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The naked mole-rat is the longest living rodent with a maximum
lifespan exceeding 28 years. In addition to its longevity, naked
mole-rats have an extraordinary resistance to cancer as tumors have
never been observed in these rodents. Furthermore, we show that a
combination of activated Ras and SV40 LT fails to induce robust
anchorage-independent growth in naked mole-rat cells, while it
readily transforms mouse fibroblasts. The mechanisms responsible
for the cancer resistance of naked mole-rats were unknown. Here we
show that naked mole-rat fibroblasts display hypersensitivity to
contact inhibition, a phenomenon we termed “early contact inhibi-
tion.” Contact inhibition is a key anticancer mechanism that arrests
cell division when cells reach a high density. In cell culture, naked
mole-rat fibroblasts arrest at a much lower density than those from
a mouse. We demonstrate that early contact inhibition requires the
activity of p53 and pRb tumor suppressor pathways. Inactivation of
both p53 and pRb attenuates early contact inhibition. Contact inhi-
bition in human and mouse is triggered by the induction of p27Xir1,
In contrast, early contact inhibition in naked mole-rat is associated
with the induction of p16'"k4a, Furthermore, we show that the roles
of p16'"k4a and p27XiP1 in the control of contact inhibition became
temporally separated in this species: the early contact inhibition is
controlled by p16'"k4a, and regular contact inhibition is controlled by
p27KiP1, We propose that the additional layer of protection conferred
by two-tiered contact inhibition contributes to the remarkable tumor
resistance of the naked mole-rat.
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he naked mole-rat (Heterocephalus glaber) is one of the most
extraordinary mammals. Naked mole-rats live in large subter-
ranean colonies in Africa. The colonies have a eusocial structure
with one breeding queen (1), similar to ants and bees. Naked
mole-rats display exceptional longevity, with a maximum lifespan
exceeding 28 years (2, 3). This is the longest lifespan for a rodent
species, and is especially striking, considering the small, approxi-
mately 35 g, body mass of the naked mole-rat. In comparison, a
similarly sized house mouse has maximum lifespan of 4 years (4, ).
It was suggested that naked mole-rats display negligible senescence
(3), characterized by very slow or nonexistent changes in physio-
logical parameters with age, and the lack of an age-related increase
in mortality rate (6). Accordingly, naked mole-rats do not exhibit
age-related changes in basal metabolism, body composition, or
bone mineral density (3, 7). Furthermore, naked mole-rats repro-
duce prolifically until death (2, 3). These characteristics suggest that
naked mole-rats have evolved efficient anti-aging defenses, making
these rodents an invaluable model organism for aging research.
Cancer is a major age-related disease in humans, and accounts
for approximately 23% of human mortality (8). In mice, cancer
mortality is much higher, where it reaches 90% in some strains
(9). Clearly, to achieve long life, species must possess efficient
anticancer mechanisms. In addition to their other extraordinary
characteristics, naked mole-rats show an unusual resistance to
cancer. These animals have never been observed to develop any
spontaneous neoplasms (3). So far anticancer strategies used by
naked mole-rats have remained unknown.
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Mammals have evolved complicated anti-cancer defenses con-
sisting of cell cycle checkpoints, apoptosis, and replicative se-
nescence controlled by a network of tumor-suppressor genes
such as p53 and Rb. Anticancer mechanisms have been studied
extensively in humans and mice. These studies revealed impor-
tant differences between human and mouse anti-cancer de-
fenses, which may explain the differences in cancer susceptibility
between these species (10). Human cells use replicative senes-
cence as an anticancer mechanism (11), while mouse somatic
cells express telomerase (12) and are immortal in culture (13).
Another difference is that in humans both the Rb and p53 tumor
suppressors play important roles in controlling cell proliferation,
creating backup barriers for cancer progression, while in the
mouse Rb plays a relatively minor role (14, 15).

Contact inhibition is a process of arresting cell growth when cells
come in contact with each other. As a result, normal cells stop
proliferating when they form a monolayer in a culture dish. Contact
inhibition is a powerful anticancer mechanism that is lost in cancer
cells (16). Cancer cells do not arrest their growth when they fill a
culture dish, but continue to proliferate, piling up on top of each
other and forming multilayered foci. The growth arrest in contact
inhibition is signaled by membrane proteins, and is mediated by
elevated levels of p27%iP! (p27) cyclin-dependent kinase inhibitor.
p27 binds cyclin-CDK complexes and arrests the cells in the G1
phase of the cell cycle (17-20). The importance of contact inhibition
for tumor suppression is underscored by the fact that the low levels
of expression of p27 correlate with poor survival in cancer patients
(21, 22). A cyclin-dependent kinase inhibitor, p16™2 (p16) has also
been proposed to mediate contact inhibition, although its levels do not
change appreciably in confluent human or mouse cultures (23, 24).

Our previous comparative analysis of cell telomerase activity and
cell proliferation across 15 rodent species suggested that small
long-lived rodent species evolve telomere-independent anticancer
mechanisms (25, 26). Naked mole-rat fibroblasts do not display
replicative senescence, but proliferate very slowly in culture, indi-
cating the presence of an unknown mechanism that controls cell
proliferation (26). This mechanism may contribute to the extraor-
dinary tumor resistance of this species.

In the present study, we set out to identify and characterize the
mechanisms that restrict cell proliferation in the naked mole-rat.
We show that naked mole-rat fibroblasts become contact inhibited
at a very low cell density, a phenomenon we termed “early contact
inhibition.” We demonstrate that early contact inhibition requires
the activity of both Rb and p53 pathways, and is associated with
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Fig. 1. Assay of anchorage-independent growth in mouse and naked mole-rat
skin fibroblasts. Cells were transfected with the vectors encoding different forms
of LT antigen (LT, LTK1, and LTA434-44) and oncogenic Ras, and plated in soft
agar. Figure shows representative microphotographs of colonies generated after
3 weeks at magnification X20. (A) Mouse skin fibroblasts. (B) Naked mole-rat skin
fibroblasts. (C) NMRSF2, a mutated line of naked mole-rat skin fibroblasts that
lost early contact inhibition.

induction of p16™ (p16). While p27XiP! (p27) is not induced in
cells undergoing early contact inhibition, but accumulates in trans-
formed cells that lost early contact inhibition and arrest at high cell
density. Thus, naked mole-rat cells possess two levels of contact
inhibition, in contrast to the single level found in humans and mice.
In summary, our study provides mechanistic clues to the unusual
tumor resistance of the naked mole-rat.

Results

Oncogenic Ras and SV40 Large T do Not Induce Anchorage-Independent
Growth of Naked Mole-Rat Fibroblasts. Naked mole-rats have not been
observed to develop cancer. Therefore, we tested the resistance of
naked mole-rat cells to malignant transformation. A combination of
oncogenic Ras and SV40 large T (LT) is sufficient to transform
mouse fibroblasts (14). Therefore we tested whether the same
combination of oncoproteins will confer anchorage-independent
growth to naked mole-rat fibroblasts. We previously showed that
naked mole-rat cells have detectable endogenous telomerase ac-
tivity and are immortal in culture, therefore do not require telom-
erase for immortalization (26). Wild-type LT is a viral oncoprotein
that binds and inactivates both p53 and pRb. The mutant derivative
LTKI inactivates only p53, while LTA434—-444 inactivates only pRb
and its family members (p107 and p130) (27). The functionality of
SV40 LT and its derivatives in naked mole-rat cells was confirmed
by co-transfecting them into naked mole-rat cells with the plasmids
containing p53 or pRb response elements fused to firefly luciferase
gene (Fig. S1).

Mouse skin fibroblasts transfected with V12 H-Ras and SV40 LT
or its mutant derivatives formed large robust colonies (Fig. 14),
while naked mole-rat fibroblasts remained single-cells, or formed
small abortive colonies (Fig. 1B). This result suggests that naked
mole-rat cells require more “hits” than mouse cells for malignant
transformation.

Naked Mole-Rat Cells Are Hypersensitive to Contact Inhibition. In an
effort to understand the basis of the extraordinary cancer resistance
of the naked mole-rat, we examined the growth of naked mole-rat
fibroblasts in vitro. Mouse as well as human fibroblasts are,
typically, cultured by seeding 5 X 10° cells per 100-mm dish, and
then splitting the cells when they reach confluence by forming a
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Fig. 2.  Early contact inhibition in naked mole-rat fibroblasts. Growing and
confluent naked mole-rat (A) and mouse (B) fibroblasts. Naked mole-rat fibro-
blasts arrest cell proliferation when few cell-cell contacts are formed, a phenom-
enon we termed early contact inhibition. Naked mole-rat cells do not form a
dense monolayer like the mouse cells. NMR SF, naked mole-rat skin fibroblasts;
NMR LF, naked mole-rat lung fibroblasts; MSF, mouse skin fibroblasts, MLF,
mouse lung fibroblasts.

dense monolayer. When we attempted culturing naked mole-rat
cells under the same regimen we could not obtain any cell prolif-
eration. A solution to the problem was found when we plated naked
mole-rat cells at a lower cell density (5 X 10° cells per 100-mm dish).
When plated at a low cell density, naked mole-rat cells began to
proliferate but reached confluence upon the formation of the first
cell-cell contacts (Fig. 24). This is in sharp contrast to mouse
fibroblasts that form a dense monolayer of cells at confluence (Fig.
2B).

To quantify this phenomena, cells were plated at low density on
grided plates and counted daily (Fig. 34 and B). The maximum cell
density of naked mole-rat skin and lung fibroblasts was more than
three times lower than that of mouse skin and lung fibroblasts,
respectively (Fig. 3.4 and B). Confluent naked mole-rat cell cultures
had very low levels of thymidine incorporation, similar to confluent
mouse cultures (Fig. 3C), indicating that the apparent growth arrest
of naked mole-rat cells is associated with the arrest of DNA
synthesis consistent with contact inhibition. We conclude that
naked mole rat cells are hypersensitive to contact inhibition, and
term this phenomenon “early contact inhibition.”

One naked mole-rat skin cell culture was kept on the same plate
for four months, and gave rise to a fast growing clone (NMRSF
Mut). These cells lost hypersensitivity to contact inhibition, and
reached confluence at high cell density, similar to mouse cells (Fig.
34). This observation indicates that a specific growth control
mechanism restricts proliferation of naked mole-rat cells at higher
cell densities, and when this mechanism is mutated or silenced,
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Fig. 3. Naked mole-rat fibroblasts reach lower confluent cell density than
mouse fibroblasts. (A) Comparison of cell densities attained by naked mole-rat
and mouse skin fibroblasts. Cells were seeded on grided plates, and cell numbers
were counted daily for each plate. MSF, mouse skin fibroblasts; NMRSF Mut,
naked mole-rat skin fibroblast line that lost early contact inhibition; NMRSF,
normal naked mole-rat skin fibroblasts. (B) Comparison of cell densities attained
by naked mole-rat and mouse lung fibroblasts. MLF, mouse lung fibroblasts;
NMRLF, naked mole-rat lung fibroblasts. Cells were seeded on grided plates and
cell numbers were counted daily. The experiments were repeated at least four
times, using fibroblast lines from different animals (except for NMRSF Mut). Error
bars, standard deviations. (C) Analysis of DNA synthesis by thymidine incorpora-
tion in growing and confluent naked mole-rat and mouse cells. Early contact
inhibited cells do not synthesize DNA. The experiments were repeated three
times, and standard deviations are shown.

naked mole-rat cells are capable of reaching high cell densities
under our standard culture conditions.

Early Contact Inhibition Is Mediated Predominantly by Cell-Cell Con-
tact. To determine whether early contact inhibition is caused by cell
contact or by the accumulation of putative secreted factors we
changed the growth media every 24 h and monitored cell density.
The media was changed every 7 days for the control cultures.
Frequent media change increased the maximum cell density of
naked mole-rat skin fibroblasts (Fig. S24); however, even with
frequent media changes naked mole-rat cells did not reach cell
densities of the mouse cells. The same treatment had no effect on
the maximum cell density attained by naked mole-rat lung fibro-
blasts (Fig. S2B). Frequent media changes also slightly increased
the cell density of mouse cells (Fig. S2 C and D). Furthermore,
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incubation of sparsely seeded naked mole-rat fibroblasts with the
media taken from confluent naked mole-rat plates did not inhibit
their growth (Fig. S2 E-H). As will be described below, plating of
naked mole-rat cells at high density causes rapid onset of contact
inhibition. Collectively, this data indicates that early contact inhi-
bition of naked mole-rat cells is mediated, primarily, by cell-cell
contact.

Early Contact Inhibition Requires the Activity of p53 and Rb Pathways.
We then tested whether early contact inhibition is mediated by p53
or pRb signaling pathways. To do so we used plasmids encoding
SV40 LT cDNA and its mutant derivatives LTK1 and LTA434-444.
To test the effect of pS3 or pRb depletion on the early contact
inhibition, we transfected skin and lung fibroblasts from naked
mole-rat and mouse with plasmids encoding LT, LTK1, LTA434—
444, or GFP as a control. Cells were plated at low density on grided
plates and the number of cells was counted daily (Fig. 4). Wild-type
LT attenuated early contact inhibition in both naked mole-rat skin
and naked mole-rat lung cells (Fig. 4 4 and B) causing cells to reach
higher confluent density. Interestingly, neither LTK1 nor LTA434—
444 alone was able to attenuate early contact inhibition (Fig. 4 4
and B). LT had no effect on the growth of mouse fibroblasts (Fig.
4 C and D). These results indicate that both p53 and pRb pathways
must be perturbed to abolish early contact inhibition of naked
mole-rat cells.

Early Contact Inhibition Is Safeguarded by Apoptotic Response. To
understand why inactivation of p53 or pRb alone did not abrogate
early contact inhibition, we examined the levels of apoptosis in cells
transfected with the oncoproteins. Naked mole-rat and mouse skin
and lung fibroblasts were transfected with LT, LTK1, or LTA434—
444 and the percent of apoptotic cells was measured by TUNEL on
days 8 and 14 after plating (Fig. 5. A-D). Day 14 was chosen as naked
mole-rat cells start to reach confluence on that day. Similar results
were obtained using Annexin V staining.

In control naked mole-rat cells, the level of spontaneous apo-
ptosis was low (7% in skin fibroblasts and 15% in lung fibroblasts).
Remarkably, upon transfection with LTK1 or L'TA434-444, the
levels of apoptosis increased almost 2-fold (reaching 15% in skin
fibroblasts and 35% in lung fibroblasts) (Fig. 54 and B). In contrast,
transfection with the wild-type LT reduced apoptosis below the
control levels. The oncoproteins had little or no effect on sponta-
neous apoptosis in mouse cells (Fig. 5 C and D). Taken together,
these data suggest that in the absence of either p53 or pRb activity,
naked mole-rat cells proliferate beyond the confluence point, but
then too close cell contact induces apoptosis in these cells. As a
result, cell density remains low (Fig. 4 A and B). However, the
wild-type LT inactivates both pRb and p53 pathways, therefore
inhibiting the “backup” apoptotic response and leading to increased
cell density. Loss of pRb is known to induce apoptosis in human
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Inactivation of both p53 and pRb pathways is required to abolish early contact inhibition. Naked mole-rat skin (NMR SF), lung (NMR LF), mouse skin (MSF),

and lung (MLF) fibroblasts were transfected with plasmids encoding SV40 Large T antigen (LT), or LT mutants LTK1 that targets only p53 family (K1), or LTA434 that
targets only pRb-family (A434). Cells were seeded on grided plates, and cell numbers were counted daily. (4) SV40 Large T antigen but not K1 or A434 derivatives
abrogates early contact inhibition in naked mole-rat skin fibroblasts (NMR SF) and causes the cells to grow to high density. (B) SV40 Large T antigen but not K1 or A434
derivatives abrogates early contact inhibition in naked mole-rat lung fibroblasts (NMR LF) and causes the cells to grow to high density. (C) SV40 Large T antigen and
its mutants do not affect cell density of mouse lung fibroblasts (MLF). (D) SV40 Large T antigen and its mutants do not affect cell density of mouse skin fibroblasts (MSF).
All of the experiments were repeated at least three times, and error bars show, standard deviations.

19354 | www.pnas.org/cgi/doi/10.1073/pnas.0905252106 Seluanov et al.


http://www.pnas.org/cgi/data/0905252106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0905252106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0905252106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0905252106/DCSupplemental/Supplemental_PDF#nameddest=SF2

Lo L

P

1\

=y

Azn NMR SF B NMR LF
40
15
= = 30
3 10 3
2 g 20
o o
2 2
s 10
0
Mock K1  A434 LT Mock K1  A434 LT
Cz‘7 MSF D MLF
40
15
= = 30
o @o
8 10 3
2 §' 20
o
Q. Qo
< <
5 10
0 L]
Mock K1  A434 LT Mock K1  A434 LT
E., n NMR SF F N NMR LF
k| 3
Q Q
20 20
15 ~LT 5
% %
g—' 10 —-A434 510 =y
-]
5 . ~GFP € . = A434
= =K1 2 —GFP
3, 8, —K1

0 2 4 6 8 10 12 14 16 18 20
Time, days

0 2 4 6 8 10 12 14 16 18 20
Time, days

Fig.5. Analysis of apoptosis in naked mole-rat cells transfected with SV40 large
Tantigen (LT) or its mutant derivatives K1, which binds p53 family of proteins, and
A434, which binds pRb family members. (A) Apoptosis in naked mole-rat skin
fibroblasts (NMR SF) transfected with the plasmids encoding large T antigen
constructs. Apoptosis was assayed on days 8 (black bars) and 14 (white bars) after
transfection, using TUNEL. Day 14 is the time when cells start entering early
contact inhibition. Striped bars correspond to cells grown in the presence of 5 uM
apoptosis inhibitor Z-VAD-FMK for 14 days. (B) Same experiment as in (A) done
with naked mole-rat lung fibroblasts (NMR LF). (C) Apoptosis in mouse skin
fibroblasts (MSF) transfected with the plasmids encoding large T antigen con-
structs. Apoptosis was assayed on days 8 (black bars) and 14 (white bars) after
transfection, using TUNEL. (D) Same experiment as in (C) with mouse lung
fibroblasts (MLF). (E) Analysis of cell proliferation in naked mole-rat skin fibro-
blasts in the presence of 5 uM apoptosis inhibitor Z-VAD-FMK. Corresponding
growth curves without Z-VAD-FMK are shown in Fig. 3A. Cells were transfected
with the plasmids encoding large T antigen constructs and seeded on grided
plates. Cell numbers were counted daily. The experiments were repeated at least
three times and error bars show standard deviations. (F) Analysis of cell prolifer-
ation in naked mole-rat lung fibroblasts in the presence of ZVAD-FMK as described
in (E). Corresponding growth curves without ZVAD-FMK are shown in Fig. 3B. All
experiments were repeated three times, and error bars, standard deviations.

cells and during mouse development (28, 29), however, induction of
apoptosis due to the loss of pS3 may be a unique property of the
naked mole-rat.

To test this explanation, we cultured naked mole-rat cells trans-
fected with oncoproteins in the presence of a broad-spectrum
caspase inhibitor Z-VAD-FMK. The apoptosis inhibitor improved
the growth of naked mole-rat fibroblasts transfected with LTA434—
444, but had no effect on cells tranfected with the wild type LT or
LTK1 (Fig. 5 E and F). LTA434—-444 inactivates proteins of pRb
family and is likely to impair cell cycle arrest, therefore a combi-
nation of the pRb inactivation and inhibition of apoptosis leads to
higher cell density. LTK1 inactivates p53, leaving pRb-mediated
cell cycle control intact. In the presence of the apoptosis inhibitor,
LTKI-treated cells are still capable of inducing cell cycle arrest, and
do not proliferate to higher density. Thus, early contact inhibition
is mediated by cell cycle arrest via the pRb pathway, and is backed
up by apoptotic response via the p53 pathway.

Early Contact Inhibition Is Associated with Induction of p16. Cell cycle
arrest in confluent mouse and human cells is mediated by the
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Fig. 6. Early contact inhibition in naked mole-rat cells is associated with
accumulation of p16 while regular contact inhibition is associated with accumu-
lation of p27. Human SF, human skin fibroblasts; MLF, mouse lung fibroblasts,
MSF, mouse skin fibroblasts, NMR LF, naked mole-rat lung fibroblasts; NMR SF,
naked mole-rat skin fibroblasts; NMR SF2 Mut, mutated naked mole-rat skin
fibroblast line that lost early contact inhibition. The number at the end of the cell
line name corresponds to the animal it was derived from. g, growing cells; c,
confluent cells. (A) Western blot analysis of p27 in growing and confluent human,
naked mole-rat, and mouse fibroblasts. p27 is strongly induced in cells undergo-
ing regular contact inhibition such as human, mouse, or mutated naked mole-rat
cells. The identity of the naked mole-rat protein was verified with two different
antibodies. (B) Western blot analysis of p16 in growing and confluent human,
naked mole-rat, and mouse fibroblasts. p16 accumulates in early contact inhib-
ited naked mole-rat fibroblasts but not in human, mouse, or mutated naked
mole-rat cells. The identity of the naked mole-rat protein was verified with two
different antibodies. (C) p16 accumulates in naked mole-rat cells seeded at high
density (HD). The first two lanes show growing cells (day 7) and confluent cells
(day 20). The next three lanes correspond to naked mole-rat cells that were
seeded at high density. The number above the lane indicates days after plating.
(D) pRb becomes hypophosphorylated in early contact inhibited naked
mole-rat cells.

accumulation of p27 cyclin-dependent kinase inhibitor (18). To
determine whether p27 accumulates in naked mole-rat cells un-
dergoing early contact inhibition we examined the levels of p27 in
growing and confluent human, mouse, and naked mole-rat fibro-
blasts by Western blot. p27 in naked mole-rat had a different
molecular weight than mouse or human protein, but its identity was
verified with two antibodies that recognize both human and mouse
p27. As expected, confluent human and mouse cells accumulated
high levels of p27 (Fig. 64). Surprisingly, confluent naked mole-rat
fibroblasts showed very slight induction of p27. However, the
transformed naked mole-rat clone NMRSF2 Mut that lost early
contact inhibition showed a strong increase in p27 levels. Thus, early
contact inhibition is not mediated by p27, however, if early contact
inhibition is perturbed, naked mole-rat cells undergo “regular”
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Fig.7. A model comparing contact inhibition in naked mole-rat to mouse and
human. Naked mole-rat cells have two tiers of contact inhibition: early contact
inhibition mediated by p16 and regular contact inhibition mediated by p27. In
contrast, human and mouse only have regular contact inhibition. The presence of
two-tiered contact inhibition may provide naked mole-rats an increased protec-
tion against tumor development.

contact inhibition at high cell density associated with induction
of p27.

We then examined whether another cyclin dependent kinase
inhibitor, p16, is involved in early contact inhibition. Western blot
was performed with antibodies to a conserved region of p16 that
recognize both human and mouse protein, and the identity of the
naked mole-rat p16 was verified with two different antibodies.
Levels of p16 were not increased in confluent human or mouse
fibroblasts (Fig. 6B). However, pl6 was strongly induced in early
contact inhibited naked mole-rat cells. The mRNA level of the
naked mole-rat p16 was also increased in early contact inhibited
cells (Fig. S3). Transfection with SV40 LT prevented accumulation
of p16 (Fig. 6B). Remarkably, the levels of p16 were not increased
in NMRSF2 Mut cell line that lost early contact inhibition (Fig. 6B).
Furthermore, NMRSEF2 cells have grown medium-sized colonies in
soft agar (Fig. 1C), suggesting that the loss of early contact
inhibition makes naked mole-rat cells more prone to anchorage-
independent growth.

In the above experiments, naked mole-rat cells were seeded at
low density and then incubated for 20 days. To test whether p16 will
be induced by cell-cell contact without a prolonged incubation, we
plated actively proliferating naked mole-rat cells at higher cell
density. These cells stopped proliferation and rapidly induced p16
(Fig. 6C). Naked mole-rat fibroblasts displayed a shift in pRb
phosphorylation and accumulated hypophosphorylated pRb as
they entered confluence, which is consistent with the p16 activation
(Fig. 6D). Collectively, these results indicate that naked mole-rat
cells have two tiers of contact inhibition: early contact inhibition
mediated by p16, and regular contact inhibition mediated by p27
(Fig. 7). These two tiers of contact inhibition may provide backup
mechanisms that increase cancer resistance in vivo.

Discussion

In this paper we describe a tumor-suppressor mechanism, early
contact inhibition, that is present in the naked mole-rat but is
lacking in all other mammalian species described to date. Our
analysis also identifies the signaling pathways controlling early
contact inhibition. We propose that naked mole-rats’ extreme
longevity has co-evolved with efficient anticancer adaptations.

19356 | www.pnas.org/cgi/doi/10.1073/pnas.0905252106

How Does Early Contact Inhibition Compare to “Regular” Contact
Inhibition? Contact inhibition is a powerful tumor-suppressor mech-
anism that plays a fundamental role in regulating homeostasis in
vivo and in vitro. Transformed cells lose contact inhibition and form
multilayered foci (16). The antiproliferative signal is mediated by
cell-cell contact, via surface receptors (17, 30-33). Our study
demonstrates that naked mole-rat fibroblasts display an unusual,
early contact inhibition. In culture, naked mole-rat fibroblasts never
form a dense monolayer, like human or mouse cells. Instead, naked
mole-rat fibroblasts arrest cell proliferation upon the formation of
a loose network with a few cell-cell contacts. Similar to usual
contact inhibition, early contact inhibition is mediated by cell-cell
contacts. The difference between the two responses lies in the
contact area between cells, which is required for induction of
growth arrest. The difference, however, is not just quantitative. The
two types of contact inhibition appear to be induced by somewhat
different signaling pathways.

Regular contact inhibition is triggered by accumulation of p27,
leading to inactivation of cyclin E-CDK2 complexes, which blocks
phosphorylation of pRb (18, 34). In agreement with this we
observed strong induction of p27 in confluent human and mouse
fibroblasts (Fig. 64). Some reports suggested the involvement of
p16 in contact inhibition. However, in human cells the induction in
p16 level was slight, and could only be detected by co-IP with cdk4
(19, 23). In mice, knockout of the entire INK4a locus caused mouse
fibroblasts to grow to higher density (24); however, later studies
where Arf and p16 were knocked-out separately seem to attribute
most cell proliferation phenotypes of INK4a knockout MEFs to the
loss of Arf (35-37). We did not observe induction of p16 in either
human or mouse confluent fibroblasts (Fig. 6B). In contrast, p16 is
strongly induced in naked mole-rat cells undergoing early contact
inhibition (Fig. 6B). Thus, contact inhibition in human and mouse
relies primarily on p27 and to a minor extent on p16, while early
contact inhibition in naked mole-rat relies strongly on pl6. Re-
markably, naked mole-rat cells still maintain regular contact inhi-
bition mediated by p27. Thus, the naked mole-rat may have the
same genes, but the functions of p16 and p27 in contact inhibition
became temporally separated. pl6 is responsible for the early
response, while p27 is induced as a backup mechanism when the
pl6-mediated protection had failed (Fig. 7). The presence of this
two-tiered contact inhibition is likely to provide the naked mole-rat
better protection against tumor development.

Evolutionarily, how do naked mole-rat cells maintain selection of
regular-contact inhibition genes? It is possible that early contact
inhibition is not fully active during embryogenesis, and this could be
the time when p27-mediated contact inhibition plays a primary role.
Another possibility is that mortality due to cancer provides selective
pressure to maintain active regular-contact inhibition genes.

Species-Specific Differences in Anticancer Mechanisms. The use of
mouse models for human cancer research has yielded many im-
portant insights, however, significant differences exist in human and
mouse carcinogenesis. In general, human cells are more resistant to
malignant transformation, and require more genetic changes for
malignant transformation than do mouse cells (14, 15). Perturba-
tion of only two signaling pathways involving inactivation of p53 and
constitutive activation of Raf (14) is required for the transformation
of normal mouse fibroblasts. In contrast, six pathways (inactivation
of p53, pRb, PP2A, and activation of telomerase, Raf, and Ral-
GEFs) must be perturbed to malignantly transform human cells
(14). Overall, it appears that human cells have more stringent
senescence arrest, more parallel pathways for induction of senes-
cence, and hence better anticancer mechanisms than mouse cells.

We found a combination of SV40 LT and activated Ras does not
induce robust anchorage-independent growth of naked mole-rat
cells. Naked mole-rat cells transfected with the oncogenes formed
small abortive colonies in soft agar. We did not test tumorigenicity
of these colonies in nude mice, however it is likely that that
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perturbation of a greater number of genetic pathways is required for
transformation of naked mole-rat cells compared to mouse cells.
Since naked mole-rats have not been observed to develop tumors,
it is possible transformation of naked mole rat cells requires even
more “hits” than transformation of human cells.

Relative contributions of p53 and pRb pathways differ between
human and mouse (38). pRb function in regulating senescence and
apoptosis appears to be more important in human cells than in
mouse cells (39, 40). Interestingly, in naked mole-rat, the control of
early contact inhibition depends heavily on p16. Thus, despite the
fact that naked mole-rat is a rodent, it appears to have some
human-like features in its anticancer apparatus. It is possible that
the pl6—pRb function becomes more important in long-lived,
cancer-resistant species.

Our work shows that at least some of the pathways differ between
human and naked mole-rat: human cells undergo replicative se-
nescence, while naked mole-rat cells express telomerase and pro-
liferate continuously. Interestingly, despite a close association be-
tween telomerase activity and cancer in humans, naked mole-rat
cells remain resistant to malignant transformation in the presence
of telomerase activity. How can this be achieved? Our present
report identifies early contact inhibition as a property of naked
mole-rat cells. Early contact inhibition may be a powerful alterna-
tive to replicative senescence, which protects telomerase positive
naked mole-rat cells from malignant transformation.

Naked Mole-Rat, a Promising Model for Cancer Research. Evolution-
ary increases in body mass or lifespan increase lifetime cancer risk.
Large body mass elevates cancer risk, by increasing the total
number of cells, hence the probability that each given cell could
undergo malignant transformation. Long lifespan increases a risk of
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malignant transformation as a function of time. The increased
mortality due to cancer is expected to drive adaptive evolution of
anticancer mechanisms (41, 42). Our previous comparative analysis
of multiple rodent species demonstrated that large-bodied species
evolve repression of telomerase activity and replicative senescence,
which is an important anticancer adaptation (25, 26). In contrast,
long-lived small-bodied species do not have replicative senescence,
but evolve other anticancer adaptations (26). The mechanisms of
those adaptations remained unknown, as cancer research has
traditionally focused on humans, which are large-bodied species
displaying replicative senescence, or mice, which are small-bodied,
short-lived, and cancer-prone, hence having fewer anticancer ad-
aptations. Cancer-prone mouse models are valuable for develop-
ment of cancer treatments. However, to find ways to prevent cancer
before it occurs it would be extremely useful to study cancer-
resistant models such as the naked mole-rat. Interestingly, unusual
anticancer adaptations have been identified in another long-lived
subterranean mole rat Spalax (43, 44). We anticipate that these
unusual rodents have evolved multiple anticancer adaptations,
which would pave the way for development of therapies for cancer
treatment and prevention.

Experimental Procedures

Detailed experimental procedures including animals, cell isolation and cul-
ture, cell growth analysis, thymidine incorporation, transfections, Luciferase
assays, analysis of apoptosis, RT-PCR, and Western blots are provided in the S/
Text.
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