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Astrogliosis is induced by neuronal damage and is also a pathological feature of the major aging-related neurodegenerative dis-
orders. The mechanisms that control the cascade of astrogliosis have not been well established. In a previous study, we identified
a novel androgen receptor (AR)-interacting protein, p44/WDR77, that plays a critical role in the proliferation and differentiation
of prostate epithelial cells. In the present study, we found that deletion of the p44/WDR77 gene caused premature death with
dramatic astrogliosis in mouse brain. We further found that p44/WDR77 is expressed in astrocytes and that loss of p44/WDR77
expression in astrocytes leads to growth arrest and astrogliosis. The astrocyte activation induced by deletion of the p44/WDR77
gene was associated with upregulation of p21Cip1 expression and NF-�B activation. Silencing p21Cip1 or NF-�B p65 expression
with short hairpin RNA (shRNA) abolished astrocyte activation and rescued the astrocyte growth inhibition induced by deletion
of the p44/WDR77 gene. Our results reveal a novel role for p44/WDR77 in the control of astrocyte activation through p21Cip1 and
NF-�B signaling.

The androgen receptor (AR) performs its regulatory function
by acting as a ligand-activated transcription factor for andro-

gen target genes (8, 9, 11, 25). The binding of an androgen to AR
results in the release of heat shock proteins, dimerization of AR,
and the binding of AR to androgen response elements located with
AR target genes. During its activation by androgens, AR physically
interacts with various cofactors or coregulators that modulate AR
transactivation during different physiological processes (18, 21,
24). One such cofactor is p44/WDR77, which was identified by
coimmunoprecipitation with AR from prostate cancer cells (22).
The human p44/WDR77 protein contains 342 amino acid resi-
dues and 7 putative WD-40 repeats. Northern blot analysis
showed that p44/WDR77 mRNA is expressed in multiple human
tissues (22). p44/WDR77 selectively regulates a set of AR target
genes in the prostate and in prostate cancer cells (17, 22, 55). In
normal prostate epithelial cells, p44/WDR77 localizes to the nu-
cleus, but in prostatic intraepithelial neoplasia and prostate cancer
cells, it localizes to the cytoplasm (55). Nuclear p44/WDR77 me-
diates the growth inhibition (40, 55) and differentiation (17) of
prostate epithelial cells by selectively modulating the expression of
a set of AR target genes. The nuclear export of p44/WDR77 may be
an essential step that relieves the p44/WDR77-mediated growth
inhibition and enables the resumption of proliferation, which is
required for prostate tumorigenesis. Studies have also implicated
p44/WDR77 in the biogenesis of small nuclear ribonucleoprotein
particles (14, 15, 30). However, the mechanisms by which p44/
WDR77 regulates this biogenesis are not well studied.

Astrocytes are fundamental for the cellular homeostasis of the
central nervous system (CNS), playing critical physiological, sig-
naling, and immunological roles (20, 33). Insults to the CNS ini-
tiate a series of metabolic and morphological changes in astro-
cytes; these changes are known as reactive gliosis or astrogliosis
(7). The hallmark of this phenomenon is the upregulation of glial
fibrillary acidic protein (GFAP). Reactive astrocytes contribute to
scar formation and neuronal death. Astrogliosis is also a patholog-
ical feature of the major aging-related neurodegenerative disor-
ders. Under certain circumstances, astrocytes mediate dystrophic
effects within the CNS and thereby contribute to a decline in neu-

rological functions (36, 44). Many different types of intercellular
signaling molecules can trigger reactive astrogliosis (45). The dif-
ferent molecular, morphological, and functional changes that lead
to reactive astrocytes, such as GFAP upregulation, cell hypertro-
phy, and pro- or anti-inflammatory effects, are specifically con-
trolled by intercellular and intracellular signaling mechanisms.
However, the detailed molecular mechanisms that lead to reactive
astrocytes remain incompletely characterized (46).

The brain is an important target for androgens (28). Andro-
gens act on the brain to regulate the sexual drive and reproductive
and aggressive behaviors (2, 51). Androgens also prevent neuronal
death in neurodegeneration, and decreased androgen levels in
plasma are therefore a risk factor for the development of neuro-
degenerative diseases in humans (43). During brain development,
androgens affect the differentiation of GFAP-positive astrocytes
(6, 31, 32). In the adult brain, androgens negatively regulate the
expression of GFAP in the hippocampus (10) and inhibit astro-
gliosis in injured brains (3, 5, 39, 48). These studies suggest that
androgens may protect neurons in the brain by inhibiting astro-
gliosis (34). However, the molecular mechanisms of this regula-
tion remain unclear.

Recent studies have suggested that p21Cip1 is involved in
astrocyte activation induced by lipopolysaccharide (49, 50).
NF-�B acts as an inducer of reactive astrogliosis by driving the
expression of inflammatory cytokines in the brain (37, 45, 54).
We found that deletion of the p44/WDR77 gene led to astro-
gliosis with a decrease in life span in mice. The p44/WDR77
protein is expressed in astrocytes, and loss of p44/WDR77 ex-
pression leads to growth arrest and to astrocyte activation,
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which is accompanied by upregulation of p21Cip1 expression
and NF-�B activation. The short hairpin RNA (shRNA)-medi-
ated silencing of p21Cip1 or NF-�B p65 expression completely
abolished astrocyte activation and rescued the astrocyte growth
inhibition induced by the p44/WDR77 gene deletion. These
results indicate a novel role for p44/WDR77 in the control of
astrocyte activation through p21Cip1 and NF-�B signaling.

MATERIALS AND METHODS
Animals and dissection. The homogeneous (p44/WDR77loxP/loxP) mice
and the cross between p44/WDR77loxP/loxP and ARR2PPbi-Cre mice to
generate p44/WDR77loxP/loxP; Cre mice were described previously (17). All
mice were on the C57BL genetic background, and mice were handled in
accordance with the guidelines published by the National Institutes of
Health (33a). The M. D. Anderson Institutional Animal Care and Use
Committee approved all the experimental procedures used for mice. Lit-
termate mice of different p44/WDR77 genotypes were housed together in
a pathogen-free environment and fed freely with standard mouse chow
over their life spans. Mice were identified by PCR analysis of DNA from
tail snips, as previously described (17, 55). Mice exhibiting extreme mor-
bidity were killed early.

The mice were anesthetized until they no longer displayed a with-
drawal reflex in the hind limbs. The animals were intracardially perfused
with chilled phosphate-buffered saline (PBS) for approximately 2 min
and then with Formalde-Fresh solution (Fisher Scientific) for 15 min. The
animals were decapitated, the soft tissue was removed, and the skulls were
postfixed in Formalde-Fresh for 16 h at 4°C. The brains were removed
from the postfixed skulls and sliced into 1-mm-thick pieces. The slices
were put into cassettes, which were washed with different concentrations
of ethanol and then embedded in paraffin. Sections (4 �m thick) were cut
and mounted on Superfrost Plus adhesion slides (Fisher) for hematoxylin
and eosin (H&E) and immunohistochemical staining.

Isolation and culturing of mouse astrocytes. A tissue culture system
of primary astrocytes was derived from the cerebral cortices of newborn
mice. The newborn mouse pups (n � 10) were asphyxiated in a CO2

chamber. The brain was dissected from the mouse skull and transferred to
a 60-mm petri dish. The brainstem was cut off, and the hippocampus,
basal nuclei, meninges, and blood vessels were removed from the two
hemispheres. The hemispheres were then minced with small iris scissors
and digested with 2 ml of collagenase (87.5 U/ml; Worthington Biochem-
ical Corp.) and 40 �g/ml DNase (Sigma-Aldrich) in Dulbecco’s mini-
mum essential medium (DMEM) for 30 min. After centrifugation, the cell
pellet was dispersed and resuspended in low-glucose DMEM supple-
mented with 10% bovine calf serum (BCS), 500 mg/liter NaHCO3, and
1% penicillin-streptomycin. Cells (1.25 � 105 cells/cm2) were placed into
a flask that had been coated with 5 �g/ml mouse laminin (Sigma-Aldrich).
After the astrocytes had grown to confluence (10 to 14 days), they were
shaken overnight at 37°C (to remove the oligodendrocytes and neurons)
and then split 1:4. Astrocytes contain characteristic intermediate fila-
ments (GFAP), which could be readily identified in the cultured cells. The
GFAP-positive cells made up �95% of the cultured-cell population.

Immortalization of mouse astrocytes. The Phoenix-A packaging cell
line was maintained in DMEM supplemented with 10% fetal bovine se-
rum and transfected with pLXSP:HPV16-E6/E7 virus using Lipo-
fectamine 2000 (Invitrogen). The culture medium was replaced with fresh
DMEM supplemented with 10% BCS 48 h after transfection. The virus
was collected 12 h later and used to infect the primary astrocytes in the
presence of 8 �g/ml Polybrene (Sigma-Aldrich). Two days after infection,
the astrocytes were split 1:4, and cells were then selected with G418 (0.5
mg/ml) for 2 weeks. The G418-resistant cell colonies were selected and
expanded. A total of 8 stable astrocyte lines were obtained.

Cre-mediated deletion of the p44/WDR77 gene in mouse astrocytes.
Immortalized astrocytes (2.5 � 105) were plated in a 100-mm plate in
low-glucose DMEM with 10% BCS and supplements; 18 h later, the cells
were infected with 1.25 � 109 particles of adenovirus Ad-GFP or Ad-Cre-

GFP (Vector Development Laboratory, Baylor College of Medicine).
Fresh medium was added 3 days after infection. Green fluorescent protein
(GFP) expression in the infected astrocytes was examined under a fluo-
rescence microscope, and 100% infection efficiency was achieved. The
two adenoviruses used were replication deficient, and expression of GFP
and Cre was under the control of the cytomegalovirus (CMV) promoter.

Cell growth assay. Cells (1 � 104/well) were plated in 6-well plates in
low-glucose DMEM with 10% BCS. Cells were counted every day with a
hemacytometer.

Immunohistochemistry. The antigen-purified anti-p44/WDR77 (1:
100) antibody was described previously (22, 53). Anti-GFAP (1:1,000)
was purchased from Chemicon, and anti-S100B (1:200) was obtained
from Santa Cruz Biotechnology. Tissue sections were blocked with 1%
fish gel, and antibodies were applied to the tissue sections and incubated
overnight. A streptavidin-biotin peroxidase detection system (Dako) was
used according to the manufacturer’s instructions. For double-immuno-
fluorescence staining, the Alexa Fluor 488-labeled anti-rabbit immuno-
globulin G (IgG) antibody (1:1,000; Dako) and Alexa Fluor 594-labeled
anti-chicken IgG were used. The fluorescence signals were observed under
a confocal microscope with a red filter (to detect p44/WDR77 protein) or
a blue filter (to detect GFAP protein). The primary antibodies were omit-
ted in negative controls.

Northern blot assay. Northern blot analysis was performed as previ-
ously described (16). mRNA was isolated from whole brains of 2-month-
old wild-type (WT)(n � 5) or mutant (MT)(n � 5) male mice and trans-
ferred to a Hybond-N� membrane (Amersham Biosciences). The
membrane was hybridized with cDNA probes of the p44/WDR77 and
�-actin genes.

Chromatin immunoprecipitation. Chromatin immunoprecipitation
was performed as described previously (16). Briefly, astrocytes (p44/
WDR77loxP/loxP) were infected with adenovirus (Ad)-GFP or Ad-Cre-GFP
and grown for 6 days. The cells were cross-linked with 10% formalin for
10 min at room temperature. The DNA-protein complexes were purified
with 2 �g of antigen-purified anti-p44/WDR77 antibody or rabbit IgG (as
a negative control). The purified DNA was amplified by a PCR with two
specific primers derived from the promoter region of p21 (bp �93 to
�215). The same set of PCRs was performed with the chromatin DNA
used for chromatin immunoprecipitation.

RNA interference. p21Cip1 shRNA (target sequence, 5=-TTCTCCGA
ACGTGTCACGT-3=), p65 shRNA (target sequence, 5=-TTAGGACTCA
ACCGTAATA-3=), and a nontargeting (NT) shRNA (target sequence,
5=-TTCTCCGAACGTGTCACGT-3=) were designed with a hairpin and
sticky ends (ClaI and MluI). The oligonucleotides were annealed into the
lentiviral gene transfer vector, pLVTHM, using the ClaI and MluI restric-
tion enzyme sites. The DNA constructs were sequenced to test for proper
insertion and length of the inserts. The lentivirus was then produced by
transfecting human embryonic kidney cells (293FT; Invitrogen) with the
sequence-verified pLVTHM vector, the packaging plasmid MD2G, and
the envelope plasmid PAX2, which are required for viral production. The
viral supernatant was collected 3 days later and filtered to remove cellular
debris. Astrocytes (1 � 105/well) were plated in 6-well plates and trans-
duced with the virus. After 16 h, the virus-containing medium was
removed and replaced with normal growth medium. Three days after
infection, cells were split 1:6, and the cells were then grown for 3 days.
Whole-cell lysates prepared from the infected cells were subjected to
Western blot analysis.

Exogenous expression of p21Cip1 and p65. Human cDNA encoding
p21Cip1 or p65 protein was subcloned into a lentiviral expression vector
(dsRed-OG2). The recombinant lentivirus was produced with 293FT cells
as described above. Astrocytes (1 � 105/well) were plated in 6-well plates
and transduced with lentivirus containing p21Cip1 or p65 expression vec-
tor or empty vector. After 48 h, the cells were replated, and the expression
of p21Cip1 or p65 was confirmed by Western blotting.

Quantification and statistical analysis. Data were analyzed by using
the unpaired Student’s t test. Differences between experimental groups
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were considered significant at a P value of 	0.05. All values represent
means and standard errors of the mean (SEM).

RESULTS
Loss of the p44/wdr77 gene decreases life span in mice. We
crossed p44/WDR77loxP/loxP mice with the ARR2PPbi-Cre trans-
genic line (17). A previous study indicated that Cre recombinase was
highly expressed in all lobes of the mouse prostate (26). We noticed
an unexpected change in the longevity of p44/WDR77loxP/loxP; Cre
(MT) mice (Fig. 1A). The median life span of MT mice (120 days) was
dramatically reduced compared with that of p44/WDR77loxP/loxP

mice. The observed reductions in life span were similar in male and
female mice.

Careful examinations of the MT mice by a veterinary patholo-
gist at The University of Texas M. D. Anderson Cancer Center
failed to reveal any obvious pathological defects. The MT mice
appeared morphologically identical to their p44/WDR77loxP/loxP

(WT) littermates when they were born. However, the mean body
weight of MT mice was significantly less than that of their WT
littermates by the age of 60 days and did not increase after that
(Fig. 1B). By 90 days, virtually all of the MT mice exhibited signs of
a lack of vigor.

Cre-mediated deletion of the p44/wdr77 gene in the mouse
brain. To investigate whether tissues other than the prostate also
express Cre recombinase in the ARR2PPbi-Cre transgenic mouse,
we examined the status of p44/WDR77 gene deletion by sensitive
PCR analysis. PCR analysis showed that the p44/WDR77 gene was
deleted, as indicated by excision of exons 2 to 5 of the p44/WDR77
gene, in the MT prostate but not in the WT prostate (Fig. 2A, lanes
2 and 3). This observation is consistent with expression of Cre
recombinase in the prostate, as previously reported (26). Cre-
mediated deletion of the p44/WDR77 gene was also detected in the
penis, eye, and brain of MT mice (lanes 4, 8, and 10). The p44/
WDR77 alleles were not deleted in the heart, smooth muscle (lane

6), skeletal muscle, liver, spleen, lung, kidney, skin, testis (lane 12),
small intestine, large intestine, pancreas, tongue, stomach, bone
marrow, or lymph node in MT mice.

To investigate whether Cre recombinase is expressed in the
brain in the ARR2PPbi-Cre transgenic mouse, we crossed this
mouse line with the B6; 129-Gt(ROSA)26Sor/J mouse (Jackson
Laboratory; 003309). Mice heterozygous or homozygous for the
B6; 129-Gt(ROSA)26Sor/J targeted mutation were used to test the
tissue or cellular expression pattern of the Cre transgene in all
transgenic strains in which Cre expression was under the control
of a promoter. Cre expression results in the removal of a loxP-
flanked DNA segment that prevents expression of a lacZ gene.
When crossed with a Cre transgenic strain, LacZ is expressed in
cells or tissues where Cre is expressed. Tissue sections from F1
heterozygous mice were subjected to �-galactosidase (�-Gal)
staining to indicate Cre recombinase expression. As expected, the
prostate stained strongly for �-Gal. The brain also showed clear
�-Gal staining (Fig. 2B, middle). Sections of the stained brain
revealed that some cells stained positively for �-Gal (Fig. 2B,
right), indicating that Cre is expressed in the brain in the
ARR2PPbi-Cre transgenic line. Consistent with the PCR analysis,
sections of the eye and penis were also found to stain positively for
�-Gal.

To further confirm p44/WDR77 gene deletion in the brain, we
prepared mRNA from brains of 2-month-old WT and MT mice.
Northern blot analysis showed the Cre-mediated loss of p44/
WDR77 mRNA expression in the MT mouse brain (Fig. 2C, top).
Immunostaining analysis demonstrated that p44/WDR77 protein
levels were high in the nuclei of brain cells from WT mice (Fig. 2D,
top, arrows), whereas these signals were dramatically reduced in
brain cells from MT mice (Fig. 2D, bottom). These findings indi-
cate that the p44/WDR77 gene is deleted in the brains of MT mice.

Astrocytes express p44/WDR77 protein. To determine which

FIG 1 Deletion of the p44/WDR77 gene leads to decreased life span in mice. (A) Survival data are presented for p44/WDR77loxP/loxP; Cre (MT) and
p44/WDR77loxP/loxP (WT) mice. The median life span was 120 days for MT mice. (B) Comparison of mean body weights of WT and MT mice. The error
bars indicate SEM.
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cells in the brain express p44/WDR77 protein, we used mouse
brain tissues double-immunostained for p44/WDR77 and GFAP
(astrocyte markers) or for NeuN and MAP2 (neuronal markers).
We found that p44/WDR77 staining colocalized with GFAP stain-
ing in some cells (indicated by red arrowheads in Fig. 3a), indicat-

ing that p44/WDR77 is expressed in astrocytes. However, in other
cells (indicated by the arrowheads in Fig. 4A), p44/WDR77 stain-
ing did not colocalize with GFAP staining; immunostaining anal-
ysis with anti-NeuN and anti-MAP2 antibodies indicated that
those cells were neurons (data not shown). Similar analysis of
human brain tissue microarrays (Chemicon International;
TMA3001-4) indicated that p44/WDR77 is also expressed in as-
trocytes of human brain tissues (data not shown).

Loss of p44/WDR77 expression leads to astrogliosis. To de-
termine whether loss of p44/WDR77 expression increases the
number of reactive astrocytes, we used sections at the 2.00-mm
lateral plane of brain tissues from WT and MT mice double im-
munostained for p44/WDR77 and GFAP (Fig. 4A). p44/WDR77-
positive signals were observed in many astrocytes in brains from
WT mice but in only a few astrocytes in brains of MT mice (Fig.
4Ab versus a). In brains from WT mice, only a few reactive astro-
cytes (those with strong GFAP staining and spiny shapes) were
observed (Fig. 4Ac, indicated by the arrowheads). In contrast, in
brains from MT mice, more reactive astrocytes were observed
throughout the cerebral cortex (Fig. 4Ad, some indicated by ar-
rowheads). The cerebral cortex at the 2.00-mm lateral plane con-
tained significantly more reactive astrocytes in MT mice (1,560 

166) than WT mice (280 
 31) (Fig. 4B). None of the reactive
astrocytes were observed to express p44/WDR77 (Fig. 4Ae and f),
suggesting that loss of p44/WDR77 expression in the brain leads to
the activation of astrocytes. Astrocytes were isolated from brains
of WT and MT mice, and whole-cell lysates were prepared. West-
ern blot assays demonstrated p44/WDR77 expression in isolated
WT astrocytes (Fig. 4C, lane 1); p44/WDR77 expression was
markedly less in isolated MT astrocytes (Fig. 4B, lane 2). Consis-
tent with astrocytes in the mouse brain, the MT astrocytes ex-
pressed higher levels of GFAP than the WT astrocytes (Fig. 4B,
lane 4 versus lane 3).

p44/WDR77 is essential for growth of astrocytes. To further
study the role of p44/WDR77, we isolated astrocytes from brains
of WT (p44/WDR77loxP/loxP) mice and immortalized them with
retrovirus expressing E6/E7 (47). The E6 protein interacts with
p53, resulting in its degradation via the ubiquitin pathway, and E7
associates with Rb, leading to disruption of the interaction be-
tween the Rb and E2F transcription factors, efficiently immortal-
izing cells (52). We obtained 8 cell lines from 10 newborn mice.
Two immortalized astrocyte lines (E3.1 and E3.2) were infected
with adenovirus expressing either GFP (Ad-GFP) or Cre recom-
binase (Ad-Cre) to generate 4 cell lines (WT, E3.1 GFP and E3.2
GFP; MT, E3.1 Cre and E3.2 Cre). PCR analysis confirmed the
deletion of the p44/WDR77 gene in MT astrocytes (data not
shown), and Western blot analysis showed loss of p44/WDR77
expression in MT astrocytes (Fig. 5A, top, lane 2). Nine days after
infection, the MT and WT astrocytes were immunostained for
p44/WDR77, and the p44/WDR77 signals in MT astrocytes de-
creased to the level of the negative control (Fig. 5B, top). In con-
trast, p44/WDR77 expression was evident in WT astrocytes (Fig.
5B, bottom).

We then examined the growth of astrocytes from day 9 to day
13 after adenovirus infection. The numbers of WT (E3.1 GFP and
E3.2 GFP) astrocytes continued to increase until day 12, when they
reached 100% confluence (Fig. 5C). The doubling times of E3.1
GFP and E3.2 GFP astrocytes were 24 h and 22 h, respectively. In
contrast, the numbers of MT (E3.1 Cre and E3.2 Cre) astrocytes

FIG 2 The p44/WDR77 gene was deleted in the mouse brain. (A) PCR analysis of
deletion of the p44/WDR77 gene in various organs in the MT mouse. Genomic
DNA was isolated from organs of WT and MT mice and subjected to PCR analysis.
Excision of exons 2 to 5 of the p44/WDR77 gene generated the 220-bp DNA
fragment in the PCR. Lane 1, 0.1-kb DNA ladder. (B) Expression of Cre recombi-
nase in the brains of ARR2PPbi-Cre transgenic mice. The ARR2PPbi-Cre trans-
genic mouse was crossed with the B6; 129-Gt(ROSA)26Sor/J mouse. Brains from
2-month-old B6; 129-Gt(ROSA)26Sor/J (left) or B6; 129-Gt(ROSA)26Sor/J-
ARR2PPbi-Cre (right) mice were stained with �-Gal (middle) and then formalin
fixed and paraffin embedded. The slides were counterstained with eosin (left and
right). (C) Loss of p44/WDR77 gene expression in the MT mouse brain. Shown is
Northern blot analysis of p44/WDR77 and �-actin mRNAs in the mouse brain.
mRNA was isolated from the brains of 2-month-old WT (n � 5; lane 1) or MT
(n � 5; lane 2) mice, fractionated by electrophoresis, and transferred to a Hybond
N� membrane. The membrane was hybridized with probes as indicated. (D) Loss
of the p44/WDR77 protein in the brain of the MT mouse. Tissues from the cere-
bral cortices of WT (top) and MT (bottom) mouse brains were immunostained
with anti-p44/WDR77 antibody. Representative photomicrographs are shown.
The p44/WDR77 staining seen in WT mouse brain cells (indicated by the arrows)
was dramatically decreased in MT mouse brain cells.
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did not increase over the course of 4 days (Fig. 5C). Thus, p44/
WDR77 is essential for growth of astrocytes.

Deletion of the p44/WDR77 gene leads to reactive astrocytes.
Previous studies demonstrated that immortalized astrocytes ex-
press low levels of GFAP and S100B and have the cellular structure
of nonreactive astrocytes (41). Consistent with the results of pre-
vious studies (41), we found that immortalized WT astrocytes
expressed low levels of GFAP and S100B and exhibited the cellular
structure of nonreactive astrocytes (Fig. 6e and k). Upon loss of
p44/WDR77 expression (12 days after infection), MT astrocytes
expressed much higher levels of GFAP and S100B (Fig. 6b and h),
suggestive of astrocyte activation. In MT astrocytes, hypertrophy
of cell nuclei (Fig. 6a, indicated by the arrowheads) and thin pro-
cesses protruding from the cell body (Fig. 6c, indicated by the
arrowheads) were evident; both are characteristics of astrocyte
activation (50).

Upregulation of p21cip1 expression is essential for astrocyte
activation induced by deletion of the p44/WDR77 gene. Recent
studies have suggested that p21Cip1 is involved in astrocyte activa-
tion induced by lipopolysaccharide (49, 50). To examine p21Cip1

expression in the mouse brain, we isolated mRNA from the brains
of 2-month-old WT and MT mice and subjected the mRNA to
Northern blot analysis. We found that Cre-mediated deletion the
p44/WDR77 gene led to a 5-fold increase in p21Cip1 mRNA levels
(Fig. 7A, lane 3 versus lane 4). This upregulation of p21Cip1 gene
expression is not likely to occur via the p53 signaling pathway,
because expression of other p53 target genes (Gadd45A and
RGS16) did not change (Fig. 7A, lanes 5 to 8). To assess p21Cip1

expression in astrocytes, we isolated total RNA from immortalized

astrocytes and subjected the RNA to quantitative reverse tran-
scription (qRT)-PCR with primers for p21Cip1. The qRT-PCR
analysis revealed a 4.5-fold increase in p21Cip1 mRNA levels in MT
astrocytes compared with WT astrocytes, and Western blot anal-
ysis showed a 4-fold increase in p21Cip1 protein levels associated
with the loss of p44/WDR77 expression (Fig. 7B, top, lane MT
versus lane WT). Thus, deletion of the p44/WDR77 gene upregu-
lated p21Cip1 expression in astrocytes. Chromatin immunopre-
cipitation analysis revealed that the p44/WDR77 protein was re-
cruited onto the p21Cip1 promoter (Fig. 7C, lane 3), suggesting
that p44/WDR77 directly target the p21Cip1 promoter in astro-
cytes.

To assess the role of p21Cip1 in astrocyte activation induced by
the loss of p44/WDR77, we silenced p21Cip1 expression in astro-
cytes via lentivirus expressing NT or p21Cip1 shRNA and then
infected astrocytes with Ad-Cre-GFP to delete the p44/WDR77
gene. The p21Cip1 shRNA abolished the upregulation of both
p21Cip1 and GFAP expression in astrocytes induced by p44/
WDR77 deletion (Fig. 8A, top and third rows, lanes 1, 5, and 6).
Similarly to our earlier findings, WT (p44/WDR77loxP/loxP; NT
shRNA) astrocytes expressed low levels of GFAP and exhibited the
cellular structure of nonreactive astrocytes (Fig. 8Ba). Upon loss
of p44/WDR77 (12 days after Ad-Cre-GFP infection), MT (p44/
WDR77�/�; NT shRNA) astrocytes expressed high levels of GFAP
and exhibited cellular and nuclear hypertrophy (Fig. 8Bb), indic-
ative of astrocyte activation. However, p21Cip1-silenced MT (p44/
WDR77�/�; p21Cip1 shRNA) astrocytes showed GFAP expression
levels and cellular structure similar to those of nonreactive astro-
cytes (Fig. 8Bd), suggesting that upregulation of p21Cip1 expres-

FIG 3 p44/WDR77 expression in astrocytes of the mouse brain. (a and b) Tissues from cerebral cortices of WT mouse brains were double immunostained for
p44/WDR77 (a) and GFAP (b). (c) p44/WDR77 staining merged with GFAP staining.
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sion is essential for astrocyte activation induced by p44/WDR77
deletion.

We examined the growth rate of these cells from day 9 to day 13
after adenovirus infection. The numbers of WT (NT shRNA or
p21Cip1 shRNA) astrocytes continued to increase until day 12,
when they reached 100% confluence (Fig. 8C). The doubling
times of NT shRNA and p21Cip1 shRNA astrocytes were 26 h and
22 h, respectively (Fig. 8C). The p21Cip1 shRNA MT astrocytes had
a doubling time of 31 h and never reached 100% confluence dur-
ing the 4 days assayed. In contrast, the number of NT shRNA MT

astrocytes increased only slightly over the course of 4 days (Fig.
8C). Thus, silencing p21Cip1 expression partially rescued the as-
trocyte growth inhibition induced by deletion of the p44/WDR77
gene.

To further explore the role of p21Cip1 in astrocytes, we in-
fected astrocytes with lentivirus expressing exogenous human
p21Cip1. Western blot analysis indicated expression of high lev-
els of human p21Cip1 protein in mouse astrocytes (Fig. 8D, top,
lane 2 versus lane 1). Consistent with previous studies (49, 50)
suggesting that p21Cip1 is involved in astrocyte activation, we

FIG 4 Loss of the p44/WDR77 gene leads to reactive astrocytes in the mouse brain. (A) Reactive astrocytes were observed in the MT mouse brain. Sections at the
2.00-mm lateral plane of cerebral cortices from WT (left) or MT (right) brains were stained with anti-p44/WDR77 (top) or anti-GFAP (middle) antibodies.
(Bottom) p44/WDR77 staining merged with GFAP staining. Some reactive astrocytes are indicated by arrowheads. (B) Counts of reactive astrocytes in WT and
MT brains. The error bars indicate SEM. (C) Loss of p44/WDR77 expression in astrocytes isolated from MT mouse brains. Whole-cell lysates (20 �g of protein)
were prepared from WT (lanes 1, 3, and 5) and MT (lanes 2, 4, and 6) astrocytes. Western blot analysis was performed with the indicated antibodies.
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found that p21Cip1 overexpression moderately increased GFAP
expression and induced the cellular structure of reactive astro-
cytes (Fig. 8Eb). Human p21Cip1 expression decreased the
growth of astrocytes (Fig. 8F) and increased the doubling time
of astrocytes from 24 h to 30 h. However, p21Cip1 overexpres-
sion did not inhibit cell growth to the extent induced by loss of
p44/WDR77 expression (Fig. 8F).

NF-�B mediates p44/WDR77 function in astrocytes. NF-�B
acts as an inducer of reactive astrogliosis by driving the expression
of inflammatory cytokines in the brain (37, 45, 54). Expression of
p65 protein was induced in MT astrocytes (Fig. 7B, middle; Fig.
8A, second gel from top, lane 5 versus lane 1). Immunostaining of
WT (p44/WDR77loxP/loxP) astrocytes revealed low cytoplasmic lev-
els of the p65 subunit of NF-�B (data not shown), indicating the
lack of NF-�B activation in astrocytes. Nine days after infection,
we observed high levels of p65 in the nuclei of MT astrocytes (data
not shown), indicative of NF-�B activation upon p44/WDR77 de-
letion.

Expression of p65 was silenced by p65 shRNA (Fig. 8A, second

gel from top, lanes 3 and 7). To assess the role of NF-�B in astro-
cyte activation induced by the loss of p44/WDR77, we infected WT
(p44/WDR77loxP/loxP) astrocytes with lentivirus expressing NT
shRNA or p65 shRNA. Four days later, we infected the astrocytes
with either Ad-GFP or Ad-Cre-GFP. Silencing p65 expression in-
hibited the GFAP expression induced by p44/WDR77 deletion and
reversed the induction of the cellular structure of reactive astro-
cytes induced by p44/WDR77 deletion (Fig. 9A, top, versus Fig.
8B, top). Thus, NF-�B activation is also required for astrocyte
activation induced by p44/WDR77 deletion.

In the growth rate analysis, the numbers of WT (NT shRNA or
p65 shRNA) and MT (p65 shRNA) astrocytes continued to in-
crease until day 12, when they reached 100% confluence (Fig. 9B).
The doubling times of NT shRNA WT, p65 shRNA WT, and p65
shRNA MT astrocytes were 26 h, 23 h, and 23 h, respectively. In
contrast, the number of MT (NT shRNA) astrocytes increased
only slightly over the course of 4 days (Fig. 9B). Thus, silencing
p65 expression fully rescued the astrocyte growth inhibition in-
duced by p44/WDR77 deletion.

FIG 5 p44/WDR77 is essential for growth of astrocytes. (A and B) Loss of p44/WDR77 expression in p44/WDR77-null astrocytes. (A) Whole-cell lysates (10 �g
of protein) were isolated from WT (lane 1) and MT (lane 2) astrocytes. Western blot analysis was performed with the indicated antibodies. (B) Astrocytes were
infected with Ad-GFP (WT) or Ad-Cre-GFP (MT) and stained for the nucleus (a and d) and p44/WDR77 expression (b and e). (c and f) p44/WDR77 staining
merged with nuclear staining. The insets (a to c) depict staining of WT astrocytes without the p44/WDR77 antibody. (C) Growth curves of WT and MT astrocytes
after infection with adenovirus. The error bars indicate SEM.
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To further explore the role of NF-�B in astrocytes, we infected
WT astrocytes with control lentivirus or lentivirus expressing hu-
man p65 (Fig. 8D, middle, lane 3). Nine days after viral infection,
astrocytes were immunostained for GFAP. We found that p65
overexpression marginally increased GFAP expression and led to
the cellular structure of reactive astrocytes (Fig. 9Ca versus Fig.
8Ba). The doubling time of the WT control astrocytes was 24 h.
However, the number of p65-overexpressing astrocytes increased
only slightly over the course of 4 days (Fig. 9D).

Silencing p65 expression in astrocytes also inhibited the
p21Cip1 expression induced by p44/WDR77 deletion (Fig. 8A, top,
lane 7 versus lane 5), indicating that NF-�B signaling may mediate
the upregulation of p21Cip1 expression in p44/WDR77-null astro-
cytes. However, silencing p21Cip1 expression did not inhibit the
increase in p65 expression induced by p44/WDR77 deletion (Fig.
8A, second gel from top, lane 6 versus lane 5), suggesting that

p44/WDR77 regulates p65 expression independent of p21Cip1. Si-
lencing both p21Cip1 and p65 completely abolished astrocyte acti-
vation (Fig. 8A, third gel, lane 8, and 9Ad) and the growth inhibi-
tion induced by p44/WDR77 deletion (Fig. 9B). However,
overexpression of both p21Cip1 and p65 still failed to activate as-
trocytes to the levels that resulted from p44/WDR77 deletion (Fig.
9Cb versus 6b and 8Bb), indicating that additional signals mediate
the astrocyte activation induced by p44/WDR77 deletion.

DISCUSSION

In this study, we demonstrated that loss of the p44/WDR77 gene
leads to a decrease in mouse longevity and results in growth arrest
and astrocyte activation. NF-�B and p21Cip1 mediate the growth
arrest and astrocyte activation induced by deletion of the p44/
WDR77 gene. This study reveals a novel role for p44/WDR77 in
the control of astrocyte activation.

FIG 6 Deletion of the p44/WDR77 gene led to reactive astrocytes. Astrocytes were infected with Ad-GFP (WT) or Ad-Cre-GFP (MT) and stained for the nucleus
(a, d, g, and j) and GFAP (b and e) or S100B (h and k). (c, f, i, and l) GFAP or S100B staining merged with nuclear staining. The arrowheads in panel a indicate
hypertrophy of cell nuclei, and those in panel c indicate thin processes protruding from the cell body.

p44/WDR77 in Astrocytes

September 2012 Volume 32 Number 17 mcb.asm.org 3507

http://mcb.asm.org


Role of p44/WDR77 in astrocyte activation. The statistically
significant (P 	 0.0001) increase in astrogliosis in brains of MT
mice led us to investigate the role of p44/WDR77 in astrocytes.
p44/WDR77 expression in astrocytes, as revealed by immuno-
staining, was markedly decreased in the brains of MT mice.
p44/WDR77 expression was confirmed in cultured astrocytes
by immunostaining and Western blotting. Astrogliosis was ob-
served only in astrocytes that had lost p44/WDR77 expression.
Furthermore, we demonstrated that p44/WRD77 is required
for the growth of astrocytes and that loss of p44/WDR77 ex-
pression led to dramatic changes in the cellular structure and
increased the expression of GFAP and S100B; these are charac-
teristics of astrogliosis. Thus, p44/WDR77 prevents astrogliosis
in the brain.

We previously showed that p44/WDR77 plays important roles
in the mouse prostate by regulating expression of AR target genes
(18, 19). Decreased levels of glucocorticoids and androgens have
been associated with an increased risk for neurodegenerative dis-
eases (35, 42). Androgens and glucocorticoids downregulate reac-
tive gliosis after a neural injury (3, 13). p44/WDR77 can act as a
cofactor to modulate AR-dependent or glucocorticoid receptor-
dependent gene expression (22). On the basis of these observa-
tions, we anticipate that p44/WDR77 may mediate the suppressive
effect of androgens and/or glucocorticoids on astrocyte activation.
p44/WDR77 may also interact and function with other unknown
factors to regulate astrocyte activation.

p21cip1 expression is essential for astrocyte activation in-
duced by loss of the p44/WDR77 gene. Recent studies have sug-

gested that p21Cip1 plays a role in astrocyte activation (49, 50). The
statistically significant (P 	 0.0001) increase in astrogliosis in
brains and astrocytes from p44/WDR77-null mice, accompanied
by increased p21Cip1 expression, led us to investigate the role of
p21Cip1 in astrocyte activation. p21Cip1 shRNA was effective in
silencing p21Cip1 expression and blocking the astrocyte activation
induced by p44/WDR77 deletion. Furthermore, we used overex-
pression of human p21Cip1 to confirm the ability of p21Cip1 to
induce astrocyte activation (49, 50). These results suggest that
p44/WDR77 influences astrocyte activation by regulating p21Cip1

expression. However, p21Cip1 overexpression did not induce
GFAP expression in astrocytes to the extent induced by p44/
WDR77 deletion. A possible explanation for this finding is that
p44/WDR77 controls astrocyte activation, not only through
p21Cip1 upregulation, but also via other, unknown factors. Al-
though there is growing evidence that cell cycle control systems
perform regulatory functions in reactive gliosis, the mechanistic
actions of p21Cip1 in reactive gliosis remain incompletely charac-
terized (12, 27, 56).

Cell growth and progression through the cell cycle are or-
chestrated by the interaction of cyclin– cyclin-dependent ki-
nase (CDK) complexes. p21Cip1 is a powerful CDK inhibitor.
Through protein-protein interactions with cyclin-CDK2 or cy-
clin-CDK4 complexes, p21Cip1 directly inhibits their activity,
and in doing so acts as a regulator of cell cycle progression at G1

(4, 19). We found that p21Cip1 expression was upregulated in
activated astrocytes induced by deletion of the p44/WDR77
gene. We demonstrated that p21Cip1 upregulation is partially
responsible for the dramatic inhibition of the growth of MT
astrocytes induced by p44/WDR77 deletion. Furthermore, we
confirmed the ability of p21Cip1 to directly inhibit astrocyte
growth by overexpressing human p21Cip1 in mouse astrocytes,
which is functionally conserved in mice (4, 19). These findings
suggest that p44/WDR77 regulates astrocyte proliferation by
decreasing p21Cip1 expression.

Role of NF-�� in astrocyte activation induced by loss of the
p44/WDR77 gene. Activation of NF-�B signaling has been impli-
cated in the regulation of astrocyte activation (37, 45, 54). A pre-
vious study with transgenic mice expressing a dominant-negative
form of the inhibitor of �B� driven by the GFAP promoter dem-
onstrated that the loss of NF-�B activity after spinal cord injury
resulted in decreased GFAP expression and in scar formation (23).
This alteration in astrocyte activation was accompanied by a re-
duction in astrocytic production of proinflammatory chemokines
and cytokines, such as CXCL10 and CCL2 (23). That study, along
with other studies, has suggested that astrocytic NF-�B plays a role
in reactive astrogliosis and neuropathology (45). Here, immuno-
staining revealed NF-�B activation upon induction of astrogliosis
by p44/WDR77 gene deletion. p65 shRNA was effective in silenc-
ing p65 expression and blocking the astrocyte activation induced
by p44/WDR77 gene deletion, indicating an essential role for
NF-�B in astrocyte activation induced by loss of the p44/WDR77
gene.

We demonstrated that inhibition of NF-�B pathway activity by
silencing p65 expression completely rescued the dramatic inhibi-
tion of astrocyte growth induced by loss of p44/WDR77 expres-
sion. Furthermore, we demonstrated that NF-�B overexpression
could decrease astrocyte growth to the levels seen in p44/WDR77-
null astrocytes. These findings suggest that p44/WDR77 regulates
astrocyte proliferation by repressing NF-�B signaling. However,

FIG 7 Loss of the p44/WDR77 gene induced p21Cip1 expression and NF-�B
activation. (A) Loss of the p44/WDR77 gene induced p21Cip1 expression in
mouse brains. Shown is Northern blot analysis of p44/WDR77, p21Cip1,
Gadd45A, RGS16, and �-actin mRNAs in mouse brains. mRNA was isolated
from the brains of 2-month-old WT (n � 5; lanes 2, 4, 6, 8, and 10) or MT (n �
5; lanes 1, 3, 5, 7, and 9) mice, fractionated by electrophoresis, and transferred
to a Hybond N� membrane. The membrane was hybridized with probes as
indicated. (B) Loss of the p44/WDR77 gene induced p21Cip1 and p65 expres-
sion in astrocytes. Whole-cell lysates (20 �g of protein) were prepared from
WT (lane WT) and MT (lane MT) astrocytes. Western blot analysis was
performed with anti-p21Cip1 (top), anti-p65 (middle), or antiactin (bot-
tom) antibody. (C) Chromatin immunoprecipitation assay to identify
p21Cip1 as a direct target gene of p44. Immunoprecipitation was performed
with antigen-purified anti-p44 (lanes 3 and 4) antibodies or rabbit IgG
(lanes 5 and 6). The purified DNA was amplified by PCR with two specific
primers derived from the promoter region (bp �93 to �215) of p21Cip1.
The same set of PCRs was performed with chromatin DNA used for im-
munoprecipitation (IP) (lane 2).
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the molecular mechanisms by which NF-�B influences astrocyte
proliferation remain unclear.

It has previously been demonstrated that AR and p44/WDR77
target the p21Cip1 promoter in prostate cancer cells (40, 55). Also,
previous work has suggested that AR and NF-�B physically inter-
act, resulting in mutual antagonism (1, 29, 38). Further study is
needed to investigate whether p44/WDR77 regulates p21Cip1 and

NF-�B through AR in astrocytes. Studies using p21Cip1-null astro-
cytes have suggested that p21Cip1 expression can increase NF-�B
activity in astrocytes (49, 50). We confirmed this observation in
astrocytes. We also observed that exogenous expression of p65
increased p21Cip1 expression and that silencing p65 expression
decreased p21Cip1 expression induced by p44/WDR77 deletion.
These studies allude to a possible bidirectional mechanism in

FIG 8 p21Cip1 mediated the astrocyte activation induced by loss of p44/WDR77. (A) Silencing p21Cip1 and/or p65 expression in WT and MT astrocytes.
Whole-cell lysates (20 �g of protein) were prepared from WT (lanes 1 to 4) and MT (lanes 5 to 8) astrocytes expressing NT (lanes 1 and 5), p21Cip1 (lanes
2 and 6), p65 (lanes 3 and 7), or p21Cip1 plus p65 (lanes 4 and 8) shRNA. Western blot analysis was performed with the indicated antibodies. (B) Silencing
p21Cip1 expression abolished the astrocyte activation induced by loss of p44/WDR77. WT (left) and MT (right) astrocytes expressing NT (top) or p21Cip1

(bottom) shRNA were stained for GFAP. (C) Growth curves of WT and MT astrocytes expressing NT or p21Cip1 shRNA. The error bars indicate SEM. (D)
Shown is overexpression of p21Cip1 and/or p65 in astrocytes. Whole-cell lysates (20 �g of protein) were prepared from control astrocytes (lane 1) or
astrocytes expressing p21Cip1 (lane 2), p65 (lane 3), or p21Cip1 plus p65 (lane 4). Western blot analysis was performed with the indicated antibodies.
Endogenous (mouse) and exogenous (human) p21Cip1 are indicated by the arrows on the right. (E) Overexpression of p21Cip1 induced astrocyte
activation. Control astrocytes (a) and astrocytes expressing p21Cip1 (b) were stained for GFAP. (F) Growth curves of control astrocytes or astrocytes
expressing p21Cip1.
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which p21Cip1 and NF-�B activity are interconnected. However,
the molecular mechanisms governing the interaction between
p21Cip1 and NF-�B in astrocytes remain to be elucidated. The in
vitro and in vivo studies presented here clearly demonstrate an
important role for p44/WDR77 in astrocyte activation through
p21Cip1 and NF-�B signaling. However, overexpression of p65,
p21Cip1, or p65 plus p21Cip1 did not induce astrocyte activation to
the extent induced by p44/WDR77 deletion. This finding indicates
that other changes are induced by the loss of p44/WDR77 in as-

trocytes, thus prompting further study of the role of p44/WDR77
in astrocyte activation.
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