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Introduction

Cellular senescence is a physiological program of terminal growth 
arrest. Both replicative (telomere shortening) and premature 
(stress induced) senescence are crucial anti-tumor processes that 
require a functional p53 pathway.6 Not only is senescence critical 
to normal cellular aging and prevention of tumor formation, but 
also in the treatment of existing tumors. Induction of premature 
tumor cell senescence following treatment with genotoxic che-
motherapeutics has been described.7 Treatment-induced senes-
cence has been associated with reactivation of the p53 pathway 
and is thought to reduce tumor volume via clearance of senescent 
cells by the immune system;1,2 therefore, senescence induction 
has become an attractive goal for anti-cancer therapy design.

The onset of oncogene-induced senescence is regulated by the 
tumor suppressor protein p53. This has been shown using mouse 
embryonic fibroblasts (MEFs) where oncogenic Ras and p53 
cooperate to induce cellular senescence.8 It has also been dem-
onstrated that overexpression of MdmX, a homolog of Mdm2 
that also represses p53 activity, can block oncogene induced 
senescence in mouse embryonic fibroblasts,9 suggesting a role for 
MdmX in the senescence pathway.

Studies of senescence have been somewhat confounded by 
differences in the senescence pathway existing between human 
and mouse fibroblasts cell culture systems. While it appears that 
p53 and Rb are critical mediators of senescence induction and 
maintenance in both cell culture systems, other regulators of the 
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senescence pathway are not as clearly defined. For example, the 
inactivation of p21 by homologous recombination is sufficient 
to prevent senescence in human cells10 while p21-null MEFs 
undergo senescence normally.11 This difference implies that there 
is a missing link between the p53 and Rb pathways or other pro-
teins can compensate for the loss of p21 in the mouse.

In the present study, we examined how deregulation of 
human MdmX (HdmX) impacted oncogene-induced senes-
cence in primary non-transformed, human diploid fibroblasts 
and prostate cancer cells. In the approximately 50% of human 
cancers that retain wild-type p53, a significant percentage of 
these tumors overexpress HdmX.12 We find that overexpres-
sion of HdmX in primary fibroblasts inhibits H-Ras induced 
cellular senescence. Using site-directed mutants, the binding 
of HdmX to p53 and Hdm2 both appear to be required for 
HdmX’s inhibition of Ras-mediated senescence suggesting that 
both protein interactions may be critical for HdmX’s contribu-
tion to tumor formation.

Given that HdmX blocks Ras-mediated senescence, we inves-
tigated whether reducing levels of HdmX in tumor cell lines har-
boring high HdmX, mutant Ras and wild-type p53 would lead 
to tumor cell senescence. Reduction of HdmX protein levels in 
LNCaP cells (high HdmX, mutant Ras, wild-type p53) led to 
an increase in irreversibly β-galactosidase positive cells and an 
increase in PAI-1, a senescence associated p53 target gene.13 These 
findings demonstrate that release of p53 by inhibition of HdmX 
can trigger senescence in senescent capable human tumor cell 
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that observed by MdmX in MEFs, IMR90s 
(human diploid fibroblasts) were transduced 
with oncogenic Ras (H-RasG12V) with or with-
out HdmX. Following infection, cells were 
grown for 7 days in complete media then 
subjected to acidic β-galactosidase staining, 
a hallmark of senescent cells. Co-infection 
of Ras and HdmX significantly reduced 
senescence levels compared to Ras and GFP 
indicating that HdmX is capable of blocking 
oncogene induced premature senescence in 
human diploid fibroblasts (Fig. 1A and B). We 
also monitored senescence induction follow-
ing co-infection of H-Ras and Hdm2. This 
is because Mdm2 overexpression has been 
observed to overcome growth arrest when co-
introduced with other senescence inducers, 
such as H-Ras.14 As expected, a decrease in the 
percentage of β-galactosidase positive cells was 
observed when IMR90s were co-infected with 
Hdm2 and Ras (Fig. 1A).

HdmX binding to p53 and Hdm2 are 
required to block Ras-mediated senescence. 
Binding of MdmX to p53 is required for 
MdmX’s ability to block p53 transactivation 
and MdmX has been shown to localize to the 
nucleus more effectively upon binding with 
Mdm2;15 therefore, we next determined if 
the p53 and/or Hdm2 (Ring finger) binding 
domains of HdmX are necessary for the abil-
ity of HdmX to block Ras-mediated senescence. 

MdmXG57A has been reported by Danovi et al. to render MdmX 
unable to bind p53 while MdmXC437G was described by Sharp 
et al. as being unable to bind Mdm2.9,16 As these amino acids are 
conserved in HdmX, site-directed mutagenesis was completed to 
create HdmXG57A and HdmXC437G. Co-immunoprecipitation 
assays confirmed the ability of HdmXG57A to bind Hdm2 but 
not p53 while HdmXC437G retained the ability to bind p53 but 

lines and provide further support for targeting HdmX as an anti-
cancer therapeutic.

Results

HdmX blocks Ras-mediated senescence in HDFs. To inves-
tigate whether HdmX could block oncogenic Ras-induced 
premature senescence in human cells in a fashion similar to 

Figure 1. p53- and -Hdm2 binding domains of 
HdmX are essential for blocking oncogenic Ras 
induced premature senescence. IMR90 cells were 
transduced at an MOI of 5 with the indicated 
lentivirus: (1) mock infection (Mock), (2) H-Ras 
(Ras), (3) GFP, (4) Ras + GFP, (5) Ras + HdmX, (6) Ras 
+ Hdm2, (7) Ras + HdmXG57A (XG57A) or (8) Ras + 
HdmXC437G (XC437G), followed by incubation in 
complete media for 7 days at which time b-galac-
tosidase staining was completed. (A) Histogram 
represents average ± SEM of % beta-galactosidase 
positive cells normalized to transduction efficiency 
(based on GFP). Over 100 cells were counted per 
treatment and each infection was repeated in 
biological triplicate. (B) Representative images for 
infections as described in (A) are shown. Bright-
field or fluorescence images were taken at same 
exposure time and 100X magnification. (C) Western 
blot demonstrating expression of the indicated 
proteins.
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line containing wild-type p53, high levels of HdmX and mutant 
Ras, we silenced HdmX using shRNA interference and exam-
ined senescence levels using β-galactosidase staining. Western 
blot analysis of HdmX protein levels showed that infection with 
any shRNA led to a slight reduction of HdmX protein although 
shHdmX infection reduced HdmX protein to an undetectable 
level (Fig. 3A). This off-target HdmX reduction seen follow-
ing transduction of any shRNA is likely due to a p53 mediated 
stress response upon shRNA infection given the increase in p53 
protein seen under all shRNA infection conditions (Fig. 3A). 
Interestingly, the HdmX reduction following sh-LacZ infection 
translated into only 20% β-galactosidase positive cells compared 
to 8% in the GFP infected cells (Fig. 3B). However, targeted 
HdmX knockdown to nearly undetectable protein levels (Fig. 
3A) caused a dramatic induction of senescence (60%) (Fig. 3B). 
This induction of senescence was specifically due to lowering 
HdmX protein levels because rescue of HdmX protein levels 
lowered the percentage of senescent cells to below GFP virus 
infected levels (<8%).

Recently, Huang and colleagues induced positive 
β-galactosidase staining in epithelial tumor cells by treatment 
with Nutlin-3a, a small molecule inhibitor of Hdm2.4 However, 
upon drug removal, some cells were able to resume proliferation as 
determined by colony formation assays. Senescence, by definition, 
is an irreversible process; therefore, these authors questioned the 
use of β-galactosidase staining as a sole measurement of senescence.

not Hdm2, as predicted (Suppl. Fig. 1). When co-infected with 
Ras, neither HdmXG57A nor HdmXC437G were able to block 
oncogene-induced premature senescence (Fig. 1).

HdmX must bind directly to p53 in order to inhibit p53 
transactivation, which likely explains why HdmXG57A, defi-
cient in this ability, did not block Ras-mediated senescence. 
Since HdmXC437G retains the ability to bind p53 yet, when 
overexpressed, failed to block Ras-mediated senescence; we 
hypothesized that HdmXC437G was mis-localized due to its 
inability to bind Hdm2. To address this hypothesis, nuclear 
and cytoplasmic fractionation was completed using IMR90 
cells that were infected with wild-type HdmX, HdmXG57A or 
HdmXC437G along with either GFP or Hdm2 (Fig. 2). Wild-
type HdmX, HdmXG57A and HdmXC437G were all primar-
ily cytoplasmic in the presence of GFP. The addition of Hdm2 
allowed for nuclear translocation of HdmX and HdmXG57A, 
however, HdmXC437G remained primarily cytoplasmic. 
These results suggest that HdmXC437G is unable to block Ras-
mediated senescence, at least in part, due to its inability to bind 
Hdm2 and localize to the nucleus.

Reduction of HdmX in LNCaP cells induces senescence. 
Since HdmX can block oncogenic Ras-induced senescence 
in non-transformed human diploid fibroblasts, we examined 
whether knocking down HdmX in tumor cells with high 
HdmX, mutant Ras and wild-type p53 would lead to tumor cell 
senescence. Using LNCaP cells, a prostate adenocarcinoma cell 

Figure 2. HdmX nuclear localization is dependent on association with Hdm2. IMR90 cells were transduced with lentivirus expressing wild-type HdmX, 
HdmXC437G or HdmXG57A in addition to GFP (left) or Hdm2 (right). Cells were selected and then nuclear and cytoplasmic protein extracts separated 
on an SDS-PAGE gel. Localization of Lamin A/C (a nuclear protein) and Tubulin (a cytoplasmic protein) confirm the extract fractionation was effective.
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that these cells have in fact been pro-
grammed for cellular senescence (Fig. 
4D). This data suggests that the increase 
in β-galactosidase positive LNCaP cells 
detected after lowering HdmX protein 
levels represents a permanent senescent 
state.

Discussion

Uncovering the specific genes and regu-
latory mechanisms responsible for the 
induction and maintenance of tumor cell 
senescence is an active area of research 
intended to guide the development of new 
anti-cancer therapeutics. At the nexus of 
senescence induction is the p53 tumor 
suppressor protein. This study describes 
how HdmX inactivation or mislocaliza-
tion in cells can lead to the induction of 
cellular senescence.

Like MdmX in mouse embryonic 
fibroblasts, HdmX overexpression was 
demonstrated to block oncogenic Ras 
mediated senescence in human diploid 
fibroblasts (Fig. 1). Since the direct bind-
ing of HdmX to p53 and/or Hdm2 are 
known to play critical roles in the activ-
ity of HdmX, point mutations were 
made in HdmX aimed at inhibiting its 
ability to bind to either p53 or Hdm2 
(HdmXG57A and HdmXC437G, respec-
tively). When substituted for wild-type 
HdmX in combination with oncogenic 
Ras, neither mutant was able to block 
senescence suggesting that HdmX bind-
ing to p53 and Hdm2 are required to 
block oncogene induced senescence (Fig. 

1). Nuclear cytoplasmic fractionation provided further evidence 
that HdmX binding to Hdm2 facilitates its nuclear localiza-
tion, suggesting that the mis-localization of HdmX is, at least 
in part, responsible for HdmXC437G’s inability to block senes-
cence. While a recent publication details the first small molecule 
screen of inhibitors intended to block the interaction of HdmX 
with p53,17 these results suggest that the development of small-
molecules that trigger HdmX cytoplasmic localization or inhibit 
HdmX nuclear localization may also be effective at senescence 
induction in certain human tumor cell lines. Such inhibitors will 
likely need to target the HdmX:Hdm2 heterodimer RING fin-
ger domains given that disruption of this interaction has been 
reported to trigger p53 activation.18,19

Reports suggest that HdmX is overexpressed in several 
human tumor types, most of which maintain wild-type p53.12 
Approximately 40% of all tumor cell lines examined, includ-
ing several prostate cancer cell lines, were found to overex-
press HdmX. Taken with our data demonstrating that HdmX 

In order to determine if the β-galactosidase staining detected 
in LNCaP cells upon reduction of HdmX protein was revers-
ible, we infected LNCaP cells with sh-HdmX as described in 
Figure 3B. Following 7 days of selection, instead of performing 
β-galactosidase staining, we elevated HdmX protein levels by 
reinfecting with an HdmX-rescue construct harboring a silent 
mutation that made the hdmX mRNA resistant to the hdmX 
short hairpin RNA. When β-galactosidase staining was com-
pleted on day 14, the percentage β-galactosidase positive cells was 
the same as sh-HdmX followed by GFP infection in the control 
condition (approximately 65%) (Fig. 4). We observed by rein-
fecting with lentiviral GFP that sh-HdmX selected cells, which 
have undergone senescence by day 7, can in fact be reinfected  
(Fig. 4B). Also, HdmX was detected in sh-HdmX + HdmX-
rescue co-infected cells at levels sufficient to block senescence  
(Fig. 4A and C). Finally, PAI-1 expression, a reported senes-
cence-associated gene,13 is elevated in LNCaP cells infected with 
shHdmX compared to shLacZ infected cells further suggesting 

Figure 3. Loss of HdmX induces senescence in LNCaPs. (A) LNCaP cells were transduced with no 
virus (Mock), GFP, shLacZ (shL), HdmX, HdmX-Rescue (X/R), shHdmX (shX), shL + X/R, shX + X/R or 
shX + GFP, selected for 7 days and subjected to western blotting using the indicated antibodies. 
(B) Average % b-galactosidase positive cells normalized to transduction efficiency (based on GFP) 
±SEM is reported where >100 cells were counted per treatment (same as in A) in three biological 
replicates, except Mock, which is in duplicate.
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in the right genetic background. It should be noted that when 
similar experiments were performed in MCF7 breast cancer cell 
lines (wild-type p53 and Ras, high HdmX), we observed only cell 
cycle arrest,5 without detectable cellular senescence (Heminger, 
personal communication). While we found this result initially 
perplexing, a recent publication suggests that simply inducing 
p53 may in fact suppress p21 and p16 induced cellular senes-
cence.20 Our studies suggest that tumors overexpressing HdmX 
that harbor mutant Ras and wild-type p53 maybe receptive to 
senescence induction.

HdmX as a target for anti-cancer drug design has been sup-
ported by a number of studies.9,18,19,21,22 For example, treatment 
of tumors in mice that are overexpressing MdmX with siMdmX 
has been shown by Gilkes and colleagues to reduce tumor volume 

overexpression blocks Ras mediated senescence, we examined 
whether reduction of HdmX in a prostate adenocarcinoma cell 
line containing wild-type p53, mutant Ras and high levels of 
HdmX would induce senescence. The use of RNAi targeting 
HdmX induced senescence as indicated by an increase in irre-
versible β-galactosidase staining in these LNCaP cells.

When HdmX protein levels were elevated by co-infection of 
lentiviral HdmX-rescue with sh-HdmX expressing lentivirus, 
senescence was returned to baseline (Fig. 3), suggesting that the 
specific reduction of HdmX induces senescence in LNCaP cells. 
After we allowed HdmX reduction for 7 days, the re-expression of 
HdmX in LNCap cells was unable to inhibit cellular senescence 
(Fig. 4). These results suggest that even short term inhibition of 
HdmX may be sufficient clinically to trigger cellular senescence 

Figure 4. HdmX knockdown induces beta-galactosidase activity in LNCaps that cannot be reversed by HdmX overexpression post-senescence. 
LNCaPs were transduced with no virus (Mock), GFP, shLacZ (shL), HdmX-Rescue (X/R), shL + X/R, shHdmX (shX) + X/R, shL, shX or shX and selection 
applied for 7 days. At day 7, shL infected cells were additionally infected with X/R (shL: X/R), shX infected cells with X/R (shX: X/R) and shX infected 
cells with GFP (shX: GFP). Cells were selected and incubated for an additional 7 days before b-galactosidase staining. (A) Average % beta-galactosidase 
positive cells normalized to transduction efficiency (based on GFP) ±SEM is reported where >100 cells were counted per treatment in biological 
triplicate. (B) Representative images of each treatment condition. All images taken at 100X magnification and the same exposure time for brightfield 
or fluorescence images. (C) Western blot confirming HdmX knock-down and rescue in additional treatment conditions not present in Figure 3A. (D) 
RT-PCR demonstrating relative expression of PAI-1 normalized to GAPDH in shLacZ or shHdmX infected LNCaP cells at day 14. Bars represent 95% 
confidence intervals.
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Lentiviral production and titering. Lentivirus was produced 
by cotransfection of 293FT cells with a pLenti vector and lenti-
viral packaging mix (Invitrogen) according to the manufacturer’s 
instructions. Lentivirus-containing supernatant was harvested at 
48 hours post transfection, purified by centrifugation and stored 
at -80°C. For titering, H1299 cells (100,000 cells/well) were 
transduced with Lentivirus in a serial dilution pattern followed 
by incubation in complete medium for 24 hours. Infections were 
carried out overnight in the presence of 4 µg/mL Polybrene 
(Sigma). Following transductions, cells were selected with appro-
priate antibiotic selection for 15 days and then stained with 1% 
crystal violet in 70% methanol for 5 minutes. Cells were washed 
with PBS for 5 minutes, colonies counted and then photographed 
at 1X magnification. Infectious viral particles per mL (IVP/mL) 
were then calculated.

Senescence associated beta-galactosidase staining. Cells 
were processed using a Senescence beta-galactosdiase Staining 
Kit (Cell Signaling Technology) according to the manufacturer’s 
instructions and visualized on an Olympus 1X70 fluorescence 
microscope. At least 100 cells were counted and scored per treat-
ment condition, which were completed in biological triplicate.

Nuclear cytoplasmic fractionation. IMR90 cells were trans-
duced and selected as indicated. After approximately 8 days the 
cells were rinsed and pelleted. Using reagents supplied in the 
Nuclear/Cytoplasmic Fractionation Kit (Pierce), nuclear and 
cytoplasmic fractions were generated. Protein concentration was 
determined by Bradford method and SDS-PAGE gel and immu-
noblotting completed as previously described.
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through an unknown mechanism.21 This study provides data 
suggesting that HdmX overexpression may contribute to tumor 
formation by blocking senescence and that targeting HdmX in 
human tumors that retain wild-type p53 and harbor mutated Ras 
genes may lead to tumor cell senescence.

Materials and Methods

RT-PCR. Total RNA was isolated using the e.Z.N.A. Total RNA 
kit (Omega Bio-Tek) according to the manufacturer’s instruc-
tions. RNA quality and quantity was assessed using NanoDrop 
(Thermo Scientific) with a target 260:280 of 2.0–2.2. One 
microgram of total RNA was used as a template for cDNA syn-
thesis using q-ScriptTM cDNA SuperMix (Quanta Biosciences). 
Taqman based PCR was performed in triplicate using Assay 
on Demand probe sets (Applied Biosystems) and an Applied 
Biosystems 7900 Sequence Detection System. GAPDH was 
used as an endogenous control. The Assay on Demand probe, 
Serpine1/PAI-1 used in these experiments was a validated gene 
target.

Cell lines. H1299 cells are derived from non-small-cell lung 
carcinoma devoid of p53 and IMR90 cells are primary human 
diploid fibroblasts, both purchased from American Type Culture 
Collection. LNCaP cells are a prostate adenocarcinoma cell line 
(wild-type p53, high HdmX, mutant Ras) were a generous gift 
from Madhavi Kadakia. All cell line passages in these experi-
ments were grown for no longer than three months.

Immunoblotting. Whole cell extracts and western blotting 
were performed as previously described with the following modi-
fications.23 Cell pellets were lysed in three freeze-thaws using sin-
gle lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% NP40) 
containing a protease inhibitor cocktail (Sigma). 12% SDS-
PAGE gels were used to separate 50–100 micrograms of protein 
extract. Antibodies obtained from Calbiochem (p53, Ab-4 and 
Ab-6), Bethyl Laboratories, Inc., (HdmX), Invitrogen (GFP), 
Sigma (actin), Santa Cruz Biotechnology (Hdm2, SMP14; 
α-Tubulin, DM1A) and BD Biosciences (Lamin A/C) were used 
as indicated.
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