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Abstract 

Copper (Cu) is an essential micronutrient that plays roles in mammalian growth and development. 

Imbalance of Cu is implicated in several human diseases; thus, cellular Cu levels are tightly 

regulated by Cu-binding and -transporting proteins that act in concert. While the main Cu 

homeostasis proteins and their post-translational regulation have been well-characterized, their 

regulation at the mRNA-level is incompletely understood. Heterogeneous nuclear 

ribonucleoprotein (hnRNP) A2/B1, an RNA-binding protein, was found to regulate Cu levels: its 

knockdown via small interfering RNA (siRNA) induced a significant decrease in cellular Cu. In this 

study, we investigated this phenomenon and found that the knockdown of hnRNP A2/B1 

decreased Cu levels through increasing the abundance of the Cu-transporter ATP7A, likely 

through a mechanism involving the 3’ untranslated region (UTR) of the ATP7A transcript. 

Moreover, downregulation of just the exon 2-containing B-isoforms of hnRNP A2/B1 was sufficient 

to produce this effect, indicating that they may play a specific role in Cu regulation. This link 

between hnRNP A2/B1 and ATP7A was found to be true in reverse: increasing the expression of 

individual hnRNP A2/B1 isoforms lead to a decrease in ATP7A abundance, further suggesting 

that ATP7A expression is negatively regulated by hnRNP A2/B1. An increase in ATP7A 

abundance and decrease in hnRNP A2/B1 abundance and Cu levels was also observed in SH-

SY5Y neuronal cells during retinoic acid-induced differentiation, highlighting an inverse 

relationship between hnRNP A2/B1 and ATP7A abundance that may play a role during neuronal 

differentiation. We also explored the effects of Cu accumulation on hnRNP A2/B1 and found that 

Cu elevation results in a rapid, dose-dependent increase in the amount of cytoplasmic hnRNP 

A2/B1. Interestingly, cytoplasmic hnRNP A2/B1 clustered into granules that did not stain for 

markers of common cytoplasmic granules, suggesting that they form as a unique response to Cu 

elevation. It is yet unclear whether the Cu-induced cytoplasmic accumulation of hnRNP A2/B1 is 

related to the hnRNP A2/B1-mediated regulation of ATP7A. However, our data show that there is 
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a link between Cu homeostasis and RNA processing via hnRNP A2/B1 that could potentially be 

involved in a rapid and specific response to changing Cu levels. 
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1 Introduction 

Copper (Cu) is a trace metal crucial to mammalian growth and development. Due to its redox 

activity, Cu serves as a cofactor and activator of a variety of enzymes involved in key cellular 

processes, such as respiration, antioxidant defense, iron utilization, myelination, and 

neurotransmitter production (1-5). Because of its essentiality, as well as its toxicity in excess, 

cellular Cu balance must be maintained, and imbalance of Cu is implicated in several human 

diseases (6,7). As such, Cu levels are tightly regulated through a network of Cu-binding and Cu-

transporting proteins (8). While post-translational regulation of Cu homeostasis is well-

understood, comparatively little has yet been described about the mechanisms by which Cu 

homeostasis is regulated on the mRNA-level. This work discusses the importance of regulating 

Cu balance, describes the protein machinery that act in concert to maintain Cu levels, and 

considers a new role for heterogeneous nuclear ribonucleoprotein (hnRNP) A2/B1 in the 

regulation of Cu transporters at the messenger RNA (mRNA) level. 

1.1 Cu in human health and disease 

Cu is an essential micronutrient. Humans get Cu in their diets, and a daily dietary intake of 0.9 

mg/day is recommended for adults (9). Failure to meet Cu intake needs is linked to poor health 

outcomes: studies in rodents linked dietary Cu deficiency to hepatic steatosis and insulin 

resistance (10,11). Cu imbalance is also linked to human diseases, with Menkes and Wilson 

diseases being the classical examples of Cu deficiency and excess, respectively (12). However, 

even milder perturbations in Cu balance have been associated with pathologies. Changes in Cu 

homeostasis have been observed in patients with cancer, Alzheimer’s disease, Parkinson’s 

disease, and non-alcoholic fatty liver disease (6,7,13). Thus, to maintain normal human 

physiology, cellular Cu levels are kept under close control through a system of proteins that 
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manage the journey of Cu through the cell, from influx to storage and transport to efflux (Figure 

1.1). 

1.1.1 Cu importers 

The current model of Cu homeostasis describes the import of Cu via Ctr1, a high-affinity Cu 

transporter (8,12,14,15). In humans, Ctr1 is responsible for the uptake of dietary Cu, wherein the 

Cu is distributed to proteins involved in Cu trafficking in the cell (12,16,17). Ctr1 consists of 

monomers with three transmembrane domains that assemble into a homotrimer to form a pore 

through which Cu passes into the cell (1,14,18-22). Under basal conditions, Ctr1 largely localizes 

to the plasma membrane, with a smaller amount present in cytoplasmic vesicles. When Cu levels 

are low, Ctr1 mobilizes from these pools to the plasma membrane, where it facilitates the import 

of Cu; when Cu levels are high, Ctr1 internalizes via endocytosis and localizes once again to 

these vesicles, eventually degrading if Cu concentrations are sufficiently high (1,4,19,23,24). 

Ctr1 function is essential to normal mammalian development and physiology. While there is no 

specific disease attributed to loss of Ctr1 function or expression, inactivation of Ctr1 results in 

severe physiological consequences. Whole body Ctr1 knockout mice have impaired growth and 

developmental defects in embryo, which eventually result in embryonic death (14,16,17,25). 

Organ-specific knockout mice present with various perturbations in Cu balance (17). Heart-

specific deletion of Ctr1 results in cardiac pathologies arising from Cu deficiency, while liver-

specific deletion results in a significant decrease in hepatic Cu but no marked changes in liver 

function (26-28). Intestinal inactivation of Ctr1 does not prevent Cu import into enterocytes; 

instead, it reduces the availability of Cu to other Cu machinery proteins, resulting in intestinal 

accumulation of Cu and subsequent systemic Cu deficiency (8,27).  
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Humans also express a second Cu-uptake transporter, Ctr2 (4,15). Comparatively less is known 

about Ctr2 function. It was previously thought that Ctr2 could serve as a lower-affinity Cu importer 

in lieu of Ctr1, though perhaps in a less bioavailable state (27,29). This was supported by the 

observation of partial localization of overexpressed Ctr2 to the plasma membrane (4,30). 

However, more recent studies indicate that Ctr2 largely localizes to intracellular vesicles and co-

localizes with markers of late endosomes and lysosomes, suggesting a role for Ctr2 in the 

mobilization of Cu stored in these organelles (1,4,14,29,31). 

The physiological impact of Ctr2 inactivation in mammals is not well-understood. Deletion in yeast 

yields cells with higher Cu tolerance, and yeast lacking Ctr1 but overexpressing Ctr2 are less 

affected by Cu depletion (30,32). In COS-7 cells, overexpression of Ctr2 results in massive 

intracellular Cu accumulation, whereas depletion of Ctr2 results in a decrease in cellular Cu 

content (14,30). Interestingly, Ctr2 expression has been linked to cisplatin resistance, which could 

result in poorer cancer prognoses (14,33). 

1.1.2 Cu-chaperones and Cu-binding proteins 

Cu in its unbound form, known as free Cu, is toxic to the cell if allowed to accumulate. Free Cu 

can trigger the formation of hydroxyl radicals, causing oxidative damage in the cell, and can 

compete with other metal cofactors in binding metalloenzymes (1,34-36). Thus, once inside the 

cell, Cu must be bound by either Cu-chaperones, which mediate its transfer to or incorporation 

into other proteins, or Cu-binding proteins, which sequester excess Cu in the cell (4,37). 

1.1.2.1 Cu-chaperones 

Atox1 is a soluble cytosolic protein whose main known function is as a Cu-chaperone (4,38). It is 

involved in the delivery of imported Cu to the secretory pathway via direct interaction with and 

subsequent transfer of Cu to the Cu-transporters ATP7A and ATP7B (4,38-42). This process is 
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key to the maturation of enzymes that require Cu as a cofactor for their activity (38). While Atox1 

may receive Cu directly from Ctr1 in vitro (4), downregulation of Atox1 does not affect Cu entry 

into the cell, suggesting that it is not the main—or not the only—way in which Cu transfers from 

Ctr1 to its end locations (38). Interestingly, Atox1 has also been identified as a Cu-dependent 

transcription factor, and has been shown to translocate into the nucleus to perform this role (4,43). 

Atox1 plays an important role in Cu trafficking during development in newborn mice (17,43,44). 

Knockout of Atox1 in mouse embryonic fibroblasts results in the accumulation of Cu in the cytosol, 

and whole-body deletion of Atox1 in mice impedes Cu transport across the placenta (38,44). This 

impacts the activity of key cuproenzymes, such as cytochrome c oxidase (CCO), and ultimately 

results in mice that have growth impairments and skin defects and fail to thrive, which may lead 

to death (17,43,44).  

The Cu chaperone for superoxide dismutase 1 (CCS) is a cytosolic protein involved in the 

maturation of the cuproenzyme Cu, Zn superoxide dismutase 1 (SOD1) (37,45). CCS directly 

interacts with SOD1 to coordinate the incorporation of Cu as well as facilitate the formation of a 

disulfide bond in SOD1 crucial for its activity (38,46). CCS has also been implicated in the 

regulation of the intracellular localization of SOD1 (4,45). 

CCS expression is required for the maturation of SOD1, ensuring its proper function and activity. 

Inactivation of the CCS gene in mice results in normal expression of SOD1 but impaired SOD1 

activity due to the markedly reduced incorporation of Cu into SOD1 (47,48). As such, these mice 

present similarly to SOD1 knockout mice (47). Crossbreeding between CCS knockout mice and 

mouse models of familial amyotrophic lateral sclerosis (ALS) bearing disease-linked SOD1 

mutations show that CCS deletion does not prevent the development of disease (47-49). 

However, CCS inactivation results in increased motor neuron death in mice, though it doesn’t 

impact disease onset (49). 



5 
 

At least four Cu-chaperones deliver Cu to the mitochondria and facilitate Cu inclusion into CCO: 

Cox17, Cox11, Sco1, and Sco2 (4,37,50). Cox17, Cox11, and Sco1 are thought to form a Cu 

relay to CCO, with the soluble Cox17 delivering Cu to the inner mitochondrial membrane proteins, 

Sco1 and Cox11, which go on to participate in the transfer of Cu into the two binding sites in CCO: 

CuA in the Cox2 subunit and CuB, in the Cox1 subunit, respectively (1,37,50-54). Cox17, which 

can shuttle between the cytosol and the mitochondrial intermembrane space, also supplies Cu to 

the inner mitochondrial membrane protein Sco2, which functions in the biogenesis of the CuA Cu-

binding site and oxidizes Cu-coordinating Cys residues in Sco1 (55-57). 

Loss of function of any of these four mitochondrial Cu chaperones negatively impacts CCO 

assembly and activity. Deletion of Cox17 in mice results in severely impaired CCO activity and is 

embryonic lethal (17,58). RNA interference-mediated knockdown of Cox11 in HEK293 cells 

causes a decrease in both CCO assembly and activity (59), and Cox11 is one of several proteins 

involved in Cu homeostasis upregulated in colorectal cancer (60). Mutations in both Sco1 and 

Sco2 are associated with decreased Cu content and CCO activity, leading to hypertrophic 

cardiomyopathy, encephalopathy, and liver failure. (17,61-66). 

1.1.2.2 Cu-binding proteins 

SOD1, the cuproenzyme to which CCS delivers Cu, is a dismutase that catalyzes the conversion 

of superoxide radicals formed during cellular respiration into oxygen and hydrogen peroxide, 

neutralizing their toxic effects (67-69). The mature enzyme is a homodimer consisting of two 

hydrophobically-linked subunits that each contain a disulfide bond, as well as a Cu and a zinc 

(Zn) ion that are key for enzymatic activity (68,70-75). SOD1 receives the majority of its Cu 

cofactor from CCS, which transfers Cu through direct protein-protein interaction, and this 

interaction is also responsible for the formation of the key disulfide bond in each of the monomers 

(38,68). 
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Mutations in SOD1 have long been recognized as causative factors in the development of familial 

ALS (76,77). Up to 25% of all cases of hereditary ALS can be linked to SOD1 mutations—roughly 

2% of all diagnosed cases (2,78,79). Expression of ALS-associated SOD1 mutants in mice results 

in decreased SOD1 protein stability, reduced Zn-binding affinity, and, with the expression of some 

mutants, significantly decreased SOD1 activity (80,81). These mice present with symptoms of 

motor neuron disease, such as muscular atrophy and weakness and motor neuron death (79,82-

84). Moreover, ALS-associated SOD1 mutations result in the formation of cytoplasmic aggregates 

of misfolded SOD1 protein, and these aggregates are associated with cellular toxicity independent 

from SOD1 loss of activity (84-87). While these effects were not ameliorated by expression of wild 

type (WT) SOD1, CRISPR-mediated deletion of mutant SOD1 in mice partially alleviates the toxic 

effects, indicating the presence of mutant SOD1 and not simply loss of SOD1 activity induces 

disease (79,85). 

Metallothioneins (MTs) are small, Cys-rich proteins that bind metals such as Cu, Zn, and cadmium 

(Cd) with high affinity (88-90). Due to this property, their main function in cells is to serve as 

regulators of intracellular metal availability and to protect against oxidative stress. As such, MTs 

play a key role in sequestering Cu to prevent the accumulation of free Cu in the cytosol (38,88,91-

93). Mammals express four isoforms in a tissue-specific manner: MT-1, MT-2, MT-3, and MT-4 

(88,91). MT-1 and MT-2 are ubiquitously expressed, and they respond to increases in cellular 

metal concentrations. In the case of Cu, MT-1 and MT-2 regulate the pool of Cu available for 

transport by the Cu-transporter ATP7A, described below (36,89,91,94). MT-3 is expressed mainly 

in the brain, and acts as a growth inhibitory factor in neurons (89,91,94,95). While the function of 

MT-4 in mammals is poorly understood, it is known to be largely expressed in stratified epithelial 

tissue (89,91,94). 

Aberrations in the expression and function of MTs is associated with several diseases. Mice with 

deletions of MT-1 and MT-2 show normal growth but have lower Zn levels and are highly sensitive 
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to Cd toxicity (90). Crossbreeding mice in which MT-1 and MT-2 have been deleted with Cu-

deficient mice lacking ATP7A results in embryonic lethality (17,96,97). Moreover, polymorphisms 

in the MT-1 and MT-2 genes are linked to type 2 diabetes risk (98). Though mice with MT-3 

deletion do not present with any neuropathy (99,100), MT-3 expression is decreased in the brains 

of patients with Alzheimer’s disease, Creutzfeldt-Jakob disease, Parkinson’s disease and Down’s 

syndrome (101,102). 

1.1.3 Cu exporters 

Central to Cu metabolism in humans are the Cu-exporters, the ATPases ATP7A and ATP7B. 

These proteins receive Cu from the cytosolic chaperone Atox1 and transport it across membranes 

using the energy released during ATP hydrolysis. This activity facilitates the transport of Cu into 

the secretory pathway, wherein it is incorporated into various cuproenzymes, or the efflux of Cu 

from the cell when Cu concentrations exceed cellular needs (4,8). This dual function is enabled 

by Cu-responsive trafficking of ATP7A and ATP7B. Under basal and low Cu conditions, ATP7A 

and ATP7B are localized to the trans-Golgi network (TGN), where they pump Cu into the lumen 

of the TGN to be incorporated into Cu-dependent enzymes; under high Cu conditions, ATP7A 

and ATP7B traffic into vesicles and translocate to the plasma membrane, where they excrete Cu 

from the cell (7,8,37,103,104). 

ATP7A is ubiquitously expressed in tissues, and it is involved in the dietary uptake of Cu and the 

activation of Cu-dependent enzymes within the secretory pathway (24,105). In mammals, ATP7A 

is responsible for transporting Cu across the basolateral membrane of intestinal enterocytes so 

that Cu can enter portal circulation and ultimately make its way to other organs 

(7,12,103,106,107). ATP7A also plays a key role in the transport of Cu across the blood-brain 

barrier and the placenta (12). 
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Mutations that impact the activity and expression of ATP7A are detrimental to human health. 

Inactivation of ATP7A is associated with Menkes disease, while milder mutations in ATP7A result 

in occipital horn syndrome or motor neuropathy (7). In Menkes disease, failure of Cu to enter into 

the circulation from the intestine results in systemic Cu deficiency (7,8,12). On a cellular level, Cu 

deficiency causes reductions in the activities of Cu-dependent enzymes, defects in collagen 

synthesis, inhibition of mitochondrial function, diminished cellular antioxidant defense, and 

impaired lipid metabolism (11,108-111). As a result, Menkes patients present with impaired 

growth, seizures, skeletal and neurological defects, and connective tissue disorders, and the 

disease often leads to childhood mortality (12,37,112-115). 

Cu deficiency is also linked to metabolic disorders. Rodents fed a high fat diet develop hepatic 

Cu deficiency, even if their livers had elevated Cu levels prior to high-fat feeding, and a Cu-

deficient diet alone is sufficient to cause non-alcoholic fatty liver disease (NAFLD)-like hepatic 

steatosis and lipid accumulation in mice (10,11,116-118). Studies in humans have repeatedly 

found that NAFLD patients have lower hepatic Cu levels compared to healthy controls (10). 

ATP7B has a more tissue-specific expression pattern than ATP7A, with the highest level of 

expression occurring in the liver and more modest levels of expression in the brain, kidney, heart, 

and placenta (104,119,120). In mammalian hepatocytes, ATP7B facilitates the incorporation of 

Cu into ceruloplasmin, the main Cu-containing protein the blood, as well as the excretion of 

excess Cu into the bile (12,119). When cellular Cu levels increase, ATP7B traffics from the TGN 

to vesicles that cluster and pool in the cytoplasm until the Cu concentration reaches a threshold 

at which vesicles fuse with the apical membrane to release excess Cu into the bile for subsequent 

excretion from the body (37,104,112,119,121-126). 

Inactivating mutations in ATP7B lead to the development of Wilson disease, in which there is Cu 

accumulation in the liver (112,123,126). Loss of ATP7B function results in impaired Cu excretion, 
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increased hepatic and neuronal Cu concentrations, reduced loading of Cu into ceruloplasmin, 

increased levels of free Cu in the blood serum, and changes in nuclear size (5,12,127,128). These 

disruptions in Cu balance lead to the development of liver disease, which may progress to liver 

failure; neurological problems, such as ataxia; and behavioral and mood disorders 

(12,37,114,129). Mouse models of Wilson disease with whole-body ATP7B deletion present with 

hepatic Cu accumulation and liver dysfunction and inflammation, while mice with hepatocyte-

specific deletion of ATP7B present with hepatic Cu accumulation but lack liver dysfunction and 

inflammation, instead developing mild obesity and hepatic steatosis (130,131). Moreover, certain 

single nucleotide polymorphisms in ATP7B that alter the cellular properties of the protein are 

enriched in patients with AD (119). 

While mammalian cells have an incredible capacity to buffer and compensate for changes in Cu 

concentrations, perturbations in Cu balance can have significant, far-reaching effects. As such, it 

is essential that proteins involved in maintaining Cu homeostasis are tightly regulated in order to 

respond to changes in cellular Cu status. 

1.2 Regulation of Cu homeostasis 

It is well-established that Cu regulates its own homeostasis in cells, with changes in cellular Cu 

levels modulating the expression and trafficking of Cu-responsive proteins in order to maintain Cu 

balance (4,125). Cu-dependent regulation of these proteins occurs on three levels: (i) 

transcriptionally, at the DNA-level; (ii) post-transcriptionally, at the RNA-level; and (iii) post-

translationally, at the protein-level. The method of regulation and the extent to which it occurs 

varies depending on such factors as cell-type, stage of development, and cell cycle (4,132-134). 
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1.2.1 Transcriptional regulation 

Much of what is known about the transcriptional regulation of Cu homeostasis has been 

established in yeast, which express many homologs of mammalian Cu homeostatic machinery 

proteins (135). By comparison, and contrary to what one might expect, changes in intracellular 

Cu levels do not appear to significantly change the expression of most Cu homeostasis genes at 

the transcription-level in mammals (17,135). However, transcriptional regulation of Cu machinery 

has been described, and some transcription factors (TFs) involved in this regulation have been 

identified. 

Perhaps the best characterized TF involved in Cu regulation is metal-responsive transcription 

factor-1 (MTF-1) (12,37). MTF-1 is a Zn finger protein that is highly conserved in eukaryotes, and 

it is activated by the accumulation of heavy metals, including Cu, which MTF-1 has been shown 

to bind (136,137). Once activated, MTF-1 translocates from the cytoplasm to the nucleus where 

it binds genes containing a metal response element (MRE) and promotes their transcription 

(37,137-142).  

The TF specificity protein 1 (Sp1) plays a role in regulation of Cu homeostasis through modulating 

both Cu import and cellular response to intracellular Cu elevation (4,15,143,144). Sp1 mediates 

transcriptional regulation via binding target promoters and recruiting transcriptional machinery 

(145). Like MTF-1, Sp1 is a Zn finger protein that is able to bind, and therefore “sense”, Cu in the 

cell and respond to changes in Cu levels accordingly (15,146). Interestingly, Sp1 is itself regulated 

by Cu concentration—it binds to its own promoter and upregulates or downregulates transcription 

in response to high and low Cu levels, respectively (147). 

In addition to its role as a Cu-chaperone, Atox1 has also been identified as a Cu-dependent TF 

(38,43). While it appears that Atox1 does not regulate the transcription of known Cu machinery 
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genes, Cu triggers the activation of Atox1 as a TF (43,148). Atox1 contains a putative nuclear 

localization signal at its C-terminus and has been observed to translocate to the nucleus in 

response to changes in Cu levels (43).  

The import of Cu into the cell is largely mediated by Ctr1. Ctr1 expression is generally unaffected 

by changes in cellular Cu levels—with the exception of one study showing that Ctr1 mRNA and 

protein expression were increased in the intestines of rat pups on a high Cu diet (149,150). 

However, transcriptional induction of Ctr1 does occur under different stimuli (135,151-153). 

Placental cells stimulated with estrogen and progesterone showed an increase in Ctr1 expression, 

indicating its transcription is susceptible to hormonal signaling (151). Ctr1 expression levels were 

also shown to increase under hypoxic conditions, mediated by the hypoxia-inducible factor 2α 

(HIF-2α) TF (154,155). Basal-level maintenance of Ctr1 levels is thought to be largely controlled 

by Sp1, which has been identified as a positive regulator of Ctr1 transcription under normal Cu 

conditions (8,15,156). 

SOD1 transcription is regulated by a number of different TFs, some of which work in concert. Like 

Ctr1, SOD1 expression is regulated by Sp1, which binds to the SOD1 promoter in a GC-rich 

region to activate transcription (69,157-159). CCAAT/enhancer-binding protein (C/EBP) α and β 

both bind SOD1 at the CCAAT box in its proximal promoter to activate the basal transcription of 

SOD1 (69,157), and early growth response-1 (Egr1) binds SOD1 at a noncanonical consensus 

sequence in response to a variety of cellular stimuli to induce SOD1 transcription in response 

(157,159-161). Activator protein-1 (AP-1), by contrast, does not directly bind the SOD1 gene, 

instead exerting transcriptional control via binding and sequestering other TFs, such as Sp1, and 

preventing them from acting on SOD1 (157,158).  

MT transcription is directly induced by elevated Cu (and other heavy metals) via the Cu-induced 

binding of MTF-1 at their MREs (36,138,162). Of the four MTs, MT-1 and MT-2 are most 
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susceptible to heavy metal-induced transcriptional control, while transcription of MT-3 and MT-4 

appear to largely be regulated by alternative factors (163). MT-1, MT-2, and MT-3 all possess at 

least one MRE to which MTF-1 binds (164-166), facilitating the MTF-1-mediated activation of 

transcription in response to increases in cellular Cu levels (12), and MT-2 and MT-3 both contain 

binding sites for Sp1 (164-166). MREs also facilitate the basal transcription of MTs in the absence 

of extra- or intracellular stimuli (162,167). 

As of yet, there exists virtually no evidence that either of the Cu-exporters, ATP7A and ATP7B, 

are directly transcriptionally regulated by Cu in mammals (111,135). The sole incidence of Cu-

mediated regulation was reported by Bauerly, et al., wherein they observed a minor increase in 

ATP7A expression in the intestines of rat pups on a high Cu diet (149), though other studies 

reported no change in ATP7A expression under similar conditions (135,150,168). Basal-levels of 

transcription for ATP7A are regulated by TAp73, an isoform of the p73 TF that modulates the 

expression of genes in response to cellular stress in order to maintain homeostasis (169-172). 

ATP7A expression is modulated by changes in cellular iron (Fe), with an increase in expression 

observed in the intestines of Fe-deficient rats (173,174), and upregulation of ATP7A transcription 

occurs concurrently with Fe homeostasis genes under hypoxic conditions, mediated by the TFs 

HIF-2α and Sp1 (154,175,176). Hormone and hormone-like signaling can also impact 

transcription levels, with ATP7A expression upregulated by retinoic acid (RA) (177) and both 

ATP7A and ATP7B expression upregulated by estrogen and insulin (151,178). While MTF-1 

doesn’t regulate either ATP7A or ATP7B on the transcriptional-level in response to Cu, it does 

enhance basal-level transcription of ATP7B via binding an MRE in its promoter region (179). 

Though there are many conditions and stimuli that induce the transcription of genes involved in 

Cu homeostasis, very few of these genes are transcriptionally regulated in response to cellular 

Cu levels. The majority of Cu-driven regulation of the Cu machinery takes place post-
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translationally through factors that modulate protein stability, activity, and trafficking 

(105,135,151,180-182). 

1.2.2 Post-translational regulation 

The post-translational regulation of proteins involved in Cu homeostasis in eukaryotes is well-

characterized (20,37,104,183,184). Cu levels directly or indirectly influence Cu handling proteins 

by impacting their activity, stability, and abundance, as well as their localization and trafficking, 

typically through modulating protein-protein interactions between these proteins and other factors 

that induce conformational changes and chemical modifications, e.g., phosphorylation 

(4,17,151,155). 

The uptake of Cu into cells is largely regulated via the manipulation of Ctr1 localization and 

abundance at the plasma membrane (17,24,151,185). Low extracellular Cu concentrations result 

in the mobilization of Ctr1 from intracellular vesicles to the plasma membrane in order to facilitate 

the import of Cu, while high extracellular Cu concentrations lead to the rapid endocytosis of the 

membrane-localized Ctr1, returning them to the vesicles to mitigate excess uptake of Cu 

(4,17,20,24,152,185). Prolonged exposure to high Cu concentrations leads to the degradation of 

Ctr1 protein, potentially to prevent the inappropriate recycling of Ctr1 between the surface 

membrane and the intracellular pools (24,151,152,155,186). In addition to Cu, cellular hypoxia 

also affects the abundance and localization of Ctr1 protein (14). Moreover, insulin, progesterone, 

and estrogen were all found to promote the formation of the function Ctr1 trimer in Jeg-3 placental 

cells, suggesting a role for hormonally-mediated Ctr1 maturation during gestation (187). 

Glycosylation also serves an important function in the regulation of Ctr1 protein: N-linked 

glycosylation at Asn15 is required for full Cu-transport activity, and O-linked glycosylation at Thr27 

has been shown to have a protective effect against proteolytic cleavage (14,188). In contrast to 
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Ctr1, Ctr2 localization is not Cu-responsive, and its localization is mostly restricted to endosomes 

and lysosomes (29,151). The post-translational regulation of Ctr2 is yet poorly understood (14). 

Abundance of CCS is directly affected by intracellular Cu concentration (184,189,190). In rodents 

fed a Cu-deficient diet and in cells treated with a Cu chelator, CCS protein levels were found to 

increase as Cu concentration decreased, demonstrating an inverse relationship between CCS 

protein levels and cellular Cu levels (189,191). Increasing Cu levels did not affect CCS mRNA 

abundance, and further investigation revealed that Cu mediates the regulation of CCS protein via 

inducing the degradation of CCS via the 26 S proteasome—i.e., higher levels of Cu result in higher 

levels of degradation and, therefore, lower levels of CCS (17,189,192,193). Moreover, the rate of 

CCS degradation was found to be faster under higher Cu conditions, indicating that lower Cu 

concentrations may stabilize CCS protein (189). Interestingly, CCS was found to bind and deliver 

Cu to the X-linked inhibitor of apoptosis (XIAP), a protein whose abundance is markedly 

decreased in diseases of Cu accumulation such as Wilson disease (194,195). Under high Cu 

conditions, XIAP receives Cu from CCS, resulting in its destabilization. In turn, XIAP ubiquitinates 

CCS, and rather than promoting the degradation of CCS, this ubiquitination enhances the CCS-

mediated delivery of Cu to SOD1 (195,196). These findings highlight the role of CCS as a rapid 

and sensitive Cu responder, which could explain why CCS is regulated almost entirely post-

translationally. 

The most well-known method of post-translational regulation of SOD1 is via its chaperone, CCS, 

which delivers a Cu ion to SOD1 that is essential to its activity (47,48). While CCS expression 

doesn’t affect the abundance of SOD1, the activity of SOD1 is dependent on CCS, and insufficient 

levels of CCS lead to decreased SOD1 activity (17,45,47). SOD1 is also heavily post-

translationally modified. SOD1 has at least a dozen phosphorylation sites which are thought to 

influence its localization and stability (197-201). Lys modification is also common in SOD1: 

acylation of key Lys residues attenuates the formation of SOD1 aggregates (202) and impacts 
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localization (203), enzyme maturation (201,204), and function (205-207); SUMOylation of Lys 

promotes SOD1 protein stability and aggregation propensity (201,208-210). SOD1 is also 

susceptible to several redox modifications, among them oxidation of Cys, which affects protein 

folding and stability (201,211), and glutathionylation of Cys, which is linked to SOD1 

destabilization and aggregation (212-215). 

The switch between the flow of Cu into the secretory pathway to metallate Cu-dependent 

enzymes and the excretion of excess Cu from the cell, is facilitated by the ability of the two Cu-

ATPases, ATP7A and ATP7B, to traffic between the TGN, cytoplasmic vesicles, and the plasma 

membrane in response to cellular Cu levels (4,8,105,151,216). This concerted movement is 

largely due to post-translational modifications, which also regulate protein abundance, stability, 

and activity, and chief among them is phosphorylation (4,151). Cellular Cu accumulation 

stimulates the kinase-mediated phosphorylation of ATP7A and ATP7B at multiple Ser residues, 

a process that is both rapid and reversible (4,125,155,217-220). Phosphorylation induces protein 

movement from the TGN to cytoplasmic vesicles; in non-polarized cells, these ATP7A- and 

ATP7B-vesicles traffic to the plasma membrane, whereas in polarized cells, ATP7A-vesicles 

traffic to the basolateral membrane and ATP7B-containing vesicles to the apical membrane 

(4,125,151,155,218). A return to basal Cu levels coincides with the dephosphorylation of ATP7A 

and ATP7B and subsequent retrograde trafficking to the TGN (125,151). While both ATP7A and 

ATP7B undergo phosphorylation—though ATP7A to a lesser degree than ATP7B (54,221)—and 

glutathionylation (222), only ATP7A undergoes glycosylation, which is thought to enhance its 

localization to the plasma membrane (54,221,223). Though there is evidence to suggest that 

ATP7B protein abundance may be regulated by ubiquitination, this modification has not been 

characterized in ATP7B and putative sites have yet to be identified (151,224). By contrast, ATP7A 

ubiquitination leads to its proteasomal degradation, a fate that is attenuated by interaction with 

Caveolin-1 (Cav-1) and Akt2 in response to insulin (225,226). 
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In addition to mediating ATP7A and ATP7B phosphorylation, protein-protein interactions between 

the two Cu-transporters and binding partners can regulate their function and stability (103). The 

Cu chaperone Atox1 has been shown to directly interact with both ATP7A and ATP7B at their 

metal binding domains (MBDs) in order to transfer over Cu, and the conformational change in 

these proteins induced by this interaction is necessary for their activation and Cu-responsive 

trafficking (41,103,222,227,228). Cu metabolism MURR1 domain protein 1 (COMMD1), a protein 

involved in proinflammatory signaling and hypoxic response (229-231), and clusterin, a protein 

implicated in lipid transport and oxidative stress response (232), have both been identified as 

regulatory binding partners of ATP7A and ATP7B (233). Both COMMD1 and clusterin facilitate 

the degradation of ATP7A and ATP7B, though they differ in the way they do so: COMMD1 

promotes proteasomal degradation, whereas clusterin promotes lysosomal degradation 

(103,233). COMMD1 has also been shown to modulate ATP7B trafficking in response to Cu 

elevation (234).  

Though changes in Cu are the main influencing factor regulating the trafficking of ATP7A and 

ATP7B, other cellular stimuli can impact trafficking as well. In addition to activating the Akt2-

dependent stabilization of ubiquitinated ATP7A (225,226), insulin has been found to affect the 

localization of ATP7A and ATP7B during gestation. It, as well as estrogen, induce the trafficking 

of ATP7A to the basolateral membrane and the retention of ATP7B in the TGN to maintain 

adequate Cu levels in developing fetal tissue (151,178). NMDA receptor activation stimulates the 

trafficking of ATP7A to neuronal processes in hippocampal neurons (235). Hypoxic conditions, 

which upregulate ATP7A transcription (154,175,176), also induce the trafficking of ATP7A protein 

from the TGN (151,236). 

Protein-level regulation allows for rapid, and oftentimes reversible, responses to various 

intracellular stimuli. This versatility is invaluable to proteins such as those involved in Cu 

homeostasis, which must work in concert to prevent the cytoplasmic accumulation of free Cu and 
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ensure that adequate Cu concentrations are maintained. Post-transcriptional regulation, or the 

regulation of mRNA transcripts, is an intermediary step between transcriptional and post-

translational regulation that allows for additional versatility in the cellular response to changes in 

Cu. 

1.2.3 Post-transcriptional regulation 

Relatively little is yet known about the mechanisms by which Cu homeostasis is regulated post-

transcriptionally in mammals. As is the case with transcriptional regulation, most studies have 

been carried out in non-mammalian systems, whose modes of regulation may differ from those 

of mammals (237). Nevertheless, several instances of post-transcriptional regulation of the Cu 

machinery have been described, encompassing the modulation of transcript length, alternative 

splicing, mRNA stability, and translation initiation (238-240). 

As described above, Cu uptake is mainly regulated on the transcriptional level via the TFs Sp1 

and HIF-2α in a Cu-independent manner (8,15,154-156). The mRNA levels of Ctr1 have not been 

observed to change in response to cellular Cu levels, with one recorded exception (149,150,184). 

However, Ctr1 has multiple distinct transcripts: a 2 kb transcript, a 5.5 kb transcript, and a less 

abundant 8.5 kb transcript (1,241). The functional significance of these different transcripts is 

unknown. Similarly, SOD1 has two known transcripts—one 0.7 kb in length and a second 0.9 kb 

in length—that have different length 3’ untranslated regions (UTRs) and multiple 5’-UTRs (242-

244). While the transcript with the longer 3’ UTR is four times less abundant than the transcript 

with the shorter 3’ UTR (157), the longer 3’ UTR transcript results in the translation of more SOD1 

protein (243). The 3’ UTR of SOD1 contains multiple AU-rich elements (AREs), which serve as 

binding sites for ELAV proteins that positively regulate the stability and translation of SOD1 mRNA 

(245). MTs are also post-transcriptionally regulated via modulation of transcript levels in a manner 

that is both metal- and isoform-specific (246,247). Treatment of rats with Cd or Cu and hepatic 
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HepG2 cells with Zn or Cu showed that these metal treatments differently affected hepatic levels 

of MT-1 and MT-2 mRNA by either preferentially enhancing polyribosome association, thus 

increasing translation, or activating mRNA turnover pathways, resulting in decreased transcript 

abundance (247,248). 

Compared to other Cu machinery, the proteins involved in Cu export have the most characterized 

post-transcriptional regulation. ATP7B undergoes alternative splicing of exon 2 in response to P-

coumaric acid (249). ATP7A is known to be post-transcriptionally regulated in several ways, 

largely via mechanisms involving the 3’ UTR, which is nearly as long as its coding region (250). 

Alternative polyadenylation results in transcripts with different 3’ UTR lengths due to differences 

in the size of their poly(A) tails, despite having arisen from the same target gene. This process is 

driven by the presence of multiple polyadenylation sites (PAS) in the mRNA, to which poly(A) 

polymerase binds to generate the poly(A) tail (251). Through the inclusion or exclusion of other 

regulatory elements downstream of the PAS into the transcript, alternative polyadenylation can 

greatly impact transcript stability and translation (251-254). ATP7A transcripts undergo alternative 

polyadenylation during myogenic differentiation. During differentiation, the abundance of a 

transcript with a shorter, more stable 3’ UTR increases, which correlates well with the increase in 

ATP7A protein abundance observed in differentiating myotubes (250). Moreover, studies by 

Reddy, et al. have identified a short, alternatively spliced ATP7A transcript lacking exons 3–15 

that produces a truncated version of the ATP7A protein, indicating that several transcripts that 

generate ATP7A proteins of different properties exist (255,256). In addition to transcript-based 

changes, several proteins that bind the ATP7A 3’ UTR and potentially modulate transcript stability 

or translation have been identified, indicating the presence of machinery to participate in the post-

transcriptional regulation of ATP7A (250,257-259). 

More recently, some of the Cu machinery were shown to be subject to microRNA (miRNA)-

mediated regulation at the transcript-level. miRNAs, which are small RNAs that target and bind 
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mRNA to silence its expression, serve as a means of post-transcriptional regulation whose 

significance in Cu regulation has thus far mostly been characterized in plants (3,260-263). SOD1 

is a target of miR-377, the binding of which results in a decrease in SOD1 protein abundance 

(157,264). Studies by Xiao, et al. demonstrate that miR-139 downregulates ATP7A expression in 

mice and both ATP7A and ATP7B expression in cisplatin-resistant ovarian cancer cells, which 

they suggest is via the direct binding of miR-139 to the 3’ UTRs of the transcripts (265,266). 

ATP7A is also a target of miR-148a-3p, which induces a downregulation in ATP7A expression in 

the breast cancer cell line MDA-MD-231 (267). 

Cu itself may play a role in the post-transcriptional regulation of Cu machinery. A study by 

Burkhead, et al. found that the accumulation of Cu in hepatic nuclei of mice resulted in surprising 

changes in protein abundance within the nuclei as well as the post-translational modifications of 

those proteins (268). Interestingly, the classes of proteins most changed in the Cu overloaded 

nuclei compared to the control were proteins involved in different aspects of mRNA processing, 

such as alternative splicing and RNA transport (268). Among the proteins most affected were 

heterogeneous nuclear ribonucleoproteins (hnRNPs), and one in particular, hnRNP A2/B1, 

showed an increase in the abundance of one of its four isoforms in the nuclei, suggesting a Cu-

driven shift in the splicing of hnRNP A2/B1 (268). A later study by Malinouski, et al. identified 

hnRNP A2/B1 in a screen for potential novel regulators of Cu levels in cells (269), providing further 

evidence for the existence of a link between Cu and RNA regulation via hnRNPs. 

1.3 Heterogeneous nuclear ribonucleoproteins 

The journey from gene to mature transcript is a multi-step one. It begins with the RNA polymerase 

II (RNA Pol II)-driven transcription of the gene, yielding a pre-mRNA which must undergo 

processing before leaving the nucleus. This processing includes the addition of a 5’ 7-

methylguanosine cap, the splicing out of introns and ligation of included exons, and the formation 
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of a 3’ poly(A) tail. Once done, the now mature mRNA can be packaged for translocation into the 

cytoplasm, where it will be translated into protein (270-275). hnRNPs, which are abundant, 

ubiquitously expressed proteins with a steady-state localization in the nucleus of the cell, mediate 

this journey at every step, binding to nascent transcripts to facilitate their maturation and 

translation (273-280). There are over 20 members in the hnRNP family, ranging in size from 

approximately 30 kDa to 120 kDa, and while they share many core features, their exact structures, 

the functions they carry out, and their cellular expression levels are distinct and specific (273,281-

284). 

1.3.1 Structure 

The molecular structure of the hnRNPs includes several distinct functional domains; the presence 

or absence of these domains affect the specific function of the hnRNP protein (276). The 

functional domains include (i) RNA-recognition and binding sites, (ii) regulatory Arg-Gly-Gly 

(RGG) boxes, (iii) auxiliary domains that facilitate a variety of functions, and (iv) nuclear 

import/export signals (273,276,277,285). The domain composition varies among the different 

hnRNPs, resulting in a high level of functional diversity among the members of this protein family 

(276). 

As RNA processing proteins, all hnRNPs possess some means by which to bind transcripts (276). 

The most common RNA-binding domains (RBDs) found in the hnRNPs are RNA recognition 

motifs (RRMs), also known as the ribonucleoprotein (RNP) domain (274,286,287). The RRM 

consists of two RNP consensus sequences, RNP-1 and RNP-2, approximately 30 residues apart 

from each other and arranged in a βαββαβ structure, which allows the hnRNPs to bind single-

stranded nucleic acids in both a specific and non-specific manner (273,274,288,289). Alternative 

RBDs include the K-homology (KH) domain, a 50-nucleotide (nt) sequence that arranges into a 

βααββα structure and binds RNA based largely on hydrogen-bonding and electrostatic 
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interactions (276), and quasi-RRMs (qRRMs), RRM-like domains that lack RNP consensus 

sequences and bind RNA in a different manner than do RRMs (276,290). Many hnRNPs contain 

multiple RBDs, which allows the protein to bind and interact with longer transcripts, if the RBDs 

work in concert, or bring different transcripts in close proximity of each other, if the RBDs work 

independently (273,289). The RGG boxes of hnRNPs have also been shown to bind RNA, and in 

fact, the RGG box is the primary RNA binding site in hnRNP U (291). 

RGG boxes are Arg/Gly-rich stretches that contain repeats of RGG, GRG, or RRG that confer 

RNA-binding activity on proteins (292,293). These domains also serve as potential sites for the 

post-translational methylation of Arg residues, an important mode of regulation of the hnRNP 

proteins (273,292,293). Many hnRNPs contain auxiliary domains consisting of mostly one type of 

amino acid (AA), such as Gly-rich and acidic (Asp/Glu) stretches (276), while other hnRNPs 

possess low complexity, prion-like domains (PrLDs) (294,295). 

Most hnRNPs contain nuclear localization signals (NLSs), as these proteins are largely nuclear 

at steady state (279,296). While some contain more classical NLSs—especially those that are 

exclusively nuclear—some hnRNPs that shuttle between the nucleus and the cytoplasm contain 

non-canonical NLSs, called M9 domains, that facilitate both their nuclear import and their nuclear 

export (281,297-299). 

In addition to these functional domains, most hnRNPs undergo alternative splicing, yielding one 

or more splice variants that could differentially carry out protein functions (273,276). Post-

translational modifications are common among hnRNPs and add another dimension of functional 

variety to the proteins (273,279,300). Several hnRNPs are phosphorylated at Ser and Thr 

residues, and these modifications impact RNA binding, subcellular localization, translational 

activation ability, protein stability, protein binding, and even post-translational modification of the 

hnRNPs (279,300-310). Methylation of Arg residues can modulate RNA binding at the RGG box, 
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transcriptional activation ability, protein-binding, and subcellular localization 

(273,276,277,279,311-316). hnRNPs also undergo SUMOylation of Lys residues, which affects 

protein stability, protein binding, RNA binding, mRNA export, and miRNA binding (317-322). 

1.3.2 Roles and functions 

The main, overall function of hnRNPs is to facilitate the maturation of a nascent pre-mRNA into a 

transcript prepared to be translated (323). This is achieved through the participation of hnRNPs 

in several mRNA processing steps, such as alternative splicing, 3’-end processing, mRNA 

transport and localization, and regulation of mRNA stability (279,324-329). The known functions 

of the different hnRNPs are described below. 

Alternative splicing, the process by which exons are preferentially excluded from the pre-mRNA, 

allows for the generation of many different transcripts from a single gene, greatly increasing the 

complexity of gene expression (294,330). Many hnRNPs participate in the splicing process, 

forming a part of the splicing machinery that binds target mRNAs to modulate interaction between 

the transcript and the spliceosome (330). As largely negative regulators of alternative splicing, 

hnRNPs bind to exonic and intronic splicing silencers within the mRNA to inhibit spliceosome 

assembly on the transcript (330-333). hnRNPs A1, A2/B1, E1, F, G, H, I, K, L, M, Q, and U are 

involved in the alternative splicing of many transcripts involved in a wide variety of cellular 

functions and processes, such as cellular stress response, proliferation and differentiation, 

splicing, cellular signaling, and apoptosis (276,287,323,324,333-347). 

Nearly all mRNAs undergo 3’-end processing, which involves the endonucleolytic cleavage of the 

mRNA and the addition of a poly(A) tail to the cleaved transcript at PASs (348-351). Both of these 

steps are regulated in part by different hnRNPs. hnRNPs K and I are known to recruit 3’ end 

processing factors and stabilize their interactions with the target transcripts (348,352-356). 



23 
 

Several hnRNPs are involved in PAS selection and activation, including hnRNPs F, H, I, and L 

(276,343,357-361), and hnRNP H is also known to directly participate in the endonucleolytic 

cleavage of mRNA (359). 

Transcript abundance is regulated by hnRNPs on the mRNA-level via modulation of mRNA 

stability, mRNA silencing, and miRNA activity (323). hnRNPs A1, A2/B1, and D have been 

implicated in the regulation of mRNA stability through binding to regulatory elements in the 3’ UTR 

of transcripts, such as AU-rich elements (AREs), and promoting transcript destabilization and 

decay (362-368). By contrast, hnRNPs C, E, and K increase mRNA stability through interaction 

with other RBPs (369-372). hnRNP K has also been found to participate in mRNA silencing (373-

375), while hnRNPs A1, C, I, and L play roles in miRNA-mediated gene regulation (321,323,376). 

hnRNPs play a large role in mRNA localization, with involvement in mRNA packaging and 

intracellular trafficking (276). This role has been best characterized for hnRNP A2/B1 in neurons 

and oligodendrocytes (377) and will described in more detail further in this chapter. hnRNP A1 

has been found to accumulate in the cytoplasm in response to cellular stress, acting as one of 

several component RBPs in stress granules that bind and regulate the translation of mRNAs 

whose expression during times of stress isn’t crucial (378,379). Similarly, hnRNP E1 is recruited 

by hnRNP A2/B1 to RNA granules where it acts to inhibit translation until trafficking of the mRNAs 

is complete (276,380). Packaging of mRNAs into cytoplasmic granules is also mediated by 

hnRNPs C1 and C2, which sort transcripts by length for proper packaging (381-383). 

hnRNPs are not limited to these mRNA processing functions—they are also known to participate 

in the regulation of both transcription and translation (279,302,323,384). hnRNP U, which is solely 

localized to the nucleus, is a key player in RNA Pol II-mediated transcription (385). hnRNP K also 

regulates transcription via binding RNA Pol II and enhancing the transcription of its targets 

(386,387). Likewise, hnRNPs D, E, and R serve as transcriptional activators of target genes 
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through interacting with other proteins involved in the transcriptional process (279,323,388,389). 

A variety of hnRNPs—including hnRNPs A, A2/B1, C, E, I, J, K, and R—are involved in the 

regulation of translation through their roles as internal ribosomal entry site (IRES)-transactivating 

factors, or ITAFs (295,390). As ITAFs, these hnRNPs bind IRESs in target transcripts and 

enhance their translation via the recruitment of ribosomes (276,295,302,304,323,390-395). As of 

yet, hnRNPs J, N, O, P, S, and T are not well-characterized and their roles in mRNA processing 

and regulation are poorly understood (276). 

The roles that the hnRNPs play in cellular processes largely depend on their subcellular 

localization (276). For example, an hnRNP localized entirely to the nucleus, such as hnRNP U, 

will be unable to perform functions that occur in the cytoplasm, such as translational regulation. 

The ability of some of the hnRNPs to move between the nucleus and cytoplasm—called 

nucleocytoplasmic shuttling—is crucial to the ways in which they interact with and regulate mRNA 

(276,323). 

1.3.3 Nucleocytoplasmic shuttling 

At steady state, the majority of the hnRNPs localize to the nucleus, in which a large portion of 

their functions—e.g., alternative splicing, transcriptional regulation, mRNA processing—are 

carried out (276,295,396). Several hnRNPs have been observed to shuttle rapidly between the 

nucleus and cytoplasm, and this movement is facilitated by the presence of one or more NLSs or 

nuclear import/export signals (279,296,299,302,397-402).  

The movement of hnRNPs between the nucleus and cytoplasm is facilitated by two classes of 

nuclear transport receptors: importins, which recognize NLS, and exportins, which recognize 

nuclear export signals (403,404). Both nuclear import and export are RanGTP-dependent; the 

release of imported hnRNPs into the nucleus requires the exchange of RanGDP for RanGTP, 



25 
 

and the release of exported hnRNPs into the nucleus requires the hydrolysis of RanGTP to 

RanGDP (403,405). Nucleocytoplasmic shuttling is often induced by post-translational 

modification of the hnRNPs. Different modifications have different effects on hnRNP shuttling: Lys 

acylation and SUMOylation appear to be associated with the nuclear return of hnRNPs, while 

Ser/Thr phosphorylation and Arg methylation are thought to inhibit nuclear return 

(302,315,378,390,406-413). 

One of the main benefits of nucleocytoplasmic shuttling is that it confers upon hnRNPs the ability 

to export mRNA from the nucleus and to participate in modes of mRNA regulation that occur in 

the cytoplasm (273,377,401,414,415). In the cytoplasm, hnRNPs can exert control over 

translation by binding IRESs of target transcripts (276,295). hnRNPs can also form RNA-

containing granules in the cytoplasm, creating concentrated microenvironments of RBPs to enact 

specific effects on bound transcripts, such as stalling translation (276,294,328,416). 

RNA granules are membraneless cytoplasmic assemblies of RNA and RBPs wherein regulation 

of mRNA occurs (417,418). Cellular signals drive the formation of these granules, and their 

components dictate the functions they carry out. Stress granules (SG), a common type of RNA 

granule, form in response to many types of cellular stress (419). SGs serve to collect 

translationally-stalled mRNAs while the cell is undergoing stress, and these transcripts either 

resume translation once cellular conditions return to normal or are degraded as a result of 

sustained stress (417,420). In addition to hnRNPs, SGs typically include eukaryotic initiation 

factors (eIFs), poly(A)-binding protein (PABP), Ras-GAP SH3 binding protein (G3BP), and T-cell 

intracellular antigen (TIA), all of which are involved in various aspects of the regulation of the 

transcripts, such as mRNA stability/decay and translational initiation/stalling (421,422). 

Cytoplasmic hnRNPs may also localize to Gly- and Trp-rich cytoplasmic processing bodies 

(GW/P-bodies), which mainly function to regulate mRNA stability/decay and silencing (417-

419,422). GW/P-bodies contain proteins involved in RNA interference (e.g., Dicer, Ago2), mRNA 
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degradation (e.g., CCR4, Dcp1/2), and RNA processing and transport (various hnRNPs) 

(417,419,421,422). Other cytoplasmic RNA granules include U-rich small nuclear 

ribonucleoprotein-containing bodies (U-bodies), which serve to assemble spliceosome 

components in the cytoplasm prior to nuclear import (417,422,423), and neuronal transport RNP 

granules, which function to transport translationally-stalled mRNAs to their target sites of 

translation (417,422). 

Nucleocytoplasmic shuttling has been extensively studied for hnRNP A2/B1, especially in 

oligodendrocytes and neuronal cells. A study by Burkhead, et al. has shown that the localization 

of hnRNP A2/B1 changes in response to cellular Cu levels—i.e., one or two of the hnRNP A2/B1 

isoforms are selectively enriched in the nucleus upon Cu accumulation in mouse hepatocytes (3). 

This, combined with data by Malinouski, et al. that demonstrate that cellular Cu levels are 

impacted by hnRNP A2/B1 expression (269), suggest that hnRNP A2/B1 may play a particular, 

specialized role in Cu homeostasis. 

1.4 hnRNP A2/B1 

hnRNP A2/B1 is a highly abundant, ubiquitously expressed RBP that participates in myriad 

functions pertaining to RNA processing and metabolism (424). It is part of the hnRNP A/B family, 

which also includes hnRNPs A1, A3, and A0, and shares common functions and structural 

features with these proteins (295,333). Like other hnRNPs, hnRNP A2/B1 has a modular structure 

that includes two N-terminal RRMs, a central RGG box, and a C-terminal Gly-rich stretch in which 

there is a low complexity PrLD and an M9 nuclear import/export domain (Figure 1.2) 

(294,295,425-427). The hnRNP A2/B1 gene consists of 12 exons, and alternative splicing yields 

four isoforms: B1, B1b, A2, and A2b (428). 
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1.4.1 Isoforms 

While hnRNP A2B1 is an abundant protein and its important physiologic roles are well 

established, surprisingly little is known about the specific functions of all four individual hnRNP 

A2B1 isoforms. The different isoforms of hnRNP A2/B1 arise from the alternative splicing of exons 

2 and 9; B1 contains all 12 isoforms, B1b lacks exon 9, A2 lacks exon 2, and A2b lacks both 

exons 2 and 9 (294,429). hnRNP A2 and B1 have been shown to have slightly different selectivity 

for RNA motifs, indicating that exon inclusion/exclusion may affect the transcripts to which the 

different isoforms bind (430). 

Exon 2 is a 12-AA stretch of largely charged residues, including three Lys residues, as well as a 

Thr at position 4 that is known to be phosphorylated (431). Inclusion of this exon has been 

correlated with a decrease in the diffusion rate of the isoforms in the cytoplasm, likely due to an 

increase in interactions with immobile cytoplasmic binding partners (429). This suggests that the 

splicing out of exon 2 is associated with freer movement through the cytoplasm, possibly due to 

a lower binding affinity with cytoplasmic protein targets. Moreover, the exon 1_3 junction of 

isoforms lacking exon 2 makes up a 4-AA sequence that resembles classical NLSs, further 

indicating that alternative splicing of exon 2 could impact hnRNP A2/B1 isoform 

nucleocytoplasmic distribution (429). 

Exon 9 is 38-AA long and consists mostly of Gly residues, as it falls partially within the RGG box 

and Gly-rich domain. It also contains a Ser residue at position 259 that can be phosphorylated, 

as well as an Arg at position 266 that can be methylated (431,432). The inclusion of this exon has 

been correlated with a decrease in the diffusion rate of the isoforms in the nucleus, likely due to 

an increase in interactions with immobile nuclear binding partners (429). This is supported by 

secondary structure analysis of exon 9, which predicts the formation of Gly loops that could 

mediate protein-protein interactions (429,433). 
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1.4.2 Modes of regulation 

hnRNP A2/B1 is a versatile, multifunctional RNA processing protein. Its ability to move between 

the nucleus and the cytoplasm allows it to regulate mRNA at all stages of production and 

processing, from transcription to translation. In the nucleus, hnRNP A2/B1 acts as a 

transcriptional activator/repressor of target genes (294). This function is carried out via hnRNP 

A2/B1 binding to promoter regions in two different ways. In the first, hnRNP A2/B1 directly 

recognizes and binds G-quadruplex structures in the promoters of genes (434). In the second, 

the binding of hnRNP A2/B1 to promoters is facilitated by noncoding RNAs, transcribed RNAs 

that are not translated into proteins but still carry out regulatory functions within the cell, such as 

modulating mRNA splicing, stability, and translation (294,430,435-438). hnRNP A2/B1 also 

regulates telomeres; by binding G-quadruplexes within telomeric DNA, hnRNP A2/B1 modulates 

telomerase activity and protects telomeres from the cell’s DNA damage response (439-444). 

Interestingly, hnRNP A2/B1 also plays a role in the mitochondrial stress response, acting as a 

coactivator of key TFs to induce the transcriptional activation of genes in response to stress 

signaling (445,446). 

Among the nuclear functions of hnRNP A2/B1 is the regulation of splicing. There are two types of 

splicing that occurs in cells: (i) constitutive splicing, in which introns are spliced out and exons 

ligated together, and (ii) alternative splicing, in which exons are also preferentially excluded from 

the mature transcript, creating variety in the transcripts derived from a single gene (330). During 

constitutive splicing, hnRNP A2/B1 acts largely as a splicing inhibitor—binding of hnRNP A2/B1 

to enhancer sequences for introns and alternative exons prevents their inclusion into the mature 

transcript via alternative splicing (324,333,447). During alternative splicing, hnRNP A2/B1 

promotes both the exclusion of typical exons and the inclusion of alternative exons, which can 

greatly impact transcript stability (294,448,449). 
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hnRNP A2/B1 impacts mRNA stability in several ways in addition to alternative splicing. For some 

transcripts, hnRNP A2/B1 dictates PAS selection, resulting in longer or shorter 3’ ends and 

thereby impacting transcript stability (450). In fact, many of the ways by which hnRNP A2/B1 

regulates mRNA stability involve binding to specific sites within the transcript’s 3’ UTR (294). 

hnRNP A2/B1 has long been known to bind AU-rich elements in the 3’ UTRs of transcripts to 

inhibit their expression (294,366,451-453). Geissler, et al. described an hnRNP A2/B1 and A1-

mediated decay pathway involving the recruitment of the CCR4-NOT deadenylation complex in 

response to the hnRNPs binding a novel 8-nt motif that is present in the 3’ UTRs of roughly 7% 

of known human transcripts (367,454). hnRNP A2/B1 also regulates transcripts with adenosine 

N6 nitrogen methylation (m6A) modifications, recognizing these marks and directly or indirectly 

binding at these sites to enhance transcript stability (321,427,455-457). 

In addition to its many nuclear functions, hnRNP A2/B1 also regulates mRNA in the cytoplasm. 

hnRNP A2/B1 enhances the translation of mRNAs in both a cap-independent manner, in which 

hnRNP A2/B1 binds to IRES within transcripts and promotes ribosomal recruitment, and a cap-

dependent manner, in which hnRNP A2/B1 binds to specific sites in transcripts with 5’ caps 

(294,295,458-460). One of the best-characterized roles of hnRNP A2/B1 is its involvement in 

mRNA transport. Largely studied in oligodendrocytes and neurons, hnRNP A2/B1-mediated 

mRNA transport is facilitated via the binding of hnRNP A2/B1 to mRNAs containing all or at least 

the core part of a 21-nt sequence called the A2 response element (A2RE) (377,416,461,462). 

Upon binding the A2RE, hnRNP A2/B1 and its bound transcript are exported to the cytoplasm 

and organized into RNA granules that subsequently traffic to the intended location of translation 

through interactions with microtubules (294,328,377,416). This process was originally described 

for the trafficking of myelin basic protein (MBP) in oligodendrocytes (323,463,464). 

Changes in the expression, localization, or function of hnRNP A2/B1 have been implicated in 

several diseases. Overexpression of one or more hnRNP A2/B1 isoforms has been noted in a 
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number of different cancers, consistent with the fact that hnRNP A2/B1 is involved in the 

maintenance of proliferative state in cells (465-472). Cholinergic deficiency in Alzheimer’s disease 

patients induces a decrease in hnRNP A2/B1 expression in the brain, resulting in subsequent 

abnormal alternative splicing events (294,473,474). Mutations in hnRNP A2/B1’s PrLD that induce 

protein fibrillization and aggregation have been linked to ALS and frontotemporal dementia (475-

477). hnRNP A2/B1 expression and localization is also known to be differentially regulated under 

stress conditions, such as starvation and hypoxia (478), and there is evidence to suggest that this 

may also occur under conditions of Cu accumulation (268). 

1.5 Conclusions: A potential role for hnRNP A2/B1 in Cu homeostasis? 

Regulation of Cu homeostasis is a complex process, involving the participation of numerous 

proteins that both directly and indirectly interact with Cu ions. While our understanding of this 

regulation on the transcriptional- and translational-levels is robust, our knowledge of how Cu 

balance is regulated on the post-transcriptional-level is not as well-defined. Post-transcriptional 

regulation is largely mediated by RBPs such as the hnRNPs, which modulate transcript length, 

composition, stability, and localization through a variety of means in response to different cellular 

needs without necessitating additional transcription of target genes. It also provides an additional 

level of protein diversity stemming from a single gene. 

A study by Burkhead, et al. found that inactivation of the Cu-transporter ATP7B in mice and the 

associated accumulation of Cu in their livers induced the enrichment of RNA-binding and RNA-

processing proteins in the nucleus, and hnRNP A2/B1 was among the proteins whose abundance 

was most notably changed (268). More specifically, Cu accumulation in these cells resulted in the 

nuclear enrichment of the hnRNP A2/B1 isoforms containing exon 2, which could be due to an 

increase in exon 2 inclusion during mRNA splicing or due to some mechanism by which exon 2 

inclusion promotes nuclear localization (268,429). This link between Cu concentration and hnRNP 
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A2/B1 is strengthened by the discovery that hnRNP A2/B1 downregulation in HeLa cells results 

in a significant decrease in cellular Cu levels (269). This observation suggests that hnRNP A2/B1 

an important role in the regulation of either or both Cu import (via the importer Ctr1) and Cu export 

(via the exporters ATP7A and ATP7B). Given these data and the known functions of hnRNP 

A2/B1, it is tempting to speculate that hnRNP A2/B1 mediates the post-transcriptional regulation 

of Cu importers and/or exporters and that it might do so in an isoform-specific manner. Further 

study of this connection and its implications could reveal novel mechanisms by which Cu 

homeostasis is regulated on the RNA-level as well as define a role for hnRNP A2/B1 in the cellular 

response to Cu-induced stress. 
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Figure 1.1. Model of mammalian Cu homeostasis. 

Schematic of Cu homeostasis in a mammalian cell indicating the localization and functions of the 

Cu importers (Ctr1, Ctr 2), chaperones and binding proteins (CCS, Atox1, MT, SOD1, CCO, 

Cox17, Cox 11, Sco1, Sco2), and exporters (ATP7A, ATP7B). Solid lines indicate movement of 

Cu, dashed lines indicate trafficking of proteins. Cu represented by red circles. Created with 

BioRender.com. 
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Figure 1.2. Modular domain structure of the hnRNP A2/B2 isoforms. 

Schematic of the hnRNP A2/B1 isoforms. Top, hnRNP A2/B1 mRNA showing all exons as their 

relative lengths. Bottom, domains present in each hnRNP A2/B1 isoform. B1 contains all isoforms, 

A2 lacks exon 2, B1b lacks exon 9, and A2b lacks exons 2 and 9. RNA recognition motifs (RRMs) 

indicated in red, Gly-rich, low complexity prion-like domain (PrLD) in orange, RGG box in green, 

and M9 nuclear import/export signal in blue. Box length is representative of domain size. Created 

with BioRender.com. 
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2 Experimental Procedures 

2.1 Cell Lines and Culture Conditions 

2.1.1 Cell lines 

HeLa cells (ATCC® CCL-2™) were cultured in Dulbecco’s modified Eagle’s medium (DMEM; 

Corning) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Corning). Non-

differentiated SH-SY5Y cells (ATCC® CRL-2266™) were cultured in complete medium consisting 

of 1:1 Eagle's Minimum Essential Medium (EMEM; Corning) and F12 Ham’s Medium (Corning) 

supplemented with 10% heat-inactivated FBS. Cells were maintained at 37°C in a humidified 

incubator with 5% CO2. 

2.1.2 Differentiation of SH-SY5Y cells 

SH-SY5Y cells were plated at 20% confluency and treated as described previously (479). Briefly, 

24 h after plating the cells (day 0, d0), non-differentiated cells were collected and cells to be 

differentiated were treated with complete medium containing 10 µM retinoic acid (RA; Sigma). 

After 48 h of treatment (day 2, d2), the media was replaced with fresh media containing RA and 

incubated for a further 48 h. On day 4 (d4), the media was replaced with serum-free media 

containing 50 ng/mL brain-derived neurotrophic factor (BDNF; Shenandoah Biotech) and cells 

were incubated for 72 h before collection on day 7 (d7). 

2.2 Transfection of cells 

2.2.1 Transient transfection of DNA plasmids 

Cells were grown to approximately 60% confluency in 6-well or 12-well plates, as indicated, and 

transfected with plasmid DNA using Lipofectamine LTX with PLUS reagent (Invitrogen) following 

the manufacturer’s protocols. For 6-well plates, a total of 2 µg plasmid DNA and 6 µL lipofectamine 

diluted in Opti-MEM reduced serum media (Gibco) were used per well; for 12-well plates, a total 
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of 1 µg plasmid DNA and 3 µL lipofectamine were used. DNA-lipofectamine mixtures were 

incubated at room temperature (RT) for 10 min. Fresh complete media was added to the cells 

prior to adding the DNA-lipofectamine mixtures dropwise to each well. The transfection was 

carried out for a total of 20 h. 

2.2.2 Transfection of small interfering (si)RNA  

siRNA-mediated knockdowns were performed using wet-reverse transfection, a procedure in 

which cells are plated at the time of transfection, following DharmaFECT manufacturer’s 

protocols. Prior to transfection, all siRNA stocks were diluted to 5 µM in RNase-free water. 

Samples transfected without siRNA or non-targeting siRNA were used as controls. The 

sequences of siRNA (Dharmacon) used in this study are listed in Table 2.1. 

For 6-well plates. Per each well, 4 µL of either siRNA or water were added to 196 µL of Opti-

MEM, and 5 µL of DharmaFECT 1 transfection reagent (Dharmacon) were added to 195 µL of 

Opti-MEM. The two mixtures were added together 1:1 and incubated for 30 min at RT. Cells grown 

to 40–60% confluency were harvested and plated at a density of 2×105 cells per well in complete 

medium, to which the siRNA-DharmaFECT mixture was added 

For 6 cm dishes. Per each plate, 12 µL of either siRNA or water were added to 588 µL of Opti-

MEM, and 15 µL of DharmaFECT 1 transfection reagent (Dharmacon) were added to 585 µL of 

Opti-MEM. The two mixtures were added together 1:1 and incubated for 30 min at RT. Cells grown 

to 40–60% confluency were harvested and plated at a density of 6×105 cells per well in complete 

medium, to which the siRNA-DharmaFECT mixture was added. 

For both 6-well and 6 cm plate experiments, after 48 h of incubation at 37°C, 1 mL of complete 

medium was added to each well, and the transfection was continued for 24 h more, for a total 

transfection time of 72 h. The final concentration of siRNA in each well or plate was 10 nmol. 
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2.3 Generation of pSF-6xHis-GFP-TEV-hnRNP A2/B1 isoform plasmid constructs 

His-tagged pET28a bacterial expression plasmids of each hnRNP A2/B1 isoform were kindly 

gifted by Dr. Max Konig (Johns Hopkins Bayview). To insert the cDNA for each hnRNP A2/B1 

isoform into the pSF-6xHis-GFP-TEV mammalian expression vector (Cat. No. OG4716; 

OXGENE), the plasmids and the vector were digested with EcoRI and XhoI restriction enzymes 

for 3 h at 37°C and purified from a 0.8% agarose gel using a PureLink Quick Gel Extraction Kit 

(Invitrogen). hnRNP A2/B1 isoform inserts were ligated into the pSF-6xHis-GFP-TEV vector by 

incubating with T4 DNA ligase (New England Biolabs) for 2 h at RT. Ligated plasmids were 

transformed into 5-α competent E. coli cells (New England Biolabs) following the manufacturer’s 

protocol. Plasmid DNA was isolated by miniprep using a QIAprep Spin Miniprep Kit (Qiagen). 

Sequences were confirmed using the primers listed in Table 2.2. 

2.4 Western blot analysis 

Cells were lysed in 1X RIPA buffer (10X: 0.5M tris-HCl, pH 7.0; 1.5M NaCl; 2.5% deoxycholic 

acid; 10% NP-40; 10mM EDTA; Millipore) for 30 m on ice. Unless otherwise indicated, lysates 

were then centrifuged at 3000 xg for 15 m to pellet cell debris. Protein concentrations in the lysates 

were determined using BCA assay (Pierce). Twenty micrograms of protein were separated on 

15% SDS gels; to achieve good resolution and separation of the individual hnRNP A2/B1 

isoforms, gels were run until the 25 kDa ladder marker (PageRuler Plus Prestained Protein 

Ladder; Thermo Scientific) ran off the bottom of the gel, roughly 3 h. Protein was then transferred 

to PVDF (Millipore) membranes using 1X N-cyclohexyl-3-aminopropanesulfonic acid (CAPS) 

running buffer containing 10% methanol for 2 h at 90 V. Membranes were blocked for 1 h at RT 

in 5% milk in phosphate-buffered saline (PBS) and then incubated overnight (16 h) in the indicated 

primary antibodies (Table 2.3) diluted in PBS containing 0.2% Tween 20 (PBST) and 0.05% 

sodium azide. Membranes were washed three times in PBST and then incubated for 1 h at RT in 
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the indicated secondary antibodies (Table 2.3) diluted in 1% milk in PBST. Following two washes 

in PBST and one wash in PBS, membranes were treated with horseradish peroxidase (HRP) 

substrate for enhanced chemiluminescence (ECL; Pierce), and then imaged on an AlphaImager 

(ProteinSimple). The raw intensity of each band was quantified with Image-J (NIH) and 

normalized to indicated loading controls. At least three biological replicates (n=3) were performed 

for each condition. Relative protein abundances for the experimental samples were calculated by 

normalizing to loading controls and then to experimental controls, as indicated. 

2.5 Analysis of cellular Cu content by atomic absorption spectrometry 

HeLa cells following siRNA-mediated knockdown of hnRNP A2/B1 in 6 cm dishes and SH-SY5Y 

cells following differentiation in 6 cm dishes were collected, washed three times in PBS, and split 

into two aliquots: one containing 10% of the cells and another containing 90% of the cells. The 

cells in the 10% aliquot were lysed in 1X RIPA buffer for 30 m on ice, centrifuged at 3000 xg for 

15 m, and the supernatant used to quantify total protein content by BCA assay. The cells in the 

90% aliquot were digested in 200 µL of 70% nitric acid at 65°C for 2 h and, after cooling to RT, 

the sample volumes were adjusted to 500 µL using HPLC-grade water. Samples were stored at 

4°C until analysis.  

Prior to measurement, samples were diluted 1:10 in HPLC-grade water and a standard Cu curve 

of 0, 10, and 100 parts per billion (ppb) Cu was constructed. Measurements were taken on a 

PinAAcle 900T atomic absorption spectrometer (Perkin Elmer). At least three biological replicates 

(n=3) and three technical replicates were performed for each condition. Cu content values were 

normalized to total protein content, and results are reported as pmol Cu/mg protein. 
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2.6 Quantitative real-time polymerase chain reaction (qRT-PCR) 

Total RNA was isolated from cells using an RNeasy kit (Qiagen) following the manufacturer’s 

protocols. qRT-PCR was performed using a Power SYBR Green RNA-to-CT 1-Step Kit (Thermo 

Fisher) following the manufacturer’s instructions and 50 ng RNA per reaction on a QuantStudio 7 

Flex Real-Time PCR machine (Applied Biosystems). At least three technical and biological 

replicates (n=3) were performed for each condition: exon 2 n=15, exon 9 n=9, exon 1_3 n=9, 

ATP7A n=21, ATP7B n=6, Ctr1 n=9, SOD1 n=6. Primers used (268) are listed in Table 2.4. Fold-

changes for the experimental samples were calculated by normalizing to hS18 loading control 

and then to experimental controls, as indicated. 

2.7 Immunofluorescence analysis  

Cells grown on glass coverslips were washed twice in PBS and then fixed in 4% 

paraformaldehyde (PFA; Electron Microscopy Sciences). Fixed cells were permeabilized in 0.1% 

Triton X-100 (Thermo Fisher) for 15 min at RT and then blocked in 5% bovine serum albumin 

(BSA; Gemini Bio-Products) for 40 min at RT. Coverslips were incubated in the indicated primary 

antibodies (Table 2.5) diluted in 1% BSA for 1 h at RT and then washed twice in PBST and once 

in PBS. Coverslips were then incubated in the indicated secondary antibodies (Table 2.5) diluted 

in 1% BSA for 1 h at RT. Coverslips were washed twice in PBST and once in PBS before being 

quickly rinsed in deionized water. Coverslips were mounted to glass slides with DAPI-

Fluoromount (Electron Microscopy Sciences) and cured overnight. Images were taken with a 

Zeiss LSM800 microscope with a Plan-Apochromat 63x/1.4 NA oil lens and processed with 

Image-J (NIH). 
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2.7.1 Analysis of ATP7A trafficking 

2.7.1.1 In HeLa cells with hnRNP A2/B1 downregulated 

HeLa cells were grown to approximately 80% confluency on untreated 18 mm glass coverslips 

(Electron Microscopy Sciences) in 12-well plates and treated with media containing 0, 5, 10, or 

20 µM CuCl2 for 4 h at 37°C. After treatment, cells were prepared for immunofluorescence 

analysis as described above. Anti-ATP7A and anti-TGN46 primary antibodies were used and 

donkey anti-mouse AlexaFluor 488 and donkey anti-sheep AlexaFluor 568 secondary antibodies 

were used in immunostaining. 

2.7.1.2 In differentiating SH-SY5Y cells 

SH-SY5Y cells were plated on collagen-coated 18 mm glass coverslips (Neuvitro) and 

differentiated in 12-well plates as described above. Cells were prepared for immunofluorescence 

analysis as described above. Anti-ATP7A and anti-TGN46 primary antibodies and donkey anti-

mouse AlexaFluor 488 and donkey anti-sheep AlexaFluor 647 secondary antibodies were used 

in immunostaining. 

2.7.2 Analysis of hnRNP A2/B1 localization 

2.7.2.1 In response to changes in Cu 

Cells were grown to approximately 80% confluency on either untreated 18 mm glass coverslips 

(HeLa) or collagen-coated 18 mm glass coverslips (SH-SY5Y) in 12-well plates. 

To determine effect of increasing Cu concentration. Cells were treated with media containing 0, 

5, 10, 20, 50, or 100 µM CuCl2 for 4 h at 37°C. After treatment, cells were prepared for 

immunofluorescence analysis as described above. Anti-hnRNP A2/B1 primary and donkey anti-

mouse AlexaFluor 488 secondary antibodies were used in immunostaining. 
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To determine effect of increasing incubation time in presence of Cu. Cells were treated with media 

containing 20 µM CuCl2 for 0, 1, 2, 3, 4, 6, or 8 h at 37°C. After treatment, cells were prepared for 

immunofluorescence analysis as described above. Anti-hnRNP A2/B1 primary and donkey anti-

mouse AlexaFluor 488 secondary antibodies were used in immunostaining. 

The ratio of hnRNP A2/B1 signal inside the nucleus (i.e., co-localized with DAPI staining) to 

hnRNP A2/B1 signal outside the nucleus (i.e., not co-localizing with DAPI staining, cytoplasmic) 

was quantified by using the lasso tool in Image-J to select the relevant areas for determination of 

signal intensity per area. The nucleocytoplasmic (N/C) ratio was calculated by dividing the total 

normalized nuclear signal by the total normalized cytoplasmic signal. The mean N/C ratio was 

generated from at least 5 cells per independent experiment and at least 3 independent 

experiments. Data was normalized to either 0 µM Cu or 0 h treatment controls, as indicated. A 

larger N/C ratio value indicates less cytoplasmic staining and a smaller N/C ratio value indicates 

more cytoplasmic staining of hnRNP A2/B1 compared to nuclear staining. In SH-SY5Y cells, 

hnRNP A1, a homolog of hnRNP A2/B1, was also stained and the N/C ratio calculated to serve 

as a specificity control. 

2.7.2.2 In response to Cu in HeLa cells with hnRNP A2/B1 downregulated 

hnRNP A2/B1 was downregulated in HeLa cells as described above, and cells were plated onto 

untreated 18 mm glass coverslips. After 72 h of transfection, the media was replaced with media 

containing 0, 5, 10, or 20 µM CuCl2 for 4 h at 37°C. After treatment, cells were prepared for 

immunofluorescence analysis as described above. Anti-hnRNP A2/B1 primary and donkey anti-

mouse AlexaFluor 488 secondary antibodies were used in immunostaining. The N/C ratios were 

calculated as described above. 
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2.7.3 Co-localization with markers of cytoplasmic granules 

HeLa cells were grown to approximately 80% confluency on untreated 18 mm glass coverslips in 

12-well plates and treated with media containing 0, 5, 10, or 20 µM CuCl2 for 4 h at 37°C. Following 

treatment, cells were prepared for immunofluorescence analysis as described above. Anti-hnRNP 

A2/B1, anti-G3BP1, anti-Dcp2, anti-DDX20, and anti-LAMP1 primary antibodies and donkey anti-

mouse AlexaFluor 488 and donkey anti-rabbit 568 secondary antibodies were used in 

immunostaining. 

2.8 Dual Luciferase assay 

For hnRNP A2/B1 knockdown. HeLa cells were transfected non-targeting (NT), hnRNP A2B1-

total, or hnRNP A2/B1-exon 2 siRNA in 6-well plates, as described above. After 48 h of 

transfection with the siRNA, cells were transfected with 1200 ng empty pcDNA plasmid, 600 ng 

ATP7A 3’UTR-luciferase plasmid (Cat. No. 128100810195; Applied Biological Materials, Inc.), 

and 200 ng Renilla-luciferase plasmid for a total of 2 µg of DNA transfected. 

For hnRNP A2/B1 overexpression. HeLa cells were grown in 12-well plates and transfected with 

600 ng of empty pcDNA plasmid, empty pSF-6xHis-GFP-TEV plasmid, or the individual pSF-

6xHis-GFP-TEV-hnRNP A2/B1 isoform plasmids; 300 ng ATP7A 3’UTR-luciferase plasmid; and 

100 ng Renilla-luciferase plasmid for a total of 1 µg of DNA transfected. 

Following 20 h of transfection, cells were prepared for dual luciferase assay (Promega) following 

the manufacturer’s protocol. Briefly, cells were washed once with PBS and then incubated in 

either 500 µL (6-well) or 250 µL (12-well) 1X Passive Lysis Buffer (PLB) for 15 m at RT with 

shaking. Lysates were collected and 20 µL of each were dispensed into each well of a black, flat-

bottom 96-well plate (Corning). Luminescence was measured on a FLUOStar Omega plate reader 

(BMG Labtech) using the following workflow: dispense 100 µL Luciferase Assay Buffer II reagent, 
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wait 1 s, measure firefly luminescence in half-second intervals for 12 s, dispense 100 µL Stop & 

Glo reagent, wait 1 s, and measure renilla luminescence in half-second intervals for 12 s. Firefly 

luminescence and renilla luminescence reads over the 12 s measurements were summed up 

individually, and then total firefly luminescence was normalized to total renilla luminescence. At 

least three technical and biological replicates (n=3) were performed for each condition. 

Luminescence values of the experimental samples were normalized to the sample controls, as 

indicated. 

2.9 Statistical analysis 

All values are reported as means ± standard deviation (SD) from at least three independent 

experiments. Statistical analyses were performed using student’s t-test, one-way ANOVA, or two-

way ANOVA, as indicated, using GraphPad Prism v8 (GraphPad Software, Inc). * p<0.05, ** 

p<0.01, *** p<0.001 **** p<0.0001. 
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Table 2.1. siRNA sequences used in hnRNP A2/B1 knockdown experiments. 

siRNA Catalog No. Sequence 

siGENOME non-targeting siRNA 

pool #1 
D-001206-13 

5’- UAGCGACUAAACACAUCAA -3’ 

5’- UAGCGACUAAACACAUCAA -3’ 

5’- AUGUAUUGGCCUGUAUUAG -3’ 

5’- AUGAACGUGAAUUGCUCAA -3’ 

siGENOME hnRNP A2/B1 siRNA 

pool 
M-011690-01 

5’- GGAGAGUAGUUGAGCCAAA -3’ 

5’- GUUCAGAGUUCUAGGAGUG -3’ 

5’- GAACAAUGGGGAAAGCUUA -3’ 

5’- GCAAGACCUCAUUCAAUUG -3’ 

siGENOME hnRNP A2/B1-exon 2 

siRNA 
Custom 

5’- CUUUAGAAACUGUUCCUUUUU -3’ 
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Table 2.2. Primer sequences used in sequencing the pSF-6xHis-GFP-TEV-hnRNP A2/B1 
isoform plasmid constructs. 

Primers Sequence 

hnRNP A2/B1 R1 5’- AGCCATGGCAGCATCAAC -3’ 

hnRNP A2/B1 F1 5’- TAATGAGGGATCCTGCAAGC -3’ 

hnRNP A2/B1 F2 5’- AAAGAAGATACTGAGGAACATCACC -3’ 

hnRNP A2/B1 F4 5’- CTTTGGTGGTAGCAGGAACA -3’ 

hnRNP A2/B1 R4 5’- ACCCTGGTTGCCATATCCA -3’ 
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Table 2.3. Antibodies used in Western blotting experiments. 
Antibody Catalog No. Company Dilution 

hnRNP A2/B1 R4653-200UL Sigma-Aldrich 1:1000 

CTPS2 ab196016 Abcam 1:10,000 

ATP7A sc-376467 Santa Cruz 1:1000 

GFP ab290 Abcam 1:5000 

α-Tubulin T6199 Sigma 1:1000 

Sheep anti-mouse IgG-HRP AC111P Sigma-Aldrich 1:5000 

Goat anti-rabbit IgG-HRP sc-2004 Santa Cruz 1:5000 
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Table 2.4. Primer sequences used in qRT-PCR experiments. 
Primers Sequence 

hS18 F 5’-CTGCCATTAAGGGTGTGG-3’ 

hS18 R 5’-TCCATCCTTTACATCCTTCTG-3’ 

hnRNP A2/B1_exon 2 F 5’-AACTTTAGAAACTGTTCCTTTGG-3’ 

hnRNP A2/B1_exon 2 R 5’-CAGTCTGTAAGCTTTCCCCAT-3’ 

hnRNP A2/B1_exon 9 F 5’-CAATTTTGGAGGTAGCCCTG-3’ 

hnRNP A2/B1_exon 9 R 5’-CTCCATAGTTGTCATAACCACC-3’ 

hnRNP A2/B1_exon 1_3 F 5’-CGATGGAGAGAGAAAAGGAAC-3’ 

hnRNP A2/B1_exon 1_3 R 5’-GCTTTCCCCATTGCTCATAG-3’ 

ATP7A F 5’-ATTGATGACATGGGCTTTGA-3’ 

ATP7A R 5’-GCAATGTGCTTTGGATATGG-3’ 

ATP7B F 5’-AGGAGCCCTGTGACATTCTT-3’ 

ATP7B R 5’-TTGCTCTTTGCCAAGTGTTC-3’ 

Ctr1 F 5’-GACCAAATGGAACCATCCTT-3’ 

Ctr1 R 5’-ATGACCACCTGGATGATGTG-3’ 

SOD1 F 5’-TGAAGAGAGGCATGTTGGAG-3’ 

SOD1 R 5’-ATGATGCAATGGTCTCCTGA-3’ 
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Table 2.5. Antibodies used in immunofluorescence experiments. 
Antibody Catalog No. Company Dilution 

ATP7A sc-376467 Santa Cruz 1:200 

GFP ab290 Abcam 1:200 

TGN46 GTX74290 Genetex 1:200 

LAMP1 ab25245 Abcam 1:200 

G3BP1 A14836 Abclonal 1:200 

Dcp2 A8282 Abclonal 1:200 

DDX20 A5817 Abclonal 1:200 

AlexaFluor 488 donkey anti-mouse A-21202 Thermo Fisher 1:500 

AlexaFluor 488 donkey anti-rabbit A-21206 Thermo Fisher 1:500 

AlexaFluor 568 donkey anti-sheep A-21099 Thermo Fisher 1:500 

AlexaFluor 647 donkey anti-sheep A-21448 Thermo Fisher 1:500 
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3 Heterogeneous nuclear ribonucleoprotein A2/B1 regulates the abundance of the 

copper-transporter ATP7A in an isoform-dependent manner 

 

3.1 Introduction 

Copper (Cu) is an essential cofactor of enzymes involved in key physiological processes, 

including respiration, antioxidant defense, neurotransmitter production, and myelination (2,8,111). 

Misbalance of Cu is observed in several human diseases. Menkes disease and Wilson disease 

are classic examples of disorders in which patients have Cu deficiency or accumulation, 

respectively. Perturbations in Cu balance are also found in patients with cancer and Alzheimer’s, 

Parkinson’s, and non-alcoholic fatty liver diseases (7,13,480). In cells, Cu levels are tightly 

regulated through a network of Cu-binding and Cu-transporting proteins (8). ATP7A is a 

ubiquitously expressed mammalian Cu-transporting P1B-type ATPase that is central for regulation 

of cellular Cu levels. It is essential for dietary Cu uptake and activation of most Cu-dependent 

enzymes within the secretory pathway, and the loss of ATP7A expression or function is 

associated with Menkes disease (105,481). ATP7A is localized to the trans-Golgi network (TGN), 

and when intracellular Cu levels exceed cellular needs, it traffics to vesicles and then to the 

basolateral membrane of the cell to excrete the excess Cu from the cell (8). 

Cu homeostasis and the associated Cu-handling proteins, including ATP7A, are regulated at 

several levels. Post-translational regulation of Cu homeostasis has been extensively 

characterized. One example is the modulation of cellular Cu levels through changes in the 

intracellular localization of ATP7A, which is controlled via kinase-mediated phosphorylation and 

depends on various stimuli (151). Much less is known about the mechanisms by which Cu 

homeostasis is regulated post-transcriptionally and the trans-acting factors involved. The 3’ 
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untranslated region (UTR) of ATP7A is 3.8 kb long—nearly as long as the 4.5 kb coding region—

and there is evidence to suggest that there are several versions of ATP7A transcripts that differ 

in the length of their 3’ UTRs (250). Alternative splicing of the Cu-transporters ATP7A and ATP7B 

as well as the Cu/Zn superoxide dismutase (SOD1) have been reported, but the mechanisms 

remain unknown (245,249,255,482). More recent studies have shown that regulation of ATP7A 

also occurs at the 3’ UTR of ATP7A transcripts (250,265,483). 

Heterogeneous nuclear ribonuclear proteins (hnRNP) are a large family of RNA-binding proteins 

involved in mRNA splicing, trafficking, and stability. Studies in the mouse model of Wilson disease 

found that intracellular Cu accumulation increases the abundance of a specific isoform of hnRNP 

A2/B1 and causes nuclear-cytosolic shuttling of several other RNA-binding proteins (268). 

Whether any of the hnRNP A2/B1 isoforms in return affect Cu homeostasis and regulate the Cu 

transport machinery was unknown. In this study, we addressed this question and found that 

hnRNP A2/B1 modulates ATP7A mRNA and protein abundance in HeLa cells via the ATP7A 3’ 

UTR. We characterized the effects of the four known hnRNP A2/B1 isoforms on ATP7A and found 

that the hnRNP A2/B1-dependent regulation of ATP7A abundance is associated with changes in 

intracellular Cu levels. 

3.2 Downregulation of hnRNP A2/B1 decreases Cu content in HeLa cells 

hnRNP A2/B1 has four distinct isoforms that arise from the alternative splicing of exons 2 and 9 

and are differentially expressed depending on cell-type and cell cycle stage (429,484). The finding 

by Burkhead, et al. that one or both of the exon 2-containing B-isoforms of hnRNP A2/B1 were 

enriched in hepatic nuclei in response to Cu accumulation (268) raised the possibility that these 

isoforms are Cu-sensitive. Inspection of the amino acid (AA) sequences of the alternatively 

spliced exons 2 and 9 (Figure 3.1 A) showed that neither of the two exons encode AA residues 

typically found in Cu-binding sites, such as Cys, Met, and His. The 12-AA long exon 2 contains 
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several charged residues, while the 39-AA long exon 9 consists largely of Gly residues, 

characteristic of a Gly-rich domain common to hnRNPs. Consequently, to examine whether 

hnRNP A2/B1 regulates Cu homeostasis, we first took advantage of the dataset generated in our 

earlier study (269). In this work, genome-wide siRNA-mediated knockdown in HeLa cells followed 

by inductively coupled plasma mass spectrometry (ICP-MS) analysis of metal content identified 

proteins specifically involved in the homeostasis of Se, Cu, Fe, or Zn (269). By examining the 

dataset generated in that study, we found that Cu concentration in cells with hnRNP A2/B1 

downregulated was significantly lower than that in the control cells by approximately four standard 

deviations from the mean (Figure 3.1 B). These data, along with the previous work by Burkhead 

et al., suggested that hnRNP A2/B1 expression and cellular Cu levels are somehow linked. 

To verify that downregulation of hnRNP A2/B1 affects cellular Cu content and to determine 

whether this effect is isoform-specific, we downregulated hnRNP A2/B1 in HeLa cells using siRNA 

against all four hnRNP A2/B1 isoforms (A2B1-T) or against only the exon 2-containing B isoforms 

(A2B1-e2). A non-targeting (NT) siRNA was used as a control. Following hnRNP A2/B1 

downregulation, atomic absorption spectrometry (AAS) was conducted to measure cellular Cu 

content. As seen in Figure 3.2 A, Cu content was decreased by 38% in A2B1-T cells (26.28 ± 

4.47 pmol Cu/mg protein) and by 44% in A2B1-e2 cells (23.94 ± 3.36 pmol Cu/mg protein) 

compared to the NT control (42.81 ± 10.71 pmol Cu/mg protein). The similar decrease in cellular 

Cu levels by total and isoform-specific siRNA suggested that the B-isoforms could be primarily 

responsible for this effect. 

To verify that both the A- and B-isoforms were downregulated in the total knockdown, we 

performed qPCR (Figure 3.2 B). The mRNA levels of all the hnRNP A2/B1 isoforms were 

significantly decreased in the A2B1-T cells, with a 71% decrease for the exon 2 probe, an 86% 

decrease for the exon 9 probe, and a 90% decrease for the exon 1_3 probe compared to the NT 

control (0.29 ± 0.15 a.u., 0.13 ± 0.08 a.u., and 0.11 ± 0.08 a.u., respectively). Moreover, in the 
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A2B1-e2 cells, the mRNA levels of the B-isoforms were 87% lower than in the NT control (0.13 ± 

0.04 a.u.), whereas those of the A-isoforms were unchanged as measured by the exon 9 and 

exon 1_3 probes (0.90 ± 0.14 a.u. and 0.99 ±0.35 a.u., respectively).  

Western blot analysis of cell homogenates revealed two distinct hnRNP A2/B1 protein bands, one 

at approximately 40 kDa, roughly corresponding to isoform B1, and a second at approximately 35 

kDa, roughly corresponding to isoform A2 (Figure 3.2 C, indicated by black arrows). As seen in 

Figure 3.2 D, both bands are significantly diminished in A2B1-T cells, with the upper band 

decreased by 84% and the lower by 76% compared to the NT control (0.16 ± 0.12 a.u. and 0.24 

± 0.21 a.u., respectively). A2B1-e2 cells, on the other hand, had a marked decrease in only the 

upper band (76%, 0.24 ± 0.01 a.u.), while the lower band was unchanged compared to the NT 

control (1.03 ± 0.16 a.u.). Taken together, these data indicate that the downregulation of the 

isoforms was successful, and that the B isoforms alone may be sufficient to induce the observed 

decrease in cellular Cu. 

Cellular Cu content depends on Cu uptake, mediated by the high-affinity Cu transporter Ctr1, and 

Cu efflux carried by the Cu-transporting ATPases ATP7A and ATP7B. In addition, SOD1 is a very 

abundant Cu-containing protein that contributes to total cellular Cu. To identify which Cu-handling 

proteins are affected by hnRNP A2/B1 and which could contribute to the decrease in Cu content, 

mRNA levels of ATP7A, ATP7B, Ctr1, and SOD1 were measured in control cells and in cells with 

hnRNP A2/B1 downregulated (Figure 3.2 B). When compared to control, both A2B1-T and A2B1-

e2 cells showed no significant changes in ATP7B mRNA levels (1.13 ± 0.44 a.u. and 1.07 ± 0.33, 

respectively) or SOD1 mRNA levels (1.26 ± 0.21 a.u. and 0.78 ± 0.26 a.u., respectively). By 

contrast, both Ctr1 and ATP7A mRNA levels were upregulated in response to hnRNPA2/B1 

downregulation. The Ctr1 transcript was upregulated 2.20-fold in A2B1-T cells and 1.67-fold in 

A2B1-e2 cells (2.19 ± 0.93 a.u. and 1.67 ± 0.44 a.u., respectively) compared to control, while 

ATP7A mRNA was upregulated 2.42-fold and 1.80-fold (2.42 ± 0.55 a.u. and 1.80 ± 0.67 a.u., 
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respectively). To determine whether the increase in ATP7A mRNA carried over to protein levels, 

Western blot analysis was performed and revealed a 1.88-fold increase in ATP7A protein 

abundance in A2B1-T cells (1.88 ± 0.27 a.u.) and a 2.13-fold increase in A2B1-e2 cells (2.13 ± 

0.35 a.u.) compared to control cells treated with NT. These results demonstrate that hnRNP 

A2/B1, particularly the B-isoforms, mediate Cu levels in HeLa cells through the regulation of 

ATP7A and Ctr1 abundance. Given that the total effect was a decrease in cellular Cu content, 

which would not occur if Ctr1 import activity exceeds ATP7A efflux activity, we surmised that 

ATP7A plays a larger role in this phenotype and focused our attention on ATP7A. 

3.3 hnRNP A2/B1 downregulation in HeLa cells does not affect ATP7A trafficking in 

response to elevated Cu 

One of the ways in which ATP7A maintains cellular Cu homeostasis is through the export of 

excess Cu, a process in which ATP7A traffics from the TGN to release Cu at the cell surface 

membrane (8). Under basal or low Cu conditions, ATP7A is mainly localized to the TGN, whereas 

under high Cu conditions, ATP7A localizes to vesicles. The loss of co-localization between ATP7A 

and a TGN marker can therefore be used as a means to qualitatively assess ATP7A trafficking in 

response to Cu.  

Since Ctr1 levels—and, presumably, Cu uptake—were upregulated, it is possible that, in addition 

to the increase in ATP7A abundance, the decrease in Cu content observed upon hnRNP A2/B1 

downregulation in HeLa cells could be due in part to enhanced ATP7A trafficking. To test this, the 

trafficking of ATP7A in response to Cu was monitored in cells in which either total (A2B1-T) or 

exon 2-containing isoforms (A2B1-e2) of hnRNP A2/B1 were downregulated and compared to 

that observed in control cells in which either no (no siRNA) or NT siRNA was transfected (Figure 

3.3). In both controls (no siRNA and NT siRNA), ATP7A trafficked normally: high levels of co-

localization (as evidenced by white signal) between ATP7A (green signal) and the TGN marker, 
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TGN46 (magenta signal), was observed at basal levels of Cu. The co-localization gradually 

decreases as time of exposure to elevated Cu increased, with the punctate ATP7A staining 

indicative of vesicular localization at higher Cu conditions. This was also the case in both the 

A2B1-T and A2B1-e2 cells, in which ATP7A localized largely to the TGN at basal Cu levels in the 

medium and moved into vesicles as Cu increased. These data show that hnRNP A2/B1 

downregulation in HeLa cells does not impact ATP7A targeting to the TGN in basal medium nor 

significantly alter trafficking in response to Cu. Thus, the observed decrease in cellular Cu upon 

downregulation is predominantly due to the increase in ATP7A abundance. 

3.4 hnRNP A2/B1-mediated regulation of ATP7A involves the ATP7A 3’ UTR 

A recent study showed that hnRNP A2/B1 was involved in the regulation of a large number of 

transcripts through interaction with an 8-nucleotide (nt) motif present in their 3’ UTRs (367). 

Notably, hnRNP A2/B1 binding at this site resulted in the eventual decay of the target transcripts, 

whereas downregulation of hnRNP A2/B1 increased transcript levels. Since, in our studies, the 

downregulation of hnRNP A2/B1 increases ATP7A mRNA abundance, we examined whether the 

ATP7A transcript has a predicted binding site for hnRNP A2/B1. Analysis of the mRNA sequence 

of ATP7A revealed the presence of one copy of this motif near the proximal end of its 3’ UTR 

(Figure 3.4). 

To test whether the 3’ UTR is in fact involved in the hnRNP A2/B1-mediated regulation of ATP7A 

in HeLa cells, control cells (transfected with NT siRNA) and cells with downregulated hnRNP 

A2/B1 (both A2B1-T and A2B1-e2 cells) were subsequently transfected with a plasmid containing 

firefly luciferase-tagged ATP7A 3’ UTR and a plasmid encoding Renilla-luciferase. The 

abundance of the ATP7A 3’-UTR transcript was quantified through firefly luciferase luminescence 

and was normalized to Renilla luciferase luminescence used as a control. We predicted that 

luminescence would increase in cells with hnRNP A2/B1 downregulation compared to the control 
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if the 3’ UTR is involved in hnRNP A2/B1-mediated regulation of ATP7A. If the 3’ UTR is not 

involved, luminescence would not differ between the cells with hnRNP A2/B1 downregulated and 

the control. As seen in Figure 3.5, firefly luminescence increases in cells with total hnRNP A2/B1 

downregulation and in cells with exon 2-specific hnRNP A2/B1 downregulation. A2B1-T cells had 

a 2.40-fold increase in ATP7A 3’UTR abundance (2.40 ± 0.15 a.u.) and A2B1-e2 cells had a 3.19-

fold increase in abundance (3.19 ± 0.62 a.u.) compared to NT. These results indicate that the 3’ 

UTR of ATP7A mRNA plays a role in the hnRNP A2/B1-mediated regulation of ATP7A 

abundance, and that the B-isoforms are likely to be the main isoforms involved in this process. 

3.5 Overexpression of hnRNP A2/B1 isoforms results in a decrease in ATP7A 3’UTR 

expression 

To test whether hnRNP A2/B1 overexpression would have an opposite effect, i.e., would decrease 

ATP7A expression, expression constructs for each of the four hnRNP A2/B1 were generated. The 

isoforms were inserted into a vector containing a 6x His-tag, a GFP tag, and a TEV cleavage site 

at the N-terminus (HGT vector) to allow for a broader range of future experimental applications. 

Expression of these constructs in HeLa cells was confirmed by the presence of green GFP signal 

in transfected cells (Figure 3.6 A) and the absence of the signal in non-transfected cells.  Despite 

identical transfection/expression conditions, the relative abundance and localization of hnRNP 

A2/B1 differed.  A2b and B1 isoforms were targeted primarily to the nucleus, whereas A2 and B1b 

isoform were seen mostly in the cytosol. 

Western blot analysis of cell lysates (Figure 3.6 B) revealed at least five distinct bands that 

stained with anti-GFP antibody. No GFP signal was seen in control mock-transfected cells, as 

expected.  The expected sizes of the HGT-hnRNP A2/B1 isoform proteins range from 60–65 kDa, 

and the bands in each lane most closely corresponding to this size are indicated by black arrow. 

These bands were used for quantification (Figure 3.6 C). The B1 isoform was expressed at the 
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lowest level, with only a modest increase (1.57 ± 0.21 a.u.) compared to the control (neg). The 

A2, A2b, and B1b isoform expression levels were all 3–4-fold higher compared to the control (3.97 

± 1.02 a.u., 3.85 ± 0.97 a.u., and 3.43 ± 1.12 a.u., respectively.) Analysis of ATP7A protein 

abundance showed that overexpression of the A2 and A2b isoforms resulted in a significant 

decrease of ATP7A (0.60 ± 0.13 a.u. and 0.64 ± 0.30 a.u., respectively), whereas overexpression 

of the B1b isoform resulted in a more modest decrease (0.85 ±0.35 a.u.) and the B1 isoform in 

no change (1.04 ± 0.19 a.u.) compared to the control.  

We then tested how hnRNP A2/B1 isoform overexpression in cells impacts the abundance of 

ATP7A 3’ UTR. Dual-luciferase assay (Figure 3.7) showed that overexpression of any of the 

hnRNP A2/B1 isoforms resulted in a significant decrease in ATP7A 3’UTR abundance: 

overexpression of A2 resulted in a 47% luminescence intensity (0.47 ± 0.07 a.u.), A2b in a 40% 

intensity (0.40 ± 0.07 a.u.), B1 in a 47% intensity (0.47 ± 0.05), and B1b in a 33% intensity (0.33 

± 0.02 a.u.) compared to luciferase signal in cells expressing the empty HGT vector. These results 

indicate that the overexpression of the hnRNP A2/B1 isoforms results in a decrease of the ATP7A 

3’UTR transcript. The lack of a strong correlation between changes in the abundance of ATP7A 

3’UTR and the abundance of the ATP7A protein suggests a role for the ATP7A coding portion of 

the transcript in the hnRNP A2/B1-dependent regulation of ATP7A mRNA and/or the presence of 

additional factors. 

3.6 ATP7A increases as hnRNP A2/B1 decreases during the differentiation of SH-SY5Y 

neuronal cells 

While the data thus far made it clear that hnRNP A2/B1 directly or indirectly affects the ATP7A 

transcript in HeLa cells, it was less clear whether this regulatory relationship would occur in other 

cellular contexts or whether it plays a role in key cellular processes. Published reports indicate 

that expression of both ATP7A and hnRNP A2/B1 are responsive to retinoic acid (RA), with 
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ATP7A expression increasing in response to RA treatment and hnRNP A2/B1 expression 

decreasing in response to RA treatment (177,479,485). Moreover, RA is known to induce 

neuronal differentiation (479). To determine whether hnRNP A2/B1-mediated regulation of 

ATP7A occurred during neuronal differentiation, SH-SY5Y neuronal cells were fully differentiated 

via RA and brain-derived neurotrophic factor (BDNF) treatments (Figure 3.8 A). Cells were 

collected at four different points along the differentiation process: before differentiation (ND), after 

2-days of RA treatment (D2), after 4-days of RA treatment with the growth medium changed every 

2 days (D4), and after 4 days of RA treatment plus one 3-day of BDNF treatment (D7). During 

this process the SH-SY5Y cells undergo morphological changes, with branched neurites starting 

to form at D2 and having fully developed at D7 (Figure 3.8 B). 

As in HeLa cells, qRT-PCR and Western blotting were used to quantify mRNA and protein levels 

of both ATP7A and hnRNP A2/B1. The mRNA levels of the exon 2-containing hnRNP A2/B1 

isoforms decrease significantly over the course of differentiation (Figure 3.9 A), with an 

approximately 30–40% decrease at D2 and D4 (0.73 ± 0.11 a.u. and 0.62 ± 0.02 a.u., respectively) 

and an 80% decrease at D7 (0.80 ± 0.04 a.u.) compared to NT control values, taken as 1. The 

mRNA levels of the exon 9-containing isoforms also decreased at D2 and D4 compared to the 

ND control, although more modestly (0.81 ± 0.03 a.u. for D2, 0.71 ± 0.06 a.u. for D4). Unlike the 

exon 2-containing isoforms, the abundance of mRNA for exon 9-containing isoform was elevated 

at D7 (1.27 ± 0.22 a.u. compared to the ND control). The protein abundance of hnRNP A2/B1 

showed partial agreement with the mRNA changes. Specifically, Western blotting detected two 

distinct hnRNP A2/B1 bands (Figure 3.9 B, indicated in black arrows). Quantification using 

densitometry (Figure 3.9 C) revealed that the upper band decreased significantly over the course 

of differentiation compared to ND (0.44 ± 0.09 a.u. at D2, 0.60 ± 0.26 a.u. at D4, and 0.12 ± 0.04 

a.u. at D7), while the lower band was unchanged compared to ND at D2 and D4 (1.02 ± 0.37 a.u. 

and 1.00 ± 0.41 a.u., respectively) and decreased at D7 (0.12 ± 0.39 a.u.). These data indicate 
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that hnRNP A2/B1 expression does change over the course of differentiation, and that these 

changes are well in line with previous studies showing that hnRNP A2/B1 is a RA-responsive 

gene. 

ATP7A mRNA levels, by contrast, significantly increase over the course of differentiation (Figure 

3.9 A). This increase corresponded to RA treatment, with ATP7A mRNA levels at D2 7.61-fold 

higher and levels at D4 7.87-fold higher than control (7.61 ± 2.11 a.u. and 7.87 ± 2.45 a.u., 

respectively), and unchanged compared to control at D7 (1.11 ± 0.28 a.u.) ATP7A protein levels 

(Figure 3.9 B, C) followed suit, with an 8.51-fold increase (8.51 ± 0.74 a.u.) at D2, an 8.39-fold 

increase (8.39 ± 3.51 a.u.) at D4, and a 4.96-fold increase (4.96 ± 0.91 a.u.) at D7, all compared 

to ND control. These data show that ATP7A expression increases over the course of neuronal 

differentiation, concurrent with hnRNP A2/B1 decrease. 

To determine whether cellular Cu content also decreased in cells over the course of 

differentiation, AAS was used to measure Cu at each collected point (Figure 3.10 A). Cu levels 

dropped significantly over the course of differentiation, decreasing by 65% at D2 (6.60 ± 2.77 

pmol Cu/mg protein), 81% at D4 (3.55 ± 2.37 pmol Cu/mg protein), and 53% at D7 (8.80 ± 3.15 

pmol Cu/mg protein) compared to ND control (18.79 ± 9.01 pmol Cu/mg protein). Analysis of 

ATP7A trafficking at each of these points (Figure 3.10 B) revealed trafficking patterns consistent 

with Cu levels: more vesicular staining of ATP7A (in green) when Cu is higher in ND cells and 

more co-localization with TGN46 (in pink, co-localization in white) when Cu is lower at D2, D4, 

and D7. Taken together, these data show that hnRNP A2/B1 decreases and ATP7A increases 

during the course of neuronal differentiation, and these changes correspond to a decrease in 

available cellular Cu in SH-SY5Y cells. 

In summary, the observed decrease in Cu levels upon hnRNP A2/B1 downregulation in HeLa 

cells is due to the consequent upregulation of ATP7A, one of the functions of which is to traffic 
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Cu out of cells. This upregulation of ATP7A is induced in full by the downregulation of only the 

exon 2-containing B1-isoforms, and this hnRNP A2/B1-mediated regulation involves the 3’ UTR 

of ATP7A. Both ATP7A and hnRNP A2/B1 are RA-responsive genes whose expression levels 

change in opposite ways during neuronal differentiation—i.e., ATP7A expression increases 

concurrently with hnRNP A2/B1 decrease, resulting in lower cellular Cu levels. 

3.7 Discussion 

Cu balance is crucial to mammalian health and development, and to ensure that Cu homeostasis 

is maintained, highly-coordinated and tightly-regulated cellular mechanisms have evolved. While 

the post-translational regulation of key Cu machinery proteins is well-understood, the full scope 

of regulatory mechanisms governing cellular Cu homeostasis remains unknown, with relatively 

few studies investigating the post-transcriptional regulation of Cu. Here, a novel regulator of 

cellular Cu content, hnRNP A2/B1, was identified and shown to impact Cu levels in HeLa cells 

through regulation of the expression of the Cu-transporter ATP7A. 

hnRNP A2/B1 is a well-characterized RNA-binding protein with four distinct isoforms that arise 

from the alternative splicing of exons 2 and 9. These isoforms are differentially expressed 

according to a number of factors, including tissue-type and cell cycle stage (429,484). Despite 

the abundance of research regarding hnRNP A2/B1, most studies do not consider these four 

isoforms separately and so do not explore the possibility of isoform-specific functions or effects. 

The finding by Burkhead, et al. that one or both of the exon 2-containing B-isoforms of hnRNP 

A2/B1 were specifically enriched in hepatic nuclei in response to Cu accumulation raised the 

possibility that these isoforms were Cu-sensitive by virtue of exon 2 inclusion (268). We show that 

downregulation of these two isoforms was sufficient to induce the decrease in cellular Cu, 

suggesting that the B-isoforms are largely responsible for this result. Moreover, downregulation 

of the B-isoforms alone produced the same magnitude of upregulation of ATP7A mRNA and 
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protein abundance as did the total downregulation, providing further proof that the inclusion of 

exon 2 in these isoforms leads to their Cu-responsiveness. 

hnRNP A2/B1-mediated regulation of mRNA occurs in many forms—e.g., expression of different 

isoforms via alternative splicing, localization-dependent translation via mRNA trafficking, and 

maintenance of mRNA abundance via transcript stabilization/degradation 

(367,380,429,447,448,464,486). Geissler, et al. characterized an hnRNP A2/B1-mediated 

regulatory mechanism in which hnRNP A2/B1 binds to a specific 8-nt motif (UAA[G/C]UUAU) in 

the 3’ UTR of transcripts, leading to their destabilization via CCR4-NOT-directed deadenylation 

and subsequent decay (367). ATP7A mRNA has a long 3’ UTR, the functional significance of 

which is incompletely understood, although recent studies have identified mechanisms by which 

changes in the length of the 3’ UTR may be involved in the regulation of ATP7A abundance 

(250,483). Our work provides additional information about the role of this region. Sequence 

analysis of the ATP7A 3’ UTR revealed one copy of the UAAGUUAU motif at the proximal end of 

the UTR. Expression of a luciferase-tagged ATP7A 3’ UTR construct in cells in which either all or 

only the B-isoforms of hnRNP A2/B1 were downregulated demonstrated that not only is the 3’ 

UTR of ATP7A involved in hnRNP A2/B1-mediated regulation, but also that the B-isoforms likely 

play the main role in this regulation. 

The data show that there is an inverse relationship between hnRNP A2/B1 and ATP7A 

abundance—in this case, when hnRNP A2/B1 levels decrease, ATP7A levels increase. However, 

when hnRNP A2/B1 abundance increased, ATP7A abundance decreased only slightly, and only 

in cells overexpressing the A-isoforms, which showed the highest expression. This discrepancy 

could be due, at least in part, to the tendency of hnRNP A2/B1 to form aggregates in response to 

certain cellular stressors. hnRNP A2/B1 contains a prion-like low complexity domain (LCD), and 

previous studies have demonstrated the propensity of LCD-containing RBPs to aggregate when 

protein concentrations reach saturating levels or when cellular redox status changes (487,488). 



60 
 

This aggregation could also explain the multiple bands observed on the Western blot, as 

aggregates could not only decrease protein mobility but also be broken down into smaller 

degradation products (489). Nevertheless, there are bands at the expected size for each of the 

four overexpressed isoforms, and the analysis of the luciferase-tagged ATP7A 3’ UTR construct 

revealed a marked decrease in the abundance of the ATP7A transcript. Taken together, these 

results indicate that hnRNP A2/B1-mediated regulation of ATP7A expression is a negative 

regulation (i.e., hnRNP A2/B1 and ATP7A abundances are inversely correlated) and involves the 

3’ UTR of the ATP7A transcript. The lack of direct correlation between the abundance of the 3’ 

UTR and the ATP7A protein upon hnRNP A2/B1 overexpression could indicate a role for 

additional factors that remain to be identified. 

It is well-known that hnRNP A2/B1 plays a role in cellular differentiation. Previous studies have 

shown that hnRNP A2/B1 is involved in the maintenance of an undifferentiated phenotype in 

human embryonic stem cells, and downregulation of hnRNP A2/B1 is observed during the 

differentiation process in several cell types (486,490). Moreover, retinoic acid (RA) induction of 

differentiation in human neuroblastoma SK-N-SH cells causes a significant decrease in hnRNP 

A2/B1 abundance, and RA treatment results in the downregulation of hnRNP A2/B1 in lung cancer 

cell lines (485,491). ATP7A is also a RA-responsive gene, though the effect on its expression is 

opposite: RA-induced differentiation in SH-SY5Y neuroblastoma cells results in an upregulation 

of ATP7A expression (177,479). In the developing brain, the demand for Cu increases, especially 

within the secretory pathway where ATP7A operates (23). Taken together, these data suggest a 

possible connection between the increased need for available Cu in the secretory pathway and 

the regulation of hnRNP A2/B1 expression levels during neuronal differentiation. 

While previous studies have compared the changes in Cu levels and ATP7A expression in 

nondifferentiated (ND) and fully differentiated neuronal cells (479), this study takes a comparative 

look at four different points along the differentiation process: before differentiation (ND), after one 



61 
 

RA treatment (D2), after 2 RA treatments (D4), and after full differentiation (D7). It was found that 

ATP7A expression increased significantly at D2 and D4, which corresponds well to RA treatment, 

and returns to levels closer to ND by D7, which is in agreement with previous results (479). Cu 

levels also decreased over the course of differentiation, with the lowest levels occurring post-RA 

treatment, and ATP7A localization reflected these changes in Cu with higher levels of co-

localization with the TGN at D4 and D4. 

Monitoring of hnRNP A2/B1 mRNA shows that abundance of exon 2-containing transcripts 

decreases significantly over the course of differentiation, continuing to decrease even beyond RA 

treatment to a minimum at D7. Exon 9-containing isoforms, by contrast, decreased more modestly 

in response to RA treatment, and by D7 were even present at slightly higher levels compared to 

ND. hnRNP A2/B1 protein levels followed a similar pattern, with one higher molecular weight band 

decreasing significantly over the entire course of differentiation and a second lower molecular 

weight band remaining unchanged until D7, when it decreased compared to ND. These data show 

that the inverse relationship between hnRNP A2/B1 and ATP7A expression occurs during 

neuronal differentiation, as well as support the idea that B-isoforms are the ones mainly involved 

in the regulation of ATP7A expression, and subsequently, cellular Cu levels. 

This study has demonstrated that hnRNP A2/B1 modulates cellular Cu levels through regulation 

of ATP7A expression. This process is both isoform-specific and 3’ UTR-dependent: the exon 2-

containing B-isoforms of hnRNP A2/B1 drive the negative regulation of ATP7A abundance, and 

the ATP7A 3’ UTR is involved in the mechanism. Concurrent decrease in hnRNP A2/B1 

expression and increase in ATP7A expression occurs during neuronal differentiation, and this 

could lead to an influx of Cu into the secretory pathway when cellular Cu needs are greatest. 

These results provide a basis for future studies into the finer details of the post-transcriptional 

regulation of Cu homeostasis, especially in the context of neuronal differentiation.  
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Figure 3.1. Downregulation of RNA-binding protein hnRNP A2/B1 decreases Cu content in 
HeLa cells. 

(A) hnRNP A2/B1 has four distinct isoforms that arise from the alternative splicing of exons 2 and 

9. Top, domain organization of the four hnRNP A2/B1 isoforms at the transcript-level. Alternative 

splicing yields four isoforms: B1, A2, B1b, and A2b. Box length is indicative of the relative size of 

the exon within the transcript Created with BioRender.com. Bottom, amino acid sequences of 

exons 2 and 9. Positively charged amino acids are indicated in green, negatively charged amino 

acids in blue, and glycines in purple. (B) Knockdown of hnRNP A2/B1 in HeLa cells results in a 

specific and significant decrease in Cu levels. hnRNP A2/B1 expression was downregulated in 

HeLa cells via siRNA-mediated knockdown, and inductively coupled plasma mass spectrometry 

(ICP-MS) was used to measure the abundance of trace metals in these cells. Z-score was 

calculated as the number of standard deviations from the mean signal value. A positive z-score 

indicates an increase in the metal content and a negative z-score a decrease (269). 
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Figure 3.2. Downregulation of the hnRNP A2/B1 B-isoforms in HeLa cells results in an 
increase in the abundance of ATP7A. 

Non-targeting (NT), all 4 isoforms (A2B1-T), and B-isoforms only (A2B1-e2) knockdown 

conditions were compared. (A) Cellular Cu levels following hnRNP A2/B1 downregulation. Values 

normalized to protein content and NT. n=3. (B) Changes in mRNA abundance of various Cu 

machinery in response to hnRNP A2/B1 downregulation. Values normalized to hS18 and NT, the 

values of which were taken as 1. A2B1 exon 2 n=15; A2B1 exon 9, A2B1 exon 1_3, and Ctr1 n=9; 

ATP7A n=21; ATP7B and SOD1 n=6. (C, D) Changes in hnRNP A2/B1 and ATP7A protein 

abundance in response to hnRNP A2/B1 downregulation. Two distinct isoforms of hnRNP A2/B1 

are indicated by black arrows. Values normalized to CTPS2 and NT, the values of which were 

taken as 1. n=9. All values are reported as means ± SD. Significance was determined by two-way 

ANOVA; * p<0.05, *** p<0.001, **** p<0.0001 compared to NT and $ p<0.05, $$ p<0.01, 

$$$ p<0.001, $$$$ p<0.0001 compared to A2B1-T.  
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Figure 3.3. hnRNP A2/B1 downregulation in HeLa cells does not affect ATP7A trafficking 
in response to Cu.  

No siRNA, NT, A2B1-T knockdown, and A2B1-e2 knockdown conditions were compared. Cells 

were treated with the indicated concentrations of Cu for 4 h. ATP7A is in green, TGN marker 

TGN46 in magenta, and the nucleus (DAPI) in blue. Co-localization between ATP7A and TGN46 

is indicated by white coloration. n=3.  
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Figure 3.4. ATP7A 3’ UTR contains one copy of an 8-nt motif known to direct hnRNP A2/B1-
mediated decay of transcripts. 

Top, cartoon representation of the ATP7A transcript with the 5’ UTR indicated in pink, the coding 

region in orange, the 3’ UTR in green, and the 8-nt motif with a blue star. Box length is indicative 

of the relative size of these features within the transcript. Bottom, aligned sequences of four 

transcripts, including ATP7A, that contain the 8-nt motif. The motif is highlighted in green.  
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Figure 3.5. Downregulation of hnRNP A2/B1 results in an increase in the abundance of the 
ATP7A 3’ UTR transcript.  

NT, A2B1-T knockdown, and A2B1-e2 knockdown conditions were compared. Dual-luciferase 

assay was used to measure the luminescence of both firefly luciferase and Renilla luciferase. 

Values normalized to Renilla-luciferase and NT, the values of which were taken as 1. n=6. All 

values are reported as means ± SD. Significance was determined by two-way ANOVA; **** 

p<0.0001 compared to NT and $$ p<0.01 compared to A2B1-T. 
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Figure 3.6. Overexpression of the 6xHis-GFP-TEV (HGT)-hnRNP A2/B1 isoforms in HeLa 
cells.  

Cells transfected with no (neg) plasmid or the A2, A2b, B1, or B1b HGT-hnRNP A2/B1 isoform 

plasmids were compared. (A) GFP signal (green) indicating expression of the HGT-hnRNP A2/B1 

isoforms in cells. (B, C) Protein abundance of the HGT-hnRNP A2/B1 isoforms. Suspected target 

hnRNP A2/B1 isoform band indicated by black arrow. Values normalized to CTPS2 and neg, the 

values of which were taken as 1. n=3. All values are reported as means ± SD. Significance was 

determined by two-way ANOVA; * p<0.05, **** p<0.0001 compared to neg control.  
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Figure 3.7. Overexpression of any of the 6xHis-GFP-TEV (HGT)-hnRNP A2/B1 isoforms 
results in a decrease in the abundance of the ATP7A 3’ UTR transcript.  

Cells transfected with the empty pSF-HGT vector (HGT) or the A2, A2b, B1, or B1b HGT-hnRNP 

A2/B1 isoform plasmids were compared. Dual-luciferase assay was used to measure the 

luminescence of both firefly luciferase and Renilla luciferase. Values normalized to Renilla-

luciferase and HGT, the values of which were taken as 1. n=6. All values are reported as means 

± SD. Significance was determined by two-way ANOVA; **** p<0.0001 compared to HGT control. 

  



69 
 

 

 

Figure 3.8. Schematic of induced differentiation in SH-SY5Y cells and accompanying 
morphological changes.  

Retinoic acid (RA) and brain-derived neurotrophic factor (BDNF) are used to induce the 

differentiation of SH-SY5Y cells. SH-SY5Y neuronal glioblastoma cells were differentiated by two 

2-day treatments with 10 µM RA and one 3-day treatment with BDNF. Cells were collected for 

analysis on days d0 (non-differentiated, ND), d2 (differentiated d2, D2), d4 (differentiated d4, D4), 

and d7 (differentiated d7, D7). Morphological changes in SH-SY5Y cells upon differentiation were 

noted, with neurites, an indication of neuronal maturation, indicated with red arrowheads.  
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Figure 3.9. ATP7A increases and hnRNP A2/B1 decreases during neuronal differentiation 
in SH-SY5Y cells.  

(A) ATP7A and hnRNP A2/B1 mRNA abundance during differentiation. Values normalized to 

hS18 and ND, the values of which were taken as 1. n=3. (D, E) ATP7A and hnRNP A2/B1 protein 

abundance during differentiation. Two distinct isoforms of hnRNP A2/B1 are indicated by black 

arrows. Values normalized to α-tubulin and ND, the values of which were taken as 1. n=3. All 

values are reported as means ± SD. Significance was determined by two-way ANOVA; * p<0.05, 

** p<0.01, *** p<0.001, **** p<0.0001 compared to ND, $ p<0.05, $$ p<0.01, $$$ p<0.001 

compared to D2, and ## p<0.01, #### p<0.0001 compared to D4.  
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Figure 3.10. Lower levels of intracellular Cu during differentiation in SH-SY5Y cells results 
in TGN-localized ATP7A.  

(A) Cu content decreases in SH-SY5Y cells during differentiation. Values normalized to protein 

content and ND. n=6. (B) ATP7A localizes mainly to the trans-Golgi network (TGN) during 

differentiation. ATP7A is in green, TGN marker TGN46 in magenta, and the nucleus (DAPI) in 

blue. Co-localization between ATP7A and TGN46 is indicated by white coloration. n=3. All values 

are reported as means ± SD. Significance was determined by two-way ANOVA; ** p<0.01, *** 

p<0.001, **** p<0.0001 compared to ND.   
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4 The nucleocytoplasmic distribution of heterogeneous nuclear ribonucleoprotein 

A2/B1 is altered by cellular copper content 

 

4.1 Introduction 

hnRNP A2/B1 is an RNA-binding protein (RBP) involved in the regulation of mRNA at many levels. 

It is known to play a role in the alternative splicing of mRNA, the packaging and trafficking of pre-

mRNA, and the regulation of transcript abundance, among other processes (377,429,484,486). 

In order to perform these functions, hnRNP A2/B1 undergoes nucleocytoplasmic shuttling, in 

which the protein moves rapidly between the nucleus and cytoplasm, largely directed by the 

presence of a nuclear import/export signal called M9 (398,400-402,416,492). The four isoforms 

of hnRNP A2/B1, which arise from the alternative splicing of exons 2 and 9 (see chapter 1, Figure 

1.2), have different nucleocytoplasmic distributions. Inclusion of exon 2 or exon 9 has been 

associated with a decrease in the diffusion rate of hnRNP A2/B1 proteins in the cytoplasm and 

nucleus, respectively, and the exclusion of exon 2 and subsequent junction of exons 1 and 3 

results in a nuclear localization signal-like sequence (429). These data suggest that the isoforms 

may have unique nuclear and cytoplasmic targets and functions (429). 

Cytoplasmic hnRNP A2/B1 can be localized to RNA granules, which are membraneless 

accumulations of RNA and RBPs in which many aspects of RNA processing take place (417,429). 

As they lack a membrane, RNA granule structure is driven by protein-protein and RNA-protein 

interactions among their constituents, giving them the ability to rapidly form and disperse in 

response to changes in intracellular conditions (417,418). These granules are classified based on 

content and function, and common classes include stress granules (SG), glycine- and tryptophan-

rich cytoplasmic processing bodies (GW/P-bodies), and neuronal granules (418,422).  
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A previous study in the mouse model of Wilson disease found an increase in the nuclear 

abundance of hnRNP A2/B1 in response to Cu accumulation, and that the primary effect was on 

the exon 2-containing B-isoforms (268). However, whether this increase was due to an 

upregulation of hnRNP A2/B1 expression or to an increase in the nuclear localization of hnRNP 

A2/B1 was not clarified. In this study, we show that hnRNP A2/B1 localization is Cu-responsive 

in both HeLa and SH-SY5Y cells, and that Cu elevation results in an increased amount of hnRNP 

A2/B1 in the cytoplasm. Moreover, in response to elevated Cu, hnRNP A2/B1 is localized to 

cytoplasmic puncta that are negative for markers of known cytoplasmic granules, indicating that 

this change in hnRNP A2/B1 distribution is a novel response to Cu elevation. 

4.2 Cu accumulation induces a rapid, dose-dependent change in the 

nucleocytoplasmic distribution of hnRNP A2/B1 in HeLa cells 

hnRNP A2/B1 is a Cu-responsive protein. Its abundance is increased in the nuclei of Cu-

overloaded hepatocytes from Wilson disease mouse models compared to wild type controls (268). 

There are two main ways in which this nuclear increase could be facilitated: (i) Cu accumulation 

induces an increase in the expression of hnRNP A2/B1, resulting in an overall higher abundance 

of the protein, or (ii) Cu accumulation triggers the nuclear retention of hnRNP A2/B1, resulting in 

a higher abundance in the nuclei without changing total abundance.  

To determine whether Cu accumulation affects hnRNP A2/B1 expression, HeLa cells were treated 

with different concentrations of Cu for 4 h and then mRNA and protein levels of hnRNP A2/B1 

were assessed. As seen in Figure 4.1 A, none of the Cu concentrations tested have a significant 

effect on hnRNP A2/B1 mRNA expression. This was true for all three hnRNP A2/B1 isoform 

probes tested: A2B1 exon 2 (0.81 ± 0.09 a.u. for 5 µM Cu, 0.92 ± 0.08 a.u. for 10 µM Cu, 0.96 ± 

0.21 a.u. for 20 µM Cu, 0.90 ± 0.19 a.u. for 50 µM Cu, and 0.90 ± 0.10 a.u. for 100 µM Cu), A2B1 

exon 9 (0.86 ± 0.09 a.u. for 5 µM Cu, 0.85 ± 0.12 a.u. for 10 µM Cu, 1.20 ± 0.60 a.u. for 20 µM 
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Cu, 0.93 ± 0.17 a.u. for 50 µM Cu, and 1.03 ± 0.19 a.u, for 100 µM Cu), and A2B1 exon 1_3 (0.98 

± 0.27 a.u. for 5 µM Cu, 1.24 ± 0.24 a.u. for 10 µM Cu, 1.14 ± 0.47 a.u. for 20 µM Cu, 1.03 ± 0.18 

a.u. for 50 µM Cu, and 1.18 ± 0.21 a.u. for 100 µM Cu). Analysis of protein abundance using 

Western blotting and densitometric quantification also showed that Cu had little effect on protein 

abundance (Figure 4.1 B, C). Specifically, the upper hnRNP A2/B1 isoform band (~38 kDa, 

roughly corresponding to B1) only had a significantly different abundance at 10 µM Cu compared 

to all other concentrations (0.90 ± 0.29 a.u. for 5 µM Cu, 1.39 ± 0.52 a.u. for 10 µM Cu, 0.92 ± 

0.10 a.u. for 20 µM Cu, 0.73 ± 0.25 a.u. for 50 µM Cu, and 0.87 ± 0.08 a.u. for 100 µM Cu). The 

lower band (~36 kDa, roughly corresponding to A2) was similar in that there was only one 

concentration at which the isoform abundance differed from that of the control—the abundance 

at 20 µM Cu was 40% higher than the abundance at 0 µM Cu (1.27 ± 0.09 a.u. for 5 µM Cu, 1.02 

± 0.25 a.u. for 10 µM Cu, 1.41 ± 0.05 a.u. for 20 µM Cu, 1.39 ± 0.38 a.u. for 50 µM Cu, and 1.05 

± 0.32 a.u. for 100 µM Cu). 

Data described in the previous chapter demonstrate that hnRNP A2/B1 regulates the expression 

of the Cu-transporter ATP7A. In agreement with our data showing that Cu did not affect hnRNP 

A2/B1 expression, ATP7A expression was similarly unaltered upon Cu treatment. As seen in 

Figure 4.1 A and B, neither ATP7A mRNA abundance (1.09 ± 0.17 a.u. for 5 µM Cu, 1.24 ± 0.15 

a.u. for 10 µM Cu, 0.99 ± 0.10 a.u. for 20 µM Cu, 1.16 ± 0.12 a.u. for 50 µM Cu, and 1.26 ± 0.39 

a.u. for 100 µM Cu) nor ATP7A protein abundance (1.05 ± 0.15 a.u. for 5 µM Cu, 1.25 ± 0.33 a.u. 

for 10 µM Cu, 1.38 ± 0.21 a.u. for 20 µM Cu, 0.87 ± 0.14 a.u. for 50 µM Cu, and 1.09 ± 0.22 a.u. 

for 100 µM Cu) change significantly in response to increasing Cu concentrations. Thus, although 

ATP7A is directly involved in maintaining Cu homeostasis, changes in cellular Cu concentrations 

do not alter ATP7A expression, in agreement with previous findings (17,105). 

We then examined whether Cu accumulation altered the intracellular localization of hnRNP 

A2/B1. hnRNP A2/B1 localizes mainly to the nucleus, but it shuttles into the cytoplasm to enable 
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mRNA trafficking and regulate translation (429). The previously reported increase in amounts of 

nuclear hnRNP A2/B1 in response to high Cu could therefore be due to alterations in the 

nucleocytoplasmic distribution of hnRNP A2/B1. To test whether Cu alters the retention of hnRNP 

A2/B1 in the nucleus, HeLa cells were treated with increasing concentrations of Cu for 4 h and 

the distribution of hnRNP A2/B1 was monitored by immunofluorescence. The amount of nuclear 

hnRNP A2/B1 signal (i.e., the green hnRNP A2/B1 signal overlapping with the blue DAPI signal) 

was compared to the amount of non-nuclear, or cytoplasmic, hnRNP A2/B1 signal to calculate 

the nuclear/cytoplasmic ratio (N/C). A higher N/C value indicated relatively more nuclear hnRNP 

A2/B1 compared to cytoplasmic hnRNP A2/B1, while a lower N/C value indicated relatively less. 

Cu treatment significantly altered the nucleocytoplasmic distribution of hnRNP A2/B1 (Figure 4.2 

A, B). With Cu concentrations as low as 5 µM, the N/C ratio decreased by 33% (0.67 ± 0.06 a.u.) 

compared to the basal control. Moreover, this effect was dose-dependent: increasing Cu 

concentrations resulted in decreasing N/C ratios, with the ratio at 10 µM being 43% lower, at 20 

µM 51% lower, at 50 µM 62% lower, and at 100 µM 68% lower (0.57 ± 0.08 a.u., 0.49 ± 0.04 a.u., 

0.38 ± 0.03 a.u., and 0.32 ± 0.02 a.u., respectively). These data suggest that increasing Cu 

concentrations result in more hnRNP A2/B1 outside of the nucleus, and that the higher the 

concentration of Cu, the more hnRNP A2/B1 will be localized to the cytoplasm.  

To investigate how quickly after treatment the change in nucleocytoplasmic distribution occurs, 

and to determine whether this change is time-dependent, HeLa cells were treated with 20 µM Cu 

for 0, 1, 2, 3, 4, 6, or 8 h prior to fixing and immunostaining. As Figure 4.3 A shows, hnRNP A2/B1 

signal was detected outside the nucleus within 1 h of treatment. In fact, the bulk of this 

nucleocytoplasmic redistribution occurs within this first hour, with a 47% decrease in the N/C ratio 

(0.52 ± 0.01 a.u.) compared to the basal control and only small changes thereafter (0.52 ± 0.31 

a.u. at 2h, 0.50 ± 0.02 a.u. at 3 h, and 0.50 ± 0.03 a.u. at 4 h). After 6 h of treatment, the N/C ratio 

drops slightly more, with a 56% decrease compared to the basal control (0.44 ± 0.02 a.u.), and 
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by 8 h following treatment, the N/C ratio decreased by 61% compared to the basal control (0.39 

± 0.01 a.u.). Taken together, these data suggest that this effect is Cu-sensitive, with the change 

in distribution occurring at Cu concentrations as low as 5 µM and as quickly as within 1 h of 

treatment. 

4.3 Cu accumulation induces a change in the nucleocytoplasmic distribution of hnRNP 

A2/B1 in SH-SY5Y cells 

While HeLa cells serve as an excellent and convenient model for these experiments, the question 

arose as to whether this nucleocytoplasmic redistribution would occur in different cell lines. Data 

in the previous chapter suggested an association between changes in Cu levels and hnRNP 

A2/B1 abundance in SH-SY5Y neuroblastoma cells during differentiation. Non-differentiated SH-

SY5Y cells were treated with 0, 5, 10, or 20 µM Cu for 4 h and the effect on the nucleocytoplasmic 

distribution of hnRNP A2/B1 was examined (Figure 4.4 A). As in HeLa cells, Cu elevation results 

in an altered nucleocytoplasmic distribution of hnRNP A2/B1 (Figure 4.4 B). At 5 µM Cu, the N/C 

ratio was 19% lower than that at basal Cu level (0.81 ± 0.04 a.u.), further decreasing by 29% at 

10 µM Cu (0.71 ± 0.02 a.u.) and by 34% at 20 µM Cu (0.66 ± 0.05 a.u.) compared to the basal 

control. The distribution of hnRNP A1, a homolog of hnRNP A2/B1 also known to undergo 

nucleocytoplasmic shuttling (400), was also characterized to determine whether Cu affected the 

distributions of this hnRNP similarly or if this phenomenon was specific to hnRNP A2/B1 (Figure 

4.4 C). The N/C ratio of hnRNP A1 did not significantly change compared to the basal control at 

any Cu concentration tested (0.96 ± 0.06 a.u. at 5 µM Cu, 1.09 ± 0.04 a.u. at 10 µM Cu, 0.87 ± 

0.09 a.u. at 20 µM Cu), indicating that the Cu-responsive change in nucleocytoplasmic distribution 

is specific to hnRNP A2/B1. 
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4.4 hnRNP A2/B1 localizes to unique cytoplasmic granules in response to Cu 

accumulation 

Shuttling in and out of the nucleus is essential to the function of hnRNP A2/B1, and each of the 

four isoforms contain an M9 nuclear localization signal to facilitate entry into the nucleus 

(276,323). Under basal conditions, hnRNP A2/B1 largely localizes to the nucleus (424,484). The 

addition of as little as 5 µM Cu to the growth medium results in the appearance of punctate staining 

in the cytoplasm. Comparison of the hnRNP A2/B1 staining pattern at 0 µM Cu and 20 µM Cu 

(Figure 4.5 A, B) shows that these puncta are numerous at higher concentrations of Cu and can 

be quite large, some up to 300–500 nm in diameter.  

It is well-known that hnRNP A2/B1 can be found in cytoplasmic RNA granules, a phenomenon 

that has been best characterized in oligodendrocytes during the process of myelination 

(380,462,493-495). Several types of RBP-containing RNA granules exist—e.g., SGs, GW/P-

bodies, and U-rich small nuclear ribonucleoprotein-containing bodies (U-bodies)—and previous 

studies have confirmed the presence of hnRNPs in SGs and GW/P-bodies 

(378,418,422,423,426,496). To determine whether Cu accumulation induces the incorporation of 

hnRNP A2/B1 into one or more of these types of granules, cells were co-stained with antibodies 

against hnRNP A2/B1 and markers of various granules. As shown in Figure 4.6 A, hnRNP A2/B1 

(green signal) does not co-localize with the SG marker (497), G3BP1 (magenta signal), at any of 

the tested Cu concentrations. Likewise, hnRNP A2/B1 does not appear to co-localize with either 

the U-body marker (498), DDX20 (Figure 4.6 B, magenta signal), or the GW/P-body marker (422), 

Dcp2 (Figure 4.6 C, magenta signal). These results suggest that Cu accumulation does not drive 

the inclusion of hnRNP A2/B1 into common RNA granules. 

A previous study suggested that RNA granules may tether to lysosomes during transportation 

(499). Given the average lysosomal size in HeLa cells is approximately 300–400 nm—the 
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diameter of some of the larger hnRNP A2/B1-stained granules—and the fact that lysosomes are 

known to be involved in the regulation of cellular Cu balance, it seemed possible that co-

localization with lysosomes could account for the hnRNP A2/B1 staining pattern (500,501). 

However, staining with LAMP1 (Figure 4.6 D, magenta signal), a lysosomal marker (500), showed 

that there was no co-localization with hnRNP A2/B1 at any of the tested Cu concentrations. Taken 

together, these results indicate that hnRNP A2/B1 localizes to potentially novel cytoplasmic 

granules in response to Cu elevation. 

4.5 Cu-induced change in the nucleocytoplasmic distribution of hnRNP A2/B1 largely 

affects the B-isoforms 

Burkhead, et al. showed that the increase in nuclear hnRNP A2/B1 in Cu-overloaded mouse livers 

was largely due to a specific retention of exon 2-containing isoforms—the B-isoforms. To 

determine whether these isoforms are indeed more sensitive to Cu-induced changes in 

localization, HeLa cells were transfected with non-targeting (NT) siRNA, siRNA against all four 

hnRNP A2/B1 isoforms (A2B1-T), or siRNA against the exon 2-containing isoforms (A2B1-e2) 

and treated with increasing concentrations of Cu for 4 h and the ratio of nuclear hnRNP A2/B1 

signal to cytoplasmic hnRNP A2/B1 signal (N/C ratio) was determined (Figure 4.7 A). As 

expected, A2B1-T cells had very little hnRNP A2/B1 (green) signal, reflecting efficient 

downregulation. NT cells also acted as expected (Figure 4.7 B), with the N/C ratio decreasing by 

28% at 5 µM Cu (0.72 ± 0.02 a.u.), 37% at 10 µM Cu (0.63 ± 0.06 a.u.), and 47% at 20 µM Cu 

(0.53 ± 0.03 a.u.) compared to 0 µM Cu, which tracks well with the N/C ratio decrease observed 

in non-transfected cells that underwent the same Cu treatment (Figure 4.2). In contrast, A2B1-

e2 cells had no change in the N/C ratio at any of the tested concentrations of Cu compared to the 

basal control (1.05 ± 0.08 a.u. at 5 µM Cu, 1.02 ± 0.13 a.u. for 10 µM Cu, and 1.00 ± 0.15 a.u. at 

20 µM Cu). This result indicates that the remaining isoforms, the A-isoforms, do not significantly 
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change nucleocytoplasmic distribution in response to Cu treatment, suggesting that the 

distribution of the B-isoforms is sensitive to elevated Cu. 

4.6 Discussion 

The nucleocytoplasmic shuttling of hnRNP A2/B1 is essential to its function as a regulator of 

mRNA processing and expression (276,323). Different aspects of RNA regulation take place in 

different subcellular locations—e.g., alternative splicing of transcripts occurs in the nucleus, while 

mRNA trafficking occurs in the cytoplasm—and loss of the ability of hnRNP A2/B1 to travel 

between the nucleus and cytoplasm is associated with disease (426,429,476). In this study, we 

identified Cu accumulation as a factor that influences the nucleocytoplasmic distribution of hnRNP 

A2/B1 and characterized the nature of this effect. 

We found that Cu accumulation had a modest effect on hnRNP A2/B1 expression, with no 

significant changes in the mRNA levels of the four isoforms at any of the Cu levels tested and a 

small increase in the upper hnRNP A2/B1 isoform band at 10 µM Cu and the lower hnRNP A2/B1 

isoform band at 20 µM Cu. Analysis of the localization of hnRNP A2/B1 showed that Cu 

accumulation resulted in a decrease in nuclear hnRNP A2/B1 levels, contrary to the finding by 

Burkhead, et al. in the hepatic nuclei of Wilson disease model mice. This discrepancy could be 

explained in part by the fact that this earlier study examined the effect of long-term Cu overload 

on mouse livers, while our study focused on the response of cultured cells to brief, extracellular 

Cu treatments performed over the span of hours (268). It may also be due in part to the fact that 

mouse hepatocytes express all four hnRNP A2/B1 isoforms whereas HeLa cells only express up 

to three—B1, A2, and A2b (268,429). Regardless, these data show that increasing Cu 

concentrations in the growth medium results in an increase in cytoplasmic hnRNP A2/B1 signal 

and that this effect was dose-dependent. Notably, this change in the distribution of hnRNP A2/B1 

was observed in the presence of as little as 5 µM of Cu, and within 1 h of treatment, suggesting 
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that this effect is both rapid and highly sensitive. Moreover, this increase in cytoplasmic levels of 

hnRNP A2/B1 in response to Cu accumulation occurs in SH-SY5Y neuroblastoma cells as well, 

and comparison of the localization of hnRNP A2/B1 to a homologous protein, hnRNP A1, showed 

that this Cu-responsive change in nucleocytoplasmic distribution is specific to hnRNP A2/B1. 

What drives this change in subcellular distribution? Closer observation of the cytoplasmic hnRNP 

A2/B1 reveals that the staining is punctate, with some of these puncta as large as 500 nm in 

diameter. This suggested that hnRNP A2/B1 is being incorporated into granular structures in the 

cytoplasm. RNA granules are hubs of RNA metabolism in which RBPs are known to localize 

(417,429). However, we found that these hnRNP A2/B1-containing granules did not stain positive 

for markers of SGs (G3BP1), U-bodies (DDX20), GW/P-bodies (Dcp2), or lysosomes (LAMP1). 

This suggests that the formation of these granules represents a unique response to Cu 

accumulation. 

While it is tempting to speculate that Cu elevation induces the movement of hnRNP A2/B1 into a 

new type of RNA granule, it is presently unclear whether Cu triggers the assembly of hnRNP 

A2/B1 into cytoplasmic inclusions/granules, or hinders the ability of hnRNP A2/B1 to shuttle back 

into the nucleus. There are many factors that can affect the nucleocytoplasmic shuttling of 

hnRNPs: mutations that affect the nuclear localization signal, mutations that cause protein 

aggregation, viral infection, changes in metal ion concentration, induction of differentiation, and 

protein concentration saturation (416,476,487,488,490,502,503). In many of these cases, the 

hnRNPs undergo liquid-liquid phase separation (LLPS), wherein the protein separates out from 

the cytosol into a distinct, insoluble liquid condensate (503-505). Given that Cu concentrations as 

low as 10 µM were shown to induce LLPS of an aggregate-prone construct in vitro (503), it’s 

possible that increasing Cu concentration alone could be sufficient to induce some level of LLPS 

of hnRNP A2/B1. 
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Han, et al. have shown that the hnRNP A2/B1 isoforms have different subcellular localizations, 

and have proposed that inclusion of exons 2 and 9 differentially affect the diffusion rates of the 

isoforms in the nucleus and cytoplasm (429). We found that cells in which the B-isoforms had 

been downregulated show no change in the nucleocytoplasmic distribution of hnRNP A2/B1 in 

response to Cu, whereas the control cells showed a dose-dependent decrease in the ratio of 

nuclear hnRNP A2/B1 to cytoplasmic hnRNP A2/B1. This suggests that the remaining A-isoforms, 

which lack exon 2, do not undergo a redistribution into the cytoplasm in response to increasing 

Cu levels. Moreover, it implies that the B-isoforms, which do contain exon 2, are specifically 

sensitive to cellular Cu content, and that inclusion of exon 2 may be responsible for this, at least 

in part. This implication that the B-isoforms are particularly attuned to cellular Cu levels 

corresponds well with our data from the previous chapter which show that the B-isoforms mediate 

Cu content via the regulation of ATP7A abundance. 

This study has shown that Cu levels impact the subcellular localization of hnRNP A2/B1, with Cu 

elevation resulting in an increase in cytoplasmic hnRNP A2/B1 content. This effect occurs in both 

HeLa and SH-SY5Y cells and involves mainly the B-isoforms. This change in nucleocytoplasmic 

distribution results in the localization of hnRNP A2/B1 to cytoplasmic puncta that are negative for 

markers of known RNA granules, and thus could represent a novel cytoplasmic inclusion unique 

to changes in cellular Cu content. Further study into this phenomenon could reveal exciting new 

insights into Cu-mediated mechanisms of mRNA regulation and trafficking. 
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Figure 4.1. Cu accumulation does not change the expression levels of hnRNP A2/B1 or 
ATP7A in HeLa cells. 

HeLa cells were treated with the indicated concentrations of Cu for 4 h. (A) ATP7A and hnRNP 

A2/B1 mRNA abundance in response to Cu treatment. Values normalized to hS18 and then 

compared to ND, the values of which were taken as 1. n=3. (B, C) ATP7A and hnRNP A2/B1 

protein abundance in response to Cu treatment. Two distinct isoforms of hnRNP A2/B1 are 

indicated by black arrows. Values normalized to CTPS2 and ND, the values of which were taken 

as 1. n=3. All values are reported as means ± SD. Significance was determined by one-way 

ANOVA; * p<0.05 compared to 0 µM Cu; $$ p<0.01 compared to 5 µM Cu; # p<0.05, ## p<0.01 

compared to 10 µM Cu.  
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Figure 4.2. Cu accumulation results in a dose-dependent change in the nucleocytoplasmic 
distribution of hnRNP A2/B1 in HeLa cells. 

HeLa cells were treated with the indicated concentrations of Cu for 4 h. (A) hnRNP A2/B1 staining 

in response to different concentrations of Cu. hnRNP A2/B1 is in green and nuclei (DAPI) in blue. 

(B) Quantitative analysis of the nucleocytoplasmic distribution of hnRNP A2/B1. The changes in 

distribution were assessed by determining the ratio of hnRNP A2/B1 signal inside the nucleus to 

that outside the nucleus (N/C). Values normalized to 0 µM Cu, the values of which were taken as 

1. Five cells per replicate (n) were assessed, n=3. All values are reported as means ± SD. 

Significance was determined by one-way ANOVA; **** p<0.0001 compared to 0 µM Cu. 
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Figure 4.3. Cu accumulation results in a rapid change in the nucleocytoplasmic 
distribution of hnRNP A2/B1 in HeLa cells. 

HeLa cells were treated with 20 µM Cu for the indicated times. (A) hnRNP A2B1 staining in 

response to different Cu treatment times. hnRNP A2/B1 is in green and nuclei (DAPI) in blue. (B) 
Quantitative analysis of the nucleocytoplasmic distribution of hnRNP A2/B1. The changes in 

distribution were assessed by determining the ratio of hnRNP A2/B1 signal inside the nucleus to 

that outside the nucleus (N/C). Values normalized to 0 h, the values of which were taken as 1. 

Five cells per replicate (n) were assessed, n=3. All values are reported as means ± SD. 

Significance was determined by one-way ANOVA; **** p<0.0001 compared to 0 h and $ p<0.05, 

$$ p<0.01 compared to 1 h. 
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Figure 4.4. Cu accumulation results in a dose-dependent change in the nucleocytoplasmic 
distribution of hnRNP A2B1 in SH-SY5Y cells. 

SH-SY5Y cells were treated with the indicated concentrations of Cu for 4 h. (A) hnRNP A2/B1 

staining in response to different concentrations of Cu. hnRNP A2/B1 is in green, hnRNP A1 in 

magenta, and nuclei (DAPI) in blue. (B, C) Quantitative analysis of the nucleocytoplasmic 

distribution of (B) hnRNP A2/B1 and (C) hnRNP A1. The changes in distribution were assessed 

by determining the ratio of hnRNP A2/B1 or hnRNP A1 signal inside the nucleus to that outside 

the nucleus (N/C). Values normalized to 0 µM Cu, the values of which were taken as 1. Five cells 

per replicate (n) were assessed, n=3. All values are reported as means ± SD. Significance was 

determined by one-way ANOVA; ** p<0.01, **** p<0.0001 compared to 0 µM Cu and $$ p<0.01, 

$$$ p<0.001 compared to 5 µM Cu.   
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Figure 4.5. Cu accumulation induces the localization of hnRNP A2/B1 into cytoplasmic 
puncta.  

HeLa cells were treated with the indicated concentrations of Cu 4 h and stained for hnRNP A2/B1. 

(A) 0 µM Cu. (B) 20 µM. hnRNP A2/B1 is in green and nuclei (DAPI) in blue. Panels on the right 

are 2x zooms of the indicated areas on the panels on the left, and the inset is a 10x zoom of the 

area indicated. 
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Figure 4.6. hnRNP A2/B1 localizes to unique cytoplasmic granules in response to Cu 
accumulation in HeLa cells. 

HeLa cells were treated with the indicated concentrations of Cu for 4 h prior to staining. (A) 
Staining pattern of G3BP, a marker of stress granules. (B) Staining pattern of DDX20, a marker 

of U snRNP-containing (U) bodies. (C) Staining pattern of Dcp2, a marker of processing (P) 

bodies. (D) Staining pattern of LAMP1, a marker of lysosomes. hnRNP A2/B1 is in green, the 

nucleus (DAPI) in blue, and each marker in red. n=3. 
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Figure 4.7. Cu accumulation does not induce significant changes in the distribution of 
hnRNP A2/B1 in HeLa cells with the B-isoforms downregulated. 

NT, A2B1-T, and A2B1-e2 knockdown conditions were compared. Cells were treated with the 

indicated concentrations of Cu for 4 h prior to staining. (A) hnRNP A2/B1 staining in response to 

Cu. hnRNP A2/B1 is in green and the nucleus (DAPI) in blue. (B) Quantitative analysis of the 

nucleocytoplasmic distribution of hnRNP A2/B1. The changes in distribution were assessed by 

determining the ratio of hnRNP A2/B1 signal inside to outside the nucleus (N/C). Values 

normalized to 0 µM Cu, the values of which were taken as 1. Five cells per replicate (n) were 

assessed, n=3. All values are reported as means ± SD. Significance was determined by one-way 

ANOVA; ** p<0.01 and **** p<0.0001 compared to NT control. 

  



89 
 

5 Conclusions and Future Directions 

The goal of this thesis was to better understand the regulation of Cu homeostasis, particularly on 

the mRNA-level. While the main players involved in Cu transport are well-characterized, 

comparatively less is known about factors that regulate Cu levels outside of direct Cu-binding and 

Cu-transport. We have identified the RBP hnRNP A2/B1 as a novel regulator of cellular Cu 

concentration. hnRNP A2/B1 is known to regulate many aspects of mRNA metabolism, affecting 

alternative splicing, mRNA stability, mRNA trafficking, and activation of translation. Our data 

demonstrate that hnRNP A2/B1 modulates cellular Cu levels by regulating the abundance of the 

Cu-exporter ATP7A on the transcript-level—specifically, hnRNP A2/B1 serves as a negative 

regulator of ATP7A, with decreases in hnRNP A2/B1 abundance linked to increases in ATP7A 

abundance and vice-versa. The observation that hnRNP A2/B1 expression decreases and ATP7A 

expression increases during neuronal differentiation suggests that hnRNP A2/B1-mediated 

regulation of ATP7A may occur in differentiating neurons. 

The exact mechanism by which hnRNP A2/B1 regulates ATP7A is unknown. Our data suggest 

that the ATP7A 3’ UTR is key for this regulation, which prompts several questions that warrant 

further investigation. Does hnRNP A2/B1 directly bind the 3’ UTR or does it indirectly interact 

through a binding partner? What sequence(s) in the ATP7A 3’ UTR facilitate this regulation? Is 

the interaction between hnRNP A2/B1 and the ATP7A 3’ UTR isoform-specific? While our data 

indicate that hnRNP A2/B1-mediated regulation of ATP7A may occur during neuronal 

differentiation, whether the observed increase in ATP7A abundance and decrease in hnRNP 

A2/B1 abundance are linked during differentiation is unclear. Additional studies examining this 

relationship in neuronal cells could shed light onto a facet of how Cu levels are regulated in order 

to meet cellular Cu needs. 
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In addition to serving as a regulator of Cu levels, we have found that hnRNP A2/B1 is itself 

affected by Cu concentration. Our data show a change in the nucleocytoplasmic distribution of 

hnRNP A2/B1 in response to short-term Cu treatment: the amount of cytoplasmic hnRNP A2/B1 

increases with increasing Cu. Moreover, this cytoplasmic hnRNP A2/B1 clusters into granules 

that do not stain for markers of common RNA granules, indicating that the formation of these 

granules may be a unique response to Cu elevation. Characterization of these granules could 

reveal more about how and why they form. The formation of typical cytoplasmic granules is 

dependent on their RNA and protein content. Determination of the content of these hnRNP A2/B1 

granules could reveal additional information about their function. It would also be interesting to 

determine why these granules form. Is hnRNP A2/B1 being deliberately sequestered into these 

granules to serve some specific function? Or is granule formation merely the result of changes in 

hnRNP A2/B1 solubility in response to Cu elevation? Answering these questions could provide 

insight into novel cellular responses to changes in Cu that are both rapid and sensitive. 

In summary, further characterization of the role hnRNP A2/B1 plays in regulation cellular Cu levels 

would broaden our understanding of Cu homeostasis—especially our understanding of how it is 

regulated post-transcriptionally. Given Cu imbalance has been identified in a number of different 

diseases, having a more complete knowledge of the mechanisms by which Cu levels are 

maintained could prove invaluable to developing therapeutic strategies to treat these diseases. 
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6 Appendix I: Single nucleotide polymorphisms in the human ATP7B gene modify the 

properties of the ATP7B protein 

Courtney J. McCann, Samuel Jayakanthan, Mariacristina Siotto, Nan Yang, Maria Osipova, 

Rosanna Squitti, and Svetlana Lutsenko 

 

This chapter is a slightly modified version of an article published in Metallomics. The published 

version is available online at: https://academic.oup.com/metallomics/article/11/8/1441/5921753. 

6.1 Abstract 

Single nucleotide polymorphisms (SNPs) are the largest source of sequence variation in the 

human genome. However, their functional significance is not well understood. We show that SNPs 

in the Wilson disease gene, ATP7B, that produce amino-acid substitutions K832R and R952K, 

modulate ATP7B properties in vitro and influence serum copper (Cu) status in vivo. The presence 

of R832 is associated with a lower ATP7B abundance and a diminished trafficking in response to 

elevated Cu. The K832R substitution alters surface exposure of amino acid residues in the 

actuator domain and increases its conformational flexibility. All SNP-related ATP7B variants 

(R832/R952, R832/K952, K832/K952, and K832/ R952) have Cu-transport activity. However, the 

activity of ATP7B-K832/K952 is lower compared to other variants. In humans, the presence of 

K952 is associated with a higher fraction of exchangeable Cu in serum. Thus, SNPs may 

modulate the properties of ATP7B and the organism Cu status. 

  

https://academic.oup.com/metallomics/article/11/8/1441/5921753
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6.2 Introduction 

Copper (Cu) is an essential metal that is required in numerous cellular processes. Cu serves as 

a cofactor of enzymes involved in respiration, oxygen radical detoxification, iron transport, and 

neurotransmitter synthesis (8,111). Either insufficient or excessive Cu is detrimental; therefore, 

Cu homeostasis is tightly regulated through a network of Cu-transporting and Cu-utilizing proteins. 

ATP7B is a mammalian Cu-transporting P1B-type ATPase that plays a major role in balancing Cu 

levels in tissues. Although ATP7B is most highly expressed in the liver, it also is expressed in the 

brain, intestine, heart, kidneys, lungs, mammary glands, and placenta (506). In hepatocytes, 

ATP7B is localized to the trans-Golgi network (TGN), where it facilitates the incorporation of Cu 

into the secreted ferroxidase ceruloplasmin (Cp), the major Cu-binding protein in the serum (507). 

When intracellular Cu levels in hepatocytes exceed cellular needs, ATP7B traffics from the TGN 

to the canalicular membrane and facilitates the export of excess Cu into the bile (508,509). 

Inactivation of ATP7B causes Wilson disease (WD), a potentially fatal disorder of Cu misbalance 

(510). Loss of ATP7B activity is associated with intracellular Cu accumulation, impaired 

incorporation of Cu into Cp, and an increased proportion of labile (i.e., non-Cp bound) Cu in the 

serum, which serves as one of the clinical markers of WD (511). WD manifestations range from 

mild hepatic inflammation and tremor to cirrhosis, fulminant liver failure, depression, and psychotic 

episodes. The exact cause of this phenotypic variability remains poorly understood. Over 600 

WD-causing mutations have been identified in ATP7B, and a large number of those mutations 

have been characterized. Studies have revealed a spectrum of biochemical and cellular effects, 

ranging from a complete loss of ATP7B function to potentially milder effects on ATP7B trafficking 

or stability. However, strong correlations between mutations and associated phenotypes have not 

been observed, suggesting the existence of additional, modifying factors. Furthermore, there is 

increasing evidence showing that altered Cu homeostasis is present in several other disorders 
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(e.g., Alzheimer’s disease, Parkinson’s disease, and non-alcoholic fatty liver disease), and the 

basis for altered Cu balance in these disorders remains mostly unclear. 

Single nucleotide polymorphisms (SNPs) represent a rich source of variation in the genome. 

Approximately 800 SNPs have been identified in ATP7B; the vast majority of these SNPs have 

not been studied and are assumed to be benign (512). However, two common SNP-related 

substitutions (SNPRS) in ATP7B—R832 (c.2495 A>G, rs1061472) and K952 (c.2855 G>A, 

rs732774)—appear to be enriched in patients with Alzheimer’s disease (AD). While 31% of the 

healthy population is homozygous for R832 and 30% for K952, 43% of AD patients are 

homozygous for R832 and 45% for K952 (513). The higher frequency of these variants could be 

significant, as the ATP7B-R832 variant has decreased Cu transport activity in vitro (514), and AD 

patients with these variants have a higher fraction of labile Cu in the serum compared to healthy 

controls (513,515,516). Furthermore, the presence of Arg in the Drosophila melanogaster Cu-

ATPase at a position equivalent to that of 832 in human ATP7B results in the loss of Cu-ATPase 

function (517). Given these reports, we tested whether or not the SNPRS, R832 and K952, 

modulate the properties of ATP7B. We found that these SNPs do influence the biochemical and 

cellular behavior of ATP7B and, therefore, may impact Cu homeostasis in cells and tissues. 
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6.3 Materials and Methods 

6.3.1 Human subjects and serum sample collection 

All procedures involving human subjects were compliant with the ethical standards of the 

Committee on Human Experimentation of IRCCS Istituto Centro San Giovanni di Dio-

Fatebenefratelli and the Helsinki Declaration of 1975. Blind procedures for data collection and 

analysis were applied. Eight-one elderly volunteers were recruited and screened for conditions 

known to affect copper metabolism and biological variables of oxidative and for neurological, 

psychiatric, and cardio-cerebro-vascular diseases. A mini-mental state examination (MMSE) test 

was conducted (518) Blood was drawn the morning after an overnight fast, collected in a test tube 

(Vacutainer® BD Thrombin) containing an activator of coagulation, quickly frozen, and stored at 

-80°C. 

6.3.2 Genotyping and serum analysis 

Genomic DNA was purified from peripheral blood using the conventional method for DNA isolation 

(QIAamp DNA Blood Midi kit). SNP IDs are ID_C_1919004_30 (rs1061472) and 

ID_C_938208_30 (rs732774). Genotyping was performed using the TaqMan allelic discrimination 

assay (Applied Biosystems, Inc), as previously described (515). Direct DNA bidirectional 

sequencing was performed for 15% of the PCR products, which were randomly selected and 

analyzed to confirm the genotypes.  

Total serum Cu was measured using an Analyst 600 Perkin Elmer atomic absorption 

spectrophotometer following previously described methods (519). Cp concentration was 

measured with an immunoturbidimetry assay (Horiba ABX, Montpellier, France) automated on an 

ABX Pentra 400 (Horiba ABX, Montpellier, France), performed in duplicate. For each serum Cu 
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and Cp pair, the amount of Cu bound to Cp, the amount of non-Cp Cu, and Cu:Cp ratio were 

calculated, as previously described (520,521). 

Sample subjects were stratified based on whether or not they were carriers of at least one of the 

alleles of interest. First, the Cu values of carriers of at least one K952 allele were compared to 

those from non-carriers. Second, Cu values of carriers of at least one R832 allele were compared 

to those from non-carriers. Lastly, Cu values of carriers of at least one R832 and one K952 allele 

were compared to those from non-carriers. Student’s t-test was used to determine the significance 

of difference between the groups described above. * p<0.05, ** p<0.01. 

6.3.3 Conservation analysis of the ATP7B SNPs 

NCBI BLASTP (NCBI) was used to identify animal orthologs of human ATP7B (ID: 

XP_005266487.1). A library of 165 unique sequences from vertebrate species was assembled 

and 11-residue amino acid (AA) sequences centered on the SNP of interest were extracted. 

These sequences for each SNP were compiled into a WebLogo (522). 

6.3.4 Generation of GFP-tagged ATP7B variants 

The plasmid pYG7, encoding ATP7B with an N-terminal GFP tag, was used as a template (523). 

The four ATP7B variants—R832/R952, R832/K952, K832/K952, and K832/R952—were 

generated using the QuikChange XL Site-directed Mutagenesis kit (Stratagene), following the 

manufacturer’s protocol. The primers used were as follows: 

K832R 5’-GGCGATATCGTCA-GGGTGGTCCC-3’, 5’-CCCAGGGACCACCCTGACGATAT-3’; 

R952K 5’-GGTGTTGT-TCAGAAATACTTTCC-3’, 5’-GTTAGGAAAGTATTTCTGAACAA-3’. 

Presence of the correct mutations for each variant was confirmed by sequencing the entire ATPB 

cDNA region. The identical purity and quantity of plasmids was verified prior to transfection into 

cells by examining the 210-300 nm spectra. 
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6.3.5 Cell culture and transfection 

HEK293A and skin fibroblast (YST) cells were cultured in complete medium consisting of 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) 

and 1% penicillin/streptomycin. Cell cultures were maintained at 37°C in a humidified chamber 

(5% CO2). Cells were transfected in 6-well plates for 20 h using Lipofectamine LTX with PLUS 

reagent (Invitrogen), with 2 µg plasmid DNA/well, and 6 µL Lipofectamine/well, according to the 

manufacturer’s protocol. HEK293A cells were used for determining protein abundance and 

trafficking; YST cells were used for determining ATP7B Cu transport activity. 

6.3.6 Protein abundance of ATP7B variants 

Transfected cells were lysed in 1X RIPA buffer (10X RIPA: 0.5 M tris-HCl, pH 7.0; 1.5 M NaCl; 

2.5% deoxycholic acid; 10% NP-40; 10 mM EDTA; Millipore) for 30 min on ice. Centrifugation at 

3000 xg for 15 min removed cell debris, and the supernatant was collected and used for further 

studies as whole cell lysates. Protein concentration was determined using BCA assay (Pierce). 

Thirty micrograms of protein were separated on 10% Laemmli gels and then transferred to PVDF 

(Millipore) membranes using CAPS, pH 11 transfer buffer. Membranes were blocked for 1 h at 

room temperature (RT) in 5% milk in phosphate-buffered saline (PBS), then incubated for 

overnight (16 h) in either 1:6000 anti-ATP7B (Abcam, ab124973) or 1:2000 anti-β-actin (Abcam, 

ab6276) diluted in PBS with 0.2% Tween-20 (PBST) and 0.05% sodium azide. Membranes were 

then incubated for 1 h at RT in either 1:10000 anti-mouse or anti-rabbit secondary antibodies 

(Santa Cruz) before imaging on an AlphaImager (ProteinSimple). The fluorescent intensity of 

protein bands was determined with Image-J (NIH) and ATP7B levels were normalized to β-actin 

loading control. 



97 
 

6.3.7 Analysis of ATP7B degradation 

HEK293A cells were transfected with each of the ATP7B variants and protein synthesis was 

blocked 16 h post-transfection by the addition of 50 mM cycloheximide (CHX). Cells were then 

incubated in the presence of CHX for 0, 6, 12, or 24 h to allow for protein degradation. Cells were 

lysed using RIPA buffer, as described above. Five micrograms of total cell lysate were separated 

on an SDS-PAGE gel and ATP7B abundance was analyzed by Western blot. The blots were 

imaged on an AlphaImager and the fluorescent intensities of the protein bands were determined 

using Image-J. The 6-, 12-, and 24-hour intensities for each variant were normalized to the 

corresponding intensity at 0 h. 

6.3.8 Modeling of the ATP7B SNPRS and adaptive Poisson–Boltzmann surface 

calculations 

The homology model of ATP7B with K832 and R952 was used to predict potential effects of the 

R832 and K952 SNP-related substitutions (524). The R832 and K952 variants were modeled 

using the PyMOL (Schrödinger, LLC) mutagenesis feature. Structural changes were visualized 

by using a space-filling model. The PDB coordinates for the solution NMR structure of the ATP7B 

A-domain were kindly provided by Dr. Banci (University of Florence). SWISS-MODEL (525) was 

used to generate the R832 A-domain variant. The structures were used for Adaptive Poisson-

Boltzmann Surface (APBS) calculations (70). The PDB2PQR (526-528) web server was used to 

prepare PQR files using the AMBER-99 (529) and PARSE (530,531) force-fields. APBS 

calculations were done using the APBS Tools2 plug-in (532) within pyMOL. The dielectric 

constants for the APBS calculations were set to 2.0 (protein) and 78.0 (solvent) with ion 

concentrations of 150 mM (radius of +1 = 2.0 and -1 = 1.8). The probe radius for surface tracing 

was 1.4 Å with a system temperature of 310 K. 
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6.3.9 All-atom molecular dynamics simulations setup  

A-domain structural models containing the K832 and R832 SNPRS (generated as detailed above) 

were submitted to the CHARMM-GUI web-based server to generate the respective NAMD 2.9-

based molecular dynamics system and input files (533-535). A rectangular water box was 

constructed around each A-domain with an edge distance of 10 Å. The system was supplemented 

with an ionic strength of 150 mM NaCl (48 sodium and 42 chloride ions placed in each box using 

the Monte Carlo method) (533). The initial equilibration was performed for 35 frames using the 

NVT (constant volume, constant temperature) ensemble followed by production runs for up to 200 

ns (10,000 frames) using the NPT (constant pressure, constant temperature) ensemble at a 

constant temperature of 303.15 K. All simulations were performed on the Maryland Advanced 

Research Computing Core (MARCC) facility high performance blue crab cluster 

(http://www.marcc.jhu.edu). The resulting individual trajectory was further extracted into 200 

frames using the catdcd feature (stride 500 frames) within the Visual Molecular Dynamics (VMD) 

program (536) for further processing using a local Linux machine.  

6.3.10 Molecular dynamics simulation trajectory analysis 

The root-mean-square deviation (RMSD) calculations for the individual trajectories were 

calculated using the VMD program (536). The solvent accessible surface area (SASA) 

measurements were performed using the Correl function and the SURF probe feature (RPROBE 

radius 1.4 Å) within the CHARMM program version 42b. The Gaussian network model (GNM) 

frequencies were generated using the GNM feature within the molecular dynamics analysis suite 

MDAnalysis (537). The secondary structure calculation was performed by analyzing secondary 

structure elements in the definition of secondary structure of proteins (DSSP) program using the 

GROMACs package (538-540). The cross-correlation of motion heat maps were also calculated 

with MDAnalysis using scripts kindly provided by Anu Nagarajan (NINDS, NIH). The GNM 

http://www.marcc.jhu.edu/
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frequencies were plotted using XMGRACE (http://plasma-gate.weizmann.ac.il/Grace/). The 

ribbon diagrams of the A-domain were displayed using UCSF chimera (541). 

6.3.11 Tyrosinase assay for determining the Cu transport activity of ATP7B 

variants  

YST cells were seeded on glass cover slips at a density of 1.5 x 106 cells per well. Cells were co-

transfected with the pTyr plasmid and a SNPRS plasmid as described above. For activity 

measurements, the cells were washed in PBS and then fixed for 30 seconds in an 

acetone:methanol mixture (1:1 v/v) that was pre-chilled at -20°C. This was followed by incubation 

in 0.1% sodium phosphate, pH 6.8 containing 0.15% (wt/vol) levo-3,4-dihydroxyl-L-phenylalanine 

(L-DOPA) for 4 h at RT. Coverslips were then mounted onto slides using Fluoromount-G (Electron 

Microscopy Science). The formation of dark colored DOPA-chrome was examined using phase 

contrast microscopy. Forty pigment-containing areas per replicate were manually selected using 

the tracing tool within Image-J. The areas and intensities of pigmentation were quantified, and the 

intensities were normalized to the area. 

Relative protein levels were estimated using confocal microscopy. The GFP-fluorescence was 

used as a proxy of ATP7B-GFP protein levels. Fluorescent intensity was quantified using Image-

J and normalized to the area. Fluorescent intensity of control cells expressing the pTyr plasmid 

was used as a background control. Fluorescent intensity of the previously characterized TST-

ATP7B was taken as 100% (542). 

6.3.12 Trafficking studies 

Transfected cells grown on glass coverslips were treated with either 25 µM tetra-thiomolybdate 

(TTM) or 100 µM CuSO4 for 4 h at 37oC. The cells were then fixed in 3% paraformaldehyde (PFA) 

in PBS for 12 min and permeabilized and blocked in 0.5% Triton X-100 (Sigma) and 0.5% BSA in 
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PBS for 15 min. Cells were incubated with anti-TGN46 primary antibody (GeneTex) for 1 h at RT, 

and then incubated with donkey anti-sheep secondary antibody conjugated with AlexaFluor-555 

(Invitrogen) for 1 h at RT. Coverslips were mounted using 3:1 Fluoromount: DAPI (Electron 

Microscopy Science). Stained cells were visualized using confocal microscopy (Zeiss) and 

images were processed using Image-J. For quantization of protein co-localization, at least 20 

cells were used per each condition, and the loss co-localization between ATP7B-GFP and TGN46 

was used as a measure of ATP7B trafficking to vesicles. Cells with predominantly overlapping 

ATP7B-GFP/TGN46 signals were categorized as having retention of ATP7B in the TGN, and cells 

with little to no overlap were categorized as having weak retention of ATP7B in the TGN. 

6.3.13 Statistical analyses 

All values are reported as means ± standard error of the mean (SEM) and plotted in GraphPad 

Prism (GraphPad Software, Inc). Statistical analyses were performed in GraphPad Prism using 

either unpaired Student’s t-test or one-way ANOVA with Fisher’s least significant differences 

(LDS) test, as indicated. * p<0.05, ** p<0.01, and **** p<0.0001. 
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6.4 Results 

6.4.1 The presence of R832 and K952 correlates with changes in serum Cu 

indicators 

The A>G SNP at c.2495 in ATP7B results in an Arg at position 832 (R832), and the G>A SNP at 

c.2855 results in a Lys at position 952 (K952). To determine whether these substitutions in ATP7B 

impact Cu status in vivo, we characterized blood serum samples from individuals with different 

SNP combinations. Cp is an abundant serum protein containing a tightly bound, nonexchangeable 

Cu. Cp is secreted predominantly by the liver. Decreases in ATP7B activity lower Cu incorporation 

into Cp and, subsequently, increase the fraction of non-Cp bound Cu (i.e., exchangeable Cu) in 

the serum (511). Consequently, to define the impact of ATP7B SNPs on Cu status, we measured 

four parameters: total serum Cu, total serum Cp, non-Cp Cu, and the Cu:Cp ratio. In this analysis, 

81 healthy, elderly patients were recruited, and their demographic and biological variables 

pertaining to these subjects are reported in Table 6.1. 

The indicators of Cu status were first compared for the carriers of the R832 allele and non-carriers 

(Figure 6.1). The levels of total serum Cu (13.43±0.31 µM vs. 14.06±1.00 µM) and non-Cp Cu 

(1.63±0.25 µM vs. 0.62±0.73 µM) did not significantly differ between the carriers and non-carriers. 

However, total Cp levels (24.98±0.65 mg/dL vs. 28.48±1.34 mg/dL, p = 0.022) were significantly 

lower in carriers of the R832 allele. Consequently, the Cu:Cp ratio (7.20±0.13 vs. 6.52±0.30, 

p=0.029) was increased in these individuals. Carriers of the K952 allele had Cu levels comparable 

to those of the non-carriers (13.52±0.32 µM vs. 13.69±0.96 µM). However, K952 carriers had 

significantly lower Cp levels (24.97±0.63 mg/dL vs. 28.55±1.49 mg/dL, p=0.019), significantly 

higher non-Cp Cu levels (1.74±0.25 mM vs. 0.21±0.67 mM, p=0.015), and a higher Cu:Cp ratio 

in the serum (7.24±0.13 vs. 6.35 ±0.27, p=0.003) than the non-carriers. 
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To determine whether the presence of both R832 and K952 had a combined effect, the Cu status 

was compared for R832/K952 carriers and non-carriers (K832/R952). Carriers of R832/K952 had 

serum readouts similar to those of K952 carriers. Although their total Cu levels were similar to 

those of noncarriers (13.45±0.32 µM vs. 13.86±1.13 µM), the R832/K952 carriers had significantly 

lower Cp levels (24.84±0.66 mg/dL vs. 28.70±1.61 mg/dL, p=0.021), higher non-Cp Cu levels 

(1.72±0.25 µM vs. 0.31±0.81 µM, p=0.041), and a higher Cu:Cp ratio (7.25±0.13 vs. 6.39±0.33, 

p=0.012). Thus, ATP7B SNPs appear to have functional consequences, as measured by Cu 

status in the serum. To directly test this prediction, we examined the effects of R832 and K952 on 

various properties of the ATP7B protein in vitro. 

6.4.2 Substitution of a highly conserved K832 with R832 may impact the ATP7B 

structure 

The two SNPs produce four possible amino acid (AA) combinations (Figure 6.2 A). To better 

understand their functional significance, we first examined conservation of the respective AA 

residues among ATP7B orthologs. Protein sequences from 165 vertebrate species were aligned 

with human ATP7B, and the results were compiled into an 11-AA long WebLogo (Figure 6.2 B). 

In a WebLogo, the size of the residue is indicative of the percentage of sequences in which that 

residue occurs at each given position (522). Lys at position 832 (K832) was present in all 165 

sequences, suggesting that Lys in this position is a strongly preferred residue and substitutions 

of this residue may have structural and/or functional consequences. In contrast, Arg at position 

952 (R952) was only observed in human ATP7B. The other ATP7B orthologs have mostly Lys at 

this position (K952).  

To predict the potential effects of R832 and K952 on the ATP7B structure, we used an existing 

homology model of ATP7B23 (Figure 6.2 C). ATP7B is a large membrane protein with multiple 

domains that have distinct functions. The AA position 952 is located in the loop connecting 
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transmembrane (TM) segments TM3 and TM4. This region faces the lumen of the TGN, and its 

specific function is unknown (217,543). In the model, this region is predicted to be unstructured, 

and therefore the impact of R952K substitution on the ATP7B structure is difficult to evaluate 

(Figure 6.2 C, top panels). In contrast, the AA residue 832 is located in the actuator (A)-domain, 

a domain that is critically involved in conformational transitions of the protein (70). The side-chain 

of Arg at position 832 occludes a small ‘‘pocket’’ that is present in the A-domain containing K832, 

and this structural change could be consequential (Figure 6.2 C, bottom panels).  

6.4.3 ATP7B-K952/K832 has a lower Cu-transport activity compared to other 

SNP-related variants 

To evaluate the functional significance of the SNPRS we compared Cu-transport activity of all 

four variants by measuring ATP7Bdependent activation of tyrosinase. Tyrosinase activity requires 

the presence of a Cu cofactor, and cells expressing functional tyrosinase produce a dark brown 

pigment (542). YST cells, a fibroblast cell line lacking endogenous Cu-transporting ATPases, 

were co-transfected with the ATP7B-GFP variants and pTyr, a plasmid expressing apo-

tyrosinase. The twin-strep tag (TST)-ATP7B construct, which contains R832/R952 and has been 

previously used in tyrosinase assays (542) served as a positive control. 

All four variants showed Cu-transport activity, as evidenced by the presence of the pigment in 

cells (Figure 6.3 A). The pigment intensity and pigment area were measured and normalized to 

the area to compare Cu-transport activity between variants quantitatively (Figure 6.3 B). The 

sequences of the ATP7B region for TST-ATP7B and the R832/R952 GFP-ATP7B are identical, 

and very similar pigment intensities (1.90±0.03 vs. 1.89±0.03, p=0.911) confirmed their similar 

activity as well as the accuracy of the assay. The normalized pigment intensity of R832/K952 is 

also comparable to the TST-ATP7B control (1.93±0.034 vs. 1.90±0.03, p=0.649), while the 

pigment intensity of K832/R952 showed a small, but significant decrease compared to the control 
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(1.81±0.03 vs. 1.90±0.03, p=0.042). The K832/K952 variant showed the most significant 

change—an approximately 20% decrease in normalized pigment intensity compared to TST-

ATP7B (1.459±0.0347, p<0.0001). 

To ensure that this decrease in Cu-transport activity was not due to low protein expression levels 

of the K832/K952 variant, we measured the GFP-ATP7B fluorescence in transfected cells. The 

K832/K952 and K832/R952 variants were more abundant (2.797±0.339 and 1.771±0.145, 

respectively) than the R832/ R952 and R832/K952 variants (1.595±0.347 and 1.223±0.024, 

respectively; Figure 6.3 C). The lower transport activity of the K832/ K952 variant compared to 

the other variants is therefore not due to lower levels of expression. 

6.4.4 Presence of R832 enhances ATP7B degradation and decreases protein 

abundance 

To further explore whether protein abundance was influenced by the SNPRS, we expressed in 

HEK293A cells the GFP-tagged ATP7B with each of the possible AA combinations. Quantitative 

real-time PCR (qRT-PCR) confirmed that the mRNA levels were comparable among cells 

expressing the different ATP7B variants (data not shown). The protein abundance of the ATP7B 

variants was evaluated by Western blotting. Analysis of band intensity demonstrated that, similarly 

to findings in YST cells, the presence of R832 was associated with lower ATP7B abundance 

independently of the residue present at position 952 (Figure 6.4 A, B). The R832/R952 variant 

was less abundant than the K832/R952 variant (1.22±0.13 and 1.9±0.21, respectively; p=0.0258), 

and the R832/K952 variant was less abundant than the K832/K952 variant (1.172±0.218 and 

1.795±0.236; p=0.0397). The ATP7B variant with both of the AD-associated SNPRS, R832/K952, 

was the least abundant (1.172±0.218). 
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To determine whether the difference in protein abundance was due to differences in ATP7B 

degradation, HEK293A cells expressing the ATP7B variants were treated with cycloheximide to 

block protein synthesis and then chased for 6, 12, or 24 h. Western blot analysis of cell lysates 

showed no significant changes in protein abundance after 6 h – for all variants (Figure 6.4 C). 

However, after 12 and 24 h the variants containing R832 showed lower protein abundances 

compared to the K832-containing variants (Figure 6.4 C). The R832/R952 variant had significant 

decreases in abundance after 12 and 24 h (0.621±0.032, p=0.017 and 0.580±0.051, p=0.0088, 

respectively), whereas the K832/R952 variant showed significant changes only at 24 h 

(0.917±0.216, p=0.5923 and 0.708±0.083, p=0.0636, respectively). Similarly, the abundance of 

the R832/K952 variant was decreased after 12 and 24 h of treatment (0.453±0.072, p=0.0008 

and 0.271±0.052, p<0.0001), whereas K832/K952 showed a significant decrease only after 24 h 

(0.683±0.169, p=0.445). These results indicate that the ATP7B variants containing R832 are more 

susceptible to protein degradation than the variants containing K832, which may explain the 

observed differences in their abundance. 

6.4.5 Residues at position 832 modulate ATP7B trafficking response to high Cu 

Hepatic ATP7B is targeted primarily to the TGN under basal or low Cu conditions and traffics to 

vesicles when Cu is elevated (544). Therefore, the loss of ATP7B retention in the TGN can be 

used as a measure of protein trafficking. To compare the trafficking response of ATP7B variants, 

we measured their retention in the TGN under different Cu conditions. Cu depletion was achieved 

by treatment of HEK293A cells with the Cu chelator tetrathiomolybdate (TTM), and Cu elevation 

was produced by treating cells with CuSO4 (Figure 6.5). Under Cu-limiting conditions, all variants 

were predominantly localized to the TGN, except for R832/K952-ATP7B, which was found in both 

TGN and vesicles. Upon Cu elevation, the variants with K832 behaved as expected, i.e., they 

trafficked normally out of the TGN as evidenced by the loss of co-localization between ATP7B 

and the TGN marker, TGN46 (Figure 6.5). In contrast, the variants with R832 trafficked to vesicles 
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but remained close to the TGN and some retained an overlap with the TGN marker. Thus, the 

SNPRS do not disrupt ATP7B trafficking but may modulate the rate of ATP7B exit from the TGN. 

6.4.6 R832 affects the conformational dynamics of the A-domain 

The decrease in abundance of the R832 variant proteins, as well as the putative effect of this 

substitution on the ATP7B structure, suggested that Arg at position 832 may impact the structure 

of the A-domain, which has previously been shown to affect protein abundance (545). To test this 

hypothesis, we generated a model of the A-domain with R832 using the available NMR structure 

of the ATP7B A-domain with K83223 and compared the properties of each (Figure 6.6 A). Two 

different force-field calculations, AMBER-9927 and PARSE (530,531) both revealed a difference 

in the surface electrostatics of the domain depending on the residue present at position 832. The 

A-domain with K832 has a more positive net charge, whereas the A-domain with R832 has a 

more neutral net charge, with the largest difference between the domains occurring in the area 

immediately surrounding the residue 832. 

To better understand the effect of the SNPRS on the secondary structure and biophysical 

properties of the A-domain, we performed all-atom molecular dynamics (MD) simulations in 

explicit solvent (water/sodium chloride) that mimics the intracellular milieu. The backbone root-

mean-square deviation (RMSD) trajectories show that both the R832 and K832 variants 

equilibrate past 90 nanoseconds (Figure 6.7 A). To analyze the conformational motions of the 

domain and the existence of stable state(s), we calculated the frequencies of the eigenvalues 

using the Gaussian network model (GNM) (546,547). Explicit solvent calculations for up to 200 

nanoseconds were used to determine the impact of R832 on the GNM frequencies, which 

represent the rotational and translational motions of the domain (546). This analysis showed that 

both the K832 and R832 variants were present largely in one conformational state. However, the 

R832 variant has a broader distribution of eigenvalues, indicating a higher conformational 
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flexibility (Figure 6.6 B). The increase in the intramolecular motion is also supported by the larger 

radius of gyration seen in the R832 variant compared to the K832 variant (53.15±0.733 Å vs. 

49.81±0.751 Å, p=0.0016; Figure 6.6 C). 

Effects of the SNPRS on the secondary structural elements of the A-domain were analyzed using 

a definition of secondary structure of proteins (DSSP) plot. The third β-strand—the strand in which 

residue 832 is located—was relatively stable throughout the simulation in both variants (Figure 

6.6 C). At the same time, the R832 SNPRS significantly altered the solvent accessibility surface 

area (SASA) for some of the residues in the vicinity of position 832. While V833 (4.29 ±0.153 Å2 

vs. 4.63±0.140 Å2, p=0.099) and V834 (87.65±0.633 Å2 vs. 86.71±0.528 Å2, p=0.255) were not 

significantly changed, both I830 (32.30±0.918 Å2 vs. 45.62±0.655 Å2, p<0.0001) and V831 

(0.039±0.008 Å2 vs. 0.099±0.020 Å2, p=0.005) had an increase in SASA in the R832 variant 

(Figure 6.6 D,  Figure 6.7 B). 

The A-domain contains the highly conserved TGE motif. This motif facilitates the 

dephosphorylation of the catalytic Asp and the conformational transitions of the full-length ATP7B 

protein (548). Increased structural fluctuations associated with the presence of Arg at position 

832 could have long-range, allosteric effects on this motif. To examine this possibility, we 

analyzed the SASA changes for the residues that constitute the TGE motif T858, G859, E860) 

and found that the surface exposure of G859 (57.01±0.638 Å2 vs. 51.03±1.078 Å2, p<0.0001) and 

E860 (83.05±1.431 Å2 vs. 100.90±1.582 Å2, p<0.0001) was higher in the R832-containing variant. 

The surface exposure of T858 was most significantly increased (45.31±2.102 Å2 vs. 86.81±1.156 

Å2, p<0.0001) in the R832 variant compared to the K832 variant (Figure 6.6 E, Figure 6.7 B). 

To visualize the effect of the SNPRS on residue motions within the A-domain, we calculated the 

correlation matrix for all 140 residues in the domain and displayed them as a two-dimensional 

heat map (Figure 6.6 F). Positive cross-correlation values (yellow) indicate a strongly correlated 
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motion of the residues in the same direction during the simulation. Negative values (blue) imply 

an anti-correlated motion of the residues, i.e., no communication between the residues. Position 

832 (residue 40 on the map) lies within the segment of strong correlation for both variants. 

However, the long-range effects vary between the R832 and K832 variants, especially for 

residues 60–100 and 120–140. In the R832 variant, these regions show strong correlation; in the 

K832 variant, these regions have a less strong correlation. Taken together, the computational 

studies illustrate different MD of the A-domain between the two variants, which may contribute to 

the distinct properties of the corresponding ATP7B variants in cells. 
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6.5 Discussion 

SNPs are typically considered benign, largely because they are frequently detected in the healthy 

population. In addition, SNPs often produce substitutions that preserve the main chemical 

properties of the corresponding amino acid residues, such as charge, bulk, and hydrophobicity. 

Our studies of two common SNP-dependent amino-acid substitutions in ATP7B have confirmed 

that ATP7B is active with any of the four amino acid combinations at positions 832/952. At the 

same time, we found that these substitutions have measurable effects on both the structure and 

other properties of ATP7B. The presence of R832 and K952 modulates ATP7B abundance, 

trafficking, and Cu-transport activity to varying degrees. Analysis of markers of Cu status in human 

serum appears to correlate with these in vitro effects, although direct comparison of the Cu:Cp 

values with ATP7B abundance and activity is needed to draw firm conclusions. 

These findings add to accumulating evidence that ATP7B SNPs influence cellular Cu 

homeostasis and, in combination with other factors, may contribute to human disease. The 

presence of R832 and K952 in ATP7B variants has been linked to higher levels of labile Cu in the 

serum in AD patients (513,516,549). Previous in vitro studies measuring the ATP7B-driven Cu 

uptake in vesicles revealed that the R832 variant had lower Cu-transport activity (514). Moreover, 

R832 was identified as a loss-of-function SNP in Drosophila melanogaster ATP7, an ATP7B 

homolog (514,517). The Drosophila ATP7 protein containing Arg at the position equivalent to 

human R832 had lower expression levels than the control, and it was suggested that the presence 

of Arg in this position may promote protein degradation (517). Our studies in human cells show 

that R832 alters ATP7B protein dynamics, abundance, and trafficking, and that the K832/K952 

variant has lower Cu-transport activity. We did not find the inhibitory effect of R832 on ATP7B Cu 

transport activity in cells using the tyrosinase assay. This discrepancy could be due to the lower 

sensitivity of this assay in comparison to direct measurements of Cu uptake. 
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R832 is located in the A-domain, which is involved in conformational transitions and catalysis 

during the ATP7B enzymatic cycle (70). In addition, ATP7B abundance and trafficking is regulated 

by kinase-mediated phosphorylation of key Ser resides (507,550,551). Currently, it is not known 

whether R832K affects the phosphorylation state of ATP7B, and further study is needed. Our 

computational studies demonstrate that R832 alters the local structure, surface charge 

distribution, and dynamics of the A-domain. A higher conformational flexibility of the domain 

containing R832 may explain propensity to stronger degradation and decreased protein 

abundance of R832 variants compared to K832 containing proteins. Although differences 

between the ATP7B variants are rather small, in combination with other factors (or over long 

period of time) they may impact the overall cellular Cu balance. 

K952 is located in the lumenal loop between TM segments 5 and 6. An equivalent loop in the 

homologous ATP7A has been shown to function in Cu release from the ATPase (543) and the 

loop between TM3 and TM4 of ATP7B has been identified as a site of kinase-mediated 

phosphorylation (217). We observed that in cells, the K832/K952 variant had lower Cu-transport 

activity when compared to other ATP7B variants, which is consistent with the potential negative 

effect on Cu release. The decrease in activity is not very large—about 20%. However, in Wilson 

disease patients with this genetic background, the presence of K952 may exacerbate the effects 

of otherwise mild ATP7B mutations. 

Both R832 and K952 are common in the general population (513,550). If these SNPs alter ATP7B 

structure or diminish protein function, how could they be present in high frequencies in the healthy 

population? Squitti, et al. have shown that healthy individuals are more likely to be heterozygous 

for R832 and K952, while AD patients are more likely to have both variants (513). Analysis of Cu 

status markers in the serum—total Cu, total Cp, and non-Cp Cu---revealed that both R832 and 

K952 may affect Cu homeostasis, even in healthy individuals. Although total Cu levels are 

comparable between the R832 and K952 carriers and non-carriers, the presence of R832 appears 
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to correlate with lower Cp levels, and carriers of K952 have both lower levels of Cp and higher 

levels of exchangeable Cu. In other words, the presence of certain SNPs results in measurable 

changes to Cu parameters in humans. 

Both R832 and K952 have been reported in WD patients alongside known WD mutations (Table 

2.1). In Asian populations where WD prevalence is greater than that worldwide, R832 and K952 

both appear with higher frequency. For example, the Han Chinese in Beijing (CHB) population 

has a WD prevalence of approximately 1 in 5400, compared to the worldwide prevalence of 1 in 

30 000. R832 and K952 both appear in 65% of the CHB population, compared to 50% in the Utah 

Residents with Northern and Western European Ancestry (CEU) and the Indian (IND) populations 

(550,552). We speculate that SNPs are generally benign but, in combination with a disease-

causing mutation, may exacerbate the manifestation of the disease. Determining any contributory 

effects these SNPs have on disease mutation phenotypes could shed insight onto disease 

physiology and mechanism. More in depth studies of the effects of SNPs could result in novel 

diagnosis or treatment strategies for rare diseases. 
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Table 6.1. Demographic and biological variables of healthy individuals that are either 
carriers or non-carriers of R832 and K952. 

Values reported are means and SD. Normal, healthy levels range from 16–24 µM for serum Cu 

and 20–40 mg/dL for serum Cp (506). 

 Mean Standard Deviation 

Age (years) 65.19 12.857 

MMSE score 28 1.91 

Copper (µM) 13.5524 2.877 

Ceruloplasmin (mg/dL) 25.6731 5.50615 

Non-ceruloplasmin copper 

(µM) 
1.4347 2.27155 

Copper:Ceruloplasmin 7.0625 1.11833 
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Table 6.2. Presence of R832K and K952R in patients with Wilson disease and 
corresponding clinical symptoms. 

Serum Cu in µg/dL, Cp in mg/dL. Abbreviations: WD, Wilson disease; SNPs, single nucleotide 

polymorphisms; KF ring, Kayser-Fleischer ring; Cp, ceruloplasmin. 

WD 
mutation 

ATP7B 
SNPs Age Sex Phenotype KF 

ring 
Serum 

Cu  Cp Source 

p.A990P p.K823R 14 F hepatic Y 22 5 
(553) 

p.P768L p.R952K 28 M hepatic N 70 14 

p.G691R p.K823R 
p.R952K 3 F 

cirrhosis, 
subclinical 
hepatitis 

Y N/A N/A 

(554) 

p.G691R p.K823R 
p.R952K 12 M 

cirrhosis, 
subclinical 
hepatitis 

Y N/A N/A 

N/A p.K823R 
p.R952K 9 F 

trigonocephaly, 
biparietal 
widening, 

hypertelorism, 
hepatomegaly 

N 26 5 

(555) 

N/A p.K823R 
p.R952K 13 M 

trigonocephaly, 
biparietal 
widening, 

hypertelorism, 
hepatomegaly 

N 13.3 5 

N/A p.K823R 
p.R952K 24 F ataxia, dystonia, 

tremor Y 0.111 N/A (556) 

p.T1220M p.K823R 
p.R952K N/A N/A hepatic N/A N/A N/A 

(557) 

c.2008-
2013 del p.K823R N/A N/A hepatic N/A N/A N/A 

p.R969Q 
p.H1069Q p.K823R N/A N/A hepatic N/A N/A N/A 

p.C985T 
p.I1148T p.R952K N/A N/A hepatic N/A N/A N/A 
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p.H1069Q p.K823R 17 M neurological, 
cirrhosis Y N/A 3.5 

(558) 

p.H1069Q p.K823R 18 M neurological Y N/A 0.9 

p.H1069Q p.K823R 19 F neurological Y N/A 2.6 

p.H1069Q p.K823R 6 M high ALT & AST N N/A 0.4 

p.H1069Q p.K823R 7 F high ALT & AST N N/A 0.1 

p.H1069Q p.K823R 19 M neurological Y N/A 1.2 

p.H1069Q p.K823R 20 M neurological, 
cirrhosis Y N/A 2.3 
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Figure 6.1. Presence of the R832 and K952 SNP-related substitutions (SNPRS) correlates 
with changes in serum Cu markers. 

(A) Total Cu concentration, μM, in the serum samples of healthy individuals carrying ATP7B with 

indicated SNP-related amino acid substitutions. (B) Total serum Cp, mg/dL. (C) Non-Cp bound 

Cu, μM. (D) Ratio of total Cu to total Cp in the serum. (Normal, healthy range for Cu  is 16-24 μM 

(559), for CP - 20-40 mg/dL (559), 0.07–2.19 μM for non-Cp Cu (560), and the Cu:CP ratio is 6.8 

(560). n=16 for R832, n=65 for K832, n=16 for R952, n=65 for K952, n=13 for K832/R952, and 

n=62 for R832/K952. Values are reported as means ± SEM; significance was determined by 

Student’s t-test, * p<0.05, ** p<0.01. 
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Figure 6.2. Location, conservation, and potential impact of SNP-related substitutions 
(SNPRS) on ATP7B structure. 

(A) Sequence analysis of the ATP7B plasmids shows either an adenine (encoding Lys) or a 

guanine (encoding Arg) at positions 2495 and 2855, marked by asterisks. (B) The K832 SNP-

RAAS is well-conserved among ATP7B homologs while the R952 SNP-RAAS is human-specific. 

Conservation logos of 11-AA sequences centered on the two SNPRSs, K832 and R952, from 165 

animal ATP7B homologs. SNPRSs are marked with asterisks. (C) Homology model of ATP7B 

based on the crystal structure of L. pneumophila CopA. (524) Left panels, effects of the R/K 

variants at position 832 (red) on the A-domain of ATP7B. Right panels, effects of the R/K variants 

at position 952 (blue) on the lumenal loop region of ATP7B.  
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Figure 6.3. ATP7B-K952/K832 has a lower Cu-transport activity compared to other variants. 

(A) Menkes fibroblasts were co-transfected with pTyrosinase (pTyr) alone or with either twin strep-

tagged ATP7B (TST-ATP7B) or GFP-tagged SNP variant constructs. Activation of tyrosinase was 

measured as a means to evaluate Cu-transport activity of ATP7B variants. The dark brown 

reaction product indicates Cu-dependent tyrosinase activity (marked by white arrows). (B) 
Pigmentation intensity normalized to pigment area. TST-ATP7B in purple, R832/R952 in red, 

K832/R952 in orange, K832/K952 in green, and R832/K952 in blue. n=4, over 40 areas counted 

per n. (C) Quantitation of ATP7B-GFP expression in cells used in the Tyrosinase assay. GFP-

ATP fluorescence were normalized to the area, the fluorescence from control cells expressing the 

pTyr plasmid served as a background control and the values were compared to fluorescence from 

cells expressing the TST-ATP7B plasmid, taken as 1 (n=3). All values are reported as means ± 

SEM; significance was determined by one-way ANOVA with Fisher’s LSD test, * p<0.05, ** p 

<0.01, **** p<0.0001. 
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Figure 6.4. Presence of R832 is associated with lower ATP7B abundance. 

(A) HEK293A cells were transfected with ATP7B-GFP variants for 20 h, whole cell lysates were 

prepared and run on SDS-PAGE (20 mg of protein per lane). Western blot shows the relative 

abundance of each ATP7B variant. β-Actin is used as a loading control. (B) Densitometry of 

Western blots, n=8. R832/R952 in red, K832/R952 in orange, R832/K952 in blue, and K832/ K952 

in green. Intensities of ATP7B bands were normalized to β-actin and plotted. Means ± SEM are 

indicated by horizontal lines. Significance was determined by one-way ANOVA with Fisher’s LSD 

test; * p<0.05. (C) The R832-containing ATP7B variants are more susceptible to degradation than 

K832 variants. HEK293A cells were transfected as described above, and then treated with 50 mM 

cycloheximide (CHX) for 0, 6, 12, or 24 h. For each time point, whole cell lysates were prepared, 

and equal amounts of total protein (5 mg per lane) were run on SDS-PAGE; ATP7B was visualized 

by Western blotting. The bars indicate the intensity of ATP7B bands at 6 h (orange), 12 h (yellow), 

and 24 h (green) relative to intensity at the 0h time point (red), which is taken as 1. n=4. Values 

are reported as means ± SEM. Significance was determined by one-way ANOVA with Fisher’s 

LSD test; * p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0001. 
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Figure 6.5. Localization of ATP7B variants in HEK293 cells in low and high copper. 

HEK293 cells were transfected with one of the indicated ATP7B-GFP variant (green), cells were 

treated for 4 h with either 25 mM TTM (top panels) or 100 µM CuSO4 (bottom panels) and 

immunostained for trans Golgi network marker TGN46 (red). Co-localization is indicated by 

yellow; the loss of co-localization is indicative of ATP7B trafficking (n=4). 
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Figure 6.6. R832 increases A-domain flexibility. 

(A) Surface electrostatics of the ATP7B A-domain(111) containing R832/K832 variants quantified 

using AMBER (left pair) or PARSE (right pair). (B) R832 increases the conformational flexibility 

of the A-domain. Gaussian network mode-based normal mode frequencies of K832 in black and 

R832 in red. (C) The radius of gyration of the A-domain containing either K832 (red) or R832 

(gray). (D) The variation of SASA values for neighboring AA residues in β sheet 3 during 200 ns 



121 
 

simulation. R832 (red, filled circles), K832 (red, open circles): I830 (magenta), V831 (green), V833 

(blue) and V834 (yellow). (E) Variation in SASA values for residues from the TGE motif in the 

R832 and K832 A domains: T858 (green), G859 (magenta), and E860 (blue). (F) Cross-

correlation maps of AA motions in K832 (top) and R832 (bottom) A-domains during 200 ns 

simulation. Positive values (yellow) indicate motion in the same direction, whereas negative 

values (blue) indicate motion in the opposite direction. All values are reported as means SEM. 

Significance was determined by unpaired Student’s t-test; ** p<0.01, **** p<0.0001. 
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Figure 6.7. Molecular dynamics simulations of the isolated A-domain. 

(A) Root mean square deviation (RMSD) differs between the domain containing K832 or R832. 

The backbone RMSD of the 200 nanosecond all-atom MD simulation for K832 (black) and R832 

(red). (B) Ribbon models of the isolated K832 and R832 A-domain with the K832R residues shown 

as sticks. Top panel, residues in the TGE motif—T858, G859, E860—are shown as sticks. Bottom 

panel, residues neighboring K832R in the β-sheet 3—I830, V831, V833, and V834—highlighted 

as sticks. (C) Effects of the 832 SNPs on the secondary structure of the A-domain. The secondary 

structural changes on the A-domain due to K832 (left) and R832 (right), shown as a DSSP 

secondary structure time series diagram. 
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Abbreviations 

A2 response element, A2 response element; 

A2B1-e2 KD, hnRNP A2/B1 exon 2-specific knockdown; 

A2B1-T KD, hnRNP A2/B1 total knockdown; 

AA, amino acid; 

AAS, atomic absorption spectrometry; 

AD, Alzheimer’s disease; 

Ago2, argonaute-2; 

ALS, amyotrophic lateral sclerosis; 

AP-1, activator protein-1; 

ARE; AU-rich element; 

Arg, arginine; 

Asn, asparagine; 

Asp, aspartic acid; 

Atox1, antioxidant 1 Cu chaperone; 

ATP, adenosine triphosphate; 

ATPase, adenosine triphosphatase; 

ATP7A, copper-transporting ATPase 1; 

ATP7B, copper-transporting ATPase 2; 

BCA assay, bicinchoninic acid assay; 

BDNF, brain-derived neurotrophic factor; 

BSA, bovine serum albumin; 

CAPS buffer, N-cyclohexyl-3-aminopropanesulfonic acid; 

Cav-1, caveolin-1 

CCO, cytochrome c oxidase; 
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CCR4-NOT, carbon catabolite repression 4-negative on TATA-less protein; 

CCS, copper chaperone for superoxide dismutase; 

Cd, cadmium; 

C/EBP, CCAAT/enhancer-binding protein; 

CHX, cycloheximide; 

COMMD1, copper metabolism MURR1 domain protein 1; 

Cox17, cytochrome c oxidase copper chaperone 17; 

Cox11, cytochrome c oxidase copper chaperone 11; 

Cp, ceruloplasmin; 

CRISPR, clustered regularly interspaced short palindromic repeats; 

CTPS2, CTP Synthase 2; 

Ctr1, copper transporter 1;  

Ctr2, copper transporter 2;  

Cu, copper; 

Cys, cysteine; 

DAPI, 4′,6-diamidino-2-phenylindole; 

Dcp1/2, decapping protein 1/2; 

DDX20, DEAD-Box Helicase 20;  

DMEM, Dulbecco’s Modified Eagle Medium; 

DSSP plot, definition of secondary structure of proteins; 

ECL, enhanced chemiluminescence; 

EDTA, ethylenediaminetetraacetic acid; 

eIF, eukaryotic initiation factor; 

ELAV, embryonic lethal abnormal vision; 

EMEM, Eagle’s Minimum Essential Medium; 

FBS, fetal bovine serum;  
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Fe, iron; 

G3BP, Ras-GAP SH3 binding protein 

GDP, guanosine diphosphate; 

GFP, green fluorescent protein; 

Glu, glutamic acid; 

Gly, glycine; 

GNM, Gaussian network model; 

GTP, guanosine triphosphate; 

GW/P-bodies, Gly- and Trp-rich cytoplasmic processing bodies; 

HGT, 6x His-GFP-TEV; 

HIF-2α, hypoxia-inducible factor 2α; 

His, histidine; 

hnRNP, heterogeneous nuclear ribonucleoprotein; 

hnRNP A2/B1, heterogeneous nuclear ribonucleoprotein A2/B1; 

hnRNP A1, heterogeneous nuclear ribonucleoprotein A1; 

HPLC, high-pressure liquid chromatography; 

HRP, horseradish peroxide; 

IRES, internal ribosome entry site; 

ITAF, IRES-transactivating factors; 

kb, kilobases; 

KD, knockdown; 

kDa, kiloDaltons; 

KH domain, K-homology domain; 

LAMP 1, lysosome-associated membrane protein 1; 

LCD, low-complexity domain; 

L-DOPA, levo-3,4-dihydroxyl-L-phenylalanine; 
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LLPS, liquid-liquid phase separation; 

Lys, lysine; 

m6A, N6 nitrogen methylation; 

MBD, metal-binding domain; 

MBP, myelin basic protein; 

MD, Menkes disease; 

Met, methionine; 

miRNA/miR, micro-RNA; 

MRE, metal response element; 

mRNA, messenger RNA; 

MT, metallothionein; 

MTF, metal-responsive transcription factor-1; 

NAFLD, non-alcoholic fatty liver disease; 

N/C ratio, nucleocytoplasmic ratio; 

ND, non-differentiated 

NLS, nuclear localization signal; 

NMDA, N-methyl-D-aspartate; 

ns, not significant; 

nt, nucleotide; 

NT KD, non-targeting knockdown; 

PABP, poly(A)-binding protein; 

PAS, polyadenylation site; 

PBS, phosphate buffered saline; 

PFA, paraformaldehyde; 

PLB, passive lysis buffer; 

poly(A) tail, polyadenine tail; 
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PrLD, prion-like domain; 

qRRM, quasi-RNA recognition motif; 

qRT-PCR, quantitative real-time polymerase chain reaction; 

RA, retinoic acid; 

Ran, Ras-related nuclear protein; 

RBP, RNA-binding protein; 

RGG box, Arg-Gly-Gly box; 

RIPA buffer, radioimmunoprecipitation assay buffer; 

RMSD, root-mean-square deviation; 

RNA Pol II, RNA polymerase II; 

RNP, ribonucleoprotein; 

RRM, RNA recognition motif; 

RT, room temperature; 

SASA, solvent accessible surface area; 

Sco1, synthesis of cytochrome c oxidase 1; 

Sco2, synthesis of cytochrome c oxidase 2; 

SDS, sodium dodecyl sulfate; 

Se, selenium; 

Ser, serine; 

SG, stress granules; 

siRNA, small interfering RNA; 

SNP, single nucleotide polymorphism; 

SNPRS, SNP-related substitution; 

SOD1, superoxide dismutase 1; 

Sp1, specificity protein 1; 

SUMO, small ubiquitin-like modifier; 
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TAp73, transcriptional activator p73; 

TF, transcription factor; 

TGN, trans-Golgi network; 

TIA, T-cell intracellular antigen; 

Thr, threonine; 

TM, transmembrane; 

Trp, tryptophan; 

TST, twin-strep tag; 

TTM, tetra-thiomolybdate; 

U-bodies, U-rich small nuclear ribonucleoprotein-containing bodies; 

UTR, untranslated region; 

WD, Wilson disease; 

WT, wild type; 

XIAP, X-linked inhibitor of apoptosis; 

Zn, zinc 
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