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EXTRAVIEW
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he p73 locus encodes two types of

transcription factors: full length
pro-apoptotic isoforms (TAp73), and
N-terminally truncated anti-apoptotic
proteins (DeltaNp73). To study the func-
tion of DeltaNp73 in vivo, we generated
mutant mice in which DeltaNp73 is inac-
tivated, but 7Ap73 expression is intact.
In addition, we knocked in the locus
the Cre recombinase, and the enhanced
green fluorescent protein (EGFP). Using
this allele, we refined the expression of
DeltaNp73 during brain development
and emphasized the importance of the
thalamic eminence, a transient source
that contributes neurons to the tel-
encephalon. We showed that DeltaNp73
inactivation increases apoptosis in neu-
rons.! We also investigated the role of
DeltaNp73 in carcinogenesis by induc-
ing tumors with methylcholanthrene
in mutant and control mice, and found
that mutant females, but not males, have
decreased propensity to tumor develop-
ment. Both effects on neuronal apopto-
sis and tumor development were milder
than predicted from in vitro studies.

Introduction to p73

p73 proteins are transcription factors tran-
scribed from the 7ip73 locus.* They have
close similarity to p53 and p63, which
play major roles in tumor suppression
and in development.’® Several mRNA
and proteins are produced from the 7773
locus, by usage of two promoters and
several alternative splicing and polyade-
nylation sites. Transcripts from the first
promoter encode proteins with transacti-

vation (TA) domain. TAp73 factors bind
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p73-responsive promoters and activate
transcription of p53 target genes such as
p21v, 14-3-3, Gadd45, Btg2 or Bax.!
Like p53, TAp73 proteins have pro-apop-
totic properties and their mechanism of
action is subject to intense investigation.
Upon stress or DNA damage, activated
c-Jun N-terminal kinase JNK phosphory-
lates 14-3-3 at a site that mediates bind-
ing to the c-Abl tyrosine kinase. c-Abl
thus released moves to the nucleus where
it phosphorylates p73. Furthermore, JNK
itself is able to phosphorylate p73, contrib-
uting to its stabilization. Phosphorylated
p73 associates with Pinl, is acetylated by
p300, and activates transcription of pro-
apoptotic genes. Another partner of p73
is the Yes-associated protein Yapl, which
is also phosphorylated and stabilized by
cAbl. Phosphorylated Yapl binds p73 and
serves as a transcriptional co-activator,
partly by preventing p73 binding to the
E3 ligase Itch, thus protecting it from pro-
teasomal degradation.”®

A second set of transcripts are initi-
ated from an alternative 77p/3 promoter
in intron 3. They encode DeltaNp73 pro-
teins that lack the N-terminal TA domain.’
Although DeltaNp73 proteins have no
direct transcriptional activity, they can
form dimers with TAp73 proteins, and are
thought to behave as dominant negative,
anti-apoptotic factors.'” They are also able
to heterodimerize with and inactivate p53
and p63, suggesting that they may have
anti-apoptotic, tumor promoting activi-
ty.!! Additionally, it is worth mentioning
that isoforms lacking the TA domain may
also arise from the first promoter, by alter-
native splicing of exons 2-3 (DeltaEx2,
Delta Ex2/3).1
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Figure 1. DeltaNp73 is expressed in the thalamic eminence. (A) Outline of a typical coronal section in the forebrain at E13.5. The thalamic eminence
(Thal E) is a transient region that provides neurons to the basal telencephalon (thick arrow), to the marginal zone in basal telencephalon (thinner
arrow) and possibly also to the medial cortex (small arrows). Cajal-Retzius cells are schematized as pink dots. Cp, choroid plexus; Cx, cortex; DTB,
diencephalon-telencephalon junction; D. Thal, dorsal thalamus; Hip, hippocampus; Hy, hypothalamus; LGE & MGE, lateral and medial ganglionic
eminences; PSPB, pallial subpallial boundary; V tel, ventral telencephalon; V Thal, ventral thalamus; zli, zona limitans intrathalami. (B and C) Immuno-
histochemistry on adjacent cryostat sections shows the expression of DeltaNp73 (B) and Reelin (C) in the thalamic eminence; note that Reelin is also
expressed in ventral thalamus. (D and E) vibratome sections showing the expression of DeltaNp73 in migrating cells of the thalamic eminence (EGFP)
and colocalization with Calretinin (D, red) and Tbr1 (E, red).

DeltaNp73 and Brain Development

Inactivation of all p73 isoforms in mice
generates a striking brain phenotype. In
73" mice, the number of Reelin producing
Cajal-Retzius cells (CRe) is dramatically
reduced, the shape of the dentate gyrus is
abnormal, with amputation of the lower
blade, and the hippocampal fissure fails to
form.!* Selective inactivation of 7Ap73
isoforms leads to subtle abnormalities of
the granule cell layer in the dentate gyrus,
but does not affect development of CRc,>1
suggesting that inactivation of DeltaNp73
may underlie a significant part in the p73"
phenotype. To understand better its role in
vivo, we inactivated DeltaNp73 selectively,
while leaving all 7Ap73 forms unaffected,
and inserted in the locus sequences that
encode Cre and EGFP!!

Using the EGFP reporter, we identified
azone of strongly DeltaNp73 positive cells
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in the ventral diencephalon at E11.5-E13.5
(Fig. 1). After E13.5, these cells decreased
rapidly in number, while they migrated and
contributed to basal forebrain, and possibly
to the marginal zone where some may give
rise to CRe. Diencephalic DeltaNp73 pos-
itive neurons were also labeled with reelin,
calretinin and Tbrl, and correspond to the
thalamic eminence (TE),7 also referred to
as diencephalic perireticular nuclei.’® The
transient TE derived cells might function
as guidepost cells for axonal tracts in the
internal capsule, such as the thalamocor-
tical tract. Recently, a stream of Dbxl
positive cells, referred to as preoptic area,
was shown to originate in a diencephalic
zone that is very reminiscent of the TE,
and migrate to the amygdala.”” Altogether,
these results indicate that the TE may be
a previously unrecognized source of CRc
(also personal communication of Fairen A

and Pierani A), and the DeltaNp73 mutant
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mouse provides a useful tool to further
study this population of neurons.

When compared to wildtype litter-
mates, homozygous DeltaNp73 mutant
mice display increased cell death in all
p73-expressing cells as predicted from
the proposed anti-apoptotic activity of
DeltaNp73. The number of CRc, preoptic
area cells, GnRH and vomeronasal neu-
rons was markedly reduced, and choroid
plexuses were atrophic. CRc appear in tel-
encephalic marginal zones early in devel-
opment, and most of them disappear after
birth in rodents.?® They originate in mul-
tiple regions in the forebrain and migrate
tangentially in subpial location.?"*¢ It was
proposed that the balance between TAp73
and DeltaNp73 proteins may regulate
their apoptosis. Consistent with that view,
we found that CRc disappear prematurely
in DeltaNp73 mutant mice. However, the
cell death phenotype is mild suggesting

Volume 9 Issue 8



that DeltaNp73 is not as important for
neuronal survival as inferred by in vitro
studies. In DeltaNp73” mice, the loss of
function of DeltaNp73 could be com-
pensated by DeltaEx2, DeltaEx2/3,
DeltaNp53 (p44) or DeltaNp63 isoforms.
Finally, the neural phenotypes in 7A4p73
and DeltaNp73 mutant mice are less severe
than that in full p737 animals"'3'¢? sug-
gesting that TAp73 and DeltaNp73 may
have redundant rather than or in addition
to opposite functions.

DeltaNp73 and Cancer

Due to their putative role in tumor pro-
gression, p73 proteins generated a keen
interest (more than 1,350 entries in
PubMed, oct 2009). However, unlike p53,
73 is rarely mutated in human cancers.”?
Rather, DeltaNp73 was found to be over-
expressed in several human tumors,*’ and
overexpression was associated with a poor
prognosis and advanced stages of breast
and colon carcinomas.?’!

The role of p73 in tumorigenesis was
examined in different p73 knock-out mice.
Although no increased tumor susceptibil-
ity was initially reported in young mice
deficient in all p73 isoforms,'* tumors
such as lung adenocarcinomas, thymic
lymphoma and benign premalignant
lesions were subsequently found in aging
p73 heterozygous mice. Interestingly, they
are reminiscent of those that appear in
p63*" mice? 30% of TAp73*" and 73%
of TAp73" mice spontaneously develop
malignancies, in particular lung adeno-
carcinomas, confirming that TAp73 has
a tumor suppressor function. In addition,
following tumor induction with dimeth-
ylbenzanthracene (DMBA), the time of
survival of 7Ap73" females is shorter than
that of 7Ap73* females. TAp73 deletion
induces the appearance of multinucleated
cells in MEFs cultured in vitro, suggest-
ing that 7Ap73 contributes to genome
stability.>1°

The anti-apoptotic  activity  of
DeltaNp73 predicts that DeltaNp73" mice
should display resistance to carcinogen-
esis. To test this hypothesis, we performed
experimental tcumor induction with meth-
ylcholanthrene (MCA), a potent carcino-
gen that induces fibrosarcomas at the
inoculation site.*> Twenty one days after
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Figure 2. DeltaNp73 expression in MCA induced tumors. (A-C) RT-PCR analysis. (A) DeltaNp73

and TAp73 are both expressed in wildtype (WT) brain tissue, but not in mutant tumor extracts. (B)
DeltaNp73, but not TAp73, is expressed in tumor tissue induced in heterozygous DeltaNp73 mice.
(C) The knocked-in Cre is expressed in mutant tumors, indicating the expression of DeltaNp73 in
tumor tissue. RT: reverse transcriptase negative controls. (D and E) Direct histofluorescence shows
expression of EGFP from the modified DeltaNp73 locus, in a tumor induced in a DeltaNp73” mouse
(D), but not in a tumor induced in wildtype (E). Bar = 100 um.

birth, we injected 200 pg MCA subcuta-
neously in 33 DeltaNp73~ (17 males and
16 females) and 36 DeltaNp73*" litter-
mate controls (19 males and 17 females),
and monitored tumor development twice
a week for 34 weeks. Mice with a tumor
diameter larger than 5 mm were scored
positive. Animals were sacrificed when
the tumor diameter was larger than 2 cm.
Results were analyzed using Kaplan Meier
statistics.*

In all injected mice, regardless of their
genotype, MCA injection induced fibro-
sarcomas at the inoculation site. Using
RT-PCR and histofluorescence, we found
that DeltaNp73 was similarly expressed
in induced tumor tissue in DeltaNp73*"
and DeltaNp73*~, and replaced by
the knocked-in EGFP in DeltaNp73"
mice (Fig. 2), confirming activation of
DeltaNp73 expression in tumors. By
contrast, TAp73 expression was never
detected (Fig. 2). No difference was seen
between heterozygous and wildtype mice.
For further analysis, we only considered
DeltaNp73~-and wildtype mice and found
that 50% of mice developed a tumor after
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7 to 9 weeks (7 weeks for DeltaNp73*"*
and 8 weeks for DeltaNp73" males, 9
weeks for DeltaNp73*'* and 9 weeks for
DeltaNp73™ females). 34 weeks after
MCA injection, 18/19 of DeltaNp73*"
males, 15/17 of DeltaNp73" males,
17/17  of  DeltaNp73*" females and
15/16 of DeltaNp73” females had a
tumor. Kaplan Meier statistical analy-
sis with the MedCalc program® indi-
cated that all groups developed tumors
with similar frequency and kinetics
(Fig. 3A and C) and no difference in the
average latency time of tumor develop-
ment was detected between DeltaNp73+"*
and DeltaNp73"~ animals using student
t-test (Fig. 3B and D). However, statisti-
cal differences appeared in survival curves
when animals were sorted by sex. Although
deletion of DeltaNp73 did not modify life
expectancy in males, DeltaNp73" females
had a higher survival probability and a
longer mean lifetime than DeltaNp73*"
females (p = 0.0067). This effect was not
related to differences in susceptibility to
MCA between normal males and females
mice (p = 0.3932).
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Figure 3. Effects of DeltaNp73 on tumor progression. Kaplan-Meier analysis showed no difference in tumor latency (A), but a significant increase in
survival time was observed in female DeltaNp73 mutant mice (C), which was confirmed using t-test (B and D). NS: non significant; *significant (p < 0.05).

The observation that DeltaNp73
deletion influenced tumor proliferation
only in DeltaNp73" females is intrigu-
ing. However, similar effects have been
reported before. Increased susceptibility
to DMBA tumorigenesis was described for
TAp73 knock-out females.'® Although no
data was reported for males in that work,
the results hint at gender susceptibility
differences similar to the ones we found.
Mice homozygous for Chk*1100delC2
mutation are prone to tumor induction,
and this is heavily gender sensitive, with
females much more susceptible than
males. In this case, the mechanism pro-
posed is estrogen hormone sensitivity.®
In our DeltaNp73 mutant mice, the loss
of GnRH-positive neurons is likely to alter
gonadotrophin secretion. Several tumors
are known to express GnRH and respond
to receptor agonists or antagonists.*®

In conclusion, germline deletion of
DeltaNp73 increases apoptosis in neu-
rons and decreases susceptibility to tumor
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growth in a gender-specific manner. Our
observations are compatible with the view
that DeltaNp73 has anti-apoptotic activ-
ity, even though this activity is weaker
than that predicted in in vitro cell culture
studies.

Methods

RT-PCR. Total RNA was extracted using
NucleoSpin® RNA II kit (Macherey-
Nagel). Contaminating genomic DNA
was removed by treatment with DNAse
(Macherey-Nagel). RNA was converted
to single-stranded c¢DNA using the
ImProm-II reverse transcriptase (Promega)
with random primer (0.5 pg/ml) in 20 pl
of 1X ImProm-II buffer containing 6 mM
MgCl,, 0.5 mM each dNTP, and 20 U
recombinant RNasin ribonuclease inhibi-
tor. The primers pairs used in RT-PCR are
as follows:

TAp73: 5-GGA GAT GGC CCA
GAC CTC TTC TTC C-3' and 5-TTG
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AAG TCC CTT CCA AGC TCG TGG
T-3'

DeltaNp73: 5'-GGT GTG GAC ACT
TTG ATC TGG ATG G-3' and 5-CTT
TAC GTC GGT GAC CCC ATG AGA
C-3.

Cre: 5-ATC CGA AAA GAA AAC
GTT GA-3"and 5-ATC CAG GTT ACG
GAT ATA GT-3'.

PCR parameters consisted of a 3 min
denaturation at 94°C, followed by 30
cycles of 94°C for 30 s and 68°C for 90 s.
PCR products were analyzed on agarose
gel and visualized by ethidium bromide
staining.

Immunohistochemistry. E13.5
embryos were fixed by immersion in 4%
PFA in PBS. Vibratome or cryostat sec-
tions were incubated with the follow-
ing primary antibodies: rabbit anti-GFP
(1:1,000, Chemicon), chicken anti-GFP
(1:1,000, Aves labs), rabbit anti-Tbrl
(1:2,500, Chemicon), rabbit anti-
calretinin (1:2,000, Swant) and mouse
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anti-reelin (G10). Signals were detected

by

immunoﬂuorescence using goat

anti-chicken Alexa Fluor 488 (1:800,
Invitrogen), and goat anti-rabbit IgG Alexa
Fluor 594 (1:800, Invitrogen). For reelin
IHC, the signal was detected by DAB
using the ABC kit (Vector Laboratories).
Preparations were examined with a Zeiss

Axioskop microscope, photographed with

an

Eclipse system (Nikon), and figures

were edited with Photoshop (Adobe).

References

Tissir F, Ravni A, Achouri Y, Riethmacher D, Meyer
G, Goffinet AM. DeltaNp73 regulates neuronal
survival in vivo. Proc Natl Acad Sci USA 2009;
106:3-6.

Kaghad M, Bonnet H, Yang A, Creancier L, Biscan
JC, Valent A, et al. Monoallelically expressed gene
related to p53 at 1p36, a region frequently deleted in
neuroblastoma and other human cancers. Cell 1997;
90:809-19.

Flores ER, Sengupta S, Miller JB, Newman JJ,
Bronson R, Crowley D, et al. Tumor predisposi-
tion in mice mutant for p63 and p73: evidence for
broader tumor suppressor functions for the p53 fam-
ily. Cancer Cell 2005; 7:363-73.

Moll UM, Slade N. p63 and p73: roles in develop-
ment and tumor formation. Mol Cancer Res 2004;
2:371-86.

Yang A, Kaghad M, Caput D, McKeon F. On the
shoulders of giants: p63, p73 and the rise of p53.
Trends Genet 2002; 18:90-5.

Yang A, McKeon F. p63 and p73: p53 mimics,
menaces and more. Nat Rev Mol Cell Biol 2000;
1:199-207.

Levy D, Adamovich Y, Reuven N, Shaul Y. Yapl
phosphorylation by c-Abl is a critical step in selective
activation of proapoptotic genes in response to DNA
damage. Mol Cell 2008; 29:350-61.

Rossi M, De Laurenzi V, Munarriz E, Green DR,
Liu YC, Vousden KH, et al. The ubiquitin-protein
ligase Itch regulates p73 stabilicy. EMBO J 2005;
24:836-48.

Deyoung MP, Ellisen LW. p63 and p73 in human
cancer: defining the network. Oncogene 2007;

26:5169-83.

. Grob TJ, Novak U, Maisse C, Barcaroli D, Luthi

AU, Pirnia F, et al. Human delta Np73 regulates a
dominant negative feedback loop for TAp73 and p53.
Cell Death Differ 2001; 8:1213-23.

www.landesbioscience.com

11.

12.

13.

15.

16.

17.

19.

20.

21.

22.

23.

Emmrich S, Wang W, John K, Li W, Putzer BM.
Antisense gapmers selectively suppress individual
oncogenic p73 splice isoforms and inhibit tumor
growth in vivo. Mol Cancer 2009; 8:61.

Stiewe T, Zimmermann S, Frilling A, Esche H,
Putzer BM. Transactivation-deficient DeltaTA-p73
acts as an Cancer Res 2002;
62:3598-602.

Meyer G, Cabrera Socorro A, Perez Garcia
CG, Martinez Millan L, Walker N, Caput D.
Developmental roles of p73 in Cajal-Retzius cells and
cortical patterning. ] Neurosci 2004; 24:9878-87.

oncogene.

. Yang A, Walker N, Bronson R, Kaghad M,

Oosterwegel M, Bonnin J, et al. p73-deficient mice
have neurological, pheromonal and inflammatory
defects but lack spontaneous tumours. Nature 2000;
404:99-103.

Tomasini R, Tsuchihara K, Tsuda C, Lau SK,
Wilhelm M, Ruffini A, et al. TAp73 regulates
the spindle assembly checkpoint by modulating
BubR1 activity. Proc Natl Acad Sci USA 2009;
106:797-802.

Tomasini R, Tsuchihara K, Wilhelm M, Fujitani M,
Rufini A, Cheung CC, et al. TAp73 knockout shows
genomic instability with infertility and tumor sup-
pressor functions. Genes Dev 2008; 22:2591-5.
Abbott LC, Jacobowitz DM. Developmental expres-
sion of calretinin-immunoreactivity in the thal-
amic eminence of the fetal mouse. Int ] Dev Neurosci
1999; 17:331-45.

. Mitrofanis J, Baker GE. Development of the thal-

amic reticular and perireticular nuclei in rats and
their relationship to the course of growing corti-
cofugal and corticopetal axons. ] Comp Neurol 1993;
338:575-87.

Hirata T, Li P, Lanuza GM, Cocas LA, Huntsman
MM, Corbin JG. Identification of distinct telenceph-
alic progenitor pools for neuronal diversity in the
amygdala. Nat Neurosci 2009; 12:141-9.

Frotscher M, Seress L, Abraham H, Heimrich B.
Early generated Cajal-Retzius cells have different
functions in cortical development. Symp Soc Exp
Biol 2001; 43-9.

Bielle F, Griveau A, Narboux-Neme N, Vigneau S,
Sigrist M, Arber S, et al. Multiple origins of Cajal-
Retzius cells at the borders of the developing pallium.
Nat Neurosci 2005; 8:1002-12.

Lavdas AA, Grigoriou M, Pachnis V, Parnavelas JG.
The medial ganglionic eminence gives rise to a popu-
lation of early neurons in the developing cerebral
cortex. ] Neurosci 1999; 19:7881-8.

Meyer G, Perez-Garcia CG, Abraham H, Caput
D. Expression of p73 and Reelin in the developing
human cortex. ] Neurosci 2002; 22:4973-86.

Cell Cycle

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Meyer G, Wahle P. The paleocortical ventricle is the
origin of reelin-expressing neurons in the marginal
zone of the foetal human neocortex. Eur ] Neurosci
1999; 11:3937-44.

Soda T, Nakashima R, Watanabe D, Nakajima K,
Pastan I, Nakanishi S. Segregation and coactivation
of developing neocortical layer 1 neurons. ] Neurosci
20035 23:6272-9.

Takiguchi-Hayashi K, Sekiguchi M, Ashigaki S,
Takamatsu M, Hasegawa H, Suzuki-Migishima R, et
al. Generation of reelin-positive marginal zone cells
from the caudomedial wall of telencephalic vesicles. ]
Neurosci 2004; 24:2286-95.

Pozniak CD, Barnabe-Heider F, Rymar VV, Lee AF,
Sadikot AF, Miller FD. p73 is required for survival
and maintenance of CNS neurons. ] Neurosci 2002;
22:9800-9.

Melino G, De Laurenzi V, Vousden KH. p73: Friend
or foe in tumorigenesis. Nat Rev Cancer 2002;
2:605-15.

Dominguez G, Silva JM, Silva J, Garcia JM, Sanchez
A, Navarro A, et al. Wild type p73 overexpression
and high-grade malignancy in breast cancer. Breast
Cancer Res Treat 2001; 66:183-90.

Guan M, Peng HX, Yu B, Lu Y. p73 Overexpression
and angiogenesis in human colorectal carcinoma. Jpn
J Clin Oncol 2003; 33:215-20.

Stiewe T, Putzer BM. Role of p73 in malignancy:
tumor suppressor or oncogene? Cell Death Differ
2002; 9:237-45.

Duran-Reynals ML, Stanley B. Vaccinia dermal
infection and methylcholanthrene in cortisone-treat-
ed mice. Science 1961; 134:1984-5.

Kaplan EL, Meier P. Nonparametric estimation from
incomplete observations. J Am Stat Assoc 1958;
53:457-81.

Schoonjans F, Zalata A, Depuydt CE, Combhaire
FH. MedCalc: a new computer program for medical
statistics. Comput Methods Programs Biomed 1995;
48:257-62.

Bahassi el M, Robbins SB, Yin M, Boivin GP, Kuiper
R, van Steeg H, etal. Mice with the CHEK2*1100delC
SNP are predisposed to cancer with a strong gender
bias. Proc Natl Acad Sci USA 2009; 106:17111-6.
Marelli MM, Moretti RM, Januszkiewicz-Caulier J,
Motta M, Limonta P. Gonadotropin-releasing hor-
mone (GnRH) receptors in tumors: a new rationale
for the therapeutical application of GnRH analogs
in cancer patients? Curr Cancer Drug Targets 2006;

6:257-69.

1527



