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Winter Temperature and UV Are Tightly Linked
to Genetic Changes in the p53 Tumor Suppressor

Pathway in Eastern Asia

Hong Shi,! Si-jie Tan,2 Hua Zhong,3 Wenwei Hu,* Arnold Levine,# Chun-jie Xiao,? Yi Peng,!
Xue-bin Qi,! Wei-hua Shou,? Run-lin Z. Ma,3 Yi Li,> Bing Su,.* and Xin Lul.¢

The tumor suppressor p53 is a master sensor of stress. Two human-specific polymorphisms, p53 codon 72 and MDM2 SNP309, influence
the activities of p53. There is a tight association between cold winter temperature and p53 Arg72 and between low UV intensity and
MDM2 SNP309 G/G in a cohort of 4029 individuals across Eastern Asia that suggests causative selection. Moreover, the two polymor-
phisms are not coselected. Haplotype-based selection analysis further suggests that this is a striking example of two functional polymor-
phisms being strongly selected for in human populations in response to environmental stresses.

The tumor suppressor p53 (TP53 [MIM 191170]) is a master
sensor of stress signals and is one of the most important
tumor suppressors identified so far." As a nuclear protein,
p53 is an evolutionarily conserved transcription factor
and it can transactivate and transrepress a large number
of target genes. Consequently, pS3 is able to regulate
many cellular functions including cell cycle progression,
DNA repair, senescence, apoptosis, and cellular metabo-
lism.? The expression level of p53 is normally very low
and this is due to its short half-life. However, p53 protein
levels increase in response to various stress signals such
as DNA damaging agents, oxidative stress, amino acid
depletion, and temperature change.®

Among all cellular regulators of pS53, the oncoprotein
Mdm2 (MDM2 [MIM 164785]) is perhaps its most well
known inhibitor.** Interestingly, Mdm2 is also a transcrip-
tional target of p53, and its expression level is tightly regu-
lated by p53’s transcriptional activity. This auto-regulatory
loop ensures the precise regulation of the protein levels
and activities of both p53 and Mdm2 and is vital for
murine embryonic development and homeostasis.®

In humans, two single-nucleotide polymorphisms
(SNPs) in the pS3 pathway, pS3 codon 72 and MDM2
SNP309, influence the activities of p53 and Mdm2, respec-
tively.”® p53 codon 72 results in either a proline or an argi-
nine as a result of a one nucleotide change, of the second
base in the codon, from a C to G (rs1042522). The Arg
allele is slightly more active in inducing apoptosis and
exists only in humans.® It therefore begs the question
whether there is a positive selective pressure for the Arg
allele in human evolution. If so, what factors influence
such selection? Similar questions apply to the Mdm?2 poly-
morphism MDM2 SNP309 (1s2279744), which is located
in the MDM2 promoter sequence.” A single-nucleotide

change from T to G creates a binding site for the transcrip-
tion factor SP1 (MIM 189906). As a result, homozygotes for
the G allele express more Mdm2 mRNA and protein than
do homozygotes for the T allele.” Both polymorphisms
affect the pS3 stress response pathway in humans. It is,
therefore, possible that certain alleles of either the p53
codon 72 or MDM2 SNP309 might be under evolutionary
selection pressure in order to adapt to, or respond to,
certain pS3-activating environmental stress signals.

Previous studies have shown that the genotypes of both
pS53 codon 72 and MDM2 SNP309 are differentially distrib-
uted in different ethnic populations, originating from
different parts of the world.'®'? The Arg and G alleles
from pS3 codon 72 and MDM2 SNP309, respectively, are
more common in northern Europeans than in Africans
or African-Americans, leading to the hypothesis that the
frequency of these alleles is latitude dependent.'®'? It
was suggested that the haplotype structure surrounding
the MDM2 SNP309 polymorphism may indicate a recent
selective sweep in European and Ashkenazi Jewish popula-
tions.'® Based on the observations made with p53 codon
72, it was hypothesized that varying UV radiation levels,
a pS3-activating stress, in different latitudes could
underpin the latitude-dependent distribution of the geno-
types."! However, this study could not rule out the
possibility that the differences in the allelic distributions
of p53 codon 72 were a result only of the high level of
divergence in the genetic makeup of the different ethnic
populations studied.

In this report, we test the hypothesis that environmental
stresses may play a role in selecting functional p53 poly-
morphisms in closely linked East Asian populations. In
contrast to previous studies, our observations are made in
either the same ethnic group (Han Chinese) or closely
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Table 1.

The Latitude, UV Radiation, and Winter Temperature Correlation Analysis on p53 Codon 72 and MDM2 SNP309

p53 Codon 72

MDM2 SNP309

Environmental Factors  Populations PP RP RR R T TG GG G
Latitude all populations (67) —0.478**  —0.221 0.611** 0.640** 0.008 0.195 —0.193 —0.153
Han populations (17) —0.378 —0.372 0.699** 0.672**  —0.140 0.212 —0.132 —0.039
UV radiation all populations (67) —0.211 —0.013 0.189 0.232 —0.044 0.455**  —0.426**  —0.319**
Han populations (17)  —0.027 —0.144 0.173 0.130 —0.112 0.569* —0.509* —0.344
Winter temperature all populations (67) 0.512** 0.213  —0.631** —0.670** 0.036 —0.177 0.153 0.104
Han populations (17) 0.420 0.377 —0.739**  —0.772** 0.043 —0.124 0.100 0.058
Summer temperature all populations (67) 0.197 0.046  —0.209 —0.237 0.026 —0.183 0.169 0.125
Han populations (17) 0.028 0.270  —0.305 —0.219 —0.117  —-0.194 0.265 0.258

Note: the numbers are the correlation coefficient values. *p < 0.05, **p < 0.01

related ethnic groups in eastern Asia (mostly in China) that
live in extremely different latitudes and are subsequently
exposed to significantly different environmental stresses.
The observations presented in this report suggest that envi-
ronmental exposure is a selective force on both functional
polymorphic loci in the pS3 tumor suppressor pathway
and that this selection is an on-going process in eastern
Asian populations.

We genotyped the p53 codon 72 and the MDM2 SNP309
loci in 4029 eastern Asian individuals from 67 different
populations (mostly from China [Figure S1 available on-
line]). The protocol of this study was approved by the insti-
tutional review board of Kunming Insitute of Zoology,
Chinese Academy of Sciences. The p53 codon 72 polymor-
phism was analyzed by PCR-RFLP method. The PCR
primers used were: Forward primer 5'-GCT CTT TTC ACC
CAT CTA CAG TCC-3’; Reverse 5-AGG AGG CCC AGA
CGG AAA CC-3. The Arg allele can be recognized and
cut by the restriction enzyme Bstu I. We also conducted
sequencing (5 randomly selected samples from each 96-
well sample plate) to double-check the typing result. The
MDM2 SNP309 polymorphism was analyzed by
sequencing method, via primers from Ma et al.’®

The p53 codon 72 and MDM2 SNP309 polymorphism
data was used to analyze frequency distribution across
geographic regions by generating contour maps (Golden
Software Surfer 7.0). Correlation analysis was conducted
with SPSS13.0, and statistical significance was accessed
by t test. The Hardy-Weinberg test was performed by
Genepop 3.4, and the statistical significance was assessed
by Fisher’s exact test. The environmental data (UV radia-
tion levels and temperature) were collected from the
National Meteorological Information Centre of China.
The UV data covered the years 1971 to 2000, whereas the
temperature data covered the years 1951 to 2006. The
average annual total of UV radiation (mega joules/
year/m?) for each geographic site was calculated via the
global solar radiation intensity over 30 years'* and was
used in the correlation analysis. The monthly average
temperature was calculated with the temperature records
of the last 56 years. The average temperatures in July
and January were taken as the highest and lowest temper-

atures, respectively,
(Table S1).

The 67 populations analyzed in this study represent 41
ethnic nationalities living in China and other eastern
Asian regions. Most of the samples were males and only
five populations had both male and female samples (four
Tibetan populations and one Yunnan Han population).
Our statistical test showed that there was no significant
allelic frequency difference between males and females of
the same population; therefore, we analyzed all the
samples without separating sexes. It is important to note
that the genetic variation among populations living in
eastern Asia is much smaller than that found between Afri-
cans and Northern Europeans.'® In China, although the
majority of the population is Han Chinese (93.3%), there
are 55 official minority nationalities (6.7%). Most of these
have their own languages and are found predominantly in
the peripheral regions of the country. Of the 67 popula-
tions in our study, 17 were Han Chinese. Almost all of
the populations studied lived in different latitudinal
regions of eastern Asia from latitude S11° to N65° (China
N18° to N53°, Figure S1), and the results illustrate a clear
latitude dependency for the occurrence of the Arg allele
of p53 codon 72 (r = 0.64, p < 0.01, two-tailed t test;
Table 1, Figure 1A and 1B; Table S2).

Importantly, we made similar observations when
comparing populations of the same ethnicity. Of the 67
populations in our study group, the 17 Han Chinese pop-
ulations had been residing at different latitudinal regions
of China for several thousand years, namely from latitude
N24° to N46.5° (Figure S1). Interestingly, the same correla-
tion with high latitude was observed for high frequency of
p53 Arg72 (r = 0.67, p < 0.01, two-tailed t test) (Figure 1C;
Tables S1 and S2). However, this correlation did not exist
for MDM2 SNP309 G allele (r = —0.153, p =0.216; Table 1).
Together, these observations suggest a strong selection of
the different alleles of the p53 codon 72 locus in popula-
tions living in different latitudinal regions, especially
because the latitude-dependent distribution of the geno-
types was observed in the same ethnic group.

It had been hypothesized that the latitude-dependent
variation of p53 Arg72 could be due to varying average

and used for the correlation analysis
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Figure 1. The Distribution of the p53 Arg72 Allele Frequen-

cies and Their Correlation with the Latitudes

(A) A contour map of p53 Arg72 allele frequency distribution of the
67 populations in eastern Asia showing strong latitude depen-
dency. Black shading indicates a high frequency of p53 Arg72.
(B) The correlation of p53 Arg72 allele frequencies with latitudes
for the 67 populations studied.

(C) The correlation of p53 Arg72 allele frequencies with latitudes
for the 17 Han Chinese populations.

UV radiation exposure of populations from different lati-
tudes.'’ To test this, we collected data regarding the
average intensities of UV radiation over the years 1971 to
2000 from the National Meteorological Information
Centre of China, for all of the regions that the studied

populations inhabit. Surprisingly, the frequency of p53
Arg72 did not correlate with the average intensity of
UV radiation for either the 67 populations as a whole
(r =0.232, p = 0.059) or for the 17 Han Chinese popula-
tions (r = 0.130, p = 0.619) (Table 1; Table S3). These
data suggested that the latitude-dependent variation of
the alleles of the p53 codon 72 locus was not due to
varying average UV radiation levels.

Another pS3-activating stress that significantly varies
with latitude is temperature. Both cold and warm temper-
ature fluctuations have been shown to elicit a p5S3-depen-
dent cellular stress response.'®!” To explore whether
average temperature differences could explain the latitude
dependence of the p53 Arg72 genotype, we collected both
the average winter (average temperature in January) and
summer (in July) temperatures from 1951 to 2006 for all
regions studied, from the National Meteorological Infor-
mation Centre of China. Interestingly, we observed that
low average winter temperature showed an association
with high frequency of p53 Arg72 (r = —-0.67, p < 0.01
for the 67 populations, and r = —0.77, p < 0.01 for the
17 Han Chinese populations, two-tailed t test) (Table 1,
Figures 2A and 2B; Table S2, Figure S2), whereas no correla-
tion was observed for summer temperature (r = —0.237,
p = 0.054, two-tailed t test; Figure S3). Correlation analysis
of the environmental factors indicated that latitude was
highly associated with winter temperature (r = —0.96, p <
0.01, two-tailed t test). To provide further supporting statis-
tical evidence, we performed the Bonferroni correction
and the p values were still significant (Table S2). We also
performed partial correlation analysis to test the multi-
factor effect, in which the observed correlation of p53
Arg72 with winter temperature still held when other
environmental factors were used as control variables
(Table S4). Together, these data suggest that the latitude-
dependent difference in the distribution of p53 Arg72 is
not due to the variation of UV radiation, but to the varia-
tion of winter temperature.

The MDM2 SNP309 G allele has opposing activities on
the p53 pathway to that of p53 Arg72. We therefore tested
the influence of winter temperature on the Mdm2 SNP309
locus by genotyping the same populations studied above
(Figure S4). In contrast to the p53 codon 72 data, the occur-
rence of the Mdm2 polymorphism was not found to corre-
late with winter temperature, irrespective of the popula-
tion studied (r = 0.104, p = 0.404 for the 67 populations)
(Table 1; Figure S4).

The MDM2 SNP309 genotypes were then analyzed for
their association with average UV radiation intensity,
another environmental factor that is known to be latitude
dependent. Strikingly, UV radiation strength showed
a significant negative correlation with the frequency of
the MDM2 SNP309 G/G genotype, whereby high fre-
quency of the G/G genotype associated with low UV radi-
ation strength (r = —0.43, p < 0.01 for the total 67 popula-
tions, and r = —0.51. p = 0.037 for the 17 Han Chinese
populations, two-tailed t test; Table 1, Figures 2C and 2D;

536 The American Journal of Human Genetics 84, 534-541, April 10, 2009



Figure 2. The Correlation of the p53
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(A) The correlation of p53 Arg72 allele
frequency with winter temperature in the
67 populations.

(B) The correlation of p53 Arg72 allele
frequency with winter temperature in the
17 Han Chinese populations.

(C) The correlation of MDM2 SNP309GG
frequency with UV radiation in the 67 pop-
ulations.

(D) The correlation of MDM2 SNP309GG
frequency with UV radiation in the 17
Han Chinese populations.
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Table S2, Figures S4 and S5). Partial correlation analysis
confirmed this result and ruled out the influence of the
other environmental factors (Table S4). Thus, the variation
of this p53-activating stress correlates not with alleles of
the p53 codon 72 locus, but with the frequency of the
other functional p53 pathway polymorphism, MDM2
SNP309, even though latitude dependence of this locus
was not demonstrated in these populations. These results
suggest that although both p53 Arg72 and MDM2
SNP309 G/G polymorphisms affect p53 activities, they
have different sensitivities to different environmental
stress. Collectively, this supports the hypothesis that the
alleles of both loci are under selective pressure from at least
one environmental exposure known to activate the p53
cellular stress response.

To further investigate whether the two polymorphisms
had undergone natural selection, we sequenced the 1.74 kb
region (5 exons and 4 introns spanning from exon 2 to
exon 6) of pS3 flanking the codon 72 site in 182 randomly
selected East Asian individuals, as well as 20 African
individuals for control. A total of 10 variants (including
nine SNPs and one 16 bp insertion) were identified in the
1.74 kb region (Table SS5). The population and haplotype
structure-based Fs test'® was conducted, in which East
Asians showed a strong signature of natural selection
(Fs = —6.67, p = 0.034) when compared with Africans
(Fs = —2.7, p = 0.11). Interestingly, when the East Asians
were separated into southern and northern groups, we
observed a strong signature of selection in the northern
group (Fs=—6.28, p=0.025), but not in the southern group
(Fs=—-3.04, p=0.13). The suggested selection was also sup-
ported by the Z test (performed with SPSS 13.0) in which
a significant haplotype frequency difference was detected
between East Asians and Africans (Z = —3.27, p = 0.001;
two-tailed exact test), and the northern group (Z = -2.22,
p=0.025; two-tailed exact test) showed a stronger signature

UV radiation

L ' ' '
330 350 370 390

MJ/m?*

than that of the southern group (Z=-1.92, p=0.061; two-
tailed exact test). This pattern is consistent with the
observed correlation of p53 codon 72 with winter tempera-
ture, because the much colder winter in the north would
generate a stronger selective pressure on the northern pop-
ulations. Additionally, the Hardy-Weinberg equilibrium
(HWE) test indicated that 12 of the 67 populations showed
deviation from HWE, again supporting the proposed
natural selection on the p53 codon 72 polymorphism in
Fast Asia. Similarly, the MDM2 SNP309 locus also deviated
from Hardy-Weinberg equilibrium in 19 out of the 67
populations tested (18 with heterozygote deficit and one
with heterozygote excess) (p < 0.05, Fisher’s exact test;
Table S6 and Figure S6). Together, these data suggest that
selection pressure from winter temperatures and UV expo-
sure on the p53 codon 72 and MDM2 SNP309 loci, respec-
tively, are strong, and that the allelic selection is an on-
going process in eastern Asian populations. A stronger
correlation was not observed for the two-loci combination
analysis, when compared with the single locus (Tables S7
and S8). Collectively, these data support the notion that
the two loci are under selection from different environ-
mental stresses.

In agreement with previous findings, where the
frequency of the p53 Pro72 allele showed a north-south
cline from 17% in Swedish Saamis to 63% in African Blacks
(Nigerians),'! we found that the frequency of p53 Arg72 is
associated with latitude. However, we found only a weak
correlation between latitude and average UV radiation
intensity in the 67 populations tested (r = 0.147, p =
0.235, two-tailed t test). Instead, we found that the correla-
tion coefficient between latitude and average winter
temperature was extremely high (r = —0.957, p < 0.01,
two-tailed t test). The observed latitude-dependent
frequency of pS53 Arg72 is, therefore, tightly associated
with winter temperature and not UV radiation.
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Figure 3. Different Activities of p53 Pro72 versus p53 Arg72

to Transactivate LIF

There is no significant difference detected for the control gene
(p21). The error bars are standard errors that were calculated based
on the triplicate measurements.

pS53 has been shown to be activated in response to
changes in temperature,'®'” and the differences in poly-
morphism status across latitudes illustrated in this report
may reflect the need for subtle changes in the pS3 pathway
upon different environmental stresses. One underlying
biological reason for this selection could be p53’s possible
role in embryo implantation. Recently, it was found that
the frequency of the p53 Pro72 allele is significantly higher
in women that experience recurrent implantation failure
after IVF or embryo transfer treatment than those that do
not.'” Mouse studies have shown that one of the key deter-
mining factors of implantation, leukemia inhibitory factor
(LIF [MIM 159540]), is a transcriptional target of p53.%°
Therefore, p53 influences implantation through its ability
to control the expression level of LIE. To provide molecular
evidence that the p53 polymorphism at codon 72 could
affect the rate of implantation, we tested the ability of
pS3 Pro72 versus pS3 Arg72 to transactivate LIF via a LIF
promoter-linked luciferase reporter assay. The Soas2 cells
expressing a temperature-sensitive form of p53, containing
either proline or arginine at codon 72 in the p53 expres-
sion plasmid, were prepared to examine the impact of
p53 codon 72 SNP upon induction of LIF. Quantitative
real-time PCR was performed in triplicate and the actin
gene was used as the internal control.

In agreement with the hypothesis, p53 Arg72 was clearly
more active than p53 Pro72 in transactivating LIF, and this
difference was found to be specific. In contrast, under the
same conditions, p53 Arg72 and p53 Pro72 transactivated
the p21 wafl promoter with similar levels of activity
(Figure 3). These findings support the hypothesis that
selection of the p53 Arg72 allele could provide a selective
advantage to populations adapting to colder climates, by
reducing the risk of implantation failure.?® The reduction

of conception rates in cattle under cold or heat stress is
well documented.?!

The observed selection for the more active p53 Arg72
allele might also be related to p53’s role in cellular metab-
olism. pS53 is activated by AMPK (MIM 602740, MIM
600497, MIM 602739) to induce cell cycle arrest in
response to low glucose concentrations, through a tran-
scriptionally dependent mechanism.?? p53 has also been
shown to decrease the rate of glycolysis through induction
of the TIGAR (MIM 610775)*® and SCO2 (MIM 604272)
genes®* and to generate ATP via the mitochondrial
pathway. It is, therefore, possible that selection of the
more active p53 Arg72 allele provides a selective advantage
during prolonged periods of low winter temperatures.

The p53 Arg72 isoform has also been shown to be more
active than p53 Pro72 in inducing apoptosis and suppress-
ing cellular transformation.”>® This increase in activity
results from the increased localization of p53 Arg72 to
the mitochondria and is independent of transcription.
Differences in the isoforms’ mitochondrial localizations
may also mean that the codon 72 polymorphism affects
the ability of p53 to regulate mitochondrial respiration
and other metabolic factors, although further studies are
needed. The transcriptional activity of p53 Arg72 is also
regulated by its interaction with cellular factors like iASPP
(MIM 607463). p53 Arg72 shows weaker binding to iASPP
and binds more efficiently to apoptotic promoters, such as
Bax (MIM 600040).?” The ASPP (MIM 602143, MIM
606455) proteins alter p53’s promoter selectivity for
apoptotic genes, so it is conceivable that this difference
in affinity may be extended to other pS3-responsive
promoters. Further investigation is needed to determine
whether other cellular factors are involved.

The finding that the allelic frequency of p53 codon 72
associates with winter temperature, whereas MDM2
SNP309 associates with exposure to UV, suggests that the
two polymorphisms are not coselected for, and this is
entirely in agreement with the biological effect they
impart on the p53 pathway. The results also suggest that
both alleles are functional and under selective pressure
from environmental exposure. These observations are
similar to those reported in a recent study of different Euro-
pean populations,'® where it was noted that the haplotype
that harbors the functional G allele of MDM2 SNP309
deviates significantly from the standard assumptions of
selective neutrality. Thus, we propose a model where the
activity of pS3 is critically regulated by different genetic
polymorphisms in the p53 pathway, under different envi-
ronmental pressures (Figures 4A and 4B).

According to archaeological and genetic studies, the
ancestral eastern Asian population of African origin arrived
in eastern Asia about 60,000 years ago,?® and the major
expansion of the Han Chinese populations occurred only
in the past several thousand years.?’ The populations,
therefore, migrated from areas of high to low UV intensity,
which would place less demand on the p53 pathway. This
suggests that the G allele may have arisen more recently in
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evolution, in agreement with the recent findings of an
investigation of Mdm2 polymorphisms in European,
African-American, and Ashkenazi Jewish ethnic groups.'’
The subsequent selection of this allele would ensure that
p53 levels were kept low in those populations where UV
exposure would pose no risk to the health and survival
and might also provide a selective advantage to these pop-
ulations when adapting to new environments, because
high p53 activity is associated with death during embry-
onic development.®*3! The signature of positive selection
in the eastern Asian populations, especially in Han
Chinese (relatively homogeneous populations without
deep genetic structure; Figure S7), indicates that selection
on pS3 codon 72 and MDM2 SNP309 has been strong,
leading to the rapid formation of an allele frequency
gradient across different latitudes. Another well-known
case is the effect of polymorphisms of hemoglobin genes
conferring resistance to malaria infection.**

Finally, a well-regulated p53 pathway has been shown to
be crucial in many organisms, not only for tumor suppres-
sion but also for proper embryonic development and
inflammatory responses.>*3* It is, therefore, not surprising
that selective pressure from environmental stresses on

tive p53 pathway, while still enabling p53
to function as a tumor suppressor.

functional p53 SNPs is observed in this report. It will be
interesting to determine the implications of these findings
in the epidemiology of cancer and other diseases.

Supplemental Data

Supplemental Data include seven figures and eight tables and can
be found with this article online at http://www.ajhg.org/.
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