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Chapter 1 Overview of sulfur assimilation metabolism 

1.1 Introduction 

This chapter will focus on the role of sulfur assimilation and metabolism in 

metazoans. The components of this pathway will be discussed in detail, with particular 

emphasis on reported roles of sulfur assimilation and metabolism in disease. Finally, in-

depth discussion on the initial characterization and role of Bpnt1 across metazoans will be 

performed. Due to our unexpected discovery of Bpnt1 regulating iron absorption which is 

described in later chapters, an introduction to iron metabolism and homeostasis will be 

provided in Chapter 2. The discovery and initial characterization of mice lacking Bpnt1, a 

key regulator of sulfur assimilation metabolism, in the regulation of iron homeostasis will 

be discussed in Chapter 3. Genetic and dietary strategies to modulate sulfur assimilation 

metabolic toxicity due to loss of Bpnt1 will be discussed in Chapter 4. Mechanistic insights 

into targets of metabolic toxicity (i.e. phosphoadenosine phosphate accumulation) in Bpnt1 

deficient animals will be presented in Chapter 5. Finally, a summary of this dissertation and 

future directions will be presented in Chapter 6.  

Sulfur assimilation is the process of incorporating inorganic sulfate from the 

environment into sulfur-containing amino acids and sulfate-containing metabolites. Sulfur 

assimilation is an evolutionarily-conserved process shared across bacteria, yeast, plants and 

mammals (Gunal et al., 2019; Hudson and York, 2012; Kopriva et al., 2015; Takahashi et 

al., 2011). In metazoans, sulfur assimilation is initiated through the uptake of extracellular 
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inorganic sulfate (SO42-) which is predominantly obtained through the catabolism of sulfur-

containing amino acids methionine and cysteine.  Inorganic sulfate, along with ATP, then  

Figure 1.1. Summary of the sulfur assimilation pathway across species. Adapted from 

(Hudson and York, 2012).  
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serves as the substrate for the bifunctional enzyme phosphoadenosine phosphosulfate 

synthase (PAPSS) (Masselot and De Robichon-Szulmajster, 1975b; Patron et al., 2008), 

which harbors both ATP sulfurylase and 5’-adenosinephosphosulfate (APS) kinase 

activities in mammals (Harjes et al., 2005) (Figure 1.1).  Bacteria, yeast and plants, in 

contrast, contain two independent gene products that perform APS kinase and ATP 

sulfurylase functions (Mountain et al., 1991). 

Both isoforms of PAPSS in mammals use ATP to convert inorganic sulfate into a 

high-energy intermediate, 3’-phosphoadenosine 5’-phosphosulfate (PAPS).  In the cytosol, 

PAPS serves as a substrate for a number of cytosolic sulfotransferases, which are 

predominantly involved in metabolizing xenobiotics by increasing solubility and excretion 

(Chen et al., 2015b; James and Ambadapadi, 2013; Leyh et al., 2013). Sulfotransferases 

(SULT) catalyze the removal of sulfate from PAPS and transfer that sulfate group to an 

alcohol or amine acceptor molecule. There are 13 cytosolic SULT isoforms in mammals, 

which differ in copy number and tissue expression distribution (Langford et al., 2017). After 

the sulfate group is removed by sulfotransferases, the byproduct 3’-phosphoadenosine 5’-

phosphate (PAP) serves as the substrate for bisphosphate 3’-nucleotidase 1 (Bpnt1) to 

catalyze the production of 5’-AMP in the cytosol. Discussion of the discovery and 

characterization of Bpnt1 will be described later in this chapter. The unexpected role of 

Bpnt1 in regulating iron metabolism in mice is the topic of this dissertation and will be 

discussed in great detail in subsequent chapters.  
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Alternatively, the sulfate donor PAPS can be transported to the Golgi lumen by the 

PAPS transporter (PAPST1/2) (Figure 1.1). However, very little is known about the 

mechanism by which PAPST transports PAPS (Goda et al., 2006; Kamiyama et al., 2006; 

Kamiyama et al., 2003). It is hypothesized that PAPST acts as a PAPS-5’-AMP anti-porter, 

however detailed characterization of this mechanism has yet to be performed (Gigolashvili 

et al., 2012; Kamiyama et al., 2003). In the Golgi lumen, PAPS serves as the substrate for a 

wide variety of Golgi-localized sulfotransferases, which are predominantly involved in 

extracellular matrix formation (Cortes et al., 2009; Kirn-Safran et al., 2004; Pomin and 

Mulloy, 2018). Analogous to the function of Bpnt1 in the cytosol, Golgi-localized 

phosphoadenosine phosphate phosphatase (gPAPP) catalyzes the conversion of 

PAP to 5’-AMP exclusively in the Golgi (Frederick et al., 2008). 

 

 

1.3 Sulfate import 

Extracellular inorganic sulfate is imported into mammalian cells by Slc26a2 

(Hastbacka et al., 1994). Loss of Slc26a2 function causes diastrophic dysplasia, a Mendelian 

disorder characterized by decreased sulfate of proteoglycans in the cartilage matrix 

(Hastbacka et al., 1994; Hastbacka et al., 1996; Superti-Furga et al., 1996).  
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Functional validation of disease-associated Slc26a2 mutations in Xenopus oocytes 

and HEK cells confirmed that defects in sulfate transport and were associated with the 

degree of clinical impairment in these patients (Karniski, 2001, 2004). Furthermore, 

validation of Slc26a2 disease associated mutations in mice recapitulated skeletal defects 

observed in humans (Forlino et al., 2005).   

Slc26a2 has been shown to function as a electroneutral sulfate/hydroxyl/ or 

hydroxyl, chloride exchanger depending on extracellular chloride and hydroxyl 

concentration gradients (Ohana et al., 2012). Not surprisingly, Slc26a2 is highly-expressed 

in bone, but also present in lung, placenta, kidney, pancreas, colon and testis (Haila et al., 

2001). Thus, in the absence of Slc26a2 expression, the ability of other tissues that utilize 

sulfur assimilation metabolism to import sulfate is not well understood because of the 

confounding issue of increased mortality associated with skeletal dysplasia. 

 

1.4   Phosphoadenosine phosphosulfate synthases (PAPSS) 

PAPSS catalyzes the incorporation of inorganic sulfate, obtained from dietary 

turnover of sulfur-containing amino acids methionine and cysteine in the high-energy 

intermediate PAPS. Mammals encode two independent PAPSS isoforms (Xu et al., 2000), 

PAPSS1 and PAPSS2, that differ in tissue expression distribution but catalyze the same 

enzymatic reaction. A detailed discussion of PAPSS1/2 will be discussed below. 
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The mouse isoforms of the APS kinase and ATP sulfurylase domains of PAPSS were 

initial cloned and characterized from a fetal brain cDNA library (Adams et al., 1993; 

Venkatachalam et al., 1998). Subsequently, the human isoforms were cloned (Yanagisawa 

et al., 1998). The N-terminal domain contains the APS kinase as well as 3 conserved 

nucleotide binding motifs. On the other hand, the C-terminus contains the ATP sulfurylase 

and is less conserved and more divergent across evolution (i.e. ~57% homology with plant 

isoform). Two isoforms of PAPSS exist in mammals (PAPSS1 & PAPSS2) (Kurima et al., 

1998; Li et al., 1995) and share ~76% sequence similarity (Faiyaz ul Haque et al., 1998). 

Intriguingly, PAPSS1 and PAPSS2 exhibit similar expression patterns across human tissues 

(Girard et al., 1998; Xu et al., 2000), with a few notable exceptions. PAPSS1 is highly 

expressed in human brain and bone, where PAPSS2 expression is undetectable or 

substantially reduced; PAPSS2 is highly expressed in liver, wherein PAPSS1 expression is 

not observed (Girard et al., 1998; Xu et al., 2000). These tissue expression distribution 

patterns may reflect to degree to which individual tissues utilize sulfur assimilation 

metabolism. 

Intriguingly, there is some evidence to suggest that PAPSS1 is expressed in both the 

nucleus and cytosol (Besset et al., 2000). Additional studies suggest that both isoforms 

contain nuclear-targeting motifs, and PAPSS1 is predominantly localized in the nucleus 

whereas PAPSS2 is predominantly cytosolic (Schroder et al., 2012). Both isoforms also form 

homodimers. In addition, there are mammalian-specific splice variants of PAPSS2, but not 

PAPSS1 (van den Boom et al., 2012). Many have hypothesized that this evolutionary 
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divergence of PAPSS genes may be due to expanded sulfation requirements among 

mammals and tissue-specific control mechanisms including transcriptional regulation and 

protein-protein interactions (Foster and Mueller, 2018; Mueller et al., 2018). The extent to 

which PAPSS1/2 are co-expressed with certain SULT isoforms is one mechanism by which 

tissue-specific sulfur assimilation utilization may have evolved (Kim et al., 2004; Sonoda et 

al., 2002).  These remain important questions that have not yet been fully elucidated in sulfur 

assimilation biology. 

Intriguingly, a brachymorphic phenotype in both mice and humans has been 

attributed to mutations in PAPSS2 (Faiyaz ul Haque et al., 1998; Kurima et al., 1998; 

Schwartz et al., 1978; Sugahara and Schwartz, 1979). Brachymorphism is characterized by 

defects in skeletal development and formation of cartilage, leading to a dwarfism phenotype. 

While there are many unique phenotypic variations among brachymorphism traits, 

alterations in cartilage and bone formation are central features of this disease class. PAPSS2 

hypomorphic mutations have been observed in the APS kinase domain of PAPSS2 (Faiyaz 

ul Haque et al., 1998). However, complete loss of PAPSS1/2 function is predicted to be 

incompatible with life, underlying the importance of sulfation in development. Mutations in 

PAPSS2 leading to the brachymorphic phenotype were spontaneous and first observed and 

reported among inborn strains of laboratory mice (Lane and Dickie, 1968). However, the 

human disorder spondyloepimetaphyseal dysplasia attributed to mutations in PAPSS2 were 

observed in a consanguineous family and displayed an autosomal recessive pattern of 

inheritance (Faiyaz ul Haque et al., 1998). Mechanistically, loss of PAPSS function is 
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predicted to impair production of chondroitin sulfate and proteoglycan synthesis largely due 

to accumulation of APS and decreased production of PAPS (Sugahara and Schwartz, 1979). 

There have been no human or mouse pathologies definitively associated with defects in 

PAPSS1, although a putative disease-associated mutation in PAPSS1 has been identified in 

the Undiagnosed Disease Network (UDN) (undiagnosed.hms.harvard.edu/genes/papss1/).  

These patients feature both skeletal defects as well as a number of developmental 

abnormalities and profound medically-refractory epilepsy. While the cartilage and bone 

phenotypes of PAPSS mutant mice are best characterized because they cause early lethality, 

other defects associated with inborn errors of sulfur assimilation in these mice have not been 

extensively described. However, given the importance of sulfur assimilation, it is likely that 

additional tissue-specific roles for PAPS synthesis exist throughout mammalian life and 

disease.  

 

1.4 Cytosolic sulfotransferases 

The predominant role of cytosolic sulfotransferases (SULT) is to sulfate xenobiotics, 

catecholamines, thyroid hormones, and sex hormones. Sulfation of drugs mediates 

pharmacologic response by converting prodrugs into active compounds or by facilitating 

drug excretion by enhancing metabolite polarity and water solubility, among other functions 

(Chen et al., 2015b; Marto et al., 2017; Suiko et al., 2017). The five best-characterized 

cytosolic SULTS include SULT1A1, SULT1A3, SULT1B1, SULT1E1, and SULT2A1 
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(Riches et al., 2009), however there are at least thirteen members of the cytosolic SULT 

family (Blanchard et al., 2004; Freimuth et al., 2004). Tissue expression varies widely among 

these SULT family members (Langford et al., 2017). SULT1A1 is most highly expressed in 

the liver, whereas SULT1A3 is completely absent (Riches et al., 2009). Relevant to the role 

of sulfur assimilation metabolism in the intestine described in later Chapters, the expression 

distribution of SULT isoforms are as follows: SULT1B1 > SULT1A3 >> SULT1A1, 

SULT1E1, and SULT2A1 (Riches et al., 2009). Importantly, allele frequencies of SULT1A1 

and SULT2A1 (and presumably other isoforms) vary among ancestral populations and may 

be clinically relevant for pharmacological efficacy and drug-drug interactions (Carlini et al., 

2001).  While frank disease phenotypes have not been observed with loss of cytosolic 

SULTs, there importance in human health (i.e. drug metabolism, drug-drug interactions, etc.) 

cannot be understated due to their roles in detoxification and homeostasis.  

 

1.5 Golgi-localized sulfotransferases 

Golgi-localized sulfotransferases are largely involved in sulfating carbohydrate 

moieties of glycosaminoglycans (GAG), which catalyze the formation, deposition and 

function of extracellular matrix. GAGs consist of chains of disaccharides that arrange around 

protein cores to form proteoglycans, the major component of the extracellular matrix. 

Sulfation of GAGs causes these molecules to be highly polar, which is important because in 

the extracellular matrix these molecules can diffuse freely. In particular, sulfation of GAGs 
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in cartilage enables joints to attract water and keep joints lubricated, enabling full range of 

motion and proper development. However, GAGs vary in disaccharide composition (and 

thus function) based on the position of sulfation on the sugar chain. One major GAG relevant 

to this dissertation is chondroitin sulfate, comprised of N-acetylgalactosamine and 

glucuronic acid, which play major roles in skeletal growth/development and nervous system 

plasticity (Cortes et al., 2009; Kirn-Safran et al., 2004; Mikami and Kitagawa, 2013). A 

number of human diseases have been attributed to the inborn errors of Golgi-localized 

sulfation (Soares da Costa et al., 2017), highlighting its importance in human pathobiology. 

Subtle alterations in GAG formation are also thought to underly neuronal plasticity and 

cognition (Alonge et al., 2019). Thus, phenotypic consequences of altered regulation of 

Golgi-mediated sulfation include skeletal, cardiac, and neurological defects, among others, 

highlighting the importance of maintaining sulfation homeostasis across varying tissue types.  

Disorders of glycosaminoglycan sulfation are extremely rare and affect many organ 

systems including skeletal, connective tissue, cardiac, and nervous, largely due to differences 

in expression patterns of each sulfotransferase and reliance of each tissue type on specific 

carbohydrate moieties. Here, I will focus on the disorders associated with Golgi-localized 

sulfotransferases. Spondyloepiphyseal dysplasia Omani type is an autosomal recessive 

disorder caused by loss-of-function mutations in carbohydrate sulfotransferase 3 (CHST3). 

Features of this disorder include chondrodysplasia, joint abnormalities, and abnormal spinal 

curvature (Hermanns et al., 2008; Thiele et al., 2004). The CHST3 gene encodes the 

chondroitin-6-sulfotransferase (C6ST), leading to reduction in 6-O-sulfated disaccharides 
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and a corresponding increase in non- or under-sulfated disaccharides (Hermanns et al., 2008; 

Thiele et al., 2004). However, mutations in the CHST6 gene (encodes GlcNAc6ST5) cause 

macular corneal dystrophy (MCD), which causes corneal opacity defects in collagen fibril 

organization (Lewis et al., 2000). One of the most common and well-known disorders of 

GAG synthesis is Ehlers-Danlos syndrome (EDS) kosho type (Malfait et al., 2010; Miyake 

et al., 2010). EDS kosho type is characterized by abnormal connective tissue, joint 

abnormalities, and highly elastic skin. Patients with EDS kosho type are also at risk for a 

number of cardiovascular disorders (Yoshizawa et al., 2018). EDS kosho type is associated 

with mutations in carbohydrate sulfotransferase 14 (CHST14) (Kosho et al., 2010; Shimizu 

et al., 2011). However, EDS kosho type is a rare form of EDS, where the majority of EDS 

cases are associated with deleterious mutations in collagen genes. 

 

1.6 3’-nucleotidases 

1.6.1 Golgi-localized phosphoadenosine phosphate phosphatase (gPAPP) 

 Prior work from our laboratory identified a family of lithium-sensitive phosphatases 

(Figure 1.2) based on a conserved structural motif (D-Xn-EE-Xn-DP(i/l)D(s/g/a)T-Xn-

WDXn-11GG) which directly coordinates the binding of lithium leading to inhibition of 

phosphatase activity (York et al., 1995). One member of this family is gPAPP, later cloned 

and characterized by our laboratory and others (Frederick et al., 2008; Nizon et al., 2012; 

Sohaskey et al., 2008; Vissers et al., 2011). 
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gPAPP catalyzes the conversion of PAP to 5’-AMP in the Golgi-lumen (Figure 1.1). 

Loss of gPAPP in mice causes perinatal lethality, severely shortened long bones, pulmonary 

insufficiency, and defects in chondroitin sulfation (Figure 1.3) (Frederick et al., 2008; 

Sohaskey et al., 2008). Intriguingly, gPAPP knockout mice phenocopy loss of chrondroitin-

4 sulfotransferase (C4ST) (Kluppel et al., 2005). Indeed, gPAPP-knockout mice display 

markedly decreased levels of chondroitin-4 sulfate (C4S) and relatively minor differences in 

chondroitin-6 sulfate (C6S) and heparan sulfate (HS) (Frederick et al., 2008). Defective 

production of C4S is associated with defects in endochondral ossification (an essential step 

in cartilage and long bone formation), which is hypothesized to underlie the phenotype seen 

in gPAPP-knockout mice (Frederick et al., 2008). Dwarfism and chondrodysplasia 

phenotypes are also mimicked in humans carrying putative loss of function mutations in 

gPAPP (Nizon et al., 2012; Vissers et al., 2011). Patients harboring frameshift mutations in 

gPAPP also display cleft palate, mental retardation, and brachydactyly, while homozygous 

missense mutations at D177  (predicted to be in the catalytic pocket and impair PAP 

catalysis) also display some of these features (Vissers et al., 2011).  
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Figure 1.2. Dendrogram demonstrating taxonomic relationships among lithium-sensitive 

phosphatases initially described in (York et al., 1995) and adapted from (Spiegelberg et al., 

2005). The sequence motif, Asp-Pro(Ile or Leu)-Asp-(Gly or Ser)-(Thr or Ser) binds to metal 

ions required for catalysis. The total conserved structural motif contains 5 alpha-helices and 

11 beta-strands. All phosphatases are inhibited by lithium via an uncompetitive mode of 

inhibition.  
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However, the mechanism by which loss of gPAPP causes these phenotypes is not 

known, but currently being investigated by our laboratory. There are many possibilities, 

including accumulation of PAP substrate, decreased production of 5’-AMP, PAP-mediated 

feedback inhibition of chondroitin sulfotransferases, impaired import of PAPS through 

Figure 1.3. Loss of gPAPP in mice causes defects in endochondral ossification, long bone 

formation, and perinatal lethality. Copyright Frederick et al. PNAS 2008.  
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PAPST1 due to decreased 5’-AMP and impairment of the proposed anti-port mechanism of 

PAPST1 (Dick et al., 2015; Goda et al., 2006; Kamiyama et al., 2006; Sasaki et al., 2009), 

among others. Knockdown of PAPST1 in mouse embryonic stem cells leads to decreased 

chondroitin-4 sulfate and heparan sulfate production, similar to loss of gPAPP (Sasaki et al., 

2009). Amplification of 8p11p-12, the genomic region encoding the gPAPP gene, is also 

frequently observed in breast cancer (Parris et al., 2014) and increased expression of gPAPP 

is observed in hepatocellular carcinoma (Hindupur et al., 2018), suggesting sulfation may 

play a role in tumorigenesis. Intriguingly, gPAPP and Bpnt1 are downregulated in glioma, 

while SULTs are upregulated (Li et al., 2018; Silver et al., 2013).  Additional mechanistic 

insights underlying loss of gPAPP may lead to identification of strategies to overcome this 

severe inborn error of sulfur assimilation and reveal insights into the function of gPAPP. 

 

1.6.2 Bisphosphate nucleotidase 1 (Bpnt1) 

 First, a thorough background on the discovery, cloning, and initial characterization 

of Bpnt1 will be presented. Second, the reported roles of Bpnt1 in regulating lithium toxicity 

will be described. Lastly, the known roles of Bpnt1 in higher eukaryotic organisms will be 

discussed. Our studies investigating the role of Bpnt1 in iron metabolism are the focus of 

this dissertation. 

Analogous to the enzymatic function of gPAPP in the Golgi-Lumen, Bpnt1 catalyzes 

the conversion of PAP to 5’-AMP in the cytosol. However, the yeast ortholog of Bpnt1, 
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methionine requiring gene 22 (MET22), was initially identified by a screen to identify genes 

associated with methionine auxotrophy (i.e. the inability to grow in the absence of 

methionine)  (Masselot and De Robichon-Szulmajster, 1975a). The mammalian homologue 

was subsequently cloned and characterized by two groups independently (Lopez-Coronado 

et al., 1999; Spiegelberg et al., 1999a). Bpnt1 has also been shown to utilize PAPS as a 

substrate, albeit with indeterminate efficiency (Spiegelberg et al., 1999a). Importantly, loss 

of Bpnt1 in mice leads to PAP accumulation nearly ~40-200 fold in select tissues (Hudson 

et al., 2013). However, there is also a modest (~5 fold) increase in PAPS levels as well. The 

implications of these results will be discussed extensively in this and remaining chapters of 

this dissertation.  

Bpnt1 has also been shown to modulate lithium toxicity in yeast through 

accumulation of PAP substrate (Spiegelberg et al., 2005). Intriguingly, the inhibition 

constant of Bpnt1 for lithium is 157 M (well below the therapeutic range of lithium, 0.6-

1.2 mM), suggesting that PAP accumulation may mediate the physiological effects of lithium 

(Spiegelberg et al., 2005). Molecular modulators of lithium’s therapeutic and toxicity effects 

has profound clinical implications as lithium has remained the first-line treatment for bipolar 

disorder since the 1940’s (Cade, 1949). Bipolar disorder is characterized by periods of mania 

and depression and a markedly increase risk of suicide (Rybakowski, 2014). Thus, 

understanding the molecular actions of lithium has profound implications for designing 

drugs that can effectively treat bipolar disorder. While many hypothesize that lithium acts 

through inhibition of glycogen synthase kinase 3 (GSK3) (Freland and Beaulieu, 2012), 
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direct biochemical evidence is lacking for this claim. Furthermore, the effective dose at 

which GSK3 activity is inhibited far exceeds the narrow therapeutic window for lithium.  

However, inhibitors of GSK3 are still being developed for the treatment of both bipolar 

disorder and cancer (Wagner et al., 2016).  

Prior studies in yeast have shown that lithium toxicity causes PAP accumulation 

which modulates ribosomal RNA (rRNA) processing through inhibition of 5’-3’ 

exoribonuclease (XRN1) (Dichtl et al., 1997a). Loss of 3’-nucleotidase activity in plants 

(SAL1) have also been shown to increase levels of PAP and inhibit rRNA processing 

enzymes (Gy et al., 2007).  In mice lacking Bpnt1 (described in greater detail below), 

accumulation of 5.8S “long” rRNA was observed, consistent with inhibition of XRN1 

(Hudson et al., 2013). However, global changes in rRNA processing were not observed. 

Intriguingly, XRN2 in Caenorhabditis Elegans requires XRN-binding protein partner of Xrn 

(Paxt-1) for activity and loss of Bpnt1 suppresses Paxt-1 lethality (Miki et al., 2016). XRN2 

regulates polycistronic gene expression in Caenorhabditis Elegans suggesting a role for this 

pathway in transcriptional regulation. These data suggest that Bpnt1 and XRN function are 

genetically linked in yeast and Caenorhabditis Elegans. However, the mechanism by which 

PAP accumulation impairs cellular function and cellular toxicity requires additional study, 

which is discussed in later chapters.  

Recent work on the homologue of Bpnt1 in Caenorhabditis Elegans, shows that 

Bpnt1 can modulate phenotypes associated with lithium (Meisel and Kim, 2016). 
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Intriguingly, phenotypes in Caenorhabditis Elegans associated with loss of Bpnt1 are 

phenocopied in Caenorhabditis Elegans treated with lithium. This group showed that loss of 

Bpnt1 function causes defects in ASJ sensory neuron function (dauer exit and pathogen 

avoidance) which can be partially overcome by expressing the cytosolic sulfotransferase 

SSU-1 in Bpnt1 mutant worms (Meisel and Kim, 2016). A detailed description of the 

Caenorhabditis Elegans nervous system and their role as model organisms can is described 

elsewhere (Sengupta and Samuel, 2009). These results are in contrast to mechanisms to 

overcome loss of Bpnt1 in mice (i.e. concomitant downregulation of PAP synthesis, 

ameliorating PAP metabolic toxicity), which are described in detail below and in subsequent 

chapters.  

While gPAPP and Bpnt1 catalyze the same enzymatic conversion of PAP to 5’-AMP, 

Bpnt1 is expressed across a broader range of tissues. Bpnt1 transcript (identified by northern 

blot) has been observed across human and rat organs including intestine, liver, kidney, 

pancreas, skeletal muscle, and heart, among others (Lopez-Coronado et al., 1999; 

Spiegelberg et al., 1999a). Furthermore, Bpnt1 is localized exclusively in the cytosol, as 

evidenced by subcellular fractionation by ultra-centrifugation experiments (Spiegelberg et 

al., 1999b), whereas gPAPP localizes to the Golgi-lumen (Frederick et al., 2008). 

While loss of gPAPP causes perinatal lethality and chondrodysplasia (Frederick et 

al., 2008), global loss of Bpnt1 in mice causes anasarca (Figure 1.4), liver failure, and iron 

deficiency anemia (Hudson et al., 2013; Hudson et al., 2018). Furthermore, loss of Bpnt1 
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causes defects in ribosome biogenesis, condensation of the nucleolus, accumulation of 

unprocessed rRNA, and decreased heterochromatin (Hudson et al., 2013; Hudson et al., 

2018; Hudson and York, 2014). Mechanistically, phenotypes associated with loss of Bpnt1 

can be completely suppressed with concomitant downregulation of PAP synthesis through 

introduction of a hypomorphic mutation in PAPSS2 (Hudson et al., 2013; Hudson et al., 

2018).  

Although we did not observe suppression of lethality with concomitant 

downregulation of PAP synthesis in gPAPP knockout mice, PAPSS2 is not highly expressed 

in brain and bone. Perhaps amelioration of PAPS synthesis via introduction of a 

hypomorphic mutation in PAPSS1 (expressed in both brain and bone)  could overcome loss 

of gPAPP. Ongoing studies in the York laboratory by Brynna Eisele are aimed at further 

understanding the role of gPAPP in the brain and mechanisms underlying gPAPP deficiency.  

Nonetheless, these data strongly suggest that accumulation of PAP substrate causes 

the phenotypes observed in the Bpnt1 deficient mouse. The discovery of Bpnt1 as a regulator 

of iron metabolism, strategies to overcome metabolic toxicity caused by loss of Bpnt1, and 

potential mechanistic insights into targets of PAP metabolic toxicity are discussed in detail 

in subsequent chapters.  
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 The initial motivation of generating mice lacking gPAPP or Bpnt1 was to determine 

if mice lacking 3’-nucleotidase function recapitulate the toxic or therapeutic effects of 

lithium. Given that both gPAPP and Bpnt1 are inhibited by lithium at sub-therapeutic levels 

(Frederick et al., 2008; Spiegelberg et al., 2005), the biochemical and structural rationale for 

these enzymes being direct targets of lithium is very strong (York et al., 1995). These data 

are in stark contrast to a widely-hypothesized “target” of lithium, glycogen synthase kinase 

3, which is only inhibited at toxic levels of lithium (Zhang et al., 2003).   

WT Bpnt1 -/- 

Figure 1.4. Loss of Bpnt1 in mice (Bpnt1 -/-) causes anasarca (whole-body 

edema) and liver failure at ~45 days of life. Adapted from (Hudson et al., 2013). 

Copyright PNAS 2013. 
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To our knowledge, phenotypes our group has observed with loss of either gPAPP or 

Bpnt1 have not been classically associated with lithium toxicity observed in humans (i.e. 

nephrogenic diabetes insipidus or hypothyroidism, among others) (Grunfeld and Rossier, 

2009; McKnight et al., 2012). Anecdotally, we have observed histopathologic features of 

lithium toxicity in Bpnt1 deficient kidney (personal communication with Roy Zent), but have 

never observed nephrogenic diabetes insipidus in Bpnt1 deficient mice (conventional and 

kidney-specific deletion) at any age. Neurobehavioral analysis of gPAPP cannot be 

performed due to early lethality, although brain-tissue specific analyses are on-going. 

Neurobehavioral analysis of Bpnt1 mutant mice are complicated by anasarca, greatly 

impairing normal motor and behavioral function. However, brain-specific Bpnt1 mutant 

mice have not been extensively characterized. Further characterization of these mouse 

models may reveal insights into the role of sulfur assimilation metabolism through 3’-

nucleotidases in the therapeutic and toxic effects of lithium.  

 Loss of Bpnt1 predominantly affects tissues involved in regulating fluid homeostasis 

(liver, intestine, and kidney). Bpnt1 is also robustly expressed in the choroid plexus (CP), 

the epithelial layer in the brain responsible for production of cerebrospinal fluid (CSF), 

although loss of Bpnt1 does not appear to cause overt defects in CSF homeostasis (i.e. 

hydrocephalus) in mice. However, as knowledge of choroid plexus function improves (Lun 

et al., 2015), it is worth considering the role of Bpnt1 and sulfur assimilation metabolism in 

these processes.  
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1.7 Summary and Research Aims 

This chapter summarized our current understanding of the major components of 

sulfur assimilation and their relationship to disease biology.  In particular, the role of lithium-

sensitive 3’-nucleotidases gPAPP and Bpnt1 (the focus of this dissertation) have been 

discussed.  Both 3’-nucleotidases play essential roles in  sulfur assimilation metabolism and  

despite catalyzing the same enzymatic reaction (although in different subcellular 

compartments), play highly divergent roles in metazoan biology. The mechanisms by which 

loss of 3’-nucleotidase activity alters organismal development and function also appear to 

occur via unique processes. Intriguingly, despite very convincing biochemical and structural 

evidence that therapeutic concentrations of lithium potently inhibits the activity of both 

enzymes, deletion of either Bpnt1 or gPAPP in mice does not appear to recapitulate the 

therapeutic or toxic effects of lithium in vivo.  Furthermore, while  the mechanism by which 

loss of Bpnt1 impairs cellular function points to an evolutionarily conserved role of PAP 

substrate accumulation,  the mechanism by which loss of gPAPP causes disease remains 

largely unknown. While the role of both 3’-nucleotidases in metazoans continues to be 

explored, both genes have been shown to regulate fundamental pathways essential for 

homeostasis of numerous organ systems (bone, liver, intestine, nervous system, etc.).  

Unexpectedly, our laboratory discovered a role for Bpnt1 in modulating iron 

metabolism, which is reviewed in Chapter 2. Future chapters will highlight recent studies of 
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Bpnt1 in regulating iron homeostasis in mice (Chapter 3), strategies to overcome metabolic 

toxicity in Bpnt1 deficient mice (Chapter 4), and identification of potential targets of sulfur 

assimilation PAP metabolic toxicity (Chapter 5). Finally, a discussion of the implications of 

this work and future directions are included in Chapter 6.   
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Chapter 2 Overview of mammalian iron metabolism and homeostasis  

 

2.1 Introduction 

 Iron is an essential dietary nutrient that plays diverse roles in biology including oxygen 

transport, DNA repair, electron transport, and neurotransmitter synthesis among others (Gulec et 

al., 2014). Iron can exist bound to heme, a protein contained within red blood cells, or non-heme 

bound. Absorption of non-heme iron occurs in the proximal portion of the duodenum and is the 

critical checkpoint for regulating systemic iron levels since mammals do not possess a regulated 

iron excretory system,  highlighting the importance of regulating apical iron import in the intestinal 

epithelium. Excess iron storage is maintained in the liver (and to a lesser extent the spleen) that 

can be mobilized under increased metabolic demand. Thus, understanding mechanisms regulating 

iron absorption have critical implications for elucidating strategies to maintain iron homeostasis 

and potentially augment disease pathophysiology. 

Disorders of iron homeostasis comprise some of the most prevalent acquired and hereditary 

diseases across human pathobiology (Ganz, 2011).There are many human diseases associated with 

alterations in iron levels, including iron deficiency anemia (IDA, i.e. insufficient iron levels), 

which afflicts nearly 1 billion people world-wide (Camaschella, 2015; Camaschella, 2019) and is 

treated with exogenous iron supplementation and/or dietary modification to increase iron 

consumption. However, a minority of cases of IDA are refractory to iron treatment, suggesting the 

presence of unmapped genetic forms of IDA in the population (De Falco et al., 2013). On the other 

hand, hereditary hemochromatosis is a disorder of excess iron accumulation (Brissot et al., 2018; 

Camaschella, 2015) which is most commonly caused by biallelic mutations in homeostatic iron 
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regulator (HfeC282Y) (Levy et al., 2000). Hereditary hemochromatosis causes end-organ iron 

accumulation and can cause liver failure, cardiomyopathy, and Parkinsonism, among other 

features (Powell et al., 2016). Unfortunately, the treatment for hereditary hemochromatosis 

includes phlebotomy (i.e. blood-letting) which is associated with considerable morbidity or iron 

chelation (i.e. deferoxamine) and necessitates frequent interaction with the healthcare system for 

treatment. Although outside the scope of this review, accumulation of neuronal iron plays a major 

role in neurodegenerative disorders such as Parkinson’s disease (Matak et al., 2016; Ward et al., 

2014) and many have investigated the regulation of  various iron homeostatic mechanisms in the 

central nervous system (Singh et al., 2014). Thus, while many genes regulating iron metabolism 

have been identified and characterized, understanding fundamental mechanisms controlling iron 

metabolism may lead to insights for therapeutic development for a wide range of human 

pathologies. 

 Sensing of iron levels occurs through the integration of the intestinal, hepatic, kidney, and 

bone marrow organ systems through the local production and hetero-tissue communication via the 

coordinated release, destruction, and cell signaling events triggered by hormones (Figure 2.1) 

(Hentze et al., 2010). When hepatic iron levels are high, hepcidin is released from the liver and 

decreases iron absorption from the intestine via a hepcidin-mediated internalization and 

degradation of intestinal-epithelium basolateral transporter ferroportin (Fpn, Figure. 2.1). Fpn is 

the only known mammalian iron exporter to the blood in the intestinal epithelium (Ganz, 2011), 

and deletion of Fpn in mice is lethal (Donovan et al., 2005). During low-iron states, transcriptional 

(ex. hypoxia inducible factor 2) and post-transcriptional mechanisms (ex. iron response element 

system) lead to an increase in iron absorption through upregulation of the only known apical iron 

importer divalent metal transporter 1 (Dmt1, Figure 2.1). However, before iron is absorbed, iron 
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must be reduced from the Fe3+ to Fe2+ state by cytochrome reductase b (Cybrd1, Figure 2.1) or via 

alterations in the environment of the intestinal brush border. When intracellular levels of iron are 

high, iron is sequestered by ferritin granules (Sharp and Srai, 2007). Normally, apical iron import 

via Dmt1 is coupled with basolateral iron export by Fpn and iron-loading onto transferrin, the non-

heme iron-carrying protein in the blood. Iron-bound transferrin is then deposited into the liver by 

receptor-mediated endocytosis and iron is released into the hepatocyte due to a decrease in 

endosomal pH (Harding et al., 1983). Collectively, these responses are coupled to production of 

erythropoietin by the kidney and increased production of red blood cells in the bone marrow to 

accommodate circulating iron storage (Haase, 2010), as free iron in the blood acts as a free radical 

eliciting cellular damage responses.  
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In the remainder of this chapter, the details of iron metabolism will be discussed, with a 

focus on the role of the intestinal-epithelium. This background information will be relevant for 

understanding the intersection of sulfur assimilation metabolism (discussed in Chapter 1) and iron 

absorption through regulation of Bpnt1, which be discussed in greater detail in Chapters 3, 4 and 

5. Potential mechanisms of PAP metabolic toxicity and future directions are discussed in Chapter 

6. 

Figure 2.1. Abbreviated overview of iron absorption in the duodenal enterocyte and 

coordination of iron metabolism in mammals. 
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2.2 Intestinal iron import 

Dietary non-heme iron primary exists in the oxidized Fe3+ (ferric) form, however Fe3+ must 

be reduced to Fe2+ (ferrous) iron before being transported into enterocytes by Dmt1 (Simpson and 

McKie, 2009). Enzymatic reduction of ferric to ferrous iron occurs by duodenal cytochrome 

reductase (Cybrd1) using ascorbate, providing a potential rationale for why vitamin C 

supplementation is recommended for patients taking exogenous iron for the treatment of iron 

deficiency anemia (He et al., 2018). When iron levels are low or cells sense a hypoxic environment, 

expression of Cybrd1 is increased substantially to improve iron absorption (Latunde-Dada et al., 

2011). However, deletion of Cybrd1 in mice appears to be dispensable for iron regulation since 

mutant mice display no changes in hematological parameters (Gunshin et al., 2005b). These data 

suggest that other factors may act to reduce iron, especially since murine species can synthesize 

ascorbic acid, however humans do not possess this function.  

Thus, at least in murine models, regulation of Dmt1 appears to be rate-limiting for iron 

absorption. One direct transcriptional regulator of Dmt1 is hypoxia inducible factor 2 (Hif-2) 

(Mastrogiannaki et al., 2009; Mastrogiannaki et al., 2013; Shah et al., 2009), which has been the 

subject of intense study across disciplines (Frise et al., 2016; Gruber et al., 2007; Liu et al., 2012; 

Shah et al., 2009; Wallace et al., 2016). Proper function of Dmt1 is required for life, as complete 

genetic loss is lethal (Gunshin et al., 2005a; Gunshin et al., 1997). Consistent with this notion, 

mice harboring loss of function mutations in Dmt1 experience early-onset severe IDA and early 

death (Fleming et al., 1998; Fleming et al., 1997; Gunshin et al., 2005a; Levy et al., 2000). Dmt1 

is highly conserved across mammals, and humans harboring both gain and loss of function Dmt1 

alleles have also been identified (Blanco et al., 2009; Mims et al., 2005) and display iron-overload 
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and iron-deficiency phenotypes, respectively. Iron loading is dependent on Dmt1, evidenced by 

amelioration of hepatic iron accumulation in genetically-predisposed mice harboring loss of 

function mutations in Dmt1 (Levy et al., 2000). Finally, Dmt1 appears to be the only apical iron 

transporter in mammals (Mims and Prchal, 2005). 

Dmt1 is a multipass transmembrane protein that mediates a proton-coupled uptake of 

ferrous iron (Gunshin et al., 1997). However, as its name suggests, Dmt1 can also transport other 

divalent metals including cobalt, manganese, and copper, but whether or not these actions are 

physiologically relevant and occur in vivo remain actively debated (Arredondo et al., 2014; 

Mackenzie et al., 2007; Shawki et al., 2012; Tennant et al., 2002). Regulation of Dmt1 occurs at 

multiple levels including transcription and through ubiquitination by the neural precursor cell 

expressed developmentally downregulated protein 4 (Nedd4) family of HECT-type ubiquitin 

ligases (Foot et al., 2008). Dmt1 undergoes ubiquitination by WW domain containing E3 ubiquitin 

ligase 2 (WWP2) and interacts with Nedd4 family member Nedd4 family interaction protein 

(Ndfip1) (Foot et al., 2008). Deletion of Ndfip1 leads to sustained expression of Dmt1 and an 

increase in hepatic iron deposition (Foot et al., 2008). In addition, Dmt1 is upregulated by hypoxia 

(Anderson et al., 2013a). Thus, many direct and indirect mechanisms regulate Dmt1 production 

and destruction. Regulation of Dmt1 appears to be a critical checkpoint for systemic iron regulation 

as mammals do not possess a regulated iron excretory system and excess iron deposition is 

detrimental to organismal function.   
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2.3 Iron sensing in the intestinal epithelium 

Once ferrous iron is transported into the enterocyte, it is rapidly chelated by a variety of 

organic acids or binds to poly-r(C)-binding proteins (i.e. iron-chaperones) (Leidgens et al., 2013; 

Shi et al., 2008). Free intracellular iron causes release of free radicals leading to DNA and 

mitochondrial damage (Emerit et al., 2001). Indeed, disorders of excess iron (i.e. 

hemochromatosis) are treated with deferoxamine, an iron-chelator, that limits cellular damage due 

to iron-induced free radical generation (Brittenham, 2011).   

Iron chaperone proteins are needed to load iron onto ferritin, the major storage center for 

intracellular iron (Boyd et al., 1984; Kwak et al., 1990). However, chaperones can also play direct 

signaling roles, such as activation of HIF prolyl hydroxylase (Nandal et al., 2011). While 

mechanisms regulating iron transport, trafficking, and localization of iron to intracellular 

compartments have been described, the overall coordination of these responses remains largely 

unknown (Asano et al., 2011; De Domenico et al., 2006; Philpott et al., 2017). When an organism’s 

demand for iron is low, iron can be stored in ferritin granules (Linder, 2013). Ferritin consists of 

three heteropolymers of heavy and light chains (Ferreira et al., 2001), although not all intracellular 

iron is stored in ferritin as iron is a cofactor for many enzymes that differ in subcellular localization 

and function. However, excess free cellular iron is extremely toxic. The majority of intestinal-

epithelial cells are rapidly turned over and sloughed off during normal intestinal-epithelial 

homeostasis, releasing ferritin into the extracellular space. Regulatory maintenance of iron levels 

in this context remain largely unknown, although intestinal ferritin expression has been shown to 

mediate iron absorption (Andrews, 2010; Darshan et al., 2009; Ferreira et al., 2001; Vanoaica et 

al., 2010). In addition, many distinct human pathologies have been associated with altered 

regulation of ferritin biology (Bowes et al., 2014; DeLoughery, 2014). When metabolic demand 
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for iron is high, intracellular ferritin and non-ferritin bound iron is transported across the 

basolateral membrane of the intestinal epithelium by ferroportin (Fpn) (Donovan et al., 2005; 

McKie et al., 2000) to be loaded onto transferrin, which will be discussed later in this chapter.  

Studies aimed at understanding the regulation, function, and structure of the HIF family 

have been an area of intense focus over the last thirty years (Choudhry and Harris, 2018; Gleadle 

and Ratcliffe, 1998). In fact, discovery and characterization of mechanisms regulating the cellular 

response to oxygen levels, for which HIFs play a major role, was the subject of the 2019 Nobel 

Prize in Physiology or Medicine (Ledford and Callaway, 2019). Coordination of the intestinal-

epithelial response to fluctuations in iron levels is coordinated, in part, by hypoxia inducible factor 

2 (Hif-2). In subsequent chapters we will explore the relationship between sulfur assimilation 

metabolism and Hif-2-dependent signaling in regulating iron metabolism Thus, the focus of this 

review will be centered on the role of Hif-2 in regulating iron metabolism in the intestine. 

HIFs are a member of the basic helix-loop-helix Per-Arnt-Sim (bHLH-PAS) family of 

transcription factors (Bersten et al., 2013). HIFs and their core regulatory components are 

conserved across metazoans, although only mammals possess multiple isoforms of HIF (Kaelin 

and Ratcliffe, 2008). HIF heterodimerizes with the constitutively-active aryl hydrocarbon receptor 

nuclear translocator (ARNT) and binds to hypoxia response elements (HRE) present in the 

promoter regions of HIF target genes (Erbel et al., 2003; Kinoshita et al., 2004; Wang and 

Semenza, 1993). HIFs contain a DNA binding domain, PAS domain required for 

heterodimerization with ARNT, an oxygen-dependent degradation domain, and both N- and C-

terminal activation domains (Wu et al., 2015; Wu et al., 2019a). At the post-translational level, 

HIF is regulated by hydroxylation by prolyl hydroxylase domain (PHD) containing enzymes (Ivan 

et al., 2001; Jaakkola et al., 2001). Once hydroxylated, HIF is recognized by von Hippel-Lindau 
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(VHL), a PHD-containing E3 ubiquitin ligase that targets HIFs to the proteasome for degradation 

(Kaelin, 2005, 2008). VHL also acts as a tumor suppressor, and VHL loss of function is associated 

with renal cell carcinoma (Kaelin, 2007). Under hypoxic conditions, HIF is not hydroxylated and 

therefore not recognized by VHL, and is stably expressed in the cell.  

PHD enzymes including VHL are iron-dependent, such that under conditions of iron 

depletion, HIF-2 protein is not degraded (Kaelin, 2008). Hif-2 mRNA also contains an iron-

response element (IRE) in the 5’ untranslated region (UTR) that regulates transcript levels. The 

IRE consensus sequence is recognized by iron response proteins (IRP1/2) which regulate HIF-2 

translation initiation (Anderson et al., 2013b; Ghosh et al., 2013; Wilkinson and Pantopoulos, 

2013; Zimmer et al., 2008). In fact, inhibition of the IRP1-Hif-2 5’-UTR interaction has been 

used as a proof-of-concept strategy to treat renal cell carcinoma caused by mutations in VHL 

(Zimmer et al., 2008). Repression of IRP1 in mice causes an increase in HIF-2 and HIF-2 target 

gene expression (Anderson et al., 2013b; Ghosh et al., 2013). Many have demonstrated through 

genetic and pharmacological studies that coordination of Hif-2-dependent signaling events in the 

intestine are required for iron absorption and homeostasis (Mastrogiannaki et al., 2009; Wu et al., 

2019b; Zimmer et al., 2008). Deletion of HIF-2 in mice leads to iron deficiency anemia (Taylor 

et al., 2011a), and will be discussed extensively in Chapters 3 and 4. 

 

2.4 Intestinal iron export to the blood 

Iron is exported to the blood via the basolateral transporter Fpn. Ferroportin was 

independently cloned across species by three groups (Abboud and Haile, 2000; Donovan et al., 

2000; McKie et al., 2000). Fpn is expressed in the intestinal-epithelium, hepatocytes, placenta, and 
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macrophages, among other tissues and cell types. The function of Fpn in vivo was first clarified by 

the observation that homozygous deletion of Fpn was embryonic lethal due to defects in 

endodermal development, but intestinal-epithelium specific deletion revealed critical roles in 

modulating dietary iron absorption (Donovan et al., 2005). Intestinal-epithelium specific Fpn null 

mice reveal dramatic increases in intracellular iron accumulation (Donovan et al., 2005), which 

are also recapitulated in liver-specific and macrophage-specific Fpn mutant mice (Zhang et al., 

2011; Zhang et al., 2012b). Deletion of Fpn precludes export into the blood, thereby causing 

systemic iron deficiency anemia despite cellular iron accumulation. 

Regulation of Fpn expression in duodenal enterocytes occurs through multiple mechanisms 

and mRNA/protein levels are controlled by iron and oxygen demand, among other physiologic 

regulators. Hypoxia stabilizes protein expression of HIF-2, which is a direct transcriptional 

regulator of Fpn through binding to the canonical hypoxia response element in the Fpn promoter 

(Taylor et al., 2011a). Fpn protein levels are also regulated by hepcidin, a hormone that is released 

from the liver when iron levels are sufficient. Hepcidin binds FPN causing its degradation and 

sequestration, thereby inhibiting iron uptake into the blood (Knutson, 2010). This feedback 

mechanism maintains systemic iron homeostasis such that excess iron is not absorbed since there 

is no regulated mechanism of iron excretion in humans. Deletion of hepcidin production in mice 

causes severe hemochromatosis and early lethality (Lesbordes-Brion et al., 2006). Detailed review 

of hepcidin function and regulation in hepatocytes is provided elsewhere (Zhao et al., 2013), as 

this is outside the scope of this review. 
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2.5 Iron transport in the blood 

 ~70% of total iron in humans is transported via direct attachment to hemoglobin in red 

blood cells. Hemoglobin carries oxygen from the lungs, where hemoglobin’s affinity for oxygen 

is high, to peripheral tissues where hemoglobin’s affinity for oxygen is low to promote tissue 

oxygenation essential for life. Each heme group contains an iron atom which coordinates the 

binding of oxygen (Perutz et al., 1960). Here, iron plays a major role in electron transfer and 

oxidation-reduction reactions that mediates the interaction of oxygen and heme (Ogura et al., 

2018). In the reticuloendothelial system (RES), comprised predominantly of circulating monocytes 

and resident tissue macrophages, senescent red blood cells release iron and this system serves as a 

storage depot of excess iron that can later be mobilized when metabolic demand for iron is high 

(Knutson and Wessling-Resnick, 2003). Since iron is not excreted in a regulated fashion, the 

amount of iron required for normal homeostasis is maintained by augmenting iron absorption in 

the intestinal epithelium. 

 Alternatively, the major non-heme transporter of iron is transferrin (Kuhn et al., 1984; 

Yang et al., 1984). Once iron is exported through FPN, iron is transferred onto transferrin at the 

basolateral surface of the intestinal-epithelium (Drakesmith et al., 2015). Transferrin saturation is 

often used clinically as a marker to determine whether or not iron is functionally available. For 

instance, if transferrin saturation is low, this is suggestive of iron deficiency anemia; however, if 

transferrin saturation is increased, this may suggest an iron overload state (either iatrogenic or 

underlying genetic predisposition to iron overload). Transferrin-bound iron is then taken up by 

target cells by receptor-mediated endocytosis via the transferrin receptor (Tfr) (Kawabata et al., 

1999; Montemiglio et al., 2019). In mammals, there are two isoforms of Tfr, Tfr1 and Tfr2. 

Complete loss of Tfr1 is embryonic lethal, however conditional deletion of Tfr1 leads to alterations 
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in epithelial barrier function, lipid accumulation, compromised intestinal stem cell maintenance, 

and early lethality (Chen et al., 2015a). Thus, expression of Tfr1/2 on target cells requiring iron is 

a major regulatory step in delivering iron to tissues. Conversely, basolateral intestinal-epithelial 

Tfr1 expression may play an entirely different role altogether, such as regulation of intestinal cell 

differentiation (Chen et al., 2015a).  

 

2.6 Iron storage  

 The major depot of iron storage in mammals is the liver and to a lesser extent the spleen. 

Hepatic iron levels are tightly controlled by hepcidin release and degradation of Fpn (discussed 

above) in addition to regulation of iron uptake via Tfr expression. Introduction of a premature stop 

codon in Tfr2 leads to hereditary hemochromatosis type 3 (Fleming et al., 2002). This is 

presumably due to the inability to sense that excess iron is present, leading to markedly increase 

absorption of iron through the intestinal epithelium. Indeed, these data are consistent with the 

requirement of homeostatic iron regulator (Hfe) to bind Tfr2 on the basolateral side of the intestine 

to impair iron absorption (Gao et al., 2009). Conversely, liver-specific deletion of Tfr1 leads to 

iron deficiency anemia (IDA) and decreased hepatic iron accumulation (Fillebeen et al., 2019). 

This summary collectively highlights the intricacy of iron homeostasis and control via 

communication of many organ systems and coordination of systemic iron levels.  

 

2.7 Summary and Research Aims 

This chapter summarizes the major components of intestinal iron biology and perturbations 

leading to various diseases. An overview of iron import, sensing, export, transport and storage is 
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provided. A framework of the core components and axis of iron absorption is essential for 

understanding subsequent chapters elucidating the role of sulfur assimilation metabolism 

(reviewed in Chapter 1) in iron regulation. Subsequent chapters will summarize our studies 

elucidating a role for nucleotide hydrolysis and sulfur assimilation in regulating disorders of iron 

deficiency and iron overload.                                                                                                                                   
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Chapter 3 Modulation of intestinal sulfur assimilation metabolism regulates iron homeostasis 

 

This chapter was adapted from Hudson, Hale, et al. PNAS, 2018. Copyright by PNAS 

3.1 Introduction 

This chapter outlines our laboratory’s initial studies characterizing the role of bisphosphate 

3’-nucleotidase (Bpnt1) in regulating iron metabolism in mice. Here we revealed an unexpected 

function of Bpnt1 in regulating iron metabolism. Our studies discussed in detail below revealed an 

intestinal-epithelium specific role for Bpnt1 in mediating iron absorption. We demonstrated that 

mice lacking Bpnt1 (either whole-body or intestinal-epithelium specific) develop iron deficiency 

anemia (IDA). Mechanistically, we demonstrate that loss of Bpnt1 causes IDA through toxic 

accumulation of PAP substrate by restoring iron homeostasis in Bpnt1 null animals by forward-

genetic suppression of PAP synthesis through introduction of a hypomorphic mutation in PAPSS2. 

Unbiased transcriptomic analysis of Bpnt1 null enterocytes reveal broad and extensive alterations 

in transcription that mimic, at least in part, deletion of Hif-2. We confirm decreased HIF-2 

protein expression and no difference in subcellular localization in Bpnt1 null intestinal epithelium. 

A detailed description of these results is provided in this chapter.  

Regulation of iron homeostasis is perturbed in numerous pathologic states. Thus, 

identification of mechanisms responsible for iron metabolism have broad implication for disease 

modification. The sulfur assimilation pathway is an evolutionarily conserved pathway regulating 

nucleotide hydrolysis, sulfation, and organismal homeostasis. Deletion of Bpnt1, a key component 

of the sulfur assimilation pathway (reviewed in Chapter 1), leads to toxic accumulation of 

phosphoadenosine phosphate (PAP) substrate. IDA in Bpnt1 animals is due, at least in part, to 
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inhibition of hypoxia-inducible factor 2- (Hif-2) a key transcriptional regulator of iron 

homeostasis. Mechanistically, we demonstrate that reduction of PAP through introduction of a 

hypomorphic mutation in 3’-phosphoadenosine 5-phosphosulfate synthase 2 gene (Papss2, the 

enzyme responsible for PAP production) rescues IDA (and other phenotypes associated with loss 

of Bpnt1) (Hudson et al., 2013; Hudson et al., 2018). The studies outlined in this chapter define a 

new genetic basis for iron-deficiency anemia, a molecular approach for rescuing loss of 3’-

nucleotidase function and an unanticipated link between nucleotide hydrolysis in the sulfur 

assimilation pathway and iron homeostasis.   

Iron is a critical dietary micronutrient that serves as a cofactor for numerous metabolic 

reactions and is necessary for the production of red blood cells (RBCs) that transport oxygen 

throughout the body (Andrews, 2008; Hentze et al., 2010; Knutson, 2010). Disease states result 

from an imbalance in systemic iron homeostasis including hereditary hemochromatosis, 

neurodegenerative disease and anemia (Andrews, 2008; Hentze et al., 2010). Hereditary 

hemochromatosis, the most common genetic cause of iron dysregulation in humans, results in 

tissue iron overload and eventual organ failure (Siddique and Kowdley, 2012). In contrast, anemia 

due to chronic iron deficiency is a pervasive world-wide problem, affecting as many as 1 billion 

people (Cameron and Neufeld, 2011). Discovery of mechanisms affecting regulation of iron are 

paramount to understanding the molecular basis of numerous diseases. 

Sulfur assimilation is the process of incorporating inorganic sulfate from the environment 

into sulfur-containing amino acids and sulfate-containing metabolites, and is a feature shared 

among bacteria, yeast, plants and mammals (Hudson and York, 2012; Kopriva et al., 2015; 

Takahashi et al., 2011).  Key regulators of metabolic flow in the sulfur assimilation pathway are 

the enzymes phosphoadenosine phosphosulfate synthetase (Papss2) and bisphosphate 3’-
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nucleotidase (Bpnt1); the latter is a member of a structurally-related family of phosphatases (York 

et al., 1995). Mice and humans encode two such 3’-nucleotidases: Golgi-resident 3’-

phosphoadenosine 5’-phosphate phosphatase (gPAPP) and the cytoplasmic Bpnt1. Loss of gPAPP 

activity in mice results in impaired chondroitin sulfation that underlies chondrodysplasia, 

pulmonary insufficiency, and bone joint defects (Frederick et al., 2008), which are mimicked in 

human patients carrying recessive mutations (Vissers et al., 2011).  In contrast, animals deficient 

for Bpnt1 develop anasarca, hepatic insufficiency, and impaired ribosomal biogenesis (Hudson et 

al., 2013), consistent with compartment specific roles for sulfur assimilation and nucleotide 

hydrolysis in mammalian physiology. Here, we uncover a tissue specific role for cytoplasmic 

nucleotidase Bpnt1 in iron homeostasis, define a new genetic basis for iron deficiency anemia and 

provide a molecular strategy that rescues the disease.  

 

3.2 Methods 

 

3.2.1 Mouse model and diets 

 

Bpnt1 floxed mice were generated using a standard homologous recombination approach.  

Briefly, we recombined the 4th and 5th exons of the Bpnt1 locus in 129/SvEv ES cells with a 

construct containing flanking LoxP sites and a neomycin resistance cassette. Cells resistant to 

neomycin were confirmed by polymerase chain reaction (PCR) and Southern blotting, injected 

into blastocysts and implanted into pseudopregnant females by the University of North Carolina 

Animal Models Core. Chimeric founders were identified by Southern blotting and PCR and 

crossed with B6.Cg-Tg(ACTFLPe)9205Dym/J mice (The Jackson Laboratory) expressing FLP 

recombinase in order to remove the neomycin cassette. Bpnt1+/fl mice were then backcrossed four 
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generations into the C57BL/6J background, intercrossed and maintained as Bpnt1fl/fl animals. To 

obtain intestine-specific knockouts, we first crossed B6.SJL-Tg(Vil-cre)997Gum/J mice (The 

Jackson Laboratory) expressing Cre recombinase under the control of the villin promoter with 

Bpnt1+/- animals to obtain Bpnt1+/-Vil-Cre+ double heterozygotes. These animals were then 

crossed to Bpnt1fl/fl mice to generate Bpnt1+/fl, Bpnt1-/fl, Bpnt1+/int, and Bpnt1-/int mice. Wild-type 

and conventional knockout Bpnt1 alleles were genotyped by multiplex PCR using the following 

primers: (a) 5’-cctatagtcctagcacttgagagg-3’; (b) 5’-accaaagaacggagccggttggcg-3’; and (c) 5’-

aggtcggaaccctgttctctagtc-3’. Floxed Bpnt1 alleles were genotypes by PCR using the following 

primers: (a) 5’-cttgtggtttgggttgaccccttag-3’ and (b) 5’-ctctagcccagtcagacatgtcag-3’. Villin-Cre 

expression was determined by PCR using the following primers: (a) 5’-gcggtctggcagtaaaaactatc-

3’ and (b) 5’-gtgaaacagcattgctgtcactt-3’. All animals unless otherwise noted were maintained on 

Purina 5058 natural products chow. Animals receiving supplemental iron were injected into the 

scruff of the neck weekly for a total of 3 weeks with 5 mg of sterile iron-dextran (Sigma). After 3 

weeks, mice were sacrificed and analyzed as described above. Animals challenged with iron-

deficient diets were maintained on normal Purina 5058 chow until the time of weaning (P23) at 

which point they were given either iron-deficient AIN-93G defined chow with 2-6 ppm total iron 

or an identical AIN-93G supplemented with 200 ppm iron(II) sulfate (Harlan-Teklad TD.120105 

and TD.120106 respectively). Mice were sacrificed after 5 weeks of dietary treatment and analyzed 

for hematological parameters as described above. Animal care and experiments were performed 

in accordance with the National Institutes of Health guidelines and approved by the Duke 

University Institutional Animal Care and Use Committee. 
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3.2.2 Western blot analysis 

 

Intestinal tissue for Western blotting was isolated from mice anesthetized with avertin and 

immediately transferred to ice-cold PBS with 1 mM PMSF. Whole intestines were dissected 

longitudinally and rinsed vigorously in ice-cold PBS to remove lumenal fecal contents. The tissue 

was then cut into desired segmental lengths (usually 3 cm) transferred to 15-mL conical tubes 

containing 5 mL of dissociation buffer (1x PBS, 3 mM EDTA, 1 mM PMSF, and 1x Roche 

Complete EDTA free protease inhibitor tablets) and mixed thoroughly. Tubes were mixed end-

over-end in a 4oC room for 45 minutes with vigorous shaking every 5 minutes. Mesenchyme was 

removed with forceps and intestinal epithelial cells were collected by centrifugation at 1,000 x g 

at 4oC for 5 minutes followed by snap freezing in LN2 and storage at -80oC. Cells were lysed by 

resuspending in 250 mM sucrose, 30 mM Histidine pH 7.2, 1 mM PMSF, and 1x protease inhibitor 

tablet and passing through an 18G followed by a 22G syringe. Lysates were centrifuged at 6,000 

x g for 5 minutes at 4oC, supernatants collected, and added to 5x SDS buffer followed by 

incubation at room temperature for 1 hour (Dmt1 aggregates if heated to 95oC). Primary antibodies 

detecting Dmt1 (a generous gift from P. Gros, McGill University), Bpnt1 (#2296, York lab), and 

Actin (Sigma) were incubated overnight at 4oC and analyzed by Li-COR. 

 

3.2.3 RNA and qRT-PCR 

Total duodenal RNA was extracted from tissues isolated as described above in Western 

blot analysis from a 1-2 mm strip of intestine immediately distal to the pyloric sphincter. RNA 

was extracted using Trizol according to the manufacturer’s recommendations (Life Technologies). 

Briefly, snap frozen tissue segments were added to 20 volumes of Trizol and rapidly homogenized 
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using a PowerGen 700 homogenizer (Fisher Scientific – power “4”) and disposable hard tissue 

generators (Omni International). cDNA was synthesized with the Bio-Rad iScript reverse 

transcriptase kit using random hexamers. Control (-)RTase reactions were included for each 

sample. Quantitative PCR was performed on a Bio-Rad iQ5 using the SsoFast Evagreen PCR 

supermix. Primers were generated using the NCBI Primerblast software and were designed to cross 

an intronic boundary. Primers were tested for linearity over 3 logs of dilution and (-)RT reactions 

consistently yielded no amplified product. See Table S1 for primer sequences. 

 

3.2.4 Tissue and serum iron quantification 

 

Iron analysis was performed according to standard methodologies with minor 

modifications.  Briefly, livers and spleens were isolated following PBS perfusion, blotted dry, and 

snap frozen in liquid nitrogen. The tissues were weighed while still frozen and added to 9 volumes 

of acid lysis buffer (3 M HCl, 0.61 M trichloroacetic acid). The samples were shaken vigorously 

and incubated at 95oC overnight until completely dissociated. Samples were then centrifuged at 

5,000 x g for 10 minutes. To quantify iron content, 5 volumes of saturated sodium acetate, 5 

volumes of milliQ water, and 1 volume of chromogen stock solution (1.86 mM 

bathophenanthroline, 143 mM thioglycolic acid in milliQ water) were combined to generate the 

chromogen working solution. 100 µL of supernatant was then added to 1 mL of working 

chromogen buffer and incubated for 10 min at room temperature to allow for color development. 

Absorbencies were measured on a Beckman Coulter DU730 spectrophotometer and compared to 

a standard curve of iron(II) sulfate ranging from 0 to 4000 µg/dL Fe2+. Samples above the linear 

range of the assay were diluted 1:10 with acid lysis buffer. 
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3.2.5 Hematological analysis 

 

For hematological analysis, mice were sacrificed by CO2 exposure and blood was collected 

by cardiac stick from the right ventricle. Blood was collected into K2EDTA tubes (Becton 

Dickinson) and mixed gently to prevent clotting. Complete blood counts were performed by the 

Duke Veterinary Diagnostic Laboratory using an Abbot Cell Dyn 3700. For blood smears, whole 

blood was collected via cardiac stick, spread onto glass slides (Fisher Scientific), allowed to air-

dry, and stained with Wright-Giemsa (Electron Microscopy Services, Duke University). 

 

3.2.6 Immunohistochemistry 

For histological analysis, mice were sacrificed using the above method and then perfused 

transcardially with 30 mL of phosphate-buffered saline pH 7.4. Tissues for histology were fixed 

in 10% formalin (VWR) for 2 days then embedded in paraffin by the Duke University Medical 

Center Immunohistology Research Laboratory. 5m sections were stained for Perls’ iron by the 

Duke University Medical Center Immunohistology Research Laboratory. A section of iron-loaded 

human liver serves as positive control for staining quality. For immunohistochemistry, sections 

were blocked, stained, and visualized with DAB according to standard procedures. Primary 

antibodies recognizing fibrillarin (Abcam), Bpnt1 (York lab-2296) or HIF-2α (Novus Biological) 

were incubated at 4°C overnight. Slides were imaged on a Nikon TE2000 inverted microscope. 

Quantification was performed using Image-J (NIH).  
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3.2.7 PAP quantification 

Tissue PAPS and PAP levels were measured using a combination of two previously 

published protocols (Hazelton et al., 1985; Lin and Yang, 1998). Briefly, frozen intestine segments 

(~3 cm) were boiled for 3 minutes in 5 L of PAP isolation buffer (50 mM glycine (pH 9.2)) per 

mg of tissue and disrupted using a PowerGen 700 homogenizer (Fisher Scientific – power “4”) 

and disposable hard tissue generators (Omni International). This process was repeated once more 

before transferring the samples to ice. Homogenates were clarified by at 16,100 x g, 4oC for 20 

minutes. Following addition of 0.2 volumes of CHCl3, mixtures were shaken vigorously and then 

centrifuged at 16,100 x g, 4oC for 20 minutes. Finally, the upper aqueous phases were collected. 

The final extract was stable at -80oC for at least 3 months. PAP quantification was performed as 

described previously (Hudson et al., 2013). 

 

3.2.8 RNA sequencing and analysis 

Poly-A selected mRNA libraries were prepared with KAPA Biosystems sample kits using 

indexed adaptors (Illumina), pooled (twelve libraries), and subjected to 75 bp paired-end 

sequencing according to the manufacturer’s protocol (Illumina NextSeq500). Raw data and 

alignment quality control were performed using QC3 (Guo et al., 2014). Raw data were aligned 

with TopHat2 (Kim et al., 2013) against human transcript genome HG19, and read counts per gene 

were obtained using HTSeq (Anders et al., 2015).  Differential expression analysis was performed 

using DESeq2 (Anders and Huber, 2010). We defined false discovery rate as FDR <0.05. 

Unsupervised cluster analysis was performed using Heatmap3 by selecting the top 5% of genes 

with the highest coefficient of variance (Zhao et al., 2014). We performed gene ontology analysis 
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using Database for Annotation, Visualization and Integrated Discovery (DAVID) as previously 

described (Huang da et al., 2009a, b). Gene set enrichment analysis (GSEA) was performed as 

previously described (Subramanian et al., 2005).  GSEA enabled us to rank every transcript 

sequenced according to fold change and p-value in order to determine physiologically significant 

overlap in gene expression patterns of known biological pathways and functions. 

The following Gene Ontology (GO) transcriptional signatures were used. 1. Iron 

metabolism: GO:0020037, heme binding; GO:0051536, iron-sulfur cluster binding- as well as 

genes involved in Bpnt1 biology (Frederick et al., 2008; Hudson et al., 2013; Hudson and York, 

2012, 2014). 2. The HIF-2 target genes were derived as previously described (Schaefer et al., 

2009). 3. Nucleolus, GO:0005730. 4. Sulfate assimilation: Transferase activity transferring sulfur 

containing groups, GO:0016782; Sulfur metabolic process, GO:0006790; Sulfur compound 

biosynthetic process, GO:0044272; Oxidoreductase activity acting on sulfur group of donors, 

GO:0016667; and KEGG Sulfur metabolism. In addition, we compared our RNAseq data with 

sequencing data from a HIF-2 intestine-specific knockout as previously described (Taylor et al., 

2011a). In addition, we studied the Broad Institute Molecular Signatures Database C2 curated gene 

sets as well as manual input of genes known to be involved in Bpnt1 biology (Frederick et al., 

2008; Hudson et al., 2013; Hudson and York, 2012).  

 

3.3 Results 

 

3.3.1 Bpnt1 global knockout mice develop iron deficiency anemia 

 

Our phenotypic analysis of Bpnt1 deficient mice revealed an age-dependent hair-loss 

(alopecia), a clinical manifestation suggestive of iron deficiency anemia. Thus, we analyzed 
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complete blood counts (CBCs) from wild-type and conventional global Bpnt1 knockout (Bpnt1-/-

) mice. Bpnt1-/- animals had significantly lower hemoglobin (Hb), smaller mean corpuscular 

volumes (MCV), and reduced average cellular hemoglobin (MCH), indicative of microcytic 

hypochromic anemia (Figure 3.1B-D). Microcytic anemia is most frequently due to systemic iron 

deficiency. Thus, to probe whether the anemia observed in Bpnt1-/- animals was the result of 

inadequate iron stores or a primary defect in the hematopoietic system, we supplemented wild-

type and Bpnt1-/- mice with subcutaneous Fe-dextran or saline once a week for three weeks and 

assessed CBCs at the end of the fourth week. Bpnt1-/- mice that received Fe-dextran displayed 

normalized Hb levels (Figure 3.1E), confirming that the anemia was due to a defect in iron 

homeostasis. Thus, global loss of Bpnt1 impairs the maintenance of sufficient bodily iron stores 

for normal hematopoiesis.  

Our previous studies of 3’-nucleotidase mutant mice revealed two distinct mechanisms that 

contributed to observed phenotypes: the first involved the toxic accumulation of PAP substrate as 

depicted in -/- labeled pathway (Figure 3.1A) (Hudson et al., 2013); whereas the second was 

consistent with impaired sulfation through defective import of Golgi PAPS and/or failure to 

produce 5’AMP (Frederick et al., 2008).  To further probe if either mechanism explained the 

observed microcytic anemia, we generated a double mutant mouse (Bpnt1-/- Papss2bm/bm – DKO) 

deficient for Bpnt1 and harboring a hypomorphic mutation in the phosphoadenosine 

phosphosulfate synthase, Papss2.  We surmised according to the first model that a double mutant 

would rescue iron deficiency anemia because of concomitant downregulation of PAP synthesis 

depicted by DKO pathway (Figure 3.1A), whereas if the second model were true, an exacerbation 

of the anemia would be expected.  Indeed, the double mutant mice exhibited dramatically reduced 

PAP accumulation relative to Bpnt1 deficiency alone, and indeed displayed no detectable 
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hematological abnormalities (Figure 3.1B-D).  We conclude that Bpnt1 is a key regulator of PAP 

and aberrant accumulation of PAP results in toxic modulation of pathways relevant to the onset of 

microcytic anemia.  Importantly, we also define a potential therapeutic strategy to overcome iron 

deficiency anemia caused by loss of 3’-nucleotidase through concomitant inhibition of PAPS 

synthase. 
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Figure 3.1. Bpnt1 global knockout mice develop PAP-dependent iron deficiency anemia. 

(A) Top schematic (+/+) shows abbreviated molecular components of the sulfur assimilation 

pathway and PAP metabolism by 3’-phosphoadenosine 5-phosphosulfate synthase 2 (Papss2) and 

Bpnt1 in normal cells. Horizontal arrows represent cellular reactions, while diagonal arrows 

represent contribution from the predominant sources of 5’-AMP independent of the sulfur 

assimilation pathway. Middle schematic (-/-) represents pathway in Bpnt1 deficient cells (red “X”) 

with PAP, enlarged font and bolded, symbolizing up to 40-fold elevation of cellular 

concentrations, yet normal levels of other metabolites as reported in normal and mutant tissue 

(Hudson et al., 2013). Lower schematic (DKO) represents double mutant in which tissue possess 

both a partial loss of PAPSS2 activity (dashed red arrow) and Bpnt1 deletion (red “X”) illustrating 

the metabolic reduction PAPS synthesis and PAP levels, even in the context of 3’-nucleotidase 

loss. (B-D) Hematological parameters of 8-week-old wild-type (+/+; blue), Bpnt1-/- knockouts (-

/-; red), and Bpnt1-/-Papss2bm/bm double mutants (DKO; green) fed standard grain-based chow. (E) 

Hemoglobin levels of 1-year-old wild-type and knockout mice that received subcutaneous saline 

or Fe-dextran once a week for three weeks prior to sacrifice at the end of the fourth week. (F) qRT-

PCR of Hamp1 transcript relative to beta actin from total liver RNA of 8-week-old mice.  

 

Iron homeostasis is exquisitely maintained by a series of complex physiological pathways 

including hepatic production of the small peptide hormone Hepcidin (encoded by the Hamp1 

gene). Hepcidin executes its function at the duodenum through binding the basolateral iron 

transporter Fpn and regulating its availability, stability, and ability to mediate iron trafficking to 

the blood (Nemeth et al., 2004). Since impaired iron absorption can result from the pathological 

overproduction of hepcidin, as in anemia of inflammation (Nicolas et al., 2002), and because 

Bpnt1-/- mice display significant defects in hepatic function (Hudson et al., 2013), we postulated 

that aberrant overproduction of hepcidin might be responsible for the iron deficiency observed. 

Surprisingly, we found that relative to wild-type, Bpnt1-/- livers had ~10-fold lower levels of 

Hamp1 mRNA (Figure 3.1F). This data confirms that the hepatic hepcidin signaling axis responds 

normally to the iron deficient state, yet is insufficient to overcome systemic iron deficiency 

anemia. In addition, the Bpnt1-/- animals displayed heavier, pale, dilated, and abnormal nucleolar 

morphology in the intestinal-epithelium suggesting a marked effect of PAP accumulation in the 
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intestine (Figure 3.2A-D). Taken alongside the subcutaneous rescue by Iron-Dextran (Figure 

3.1E), our data suggest the anemia may be a result of impaired iron absorption in the intestine.  
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Figure 3.2. Bpnt1 deficient intestine displays abnormal architecture. (A) Dietary iron 

absorption occurs primarily in the duodenum, the proximal portion of the small intestine 

immediately distal to the stomach. Macroscopic comparison of wild-type and Bpnt1-/- intestinal 

architecture reveal that mutant intestines are heavier, longer (~48 cm versus ~39 cm), and pale in 

color. This effect is most obvious in the proximal duodenum, which weighs on average ~2-fold 

more than the matching segment of wild-type intestine. Average wet weights of 3-cm segments of 

wild-type (n=4) or Bpnt1-/- mice (n=4) demonstrating both heavier proximal sections and greater 

overall length in mutant animals. (A, inset) Western blot for Bpnt1 demonstrating increased Bpnt1 

protein expression in the proximal duodenum that decreases gradually distally through the small 

intestinal tract. (B) Photograph of Bpnt1 knockout (top two) and Bpnt1 heterozygous (bottom) 

gastroduodenal segments showing pale color and dilated appearance, demonstrating marked 

alteration of the intestinal architecture in Bpnt1-/- mice. (C) H&E staining of wild-type and Bpnt1-

/- mice demonstrating profound changes in intestinal morphology in Bpnt1-/- mice that are rescued 

in the DKO mice. (D) Immunohistochemistry analysis of nucleoloar-resident fibrillarin in 

duodenal villi. Here, we report perturbed nucleolar architecture in Bpnt1 deficient gut enterocytes, 

an indicator of tissue-specific elevation of cellular PAP levels (Hudson and York, 2014). (D, lower 

panels) Higher magnification of aberrant enterocyte nuclear and nucleolar architecture in global 

Bpnt1 deficient enterocytes that is rescued in the DKO animal.  

 

3.3.2 Intestinal-epithelium specific Bpnt1 knockout mice develop iron deficiency anemia 

The aberrant intestinal morphology coupled with the hypothesis that Bpnt1 may 

specifically regulate iron absorption in enterocytes prompted the generation of tissue-specific 

Bpnt1 deficiency by crossing mice harboring a floxed allele of Bpnt1 with animals expressing Cre 

recombinase driven by the intestinal-epithelium specific villin promoter (Figure 3.3A). Intestine-

epithelium specific loss was confirmed by immunoblotting for Bpnt1 and analyzing PAP levels in 

the small intestine (Figure 3.3B-C).  

Bpnt1-/int mice appeared normal at birth and display no detectable differences in weight 

gain following weaning (Figure 3.4A). By 8 weeks postnatal, Bpnt1-/int mice developed moderate 

alopecia similar to global knockouts (Figure 3.4B). Bpnt1-/int mice also displayed aberrant 

intestinal morphology and nucleolar condensation similar to Bpnt1-/- mice (Figure 3.4C), but no 

differences in intestinal iron content (Figure 3.4D). 
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Figure 3.3 Generation and confirmation of intestine-specific Bpnt1 knockout mice. (A) 

Genomic targeting strategy to introduce LoxP sites flanking the 4th and 5th exons of the Bpnt1 

locus. TK = thymidine kinase cassette for negative selection; NEO = neomycin resistance cassette 

for positive selection. Floxed mice were then crossed with mice expressing Cre recombinase under 

the control of the villin promoter to generate intestine-specific knockouts. (B) Representative 

western blot analysis of tissues from Bpnt1-/fl and Bpnt1-/int mice demonstrating significant 

decrease in expression of Bpnt1 in whole small intestine. Appearance of incomplete knockout is 

due to residual Bpnt1 protein in intestinal cell types that don’t express villin. (C) PAP analysis in 

the small intestines of Bpnt1-/fl and Bpnt1-/int mice demonstrating robust elevation of PAP in the 

proximal small intestine (n=3).  



 

 

 
52 

 

CBCs and blood smears of Bpnt1-/int animals revealed lower Hb levels and mean 

corpuscular volume as well as small hypochromic RBCs (Figure 3.5A-C). We also analyzed bodily 

iron stores and found that Bpnt1-/int mice have roughly 50% and 30% lower hepatic and splenic 

iron content, respectively (Figure 3.5D).  Consistent with the results from the global Bpnt1 mutant, 

we observed a marked down-regulation of Hamp1 transcript in livers derived from Bpnt1-/int 

animals (Figure 3.5E). While the intestinal-epithelium specific loss of Bpnt1 recapitulates the iron-

deficiency anemia observed in the global Bpnt1 knockouts, we note that other phenotypes reported 

for the global Bpnt1 knockout, such as anasarca, have not been observed in the intestine-specific 

mutant at any age. Collectively, our data confirm that proper metabolic flow through the sulfur 

assimilation pathway in the small intestine is required for normal iron absorption and mice with 

impaired Bpnt1 function are predisposed to developing anemia despite maintaining an iron-

sufficient diet, the latter of which has potential significance in identifying unmapped inherited 

forms of anemia. 



 

 

 
53 

 

Figure 3.4. Body weight and intestinal morphology analysis of Bpnt1-/int mice. (A) Analysis 

of body weight after weaning in male and female intestine specific knockout mice. Bpnt1-/int mice 

have no obvious growth defects or abnormalities through 8 weeks postnatal. (B) Representative 

photograph of 8-week-old mice demonstrating alopecia in Bpnt1-/int mice. (C, left) H&E staining 

of wild type and Bpnt1-/int proximal duodenum demonstrating profound changes in cellular 

architecture and brush border changes. (C, right) Fibrillarin staining of wild type and Bpnt1-/int 

mice demonstrating aberrant nucleolar condensation in Bpnt1-/int mice. (D) Photograph of Perls’ 

iron stained duodenal villi. Note the lack of detectable iron staining in Bpnt1-/int mice. The positive 

control section is iron-loaded, human liver.  Donovan et al. (2005) reported that a defect in the 

basolateral iron transporter, ferroportin, leads to sequestration and accumulation of iron in the 

enterocyte (Donovan et al., 2005). Our RNA sequencing data showed that loss of Bpnt1 resulted 

in defects in apical iron transporter, Dmt1, as well as decreased ferroportin expression. Thus, we 

expected no accumulation of iron in the Bpnt1-/int mouse because iron was unable to be absorbed 

into the enterocyte.   
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3.3.3 Intestinal-epithelium specific Bpnt1 knockout mice displayed defects in apical iron import 

Because Bpnt1-/int mice appear unable to adequately modulate iron stores, we wondered 

whether Bpnt1 deficient enterocytes might also be susceptible to diet-induced iron starvation. To 

test this, mice were fed iron-deficient (2-6 ppm) or control (200 ppm) diets ad libitum for 5 weeks 

from weaning after which we measured CBCs. Bpnt1-/int animals displayed average hemoglobin 

concentrations of 4.1 g/dL relative to 9.5 g/dL for Bpnt1-/fl controls (Figure 3.6A). To understand 

why Bpnt1-/int mice were unable to respond to the low iron stress, we looked for defects in apical 

and basolateral iron transport. When basolateral transport is impaired, either through up-regulated 

hepcidin or Fpn deficiency, intracellular iron accumulates in the duodenal enterocytes and is 

visible as ferritin granules by histological iron staining (Donovan et al., 2005). Bpnt1-/int animals 

displayed no detectable increase in enterocyte iron stores, suggesting that defective basolateral 

transport was not primarily responsible for the iron deficiency (Figure 3.4D). We next examined 

the functionality of iron import across the apical membrane by Dmt1. To test this, we analyzed the 

transcript and protein levels of Dmt1 from isolated duodenal enterocytes. Normally, when an 

organism is iron-starved, there is a profound compensatory response to induce Dmt1 expression, 

subsequently increasing iron absorption. Strikingly, while iron-depleted Bpnt1-/fl animals 

significantly up-regulated Dmt1, Bpnt1-/int enterocytes failed to increase Dmt1 transcript or protein 

levels (Figure 3.6B-C). Our data suggests that insufficient iron transport across the apical 

membrane by Dmt1 gives rise to the iron deficiency anemia in Bpnt1-/int mice. 
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Figure 3.5. Inactivation of Bpnt1 s in the small intestine results in iron deficiency anemia. 

(A) Representative photograph of Wright stained whole blood smear from Bpnt1-/fl and Bpnt1-/int 

showing microcytic hypochromic RBCs. (B-C) Hematological parameters of Bpnt1-/fl and Bpnt1-

/int 8-week-old mice demonstrating anemia (n=6-8 per group). (D) Quantification of tissue iron 

stores in livers and spleens of 8-week-old male Bpnt1-/fl and Bpnt1-/int mice. (E) qRT-PCR of 

Hamp1 mRNA relative to beta actin from total liver RNA in Bpnt1-/fl and Bpnt1-/int mice (n=4).  

 

 

Figure 3.6. Bpnt1-/int enterocytes display defects in apical iron transport. (A) Hemoglobin 

levels of mice on control or iron deficient diets. Mice were fed a low iron (2 ppm) or control (200 

ppm) diet for 5 weeks after weaning (n=3-5 per group). (B) qRT-PCR of Dmt1+IRE mRNA 

relative to actin in the duodena of control or iron starved mice (n=3-5 per group). (C) Western blot 

analysis of Dmt1, Bpnt1, and actin loading control from isolated enterocytes of the same mice as 

in panel B. 

 



 

 

 
56 

 

3.3.4 PAP accumulation induces transcriptional changes in iron metabolism associated genes, the 

HIF-2 pathway, and sulfur assimilation related genes 

Recently, a number of studies have implicated transcription factor hypoxia-inducible factor 

2 alpha (Hif-2) as a key mediator of the intestine’s response to iron deficiency (Anderson et al., 

2013b; Mastrogiannaki et al., 2009; Taylor et al., 2011a). During iron starvation, degradation of 

HIF-2 is inhibited, leading to its accumulation and subsequent transcription of genes containing 

HIF response elements (HifREs). Mice lacking intestinal HIF-2 display blunted responses to iron 

deficiency, including an inability to upregulate Dmt1, and thus are unable to maintain sufficient 

serum iron and hemoglobin levels. Because Dmt1 expression in Bpnt1-/int mice is not stimulated 

following iron deficiency, we surmised that HIF-2 or other genes under the control of HIF-2 

might also be perturbed.  

Thus, we performed RNA sequencing (RNAseq) on polyA-selected RNA isolated from 

enterocytes of Bpnt1-/fl and Bpnt1-/int mice fed either iron-replete or iron-deficient chow (Figure 

3.7A). Strikingly, the pathways and biological functions identified using gene set enrichment 

analysis (GSEA) pointed to iron-related and hematologic parameters as functionally pertinent 

(Figure 3.7B).  
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Figure 3.7. Bpnt1-/int enterocytes display broad changes in transcriptional activity. (A) 

Heatmap displaying top five percent of genes that changed between enterocytes of Bpnt1-/fl vs. 

Bpnt1-/int mice fed either an iron-replete or iron-deficient diet for 5 weeks (n=3 per group). (B) 

Database for Annotation, Visualization and Integrated Discovery (DAVID) gene ontology analysis 

on the genes in (A) highlighting changes in biological processes related to iron metabolism 

between Bpnt1-/fl vs. Bpnt1-/int mice fed either an iron-replete or iron-deficient diet for 5 weeks. 

(C) Gene Set Enrichment Analysis (GSEA) was used to compare the transcriptional signature of 

Bpnt1-/int enterocytes to gene ontology signatures of iron metabolism, HIF-2, sulfate assimilation 

and sequencing data from HIF-2-/int animals published by (Donovan et al., 2005). Enrichment 

score is plotted on the y-axis and each vertical line along the x-axis represents an individual gene. 

These analyses were performed according to Subramanian et al. (2005)’s instructions. (D) 

Database for Annotation, Visualization and Integrated Discovery (DAVID) analysis of the shared 

subset of genes (92) described in (Fig. 4C). DAVID gene ontology analysis confirmed that the 

shared subset of genes in HIF-2-/int and Bpnt-/int animals is intricately involved in iron metabolism. 

 

GSEA was performed and revealed significant enrichment of iron-metabolism related 

genes, HIF-2 gene ontology signature and sulfate assimilation gene ontology signatures (Figure 

3.8A). Of note, genes that are essential for proper iron homeostasis, import, and export including 

HIF-2, transferrin receptor (Tfr1), ferroportin (Fpn), and iron reductase (Dcytb), and Dmt1 

(Figure 3.6B-C and 3.8A) were altered in Bpnt1-/int enterocytes, supporting the role of PAP 

accumulation in mediating control of iron metabolism at each step. Furthermore, only under 

conditions of iron-deficiency does the HIF-2 dependent transcriptional signature (Schaefer et al., 

2009) become enriched (Figure 3.8A and 3.7C). This suggests that an animal with a defect in the 

sulfur assimilation pathway may be genetically predisposed to develop iron deficiency anemia 

through aberrant HIF-2 signaling. However, the precise mechanism by which this occurs is not 

known. 

Both Bpnt1-/int and HIF-2-/int animals are unable to stimulate Dmt1 production when fed 

iron-deficient chow (Taylor et al., 2011a), indicating that loss of Bpnt1 or HIF-2 phenocopy one 

another, at least in part. Thus, we surmised that PAP accumulation may recapitulate the molecular 
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signature of a HIF-2-deficient cell. We performed GSEA comparing the transcriptional signature 

of genes that changed more than three-fold when Bpnt-/int and HIF-2-/int animals were fed iron-

deficient chow (Figure 3.8A and 3.7C). We observed significant enrichment between the HIF-2-

/int genetic signature and Bpnt-/int mice that were fed either iron-rich or iron-deplete chow. We 

hypothesize this is likely due to repression of HIF-2 in Bpnt-/int enterocytes, independent of 

dietary iron content (Figure 3.8B).  
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Figure 3.8. PAP accumulation induces transcriptional changes in iron-metabolism related 

genes, the HIF-2 pathway and sulfur-assimilation related genes. (A) Enterocytes of Bpnt1-/fl vs. 

Bpnt1-/int mice fed either an iron-replete or iron-deficient diet for 5 weeks (n=3 per group) were 

isolated and subjected to poly-A selected RNA sequencing. Gene Set Enrichment Analysis 

(GSEA) was performed on pertinent gene ontology signatures defined for targets of iron 

metabolism, the HIF-2 pathway, genes involved in sulfur assimilation, as well as sequencing data 

from HIF-2-/int mice published by (Taylor et al., 2011a). GSEA analysis comparing the Bpnt-/int 

and HIF-2-/int transcriptional signatures was performed as follows. Genes that changed greater 

than three-fold in HIF-2-/int mice (542) and Bpnt1-/int mice (2439) were compared using GSEA. 

NES represents Normalized Enrichment Score. Family wise error rate (FWER) < 0.05 was 

considered statistically significant.  (B) qRT-PCR of HIF-2 mRNA relative to actin in the 

duodena of control or iron starved mice (n=3 per group). (C) RNA-seq reveals expression changes 

of key iron-regulatory genes. (D) Venn-diagram showing unique and shared transcriptional 

signature of genes described in (A). There were 92 genes whose expression was altered 

analogously in. HIF-2-/int and Bpnt1-/int mice. 

 

3.3.5 Intestinal-epithelium specific Bpnt1 knockout mice displayed decreased HIF-2 levels but 

no difference in HIF-2 subcellular localization 

Of the total number of transcripts that were altered in HIF-2-/int (542) and Bpnt-/int (2439) 

animals, 92 genes were similarly altered between genotypes (Figure 3.8D). Assessment of HIF-2 

by immunohistochemistry in normal and mutant intestinal tissue confirmed that loss of Bpnt1 

results in decreased HIF-2 protein levels (Figure 3.9A-B).  We did not observe an appreciable 

difference in HIF-2 subcellular localization in Bpnt-/int intestine as compared to wild-type (Figure 

3.9A).  As a control, we confirmed the specificity of the antibody signal observed by staining 

intestinal tissue from HIF-2 knockout tissue (Figure 3.9A-B), which revealed very minimal 

signal as expected.   
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Figure 3.9. Bpnt1-/int enterocytes and small intestine display decreased HIF-2 and no 

difference in HIF-2 subcellular localization. (A) Representative images of immunofluorescence 

staining of proximal duodenum in -/fl WT control (left), Bpnt1-/int (-/int, center) and  HIF-2 

knockout (HIF-2 KO) for HIF-2 (green) and DAPI (blue) at 20x and 40x with magnified inset. 

(B) Quantification of HIF-2 fluorescent signal relative to DAPI signal in WT, Bpnt1-/int  and HIF-

2 KO (n=3, 5 sections per animal) proximal duodenum sections as seen in (B). 

 

Furthermore, canonical targets of HIF-2 but no other HIF family members, were largely 

repressed in Bpnt-/int enterocytes (Figure 3.10). Intriguingly, Dmt1, Dcytb and Fpn were all 

repressed in both HIF-2-/int and Bpnt-/int animals. We suspect that PAP’s ability to impair Dmt1 

transcription and translation (Figure 3.6B-C) is most important because there is no increase in iron 

stores in Bpnt-/int animals (Figure 3.4D). However, modulation of transcriptional control of iron 

bioavailability at the level of reduction, import, nuclear transcriptional activity, and export 

represents exquisite control of iron metabolism at every key step. Collectively, these data are 

consistent with a role for Bpnt1 in the control of transcriptional responses to iron deficiency 

through modulation of HIF-2-dependent and independent mechanisms.  
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Figure 3.10. Accumulation of PAP in Bpnt1-/int enterocytes demonstrates broad changes 

in HIF-2-associated gene targets. Summarized RNA sequencing data (Fig. S5) for canonical 

HIF-2 target genes, other members of the HIF family, additional HIF-2 ontology terms and 

manually curated genes associated with hypoxia signaling. Data are expressed as fold change and 

log2 fold change as analyzed by DESeq (n=3 per group).  
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3.4 Discussion 

This work uncovers an unanticipated link between intestinal-epithelial specific nucleotide 

hydrolysis in the sulfur assimilation pathway and iron homeostasis. Our data point to a mechanism 

by which inactivation of the 3’-nucleotidase Bpnt1 in intestinal tissue leads to a dramatic 

accumulation of its substrate PAP, thereby preventing the physiological response to low iron 

levels. Remarkably, by reducing PAP synthesis in the context of Bpnt1 deficiency, we are able to 

completely rescue the pathophysiology of iron deficiency anemia. This has profound implications 

in two areas: the first being a new complementation group for iron deficiency anemia and the 

second being a potential therapeutic approach to overcome genetic defects that are caused by 3’-

nucleotidase deficiency.   

Mechanistically, we show that iron deficiency is likely due to a failure of Bpnt1 null mice 

to upregulate Dmt1 at the apical enterocyte surface in order to promote iron uptake. In addition, 

we observed a striking parallel between phenotypic characterization of Bpnt1 and Hif-2 intestine 

knockout mice in that both animals are incapable of mounting a transcriptional response to iron 

starvation. Furthermore, Bpnt1 and Hif-2 intestine knockout mice display common 

transcriptional signatures: most notably decreased expression of Dmt1, Dcytb, Tfr1, and Fpn- 

thereby broadly regulating iron metabolism at all three essential steps in the metabolism of iron in 

the small intestine. However, the primary role of PAP appears to hinge on impairment of apical 

iron transport through Dmt1. These data suggest multiple potential functions of PAP in mediating 

iron metabolism which are explored in later chapters. 

Recent reports have demonstrated that Hif-2 is an important component of the 

transcriptional response to iron starvation (Taylor et al., 2011b). Since loss of Bpnt1 in intestine 
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tissue corresponds to decreased Hif-2 mRNA transcript and protein levels, independent of iron 

levels in the diet, it seems that accumulation of PAP directly or indirectly influences transcription. 

Quantification of Hif-2 levels in Bpnt1 mutant intestine tissue indicates about an 70% decrease, 

but not complete ablation. This partial reduction, rather than complete, may explain why only a 

subset of transcriptional targets are altered (92 out of 542 based on RNA-seq data).  Comparisons 

of RNA-Seq data from our work and published Hif-2 intestinal-epithelium specific knockout 

tissue suggests about 20 percent of Hif-2 targets are decreased data indicate the elevated levels 

of PAP may inhibit Hif-2. Perhaps more importantly, ~25% of transcripts sequenced displayed 

greater than three-fold changes in gene expression, providing evidence that PAP accumulation 

augments transcription.  However, the mechanism by PAP accumulation and loss of Bpnt1 result 

in diminished Hif-2 is an important question and is explored in future chapters.  Given that both 

transcript levels and protein are decreased relatively proportionally, it seems likely that 

accumulation of PAP may primarily augment transcription, a question that is explored in later 

chapters.  

Thus, PAP may impair the ability of Hif-2 to sense that the enterocyte is iron starved at 

baseline, given that independent of dietary iron content, Bpnt1-/int mice develop iron deficiency 

anemia. It is also possible that there is an impairment Hif-2’s ability to bind HREs and activate 

downstream transcriptional programs in response to iron starvation. Given the broad differences 

observed in gene expression between Bpnt1-/fl and Bpnt-/int mice, this possible effect may reveal 

new genes involved in maintenance of iron homeostasis. It is also possible that DNA contains 

PAP-responsive elements that disrupt downstream transcriptional pathways, however there is 

currently no evidence for this claim. Furthermore, PAP may alter the conformation of HIF-2 and 

block nuclear import and stabilization of HIF-2 protein. Given that PAP has been shown to 
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directly bind upstream sulfotransferases (Rens-Domiano and Roth, 1987) it is conceivable that 

PAP acts as a broad, yet specific, inhibitor of other proteins involved in regulation of iron 

metabolism. However, further investigation is needed to address these possibilities. Studies 

probing these questions are performed in subsequent chapters using dietary, genetic, and 

biochemical approaches.  

It is also plausible that PAP accumulation, or other metabolites such as PAPS, influences 

additional targets that contribute to the iron deficiency anemia observed in Bpnt1 mutant animals. 

Bpnt1 is kinetically most effective at hydrolyzing PAP to 5’AMP but also has weaker activity in 

converting PAPS to 5’APS and 1000-fold diminished activity as an inositol bisphosphate 

phosphatase (Rens-Domiano and Roth, 1987).  Additionally, analysis of metabolites from Bpnt1 -

/- hepatocytes shows that by far the highest fold accumulation occurs in PAP (40-fold) as compared 

to modest changes in PAPS (5-fold) and no significant changes in ATP, ADP or AMP (Hudson et 

al., 2013). Our forward genetics approach to concomitantly decrease PAP synthesis (Papss2bm/bm) 

in the Bpnt1 knockout mouse (DKO) showed that the rescue of phenotypes was not due to inositol 

phosphatase activity or failure to produce 5’AMP, but rather due to toxic PAP accumulation.  That 

said, the Papss2bm/bm approach does not definitively eliminate that PAPS accumulation may also 

be involved, such that PAPS accumulation could promote hyper-activation of sulfotransferase 

(SULTs) reactions.  In this scenario, the DKO may act to restore a more normal SULT activity.  

Interestingly, PAP has been shown to inhibit SULTs, thus this model does not necessary hold as 

the DKO would also reduce the PAP inhibition.   

Additionally, a number of studies have demonstrated that the 5’-3’ exoribonucleases 1 and 

2 (Xrn1/2) are targets of PAP toxicity and modulated by PAP accumulation in a variety of cell 

types and organisms (Hudson et al., 2013; Lopez-Coronado et al., 1999; Miki et al., 2016; 
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Spiegelberg et al., 2005; Spiegelberg et al., 1999a). Complementation of Bpnt1 null cells with 

Xrn1 in an attempt to suppress loss of Bpnt1 is explored in later chapters. Interestingly, in contrast 

to our previous study (Hudson et al., 2013), in which the production of highly abundant hepatic 

proteins is attenuated, Dmt1 protein is normally expressed at relatively low levels and is only 

robustly expressed upon iron starvation (Gunshin et al., 1997). Thus, while high levels of PAP 

directly inhibit nuclear Xrn2 (Dichtl et al., 1997b) and lead to ribosomal RNA processing defects 

in hepatocytes, it is unclear how this defect would impact protein levels in enterocytes.  

Furthermore, there does not appear to be gross defects in protein production in the intestinal-

epithelium specific Bpnt1 mutant animal, as these mice do not display any diarrhea, weight loss, 

or nutrient (other than iron) deficiencies. Thus, delineation of the direct target(s) of PAP requires 

more extensive mechanistic inquiry, which is explored in Chapter 5.  

These data also imply that leverage of pathways involved in sulfur assimilation may 

represent a new avenue for therapeutic development. Given that Bpnt1 is potently inhibited by 

lithium (Spiegelberg et al., 2005; Spiegelberg et al., 1999a), it is possible that lithium may be 

mediating its toxic and/or beneficial effects through accumulation of PAP. Because Bpnt1-/int 

animals display both microscopic and macroscopic defects in the small-intestinal architecture, this 

is certainly a possibility. In contrast, inhibition of Bpnt1 and accumulation of PAP may be useful 

in the treatment of diseases associated with Hif-2 such cancer, cardiovascular disease, or 

abnormalities in embryonic development (Patel and Simon, 2008). Given the diverse functions 

associated with Hif-2, novel inhibitors may have broad implications in the treatment of many 

diseases. Thus, development of small-molecule inhibitors of Papps2 may represent an approach to 

ameliorate IDA, while inhibiting Bpnt1 and accumulating PAP may represent a strategy to inhibit 

a host of Hif-2 dependent diseases. 
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 In summary, we define a new genetic basis and complementation group for iron-deficiency 

anemia and demonstrate a molecular genetic approach for overcoming the induced 

pathophysiology caused by loss of cytoplasmic 3’-nucleotidase activity.  This work uncovers an 

unanticipated link between an intestinal-epithelium specific nucleotide hydrolysis in the sulfur 

assimilation pathway and iron homeostasis.  Our data point to a mechanism by which loss of Bpnt1 

leads to massive elevation in PAP substrate which prevents the physiological response to low iron 

levels by perturbing transcriptional upregulation of iron homeostasis factors, possibly through 

modulation of HIF-2 activity.  Our work identifies a new complementation group for iron 

deficiency anemia and provides insights into strategies to overcome disease pathophysiology 

through concomitant down regulation of PAPSS2 metabolism. Future chapters will explore 

dietary, genetic, and biochemical approaches aimed at understanding a potential mechanistic basis 

for PAP metabolic toxicity caused by loss of Bpnt1.  
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Chapter 4 Modulation of sulfur assimilation metabolic toxicity overcomes anemia and 

hemochromatosis in mice 

 

This chapter was adapted from Hale et al., Advances in Biological Regulation (2020), Copyright 

by Elsevier. 

 

4.1 Introduction 

In Chapter 3, our initial characterization of the role of Bpnt1 in regulating iron metabolism 

was discussed. We defined a new genetic complementation group for iron deficiency anemia and 

a mechanistic basis for loss of Bpnt1 through accumulation of PAP substrate impairing iron 

absorption and homeostasis. In this chapter, our data describing dietary and genetic approaches to 

overcome metabolic toxicity in Bpnt1 deficient animals is discussed. We establish an in vitro 

culture system using primary intestinal organoids, recapitulating metabolic and cellular 

phenotypes observed in Bpnt1 null tissue. Furthermore, we demonstrate that PAP metabolic 

toxicity in the intestinal-epithelium can be selectively leveraged to overcome systemic iron 

overload caused by mutations associated with hereditary hemochromatosis through inhibition of 

intestinal iron loading and absorption. The focus of this chapter is to summarize our studies aimed 

at delineating strategies to overcome metabolic toxicity caused by loss of Bpnt1.   

Iron homeostasis is required for numerous cellular and organismal functions. Disorders of 

iron homeostasis include anemia, hemochromatosis, and Parkinson’s disease, among others 

(Hentze et al., 2010). Iron deficiency anemia (IDA) affects up to 1 billion people worldwide 

(Camaschella, 2015), whereas hemochromatosis is one of the most common Mendelian disorders 

(~1 case per 500 persons of European ancestries) and can cause organ failure due to toxic iron 



 

 

 
69 

accumulation (Powell et al., 2016). In addition, iron accumulation in the central nervous system 

plays a role in neurodegenerative disease (Ward et al., 2014). Thus, identifying factors involved 

in iron homeostasis is essential to understanding a potential basis of a wide range of diseases.  

Sulfur assimilation is a critical metabolic pathway in which inorganic sulfate is 

incorporated into sulfur-containing amino-acids or sulfated end-products (Hudson and York, 2012; 

Kopriva et al., 2015; Takahashi et al., 2011). Inorganic sulfate, found in the diet of metazoans, is 

metabolized to 3’-phosphoadenosine 5’-phosphosulfate (PAPS) by the bifunctional enzyme 

phosphoadenosine phosphosulfate synthetase (PAPSS2), which harbors both ATP sulfurylase and 

adenosine 5’-phophosulfate (APS) kinase activities. PAPS, a high-energy intermediate and sulfate 

donor, serves as the substrate for several cytosolic sulfotransferases (SULTs) leading to the 

production of 3’-phosphoadenosine 5’-phosphate (PAP) in the cytosol. Alternatively, PAPS can 

be translocated into the Golgi lumen via the PAPS transporter and act as a substrate for Golgi-

localized sulfotransferases (Kamiyama et al., 2003). In the cytoplasm, bisphosphate 3’-

nucleotidase (Bpnt1) uses PAP as a substrate to make 5’-AMP (Spiegelberg et al., 2005; 

Spiegelberg et al., 1999a); whereas in the Golgi, PAP is converted to 5’-AMP by the Golgi-resident 

PAP phosphatase (GPAPP) (Frederick et al., 2008). Loss of Gpapp in mice is perinatal-lethal and 

causes defects in chondroitin sulfation leading to chondrodysplasia (Frederick et al., 2008; 

Sohaskey et al., 2008). Based on studies of the Gpapp deficient mouse, human patients carrying 

loss-of-function mutations in GPAPP were identified, leading to characterization of a Mendelian 

disease recapitulating bone defects observed in mutant mice (Vissers et al., 2011). Conversely, 

mice lacking BPNT1 develop anasarca, liver failure, and iron deficiency anemia (IDA), which are 

rescued in Bpnt1 null mice harboring hypomorphic mutations in Papss2 causing decreased PAP 

metabolic toxicity (Hudson et al., 2013; Hudson et al., 2018). Collectively, these studies 
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demonstrate essential subcellular-compartment specific roles for 3’-nucleotidases in regulating 

sulfur assimilation and disease pathophysiology. 

We extended our studies of Bpnt1 in mice through generation of an intestinal-epithelium 

specific mutant (Bpnt1-/int) which recapitulated the profound dietary-iron independent IDA but not 

the other phenotypes observed in the conventional knockout (discussed in Chapter 3) (Hudson et 

al., 2018). We observed that Bpnt1-/int mice experienced tissue specific metabolic toxicity (elevated 

PAP levels in the duodenal epithelium) that cause reduced expression of key iron homeostatic 

genes involved in 1) dietary iron reduction via duodenal cytochrome reductase (Cybrd1), 2) apical 

iron import through divalent metal transporter 1 (Dmt1), 3) transcriptional coordination of iron 

regulatory genes by hypoxia inducible factor 2 (Hif-2a), and 4) iron export to the blood via 

ferroportin (Fpn).  

Here we further our mechanistic studies underlying loss of Bpnt1 presenting two 

approaches to overcome metabolic toxicity resulting from Bpnt11 deficiency.  Remarkably, we 

find that reducing methionine in the diet of mice is sufficient to downregulate metabolic toxicity 

and completely reverses IDA in Bpnt1-/int mice. Furthermore, capitalizing on the observation that 

loss of BPNT1 impairs expression of known genetic modifiers of hemochromatosis, the most 

common genetic form of iron-overload in humans, we identify inhibition of intestinal Bpnt1 as a 

strategy to overcome hemochromatosis in mice. Our study provides insights into the role of sulfur 

assimilation metabolism in mediating disorders of iron deficiency and overload in mice.  

 

4.2 Methods 

4.2.1 Animals and diets 
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Bpnt1 floxed mice (Bpnt1-/fl) were generated as previously described (Hudson et al., 2018). 

Hif-2 floxed animals (Hif-2-/fl) were obtained from Jackson laboratories as previously described 

(Gruber et al., 2007). Animals expressing Cre recombinase under the control of an intestinal-

epithelium specific villin promoter (B6.SJL-Tg(Vil-cre)997Gum/J) were obtained from Jackson 

laboratories (Madison et al., 2002). All animals were maintained on standard chow unless 

specified. Irradiated chow containing a minimal of methionine (5CC7, 0.12% methionine) and 

control diet (5CC7, 0.6% methionine & 0.4% cysteine) were obtained from TestDiet (Nashville, 

TN). All animal care and experiments were performed in accordance with the Vanderbilt 

University Institutional Animal Care and Use Committee.  

 

4.2.2 Enteroid culture 

            Primary enteroids were established as described previously (Reddy et al., 2016; Sato et al., 

2009). Briefly, the first 10 cm of duodenum was removed and thoroughly flushed with ice-cold 

phosphate-buffered saline without calcium or magnesium (PBS) to remove luminal contents. The 

duodenum was then splayed open with blunt-tip scissors and sequentially washed with PBS, PBS 

with 0.04% bleach, and finally with PBS alone. The duodenum was minced, transferred to a fresh 

tube containing ice-cold PBS, and rocked at 4C for 15 min. The duodenal fragments were then 

briefly vortexed, washed twice in fresh PBS and gently inverted to detach villous components. 

After three washes, the minced duodenum was then incubated in dissociation buffer (2 mM EDTA 

in PBS) with gentle rocking at 4C for 30 min. Fragments were then washed twice with fresh PBS 

without calcium or magnesium and placed in shaking buffer (43.3 mM sucrose and 54.9 mM 

sorbitol in PBS), followed by gentle shaking to manually disrupt crypts. Once the crypts were 

isolated, they were embedded in growth factor-reduced Matrigel (Corning, 356231) overlaid with 
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Mouse IntestiCult media (Stem Cell Technologies, 6005).  For initial plating, IntestiCult was 

supplemented with 1% penicillin-streptomycin and 0.002% primocin. For subsequent passages, 

enteroids were collected in PBS, gently sheared using a 25-G needle, and plated in fresh growth 

factor-reduced Matrigel overlaid with Mouse IntestiCult supplemented with 1% penicillin-

streptomycin. 

Full-length Bpnt1 (mus musculus) was cloned into a pFUGW lentiviral mammalian 

expression vector containing GFP (Addgene plasmid #25870). Mutant Bpnt1 without catalytic 

activity (D51A) was made using a QuikChange site-directed mutagenesis kit (Agilent). Lentivirus 

was packaged by transfecting HEK293T cells (ATCC) at 50% confluency in 10 cm plates with 1 

μg pMD2.G (Addgene plasmid #12259), 1 μg psPAX2 (Addgene plasmid #12260) vectors, and 2 

μg of Bpnt1 or Bpnt1D51A vector and polyethyleneimine (MW 25,000, Polyscience Inc., #23966). 

Media were changed the following morning. Supernatant containing virus was harvested 48 hours 

later, filtered through a 0.45 m filter, and centrifuged overnight at 4C. Purified HIF-2-CMV 

viral particles and empty-viral control were obtained from ABM (LVP479475). Viral pellets were 

resuspended in 250 L L-WRN conditioned media (produced from an L-cell line engineered to 

secrete Wnt3a, R spondin 3, and Noggin) containing 10 M Rock inhibitor (Y37632) and 8 g/mL 

polybrene as described previously (Miyoshi and Stappenbeck, 2013). Freshly harvested crypts 

from Bpnt1-/fl and Bpnt1-/int mouse duodenum were resuspended in the L-WRN and viral particle 

solution, incubated for 6 hours, and plated in growth factor-reduced Matrigel overlaid with 

Intesticult supplemented with 1% penicillin-streptomycin, 0.002% primocin, and 10 M Rock 

inhibitor (Y37632). Crypts were allowed to recover (and form enteroids) for 3 days before 

selection with 2 g/mL puromycin to ensure positive selection of virally-transduced cells. 
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Enteroids were then routinely split into media containing 2 g/mL puromycin to maintain positive 

selection.  

 

4.2.3 Quantification of PAP/PAPS levels 

Quantification of PAP/PAPS was performed as previously described (Hazelton et al., 1985; 

Hudson et al., 2013; Hudson et al., 2018; Lin and Yang, 1998). Isolated enteroids or intestinal 

segments were boiled in 5 L 50 mM glycine (pH 9.2) buffer per mg of tissue and homogenized. 

Lysates were centrifuged at 16,100 g and 4C for 20 minutes.  The supernatant was then added to 

0.2 volumes of chloroform, thoroughly mixed and centrifuged at 16,100 g and 4C for 20 minutes. 

The upper aqueous phase was collected. Quantification was performed using a colorimetric 

absorbance assay where Sult1a1-GST uses PAP/PAPS as a catalytic cofactor to produce 2-

naphthol from p-nitrophenyl sulfate. The byproduct of this reaction, 4-nitrophenol, was then 

observed over time as a marker of reaction velocity. Michaelis-Menten plots of reaction velocity 

vs. PAP concentration were used to determine the concentration of PAP/PAPS in the sample. 

PAP/PAPS concentration was then normalized to total protein content determined by a BSA assay.  

 

4.2.4 Immunohistochemistry and electron microscopy 

Histopathological analysis was performed on 10% formalin-fixed tissue embedded in 

paraffin by the Translational Pathology Shared Resource core at Vanderbilt University Medical 

Center. Thick sections (5 M) were made and stained for nucleolar-resident fibrillarin (Abcam) 

and counterstained with DAB according to the manufacturer’s suggested protocol. For 

transmission electron microscopy, cells and tissue fixed in buffer containing 4% 
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paraformaldehyde, 2.5% glutaraldehyde, 2 mM CaCl2 in 0.1M cacodylate pH 7.4 overnight and 

post-fixed in 1% tannic acid in 0.1M cacodylate for 1 hour followed by 1% OsO4 for 1 hour. The 

samples were stained in 1% uranyl acetate for 30 minutes then dehydration in a graded ethanol 

series.  After dehydration, the samples were infiltrated with a Quetol 651 formulation of Spurr’s 

Resin or Epon-812 using propylene oxide as a transitional solvent and polymerization at 60oC for 

48 hours.  Samples were thin sectioned at 70 nm and collected on 300 mesh Copper grids.  Imaging 

was performed on an FEI T-12 transmission electron microscope equipped with a LaB6 filament 

at 100kv, using a AMT CCD. All electron microscopy experiments were performed using three 

independent mice and three independent sample preparations.  

 

4.2.5 Enterocyte isolation and quantitative RT-PCR 

Enterocytes were isolated as previously described (Hudson et al., 2018). Briefly, proximal 

duodenum (~ first 10 cm from the pyloric junction) was harvested, dissected open, and washed of 

luminal contents in ice-cold PBS (without calcium and magnesium) with 1 mM PMSF. The tissue 

was then placed in dissociation buffer containing 1X PBS (without calcium or magnesium) 

containing 3 mM EDTA, 1 mM PMSF, and a protease inhibitor cocktail (Roche). Tissues were 

maintained on a rotating apparatus at 4C and were manually-disrupted every 10 minutes for 1 

hour to slough off enterocytes.  Once enterocytes had been digested from the mesenchyme, the 

remaining tissue was discarded, and enterocytes were pelleted by centrifugation (1000g at 4C for 

5 minutes). Cell pellets were then frozen and remained at -80C prior to RNA isolation. RNA was 

extracted using a RNAeasy mini kit (Qiagen) according to manufacturer’s instructions. Reverse 

transcription (RT) was performed using BioRad iScript reverse transcription kit. Quantitative RT-
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PCR was performed using SsoFast Evagreen PCR mastermix on a BioRad CFX96 machine. 

Primer sequences were designed using NCBI Primerblast as previously described (Hudson et al., 

2018). 

 

4.2.6 Hematological analysis 

Hematological analysis was performed with the assistance of the Translational Pathology 

Shared Resource core at Vanderbilt University Medical Center. Briefly, mice were sacrificed by 

excess CO2 exposure and blood was collected by cardiac puncture. Whole blood was deposited 

into collection tubes containing EDTA and gently mixed to avoid clot formation. Complete blood 

counts were performed using an Alfa Wasserman machine. Transferrin saturation was determined 

using a kit from Alfa Wasserman (ACl-35). Quantification of iron stores was performed as 

previously described (Hudson et al., 2018). 

 

4.2.7 Statistics 

All data are presented as mean  SEM. Statistical significance was defined at p< 0.05 a 

priori. For comparisons of two groups an unpaired two-tailed student’s t-test was used. For 

comparison of more than two groups a two-way ANOVA with Tukey’s post-hoc test was used.  

 

4.3 Results 

4.3.1 Dietary methionine restriction reverses anemia in BPNT1 deficient mice 
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Bpnt1 is the mammalian orthologue of met22/hal2, and was first identified as a methionine 

auxotroph in budding yeast (Masselot and De Robichon-Szulmajster, 1975a). However, the role 

of BPNT1 in methionine metabolism in vivo is not known. Thus, we hypothesized that dietary 

reduction of methionine, a major source of dietary sulfate, could modulate iron homeostasis in 

BPNT1 deficient mice through one of two mechanisms: 1) improve IDA through decreased 

incorporation of inorganic sulfate through PAPSS2 and reduction of PAP metabolic toxicity or 2) 

exacerbate IDA due to a lack of substrate for the reverse reaction to make PAPS from PAP, further 

increasing PAP levels and exacerbate IDA. We placed mice lacking intestinal-epithelium specific 

Bpnt1 (Bpnt1-/int), which develop IDA but none of the other phenotypes observed in the global 

Bpnt1 knockout mice, and floxed Bpnt1 (Bpnt1-/fl) control mice on a methionine-restricted diet 

(metmin). After 4 weeks, we assessed duodenal PAP levels and hematological parameters. Bpnt1-

/int mice fed metmin diet displayed decreased accumulation of PAP in the duodenum (Figure 4.1A) 

and normalized hematological parameters (Figure 4.1B-F), consistent with our first hypothesis. 

Thus, reduction of dietary methionine reduces PAP levels, alleviates associated metabolic toxicity 

and reverses IDA/iron homeostasis in Bpnt1-/int mice. Importantly, these results phenocopy 

forward-genetic suppression via reduced PAPSS2 function (Hudson et al., 2018), further 

strengthening a mechanism involving PAP metabolic toxicity. Remarkably, these data provide a 

simple, iron-independent dietary strategy to overcome IDA caused by loss of Bpnt1 in mice.  
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Figure 4.1. Dietary methionine restriction reduces metabolic toxicity and reverses iron 

deficiency anemia in Bpnt1-/int mice. (A) PAP levels in duodena isolated from Bpnt1-/fl and 

Bpnt1-/int mice fed standard chow (-/fl and -/int, respectively) or a minimal-methionine chow 

(metmin) for 4 weeks (n= 5). (B) Representative image of Wright-Giemsa stained blood-smear 

from Bpnt1-/fl fed standard chow (-/fl), Bpnt1-/int fed standard chow (-/int), Bpnt1-/fl fed minimal-

methionine chow (-/fl metmin), and Bpnt1-/int fed minimal-methionine chow (-/int metmin). (C) 

Hemoglobin (Hb, g/dL), (D) mean corpuscular volume (MCV, fL), and (E) Transferrin 

saturation (transferrin %) (n= 5). *Represents p < 0.05 by two-way ANOVA with Tukey’s post-

hoc test. Data are represented as mean  SEM. 

 

4.3.2 Catalytic activity of BPNT1 regulates iron import, sensing, and export 

To gain mechanistic insights into the role of intestinal BPNT1 in iron regulation, we 

established a primary mouse duodenal organoid (enteroid) culture system (Leushacke and Barker, 

2014). Importantly, enteroids derived from Bpnt1-/int mice display elevated levels of PAP substrate 

(Figure 4.2A-B) and altered nuclear architecture, characterized by nucleolar 

condensation/enlargement and loss of heterochromatin as determined by immunohistochemical 

staining for nucleolar-resident fibrillarin and electron microscopy, respectively (Figure 4.2C-D). 

Importantly, these data recapitulate both metabolic and histological observations due to PAP 

accumulation in vivo (Hudson et al., 2013; Hudson et al., 2018; Hudson and York, 2014). Our 

prior studies demonstrated that reduction of PAP synthesis through introduction of a hypomorphic 
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mutation in PAPS synthase (Papss2) could suppress IDA and other phenotypes caused by a loss 

of BPNT1 (Hudson et al., 2013; Hudson et al., 2018). These data strongly suggested, but did not 

prove, that loss of BPNT1 catalytic activity, which normally converts PAP to 5’-AMP, is 

responsible for IDA in the BPNT1 deficient animal. To further these studies, we used lentiviral-

mediated gene transfer to introduce a catalytic-dead BPNT1 mutant (Bpnt1D51A) into enteroids 

isolated from Bpnt1-/int or Bpnt1 floxed (Bpnt1-/fl) control mice. We then measured mRNA 

expression of key iron homeostatic genes: Cybrd1, Dmt1, Hif-2, and Fpn by quantitative real-

time polymerase chain reaction (qRT-PCR) (Figure 4.2E). While expression of Cybrd1, Dmt1, 

Hif-2, and Fpn was repressed in Bpnt1-/int enteroids and Bpnt1-/int enteroids complemented with 

catalytic-dead BPNT1 (-/int + Bpnt1D51A), Bpnt1-/int enteroids complemented with wild-type Bpnt1 

(-/int + Bpnt1WT) displayed normalized iron regulatory gene expression (Figure 4.2E). These data 

demonstrate that catalytic activity of BPNT1 is required for iron homeostatic gene expression. 
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Figure 4.2. Primary enteroids recapitulate cellular phenotypes associated with PAP 

toxicity and Bpnt1 catalytic activity is required for iron homeostatic gene expression. (A) 

Abbreviated components of the evolutionarily-conserved cytosolic sulfur assimilation pathway. 

Inorganic sulfate (SO42-) obtained from the diet or turnover of amino acids is incorporated by the 

action of the bifunctional enzyme 3’-phosphoadenosine 5-phosphosulfate synthase 2 (Papss2), a 

bifunctional enzyme, which acts as an ATP sulfurylase to generate adenosine 5’-phosphosulfate 

(5’-APS) and as an 5’-APS kinase to generate 3’-phosphoadenosine 5’-phosphosulfate (PAPS). 

A number of cytosolic sulfotransferases (SULTs) use PAPS as a sulfur-donor to sulfate target 

proteins, generating 3’-phosphoadenosine 5’-phosphate (PAP). Bisphosphate 3’-nucleotidase 

(Bpnt1) then catalyzes the terminal step of cytosolic sulfur assimilation to produce adenosine 5’-

phosphate (5’-AMP) using PAP as a substrate. (B) Quantification of PAP levels in Bpnt1-/fl 

floxed control (-/fl), villin-cre driven knockout of Bpnt1 (-/int) and -/int duodenal enteroids 

(n=5). *Represents p < 0.05 by two-tailed student’s t-test. (C) Representative image of nucleolar-

resident fibrillarin staining demonstrating in Bpnt1-fl (left) and Bpnt1-/int (right) enteroids. Scale 

bar represents 10 m. Inset is representative enteroid.  (D) Representative transmission electron 

microscopy image in Bpnt1-/fl and Bpnt1-/int enteroids taken at 11,000x magnification. Scale bar 

represents 2 microns. (E) qRT-PCR of Cybrd1, Dmt1, Hif-2, or Fpn relative to -actin from 

complemented enteroid lines (n=5) described in (B). *Represents p < 0.05 by two-way ANOVA 

with Tukey’s post-hoc test. Data are represented as mean  SEM. 
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4.3.3 Restoration of Hif-2 suppresses loss of Bpnt1 through normalization of iron homeostatic 

gene expression  

Our prior studies and others indicated that PAP-mediated metabolic toxicity may act 

broadly to cause IDA in Bpnt1 null mice for the following reasons: 1) PAP has been shown to 

directly interact or modulate a number of targets (Dichtl et al., 1997a; Schneider et al., 1998), 2) 

BPNT1 deficient mice accumulate PAP to near-equivalent levels of ADP (Hudson et al., 2013), 

and 3) Bpnt1-/int enterocytes display broad changes in gene expression, with ~25% of the 

transcriptome differentially expressed more than three-fold (Hudson et al., 2018). Intriguingly, 

Bpnt1-/int duodena display abnormal nucleolar condensation/enlargement consistent with previous 

studies, but also display markedly decreased heterochromatin (Figure 4.3), consistent with massive 

transcriptional changes observed in Bpnt1-/int enterocytes (Hudson et al., 2018), through PAP-

dependent metabolic toxicity.  

 

Figure 4.3. Bpnt1-/int mice display decreased heterochromatin, abnormal brush border 

architecture, and nucleolar condensation. Representative transmission electron micrograph of 

brush border (top) and enterocyte (bottom) from duodena isolated from Bpnt1-/fl (-/fl) and Bpnt1-

/int (-/int) mice. Scale bars represent 2 m. 3,200x magnification. All experiments were 

performed in triplicate. 
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While many genes were differentially expressed in Bpnt1-/int enterocytes, our analyses 

indicate that decreased Hif-2 transcription is a major contributing factor to IDA in Bpnt1-/int mice 

for the following reasons: 1) a statistically-significant reduction in Hif-2a expression in Bpnt1-/int 

enterocytes after a highly conservative Bonferroni correction for the total number of sequenced 

poly-A selected transcripts (Hudson et al., 2018), 2) decreased HIF-2 protein accumulation and 

no change in HIF-2 subcellular localization in Bpnt1-/int duodena (Hudson et al., 2018), 3) gene 

set enrichment analysis (GSEA) identified HIF-2 dependent transcription as the most 

significantly-enriched pathway in Bpnt1-/int enterocytes (Hudson et al., 2018), 4) an overlap of 

transcriptional signatures in enterocytes isolated from intestinal epithelium-specific Hif-2 

knockout (Hif-2-/int) (Taylor et al., 2011a) and Bpnt1-/int mice including decreased Dmt1, Cybrd1, 

and Fpn expression, and 5) Hif-2-/int mice phenocopy IDA in Bpnt1-/int mice (Gruber et al., 2007). 

Thus, we reasoned that over-expression of Hif-2 may represent a genetic strategy to suppress 

loss of BPNT1 through restoration of iron homeostatic gene expression. 

To test this hypothesis, we virally over-expressed Hif-2 or an empty vector (EV) control 

in Bpnt1-/fl and Bpnt1-/int enteroids, and after positive selection of stably transduced enteroids, 

measured Dmt1 mRNA transcript levels by qRT-PCR. We observed Hif-2 overexpression 

elevated Dmt1 expression in Bpnt1-/fl enteroids and normalized Dmt1 expression in Bpnt1-/int 

enteroids (Figure 4.4A).  Since apical iron import must be matched with basolateral iron efflux 

through ferroportin (FPN), otherwise iron would accumulate intracellularly, and Fpn is a direct 

transcriptional target of HIF-2 (Taylor et al., 2011a), we speculated whether Fpn levels would be 

similarly restored with overexpression of Hif-2. Indeed, overexpression of Hif-2 in Bpnt1-/fl 

enteroids normalized Fpn expression (Figure 4.4A). Likewise, we observe restored levels of 
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Cybrd1 in Bpnt1-/int enteroids complemented with Hif-2, although Cybrd1 appears to be 

dispensable for iron absorption (Gunshin et al., 2005b). While iron homeostatic genes were 

normalized with overexpression of Hif-2, we did not see appreciable restoration of nucleolar 

condensation/enlargement, as assessed by immunohistochemical analysis of nucleolar-resident 

protein fibrillarin and electron microscopy (Figure 4.5A-B).  Collectively, our data present an 

intriguing genetic approach to attenuate the iron homeostatic consequences of metabolic toxicity 

caused by loss of BPNT1 in mice.  

 

Figure 4.4. Restoration of Hif-2, but not Xrn1, normalizes iron-regulatory gene 

expression perturbations in Bpnt1-/int enteroids. qRT-PCR of Hif-2, Dmt1, Fpn, and Cybrd1 

from enteroids isolated from Bpnt1-/fl (-/fl) or Bpnt1-/int (-/int) mice and infected with empty 

vector (EV) control or a lentivirus expressing mouse Hif-2 (A) or mouse Xrn1 (B). *Represents 

p < 0.05 by two-way ANOVA with Tukey’s post-hoc test. Data are represented as mean  SEM. 
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Figure 4.5.  Restoration of Hif-2 or Xrn1 does not ameliorate nucleolar condensation or 

chromatin defects in Bpnt1-/int enteroids. (A) Representative images of fibrillarin-stained 

enteroids as described in (A-B). Scale bar represents 10 m. (B) Representative transmission 

electron microscopy images of -/fl and -/int enteroids complemented with Hif-2  Xrn1 or Bpnt1 

taken at 4,400x magnification. Scale bar represents 2 m. All experiments were performed in 

triplicate. 
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Of interest, prior studies in budding yeast identified 5’-3’ exoribonuclease 1 (Xrn1), an 

inhibitor of ribosomal RNA (rRNA) processing, as a mediator of PAP toxicity due to loss of met22, 

the yeast orthologue of Bpnt1 (Dichtl et al., 1997a). Indeed, BPNT1 deficient hepatocytes display 

elevation of unprocessed rRNA (5.8S “long”) consistent with inhibition of XRN1 activity (Hudson 

et al., 2013). Thus, we postulated that overexpression of Xrn1 in Bpnt1-/int enteroids may modulate 

effects of PAP toxicity and restore iron homeostatic gene expression. We therefore virally 

overexpressed Xrn1 in Bpnt1-/int and Bpnt1-/fl control enteroids. We observed a partial restoration 

of Dmt1, Hif-2, and Fpn expression in Bpnt1-/int enteroids complemented with Xrn1 (Figure 

4.4B). However, nucleolar condensation/enlargement was not appreciably reversed by over-

expression of Xrn1 in enteroids from Bpnt1-/int animals (Figure 4.5A-B).  Together, our 

overexpression studies are consistent with both Hif-2-dependent and -independent mechanisms 

that lead to iron-regulatory gene expression changes in Bpnt1-/int enteroids.  

 

4.3.4 Hif-2 is epistatic to Bpnt1 in the intestinal epithelium 

Since Bpnt1-/int and Hif-2-/int mice both develop IDA and overexpression of Hif-2 in 

Bpnt1-/int enteroids restored iron homeostatic gene expression (Figure 4.4A), we aimed to 

interrogate the genetic interaction between Bpnt1 and Hif-2 in vivo. We hypothesized that if 

Bpnt1 and Hif-2 led to anemia via a shared pathway, then mice lacking both Hif-2 and Bpnt1 

would display a similar degree of anemia compared to loss of either gene alone. Conversely, if 

Bpnt1-/int mice develop IDA independent of Hif-2  deletion of both Bpnt1 and Hif-2 would be 

expected to exacerbate IDA compared to deletion of either gene alone. Therefore, we generated 

intestine-specific Bpnt1-Hif-2 double knockout animals (Bpnt1-Hif-2-/int). Indeed, Bpnt1-Hif- 
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Figure 4.6. Bpnt1 is epistatic to Hif-2 in the intestine. We generated Bpnt1 floxed 

control mice (-/fl), intestine-specific Bpnt1 knockout mice (Bpnt1-/int), intestine-specific HIF-2 

knockout mice (HIF-2-/int), and mice lacking both intestine-specific Bpnt1 and HIF-2 (Bpnt1-

HIF-2-/int) and measured hemoglobin (Hb, g/dL) (A), mean corpuscular volume (MCV, fL) (B), 

and transferrin saturation (transferrin %) (C) in 12-16 week mice (n=6 mice per group). qRT-

PCR of Hif-2 (D), Dmt1 (E), and Fpn (F) in enterocytes (n=6) isolated from mice as described 

above. *Represents p < 0.05 by two-way ANOVA with Tukey’s post-hoc test. Data are 

represented as mean  SEM. 
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2-/int mice display nearly identical hematological parameters (hemoglobin, mean corpuscular 

volume, and transferrin saturation) compared to Bpnt1-/int mice (Figure 4.6A-C). In addition, 

transcriptional targets of Hif-2, Dmt1 and Fpn, were equally repressed in enterocytes isolated 

from Bpnt1-/int and Bpnt1-Hif-2-/int mice (Figure 4.6D-F). However, it should be noted that the 

degree of anemia in Bpnt1-/int mice was more severe than in Hif-2-/int mice (Figure 4.6A-C). 

These data suggest that Hif-2 is epistatic to Bpnt1 in the intestine; however, these data also 

support the conclusion that Hif-2-independent mechanisms also contribute to IDA in Bpnt1-/int 

mice. 

 

 

4.3.5 Intestinal-epithelium specific loss of Bpnt1 attenuates hepatic iron-overload in HfeC282Y 

mice 

The current treatment for hemochromatosis is phlebotomy, which is effective in many 

cases, but a targeted pharmacological approach to treat hemochromatosis would reduce morbidity 

and improve quality of life (Powell et al., 2016). Intriguingly, pharmacological inhibition of HIF-

2 has been shown to abrogate exogenous iron-overload in mice (Schwartz et al., 2019). 

Furthermore, DMT1 function mitigates iron-overload in mice with homozygous C282Y mutations 

in homeostatic iron regulator (HfeC282Y) (Levy et al., 2000), the most common genetic cause of 

hemochromatosis in humans.  
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Figure 4.7. Intestinal-specific deletion of Bpnt1 attenuates hepatic iron-overload in 

HfeC282Y homozygous mice. (A) Representative Prussian-blue staining from livers isolated from 

Bpnt1-/fl, Bpnt1-/int, HfeC282Y, and HfeC282Y- Bpnt1-/int mice. (B) Hepatic iron quantification from 

mice fed normal-chow diet as described in (A). (C) Hemoglobin (Hb, g/dL), (D) mean 

corpuscular volume (MCV, fL), (E) Total iron binding capacity (TIBC), and (F) percentage 

transferrin saturation (n=4-8 animals per group). *Represents p < 0.05 by two-way ANOVA with 

Tukey’s post-hoc test. Data are represented as mean  SEM. 
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Since Bpnt1-/int mice display impaired Dmt1 and Hif-2 expression, we hypothesized that 

loss of Bpnt1 may be protective against iron-overload. Thus, we crossed intestinal-epithelium 

specific, Bpnt1 floxed (Bpnt1-/fl) mice with global HfeC282Y mice to obtain Bpnt1-/int-HfeC282Y 

experimental animals. Analysis of hepatic iron levels revealed a ~50% reduction in hepatic iron 

stores in Bpnt1-/int mice, whereas HfeC282Y mice displayed ~2-fold elevation in hepatic iron (Figure 

4.7A-B). Remarkably, Bpnt1-/int-HfeC282Y mice displayed normalized hepatic-iron content, but 

display decreased hemoglobin, mean corpuscular volume, total iron binding capacity, and 

transferrin saturation compared to control animals (Figure 4.7A-F). Overall, these data suggest 

that inhibition of intestinal Bpnt1 may be an attractive strategy to treat hemochromatosis. 

 

4.4 Discussion 

Our results suggest two orthogonal approaches to overcome metabolic toxicity caused by 

loss of Bpnt1 and identifies BPNT1 as a potential target for the treatment of hemochromatosis. We 

demonstrate that a diet containing a minimal amount of methionine can reduce metabolic toxicity 

and reverse IDA in Bpnt1-/int mice.  In addition, we delineate a genetic strategy via overexpression 

of Hif-2 to overcome metabolic toxicity through restoration of iron homeostatic gene expression 

in Bpnt1-/int mouse enteroids. Mechanistically, we demonstrate that BPNT1 catalytic activity is 

required for iron homeostatic gene expression in Bpnt1-/int mouse enteroids. Finally, we 

demonstrate that loss of intestinal Bpnt1 can suppress hepatic iron overload caused by HfeC282Y, 

the most common mutation associated with hemochromatosis in humans. Our study outlines 

strategies to overcome intestinal metabolic toxicity and identifies an unexpected genetic 

mechanism to block iron accumulation due to HfeC282Y. 
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Although the yeast orthologue of Bpnt1 (met22/hal2) was first identified through a screen 

of methionine auxotrophy (Masselot and De Robichon-Szulmajster, 1975a), the role of Bpnt1 in 

response to augmentation of dietary methionine in metazoans has not been described. The 

predominant source of inorganic sulfate in mammals is the breakdown and turnover of sulfur-

containing amino acid methionine. Diets containing excess methionine have been shown to cause 

atherosclerosis in genetically-predisposed mice secondary to hyperproduction of homocysteine 

(Troen et al., 2003); whereas mice fed a minimal methionine diet are protected from 

obesity/insulin-resistance but display decreased bone density (Ables et al., 2012). Here, we show 

that methionine restriction attenuates PAP metabolic toxicity and reverses anemia due to loss of 

Bpnt1 analogous to introduction of a hypomorphic mutation in Papss2 (Hudson et al., 2013; 

Hudson et al., 2018). These data illuminate a dietary strategy to overcome pathophysiology caused 

by loss of Bpnt1 and a mechanism to treat heretofore unidentified patients carrying loss of function 

mutations in Bpnt1.  

Given that ~25% of the transcriptome was differentially-expressed greater than three-fold 

in Bpnt1-/int enterocytes (Hudson et al., 2018) and Bpnt1-/int display decreased heterochromatin, it 

is clear that PAP accumulation regulates transcription and chromatin organization. There are 

several mechanisms by which PAP accumulation may regulate these processes: 1) alteration of 

nucleosome positioning, 2) impaired interactions between histones and DNA, 3)  disruption of 

nucleosome assembly/disassembly, or 4) block histone deacetylase or acetylase interactions with 

the histone core, among many other potential mechanisms. Since PAP accumulates to near-

equivalent levels of ADP in Bpnt1 null tissue (Hudson et al., 2013), PAP metabolic toxicity may 

impair multiple processes required for normal cellular function. Since different tissues utilize 

sulfur assimilation to varying degrees and PAP is elevated (but to a variable degree) only in select 
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tissues, despite loss of Bpnt1 protein (Hudson and York, 2012, 2014), there are likely tissue-

specific molecular consequences of PAP accumulation. Consistent with these data, Bpnt1 null 

hepatocytes display defects in ribosome biogenesis and develop anasarca due to impaired albumin 

protein production (Hudson et al., 2013), whereas Bpnt1-/int do not display features associated with 

gross alterations in protein production (i.e. intestinal barrier breakdown, diarrhea, weight loss, 

etc.). Given that PAP accumulates ~200-fold in liver vs. ~40-fold in the intestinal-epithelium, these 

data suggest that PAP may regulate a diverse set of biological targets dependent on tissue type and 

degree of metabolic toxicity.  

PAP accumulation causes abnormal condensation of the nucleolus, the site of rRNA 

synthesis (Hudson et al., 2013; Hudson et al., 2018; Hudson and York, 2014). Prior analysis of 

Bpnt1-deficient liver tissue revealed a selective accumulation of unprocessed rRNA species 5.8S 

“long” and defects in ribosome biogenesis (Hudson et al., 2013). However, restoration of Xrn1 in 

Bpnt1-/int enteroids did not alter iron-regulatory gene expression changes or reverse nucleolar 

architecture. These data disfavor, but do not rule out, XRN1-mediated mechanisms contributing 

to iron homeostatic gene expression or nucleolar condensation in Bpnt1-/int mice. While restoration 

of Hif-2 normalized Dmt1 and Fpn expression, these effects were independent of nucleolar 

condensation, as nucleolar-resident fibrillarin staining of Bpnt1-/int enteroids complemented with 

Hif-2 were indistinguishable from Bpnt1-/int enteroids complemented with empty-vector control. 

Thus, functional restoration of iron transporter genes would appear to restore iron homeostasis 

independent of persistent nucleolar condensation.  

Interestingly, enterocytes isolated from Bpnt1-/int mice displayed blunted production of 

Dmt1 and Fpn expression (Hudson et al., 2018), similar to HIF-2 deficient mice (Mastrogiannaki 

et al., 2009; Shah et al., 2009). Thus, we hypothesized that gain of HIF-2 function could 
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overcome Dmt1 and Fpn repression, since HIF-2 is a direct transcriptional regulator of both genes 

(Taylor et al., 2011a). However, if Dmt1 and Fpn repression in Bpnt1-/int was independent of HIF-

2, at least in part, then HIF-2 gain of function would not alter Dmt1 or Fpn levels. Indeed, we 

find that restoration of HIF-2 normalizes Dmt1 and Fpn expression compared to enteroids 

isolated from Bpnt1-/fl mice. However, alterations in Hif-2 function in Bpnt1-/int mice may occur 

pre- or post- transcription or translation (or both) via a direct or indirect mechanism.  

Targeting Bpnt1 for the treatment of hemochromatosis may have several advantages over 

pharmacological inhibition of DMT1 or HIF-2. Blocking apical iron import through DMT1 may 

reduce iron absorption, but also inhibit uptake of other divalent metals (Picard et al., 2000). While 

loss of Bpnt1 impairs DMT1 expression and response to iron deficiency (Hudson et al., 2018), 

Bpnt1 mutant mice do not display any signs of divalent metal deficiency (seizures, muscle spasms, 

pernicious anemia etc.) at any age. Furthermore, while nearly ~90% of mice harboring loss of 

function mutations in Dmt1 die before weaning (Russell et al., 1970), Bpnt1-/int mice display 

normal lifespan and age-appropriate weight gain (Hudson et al., 2018). Furthermore, while HIF-

2 inhibitors have been developed, they present many challenges due to HIF-2’s complex post-

translational regulatory mechanisms, interaction with transcriptional coactivators, and nuclear 

localization (Wigerup et al., 2016). Conversely, loss of BPNT1 impairs Hif-2 mRNA and protein 

levels (Fig. 2A and (Hudson et al., 2018)), achieving the functional benefits of direct 

pharmacological inhibition. Our data suggests that inhibition of BPNT1 catalytic activity, leading 

to select PAP metabolic accumulation in the intestine, may be beneficial for the treatment of 

hemochromatosis.  
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Our study reveals an unexpected genetic mechanism, via loss of Bpnt1 in the intestinal-

epithelium, to attenuate hepatic iron accumulation in mice harboring biallelic HfeC282Y mutations, 

the most common genetic cause of hemochromatosis in humans. These data suggest that inhibition 

of intestinal Bpnt1 may represent a pharmacologic approach to treat hemochromatosis and other 

disorders of iron overload. Furthermore, based on the unique phenotype of Bpnt1 deficient mice 

(severe IDA, anasarca, and liver failure), targeted sequencing of Bpnt1 may be warranted in 

patients with unknown causes of this unique combination of phenotypes. Should patients with 

homozygous loss of function mutations Bpnt1 be identified, our studies provide a simple dietary 

modification to reverse metabolic toxicity and reverse disease pathophysiology. In addition, as 

BPNT1 is inhibited at therapeutic levels of lithium and mediates lithium-induced toxicity in a 

variety of organisms (Meisel and Kim, 2016; Spiegelberg et al., 2005; Spiegelberg et al., 1999a), 

these data represent potential strategies to overcome side effects associated with lithium therapy 

that may be caused by PAP accumulation.   
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Chapter 5 Identification of targets of PAP metabolic toxicity 

 

5.1 Introduction 

Sulfur assimilation is the evolutionary-conserved pathway of incorporating inorganic 

sulfate into sulfur-containing amino acids and sulfated end-products (Hudson and York, 2012; 

Kopriva et al., 2015; Takahashi et al., 2011; Taylor et al., 2011a). The first step of sulfur 

assimilation is incorporation of inorganic sulfate via the bifunctional enzyme 3’-phosphoadenosine 

5’-phosphosulfate synthase 2 (Papss2) to produce 3’-phosphoadenosine 5’-phosphosulfate 

(PAPS), a high-energy sulfate donor. PAPS can serve as a substrate for cytoplasmic-localized 

sulfotransferases to produce 3’-phosphoadenosine 5’-phosphate (PAP) or be transported to the 

Golgi-lumen via the PAPS transporter (Kamiyama et al., 2003). In the cytosol, PAP is hydrolyzed 

to 5’-AMP by bisphosphate 3’-nucleotidase 1 (Bpnt1), whereas Golgi-localized PAP phosphatase 

(gPAPP) performs the same enzymatic reaction in the Golgi-lumen. Mice lacking Bpnt1 develop 

iron-deficiency anemia (IDA) (Hudson et al., 2018), anasarca, and liver failure (Hudson et al., 

2013). In contrast, loss of gPAPP in mice is perinatal lethal and mutant mice display impaired 

chondroitin sulfation that underlies defects in long-bone formation (Frederick et al., 2008), which 

is phenocopied in human patients with chondrodysplasia carrying biallelic loss of function 

mutations in gPAPP (Vissers et al., 2011). These data highlight cell-compartment specific roles 

for 3’-nucleotidases in mammalian physiology.  

Our laboratory previously reported that mice lacking Bpnt1 in the intestinal-epithelium 

(Bpnt1-/int) develop iron deficiency anemia (IDA), but none of the other phenotypes observed in 

the global Bpnt1 knockout animal (Hudson et al., 2018). Loss of Bpnt1 causes ~40-fold elevation 
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of PAP substrate, and loss of Bpnt1 can be overcome with genetic suppression of PAP synthesis 

through introduction of a hypomorphic mutation in Papss2 (Hudson et al., 2018). Furthermore, 

consistent with a mechanism by which PAP metabolic toxicity underlies loss of Bpnt1, we 

demonstrated that catalytic activity of Bpnt1 is required for iron homeostatic gene expression 

(Chapter 4). These results strongly suggest that accumulation of PAP, rather than defects in 

sulfation, cause the phenotypes observed in the Bpnt1 mutant mouse. While PAP has been shown 

to modulate and/or interact with a diverse set of targets including those regulating nucleoside 

metabolism (Schneider et al., 1998), rRNA processing (Dichtl et al., 1997a), and sulfation (Lee et 

al., 2003), among others, it is unclear whether or these factors (or others) are directly mediating 

the phenotypic consequences of PAP toxicity. Here we use biochemical and molecular approaches 

to identify targets of PAP metabolic toxicity in enterocytes.  

 

5.2 Methods 

5.2.1 PAP agarose affinity chromatography 

 We used affinity-chromatography (i.e. PAP directly conjugated to agarose beads 

(Spiegelberg et al., 1999a)) to identify PAP-binding proteins in enterocytes isolated from Bpnt1-/fl 

and Bpnt1-/int mice. Generation of these mice was described previously (Hudson et al., 2018). 

Briefly, PAP conjugated to agarose beads (PAP-agarose, Sigma-Aldrich A3640) was swelled in 

buffer containing 50 mM HEPES (pH= 7.5), 10 mM CaCl2, and 50 mM KCl (PAP-agarose buffer). 

Enterocytes were isolated as previously described (Hudson et al., 2018) and lysed in PAP-agarose 

buffer containing 2 mM PMSF by brief sonication. The supernatant was then applied to PAP-

agarose, gently resuspended, and rotated at 4C for 1 hour. Purified Bpnt1 was used as a positive 
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control. The PAP agarose column was then thoroughly washed in PAP-agarose buffer containing 

500 mM NaCl. PAP-binding proteins were then competitively-eluted with 500 M PAP (Sigma 

Aldrich A5763). Eluents were then analyzed by SDS page (followed by silver staining or 

Coomassie blue) or shotgun mass-spectrometry to identify putative PAP-binding proteins. 

 

5.2.2 Histone isolation & post-translational modification analysis 

Histone isolation was performed using a commercially available kit (Abcam, ab113476). 

Eighteen histone H3 post-translational modifications (PTMs) were determined using an ELISA-

based kit (Abcam, ab185910). Histone H3 PTM levels were normalized to total H3 protein. 

 

5.3 Results 

5.3.1 PAP affinity chromatography identifies PAP binding proteins 

Deletion of Bpnt1 in mice causes ~40-200 fold elevation of PAP in select tissues, and PAP 

metabolic toxicity and disease phenotypes caused by loss of Bpnt1 can be overcome with 

concomitant downregulation of PAP synthesis through introduction of a hypomorphic mutation 

in Papss2 (Hudson et al., 2013; Hudson et al., 2018). These data strongly suggest that 

accumulation of PAP, rather than defects in sulfation, cause the phenotypes observed in Bpnt1 

deficient mice. However, the mechanism(s) by which PAP metabolic toxicity impairs cellular 

function remain largely unknown. PAP has been shown to modulate activity of sulfotransferases 

(Klaassen and Boles, 1997), nucleoside diphosphate kinase (NDK) (Schneider et al., 1998), 5’-3’ 

exoribonuclease 1 (Xrn1) (Dichtl et al., 1997a), and poly (ADP-ribose) polymerase 1 (PARP1) 
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(Toledano et al., 2012), among others.  However, it remains unclear if PAP-mediated inhibition 

of these targets (or others) is responsible for the disease phenotypes and metabolic toxicity 

observed in Bpnt1 deficient mice.  

To identify potential targets of PAP in Bpnt1-/int enterocytes, we adapted an affinity 

chromatography approach using PAP conjugated to agarose beads (PAP-agarose) as previously 

described (Spiegelberg et al., 1999a). Briefly, duodenal enterocyte lysates from Bpnt1-/fl or Bpnt1-

/int mice were applied to PAP-agarose, washed, competitively eluted with PAP.  Purified Bpnt1 

was used as a positive control. Eluents were analyzed by SDS page and silver-staining (Figure 

5.1A).  

 

Figure 5.1. Identification of PAP-binding proteins by affinity chromatography in Bpnt1-/fl 

and Bpnt1-/int enterocyte lysates. (A) 20 g of enterocyte lysates from Bpnt1-/fl and Bpnt1-/int as 

well as purified human Bpnt1 (hBpnt1) were applied to a column with PAP-conjugated to 

agarose beads, washed, and competitively-eluted with PAP in sequential fashion. Proteins in 

each successive eluent were separated by on a 4-20% SDS-page gel and visualized using silver-

stain. (B) Venn-diagram of individual peptides identified by mass spectrometry from Bpnt1-/fl 

and Bpnt1-/int lysates after eluted from PAP agarose. 
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We then used shotgun mass-spectrometry to determine protein identity from eluents 

isolated from Bpnt1-/fl or Bpnt1-/int lysates (Table 1). As a positive control, we identify Bpnt1 in 

Bpnt1-/fl enterocytes and identify known PAP-binding protein NDK in Bpnt1-/int , but not Bpnt1-

/fl, enterocytes (Table 1). We observed 32 unique peptides in Bpnt1-/int eluents, 12 peptides in both 

Bpnt1-/int and Bpnt1-/fl eluents, and 6 peptides exclusively in Bpnt1-/fl  eluents (Fig. 1B and Table 

1). Intriguingly, we identify number of histone species (H1.0, H1.2, H1.5, H2A, H3, and H4) 

binding to PAP-agarose in Bpnt1-/int lysates.  
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Protein Molecular weight (kDa) Bpnt1-/fl eluent Bpnt1-/int eluent 

Actin cytoplasmic 1  42 + + 

Adenosylhomocysteinase 48 - + 

ADP ribosylation factor 3 21 - + 

ADP/ATP translocase 33 - + 

Alkaline phosphatase 60 + + 

Alpha globin 1 15 - + 

Annexin A2 39 - + 

ATP synthase subunit beta, mitochondrial 56 - + 

Attractin like protein 1 152 + - 

Beta globin 16 + + 

Bpnt1 33 + + 

Calmodulin 17 + - 

Carbamoyl phosphate synthase 165 - + 

Catalase 60 + + 

Creatine kinase U-type, mitochondrial 47 - + 

Elongation factor 2 95 - + 

Endoplasmin 92 - + 

Enoyl CoA hydratase 31 + - 

Epithelial cell adhesion molecule 35 - + 

Fructose bisphosphate aldolase 40 + + 

Galectin 4 36 - + 

Glucose regulated protein 72 - + 

Glyceraldehyde 3-phosphate dehydrogenase 36 - + 

Heat shock protein 90 beta 83 + - 

Heat shock protien, mitochrondrial 61 - + 

Histone 1.0 21 - + 

Histone H1.2 21 - + 

Histone H1.5 23 - + 

Histone H2A type I 14 + + 

Histone H3.3C 15 - + 

Histone H4  11 + + 

Junction plakoglobin 82 - + 

Microsomal triglyceride transfer protein large subunit 99 - + 

Myosin 11 227 - + 

Myosin 9 226 - + 

Nucleoside disphosphate kinase 17 - + 

Pancreatic alpha amylase 57 - + 

Phosphate carrier protein 40 - + 

Poly(rC)-binding protein 37 + + 

Protein disulfide isomerase 57 + + 

Protein Gm3940 16 + - 

Protein Krt78 112 + - 

Pyruvate kinase isozymes M1/M2 31 + + 

Serine threonine protein kinase ATR 300 - + 

Sodium/potassium ATPase subunit alpha 1 113 - + 

Transferrin 77 - + 

Tubulin alpha-1C 50 - + 

Tubulin beta-5 chain 50 - + 

UDP glucose 6 dehydrogenase 55 - + 

Voltage dependent anion selective channel protein 2 31 - + 

Zymogen granule membrane protein 18 + + 
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Table 5.1. Protein species identified in eluent from Bpnt1-/fl and Bpnt1-/int enterocytes after 

competitive elution with PAP from PAP-agarose binding experiments. Proteins identified in Bpnt1-/fl or 

Bpnt1-/int are indicted as (+).  

 

To gain insights into pathways augmented by PAP accumulation, we performed gene set 

enrichment analysis (GSEA) of proteins eluted from PAP-agarose in Bpnt1-/int lysates. The most 

significant pathways by GSEA were involved in nucleosome/chromatin regulation, response to 

hypoxia, and genes upregulated during protein unfolding in Bpnt1-/int lysates, among others (Table 

2). These data suggest that PAP may interact with number of targets/pathways that play diverse 

roles in the cell.  

 

Gene set description P value 
False discovery 

rate  

Genes involved in nucleosome and chromatin regulation 1.05x10-5 5.14x10-4 

Genes upregulated in response to hypoxia 1.18x10-5 5.91x10-4 

Genes upregulated during the protein unfolding response 7.08x10-5 1.77x10-3 

Genes upregulated through activation of mTORC1 complex 3.81x10-4 4.76x10-3 

Genes involved in oxidative phosphorylation 5.82x10-3 4.92x10-2 

Genes mediating apoptosis  8.85x10-3 4.93x10-2 

Genes encoding components of the apical junction complex 8.87x10-3 4.95x10-2 

Genes involved in metabolizing xenobiotics 9.02x10-3 4.99x10-2 

 

Table 5.2. Hallmark pathways identified by Gene Set Enrichment Analysis (false discovery rate 

q<0.05) using proteins identified in Bpnt1-/int enterocytes eluted from PAP-agarose. 
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5.3.2 Histones isolated from Bpnt1-/int enterocytes interact with PAP agarose 

 Next, since we observed histones and nucleoside diphosphate kinase (NDK) (very similar 

molecular weights) interacting with PAP-agarose from Bpnt1-/int, but not Bpnt1-/fl control 

enterocytes, we aimed to isolate histones and attempt to identify the predominant protein species 

observed in between 10-20 kDa ladder (where both histones and NDK are observed) in the Bpnt1-

/int lysate fraction.  Thus, we used a commercially-available histone extraction kit to isolate acid-

soluble proteins from Bpnt1-/fl control and Bpnt1-/int enterocytes and applied these isolates to PAP-

agarose as described above. The input fraction (i.e. contents loaded onto PAP agarose) isolated 

from Bpnt1-/fl and Bpnt1-/int were largely similar except for the presence of band below H1 in the 

Bpnt1-/int fraction and a very large band (~200 kDa) in the Bpnt1-/fl fraction (Figure 5.2). Very little 

protein was observed in the Bpnt1-/fl flow-through suggesting that the majority of protein stably 

interacts with PAP agarose. Conversely, ~50% of input protein in Bpnt1-/int histone lysate and 

50:50 ratio of Bpnt1-/fl:Bpnt1-/int protein does not interact with PAP agarose and is observed in the 

flow-through (Figure 5.2). Intriguingly, only histones isolated from Bpnt1-/int enterocytes are 

observed in the PAP elution fraction. However, both Bpnt1-/fl and 50:50 ratio of Bpnt1-/fl:Bpnt1-/int 

histones on the boiled beads are observed (Figure 5.2). These data suggest that perhaps there is an 

acid soluble protein present in Bpnt1-/fl (or conversely loss of Bpnt1-/int histone preparations) that 

alters the ability of histones to interact with PAP agarose. However, at the time of preparing this 

dissertation, the commercial production of PAP agarose has been discontinued. Thus, future 

studies should be aimed at recapitulating these results using a manually-prepared PAP agarose 

resin.  
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Figure 5.2. Histones isolated from Bpnt1-/fl, Bpnt1-/int, and a 50:50 ratio of Bpnt1-/fl:Bpnt1-

/int protein was applied to PAP agarose as described above. Equal volumes (30 l) were used for 

flow-through, PAP elution, and boiled fractions to quantify relative amount of protein in each 

fraction. Flow through represents the quantity and identity of proteins not bound to PAP agarose. 

Elution was performed using 500 M PAP. The boiled fraction was PAP agarose buffer mixed 

with SDS sample buffer applied to PAP agarose beads after PAP elution and boiling for five 

minutes.  

 

5.3.3 Bpnt1-/int enterocytes display histone post-translational modifications consistent with 

increased chromosomal accessibility 

Since we observed histones interacting with PAP agarose in Bpnt1-/int enterocytes, Bpnt1-

/int display broad changes in transcription (Hudson et al., 2018), and GSEA revealed an enrichment 
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of proteins involved in chromatin/nucleosome regulation, we postulated that PAP toxicity may 

alter histones. First, to confirm histone binding to PAP-agarose, we purified histones from Bpnt1-

/fl and Bpnt1-/int enterocytes and applied them to PAP-agarose (Figure 5.2). Input control revealed 

no obvious differences in individual histone levels between Bpnt1-/fl and Bpnt1-/int enterocytes 

(Figure 5.2). Next, we surmised that Bpnt1-/int enterocytes may display alterations in histone post-

translational modifications (PTMs) consistent with decreased heterochromatin. To test this 

hypothesis, we used an enzyme-linked immunosorbent essay (ELISA) based approach to identify 

relative levels histone H3 PTMs between Bpnt1-/fl and Bpnt1-/int enterocytes. We observed a 

marked enrichment in H3 PTMs associated with “open” chromatin and a corresponding decrease 

in heterochromatin-associated H3 PTMs (Figure 5.3). These data identify alterations in histone 

PTMs consistent with increased chromosome accessibility in Bpnt1-/int enterocytes.  

 

 

Figure 5.3. Bpnt1-/int enterocytes display enrichment of histone post-translational 

modifications consistent with increased chromosome accessibility (A) Input control (10 g) of 

purified histones from Bpnt1-/fl (lane 2) and Bpnt1-/int (lane 3) enterocytes. Molecular weight 

ladder is in lane 1. (B) Bpnt1-/int enterocytes display alterations in histone H3 post-translational 

modifications associated with increased “open” chromatin. Data are normalized to total H3 

protein and represented as mean  standard deviation. 
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5.4 Discussion 

Our study provides insights into potential targets of PAP toxicity in enterocytes isolated 

from Bpnt1-/int mice. Using an affinity-chromatography approach, we identify known PAP-binding 

protein nucleoside diphosphate kinase (NDK) (Schneider et al., 1998), but not poly(ADP-ribose) 

polymerase (PARP1), interacting with PAP-agarose in Bpnt1-/int, but not Bpnt1-/fl, enterocytes. 

Interestingly, we also observed PAP broadly interacting with a number of histone proteins (H1.0, 

H1.2, H1.5, H2A, H3, and H4) and an enrichment of histone PTMs associated with increased 

euchromatin (i.e. markers of increased chromosome accessibility and thus transcription). These 

data are consistent with prior studies demonstrating that ~25% of the transcriptome is differentially 

expressed greater than three-fold in Bpnt1-/int enterocytes. Importantly, there is a ~4:1 ratio of genes 

upregulated vs. downregulated (Hudson et al., 2018). Despite the disproportionate increase in gene 

transcription consistent with global enrichment of H3 PTMs, iron homeostatic gene expression is 

nearly universally repressed. However, the mechanism by which PAP mediates alterations in 

transcription remains unknown. Overall, our study provides insights into potential targets of PAP 

metabolic toxicity.  

We identified known PAP-interacting protein NDK in enterocytes isolated from Bpnt1-/int 

mice. While an NDK-mediated mechanism perturbing iron metabolism is disfavored, it cannot be 

definitively ruled out. Since PAP has a phosphate at the 3’ ring position, NDK is not predicted to 

accommodate PAP as a substrate (Schneider et al., 1998). Although PAP could allosterically 

regulate NDK, inhibition of NDK would be expected to decrease the ATP:ADP ratio, which is not 

readily apparent in Bpnt1 null tissue by HPLC analysis (Hudson et al., 2013). However, there is 

evidence to suggest that loss of NDK in mice leads to severe defects in erythropoiesis (Postel et 

al., 2009), although this type of anemia is distinct from the iron deficiency anemia observed in 
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Bpnt1 null mice. Furthermore, NDK null mice do not display any other phenotypes observed in 

the conventional Bpnt1 knockout mouse.  

In addition, Bpnt1 deficient tissue features a modest (~five-fold) accumulation of PAPS 

(Hudson et al., 2013), and although PAP is the preferred substrate (kcat/Km= 4.4x107), Bpnt1 can 

utilize PAPS as a substrate albeit with indeterminate efficiency (Spiegelberg et al., 1999a). 

However, PAPS accumulation as a mechanism to impair NDK is also disfavored because PAP has 

a ~7-fold higher Kd for NDK compared to PAPS (Schneider et al., 1998). While our data does not 

definitively rule out inhibition of NDK and/or PAPS accumulation as mechanisms contributing to 

IDA, these mechanisms would appear to be less likely.  

We also identified transferrin (non-heme iron carrying protein) and intestinal barrier 

proteins Myosin 9 (Myo9) and epithelial cell adhesion molecule (EPCAM) from Bpnt1-/int 

enterocytes interacting with PAP agarose. However, alteration of these targets is disfavored 

because expression of transferrin in the intestine is negligible compared to hepatic production 

(Idzerda et al., 1986) and Bpnt1-/int mice do not display any phenotypes associated with loss of 

Myo9 or EPCAM (Guerra et al., 2012; Zhang et al., 2012a). Interestingly, while Bpnt1 null 

hepatocytes display defects in ribosome biogenesis and protein production (Hudson et al., 2013), 

Bpnt1-/int do not display an overt phenotypes associated with global defects in protein production 

(i.e. intestinal barrier breakdown, diarrhea, weight loss, etc.). Furthermore, since different tissues 

utilize sulfur assimilation to varying degrees and PAP is elevated to variable degrees in select 

tissues, despite uniform loss of Bpnt1 protein (Hudson and York, 2012, 2014), both shared and 

tissue-specific molecular mechanisms of PAP accumulation seem plausible. 

There is a growing body of literature linking metabolic toxicity with epigenetic changes in 

disease (Kaelin and McKnight, 2013). We observed PAP binding to nearly all histone species in 
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Bpnt1-/int, but not Bpnt1-/fl enterocytes, providing some support for PAP directly interacting with 

the histone/nucleosome machinery. Corollary to these observations, we observed an enrichment 

of histone H3 PTMs associated with “open” chromatin. Given that ~25% of the transcriptome in 

Bpnt1-/int enterocytes was differentially-expressed greater than three-fold (Hudson et al., 2018) and 

Bpnt1 null hepatocytes display decreased heterochromatin by electron microscopy analysis 

(Hudson and York, 2014), these data are consistent with a role for PAP toxicity and modulation 

of chromatin. Furthermore, Bpnt1 null enterocytes display a ~4:1 ratio of genes upregulated vs. 

downregulated greater than three-fold, despite global repression of iron homeostatic genes. 

However, whether or not direct binding of histones causes the observed changes in transcription 

remains unclear. Collectively these data suggest that histones may be a target of PAP metabolic 

toxicity, but the precise mechanism by which this occurs remains unknown. There are many 

mechanisms by which PAP accumulation may influence chromatin: 1) alter nucleosome 

positioning, 2) disrupt nucleosome assembly/disassembly, 3) impair interactions between histones 

and DNA, 4) block histone deacetylase or acetylase interactions with the histone core, or 5) 

augment recognition or function of chromatin modifying enzymes, among others. Nonetheless, we 

provide data to suggest that PAP toxicity may act, at least in part, through interaction with histone 

proteins. However, the mechanism by which PAP accumulation augments transcription and 

chromosome accessibility remains unknown.   

A cellular feature of PAP accumulation is the presence of a single, large nucleolus (the site 

of rRNA production) identified by electron microscopy and staining for nucleolar-resident proteins 

fibrillarin and nucleoplasmin/B23 (Hudson et al., 2013; Hudson et al., 2018; Hudson and York, 

2014). In addition to alterations in nucleolar structure, we observe a marked  accumulation of 

fibrillarin protein in Bpnt1 null tissue (Hudson et al., 2013). In addition to its role as a marker of 
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the nucleolus, fibrillarin is a methyltransferase that can modify rRNA and proteins (including 

histone H2A) (Shubina et al., 2016; Tiku and Antebi, 2018) to regulate gene expression as well as 

directly regulate translation (Elliott et al., 2019). Thus, it is possible that the nucleolar condensation 

observed is merely the accumulation of fibrillarin protein that may exert its effects via its 

methyltransferase activity rather than through modulation of nucleolar function (i.e. rRNA 

production). 

Furthermore, Bpnt1 null hepatocytes display selective elevation of unprocessed rRNA 

species consistent with inhibition of ribosomal RNA processing enzyme Xrn1 (Hudson et al., 

2013), a PAP-sensitive enzyme (Dichtl et al., 1997a). Intriguingly, Xrn1 and the fibrillarin 

orthologue Nop1 have been shown to genetically and physically interact in budding yeast (Krogan 

et al., 2004; Wilmes et al., 2008), suggesting a convergent mechanism linked through PAP 

accumulation. In addition, deletion of the fibrillarin homolog ncl-1 in C. Elegans phenocopies the 

nucleolar condensation observed in Bpnt1 null tissue (Tiku et al., 2017), suggesting that 

homeostatic fibrillarin expression is an important regulator of nucleolar architecture. However, the 

mechanism by which PAP accumulation causes increased fibrillarin expression in the liver, despite 

global regression of protein synthesis and defects in ribosome biogenesis, is not known. Future 

studies should be aimed at elucidating this apparent paradox and also a potential role for fibrillarin 

methyltransferase activity on both rRNA processing and chromosome regulation via glutamine 

methylation of histone H2A.    

In addition, lithium-induced accumulation of PAP has been shown to inhibit poly (ADP-

ribose) polymerase 1 (PARP-1) activity on histone modification (Toledano et al., 2012), PARP-1 

directly interacts with nucleoplasmin (Meder et al., 2005), and histone H2A variants modulate 

PARP-1 association with chromatin (Kotova et al., 2011). Finally, loss of PARP-1 function impairs 
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nucleolar structure and disrupts rRNA processing and ribosome biogenesis (Boamah et al., 2012). 

Thus, PAP accumulation augments many key steps involved in chromatin regulation, rRNA 

processing, and nucleolar function, that likely in concert, lead to phenotypes associated with loss 

of Bpnt1. 

 Our data outline potential targets of PAP metabolic toxicity in the intestinal epithelium 

identified by PAP affinity chromatography. While many PAP-dependent mechanisms are likely 

contributing to IDA in Bpnt1-/int mice, these data provide a link between sulfur assimilation 

metabolic toxicity and alterations in chromatin. Given that Bpnt1 is potently inhibited by lithium 

(Spiegelberg et al., 2005; Spiegelberg et al., 1999a), it is possible that elevation of PAP may be 

mediating the therapeutic and/or toxic effects of lithium pharmacotherapy. Since histones may be 

a target of PAP metabolic toxicity, these data are particularly very intriguing given the high rate 

of lithium “non-responders” among patients with bipolar disorder. These data are directly relevant 

for understanding molecular mechanisms underlying PAP metabolic toxicity and loss of Bpnt1.  
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Chapter 6 Summary and Future Directions 

6.1 Summary 

Our work outlined in this dissertation uncovers an unanticipated link between nucleotide 

hydrolysis in the sulfur assimilation pathway and regulation of iron homeostasis. These data point 

to a mechanism by which inactivation of the 3’-nucleotidase Bpnt1 in the intestinal-epithelium 

leads to a massive accumulation PAP substrate. Elevation of PAP prevents the physiological 

response to low iron levels in mice leading to IDA. Remarkably, by reducing PAP synthesis in the 

context of nucleotidase deficiency, we are able to completely rescue the pathophysiology of IDA. 

However, the precise mechanism by which PAP accumulation alters the function of the intestinal-

epithelium remains unclear. Our studies suggest that PAP accumulation causes dramatic changes 

in transcription consistent with broad changes in chromosome accessibility, repression of iron 

homeostatic gene expression, and condensation of the nucleolar architecture. In addition, our data 

suggest that iron deficiency anemia caused by loss of Bpnt1 is mediated, at least in part, by 

inhibition of HIF-2α signaling. We describe both genetic and dietary approaches to overcome PAP 

metabolic toxicity that act through distinct mechanisms. In addition, we identify modulation of 

Bpnt1 as a potential target for ameliorating iron overload caused by biallelic C282Y mutations in 

Hfe, the most common cause of hemochromatosis in humans. Finally, we provide insights into 

histones as potential molecular targets of PAP metabolic toxicity, leading to broad changes in 

transcription.   

The data outlined in this dissertation support the following conclusions: 1) definition of a 

new genetic complementation group for IDA through loss of Bpnt1, 2) identification of a genetic 

approach to overcome IDA caused by loss of Bpnt1 through reduction of PAP synthesis and/or 

restoration of HIF-2 expression,  3) description of a dietary mechanism to suppress PAP toxicity 
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and restore iron homeostasis, and 4) identification of a genetic mechanism to suppress iron 

overload in mice harboring homozygous HfeC282Y mutations. Additional studies suggest that PAP 

accumulation may interact with a broad number of targets (outlined in Chapter 5), although many 

mechanisms may be contributing to iron deficiency anemia due to loss of Bpnt1. In this Chapter, 

an outline and critical appraisal of potential PAP-mediated mechanisms are highlighted based on 

our current understanding of PAP metabolic toxicity. This summary provides an outline for future 

studies aimed at elucidating a mechanistic basis for PAP accumulation. 

Regulation of iron metabolism is essential for normal cellular homeostasis and is perturbed 

in a number of disease states. Thus, identification of mechanisms that modulate iron homeostasis 

have broad implications for understanding the pathophysiological basis and potential treatment of 

numerous disorders. Given that PAP has been shown to directly bind upstream sulfotransferases 

(Rens-Domiano and Roth, 1987) and inhibit RNA processing (Dichtl et al., 1997b), it is 

conceivable that PAP acts as a broad and potent inhibitor of other proteins involved in varied 

biological processes that may influence iron metabolism. It is also likely that PAP-mediated 

mechanisms may differ between cell types, largely dependent on degree of PAP toxicity. Our 

studies already suggest that  PAP elevation may work through differing mechanisms in the liver 

versus the intestinal epithelium, and this could be due to the varying degree to which tissue types 

utilize sulfur assimilation metabolism. Our studies summarized in Chapters 3, 4, & 5 demonstrated 

that PAP accumulation causes ~25% of genes to be differentially expressed, consistent with 

decreased heterochromatin observed by electron microscopy and an enrichment of histone H3 

post-translational modifications associated with increased euchromatin. Despite a 4:1 ratio of 

genes up-regulated greater than three-fold compared to genes down-regulated, we observe a 

marked repression of nearly all iron homeostatic genes. In addition, the iron deficiency anemia 
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phenotype and transcriptional signature are phenocopied in mice lacking intestinal-epithelial 

expression of Hif-2. One group has suggested thatthe transcriptional response to iron starvation 

is, in large part, mediated by HIF-2α (Taylor et al., 2011b). Our data demonstrates that HIF-2α and 

its downstream targets are decreased at the transcriptional level due to accumulation of PAP. Thus, 

we surmise that PAP may impair Hif-2α expression, however there are many potential mechanisms 

by which this could occur. 

Our studies also imply that manipulation of sulfur assimilation metabolism may represent 

a new avenue for therapeutic development. Given that Bpnt1 is potently inhibited by lithium 

(Spiegelberg et al., 2005; Spiegelberg et al., 1999a), it is possible that lithium may be mediating 

its toxic effects through accumulation of PAP. Bpnt1 deficient animals display alterations in 

diverse cellular functions (i.e. ribosome biogenesis, chromosome accessibility, etc.) that could be 

playing a role in the mechanism of action of lithium, this is certainly a possibility. Furthermore, 

development of small-molecule inhibitors of Papps2, leading to amelioration of PAP synthesis, 

may represent a unique approach to treating iron deficiency anemia due to loss of Bpnt1. Similarly, 

development of Bpnt1 catalytic inhibitors and subsequent accumulation of PAP may represent a 

strategy to overcome disorders of iron overload. 

In summary, we define a new genetic basis for IDA, uncovering an unanticipated link 

between intestinal-epithelium specific nucleotide hydrolysis in the sulfur assimilation pathway and 

regulation of iron homeostasis. Our data point to a mechanism by which loss of Bpnt1 leads to 

massive elevation of PAP which prevents the physiological response to low iron levels by 

perturbing transcriptional upregulation of iron homeostasis factors, possibly through modulation 

of HIF-2α activity. Our work identifies a new complementation group for iron deficiency anemia 

and provides insights into strategies to overcome disease pathophysiology through concomitant 
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down regulation of PAP synthesis via reduction of PAPSS2 activity. Preliminary biochemical data 

suggests that histones may be a target of PAP metabolic toxicity, however a precise mechanistic 

basis for these observations has not been elucidated. The remainder of this chapter will focus on 

summarizing potential areas of investigation for delineating mechanisms of PAP metabolic 

toxicity. 

 

6.2 Future Directions 

6.2.1 PAP accumulation and histones as targets of metabolic toxicity 

 Throughout this dissertation and through prior studies from our group, we have 

demonstrated that PAP accumulation alters transcription and chromosome accessibility using a 

variety of approaches. However, the mechanism by which PAP toxicity alters transcription 

remains an important unanswered question. However, it was with great enthusiasm that we 

identified various histone species isolated from Bpnt1-/int enterocyte lysates binding to PAP-

agarose, outlined in Chapter 5. Subsequent studies isolating acid soluble proteins (of which 

histones are a major component) from Bpnt1-/int and control enterocytes recapitulated histones 

isolated from Bpnt1-/int, but not control, enterocytes interacting with PAP agarose. Only histones 

isolated from Bpnt1-/int, but not control, enterocytes were observed in the competitive elution (500 

M PAP) fraction after wash with buffer containing 500 mM NaCl. However, mixing a 50:50 ratio 

of Bpnt1-/fl:Bpnt1-/int histone isolates to determine if there is an inhibitor of PAP-agarose binding 

in the Bpnt1-/int histone preparation yielded mixed findings. While isolated histones were observed 

in the flow-through of the 50:50 sample mix consistent with the Bpnt1-/int sample, competitive PAP 

elution did not elute histones from the 50:50 sample. Furthermore, histones from Bpnt1-/fl or 50:50 
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sample ratio were only disrupted after boiling, whereas histones isolated from Bpnt1-/int enterocytes 

were observed after PAP elution or in the flow-through. These data suggest that perhaps histones 

in Bpnt1-/int enterocytes are modified in such a way that enable interaction with PAP agarose. 

Further biochemical characterization of these results are warranted in order to identify a potential 

mechanistic basis for regulation of sulfur assimilation metabolism and nucleotide hydrolysis 

augmenting transcription. 

PAP accumulation may alter the biochemical properties of histones and modulate 

transcription in a number of ways: 1) alter nucleosome positioning, 2) disrupt nucleosome 

assembly/disassembly, 3) impair interactions between histones and DNA, 4) block histone 

deacetylase or acetylase interactions with the histone core, 5) augment recognition or function of 

chromatin modifying enzymes, or 6) promote alterations in post-translational modifications, 

among others. We demonstrated that histones isolated from Bpnt1-/int enterocytes display 

alterations in histone H3 PTMs, however a global analysis of all histone PTMS may be warranted 

as understanding the entirety of the histone code may provide insights into how PAP influences 

histone PTMs. Mass spectrometry based approaches have been used to analyze the range of 

potential histone PTMs across histone species (Zhao and Garcia, 2015), and may be useful to 

quantify global changes in histone PTMs.   

It appears that the individual components of the histone octamer from Bpnt1-/int enterocytes 

bind to PAP agarose to a similar degree. Thus, it would be intriguing to delineate if PAP binds 

specifically to any individual histone protein or rather coordinates the assembly/disassembly of 

the histone octamer. Furthermore, PAP may alter how the components of the nucleosome assemble 

on DNA. Since PAP is negatively-charged, PAP-bound histones may electrostatically repel their 
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interaction with DNA. Delineating the molecular interaction of PAP with histones may provide 

unique insights into mechanisms underlying PAP metabolic toxicity.  

 

6.2.2 Additional targets of PAP toxicity 

Here we applied an affinity-chromatography based approach to identify putative targets of 

PAP metabolic toxicity. However, PAP can be conjugated to agarose through a number of linkers 

and at different ring positions. Thus, expanding the biochemical approach to test different affinity 

chromatography approaches are warranted. Similarly, these approaches only identify proteins that 

exchange PAP and may thus be assumed to be interacting with PAP through surface residues (i.e. 

easily accessible to exchange with PAP agarose). Interrogation of proteins that may bind PAP 

through non-surface exposed motifs is certainly possible, and additional biochemical approaches 

are needed to answer these questions.   

One group identified poly(ADP-ribose) polymerase (PARP-1) isolated from nuclear 

extracts of HeLa cells binding to PAP agarose (Toledano et al., 2012). However, this group’s 

approach differed substantially from the approach taken herein. First, they used nuclear extracts 

instead of whole-cell lysates, which inevitably disregard cytoplasmic and other organelle-bound 

proteins. Second, these authors only used heat (65 C for 15 minutes) to elute putative PAP-binding 

proteins from the agarose beads. In addition, these authors observed excess PAP (3 mM) blocking 

PARP-1 interaction with PAP-agarose beads. However, this concentration of PAP far exceeds the 

physiological levels of PAP that our group observes even in the Bpnt1 knockout animal (~80 

nmol/g tissue). Perhaps most relevant to the studies outlined in this dissertation, these authors did 

not isolate cells from Bpnt1 null mice displaying PAP metabolic toxicity and compare 
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characteristics of PAP-agarose. Interestingly, these authors provide data to suggest that PAP-

mediated inhibition of PARP-1 poly(ADP-ribosyl)ation activity can inhibit histone H1 poly(ADP-

ribosyl)ation, but only at ~0.1-1.0 M PAP (Toledano et al., 2012). These data were also 

recapitulated in HeLa cells treated with lithium. Thus, there is some evidence to suggest that 

inhibition of PARP-1 may be a relevant target of PAP metabolic toxicity.  

Although not identified through the PAP affinity chromatography approach described here, 

PARP-1 has been shown to interact with PAP agarose. In addition, PARP-1 ADP-ribosylation 

activity is inhibited by PAP in vitro (Toledano et al., 2012). PARP-1 has also been shown to 

associate with chromatin and regulate nucleosome remodeling (Althaus et al., 1994; Martinez-

Zamudio and Ha, 2012; Realini and Althaus, 1992). Some have suggested that PARP-1 can 

directly regulate mRNA processing through inhibition of mRNA binding proteins (Ryu et al., 

2015). However, PARP-1 has also been shown to mediate the response to hypoxia via Hif-2 at 

the transcriptional and translational levels (Gonzalez-Flores et al., 2014). These authors also 

demonstrate that PARP-1 forms a complex with HIF-2 and that HIF-2-dependent 

transcriptional programs require PARP-1 activity (Gonzalez-Flores et al., 2014). Finally, deletion 

of PARP-1 in mice results in decreased erythropoietin production, blunted red blood cell 

production in response to hypoxia, and increased genome instability due to loss of PARP-1 DNA 

repair activity (de Murcia et al., 1997; Gonzalez-Flores et al., 2014). However, these phenotypes 

associated with impaired PARP-1, while peripherally related to anemia, are not consistent with 

impaired iron absorption, but rather due to primary defects in hematopoiesis. Nonetheless, it seems 

feasible that PARP-1 may be a target of PAP metabolic toxicity, and investigation of a PARP-1 

dependent mechanism is warranted.  
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PAP has been shown to bind and inhibit nucleoside diphosphase kinase (NDK), although 

PAP has a ~7-fold higher Kd for NDK compared to PAPS (Schneider et al., 1998). While Bpnt1 

can utilize PAPS as a substrate (Spiegelberg et al., 1999a), the accumulation of PAPS is modest 

(~5 fold) compared to ~40 fold increase in PAP levels in Bpnt1 null tissue. Perhaps contrary to the 

biochemical rationale presented above, deletion of both isoforms of NDK in mice leads to severe 

anemia (Postel et al., 2009). While Bpnt1 null mice develop anemia due to impaired intestinal iron 

absorption (Hudson et al., 2018), NDK null mice display defects in erythroblast development (i.e. 

nucleated red blood cells) and perinatal death (Postel et al., 2009).  The NDK double heterozygous 

mice, however, display mild iron deficiency anemia at embryonic day 18.5. Thus, it is possible 

that inhibition of NDK contributes, at least in part, to the anemia phenotype observed in Bpnt1 

null mice. However, the type of anemia observed in the NDK mutant animal (i.e. defective 

erythropoiesis) is substantially different than the anemia observed in the Bpnt1-/int animal due to 

defects in intestinal iron absorption.  

 

6.2.3 Phase separation as a potential mechanistic consequence of PAP toxicity 

Studies detailed in this dissertation revealed a role for PAP accumulation in Bpnt1 null 

tissue mediating broad changes in transcription and chromatin structure based on the observation 

that ~25% of the transcriptome is differentially expressed greater than three-fold and Bpnt1 null 

enterocytes display decreased heterochromatin by electron microscopy. In addition, preliminary 

biochemical approaches suggest that histones may be a target of PAP metabolic toxicity and 

histones isolated from Bpnt1-/int enterocytes display an enrichment of post-translational 

modifications consistent with increased chromosomal accessibility. One potential mechanism by 

which chromatin is organized is dependent on phase separation, the process by which two mutually 
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soluble components come apart into distinct compartments (Yoo et al., 2019). Phase separation 

and control of gene expression is a topic of recent interest in the scientific literature (Hnisz et al., 

2017), and the mechanistic basis of these processes is currently under active investigation. 

Relevant to the studies presented in this dissertation, many groups have implicated histone 

modifications as playing a major role in regulating euchromatin vs. heterochromatin via a phase 

separation mechanism (Gibson et al., 2019; Larson and Narlikar, 2018; Strom et al., 2017; Wang 

et al., 2019). Furthermore, given the abnormal condensation (and potentially separation) of the 

nucleolus in Bpnt1 null cells, it is possible that PAP accumulation broadly regulates subcellular 

phase separation. It is possible that PAP accumulation therefore may regulate a phase separation 

mechanism via alteration of histone modifications and/or modulation of nucleolar architecture. 

Thus, biophysical approaches may be useful in determining the molecular mechanisms of PAP 

metabolic toxicity. 

 

6.2.4 rRNA processing and modifications 

 In addition to alterations in chromatin organization, loss of Bpnt1 and PAP accumulation 

causes condensation of the nucleolus, determined by immunohistochemical analysis of nucleolar-

resident proteins fibrillarin/nucleoplasmin and by electron microscopy (Hudson et al., 2013; 

Hudson et al., 2018). Thus, a phase separation mechanism perturbing nucleolar structure and 

organization may also underly PAP metabolic toxicity. Fibrillarin is a component of 

ribonucleoproteins and has known roles in rRNA processing and ribosome biogenesis (Amin et 

al., 2007). Furthermore, recent evidence suggests that fibrillarin can methylate a glutamine residue 

on H2A in the nucleolus to regulate transcription through binding of the facilitator of chromatin 

transcription (FACT) complex (Elliott et al., 2019; Tessarz et al., 2014). Furthermore, fibrillarin 
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has rRNA 2’-O-methylation activity that when lost, results in attenuated ribosome biogenesis 

(Erales et al., 2017). Since Bpnt1 null tissue displays increased expression of fibrillarin, increased 

methyltransferase and/or rRNA 2’-O-methylation activity may be a consequence of PAP metabolic 

toxicity. 

Lastly, prior studies from our group and others demonstrated that PAP accumulation 

inhibits rRNA processing through inhibition of XRN (Dichtl et al., 1997a; Hudson et al., 2013). 

While restoration of Xrn1 expression in Bpnt1-/int enteroids partially suppressed iron homeostatic 

gene expression (see Chapter 4), it is possible that expression levels were not high enough to 

stoichiometrically match the levels of PAP in the cell. Furthermore, it may be useful to perform 

Xrn1-Bpnt1 epistasis experiments to see if deletion of Xrn1 mirrors defects in iron homeostatic 

gene expression in enteroids. While modest elevation of the “long” form of 5.8S rRNA were 

observed in Bpnt1 hepatocytes, there were no gross changes in individual rRNA species levels 

despite marked defects in ribosome biogenesis (Hudson et al., 2013). Whether or not the rRNA 

species in Bpnt1 null tissue were functional and appropriately post-transcriptionally modified 

remains unknown. One potential approach to understanding the genetic relationship between 

Bpnt1 and Xrn1 is to knockdown Xrn1 expression in Bpnt1 enteroids. However, gene deletion via 

siRNA or shRNA may be difficult in primary mouse enteroids.  

Overall, the studies outlined in this dissertation provide insights into the role of sulfur 

assimilation metabolism and nucleotide hydrolysis in regulating iron metabolism. We define a 

mechanism by which iron deficiency anemia caused loss of Bpnt1 can be overcome with forward 

genetic disruption of PAP substrate synthesis. In addition, PAP metabolic toxicity can be overcome 

with dietary restriction of methionine leading to iron homeostasis and decreased PAP 

accumulation in vivo. We also identify a genetic approach to restore iron homeostatic gene 
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expression in Bpnt1-/int enteroids through overexpression of key iron-regulatory transcriptional 

regulator Hif-2. We then identify Bpnt1 as a genetic modifier of iron overload caused by 

hereditary hemochromatosis, suggesting that modulation of sulfur assimilation metabolism may 

be an attractive strategy to treat iron overload. Finally, we provide preliminary evidence that 

histones may be a target of PAP metabolic toxicity. Future studies should be aimed at identifying 

the molecular basis of PAP accumulation and further identifying cellular consequences of PAP 

metabolic toxicity.  
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