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An adequate zinc status is essential for optimal cellular

functions and growth. Yet, excessive zinc supplementation

can be cytotoxic and can impair cell growth. Gadd45 plays a

vital role as cellular stress sensor in the modulation of cell

signal transduction in response to stress. The present study

was designed to determine the influence of zinc status on

Gadd45 expression and cell cycle progression in zinc deficient

and supplemented normal human bronchial epithelial (NHBE)

cells, and to decipher the molecular mechanism(s) exerted by

the suppression of Gadd45 expression on cell growth and cell

cycle progression in this cell type. Cells were cultured for one

passage in different concentration of zinc: <0.4 lM (ZD) as

severe zinc deficient; 4 lM as normal zinc level in culture

medium; 16 lM (ZA) as normal human plasma zinc level; and 32

lM (ZS) as the high end of plasma zinc attainable by oral

supplementation. Inhibition of cell growth, upregulation of

Gadd45 mRNA and protein expression, and blockage of G2/M

cell cycle progression were observed in ZS cells. In contrast,

little or no changes in these parameters were seen in ZD cells.

The siRNA-mediated knocking down of Gadd45 was found to

relieve G2/M blockage in ZS cells, which indicated that the

blockage was Gadd45 dependent. Moreover, the enhanced

phosphorylation of p38 and p53 (ser15) in ZS cells was

normalized after suppression of Gadd45 by siRNA, implicating

that the enhanced phosphorylation of these proteins was

Gadd45 dependent. Thus, we demonstrated for the first time

that an elevated zinc status modulated signal transduction to

produce a delay at G2/M during cell cycle progression in NHBE

cells. Exp Biol Med 233:317–327, 2008
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Introduction

Bronchial epithelial cells are the physical barrier that

separates airway connective tissue and smooth muscle from

the airway luminal contents. In the absence of intact

epithelial barrier, the airway lumen may contain harmful

substances, which could initiate inflammatory reactions in

the submucosa (1–3). Exposure to high concentration of

zinc in the air may cause significant health risk (4). Zinc

toxicity can cause acute respiratory tract inflammation

together with bronchial hyper-responsiveness. Studies have

shown that workers in mining industries had increased

polymorpho-nuclear leukocytes and incidence of pulmonary

inflammation (5). In view of the prevalence and clinical

significance of zinc deficiency in human populations, as

well as extensive use of zinc supplementation in animal

production and to a lesser extend in human populations, we

have initiated studies designed to examine the influence of

zinc status on the expression of stress inducible gene, the

growth arrest and DNA damage-induced gene (Gadd)

Gadd45, in Normal Human Bronchial Epithelial (NHBE)

cells. NHBE cells have been selected for this study because

they are more representative of cell population during lung

tissue transformation and are considered to be progenitor

cells for human bronchial cancer.

Gadd45 was originally identified as the mRNA tran-

script that was rapidly induced in response to UV radiation

(6). Gadd45 is an ubiquitously expressed 21kD acidic

protein in response to genotoxic agent, and is involved in
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many biological processes related to the maintenance of

genomic stability and apoptosis. Gadd45-/- knockout mice

were more susceptible to DNA-damage induced tumors

when subjected to carcinogens (7, 8, 9). Over expression of

Gadd45 in tumor cell lines was found to inhibit cell growth

(10). Moreover, Gadd45 induction through tet-off inducible

system suppressed cell growth (11). Initially, over expres-

sion of Gadd45 by microinjecting Gadd45 expression vector

was found to induce G2/M cell cycle arrest (12). The

importance of Gadd45 in G2/M regulation was further

supported by findings of the inability of cells from Gadd45

knockout mice to arrest at the G2/M phase after exposure to

UV radiation. In cells under hyperosmolarity stress,

inhibition of cell cycle progression was accompanied by

Gadd45 induction, which was partially dependent on p38

kinase activity (13). Various studies demonstrated a func-

tional association between stress-activated mitogen-acti-

vated protein kinase pathway and Gadd45 in response to

environmental stresses (14). Gadd45 induction also depends

on p38 activity in other cell types exposed to oxidative

stress (15), flavonoids (16), or peripheral benzodiazepine

receptor-specific ligands (17). Conversely, p38 activity

depends on MEKK4 activation mediated by Gadd45 protein

in response to an array of stimuli (13, 18–20). Tumor

suppressor gene p53 plays an important role in the

maintenance of genomic fidelity by controlling cell cycle

checkpoints and apoptotic process following cell exposure

to genotoxic stress. The dependence of Gadd45 induction on

normal cellular p53 function is well established (21). In

response to DNA damage, Gadd45 was found to contribute

to the stability of p53.

The present study was designed to determine the

influence of zinc status on Gadd45 expression and cell cycle

progression in NHBE cells, and to decipher the molecular

mechanism(s) exerted by the suppression of Gadd45

expression on cell growth and cell cycle progression in this

normal human cell type. Findings from this study

demonstrated that zinc supplementation of normal human

bronchial cells produced adverse effects by increased

expression of Gadd45 resulting in cycle blockage at G2/M

and an increase in phosphorylation of tumor suppressor

genes p53 and p38.

Materials and Methods

Cell Culture. NHBE cells were purchased from

Cambrex Bio Science (Walkersville, MD). Cells were

plated at 3,500 cells/cm2 in tissue culture dishes containing

bronchial epithelial cell growth medium (BEGM), supple-

mented with 0.5 lg/ml epinephrine, 10 lg/ml transferrin, 5

lg/ml insulin, 0.1 ng/ml retinoic acid, 52 lg/ml bovine

pituitary extract, 0.5 lg/ml hydrocortisone, 0.5 pg/ml

human recombinant epidermal growth factor, and 6.5 ng/

ml triiodothyronine (as growth supplements) without anti-

biotics, and cultured at 378C in a 5% CO2 incubator.

Endotoxin-free medium was used (,0.005 endotoxin units/

ml). The medium was changed at day 1 and subsequently

every 48 h. The cells were grown to 80% confluence for 6

days, and subcultured using trypsin-EDTA at a ratio of 1:8

at passage 3 for experimental zinc treatment.

A zinc-free BEGM baseline medium, in which

Cambrex omitted the addition of ZnSO4, was used as the

zinc-depleted medium. This medium consisted of Bronchial

Epithelial Basal Medium (BEBM) supplemented with

growth components, and contained residue amounts of zinc

(,0.4 lM), as detected by flame atomic absorption

spectrophotometry. The zinc-free basal medium of ,0.4

lM was used as the zinc-depleted medium (ZD). For the

other four treatment groups, zinc was added to the media in

the form of ZnSO4 so that the only difference between these

media was the zinc concentration. For the zinc-normal

medium (ZN) contained 4 lM of ZnSO4, the zinc-adequate

medium (ZA) contained 16 lM of ZnSO4, and the zinc-

supplemented medium (ZS) contained 32 lM ZnSO4. The

ZN medium was used as a comparison to standard culture

media and was used as the control group for experiments.

The ZA treatment was used as a representative of human

plasma zinc levels, and the ZS group was used to represent

the high end of plasma zinc levels attainable by oral

supplementation in humans (22). After NHBE cells were

subcultured into one of the four corresponding groups, the

cells were cultured overnight in ZN media before changing

to their respective medium. Cells were then cultured in ZD,

ZN, ZA and ZS media for 6 days. The cell number was

determined by using a hemocytometer, and cell viability

was assessed by trypan blue dye exclusion. Cell morphol-

ogy was evaluated by using a phase-contrast microscope

(Olympus, Tokyo, Japan).

Cellular Zinc and DNA Determination. After

reaching 80% confluence, cells were harvested by treatment

with trypsin-EDTA for 5 min in 378C incubator. Both cells

and media were collected by scraping from tissue culture

dishes. And cell suspensions were then centrifuged at 500 3

g for 5 min at 48C, and cell pellets were washed three times

with phosphate-buffered saline (PBS). Cells were resus-

pended into 1.5ml PBS and sonicated for two 30 sec

intervals. An aliquot of the sonicated cell suspension was

immediately aspired into the flame atomic absorption

spectrophotometer for the measurement of cellular zinc

content by flame atomic absorption spectrophotometry

(Hitachi, San Jose, CA). Zinc standard solutions (Fisher,

Pittsburgh, PA) ranging from 0.05 ppm to 1.0 ppm were

used to generate a linear standard curve. The zinc content of

the cells was determined based on these zinc reference

solutions. In addition, the certified zinc solutions were

compared to bovine Liver Standard Reference (U.S.

Department of Commerce, National Institute of Standards,

Gaithersburg, MD). Appropriate blanks were employed for

all measurements. From the same sample, a small aliquot of

the sonicated cell suspension was used to measure cellular

DNA content using diphenylamine (23). Data were ex-

pressed as cellular zinc per microgram of DNA because of
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the linear relationship between cellular DNA and cell

number we previously established (23).

RNase Protection Assay. Total RNA was isolated

from NHBE cells using the RNAqueous Kit (Qiagen,

Valencia, CA), according to manufacturer’s instruction and

the integrity of the RNA was verified by electrophoresis and

quantified by spectrophotometry. The mRNA abundance of

human Gadd45 gene was measured by the non-radioactive

RNase Protection Assay (Pharmingen, San Diego, CA). The

human GAPDH probe was also included in the multi-probe

and was used as housekeeping gene for normalization.

Labeled riboprobes were synthesized using the Non-Radio-

active In Vitro Transcription kit with T7 RNA polymerase

(Pharmingen, San Diego, CA), and Biotin-dUTP (Roche,

Alameda, CA).

RNase Protection Assay (RPA) was performed using

the Pharmingen RPA kit. Each sample contained 10 lg of

total RNA from NHBE cells, and 2 lg of the multi-

riboprobe. The RNA and labeled probes were co-precipi-

tated with ammonium acetate and ethanol, and resuspended

in hybridization buffer at 568C for 16 h. The RNase

digestion was performed at 308C for 45 mins, followed by

inactivation with proteinase K cocktail, and subsequent

precipitation. Protected fragments were separated by Tris-

Urea Polyacrylamide Gel Electrophoresis (PAGE) using

pre-casted gel from BioRad (Hercules, CA). Control

samples were processed without RNase digestion and only

full-length probes were applied. No protected bands

appeared in controls, in which yeast RNA replaced NHBE

RNA indicating that digestion was complete. The PAGE gel

resolved protected probes were transferred to nylon

membrane and subjected to UV crosslinking. The biotin-

labeled protected cDNA transferred to the membrane were

detected by chemiluminescent signal and visualized by X-

ray film exposure.

Cell Cycle Analysis. DNA contents of cells were

assayed by fluorescence-activated cell sorting (FACS).

NHBE cells were cultured in ZD, ZN, ZA, and ZS media

for one passage, trypsinized, washed in PBS (Ca2þ, Mg2þ
free), and fixed in 70% cold ethanol. Cells were stored at

48C. For staining, cells were collected by centrifugation, and

pellets were suspended in 1.0 ml propidium iodide staining

solution (50 mg per ml propidium iodide, 100 U per ml

RNase in PBS), and incubated at room temperature for 1 h.

Staining was quantitated with a FACSCalibur cytometer

(Becton Dickinson, San Jose, CA). Flow cytometric data

files were acquired for 10,000 cellular events with the

CELLQuestPro software program (Becton Dickinson, San

Jose, CA). Cell cycle distribution percentages of stained

nuclei were calculated by using Modfit LT software (Verity

Software House, Topsham, ME). This same software can

also be used to estimate the percentage of DNA fragments

found in the sub G0/G1 region to give an estimate of

apoptosis (24). The calibration standard LinearFlow green

and the DNA QC Particle kit, for verification of instrument

performance, were purchased from Molecular Probes

(Eugene, OR) and Becton Dickinson, respectively.

Nuclear and Cytoplasmic Extract Prepara-
tion. The NE-PER Nuclear and Cytoplasmic Extraction

Reagents and the Halt Protease Inhibitor Cocktail Kits

(Pierce Biotechnology, Rockford, IL) were used for nuclear

and cytoplasmic extracts preparation according to the

manufacturer’s instructions, which are based on the method

of Smirnova et al. (25). Nuclear and cytoplasmic extracts

were then stored in aliquots at �808C. Protein concen-

trations were determined by using the BCA Protein Assay

Reagent kit (Pierce). Contaminations of nuclear extracts by

cytoplasmic proteins or contamination of cytoplasmic

extracts by nuclear proteins, detected by Western blot

analysis of Hsp90 or Oct-1, respectively, were routinely

found to be less than 5% in our lab.

Western Blot Analysis. Nuclear and cytoplasmic

protein concentrations were determined by using the BCA

kit (Pierce). Forty lg of protein were resolved on a 10%

SDS-polyacrylamide gel electrophoresis and transferred to

Hybond ECL nitrocellulose membrane (Amersham Phar-

macia Biotech, Germany) by using a mini-transfer system

(Bio-Rad, Hercules, CA). Membranes were blocked with

5% nonfat dry milk in PBS-T (10mM phosphate buffer

pH7.3, 137mM NaCl, 2.7mM KCl, and 0.1% Tween 20) for

1 h at room temperature, prior to incubation with 1 lg/ml of

primary antibody from Santa Cruz Biotechnology (Santa

Cruz, CA), in PBS-T containing 5% nonfat milk at

4 8C overnight. Membrane was then washed three times

with PBS-T and blotted with a secondary antibody

conjugated with horseradish peroxidase (Santa Cruz, Santa

Cruz, CA) at room temperature for 1 h, followed by three

washes in PBS-T. The protein was visualized by using the

SuperSignal West Pico Chemiluminescent Substrate (Pierce,

Rockford, IL). Anti-Gadd45 (H165), anti-phospho-p53

(Ser15), anti-phosphor-p38 (D-8), anti-actin (I19) and anti-

histone H1 (Fl 219) were purchased from Santa Cruz

Biotechnology (Santa Cruz, CA).

siRNA Transfection. RNA interference of Gadd45

was performed by using a 23 bp (including 2-deoxynucleo-

tide overhang) siRNA duplex with the DNA sequence

AAAGTCGCTACATGGATCAAT. A control siRNA that

specifically targeted the green fluorescent protein DNA

sequence CCACTACCTGAGCACCCAG was used as a

non-silencing control. siRNA duplexes were synthesized

from Qiagen (Valencia, CA). For cell transfection with

siRNA, NHBE cells cultured on culture dishes at 60%

confluency, and siRNA (600pmol) were introduced into the

cells using RNAiMAX transfection reagent (Invitrogen,

Carlsbad, CA) according to the manufacturer’s recommen-

dations. Briefly, cells were cultured under different zinc

status in cell culture dishes, in the following treatments: ZD-

Luciferase, ZN-Luciferase, ZS-Luciferase, ZD-Gadd45,

ZN-Gadd45, and ZS-Gadd45. Aliquots of 600 pmol of

siRNA-Gadd45 or siRNA-Luciferase were diluted with

Opti-MEM medium (Invitrogen, Carlsbad, CA), and another
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solution containing lipofectamine transfection reagent was

also diluted with Opti-MEM medium. These two mixtures

were combined together at room temperature with gentle

vortex, and incubated for 20 min, and followed by addition

of 10 ml corresponding medium for the treatment groups.

The mixture was then overlaid onto the 60% confluent

NHBE cells. After 48 hours, cells were harvested for cell

cycle and western blot analyses.

Statistical Analysis and Data Presentation. Each

experiment was repeated at least three times. Data were

expressed as mean 6 SEM. Statistical comparisons were

carried out by one-way analysis of variance (ANOVA).

Means were examined by the Least Significant Difference

post hoc analysis (SPSS Inc., Chicago, IL). P , 0.05 was

considered statistically significant.

Data were presented in table or figure format and

mostly expressed as percent of ZN for ease of comparison

between treatments. Most importantly, this approach will

allow the figures with essential gel data to be appreciated

next to the corresponding bar graphs.

Results

Zinc Supplementation Markedly Reduced Cell
Growth in Normal Human Bronchial Cells. In ZD,

ZA and ZS cells, cell growth as measured by DNA content

per plate, was found to be reduced to 83%, 79%, and 67%,

respectively, of the ZN cells (Table 1). The culture of cells

in zinc-depleted medium resulted in about 50% reduction of

cellular zinc as compared to control ZN cells (Table 1).

Moreover, cellular zinc level in ZA and ZS cells was about

200% and 400% of that of ZN control cells, respectively.

Thus, cell growth was reduced both by the low-zinc and

high-zinc status, particularly in ZS cells. Furthermore, a

dose-dependent elevation in cellular zinc content was

observed as the zinc concentration in the media was

increased.

Gadd45 mRNA Abundance Was Up-Regulated
in ZS NHBE Cells. Gadd45 mRNA abundance was up-

regulated in ZA and ZS NHBE cells to 149611% and

18565%, respectively, of ZN control cells (10061%)

(Fig. 1A). Although the mRNA abundance in ZD cells

appeared to be lower than ZN cells, the difference was not

significant. Thus, in ZA and ZS cells, the marked elevations

in Gadd45 mRNA levels were associated with increases in

cellular zinc levels and reductions in cell growth.

Gadd45 Protein Level Was Markedly Elevated
in ZS NHBE Cells. In ZS cells, western blot analysis

indicated an almost 5-fold increase in cytoplamic (Fig. 1B)

and a 4-fold increase in nuclear (Fig. 1C) Gadd45 proteins

when compared with the ZN cells. The cytoplasmic and

nuclear Gadd45 protein levels were increased 1.4-fold and

1.6-fold, respectively, in ZD cells; as well as 2.2-fold and

1.3-fold, respectively, in ZA cells, as compared to ZN

control cells. These findings indicated that the magnitude of

increases in Gadd45 protein among the treatment groups

were higher than the increases in mRNA levels, especially

for the ZS group. Thus, there may be additional posttran-

scriptional regulation involved in the enhancement of the

protein stability of Gadd45. Because the depression of cell

growth induced by an upregulation of Gadd45 protein is

well established, the marked elevation in Gadd45 protein in

ZS cells may contribute to the observed reduction in cell

growth.

Zinc Supplementation Delayed G2/M Cell Cycle
Progression in NHBE Cells. To uncover the mecha-

nism responsible for the marked cell growth reduction in ZS

cells, we next examined the cell cycle progression by flow

cytometry. A marked delay in G2/M cell cycle progression

was observed in ZS NHBE cells (24.3960.53%) when

compared to ZN cells (13.1560.12%) (Fig. 2). The delay

was smaller in magnitude in ZA cells, with 15.5960.20% of

cells in G2/M. In contrast, no change was observed in ZD

cells, with 12.9860.60% cells in G2/M, when compared to

ZN cells.

siRNA Mediated Gene Silencing Knocked
Down Gadd45 Protein Expression. The approach of

siRNA-mediated gene silencing of Gadd45 was used to

establish whether the knock down of the marked elevation

of Gadd45 in ZS cells would normalize the delayed in G2/M

cell cycle progression. After Gadd45 siRNA transfection,

the Gadd45 protein levels were knocked down to similar

levels in all Gadd45 siRNA transfected zinc treatments, ZD-

Gad (56614%), ZN-Gad (44610%) and ZS-Gad (5368%),

as compared to ZN-C controls (10069%) (Fig. 3).

Table 1. The Influence of Zinc Status on Cell Growth and Cellular Zinc Level in NHBE Cells

Zinc concentration in NHBE medium

Zinc deficient (ZD) Zinc normal (ZN) Zinc adequate (ZA) Zinc supplemented (ZS)

0.4 lM 4 lM 16 lM 32 lM

DNA content (% of ZN)1 83 6 13 b 100 6 4c 79 6 3b 67 6 4a

Cellular zinc level (zinc/DNA, ng/lg)2 1.6 6 0.2a 4.3 6 0.5b 9.1 6 1.7c 17.1 6 1.1d

1 DNA content per plate in normal human bronchial epithelial (NHBE) cells after cultured in respective zinc media for one passage. DNA content
was determined by diphenylamine method.
2 Cellular zinc level in NHBE cells treated with different concentrations of zinc (ZD, ZN, ZA and ZS) for one passage. Cellular zinc was
measured by flame atomic absorption spectrophotometry.
3 Values are means 6 SEM from three experiments. Similar results were obtained from experiments with cells from another subject.

320 SHIH ET AL

 at SAGE Publications on October 31, 2014ebm.sagepub.comDownloaded from 

http://ebm.sagepub.com/


siRNA Mediated Gadd45 Knocked Down Abro-
gated the Blockage in G2/M Cell Cycle Progression
and Triggered Apoptosis in ZS NHBE Cells. The

blockage in G2/M cell cycle progression was partially

abrogated in ZS-Gad group. Similarly, ZD-Gad and ZN-

Gad showed the same amount of cells in G2/M after siRNA

transfection (Fig. 4). The extent of DNA fragments found in

the sub G0/G1 region was used as an estimate of apoptosis.

Even with the knock down of Gadd45, the amount of DNA

in the region was found to be modest and essentially the

same for all treatment groups.

siRNA Mediated Suppression of Gadd45 De-
pressed the Enhanced Phosphorylation of p53 at
Position ser 15 and Phosphorylation of p38 in ZS
NHBE Cells. Phosphorylated p53 (ser 15) (Fig. 5A) and

phosphorylated p38 (Fig. 5B) protein levels in ZS cells were

induced to around 2-fold and 2.5-fold, respectively, higher

than ZN cells. Interestingly, after the suppression of Gadd45

mediated by siRNA, these two induced phosphorylated

proteins were decreased to around the same level of ZN

control cells in all siRNA (ZD-Gad, ZN-Gad, ZS-Gad)

treatment groups. These findings suggest that the up

regulation of these phosphorylated proteins was Gadd45

dependent.

Discussion

In this report, we provide evidence that the G2/M

blockage found in physiological range of zinc supplemen-

tation in NHBE cells is associated with an up regulation of

Gadd45 expression. The administration of small interference

RNA targeting Gadd45 abrogated the G2/M blockage in

zinc supplemented NHBE cells. The silencing of Gadd45

also suppressed the phosphorylated-p53 (ser 15) and

phosphorylated-p38 levels, which indicated that Gadd45

might have contributed to the enhanced phosphorylation of

p53 and p38 in response to the stress induced by zinc

supplementation in NHBE cells.

Zinc Supplementation Inhibits Normal Human
Bronchial Cells Proliferation. In zinc supplemented

NHBE cells, cellular zinc was fourfold higher than that of

ZN control group (Table 1), and cell growth as measured by

cell number was decreased to 60% of ZN (Table 1). Our

study is the first to demonstrate that zinc supplementation,

within the physiological range, is capable of reducing the

Figure 1. Gadd45 mRNA abundance (A) as well as Gadd45 protein
level in the cytoplasm (B) and nucleus (C) were up-regulated in ZS
NHBE cells. Cells were cultured in ZD (,0.4 lM zinc), ZN (4.0 lM
zinc), ZA (16.0 lM zinc), and ZS (32.0 lM zinc) media. Cells were
cultured for 1 passage in BEGM with zinc added as a supplement to
the ZD medium. (A) Gadd45 mRNA level was measured by RNase
Protection Assay (RPA). RNase protection products were separated
on a polyacrylamide gel and quantitated by laser densitometry.
GAPDH was used as an internal reference, and values are
expressed as a percentage of ZN controls. (B) Cytoplasmic and

 
(C) nuclear protein extracts were separated on 10% polyacrylamide-
SDS gels, transferred onto nitrocellulose membranes, and incubated
with anti-Gadd45 antibody. Cytoplasmic and nuclear samples were
probed with antibodies against Actin and Histone H1, respectively,
for normalization. Autoradiography was visualized using enhanced
chemiluminescence and quantitated by densitometry. Densitometric
data are expressed as a percentage of ZN controls. Representative
samples from each treatment group are shown below the bar graph.
Values are means 6 SEM from three experiments. Different letters
indicate significantly different means, P , 0.05. Treatments with the
same letters indicate no significant difference. Similar results were
obtained from experiments with cells from another subject.
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growth of NHBE in primary culture. Thus, high physiologic

level of zinc also imposes adverse effect in normal cells.

Controversy towards the efficacy of zinc supplementation in

the prevention of cancer growth has been reported. Several

studies have indicated that high cellular zinc levels inhibit

cancer cell growth (26–28). Moreover, studies also reported

that treatment with high level of zinc not only inhibited

proliferation of cancer cells but also induced G2/M arrest

(29, 30). However, an epidemiological study has reported an

increase in risk for cancer development with usage of high

level of zinc supplement. (31). Even though zinc supple-

mentation can inhibit cancer cell proliferation, the cytotoxic

Figure 2. Zinc supplementation blocked G2/M progression in NHBE cells. Cell cycle analysis of NHBE cells was assayed by flow cytometry
using a FACScalibur cytometer. Cells were cultured in ZD, ZN, ZA, and ZS media for one passage. Washed cells were fixed in ethanol and
stained with propidium iodide for DNA content. Flow cytometric data files were collected and analyzed by the CELLQuest program. Cell cycle
distribution percentages of stained nuclei were calculated using Modfit LT software. The calibration standard LinearFlow green and the DNA QC
particle kit were used for verification of instrument performance. Histograms are representative of three independent experiments. The
proportions of cells in G0/G1, S phase and the G2/M ratios are indicated for each treatment group. Similar results were obtained from
experiments with cells from another subject.

Figure 3. siRNA mediated gene silencing knocked down Gadd45 protein expression. Nuclear Gadd45 protein levels are presented as
percentage of ZN-C (control in ZN group). NHBE cells were transiently transfected with either siRNA targeting Gadd45 (Gad) or Luciferase (Luc)
in the treatment groups (ZD-Gad, ZN-Gad, ZS-Gad, ZD-Luc, ZN-Luc and ZS-Luc). Control groups (ZD-C, ZN-C and ZS-C) were transfected with
lipofectamine only (vehicle). Nuclear Gadd45 protein levels were knocked down by siRNA targeting Gadd45 in ZD-Gad, ZN-Gad and ZS-Gad
treatment groups. Nuclear protein extracts were separated on 10% polyacrylamide-SDS gels, transferred onto nitrocellulose membranes, and
probed with anti-Gadd45 antibody. Nuclear samples were probed with antibody Histone H1 for normalization. Autoradiography was visualized
by using enhanced chemiluminescence and quantitated by densitometry. Values are expressed as a percentage of ZN controls. Representative
samples, from each treatment group, are shown below the bar graph. Values are means 6 SEM from 3 experiments. Different letters indicate
significantly different means, P , 0.05. Similar results were obtained from experiments with cells from another subject.

322 SHIH ET AL

 at SAGE Publications on October 31, 2014ebm.sagepub.comDownloaded from 

http://ebm.sagepub.com/


effect of zinc (90 and 900 lmol/L) resulting in the induction

of DNA fragmentation has been observed in human primary

liver cells (32).

Upregulation of Gadd45 Is Associated with Cell
Growth Suppression in Zinc Supplemented NHBE
Cells. Our results demonstrate that cell growth suppression

was accompanied by marked induction of Gadd45 expres-

sion, which suggests that Gadd45 may be the main regulator

in cell growth inhibition in zinc supplemented NHBE cells.

This hypothesis is supported by numerous findings regard-

ing the function of Gadd45 reported by other research

groups. Several reports have established that over-expres-

sion of Gadd45, by transient transfection and tet-off

inducible system, substantially inhibited cell growth in

multiple tumor lines (33, 11). In addition, Gadd45 has been

established to be downstream of p53-dependent pathway in

cells harboring functional p53 or null-p53. To determine

whether Gadd45 is the single regulator of p53-dependent

pathway in response to cellular stress, an experiment is in

progress, and p21WAF/CIP1 is the candidate gene to be

studied. Although Gadd45 reveals a similar growth

suppressive property as p21WAF/CIP1, it does not utilize

Rb-related pathways and may act differently to exert its

growth-suppressive function (34).

G2/M Blockage Was Found in ZS NHBE
Cells. In our study, cell cycle analysis by flow cytometry

demonstrated that there was G2/M blockage in ZS cells

(Fig. 2). In ZS cells, G2/M blockage was accompanied by

three to fivefold induction of nuclear and cytoplasmic

Gadd45 proteins levels, respectively (Fig. 1B and 1C), and

by twofold increase in mRNA abundance (Fig. 1A) as

compared to ZN control cells. These results suggest that

zinc supplementation may cause cellular stress, which

induces Gadd45 expression. With the increase in Gadd45

expression in ZS cells, G2/M blockage occurs to delay the

transition and hinder cell growth. The underlying mecha-

nism by which Gadd45 blocks the G2/M cell cycle

progression needs to be further investigated. This probably

is due to the binding of Gadd45 to Cdk1, which decreases

Cdk1 kinase activity, and hinders the cell progression from

G2 to M (11). High dosage of zinc has been reported to

induce DNA fragmentation in human cells, implying that

DNA damage may occur in high zinc supplementation (30).

The molecular mechanism by which stress signals arrest cell

cycle progression at the G2/M checkpoint is still not fully

established. The cell cycle control system is based on the

cyclin-dependent protein kinases (Cdk) and the cyclins.

Cyclin B1 that undergoes a cycle of synthesis and

degradation with each division cycle, is capable of binding

to Cdk1. This dimer forms the M phase-promoting factor

(MPF) during G2 and is required for entry into mitosis.

Gadd45 has been shown to bind Cdk1 and inhibit its activity

or alter the subcellular level of Cyclin B1 in human cells

when exposed to stresses like ionizing radiation or ultra

violet radiation (11, 35, 36). Gadd45 induces G2/M arrest

through p53-dependent and independent pathways by

decreasing Cdk1 kinase activity and changing subcellular

Cyclin B1 levels in many cell types when exposed to

Figure 4. siRNA mediated Gadd45 knocked down relieved the delay in G2/M cell cycle progression in ZS NHBE cells. Cell cycle analysis was
performed after siRNA transfection. NHBE cells were transient transfected with either siRNA targeting Gadd45 (Gad) or Luciferase (Luc) in the
treatment groups including ZD-Gad, ZN-Gad, ZS-Gad, ZD-Luc, ZN-Luc and ZS-Luc. Cells were harvested and washed, followed by fixation in
ethanol, and stained with propidium iodide for DNA content. Flow cytometric data files were collected and analyzed by the CELLQuest program.
Cell cycle distribution and apoptosis percentages were calculated using Modfit LT software.
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stresses (37, 41). The effect of Gadd45 on the G2/M

transition may be due to its ability to dissociate complexes

of Cyclin B1and Cdk1 as well as to inhibit the activity of

Cdk1/Cyclin B1 in vitro (35, 36). In the present study, no

G1 arrest was observed in ZS cells. This is consistent with

data from another study, which reported that Gadd45 did not

efficiently inhibit Cdk2/Cyclin E, nor caused G1 arrest

when microinjected (35). However, the observed G2/M

blockage may require p53 if Gadd45 acts directly on Cdk1/

Cyclin B1. One explanation is that Gadd45 may cooperate

with other downstream targets of p53, such as p21, whose

constitutive expression is lost upon deletion of p53 (42).

The Upregulation of Gadd45 Accounts for the

G2/M Blockage in ZS NHBE Cells. To show the

Figure 5. The enhanced phospho-p53 (ser15) protein level (A) were depressed and phosphorylation of p38 (B) was normalized in ZS and ZD
after knock down of Gadd45 by siRNA. NHBE cells were transiently transfected with either siRNA targeting Gadd45 (Gad) or Luciferase (Luc) in
the treatment groups (ZD-Gad, ZN-Gad, ZS-Gad, ZD-Luc, ZN-Luc and ZS-Luc). Control groups (ZD-C, ZN-C and ZS-C) were transfected with
lipofectamine only (vehicle). After 48 hours, cells were lysed and analyzed. Total cell extracts were separated on 10% polyacrylamide-SDS gels,
transferred onto nitrocellulose membranes, and probed with anti-phospho-p53 (ser15) antibody (A) and with anti-phospho-p38 antibody (B).
Autoradiography was visualized using enhanced chemiluminescence and quantitated by densitometry. Values are expressed as a percentage
of ZN controls. Representative samples, from each treatment group, are shown below the bar graph. Values are means 6 SEM from 3
experiments. Different letters indicate significantly different means, P , 0.05.
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involvement of Gadd45 in G2/M cell cycle regulation in

zinc supplemented NHBE cells, we initiated the small

interfering RNA targeting Gadd45 experiment to knock

down Gadd45. The success of knocking down Gadd45 was

confirmed by the marked reduction in Gadd45 protein level

(Fig. 3). Gadd45 protein was knocked down to 40–50% of

ZN control group (ZN-C). Consistent with reports from

other research groups (43), which studied the effect of

knocking out Gadd45, cell cycle analysis of NHBE cells by

flow cytometry indicated a decrease in G2/M blockage in

ZS cells after targeting Gadd45 siRNA (ZS-Gad) than in ZS

control groups (ZS-C & ZS-Luc; Fig. 4). Thus, the up-

regulated Gadd45 expression may partially accounts for the

G2/M blockage in zinc-supplemented cells. After the

knocked down of Gadd45, a small but similar extent of

apoptosis was observed among all zinc treatment groups in

NHBE cells. This is because the suppression of Gadd45 can

no longer protect cells from apoptosis under the cytotoxic

status induced by zinc supplementation. The reason for the

abrogated G2/M blockage not normalizing to the level of

ZN (ZN-C) cells may be due to another signaling pathway

independent of Gadd45 that regulates G2/M transition,

which may include p38. This project provides evidence that

GADD45 plays a direct role in the G2/M cell cycle

checkpoint in zinc supplemented NHBE cells. In addition,

the findings are consistent with those from other studies

which reported the correlations of Gadd45 upregulation

with G2/M arrest in human fibroblasts (37, 39, 43).

Possible Pathways Regulate Gadd45 in G2/M
Blockage in ZS NHBE Cells. Gadd45 has been shown

to be a direct target gene of p53 tumor suppressor gene, and

to play a vital role in cell cycle progression. Gadd45 can be

regulated either by p53-dependent or –independent pathway

in response to stress. In this study, the p53 mRNA and

protein expressions exhibited similar increases in ZS NHBE

cells (data not shown). Moreover, the silencing of Gadd45

suppressed the phosphorylation of p53 at position serine 15,

which is required for activation of p53, suggesting that

Gadd45 can behave as an upstream activator of the p53

phosphorylation process through other mechanism. Our

findings on the relationship of Gadd45 and p53 indicated

that the upregulation of Gadd45 enhanced the phosphor-

ylation of p53. Similarly, other studies have shown that the

upregulation of Gadd45 is capable of enhancing p53 protein

level through a positive feedback loop by binding to MTK1

and activates p38 indirectly (44, 45). Moreover, studies

have established that Gadd45 can bind with PCNA (46, 48)

and p21WAF/CIP1 (49), which are downstream regulators of

p53. Furthermore, chromatin immunoprecipitation studies

have shown that p53 preferentially binds to the responsive

element in the promoters of p21 and GADD45 but not to

promoters of other target genes that recruited p53 following

DNA damage (50). Therefore, the observed enhanced

Gadd45 expression possibly may act through a p53-

dependent pathway in the G2/M blockage in the ZS NHBE

cells.

Another possible regulatory pathway responsible for

the upregulation of Gadd45 in ZS NHBE cells is the

interaction of Gadd45 protein with the activated p38 MAPK

directly or indirectly. Indirectly, Gadd45 can bind to the N-

terminal of MTK1 and disrupt the N-C interaction within

MTK1 itself. This Gadd45-binding induces MTK1 N-C

dissociation, dimerization, and autophosphorylation and

leads to activation of MAPK, including p38 (51). There is

one p38 interacting domain in the region of amino acids 71

to 96 in Gadd45. And this region is required to activate p38

in the presence of H-ras oncogene (20). In our study, we

demonstrated that silencing Gadd45 suppressed p38 phos-

phorylation, suggesting that the activation of p38 is

mediated through Gadd45 protein. The Gadd45 protein

may directly bind to p38 upstream regulator, such as MTK1

and trigger the phosphorylation of p38 in ZS NHBE cells.

The activated p38 then binds to downstream regulator, p53,

and activates its function, and consequently arrests the

NHBE cells in G2/M. Apart from interacting with Gadd45

in stress induced G2/M arrest, p38 also acts independently

of p53 pathway by shuttling phosphatase Cdc25B from

nucleus to cytoplasm and recruited 14-3-3 to bind to

Cdc25B (52). Cdc25B is required to activate Cdk1 by

removing two phosphate groups and the activated Cdk1 is

required for entry into mitosis.

In summary, the novel findings presented above

demonstrated that zinc supplementation, in a physiologi-

cally relevant system, impaired cell growth, markedly

elevated Gadd45 expression, inhibited G2/M progression,

and enhanced phosphorylation of p53 (ser 15) and p38 in

NHBE cells. The data also contributed to establishing a

possible mechanism responsible for the observed cell cycle

arrest in normal human cells. A better understanding of the

mechanisms involved in the protection of normal cells from

zinc cytotoxicity is essential for the identification of

potential targets, such as Gadd45, p53 and p38. Never-

theless, the applicability of these in vitro mechanistic data to

in vivo conditions, such as industrial pulmonary exposure

and extensive use of dietary zinc supplementation, would

require detailed in vivo studies to establish cellular and

subcellular zinc concentrations as well as to examine the

parameters studied here.
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