
ABSTRACT 

BOGDAN, ALEXANDER RICHARD. Revisiting the Iron-induced Degradation 
Mechanisms of Transferrin Receptor 1 mRNA (Under the direction of Dr. Yoshiaki 
Tsuji). 
 
 

Iron is an essential nutrient for all living things, serving as an enzymatic co-factor, 

redox center, and oxygen carrier.  However, iron is potentially dangerous, catalyzing 

the formation of reactive oxygen species (ROS) that can damage DNA, proteins, and 

other macromolecules.  Accordingly, cells possess an extremely robust iron 

homeostatic system to ensure cells maintain adequate, yet safe, iron stores.  In most 

cell types, iron uptake is mediated primarily through the activity of transferrin 

receptor 1 (TfR1), a membrane-associated receptor that binds the iron-carrying 

plasma protein transferrin (Tf).  The Tf-TfR1 complex is internalized via endocytosis, 

whereupon iron is released from Tf and pumped from the endosome into the 

cytoplasm.  Once in the cytoplasm, iron is carried by trafficking proteins to enzymes, 

storage proteins, or organelles such as mitochondria 

 

TfR1-mediated iron uptake is regulated primarily through modulating TfR1 

expression.  Low iron conditions promote high TfR1 expression through TfR1 mRNA 

stabilization; conversely, high iron conditions destabilize TfR1 mRNA and quickly 

lead to a significant reduction in overall TfR1 expression.  Iron-regulated TfR1 

mRNA stability is controlled by the activity of Iron Regulatory Proteins (IRPs), RNA 

binding proteins that associate with Iron Responsive Elements (IREs), stem-loop 

structures within the 3’-untranslated region (3’-UTR) of TfR1 mRNA.  In high iron 



conditions, IRPs dissociate from TfR1 IREs, leading to TfR1 mRNA destabilization.  

However, the molecular mechanism of TfR1 destabilization after IRP dissociation 

remains uncharacterized.  Almost 30 years after the initial observation of TfR1 

mRNA destabilization after IRP dissociation, no effector molecule or degradation 

pathway has been described. 

 

We examined the TfR1 IRE sequences and uncovered several putative microRNA 

binding sites (miR-124-3p, miR-7-5p, and miR-141-3p) that overlap with the IRP 

binding sites.  MicroRNAs are small, non-coding RNAs that bind to 3’-UTRs of target 

mRNAs and recruit the micoRNA-induced silencing complex (miRISC), a large 

complex that downregulates target gene expression by inhibiting translation or 

degrading the mRNA.   

 

We hypothesized that these microRNAs are responsible for iron-mediated TfR1 

mRNA destabilization by targeting the TfR1 IREs after IRP dissociation.  Chapter 1 

of this dissertation discusses our investigations into microRNA-mediated TfR1 

destabilization.  We demonstrate that miR-7-5p and miR-141-3p directly target TfR1 

mRNA for degradation by utilizing the microRNA binding sites within TfR1 IREs, but 

that microRNAs are not the primary mechanism of iron-mediated TfR1 mRNA 

destabilization.  Chapter 2 and Chapter 3 discuss our investigations into other 

potential mechanisms of iron-mediated TfR1 mRNA destabilization. 
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GENERAL INTRODUCTION 

 

1.  The biological role of iron 

Iron is an essential element for life, performing necessary functions in various 

biological processes [1].  Serving as a key co-factor in proteins, iron is required for, 

among other things, DNA biosynthesis (a co-factor of ribonucleotide reductase) [2] 

and the electron transport chain (as part of cytochrome proteins) [3].  Iron can be 

incorporated into different prosthetic groups affixed to proteins, such as iron-sulfur 

clusters [4] and heme [5]; this is the fate of the majority of iron in humans, where 

over 75% of the body’s iron is incorporated into these molecules [5].  Iron-sulfur 

clusters and heme function in many of the most critical biological processes.  Heme, 

for example, serves as the oxygen-carrying component of the protein hemoglobin, 

the major oxygen transport protein found in vertebrate erythrocytes. 

 

There is, however, a dark side to iron.  In physiological conditions, iron is readily 

oxidized and reduced [6, 7].  The ability to easily gain and lose electrons is what 

grants iron its utility as a biological co-factor; however, the redox potential of iron can 

also catalyze the formation of dangerous reactive oxygen species (ROS), oxygen-

containing compounds that attack and damage biological macromolecules (DNA, 

proteins, lipids, carbohydrates).  Undergoing so-called “Fenton chemistry” [7], Fe2+ 

(“ferrous iron”) can be oxidized to Fe3+ (“ferric iron”) by oxygen-containing 

compounds; these oxygen-containing compounds are reduced, increasing their 
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reactivity and becoming ROS.  ROS, including compounds such as superoxide (O2
-) 

and the particularly dangerous hydroxyl radical (∙OH), have been implicated in the 

development of many human diseases, including neurodegeneration [8] and cancer 

[9-11].  Accordingly, organisms have evolved robust regulatory pathways for 

controlling iron metabolism in an effort to maintain adequate, but safe, levels of iron. 

 

2. Systemic Iron Metabolism 

Iron metabolism in vertebrates is very well-conserved, with many of the same 

proteins [12] and regulatory mechanisms [13] being found from zebrafish to humans.  

Mammalian iron metabolism begins with the uptake of dietary iron by enterocytes 

located within the duodenum [1, 12].  Dietary heme is absorbed intact, with HCP1 

(heme carrier protein 1) transporting iron from the intestinal lumen into the 

enterocyte [6].  Heme is metabolized into its constituent parts (Fe2+ and biliverdin) by 

HO-1 (heme oxygenase 1) [6]. Non-heme iron is transported from the lumen into the 

enterocyte by DMT1 (divalent metal transporter 1) [1, 12].  However, DMT1 can only 

transport Fe2+, and requires the activity of a membrane-associated ferrireductase 

DcytB (converts Fe3+ to Fe2+) to function efficiently [6, 12].  Once inside the 

enterocyte, iron is trafficked to the basolateral membrane and pumped into the 

plasma by the iron exporter Fpn (ferroportin) [14, 15]. 

 

Fpn is the only known vertebrate iron exporter [6, 14, 15].  High expression of Fpn is 

limited to the liver, spleen, kidney, and macrophages [16], meaning that most cells 
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do not have appreciable iron export capabilities and must store excess iron 

intracellularly (discussed below).  Sites of high Fpn expression act as an “iron 

reservoir” within the body, and can uptake and release iron as needed by the 

organism.  Iron recycling is so efficient that humans only require 1-2 mg of dietary 

iron per day to replace the iron lost by epithelial cell shedding, with these iron 

reservoirs contributing most of the 20-25 mg of iron that circulates through the 

plasma every day [14]. 

 

Fe2+ transported into the plasma by duodenal enterocytes, hepatocytes, 

splenocytes, or macrophages is oxidized to Fe3+ by the soluble ferroxidase 

ceruloplasmin or the membrane-associated ferroxidase hephaestin [14].  In the 

plasma, Fe3+ is primarily associated with the iron-carrier protein Tf (transferrin) [12].  

Tf complexes two Fe3+ ions with high affinity [(Fe3+)2-Tf] and is recognized by 

transferrin receptor 1 (TfR1), located on the extracellular surface on the plasma 

membrane of most vertebrate cells [17]. 

 

Overall systemic iron metabolism is controlled by the hepatocyte-derived peptide 

hormone hepcidin [14, 15].  Hepcidin binds to Fpn on target cells and induces Fpn 

internalization and degradation, leading to a decrease in dietary iron absorption, 

retention of iron within the reservoirs, and an overall reduction in serum iron 

concentration.  Hepcidin expression is transcriptionally controlled by many 
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pathways, including inflammatory activation of STAT transcription factors and the 

iron-sensitive BMP-SMAD pathway [14]. 

 

3. Intracellular Iron Metabolism 

Intracellular iron metabolism begins with iron transport across the plasma 

membrane.  Iron uptake into cells can be broadly categorized into two pathways: Tf-

bound iron (TBI) and non-Tf-bound iron (NTBI).  TBI is the predominant mechanism 

in most vertebrate cell types, and relies on the Tf-TfR1 interaction [17].  (Fe3+)2-Tf 

binds to the extracellular domain of a TfR1 homodimer.  Binding of (Fe3+)2-Tf to TfR1 

induces internalization of entire complex by endocytosis.  The endosome is acidified 

through the activity of ATPase proton pumps, lowering the pH of the endosome and 

causing dissociation of Tf from TfR1 and of the two Fe3+ ions from Tf [1].  The Fe3+ is 

reduced to Fe2+ by the activity of the ferrireductase STEAP3 and pumped into the 

cytosol by DMT1 [6], whereupon it binds to members of the PCBP (poly-C binding 

protein) family [18, 19].  The endsome re-fuses with the plasma membrane, 

releasing apo-Tf to capture more iron.  A more minor iron acquisition pathway, NTBI 

uptake was previously thought to be mediated almost exclusively through DMT1. 

However, recent investigations have revealed that ZIP8 and ZIP14 [members of the 

large ZIP (ZRT, IRT-like Protein) family, previously considered exclusively zinc 

transporters] also mediate NTBI uptake [20-23].   
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Iron-loaded DMT1 transfers iron to PCBP1 and PCBP2 in the cytoplasm [24]; 

PCBP1 and PCBP2 traffic this iron to various metabolic pathways, including 

delivering iron to various enzymes that require non-heme iron as a cofactor, such as 

deoxyhypusine hydroxylase [25] and HIF prolyl hydroxylases [26].  PCBP1 and 

PCBP2 also associate with Fpn and may have a role in mediating iron export [24].  

Finally, PCBP1 and PCBP2 can deliver iron to ferritin, the ubiquitously-expressed 

iron storage protein [18, 19].   

 

Ferritin is a highly inducible protein that allows cells to store large quantities of iron 

safely.  Ferritin, which stores iron in a redox-inactive mineralized core, functions as a 

24-mer comprised of two related proteins: ferritin H (ferritin heavy chain) and ferritin 

L (ferritin light chain), with approximately 50% homology.  Ferritin H is a ferroxidase 

that oxidizes Fe2+ to Fe3+, which is necessary for iron incorporation into the 

mineralized core [6].  Ferritin L is not an enzyme, but contributes to the overall 

structure of the ferritin complex and may contribute to ferritin iron uptake and release 

by controlling electron transfer during redox reactions [27].  Iron is inaccessible to 

cells when stored inside ferritin and must be mobilized for utilization.  NCOA4 

(nuclear receptor coactivator 4) was recently identified as the cargo receptor 

mediating specific autophagic degradation of ferritin [28, 29], releasing iron for use in 

important biological processes including erythropoiesis [30, 31].  
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In summary, intracellular iron metabolism is a complex, highly organized concert 

requiring precise regulation of many genes.  Iron import, trafficking, storage, and 

export must all be coordinated to ensure that a cell maintains an adequate but safe 

level of iron.  While some expression regulation of iron metabolism genes is 

transcriptional (for example, ferritin H and HO-1 are transcriptionally regulated by the 

antioxidant transcription factor Nrf2 [7]), the major regulation pathway is post-

transcriptional and controlled at the mRNA level by Iron Responsive Elements and 

Iron Regulatory Proteins.   

 

4. Iron Responsive Elements and Iron Regulatory Proteins 

Iron responsive elements (IREs) are stem-loop sequences found in the 5’- or 3’-

untranslated regions (UTRs) of many iron metabolism mRNAs in vertebrates [13].  

IREs function as a post-transcriptional regulator of iron metabolism gene expression 

by serving as binding sites for Iron Regulatory Proteins (IRPs).  The IRE-IRP 

association is inversely correlated with intracellular iron status: low intracellular iron 

promotes strong IRE-IRP association while high intracellular iron disrupts the IRE-

IRP interaction [32].   

 

There are multiple mechanisms responsible for controlling the IRE-IRP interaction.  

First, iron directly associates with the IRE and alters the stem-loop structure, 

promoting IRP dissociation [33, 34].  Secondly, the binding behavior or expression of 

IRP proteins are affected by iron.  There are two members of the IRP family: IRP1 
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and IRP2.  IRP1 contains an iron-sulfur cluster that controls its RNA binding activity.  

In low iron conditions, the iron-sulfur cluster is incomplete and IRP1 strongly binds to 

the IRE; high intracellular iron completes the iron-sulfur cluster, leading to a 

conformational change and transition of IRP1 from an RNA-binding protein to a 

cytosolic aconitase (enzyme converting citrate to isocitrate) [32].  IRP2 is controlled 

by modulating protein expression.  High intracellular iron activates FBXL5, an E3 

ubiquitin ligase that ubiquitylates IRP2 and marks it for proteasomal degradation 

[35]. 

 

The effect of IREs on the expression of the parent mRNA depends on the location of 

the IRE within the transcript.  IREs located within the 5’-UTR are generally found in 

genes that lower the amount of intracellular iron, such as iron exporters (Fpn) and 

iron storage proteins (ferritin H, ferritin L).  In 5’-IREs, strong IRE-IRP binding (i.e. 

low intracellular iron) blocks translation by preventing recruitment of key ribosomal 

factors [36].  In high iron conditions, IRPs dissociate from 5’-IREs and allow for 

robust translation of iron exporters and storage proteins.  Conversely, mRNAs 

containing 3’-IREs are involved in iron uptake, such as TfR1 and DMT1.  In contrast 

to 5’-IREs, 3’-IREs promote high expression in low iron conditions by stabilizing the 

parent transcript.  High iron conditions (i.e. no IRE-IRP association) leads to a 

destabilization of 3’IRE mRNAs through an as-yet-undetermined molecular 

mechanism [1, 6, 12, 32]. 
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Although complex, this regulatory system is very robust and capable of maintaining 

an appropriate iron balance within the cell.  In times of iron deficiency (i.e. strong 

IRE-IRP interaction), the cell benefits from high iron import and low iron export and 

storage, leading to an overall net increase in intracellular iron.  Conversely, during 

iron excess (i.e. no IRE-IRP interaction), the cell shifts to a high iron export/storage, 

low iron import phenotype, leading to an overall net decrease in intracellular iron. 

The IRE-IRP regulatory system allows the cell to fine-tune the expression of myriad 

iron metabolism genes and respond to perturbations in intracellular iron to maintain 

appropriate iron flux.   

 

5. Regulation of Transferrin Receptor 1 

TfR1 is unique among IRE-containing genes in that TfR1 mRNA possesses multiple 

IREs.  First described in the late 1980s, five IREs (termed IRE A-E) exist within a 

700 bp region in the 2.6 kb TfR1 3’-UTR and confer iron-mediated destabilization to 

the transcript [37-39].  The five IRE sequences are extremely well-conserved 

throughout vertebrate evolution [13] and adopt a complicated three-dimensional 

structure that affects IRP binding behavior; IREs A, B, and D preferentially bind IRP1 

while IREs C and E preferentially bind IRP2 [40].  Investigations into TfR1 mRNA 

regulation by iron during the late 1980s and early 1990s by the Harford group 

revealed critical nucleotides responsible for destabilization within IREs B, C, and D 

[37], as well as a putative endonuclease cleavage site between IREs C and D [41].  

However, no follow-up studies were published and, in 2016, a detailed investigation 
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by Rupani and Connell refuted these previous findings [42].  As such, the molecular 

mechanism of iron-mediated TfR1 destabilization remains unresolved.     

 

Alterations in TfR1 expression regulation is a critical factor in human health.  Many 

types of cancer, including breast and lung, have aberrant iron metabolism that allow 

the tumors to overexpress TfR1 and other iron metabolism genes, leading to high 

tumor iron and an increased proliferation phenotype with a poor prognosis [1, 10, 11, 

43, 44].  TfR1 overexpression is such an important phenotype in cancer that 

researchers have attempted to utilize TfR1 overexpression in anti-neoplastic 

strategies.  Anti-TfR1 antibodies have been utilized in in vitro and in vivo models to 

induce TfR1 internalization and degradation in cancer cells, leading to a cytotoxic 

iron deficiency in tumor cells [45].  Additionally, anti-cancer agents have been 

conjugated to Tf, hijacking the overactive Tf/TfR1 uptake pathway to deliver 

chemotherapeutics directly into cancer cells [46].  As of yet, these strategies have 

not had widespread clinical use, but remain an intriguing possibility for the 

development of novel anti-cancer therapies and require further investigation.      

 

As the major iron transporter in most cell types, determining the molecular 

mechanism of iron-mediated TfR1 mRNA destabilization will answer a critical 

question in human iron biology and may provide useful avenues of investigation for 

human pathologies such as cancer.  This dissertation discusses our investigations 

into several potential molecular mechanisms of iron-mediated TfR1 mRNA 
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destabilization.  Chapter 1 presents our findings that several microRNAs can 

regulate TfR1 mRNA expression by targeting the IRE sequences but are not the 

major mechanism of iron-mediated destabilization.  Chapter 2 examines our 

investigations into more general mRNA degradation pathways, such as 

deadenylation and exonuclease digestion.  Chapter 3, a more hypothetical section, 

discusses the background of a recently described endonuclease Regnase-1 and our 

analysis revealing multiple putative Regnase-1 cleavage sites within the IRE region.    
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Chapter 1 

 

MicroRNAs target the iron-responsive elements but are dispensable for iron-

induced destabilization of transferrin receptor 1 mRNA 

Alexander R. Bogdan, Masaki Miyazawa, Kazunori Hashimoto, and Yoshiaki Tsuji1 

Environmental and Molecular Toxicology, Department of Biological Sciences, North 

Carolina State University, Raleigh, North Carolina 27695 

 

1To whom correspondence should be addressed: Environmental and Molecular 

Biology, NC State University, Campus Box 7633, Raleigh, NC 27695. Tel.: 919-513-

1106; Email: ytsuji@ncsu.edu 
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Abstract 

Iron, an essential nutrient, is tightly regulated to ensure cells maintain appropriate 

levels to sustain critical biological processes.  Transferrin receptor 1 (TfR1), the main 

cellular iron transporter, is regulated post-transcriptionally by intracellular iron levels.  

During iron excess, TfR1 mRNA is destabilized through the activity of five Iron 

Responsive Elements (IREs A-E) located within the TfR1 3’-untranslated region.  

IREs are highly conserved stem-loops that are necessary for iron-mediated TfR1 

mRNA destabilization.  However, the molecular mechanism of iron-mediated TfR1 

mRNA destabilization remains uncharacterized.  In this study, we identify several 

microRNA (miR) target sites located within TfR1 IREs.  microRNAs are small, non-

coding RNAs that post-transcriptionally regulate mRNA expression by binding to 

partially complementary sequences on target transcripts and inhibiting mRNA 

translation or initiating mRNA degradation.  We demonstrate that miR-7-5p and miR-

141-3p induce TfR1 mRNA degradation by targeting IRE C and IRE E, respectively.  

We also show that mutating these miR target sites within the IREs can completely 

block TfR1 mRNA degradation in response to iron; however, specific inhibition of 

miR-7-5p and miR-141-3p activity did not prevent iron-mediated TfR1 

destabilization.  We discuss these apparently conflicting results, and propose 

several other potential mechanisms of TfR1 mRNA degradation in response to iron. 
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Introduction 

Iron is necessary for cell growth, division, and survival, but excess intracellular iron 

can be toxic to cells through catalyzing the formation of reactive oxygen species 

(ROS) via Fenton chemistry [7]; ROS causes oxidative cell damage by forming 

adducts with macromolecules such as proteins, lipids, and nucleic acids, and has 

been implicated in the development of various human diseases [1, 6-11].  As such, 

cells have evolved a robust post-transcriptional regulatory system that tightly 

controls iron import, export, and storage [1, 6].   

 

Transferrin receptor 1 (TfR1, TFRC) is the main cellular iron importer in many cell 

types, and is found in all vertebrate taxa [17].  TfR1 is a dimeric transmembrane 

protein that can bind extracellular transferrin (Tf), a serum protein that acts as an 

iron carrier.  The TfR1/Tf complex is internalized via endocytosis, followed by 

release of iron from Tf and DMT1-mediated delivery of iron into the cell.  The 

endosome re-fuses with the plasma membrane, and TfR1 and Tf are recycled [6, 

47]. 

 

Several iron metabolism genes (including TfR1, ferritin H, ferritin L, DMT1, and Fpn) 

contain iron responsive elements (IREs), conserved stem-loop sequences located 

within the mRNA untranslated regions (UTRs).  IREs are responsible for post-

transcriptional expression regulation by interacting with iron regulatory proteins 

(IRPs), comprising IRP1 and IRP2 [32].  In low iron conditions, IRPs bind tightly to 
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IREs; with the addition of iron, the IRPs dissociate from the IREs and either form 

cytosolic aconitase (IRP1) or are degraded by the proteasome (IRP2) [6].   

 

The effect of IREs on the expression of the parent mRNA depends on the location of 

the IRE within the transcript.  IREs located within the 5’-UTR are generally found in 

genes that lower the amount of intracellular iron, such as iron exporters (Fpn) and 

iron storage proteins (ferritin H, ferritin L).  In 5’-IREs, strong IRE-IRP binding (i.e. 

low intracellular iron) blocks translation by preventing recruitment of key ribosomal 

factors [36].  In high iron conditions, IRPs dissociate from 5’-IREs and allow for 

robust translation of iron exporters and storage proteins.  Conversely, mRNAs 

containing 3’-IREs are involved in iron uptake, such as TfR1 and DMT1.  In contrast 

to 5’-IREs, 3’-IREs promote high expression in low iron conditions by stabilizing the 

parent transcript.  High iron conditions (i.e. no IRE-IRP association) leads to a 

destabilization of 3’IRE mRNAs through an as-yet-undetermined molecular 

mechanism [1, 6, 12, 32]. 

 

TfR1 is unique in that its transcript contains 5 IREs (termed A-E) located within a 

~700 nucleotide region in the 3’-UTR [37, 39].  TfR1 mRNA is stabilized through 

interaction with IRPs during iron deficiency and destabilized upon release of IRPs 

from the IREs during iron excess.  TfR1 IREs and IRPs are well-conserved through 

evolution, being found in all chordates [13, 48], indicating that the regulation of 

cellular iron metabolism is extremely well-conserved throughout metazoans.  
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However, almost 30 years after the initial observation of TfR1 mRNA destabilization 

after IRP dissociation, no effector molecule or degradation pathway has been 

described [37, 39, 49, 50].  We hypothesize that microRNAs are the effector 

molecules responsible for iron-mediated TfR1 mRNA destabilization. 

 

MicroRNAs (miRNA or miR) are short (19-22 nucleotides), single-stranded, non-

coding RNAs that are incorporated into the miRNA-induced silencing complex 

(miRISC), a large complex of proteins involved in post-transcriptional gene silencing 

by blocking translation or directly degrading target mRNAs [51-53].  MicroRNAs 

direct the miRISC to a target mRNA by base-pairing to sites in the 3’-UTR of target 

mRNAs that are complementary to the microRNA “seed region” (nucleotides 2-7), an 

essential sequence for miRNA function [54]. 

 

We closely surveyed the TfR1 IRE sequences and found several putative microRNA 

target sites that overlap with the IRP binding sites.  We hypothesize that in low iron 

conditions the strong IRE-IRP association blocks these microRNA target sites, while, 

in high iron conditions, the IRE-IRP association is disrupted and these microRNA 

target sites are uncovered and accessible for microRNA-mediated destabilization. 

 

Materials and Methods 

Cell Culture and Reagents.  SW480 human colon adenocarcinoma cells (ATCC) 

were cultured in DMEM/high glucose supplemented with 10% fetal bovine serum 
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(FBS, Mediatech, 35-010-CV).  Cells were maintained at 37oC in a humidified 5% 

CO2 incubator (Sanyo).  Ferric ammonium citrate (FAC, also called ammonium 

iron(III) citrate; Sigma-Aldrich) and deferoxamine mesylate (DFO; Sigma-Aldrich) 

were dissolved in water.  5,6-dichloro-1-β-D-ribofuranosyl-1H-benzimidazole (DRB; 

Cayman Chemicals) was dissolved in DMSO. 

 

Gene Expression. For protein expression analysis, whole cell lysate was prepared 

in lysis buffer [Na2HPO4 (10 mM), NaCl (150 mM), 1% Triton X-100, 0.5% sodium 

deoxycholate, 0.1% sodium dodecyl sulfate, 0.2% sodium azide].  Lysates were run 

on SDS-PAGE, transferred to PVDF membranes, blocked with 5% skim milk in Tris-

buffered saline (TBS)/0.1% Tween-20, and incubated with primary antibody 

overnight at 4ºC. Western blotting antibodies: TfR1 - Zymed (13-6800); ferritin H – 

Santa Cruz (sc-25617); IRP1 – Santa Cruz (sc-14216); IRP2 – Santa Cruz (sc-

33682).   

For mRNA expression analysis, total RNA was isolated using TRI Reagent RT 

(Molecular Research Center, Inc).  cDNA was reverse transcribed from 300 ng total 

RNA using iScript cDNA Synthesis Kit (Bio-Rad) according to the manufacturer’s 

protocol.  cDNA was used in quantitative PCR (qPCR) to determine the expression 

of target genes.  qPCR reagents (iTaq Universal SYBR Green Supermix) and 

thermocycler (CFX96) were from Bio-Rad. qPCR primer sequences were obtained 

from PrimerBank (TfR1, EGFR) or realtimeprimers.com (GAPDH, HPRT1), and 

primer oligos were obtained from Sigma-Aldrich:  
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TfR1 forward – 5’-ACCATTGTCATATACCCGGTTCA-3’  

TfR1 reverse – 5’-CAATAGCCCAAGTAGCCAATCAT-3’  

EGFR forward – 5’- CCCCACCACGTACCAGATG-3’  

EGFR reverse – 5’-TCGCACTTCTTACACTTGCGG-3’  

GAPDH forward – 5’- GAGTCAACGGATTTGGTCGT-3’  

GAPDH reverse – 5’-TTGATTTTGGAGGGATCTCG-3’  

HPRT1 forward – 5’-TGACACTGGCAAAACAATGCA-3’  

HPRT1 reverse – 5’-GGTCCTTTTCACCAGCAAGCT-3’. 

IRP1 forward – 5’-GATATGGGCGCTTACCATTTTCG-3’ 

IRP1 reverse – 5’-TGTCGTCGCTGACATTCCAA-3’ 

IRP2 forward – 5’-TCGATGTATCTAAACTTGGCACC-3’ 

IRP2 reverse – 5’-GCCATCACAATTTCGTACAGCAG-3’ 

 

For microRNA quantitation, miR-7-5p, and miR-141-3p expression were measured 

by performing miRNA-specific reverse transcription (miScript RT II Kit, Qiagen) and 

quantitative PCR using miScript Primer Assays (miR-7: #MS00032116; miR-141: 

#MS00003507; U6 loading control: #MS00033740, Qiagen) according to the 

manufacturer’s protocol. 

 

siRNA, microRNA mimics and antagomiRs.  siControl (Silencer Negative Control 

No. 1) was purchased from Ambion. miR-124-3p (C-300592-05, 5’-

UAAGGCACGCGGUGAAUGCC-3’), miR-7-5p (C-300547-05, 5’-
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UGGAAGACUAGUGAUUUUGUUGU-3’) and miR-141-3p mimics (C-300608-03, 5’-

UAACACUGUCUGGUAAAGAUGG-3’) were purchased from Dharmacon.  

AntagomiR negative control (IN-001005-01, miRIDIAN microRNA Hairpin Inhibitor 

Negative Control #1, sequence not provided), anti-miR-124-3p (IH-300592-06), anti-

miR-7-5p (IH-300547-06), and anti-miR-141-3p (IH-300608-05) were from 

Dharmacon.  siRNAs for IRP1 (target sequence: 5’-GGGCAAGAACGATACACTA-

3’) and IRP2 (target sequence: 5’-GGAAGAACATGTTATACTA-3’) as described [55] 

were obtained from Qiagen.   

 

For miR mimic transfection, 25 pmol of mimic were transfected into SW480 cells 

using Lipofectamine RNAiMAX (Invitrogen) two days prior to treatment or harvest.  

For antagomiR transfection, 200 pmol of antagomiR were transfected into SW480 

cells using Lipofectamine RNAiMAX two days prior to treatment or harvest.  For co-

transfection, 25 pmol mimic and 200 pmol antagomiR were transfected using 

Lipofectamine RNAiMAX. 

 

IRE-IRP binding assays.  20 ng of biotin-labeled TfR1 IRE C or E was incubated 

with 200 μg of whole cell extracts at 4 oC overnight, followed by precipitation of IRE-

protein complexes with streptavidin-sepharose beads.  The precipitates were 

washed with 3 x 1 mL mid-RIPA buffer, pH 7.4 [Tris (25 mM), NaCl (15 mM), 1% 

NP-40, 0.5% sodium deoxycholate] and subjected to Western blotting with anti-IRP1 

or anti-IRP2 antibody. 
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Luciferase assays.  A ~700 bp fragment containing the five IREs from the TfR1 3’-

UTR was generated from the TfR1 3’-UTR via PCR using the following primers: 

forward – 5’- AATTTCTAGATAGGGGAGAGCTTTCTGTC-3’; reverse – 5’- 

AATTTCTAGAAGGGAATTATAGGAGTTGGG-3’.  These primers contain XbaI 

digestion sites, which were used to insert the IRE-containing fragment into the XbaI 

site downstream of the luciferase gene in the pGL3-Promoter plasmid (Promega).  

This insert was then subcloned into pMIR-REPORT luciferase vector (Ambion) for 

use in luciferase/microRNA co-transfection experiments. Insert orientation and 

sequence were validated via DNA sequencing.  For pGL-3-Promoter experiments, 

Renilla luciferase vector (Promega) was co-transfected as a normalization control.  

For pMIR-REPORT experiments, β-galactosidase (pMIR-REPORT β-galactosidase 

Control Vector, Ambion) was co-transfected as a normalization control.  Single and 

dual luciferase assays (Promega) were performed in accordance with 

manufacturer’s protocol and measured on GloMax 20/20 luminometer (Promega).  

β-galactosidase activity was measured according to the manufacturer’s protocol 

(Ambion). 

 

Generation of mutant IRE-luciferase vectors Mutations were inserted into the 

wild-type pGL3-Promoter-5xIRE using the QuikChange II Site-directed Mutagenesis 

Kit (Agilent Technologies) according to the manufacturer’s protocol, with the addition 
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of GC Melt (Clontech, 10% final concentration) to the reaction mixture.  The 

following primers (Sigma-Aldrich) were used:  

Mutant IRE C sense – 5’-ATCGGGAGCAGTGCCCTTCATAATG-3’ 

Mutant IRE C antisense - 5’-CATTATGAAGGGCACTGCTCCCGAT-3’ 

Mutant IRE E sense - 5’-TTATCGGGAACAGCACCTCCCATAATT-3’ 

Mutant IRE E antisense - 5’-AATTATGGGAGGTGCTGTTCCCGATAA-3’.   

The IRE C/E double mutant vector was generated by performing the mutagenesis 

reaction on the mutant IRE C vector using mutant IRE E primers.  All mutants were 

confirmed by DNA sequencing.   

 

Results 

Expression of TfR1 mRNA is regulated by iron and the IRE/IRP interaction at the 

post-transcriptional level 

We first surveyed TfR1 mRNA and protein expressions in response to modulations 

of cellular iron status in SW480 colon adenocarcinoma cells.  SW480 cells were 

treated with increasing amounts of iron [ferric ammonium citrate (FAC), a soluble 

form of iron] or iron chelator [deferoxamine mesylate (DFO)] for 24 hours.  As 

expected, TfR1 mRNA and protein decreased in a dose-dependent manner after 

FAC treatment and increased after DFO treatment (Figure 1).  The iron storage 

protein ferritin H showed the opposite response: an increase after FAC treatment 

and decrease after DFO treatment (Figure 1).  Collectively, these data suggest that 
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SW480 cells exhibit classic gene expression changes in response to iron and are an 

appropriate model for studying TfR1 mRNA regulation. 

 

To examine the mechanism of TfR1 mRNA decrease after iron treatment, SW480 

cells were co-treated with the transcription inhibitor 5,6-dichloro-1-β-D-ribofuranosyl-

1H-benzimidazole (DRB) and FAC or vehicle.  If the iron-mediated decrease of TfR1 

mRNA is due to a change in TfR1 mRNA stability, we would expect to see a 

shortening of TfR1 mRNA half-life in iron-treated cells.  Indeed, the half-life of TfR1 

mRNA in FAC-treated SW480 cells decreased to approximately 4 hours, compared 

with greater than 8 hours in the vehicle-treated cells (Figure 2).  FAC treatment had 

no effect on the half-life of a control mRNA, TATA binding protein (TBP) (Figure 2).  

This suggests that FAC is causing a destabilization of TfR1 mRNA rather than a 

decrease of TfR1 transcription. 

 

We next examined the effect of FAC on the IRE-IRP interaction.  After 1 hour FAC 

treatment, there was significant reduction of IRP1 binding to TfR1 IREs C and E 

(Figure 3).  IRP1 binding to IREs C and E was undetectable after 3 hours post-FAC.  

There was no alteration in IRP1 protein level (Figure 3); this was expected since 

IRP1 converts to a non-RNA-binding, cytosolic aconitase in high iron conditions.  

IRP2 also showed complete dissociation from IREs C and E 3 hours post-FAC, with 

a concomitant decrease of IRP2 protein expression (Figure 3).  IRP2 decrease in 
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high-iron conditions is attributable to the action of FBXL5, an iron-sensitive E3 

ubiquitin ligase that marks IRP2 for proteasomal degradation [35]. 

 

Both IRP1 and IRP2 contribute to IRE-IRP regulation.  To determine which IRP is 

dominant in stabilizing TfR1 mRNA in SW480, siRNA was used to transiently 

knockdown IRP1 and IRP2.  Single knockdown of either gene individually did not 

result in a change; however, simultaneous knockdown of IRP1 and IRP2 significantly 

decreased TfR1 mRNA (Figure 4a), suggesting that both IRP1 and IRP2 are 

important contributors to high TfR1 mRNA expression in SW480.  Next, the 

mechanism by which IRPs sustain TfR1 expression was assessed; IRP1 and IRP2 

simultaneous knockdown significantly reduced TfR1 mRNA half-life but had no effect 

on TBP mRNA half-life (Figure 4b), suggesting that IRP1 and IRP2 act as stabilizing 

proteins on TfR1 mRNA. 

 

Taken together, these data suggest that iron downregulates TfR1 mRNA by causing 

IRP1 and IRP2 to dissociate from IREs located in TfR1 3’UTR, leading to a 

destabilization of the transcript.   

 

TfR1 IRE sequences contain several putative microRNA sites 

Given the importance of the IREs in mediating TfR1 mRNA stability, we closely 

investigated the RNA sequences of the IREs.  Using several miR target prediction 

algorithms (TargetScan, miRanda), we found three putative miR binding sites that 
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were wholly contained within the IRE stem-loops.  miR-124-3p, miR-7-5p, and miR-

141-3p seed sequences were found to have potential binding sites within IREs B, C, 

and E, respectively (Figure 5).  Given the overlap in the IRP binding sites (a 

stabilizing force) and these putative microRNA target sites (a destabilizing force), we 

hypothesized that microRNAs may be the effector molecules responsible for TfR1 

mRNA destabilization through targeting the IRE sequences after IRP dissociation. 

 

Given that iron-mediated TfR1 mRNA instability is well-conserved, any regulation 

mechanism is also likely to be well-conserved.  We investigated the microRNA and 

TfR1 IRE sequences in various vertebrates to check for high conservation.  Indeed, 

miR-7-5p, miR-141-3p (or the related miR-200-3p), and miR-124-3p were almost 

entirely conserved from zebrafish to humans (Table 1).  Similarly, TfR1 IRE B, IRE 

C, and IRE E were entirely conserved (Table 2).  In summary, our hypothetical 

regulatory mechanism – that specific microRNAs are targeting the IRE sequences in 

TfR1 3’UTR after IRE-IRP dissociation – may hold true in a wide range of vertebrate 

species.   

 

miR-7-5p and miR-141-3p target TfR1 IREs C and E 

To test whether these microRNAs target TfR1 mRNA, SW480 cells were transfected 

with microRNA mimics and, two days post-transfection, were treated with vehicle or 

FAC for 5 hours.  miR-7-5p and miR-141-3p both significantly downregulated TfR1 

mRNA (p<0.01; Figure 6A); miR-124-3p trended towards TfR1 downregulation but 
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failed to reach statistical significance (p=0.08; Figure 6A).  FAC significantly 

downregulated TfR1 mRNA compared to vehicle in all transfection conditions 

(p<0.01), indicating that normal TfR1 mRNA response to iron was unaltered by the 

transient overexpression of these microRNAs.  Epidermal Growth Factor Receptor 

(EGFR), a known target of miR-7-5p, was unaffected by FAC treatment or miR-141-

3p/miR-124-3p transfection (Figure 6A). 

 

While there is evidence that heme iron is a necessary enzymatic co-factor for 

general microRNA biogenesis [56-59], relatively few studies have investigated 

upregulation of specific microRNAs by perturbations in iron status.  We determined 

microRNA expression in SW480 cells after treatment with FAC; neither miR-7-5p nor 

miR-141-3p were upregulated by FAC in SW480 cells (Figure 6B)  

 

To determine if miR-7-5p and miR-141-3p are acting through the putative binding 

sites located in IREs C and E, a reporter vector was constructed with a ~700 bp 

fragment containing the TfR1 IREs cloned downstream of a luciferase gene.  Site-

directed mutagenesis was utilized to insert several mismatches into the putative 

microRNA target sites located in IREs C and E (Figure 7), disrupting any potential 

microRNA activity mediated through these sites.  Importantly, the mutant IRE 

sequences still maintained normal IRP binding characteristics; that is, IRPs exhibited 

strong binding in low iron conditions and dissociated in high iron conditions (Figure 

7). 
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The IRE-wildtype (WT) vector behaved similarly to endogenous TfR1 mRNA, 

showing a significant decrease in luciferase activity when treated with iron (p<0.01; 

Figure 8).  Mutating IRE C (mutC) or IRE E (mutE) singly showed a partial inhibition 

of the iron response, while mutating both IRE C and IRE E (mutC/E) eliminated the 

iron-induced decrease in luciferase activity (Figure 8). 

 

The WT vector showed a significant decrease in luciferase activity in miR-7-5p and 

miR-141-3p transfected cells (p<0.05; Figure 8).  Mutating IREs C and E (mutC/E) 

completely abolished the effects of miR-7-5p and miR-141-3p (Figure 8), suggesting 

that these microRNAs are targeting TfR1 mRNA through IRE C and IRE E. 

 

miR-7-5p and miR-141-3p are not the primary mechanism of iron-mediated TfR1 

mRNA destabilization 

We next tested our hypothesis that microRNAs are the effector molecules 

responsible for destabilizing TfR1 mRNA in high-iron conditions by utilizing 

antagomiRs, highly-specific inhibitors of single microRNAs.  First, the ability of 

antagomiRs to block mRNA degradation induced by miR-overexpression was 

assessed.  The antagomiR for miR-7-5p (Ant-7) prevented any decrease in TfR1 or 

EGFR mRNA expression induced by miR-7-5p overexpression (Figure 9), indicating 

that Ant-7 was efficiently inhibiting miR-7-5p activity. 
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Next, a combination of three antagomiRs (Ant-7, Ant-141, and Ant-124) was 

transfected into SW480 cells that were treated with vehicle or FAC for 5 hours.  

While the Ant-transfected cells showed a notable but non-significant ~20% increase 

in basal TfR1 mRNA expression, the TfR1 mRNA response to iron was unaffected 

(Figure 9).  EGFR expression after miR-7-5p transfection was rescued by the 

antagomiR cocktail, indicating the antagomiRs were functional in this experiment 

(Figure 9).  Together, these results suggest that miR-7-5p, miR-141-3p, and miR-

124-3p are not the primary mechanism of iron-mediated TfR1 mRNA destabilization. 

 

Discussion 

Determining the molecular mechanism of iron-induced TfR1 mRNA destabilization 

remains an important unanswered question in iron biology.  While early studies 

suggested that TfR1 mRNA degradation began with an endonuclease cleavage at a 

specific site within the IRE region [41], a recent detailed study of the IRE region did 

not agree with these findings and described several new sequences within the IRE 

region (but not contained within the IRE stem-loops) contributing to TfR1 

destabilization [42].  This same study also confirmed that TfR1 mRNA decay 

required some trans-acting factor, as TfR1 mRNA showed no autocatalytic or 

ribozyme activity [42]. 

 

Our study sought to determine what role, if any, microRNAs played in mediating 

TfR1 mRNA destabilization.  Recently, miRNAs have been studied as regulators of 
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iron metabolism genes.  Ferritin H [43], Fpn [60], DMT1 [61], TfR1 [62, 63], and 

several others [64] have been experimentally verified as targeted by various 

miRNAs.  However, none of these reports demonstrate microRNAs contributing to 

iron-dependent gene regulation, nor microRNAs targeting IRE sequences. 

 

We found that miR-7-5p and miR-141-3p target IRE C and IRE E, respectively, 

within the TfR1 3’UTR.  Mutating these microRNA target sites successfully blocked 

both miR- and iron-induced degradation of a reporter gene containing the TfR1 

IREs.  Surprisingly, inhibitors of miR-7-5p and miR-141-3p did not prevent iron-

induced degradation of TfR1 mRNA, despite blocking degradation after miR-

overexpression.  These data suggest the apparently contradictory conclusions that 

1) miRs target TfR1 mRNA for degradation through sequences necessary for iron-

mediated destabilization, and 2) miRs are not an important contributor to the iron-

mediated destabilization pathway.   

 

There are a few possibilities explaining this observation.  The simplest explanation is 

that microRNAs are not involved in iron-mediated control of TfR1 mRNA.  Given that 

miR-7-5p and miR-141-3p target TfR1 mRNA through the exact sequences 

necessary for destabilization in high iron conditions (Figure 3D and 3E), we do not 

consider this to be likely.  It is more probable that there is an alternative degradation 

pathway that is either the primary TfR1 mRNA degradation pathway (i.e. TfR1 

mRNA is preferentially degraded by this pathway rather than by the miR pathway) or 
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acts as a redundant degradation system (i.e. it degrades TfR1 mRNA if miR pathway 

is inhibited).  Since the kinetics of TfR1 mRNA degradation appears to be the same 

in microRNA-inhibited cells (Figure 4B), we posit that miR-7-5p and miR-141-3p 

targeting of TfR1 mRNA is likely a secondary mechanism of iron-induced 

degradation.  Therefore, we consider several other options as the potential primary 

mechanism. 

 

Firstly, it is possible that there are other microRNAs important in controlling TfR1 

mRNA stability; indeed, miR-320 [63] and miR-210 [62] were previously shown to 

target TfR1, albeit far outside the IRE region.  The three microRNAs investigated in 

this study were selected for multiple reasons: their target sites are located entirely 

within an IRE stem-loop; their target site sequences are conserved throughout 

vertebrate evolution; and the microRNAs are ubiquitously expressed in vertebrates 

(Table 1 and Table 2).  However, there are other microRNAs predicted to target 

within the ~700 nucleotide IRE region; this is not uncommon, as microRNA 

prediction algorithms heavily weight complementarity to the 6-nucleotide seed 

sequence in their predictions.  A given RNA sequence may contain many potential 

miR target sites, but any predicted microRNA binding site must be experimentally 

tested to determine if it is a bona fide target.  Again, we do not consider this the most 

likely possibility.  TfR1 mRNA destabilization in high iron conditions, as well as the 

TfR1 IRE sequences, are incredibly well-conserved throughout vertebrate evolution.  

Logically, the destabilization mechanism through the IRE sequences should also be 
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well-conserved in many species, while these other microRNAs and their target 

sequences are not.   

 

Secondly, there are many non-miR mRNA degradation systems in the cell involving 

myriad protein types, including endonucleases, exonucleases, decapping enzymes, 

RNA helicases, and others [65].  For example, AU-rich elements (AREs) are 

sequences found within the 3’UTR centered around the pentamer AUUUA that bind 

ARE-binding proteins (e.g. HuR, AUF1, and TTP), which in turn recruit other proteins 

to stabilize or destabilize the transcript [66].  TfR1 3’UTR contains several putative 

AU-rich elements throughout the 3’UTR. Indeed, a recent study uncovered a role for 

TTP to destabilize TfR1 mRNA [67]; however, this study concluded that TTP activity 

was activated by iron deficiency rather than iron excess and seems to be separate 

from the IRE-IRP system.  A follow-up study highlighted the importance of a TTP-

family protein (ZFP36L3) in TfR1 regulation during development: deletion of the 

ZFP36L3 stabilized TfR1 mRNA, but, counterintuitively, significantly decreased 

overall TfR1 expression [68], highlighting the complexity of TfR1 expression 

regulation. 

 

Other degradation pathways, such as those initiated by endonucleases, are also 

sequence-specific.  The recent study by Rupani and Connell [42] granted insight into 

which sequences within the IRE region contribute to TfR1 mRNA instability, and may 
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aid in developing testable hypotheses to determine the identity of the TfR1 

degradation effector molecules. 

 

Determining the molecular mechanism of iron-mediated TfR1 mRNA destabilization 

has broad implications.  Altered iron metabolism, including high TfR1 expression 

even during iron overload, is a hallmark of many types of cancer [1, 10], and 

targeting TfR1 expression in tumors remains an attractive therapeutic option.  By 

determining the pathway by which iron destabilizes TfR1 mRNA, more treatment 

avenues are uncovered; re-activating the normal destabilization pathway to 

downregulate TfR1 expression in malignant cells may be an effective treatment 

strategy in many cancer types. 

 
Figure Legends 

Figure 1. TfR1 mRNA expression is regulated by intracellular iron status.  TfR1 

mRNA and protein expression in iron-replete and iron-deficient conditions in SW480 

cells.  Cells were treated with 0, 10, 50, 100, and 250 µM ferric ammonium citrate 

(FAC) or 25 µM iron chelator deferoxiamine (DFO) for 24 hr.  TfR1 mRNA and 

protein expression was measured by quantitative real-time PCR (qPCR) and 

Western blotting, respectively.  Ferritin protein expression was measured by 

Western blotting.  TfR1 mRNA expression was normalized to GAPDH mRNA, and β-

actin was used as a loading control for Western blotting.  Results are from three 
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independent experiments.  Representative Western blots and qPCR means +/- SE 

are shown. *p<0.05, **p<0.01 vs. untreated cells.   

 

Figure 2.  TfR1 mRNA is destabilized by intracellular iron.  SW480 cells were 

treated with 30 µg/mL transcription inhibitor (5,6-dichloro-1-β-D-ribofuranosyl-1H-

benzimidazole; DRB) and vehicle or 250 µM FAC for 0, 2, 4, 6, or 8 hr.  TfR1 and 

TBP percent mRNA remaining were determined by qPCR and normalized to 0 hr 

(100% mRNA remaining).  50% mRNA remaining is indicated with a dotted red line.  

Results are from 3 independent experiments.  Means +/- SE are shown. **p<0.01 vs 

untreated cells at the same time point. 

 

Figure 3.  IRPs dissociate from TfR1 IREs in high iron conditions.  Cell lysates 

isolated from SW480 cells treated with 250 µM FAC for the indicated times were 

incubated with biotinylated TfR1 IRE C or IRE E RNA (see methods section for 

sequences) for 2 hours and precipitated with streptavidin-sepharose beads.  The 

precipitates were subjected to Western blotting with anti-IRP1 or anti-IRP2 antibody.  

Experiments were repeated 3 times and representative blots are shown. 

 

Figure 4. IRP knockdown destabilizes TfR1 mRNA A. SW480 cells were 

transfected with siCon, siIRP1, siIRP2 or a combination of siIRP1 and siIRP2 for 48 

hr.  TfR1, IRP1, and IRP2 mRNA expressions were determined by qPCR.  Results 

are from 3 independent experiments.  Means +/- SE are shown.  B. SW480 cells 
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were transfected with siCon or a combination of siIRP1 and siIRP2 for 48 hr, then 

treated with 30 µg/mL DRB for 0, 4, or 8 hr. TfR1 and TBP percent mRNA remaining 

were determined by qPCR and normalized to 0 hr (100% mRNA remaining).  

Results are from 3 independent experiments.  Means +/- SE are shown. 

 

Figure 5. TfR1 mRNA contains putative microRNA target sites within the IRE 

sequences.  Schematic showing miR-124-3p, miR-7-5p, and miR-141-3p target sites 

within TfR1 IREs B, C, and E, respectively. 

 

Figure 6. TfR1 mRNA is downregulated by miR-7-5p and miR-141-3p 

overexpression. A. SW480 cells were transfected with siCon, miR-7-5p, miR-141-

3p, or miR-124-3p for 48 hr.  Transfected cells were then treated with vehicle or 250 

μM FAC for 5 hr.  TfR1 and EGFR mRNA expression was measured by qPCR and 

normalized to HPRT1 expression.  Experiments were repeated three times and 

qPCR means +/- SE are shown. **p<0.01 vs. untreated siCon by ANOVA.  B. miR-7-

5p and miR-141-3p expressions were determined in untreated or 250 µM FAC 

treated SW480 cells (24 hr) and normalized to small RNA U6 expression.  Means +/- 

SE from three experiments are shown. 

 

Figure 7. Mutating miR-7-5p and miR-141-3p target sites does not affect IRP 

binding. Top. TfR1 IREs A-E was cloned into the 3’UTR cloning sites of pGL3-

Promoter and pMIR-REPORT luciferase vectors.  The miR-7-5p and miR-141-3p 



 

33 
 

target sites located in IREs C and E were mutated by site-directed mutagenesis 

(shown underlined).  Bottom. SW480 cell lysates treated with 250 µM FAC for 5 hr 

were incubated with biotinylated wild-type or mutant IRE C or IRE E for 2 hours and 

precipitated with streptavidin-sepharose beads, followed by Western blotting with 

anti-IRP1 or anti-IRP2 antibody.  N=3, representative blots are shown.  The arrow in 

the IRP1 blot indicates a non-specific band. 

 
Figure 8.  Mutating miR-7-5p and miR-141-3p target sites within TfR1 IREs 

blocks iron- and miR-mediated destabilization. Left. 200 ng pGL3-Promoter wild-

type IREs A-E (WT), mutant IRE C (mutC), mutant IRE E (mutE), or double mutant 

(mutC/E), were co-transfected with 10 ng Renilla luciferase vector into SW480 cells. 

The day after transfection, cells were treated with 0 or 250 µM FAC for 18.5 hours.  

Cells were harvested and luciferase activity was measured and normalized to 

Renilla luciferase activity.  Means +/- SE from four independent experiments are 

shown.  **p<0.01, *p<0.05 vs. 0 treatment for each vector.  Right. 20 ng of pMIR-

REPORT-WT or pMIR-REPORT-mutC/E luciferase vector were co-transfected with 

20 ng pMIR-REPORT-β-galactosidase vector and either 40 pmol of non-targeting 

siCon or 20 pmol each of miR-7-5p and miR-141-3p for 48 hrs, then luciferase 

activity was measured and normalized to β-galactosidase activity.  Means +/- SE 

from six independent experiments are shown. *p<0.05 vs. siCon for each vector. 

 
Figure 9.  Inhibiting IRE-targeting miRs does not block iron-mediated TfR1 

destabilization.  SW480 cells were transfected with 300 pmol control antagomiR 
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(Ant-Con) or 100 pmol each antagomiR (Ant-7/141/124) for 48 hrs, then treated with 

vehicle or 250 μM FAC for 5 hr and TfR1 mRNA expression was measured by qPCR 

and normalized to HPRT1 expression.  Means +/- SE, n=3. **p<0.01 vs. Vehicle Ant-

Con.  As a positive control of antagomiR activity, EGFR mRNA expression 

(normalized to HPRT1 expression) was measured in SW480 cells transfected with a 

combination of 20 pmol miR-7-5p and 100 pmol Ant-Con or Ant-7.  Means +/- SE 

from 3 independent experiments are shown. **p<0.01 vs. Vehicle Ant-Con. 
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Figure 1. TfR1 mRNA expression is regulated by intracellular iron status.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

36 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Figure 2.  TfR1 mRNA is destabilized by intracellular iron.   
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Figure 3.  IRPs dissociate from TfR1 IREs in high iron conditions.   
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Figure 4. IRP knockdown destabilizes TfR1 mRNA  
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Figure 5. TfR1 mRNA contains putative microRNA target sites within the IRE 

sequences.   
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Table 1.  Mature microRNA sequences are widely conserved across vertebrate 

species 

 

 

 

 

 

 

Table 2.  TfR1 IRE B, C, and E sequences are perfectly conserved across vertebrate 

species 

 

 

 

 

 

Species Common name Symbol miR-7-5p mature sequence miR-141-3p (or miR-200a-3p) 

mature sequence miR-124-3p mature sequence 
Homo sapiens Human hsa UGGAAGACUAGUGAUUUUGUUGU UAACACUGUCUGGUAAAGAUGG UAAGGCACGCGGUGAAUGCC 

Pan troglodytes Chimpanzee ptr UGGAAGACUAGUGAUUUUGUUGU UAACACUGUCUGGUAAAGAUGG UUAAGGCACGCGGUGAAUGCCA 
Macaca mulatta Rhesus mml UGGAAGACUAGUGAUUUUGUUGU  AACACUGUCUGGUAAAGAUGG UUAAGGCACGCGGUGAAUGCCA 
Mus musculus Mouse mmu UGGAAGACUAGUGAUUUUGUUGU UAACACUGUCUGGUAAAGAUGG UAAGGCACGCGGUGAAUGCC 

Rattus norvegicus Rat rno UGGAAGACUAGUGAUUUUGUUGU UAACACUGUCUGGUAAAGAUGG UAAGGCACGCGGUGAAUGCC 
Canis familiaris Dog cfa UGGAAGACUAGUGAUUUUGUUGU  AACACUGUCUGGUAAAGAUGG  UAAGGCACGCGGUGAAUGCCA 
Equus caballus Horse eca UGGAAGACUAGUGAUUUUGUUGU UAACACUGUCUGGUAAAGAUGG UAAGGCACGCGGUGAAUGCC 
Gallus gallus Chicken gga UGGAAGACUAGUGAUUUUGUUG UAACACUGUCUGGUAACGAUGU UUAAGGCACGCAGUGAAUGCCA 

Xenopus tropicalis Frog xtr UGGAAGACUAGUGAUUUUGUUG UAACACUGUCUGGUAACGAUGU UUAAGGCACGCGGUGAAUGCCA 
Fugu rubripes Pufferfish fru UGGAAGACUAGUGAUUUUGUU UAACACUGUCUGGUAACGAUGU   UAAGGCACGCGGUGAAUGCCAA 

Danio rerio Zebrafish dre UGGAAGACUAGUGAUUUUGUUGU UAACACUGUCUGGUAACGAUGC   UAAGGCACGCGGUGAAUGCCAA 

Species Common name Symbol TFRC IRE B TFRC IRE C TFRC IRE E 
Homo sapiens Human hsa AAUUAUCGGAAGCAGUGCCUUCCAUAAUU CAUUAUCGGGAGCAGUGUCUUCCAUAAUG AAUUAUCGGGAACAGUGUUUCCCAUAAUU 

Pan troglodytes Chimpanzee ptr AAUUAUCGGAAGCAGUGCCUUCCAUAAUU CAUUAUCGGGAGCAGUGUCUUCCAUAAUG AAUUAUCGGGAACAGUGUUUCCCAUAAUU 
Mus musculus Mouse mmu AAUUAUCGGAAGCAGUGCCUUCCAUAAUU CAUUAUCGGGAGCAGUGUCUUCCAUAAUG AAUUAUCGGGAACAGUGUUUCCCAUAAUU 

Rattus norvegicus Rat rno AAUUAUCGGAAGCAGUGCCUUCCAUAAUU CAUUAUCGGGAGCAGUGUCUUCCAUAAUG AAUUAUCGGGAACAGUGUUUCCCAUAAUU 
Canis familiaris Dog cfa AAUUAUCGGAAGCAGUGCCUUCCAUAAUU CAUUAUCGGGAGCAGUGUCUUCCAUAAUG AAUUAUCGGGAACAGUGUUUCCCAUAAUU 

Gallus gallus Chicken gga AAUUAUCGGAAGCAGUGCCUUCCAUAAUU CAUUAUCGGGGGCAGUGUCUUCCAUAAUG AAUUAUCGGGGACAGUGUUUCCCAUAAUU 
Xenopus tropicalis Frog xtr AAUUAUCGGAAGCAGUGCCUUCCAUAAUU CAUUAUCGGAAGCAGUGUCUUCCAUAAUG AAUUAUCGGGGACAGUGUUUCCCAUAAUU 
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B. 

 

Figure 6. TfR1 mRNA is downregulated by miR-7-5p and miR-141-3p 

overexpression.  
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Figure 7. Mutating miR-7-5p and miR-141-3p target sites does not affect IRP 

binding.  
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Figure 8.  Mutating miR-7-5p and miR-141-3p target sites within TfR1 IREs blocks 

iron- and miR-mediated destabilization.  
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Figure 9.  Inhibiting IRE-targeting miRs does not block iron-mediated TfR1 

destabilization.   
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Abstract 

Iron, an essential nutrient, is tightly regulated to ensure cells maintain appropriate 

levels to sustain critical biological processes.  Transferrin receptor 1 (TfR1), the main 

cellular iron transporter, is regulated post-transcriptionally by intracellular iron levels.  

Low intracellular iron leads to high TfR1 expression, while high intracellular iron 

causes destabilization of TfR1 mRNA.    However, the molecular mechanism of iron-

mediated TfR1 mRNA destabilization remains uncharacterized.  In this study, we 

investigate several mRNA degradation genes, including deadenylases (PAN2, 

CNOT6), decapping enzyme (DCP2), and exonucleases (Xrn1, DIS3, DIS3L, 

DIS3L2) to determine their involvement in iron-mediated TfR1 mRNA destabilization.  

Through single- and multi-gene knockdown experiments, we demonstrate that none 

of these genes are a critical factor for TfR1 mRNA destabilization. 

 

  



 

47 
 

Introduction 

Regulated mRNA decay is a normal part of mRNA metabolism, and can broadly be 

categorized into deadenylation-dependent or deadenylation-independent 

mechanisms [65, 69-71] (Figure 1).  Deadenylation-dependent mRNA decay 

requires removal of the poly-A tail as a first step.  Deadenylases, such as PAN2 and 

the CCR4-NOT complex [containing CNOT6 (also known as CCR4) as the catalytic 

component] specifically degrade the poly-A tail [72, 73].  After deadenylation, the 5’ 

cap (7-methylguanylate cap) is removed by the decapping enzyme DCP2, in 

conjunction with DCP1 [65, 71].  Finally, the decapped, deadenylated transcript is 

degraded 5’3’ by the exonuclease Xrn1 [69, 74] or 3’5’ by the exosome, a large 

protein complex (containing DIS3L as the catalytic component) [65, 69, 71].   

 

Deadenylation-independent mRNA decay, as the name implies, does not have 

deadenylation as the first step.  Deadenylation-independent mRNA decay pathways 

include endonuclease cleavage [65, 71] and the RNA surveillance pathway 

nonsense-mediated decay (NMD).  Proteins involved in NMD, such as UPF1 (up-

frameshift protein 1, also known as Regulator of nonsense transcripts 1), recognize 

transcripts with nonsense mutations (premature termination codons) and recruit 

mRNA degradation factors such as Xrn1 and the exosome through a complex series 

of biochemical events [65, 71, 75]. 
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DIS3L is the exonuclease in the exosome, a large protein complex that degrades 

mRNA 3’5’.  However, DIS3L is only one member of a protein family.  DIS3 and 

DIS3L2 have also been described as important mediators of mRNA decay.  DIS3 

(also known as Rrp44) is both an endonuclease and a 3’5’ exonuclease, but is 

primarily understood as a component of the nuclear exosome [76, 77].  Interestingly, 

DIS3 also appears to be important for the biogenesis of certain microRNAs, such as 

the let-7 family [78-80], but more research is required to determine if DIS3 has a role 

in general microRNA biogenesis.  DIS3L2 is a recently described exonuclease that 

preferentially degrades transcripts with a poly-U tail [81, 82], which is added by the 

enzyme Terminal U Transferase (TUT) to certain mRNAs after deadenylation [83]. 

 

Transferrin receptor 1 (TfR1, TFRC) is the main cellular iron importer in many cell 

types, and is found in all vertebrate taxa [17].  TfR1 expression is controlled post-

transcriptionally, with TfR1 mRNA being destabilized in high iron conditions through 

an undetermined molecular mechanism [37, 39].  In this study, we investigated the 

roles of several mRNA degradation genes (PAN2, CNOT6, DCP2, Xrn1, DIS3, 

DIS3L, and DIS3L2) in iron-mediated TfR1 destabilization. 

 

Materials and Methods 

Cell Culture and Reagents.  SW480 human colon adenocarcinoma cells (ATCC) 

were cultured in DMEM/high glucose supplemented with 10% fetal bovine serum 

(FBS, Mediatech, 35-010-CV).  Cells were maintained at 37oC in a humidified 5% 
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CO2 incubator (Sanyo).  Ferric ammonium citrate (FAC, also called ammonium 

iron(III) citrate; Sigma-Aldrich) was dissolved in water. 

 

Gene Expression. For mRNA expression analysis, total RNA was isolated using 

TRI Reagent RT (Molecular Research Center, Inc).  cDNA was reverse transcribed 

from 300 ng total RNA using iScript cDNA Synthesis Kit (Bio-Rad) according to the 

manufacturer’s protocol.  cDNA was used in quantitative PCR (qPCR) to determine 

the expression of target genes.  qPCR reagents (iTaq Universal SYBR Green 

Supermix) and thermocycler (CFX96) were from Bio-Rad. qPCR primer sequences 

were obtained from PrimerBank (TfR1, PAN2, CNOT6, Xrn1, DCP2, DIS3, DIS3L, 

DIS3L2), realtimeprimers.com (HPRT1) or as described [81] (NR4A1, ERBB3):  

TfR1 forward – 5’-ACCATTGTCATATACCCGGTTCA-3’  

TfR1 reverse – 5’-CAATAGCCCAAGTAGCCAATCAT-3’  

PAN2 forward – 5’-CAGCAGCACTCTACTCGTTGG-3’ 

PAN2 reverse – 5’-GTGTGGCCGCAGAAGAAGAA-3’ 

CNOT6 forward – 5’-CCTGACCCTCGGAGGATGTAT-3’ 

CNOT6 reverse – 5’-GCTTGGCAATGTCTGAAGGAA-3’ 

Xrn1 forward – 5’-AGTGGCACCTCAACTTACCT-3’ 

Xrn1 reverse – 5’-TTCCTGGCCCTTTAACTTTTTCT-3’ 

DCP2 forward – 5’-ATGGAGCCAAACGGGTGGA-3’ 

DCP2 reverse – 5’-AACAATGGGCAAGTTCAATCT-3’ 

DIS3 forward – 5’-TTGAAGCCTACAGGTAGAGTTGT-3’ 
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DIS3 reverse – 5’-AGGGATTCTCTTATCAGCAGGTG-3’ 

DIS3L forward – 5’-GCCCACGAGCTTTGTGATTCT-3’ 

DIS3L reverse – 5’-GCTGGCTCCTTGAAGTCGAA-3’ 

DIS3L2 forward – 5’-TCCCCGGATGGTGATCGAG-3’ 

DIS3L2 reverse – 5’-GGAGCAGTTTCACGACCAC-3’ 

NR4A1 forward – 5’-CCTGAAGTTGTTCCCCTCAC-3’ 

NR4A1 reverse – 5’-GGTTGAGGTCACGGGTGTAT-3’ 

ERBB3 forward – 5’-TCACACTCAGGCCATTCAGA-3’ 

ERBB3 reverse – 5’-AGTCATGAGGGCGAACGAC-3’ 

HPRT1 forward – 5’-TGACACTGGCAAAACAATGCA-3’  

HPRT1 reverse – 5’-GGTCCTTTTCACCAGCAAGCT-3’ 

 

siRNA. siControl (Silencer Negative Control No. 1) was purchased from Ambion.  

siRNAs for CNOT6, PAN2, DCP2, Xrn1, DIS3, DIS3L, and DIS3L2 were from 

QIAGEN.  siRNA target sequences are as follows: 

CNOT6 – 5’-AGCTGCAATGCTGATATCGTA-3’ 

PAN2 – 5’-AAGGTGCTCAAGGGTCTTTAT-3’ 

DCP2 – 5’-AAACACGAGTTTGCACTGTAA-3’ 

Xrn1 – 5’-CAGATGGATCTCAGAGCGGTA-3’ 

DIS3 – 5’-CAGGTAGAGTTGTAGGAATAA-3’ 

DIS3L – 5’-CAGGGTGGTCGTGCGCATCGA-3’ 

DIS3L2 – 5’-AAGCTGCGTATGAATCAGATA-3’ 
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For single gene knockdown, 20 pmol of siRNA was transfected into SW480 cells 

using Lipofectamine RNAiMAX (Invitrogen).  48 hrs later, cells were treated with 

FAC for the indicated times.  For simultaneous gene knockdowns, 20 pmol of each 

gene siRNA (or a comparable amount of siCon) was transfected into SW480 cells 

using Lipofectamine RNAiMAX (Invitrogen) and, 48 hrs later, treated with FAC for 

the indicated times.   

 

Results 

Since microRNAs do not seem to be the primary mechanism of iron-mediated TfR1 

mRNA destabilization (Chapter 1), we pursued alternative mechanisms.  General 

mRNA decay pathways involve key proteins including deadenylases (PAN2, 

CNOT6), decapping enzyme (DCP2), and exonucleases (Xrn1, DIS3, DIS3L, 

DIS3L2) (Figure 1).   

 

We first investigated if knockdown of deadenylases affected TfR1 mRNA 

destabilization.  Knockdown of neither CNOT6 (Figure 2) nor PAN2 (Figure 3) 

showed any change to the kinetics of TfR1 mRNA destabilization in response to iron, 

despite increases in the positive control gene ERBB3 [81].  Similarly, knockdown of 

the 5’3’ exonuclease Xrn1 (Figure 4) or the decapping enzyme DCP2 (Figure 5) or 

had no effect on the kinetics of iron-mediated TfR1 mRNA degradation, despite 

increases in the positive control gene NR4A1.  We also knocked down DIS3, DIS3L, 



 

52 
 

and DIS3L2 (Figure 6), but again did not observe any alteration of TfR1 iron 

response. 

 

Collectively, these data suggest that removal of any single mRNA degradation gene 

tested is not sufficient to block iron-mediated TfR1 mRNA destabilization.  We next 

tried to simultaneously knockdown several genes.  Knockdown of CNOT6, PAN2, 

DCP2, and Xrn1 simultaneously did not affect TfR1 iron-mediated destabilization 

(Figure 7), nor did additionally knocking down DIS3, DIS3L, and DIS3L2 (Figure 8).    

 

Discussion 

Our simultaneous knockdown of 7 mRNA degradation genes did not prevent TfR1 

mRNA decrease after iron treatment.  This was a very surprising result, as our 

positive control genes for disrupted mRNA degradation (ERBB3 and NR4A1) were 

successfully increased in our knockdown conditions.  Two possibilities exist: either 

none of these genes are necessary for iron-mediated TfR1 mRNA destabilization, or 

one or more of these genes do contribute but TfR1 mRNA degradation is such a 

robust process that other pathways can compensate. 

 

It should be noted that while the 7 genes in this study are some of the most well-

characterized general mRNA degradation genes, they are not the only ones.  For 

example, other members of the CNOT family (such as CNOT6L, CNOT7, and 

CNOT8) can function in place of CNOT6 in the CCR4-NOT deadenylation complex 
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[84-86].  EXOSC10 (also known as Rrp6) can function as an exonuclease in the 

exosome [87, 88], but it more well-studied in yeast than humans.  Our knowledge of 

mRNA degradation pathways is incomplete, but ever increasing; DIS3L2 (digests 

poly-U mRNA), for example, was only identified in 2013 [81-83].  As new proteins 

involved in mRNA turnover are described, it will be exciting to see which are 

important for iron-mediated TfR1 mRNA destabilization. 

 
Figure Legends 

Figure 1. Deadenylation-dependent vs. -independent mRNA decay pathways. 

Deadenylation-dependent mRNA decay begins with removal of the poly-A tail by the 

deadenylases PAN2 and CNOT6, followed by removal of the 5’ cap by DCP2 and 

subsequent exonuclease digestion by Xrn1 and the exosome.  Deadenylation-

independent mRNA decay, such as after endonuclease cleavage, relies on 

exonucleases (Xrn1, exosome) to digest the two fragments. 

 

Figure 2. CNOT6 knockdown does not inhibit iron-mediated TfR1 mRNA 

destabilization.  SW480 cells were transfected with siCon or siCNOT6 for 48 hr, 

then treated with 250 μM FAC for the indicated times.  TfR1, CNOT6, and ERRB3 

(positive control) expression were measured by qPCR. n=2 

 

Figure 3. PAN2 knockdown does not inhibit iron-mediated TfR1 mRNA 

destabilization.  SW480 cells were transfected with siCon or siPAN2 for 48 hr, then 
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treated with 250 μM FAC for the indicated times.  TfR1, PAN2, and ERRB3 (positive 

control) expression were measured by qPCR. n=2 

 

Figure 4. Xrn1 knockdown does not inhibit iron-mediated TfR1 mRNA 

destabilization.  SW480 cells were transfected with siCon or siXrn1 for 48 hr, then 

treated with 250 μM FAC for the indicated times.  TfR1, Xrn1, and NR4A1 (positive 

control) expression were measured by qPCR. n=3 

 

Figure 5. DCP2 knockdown does not inhibit iron-mediated TfR1 mRNA 

destabilization.  SW480 cells were transfected with siCon or siDCP2 for 48 hr, then 

treated with 250 μM FAC for the indicated times.  TfR1, DCP2, and NR4A1 (positive 

control) expression were measured by qPCR. n=2 

 

Figure 6. Dis3 family knockdown does not inhibit iron-mediated TfR1 mRNA 

destabilization.  SW480 cells were transfected with siCon, siDIS3L, siDIS3, or 

siDIS3L2 for 48 hr, then treated with 250 μM FAC for the indicated times.  TfR1 and 

DIS3 family expression were measured by qPCR. n=2 

 

Figure 7. Simultaneous knockdown of various mRNA degradation genes does 

not affect iron-mediated TfR1 destabilization.  SW480 cells were transfected with 

siCon or a combination of siCNOT6, siPAN2, siDCP2, and siXrn1 for 48 hr, then 



 

55 
 

treated with 250 μM FAC for the indicated times.  TfR1, CNOT6, and PAN2 

expression were measured by qPCR. n=4 

 

Figure 8. Simultaneous knockdown of various mRNA degradation genes does 

not affect iron-mediated TfR1 destabilization.  SW480 cells were transfected with 

siCon or 7x (a combination of siCNOT6, siPAN2, siDCP2, siXrn1, siDIS3, siDIS3L, 

and siDIS3L2) for 48 hr, then treated with vehicle or 250 μM FAC for 6 hrs.  TfR1, 

DIS3, DIS3L, DIS3L2, and PAN2 expression were measured by qPCR. n=3 for TfR1 

and DIS3L, n=2 for DIS3, DIS3L2, and PAN2 
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Figure 1. Deadenylation-dependent vs. -independent mRNA decay pathways.  

 

 

 

 



 

57 
 

 

 

 

 

 

 

 

 

 

Figure 2. CNOT6 knockdown does not inhibit iron-mediated TfR1 mRNA 

destabilization.   
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Figure 3. PAN2 knockdown does not inhibit iron-mediated TfR1 mRNA 

destabilization 
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Figure 4. Xrn1 knockdown does not inhibit iron-mediated TfR1 mRNA 

destabilization.   
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Figure 5. DCP2 knockdown does not inhibit iron-mediated TfR1 mRNA 

destabilization.   
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Figure 6. Dis3 family knockdown does not inhibit iron-mediated TfR1 mRNA 

destabilization.   
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Figure 7. Simultaneous knockdown of various mRNA degradation genes does not 

affect iron-mediated TfR1 destabilization. 
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Figure 8. Simultaneous knockdown of various mRNA degradation genes does not 

affect iron-mediated TfR1 destabilization.   
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Abstract 

In this chapter, we discuss the possibility that Regnase-1 (Reg1), a recently 

described stem loop-specific endoribonuclease, targets TfR1 mRNA in high iron 

conditions.  We identified several putative Regnase-1 cleavage sites that fall within 

previously documented critical regions for TfR1 mRNA instability in response to iron.  

We also identify that SH-SY5Y, a human neuroblastoma cell line, expresses very 

low levels of Reg1 and has aberrantly slow and incomplete iron-mediated TfR1 

mRNA destabilization.  Finally, we discuss our analysis of transcriptome-wide 

studies showing that: 1) Reg1-/- cells express higher levels of TfR1 mRNA; and 2) 

Reg1 protein directly interacts with the TfR1 3’UTR.   
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Introduction 

Within the ~700 bp IRE-containing region in the TfR1 3’UTR, several smaller and 

well-conserved stem-loops exist (Figure 1) [13].  These stem-loops do not exhibit 

any IRP binding activity and have generally been ignored in favor of the IREs in 

TfR1 mRNA stability research.  Until mid-2016, these small stem-loops had not been 

studied in detail for any role in iron-mediated TfR1 mRNA destabilization.  Earlier 

this year, Rupani and Connell demonstrated that several of these small stem-loops 

contain critical bases for promoting iron-mediated destabilization (Figure 2) [42].      

 

Regnase-1 (Reg1), also known as MCPIP [(monocyte chemotactic protein 1)-

induced protein 1] and ZC3H12A (zinc finger CCH family 12A), was first 

characterized as an endonuclease in 2009 [89].  Reg1 has primarily been 

investigated as regulating immune signaling, having been shown to directly 

downregulate IL-6 [89-91] and IL-17 [90] mRNA.  Reg1-/- mice are viable but die 

within 12 weeks due, in part, to severe anemia from poor iron absorption [89], 

indicating a role for Reg1 in iron metabolism.  In 2015, the Reg1 consensus binding 

site was identified as stem-loops containing a pyrimidine-purine-pyrimidine (Pyr-Pur-

Pyr) motif in the loop [92].   

 

In this study, we identified several putative Reg1 binding sites located within the 

short stem-loops in the TfR1 3’UTR.  We also characterize a human cell line (SH-

SY5Y) with nearly undetectable Reg1 expression that exhibits unusually slow TfR1 
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destabilization in high iron conditions.  Finally, we discuss some experimental 

difficulties in studying Reg1, and propose strategies to overcome these challenges. 

 

Materials and Methods 

Cell Culture and Reagents.  SW480 human colon adenocarcinoma cells (ATCC), 

HaCaT human keratinocytes [93], HeLa human cervical carcinoma (ATCC), and 

HEK293 human kidney cells (ATCC) were cultured in DMEM/high glucose 

supplemented with 10% fetal bovine serum (FBS, Mediatech, 35-010-CV).  SH-

SY5Y human neuroblastoma cells (ATCC) were cultured in 1:1 Eagle’s Minimum 

Essential Media with non-essential amino acids and F12 media, supplemented with 

10% fetal bovine serum.  Cells were maintained at 37oC in a humidified 5% CO2 

incubator (Sanyo).  Ferric ammonium citrate (FAC, also called ammonium iron(III) 

citrate; Sigma-Aldrich) was dissolved in water. 

 

Gene Expression. For protein expression analysis, whole cell lysate was prepared 

in lysis buffer, pH 7.4 [Na2HPO4 (10 mM), NaCl (150 mM), 1% Triton X-100, 0.5% 

sodium deoxycholate, 0.1% sodium dodecyl sulfate, 0.2% sodium azide).  Lysates 

were run on SDS-PAGE, transferred to PVDF membranes, blocked with 5% skim 

milk in Tris-buffered saline (TBS)/0.1% Tween-20, and incubated with primary 

antibody overnight at 4ºC. Western blotting antibodies: Reg1 (MCPIP) – sc-515275 

(Santa Cruz). 
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For mRNA expression analysis, total RNA was isolated using TRI Reagent RT 

(Molecular Research Center, Inc).  cDNA was reverse transcribed from 300 ng total 

RNA using iScript cDNA Synthesis Kit (Bio-Rad) according to the manufacturer’s 

protocol.  cDNA was used in quantitative PCR (qPCR) to determine the expression 

of target genes.  qPCR reagents (iTaq Universal SYBR Green Supermix) and 

thermocycler (CFX96) were from Bio-Rad. qPCR primer sequences were obtained 

from PrimerBank (TfR1, Reg1) or realtimeprimers.com (HPRT1):  

TfR1 forward – 5’-ACCATTGTCATATACCCGGTTCA-3’  

TfR1 reverse – 5’-CAATAGCCCAAGTAGCCAATCAT-3’  

Reg1 forward – 5’-GGCAGTGAACTGGTTTCTGGA-3’ 

Reg1 reverse –  5’-GATCCCGTCAGACTCGTAGG-3’ 

HPRT1 forward – 5’-TGACACTGGCAAAACAATGCA-3’  

HPRT1 reverse – 5’-GGTCCTTTTCACCAGCAAGCT-3’. 

 

 

Results and Discussion 

In 1994, Binder et al. suggested that TfR1 mRNA was degraded through a 

deadenylation-independent mechanism, initiated by endonuclease cleavage at a site 

downstream of IRE C [41].  The endonuclease cleavage site proposed in Binder’s 

study has since been rejected [42], but no subsequent published study has 

confirmed or denied whether TfR1 mRNA is deadenylated in response to iron, nor 

has any TfR1 endonuclease been identified. 
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We first closely examined the TfR1 IRE region for Pyr-Pur-Pyr motif necessary for 

Reg1 targeting.  Indeed, we identified three putative Reg1 target sites (indicated with 

red arrows) located on the small stem-loops I, III, and V (Figure 2).  These binding 

sites overlap with critical bases that contribute to TfR1 mRNA instability, indicated 

with red letters (Figure 2) [42].   

 

Although we identified several putative Reg1 binding sites within the TfR1 3’UTR, 

our efforts to investigate any potential Reg1 regulation of TfR1 mRNA has been met 

with considerable difficulty.  We first attempted to reduce Reg1 expression by 

knocking down Reg1 mRNA with siRNA in various cell types.  Despite testing over 

20 siRNA sequences from several companies, we were unable to achieve 

reproducible knockdown of Reg1 mRNA (data not shown).  We were also unable to 

procure Reg1-/- mouse embryonic fibroblasts.  CRISPR/Cas-9 technology remains a 

viable option for experimentally decreasing Reg1 expression, and may be our next 

strategy for generating Reg1-deficient cells. 

 

We also are pursuing a Reg1 overexpression strategy.  Since iron-mediated TfR1 

mRNA destabilization in SW480 cells occurs almost concurrently with IRP 

dissociation (Chapter 1), overexpressing Reg1 in SW480 cells is not expected to 

accelerate TfR1 mRNA degradation.  We surveyed several human cell lines for 
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Reg1 expression and determined that the neuroblastoma cell line SH-SY5Y 

expresses very little Reg1 mRNA or protein (Figure 3).   

 

Next, we tested iron-mediated TfR1 mRNA destabilization in SH-SY5Y cells.  

Notably, TfR1 degradation in SH-SY5Y appears to be slower and less complete than 

in other cell types (Figure 4).  This intriguing result may be explained by the very low 

level of Reg1 in SH-SY5Y cells (Figure 3).  If Reg1 is an important mediator of iron-

induced TfR1 destabilization, overexpressing Reg1 in SH-SY5Y cells may increase 

both the rate and the magnitude of TfR1 downregulation in response to iron.  To that 

end, we acquired Reg1 cDNA from the Mammalian Gene Collection repository and 

are currently sub-cloning into a tetracycline-inducible (tet-inducible) expression 

vector, which will be utilized to create stable tet-inducible-Reg1 SH-SY5Y cells.  

These cells will be used to experimentally determine if increasing Reg1 expression 

can enhance iron-mediated destabilization of TfR1 mRNA. 

 

While this work is still in the preliminary stages, we are excited to pursue this line of 

research.  There are intriguing data from other groups suggesting that TfR1 mRNA 

is regulated by Reg1.  First, the original 2009 study identifying Reg1 as an 

endonuclease performed microarray analysis comparing Reg1+/+ and Reg1-/- mouse 

macrophages and uploaded the raw data to the National Institutes of Health Gene 

Expression Omnibus (NIH GEO; Accession number GSE14891) [89].  Upon further 

analysis, the Reg1-/- macrophages expressed higher TfR1 mRNA than wild-type 
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macrophages (Figure 5).  Significantly, TfR1 was among the top-250 genes affected 

by Reg1 knockout.  Furthermore, the 2015 study that identified Reg1 binding sites 

as Pyr-Pur-Pyr stem-loops performed a HITS-CLIP (high-throughput sequencing of 

RNA isolated by cross-linked immunoprecipitation) assay to identify mRNAs that 

associated with FLAG-tagged Reg1 in HEK293 human kidney cells [92]; TfR1 was 

identified as a Reg1 binding partner in two independent HITS-CLIP experiments.  

This study surveyed the entire transcriptome in Reg1-overexpressing cells with no 

special focus on iron metabolism, so follow-up work is need to extend these 

observations into: 1) untransfected cells, to ensure that the FLAG-Reg1/TfR1 

interaction is not just an overexpression artifact; and 2) cells exposed to iron, to 

determine if the Reg1 association with TfR1 mRNA is altered by intracellular iron 

status.  

 

As a final note, Reg1 (ZC3H12A) is the best characterized member of the very large 

ZC3H family.  Many of these proteins have an undescribed function, and it is 

possible that one or more of them are also endoribonucleases with a similar 

specificity as Reg1.  Characterization of the remaining ZC3H family members may 

uncover new proteins of interest to study in determining the molecular mechanism 

behind iron-mediated TfR1 mRNA destabilization. 
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Figure Legends 

Figure 1. The TfR1 IRE region contains several smaller stem-loops.  Stem-loops 

h1, h2, and h3 (corresponding with stem-loops I, III, and V in Figure 2) are small, 

well-conserved structures without IRP binding activity.  This figure was adapted from 

Piccinelli and Samuelsson [13].   

 

Figure 2. The small stem-loops within the IRE region contain putative Reg1 

target sites.  Stem-loops I, III, and V (corresponding with stem-loops h1, h2, and h3 

in Figure 1) contain Pyr-Pur-Pyr motifs in the loop, indicated by the red arrows.  

Stem-loop I has UAU, stem-loop III has CAU, and stem-loop V has UAC.  This figure 

was adapted from Rupani and Connell [42].  Red nucleotides were identified as 

critical for TfR1 mRNA instability.  Green nucleotides were identified as pro-stability.  

The red arrows indicating Pyr-Pur-Pyr motifs were added by the author of this 

dissertation. 

 
Figure 3. SH-SY5Y human neuroblastoma cells express very low levels of 

Reg1 mRNA or protein.  Reg1 mRNA (top) and protein (bottom) expression in 

various cell lines were determined by qPCR and Western Blotting, respectively. n=1 

 
Figure 4. SH-SY5Y cells exhibit unusually slow TfR1 mRNA destabilization in 

response to iron.  SH-SY5Y and SW480 cells were exposed to 250 µM FAC for 0-8 

hrs, then total RNA was isolated and TfR1 mRNA expression determined by qPCR. 

n=1 
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Figure 5. Murine Reg1-/- macrophages exhibit higher TfR1 mRNA expression 

than wild-type.  mRNA expressions of TfR1 in murine Reg1+/+ (WT) and Reg1-/- 

(KO) macrophages.  Graph was generated with the NIH GEO analysis tools, using 

the microarray data uploaded by Matsushita et al. (GEO Accession number 

GSE14891) [89].  Each column represents macrophages from a different individual 

mouse. 
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Figure 1. The TfR1 IRE region contains several smaller stem-loops.  
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Figure 2. The small stem-loops within the IRE region contain putative Reg1 target 

sites.   
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Figure 3. SH-SY5Y human neuroblastoma cells express very low levels of Reg1 

mRNA or protein.  
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Figure 4. SH-SY5Y cells exhibit unusually slow TfR1 mRNA destabilization in 

response to iron. 
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Figure 5. Murine Reg1-/- macrophages exhibit higher TfR1 mRNA expression than 

wild-type.   
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