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Knockdown of glucocorticoid receptor expression by RNA interference
promotes cell proliferation in murine macrophage RAW264.7 cells
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Abstract

It is well documented that glucocorticoids (GC) promote arrest in the G1-S transition of the cell cycle in many cell types, resulting in
a decrease in proliferation. However, the relationship between glucocorticoid receptor (GR) and the cell-cycle regulation remains unclear.
Suppression of GR is important for exploring GR dependent processes. This study applied RNA interference targeting GR to the murine
macrophage RAW264.7 cells. Transient transfection of the GR-siRNA expression vector reduced GR synthesis as measured on mRNA
and protein level by RT-PCR and Western blot. GR-siRNA also depressesed GR transcriptional activity. A cell line [RAW-(GR−)] stably
t estern blot.
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ransfected with GR-siRNA expression vector was then established, the decreased GR level in this cell line was confirmed by W
TT assay showed RAW-(GR−) cells grew faster than control cells, which indicated that knockdown of GR promoted cell prolifera
acrophages. Further studies showed decreased p27 expression, increased PKC-� expression and enhanced basal and LPS-induced N�B
ctivity in RAW-(GR−) cells as compared to the RAW-control cells. In contrast, virtually no change in p21, ERK1/2 and p38 exp
as detected. In conclusion, these results indicate that GR itself is an inhibitor of cell proliferation in RAW264.7 cell line. This ef
e associated with the decreased expression of p27, the increased expression of PKC-�, and the activation of NF-�B. As all the experimen
re carried out in GC free or serum-free medium, this study also shows the possibility for GR to have some constitutive functions,

ndependent on GC activation.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Glucocorticoid (GC) is one of the most widely used hor-
one whose receptor (glucocorticoid receptor, GR) belongs

o a superfamily of transcription factors that includes recep-
ors for steroid and thyroid hormones and retinoic acid[1]
nd is normally localized in the cytoplasm in a nonactive
tate. On hormone binding, GR changes conformation and
igrates into the nucleus. Once in the nucleus, the recep-

or can induce or repress transcription by binding to specific
NA sequences on target genes. Glucocorticoids influence
any fundamental biological processes, from development
nd homeostasis to proliferation, differentiation and apopto-
is[2,3]. In many cell types, they promote arrest in the G1-S
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transition of the cell cycle, resulting in a decrease in pr
eration[4–6]. Glucocorticoids are used as part of antican
therapy for some lymphatic leukemias and lymphomas[7].
Although these effects are well documented, the relation
between GR itself and the cell-cycle regulation remains
clear[8].

Our laboratory has long been interested in GR func
in severe stress. We found that the binding capacity o
was decreased after exercise and sepsis in healthy su
(rats, dogs)[9–11]and in patients with hemorrhagic or sep
shock[11,12]. Decrease of GR mRNA and GR protein w
also detected as well[13,14]. While evidences based on
vivo studies have described that both partial hepatec
and endotoxemia could promote cellular proliferation of l
cells, epithelial cells, macrophages and cells in the mu
of the small intestine[15–19]. Though the involvement o
GR was not considered in these reports, we suspect tha
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might be some relationship between the decrease of GR and
cell proliferation.

To explore this problem, it is necessary to find a way to
suppress GR expression stably and effectively. Depletion of
GR by various methods has been used to study its functions.
One such method is antisense oligonucleotides. This tech-
nique, however, only modestly attenuates GR expression. As
GR is essential for the development of several organ sys-
tems such as the lung and the adrenal glands[2], GR knock
out mice always die at birth. So in the present study, we
have chosen to use RNA interference (RNAi), with its po-
tential for high silencing efficiency and selectivity in mul-
tiple cell types[20], as a new method to investigate the
consequences of reduced GR levels in mouse macrophage
cell line RAW264.7 cells. We provided evidences that
knockdown of GR expression did influence cellular
proliferation.

As the inhibitor of cyclin-dependent kinases (CDK), CDK
inhibitors (CDI) such as p21 and p27 functioned directly in
cell cycle control[21]. In addition, it was also well known
that protein kinase C (PKC) was an important promoter in
cellular proliferation[22]. Furthermore, PKC can activate a
phosphorylation cascade that leads to the phosphorylation
of mitogen activated protein kinases (MAPKs)[23]. In the
other pathway, PKC activation leads to the phosphorylation
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purchased from Promega. Mammalian protein extraction
reagent (M-PER) and BCA protein assay kit were purchased
from Pierce.

2.2. Removal of hormones by charcoal–dextran-treated
fetal bovine serum (CD-FBS)

A 2% charcoal suspension in 0.2% dextran T70 of the
same volume as serum was centrifuged at 1000×g for
10 min. Supernatants were aspirated, and the serum aliquot
was mixed with the charcoal pellets. This charcoal–serum
mixture was maintained in suspension by continous magnetic
stirring for 30 min. This suspension was centrifuged twice at
1000×g for 15 min. The supernatant was filtered through a
0.20�m cellulose acetate-filter. Cortisol in CD-FBS was not
detectable by radioimmunology assay. CD-FBS was used in
all experiments except for the detection of p27, p21, PKC�,
ERK1/2 and p38.

2.3. Cell culture

Murine macrophage cell line RAW264.7 was obtained
from American Type Culture Collection (Rockville, MD) and
were cultured in RPMI 1640 medium containing 10% heat-
inactivated fetal bovine serum (FBS) at 37◦C in a humidified
i
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f I�-B, which releases the gene regulatory protein NF�B
o that it can migrate into the nucleus and activate the
cription of specific genes[24]. It has been reported that bo
APKs and NF-�B play important roles in regulation of ce

ular proliferation[25–27]. Thus, to explain how GR knoc
own affected the cellular proliferation, we investigated
athways described above.

. Materials and methods

.1. Materials

Lipopolysaccharide (LPS), dexamethasone (D
ifepristone (RU486), mouse monoclonal antibo
gainst �-actin, and 3-(4,5 dimethylthiazol-2-yl)-2,
iphenyl-2Htetrazolium bromide (MTT) were purcha

rom Sigma-Aldrich Chemicals (St. Louis, MO). Rab
olyclonal antibodies against PKC-�, GR, ERK1/2, cyclin
, p21, p27 were purchased from Santa Cruz Biotechno

Santa Cruz, CA). Antibodies against p38 was purch
rom Cell Signaling Technology (Beverley, MA). Go
nti-rabbit-HRP and goat anti-mouse-HRP conjugate

rom Bio-Rad Laboratories (Hercules, CA). RPMI 16
edium was obtained from Life Technologies Inc. (Gr

sland, NY). Short interfering RNA (siRNA) expressi
ector pSilencer 1.0-U6 was a kind gift from Dr. Jiayi Di
Silencer 2.1-U6 was purchased from Ambion (Austin, T
RE-tk-luciferase plasmid was kindly provided by Yo
i. pGL3.5× �B-luciferase plasmid was kindly provided
u et al. [28], and pRL-TK-Renilla-luciferase plasmid w
ncubator of 5% CO2.

.4. RNA interference constructs for GR

Using online siRNA sequence selector tool (
lontech), siRNA templates were designed to match
onserved 21 nucleotide sequences within the mous
RNA (GenBank accession no. X04435). The sequenc

he oligonucleotides used to create pSilencer-GR were
Silencer 1.0-U6-GR—sense 5′-GAGCAGTGGAAGGAC-
GCATTCAAGAGATGCTGTCCTTCCACTGCTCTTTT
T-3′, antisense 3′-CCGGCTCGTCACCTTCCTGTCGTA
GTTCTCTACGACAGGAAGGTGACGAG AAAAAA-
TAA-5′; (2) pSilencer 2.1-U6-GR—sense 5′-GATCCC-
AGCAGTGGAAGGACAGCATTCAAGAGATGCTGTC
TTCCACTGCTCTTTTTTGGAAA-3′, antisense 3′-GGC-
CGTCACCTTCCTGTCGTAAGTTCTCTACGACAGGA
GGTGACGAGAAAAAATTTTCGA-5′. Negative contro
lasmids were supplied by Ambion, they expressed a ha
iRNA with limited homology to any known sequences
he human, mouse and rat genomes. The oligonucleo
ere synthesized by Sangon Technology Inc. (Shan
hina) and were annealed/cloned into pSilencer 1.0-U6
Silencer 2.1-U6 vectors, respectively. The clones w
onfirmed by DNA sequencing. Expression of siRNA
R is under control of the U6 promoter.

.5. Transient transfecion of RAW264.7 cells

pSilencer 1.0-U6-GR or pSilencer 1.0-U6-control w
ntroduced into RAW264.7 cells with Fugene 6 (Roc
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Briefly, cells were transfected with 1.5�g of DNA in each
well of a 24-well plate for GRE-tk-luc activity assay and GR
protein expression detection, 600 ng of DNA in a 24-well
plate for NF-�B activity assay or 3�g of DNA in a six-well
plate for RT-PCR.

2.6. Isolation of clones stably transfected with pSilencer
2.1-U6-GR

pSilencer 2.1-U6-GR and the pSilencer 2.1-U6-control
vectors were introduced into RAW264.7 cells with Fugene
6 as described above. Following transfection, cells were al-
lowed to recover for 24 h prior and were then selected in
400�g/ml G418 for a week. Cells were then cloned by
limited dilution into 96-well plates. RAW264.7 cells sta-
bly transfected with pSilencer 2.1-U6-GR or control vec-
tor were then incubated in medium containing 200�g/ml
G418 and were used in MTT assay, NF-�B activity assay
and western blotting detection of p21, p27, p38, PKC and
ERK1/2.

2.7. Reverse transcription-PCR

Total RNA was extracted with the TRIzol reagent (Gibco
BRL) in accordance with the manufacturer’s instructions.
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2.9. Western blot

RAW264.7 cells stably transfected with pSilencer 2.1-U6-
GR or control vector were plated in 30 mm dishes overnight,
and then were incubated with serum-free medium for an-
other 24 h. Whole cell extracts were prepared in the ly-
sis buffer M-PER, and protein concentration was measured
using BCA protein assay kit. Lysates were then spun at
14 000 rpm for 10 min to remove insoluble material. Ten to
twenty micrograms of extracts were resolved on 10% SDS-
PAGE gel. After electrophoresis, the proteins were elec-
trotransferred to a nitrocellulose membrane, blocked with
5% nonfat milk, and probed with antibodies against PKC-
�, ERK1/2, p38, p21, p27 (1:1000), or�-actin (1:10 000).
Thereafter, the blot was washed, exposed to HRP-conjugated
secondary antibodies for 2 h, and finally detected by chemilu-
minescence (ECL, Amersham Pharmacia Biotech. Arlington
Heights, IL).

2.10. Assay of GR transcriptional activity and NF-�B
activity

RAW264.7 cells (2× 105) were co-transfected with the
mixture of GRE-tk-luciferase, pRL-TK-Renilla-luciferase,
and indicated amounts of pSilencer1.0-U6-GR or control vec-
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everse transcription (RT) was performed using kit f
romega, 5× AMV RT reaction buffer, 2�l of 25 mM
gCl, 2�l of 10 mM dNTP, 0.5 U Rnasin, 0.5�g oligo(dT)
nd 10 U AMV RTase were added to 2�g RNA sam-
le and the final volume was 20�l. This mixture was in
ubated at 95◦C for 2 min, 42◦C for 1 h to allow the
MV RT enzyme to catalyse the formation of cDN
n the mRNA template. Primers for amplification of G
ene were as follows: 5′-GAGCAGTGGAAGGACAGCA-
′, 5′-GCCAAGTCTTGGCCCTCTAT-3′ (1164 bp); primer
or GAPDH were: 5′-TTCATTGACCTCAACTACATG-3′,
′-GTGGCAGTGATGGCATGGAC-3′ (443 bp). Amplifica
ions of GR and GAPDH were for 200 ng template× 26 cy-
les and 50 ng template× 22 cycles, respectively; the a
lification process was the same: denaturation at 95◦C for
0 s, annealing at 54◦C for 60 s, and elongation at 72◦C

or 30 s.

.8. MTT assay

The cell number of RAW264.7 cells stably transfec
ith pSilencer 2.1-U6-GR or control vector were determi
y the MTT dye uptake method. Briefly, the cells (2000/w
ere incubated in triplicate in a 96-well plate in a final volu
f 0.1 ml for the indicated time periods at 37◦C. Thereafter
.025 ml of MTT solution (5 mg/ml in PBS) was added
ach well. After a 2 h incubation at 37◦C, 0.1 ml dimethylfor
amide was added, incubation was continued for 30 m
7◦C, and then the O.D. value was measured using a Bio
model 550) microplate reader at 570 nm with the dimet
ormamide as blank.
or. After 12 h of transfection, cells were left untreated
reated with 0.1�M Dex for another 24 h. RAW264.7 ce
tably transfected with pSilencer 2.1-U6-GR or control ve
ere transfected with the mixture of pGL3.5× �B luciferase
nd pRL-TK-Renilla luciferase. After 24 h of transfecti
ells were left untreated or treated with 0.1�g/ml LPS for
nother 10 h. The luciferase activities were measured
ual-luciferase reporter assay system (Promega) acco

o the manufacturer’s instructions. Data are normalized
ransfection efficiency by dividing firefly luciferase activ
ith that of Renilla luciferase.

.11. Statistical analysis

Data are expressed as mean± S.D. of the mean fo
eparate experiments. Statistical significance was estim
y ANOVA and by unpairedt-test as appropriate. T
ifference was considered statistically significant w
< 0.05.

. Results

.1. RNAi knocks down GR expression and depresses
R transcriptional activity

Previous reports have suggested that GCs and GR
mportant roles in the control of proliferation and differe
iation [2,3]. To more rigorously explore this possibility a
o understand the mechanism of GR in macrophages, w
loyed RNAi to knock down endogenous GR expressio
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Fig. 1. RNAi knocks down GR expression and depresses GR transcriptional activity. (A) Relative GR mRNA was detected by RT-PCR, the GAPDH was used
as the quantitative standard (n= 3, mean± S.D.); (*) indicated thatp< 0.05 vs. control-siRNA. (B) Representative GR Western blot analysis of protein extracts
from RAW264.7 cells incubated in 24-well plates and transfected with pSilencer1.0-U6-GR or pSilencer1.0-U6-control vector and cultured for another 36 h,
the�-actin was used as the quantitative standard (n= 3). (C) GR-responsive-element (GRE) reporter gene assay performed on RAW264.7 cells co-transfected
with GRE-tk-luciferase, pRL-TK-Renilla-luciferase, pSilencer1.0-U6-GR or pSilencer1.0-U6-control vector, with or without treatment of Dex and/or RU486.
Shown is the ratio of firefly luciferase and Renilla luciferase values (mean± S.D.,n= 3); (*) indicated thatp< 0.05 vs. Dex.

this cell. By RT-PCR, we found that the level of GR mRNA
was reduced to less than 20% in macrophages treated with
siRNA targeting GR as compared to control siRNA treated
cells (Fig. 1A). To corroborate the RT-PCR analysis we car-
ried out a Western blot analysis to detect GR protein in lysates
from RAW264.7 cells. We demonstrated a significant de-
crease of GR protein in GR siRNA treated cells as compared
to control siRNA treated cells (Fig. 1B). Furthermore, the
GC responsive GRE-tk-luciferase was used to detect the GR

transcriptional activity in RAW264.7 cells. siRNA for GR
significantly depressed GR transcriptional activity in a dose-
dependent manner. siRNA depressed GR transcriptional ac-
tivity by maximally about 90% (Fig. 1C). Taken together
with the results from the RT-PCR and the Western blot,
these data demonstrated that GR expression was efficiently
knocked down in RAW264.7 cells by RNAi technique. In
addition, we established a valuable method for studying the
GR function.
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Fig. 2. Knockdown of GR expression by RNAi promotes cellular pro-
liferation in RAW264.7 cells. Proliferation of RAW264.7 stably trans-
fected with pSilencer2.1-U6-GR [RAW-GR(−)] or pSilencer2.1-U6-control
(RAW-control) was assessed by MTT assay (mean± S.D.,n= 3); (*) indi-
cated thatp< 0.05 vs. RAW-control. The Western blot result of the cell lysate
was shown as well.

3.2. Knockdown of GR expression by RNAi promotes
cell proliferation in RAW264.7 cells

To assess the effects of GR knockdown in cell proliferation
in macropahges, we established a cell line stably transfected
with pSilencer 2.1-U6-GR and named it RAW-GR(−). West-
ern blot analysis showed a significant decrease of GR protein
level in RAW-GR(−) cells as compared to the control cells
(stably transfected with pSilencer 2.1-U6-control, we named
it RAW-control) (Fig. 2). After monitoring cell growth for
5 days at 48-h intervals, we demonstrated that RAW-GR(−)
cells grew faster than the RAW-control cells (Fig. 2). It seems
that knockdown of GR protein promotes cell proliferation in
macrophages.

3.3. p27 but not p21 may be involved in GR-knockdown
induced pro-proliferation

Since cell cycle inhibitor p21 and p27 appeared to be im-
portant mediators in GR-dependent cell growth arrest[29],
we analyzed the possible changes in p21 and p27 expression
in RAW-GR(−) compared to RAW-control cells. Interest-
ingly, we have screened two independent RAW-GR(−) cell
lines and found that both cases showed decreased expression
of p27; in contrast, virtually no change in p21 expression was
d

3
i
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p lation

Fig. 3. p27 but not p21 may be involved in GR-knockdown induced pro-
proliferation. (A) Expression of CDK inhibitor p21 and p27 were assessed
by western blot analysis in RAW-GR(−) cells as compared with RAW-
control. The�-actin was used as the quantitative standard. (B) Values
shown are expressed as percent of the level of RAW-control and are the
mean± S.D. of three independent experiments; (*) indicated thatp< 0.05 vs.
RAW-control.

MAPK [23]. Activated MAPK (especially ERK1/2) is also
believed to promote cell proliferation[25,26]. So, we inves-
tigated whether PKC and MAPK pathways were involved
in GR-knockdown induced pro-proliferation effect. Here we
evaluated the levels of PKC-�, ERK1/2 and p38 using West-
ern blot analysis. We found a significant increase in PKC-�
expression in RAW-GR(−) compared to RAW-control cells;
however, no change was seen in ERK1/2 and p38 levels be-
tween these two cell lines (Fig. 4). This result indicated that
PKC-� but not MAPK pathway may be involved in GR-
knockdown induced pro-proliferation.

3.5. GR knockdown enhances basal and LPS-induced
NF-�B activity

It has been reported that ligand-bound GR can interact
with nuclear localized NF-�B and inhibit its ability to pro-
mote transcription[30]. Other report demonstrates that acti-
vated NF-�B can promote cell growth and protect cells from
the apoptotic cascade induced by TNF and other stimuli[31].
We assessed basal and LPS induced NF-�B activity in RAW-
GR(−) and RAW-control cells. NF-�B luciferase reporter
plasmid and pRL-TK-Renilla-luciferase construct were co-
introduced into RAW-GR(−) and RAW-control cells, the
etected (Fig. 3).

.4. PKC-� but not ERK1/2 and p38 pathway may be
nvolved in GR-knockdown induced pro-proliferation

It is well known that PKC is an important promoter
ellular proliferation[22]. Furthermore, PKC can activate
hosphorylation cascade that leads to the phosphory
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Fig. 4. PKC-� but not ERK1/2 and p38 pathway may be involved in GR-
knockdown induced pro-proliferation. (A) Expression of PKC-�, ERK1/2
and p38 were assessed by western blot analysis in RAW-GR(−) cells as
compared with RAW-control. The�-actin was used as the quantitative stan-
dard. (B) Values shown are expressed as percent of the level of RAW-control
and are the mean± S.D. of three independent experiments; (*) indicated that
p< 0.05 vs. RAW-control.

cells were left untreated or treated with LPS, and then the
activity of luciferase reporter gene was measured (Fig. 5).
We demonstrated that knockdown of GR significantly in-
creased basal and LPS-induced NF-�B transcription activ-

Fig. 5. GR knockdown enhances basal and LPS-induced NF-�B activity.
RAW-GR(−) and RAW-control cells were co-transfected with pGL3.5′�B-
luciferase and pRL-TK-Renilla-luciferase, with or without treatment with
LPS. Shown is the ratio of firely luciferase and Renilla luciferase values
(mean± S.D.,n= 3); (*) indicated thatp< 0.05 vs. RAW-control.

ity in RAW264.7-GR(−) as compared to RAW264.7-control
cells.

4. Discussion

In the present study, we showed that transfection of siRNA
expression vector designed to target GR markedly and re-
liably attenuated GR synthesis as measured on mRNA and
protein level, GR transcriptional activity is dose-dependently
reduced by siRNA at the same time (Fig. 1). Based on
the results obtained by transient transfection of pSilencer
1.0-U6-GR, we then constructed another vector pSilencer
2.1-U6-GR which contains a neomycin resistance gene to
enable antibiotic selection in transfected cells. This plas-
mid makes it possible to conduct long-term gene knock-
down studies. We then analyzed the effects of GR knock-
down on cell proliferation in RAW264.7 cells. After moni-
toring cell growth for 5 days, we demonstrated that RAW-
GR(−) cells grew faster than the RAW-control cells in
the absence of GC. These results indicate that knockdown
of GR protein promotes cell proliferation in macrophages.
Our results also demonstrate that siRNA-mediated suppres-
sion of the GR levels is sufficient to alter cell growth in
macrophages.
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Now, what mechanisms could be responsible for the
roliferative effects of GR knockdown? Progression of
ell cycle is a complicated process, which is regulated in
y the activation of CDK by cyclin D1[32]. Cyclin–cdk com
lexes are regulated by a family of CDI (p21, p27, etc.)
an prevent phosphorylation of the corresponding subs
21]. For example, p27 specifically inhibits cyclin D-cd
nd cyclin E-cdk2[33], resulting in proliferation arrest in th
1/S transition of the cell cycle. Rogatsky et al. demonstr

hat GR mediated cell cycle arrest was accompanied by t
reased expression of CDI p21 and p27 human osteosa
ell lines SAOS2[29]. The results of this experiment ind
ated the decreased expression of p27 in RAW-GR(−) cells
s compared with RAW-control cells, however, virtually
hange in p21 expression was detected, indicating p27 b
21 may take part in the regulation of GR knockdown se

ized proliferation in macrophages. It seemed that GR m
tilize different CDI to affect cell proliferation depending
ell-type-specific background.

In addition, as described in introduction, PKC and
ownstream pathways (MAPK, NF-�B, etc.) are also in
olved in the control of cell proliferation. It has been w
stablished that PKC family incorporate many isoforms

he distribution of the different isoforms shows consider
ell-specificity, their effects in cellular proliferation are a
ell specific[34]. It has been reported that activated PK

can drive cells from G0 phase into S phase in va
ar and uterine smooth muscle cells proliferation, and
isense oligonucleotide can inhibit rat aortic smooth mu
ells proliferation by selectively blocking PKC-� [34–36]. In
onsistent with these observations, our results also de
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strate that enhanced PKC-� expression may be involved in
GR knockdown induced pro-proliferation effect. MAPK fam-
ily is now considered to have three isoforms, i.e. extracellu-
lar signal-regulated kinases (ERK1 and ERK2), c-jun termi-
nal kinase/stress-activated protein kinases (JNK/SAPK) as
well as p38[25,26]. The signals transmitted through this
cascade, especially ERK1/2 can cause an activation of di-
verse molecules, which regulate cell growth, survival and
differentiation[25,26]. But whether PKC and MAPKs are
involved in GR knockdown induced pro-proliferation pro-
cess remains unknown. Our results showed the increased ex-
pression of PKC-� in RAW-GR(−) cells as compared with
RAW-control cells; however, virtually no change in ERK1/2
and p38 expression was detected, suggesting PKC-� but not
MAPK pathways may take part in the regulation of GR
knockdown sensitized proliferation in macrophages. Acti-
vated NF-�B directly stimulates the expression of cyclin D1
by direct binding to multiple sites in its promoter[27]. It
has been reported that ligand-bound GR can interact with
nuclear localized NF-�B and inhibit its ability to promote
transcription[30]. In this study, we demonstrated that knock-
down of GR significantly increased basal and LPS-induced
NF-�B transcription activity in RAW-GR(−) as compared to
RAW-control cells.

In summary, GR knockdown promotes proliferation in
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