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p53 and PI3K/AKT Signalings Are Up-Regulated in
Flies with Defects in the THO Complex

Sungjin Moon, and Yun Doo Chung*

The THO complex (THO) is an evolutionary conserved
protein required for the formation of export-competent
mRNP. The growing evidence indicates that the metazoan
THO plays important roles in cell differentiation and cellu-
lar stress response. But the underlying mechanisms are
poorly understood. Herein we examined the relevance of
THO to cellular signaling pathways involved in cell differ-
entiation and cellular stress response. When we examined
the endogenous p53 level in the testis, it was sustained
much longer during spermatogenesis in the THO mutant
compared to that of wild-type. In flies with impaired THO,
overexpression of p53 by eye-specific GAL4 not only en-
hanced p53-mediated retinal degeneration, but p53 level
was also elevated compared to the control flies. Since the
body size of the THO mutant flies was significantly larger
than control flies, we also examined whether the PIBK/AKT
signaling is enhanced in the mutant flies. The results
showed that the endogenous level of phosphorylated AKT,
which is the active form, was highly elevated in the THO
mutants. Taken together our results suggested that both
p53 and PI3K/AKT signalings are up-regulated in the flies
with impaired THO.

INTRODUCTION

The eukaryotic gene expression requires complex regulation at
various stages. The THO complex (THO) participates in the
eukaryotic gene expression at the interface between transcrip-
tion and RNA export. THO was first discovered as a protein
complex that connects transcription elongation with mitotic
recombination in budding yeast (Chavez et al., 2000). Subse-
quent studies have revealed that THO is involved in forming an
optimal mRNP for nuclear export, preventing the nascent RNA
from interacting with the DNA template (Jimeno et al., 2002).
Metazoans also have a functional homolog of THO, although
their subunit composition is slightly different from that of bud-
ding yeast (Masuda et al., 2005; Rehwinkel et al., 2004). Meta-
zoan THO consists of 5 subunits, THOC1/HPR1, THOC2/
THO2, THOC5, THOC6 and THOC?. Now, it is clear that THO
is required for the biogenesis of export-competent mRNPs at
the single cell level (review by Jimeno and Aguilera, 2010).

However, our understanding of THO function at the multicellular
organism level is very limited. Several lines of recent evidence
have suggested that metazoan THO has cell type-specific roles
during development (Griaud et al., 2012; Kopytova et al., 2010;
Mancini et al., 2010; Moon et al., 2011; Wang et al., 2009). In
mice homozygous for a hyphomorphic Thoc1 allele, spermato-
genesis was severely compromised due to defects in the ex-
pression of genes required for normal cell differentiation in the
testis, while most other tissues appeared to be unaffected
(Wang et al., 2009). Using conditional knock-out mice, Mancini
et al. (2010) showed that THOCS5 was an essential element in
the maintenance of hematopoiesis, whereas it was less impor-
tant in differentiated cell types such as hepatocytes and heart
muscles. In addition, it has been shown that THOC1 was differ-
entially expressed in human cancers; it was up-regulated in
ovarian and lung tumors, while down-regulated in testis and
skin tumors (Dominguez-Sanchez et al., 2011). Previously, we
reported that thoc5 flies were viable but showed severe defects
in the spermatocytes including meiotic arrest and nucleolar
disruption (Moon et al., 2011). In addition to this, THO dysfunc-
tion in Drosophila could cause a significant shortening of life
span as well as increased sensitivity to the environmental
stresses (Kim et al., 2011). To understand the underlying mecha-
nisms for these phenotypes, here we examined 2 cellular sig-
naling pathways, p53 and PISK/AKT pathways, which have
been well known to play important roles in cell differentiation
and in cellular stress responses.

In mammalian cells, it has been well established that p53 is
maintained usually at a very low level under normal condition.
However, if the level of p53 increases in response to DNA
damage or other stresses, its accumulation leads to cell cycle
arrest or apoptosis (Ryan et al., 2001). Because of its transcrip-
tional activity, p53 activates or represses many genes for re-
covering the cell from cellular damage or leading cells to death
(Oren, 2003). Therefore, keeping p53 at low level for normal
cells is a critical issue for their proliferation and survival. Many
studies showed that nucleoli play an important role in the regu-
lation of p53 stability. p14*7" is required for relocalization of
MDM2, which is an E3 ubiquitin ligase for p53, into the nucleoli.
If p14*" recruits MDM2 to nucleoli, p53 is dissociated from
MDM2 and stabilized in the nucleoplasm (Kashuba et al., 2003).
The disruption of nucleoli by treatment of cytotoxic drugs or
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knocking out TIF1A also induced p53 stabilization (Rubbi and
Milner, 2003; Yuan et al., 2005). Nucleolar disruption caused
ribosomal proteins to be released from the nucleoli and bound
to MDM2, leading p53 to be disassociated from MDM2 and
stabilized (Yuan et al., 2005).

Drosophila p53 was first identified by Brodsky et al. (2000).
Comparison of Drosophila p53 with its mammalian homolog
showed little conservation in both N- and C-termini, but the
central DNA binding domain was highly conserved (25% iden-
tity, 43% similarity) (Brodsky et al., 2000). Genetic analyses
showed that Drosophila p53 homolog was unable to induce the
G1 cell cycle arrest upon X-ray irradiation but fully capable of
inducing apoptosis after ectopic expression or X-ray irradiation
(Brodsky et al., 2004; Lee et al., 2003). Interestingly Drosophila
p53 might not require an MDMZ2-like activity for its activation in
response to DNA damage, because MNK-mediated phospho-
rylation without protein level changes was sufficient to activate
p53 (Brodsky et al., 2004). In Drosophila, however, the regula-
tion mode of p53 is still unclear. In this report, we show a strong
genetic interaction of THO with p53 signaling and a significant
increase in the level of p53 in the THO mutant, providing a

novel player involved in the regulation of p53 level in Drosophila.

Many signaling pathways have been proposed to govern the
growth control in response to growth factors. One of such is the
PISK (phosphatidylinositol 3-kinase) signaling pathway (Britton
et al., 2002; Brunet et al., 1999; Rulifson et al., 2002). After
insulin or other growth factors stimulate their receptors, then
PI3Ks convert the membrane lipid PIP2 (phosphatidylinositol 4,
5-biphosphate) into PIP3 (phosphatidylinositol 3, 4, 5-triphos-
phate). This conversion can be reversed by the tumor suppres-
sor PTEN (Goberdhan and Wilson, 2003). The second mes-
senger, PIP3, then activates AKT and p70 S6 kinase (S6K),
ensuring downstream events such as increment of protein syn-
thesis, and prevention of FOXO from being retained in the nu-
cleus to suppress transcription of genes responsible for nega-
tive regulation of cellular growth or FOXO-induced apoptosis
(Alvarez et al., 2001; Britton et al., 2002; Brunet et al., 1999;
Rulifson et al., 2002). Since THO-defective flies showed a sig-
nificant increase in body size, here we investigated the rele-
vance of PI3K signaling pathway to this phenotype, and show
that the level of endogenous phosphor-AKT (p-AKT), a down-
stream effector of PIBK/AKT signaling pathway, is significantly
elevated in the THO mutant testis.

MATERIALS AND METHODS

Drosophila stocks and husbandry

The thoc5 allele thoc5' has been described previously (Moon et
al., 2011). All other flies used in this study were obtained from
the Bloomington Stock Center (Indiana University, USA), ex-
cept the thoc7 allele thoc7°%7%, which was from the Exelixis
collection at the Harvard Medical School. Flies were reared on
standard medium at 23-25°C.

Histology and antibody staining

For retinal section, adult heads were prepared in PBS [10 mM
NaPO, (pH 7.2), 150 mM NaCl], then fixed in 4% paraformal-
dehyde in PBS for 1 h at 4°C followed by washing three times
with PBS. Then the heads were infiltrated with 12% sucrose in
PBS at 4°C for overnight. On the following day, the prepara-
tions were embedded in O.C.T. (Sukura Finetek, # 4583) and
frozen at -80°C. Serial sections with 10 um in thickness were
collected on the gelatin subbed slides. For antibody staining,
the slides were post-fixed with 4% paraformaldehyde in PBS,
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and washed 3 times with PBST (0.3% Triton X-100 in PBS).
After blocking with a blocking solution (2% bovine serum albu-
min and 2% normal donkey serum in PBS) for 1 h at room
temperature, the slides were then incubated with primary anti-
bodies at 4°C overnight. After washing 3 times with PBST, the
slides were incubated with secondary antibodies for 2 h at room
temperature. After washing 3 times with PBST, the slides were
mounted with 80% glycerol and imaged with LSM510 confocal
microscope (Carl Zeiss). For whole mount antibody staining,
tissues were dissected in PBS, fixed with 4% paraformalde-
hyde in PBS, and then washed 3 times with PBST (Maeng et
al., 2012). Thereafter the procedure was the same as that of
retinal section.

For detection of cell death, pupal retinas were incubated with
acridine orange (1.6 uM in PBS) for 5 min at room temperature,
then examined directly under microscope after a brief washing
with PBS.

Primary antibodies used in this study: anti-p53 (25F4, DSHB)
at 1:50~100, anti-p-AKT (#4054, Cell signaling) at 1:100. The
secondary antibodies Alexa 546-conjugated goat anti-mouse
(1:500) and Cy3-conjugated goat anti-Rabbit (1:500) were pur-
chased from Molecular Probes (USA). Hoechst 33258 (Sigma-
Aldrich, USA) was used to visualize DNA.

Western blotting

Testes from 1-day-old to 3-day-old male flies were dissected in
PBS, homogenized, and boiled with SDS-PAGE sample buffer.
After fractionation by SDS-PAGE, the proteins were transferred
to PVDF membrane (BioRad, USA). Then, the blots were
blocked with 5% non-fat milk in TBST [50 mM Tris (pH 7.5),
150 mM NaCl, 0.1% Tween-20] and incubated overnight with
primary antibody at 4°C. The following primary antibodies were
used: anti-p-AKT (#4054, Cell signaling) at 1:500, Actin (JLA20,
DSHB at 1:200). Horseradish peroxidase (HRP)-coupled sec-
ondary antibody (1:10,000; Jackson ImmunoResearch Labora-
tories) was used for ECL detection.

RESULTS

p53 level was sustained much longer during
spermatogenesis in thoc5

Since thoc5 mutant flies showed very complicated defects in
testis, including meiotic arrest and nucleolar disruption (Moon et
al., 2011), we first investigated p53 levels in the testis to exam-
ine whether cellular signaling pathways involved in cell differen-
tiation and cellular stress responses are normal in the THO
mutant. In Drosophila, a coiled pair of testes is present in each
male. Each testis is a blind-ended tube filled with cells at all
stages of spermatogenesis. At its apical tip, germline stem cells
(GSCs) are located in the niche. Each GSC divides asymmetri-
cally to produce one cell that remains in the niche as a stem
cell, and another cell that moves away from the apical tip (the
niche) and differentiates to a gonialblast. A gonialblast under-
goes 4 rounds of mitotic divisions with incomplete cytokinesis to
produce 16 clustered spermatogonia, which become primary
spermatocytes. These 16 primary spermatocytes undergo meio-
sis, and eventually produce 64 mature sperms. The gonialblast
cells are found just distal to the stem cell niche, with later stages
of spermatogenesis progressively apparent further down the
testis.

In wild-type, antibody staining showed that endogenous p53
was detectable only in the narrow region at the apical tip of
testis, where GSCs and the differentiating germ cells at the
early stages (gonialblasts and spermatogonia) are resided (Fig.
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1A). In each cell, p53 was highly enriched in a small restricted
nuclear region. The immuoreactivity was not detectable in the
testis of the p53 null mutant, confirming the specificity of the
antibody (Fig. 1C). In thoc5, however, the area of p53-positive
cells was expanded further down the testis (Fig. 1B). This sug-
gests that p53 is sustained at the later stages of spermato-
genesis. Alternatively, it is also possible that the number of cells
which normally maintain high level of p53, is increased in the
mutant testis. To address this issue, we generated the thoc5
mutant cell clones in the testis using heat-induced FRT/FLP
system, and compared directly the same stages of wild-type

)
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Genotypes: P{GUS-p53)/CyO; PflongGMR- GAL4}/+ (WT), thoc5' P{GUS-p53}/thoc5’; P{longGMR-GLA4}/+ (thocs"), PIGUS-p53Y +; Pflong
GMR-GAL4} thoc6™™?%/ thoc6”?* (thoc6°°™%), P{GUS-p53}/+; Pflong GMR-GAL4} thoc7*®"#fthoc7* (thoc7**), and thoc5' P{GUS-
p53Y thocs' (GUS-p53 only).
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Fig. 1. Endogenous level of p53 was sus-
tained during spermatogenesis in thoc5. (A-
C) Antibody staining of testes using anti-p53
antibody. In the wild-type testis, p53 signal
was restricted to the apical tip of testis (two-
sided arrow in A). In the testis of trans-hete-
rozyous for thoc5'/thoc5™®, the p53-posi-
tive area was significantly expanded toward
basal side (two-sided arrow in B). No signals
were detected in the testis of a p53 null mu-
tant, p53'""7. The outlines of testes were
indicated by the dotted lines. (D) Clonal ana-
lysis by FRT-FLP-mediated mitotic recombi-
nation in the testis. The picture shows com-
bined images of anit-p53 (red), GFP (green)
and DNA (blue) in the testis tip region. The
GFP-negative cells indicate the homozygous
cell clone for thoc5’ mutation (outlined by
dotted lines). The immunoreactivities against
p53 were detectable in the distally located
mutant clone, whereas adjacent wild-type
clones showed no obvious signals. Geno-
S type: y w P{hs-FLP}; P{FRT42D} thoc5'/
apical P{FRT42D} P{Ubi-GFP}. Scale bars: 50 pm
(A-C) or 10 um (D).

apical

basal

Fig. 2. Eye pigmentation loss by ectopic
expression of p53 in the homozygous
backgrounds of the THO subunit genes.
Ectopic expression of p53 by longGMR-
GAL4 caused a complete pigmentation
loss in the homozygous thoc5' back-
ground, and partial pigmentation loss in
the homozygous thoc6”*and thoc7"%"*
backgrounds. No pigmentation loss was
seen in either the wild-type background
(WT) or the control fly (GUS-p53 only).

GUS-p53
only

and mutant cells. The result showed that p53 immunoreactivi-
ties were seen in the distally located thoc5 mutant cells, while it
was almost undetectable in their neighboring wild-type cells at
the similar stages of spermatogenesis. This suggests that in a
cell-autonomous manner p53 level is sustained longer during
spermatogenesis in thoc5 than wild-type.

The ectopic p53 expression caused eye pigmentation loss
in the THO mutants

To verify whether the up-regulation of p53 in thoc5 is a testis-
specific phenotype or a more general phenotype, we examined
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other tissues such as larval wing imaginal discs and eye-
antennal imaginal discs. However, we failed to detect endoge-
nous p53 immunoreactivity in these tissues from both wild-type
and thoc5 (data not shown). For this reason, next we overex-
pressed p53 by using eye-specific GAL4 driver, and examined
whether p53 was also up-regulated under overexpression con-
ditions in the genetic background of thoc5. If the level of p53 is
generally increased in the THO mutant, we would see the en-
hanced p53 activity in the thoc5 mutant background after ec-
topic expression of p53. Consistent with this hypothesis, we
observed a severe loss of the eye pigmentation in the genetic
background of thoc5, whereas eye pigmentation itself was
normal in the wild-type background (Fig. 2). This pigmentation
loss phenotype was also observed in the genetic backgrounds
of thoc6 and thoc7, although the phenotypes were milder com-
pared to that of thoc5 (Fig. 2), suggesting that the effect of p53
over-expression is more sensitive in the THO-defective eyes
than the wild-type ones.

The collapse of internal eye structure caused by p53
overexpression was enhanced in thoc5

For a detailed analysis of p53-mediated eye defects in the THO
mutants, we examined the internal eye structure using phal-
loidin staining that marks the actin-based structure, the rhab-
domere. Retinal sections showed that the pigmentation loss in
the thoc5 mutant background was caused by severe loss of
cells in the internal eye compartment (asterisk in Fig. 3b). In
addition, the level of p53 was more elevated in the thoc5 mu-
tant background, suggesting p53 might be hyper-stabilized in
the mutant eyes (arrows in Fig. 3b).

Since ectopic expression of p53 usually causes apoptosis,
we examined whether the severe disruption of internal eye
structure in the thoc5 mutant background was due to increased
apoptosis. When pupal retina overexpressing p53 in the wild-
type and thoc5 mutant backgrounds was stained with acridine
orange (AO), which detects dying cells, we found indeed that
the ectopic expression of p53 increased the number of AO-
positive cells in both the wild-type and the thoc5 mutant back-
grounds (Figs. 3D-3F). However, the increment was much greater
in thoc5 than in wild-type (arrows in Fig. 3F). Taken together,
the ectopic expression of p53 induced much more apoptotic
cells in the thoc5 mutant than in wild type backgrounds, and the
pigmentation loss was caused by increased apoptosis. This
finding also suggests that the up-regulation of p53 in the THO
mutant background might be a more general phenotype rather
than a testis-specific phenotype.

Age-dependent eye pigmentation loss by overexpression
of p53 in the heterozygous genetic background for the
THO mutations
The genetic interaction between p53 and THO was also seen in
the flies heterozygous for the THO mutations. In the heterozy-
gous genetic background either for thoc5” or thoc7%°%, adult
fly eyes overexpressing p53 showed mild but apparent loss of
eye pigmentation in an age-dependent manner (Fig. 4). How-
ever, the pigmentation loss in the heterozygous background for
thoc6°?* was not apparent (data not shown) probably be-
cause thoc6®?®is a hypomorphic mutant allele. Consistent
with this idea, the pigmentation loss phenotype was the mildest
in the homozygous background for thoc6°°™% among mutations
for the THO subunit genes (see Fig. 2).

To validate that this partial pigmentation loss was caused by
the collapse of internal eye architecture, the retinal sections of
progressively aged adult files were analyzed by a confocal
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Fig. 3. p53-mediated apoptosis was enhanced in the homozygous
thoc5' background. (A-C) External morphology of eyes over ex-
pressing p53 in the genetic backgrounds of wild-type (A) or thocs’
(B), or control eye (GUS-p53 only) (C). (a-c) Retinal sections stained
with anti-p53 (green) and phalloidin (magenta). In the thoc5' mutant
background (b), the internal structure of eye overexpressing p53
was severely disrupted (asterisk in b). In addition, immunostaining
showed that p53 signals are much stronger in the genetic back-
ground of thocs' (arrows in b) than in that of wild-type (a). In the
control eye which harbors GUS-p53 only without GAL4, the signals
were almost undetectable (c). (D-F) Acridine orange (AO) staining
of pupal retinas overexpressing p53 in the genetic backgrounds of
wild-type (E) or thoc5' (F), or control retina with longGMR-GAL4
driver only (D). Not only the number of AO-positive cells, but the
intensity of signals was also significantly increased in the thocs’
background (arrows in D). Genotypes: P{GUS-p53)/CyO; PflongGMR-
GAL4 Y+ (A, a and E), thoc5' P{GUS-p53}/thocs’; PflongGMR-
GLA4})/+ (B, b and F), P{GUS-p53} (C and c), and PflongGMR-
GAL4 }/+ (D). Scale bars: 100 pm (a-c) or 50 um (D).

microscopy after phalloidin staining. The results showed that
the disruption of internal eye architecture was directly correlated
with the pigmentation loss; they both were getting worse with
age in the heterozygous backgrounds for thoc5' and thoc7*™*
(Fig. 5). Interestingly, the internal eye architecture was degen-
erated with age by overexpression of p53 even in the wild-type
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background, although the loss of eye pigmentation was not
obvious in the same genetic background. Taken together, these
results consistently suggest that the decrease in the THO activ-
ity causes sensitization to p53-mediated cell death due to up-
regulation of p53.

Body size and PI3K/AKT signaling is increased in thoc5

Another obvious phenotype found in the THO mutants was a
significant increase in body size. In the mutant flies for all three
THO subunits examined, thoc5’, thoc6% % and thoc7°%7%, we
found that body size was significantly increased compared to
control flies (Fig. 6). Since it has been well known that PI3K/
AKT signaling is important for the control of growth (Oldham
and Hafen, 2003), we examined the level of p-AKT. Unfortu-
nately, however, Western blot analysis of whole-fly extracts
showed no significant difference in the level of p-AKT between
THO mutants and control (Supplementary Fig. S1). Because it
is likely that different types of cells may be affected differently
by THO mutations (Moon et al., 2011), next we examined the
level of p-AKT in different types of cells. In the testis, which is
one of the most severely affected organs by THO dysfunction,
p-AKT was first detected in GSCs and its level was gradually
reduced as spermatogenesis proceeds in the genetic back-
ground of wild-type (Fig. 7A). But the level of p-AKT was not
only elevated but also sustained longer in thoc5 (Fig. 7B). A
similar, but much milder, phenotype was found in the testis of
thoc7 (Fig. 7B). But the elevated level of p-AKT was not so
evident in the testis of thoc6°”?%, showing again the hypomor-
phic nature of this mutation (Fig. 7B). Western blot analysis of
testis extracts showed a consistent result; the level of p-AKT
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Fig. 4. Sensitization to p53-induced loss of eye
pigmentation in the heterozygous backgrounds for
thocs’ and thoc7"®™*. (A-D) Age-dependent pig-
mentation loss was examined in the eyes overex-
pressing p53 in the genetic backgrounds of wild-
type (A), thoc5'/+ (B), thoc7*®"%/+ (C), or the eye
with GUS-p53 only (D). In both thoc5'/+ and
thoc7"®"%*/+ backgrounds, p53-induced pigmenta-
tion loss was getting worse with age. At all ages
examined, however, no significant loss of eye
pigmentation was observed in the wild-type back-
ground (A) or control eye (GUS-p53 only) (D).
Genotypes: P{GUS-p53)/CyO; PflongGMR-GAL4}/+
(A), thoc5' P{GUS-p53)/+; PllongGMR-GLA4}/+
(B), P{GUS-p53)/+; PflongGMR-GAL4} thoc7 ™%/
+(C), and P{GUS-p53} (D).

was increased in both thoc5 and thoc7 but not in thoc6, and the
increment was much greater in thoc5 than thoc7 (Fig. 7C). To
further confirm these findings, we directly compared p-AKT
levels between wild-type and mutant cells by using FRT/FLP-
mediated clonal analysis. The result showed that the level of p-
AKT was highly increased in the thoc5’ mutant mature primary
spermatocytes compared to their neighboring wild-type cells
with similar stage (Fig. 7D), suggesting the cell-autonomous
function of THO in the regulation of p-AKT level. Taken together,
our results suggest that the impairment in THO function may
cell-autonomously up-regulate PI3K/AKT signaling in certain
types of cells, and this may partly be responsible for the in-
creased body size of the THO mutant flies.

DISCUSSION

In the previous report, we showed the reduced life span and the
increased susceptibility to the environmental stresses in mutant
flies for Drosophila THO subunits (Kim et al., 2011). To under-
stand the underlying mechanisms of these defects, here we
investigated genetic interactions of THO with 2 cellular signaling
pathways, p53 and PI3K/AKT pathways.

The following evidence suggests that defects in the function
of THO cause up-regulation of p53 in a cell autonomous man-
ner. First, endogenous level of p53 was sustained much longer
during spermatogenesis in the male germline lacking THO
compared to the control germline. FRT/FLP-based clonal ana-
lysis showed that p53 level was cell-autonomously sustained in
the mutant clone. Second, mutations in the THO subunit genes
elevated the level of overexpressed p53 in the eye, showing an
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Days After Eclosion
3 days

1 day 5 days

Fig. 5. Sensitization to p53-mediated retinal degeneration in the
heterozygous background for thoc5'. (A, B) External morphology of
eyes overexpressing p53 in the genetic background of wild-type (A),
or thoc5'/+ (B). Loss of eye pigmentation is evident only in the
thoc5" heterozygous background. (a, b) Internal structure of eyes
revealed by phalloidine staining. Although disruption of internal eye
structure became evident with age in the wild-type background (a),
it is much worse in the thoc5’ heterozygous background (b). Scale
bar: 100 pum.

increased sensitivity to p53-mediated apoptosis. Third, the sen-
sitivity to p53-mediated apoptosis was directly correlated with
the genetic background; the more severe defect in THO the
genetic background had, the greater the sensitive to p53-
mediated apoptosis was.

Why p53 is up-regulated in the flies with impaired THO? The
fact that the nucleolar integrity was severely disrupted in flies
lacking THO let us postulate that disruption of nucleolus might
be a good candidate to answer for this question (Moon et al.,
2011). It has been known that disruption of nucleolus mediated
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Fig. 6. Increased body sizes in the THO mutants. Body sizes of
pharate adults as measured by body area in square milimeters
were compared between controls and mutants for the THO genes,
thoc5' (A), thoc6™™® (B) and thoc7°®"? (C). Body sizes were di-
rectly compared between homozygous mutants with their heterozy-
gous siblings. Statistical analysis confirmed significant differences in
body size between homozygous mutants and their heterozygous
siblings for both sexes. ***P < 0.001, **P < 0.01.

stabilization of p53 in response to DNA damage and other
stresses in mammalian cells (Rubbi and Milner, 2003). In addi-
tion, it has been reported that genetic disruption of nucleolus by
knocking out murine TIF-1A gene caused p53 to be stabilized
by dissociating it from MDM2 (Yuan et al., 2005). However, it is
doubtful that the same is true in our Drosophila model. First,
mutations in THO subuints caused nucleolar disruption only in
certain types of cells including male germline and salivary gland
cells (Moon et al., 2011). Moreover, we failed to find any signs
of nucleolar disruption in the THO-deficient eyes which were
sensitized to p53-mediated apoptosis (data not shown). Second,
it has recently been reported that p53 level was not significantly
increased in the eyes of virito mutant in which nucleolar archi-
tecture was severely compromised (Marinho et al., 2011). Fi-
nally, the Drosophila homolog of MDM2, which plays a key role
in nucleolar disruption-mediated p53 stabilization in mammalian
cells, has not been found to date. Consistent with these facts, in
Drosophila, it has been shown that posttranslational modifica-
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Fig. 7. Increased level of p-AKT in
the THO mutant testes. (A) Antibody
staining of testes with anti-p-AKT
antibody in wild-type (WT), thoc5'
thoc5™ ™ (thocs), thoc6™* (thoc6)
and thoc7®™ (thoc7). In wild-type,
p-AKT was highly accumulated in the
tip region where cells at the early-
stages of germline development re-
side, and gradually disappeared as
spermatogenesis proceeded. In thoc5,
however, the level of p-AKT was not
only elevated, but also sustained
over spermatogenesis. Similar, but
much milder, defects were seen in
the thoc7 mutant testis. No significant
differences from wild-type and thoc6
were observed. (B) Western blot
analysis of testis extracts from wild-
type, thoc5'thoc5™, thoc6”™* and
thoc7°®™2. The level of p-AKT was
increased in thoc5 and thoc7, but not
in thoc6. The result was well matched
with that of antibody staining (C)
FLP/FRT-mediated clonal analysis of
thoc5” mutant cells in the testis. In

the thoc5' mutant cells indicated by the absence of GFP signals (green), the immunoreactivities against p-AKT (Red) were highly elevated
compared to their neighboring wild-type cells which showed only faint signals of p-AKT. Hoechst 33258 was used to visualize DNA (blue).
Genotype: y w Pfhs-FLP}; PIFRT42D} thoc5'/P{FRT42D} P{Ubi-GFP}. Scale bars, 20 um (A) and 10 um (C).

tion rather than abundance was sufficient to activate p53 signal-
ing in response to DNA damage (Brodsky et al., 2004). For
these reasons, we speculate that nucleolar disruption is not
directly involved in the up-regulation of p53 in the THO mutant
flies. An alternative possibility is that the phenotype of con-
densed chromatin structure in thoc5 might represent genomic
instability, and the genomic instability could lead to activation of
MNK, Drosophila homolog of CHK2, which activates p53
following DNA damage (Brodsky et al., 2004). But the fact that
DNA damage activates p53 without significant changes in pro-
tein level (Brodsky et al., 2004) is inconsistent with our findings
which showed obvious changes of p53 level in the testis. An-
other alternative explanation for these ambiguities is that up-
regulation of p53 in the THO mutant may be restricted to certain
limited types of cells, and the mechanisms underlying this may
also be different depending on cell types. To clarify these is-
sues further studies are certainly required.

In addition to p53 signaling, we examined PI3K/AKT signal-
ing in the THO mutant flies. It has been well established that
PISK/AKT signaling pathway is a key player in regulating life
span as well as body size in Drosophila (Edgar, 2006). Com-
bined with the previously reported lifespan reduction (Kim et al.,
2011), increased body size in the THO mutant flies compared
to control is well matched with the known phenotypes of mutant
flies with defects in PISBK/AKT signaling pathway (Edgar, 2006).
Although we failed to detect a global increase in PISK/AKT
signaling in the THO mutant flies (Supplementary Fig. S1), a
cell-autonomous elevation of endogenous p-AKT level in the
mutant male germline provided a piece of evidence for the rele-
vance of Drosophila THO with PISK/AKT signaling.

Another interesting finding in this report is that the levels of
both p53 and p-AKT are very high in the wild-type male germ-
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line. If p53 is important for spermatogenesis, why p53-null flies
are not sterile? With regard to the female germline, it has re-
cently been reported that DNA double strand breaks formed
during meiotic recombination provoked activation of p53, and
unrepaired DNA breaks during meiotic recombination led to
sustained p53 activity (Lu et al., 2010). But it has been known
that meiotic recombination is very rare in the Drosophila male
germline, and we showed that p53 was detected only in the
pre-meiotic germline. Thus, it is unlikely that the role of p53 in
male germline is similar to that in female germline. Certainly
these issues will be a good topic for our future study.

Taken together, here we found the significant genetic interac-
tions of THO with 2 cellular signaling pathways, p53 and
PISK/AKT signaling pathways. Both signalings were up-regula-
ted by THO dysfunction in a cell autonomous manner. However,
it seems unlikely that THO generally plays a major role in regu-
lating these signaling pathways, because not only Western blot
analysis of whole-fly extract, but also FRT/FLP-mediated clonal
analysis in the imaginal discs (Supplementary Fig. S2) shown
no significant changes in the endogenous levels of both p53
and p-AKT in the THO mutants. It seems rather likely that the
effect of THO dysfunction on these 2 signaling pathways is
different depending on cell types; it might be generally mild in
most cells except certain types of cells such as germline.

Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).
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