethylated domain targets AUF1 protein for 

degradation.  This is consistent with methylation promoting nuclear export of some 

hnRNP proteins (195).  Among the ARE-BPs, arginine methylation has been 

demonstrated on HuR at Arg217 (196), and may be coupled to cytoplasmic accumulation 

of the protein (141).  Arginine side-chains are commonly involved in interactions with 

RNA phosphate backbones.   Since methylation increases side chain hydrophobicity and 

adds steric bulk, this modification is proposed to disrupt RNA-protein contacts stabilized 
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by ionic interactions or H-bonding.  Also the methyl group may create steric occlusion in 

RNA-protein or protein-protein interactions or may stabilize these interactions by 

mediating increased hydrophobic contacts (reviewed in Ref. 103).  Another study found 

that asymmetrical dimethylation did not change peptide-nucleic acid binding affinity but 

did decrease RNA remodeling effects (197).  

A second alternative post-translational modification to consider may be 

modification by poly-(ADP-ribose).  In Drosophila, poly-(ADP-ribosyl)ation  of the 

mRNA processing factor Squid inhibits its binding to RNA substrates and regulates 

Squid-dependent pre-mRNA splicing events (198).  Although Squid is the Drosophila 

orthologue of AUF1 (17), it is not known whether AUF1 can be similarly modified.  

Finally, both p37
AUF1

 and p40
AUF1

 can be polyubiquitinated in cells (98), which likely 

contributes to post-translational control of their cytoplasmic concentrations.  However, 

interference with the ubiquitin-proteasome pathway by chemical inhibition of the 

proteasome, inactivation of the ubiquitin-activating enzyme E1, or overexpression of a 

deubiquitinating protein all blocked ARE-directed mRNA decay (86, 199), suggesting 

that a functional link may exist between the mRNA and protein degradation machinery.  

Interweaving these multiple modifications, Hsp27, a member of the ASTRC complex can 

interact with AUF1 and promote its ubiquitination.  To perform this function, Hsp27 is 

phosphorylated by the p38
MAPK

 and MK-2 (MAPK-activated protein kinase 2) and acts 

through the SCF (Skp1–cullin–F-box protein) ubiquitin ligase complex substrate 

recognition subunit F-box protein β-TrCP (β-transducin repeat-containing protein) to 

promote the proteasomal decay of all AUF1 isoforms and which leads to stabilization of 

reporter mRNAs containing AREs (88, 99).   Ubiquitination can also occur on p42
AUF1
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and p45
AUF1

 by the von Hippel-Lindau tumor suppressor gene product (pVHL) (100).  

This leads to decreased AUF1 levels and decay of associated VEGFA mRNA under 

normoxic conditions.   

These examples highlight a variety of possible mechanisms that may link cellular 

signaling pathways with post-transcriptional control of gene expression through AUF1.  

Conceivably, such covalent modifications of AUF1 could regulate its function(s) in many 

ways, including modulation of subcellular localization, abundance, affinity for specific 

mRNAs, the local structure of bound RNA substrates, and interactions with ancillary 

binding partners, among other possible mechanisms.  Furthermore, the complexity of 

these regulatory switches is compounded by the likelihood that at least some of these 

modifications may be specific for one or a subset of AUF1 isoforms. 

 

1.7.1. Identified AUF1 phosphorylation events  

The best characterized post-translational modifications of AUF1 are the 

phosphorylation of polysomal p40
AUF1

 at Ser83 and Ser87.  Since these residues reside 

within the exon 2-encoded domain, they are excluded from the p37
AUF1

 and p42
AUF1

 

isoforms.  Activation of THP-1 monocytic cells with TPA leads to rapid 

dephosphorylation at these sites, concomitant with stabilization of AUF1-bound mRNAs 

encoding TNFα and IL-1β (61).  Purified p40
AUF1

 can be stoichiometrically 

phosphorylated in vitro at Ser83 and Ser87 by glycogen synthase kinase-3β (GSK-3β) 

and protein kinase A (PKA), respectively (74).  Interestingly, these modifications did not 

significantly alter the abundance or subcellular distribution of p40
AUF1

 in THP-1 cells 

(61), nor the affinity of this protein for ARE substrates in vitro; however, they strongly 
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influenced the conformation of bound RNA substrates.  While unphosphorylated p40
AUF1

 

compacts the local structure of associated RNAs, phosphorylation of p40
AUF1

 on Ser83 

and Ser87 induces an extended conformation on RNAs assembled into ribonucleoprotein 

complexes (74).  It remains unknown how maintaining AREs in an elongated 

conformation may contribute to rapid mRNA decay, but it is conceivable that this 

structural arrangement provides unique opportunities to recruit ancillary factors required 

to direct the mRNA substrate for degradation. 

 A high throughput proteomic screen for phosphoproteins provided orthogonal 

support for AUF1 phosphorylation events on Ser83 and Ser87 (200).  However, this 

survey also identified other Ser residues within the exon 2-encoded domain (contained 

within p40
AUF1

 and p45
AUF1

) close to Ser83 and Ser87 that may also be phosphorylated in 

cells.  In addition, this report revealed AUF1 phosphorylation at a distinct site located 

within the C-terminal RRM (Ser190 of p45
AUF1

).  While the functional significance or 

kinases responsible for these modifications are currently unknown, an intriguing 

possibility is that at least one of these sites may be responsible for recognition by the 14-

3-3-σ protein.  As described previously (section 1.6.1), 14-3-3-σ can bind p37
AUF1

 and 

p40
AUF1

, and may contribute to cytoplasmic retention of these isoforms.  However, 

recognition by the 14-3-3 proteins normally involves Ser- or Thr-phosphorylated sites 

(201).  This relationship has been well described for TTP and butyrate response factor 

(BRF1), two other mRNA-destabilizing ARE-BPs.  Phosphorylation of TTP is 

coordinated with mRNA stabilization; since phosphorylation-null TTP mutants show 

decreased association with 14-3-3 factors, increased TTP recruitment to cytoplasmic 

stress granules, and constitutive mRNA-destabilizing activity (202).  Similarly, BRF1 
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protein phosphorylation enhances association with 14-3-3 factors and stabilization of 

mRNA substrates (203).  As such, it seems plausible that AUF1 phosphorylation may 

also regulate 14-3-3 association and resultant influences on subcellular distribution (179), 

in addition to its documented role in modulating the local structure of bound RNA 

substrates. 

   

1.7.2. Hyperphosphorylation of AUF1 

The variety of potential phosphorylation sites on AUF1 (described above) raise 

the possibility that these proteins may be modified at multiple locations.  However, some 

evidence suggests that AUF1 proteins may in fact be hyperphosphorylated, and that high 

phosphate:protein stoichiometries may elicit distinct functional consequences, most 

notably coupled to protein localization.  First, fractionation across 2-dimensional gels 

demonstrated several acidic forms of p42
AUF1

 and p45
AUF1

 extracted from nuclear 

membranes, consistent with the distribution of these proteins across multiple 

phosphorylated states (180).  However, these AUF1 isoforms resolved as single species 

in 2D-fractionated nucleoplasm, suggesting that enhanced phosphorylation was coupled 

to nuclear membrane localization.  In a second study, nucleophosmin anaplastic 

lymphoma kinase (NPM-ALK), an oncogenic tyrosine kinase chimera key to 

lymphomagenesis in anaplastic large cell lymphoma, was found to interact directly with 

AUF1, with preference for the p45
AUF1

 isoform (146).  Active NPM-ALK induced 

multiple anionic shifts in AUF1 on a 2D Western blot which were recognized by an anti-

Tyr antibody, indicating that AUF1 phosphorylation is increased by NPM-ALK activity.  

NPM-ALK is largely found in the nucleolus from which AUF1 is excluded but can also 
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co-localize with AUF1 in large cytoplasmic foci (non-P body granules).  Notably, 

expression of active ALK stabilized several AUF1-associated mRNAs including c-myc 

and cyclin D1.  These data led to the hypothesis that different levels of AUF1 

phosphorylation may influence the protein in diverse ways.  For example, some 

phosphorylation of AUF1 may be required for mRNA-binding activity, but 

hyperphosphorylation of AUF1 is associated with inactivation by sequestration (146).   

Further support for this model was observed in a hyperparathyroidism model, 

where stabilization of parathyroid hormone (PTH) mRNA results in overexpression of 

PTH and increased cellular proliferation (204, 205).  Similar to the examples above, 2D 

gel electrophoresis revealed enhanced levels of multiple acidic forms of AUF1 consistent 

with hyperparathyroidism-induced hyperphosphorylation of the protein (204).  

Calcimimetic treatment, which induces allosteric modifications of the calcium-sensing 

receptor, resulted in destabilization of PTH mRNA, decreased parathyroid cell 

proliferation, reversal of AUF1 modifications, and total reversal of the effects of 

hyperparathyroidism on these systems.  Together, these examples suggest that 

hyperphosphorylation constitutes an additional mechanism for regulating the ability of 

AUF1 to direct decay of substrate mRNAs, likely based on protein sequestration. 

 

1.7.3.   AUF1 modifications induced by isomerization   

A final post-translational modification identified in AUF1 isoforms is mediated 

by the peptidyl proline cis/trans isomerase Pin1, which co-immunoprecipitates with all 

four AUF1 isoforms in stimulated eosinophils (206).  However, only the p40
AUF1

 and  
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p45
AUF1

 isoforms have a Pin1 recognition site (Ser83-Pro84) as Pin1 recognizes phos-

Ser-Pro or phos-Thr-Pro (207).  Therefore binding to p37
AUF1

 and p42
AUF1

 may be 

indirect, possibly mediated by protein-protein interactions within AUF1 heterodimers.  

Phospho-Pin1-dependent isomerization of basally phosphorylated AUF1 inactivated the 

RNA-binding activity of AUF1 which was replaced on the RNA with hnRNP C (206).  

By contrast, inhibition of Pin1 activity increased association of AUF1 with GM-CSF 

mRNA and destabilized this transcript.  Irreversible inhibition of Pin1 by juglone led to 

the loss of all detectable cytoplasmic p40
AUF1

, p42
AUF1

, and p45
AUF1

 after 2 hours as a 

result of AUF1 degradation (206) (Fig. 1-5).  Although frequently overlooked, 

isomerization may thus represent a novel mechanism for regulating AUF1 function 

following (hyper)phosphorylation by relocalizing or degrading the protein. 
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Figure 1-5: AUF1-hnRNP C competition for GM-CSF ARE.  Hyaluronic acid 

stimulation activates ERK leading to the phosphorylation of AUF1, association of 

Pin1, AUF1 isomerization, release of AUF1 from GM-CSF RNA, and association 

of hnRNP C resulting in RNA stabilization.  In the absence of isomerization, 

AUF1-bound RNA is degraded (103, 206).  Adapted from a figure in Ref. (103). 
 



 

46 

 

1.8.  Summary and further questions  

Although historically we and others have tried to classify AUF1 as either an 

mRNA stabilizer or destabilizer, the growing body of evidence produced by many 

laboratories on this issue indicates that such clear-cut distinctions underestimate the 

complexity of this system.  It is more likely that the activity of AUF1 is not a simple “on-

off” switch, but rather can be regulated at multiple levels including isoform expression, 

subcellular localization, and post-translational modifications.  Shifts in the expression and 

biochemical characteristics of AUF1 have been identified in cardiovascular diseases and 

multiple cancers including leukemias, lymphomas, and solid tumors with corresponding 

changes in AUF1 activities.  The consequences of altered AUF1 functionality in these 

syndromes can be severe, since the principal mRNA targets of AUF1 include ARE-

containing mRNAs encoding cellular signaling factors, cytokines, cell cycle regulators 

and proto-oncogenes.  Complicating matters further, dramatic induction or repression of 

AUF1 activity both yield severe pathological outcomes, supporting the hypothesis that 

AUF1 levels and function must both be tightly regulated to maintain normal cellular 

homeostasis. 

However, the complexity of this system also provides some exciting opportunities 

for future research.  For example, while many of the signal transduction pathways 

hyperactivated in malignancies are linked to perturbation of AUF1 function, it is 

imperative that the post-translational or gene regulatory modifications of AUF1 or its 

binding partners mediated by these signals be unambiguously identified.  This 

information will be essential for downstream characterization of the biochemical 

consequences of these modifications, as well as their impact on the subcellular 
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localization of AUF1 and the fate of AUF1-targeted RNA substrates.  A second key area 

is to distinguish the functions of individual AUF1 isoforms (Chapter 2).  The hazards of 

dramatically overexpressing AUF1 have been described in this document; a more 

promising strategy will likely be to suppress endogenous AUF1 and rescue individual 

isoforms to endogenous expression levels (Chapter 3).  Regardless, important questions 

to be answered include: Are different AUF1 isoforms selective for different subsets of 

mRNA substrates?  Do they differentially interface with cellular signaling systems?  Do 

they have selective nuclear roles, and are these independent, or can they complement 

cytoplasmic functions?  Also, what are the RNA sequence and structural contributions to 

binding?  Finally, it will be exciting to determine whether the expression and/or activity 

of specific AUF1 isoforms can be modulated by exogenous agents, and to see if such 

agents have utility in restoring the activity of post-transcriptional gene regulatory 

networks disrupted in neoplasia and cardiovascular disease. 

 

1.9 Scope of Work 

 Many pathways regulating AUF1 function and specific AUF1 post-translational 

modifications have been identified.  We have observed a diverse array of important 

mRNA targets regulated by AUF1.  However, while many of these AUF1 modifications 

and mRNA targets are coupled to specific AUF1 isoforms, no detailed comparative 

analysis of the biochemical properties of the AUF1 isoforms has been performed.  

Resolving the oligomerization potential of each isoform and number of complexes each 

forms on RNA would give insights into the potential binding paradigms that may mediate 

their differential functions.  The relative affinities of the isoforms for RNA targets would 
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guide binding preferences in diverse cellular environments.  Finally, the RNA structure 

induced by the association of each isoform may expose or occlude binding sites for other 

ARE-BPs or miRNAs which may augment or impede RNA destabilization.   

 Secondly, many AUF1 targets have been confirmed but there is no unified 

understanding of what guides AUF1 to bind specific RNAs and what determines the 

precise location on the RNA to which AUF1 associates.  There is a great diversity of 

sequences seemly bound by AUF1, yet there are many sequences with which AUF1 does 

not associate.  Additionally, the precise AUF1 binding location is often vaguely defined.  

Are there specific sequence or structural elements preferred by AUF1?  How do these 

contribute to the energetic stabilization of AUF1-RNA complexes?  What minimal RNA 

elements still allow for AUF1 to target mRNAs for degradation in cells?  To address each 

of these questions, we employed chemical crosslinking, quantitative binding assays, 

FRET, van’t Hoff analysis, salt titrations, RNP-IPs, and RNA decay assays.  We 

discovered some diverse isoform binding characteristics and surprising RNA binding 

preferences that allow us to predict AUF1 function in many novel systems.     
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Chapter 2 

 

“Alternatively expressed domains of AUF1 regulate RNA-binding affinity, RNA-

induced protein oligomerization, and the local conformation of bound RNA  

ligands” 
2
 

 

 

2.1  Introduction 

In complex organisms, individual cells must precisely control protein expression 

to rapidly respond to ever-changing stimuli.  Protein expression can be regulated at 

multiple levels including the rates of transcription, translation, and protein degradation.  

Messenger RNA stability represents another critical mechanism for regulating protein 

expression, since alterations in mRNA decay kinetics can modulate the cytoplasmic 

mRNA concentrations required to program protein synthesis independent of changes in 

the mRNA synthetic rate.  Across the population of cellular mRNAs, decay rates can vary 

by two orders of magnitude or more.  Furthermore, the stability of many mRNAs can be 

dramatically altered in response to selected stimuli (reviewed in Refs. 1, 2). 

 Information directing the decay kinetics of specific transcripts is located within 

the mRNAs themselves.  The best characterized of these cis-acting mRNA stability 

determinants are the AU-rich elements (AREs) located in the 3’-untranslated regions 

(3’UTRs) of many labile mRNAs (6).  In humans, AREs may be present in as many as 

8% of all transcripts, including many that encode clinically significant factors like proto-

oncogenes, cytokines, cell cycle regulators, and inflammatory mediators (7).  Regulation 

of mRNA decay through AREs involves the association of cellular trans-acting factors, 

                                                           
2
 The work described in this chapter was published by B.E. Zucconi, J. D. Ballin, B. Y. Brewer, C. R. Ross, 

J. Huang, E. A. Toth, and G. M. Wilson in the Journal of Biological Chemistry in December of 2010.  
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collectively known as ARE-binding proteins (ARE-BPs, reviewed in Refs. 15, 17), 

however, more recently selected microRNAs have been implicated as trans-regulators of 

ARE function (78, 208).  Some ARE-BPs, like members of the Hu family of proteins, act 

as stabilizing factors by preventing mRNA decay (18, 209) while others like 

tristetraprolin (24, 25), KSRP (26, 27), and AUF1 (19, 120, 123, 182) are generally 

associated with enhanced degradation of targeted transcripts.  Some other ARE-BPs 

including TIA-1 and TIAR do not appear to modulate mRNA decay kinetics directly, but 

rather inhibit their translation (reviewed in Ref. 16). 

AUF1, also known as heterogeneous nuclear ribonucleoprotein D (hnRNP D), is a 

family of four proteins derived from alternative splicing of a common pre-mRNA, named 

according to their apparent molecular masses as p37
AUF1

, p40
AUF1

, p42
AUF1

, and p45
AUF1

 

(45).  All isoforms have two tandemly arranged RNA Recognition Motifs (RRMs) which 

are essential for RNA binding, a C-terminal extension that includes a glutamine-rich 

domain, and an acidic N-terminal region that may contribute to protein dimerization (38, 

46).  The two largest isoforms also include a 49-amino acid domain near the C-terminus 

encoded by exon 7, while p40
AUF1

 and p45
AUF1

 both contain a 19-amino acid insert 

encoded by exon 2 that is contiguous with RRM1 (Fig. 2-1A).  AUF1 was first identified 

as a cytoplasmic factor that stimulated the decay of c-myc mRNA in cell-free mRNA 

decay assays (37), and is most frequently associated with acceleration of ARE-directed 

mRNA decay (described above).  However, emerging data indicate that AUF1 may also 

enhance mRNA translational efficiency in some cases, possibly involving interaction 

with components of the translation machinery like eIF4G and polyA-binding protein (87) 

or competition for ARE targets between AUF1 and the translational repressor TIAR (41). 
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While studies assessing the function of AUF1 in post-transcriptional control of 

gene expression frequently do not discriminate among the family members, some reports 

indicate variations in the function and/or regulated expression of individual AUF1 

isoforms.  First, p42
AUF1

 and p45
AUF1

 are normally nuclear, while p37
AUF1

 and p40
AUF1

 

are found within both nuclear and cytoplasmic compartments in many cell types (38, 61, 

168, 180).  Second, distinct isoforms have been implicated in the regulated decay of 

selected ARE-containing mRNAs.  For example, a reporter mRNA containing the ARE 

from interleukin-3 mRNA was stabilized by concomitant siRNA-directed suppression of 

p40
AUF1

 and p45
AUF1

, but not by coordinated depletion of p42
AUF1

 and p45
AUF1

 or all 

isoforms simultaneously (19).  By contrast, specific overexpression of p37
AUF1

, and to 

some extent p40
AUF1

, destabilized a reporter mRNA containing the ARE from 

granulocyte-macrophage colony-stimulating factor mRNA, while p42
AUF1

 and p45
AUF1

 

had no effect (120).  Third, some stimuli have been reported to modulate the cellular 

levels of specific AUF1 isoforms.  In sheep uterus, estradiol increased expression of 

p45
AUF1

 but not other isoforms (165).  Similarly, prostaglandin A2 specifically increased 

levels of p45
AUF1

 in H1299 non-small-cell lung carcinoma cells (132).  Finally, the 

differentially expressed sequences that distinguish AUF1 family members provide 

opportunities for isoform-specific regulation through post-translational events.  For 

example, in THP-1 monocytic leukemia cells polysome-associated p40
AUF1

 is 

phosphorylated at two sites encoded by exon 2, which are accordingly absent in p37
AUF1

 

and p42
AUF1

 (61).  Dephosphorylation of these sites is associated with stabilization of 

ARE-containing mRNAs coupled with condensation of local RNA structure (61, 74).   
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Taken together, the potential for differential function and regulation among AUF1 

isoforms suggests that each may exhibit unique biochemical characteristics that mediate 

distinctive RNA-binding paradigms.  In this study, we have used biochemical and 

fluorescence spectroscopic approaches to compare the RNA-binding and RNA structural 

remodeling properties of all four AUF1 isoforms.  Using purified, recombinant AUF1 

proteins and two families of model AREs, we show that all AUF1 isoforms assemble into 

oligomeric protein complexes on ARE substrates through two distinct binding steps.  

However, the differentially expressed protein domains encoded by exons 2 and 7 each 

influence the RNA-binding activities of AUF1 proteins in distinct ways, based on 

variations in RNA-binding affinity, RNA-induced protein oligomerization, and the 

structural properties of bound RNA substrates.  Together, these data are consistent with a 

model whereby alternative splicing of the AUF1 pre-mRNA generates a family of RNA-

binding proteins with diverse biochemical properties, which may contribute to the 

heterogeneity of AUF1 function and complexity of its regulation. 

 

2.2 Experimental procedures 

2.2.1 RNA Substrates  

Synthesis, deprotection of 2’-hydroxyl groups, and purification of all RNA 

oligonucleotides were performed by Integrated DNA Technologies or Dharmacon.  

Lyophilized RNA pellets were resuspended in deionized H2O.  RNA yields and 

fluorophore labeling efficiencies were quantified by absorbance, incorporating fractional 

contributions of coupled fluorophores to OD260 for substrates containing fluorescein (Fl) 

and/or cyanine-3 (Cy3) moieties as previously described (73, 210).  Oligoribonucleotides 
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designated ARExx are variants of the core ARE sequence from TNFα mRNA (Table 2-1).  

The RNA substrate “fos ARE domain I” encodes a 46-nucleotide segment of the ARE 

from human c-fos mRNA that is sufficient to accelerate decay of a reporter transcript in 

cis (211).  The substrate “Rβ” encodes a fragment of the coding sequence from rabbit β-

globin mRNA.  As needed, 5’-hydroxyl RNA substrates were radiolabeled to specific 

activities of 3-5 × 10
3
 cpm/fmol using T4 polynucleotide kinase and [γ-

32
P]ATP as 

described (57).  

 

 Table 2-1: RNA substrates used in this study 

 

Name Sequence (5’→3’)
a
 

ARE44 CUUGUGAUUAUUUAUUAUUUAUUUAUUAUUUAUUUAUUUACAGA 

ARE38    GUGAUUAUUUAUUAUUUAUUUAUUAUUUAUUUAUUUAG 

ARE35      GAUUAUUUAUUAUUUAUUUAUUAUUUAUUUAUUUA 

ARE34       AUUAUUUAUUAUUUAUUUAUUAUUUAUUUAUUUA 

ARE30           UUUAUUAUUUAUUUAUUAUUUAUUUAUUUA 

ARE24                 AUUUAUUUAUUAUUUAUUUAUUUA 

ARE20                      UUUAUUAUUUAUUUAUUUAG 

ARE18                       UUAUUAUUUAUUUAUUUA 

fos ARE domain I UUUUAUUGUUUUAAUUUAUUUAUUAAGAUGGAUUCUCAGAUAUUUA 

Rβ UGGCCAAUGCCCUGGCUCACAAAUACCACUG 

 

a
RNA substrate variants containing 5’-linked cyanine-3 (Cy3) or fluorescein (Fl) groups are indicated by 

relevant prefixes, where applicable.  Similarly, RNA substrates containing 3’-fluorescein groups are 

suffixed by “Fl”.  

 

2.2.2 Preparation of Recombinant AUF1 Proteins  

cDNAs encoding human p42
AUF1

 and p45
AUF1

 were inserted downstream of a 

His6-tag motif in pBAD/HisB (Invitrogen) using standard subcloning techniques and 

verified by restriction digestion and automated DNA sequencing.  Construction of 
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pBAD/HisB-based expression vectors encoding p37
AUF1

 and p40
AUF1

 was described 

previously (59, 74).  All pBAD-HisB/AUF1 plasmids were transformed into Escherichia 

coli Rosetta 2 cells (Novagen).  Expression of recombinant His6-AUF1 proteins was 

induced with arabinose (0.02%).  His6-AUF1 proteins were purified from bacterial cell 

lysates by Ni
2+

-affinity chromatography over a HiTrap Chelating affinity column (GE 

Healthcare) essentially as described (59), except that after loading and washing the Ni
2+

-

affinity resin 6 column volumes of Triton wash buffer (50 mM sodium phosphate (pH 

8.0) containing 500 mM NaCl, 20 mM imidazole, and 1% Triton X-100) was also applied 

prior to His6-AUF1 elution.  This additional washing step improved the purity of the 

recovered AUF1 proteins.  Proteins used for RNA-binding studies were buffer exchanged 

into 10 mM Tris-HCl (pH 7.5) using a HiPrep 26/10 desalting column (GE Healthcare).  

For gel filtration or chemical cross-linking studies where primary amino groups must be 

excluded, His6-p37
AUF1

, -p40
AUF1

, and -p42
AUF1

 were buffer exchanged into 10 mM 

HEPES-KOH (pH 7.5).  His6-p45
AUF1

 formed significant aggregates in the HEPES 

buffer, so a solubility screening test was performed essentially as described (212) to 

identify an optimal buffer for this isoform.  10 mM MOPS-NaOH (pH 7.5) was selected 

as the best buffer lacking primary amino groups among those screened based on 

minimization of high molecular mass complexes or aggregates as measured by dynamic 

light scattering using a Zetasizer Nano series instrument (Malvern Instruments).  All 

recombinant proteins were quantified by Coomassie Blue-stained SDS-PAGE against a 

titration of bovine serum albumin. 
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2.2.3 Gel Filtration Chromatography  

A HiPrep 16/60 column (GE Healthcare) packed with Sephacryl S-200 High 

Resolution resin was equilibrated with gel filtration buffer (10 mM HEPES-KOH (pH 

7.5) containing 150 mM KCl for all isoforms except p45
AUF1

, for which 10 mM MOPS-

NaOH (pH 7.5) containing 150 mM KCl was used).  Protein samples (140 - 180 μg) were 

diluted in gel filtration buffer (0.5 ml final volume) and centrifuged at 16,100 × g for 5 

minutes to remove particulates before loading.  Samples were fractionated at 30 ml/h 

with elution monitored by absorbance at 280 nm.  Column void volume was determined 

using Blue Dextran.  The column was calibrated by monitoring elution of the following 

protein standards (Sigma) by A280: alcohol dehydrogenase (150 kDa), bovine serum 

albumin (66 kDa), and carbonic anhydrase (29 kDa). 

 

2.2.4 Protein Crosslinking  

Protein-protein crosslinking reactions (10 µl final) were assembled with His6-

AUF1 proteins (5 µM) in 10 mM HEPES-KOH (pH 7.5) containing 50 mM KCl for 

His6-p37
AUF1

, -p40
AUF1

, and -p42
AUF1

, or 10 mM MOPS-NaOH (pH 7.5) containing 50 

mM KCl for His6-p45
AUF1

.  Crosslinking was initiated by adding dithio-bis(succinimidyl 

propionate)  (DSP, Thermo Scientific) dissolved in dimethyl sulfoxide (DMSO) to a final 

concentration of 2.5 mM.  Reactions proceeded for 30 minutes at room temperature 

before quenching with 10 µl of 1 M Tris-HCl (pH 7.5) for 15 minutes at room 

temperature.  Reaction products were fractionated by SDS-PAGE and detected by 

Western blot using anti-AUF1 antibodies (Upstate Biotechnology).   
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2.2.5 Measurements of RNA-protein Binding  

Association of recombinant AUF1 proteins with RNA substrates was qualitatively 

assessed using electrophoretic mobility shift assays (EMSA) essentially as described 

(104).  Briefly, reactions containing limiting concentrations of 
32

P-labeled RNA 

substrates (0.2 nM) and varying concentrations of protein were assembled in 10 mM Tris-

HCl (pH 8) containing 50 mM KCl, 2 mM DTT, 0.5 mM EDTA, 0.1 μg/μl acetylated 

bovine serum albumin, 1 μg/μl heparin, and 10% glycerol (10 μl final volume).  After 

incubating for 15 min on ice, reactions were fractionated on a 6% native acrylamide gel 

at 4 °C.  Gels were then dried and products visualized using a Phosphorimager. 

Quantitative measurement of protein:RNA binding equilibria was performed 

using fluorescence anisotropy essentially as described (57, 59).  At constant temperature 

and viscosity, protein binding to a fluorophore-labeled RNA increases the rotational 

relaxation time of the fluorophore by increasing its molecular volume and decreasing 

intramolecular segmental motion of the RNA substrate (213, 214).  Binding reactions 

were assembled as described for EMSA, except that Fl-labeled RNA was employed in 

place of the radiolabeled substrate, total volume was 100 µl, and glycerol was omitted.  

After one minute incubation at 25 °C, fluorescence anisotropy of the Fl-RNA substrates 

was measured using a Beacon 2000 Fluorescence Polarization System (Panvera) 

equipped with fluorescein excitation (490 nm) and emission (535 nm) filters.  

Preliminary on-rate studies demonstrated that binding equilibrium was achieved for all 

AUF1 isoforms within this time frame (Refs. 57, 74 and data not shown).  Concomitant 

with fluorescence anisotropy, total fluorescence emission from each reaction was also 

measured to verify that protein binding did not significantly alter the fluorescence 
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quantum yields of RNA substrates (data not shown).   

Binding constants describing AUF1 association with RNA substrates were 

resolved by nonlinear regression of total measured anisotropy as a function of protein 

concentration using PRISM version 3.03 software (GraphPad).  Based on our 

interpretation of all AUF1 isoforms as dimers in solution (described under “Results”), 

association of a single protein dimer (P2) to a Fl-labeled RNA substrate under limiting 

RNA concentrations (i.e., where [P2]free ≈ [P2]total) and constant fluorescence quantum 

yield is described by Equation 2-1. 

]P[1

]P[

2

2RPR 2

K

KAA
At




   (Eq. 2-1) 

Here, At is the total measured anisotropy, AR and AP2R represent the intrinsic anisotropy of 

the free RNA and dimer-bound RNA substrate, respectively, and K is the apparent 

equilibrium association constant (K = 1/Kd).  Equation 2-1 can be expanded to describe 

sequential two-step association of AUF1 dimers with an RNA substrate yielding 

tetrameric protein complexes by incorporating terms representing the intrinsic anisotropy 

of the protein tetramer:Fl-RNA complex (AP4R) and tandem apparent association 

constants K1 and K2 in Equation 2-2 (57, 214).   
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  (Eq. 2-2) 

Reactions best described by cooperative binding were resolved by a variant of the Hill 

model in Equation 2-3 where APxR represents the intrinsic anisotropy of the saturated 

protein:Fl-RNA complex, [P2]1/2 is the concentration of His6-AUF1 dimers giving half-

maximal binding, and h represents the degree of cooperativity.  
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The appropriateness of each binding model was evaluated by the coefficient of 

determination (R
2
) from individual experiments and analysis of residual plot non-

randomness to detect any bias for data subsets (PRISM).  When multiple models were 

considered for a common data set, pair-wise comparisons of sum-of-squares deviations 

were performed using the F test (PRISM), with differences exhibiting P < 0.05 

considered significant. 

 

2.2.6 Macromolecular Binding Density Analysis  

 The site size of AUF1 dimer binding on an Fl-RNA substrate and the fractional 

contributions of each binding step to changes in its fluorescence anisotropy were resolved 

using macromolecular binding density analysis (MBDA).  This method provides a 

quantitative estimation of the population-averaged degree of binding (, defined as the 

number of AUF1 dimers bound per Fl-labeled RNA substrate) and free AUF1 dimer 

concentration ([P2]F) without any prior knowledge or assumptions regarding their 

relationship to the observed anisotropy signal change (Aobs).  Described in greater detail 

elsewhere (215, 216), MBDA presumes that every complex (i) involving an Fl-labeled 

RNA contributes to Aobs at a given point in the titration, where Aobs = Ai – AR and AR is 

the experimentally determined anisotropy of Fl-RNA in the absence of protein.  Thus, if 

each i complex has a maximal per mol contribution Ai to the anisotropy, the 

experimentally observable signal Aobs is related to  by Equation 2-4. 

Aobs = Ai   (Eq. 2-4) 
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In other words, the total signal is the population-weighted sum of contributions of the per 

mol anisotropy for each species i.  Accordingly, the same value of Aobs obtained at two 

different total RNA concentrations, [R]T1 and [R]T2, must be in the same physical state 

with the same average degree of binding  and free concentration of protein [P2]F at the 

corresponding total protein concentrations, [P2]T1 and [P2]T2.  Therefore, the paired ([P2]T, 

[R]T) concentrations obtained at a point from each isotherm possessing the same Aobs 

can be plotted to obtain the average binding density and free protein dimer concentration 

as the slope and vertical intercept respectively of [P2]T versus [R]T by Equations 2-5 and 

2-6, where x = 1 or 2.  







12

1222

]R[]R[

]P[]P[

TT

TT    (Eq. 2-5) 

[P2]F = [P2]Tx – ()[R]Tx   (Eq. 2-6) 

In this study, we analyzed isotherms across three RNA concentrations to obtain an 

estimate of the errors associated with  and [P2]F.  To minimize the influence of a 

nonspecific binding component that contributes to Aobs at high protein concentrations, 

MBDA was limited to binding data corresponding to Aobs < 70 to 80% of the asymptotic 

maximum (Asat) for each anisotropy isotherm.  The intersection of the linearly 

extrapolated limiting slopes of the two binding regimes observed for Aobs versus  was 

used to calculate int, the AUF1 dimer:RNA stoichiometry which demarks a clear 

transition in the average anisotropic contribution with increasing binding density.  The 

site size for this intermediate complex was then estimated as the ratio of the RNA 

nucleotide length (N) and the intermediate stoichiometry as n = N/int. 
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2.2.7 Assays of RNA Folding using Steady State FRET  

RNA remodeling by each AUF1 isoform was monitored by changes in the 

distance between 3’-Fl (donor) and 5’-Cy3 (acceptor) groups appended to the termini of 

RNA substrates using FRET, essentially as described (10).  Briefly, FRET efficiency 

(EFRET) varies inversely with the scalar distance (r) between a fluorescent donor (in this 

case, Fl) and an appropriate acceptor (Cy3) by Equation 2-7. 

E
R

R r
FRET 



0

6

0

6 6
 (Eq. 2-7) 

The Förster distance (R0) is calculable from fluorophore spectral data and represents the 

separation between donor and acceptor yielding EFRET = 0.5 (217).  For Fl and Cy3 dyes 

appended to single-stranded nucleic acids, R0 has been calculated as 55.7 Å (218).   

Varying concentrations of specified AUF1 isoforms were incubated with RNA 

substrates ARE38-Fl (donor alone) or Cy3-ARE38-Fl (donor-acceptor pair) as described 

for anisotropy analyses (above), except that final RNA concentrations were 2 nM.  

Fluorescence from the FRET donor (Fl) was measured using a Cary Eclipse fluorometer 

(Varian) equipped with a sub-microcell cuvette (λex = 485 nm, λem = 520 nm, 10 nm 

slitwidths). Background fluorescence was quantified from samples lacking RNA 

substrates.  Inner filter effects and photobleaching were insignificant in these experiments 

(data not shown).  EFRET between donor and acceptor fluorophores was calculated using 

Equation 2-8 (derived in Ref. 10), where FCy-Fl is the background-corrected fluorescence 

of the donor in the presence of the acceptor (measured from the Cy-ARE38-Fl substrate), 

FFl is the background-corrected donor fluorescence from parallel reactions lacking the  
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acceptor (measured using the ARE38-Fl substrate), and fDA is the fractional labeling of the 

Cy3 acceptor on the Cy-ARE38-Fl RNA.  

E
F F f

F f
FRET

Cy Fl Fl DA

Fl DA

 
 














1
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 (Eq. 2-8) 

Correlating AUF1-dependent changes in RNA conformation with formation of 

specific AUF1-RNA complexes required estimation of the relative concentration of each 

RNA-protein complex across titrations of protein.  These fractional distributions were 

calculated using the sequential two-step association model (described above); however, 

the elevated concentrations of RNA substrates required for FRET measurements 

necessitated consideration of protein depletion, which becomes significant at low total 

protein concentrations.  By conservation of mass, the two-step association model requires 

that the total AUF1 dimer ([P2]T) and RNA ([R]T) concentrations be distributed between 

the free ([P2]F, [R]F), the single dimer-bound mode ([P2R]) or the tetramer-bound mode 

([P4R]) by Equations 2-9 and 2-10. 

[P2]T = [P2]F + [P2R] + 2[P4R]  (Eq. 2-9) 

[R]T = [R]F + [P2R] + [P4R]  (Eq. 2-10) 

The concentration of each bound species is related to [P2]F and [R]F through the known 

apparent binding constants K1 and K2 by Equations 2-11 and 2-12, while the 

concentration of free RNA substrate can be calculated using Equation 2-13. 

[P2R] = K1[P2]F[R]F   (Eq. 2-11) 

[P4R] = K1K2[P2]F
2
[R]F  (Eq. 2-12) 

2
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However, solution of each function requires an explicit value for [P2]F.  This was 

calculated by combining Equations 2-9 through 2-13 to generate Equation 2-14. 

    0]P[]P[)]R[2]P([]P[1)]R[]P([]P[ 3

221

2

212212212  FFTTFTTT KKKKKK  

(Eq. 2-14) 

The one physically relevant cubic root for [P2]F (i.e., 0 < [P2]F  [P2]T) for each given 

[P2]T was determined via the FindRoots operation in Igor Pro 6.1 (Wavemetrics), which 

was then used to solve for the fractional concentration of each AUF1-RNA complex 

relative to [R]T using Equations 2-11through 2-13. 

 

2.3 Results 

2.3.1 All AUF1 Isoforms Form Complexes Consistent with Dimers in the Absence of 

RNA  

All recombinant His6-AUF1 proteins produced using the pBAD/His vector system 

and purified by Ni
2+

-affinity chromatography yielded proteins of expected molecular 

weights and >95% purity by SDS-PAGE (Fig. 2-1B).  Previous gel filtration and  

analytical ultracentrifugation studies showed that p37
AUF1

 is a dimer in solution, and 

suggested that N-terminal sequences common to all isoforms were responsible for AUF1 

dimerization (46).  Chemical crosslinking similarly demonstrated that p37
AUF1

 formed 

dimers in the absence of high affinity RNA substrates (57).  Subsequently, glutathione S-

transferase pull-down experiments indicated that recombinant versions of all AUF1 

isoforms could form protein-protein interactions with one another (178), but did not 

define the overall size of these complexes.   
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 Figure 2-1:  Organization and oligomeric status of AUF1 isoforms.  A, all AUF1   

isoforms contain tandem RRMs that include characteristic RNP-2 and RNP-1 motifs  

(red boxes) and a downstream Gln-rich domain.  The positions of isoform-specific 

sequences encoded by exon 2 (yellow) and exon 7 (green) are shown.  B, purified 

recombinant His6-AUF1 proteins were separated by SDS-PAGE and stained with 

Coomassie Blue.  The migration of molecular weight markers is indicated at left (in 

kDa).  C, representative elution profiles of His6-p37
AUF1

 (solid line) and His6-p45
AUF1

 

(dotted line) fractionated through a Sephacryl S-200 gel filtration column.  Arrows at 

top show the positions of elution peaks for protein standards (given in kDa).  D,  

products generated by DSP-directed covalent crosslinking of recombinant AUF1 

isoforms were separated by SDS-PAGE and identified by Western blot.  A sample of 

untreated His6-AUF1 (12.5% mol ratio versus DSP-treated sample) was run next to 

each crosslinking reaction to show the migration of unmodified protein.  The 

migration of molecular weight markers is indicated at left (in kDa).  Independent 

replicate experiments yielded similar results. 

 

To determine whether all AUF1 isoforms formed dimers in solution similar to 

those described for p37
AUF1

, two experiments were performed.  First, recombinant forms 

of each AUF1 isoform were individually fractionated on a size-exclusion column.  No 

distinct peaks were observed at elution volumes predicted for monomeric proteins (Fig. 

2-1C).  The major elution peaks for both His6-p40
AUF1 

and His6-p45
AUF1

 corresponded to 

apparent molecular weights twice those of each monomer, consistent with these proteins 
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eluting as dimers (Table 2-2).  The apparent molecular weights of His6-p37
AUF1

 and His6-

p42
AUF1

 were significantly greater than those of monomers although somewhat less than 

those calculated for protein dimers.  Since His6-p37
AUF1

 had already been characterized 

as a dimer by analytical ultracentrifugation (46) and chemical crosslinking (57), our data 

suggest that His6-p37
AUF1

 and His6-p42
AUF1

 are likely eluting as higher mobility dimers.   

 

Table 2-2: Gel Filtration Analyses of Recombinant AUF1 Isoforms 

 

AUF1 

isoform 

Calculated 

MW
a
 (Da) 

Apparent 

MW
b
 (Da) 

p45
AUF1

 43 411 87 500 

p42
AUF1

 41 248 64 300 

p40
AUF1

 37 811 72 900 

p37
AUF1

 35 648 61 600 
 

  a
calculated using the AASTATS tool at the San Diego Supercomputer Center Biology      

  Workbench (http://workbench.sdsc.edu), using human AUF1 protein sequences appended to the   

  vector-encoded  N-terminal His6-tag and Xpress epitope (GenBank accession numbers: p45
AUF1

,  

  NP_112738; p42
AUF1

, NP_112737; p40
AUF1

, NP_002129; and p37
AUF1

, NP_001003810). 
 

   b
resolved by gel filtration chromatography as described under “Experimental Procedures”. 

 

It is possible that the absence of exon 2-encoded sequences in these isoforms confers 

distinct conformational features that alter their hydrodynamic properties.  No larger 

oligomeric forms were detected for any AUF1 isoform in the absence of RNA.  In a 

second series of experiments, AUF1 dimerization was tested using the chemical 

crosslinker DSP.  All DSP-treated His6-AUF1 proteins yielded products consistent with 

both intramolecular (Fig. 2-1D, bottom bands) and intermolecular (Fig. 2-1D, top bands) 

crosslinks, the latter migrating with apparent molecular weights predicted for dimeric 

proteins.  The efficiency of intermolecular crosslinking could not be directly assessed in 

these experiments because DSP treatment significantly weakened binding of all 
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recombinant AUF1 proteins to anti-AUF1 antibodies or Coomassie Blue-based stains 

(data not shown).  However, the comparable distributions of crosslinked products 

observed for His6-p40
AUF1

, His6-p42
AUF1

, and His6-p45
AUF1

 relative to His6-p37
AUF1

, 

which was previously characterized as a dimer, suggest that all AUF1 isoforms are 

similarly dimeric in solution. 

   

2.3.2 Alternatively Expressed Domains of AUF1 Regulate Both RNA-binding 

Affinity and RNA-induced Protein Oligomerization 

Previously, we showed that two dimers of p37
AUF1

 can sequentially bind the ARE 

from TNFα mRNA (Fig. 2-2A) to first form a protein dimer:RNA (P2R) complex, 

followed by a protein tetramer:RNA (P4R) complex (57, 59).  Using EMSAs, we 

observed that the other AUF1 isoforms also bind this RNA substrate in two stages, 

consistent with the p37
AUF1

 model (Fig. 2-2B).  The faster migrating complex (complex I) 

is observed at lower protein concentrations, consistent with the initial protein dimer 

binding event (P2R), while a slower mobility band appearing at higher AUF1 

concentrations (complex II) is consistent with the P4R complex.  These binding events are 

RNA sequence-specific, since no complexes were detected in EMSAs using the Rβ RNA 

substrate, which lacks AU-rich sequences (data not shown).  Comparing the protein 

concentration-dependence of RNA binding among all isoforms yielded two interesting 

observations.  First, formation of complex I required higher protein concentrations for 

AUF1 isoforms containing sequences encoded by exon 2 relative to their respective exon 

2-deficient isoforms (Fig. 2-2B, cf. His6-p40
AUF1

 vs. His6-p37
AUF1

, and His6-p45
AUF1

 vs. 

His6-p42
AUF1

), suggesting that the inclusion of exon 2-encoded sequences inhibits 
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Figure 2-2:  Evaluation of His6-AUF1 binding to the ARE38 RNA substrate by 

EMSA.  A, the sequential dimer association model for AUF1 binding to an RNA 

substrate.  B, binding reactions containing a 5’-
32

P-labeled ARE38 RNA substrate and 

titrations of each recombinant His6-AUF1 isoform were assembled as described under 

“Experimental Procedures” prior to fractionation on non-denaturing gels.  Bands 

corresponding to distinct RNA-protein complexes formed on the 
32

P-ARE38 substrate 

are indicated as complexes I and II.  Unbound probe is designated as free RNA.   

 

formation of the initial AUF1:RNA P2R complex.  Second, complex II assembly was 

observed at lower protein concentrations for AUF1 isoforms that contained sequences 

encoded by exon 7 (Fig. 2-2B, cf. His6-p42
AUF1

 vs. His6-p37
AUF1

, and His6-p45
AUF1

 vs. 

His6-p40
AUF1

), suggesting that the second binding step (i.e., leading to formation of the 

P4R complex) might be enhanced by the exon 7-encoded domain.  

 To quantitatively assess recombinant His6-AUF1 binding to RNA targets, we 

measured the change in fluorescence anisotropy of the Fl-ARE38 substrate as a function 

of protein concentration.  As reported previously (59, 74), His6-p37
AUF1

 (Fig. 2-3A) and 

His6-p40
AUF1

 (data not shown) binding to this RNA target were well described by the 
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two-step sequential binding model of Equation 2-2, permitting explicit solutions of 

binding constants describing both stages of ribonucleoprotein (RNP) assembly (Table 2-

3).  Appropriateness of the two-step binding model was supported by random 

distributions of residuals (e.g., Fig. 2-3A, bottom) and high coefficients of determination 

(R
2
 > 0.98) across all experiments.  The single-site binding model of Equation 2-1 (e.g., 

Fig. 2-3A, dotted line) was clearly inappropriate, as shown by significant residual 

nonrandomness (P < 0.0001) and by significant increases in the sum-of-squares 

deviations when compared to regression solutions based on the two-step binding model 

using the F test (P < 0.0001).  By contrast, binding of His6-p42
AUF1

 and His6-p45
AUF1

 to 

the Fl-ARE38 substrate could not be confidently resolved using Equation 2-2 owing to 

redundancy in fitting the AP2R and K2 parameters.  This frequently occurs for data sets 

where K1 and K2 vary by less than five-fold, and prevents explicit solution of binding 

constants using this approach when the value of AP2R is unknown (214).  However, the 

protein concentration-dependence of His6-p42
AUF1

 (Fig. 2-3B) and His6-p45
AUF1

 (data not 

shown) binding to the Fl-ARE38 substrate were well described using the cooperative 

binding model of Equation 2-3.  Resolution of h significantly greater than 1 for His6-

p42
AUF1

 binding to this RNA substrate (Table 2-3) suggests that binding may be 

cooperative, with the second dimer binding more strongly than the first.  This possibility 

is dependent on the intrinsic anisotropy of the protein dimer-bound RNA complex (AP2R 

from Equation 2-2), and is addressed further below.  Analyses of His6-p45
AUF1

 

association with the Fl-ARE38 substrate using Equation 2-3 resolved h ≈ 1, indicating that 

both protein binding steps are likely to be thermodynamically similar. 
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  Table 2-3: Affinity of recombinant AUF1 isoforms for the Fl-ARE38 RNA substrate
a
 

 

isoform Kd1-app (nM) Kd2-app (nM) n 

p37 1.7 ± 0.3 74 ± 16 6 

p40 10 ± 2 160 ± 19 4 

    
 [P2]1/2 (nM) h  

p42 4.4 ± 0.7 1.39 ± 0.06 5 

p45 14 ± 2 1.02 ± 0.02 4 
 

a
apparent dissociation constants were solved for each binding step of His6-p37

AUF1
 and His6-  

p40
AUF1

 on the Fl-ARE38 substrate by resolving association constants K1 and K2 from 

anisotropy isotherms (e.g., Fig. 2-3) using Equation 2-2, which were then converted using Kd 

= 1/K.  For His6- p42
AUF1

 and His6-p45
AUF1

, the cooperative binding model of Equation 2-3 

resolved the protein dimer concentrations yielding 50% binding ([P2]1/2) and the Hill 

coefficients (h).  All values represent the mean ± standard deviation of n independent 

experiments. 

 

Comparing the binding constants describing the association of each His6-AUF1 

isoform with the Fl-ARE38 substrate supports independent roles for domains encoded by 

alternatively spliced exons of AUF1.  First, constants describing His6-p37
AUF1

 and His6-

p40
AUF1

 binding to the Fl-ARE38 substrate show that the presence of exon 2-encoded 

sequences in His6-p40
AUF1

 inhibits
 
the first RNA binding event by nearly 6-fold, and the 

second binding event by approximately 2-fold relative to the p37 isoform (Table 2-3).  

While EMSAs from this (Fig. 2-2B) and previous studies (45) indicated that p40
AUF1

 

binds ARE substrates more weakly than p37
AUF1

, the anisotropy-based experiments show 

that this distinction is principally manifested at the initial contact with the RNA substrate.  

However, the anisotropy-based binding assays also revealed a novel effect of exon 7-

encoded sequences on the assembly of AUF1 RNPs, involving dramatic enhancement of 

the second binding step.  While a His6-p37
AUF1

 dimer binds to the P2R complex on the Fl-

ARE38 substrate with a modest apparent Kd of 74 nM, the potential cooperativity of His6-

p42
AUF1

 binding to this substrate indicates that the affinity of the second binding step is 
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near or better than the [P2]1/2 value of 4.4 nM (Table 2-3).  Similarly, the second His6-

p40
AUF1

 dimer is recruited very weakly with an apparent Kd of 160 nM, while inclusion of 

exon 7-encoded sequences (yielding His6-p45
AUF1

) improves the affinity of this step to 

approximately 14 nM, the [P2]1/2 value for His6-p45
AUF1

 binding to the Fl-ARE38 

substrate.  Together with the protein concentration-dependence of binding described by 

EMSAs (Fig. 2-2B), our anisotropy-based binding studies show that the AUF1 protein 

domain encoded by exon 7 enhances formation of AUF1 oligomers on the TNFα ARE by 

improving the affinity of the second dimer binding event, while sequences encoded by 

 
 

Figure 2-3:  Analysis of His6-AUF1 binding to the Fl-ARE38 RNA substrate 

using fluorescence anisotropy.  The fluorescence anisotropy of reactions 

containing the Fl-ARE38 RNA substrate (0.2 nM) and varying concentrations of 

recombinant His6-p37
AUF1

 (A) or His6-p42
AUF1

 (B) was measured as described under 

“Experimental Procedures.”  His6-p37
AUF1

 binding to this RNA substrate was 

resolved by the sequential 2-step binding algorithm (Equation 2) while His6-p42
AUF1

 

binding required a cooperative binding model (Equation 3) (solid lines).  Constants 

describing regression solutions are listed in Table 2-3.  For comparison, optimal fits 

to single-site binding models (Equation 1) are also shown for each dataset (dotted 

lines).  Residual plots show random deviation of the preferred binding models (Acalc) 

from observed data (Aobs) (lower panels). 
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exon 2 can inhibit AUF1 recruitment to the ARE substrate by weakening the affinity of 

the first binding step. 

 

2.3.3. Enhanced ARE-induced AUF1 Oligomerization Regulated by Exon 7-encoded 

Sequences does not Result from Variations in Binding Site Size  

While our binding studies show that the exon 7-encoded sequences near the C-

terminus of His6-p42
AUF1

 and His6-p45
AUF1

 enhance assembly of protein tetramers on the 

TNFα ARE substrate, it is not known how this domain promotes binding of the second 

AUF1 dimer.  Conceivably, this domain may participate in protein:protein contacts or 

may direct conformational events that enhance the second binding step.  Alternatively, 

the RNA binding site for AUF1 isoforms lacking exon 7-encoded sequences may be too 

large to permit multiple high affinity binding events on the 38-nt TNFα ARE substrate.  

In the latter case, high affinity recruitment of the second His6-p37
AUF1

 or His6-p40
AUF1

 

dimer might be precluded simply because an insufficient length of RNA is presented to 

the protein. 

To distinguish these possibilities, we assessed the influence of the exon 7-encoded 

domain of AUF1 on RNA binding site size by performing macromolecular binding 

density analysis (MBDA; described in Refs. 215, 219) of His6-p37
AUF1

 and His6-p42
AUF1

 

on the Fl-ARE38 RNA substrate.  Fluorescence anisotropy isotherms were collected 

across titrations of His6-p37
AUF1

 and His6-p42
AUF1

 using three different RNA substrate 

concentrations.  The isotherms shift to the right with increasing RNA concentration 

because more protein is required to reach an equivalent degree of RNA saturation, 

reflected by the change in anisotropy (Fig. 2-4A).  MBDA was performed using these 
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anisotropy isotherms as described under “Experimental Procedures.”  For both His6-

p37
AUF1

 and His6-p42
AUF1

, changes in Fl-ARE38 anisotropy as a function of the 

population-averaged number of AUF1 dimers bound per Fl-ARE38 RNA substrate () 

clearly show nonlinear behavior, indicating the presence of at least two binding phases 

(Fig. 2-4B).  The intersection obtained by linearly extrapolating the limiting slopes of the 

two binding regimes quantifies the AUF1:Fl-ARE38 stoichiometry where the transition 

occurs (Fig. 2-4B, dotted lines).  This binding transition occurs at  ~ 1 for both His6-

p37
AUF1

 and His6-p42
AUF1

, suggesting that the low binding density phase reflects the 

progress of one AUF1 dimer binding to Fl-ARE38, while the second binding regime  

describes subsequent AUF1 oligomerization processes.  Based on the diversity of RNA  

sequences targeted by AUF1 (33, 41, 58, 64, 143) and the repetitive AU-rich motifs 

within the Fl-ARE38 substrate (Table 2-1), we considered elements targeted by AUF1 

within this RNA as a quasi-homogeneous lattice of sites.  Accordingly, the binding 

density at the transition between binding regimes provides an estimate of the RNA site 

size for the low binding density complex (220) based on n = 38/ for the 38-nt Fl-

ARE38 RNA, yielding predicted site sizes of 34 ± 2 nt for His6-p37
AUF1

 and 33 ± 2 nt for 

His6-p42
AUF1

 on this RNA substrate.  

 The RNA site sizes for His6-p37
AUF1

 and His6-p42
AUF1

 predicted by MBDA were 

independently confirmed through equilibrium binding experiments with ARE substrates 

of varying lengths (Table 2-1).  Expanding the RNA target to the 44-nt Fl-ARE44 

substrate yielded no significant changes in the affinity of His6-p37
AUF1

 (Table 2-4) or 

His6-p42
AUF1

 (Table 2-5), despite a 16% increase (+6 nt) in RNA length.  For His6-

p37
AUF1

, the apparent binding affinity of the first protein dimer (Kd1-app) was also  
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unaffected by truncation of the RNA substrate to 34 nt (Table 2-4, cf. Fl-ARE34 and Fl-

ARE35 versus Fl-ARE38).  However, the initial protein binding event was inhibited by 

over 2-fold for the 30-nt Fl-ARE substrate versus the Fl-ARE34 target, and much more  

 
 

Figure 2-4:  MBDA of His6-p37
AUF1

 and His6-p42
AUF1

 binding to the Fl-ARE38 

RNA substrate.  A, fluorescence anisotropy-based assays of His6-p37
AUF1

 (left) or 

His6-p42
AUF1

 (right) binding to the Fl-ARE38 substrate under conditions of varying 

RNA substrate concentrations.  Solid lines represent nonlinear least squares fits to 

either the 2-step sequential dimer binding model for His6-p37
AUF1

 (Equation 2) or the 

cooperative binding model for His6-p42
AUF1

 (Equation 3).  B, changes in observed 

anisotropy (Aobs in Equation 4) plotted as a function of the ensemble-averaged 

number of His6-p37
AUF1

 (left) or His6-p42
AUF1

 (right) dimers bound per RNA strand 

(), calculated as described under “Experimental Procedures.”  Solid lines represent 

the limiting slopes corresponding to the low and high affinity binding phases.  The 

dotted vertical lines indicate the stoichiometry of the AUF1-RNA complex where the 

low binding density phase 
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Table 2-4: ARE substrate length requirements for association and oligomerization of 

p37
AUF1

 

RNA substrate Kd1-app
a 
(nM) 

Kd2-app
a 

(nM) 
n 

Fl-ARE44 2.2 ± 0.1 63 ± 7 3 

Fl-ARE38 1.7 ± 0.3 74 ± 16 6 

Fl-ARE35 3.2 ± 0.3 130 ± 20 3 

Fl-ARE34 3.0 ± 0.3 117 ± 6 3 

Fl-ARE30 7.0 ± 0.4 > 600 3 

Fl-ARE24 26 ± 2 n/a 3 

Fl-ARE20 33 ± 3 n/a 3 

Fl-ARE18 69 ± 12 n/a 4 
 

a
apparent equilibrium dissociation constants describing the first (Kd1-app) and second (Kd2-app) stages of 

His6-p37
AUF1

 dimer binding to Fl-labeled RNA substrates were resolved from anisotropy plots using 

the two-step binding model of Equation 2-2 as described in Table 2-3.  For RNA substrates ≤ 24 bases 

in length, the second protein dimer binding event was not detectable.  In these cases, simplification of 

Equation 2-2 with Kd2-app = 0 yields Equation 2-1, giving the apparent bimolecular dissociation 

constant for the initial binding event only.  All constants are expressed as the mean ± standard 

deviation for n independent experiments. 

 

severely as the RNA substrate was further truncated.  These data indicate that 30-34 nt of 

ARE sequence are required for maximal His6-p37
AUF1

 binding activity, agreeing closely 

with the MBDA-resolved site size (above).  Interestingly, the apparent affinity of the 

second His6-p37
AUF1

 dimer binding step (Kd2-app) was similarly sensitive to the length of 

the RNA substrate, since this binding event was extremely weak or undetectable for ARE 

substrates of 30 nt or less.  For His6-p42
AUF1

, potential cooperativity for some RNA 

substrates precluded explicit solutions for individual binding constants.  However, 

comparison of the protein dimer concentrations required for half-maximal binding 

([P2]1/2) revealed a modest decrease in affinity between the 38-mer and 35-mer RNA 

substrates (Table 2-5), but more pronounced diminution in His6-p42
AUF1

 binding activity 

for substrates of 34 nt or less.  The effects of ARE length on the RNA-binding affinities 

of His6-p37
AUF1

 and His6-p42
AUF1

 resolved by these binding studies are completely 
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consistent with RNA site sizes resolved by MBDA (above), and do not significantly 

differ for His6-p37
AUF1

 versus His6-p42
AUF1

.  As such, isoform-dependent variations in 

the binding site size of the AUF1 dimer:RNA (P2R) complex cannot account for the 

enhanced RNA-dependent protein oligomerization activity observed in AUF1 isoforms 

containing the exon 7-encoded domain.  

 Table 2-5: ARE substrate length requirements for association and oligomerization of 

p42
AUF1

 

 

RNA substrate [P2]1/2 or Kd-app
a 
(nM) h

a
 n 

Fl-ARE44 4.9 ± 0.4 1.28 ± 0.04 3 

Fl-ARE38 4.4 ± 0.7 1.39 ± 0.06 5 

Fl-ARE35 6.8 ± 0.5 1.16 ± 0.03 3 

Fl-ARE34 11.5 ± 0.2 1 3 

Fl-ARE30 14 ± 2 1 4 

Fl-ARE24 28 ± 3 1 3 

Fl-ARE20 33 ± 4 1 3 

Fl-ARE18 106 ± 22 1 4 
a
the concentration of His6-p42

AUF1
 dimers yielding half-maximal binding ([P2]1/2) to Fl-

labeled RNA substrates and associated Hill coefficients (h) were calculated from At versus 

[His6-p42
AUF1

 dimer] anisotropy plots (e.g., Fig. 2-3B) using Equation 2-3.  For RNA 

substrates ≤ 34 bases in length, the Hill coefficient did not significantly differ from unity.  In 

these cases, solution of Equation 2-3 with h = 1 yielded apparent bimolecular dissociation 

constants (Kd-app).  All constants are expressed as the mean ± standard deviation across n 

independent experiments. 

 

Finally, MBDA was used to solve explicit solutions for apparent dissociation 

constants describing the initial (Kd1-app) and secondary (Kd2-app) His6-p42
AUF1

 dimer 

binding events on the Fl-ARE38 substrate, thus permitting quantitative comparisons of 

each stage of AUF1 RNP assembly.  MBDA allowed individual binding constants to be 

resolved for His6-p42
AUF1

 because the slope of the low binding regime (F1 = A/) 

is a quantitative measure of the average intrinsic anisotropy change resulting from a 

single AUF1 dimer binding to the RNA.  Applied to the sequential dimer binding model 
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of Equation 2-2, F1 thus provides an independent measure of the AP2R parameter (F1 = 

AP2R - AR).  For example, the MBDA-determined F1 for His6-p37
AUF1

 dimer binding to 

the Fl-ARE38 substrate was 0.050 ± 0.001, equivalent to 54% of the maximal protein-

induced change in anisotropy of this substrate based on ΔAmax = 0.0928 (Fig. 2-4).  This 

value is indistinguishable from the average AP2R obtained from nonlinear least squares 

fitting of His6-p37
AUF1

 titrations using the sequential dimer binding model of Equation 2-

2, where ΔAP2R (= AP2R - AR) was 52 ± 4% of ΔAmax across 6 independent protein 

titrations (e.g., Figs. 2-3A and 2-4A).  For His6-p42
AUF1

 binding the Fl-ARE38 substrate, 

MBDA resolved F1 = 81 ± 1 mA, equivalent to 60% of ΔAmax.  Applying this value as 

the fractional amplitude of the first binding event in the sequential dimer binding model 

of Equation 2-2 revealed that His6-p42
AUF1

 dimers bind this RNA target with Kd1-app = 6.6 

± 1.1 nM and Kd2-app = 3.8 ± 0.9 nM (n = 5).  The significantly enhanced affinity of the 

second dimer binding event over the first (P = 0.0022 versus Kd1-app) affirms that His6-

p42
AUF1

 dimers bind cooperatively to the Fl-ARE38 substrate.  Furthermore, comparing 

the resolved Kd2-app values for His6-p37
AUF1

 (Table 2-3) versus His6-p42
AUF1

 (above) 

binding to this RNA target indicates that the presence of the exon 7-encoded domain 

enhances the affinity of the second AUF1 dimer binding step by almost 20-fold.  

To this point, all RNA-binding experiments were performed using the ARE from 

TNFα mRNA, or truncated versions thereof.  To determine whether exon 7-encoded 

sequences enhanced AUF1 oligomerization on an independent RNA substrate, we also 

compared the binding properties of His6-p37
AUF1

 and His6-p42
AUF1

 on the 46-nt ARE 

domain I fragment from c-fos mRNA (211).  EMSAs showed that both isoforms formed 

two complexes on this RNA substrate in a protein concentration-dependent manner (Fig. 
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2-5A).  Furthermore, assembly of the larger P4R RNP (complex II) was observed at lower 

protein concentrations for His6-p42
AUF1

 than for His6-p37
AUF1

, consistent with the 

preferential formation of P4R complexes previously described for the p42 isoform on the  

 

 
 

Figure 2-5:  Evaluation of His6-AUF1 binding to the fos ARE domain I RNA 

substrate in vitro.  A, EMSAs were performed using the 
32

P-labeled fos ARE domain 

I substrate (0.2 nM) and titrations of His6-p37
AUF1

 (left) or His6-p42
AUF1

 (right).  Two 

distinct species resulting from protein binding to the fos ARE domain I substrate are 

indicated as complexes I and II while unbound probe is designated as free RNA.  B, 

representative analyses of His6-p37
AUF1

 (left) or His6-p42
AUF1

 (right) binding to the 

Fl-fos ARE domain I RNA substrate by fluorescence anisotropy.  Similar to the 

results of Figure 2-3, His6-p37
AUF1

 binding to the Fl-fos ARE domain I RNA 

substrate was best resolved by the sequential 2-step binding algorithm (Equation 2) 

and His6-p42
AUF1

 binding via the cooperative binding model (Equation 3) (solid 

lines).  Averaged constants describing regression solutions from triplicate 

independent experiments are given in the text.  Residuals plots for each binding 

isotherm showed no bias for data subsets (bottom panels). 
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TNFα-based ARE38 substrate (Fig. 2-2B). Quantitative anisotropy-based binding 

experiments showed that the first His6-p37
AUF1

 dimer bound strongly to the Fl-fos ARE 

domain I substrate (Fig. 2-5B, left; Kd1-app = 3.8 ± 0.5 nM; n = 4), while the second dimer 

bound much more weakly (Kd2-app = 120 ± 20 nM), a relationship similar to that observed 

for His6-p37
AUF1

 complex assembly on the TNFα ARE.  By contrast, resolution of His6-

p42
AUF1

 binding to the Fl-fos ARE domain I substrate required the cooperative binding 

model, and yielded [P2]1/2 = 5.6 ± 0.8 nM with h = 0.96 ± 0.04 (n = 3) (Fig. 2-5B, right),  

consistent with similar binding affinities for both stages of P4R assembly.  Together, 

these data show that enhancement of the second AUF1 binding step by exon 7-encoded 

sequences is not specific for the TNFα ARE, and may apply to all AUF1 substrate RNAs.  

 

2.3.4 AUF1 Isoform-dependent Effects on Local Structural Remodeling of an RNA 

Substrate 

  Previously, we used FRET to show that both His6-p37
AUF1

 and His6-p40
AUF1

 

structurally condense bound RNA substrates, based on protein-induced diminution of the 

distance between their 5’ and 3’ termini (73, 74).  In this study, we showed that AUF1 

sequences encoded by exon 7 dramatically enhance the affinity of the second protein 

dimer binding step that leads to formation of AUF1 tetrameric complexes on RNA 

targets.  To determine whether exon 7-encoded sequences direct unique structural 

consequences on AUF1-bound RNA, either promoting or as a consequence of this second 

binding step, we used FRET to compare protein-dependent changes in the global 

structure of the Cy3-ARE38-Fl substrate across all AUF1 isoforms. 
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In the absence of protein, FRET efficiency (EFRET) between the 3’-Fl and 5’-Cy3 moieties 

of the Cy3-ARE38-Fl substrate was typically between 0.40 and 0.45 under the reaction 

conditions employed.  Titration of His6-p37
AUF1

 led to an increase in EFRET to values of 

0.70 to 0.75 (Fig. 2-6A, black line), indicating that protein binding brings the termini of 

the RNA substrate closer in space.  Comparing the protein concentration-dependence of 

EFRET with the fractional concentration of each fluorescent species shows that this 

condensation of RNA structure correlates with the initial protein dimer binding event that 

assembles the P2R complex (Fig. 2-6A, blue lines).  No significant change in EFRET was 

observed accompanying the P2R → P4R transition for His6-p37
AUF1

, consistent with 

previous findings (73).  Since the affinity of the ARE38 substrate for His6-p40
AUF1

 is 

weaker than for His6-p37
AUF1

 (Table 2-3), higher protein concentrations are required for 

the p40 isoform to drive complex assembly.  However, the consequences of His6-p40
AUF1

 

binding on EFRET between the 5’- and 3’-termini of the Cy-ARE38-Fl substrate (Fig. 2-6B) 

were very similar to those observed with His6-p37
AUF1

, and favor adoption of a 

condensed RNA conformation. 

 AUF1 isoforms containing the exon 7-encoded domain induced 

dramatically different conformations on associated RNA targets.  For His6-p42
AUF1

, 

binding of a single protein dimer to the Cy3-ARE38-Fl substrate was associated with 

increasing EFRET (Fig. 2-5C), similar to that described for the p37 isoform.  However, 

formation of the P4R complex coincided with a decrease in EFRET, indicating that the 

RNA adopts an increasingly extended conformation as the P2R population shifts toward 

P4R.  In fact, within the His6-p42
AUF1

 P4R complex the distance between the termini of 

the Cy3-ARE38-Fl substrate is similar to that experienced by the unbound RNA, based on 
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Figure 2-6:  Evaluation of RNA remodeling activities of His6-AUF1 isoforms 

using FRET.  AUF1-dependent changes in the distance between the termini of an 

RNA substrate were determined by measuring the efficiency of FRET (EFRET) from 

the 3’-Fl moiety to the 5’-Cy3 group of RNA substrate Cy-ARE38-Fl.  EFRET 

calculations (Equation 8) were based on measurements of donor fluorescence 

intensity from binding reactions containing RNA substrates ARE38-Fl (FFl) or Cy3-

ARE38-Fl (FCy-Fl) across a range of  His6-p37
AUF1

 (A), His6-p40
AUF1

 (B), His6-p42
AUF1

 

(C), and His6-p45
AUF1

 (D) concentrations.  Solid circles represent the mean and 

standard error of the mean for at least three independent experiments.  Black lines 

highlight protein concentration-dependent trends in EFRET and do not denote any 

physical meaning.  For titrations of His6-p37
AUF1

 (A) and His6-p42
AUF1

 (C), the right 

vertical axis quantifies the fractional concentrations of free RNA (solid blue lines), 

P2R complexes (dashed blue lines), and P4R complexes (dotted blue lines) as a 

function of His6-p37
AUF1

 or His6-p42
AUF1

 concentration using binding constants 

resolved by anisotropy experiments and fit to the sequential dimer binding model 

with consideration of protein depletion (Equations 2-11 to 2-14). 
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the similarities in EFRET values.  Finally, the protein concentration-dependence of EFRET 

for His6-p45
AUF1

 binding to the Cy3-ARE38-Fl substrate resembled that described for 

His6-p42
AUF1

 binding, although the degree of RNA extension observed at high protein 

concentrations was much less dramatic (Fig. 2-6D).  These data indicate that the RNA 

remodeling activities of His6-p45
AUF1

 may be intermediate to those of His6-p40
AUF1

 and 

His6-p42
AUF1

, and suggest that the domains encoded by exons 2 and 7 may exert distinct 

and possibly additive effects on the assembly of RNP complexes and the conformational 

fate of targeted RNA substrates.   

 

2.4 Discussion 

Several features of the AUF1 family of RNA-binding proteins support the 

hypothesis that the individual isoforms generated by alternative pre-mRNA splicing 

perform distinct but possibly overlapping functions.  While all AUF1 isoforms display 

ARE-binding activity, variations have been reported in their subcellular distribution, 

regulated expression, and mRNA-destabilizing roles (described under Introduction).  In 

this study, we have quantitatively compared the RNA-binding properties of each isoform 

using a variety of biophysical approaches, and have identified isoform-specific 

differences in RNA recognition and remodeling that may contribute to the functional and 

regulatory heterogeneity of these proteins.  

 For all AUF1 isoforms, association with model ARE substrates was consistent 

with sequential binding of protein dimers to generate a protein tetramer:RNA (P4R) 

complex.  Inclusion of sequences encoded by exon 2 (in p40
AUF1

 and p45
AUF1

) weakened 

the affinity of these binding events, in agreement with semi-quantitative EMSA-based 
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experiments using extended ARE-containing RNA substrates (45) and single-stranded 

telomeric DNA sequences (64).  Since the exon 2-encoded domain is contiguous with 

RRM1, its inclusion may alter the conformation of this RNA-binding pocket or its access 

to nucleic acid substrates.  Although exon 2-encoded sequences significantly inhibited 

RNA-binding affinity, FRET experiments of RNA folding suggested that this domain 

likely had little effect on the conformation of bound RNA substrates.  By contrast, the 

domain encoded by exon 7 exerted profound effects on both the energetics of AUF1 RNP 

assembly and the structural consequences of the associated RNA.  Initial binding of all 

AUF1 isoforms with the ARE38 substrate yielded a P2R complex containing a 

conformationally condensed RNA (Fig. 2-7).  However, protein isoforms containing exon  

 
 

Figure 2-7:  AUF1 isoform-specific control of protein oligomerization and local 

RNA structure.  A schematic depicting the effects of exon 7-encoded sequences on 

RNP assembly by AUF1 and on the relative conformation of bound RNA substrates 

(described in green).  Initial contact between any AUF1 isoform and an RNA substrate 

induces a condensed RNA conformation, however, sequences encoded by exon 2 (in 

p40
AUF1

 and p45
AUF1

) weaken this interaction (K1).  For AUF1 isoforms lacking exon 

7-encoded sequences (p37
AUF1

 and p40
AUF1

), the second binding step forming the 

tetrameric protein:RNA complex (K2) is relatively weak and maintains the bound 

RNA in a condensed conformation.  By contrast, the second binding step is much 

stronger for AUF1 isoforms containing sequences encoded by exon 7 (p42
AUF1

 and 

p45
AUF1

), and confers a relatively open conformation on the bound RNA substrate. 
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7-encoded sequences (p42
AUF1

and p45
AUF1

) displayed much stronger affinity at the 

second binding step (K2), which in the case of p42
AUF1

 resulted in cooperative binding to 

the ARE38 substrate.  Furthermore, the ARE substrate within p42
AUF1

- or p45
AUF1

-

containing P4R complexes presented a less compact conformation than RNPs containing 

exon 7-deficient AUF1 isoforms (Fig. 2-7).  

 While the mechanistic basis for enhanced protein oligomerization on ARE 

substrates by p42
AUF1

 or p45
AUF1

 remains unknown, several observations suggest that the 

exon 7-encoded domain directs unique conformational events during RNP assembly.  

First, AUF1 isoforms containing exon 7-encoded sequences exert greater rotational 

restriction on the 5’-Fl groups of RNA substrates in the P4R complex than AUF1 proteins 

lacking this domain.  For example, formation of the P4R complex with His6-p37
AUF1

 

increased the fluorescence anisotropy of the Fl group on the 5’-end of the ARE38 

substrate by 0.093 ± 0.002 relative to the free RNA (Fig. 2-3A).  By contrast, the His6-

p42
AUF1

 P4R complex increased the anisotropy of this fluorophore by 0.134 ± 0.001 (Fig. 

2-3B).  Similar differences were observed comparing His6-p40
AUF1

 versus His6-p45
AUF1

 

binding to the Fl-ARE38 substrate (data not shown) and among His6-p37
AUF1

 versus His6-

p42
AUF1

 P4R complexes on the Fl-fos ARE domain I RNA substrate (Fig. 2-5B).  Second, 

the RNA site size of an AUF1 dimer is unaffected by the presence of the exon 7-encoded 

domain (Fig. 2-4 and associated text), indicating that ARE substrates do not present more 

high-affinity sites to AUF1 isoforms containing sequences encoded by exon 7.  Finally, 

the exon 7 domain-dependent effects of AUF1 on RNA substrate conformation in the P4R 

complex (Fig. 2-6) indicate a direct consequence of this alternatively expressed domain 
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on RNP architecture.  Intriguingly, a recent report indicates that the splicing repressor 

hnRNP A1 can also bind cooperatively to RNA substrates (221).  Although hnRNP A1 

and AUF1 share many common features, there is no sequence in hnRNP A1 orthologous 

to the exon 7-encoded domain of AUF1 (Fig. 2-8), suggesting that a distinct biochemical 

mechanism is likely involved in cooperative assembly of hnRNP A1:RNA complexes. 

 The AUF1 isoform-dependent conformational remodeling of RNA substrates 

demonstrated in this work highlights an emerging theme of reciprocal interplay between 

RNA structure and protein binding.  Many previous reports have described how local 

RNA structure can impact recruitment of trans-acting proteins.  For example, the iron 

responsive RNA-binding protein IRP and nucleolin both show preferential binding to 

structured RNA targets (222, 223), while the ARE-binding activities of AUF1 and Hsp70 

are inhibited when single-stranded RNA domains are occluded (10).  More recently,  

however, models are developing where protein binding impacts local RNA structure, 

similar to that proposed for AUF1 in this work and previously (73).  For example, under 

hypoxic stress hnRNP L binds to a translational regulatory domain within the VEGF 

mRNA 3’UTR, which dramatically alters RNA folding in this region and ultimately 

enhances translation (224).  One logical functional consequence of protein-dependent 

changes in local RNA structure is the potential to control accessibility for ancillary RNA-

binding factors, a theme that is also gaining recognition.  For example, AUF1 and HuR 

coordinately enhance association of each other with p16
INK4

 mRNA, and also assist in 

recruiting RISC complexes to this transcript (29).  Interplay between AUF1 and HuR 

binding may be a common theme among ARE-containing mRNAs, as gene array studies 

have identified many transcripts can bind both proteins simultaneously (33).  Protein- 
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p45
AUF1

  MSEEQFGGDGAAAAATAAVGGSAGEQEGAMVAATQG----AAAAAGSGAG 

p40
AUF1

    MSEEQFGGDGAAAAATAAVGGSAGEQEGAMVAATQG----AAAAAGSGAG 

hnRNP A1   MSKSESPKEPEQLRKLFIGGLSFETTDESLRSHFEQWGTLTDCVVMRDPN 

           **:.:   :          * *    : :: :  :     : ...  ... 

 

p45
AUF1  

TGGGTASGGTEGGSAESEGAKIDASKNEED----EGHSNSSPRHSEAATA 

p40
AUF1  

TGGGTASGGTEGGSAESEGAKIDASKNEED----EGHSNSSPRHSEAATA 

hnRNP A1 TKRSRGFGFVTYATVEEVDAAMNARPHKVDGRVVEPKRAVSREDSQRPGA 

          *  . . * .  .:.*. .* ::*  :: *    * :   * ..*: . * 

 

p45
AUF1  

QREEWKMFIGGLSWDTTKKDLKDYFSKFGEVVDCTLKLDPITGRSRGFGF 

p40
AUF1  

QREEWKMFIGGLSWDTTKKDLKDYFSKFGEVVDCTLKLDPITGRSRGFGF 

hnRNP A1 HLTVKKIFVGGIKEDTEEHHLRDYFEQYGKIEVIEIMTDRGSGKKRGFAF 

        :    *:*:**:. ** ::.*:***.::*::    :  *  :*:.***.* 

 

p45
AUF1  

VLFKESESVDKVMDQKEHKLNGKVIDPKRAKAMKTKEPVKKIFVGGLSPD 

p40
AUF1  

VLFKESESVDKVMDQKEHKLNGKVIDPKRAKAMKTKEPVKKIFVGGLSPD 

hnRNP A1 VTFDDHDSVDKIVIQKYHTVNGHNCEVRKALSKQEMASASSSQRGRSGSG 

     * *.: :****:: ** *.:**:  : ::* : :   ....   *  ... 

 

p45
AUF1

   TPEEKIREYFGGFGEVES-IELPMDNKTNKRRGFCFITFKEEEPVKKIME 

p40
AUF1

   TPEEKIREYFGGFGEVES-IELPMDNKTNKRRGFCFITFKEEEPVKKIME 

hnRNP A1     NFGGGRGGGFGGNDNFGRGGNFSGRGGFGGSRGGGGYGGSGDGYNGFGND 

      .        *** .:.    ::.  .  .  **      . :       : 

 

p45
AUF1

    KKYHNVGLSKCEIKVAMSKEQYQQQQQWGSRGGFAGRARGRGGGPSQNWN 

p40
AUF1

    KKYHNVGLSKCEIKVAMSKEQYQQQQQWGSRGGFAGRARGRGG------- 

hnRNP A1  GSNFGGGGSYNDFGNYNNQSSNFGPMKGGNFGGRSSGPYGGGGQ------ 

         . .. * *  ::    .:..     : *. ** :. . * **        

 

p45
AUF1

   QGYSNYWNQGYGNYGYNSQGYGGYGGYDYTGYNNYYGYGDYSNQQSGYGK 

p40
AUF1

   ------------------------------------------DQQSGYGK 

hnRNP A1  -------------------------------------YFAKPRNQGGYGG 

                                                    :*.***  

 

p45
AUF1

   VSRRGGHQNSYKPY 

p40
AUF1

     VSRRGGHQNSYKPY 

hnRNP A1  SSSSSSYGSGRRF- 

             *  ..: .. :   

 

Figure 2-8:  AUF1-hnRNP A1 sequence alignment.  The protein sequence of 

hnRNP A1 (NP_002127) was aligned with p40
AUF1

 (NP_002129) and p45
AUF1

 

(NP_112738) using the CLUSTALW utility at the San Diego Supercomputer Biology 

Workbench (http://workbench.sdsc.edu).  Identical residues are indicated by asterisks 

in red, strongly conserved amino acid residues by colons in green, and weakly 

conserved groups by periods in blue.  The exon 7-encoded domain of p45
AUF1

 is 

highlighted in yellow.    

http://workbench.sdsc.edu/


 

85 

 

dependent changes in local RNA structure may also impact miRNA accessibility, given 

the contributions of base-pair complementarity to the specificity of miRISC-mRNA 

complex formation.  For example, HuR can enhance recruitment of the miRNA let-7 to c-

myc mRNA (28), but can also serve as a negative regulator of miRNA function by 

blocking miR-122-directed repression of CAT-1 mRNA translation (80).  Another RNA-

binding protein, Drd1, binds within the 3’UTR of p27 mRNA but blocks miR-221 

binding to proximal sites (79). 

Based on the distinctive biochemical properties displayed by the different AUF1 

isoforms in this work, we anticipate that modulating the expression or activity of 

individual AUF1 isoforms will enhance the selectivity of post-transcriptional gene 

regulation.  In this manner, the induction of p45
AUF1

 by prostaglandin A2 in lung 

carcinoma cells (132) could elicit different physiological consequences than those 

expected from any other AUF1 isoform, based on the unique p45
AUF1

 concentration-

dependence on RNP composition and local RNA conformation.  However, the 

complexity of post-transcriptional regulatory control by AUF1 isoforms may be further 

expanded by the potential for AUF1 proteins to form heterodimers (178), and by post-

translational modifications of specific isoforms.  For example, p40
AUF1

 phosphorylated 

within the exon 2-encoded domain at Ser83 and Ser87 retains ARE substrates in 

elongated conformations independent of RNP stoichiometry (74), unlike any unmodified 

AUF1 isoform studied here (Fig. 2-6).  Since p37
AUF1

 lacks these residues, activation of 

signaling pathways directing p40
AUF1

 phosphorylation at these sites could thus selectively 

regulate the function of p40
AUF1

, without altering the other major cytoplasmic isoform.  

Cellular radiolabeling, phospho-amino acid-specific antibodies, and two-dimensional 
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Western analyses further indicate that other AUF1 isoforms can also be post-

translationally modified on Ser, Thr, and Tyr residues (38, 61, 146, 158, 204), hinting at a 

geometrically expanding array of regulatory possibilities.   

Finally, the isoform-specific models of AUF1 RNP assembly described in this 

study may help explain some conflicting literature reports of AUF1 function, particularly 

in cases where individual AUF1 isoforms are overexpressed in cells.  Suppression of 

AUF1 using siRNA-based approaches is most frequently associated with stabilization of 

mRNA substrates, consistent with a general mRNA-destabilizing role for at least some 

AUF1 proteins (19, 124, 225).  However, ectopic overexpression of AUF1 proteins has 

prompted much more variable conclusions, associated with both mRNA-destabilizing 

(39) and stabilizing (120) roles.  This dichotomy was most clearly presented in a recent 

work showing that both siRNA-directed suppression and ectopic overexpression of AUF1 

stabilized a reporter mRNA containing the ARE from IL-6 mRNA (123).  While some of 

these apparent contradictions may reflect differences in mRNA targets or cell types, we 

suggest that the mRNA metabolic consequences of modulating AUF1 levels may be 

strongly influenced by isoform-dependent effects on the sensitivity of RNP size and 

conformation to changes in protein concentrations.  For example, the weak K2 values 

resolved for p37
AUF1

 and p40
AUF1

 binding to ARE substrates (Table 2-3) indicates that 

RNPs assembled from these isoforms would exist principally as P2R complexes across a 

wide range of protein concentrations (modeled in Fig. 2-6A for p37
AUF1

).  It is possible 

therefore that the P2R complex represents the major cellular p37
AUF1

 or p40
AUF1

 RNP 

under normal physiological conditions.  However, dramatic overexpression these 

isoforms would be expected to shift the distribution of their cognate RNPs in favor of 
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P4R complexes, which may direct very different functional consequences on targeted 

RNA substrates. 
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Chapter 3 

 

“Assembly of functional AUF1 ribonucleoprotein complexes requires base-

dependent and -independent RNA contacts” 
3
 

 

 

3.1 Introduction 

 

Cellular homeostasis and function are intimately coupled to the precise control of 

gene expression.  Accordingly, cells can regulate expression of specific genes at many 

levels, giving them strict control over the timing, abundance, and location of encoded 

gene products.  For any protein coding gene, a key parameter contributing to the rate of 

protein production is the cytoplasmic concentration of its mRNA, which is established by 

the relative rates of mRNA synthetic processes including transcription, pre-mRNA 

processing, and nucleocytoplasmic transport, countered by the rate of cytoplasmic mRNA 

degradation (reviewed in Refs. 1, 82).   

While cytoplasmic decay mechanisms regulate levels of all mRNAs, turnover 

kinetics vary widely across the cellular mRNA population.  Gene-specific control of 

mRNA decay is mediated by cis-acting sequences located within each transcript, 

frequently localized to the 3’-untranslated region (3’UTR).  A prototypical family of 

mRNA stability determinants are the AU-rich elements (AREs) frequently found in the 

3’UTRs of mRNAs encoding oncoproteins, cytokines, and inflammatory mediators 

(reviewed in Ref. 15).  AREs normally consist of a U-rich domain and frequently include 

                                                           
3
 The work described in this chapter authored by B.E. Zucconi and G. M. Wilson is under 

revision for the Journal of Biological Chemistry as of June 2013. 
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one or more AUUUA pentamers, which genomic analysis indicates may occur in 5-8% of 

all human mRNAs (226). 

 The ability of AREs to control mRNA decay kinetics is governed by their 

association with cytoplasmic trans-acting factors, which may include both protein and 

nucleic acid components (53, 82).  For example, binding by members of the Hu family of 

proteins including the ubiquitously expressed HuR stabilizes ARE-containing mRNAs, 

while recruitment of tristetraprolin, KSRP, or the microRNA miR-16 are associated with 

accelerated mRNA decay (53, 82, 136).  However, for the AUF1 family of RNA-binding 

proteins, the biochemical and functional consequences of mRNA substrate binding 

appear to be more complex.  AUF1 is encoded by a single copy gene on chromosome 

4q21 that generates four protein isoforms via alternative pre-mRNA splicing (45), named 

according to their apparent molecular weights as p37
AUF1

, p40
AUF1

, p42
AUF1

, and p45
AUF1

.  

All isoforms contain two adjacent, centrally positioned RNA recognition motifs (RRMs) 

followed by a glutamine-rich domain.  The p37
AUF1

 and p40
AUF1

 isoforms lack a 49 

amino acid sequence near the C-terminus encoded by exon 7, while p37
AUF1

 and p42
AUF1

 

lack a 19 amino acid domain immediately N-terminal of RRM1 that is encoded by exon 

2.  However, while sharing common canonical RNA-binding domains, the various AUF1 

isoforms exhibit distinct subcellular localization profiles (38, 61, 168, 180), diverse 

RNA-binding affinities and effects on the structure of RNA ligands (51), and isoform-

specific influences on the decay of mRNA targets (19, 120, 132, 163, 227).   

All AUF1 isoforms form dimers in solution that can bind sequentially to RNA 

substrates to generate oligomeric ribonucleoprotein (RNP) structures (51, 57).  To date, 

most biochemical characterization of  RNA recognition by AUF1 has focused on RNA 
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substrates derived from extended, contiguous ARE sequences such as those from the 

3’UTRs of mRNAs encoding tumor necrosis factor α (TNFα) or c-fos, or similarly sized 

polyuridylate ligands (10, 56, 57, 73).  While these studies have revealed many features 

regarding the mechanism and energetics of AUF1 RNP assembly, several details from 

these and other reports highlight deficiencies in our understanding of the RNA sequence 

requirements for high affinity AUF1 binding.  First, using macromolecular binding 

density analysis we recently demonstrated that the initial dimer binding event for either 

p37
AUF1

 or p42
AUF1

 occupies 33-34 nucleotides (nt) of RNA (51).  Binding assays using 

truncated ARE substrates confirmed this as the lower size limit for high affinity AUF1 

binding.  This is a surprisingly large RNA footprint given that HuR, which contains 3 

RRMs that contribute variously to its RNA binding activity, binds ARE substrates as 

small as 15 nt with low nanomolar affinity (228).  A more analogous comparison might 

be the RNA-binding domains of hnRNP A1, which like AUF1 also contain two RRMs 

each and form dimers, but interact with only 11 nt of nucleic acid in each 

heteromolecular binding cleft (229).  Second, transcripts containing >30 nt of contiguous 

AU-rich sequence are rare (7).  Consistent with this, screening efforts have identified 

hundreds of AUF1-targeted mRNAs among the cellular transcript population,  but with 

few containing 3’UTR sequences of 30-nt or that consist solely of A and U residues (58, 

230), and to date have not delineated precise RNA requirements for high affinity AUF1 

binding.  Together, these data suggest that only a subset of AUF1-associated RNA 

nucleotides need be AU-rich to nucleate assembly of functional RNP complexes. 

In this study we have tested the hypothesis that, while AUF1 binding must be 

nucleated by base-specific contacts involving a U-rich RNA domain, stabilization of 
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AUF1 RNP complexes also requires base-independent contacts with flanking RNA 

sequences.  The p37
AUF1

 isoform was used as a model for these experiments since it binds 

ARE substrates with the highest affinity (51) and is most closely associated with 

destabilization of ARE-containing mRNA targets (120, 179).  Fluorescence-based assay 

systems permitted quantitative assessment of the thermodynamic contributions of RNA 

ligand subdomains to AUF1 RNP assembly and local RNA structural remodeling, while 

cultured cell models were used to determine whether minimal high-affinity AUF1 

binding sites were functional.  Findings from these experiments provide an explanation 

for the 3’UTR sequence heterogeneity observed among AUF1-targeted mRNAs, but also 

suggest potential mechanisms for cooperative or competitive relationships between 

AUF1 and other trans-acting factors for mRNA targets.  

 

3.2 Experimental procedures 

3.2.1 RNA Substrates  

RNA oligonucleotides were synthesized, 2’-hydroxyl deprotected, and purified by 

Integrated DNA Technologies, Dharmacon, or Sigma.  Lyophilized pellets were 

resuspended in 10 mM Tris (pH 8.0).  RNA concentrations and fluorophore labeling 

efficiencies were quantified by absorbance, incorporating fractional contributions from 

fluorescein (Fl) and/or cyanine-3 (Cy3) labels to A260 as described (73, 210).  RNA probe 

sequences are listed in Table 3-1.  Sequences denoted “ARExx” correspond to fragments 

of the core ARE from the 3’UTR of TNFα mRNA.  “Rβxx” sequences are derived from a 

non-AU-rich fragment from the coding sequence of rabbit β-globin mRNA.  RNA 

substrates named with “Fl” and/or “Cy3” affixes denote the presence and location of the 
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indicated fluorophore.  Where indicated, 5’-hydroxyl RNA probes were radiolabeled with 

[γ-
32

P]ATP by T4 polynucleotide kinase to a specific activity of 3-5 × 10
3
 cpm/fmol as 

previously described (57).   

Table 3-1: RNA substrates used in this study 

Name Sequence (5’→3’)
a
 

ARE38 GUGAUUAUUUAUUAUUUAUUUAUUAUUUAUUUAUUUAG 

ARE24              AUUUAUUUAUUAUUUAUUUAUUUA 

ARE16                      AUUAUUUAUUUAUUUA  

ARE15                       UUAUUUAUUUAUUUA 

Rβ17-ARE16-Rβ17 CCUGGCUCACAAAUACCAUUAUUUAUUUAUUUACCCUGGCUCACAAAUACb 

Rβ17-ARE14-Rβ17  CCUGGCUCACAAAUACCUUAUUUAUUUAUUUCCCUGGCUCACAAAUAC 

Rβ17-ARE12-Rβ17   CCUGGCUCACAAAUACCUAUUUAUUUAUUCCCUGGCUCACAAAUAC 

ARE15-G                       UUAUUUAUUUAUUUAG 

ARE15-U                       UUAUUUAUUUAUUUAU 

ARE15-C                       UUAUUUAUUUAUUUAC 

ARE15-G-Rβ13                       UUAUUUAUUUAUUUAGGCUCACAAAUACC 

Rβ19-ARE15-G    CCCCUGGCUCACAAAUACCUUAUUUAUUUAUUUAG 

C19-ARE15-G    CCCCCCCCCCCCCCCCCCCUUAUUUAUUUAUUUAG 

Rβ14-ARE15-G         GGCUCACAAAUACCUUAUUUAUUUAUUUAG 

Rβ8-ARE15-G               CAAAUACCUUAUUUAUUUAUUUAG 

Rβ4-ARE15-G                   UACCUUAUUUAUUUAUUUAG 

Rβ8-ARE15               CAAAUACCUUAUUUAUUUAUUUA 

ARE19-G                   UUUAUUAUUUAUUUAUUUAG 

Rβ31 UGGCCAAUGCCCUGGCUCACAAAUACCACUG 

 

a
RNA substrate variants containing 5’-linked cyanine-3 (Cy3) or fluorescein (Fl) groups are indicated 

by relevant prefixes, where applicable.  Similarly, RNA substrates containing 3’-fluorescein groups are 

suffixed by “-Fl”.  
 

b
For chimeric RNA substrates containing both ARE and non-ARE domains, the ARE sequences are 

underlined. 

 

3.2.2 Preparation of Recombinant AUF1 Proteins  

Plasmid pBAD/HisB-p37
AUF1

 was described previously (59) and expressed 

Rosetta 2 E.coli cells (Novagen).  Recombinant His6-p37
AUF1

 protein was purified from 

cell lysates using Ni
2+

-affinity chromatography as previously described (51) except that 
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buffer exchange into 10 mM Tris (pH 8.0) and protein concentration were both 

performed in Ambion ultra-centrifugal filters.  Recombinant protein purity and yield were 

assessed by Coomassie Blue-stained SDS-PAGE against a titration of bovine serum 

albumin. 

 

3.2.3. Plasmids and Cell Lines 

Plasmids expressing AUF1 and control short hairpin RNAs (shRNAs) were a gift 

from Dr. Gary Brewer.  The expressed AUF1 shRNA targets a sequence encoded by exon 

3 which is common to all isoforms (88).  The plasmids were transfected into both HeLa 

and HeLa/Tet Off cell lines (Clonetech) with Attractene transfection reagent and stably 

expressing cell clones selected with 400 µg/ml hygromycin B (Calbiochem).  After 

selection, amplification, and screening, shAUF1 or shControl clonal cell lines were 

maintained by adding 100 µg/ml hygromycin B to regular growth media.  Plasmid 

pcDNA/shR-p37
AUF1

-FLAG encodes a C-terminal FLAG-tagged shRNA-resistant 

p37
AUF1

, constructed by transferring the modified p37
AUF1

 sequence from plasmid shR-

p37
AUF1

 (a gift from Dr. Gary Brewer; Ref. 122) into plasmid pcDNA3.1
+
-FLAG 

(generously donated by Dr. Bret Hassel) using standard subcloning techniques.  

Mammalian β-globin (βG) reporter plasmids pTRERβ-wt and pTRERβ-ARE38 were 

described previously (10).  Plasmid pTRERβ-RAR was constructed by inserting a DNA 

duplex encoding the Rβ17-ARE16-Rβ17 RNA substrate (Table 3-1) into the BglII site of 

pTRERβ-wt, thus positioning the Rβ17-ARE16-Rβ17 sequence within the reporter mRNA 

3’UTR.  All plasmid constructs were verified by restriction digest and automated 

sequencing. 
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3.2.4. Measurements of RNA-Protein Binding 

The number of RNP complexes formed between AUF1 and selected RNA 

substrates was monitored using electrophoretic mobility shift assays (EMSA) essentially 

as described (104).  Briefly, 
32

P-labeled RNA (0.2 nM) was incubated for 15 min on ice 

with increasing concentrations of His6-p37
AUF1

 in protein binding buffer (10mM Tris-HCl 

(pH 8.0) containing 50 mM KCl, 2 mM DTT, 0.5 mM EDTA, 0.1 μg/μl acetylated 

bovine serum albumin and 1 μg/μl heparin) plus 10% glycerol.  Reaction components 

were resolved by electrophoresis through 6% native acrylamide gels run at 4° C.  Gels 

were dried and products visualized using a Typhoon FLA-9500 Phosphorimager (GE 

Healthcare).   

Quantitative assessments of AUF1:RNA binding equilibria were performed using 

fluorescence anisotropy essentially as described (51, 57, 59).  Binding reactions (100 μl) 

were assembled as described for EMSAs but in buffer lacking glycerol, and using Fl-

labeled rather than radiolabeled RNA substrates.  Reactions were incubated at 25 °C for 1 

min based on kinetic runs verifying that equilibrium is attained within this time frame 

(Refs. 57, 74 and data not shown).  Subsequently, total reaction anisotropy (At) and 

fluorescence intensity were measured using a Beacon 2000 Fluorescence Polarization 

System (Panvera) equipped with a 490 nm excitation filter and a 535 nm emission filter.   

For most protein-RNA binding events, fluorescence intensity did not significantly 

vary as a function of protein concentration indicating similar quantum yields for all 

fluorescent reaction components.  In these cases, the change in anisotropy is proportional 

to the sum of the fractional concentrations of each fluorescent species at constant 

temperature and viscosity (213, 214).  For RNA substrates where two p37
AUF1 

dimers can 
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bind to form a tetrameric p37
AUF1

:RNA complex, the observed dissociation constants 

describing the first (Kd1-obs) and second (Kd2-obs) p37
AUF1

 dimer binding steps are resolved 

by nonlinear regression of At as a function of protein dimer concentration ([P2]) using 

Equation 3-1, where Kdx-obs = 1/Kx.  

   
                          

 

                  
                 

Here, AR is the intrinsic anisotropy of the free RNA ligand, while AP2R and AP4R represent 

the intrinsic anisotropy values for AUF1 dimer-bound and AUF1 tetramer-bound RNA 

substrates, respectively.  In cases where only a single AUF1 dimer binding event is 

indicated, this function is simplified by insertion of K2 = 0 to yield Equation 3-2. 

   
            

       
                 

However, for a subset of binding experiments involving short RNA ligands, 

fluorescence intensity was not constant across the tested range of His6-p37
AUF1

 

concentrations, indicating that the quantum yields of the free RNA ligand (qR) and the 

His6-p37
AUF1

 dimer-bound substrate (qP2R) were not equivalent.  In these cases, the 

variations in quantum yield result in unequal contributions from bound and free RNA 

substrates to At.  Lundblad et al. described a function to calculate the bound substrate 

fraction (Fb) under conditions where the quantum yield of free and bound substrate varied 

(231).  Adapted to our nomenclature, this function is given as Equation 3-3. 

   
     

          
    

  
       

               

For a single AUF1 dimer binding to RNA, Fb = [P2R]/[RNA]total.  Substituting this and 

the conservation of mass function [RNA]total = [RNA]free + [P2R] into Equation 3-3 and 
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solving for At in terms of the AUF1 dimer concentration [P2] yields Equation 3-4.  For 

simplification, the term fq has been substituted as the ratio of the fluorescence quantum 

yields of bound and free RNA substrates (= qP2R/qR).  If the fluorescence intensity of Fl-

tagged RNA substrates does not vary as a result of protein binding, fq = 1, which 

simplifies Equation 3-4 to yield Equation 3-2. 

   
              

         
                 

Equation 3-4 was used to analyze all RNA binding isotherms where total fluorescence 

intensity varied by more than 20%.  In these cases, fq was calculated by dividing the 

fluorescence intensity for the saturated protein-bound RNA complex (qP2R) by the 

fluorescence intensity of the RNA substrate in the absence of protein (qR). 

Regardless of the analytical binding model used, the appropriateness of regression 

solutions was evaluated by the coefficient of determination (R
2
) from each experiment.  

Pair-wise comparisons between binding algorithms were performed using F-test 

comparisons of fits to each model.  In all cases, differences yielding p < 0.05 were 

considered significant.  All nonlinear regression and statistical analyses were performed 

using PRISM v3.03 software (GraphPad). 

 

3.2.5. Thermodynamic Parameters Contributing to AUF1 RNP Complex Formation  

The contributions of changes in enthalpy (ΔH°) and entropy (TΔS°) to the free 

energy of His6-p37
AUF1

 binding (ΔG°) to selected RNA targets were resolved using van’t 

Hoff analyses.  Briefly, observed equilibrium association constants (Kobs) for His6-

p37
AUF1

 binding to selected RNA substrates at various temperatures (T) between 10 and 
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37 °C were measured by fluorescence anisotropy as described above and then plotted as 

lnKobs versus 1/T.  If ΔH° is constant across this temperature range, this plot will be linear 

and can be resolved using Equation 3-5, with 1.987 × 10
-3

 kcal∙mol
-1

∙K
-1

 as the universal 

gas constant (R) (232, 233). 

          
   

  
    

   

 
                  

However, when these plots are nonlinear, the contributions of enthapy and entropy to 

binding free energy are no longer constant with temperature.  In these cases, lnKobs versus 

1/T data sets were resolved using Equation 3-6, returning the molar heat capacity 

(ΔC°P,obs) and critical temperatures TH and TS, at which enthalpy and entropy, 

respectively, contribute no net energy to formation of AUF1 RNP complexes (233).  

         
   

     

 
   

  

 
      

  

 
                    

Solution of these parameters then allowed calculation of enthalpic and entropic 

contributions at any given temperature using Equations 3-7 and 3-8 (233). 

       
                           

         
         

 

  
                  

 

3.2.6. Analysis of Ionic Contributions to AUF1 RNP Assembly 

Due to the highly negative charge on nucleic acid backbones, ions can be a 

significant factor driving the formation of protein-nucleic acid complexes, dominated by 

the release of cations from the nucleic acid.  For a single protein (P) binding event on 

RNA (R) this equilibrium can be expressed using Equation 3-9. 
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Here, ZψM
+

 represents the ions that are released as a result of ion bridges formed 

between the protein and nucleic acid that neutralize backbone phosphates (234).  

Specifically, ψ denotes the fraction of monovalent countercation (M
+
) associated with the 

RNA per phosphate which approximates the axial charge density of the nucleic acid and 

Z is the number of ion pairs formed between the RNA and protein.  In this manner, the 

protein can be considered as a Z-valent ligand that neutralizes Z phosphates on RNA 

(235, 236).  Following Le Chatelier's principle the observed association constant between 

protein and RNA (Kobs) can thus be modulated by changes in the concentration of 

solution monovalent cation ([M
+
]) using Equation 3-10.  

      
          

      
                

Incorporating KT as the association constant at 1 M salt and taking logarithms yields 

Equation 3-11. 

                                        

When linear, the slope of a logKobs versus log[M
+
] plot can thus resolve Z if ψ is known.  

ψ is related to a parameter termed ξ which is sequence, pH, and counterion-dependent 

and proportional to the structural charge density (237, 238).  For polyU RNA, the value 

for ξ
-1

 has been measured as 0.615 (239), thus resolving ψ = 1 – (2ξ)
 –1

 = 0.693 (238). 

However, a nonlinear relationship between logKobs and log[M
+
] indicates that the 

displacement of cations from nucleic acid is not the only ionic event occurring upon 

protein binding.  To account for these broader effects of ionic strength on RNP formation, 

we employed a counterion binding model derived by the Record and Lohman labs (238, 
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240) as adapted by Stickle and Fried (241, 242).  This model includes changes in the 

numbers of protein-associated cations (Δm) and anions (Δn) resulting from protein 

binding to the nucleic acid target, in addition to the change in cations associated with the 

nucleic acid (Δq).  Incorporating these terms into Equation 3-11 and using [MX] in place 

of [M
+
] to indicate consideration of both cations and anions from the salt yields Equation 

3-12 (240, 242). 

                                                 

Langmuir isotherms in Equation 3-13 model the change in cation association with the 

protein upon binding RNA based on differences in the average concentration of cation 

near the RNA ([M
+
]R) versus the bulk salt concentration ([MX]) where Kd

M+
 is the 

population averaged dissociation constant for cation to protein (242). 

        
     

        
    

    

       
                     

The parameter mtot is the number of cation binding sites transferred from the bulk 

solution to the RNA environment upon assembly of the RNP complex.  Since [M
+
]R is 

largely independent of bulk salt concentration between 10 mM to 1 M salt and [M
+
]R >> 

Kd
M+

 (242), substituting Equation 3-13 into Equation 3-12 and simplifying yields 

Equation 3-14.  

                      
  

      

     
      

                            

Here, Δt represents an aggregate ion release stoichiometry where Δt = Δn + Δq and Ka
M+

 

= 1/Kd
M+

 (241).  To define ionic contributions to the stability of His6-p37
AUF1

 RNP 

complexes, observed equilibrium binding constants (Kobs) were calculated from 
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fluorescence anisotropy-based binding assays across a range of KCl concentrations (25 – 

500 mM) and plotted as logKobs versus log[KCl].  Values of logKT, mtot, Ka
M+

, and Δt 

were resolved by nonlinear regression to Equation 3-14 using PRISM v3.03 software. 

 

3.2.7. Analysis of RNA Folding Using Fluorescence Resonance Energy Transfer 

(FRET)  

Protein-induced changes in the global structure of RNA substrates was monitored 

by alterations in the distance between 3’-Fl (donor) and 5’-Cy5 (acceptor) dyes appended 

to each RNA ligand using FRET essentially as described previously (10, 51).  FRET 

efficiency (EFRET) is related to the fluorophore distance by Equation  3-15 where r 

denotes the scalar distance between the donor and acceptor and R0 is the Förster distance, 

defined as that yielding EFRET = 0.5 (243).  For Fl and Cy3 linked to single-stranded 

nucleic acids, R0 has been calculated as 55.7 Å (218).   

        
     

                         

RNA-binding reactions with varying concentrations of His6-p37
AUF1

 were 

assembled as described for fluorescence anisotropy measurements but in paired samples 

containing RNA substrates (2 nM) labeled either with a 3’-Fl (donor alone) or both 3’-Fl 

and 5’-Cy3 dyes (donor-acceptor pair).  Donor fluorescence from each sample was 

measured by excitation at 485 nm and emission at 520 nm or scanning from 500 to 620 

nm (10 nm slit widths) using a Cary Eclipse fluorometer (Varian).  Background 

fluorescence was measured from samples lacking RNA probe.  Inner filter effects and 

photobleaching were insignificant under these conditions (data not shown).  EFRET was 

calculated from the fluorescence of the donor in the presence (FDA) or absence (FD) of the 



 

101 

 

FRET acceptor using Equation 3-16, where f represents the labeling efficiency of the Cy3 

acceptor dye for each double-labeled RNA ligand (10). 

         
           

   
                   

 

3.2.8. Antibodies  

For Western blotting rabbit polyclonal anti-AUF1 antibody was purchased from 

Millipore.  Horseradish peroxidase conjugated anti-glyceraldehyde-3-phosphate 

dehydrogenase (anti-GAPDH), anti-FLAG, and secondary anti-rabbit IgG antibodies 

were from Sigma.    

 

3.2.9. Ribonucleoprotein Immunoprecipitation (RNP-IP) 

HeLa/shAUF1 cells were co-transfected with pcDNA/shR-p37
AUF1

-FLAG, 

specific βG reporter plasmids encoding transcripts containing or lacking putative 

p37
AUF1

-binding sites, and plasmid pEGFP-C1 (Clontech) to control for transfection 

efficiency.  The amounts of transfected βG plasmids were optimized to yield similar 

steady-state reporter mRNA concentrations.  RNP complexes containing FLAG-p37
AUF1

 

were then isolated from crude cell lysates by RNP-IP and precipitated RNA purified 

essentially as described (33, 244).  Levels of βG reporter and EGFP mRNAs recovered in 

unfractionated cytoplasm and immunoprecipitated RNP complexes were measured by 

multiplex TaqMan quantitative reverse transcription PCR (qRT-PCR) using the iScript 

One-Step qRT-PCR Kit for Probes (BioRad) programmed with βG amplification primers  
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GTGAACTGCACTGTGACAAGC and ATGAGTAGACAGCACAATAACCAG, βG 

TaqMan probe Fl-CGTTGCCCAGGAGCCTGAAGTTCTCA-Black Hole Quencher 1, 

EGFP primers GCGACACCCTGGTGAACC and GATGTTGTGGCGGATCTTGAAG, 

and EGFP TaqMan probe Texas Red-CACCTTGATGCCGTTCTTCTGCTTGTCG-

Black Hole Quencher 2 (all 5’ to 3’ and from Integrated DNA Technologies). βG reporter 

mRNA levels measured in each RNP-IP reaction were then normalized to EGFP mRNA 

levels and expressed as a fraction of the total input level of each reporter transcript as 

described (230).  

 

3.2.10. mRNA decay assays  

The decay rates of βG reporter mRNAs were measured using doxycycline (Dox) 

time courses essentially as described previously (244, 245).  Briefly, HeLa/Tet-Off cells 

were cotransfected with plasmids encoding specific reporter transcripts and pEGFP-C1.  

After 48 h, transcription of βG mRNA was inhibited with Dox (2 μg/ml; Sigma).  Cells 

were harvested at time points thereafter and DNA-free RNA purified using the 

NucleoSpin RNA II kit (Macherey-Nagel).  βG reporter mRNA levels were quantified 

relative to EGFP mRNA at each time point by qRT-PCR using the iScript One-Step qRT-

PCR Kit for Probes (BioRad) as described above.  The percentage of reporter mRNA 

remaining in each sample was plotted as a function of time following Dox treatment, and 

first order decay constants (k) resolved by nonlinear regression using PRISM v3.03 

software.  From this, the mRNA half-life (t1/2) was calculated using t1/2 = ln2/k.  

Comparisons of mRNA half-lives were performed using the unpaired t test (PRISM 

v3.03), with differences yielding p < 0.05 considered significant. 
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3.3. Results 

 

3.3.1. p37
AUF1

 binding to short (≤ 16-nt) ARE substrates is dramatically stabilized by 

addition of flanking non-ARE sequences  

Previously we showed that p37
AUF1

 dimers bind sequentially with high affinity to 

ARE-based RNA substrates of 34 nt or more in length (51).  Binding is substantially 

weaker on ARE substrates of 30 nt or less consistent with the p37
AUF1

 dimer binding site 

size of 33 nt on RNA calculated using macromolecular binding density analysis (51).  On 

ARE ligands ≥34 nt, His6-p37
AUF1

 dimer binding generates two distinct RNP complexes 

(Fig. 3-1A, left panel) consistent with the formation of AUF1 tetramers previously 

described on these substrates (57).  This two-step model of His6-p37
AUF1

 RNP assembly 

on a 38-nt ARE ligand is further supported by resolution of fluorescence anisotropy 

isotherms using Equation 3-1 (Fig. 3-1B, left panel), which return the observed 

dissociation constants describing both AUF1 dimer binding events.  Conversely, shorter 

ARE ligands revealed only a single dimer binding event at protein concentrations up to 

500 nM, both by EMSA (Fig. 3-1A, center panel) and resolution of anisotropy isotherms 

using the single site binding model described by Equation 3-2 (Fig. 3-1B, right panel), 

while calculated affinity constants affirm significant energetic penalties for His6-p37
AUF1

 

binding to shorter ARE substrates (Fig. 3-1E).  These data indicate that extended RNA 

substrates are required to stabilize formation of His6-p37
AUF1

 RNP complexes, far larger 

than the 9-15 nt RNA ligands needed to form stable complexes with HuR or the RNA-

binding domains of TTP or hnRNP A1 (75, 228, 229).  However, they do not establish 

whether AUF1 binding is restricted to extended ARE substrates, or if only a subset of the 

RNA ligand need be AU-rich to nucleate RNP assembly.   
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To discriminate between these possibilities, we assessed His6-p37
AUF1

 binding to 

a series of chimeric RNA substrates based on a 16-nt ARE flanked by sequences from a 

domain of the β-globin mRNA coding region (Rβ31) that does not detectably bind His6-

p37
AUF1

 (Fig. 3-1A, right panel and Fig. 3-1B, left panel).  By fluorescence anisotropy, 

His6-p37
AUF1

 binding to the ARE16-Fl substrate alone was weak but detectable (Fig. 3-1B, 

right panel).  However, an RNA ligand incorporating 17 nt from the Rβ31 sequence at 

both the 5’- and 3’-ends of the ARE16 substrate (Rβ17-ARE16-Rβ17) formed two distinct 

RNP complexes with His6-p37
AUF1

 by EMSA (Fig. 3-1C), similar to the ARE38 substrate.  

Anisotropy-based binding assays also supported a two-step binding mechanism for the 

Rβ17-ARE16-Rβ17-Fl ligand, since the single site model of Equation 3-2 yielded 

significant residual nonrandomness (p = 0.006; Fig. 3-1D, dotted line) and significantly 

increased sum-of-squares deviations relative to regression solutions based on the two-step 

binding model using the F test (p < 0.0001; Fig. 3-1D, solid line).  However, while His6-

p37
AUF1

 binding to the Rβ17-ARE16-Rβ17 substrate demonstrated that extended ARE 

domains were not required to form AUF1 tetrameric RNP complexes, more dramatic was 

the improvement in affinity of the initial His6-p37
AUF1

 dimer binding event (Kd1-obs), 

which was strengthened by nearly 20-fold for Rβ17-ARE16-Rβ17 versus the ARE16 

sequence alone (Fig. 3-1E).  These data demonstrate that a smaller ARE sequence is 

sufficient to nucleate AUF1 RNP assembly if placed in a larger RNA context, and that 

flanking nucleotides likely make base-independent contributions to the stability of AUF1 

RNP complexes.  However, shortening the ARE domain further weakened His6-p37
AUF1

 

RNP formation (Fig. 3-1E).  



 

105 

 

 
 



 

106 

 

 

3.3.2. A 3’ guanosine and non-specific 5’ nucleotides significantly stabilize p37
AUF1

 

binding to a minimal ARE substrate  

To define the features of non-ARE flanking sequences required to stabilize 

p37
AUF1

 RNP assembly on a minimal ARE target, we measured the affinity of His6-

p37
AUF1

 binding across a panel of RNA substrates by fluorescence anisotropy.  Each 

RNA substrate was based on an ARE15 target for two reasons.  First, its small size limits 

RNP complexes to a single AUF1 dimer, thus permitting the initial His6-p37
AUF1

 binding 

event to be effectively separated from subsequent formation of protein tetramers, which 

conceivably may be influenced by different RNA structural determinants.  Second, His6-

p37
AUF1

 binding to the ARE15-Fl ligand is very weak in the absence of flanking sequence 

(Fig. 3-2), allowing us to accurately quantitate the contributions of adjacent RNA 

elements to RNP stability over an extended range.   

Figure 3-1:  p37
AUF1

 binding to ARE and chimeric RNA substrates.  A, analysis 

of His6-p37
AUF1

 binding to indicated 
32

P-labeled RNA ligands by EMSA.  RNA-

protein complexes formed are indicated by black arrowheads, while unbound probe is 

designated as free RNA.  B, representative plots of His6-p37
AUF1

 binding to indicated 

Fl-tagged RNA substrates measured by fluorescence anisotropy.  Dots indicate 

individual data points, while solid lines show optimal fits to a sequential two site 

binding model (left, Equation 1) or a single site binding model (right, Equation 2).  C, 

EMSA analysis of His6-p37
AUF1

 binding to 
32

P-labeled RNA substrate Rβ17-ARE16- 

Rβ17, with RNP complexes indicated by black arrowheads.  D, representative 

fluorescence anisotropy plot of His6-p37
AUF1

 binding to RNA ligand Rβ17-ARE16-

Rβ17-Fl with best fits to both a sequential two site binding model (solid line) and a 

single site model (dotted line).  E, Schematics of RNA substrates used in fluorescence 

anisotropy-based binding experiments showing proportions and locations of ARE 

sequence (open rectangles) and non-ARE flanking domains (Rβ, solid rectangles).  

All RNA ligands included 5’- or 3’-Fl tags.  Observed equilibrium dissociation 

constants describing the first (Kd1-obs) and second (Kd2-obs) His6-p37
AUF1

 binding 

events are expressed as the mean ± SD of three independent experiments (right).  

n.d., not detectable. 
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 Appending 14 nt of Rβ sequence to the 3’-end of the ARE15 substrate (ARE15-G-

Rβ13-Fl) improved His6-p37
AUF1

 binding affinity nearly 12-fold (ΔΔG° = -1.46 ± 0.15 

kcal/mol; Fig. 3-2).  Interestingly, limiting the 3’-flanking sequence to the initial base, a 

guanine, was sufficient to confer most of this RNP stabilizing effect (ΔΔG° = -1.11 ± 

0.17 kcal/mol).  The observation that the affinity of His6-p37
AUF1

 for the ARE15-G-Fl 

substrate was significantly greater than that for ARE16-Fl (Fig. 3-1E) suggested that 

contributions of this 3’-G residue to RNP stability may be base specific.  To test this 

possibility, His6-p37
AUF1

 binding was also measured to RNA substrates ARE15-C-Fl and 

ARE15-U-Fl.  Neither the 3’-C nor U residues significantly enhanced protein binding 

affinity relative to ARE15-Fl or ARE16-Fl, indicating that p37
AUF1

 RNP stabilization by 

the 3’-G is base specific.  Conceivably, the guanine base could directly interact with 

AUF1 or stabilize the complex through an allosteric mechanism. 

To assess contributions of non-ARE residues upstream of the ARE15 core, various 

lengths of Rβ sequence were appended to the 5’-end of the ARE15-G-Fl substrate.  The 

affinity of His6-p37
AUF1

 binding increased as a function of 5’-Rβ sequence length, with 

19 nt (Rβ19-ARE15-G-Fl) improving protein affinity more than 5-fold (ΔΔG° = -1.01 ± 

0.16 kcal/mol).  Experiments with two additional RNA substrates showed that both base-

specific and non-base-specific interactions contribute to RNP stabilization by 5’-flanking 

sequences.  First, adding 4 nt of Rβ sequence (Rβ4-ARE15-G-Fl) or 4 nt of ARE sequence 

(ARE19-G-Fl) 5’ of ARE15-G yielded essentially identical improvements in the affinity of 

His6-p37
AUF1

 binding (Fig. 3-2), indicating a base-independent effect on RNP stability.  

However, while addition of 19 C residues upstream of ARE15-G-Fl also significantly 

stabilized p37
AUF1

 RNP formation (C19-ARE15-G-Fl; ΔΔG° = -0.52 ± 0.15 kcal/mol), 
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stabilization by the C19 domain was only half that observed with the 5’-Rβ19 sequence, 

suggesting that some primary or potentially secondary structural features of the Rβ-based 

5’-domain make additional contributions to His6-p37
AUF1

 binding.   

 

3.3.3. 5’- and 3’-non-ARE nucleotides make distinct thermodynamic contributions to 

p37
AUF1

 RNP assembly  

To identify thermodynamic features contributing to p37
AUF1

 RNP formation by 

sequences flanking the ARE15 RNA ligand domain, enthalpic and entropic contributions 

to RNP stability were assessed using van’t Hoff analyses.  For substrate ARE15-G-Fl, a 

plot of lnKobs versus 1/T was well approximated by the linear function given by Equation 

3-5 (Fig. 3-3A, top panel), indicating that the enthalpic (ΔH°) and entropic (TΔS°) 

contributions to binding energy do not significantly change across the temperature range 

tested.  His6-p37
AUF1

 binding to this RNA ligand is principally driven by favorable 

changes in enthalpy (ΔH° < 0, Table 3-2) that must overcome entropic penalties of 

binding (TΔS° < 0).  By contrast, the van’t Hoff plot of His6-p37
AUF1

 binding to RNA 

substrate Rβ19-ARE15-G-Fl was significantly nonlinear (p = 0.002), indicating that adding 

19 nt of Rβ sequence 5’ of the ARE15-G domain induces a negative change in heat 

capacity (∆C°P,obs) upon protein binding (Table 3-2) and a corresponding temperature 

dependence of both ΔH° and TΔS°.  Solving these parameters as a function of 

temperature (Fig. 3-3A, bottom panel) reveals that at temperatures above 14 °C, His6-

p37
AUF1

 binding is also driven by enthalpic effects, which must compensate for 

unfavorable changes in system entropy.  A negative ∆C°P,obs is commonly seen in 

“induced fit” protein-nucleic acid binding mechanisms that involve substantial 



 

109 

 

conformational rearrangements within one or both binding partners (75, 232, 246).  

Consistent with this model, there is a larger entropic penalty for p37
AUF1

 binding to Rβ19-

ARE15-G-Fl compared to the ligand lacking the 5’-Rβ sequence (ARE15-G-Fl) at 25 °C, 

although enhanced enthalpic contributions by the 5’-Rβ19 domain more than compensates 

for this (Table 3-2).  The improvement in ΔH° associated with the 5’-Rβ19 domain is 

consistent with additional protein contacts involving this sequence, while the increased 

entropic penalty suggests that these contacts may limit conformational freedom near or 

solvent exclusion from the binding interface. 

Table 3-2: Thermodynamic contributions to p37
AUF1

 RNP formation on selected RNA 

substrates 
 

RNA substrate ∆C°P,obs
a
 

(kcal/mol·K) 

TH
a
 

(K) 

TS
a
 

(K) 

∆H° at 25 °C
b
 

(kcal/mol) 

T∆S° at 25 

°C
c 

(kcal/mol) 

      

Rβ19-ARE15-G-

Fl 

-1.79 ± 0.20 280.4 ± 1.8 286.9 ± 1.1 -31.9 ± 3.5 -20.2 ± 2.1 

ARE15-G-Fl ≈ 0 n/a n/a -22.2 ± 1.1 -12.4 ± 1.1 

Rβ8-ARE15-G-

Fl 

-1.43 ± 0.12 278.6 ± 1.5 286.3 ± 0.9 -27.7 ± 2.4 -17.0 ± 1.3 

Rβ8-ARE15-Fl -1.83 ± 0.24 286.6 ± 1.3 291.9 ± 0.8 -20.9 ± 2.7 -11.3 ± 1.4 

 
a
for His6-p37

AUF1
 binding to each RNA substrate, the observed change in molar heat capacity (∆C°P,obs) 

and critical temperatures at which enthalpy (TH) and entropy (TS) make no contributions to binding free 

energy were resolved from by nonlinear regression of van’t Hoff plots using Equation 3-6 as shown in 

Fig. 3-3.  However, van’t Hoff analysis of p37
AUF1

 binding to substrate ARE15-G-Fl yielded a linear 

plot, indicating that enthalpic and entropic contributions to binding energy were constant across the 

tested temperature range, permitting resolution using Equation 3-5.  Parameter values are given ± the 

standard error of regression (approximately half of the 95% confidence interval) calculated by PRISM 

v3.03 software. 
 

b
where ∆C°P,obs ≠ 0, ∆H° at 25 °C was calculated using Equation 3-7. 

 
c
where ∆C°P,obs ≠ 0, T∆S° at 25 °C was calculated using Equation 3-8. 

 

To assess the effects of a 3’-G residue on the energetic contributions to p37
AUF1

 

RNP assembly, similar van’t Hoff analyses were performed for His6-p37
AUF1

 binding to 
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RNA ligands Rβ8-ARE15-Fl and Rβ8-ARE15-G-Fl (Fig. 3-3B).  Comparisons were 

performed in the presence of the 8 nt 5’-Rβ sequence because very weak protein binding 

by the ARE15-Fl ligand (Fig. 3-2) precluded accurate measurements of its affinity across 

the temperature range necessary to confidently resolve thermodynamic components of 

binding energy.  The presence of the 3’-G residue did not significantly alter the negative 

value of ∆C°P,obs associated with His6-p37
AUF1

 binding but did enhance both the enthalpic 

benefit and entropic penalties of RNP assembly at 25 °C (Table 3-2), suggesting 

formation of additional contacts between the protein and the 3’-terminal G.   

 

 
 

Figure 3-2:  Contributions of flanking non-ARE sequences to stability of p37
AUF1

 

RNPs.  Schematics of RNA substrates containing selected 5’- and/or 3’-sequences 

flanking a 15-nt core ARE domain (open rectangles).  Extensions based on the Rβ 

sequence or polyC are shown by solid rectangles, while specific 3’-residues are 

labeled (G, U, or C).  Observed equilibrium dissociation constants (Kd- obs) were 

resolved from anisotropy isotherms of Fl-tagged RNA ligands using Equation 3-2 or 

Equation 3-4 as described under “Experimental Procedures” and represent the mean ± 

SD from n independent experiments.  Free energy of binding was calculated using 

ΔG° = -RTlnKobs where R represents the gas constant (1.987 × 10
-3

 kcal∙mol
-1

∙K
-1

). 
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Figure 3-3:  Temperature dependence of p37
AUF1

 binding to RNA ligands.  Anisotropy-

based binding assays containing His6-p37
AUF1

 and indicated Fl-tagged RNA substrates were 

performed across a range of reaction temperatures (10-37 °C).  Observed association 

constants (Kobs) were resolved using Equation 2.  A, van’t Hoff plots of lnKobs versus 1/T.  

Each point is derived from the value of Kobs calculated from an independent binding isotherm 

± the standard error of regression (approximately half of the 95% confidence interval) 

calculated by PRISM v3.03 software.  Data for the ARE15-G-Fl substrate were fit using 

Equation 5, since the plot did not significantly deviate from linearity (p = 0.43).  However, 

data sets generated using the remaining RNA ligands were significantly non-linear (p < 

0.004), and as such were resolved using Equation 3-6.  Thermodynamic constants resolved 

from these analyses are listed in Table 3-2.  B, enthalpic (ΔH°, solid lines) and entropic 

(TΔS°, dashed lines) contributions to the stability of His6-p37
AUF1

 complexes on indicated 

RNA ligands were calculated as a function of temperature using Equations 3-7 and 3-8, 

respectively.  Changes in enthalpy and entropy contributed no net energy to ΔG° at their 

critical temperatures of TH and TS, respectively, indicated by the intersection of these 

functions with ΔG° = 0 (dotted line).  The total free energy of RNP formation (ΔG°) was 

determined at each temperature using ΔG° = -RTlnKobs (open circles).  A plot is not shown 

for His6-p37
AUF1

 binding to RNA ligand ARE15-G-Fl because ΔH° and TΔS° are constant for 

this RNP complex across the tested range of temperatures (ΔC°P,obs ≈ 0). 
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 A common base-independent mechanism that stabilizes protein binding to nucleic 

acids is through ionic interactions between positively charged functional groups on the 

protein and the negatively charged nucleic acid backbone (247-249).  To determine 

whether new ionic contacts involving 5’-flanking sequences or a 3’-G stabilize p37
AUF1

 

binding to ARE15-containing RNA ligands, we measured the affinity of His6-p37
AUF1

 for 

selected RNA substrates across a range of KCl concentrations, then plotted logKobs versus 

log[KCl].  Frequently, these analyses are well described by linear functions, as high 

solution cation concentrations compete with the protein for the negatively charged 

phosphodiester nucleic acid backbone (75, 228, 247, 250, 251).  However, in all cases 

tested logKobs displayed a multiphasic response to changes in log[KCl] (Fig. 3-4).  In high 

salt the RNA-binding activity of His6-p37
AUF1

 was weakened, consistent with 

competition for ion pairs contributing to RNP stability.  However, under hypotonic 

conditions His6-p37
AUF1

 binding was also impaired, suggesting that specific 

macromolecular interactions with ions in solution could also be required to stabilize 

p37
AUF1

 RNP complexes or to maintain the protein in an active conformation as has been 

postulated for the catabolite activator protein binding to its cognate DNA target (241).  

To incorporate broader roles for solvated ions in p37
AUF1

 RNP assembly, logKobs versus 

log[KCl] plots were analyzed using a more inclusive counterion binding model described 

by Equation 3-14 (Fig. 3-4, solid lines).  Among the resolved parameters, this model 

estimates the stoichiometry of ion release upon macromolecular binding (Δt), which is 

the sum of anions released from His6-p37
AUF1

 and cations released from RNA (Table 3-

3).  An increase in ion pairs formed between His6-p37
AUF1

 and an RNA substrate would 

thus be expected to increase the value of Δt, since localized counterions would be ejected  
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from macromolecular binding partners during RNP assembly.  Interestingly, neither the 

5’-non-ARE sequences (Table 3-3 cf. ARE15-G-Fl versus Rβ8-ARE15-G-Fl and Rβ19-

ARE15-G-Fl) nor the 3’-G residue (cf. Rβ8-ARE15-Fl versus Rβ8-ARE15-G-Fl) 

significantly altered Δt, suggesting that the enhancements in RNP stability conferred by 

each flanking RNA domain do not require the formation of new ionic contacts with the 

protein.  This was not unexpected for the enhanced affinity conferred by the 3’-G owing 

 
 

Figure 3-4:  Sensitivity of p37
AUF1

 RNP formation to ionic strength.  The affinity of 

His6-p37
AUF1

 for the indicated RNA substrates was assayed across a range of KCl 

concentrations (25-500 mM) by fluorescence anisotropy.  Points represent solutions of 

Kobs from each individual binding experiment resolved using Equation 3-2 and are 

plotted as logKobs versus log[KCl].  Parameters describing ionic interactions with and 

contributions to the formation of His6-p37
AUF1

 RNP complexes with each RNA ligand 

were resolved by nonlinear regression using Equation 3-14 (solid lines) and are listed 

in Table 3-3. 
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to its base specificity.  However, given that RNP stabilization by the 5’-Rβ-derived 

domains includes substantial base-independent components, these data suggest that non-

ionic interactions, possibly including contacts with functional groups on ribose sugars or 

allosteric mechanisms, are primarily responsible for the contributions of 5’-flanking 

sequences to p37
AUF1

 binding. 

Table 3-3: Ionic contributions to p37
AUF1

 RNP formation on selected RNA substrates
a
 

 

RNA substrate mtot Ka
M+

 

(M
-1

) 

logKT 

 

∆t 

 

     

ARE15-G-Fl 15 ± 2 3.1 ± 0.6 3.6 ± 0.4 -16 ± 3 

Rβ19-ARE15-G-Fl 12 ± 1 3.9 ± 0.4 4.1 ± 0.2 -13 ± 1 

Rβ8-ARE15-Fl 12 ± 2 3.4 ± 0.7 3.3 ± 0.3 -13 ± 2 

Rβ8-ARE15-G-Fl 16 ± 3 2.9 ± 0.6 3.5 ± 0.4 -17 ± 3 

 
a
for His6-p37

AUF1
 binding to each RNA substrate the number of cation binding sites 

transferred from the bulk solution to the RNA environment upon assembly of the RNP 

complex (mtot), the population averaged association constant of K
+
 for His6-p37

AUF1
 (Ka

M+
), 

the affinity constant of His6-p37
AUF1

 for each RNA ligand (KT), and the aggregate ion-release 

stochiometry of anions from AUF1 and cations from the RNA (Δt) were resolved by 

nonlinear regression of logKobs versus log[KCl] plots by Equation 3-14 as shown in Fig. 3-4.  

All parameter values are listed ± the standard error of regression (approximately half of the 

95% confidence interval) calculated by PRISM v3.03 software. 

 

3.3.4. Sequences 5’ of the nucleating ARE domain are required for p37
AUF1

-induced 

condensation of local RNA structure  

The observation that adding Rβ-derived nucleotides 5’ of the ARE15-G domain 

led to a significant negative change in heat capacity upon His6-p37
AUF1

 binding suggested 

that sequences upstream of ARE15 may induce structural remodeling upon RNP 

formation.  Conceivably, this could involve conformational changes in the protein and/or 

RNA moieties.  However, given that we have previously reported a global condensation 

of local RNA structure associated with initial AUF1 dimer-binding events for all 
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isoforms (51, 73, 74), we investigated whether protein contacts 5’ of the core ARE15 

sequence were required for the RNA conformational remodeling activity of p37
AUF1

. 

Protein-dependent changes in the global conformation of RNA ligands were 

monitored by variations in FRET efficiency (EFRET) between 3’-Fl and 5’-Cy3 

fluorophores.  For RNA substrate Cy3-Rβ19-ARE15-G-Fl, binding to His6-p37
AUF1

 

significantly decreased emission from the FRET donor (Fl) but only if the FRET acceptor 

(Cy3) was present (Fig. 3-5A, cf. emission at 520 nm in left versus right panels).  

Calculating EFRET from measurements of Cy3-Rβ19-ARE15-G-Fl donor emission across a 

titration of His6-p37
AUF1

 shows that the 5’- and 3’-termini of the RNA ligand are forced 

closer together upon binding the protein (Fig. 3-5B, solid circles).  Furthermore, the 

protein concentration-dependence of RNA structural remodeling parallels the fractional 

concentration of RNA within RNP complexes (Fig. 3-5B, blue lines).  Conversely, an 

RNA ligand lacking the 5’-Rβ domain (Cy3-ARE15-G-Fl) exhibited no change in the 

average distance between its 5’- and 3’-termini upon binding His6-p37
AUF1

 (Fig. 3-5C).  

Together, these data indicate that local RNA remodeling by p37
AUF1

 involves contacts 

with sequences upstream of the nucleating ARE15 domain, and that these conformational 

changes may be a major contributor to the change in heat capacity observed during AUF1 

RNP formation on these RNA targets.  These findings are consistent with previous 

observations of AUF1-induced conformational changes in extended ARE and 

polyuridylate ligands (51, 73), but also indicate that condensation of local RNA structure 

is largely independent of the upstream sequence identity. 
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Figure 3-5:  Effect of p37
AUF1

 on the global structure of selected RNA substrates 

resolved using FRET.  A, blank-corrected fluorescence emission spectra of RNA substrate 

Rβ19-ARE15-G (2 nM) containing a 3’-Fl FRET donor dye with (left panel) or without (right 

panel) a 5’-Cy3 FRET acceptor, in the presence of 0 nM (black line), 2.5 nM (violet), 25 nM 

(green) or 250 nM (red) His6-p37
AUF1

 dimer.  His6-p37
AUF1

-dependent changes in the distance 

between the 5’ and 3’ termini of RNA ligands Cy3-Rβ19-ARE15-G-Fl (B) and Cy3-ARE15-G-

Fl (C) were determined by measuring FRET efficiency (EFRET) between the Fl and Cy3 

moieties of each substrate across titrations of His6-p37
AUF1

 using Equation 3-16 as described 

under “Experimental Procedures”.  Data points represent the mean ± SD from three 

independent reactions.  For comparison, the fraction of RNA ligand bound at each protein 

concentration (blue line) was determined using Equation 3-2 using the equilibrium binding 

constants resolved from anisotropy experiments described in Fig. 3-2. 
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3.3.5. A minimal p37
AUF1

-binding RNA substrate is a functional AUF1-regulated 

mRNA-destabilizing element in cells  

Our previous report demonstrated that high affinity p37
AUF1

 binding required >34 

nt of RNA (51).  However, data from this study indicate that only a fraction of the AUF1-

binding site on RNA requires AU-rich sequence, and that a 15-16 nt ARE fragment can 

nucleate formation of stable (Kd < 20 nM) complexes with His6-p37
AUF1

 in vitro when 

positioned within a larger RNA context.  Accordingly, we tested whether a reporter 

mRNA containing a minimal high-affinity p37
AUF1

-binding site could be recognized and 

regulated by AUF1 in cells. 

 Stable HeLa and HeLa/Tet-Off cell lines were developed that expressed a non-

targeting control shRNA (shControl) or one that targeted a domain common to all AUF1 

mRNA variants (shAUF1).  Western blots demonstrated robust suppression of all AUF1 

protein isoforms in the shAUF1 lines (Fig. 3-6A).  Transient transfection of a shRNA-

resistant FLAG-tagged p37
AUF1

 expression plasmid into shAUF1 clonal lines permitted 

selective expression of the p37
AUF1

 isoform at near- or sub-physiological levels (Fig. 3-

6A, right lane), thus minimizing potential complications of protein overexpression.  Into 

each of these cell backgrounds we also transfected reporter constructs under the control 

of Dox-responsive promoters, expressing either wild type βG mRNA (βG-wt) or βG 

containing the Rβ17-ARE16-Rβ17 sequence downstream of the translation termination 

codon (Fig. 3-6B, βG-RAR).  An additional reporter mRNA included the 38-nt core ARE 

from TNFα mRNA (βG-ARE38) as a positive control, since a previous study indicated 

that this transcript bound AUF1 and was stabilized in shAUF1-expressing cells (230). 
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Figure 3-6:  p37
AUF1

 binding and destabilization of cellular ARE reporter 

mRNAs.  A, Western blots of endogenous AUF1 and ectopically expressed p37
AUF1

-

FLAG in whole-cell lysates from HeLa/Tet-Off clonal lines that stably express 

shAUF1 or a control shRNA, and in the shAUF1 line co-transfected with pcDNA/shR-

p37
AUF1

-FLAG (rescue).  GAPDH was used as a loading control.  B, organization of 

the transcript expressed from the pTRERβ-wt reporter plasmid showing positions of 

exons (black boxes) and introns (lines).  Inserting the core ARE sequence from TNFα 

mRNA or the Rβ17-ARE15-Rβ17 RNA sequence downstream of the βG translational 

termination codon generated βG-ARE38 and βG-RAR, respectively.  C, βG reporter 

mRNAs binding to p37
AUF1

-FLAG were purified from HeLa cell lysates by 

immunoprecipitation with anti-FLAG antibody and quantified by qRT-PCR.  Bars 

show yields of each reporter mRNA recovered in immunoprecipitates relative to total 

input levels of each reporter transcript and represent the mean ± SD of four qRT-PCR 

reactions.  Triplicate independent experiments yielded similar results.  D, 

representative Dox time course experiments measuring the decay kinetics of indicated 

reporter mRNAs in HeLa/Tet-Off cell models expressing shControl, shAUF1, or 

shAUF1 cells expressing FLAG-p37
AUF1

 as shown in (A).  Points indicate the mean ± 

SD of four qRT-PCR reactions at each time point.  Data sets were resolved by 

nonlinear regression using a single exponential decay model to determine mRNA 

decay constants and associated half-lives.  Averaged mRNA decay constants from 

multiple independent time course experiments are listed in Table 3-4. 
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In RNP-IP experiments, inclusion of either the ARE38 or RAR sequences 

significantly enhanced reporter mRNA recovery in immunoprecipitates containing 

p37
AUF1

-FLAG (Fig. 3-6C, p < 0.002 versus βG), indicating that both p37
AUF1

 binding 

determinants can associate with the cellular protein.  We next tested whether expression 

of AUF1 modulated reporter mRNA decay kinetics in HeLa/Tet-Off cell models using 

Dox time course assays, since the canonical role of AUF1, particularly the p37
AUF1

 

isoform, is to promote degradation of mRNA substrates (5, 120).  βG-wt mRNA, which 

lacks any ARE sequences, decayed very slowly in HeLa/Tet-Off cells expressing either  

shControl or shAUF1 (Fig. 3-6D, left panel), resolving mRNA half-lives of greater than 

10 hours in each cell background (Table 3-4).  As expected, insertion of the ARE38 

sequence into the 3’UTR of βG mRNA shortened the mRNA half-life to 1 h in 

shControl-expressing cells (Fig. 3-6D, center panel), while suppression of endogenous 

AUF1 by shRNA stabilized βG-ARE38 mRNA two-fold.  Inclusion of the RAR sequence 

in the 3’UTR also significantly accelerated reporter mRNA decay, but to a lesser extent 

than the ARE38 sequence (Fig. 3-6D, right panel).  However, decay of the βG-RAR 

mRNA was also regulated by AUF1, since this transcript was stabilized by approximately 

60% in the shAUF1-expressing cell background (Table 3-4).  Notably, expression of the 

shRNA-resistant p37
AUF1

-FLAG completely reversed shAUF1-induced stabilization of 

both βG-ARE38 and βG-RAR mRNAs.  The results from these ectopic p37
AUF1

 rescue 

experiments confirm that inhibition of reporter mRNA decay in shAUF1-expressing cells  

was not an off-target effect of RNA silencing, and that near-physiological levels of the  

p37
AUF1

 isoform were sufficient to accelerate decay of each ARE-containing reporter 

mRNA.  Together these data indicate that a minimal high-affinity p37
AUF1

 target 
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sequence forms RNP complexes with this AUF1 isoform that accelerate mRNA turnover 

in a cellular context. 

Table 3-4: Effect of AUF1 on reporter mRNA decay kinetics 

 

Reporter 

mRNA 

shRNA t1/2 (h)
a
 n  

     
βG shControl > 10 h 3  

 shAUF1 > 10 h 3  

     

βG-ARE38 shControl 1.01 ± 0.24 5  

 shAUF1 2.11 ± 0.33 4 (p = 0.0007 vs. shControl) 

 shAUF1 + p37
AUF1

-FLAG 1.09 ± 0.15 4 (p = 0.0014 vs. shAUF1) 

     

βG-RAR shControl 3.98 ± 0.11 3  

 shAUF1 6.34 ± 0.88 4 (p = 0.0062 vs. shControl) 

 shAUF1 + p37
AUF1

-FLAG 3.82 ± 0.62 3 (p = 0.0083 vs. shAUF1) 

 
a
turnover kinetics of listed βG reporter mRNAs were measured in HeLa/Tet-Off cells 

expressing indicated shRNAs or p37
AUF1

-FLAG in an shAUF1-expressing background using 

Dox time course assays as described under Experimental Procedures and Fig. 3-6.  Listed 

mRNA half-life values represent the mean ± standard deviation from n independent time 

course experiments. 

 

 

3.4. Discussion 

 

The nucleotide determinants required for AUF1 binding to RNA targets control 

the affinity and positioning of AUF1 recruitment, and by extension the biochemical and 

functional consequences of these interactions.  Our previous work using macromolecular 

binding density analysis and truncated ARE substrates demonstrated that for p37
AUF1

 and 

p42
AUF1

, association of the first protein dimer occupies 33-34 nucleotides of RNA (51).  

Shorter RNA ligands showed significantly weaker binding, while above this site size a 

second AUF1 dimer binding event became measureable (51).  Data from the current 

study are consistent with this unusually large RNA site size required to form high-affinity 

p37
AUF1

 RNP complexes, but show that only a subset of the RNA ligand must be AU-

rich.  While a short AU-rich domain is required to nucleate p37
AUF1

 RNP assembly (Fig. 
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3-1, cf. binding to Rβ31 versus Rβ17-ARExx- Rβ17 ligands), significant contributions to 

complex stability are made by contacts with 5’-flanking RNA, and even more if a G 

residue is present immediately downstream of the ARE domain (Figs. 3-2 and 3-7A).  

Energetic contributions to RNP stability by nucleotides 5’ of the core ARE domain 

include significant sequence-independent components, since additions of Rβ sequence 

(Fig. 3-2) yielded improvements in p37
AUF1

 binding affinity comparable to those 

observed with similarly extended ARE sequences (51).  While base-independent 

stabilization of RNP complexes often involves ionic interactions between the protein and 

the RNA phosphodiester backbone, this is inconsistent with the inability of 5’-Rβ 

sequences to alter the sensitivity of p37
AUF1

:RNA binding equilibria to changes in ionic 

strength (Fig. 3-4 and Table 3-3).  These data suggest that alternative interactions are 

 

 
 

Figure 3-7:  RNA contacts required for high affinity p37
AUF1

 binding.  A, 

Schematic showing RNA domains contributing to stability of p37
AUF1

 RNP 

complexes on minimal ARE substrates.  Red arrows point to RNA sequences making 

base-specific contacts while yellow arrows denote non-specific contacts 5’- of the 

nucleating ARE sequence that are also required for AUF1-induced remodeling of 

local RNA structure.  B, The structure of the AUF1 RRM2 domain bound to a 

telomeric DNA repeat fragment (PDB 1X0F from Ref. 50) showing potential protein 

interactions with the first G nucleotide (G4).  Implications for AUF1 binding to 

minimal ARE ligands are discussed in the text.   
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formed between p37
AUF1

 and these upstream nucleotides, which could include contacts 

with ribose moieties similar to those described for HuR (252). 

We were surprised to discover a strong enhancement to p37
AUF1

 binding by the 

presence of a 3’-G.  The enthalpic benefit conferred by this residue coupled with the 

increased entropic penalty associated with p37
AUF1

 binding suggests the formation of 

chemical contacts between this nucleotide and AUF1 (Table 3-3).  Furthermore, the clear 

preference for guanine versus a pyrimidine base at this position indicates that such 

contacts likely involve direct base recognition.  Further support for this model is given by 

the NMR structure of the C-terminal RRM of AUF1 bound to telomeric repeat 

d(TTAGGG) DNA, in which the RRM makes direct contacts with the central TAG 

sequence (50).  In this structure, the G nucleobase at position 4 is hydrogen-bonded to the 

carbonyl oxygen of Met239 via N
1
 and the ε-amino group of Lys164 via O

6
, while also 

forming a stacking interaction with Phe208 (amino acid numbering follows p37
AUF1

 

sequence) (Fig. 3-7B).  Exchanging guanine for any other base at this position would be 

expected to abrogate or weaken these interactions.  In particular, pyrimidines would be 

unlikely to reach as deeply into the binding cleft to make the hydrogen bonds or stack 

with Phe208, and adenine lacks the O
6
 hydrogen bond acceptor.  Given that p37

AUF1
 can 

also bind with low-nM affinity to extended (≥34 nt) ARE domains lacking 3’-G residues 

(51), we suggest that the guanine base is not necessary for association with all ARE-

containing transcripts, but could enhance binding on otherwise suboptimal targets.  

However, the presence of a guanine may preferentially direct AUF1 to a specific binding 

register on an ARE, whose re-iterative nature might otherwise present a quasi-

homogeneous lattice of potential AUF1 binding sites.   
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His6-p37
AUF1

 binding modified the conformation of the 35-nt Cy3-Rβ19-ARE15-G-

Fl substrate by bringing the RNA 5’- and 3’-termini into closer proximity, an effect that 

was not observed with the Cy3-ARE15-G-Fl RNA ligand (Fig. 3-5).  Inclusion of the Rβ19 

domain also correlated with the significant negative value of ΔC°P,obs associated with 

p37
AUF1

 RNP formation (Table 3-2), suggesting that protein-induced alterations in RNA 

confirmation may contribute to the Rβ19-dependent change in heat capacity.  If so, it is 

possible that fewer nucleotides of sequence upstream of the ARE15 core domain may be 

sufficient to induce these RNA conformational changes, as similar negative values of 

ΔC°P,obs were also observed for RNA substrates Rβ8-ARE15-G and Rβ8-ARE15 upon 

binding to His6-p37
AUF1

 (Table 3-2).  Based on Equation 3-15, the average distance 

between the 5’- and 3’-termini of the Cy3-Rβ19-ARE15-G-Fl substrate is approximately 

48 Å in the p37
AUF1

 RNP complex, in contrast to 60 Å between the ends of the unbound 

RNA ligand.  These distances are similar to those observed for ARE38-based RNA 

substrates (51, 74), suggesting that both extended ARE and chimeric Rβ-ARE ligands 

assume comparable conformations in AUF1 RNPs.  Formation of such condensed RNA 

structures would likely involve protein contacts at or near both ends of the RNA ligand 

that bring its termini into close proximity and restrict RNA mobility.  The additional 

protein-RNA contacts required by this model would also be consistent with increased 

enthalpic contributions to complex stability (ΔH° < 0) while decreasing system entropy 

(ΔS° < 0) (Table 3-2).  Similar conformational rearrangements of bound single-stranded 

nucleic acid ligands have also been reported for the tandem RRM domain of hnRNP A1, 

and the RRM3+RRM4 domain of polypyrimidine tract-binding protein (PTB) (253,254).  

For PTB in particular, association of individual RRMs with separate 6-nt polypyrimidine 
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sequences permits intervening nucleotides to be looped, potentially allowing distal 

sequence determinants to be co-localized in the RNP complex (254).  However, telomeric 

DNA sequences binding to the tandem RRMs of hnRNP A1 make contacts with only 11 

contiguous nucleotides (229), while a 27-nt RNA ligand (two 6-nt polypyrimidine 

sequences separated by a 15-nt spacer) is sufficient to bind the PTB RRM3+RRM4 

domain with low-nM affinity (254).  By contrast, optimal binding of p37
AUF1

 requires at 

least 34 nt of RNA (Ref. 51 and this study).  It is possible that the relative positioning of 

the two RRM domains in p37
AUF1

 require access to disparate RNA subdomains analogous 

to the PTM model, although involving greater spatial separation.  However, the step-wise 

improvement in His6-p37
AUF1

 affinity observed as a function of total RNA size (Fig. 3-2) 

suggests that RNA interactions involving AUF1 domains outside the RRMs or with RRM 

domains from both proteins in the dimeric AUF1 complex are more likely explanations.  

At present, over 20 different ARE-binding proteins have been identified that 

confer diverse effects on the stability and translational efficiency of targeted mRNAs (15, 

82).  Given the variety of these factors expressed in cells, it is likely that many ARE-

containing mRNA substrates are regulated by different proteins through competitive 

and/or combinatorial mechanisms, a model supported by common mRNA substrates 

identified in ribonome-wide surveys of ARE-BP targeted mRNAs (33, 255, 256).  

However, while each ARE-binding protein is recruited to AREs or similar sequences, 

biochemical analyses have indicated protein-dependent differences in ARE-binding 

affinity, RNA sequence preferences, and sensitivity to local RNA structure (10, 51, 75, 

228, 257).  The current study provides a biochemical rationale for AUF1 binding to a 

broad range of ARE-like RNA targets beyond extended U-rich domains.  Most notably, a 
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15 to 16-nt AU-rich sequence contained within a larger RNA context is sufficient to 

nucleate high affinity p37
AUF1

 RNP complexes (Figs. 3-1 and 3-2) that can target 

substrate mRNAs for degradation in cells (Fig. 3-6).  We predict that smaller ARE targets 

may focus trans-factor selectivity and minimize the potential for combinatorial binding 

mechanisms by limiting access to ARE sequence determinants beyond a single RNA-

binding event.  This model may explain the slower decay kinetics of the βG-RAR versus 

βG-ARE38 mRNAs in both shControl- and shAUF1-expressing HeLa cells (Table 3-4).  

Although p37
AUF1

 bound both mRNAs in cells and significantly accelerated their decay 

kinetics, it is likely that some other cellular ARE-binding factors were less efficiently 

recruited to the RAR reporter transcript, and hence did not contribute to its turnover.  

Finally, this study demonstrates that interactions between p37
AUF1

 and RNA 

sequences 5’ of a nucleating ARE site mediate AUF1-induced changes in local RNA 

structure.  While the functional significance of this activity is currently unknown, we 

predict that these conformational changes may enhance or obstruct access for other RNA-

binding factors or miRNAs to nearby binding sites on mRNA targets.  These factors 

could include members of a multi-subunit trans-acting complex that may mediate AUF1-

dependent effects on mRNA decay such as the heat shock proteins Hsp27 and 

Hsp/Hsc70, the translation initiation factor eIF4G, and poly(A)-binding protein (86-88).  

Most of these factors also possess RNA-binding activity (88, 94, 244, 258), so local RNA 

remodeling by AUF1 could influence their recruitment by exposing adjacent sequence 

determinants.  Alternatively, AUF1 binding may alter the accessibility of proximal RNA 

binding sites to other ARE-binding proteins or miRNAs.  Future studies will determine 
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which of these factors are impacted by AUF1-induced RNA remodeling, and the 

functional significance of these RNA allosteric relationships.  
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Chapter 4 

Future Directions 

 

4.1  Current state of the field 

The AUF1 isoforms all arise from a common pre-mRNA, but each has unique 

characteristics.  It has previously been shown that the isoforms have diverse subcellular 

localization patterns and are subject to isoform-specific modifications (Chapter 1).  To 

this body of knowledge we have now identified isoform-dependent effects on ARE-

binding affinities, RNA-induced AUF1 oligomerization, and AUF1-induced changes in 

local RNA structures (Chapter 2).  More specifically, homodimers of the p37
AUF1

 and 

p40
AUF1

 isoforms bind AREs sequentially with the second binding event being much 

weaker than the first, and maintain a condensed RNA structure upon both dimer and 

tetramer assembly.  In contrast, the first two binding events are cooperative or equivalent 

in nature for the larger isoforms, and the RNA ligand becomes partially or fully elongated 

upon tetramer association.  These structures are also RNA-sequence length dependent as 

shorter substrates are not conformationally condensed (Chapter 3).  This structural 

remodeling of ARE substrates contributes to binding free energy even if the upstream 

sequence is not AU-rich.  A G on the 3’-terminus of the ARE also enhances binding, 

likely by hydrogen bond formation.  These minimal high affinity substrates associate 

with AUF1 in cells and are sufficient to destabilize reporter mRNAs in an AUF1-

dependent manner.  The precise sequence requirements for the larger isoforms have not 

been determined (Chapter 3), but at present there is no evidence for isoform diversity in 

this regard (Chapter 2).  Findings from our recent work, coupled with mounting reports of 
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AUF1 function beyond mRNA stability prompt us to propose a more general role for 

AUF1 in regulating gene expression.  Recent studies have provided evidence that AUF1 

impacts not only the decay kinetics of targeted mRNAs (5, 53, 82, 136) but also 

transcription (65, 67, 68, 70, 71, 259, 260), translation initiation (41, 87, 96, 261-263), 

miRNA function (227, 264), mRNA splicing (227, 265), and telomere maintenance (50, 

64, 70).  However, the mechanisms by which AUF1 mediates these diverse effects 

remain largely unknown.   

 

4.2  Implications of isoform-dependent functions of AUF1 

The diversity of AUF1 characteristics, yet commonality in some aspects, may 

allow for multiple levels and types of regulation of a single gene.  Different isoforms with 

unique downstream effects may bind to a single transcript depending upon the cellular 

environment or may regulate different aspects of gene expression.  Some transcripts show 

evidence for AUF1 regulation at multiple levels of expression (37, 41, 43).  The AUF1 

data parallel the proposal by Szostak and Gebauer, “… rather than isolated effectors, 

RBPs must be viewed as centers of nucleation of more complex RNPs that can target 

translation by multiple mechanisms” (266). 

Bcl-2-modifying factor (Bmf) mRNA is one of these highly regulated transcripts.  

In addition to yeast-two hybrid assays showing AUF1 interactions with core and 

associated spliceosomal proteins (267), there have been two reports of AUF1-regulated 

splicing of three, and depending on the significance threshold potentially >6 pre-mRNA 

targets including Bmf (227, 265).  We have been able to preliminarily replicate part of 

this work and see an AUF1-dependent increase in the relative mRNA concentrations of 
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the smaller Bmf mRNA splice variants, suggesting a role for at least some AUF1 

isoforms in exon silencing (data not shown).  A role of AUF1 in splicing is also 

consistent with the “UAG” sequence preferences of AUF1 (Chapter 3) that may permit 

the protein to target 3’-splice site sequences, in addition to recent data showing enriched 

AUF1 binding within intronic sequences (J.H. Yoon, B.E. Zucconi, G.M. Wilson, M. 

Gorospe et.al., unpublished data).  Interestingly, Bmf mRNA is also targeted by miR-221 

(268).  miR-221 associates with AUF1 (264), and its effective function is dependent upon 

an open RNA structure at its cognate target site in p27
Kip1

 mRNA (269).  The predicted 

miR-221 target site in the Bmf 3’UTR is near a U-rich region (microRNA.org), raising 

the possibility that nuclear isoforms of AUF1 may regulate splicing of this transcript 

while the cytoplasmic isoforms assist in the control of miRNA-dependent Bmf mRNA 

stability or translational efficiency.  At present, however, the effects of AUF1 on Bmf 

pre-mRNA splicing have not controlled for differences in stability of the alternatively 

spliced transcripts.  Conceivably these could be screened by directly measuring the decay 

kinetics of individual Bmf mRNA variants or by measuring the effects of alternatively 

spliced domains of Bmf mRNA on the turnover of a reporter transcript (Chapter 3).  

Orthogonally, in vitro splicing reactions using synthetic RNA constructs and nuclear 

extracts containing versus lacking AUF1 could be used to monitor potential roles in pre-

mRNA splicing (270).  It is also possible that AUF1 complex formation could coordinate 

splicing and miRNA targeting on the same transcript.   

Yet another potential regulatory mechanism for cytoplasmic AUF1 could be to 

modify the location of translational initiation by stabilizing an IRES-dependent 

alternative start site on Bmf mRNA (261).  AUF1 is already known to regulate hepatitis C 
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virus RNA translation in this manner (96), and eIF4G, which interacts with AUF1, has 

been implicated in orchestrating the switch from cap-dependent to independent 

translation (271).  Finally, the formation of higher order AUF1 (hetero)oligomers may 

enable simultaneous binding of both miRNA and mRNA or loop a single mRNA.  

Binding of specific isoforms at multiple locations within common targets may be 

expedited by heterodimerization, similar RNA binding preferences, or common binding 

partners.  Alternatively these commonalities in target transcript could just be evidence of 

multiple levels of regulation.   

Additionally, there have been two reports showing cleavage of AUF1 proteins 

within the proposed dimerization domain in viral-infected cells, which results in 

stabilization of AUF1-targeted mRNAs (176, 272).  An additional secondary cleavage 

event appears to be isoform-specific, occurring only in p42
AUF1

 and p45
AUF1

, and leaves 

protein products consistent with the cleavage site occurring in the alternative exon 7 

(272).  HIV infection also leads to a p45
AUF1

-specific increase and a p37
AUF1

/p40
AUF1

-

specific decrease in unspliced viral RNAs proposed to be a result of subcellular 

redistribution (227), but the relevance of this mechanism for non-infected cells remains to 

be determined.   

 

4.3  Effects on miRNA function 

 Emerging data indicate that miRNA function is tightly coordinated with AREs 

and general U-rich regions of mRNA targets (273).  miRNA binding sites frequently 

neighbor AREs (274).  The ability of RNA-BPs to reverse or modify miRNA function 

has been seen with HuR binding to CAT-1 mRNA among others (79, 80, 269, 275, 276).  
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For example, CAT-1 mRNA (and reporter mRNAs with the CAT-1 3’UTR) is released 

from miR-122-mediated repression in P-bodies under conditions of stress when the 

transcript is released to polysomes concomitant with increased binding of HuR to the 

3’UTR (80).  Another RNA-BP, Dnd1, binds U-rich regions and occludes miRNA 

association to protect mRNA targets from degradation (79).  Although at this point we 

can only speculate, the TNFα ARE contains multiple miRNA binding sites within 6 

nucleotides of the 5’ end of the ARE.  As such, we would predict that miRNA 

association/function at these sites could easily be moderated by the structure effected by 

adjacent AUF1 binding events (51).  We have preliminary data supporting this model, 

using a reporter mRNA where we have extended the TNFα 3’UTR sequences about the 

core ARE domain in our Rβ-ARE38 transcript by 13 nt in either direction (generating Rβ-

ARE64).  Inclusion of these flanking sequences is predicted to stabilize the folded 

conformation of the TNFα ARE sequence (10).  In HeLa/Tet-Off shControl cells, which 

express normal levels of AUF1 (Fig. 3-6A), the Rβ-ARE64 reporter mRNA decays with 

t1/2 = 0.29 ± 0.11 h (n = 4), approximately 3-fold faster than the Rβ-ARE38 transcript (t1/2 

= 1.0 ± 0.2 h, n = 5, p = 0.0004).  However, in AUF1-deficient cells, both Rβ-ARE38 and 

Rβ-ARE64 mRNAs exhibit similar half-lives (t1/2 = 2.1 ± 0.3 h, n = 4 for Rβ-ARE38 

versus 2.3 ± 0.1 h, n = 3 for Rβ-ARE64).  Together these data show not only that AUF1 

association with the ARE38 sequence stimulates reporter mRNA decay, but the addition 

of flanking sequences further accelerates AUF1-dependent turnover.  Given that these 

flanking sequences contain many predicted miRNA binding sites (microRNA.org), an 

appealing model is that AUF1 binding to the ARE domain remodels local RNA structure, 

which enhances accessibility of adjacent miRNA target sites on the transcript.  The 



 

132 

 

ability of AUF1 to regulate functional miRNA binding to these sites could be 

investigated by transfecting biotin-tagged miRNAs and an MS2-tagged mRNA reporter 

plasmid into shAUF1 and shControl cells (277).  Reporter mRNA-specific RNP 

complexes would be purified from crosslinked cell lysates by affinity purification over an 

MS2-GST-charged resin, and then selected for specific miRNA-containing complexes by 

binding to streptavidin-agarose. Quantifying recovered reporter mRNA and AUF1 by 

qRT-PCR and Western blotting, respectively, would then permit assessment of AUF1-

dependent differences in miRNA:mRNA interactions, and reciprocally miRNA-

dependent effects on AUF1:mRNA association.  Any findings suggesting functional 

relationships between AUF1 and miRNA recruitment could be confirmed using 

antagomiRs to sequester specific miRNAs and/or mutations in the miRNA target sites in 

the reporter mRNAs.  However, these strategies will also require careful controls for 

endogenous miRNA levels, since AUF1’s role in modulating miRNA accessibility may 

be overshadowed by its regulation of Dicer mRNA stability, which could potentially 

globally suppress miRNA production (278).   

Independent evidence of an interface between AUF1 and miRNA function was 

given by observations that some AUF1-associated transcripts are also bound 

concomitantly by AGO2, especially selected transcripts whose stability is regulated by 

AUF1 (230).  AU-rich sequences and locally exposed mRNA domains are associated 

with enhanced miRNA-mediated decay (273, 279, 280), and our observations of the 

biochemical features of AUF1 RNP assembly suggest that AUF1 may potentially be one 

of the factors that links these two criteria.  For example, the TNFα mRNA 3’UTR domain 

containing the core ARE sequence is predicted to form an extended and highly conserved 



 

133 

 

stem-loop structure with the ARE at its apex (10).  However, AUF1 binding to the core 

TNFα ARE stabilizes an RNP structure where the ARE termini are approximately 48 Å 

apart (51, 73) which may preclude association of other competing ARE-BPs with the 

mRNA target but would weaken RNA secondary structure flanking the ARE.  This model 

would “reserve” flanking miRNA binding sites on the mRNA, potentially placing the 

seed region at an accessible location near the AUF1 RNP complex.  A similar RNA 

conformational switching mechanism has already been proposed for the Pumilio protein.  

Epidermal growth factor treatment increases Pumilio expression and phosphorylation 

which enhance its association with p27
Kip1

 (CDKN1B; cyclin dependent kinase inhibitor 

1b) mRNA.  Pumilio binding to p27
Kip1

 mRNA then induces 3’UTR structural 

remodeling which exposes binding sites for miR-221 and miR-222.  Association of these 

miRNAs leads to repression of p27
Kip1

 expression and entry into the cell cycle (269).       

In addition to potentially remodeling miRNA target sites, AUF1 itself can bind 

miRNAs directly.  Increased levels of AUF1-bound miR-221 in endotoxin-tolerant THP-

1 cells can enhance TNFα mRNA degradation in a gene specific, AGO2-dependent 

manner that requires the miR-221 binding site within the  TNFα mRNA 3’UTR (264).  

We have also shown that p37
AUF1

 binds the miRNA let-7b directly with high affinity (Kd 

= 14 ± 3 nM) while it binds let-7i more weakly (Kd = 330 ± 50 nM).  These experiments 

were performed in vitro with purified RNA and protein components, and thus have no 

potential for protein or nucleic acid bridging (J.H. Yoon, B.E. Zucconi, G.M. Wilson, M. 

Gorospe et al., unpublished data).  There are only minor sequence differences between 

let-7b and -7i but potentially significant structural differences between these two 

miRNAs with let-7i predicted to adopt a more stable folded structure (mFold).  The 
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function of AUF1 on single stranded miRNA and its potential to bind double stranded 

RNA targets are yet to be determined, although some evidence suggests that p37
AUF1

 can 

bind double stranded DNA (70).  One possibility is that AUF1 could regulate miRNA 

association with AGO proteins (below) or RISC.  Further support for this idea comes 

from observations that miRNA loading into RISC requires the Hsc70/Hsp90 chaperone 

complex (281).  AUF1 also associates with Hsc70 (86), which conceivably could enhance 

miRNA function by promoting miRISC assembly or by recruiting mRNA targets to 

loaded miRISC complexes.   

Finally, AUF1 binding could modulate miRNA processing as occurs with hnRNP 

A1 and KSRP (276).  For example, hnRNP A1 binds to the pri-miR-let-7a loop which 

inhibits Drosha-induced cleavage.  However, hnRNP A1 binding displaces KSRP, a 

known regulator of let-7a biogenesis, thus establishing a competitive mechanism that 

controls let-7a processing efficiency (276).  Our current data show AUF1 binding directly 

to the mature miRNA sequences as opposed to the excised loop region, but that does not 

preclude the possibility of AUF1 regulating miRNA processing from a slightly different 

location.  Also, given the extended AUF1 footprint and heterologous RNA sequence 

requirements defined in Chapter 3, protein binding nucleated in a mature miRNA 

sequence could conceivably still contact and modify the structure of flanking mRNA 

domains in miRNA:mRNA complexes. 

More recently, the effect of AREs on miRNA action has been found to be polar in 

nature: miRNA-binding sites 3’ of an ARE possess greater gene repressive activity than 

those 5’ of the ARE (282).  One possibility is that polarity of miRNA-ARE binding 

platforms may be a result of the nucleation of AUF1-RNPs at the 3’ end of an ARE, 
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while protein contacts with 5’-non-ARE sequences could occlude upstream miRNA 

binding sites.  Also, the precise sequence of the ARE is significant for specific miRNAs 

(282).  This may indicate preferences for specific ARE-BPs to associate with the ARE 

that uniquely affect local RNA structure.  Finally, the length of the mRNA 3’UTR and 

the relative location of the ARE therein has a more significant effect on miRNA function 

than the exact RNA sequence (283, 284), further supporting the potential for regulatory 

cross-talk between ARE-BPs including AUF1 and miRNA functions.  

 

4.4  Interplay with RNA structure 

The thermodynamic features we have discovered associated with AUF1 binding 

provide new insights into the function of these proteins (Chapter 3).  Although it is well-

recognized that AUF1 does not regulate decay of mRNA targets in the absence of other 

factors, our work shows potential mechanisms by which AUF1 may mediate target-

specific functions.  Previous works have indicated the potential for diverse effects of 

AUF1 binding depending on the specific transcript studied (5, 230, 285).  For example, 

AUF1 has been shown to protect IL-6 mRNA from degradation by gammaherpesvirus 

SOX endoribonuclease (286, 287).  By contrast, GM-CSF mRNA was potently 

suppressed under the same experimental conditions (286).  Selective protection of IL-6 

mRNA is attributed to a 100-nt 3’ UTR fragment termed the SOX resistance element 

(SRE).  This SRE is AU-rich and specifically contains a 36-nt fragment consisting 

exclusively of A and U residues terminated with a 3’-G.  Both AUF1 and HuR can bind 

this element and the expression of both proteins was necessary for mRNA protection.  

However, consistent with our paradigm of extended 5’-flanking sequence contributions to 
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AUF1 binding and subsequent RNA structural remodeling, including an extra 98 nts of 

3’UTR sequence immediately 5’ of the SRE leads to a ≈4-fold increase in reporter 

mRNA in SOX-expressing cells versus the 2-fold induction mediated by the SRE alone 

(287).  This additional sequence harbors multiple miRNA binding sites, and suggests that 

AUF1 binding to the SRE may remodel upstream RNA in a way that weakens affinity for 

specific microRNAs that target the transcript for degradation.  For example, AUF1 

binding may stabilize a closed mRNA structure that prevents miRNA access flanking the 

AUF1 binding site or may allow the recruitment of other proteins that block the miRNA 

binding (280).  We expect that AUF1-induced RNA structures may be particularly 

significant for miRNA targets sites positioned close to the AUF1-RNA interface since 

ideal miRNA target sites are flanked by unpaired mRNA domains on their 5’ and 3’ 

termini of at least 3 and 15 nucleotides respectively (280).  Alternatively the 5’ extension 

to the SRE sequence may merely stabilize AUF1 association or oligomerization potential.  

To test this model for AUF1-mediated stabilization of IL-6 mRNA, protein-

induced changes in RNA structure can be evaluated in vitro by 2-aminopurine 

fluorescence (288) or FRET-based techniques (51, 73).  Folding events can be confirmed 

using site directed mutagenesis (10), but also validated in cells by microinjecting FRET-

compatible RNA substrates and monitoring FRET efficiency by fluorescence lifetime 

imaging microscopy (FLIM) (269).  AUF1 contacts with the 5’ 98-nt extension to the 

SRE domain could also be resolved using photoactivatable-ribonucleoside-enhanced 

crosslinking and immunoprecipitation (PAR-CLIP) or RNA footprinting.  PAR-CLIP can 

identify nucleotides that directly interact with specific proteins in cells, analyzing many 

transcripts simultaneously for potential protein binding sites (289).  Briefly, cells are 
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grown in media containing a photoactivatable ribonucleoside analogue (i.e,. 4-thiouracil) 

which is incorporated into nascent transcripts.  The cells are exposed to UV (365 nm) to 

crosslink the RNP complexes and lysed.  The RNA is fragmented and specific RNPs are 

immunopurified and size-fractioned, before purifying recovered RNA and analysis by 

high throughput sequencing.  The fragment sequences are mapped to genomic loci to 

identify specific RNA domains targeted by the binding protein, but an added benefit is 

that specific sites of RNA-protein contact can be localized by U→C transitions at cross-

linking sites (289).  The effects of AUF1 on localized miRNA binding could 

subsequently be resolved by a combination of biotin-RNA pull-downs and RNP-IPs 

(264), functional screens using antagomiRs, or identifying miRNAs co-purifying with 

MS2-tagged reporter mRNAs (277).   

Still many questions remain open:  If AUF1 associates with miRNAs and target 

mRNAs, is this association simultaneous, sequential, or competitive?  Might AUF1 be 

bringing the mRNA to the target miRNA by binding both the target and AGO2?  Or is 

AUF1 just remodeling the target mRNA for miRISC to bind?  If AUF1 binds guide 

strand miRNAs but shows weak affinity for condensed RNA (10) which is presumably 

topologically similar to a miRNA duplex, can it be binding miRNA only unassociated 

with mRNA?  Alternatively, can AUF1 bind dsRNA in the miRNA duplex or miRNA-

mRNA duplex, or must it bind ssRNA as might occur during local complex breathing or 

before miRNA maturation?  When mediating target degradation, might AGO2 use AUF1 

to bring target mRNA to the miRISC binding pocket?  AGO2 has a cap-binding domain 

with which it associates with target mRNA 5’-termini when mediating translational 

repression (290).  However, it seems probable that this binding site may not function 
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identically when AGO2 mediates mRNA degradation, and therefore the mRNA targeting 

may require another cofactor.  HuR recruits let-7-loaded miRISC to repress translation of 

c-myc, but HuR also binds let-7 miRNA itself (Ref. 28 and Yoon et al., submitted
4
).  

However, HuR binding is less susceptible to folded RNA structures (10) and thus may 

more likely bind the miRNA duplex.  Alternatively, AUF1 could be sequestering miRNA 

from target sequence or vice versa as is seen with hnRNP E2 and miR-328 (291).  

Conceivably, the nuclear AUF1 isoforms could also function as cofactors for AGO2 as 

nuclear miRNA/AGO2/RNA-BP/mRNA complexes were seen to upregulate gene 

expression while miRNA-repressed mRNAs were not associated with nuclear AGO2 

(292).  In the future, combinations of RNP-IPs, biotin-RNA pull downs, in vitro binding 

assays, and single molecule FRET strategies will allow us to address these questions.   

 

4.5  Interactions with RNA-BPs 

4.5.1 AUF1 

The second important interface regulating the sequence-dependence of AUF1 

function is protein complex formation.  Foremost, as we saw in Chapter 2, AUF1 can 

interact with itself to form high affinity homodimers.  At present, the high affinity of 

these homodimers has precluded quantitative characterization of heterodimer assembly in 

vitro.  Also, by transfecting single AUF1 isoforms into shAUF1-expressing cell models, 

we have been unable to detect the variations in the subcellular localization of specific 

isoforms that would be expected if heterodimer formation was required for nuclear 

                                                           
4
 Yoon, J.H., Abdelmohsen, K., Yang, X., Tominaga-Yamanaka, K., White, E.J., Ojalo, A.V., Kreft, S.G., 

Wilson, G.M., and Gorospe, M. Scaffold function of long noncoding RNA HOTAIR in protein ubiquitination. 
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translocation of p37
AUF1

 and p40
AUF1

 (Fig. 4-1).  However, this does not preclude the 

potential for transient heterodimer formation or even extensive heterodimerization 

between co-localized isoforms (i.e., p37
AUF1

 with p40
AUF1

 and p42
AUF1

 with p45
AUF1

).   

Yeast two-hybrid assays showed p37
AUF1

 heterodimerization only with p40
AUF1

, the other 

predominantly cytoplasmic isoform (95).  However, even limiting heterodimers to co-

localized AUF1 isoforms could produce trans-acting protein complexes with unique 

variations in target RNA affinity or selectivity, responses to cellular signals, and/or 

effects on RNA structure.   

More significant insights into the potential effects of AUF1 homo- and 

heterodimerization will require accurate determination of the dimerization interface for 

each isoform.  The fact that all isoforms form homodimers would suggest a common 

dimerization domain.  However the limited interaction of p37
AUF1

 with the larger 

isoforms may indicate some isoform specificity among dimerization motifs or merely that 

dimerization potential is highly dependent on subcellular localization.  To identify amino 

acid residues required for dimerization of p37
AUF1

, we performed yeast-two hybrid assays 

using a library of randomly mutated p37
AUF1 

plasmids.  The mutants were generated by 

replication of the prey plasmid containing the AUF1 gene in error-prone E. coli XL1-Red 

cells.  The prey plasmids purified from XL1-Red cells were transformed into a yeast 

strain that expressed the reporter (lacZ) and bait (wtAUF1) plasmids.  Cotransformants 

were selected by growth on triple drop-out plates containing 5-bromo-4-chloro-3-indolyl-

β-D-galactopyranoside (X-gal).  In the presence of galactose and raffinose but not 

glucose, the colonies exhibited a blue color if the bait and prey plasmids interacted but 

were white if there was insufficient interaction to activate the LexA operator of the lacZ 
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Figure 4-1:  Subcellular localization of AUF1 isoforms.  Confocal images of short 

hairpin resistant (shR) AUF1-eGFP show isoform localization in the presence 

(shControl) and absence (shAUF1) of endogenous expression of all other isoforms.  

Stable clonal short hairpin cells were transiently transfected with the respective 

isoform plasmid (left) and fixed before imaging with an Olympus IX70 inverted 

microscope upon excitation at 488nm with an Olympus FLUOVIEW 500 laser 

scanning confocal imaging system. Cells were viewed through an Olympus ×60/1.2 

NA water-immersion objective and scanned at zoom 2 maintaining constant laser 

output and gain. Cell lines were previously screened for similar transfection 

efficiencies (<2-fold difference). 
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reporter gene.  White clones were picked and spotted on both triple and quadruple (-Leu) 

dropout plates to confirm the lack of interaction evidenced by lack of growth in the 

absence of leucine (-Leu) since the LEU2 gene is also controlled by the LexA operator.  

Lack of interaction was further confirmed by quantifying the β-galactosidase activity of 

cell extracts in vitro.  Of the ~6750 cotransformant colonies, 70 passed these tests and 

were sequenced.  Of these, all mutants with identified non-frameshift mutations are listed 

in Table 4-1.  It is noteworthy that these mutation sites clustered in the conserved RRM 

regions although there may be some contributions from domains near both termini.  In 

the future, AUF1 monomer exchange and the energetics and dynamics of 

homo/heterodimer formation could potentially be monitored by FRET between proteins 

labeled with different fluorophores.   

Table 4-1: Potential p37
AUF1

 monomeric mutants identified by yeast two-hybrid assay 

Mutation
a
 Domain 

Q5 → stop N terminus 

G48R N terminus 

R119G RNP1 of RRM1 

D133Y RRM1 

I165F RNP2 of RRM2 

F166S RNP2 of RRM2 

G168D RNP2 of RRM2 

Q246 → stop Q-rich domain 
 

a
Amino acid numbering based on p37

AUF1
 (NP_001003810). 

 

4.5.2 TTP 

AUF1 interactions with other proteins may also regulate mRNA fate.  The RNA 

sequence surrounding the AUF1 binding site and the structural context of this sequence 

likely regulate the RNA-dependent association of other factors at proximal sites.  
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However, AUF1 can also act directly with other factors in the absence of an RNA ligand, 

including with other ARE-BPs.  Notably, p45
AUF1

 can interact directly with TTP without 

bridging RNA (34).  This interaction occurs via the conserved TTP zinc finger domain 

(ZFD) and the GY-rich domain encoded by the alternative exon 7 of AUF1.  

Furthermore, this interaction allows AUF1 to enhance TTP affinity for a model 11-nt 

ARE in an isoform specific manner.  Specifically, we showed that addition of p45
AUF1

 

increased the affinity of the TTP ZFD for the ARE11 substrate from Kd = 550 ± 60 pM (n 

= 6) for the TTP ZFD alone to Kd = 120 ± 20 pM (n = 6) in the presence of p45
AUF1

.  This 

RNA is too short to be bound by AUF1 alone with detectable affinity (51) so the effect 

was likely allosteric.  By contrast, adding p37
AUF1

 into the binding reaction instead of 

p45
AUF1

 did not enhance TTP ZFD-RNA association Kd = 810 ± 160 pM (n = 3). 

This research also found that p45
AUF1

 co-localized to the cytoplasm with TTP 

expressed using epitope tagged-constructs (34), in contrast to the more common nuclear 

localization of p45
AUF1

 (38, 61, 168, 180) but consistent with reports of its cytoplasmic 

localization  under specific cellular conditions (132, 178, 186, 263, 293).  For example, 

LPS stimulates p45
AUF1

 translocation in macrophages and also led to a dramatic increase 

in TTP expression which was solely or moderately localized to the cytoplasm depending 

upon the organism (293).  The physiological relevance of the TTP-p45
AUF1

 association 

has yet to be determined, but the association of p45
AUF1

 seemingly activates TTP-RNA 

association by an allosteric mechanism.  AUF1 association with TTP may also facilitate 

subcellular redistribution of the hnRNP complex.  It still remains a possibility that TTP 

and p45
AUF1 

may associate in the nucleus as well under different cellular contexts, as both 

proteins have been implicated in transcriptional regulation (5, 71).  The functions of TTP 
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are diverse and occur at many levels of gene regulation (32),  p45
AUF1

 may assist in one 

or more of these functions to enhance TTP’s nucleic acid binding activity or specificity.  

Coordination of TTP and AUF1 may thus be a mechanism whereby TTP can stimulate 

the deadenylation and decay of additional transcripts beyond its canonical interactome or 

function at lower protein concentrations (reviewed in Refs. 32, 102).  The RNA sequence 

dependence and the RNA remodeling effects of the TTP-AUF1 interaction have yet to be 

determined.  It is also noteworthy that TTP and AUF1 both interact with miR-221 (264), 

although it is unknown whether or not this occurs within the same complex.  

 

4.5.3 HuR 

AUF1 and HuR have historically been considered antagonists, with AUF1 

destabilizing mRNA while HuR stabilizes targeted transcripts (82, 190).  The two 

proteins can function antagonistically on the same target (33, 190, 294, 295).  They have 

similar though not identical RNA target preferences, and are commonly found in the 

same RNP complexes (33,296) or co-localized (174, 184).  Yet, to date there is no 

evidence of direct protein-protein interactions in the absence of RNA (29, 33).   Similar 

to our work showing an extended RNA length preference for AUF1, bioinformatic 

analysis of HuR-immunoprecipitated RNAs showed an enrichment in the association of 

HuR on RNA structures formed over sequence cluster spans of 66-75 nts, consistent with 

pre-miRNA length (297).  This population of selected binding sites suggests that the ideal 

HuR motif contains a stable but low energy structure, commonly predicted to form twin 

hairpins (297).  This model is also consistent with the apparent independence of HuR 

binding affinity versus ARE folded stability (10).   
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In contrast to HuR’s canonical stabilizing role, both AUF1 and HuR together are 

necessary to accelerate p16
INK4

 mRNA decay (29).  Destabilization of this mRNA, but 

not the preliminary association of AUF1/HuR, requires AGO2.  However the interaction 

between all three proteins does require bridging RNA that energetically favors a stem-

loop structure (29).  This finding is consistent with the combinatorial association of 

AUF1 and AGO2 on many destabilized transcripts in an additional report (230).  In the 

p16
INK4

 example, AUF1 function may be to remodel the RNA for HuR or miRNA 

association and/or to recruit nucleolytic enzymes like NSEP-1 or TTP partners to the 

RNP complex (34, 95, 102).  HuR may be destabilizing RNA by keeping it in an 

extended conformation, in turn, exposing bases that direct AUF1 function.  The structure 

of a RRM1-RRM2 HuR construct interacting with an ARE showed these domains of 

HuR bind RNA such that the termini exit from opposite sides of the protein (252).  This 

model is also consistent with HuR binding to a predicted single strand loop in the IRES in 

the 5’UTR of p27
Kip1

 mRNA (298).  The HuR family member, HuD, also binds AREs in 

a manner that extends the RNA termini upon exit from the protein (253,299).  These 

effects of HuR on RNA structure may also lead to differential effects on mRNA stability 

by modulating the ability of other trans-factors to associate in a sequence/transcript–

specific manner.  They many also allow HuR or AUF1-HuR complexes to function in an 

expanded array of RNA contexts (82).   

The association of HuR, AUF1, and AGO2 with p16
INK4

 is abrogated by RNA 

methylation at A988, just downstream of the identified RNP nucleating sequence (30).  

Sun2, the catalyzing methyltransferase, associates with the RNA regardless of its 

methylation status but the binding of HuR decreases following RNA methylation.  In this 
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manner, methylation stabilizes p16
INK4

 mRNA by inhibiting assembly of the 

AUF1/HuR/AGO2 complex.  This regulation by methylation may also occur in other 

systems.  Methylation of tRNA strongly enhances coordination of Mg
2+

 and thereby 

stabilizes RNA tertiary structure (300), and RNA methylation is strongly dependent upon 

RNA structure as opposed to sequence (300).  The mechanism by which methylation 

abrogates AUF1 or HuR binding to p16
INK4

 mRNA is seemingly allosteric, since the 

methylation site does not overlap with the identified AUF1- or HuR-interacting 

sequences (29,30).  One method by which this may occur is through methylation-

dependent alterations of RNA structure.  For example, although RNA Watson-Crick base 

pairing is not dramatically effected by m
6
A, non-canonical A∙G pairing efficiency is 

weakened ≈10 fold (301).  A∙G base pairs normally have an intermediate stability that is 

functionally significant.  For example, these base interactions are proposed to stabilize 

the selenocysteine-insertion sequence (SECIS) 3'UTR element structure and the 

enzymatic site of the hammerhead ribozyme (302).  Additional roles for RNA 

methylation have also been observed in mRNA splicing, transport, translation, and 

stability (reviewed in Ref. 303).  For example, RNA m
6
A demethylation by alkB 

alkylation repair homolog 5 (ALKBH5) increases nuclear retention of mRNA, and 

thereby could regulate trans-factor association and/or restrict potential for cytoplasmic 

degradation (304).  m
6
A methylation is common in 3’UTRs, and miRNA-binding sites 

frequently neighbor m
6
A modification sites. This localization may allow the 

modifications to synergize with miRNAs to function as a global mechanism of post-

transcriptional regulation.  Also methylation at one site has been seen to augment 
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methlyation at neighboring sites, allowing this signal to be amplified within an individual 

transcript (reviewed in Ref. 303).   

This methylation/demethylation equilibrium may also be intricately regulated by 

ARE-targeted mRNA decay mechanisms.  S-adenosylmethionine (SAM) is the principal 

cellular methyl donor and regulates cell proliferation and differentiation (300,305), and is 

synthesized by the MAT enzymes (305).  AUF1 is a negative regulator of 

methylacetyltransferase-1 (MAT1A) mRNA, while HuR positively regulates the 

methylacetyltransferase-2 (MAT2A) transcript (31).  In contrast, methyl-HuR appears to 

destabilize MAT2A mRNA (31).  High MAT1A expression correlates with increased 

SAM levels while MAT2A expression is associated with decreased SAM levels and 

hence decreased methyltransferase activity.  This example may be the foundation for 

another feedback loop.  Coordinated functions of AUF1 and HuR in modulating MAT 

mRNA and by extension overall cellular SAM levels could potentially, in turn, influence 

the methylation status of  both proteins (including RNA-BPs) and target mRNAs.  By this 

proposed mechanism, AUF1 and HuR could regulate the stability of many transcripts 

including p16
INK4

 using a combination of both direct and indirect mechanisms.  

 

4.6  The future of the field 

These data sketch a model in which AUF1 function on an RNA is a combined 

function of AUF1 isoform expression levels (Chapters 1 and 2), post-translational 

modifications of AUF1 (Chapter 1), mRNA sequence (Chapter 3), mRNA structure 

(Chapters 2 and 4), mRNA “epigenetic” modifications (Chapter 4), mRNA localization 

(Chapters 1 and 4), and the function of other RNA-BPs and/or miRNAs (Chapters 1 and 
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4).  Similar to DNA epigenetics regulated by histone and DNA modifications that occur 

in a context-specific manner, RNA epigenetics may also be governed by a network of 

RNA-BP modifications and RNA nucleotide modifications that occur in specific 

sequence and cellular environments.  RNA epigenetics has the added tier of potential 

regulation by RNA localization and miRNA concentrations.  This would allow transcript-

specific and spatio-temporally discrete regulation on a fast time scale with maximal 

energy efficiency.   

As part of the nucleosome remodeling and histone deacetylase (NuRD) chromatin 

remodeling complex and potential regulator of HDAC activity (260), AUF1 may even be 

a potential “translator” from DNA epigenetics to RNA epigenetics (303).  For example, 

AUF1 was recently found to interact in a DNA- and RNA-independent manner with 

ING4 (inhibitor of growth 4) to regulate c-myc translation, although the interaction was 

weakened upon RNAse digestion (43).  ING4 is a part of the HBO1 histone 

acetyltransferase (HAT) complex, is involved in p53 transcriptional activation, and 

mediates binding to trimethylated histone H3 Lys-4 (reviewed in Ref. 43).   The AUF1-

ING4 interaction was dependent upon the NLS of ING4, but whether this dependence 

results from a prerequisite for nuclear co-localization of both proteins or other 

characteristics of this domain remains to be determined.  An “RNA epigenetic” function 

for AUF1 may also explain its presence on introns and lncRNAs (J.H. Yoon, B.E. 

Zucconi, G.M. Wilson, M. Gorospe et.al., unpublished data).   
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