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Abstract

The Menkes copper-transporting ATPase (Atp7a) has dual roles in mammalian enterocytes: 

pumping copper into the trans-Golgi network (to support cuproenzyme synthesis) and across the 

basolateral membrane (to deliver dietary copper to the blood). Atp7a is strongly induced in the 

rodent duodenum during iron deprivation, suggesting that copper influences iron homeostasis. To 

investigate this possibility, Atp7a was silenced in rat intestinal epithelial (IEC-6) cells. 

Irrespective of its influence on iron homeostasis, an unexpected observation was made in the 

Atp7a knockdown (KD) cells: the cells grew slower (~40% fewer cells at 96 h) and were larger 

than negative-control shRNA-transfected cells. Lack of Atp7a activity thus perturbed cell cycle 

control. To elucidate a possible molecular mechanism, expression of two important cell cycle 

control proteins was assessed. Cyclin D1 (CD1) protein expression increased in Atp7a KD cells 

whereas proliferating-cell nuclear antigen (PCNA) expression was unaltered. Increased CD1 

expression is consistent with impaired cell cycle progression. Expression of additional cell 

proliferation marker genes (p21 and Ki67) was also investigated; p21 expression increased, 

whereas Ki67 decreased, both consistent with diminished cell growth. Further experiments were 

designed to determine whether increased cellular copper content was the trigger for the altered 

growth phenotype of the Atp7a KD cells. Copper loading, however, did not influence the 

expression patterns of CD1, p21 or Ki67. Overall, these findings demonstrate that Atp7a is 

required for normal proliferation of IEC-6 cells. How Atp7a influences cell growth is unclear, but 

the underlying mechanism could relate to its roles in intracellular copper distribution or 

cuproenzyme synthesis.
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Introduction

Copper plays important roles in a variety of biological pathways and disease processes [1]. 

Although copper is important for normal cellular function, high intracellular copper is toxic 

since free copper mediates the production of reactive oxygen radicals [2]. Free copper may 

have similar affects in nuclei, as DNA instability, apoptosis and eventual cell death [3] were 

documented in hyper-proliferative cancer cells with elevated nuclear copper levels [4,5]. 

Cellular copper homeostasis must thus be tightly controlled. The Menkes copper-

transporting ATPase (Atp7a) influences copper metabolism in intestinal epithelial cells 

(IECs), by pumping copper into the trans-Golgi network (TGN) to support the biosynthesis 

of cuproenzymes and by exporting copper from cells under conditions of excess [6]. Atp7a 

is highly expressed in the mammalian intestine and it was shown that copper stabilizes the 

protein in IECs [7]. Mutations in the Atp7a gene result in impaired intestinal copper 

transport, altered cuproenzyme synthesis and severe systemic copper deficiency [8]. Atp7a 

function in the intestine is thus critical for intestinal and whole-body copper homeostasis. 

Furthermore, iron deficiency induces Atp7a mRNA and protein expression in rodent 

enterocytes [9], suggesting a role for Atp7a and/or copper in intestinal iron transport.

Copper has been implicated as being important for angiogenesis, and cell growth and 

differentiation [10,11]. Copper deprivation impairs cell proliferation [5]. Similarly, lack of 

mitogenic agents, such as growth factors or other nutrients, impairs cell cycle control [12]. 

Proteins that regulate the cell cycle are another rate-limiting factor for normal cell growth 

and control of cell division. Two important proteins in this regard are cyclin D1 (CD1) and 

proliferating-cell nuclear antigen (PCNA). The eukaryotic cell cycle involves 4 phases: G1 

(growth), S (DNA synthesis), G2 (growth, preparation for mitosis) and M (mitosis or cell 

division). CD1 is expressed at low levels during the S phase of the cell cycle, which is a 

signal for efficient DNA synthesis [13].CD1 levels then increase during the G2, M and G1 

phases. CD1 expression subsequently decreases, allowing cells to enter the S phase. Low 

expression of CD1 during the S phase is coincident with increased PCNA expression, which 

is a signal for DNA replication [14]. PCNA levels remain high in replicating cells (during 

the G2 and S phases) [14].

Abnormally high CD1 expression during the G1/S transition and into the S phase impairs 

cell growth and division [15]. This cyclical pattern of CD1 expression during the cell cycle 

suggests that CD1 is an active player in the regulation of cell growth [16]. Moreover, CD1 

overexpression has been linked to cell senescence [17,18]. Cell senescence is a normal 

physiological response to various homeostatic perturbations (e.g. nutrient deprivation, 

oxidative stress), and is characterized by a reduced rate of cell division or growth arrest. 

Furthermore, it was noted that high cytosolic copper levels induce senescence in human 

fibroblasts [19]. Senescence can lead to cell death via apoptosis [20], or alternatively, it can 

be reversible under certain cellular conditions [21].

A recent investigation showed that Atp7a KD in IEC-6 cells increased transepithelial iron 

flux, possibly via a mechanism involving transcriptional induction of the iron exporter 

ferroportin (Fpn) [22]. These observations were made in post-confluent, differentiated cells, 

but during the course of these experiments, it was noted that pre-confluent Atp7a KD cells 

Gulec and Collins Page 2

J Trace Elem Med Biol. Author manuscript; available in PMC 2015 February 27.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



grew slower and were larger in size than control cells. This led us to hypothesize that Atp7a 

influenced cell cycle control in IEC-6 cells. To test this hypothesis, experiments were 

performed to determine whether expression of proteins related to cell cycle regulation were 

altered in the KD cells. Notably, expression of cyclin D1 was elevated in Atp7a KD cells, 

perhaps providing a mechanistic explanation for the altered growth phenotype of the cells. 

Since CD1 overexpression was unaffected by copper loading of the cells, it is postulated that 

Atp7a influenced cell growth via its documented role in cuproenzyme synthesis.

Materials and methods

Cell culture

The rat intestinal epithelial (IEC-6) cell line was purchased from American Type Culture 

Collection. Cells were stably transfected with Atp7a-specific or non-specific shRNA-

expressing plasmids [22]. Cells were maintained in DMEM medium with 10% fetal bovine 

serum, 1% penicillin/streptomycin and 0.1% insulin. Cells were grown in the presence of 

zeocin (25 μg/mL) to maintain expression of the shRNAs. In some experiments, cells were 

incubated with 100 μmol/L CuCl2 for 48 h to induce copper overload. Intracellular copper 

levels were measured by atomic absorption spectroscopy.

Immunocytochemistry (ICC)

ICC experiments were performed essentially as described earlier [23]. Briefly, Atp7a KD 

and control IEC-6 cells were seeded on sterile coverslips that were coated with poly-D-

lysine in 6-well cell culture dishes. Upon confluence, cells were fixed in methanol-free 4% 

formaldehyde (Pierce). Cells then were exposed to blocking buffer (Bethyl Laboratories) for 

1 h followed by incubation with a 1:1000 dilution of Atp7a primary antibody (54–10) for 2 

h. This antibody has been extensively characterized by us previously [23,24]. Alexa Fluor 

647 goat anti-rabbit secondary antibody (Invitrogen) was subsequently used at a 1:2000 

dilution for 30 min followed by rinsing, mounting and confocal microscopic imaging.

Cell counting and Western blotting

Atp7a KD and control cells (1 × 106) were seeded in 100 mm cell culture dishes and 

synchronized in serum-free medium for ~12 h followed by replacing with complete media 

and collecting cells at different time points thereafter. Cells were subsequently washed with 

PBS and trypsinized, and then counted using a hemocytometer. Total cellular proteins were 

extracted with RIPA buffer (50 mmol/L Tris-HCl, pH7.4; 150 mmol/L NaCl; 1% (v/v) 

NP-40; 0.1% (w/v) SDS; 0.5% (w/v) sodium deoxycholate plus protease inhibitors). 

Proteins were heat denatured, separated on 7.5% (for Atp7a) or 10% (for CD1 and PCNA) 

SDS-PAGE gels and then transferred to PVDF membranes. Membranes were blocked in 5% 

non-fat milk in PBS for 1 h followed by reacting with the following primary antibodies: 

Atp7a (in-house [called 54–10]; 1:8000 for 1 h), CD1 (Santa Cruz, cat. # sc-717; 1:4000 

overnight), PCNA (Santa Cruz, cat. # sc-25280; 1:5000 overnight). An α-tubulin antibody 

was used as a housekeeping control (Abcam, cat. #ab6046; 1:5000 for1 h). A secondary 

antibody from Bethyl Labs (cat. # A120-101P) was used for detection along with a 

homemade enhanced chemiluminescence buffer followed by autoradiography. The optical 

density of protein bands on film was calculated using the UN-SCAN-IT software (Silk 
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Scientific), and average pixel numbers were used for comparison of data after normalization 

to the α-tubulin protein band.

Quantitative PCR

Total RNA was isolated from cells with TRIzol reagent (Invitrogen) according to 

manufacturer’s protocol. 1 μg total RNA was converted to cDNA using the iScript cDNA 

synthesis kit (Bio-Rad) and qPCR was performed as described previously [24] using gene-

specific oligonucleotide primers (Supplemental Table 1). Rat cyclophilin was used to 

normalize expression of experimental genes. Mean fold changes in gene-specific mRNA 

expression were calculated by the 2−ΔΔCt analysis method [24].

Supplementary Table 1 related to this article can be found, in the online version, at http://

dx.doi.org/10.1016/jjtemb.2014.07.010.

Statistical analyses

Results are expressed as mean ± SE. All statistical analyses were performed with GraphPad 

Prism. Student’s t-test was used to compare groups.

Results

Atp7a KD IEC-6 cells grow slower and are larger than control cells

ICC experiments demonstrated that the Atp7a protein was located in an intracellular 

compartment (probably the trans-Golgi) and on the plasma membrane in IEC-6 cells (Fig. 

1A). In KD cells, lesser amounts of protein were detected in a location consistent with the 

trans-Golgi, but the protein was not detected on the plasma membrane (Fig. 1B). The KD 

cells were also notably larger than control cells. Furthermore, Atp7a KD cells grew slower 

than cells transfected with a negative-control shRNA (Fig. 1C). At the 96 h time point, the 

number of Atp7a KD cells was ~40% lower.

CD1 protein is over-expressed inAtp7a KD cells

To elucidate the mechanism underlying the lower growth rate of Atp7a KD cells, CD1 and 

PCNA protein levels were quantified by immunoblot analysis. CD1 protein levels were 

increased in Atp7a KD cells at every time point analyzed, as compared to control cells (Fig. 

2). PCNA protein levels, however, were not different between the 2 cell lines at any time 

point.

Copper accumulates in Atp7a KD cells upon copper treatment

Atp7a KD could alter intracellular copper levels or copper distribution, which could 

secondarily influence cell growth parameters. Atp7a KD cells, grown under basal 

conditions, accumulated more copper, but the differences did not reach statistical 

significance (p = 0.31; Fig. 3). Therefore, to ascertain whether the altered growth phenotype 

of Atp7a KD cells related to increases in intracellular copper levels, cells were loaded with 

copper prior to performing experiments. Copper accumulation occurred in both cell lines, 

but the increase in intracellular copper was more dramatic in the Atp7a KD cells (2.8-fold 

increase in Ctrl cells versus 5.3-fold in KD cells) (Fig. 3). This is consistent with defective 
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Atp7a-mediated copper efflux. Mt1a mRNA levels also increased in both cell lines, and 

again, the increase was greater in the KD cells (1.8-fold in Ctrl cells versus 5.9-fold in KD 

cells). Furthermore, in control cells, copper treatment had no effect on Atp7a mRNA 

expression, but Atp7a protein levels increased (~50%; p<0.05) (Fig. 4). This observation is 

consistent with the postulate that copper stabilizes the protein [7]. Copper loading, however, 

did not alter Atp7a mRNA or protein expression in KD cells.

Copper loading does not alter CD1 protein expression

CD1 overexpression may alter cell cycle control in Atp7a KD cells and intracellular copper 

could be the trigger for enhanced CD1 expression. To test this possibility, CD1 expression 

was quantified in copper-loaded cells. CD1 mRNA expression did not change in control or 

KD cells with or without copper loading (Fig. 5). CD1 protein expression increased in KD 

cells (~4.2-fold, p < 0.001), but copper treatment did not further enhance CD1 protein levels. 

Furthermore, expression of 2 cell cycle control marker genes, cyclin-dependent kinase 

inhibitor 1 (p21) and proliferation-related Ki67 antigen (Ki67) was assessed in control and 

KD cells. P21 expression increased (~2.4-fold, p< 0.05) and Ki67 expression decreased 

(~10-fold, p < 0.001). Copper loading had no effect on the expression pattern of these 

marker genes.

Discussion

Rapidly growing cells increase in size and/or volume in preparation for cell division. Cell 

division, or mitosis, is regulated by key components of the cell cycle machinery [25]. 

Unfavorable environmental conditions, such as nutrient deficiency or excess, interfere with 

progression through the cell cycle. For example, increased copper levels in mice induced 

apoptosis and decreased cell count in spleen and thymus [26]. Also, iron depletion resulted 

in G1/S phase arrest and impaired cell growth [27].

Previously, an Atp7a KD IEC-6 cell line was developed to elucidate a possible role for 

Atp7a and/or copper in intestinal iron metabolism [22]. During the course of these 

experiments, two interesting observations were made: Atp7a KD IEC-6 cells grew 

significantly slower and were larger in size as compared to control cells. These findings 

suggested that normal progression through the cell cycle was perturbed by Atp7a silencing. 

Given that copper may influence cell proliferation [5] and Atp7a may influence copper and 

iron homeostasis [22,28], it is perhaps not surprising that inhibition of Atp7a activity altered 

cell growth parameters.

To elucidate the molecular mechanism responsible for this phenomenon, expression of key 

cell cycle markers, CD1 and PCNA, was assessed. CD1 levels are high in the G2 phase and 

gradually decrease into the G1/S phase transition. Decreased CD1 expression leads to 

release of the E2F transcription factor from its binding partner, the retinoblastoma (Rb) 

protein, allowing E2F nuclear translocation and initiation of DNA replication [29]. PCNA 

functions with DNA polymerase δ in DNA replication [14] and is considered a marker for 

the S phase of the cell cycle [30]. Expression is low in non-dividing cells, and it increases in 

the S phase [30]. CD1 and PCNA are thus critical regulators of the eukaryotic cell cycle.
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Consistent with the fact that CD1 expression decreases as cells enter the S phase, it was 

shown that CD1 overexpression reduced DNA synthesis and impaired cell proliferation [15]. 

CD1 protein levels were also elevated during induction of cell senescence [17,18]. Cell 

senescence, which may occur during unfavorable environmental conditions, results from 

impairment of cell cycle progression [31]. In the current investigation, CD1 protein levels 

were elevated in Atp7a KD cells, which correlated with the decreased proliferative rate. 

Conversely, PCNA levels were similar in Ctrl and KD cells, suggesting that PCNA does not 

alter the proliferative state of Atp7a KD cells. Furthermore, expression of the cell 

proliferation marker genes, p21 and Ki67, was assessed. p21 mRNA levels significantly 

increase during cell senescence and thus inversely correlate with cell growth rate [2]. Ki67 

mRNA expression decreases when cell growth is arrested [32]. p21 mRNA levels increased 

and Ki67 mRNA levels were reduced in Atp7a KD cells, both being consistent with 

impaired growth.

High intracellular copper is toxic and might therefore interfere with cell proliferation. 

Studies have shown that metals such as iron, copper, and cadmium can produce reactive 

oxygen radicals, resulting in lipid peroxidation, DNA damage, and diminished cell 

proliferation [2]. Copper also interferes with cell proliferation by inducing senescence in 

human fibroblasts [19]. Relevant to the current study is the fact that Atp7a is only known 

intestinal copper exporter and decreased Atp7a levels may lead to elevated intracellular 

copper [33]. We thus sought to determine whether Atp7a KD in IEC-6 cells increased 

intracellular copper concentrations, perhaps providing a mechanistic explanation for altered 

growth parameters. Under basal culture conditions when cell growth was impaired, 

however, copper levels were not different in Atp7aKD as compared to control cells. 

Moreover, when cells were loaded with copper, expression of CD1, p21 and Ki67 was 

identical to that in control cells, suggesting that altered cell growth did not relate to changes 

in intracellular copper concentrations.

Mammalian intestinal epithelial cells, which are renewed every 2–3 days from primordial 

stem cells located in the crypts, are a unique and dynamic cell population [34]. Proper 

control of IEC proliferation and differentiation is necessary to maintain a functional 

intestinal barrier, which provides protection against infective organisms and foreign 

antigens, and promotes nutrient digestion and absorption. Moreover, perturbed regulation of 

IEC growth and maturation underlies important clinical entities in humans, for example in 

inflammatory bowel diseases [35]. A thorough understanding of the mechanisms which 

regulate IEC proliferation is thus important. Although copper has been implicated in control 

of cell proliferation [5], the Atp7a copper transporter has not been previously directly linked 

with cell growth. Since Atp7a has dual functions in IECs, impairment of either of these 

could potentially alter growth patterns. Atp7a influences intracellular copper levels (via its 

export function), copper distribution (since it pumps copper out of the cytosol into the 

TGN), and cuproenzyme synthesis (which occurs within the TGN). Since Atp7a KD did not 

change intracellular copper levels (under basal conditions) and copper loading did not alter 

CD1 protein expression, impaired cell growth could relate to defective cuproenzyme 

synthesis. Clearly, however, additional studies are required to elucidate additional 

mechanistic aspects of Atp7a and copper in the regulation of IEC proliferation and 

differentiation.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Effect of Atp7a KD on IEC-6 cell growth; control (Ctrl) and Atp7a KD IEC-6 cells were 

incubated with an Atp7a-specific antibody followed by a fluorescent-tagged secondary 

antibody and imaged by confocal microscopy (A). In separate experiments, control (black 

bars) or KD (open bars) cells were plated at low density and then synchronized for ~12 h in 

serum-free medium. Regular medium was subsequently used to replace the serum-free 

medium, and cells were grown for various time periods and counted (B); *different from 

Ctrl, p < 0.001. To better exemplify differences ingrowth rates, cell growth data were fitted 

with lines and slopes were calculated (C). Slopes from Ctrl and KD cells were significantly 

different. Values are means ± SE; n = 3 independent experiments. NS, not significant.
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Fig. 2. 
CD1 and PCNA protein expression in control and Atp7a KD IEC-6 cells; cells were 

synchronized in serum-free medium for ~12 h, and then grown in regular medium (with 

serum) for various time periods. Total cell lysates were then prepared and immunoblots 

were performed for CD1 (A) and PCNA (B) protein expression. α-Tubulin was used as a 

constitutively expressed housekeeping protein. Each group represents combined samples 

from 3–8 experimental repetitions. The position of the closest molecular weight marker is 

shown on the right hand side. kDa, kilodaltons.

Gulec and Collins Page 10

J Trace Elem Med Biol. Author manuscript; available in PMC 2015 February 27.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 3. 
Copper loading of control and Atp7a KD IEC-6 cells; cells were synchronized in serum-free 

medium for ~ 12 h, and then grown in regular medium (plus serum) with or without 100 

μM/L CuCl2 for 48 h. Intracellular copper levels (by AAS) and Mt1a mRNA expression (by 

qRT-PCR) were subsequently determined. Different letters indicate statistical significance 

between groups within each panel (p < 0.05). Values are means ± SE; n = 3 independent 

experiments. NT, no treatment.
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Fig. 4. 
Effect of copper loading on Atp7a expression in control and Atp7a KD IEC-6 cells; cells 

were synchronized in serum-free medium for ~12 h, and then grown in regular medium 

(plus serum) with or without 100 μM/L CuCl2 for 48 h. Relative Atp7a mRNA (A) and 

protein (B, C) expression was subsequently determined. Atp7a protein expression was 

normalized to α-tubulin. Different letters indicate statistical significance between groups 

within each panel (p < 0.05). Values are means ± SE; n = 3 independent experiments. NT, 

no treatment.
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Fig. 5. 
Effect of copper loading on the expression of cell cycle marker genes/proteins; cells were 

synchronized in serum-free medium for ~12 h, and then grown in regular medium (plus 

serum) with or without 100 μM/L CuCl2 for 48 h. Subsequently, CD1 mRNA(A) and 

protein (B, C) expression was determined, as well as p21 (D) and Ki67 (E) mRNA 

expression. CD1 protein expression was normalized to the expression of α-tubulin. Different 

letters indicate statistical significance between groups within each panel (p < 0.05). Values 

are means ± SE; n = 3 independent experiments. NT, no treatment; NS, not significant.
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