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Abstract

Zinc deficiency impairs the proliferation and differentiation of stem cells in the central nervous
system that participate in neurogenesis. To examine the molecular mechanisms responsible for the
role of this essential nutrient in neuronal precursor cells and neuronal differentiation, we identified
zinc-dependent changes in the DNA-binding activity of zinc-finger proteins and other
transcription factors in proliferating human Ntera-2 neuronal precursor cells undergoing retinoic
acid-stimulated differentiation into a neuronal phenotype. We found that zinc deficiency altered
binding activity of 28 transcription factors including retinoid X receptor (RXR) known to
participate in neuronal differentiation. Alterations in zinc-finger transcription factor activity were
not simply the result of removal of zinc from these proteins during zinc deficiency, as the activity
of other zinc-binding transcription factors such as the glucocorticoid receptor was increased by as
much as 2-fold over zinc adequate conditions and non-zinc binding transcription factors such as
nuclear factor-1 and heat shock transcription factor-1 were increased by as much as 4-fold over
control. Western analysis did not detect significant decreases in total RXR protein abundance in
neuronal precursors, suggesting that the decrease in DNA-binding activity was not simply the
result of a reduction in RXR levels in neuronal precursor cells. Rather, use of a reporter gene
construct containing retinoic acid response elements upstream from a luciferase coding sequence
revealed that zinc deficiency results in decreased transcriptional activity of RXR and reductions in
retinoic acid-mediated gene transcription during neuronal differentiation. These results show that
zinc deficiency has implications for both developmental and adult neurogenesis.
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1. Introduction

Neurogenesis is the formation of mature neurons that are capable of integrating into
neuronal circuits through the proliferation and differentiation of neural stem/progenitor cells.
Not only is neurogenesis required during embryonic development of the central nervous
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system, but it also occurs in two discrete regions of the adult brain including the
subventricular zone that surrounds the lateral ventricles!2 and the dentate gyrus of the
hippocampus.3# Retinoids with vitamin A activity, particularly retinoic acid, play a role in
processes such as cell proliferation, cell differentiation, development, vision, and immunity.
In addition to the well-studied role of retinoic acid during embryonic development,® it
appears that retinoic acid is also needed for adult hippocampal neurogenesis.® Retinoic acid
is not only required for the survival of proliferating cells in the dentate gyrus, but also for
the early stages of neuronal differentiation.® Thus, vitamin A deficiency in mice reduced
overall neurogenesis in the dentate gyrus when compared to control animals.®

The biological functions of retinoic acid are largely mediated through the retinoid receptors.
The retinoic acid receptors (RAR-q, -B, -y) and the retinoid X receptors (RXR-a, -f, -y) are
ligand-activated transcription factors and are members of the steroid/thyroid nuclear
receptor family. While RAR can bind to both all-trans-retinoic acid and 9-cis-retinoic acid,
RXR can only bind to 9-cis-retinoic acid.” The addition of all-trans-retinoic acid in an in
vivo model results in the increase in transcriptionally active 9-cis-retinoic acid.®
Heterodimers of RAR and RXR bind to target genes at specific DNA sequences called RA-
response elements to promote transcription, resulting in expression of target genes.” RXR
can also bind DNA as a homodimer or function as a heterodimer with other nuclear
receptors such as peroxisome proliferator-activated receptor (PPAR), vitamin D receptor
(VDR), and thyroid hormone receptor (TR), resulting in different signaling pathways.?
Nuclear hormone receptors are made up of many domains including the DNA-binding
domain that is highly conserved. The DNA binding domain of nuclear hormone receptors
contain zinc fingers that are formed through the coordination of one zinc ion to cysteine
residues to form a compact structure.1% Another class of zinc fingers that are common in
other transcription factors contain both cysteine and histidine residues in coordination with a
zinc ion.11

Previous work has shown that zinc regulates neuronal stem cell proliferation, survival, and
differentiation.12:13 Three weeks of dietary zinc deficiency significantly decreased the
number of proliferating cells labeled with the cell cycle marker Ki67 and significantly
increased TUNEL labeled cells in the subgranular zone of the dentate gyrus, an indication
that zinc deficiency impairs proliferation and survival /n vivo. Cell proliferation measured
by BrdU incorporation was also impaired in zinc deficient human Ntera-2 (NT2) neuronal
precursor cells.12

In addition to proliferation and survival, it is also known that zinc is required for neuronal
differentiation. The early marker of neuronal differentiation doublecortin (DCX) was
reduced in mice fed a zinc deficient diet, suggesting that neuronal differentiation is also
regulated by zinc.14 Using NT2 neuronal precursor cells that can differentiate into post-
mitotic mature neurons after exposure to retinoic acid, it has been determined that zinc
deficiency impairs neuronal differentiation and decreases the early neuronal markers TuJ1
and DCX. TGF-B signaling and expression of a variety of genes including RXRa were
implicated as a mechanistic target for zinc regulation of neuronal differentiation.13 RXRa
MRNA abundance was decreased by 40% in the hippocampus of rats fed a zinc deficient
diet compared to control zinc adequate animals.1® Thus, we hypothesized that zinc
deficiency impairs transcriptional activity during neuronal differentiation. This work not
only focused on the role of zinc in the transcriptional activity of RXR and other zinc-finger
proteins in neuronal precursor cells, but also examined DNA-binding activity of a variety of
other non-zinc finger transcription factors that are expressed during neuronal differentiation.
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2. Methods and Materials

2.1. Human neuronal precursor cell culture

Human NT2/D1 teratocarcinoma cells (Ntera2/D1, Stratgene, La Jolla, CA) were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma Aldrich, St. Louis, MO) and
supplemented with 10% fetal bovine serum (Hyclone Laboratories, Logan, UT), 100 ug/ml
of penicillin, 100 pg/ml of streptomycin, 0.25 pug/ml of amphotericin B (Sigma Chemicals,
St. Louis, MO), and 0.5 pg/ml of gentamicin (GIBCO BRL, Rockville, MD). Cells were
maintained in a 37°C humidified chamber in 5% CO».

In order to induce zinc deficiency, NT2 cells were grown in zinc deficient media that was
prepared by mixing fetal bovine serum with 10% Chelex-100 at 4°C overnight according to
the method described in Ho et al.1> The Chelex-extracted serum was then added to DMEM
for a final serum concentration of 10%. Zinc adequate media was prepared by the addition
of 10% fetal bovine serum without Chelex treatment to DMEM.

2.2. Transcription factor profiling array

The Transcription Factor Activation Profiling Plate Array 11 (Signosis, Sunnyvale, CA) was
used to analyze the activity of 96 different transcription factors in zinc adequate and zinc
deficient NT2 cells according to manufacturer’s instructions. Nuclear proteins from NT2
cells were isolated using a Nuclear Extraction Kit (Signosis, Sunnyvale, CA). Biotin labeled
probes based on the consensus sequences of transcription factor DNA-binding sites were
mixed with 15 pg of nuclear protein extract to form transcription factor/probe complexes.
The bound probes were separated from the complex and hybridized to a plate that was pre-
coated with sequences complementary to the probes. The captured DNA probe was detected
with streptavidin-HRP and signal intensity was measured with a microplate luminometer.
Transcription factors were considered to be regulated by zinc deficiency if the fold change
was < -2 or = 2 compared to zinc adequate control NT2 cells.

2.3. Dual luciferase reporter gene assay

An RXR dual luciferase reporter assay (SABiosciences, Frederick, MD) was used to
quantify zinc regulation of RXR transcriptional activity. NT2 cells were seeded at a density
of 5 x 103 cells per well in a 96 well plate. Cells were grown in either zinc adequate or zinc
deficient media for 4 d. The RXR construct (200 ng/well) was transfected using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to manufacturer’s instructions
and cells were treated with 10 uM retinoic acid for 24 h after transfection. Firefly and renilla
luciferase activity was measured with the Dual-Glo Luciferase Assay System (Promega,
Fitchburg, WI) and a microplate luminometer. Negative and positive control constructs were
used and supplied by the RXR dual luciferase reporter kit. RXR reporter expression was
expressed as relative light units (RLUs) and the experimental reporter (firefly luciferase)
was normalized with the control reporter (renilla luciferase).

2.4. Western blot analysis

NT2 cells were grown in zinc adequate or zinc deficient media for 4 d and were incubated
with 10 uM retinoic acid for 24 h starting on day 3. Cell samples were harvested in Triton
X-100 lysis buffer with a protease inhibitor cocktail. Samples were subjected to sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using a 10%
polyacrylamide gel and then transferred to a 0.2 pm nitrocellulose membrane on ice. The
membrane was blocked with Superblock blocking buffer in TBS for 1 h at room temperature
followed by overnight incubation at 4°C with rabbit polyclonal antibodies for RXRa at
1:5000 (D-20: sc-553; Santa Cruz Biotechnology, Santa Cruz, CA) and CRABP2 at 1:1000
(ab74365; Abcam, Cambridge, MA). A mouse monoclonal antibody for B-actin at 1:1000

J Nutr Biochem. Author manuscript; available in PMC 2014 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Morris and Levenson Page 4

(A2228; Sigma Aldrich, St. Louis, MO) was used as a loading control. Membranes were
then washed and incubated with their corresponding IRDye infrared dyes at 1:20,000.
Immunoreactive bands were visualized using the Odyssey infrared detection method with
corresponding software (LI-COR Biosciences, NE).

2.5. Cellular zinc measurements

Cell samples were digested in concentrated trace metal free nitric acid and diluted in 4%
trace metal free nitric acid. Samples were diluted and total zinc concentrations were
measured by inductively coupled plasma mass spectrometry (ICP-MS) on a Finnegan
Element-1 ICP-MS at the National High Magnetic Field Laboratory. NT2 cell zinc
concentrations are reported as ug zinc/mg cell protein. All glassware and plasticware were
acid washed to ensure that all supplies were zinc free.

2.6. Statistical analysis

Data were analyzed using a one-way ANOVA followed by a by Newman-Keuls Multiple-
comparison post hoc test using GraphPad Prism 5.0 software (Prism; GraphPad, San Diego,
CA) and were considered significant at p<0.05.

3. Results

3.1. Media and cellular zinc

Chelex-treatment of serum resulted in a 62% reduction in media zinc (14.15+0.89 ug/L vs
37.75+0.92 pg/l) as previously described.13 One day of zinc deficiency resulted in a 25%
reduction in cellular zinc compared to cells exposed to zinc adequate media (0.18+0.027 vs
0.24+0.047 ug zinc/mg protein). Continuation of the deficiency for 4 d resulted in a further
reduction in cellular zinc to approximately 40% of control values (0.10+0.015 vs 0.24+0.047
Mg zinc/mg protein; p<0.01).

3.2. Transcription factor DNA binding activity

Nuclear proteins, isolated from NT2 cells and used in a DNA binding assay, showed that 4 d
of zinc deficiency differentially affected the binding activities of a number of zinc finger
transcription factors. Of the total 27 zinc finger transcription factors, 7 were down-regulated,
18 were not regulated, and 2 were up-regulated by zinc deficiency (Table 1). Specifically,
zinc deficiency reduced the binding of RXR to DNA response elements by 50% (Table 1).
In addition to zinc finger transcription factors, there are a number of transcription factors
that do not have zinc as part of their protein structure but are otherwise regulated by zinc
deficiency (Table 2). Zinc deficiency regulated the DNA binding of 19 non-zinc finger
transcription factors, of which 7 were reduced and 12 were enhanced.

3.3. RXR-mediated transcriptional activity

The dual luciferase RXR reporter assay showed very low expression of the RXR reporter in
zinc adequate and zinc deficient NT2 cells. There was a 6.4-fold increase in reporter
expression when NT2 cells were treated with retinoic acid (p<0.001). The expression of the
RXR reporter was significantly decreased by 50% in zinc deficient cells treated with retinoic
acid compared to zinc adequate cells treated with retinoic acid (p<0.05) (Fig. 1).

3.4. RXRa protein abundance

Western blot analysis revealed that RXRa is expressed by NT2 cells treated with or without

retinoic acid (Fig. 2A). There were no significant differences in RXRa protein levels across

treatment groups. Zinc deficiency and retinoic acid treatment did not alter protein expression
levels (Fig. 2B).
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3.5 RXR target CRABP

Expression of CRABP2, which has a known RXR binding site in the 5flanking region of the
gene, was low in NT2 cells grown in ZA and ZD media alone (Fig 3A). However, CRABP2
expression was significantly increased (approximately 5-fold) when cells were treated with
RA (p<0.001). Zinc deficiency reduced RA-stimulated increases in CRABP2 expression by
53% (p<0.001; Fig 3B).

4. Discussion

Previous work in our lab has shown that zinc is essential for neuronal stem cell proliferation
and differentiation. Thus, the current work was designed to identify zinc-regulated
transcriptional mechanisms responsible for these observations. This includes zinc finger
transcription factors and nuclear receptors as well other transcription factors that do not bind
zinc. Because our previous work identified the zinc regulation of hippocampal RXRa
mRNA, that encodes a nuclear receptor that plays a role in neuronal differentiation,13 we
also wanted to explore the effect of zinc restriction on this RXR isoform. Thus, this work
directly tested the hypothesis that zinc deficiency represses neuronal differentiation via non-
zinc finger and zinc finger transcription factors including RXR mediated gene expression in
human neuronal precursor cells.

Reductions in cellular zinc down-regulated the DNA-binding activity of a number of zinc
finger transcription factors including COUP-TF, Snail, steroidogenic factor 1, myeloid zinc
finger protein, activating transcription factor 2, and thyroid hormone receptor. While future
work will be needed to confirm the role of zinc in the binding activity reported here, it is
clear that changes in the transcriptional activity of these proteins could lead to significant
molecular alterations. For example, the thyroid hormone receptor, which can form a
heterodimer with RXR, was the most robustly down-regulated transcription factor. Thyroid
hormone is essential for development of the mammalian brain as well as adult brain
function. These hormones act via the thyroid hormone nuclear receptor, the most common of
which is the TRal isoform in the brain.16 Previous work has shown that when the human
TRal was expressed in a bacterial expression system and was depleted of zinc through
chelation, the thyroid hormone receptor was not able to bind the target DNA.1” These
findings are consistent with the data reported here in human neuronal precursor cells.

In zinc adequate cells, we showed that the nuclear receptor for RA, RXR, binds to DNA
elements and that this binding was impaired by zinc deficiency. To determine if this leads to
a functional change in RXR transcriptional activity, we employed a reporter gene assay. The
addition of RA to zinc adequate NT2 cells enhanced RXR-stimulated gene expression in the
reporter system. Consistent with reduced DNA binding, downstream gene expression was
significantly reduced in zinc deficient cells. The decreased ability of RXR to stimulate gene
expression occurred in the absence of a decrease in total RXR protein abundance,
confirming zinc deficiency-mediated changes in DNA binding activity.

We next wanted to confirm that decreased RXR binding activity and resulting decreases in
mRNA results in physiologically meaningful down-regulation of downstream gene
expression and changes in retinoic acid-regulated protein expression. To do this we chose a
downstream gene target, CRABP2, that is known to be induced by retinoic acid by the
binding of RAR/RXR heterodimers on its retinoic acid response element (RARE).18.19 The
CRABP2 gene encodes a protein that moves from the nucleus to the cytoplasm after RA
binding.20 Consistent with the results from the reporter gene assay, the protein that is
encoded by the CRABP2 gene is induced by RA under normal zinc conditions. Protein
abundance is significantly reduced in zinc deficient conditions in the presence of RA. This
reduction confirms our findings that zinc deficiency reduces RA-mediated gene expression
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and subsequent protein abundance during neuronal differentiation, likely through the
impairment RXR binding to the response element.

In addition to changes in zinc finger transcription factors and nuclear receptors, zinc
deficiency resulted in alterations to the activity of a variety of important transcription factors
that do not require zinc for DNA-binding. For example, the heat shock response, which is
induced under stressful conditions, appears to be induced in zinc deficient NT2 cells. DNA
binding of the heat shock transcription factor 1, HSF1, which induces the transcription of
heat shock protein expression?! was increased by 3-fold in zinc deficient neuronal precursor
cells. Furthermore, SATB1, which is required for neuronal differentiation of at least some
sub-types of neurons,22 was reduced to 50% of control by zinc deficiency. Together, these
data suggest that zinc regulated neuronal precursors via a variety of transcription factors that
include both zinc finger proteins as well as other transcription factors that control cell
proliferation and differentiation.

Zinc deficiency did not simply result in a global reduction in the activity of zinc proteins
through removal of zinc from the zinc finger complex, because DNA binding of a number of
transcription factors including the pregnane x receptor and the housekeeping protein Spl
were not reduced in zinc deficient NT2 cells. Interestingly, one zinc finger transcription
factor, the glucocorticoid receptor, had increased DNA binding activity in zinc deficient
cells when compared to zinc adequate control cells. Glucocorticoid receptors, located in
both neurons and glial cells, that are activated by glucocorticoids have been shown to inhibit
proliferation in neural cells23 and induce cell death in neural progenitors and mature
neurons.24

Clearly the question that emerges from this work is the mechanism responsible for the
observed regulation of transcriptional activity by zinc. We observed that zinc deficiency
impairs the DNA binding activity of a number of transcription factors, while the binding
activity of other transcription factors is increased. This is true for both zinc finger proteins
and a number of transcription factors that do not use the zinc finger motif. Clearly, increases
or decreases in the abundance of a transcription factor would alter its total DNA binding
capacity. Additionally, in a zinc finger protein, removal of zinc results in a change in protein
conformation that alters DNA binding ability. This mechanism could be independent of
protein abundance, as we show for the case of RXR, that has previously been shown to
regulate a large variety of downstream gene targets involved in retinoic acid-induced
reductions in proliferation and increases in neuronal differentiation including Meis2,2° the
homeobox box protein HoxD1,26 Neurogranin?’, and insulin-like growth factor binding
protein-3 (IGFBP-3).28

This work has shown that the essential nutrient zinc plays a key role in the molecular
mechanisms at work in the differentiation of neuronal precursor cells into functional
neurons. Reductions in zinc availability impair the ability of RXR to bind DNA response
elements, altering the transcription of target genes which would reduce the ability of retinoic
acid to promote neuronal differentiation that is needed for both developmental and adult
neurogenesis.
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Figure 1.

Effect of zinc deficiency on RXR-mediated transcriptional activity in retinoic acid-treated
NT2 cells. Cells were grown in zinc adequate (ZA) or zinc deficient (ZD) media for 4 d
before transient transfection of an inducible RXR-responsive firefly luciferase reporter and a
constitutively expressing renilla luciferase reporter to control for transfection efficiency and
then treated with or without retinoic acid (RA) for 24 h. Bars represent mean=SEM (n=3)
and represent firefly reporter activity normalized to renilla reporter activity. *ZD+RA is
significantly different than ZA+RA at p<0.05. **ZA and ZD are significantly different than
ZA+RA at p<0.001 (one-way ANOVA followed by Newman-Keuls Multiple-comparison
post hoc test).

J Nutr Biochem. Author manuscript; available in PMC 2014 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Morris and Levenson Page 10

- A
¥ 4
g 5
c
®
2 4 -
F |
< 3-
o
2
g 2
[
(1’4
L
14
x
L4 0- T T
s Y ’g.v' ’gy
03 D

Figure2.

Effect of zinc deficiency on RXRa abundance in retinoic acid-treated NT2 cells. (A)
Representative western blot of retinoid X receptor o (RXRa) expression in cell lysates
grown in zinc adequate (ZA) or zinc deficient (ZD) media for 4 d and treated with or
without retinoic acid (RA) for 24 h. (B) Western blot analysis of relative RXRa abundance
in ZA and ZD cells alone and cells in the same conditions treated with RA. Bars represent
mean+SEM (n=3). No statistical differences were found between groups.
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Figure 3.
Effect of zinc deficiency on a downstream target of the retinoic acid pathway in retinoic

acid-treated NT2 cells. (A) Representative western blot of cellular retinoic acid-binding
protein 2 (CRABP2) expression in cell lysates grown in zinc adequate (ZA) or zinc deficient
(ZD) media for 4 d and treated with or without retinoic acid (RA) for 24 h. (B) Western blot
analysis of relative CRABP2 abundance in ZA and ZD cells alone and cells in the same
conditions treated with RA. Bars represent mean=SEM (n=3). Bars with different letters are
statistically different at p<0.001 except for a and ¢ which are statistically different at p<0.01
(one-way ANOVA followed by Newman Keuls Multiple-comparison post hoc test).
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Effect of zinc deficiency on zinc-finger transcription factors

Table 1

Transcription Factor  Description zD/zA*
TR Thyroid hormone receptor 0.3
COUP-TF Chicken ovalbumin upstream promoter transcription factor 0.4
Snail Snail 1 zinc finger protein 0.4
RXR Retinoid X receptor 0.5
SF1 Steroidogenic factor 1 0.5
MZF Myeloid zinc finger 0.5
ATF2 Activating transcription factor 2 0.5
PLAG1 Pleiomorphic adenoma gene 1 0.6
p53 Tumor protein 53 0.6
VDR Vitamin D receptor 0.6
YY1 Yinyang 1 0.6
Gfi-1 Growth factor independent protein 1 0.7
SMuUC Snail-related transcription factor 0.7
AR Androgen receptor 0.9
Glil Gli zinc finger transcription factor 1
Spl Specificity Protein 1 1
ROR Retinoic acid receptor-related orphan receptor 1
KLF4 Kruppel-like factor 4 12
PXR Pregnane X receptor 1.2
ER Estrogen receptor 14
EGR Early growth response 15
PPAR Peroxisome proliferator-activated receptor 1.6
WT1 Wilms tumor protein 1 1.6
CAR Constitutive androstane receptor 1.8
HNF4 Hepatocyte nuclear factor 4 18
GR/PR Glucocorticoid receptor/Progesterone receptor 19
GATA GATA transcription factor 2.6

*
Luminescence of zinc deficient (ZD) cells relative to zinc adequate (ZA) cells
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Table 2

Effect of zinc deficiency on non-zinc finger transcription factors

Transcription Factor  Description zD/zA*
Ets E-twenty six 0.4
SATB1 Special AT-rich sequence binding protein 1 04
FOXA1 Forkhead box protein Al 0.5
Pax3 Paired box protein 3 0.5
Pax5 Paired box protein 5 0.5
Statl Signal transducer and activator of transcription 1 0.5
TFIID TATA box binding protein 0.5
Pit Pituitary specific transcription factor 1 2.0
C/EBP CCAAT/enhancer binding protein, alpha 2.1
Stat3 Signal transducer and activator of transcription 3 2.4
SOX9 SOX protein 9 2.6
AP4 Activator protein 4 2.7
NRF1 Nuclear respiratory factor 1 2.8
NF-E2 Nuclear factor (erythroid-derived 2) 29
FOXO0O1 Forkhead box protein O1 3.0
HSF Heat shock transcription factor 1 3.0
Prox1 Prospero homeobox protein 1 3.8
NF1 Nuclear factor 1 3.9
CDP CCAAT displacement protein 4.6

*
Luminescence of zinc deficient (ZD) cells relative to zinc adequate (ZA) cells
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