
14-3-3 Proteins regulate Akt Thr308 phosphorylation in
intestinal epithelial cells

M Gómez-Suárez1,7, IZ Gutiérrez-Martínez1,7, JA Hernández-Trejo1,7, M Hernández-Ruiz2, D Suárez-Pérez3,4, A Candelario1,
R Kamekura5, O Medina-Contreras6, M Schnoor2, V Ortiz-Navarrete2, N Villegas-Sepúlveda2, C Parkos5, A Nusrat5 and P Nava*,1

Akt activation has been associated with proliferation, differentiation, survival and death of epithelial cells. Phosphorylation of
Thr308 of Akt by phosphoinositide-dependent kinase 1 (PDK1) is critical for optimal stimulation of its kinase activity. However, the
mechanism(s) regulating this process remain elusive. Here, we report that 14-3-3 proteins control Akt Thr308 phosphorylation
during intestinal inflammation. Mechanistically, we found that IFNγ and TNFα treatment induce degradation of the PDK1 inhibitor,
14-3-3η, in intestinal epithelial cells. This mechanism requires association of 14-3-3ζ with raptor in a process that triggers
autophagy and leads to 14-3-3η degradation. Notably, inhibition of 14-3-3 function by the chemical inhibitor BV02 induces
uncontrolled Akt activation, nuclear Akt accumulation and ultimately intestinal epithelial cell death. Our results suggest that 14-3-3
proteins control Akt activation and regulate its biological functions, thereby providing a newmechanistic link between cell survival
and apoptosis of intestinal epithelial cells during inflammation.
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Mucosal cytokines alter epithelial homeostasis during inflam-
matory bowel diseases (IBD) by triggering several signaling
pathways. Previously, we have reported that IFNγ activates or
inhibits epithelial cell proliferation by modulating β-catenin
signaling pathway downstream of Akt1 in a mechanism that
relies in the presence and phosphorylation of the scaffolding
protein 14-3-3ζ.2 The 14-3-3 family of adaptor proteins con-
sists of seven members that associate with its client proteins
mostly through phospho-serine/threonine motifs phosphory-
lated by serine/threonine kinases such as the AGC kinase
Akt/PKB.3 Each 14-3-3 protein can interact with several
targets and can also form homo or heterodimers with other
family members in order to regulate biological processes, such
as proliferation, differentiation and apoptosis.3,4 Therefore,
14-3-3 proteins are likely an important part of the machinery
that regulates intestinal epithelial cell (IEC) homeostasis
during physiological and pathological conditions.
Akt proteins (also known as PKB) are serine-threonine

kinases that regulate cell survival, proliferation, metabolism
and migration.5 Akt family encompasses three highly con-
served proteins: Akt1, Akt2 and Akt3 that are the primary
downstream mediators of PI3K.6 All three Akt isoforms
possess a pleckstrin homology (PH) domain at the N-terminal
region, followed by a central kinase domain and a C-terminal

regulatory domain.6 Full Akt activation requires direct interac-
tion of its PH domain with PtdIns(3,4,5)P3 that is mainly
enriched at microdomains of the plasma membrane.6 At the
plasmamembrane, Akt is phosphorylated in two key residues,
Threonine (Thr)308 (activation loop) and Serine (Ser)473
(C-terminal extension). Phosphorylation of Akt at Thr308 is
mediated by phosphoinositide-dependent kinase 1 (PDK1), a
serine/threonine kinase that phosphorylates several AGC
kinase family members, including p70S6 kinase, p90S6
kinase and Akt.7 PDK1 activation requires auto-phosphoryla-
tion of the residue Ser241 and is regulated by its association
with several proteins including: HSP90,8 RSK29 and 14-3-3
family members.10 By contrast, the phosphorylation of Akt at
Ser473 is mediated mainly by mTORC2,11 but can also be
achieved by other kinases, including integrin-linked kinase
(ILK),12 protein kinase C (PKCε)13 and by auto-phosphoryla-
tion.14 Phosphorylation of Thr308 has been proposed to be a
critical regulatory event for Akt activation.15 Once activated,
Akt phosphorylates numerous substrates throughout the
cell to regulate multiple cellular events and processes such
as proliferation, differentiation and cell survival.
Deregulation of Akt kinases is frequently observed in human

diseases such as cancer and diabetes;6 and our previous
results have shown that Akt1 affects cell proliferation and
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survival in IECs during inflammation.1,2 But, while numerous
studies have been focused in analyzing the mechanisms by
which Akt kinases regulate cell homeostasis,1,2,5,16,17 the
machinery controlling Akt activation during inflammatory dis-
orders remains incompletely understood.
Here, we report that during inflammation 14-3-3 proteins

control Akt1 activation in IECs by inhibiting its phosphorylation
at Thr308. Our results demonstrate that cytokine exposure
induces degradation of the PDK1 inhibitor, 14-3-3η. This
resulted in PDK1 activation and facilitates phosphorylation of
Akt Thr308 by PDK1. Interestingly, our findings also sug-
gested that degradation of 14-3-3η was partially mediated by
an autophagic process triggered by the association of the
monomeric form of 14-3-3ζ (p14-3-3ζS58) with raptor. Inhibi-
tion of 14-3-3 function during colitis by the chemical inhibitor
BV02 enhanced Akt activation, the accumulation of active Akt
in the nucleus and ultimately augmented IEC death. Our
findings describe an unexpected role for 14-3-3 proteins in
controlling Akt phosphorylation. This mechanism could be
important for fine-tuning Akt function during inflammation and
maybe in the future exploited to identify new therapies aimed
to control inflammatory diseases.

Results

Akt signaling pathway is activated in IECs of colitic
mice. Inhibition of IEC proliferation by Akt contributes to the
mucosal damage observed during inflammation.1 The mech-
anisms controlling Akt activity during this process remain
unknown. We therefore analyzed Akt signaling pathway in
the mucosa of C57BL/6J mice treated with dextran sulfate
sodium (DSS), a well-known colitis model of epithelial
injury.18 As reported previously by us,19 a gradual decrease
in cell proliferation, increased disease activity index (DAI)
(Supplementary Figure 1A) and colon length shortening
(Supplementary Figure 1B) were observed in DSS-treated
mice. Moreover, Akt activation augments as revealed by the
presence of the active form of Akt (phospho-Akt Thr308;
pAkt308) (Figure 1a).1 Increased Akt activation was
accompanied by phosphorylation of its downstream targets
β-catenin ser552 (pβ-cat552)20 and GSK3β Ser9 (pGSK3β)21

(Figure 1a). Augmented Akt1 levels were also detected in the
mucosa of inflamed mice, but no changes in total β-catenin
and GSK3β were observed (Figure 1a). Furthermore,
pAkt308, pβ-cat552 and pGSK3β presence was detected
mainly in epithelial cells along the whole crypt axis in the
mucosa of colitic mice (Figure 1b, white arrows). Akt full
activation has been linked to its phosphorylation in several
residues: the Serine473 (pAkt473), the Threonine308
(pAkt308),11 the Threonine450 (pAktT450)22 and the Serine
246 (pAktS246).23 Therefore, we analyzed the phosphoryla-
tion of Akt in those residues in samples of mice that were
exposed to DSS for 1–4 days. pAkt308 levels increased with
the DSS treatment, but its levels oscillated during the course
of the experiment (Figures 1c and d). In contrast, DSS
treatment augmented pAkt473 in a more constant level
(Figures 1c and d). panAkt protein levels showed small
variations (Figure 1c). Next, we analyzed the status of
pAkt308 and pAkt473 in cell lysates of SW480 cells that were

treated with IFNγ for 1–12 h. As shown in Figure 1e, phos-
phorylation of Akt at 473 and 308 was detected as early as
1 h and remained elevated until 12 h after cytokine exposure.
However, similar to our in vivo observations, pAkt473 and
pAkt308 displayed different expression patterns (Figure 1f).
panAkt protein levels remained unchanged (Figures 1c
and e).
Next, pAkt450 and pAkt246 levels were analyzed in the

colonic cell lysates obtained from the mice treated with DSS
for 1–4 days. As shown in Figure 2a, pAkt450 and pAkt246
displayed a random expression pattern in our in vivo model.
Meanwhile, pAkt450 increased abruptly 1 day post treatment
and decreased slowly over time, pAkt246 protein levels
decreased since day 1 (Figure 2a). To corroborate these
findings, we next analyzed the presence of pAkt450 and
pAkt246 in cell lysates of SW480 cells that were exposed to
IFNγ for 1–24 h. As shown in Figure 2b, pAkt450 levels
marginally increased over time in the cells exposed to
cytokines; meanwhile, pAkt246 presence was reduced. Taken
together, these results suggested that during inflammation the
phosphorylation of Akt at Ser473 and Thr308, but not at
pAkt450 and pAkt246, was responsible for the activation of Akt
in IECs during inflammation.

14-3-3η Regulates Akt full activation in IECs during colitis
development. Akt phosphorylation at Ser473 has been
extensively studied as a correlate for Akt activity;11–13,24,25

however, the mechanisms controlling the phosphorylation of
Thr308 are rarely assessed. Thus, the machinery involved in
the phosphorylation of Akt at the residue Thr308 during colitis
was investigated. Akt Thr308 phosphorylation is mediated by
PDK1.7 Pdk1 auto-phosphorylation at Ser241 (pPDK1) is
critical for its activity; and therefore, PDK1 is considered to be
a 'constitutively active' kinase.26 Thus, we investigated the
status of pPDK1 in mice treated with DSS. As shown in
Figure 3a, augmented pPDK1 levels were detected in the
mucosa of colitic mice, but no changes in PDK1 levels were
noticed. PDK1 auto-phosphorylation/activation is inhibited by
its association with 14-3-3 proteins.10 Therefore, we analyzed
the effect of overexpressing several 14-3-3 family members
on its activation. As shown in Figure 3b, 14-3-3η but not
14-3-3 θ, β, ε or ζ inhibited PDK1 activation in SW480 cells as
revealed by the presence of pPDK1. The inhibitory effect of
14-3-3η on PDK1 is well characterized;10 therefore, we
analyzed the presence of 14-3-3η in the mucosa of colitic
mice. As shown in Figure 3c, low levels of 14-3-3η and slight
upregulation of 14-3-3θ were detected in mucosal cell lysates
of colitic mice as compared with control mice. No changes in
protein levels for 14-3-3β, 14-3-3ε and 14-3-3ζ were seen
(Figure 3c). Densitometric analysis confirmed that 14-3-3η
was diminished and pPDK1 increased during colitis
(Figure 3d). No changes in 14-3-3ζ protein levels were
perceived (Figure 3d). Moreover, immunofluorescence ana-
lysis revealed that in control animals 14-3-3η and pPDK1
were present along the whole crypt-surface axis, but mean-
while 14-3-3η was enriched at the crypt base, pPDK1 was
mainly expressed at the upper third of the colonic crypts
(Figure 3e). However, in the mucosa of colitic mice 14-3-3η
was decreased and pPDK1 augmented (Figure 3e). Taken
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together, these results suggested that 14-3-3η could nega-
tively regulate PDK1 activity during inflammation.

p14-3-3ζS58 induces 14-3-3η degradation and regulates
Akt activation. Most cellular proteins in eukaryotic cells are
degraded via two major pathways: the proteasomal and
the lysosomal system. Although the first one degrades
the majority of proteins, the second one is responsible for

degradation of aggregated proteins and cellular organelles.27

Therefore, we investigated whether 14-3-3η degradation after
cytokine treatment was dependent on any of those mechan-
isms. As shown in Figure 4a, 14-3-3η levels diminished in
cells treated with cytokines, but inhibition of lysosomal
(Chloroquine; CQ) or proteasomal (MG132) degradation
systems partially rescued the reduction in 14-3-3η induced
by the cytokines. In contrast, calpain inhibition by ALLN did

Figure 1 Akt signaling pathway is activated in IECs by proinflammatory cytokines. (a) pGSK3β, GSK3β, pβ-cat552, β-catenin, pAkt473, pAkt308 and Akt1 were analyzed by
western blotting in mucosal cell lysates of C57BL/6J mice. C57BL/6J received drinking water or drinking water with DSS (3%) for 4 days. Actin was used as a control. (b)
Distribution of E-cadh (red), pAkt308 (Green), pGSK3β (red), EdU (green) and pβ-cat552 (green) was examined by immunofluorescence in the mucosa of control and DSS-
treated animals. C57BL/6J received drinking water or drinking water with DSS (3%) for 4 days. White arrow marks cell borders of IECs. Nuclei are blue. Bar= 20 μm. (c)
Phosphorylation of Akt at Serine473 and Threonine 308 and panAkt levels were analyzed in the mucosa of mice treated with DSS. C57BL/6J received drinking water or drinking
water with DSS (3%) for 1–4 days. Actin was used as a loading control. (d) Densitometric analysis of western blots obtained for pAkt at S473 and pAkt T308 was performed and
graphs were shown (n= 4). (e) Phosphorylation of Akt at 473 and 308 and panAkt protein levels were investigated in SW480 cells treated with IFNγ (100 U/ml) for 1–12 h. Actin
was used as a loading control. (f) Densitometric analysis of the western blots obtained for pAkt473 and pAkt308 in SW480 cells treated with IFNγ (100 U/ml) is shown in the
graph (n= 3)
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not affect 14-3-3η cytokine-mediated degradation (Figure 4a).
These results suggested that 14-3-3η undergoes lysosomal
and proteasomal degradation in IECs treated with proin-
flammatory cytokines.
Proinflammatory cytokines promote autophagy-mediated

clearance of unnecessary proteins through lysosomal de-
gradation.28,29 This led us to speculate that autophagy-
mediated degradation of 14-3-3η was occurring during

inflammation. We investigated the presence of autophagy in
the mucosa of colitic mice by analyzing the conversion of the
autophagosomal marker LC3-I to LC3-II31,32 and the presence
of ATG5, a protein that is essential for autophagosome
formation.30 As shown in Figure 4b, the amount of LC3-II
and ATG5 augmented in mucosal samples obtained from
DSS-treated mice. Moreover, immunofluorescence assays
revealed that LC3-II and the autophagosomal marker p6231

were enriched in vesicles present in IECs (white arrow) and in
cells located at the lamina propria (red star; control mice). The
number of both cell types was increased in the mucosa of
colitic mice (Figures 4c and d). Next, we evaluated autophagy
in SW480 cells that were exposed to IFNγ/TNFα for 1–24 h by
investigating LC3 I-II conversion. As shown in Supplementary
Figure 2A (upper panel), LC3-II levels augmented in cells
treated with cytokines.Moreover, autophagolysosomes detec-
tion with acridine orange confirmed that cytokines treatment
triggered autophagy in IECs (Supplementary Figure 2A; lower
panel). Next, 14-3-3η and PDK1 activation was analyzed in the
mucosa of colitic mice treated with vehicle alone or treated
with CQ. As shown in Figure 4e, 14-3-3η was reduced in the
mucosa of DSS-treated mice; and its reduction was accom-
panied by PDK1 activation and CQ treatment prevented this

Figure 3 Degradation of 14-3-3η and PDK1 activation are observed during inflammation. (a) pPDK1 and PDK1 were analyzed by western blotting in mucosal samples of
C57BL/6J mice exposed to DSS (3%) for 4 days. Actin was used as a loading control. (b) pPDK1 and PDK1 protein levels were analyzed in SW480 cells transfected with 14-3-3θ,
14-3-3η, 14-3-3β, 14-3-3ε or 14-3-3ζ. Densitometric values for pPDK1 compared with control are displayed. Overexpressed proteins were detected with anti Oct-A (Flag) probe.
Actin was used as a loading control. (c) 14-3-3η, 14-3-3θ, 14-3-3β, 14-3-3ε and 14-3-3ζ protein levels were analyzed in the mucosal samples of control and DSS-treated mice
(C57BL/6J) by western blotting. Actin was used as a loading control. (d) Graph shows relative densitometric values of pPDK1, 14-3-3η and 14-3-3ζ obtained by western blots
from mucosal cell lysates of C57BL/6J mice that were treated with DSS. Densitometric values were normalized with respect to controls (n= 5). *Po0.05; **Po0.001. (e) pPDK1
(Green) and 14-3-3η (Green) were analyzed in the mucosa of control and colitic mice by immunofluorescence. C57BL/6J received drinking water or drinking water with DSS (3%)
during 4 days. Nuclei, blue. Bar= 20 μm. Crypt plane is marked by a discontinuous line

Figure 2 The phosphorylation of Akt Thr450 and Akt Ser246 is affected by
inflammatory stimulus. (a) The effects of DSS-induced inflammation on pAktThr450
and pAktSer246 were analyzed in mucosal samples of C57BL/6J mice by western
blotting. C57BL/6J mice were treated with DSS (3%) for 1–4 days. Actin was used as
a control (n= 7). (b) The presence of pAktThr450 and pAktSer246 was analyzed by
western blotting in cell lysates of SW480 cells treated with IFNγ (100 U/ml) for
1–12 h. Actin was used as a control (n= 3)
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Figure 4 Autophagy triggered by 14-3-3ζ induces 14-3-3η degradation and Akt activation during inflammation. (a) 14-3-3η protein levels were analyzed in cell lysates of
SW480 cells treated with IFNγ/TNFα (Cytokines) in the presence or absence of proteasome (MG132), lysosome (CQ) and Calpain (ALLN) inhibitors. Densitometric analysis is
shown in graph. n= 3. *Po0.05; **Po0.001. (b) LC3 I-II and ATG5 were analyzed in mucosal cell lysates of C57BL/6J mice exposed to DSS for 1–4 days. Actin was used as a
loading control. (c) LC3 (green) and (d) p62 (green) localization was analyzed by immunofluorescence in cryosections obtained from colonic mucosa of control mouse and mice
exposed to DSS. C57BL/6J received drinking water or drinking water with DSS (3%) during 4 days. Positive epithelial cells are marked with white arrows. Lamina propria cells that
are positive are marked with red star. Crypt axis is marked by white dotted lines. Nuclei are blue. Bar= 10 μm. (e) 14-3-3ζ, 14-3-3η, pPDK1 and PDK1 were analyzed in cell
lysates of C57BL/6J mice treated for 4 days with DSS (3%). Mice were injected daily with vehicle alone or with Chloroquine (CQ; 40 mg/kg). Actin was used as a loading control.
n= 3. (f) Association of raptor with 14-3-3ζ was analyzed by co-immunoprecipitation assays. Overexpressed 14-3-3ζ-Flag and control IgG were immunoprecipitated from fresh
lysates obtained from SW480 control cells or SW480 cells treated with IFNγ or IFNγ/TNFα for 6 h. Immunoprecipitates were blotted for raptor and 14-3-3ζ. Densitometric values
for raptor are shown. (g) Autophagosome formation was analyzed in SW480 cells transfected with 14-3-3ζ WT, 14-3-3ζ S58D, 14-3-3ζ S58A and 14-3-3ζ WT/IFNγ. 14-3-3
proteins are Flag tagged (red). LC3 is marked in green. Nuclei are blue. Bar= 10 μm. (h) 14-3-3η, pPDK1, PDK1, 14-3-3ζ and Flag were detected in cell lysates of SW480 cells
expressing increasing concentrations of 14-3-3ζ S58D. Ponceau red was used as a loading control. (i) pAkt308, Akt1 and 14-3-3ζ were detected in cell lysates of SW480 cells
transfected with 200 ng of 14-3-3ζWT, 14-3-3ζ S58D or 14-3-3ζ S58A. Cells were treated with IFNγ for 18 h. Actin was used as a loading control. Arrow= overexpressed 14-3-
3ζ. Star= endogenous 14-3-3ζ. (j) ATG5, 14-3-3η, pAkt308, raptor and Flag were detected in cell lysates of SW480 cells expressing 14-3-3ζ or 14-3-3ζ/raptorS792A. Twelve
hours post transfection, cells were treated with IFNγ/TNFα for 24 h. Actin was used as a loading control. (k) p14-3-3ζS58, 14-3-3ζ and pan14-3-3 were analyzed in mucosal cell
lysates of C57BL/6J mice treated with DSS for 3 days. Actin was used as a loading control
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effect. No changes in PDK1 and 14-3-3ζ were detected
(Figure 4e). These results suggested that autophagy triggered
by inflammatory cytokines was inducing PDK1 activation in
IECs at the colonic mucosa.
The mechanism by which inflammation was inducing

autophagy in IECs was then assessed. 14-3-3ζ associates
with the regulatory-associated protein of mTOR (Raptor) and
inhibits mTORC1 function triggering autophagy.32,33 Thus, we
investigated whether proinflammatory cytokines could induce
the association of 14-3-3ζ with raptor. As shown in Figure 4f,
direct association between raptor and 14-3-3ζ was observed
in IECs in basal conditions; and this interaction increased in
SW480 cells treated with IFNγ/TNFα but not with IFNγ alone
(Figure 4f). Proinflammatory cytokines enhance phosphoryla-
tion of 14-3-3ζ at the dimeric interface (Supplementary Figure
2B), thus during inflammation 14-3-3ζ exists in its monomeric
(p14-3-3ζS58) and dimeric (14-3-3ζ) forms (Supplementary
Figure 2C). However, in some conditions p14-3-3ζS58 and
14-3-3ζ retain its capability to bind its clients but display
antagonistic effects in the function of its targets.2 For
this reason, we investigated the effect of overexpressing
14-3-3ζWT, 14-3-3ζS58D (monomeric form) and 14-3-3ζS58A
(dimeric form)34 in the accumulation of LC3 in auto-
phagosomes.35 As shown in Figure 4g, 14-3-3ζS58D but not
14-3-3ζ WT or 14-3-3ζS58A presence resulted in LC3
accumulation in autophagosomes. Of note, LC3 accumula-
tion was induced by 14-3-3ζWTwhen IECs were exposed to
IFNγ/TNFα for 12 h (Figure 4g). Additionally, the conversion of
LC3-I to LC3-II in SW480 cells expressing 14-3-3ζ protein
mutants confirmed that 14-3-3ζS58D triggers autophagy in
IECs; meanwhile, 14-3-3ζS58A has no effect (data not
shown). Next, we evaluated the effect of overexpressing
14-3-3ζS58D and 14-3-3ζS58A in the reduction of 14-3-3η
protein levels and in the activation of PDK1. As shown in
Figure 4h, increasing concentrations of 14-3-3ζS58D resulted
in a decrease in 14-3-3η levels and in PDK1 activation. No
changes in PDK1 or endogenous 14-3-3ζ protein levels were
detected (Figure 4h). By contrast, no changes in 14-3-3η,
PDK1 or 14-3-3ζ were observed in SW480 cells expressing
14-3-3ζS58A, but inhibition of PDK1 phosphorylation in a
dose-dependent manner was detected (Supplementary
Figure 2D). Next, we analyzed the role of 14-3-3ζ WT,
14-3-3ζS58D and 14-3-3ζS58A in the phosphorylation of
Akt at Thr308 and Ser473 in IECs stimulated with IFNγ or
IFNγ/TNFα. As shown in Figure 4i, increased presence of
pAkt308 and pAkt473 was perceived in IECs transfected with
14-3-3ζWTand 14-3-3ζS58D, whereas the phosphorylation of
pAkt308 and pAkt473 was reduced in the cells expressing
14-3-3ζS58A. No changes in Akt1 or endogenous 14-3-3ζ
were detected (Figure 4i). Similar effects were noticed in cells
treated with IFNγ plus TNFα (Supplementary Figure 2E).
Moreover, our results also suggested that 14-3-3ζWT and
14-3-3ζS58D enhanced Akt activation downstream of the
cytokines, because increased phosphorylation of β-cat552
was observed in cells transfected with 14-3-3ζWT and
14-3-3ζS58D when compared with control cells (Supple-
mentary Figure 2E). In contrast, pβ-cat552 presence was
reduced in cells expressing 14-3-3ζ S58A (Supplementary
Figure 2E). No changes in total β-catenin were seen
(Supplementary Figure 2E).

To corroborate that mTORC1 inhibition was responsible for
the increase in Akt phosphorylation at Thr308 during
inflammation, cell lysates of SW480 cells treated with IFNγ
alone or with IFNγ plus Rapamycin or AktinhibVIII were
analyzed for pAkt308. As shown in Supplementary Figure 2F,
IFNγ increased pAkt308 levels and Rapamycin treatment
further enhanced this process but Akt inhibition prevented the
increase in pAkt308 induced by IFNγ. Inhibition of pAkt308
(AktinhibVIII) and pS6 (Rapamycin) demonstrated the effi-
ciency and specificity of the treatments (Supplementary
Figure 2F). Next, we analyzed 14-3-3η, ATG5 and Akt308
levels in cell lysates of SW480 cells that were treated with
cytokines after transfection with empty vector or a mutant of
raptor that cannot bind to 14-3-3ζ.32 As shown in Figure 4j,
increased ATG5 accumulation, reduced 14-3-3η protein levels
and augmented pAkt308were seen in control IECs exposed to
the cytokines. No changes in raptor were observed (Figure 4j).
However, those effects were prevented when the cells treated
with the cytokineswere transfected with a mutant of raptor that
cannot bind to 14-3-3ζ.32 Furthermore, similar to the observed
with the cytokines increased ATG5 accumulation, reduced
14-3-3η protein levels and augmented pAkt308 were detected
in the monolayers expressing 14-3-3ζS58D; however,
those changes were reversed when 14-3-3ζS58D was
co-transfected with the mutant of raptor (Figure 4j). Of notice,
a slight upregulation in raptor was detected in the monolayers
expressing 14-3-3ζS58D (Figure 4j). No changes in Akt1
protein levels were detected in any condition (Figure 4j). Taken
together, these results suggested that the association of
p14-3-3ζS58 with raptor inhibited mTORC1 and is part of a
system that has an important role in the phosphorylation of Akt
at Thr308 in IECs.
Next, 14-3-3ζ and p14-3-3ζS58 levels were analyzed in the

mucosa of mice exposed to DSS for 1–4 days to mimic
changes at different stages of injury. Densitometric analysis
revealed that 14-3-3ζwas transiently increased 1–2 days after
DSS administration; and its protein levels were back to normal
by day 3 (Supplementary Figures 2G and 4k). In contrast, p14-
3-3ζS58 oscillated at days 1–3, but was clearly increased by
day 4 (Supplementary Figures 2G and 4j). No changes were
detected in 14-3-3σ another member of the 14-3-3 family of
proteins (Supplementary Figure 2G), but the results obtained
with a pan-14-3-3 antibody suggested that probably other 14-
3-3 family members were also decreased during inflammation
(Figure 4k). 14-3-3ζ and p14-3-3ζS58 were seeing in IECs
along the crypt axis in control mice as previously reported;2

however, after DSS treatment 14-3-3ζ and p14-3-3ζS58 were
enriched in IECs located at the crypt base (Supplementary
Figure 2H; white arrows). Taken together, these results
suggested that 14-3-3ζ and p14-3-3ζS58 differentially regulate
Akt phosphorylation in IECs during inflammation.

Inhibition of 14-3-3 function during inflammation
enhances cell death. Augmented apoptosis (Supplemen-
tary Figure 3A–C) and reduced proliferation in IECs
(Supplementary Figures 1A and 4A) during colitis are
triggered by proinflammatory cytokines, including IFNγ
(Supplementary Figure 3D).1,36–38 Akt1 and 14-3-3ζ have
an active role in this process.1,2 Therefore, we investigated
the effect of inhibiting 14-3-3 function in Akt1 signaling using
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the DSS-colitis model. C57BL/6J mice treated with DSS for
4 days were administered daily with the pan-14-3-3 inhibitor
BV02 (Co. 10 mg/kg) or the vehicle alone (DMSO). DSS
treatment reduced colon length when compared with control
mice and the treatment with BV02 further enhanced the
shortening of the colon (Figure 5a). Moreover, increased
phosphorylation of Akt at Ser473 and Thr308 was detected in
the mucosa of colitic mice compared with the control
(Figure 5b), and the inhibition of 14-3-3 function by BV02
augmented the phosphorylation of both residues (Figure 5b).
Akt1 protein levels were not affected (Figure 5b).
p14-3-3ζS58 was augmented in the mucosa of colitic
animals, but normal levels were observed in the mucosa of
DSS/BV02-treated mice (Supplementary Figure 3E). No
changes in 14-3-3ζ were perceived in any of those conditions
(Supplementary Figure 3E). To corroborate those findings,
Akt1, pAkt473 and pAkt308 were analyzed by western
blotting in cell lysates of SW480 cells treated with cytokines
in the presence or absence of 5μM of BV02. As shown in
Figure 5c, IFNγ treatment increased Akt phosphorylation at
Ser473 and Thr308, and the presence of the inhibitor
enhanced Thr308 phosphorylation with minimal or no effect
in the phosphorylation of Ser473. Akt1 protein levels
remained constant in all conditions (Figure 5c). Taken
together, our findings suggested that 14-3-3 function is

important for regulating Akt activity in IECs during
inflammation.
Active Akt enhances proliferation and inhibits

apoptosis.1,2,16 Thus, we evaluated apoptosis and prolifera-
tion in the mucosa of colitic mice treated with 14-3-3 inhibitor.
As shown in Figure 5d, decreased proliferation (pHist3 and
PCNA) and augmented apoptosis (PARP and Casp-3 clea-
vage) were seen in the mucosa of colitic mice and were
increased in the animals treated with DSS plus the 14-3-3
inhibitor (Figure 5d) despite Akt hyperactivation (Figure 5c).
Therefore, apoptosis and proliferation were analyzed in
SW480 cells treated with IFNγ or IFNγ plus BV02. IFNγ
increased apoptosis in IECs (Supplementary Figures 3D and
5e) and inhibition of 14-3-3 function with BV02 (5μM)
augmented the cleavage of PARP and Casp-3 (Figure 5e,
arrows). 14-3-3 inhibitor also potentiated the inhibition of cell
proliferation (pHist3) triggered by the IFNγ (Figure 5e). BV02
alone augmented apoptosis and inhibited proliferation in IECs
(Figure 5e). Similar effects were observed in RKO cells
(data not shown). Taken together, these results demonstrate
that 14-3-3 inhibition enhanced Akt activation, augmented
apoptosis and decreased cell proliferation in IECs.

Akt induces apoptosis in IECs during inflammation. Akt
activation after 14-3-3 inhibition did not prevent cell death
(Figure 5); and Akt inhibition reduces colitis symptoms.1

Figure 5 Inhibition of 14-3-3 function enhances Akt activation and triggers apoptosis during inflammation. (a) Representative images of colonic tissue obtained from C57BL/
6J mice exposed to DSS or DSS/BV02 (n= 8). Bar= 1 cm. (b) pAkt308, pAkt473 and Akt1 were analyzed in the mucosa of C57BL/6J mice treated with DSS and DSS/BV02
during 4 days. In all, 10 mg/kg of BV02 was injected intraperitoneally daily. Actin was used as a loading control. Densitometric analysis of pAkt308 and pAkt473 is presented.
n= 7. *Po0.05; **Po0.001. (c) pAkt308, pAkt473 and Akt1 were analyzed in cell lysates of SW480 cells treated with IFNγ, BV02 (5 μM) or IFNγ/BV02. Treatment was
performed for 36 h. Actin was used as a loading control. n= 3. (d) PARP and caspase-3 cleavage together with the proliferation markers PCNA and pHist3 were analyzed in the
mucosa of mice treated with DSS and DSS/BV02 during 4 days by western blotting. In all, 10 mg/kg of BV02 was injected intraperitoneally daily. Actin was used as a loading
control. n= 3. (e) PARP and caspase-3 cleavage together with pHist3 and Hist3 protein levels were analyzed in cells exposed to IFNγ, BV02 or IFNγ/BV02. Actin was used as a
loading control. n= 3
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Thus, we investigated the effect of inhibiting Akt in the
development of colitis. As shown in Figure 6a, mice that
received DSS plus Akt inhibitor VIII developed substantially
milder colitis in comparison with DSS/DMSO-treated animals
as indicated by reduced DAI. Moreover, Akt inhibition also
resulted in a longer and healthier colon (Figure 6b). Efficiency
of the Akt inhibitor was analyzed by western blotting
(Figure 6b).
Proinflammatory cytokines induce the accumulation of

active Akt at nuclear compartment,2 and nuclear Akt can
promote cell-cycle progression or apoptosis.39 Thus, we spe-
culated that during inflammation nuclear Akt could trigger
apoptosis in IECs. To test our hypothesis, we first analyzed the
localization of pAkt308 and pAkt473 in the mucosa of colitic
mice. As shown in Supplementary Figure 4A–C, inflammation
induced accumulation of active Akt in the nucleus of IECs, and
that was accompanied with a reduction in cell proliferation as
shown by the incorporation in EdU (Supplementary Figure 4A)
and PCNA expression (Supplementary Figure 4D). Further-
more, Akt inhibition in DSS-treated mice increased PCNA
(Supplementary Figure 4D) and decreased casp-3 cleavage
(Figure 6c). To further evaluate the contribution of Akt in the
induction of cytokine-induced apoptosis, SW480 cells were
treated with IFNγ and IFNγ plus Akt inhibitor VIII for 24 h
(Figure 6d). IFNγ treatment augmented PARP and Caspase-3
cleavage and conversely, the presence of the inhibitor partially
reversed this process demonstrating that active Akt has a role
in the induction of apoptosis in IECs during inflammation
(Figure 6d). Of note, in agreement with the role of Akt1 as a
pro-survival molecule, augmented cleavage of PARP and
Caspase-3 was observed in IECs exposed to the Akt inhibitor
alone (Figure 6d). Decreased Akt Thr308 and Ser473 was
observed in cells treated with the Akt inhibitor VIII (Figure 6d).
To investigate whether nuclear Akt was inducing cell death
during inflammation, we took advantage of gain function
approach. Therefore, apoptosis (PARP cleavage) was ana-
lyzed in SW480 cells expressing increasing concentrations of
Akt1 WT, this approach results in the accumulation of active
Akt1 at the nuclear compartment.2 As shown in Figure 6e, in
BSA-treated monolayers PARP cleavage was only observed
when high amounts of Akt1 were transfected. However, in
IECs exposed to IFNγ, Akt1 overexpression triggered apop-
tosis even with low concentrations (Figure 6e). To investigate
whether nuclear Akt was in fact augmenting IEC death during
inflammation, we next evaluated the effect of expressing a
membrane-bound form of Akt1 that is constitutively active
(Akt1.myr), in the induction of apoptosis triggered by IFNγ. As
shown in Supplementary Figure 4E, IFNγ treatment augmen-
ted PARP cleavage, but this effect was partially prevented
when SW480 cells were transfected with Akt1.myr, suggest-
ing that translocation of Akt to the nuclear compartment
is important for IEC apoptosis during inflammation. Because
BV02 treatment augmented IEC death during colitis
(Figure 5d), we then analyzed the cellular distribution of active
Akt in control, DSS and DSS/BV02-treated mice. As shown in
Figure 6f, high levels of pAkt308, pAkt473 and Akt1 were
detected in nuclear extracts obtained from mucosal samples
of colitic mice when compared with healthy animals. Moreover,
a further increase in those molecules was detected when
DSS-treated animals were injected with the pan-14-3-3

inhibitor BV02 (Figure 6f). Thus, all these results suggest that
nuclear accumulation of Akt1 during inflammation triggers
apoptosis in IECs.
On the basis of these results, we speculated that 14-3-3η

could be a part of a mechanism that inhibits PDK1 function
during inflammation to tamper Akt activation in order to
prevent death in IECs. Therefore, we analyzed pPDK1
presence and apoptosis induction after cytokine treatment in
IECs overexpressing 14-3-3η. To this end, IECs transfected
with increasing concentrations of 14-3-3 or empty vector were
treated with cytokines for 24 h. PDK1, pPDK1, 14-3-3ζ,
14-3-3η, cleaved caspase-3 and PARP were analyzed by
western blotting. As shown in Figure 7a, Casp-3 and PARP
cleavage was detected in control IECs treated with cytokines;
however, this phenomenon was prevented in cells expressing
14-3-3η. Furthermore, the phosphorylation of PDK1 after
cytokine treatment observed in control monolayers was also
prevented when 14-3-3η was overexpressed (Figure 7a).
14-3-3η Overexpression did not affect in 14-3-3ζ or PDK1
(Figure 7a). Finally, we analyzed the role of PDK1 on Akt1
localization. Therefore, SW480 cells expressing Akt1-GFP
were treated with cytokine or cytokine plus PDK1 inhibitor. As
shown in Figure 7b, cytokine treatment induced Akt1 nuclear
accumulation in IECs, but this effect was prevented when cells
were pretreated with the PDK1 inhibitor GSK23334470.
Moreover, PDK1 inhibition or 14-3-3η overexpression reduced
cytokine-mediated IEC death to a similar extent (Figure 7c)
and also prevented the cleavage of caspase-3 triggered by the
cytokine treatment (Figure 7d). Thus, all together these results
demonstrate that downregulation of 14-3-3η during inflamma-
tion results in activation of PDK1, Akt1 activation and likely
leads to Akt-induced cell death.

Discussion

Changes in IEC homeostasis due to proinflammatory inter-
mediaries are a hallmark of inflammatory bowel diseases.
Cytokines such as IFNγ and TNFα are critical mediators
that contribute to the epithelial barrier breakdown by disas-
sembling tight junctions, reducing the rate of intestinal
epithelial cell migration, decreasing IEC proliferation and
increasing cell death.1,2,40,41 Cytokine mediators regulate
biological processes by altering several signaling pathways
including Akt, NOs and JAK/STAT.1,42,43 However, the
mechanisms underlying those processes are incompletely
understood.
In this report, we showed that proinflammatory cytokines

enhance Akt activation in IECs during inflammation. Using
complementary in vivo and in vitro approaches, we show that
proinflammatory cytokines stimulate Akt Thr308 phosphoryla-
tion in IECs by inducing degradation of the PDK1 inhibitor, 14-
3-3η, through a process that involves inhibition of mTORC1 by
14-3-3ζ and likely autophagy. Consistent with our findings, Akt
Thr308 phosphorylation has been observed in other models
where raptor has been downregulated or inactivated
(rapamycin).44–46 Thus, based on this premise, we suggest
that probably association of raptor with 14-3-3 proteins could
serve two major purposes: (1) inhibit mTORC1 function to
trigger autophagy and therefore 14-3-3η degradation and
PDK1 activation; and (2) release the TOR components to

14-3-3ζ regulates Akt activation
M Gómez-Suárez et al

1067

Cell Death and Differentiation



Figure 6 Akt inhibition reduces death in IECs during inflammation. (a) DSS-induced cumulative disease activity index—a cumulative disease activity index was calculated using
clinical symptom data for each time point for DMSO (□) and Akt inhibitor VIII (♦) treated mice. *Po0.05. **Po0.001. (b) Representative images obtained from colons of C57BL/6J
mice exposed to water, DSS/DMSO and DSS/Akt inhibitor VIII. Quantification is shown in the graph. In all, 10 mg/kg of weight of Akt inhibitor VIII was administered daily via
peritoneum. Akt pAkt308 protein levels in mucosal cell lysates are shown. *Po0.05, **Po0.001. n= 5. Bar= 1 cm. (c) Immunofluorescence staining for active caspase-3 (red) in the
mucosa of C57BL/6J mice treated with water, DSS/DMSO and DSS/Akt inhibitor VIII. Caspase-3-positive cells are marked by white arrows. Crypt axis is marked by white dotted lines.
Bar= 20 μm. Quantification is shown in graph. *Po0.05. n= 3. (d) pAkt308, pAkt473, Akt1, PARP and Caspase-3 were analyzed in cell lysates of SW480 cells treated with IFNγ,
Akt Inhibitor VIII (2.12 μM) or IFNγ/Akt Inhibitor VIII. Treatment was performed for 36 h. Actin was used as a loading control. n= 3. (e) Akt1, pAkt308, pβ-Cat552 and PARP were
analyzed in cell lysates of SW480 expressing increasing concentrations of hAkt1 flag tagged. Cells were treated with BSA or IFNγ during 18 h. Actin was used as a loading control.
n= 3. (f) pAkt473, pAkt308 and Akt1 were analyzed in nuclear fractions of IECs obtained from mice exposed to water, DSS or DSS/BV02 for 4 days. In all, 10 mg/kg of BV02 was
injected intraperitoneally daily. Mice were injected Histone-3 that was used as a marker for nuclear fraction. GAPDH was used as a marker for cytosolic fractions. n= 3
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allow mTORC2 assembly. The final output of these processes
could lead to the phosphorylation of Akt at two key residues,
Ser473 and Thr308, which could result in Akt full activation
as shown by Sarbassov et al.11

Contrary to the previous reports where mTORC1 was
inactivated by exogenous means, here we shown that
mTORC1 and Akt may be intrinsically modulated by 14-3-3
proteins. Specifically, our findings suggest (Figure 7c)
that cytokine stimulation triggered the phosphorylation of
14-3-3ζ and its association with raptor. The association of
p14-3-3ζS58 with raptor could prevent the binding of raptor

with the TOR complex consequently inhibiting mTORC1
activity and triggering autophagy.32 This process likely results
in 14-3-3η degradation via autophagolysosomes; therefore, in
some conditions 14-3-3ζ could control Akt full activation
and its biological functions. We believe that during inflamma-
tion 14-3-3ζ function/presence could be important to mediate
the balance between the activities of Akt and the mTOR
complexes, which is important to inhibit cell death. For
instance, it could act as a switch that controls a major cellular
energy consumer, mTORC1, and a major energy producer,
Akt. But also could have an important role to inhibit autophagy

Figure 7 14-3-3η reduces apoptosis in IECs during inflammation. (a) Caspase-3 and PARP, pPDK1, PDK1, 14-3-3ζ and 14-3-3η were analyzed in SW480 cells transfected
with increasing concentrations of 14-3-3η. IECs were exposed to IFNγ/TNFα for 24 h. Arrows mark cleaved caspase-3 and PARP. Actin was used as a loading control. (b) SW480
transfected with Akt1-GFP was stimulated with cytokines for 24 h in the presence or absence of the PDK1 inhibitor (GSK23334470; 50 μM). The inhibitor was added 30 min
before cytokine treatment. Nuclei=Blue. Bar= 10 μm. (c) Nuclear piknosis and (d) 14-3-3η, Oct-A(Flag) and caspase-3 cleavage were analyzed in SW480 cells that were
transfected with 14-3-3η (2 μg) or treated with PDK1 inhibitor (GSK23334470; 50 μM), before exposure to IFNγ/TNFα for 24 h. Actin was used as a loading control. **Po0.001.
n= 3. (e) Hypothetical model for Akt activation by IFNγ and 14-3-3 proteins in IECs
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mTORC1 mediated,47–50 which is an important process to
prevent autophagy-mediated cell death.47,51

Cytokine-driven autophagy has been observed in several
pathological conditions including atherosclerosis,52 myo-
pathy53 and arthritis,54 which has been linked to TNFα and
IFNγ presence. But, contrary to those reports where autop-
hagy acts as a suicidal mechanism,55,56 our results suggested
that the major purpose of the accompanying increase in
autophagy observed during inflammation is to fully activate
Akt1, a major antiapoptotic signalingmolecule.16 However, the
continuous cytokine stimulation of the inflamed mucosa57,58

might result in the dysregulation of the machinery that controls
Akt signaling pathway, leading to uncontrolled Akt activation
and cell death. This is a plausible scenario because
proinflammatory cytokines can also affect other biological
processes that control Akt function such as protein synthesis2

and/or Akt targeting/shuttling,2 which is known to be important
for controlling Akt destiny and function.39

14-3-3ζ stimulates PI3K signaling59 and also activates
PDK1, thus its presence could be important but not
essential60 to induce Akt activation, those properties in
14-3-3ζ could explain in part the tumor-promoting function
attributed to 14-3-3ζ upregulation.61 Additionally, the ratio
maintained between the dimeric and monomeric forms of
14-3-3ζ might have a role in controlling Akt activity; and it is
possible that oscillations in the amount of p14-3-3ζS58 are
necessary not only to maintain the Akt signal but also to
control its cellular localization, which is important because Akt
phosphorylates at least 100 non-redundant substrates in
different cell compartments.62 In this context, we now show
that during inflammation the monomeric form of 14-3-3ζ
augments and active Akt increases in the nucleus where
triggers IEC death. These findings are not the first one to
suggest a role for Akt in apoptosis induction; as prolonged Akt
activation has been shown to trigger apoptosis,1,63 and
apoptotic stimuli have been shown to induce Akt accumulation
in the nucleus,39 but here we observed that proinflammatory
cytokines augmented the pro-apoptotical function of Akt by
enhancing its full activation and nuclear accumulation through
affecting the function of 14-3-3 proteins. Therefore, we
speculate that the therapies using Akt inhibitors may be useful
to reduce apoptosis in IECs of patients with IBD, but the
complex interplay between the cellular distribution and
temporal activation of Akt has to be taken into account when
these treatments are designed. In fact, lack of understanding
of these processes could explain why therapies aimed merely
to inhibit Akt activation are moderately successful in experi-
mental cancer therapy64,65 and in preventing IEC cell death
during inflammation as shown here.
Finally, given that the vast number of clients of the 14-3-3

proteins is not difficult to envision that similar mechanisms
could be used by these proteins to control other signaling
pathways, during biological or pathological processes. Thus,
understanding how14-3-3 proteins can inhibit or activate other
signaling molecules would be an important step in the process
of create new treatments aimed to regulate biological
functions through controlling 14-3-3 molecules. In conclusion,
in this work we highlight a new mechanism by which 14-3-3
proteins can tamper Akt activation in IECs in order to control
proliferation and apoptosis during inflammation.

Materials and Methods
Antibodies and reagents. Recombinant human IFNγ and TNFα were
obtained from Peprotech (Rocky Hill, NJ, USA), and used at a concentration of 100
and 110 U/ml for in vitro treatment, respectively. p-14-3-3ζ antibody was obtained
from Santa Cruz (CA, USA; Cat. No. sc-101623). Information about other primary
antibodies and plasmids was previously reported.2 Plasmids were transfected
with Lipofectamine 2000 (Invitrogen, Grand Island, NY, USA). Akt inhibitor VIII
(Calbiochem, Darmstadt, Germany), PDK1 inhibitor GSK2334470 (Sigma,
St. Louis, MO, USA), Rapamycin (Calbiochem) and pan14-3-3 inhibitor
(Sigma) were used according to the supplier’s recommendations. Dextran Sulfate
Sodium Salt (40–50 K, MW) was purchased from Affymetrix, USB products (Santa
Clara, CA, USA). Secondary antibodies were purchased from Invitrogen and
Jackson ImmunoResearch (West Grove, PA, USA).

14-3-3ζ-GFP generation. GFP-tagged human tyrosine 3-monooxygenase/
tryptophan 5-monooxygenase activation protein, zeta polypeptide (14-3-3ζ) was
generated by cloning. Full-length 14-3-3ζ CDS was amplified from pCMV6-Entry-
YWHAZ cDNA ORF clone (Origene, Rockville, MD, USA) using the primers F
5′-gcg agc tca tgg ata aaa atg a-3′ and R 5′-tac ccg ggc att ttc ccc tcc tt-3′ and
cloned into the SacI and XmaI sites of the expression vector pEGFP-C1 (Clontech,
Mountain View, CA, USA). The resulting plasmid was verified by DNA sequencing.

Cell culture. Intestinal epithelial cell lines SW480 and RKO were obtained from
ATCC grown in DMEM with 10% fetal calf serum and antibiotics. Cells were maintained
in a humidified incubator with 5% CO2. For functional studies, cells were seeded onto
collagen-coated, permeable filters (Costar, Corning, NY, USA) or glass coverslips.

Animal experiments. All procedures with animals were reviewed and
approved by the CINVESTAV Institutional Committee for Care and Use of
Laboratory Animals (CICUAL) and were performed according to CONACYT criteria.
Male C57Bl/6J mice (7–8 weeks old) were obtained from The Jackson Laboratories
(Bar Harbor, ME, USA). Animals were housed in a standard day and night cycle,
with free access to food and water and experiments performed as previously
reported by us.19 Randomization but not blinding protocols were applied to all
experiments with animals. Sample size was defined using pre-established
protocols.66 Proteins were analyzed by western blotting and by indirect
immunofluorescence staining as previously described.19

Western blot assays. Samples were collected in Ripa lysis buffer (150 mM
NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.1% SDS, 50 mM Tris [pH 8.0])
supplemented with protease and phosphatase inhibitors (Sigma), sonicated and
cleared by centrifugation. Protein concentration was determined by BCA (Pierce,
Rockford, IL, USA), and samples boiled in SDS sample buffer with 50 mM
dithiothreitol (Sigma). Equal amounts of protein were separated by SDS-PAGE and
transferred onto nitrocellulose membranes. Membranes were blocked for 1 h with
2% wt/vol dry milk or BSA (Sigma) in Tris-buffered (Sigma) saline containing 0.1%
Tween-20 (Sigma) and incubated with primary antibodies in blocking buffer
overnight at 4 °C.

Immunofluorescence microscopy. Tissue sections were fixed with 4%
PFA (15 min; Sigma), and then permeabilized with 100% methanol (20 min, − 20 °
C; Sigma). Samples were blocked with 2% wt/vol BSA (Sigma) for 1 h and
incubated with primary antibodies overnight at 4 °C. After incubation with
fluorophore-labeled secondary antibodies for 1 h, nuclei were stained with ToPro-
3 iodide (Molecular Probes, Grand Island, NY, USA), and coverslips were mounted
in p-phenylene. Images were taken on an LSM 710 confocal microscope (Zeiss,
Jena, Germany) with Plan-NEOFLUAR 1003/1.3 oil, 403/1.3 oil and 203/0.5 dry
objectives, with software supplied by the vendor.

Cellular fractionation. Cytoplasmic and nuclear extracts were prepared using
the NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo Scientific, Waltham,
MA, USA) according to the manufacturer’s protocol.

Histological analysis. Nuclear piknosis was analyzed as previous reported
by us.67

Statistics. Dunnett’s post-test after one-way ANOVA or two-tailed Student’s t-test
was used to analyze the data (GraphPad Software, La Jolla, CA, USA). Po0.05
was considered as statistically significant.
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