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Akt/PKB is a key signaling molecule in higher eukaryotes and a crucial protein kinase in human health and disease.
Phosphorylation, acetylation, and ubiquitylation have been reported as important regulatory post-translational modi-
fications of this kinase. We describe here that Akt is modified by SUMO conjugation, and show that lysine residues 276
and 301 are the major SUMO attachment sites within this protein. We found that phosphorylation and SUMOylation of
Akt appear as independent events. However, decreasing Akt SUMOylation levels severely affects the role of this kinase
as a regulator of fibronectin and Bcl-x alternative splicing. Moreover, we observed that the Akt mutant (Akt E17K) found
in several human tumors displays increased levels of SUMOylation and also an enhanced capacity to regulate fibronectin
splicing patterns. This splicing regulatory activity is completely abolished by decreasing Akt E17K SUMO conjugation
levels. Additionally, we found that SUMOylation controls Akt regulatory function at G,/S transition during cell cycle pro-
gression. These findings reveal SUMO conjugation as a novel level of regulation for Akt activity, opening new areas of
exploration related to the molecular mechanisms involved in the diverse cellular functions of this kinase.

Introduction

SUMO (small ubiquitin-related modifier) conjugation or
“SUMOylation” is a transient and reversible post-translational
modification (PTM) consisting in the covalent attachment of
SUMO to a target protein.! SUMOylation affects activity, struc-
ture, sub-cellular localization, and the repertoire of interactions
of the target proteins.? The steps involved in the SUMO conjuga-
tion pathway resemble those of the ubiquitin pathway: (1) SUMO
needs to be proteolytically cleaved to expose its C-terminal gly-
cine—glycine (GG) motif; a step performed by SUMO-specific pro-
teases of the Sentrin-specific protease (SENP) family; (2) mature
SUMO is activated by the SUMO-specific El-activating enzyme,
the heterodimer SAE I/SAE II in mammals, in a Mg?*- and ATP-
dependent manner; (3) SUMO is transferred from SAEII to the E2
conjugating enzyme Ubc9, forming a thioester bond; and (4) Ubc9
transfers SUMO to the substrate, catalyzing the formation of an
isopeptide bond between the C-terminal glycine of SUMO and
the &-NH, group of the lysine (K) residue in the target protein.'
Although most targets can be SUMOylated in the presence of E1
and E2 in vitro, the process is usually facilitated by SUMO E3
ligases both in vitro and in vivo.” Reversibility of the process is
achieved by the action of SENPs that cleave the isopeptide bond
and release SUMO for further cycles.”® Although modification by
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SUMO has been mostly studied in the context of transcription,
chromatin remodeling, DNA repair, nucleo-cytoplasmic trans-
port, and mitosis,"! SUMO substrates seem to contribute to every
aspect of cell function, including signal transduction.'*

Akt (also known as protein kinase B or PKB) is a serine/
threonine kinase member of the AGC family of protein kinases,
conserved from primitive metazoan to humans, and involved
in the regulation of a plethora of cellular processes, such as cell
growth, proliferation, apoptosis, metabolism, and angiogenesis."”
Remarkably, deregulation of Akt signaling is associated with
several human diseases including cardiac hypertrophy, diabe-
tes, neuronal degeneration, vascular disorders, and cancer.'®"
Therefore, Akt-dependent pathways are considered an attrac-
tive target for therapeutic intervention, and a deep understand-
ing of the molecular mechanisms underlying the regulation of
this kinase activity becomes of paramount importance.'® Three
closely related and widely expressed Akt isoforms (Akel, Ake2,
and Akt3) are present in mammals. Akt activation downstream
of growth and survival factors as well as other extracellular stimuli
comprises recruitment of Akt to the plasma membrane through
its binding to phosphoinositide 3 kinase (Pi3K)-generated phos-
phatidylinositol 3,4,5-trisphosphate (PIP3), and phosphorylation
of Akt at a threonine residue within the kinase domain (T308 in
Aktl) by PDK1 (phosphoinositide-dependent protein kinase 1),
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and at a serine residue within the regulatory domain (S473 in
Aktl) by mTORC2 (mammalian target of rapamycin [mTOR]
complex 2). Once activated by these 2 phosphorylation events,
Akt isoforms exert their action by phosphorylating a wide variety
of downstream targets at different subcellular compartments.'”?°
Phosphorylation of other residues is important also for Akt fold-
ing, stability, and activity.?®

Despite a large body of data dealing with the regulation of
Akt by phosphorylation, the information about the influence of
other PTMs on Akt activity is less abundant. It has been shown
that Akt as well as PDK1 activity is regulated by reversible
acetylation.?® Recent reports have also linked ubiquitin conjuga-
tion to Akt stability and function. In this context, several E3
ligases responsible for regulating Akt ubiquitylation have been
described, some of which trigger ubiquitin-dependent Akt degra-
dation,*”*

downstream activity.

while others enhance Akt membrane recruitment and
29-31

Among other activities, Akt regulates cell cycle progres-
sion impinging at different levels. It has been shown that Akt
downregulates transcription of cyclin-dependent kinase (CDK)
inhibitors p21“?' and p27%®' genes through phosphorylation of
MDM2 and degradation of p53 in the former case and through
phosphorylation and inactivation of FOXO/Forkhead family of
transcription factors in the latter. Akt directly phosphorylates
GSK3, stimulating cyclin DI translation. It also phosphorylates
p21°*! and p27%!, causing their nuclear exclusion, thus releasing
CDK2 and facilitating G,/S transition. Moreover, activation of
Akt overcomes the DNA damage-induced G,/M checkpoint.*?

Work from our laboratory and others have implicated Akt as a
key transducer of extracellular cues into changes in splicing pat-
terns.’**> We have shown that activation of the Pi3K-Akt path-
way stimulates inclusion of EDI (a.k.a. EDA) alternative exon
into fibronectin mRNA. This effect is mediated by 2 splicing
regulatory factors from the SR protein family, SRSF1 and SRSF7,
that we identified as Akt phosphorylation substrates, revealing a
role for Aket as a novel SR protein kinase.”” The precise mecha-
nisms involved in this splicing regulatory activity of Akt have
remained elusive.

Here we show that Akt is modified by SUMO conjugation
both in vitro and in cultured cells. We mapped SUMO conjuga-
tion sites within Aktl and demonstrated that this PTM regulates
its activity, in particular its role in alternative splicing and cell
cycle regulation.

Results

Akt is modified by SUMO in vitro and in cultured cells

Akt is a known target of different PTMs: phosphorylation,
acetylation, and ubiquitylation. In silico analysis of Aktl pro-
tein sequence performed with SUMOsp2.0 (http://sumosp.
and SUMOplot
sumoplot) software predicted several putative consensus sites for
SUMO conjugation, 5 of them residing within the kinase domain
(Fig. S1A). To validate Aktl as a bona fide SUMOylation tar-
get, HEK 293T cells were transfected with expression vectors for
6xHis-SUMO?2, the SUMO-E2 conjugating enzyme Ubc9 and
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HA-tagged Aktl. Whole-cell lysates were analyzed by western
blot with anti-HA antibody, revealing several bands that migrated
slower than HA-Aktl and were enhanced upon Ubc9 overex-
pression, suggesting they correspond to SUMO-modified Aktl
(Fig. 1A). Additionally, SUMO conjugates were enriched from
cell lysates by denaturing Ni** affinity chromatography and ana-
lyzed by western blot. HA-Akt1-SUMO conjugates were clearly
detected by this technique only in lysates from 6xHis-SUMO-
transfected cells (Fig. 1B). Moreover, the slower migrating bands
were sensitive to overexpression of the SUMO-specific proteases
SENPI1 or 2, corroborating that they, indeed, correspond to
SUMO-conjugated forms of Aktl (Fig. 1C).

Aktl interacts with the SUMOylation machinery, as demon-
strated by GST pull-down assays performed by incubating recom-
binant GST-Ubc9 with lysates from HEK 293T cells expressing
HA-Aktl (Fig. 1D). SUMO conjugation to Aktl was further
corroborated by an in vitro SUMOylation assay (Fig. 1E).

These results indicate that Aktl is a SUMO conjugation sub-
strate both in vitro and in cultured cells.

Aktl is modified by SUMO2 at K276 and K301 within its
kinase domain

In order to map the target lysine(s) for SUMO conjugation,
mutations were introduced at different predicted SUMOylation
consensus sites within Aktl by site-directed mutagenesis designed
to replace individual lysine (K) residues by arginine (R). From
the different mutants tested, substitution of K276 or K301 led
to a decrease in SUMO conjugation levels (Fig. S1B). Moreover,
the double mutant (K276/301R) showed a stronger reduction in
SUMOylation, suggesting these 2 residues are crucial for Aktl
modification by SUMO (Fig. 2A). Furthermore, the SUMO
consensus site corresponding to K276 in Aktl is conserved in the
other mammalian Akt family members (K277 in Akt2 and K272
in Ake3) as well as in Akt orthologous from worms to mam-
mals (Fig. S2). In particular, not only Ake2 is a SUMO conjuga-
tion substrate (Fig. S3A), but also the replacement of K277 by
R diminished Akt2 SUMOylation levels (Fig. S3B). It is worth
noting that the K residue at position 301 in Akt is not present in
Ake2 or Akt3 isoforms. Additionally, it is absent in phylogeneti-
cally distant Akel orthologs (Fig. S2).

Mutating K276 severely affected Aktl SUMOylation levels in
different cell lines (Fig. S3C and data not shown). However, the
effect of mutating K301 on Akl SUMOylation seemed to be cell
line-dependent. Analyzing the amino acid sequence neighboring
K276 within Aktl, the SUMOylation motif appears as a combi-
nation of a canonical consensus motif (CM) with and inverted
consensus motif (ICM) (Fig. 2B). To further validate K276 as
a bona fide SUMO conjugation site within Aktl and consider-
ing this particular feature of the SUMO motif, we mutated both
negatively charged residues (D274 and E278) without altering
the target K, and observed that this double mutant (D274N/
E278Q) showed reduced Aktl SUMOylation levels, similar to
the K276R mutant (Fig. 2C).

Considering that the double mutant K276/301R termed “Aktl
2KR” showed the lowest level of Aktl SUMOylation in our exper-
imental setting, it was used to further analyze the consequences of
SUMO conjugation on different Akt-regulated processes.
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Lack of subordination between different Akt PTMs

So far, the best-established parameter of Akt activation within
living cells has been its phosphorylation levels at T308 and S473.
As for every member of the AGC kinase family, phosphorylation
of these 2 residues is necessary for complete activation of Aktl.
Given the importance of these modifications on Akt activity, we
asked whether any connection between these phosphorylation
events and SUMO conjugation to Aktl exists. To this end, we
compared phosphorylation levels of wild-type (WT) HA-Aktl
with those of HA-Akel 2KR expressed in HEK 293T cells.
Diminishing SUMO conjugation to Aktl does not seem to affect
the phosphorylation of this kinase on T308 and S473 (Fig. 3A).
Moreover, Aktl SUMOylation levels were measured in response
to inhibition of Aktl phosphorylation by the Pi3K pharmacolog-
ical inhibitor LY 294002 (LY). The efficacy of the inhibitor was
assessed by western blot analysis of phospho-Akt levels (Fig. 3B,
lower panel). Inhibition of Pi3K-dependent Akt phosphorylation
did not alter basal or Ubc9-stimulated Aktl SUMO conjugation
levels (Fig. 3B, upper and middle panels). In addition, neither
phosphomimetic mutations on T308 and S473 (T308D/S473D)
nor the impairment of phosphorylation at T308 (T308A) inter-
fered with Aktl SUMO conjugation (Fig. 3C).

These results indicate that modification of Akt by SUMO
conjugation is not a prerequisite for Aktl phosphorylation,
nor is Pi3K-dependent Akt phosphorylation required for Akt
SUMOylation.

Akt SUMOylation affects alternative splicing regulation

Previous work from our laboratory demonstrated that Akt
activation regulates fibronectin splicing patterns in an SR pro-
tein-dependent manner.” Aiming at elucidating possible mecha-
nisms, we wondered whether Akt SUMOylation was involved in
the splicing regulatory activity of Akt. To this end, the effect
of Akel 2KR overexpression on fibronectin alternative splicing
was monitored by analyzing mRNA isoforms (either containing
or lacking the fibronectin alternative exon EDI) derived from a
splicing reporter minigene (Fig. 4A).

Cells were co-transfected with the EDI splicing reporter
minigene and either the expression vector for HA-Aktl WT or
HA-Aktl 2KR, with or withoutan expression vector fora constitu-
tively active Ras mutant that preferentially activates the Pi3K-Akt
pathway (RasV12C40).“ As previously shown,” overexpression
of Aktl stimulates EDI exon inclusion, and this effect is even
more pronounced upon activation of the pathway by RasV12C40
(Fig. 4B). Most interestingly, decreasing SUMOylation not only
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Figure 1. Akt1 is a SUMO substrate in cells and in vitro. (A) HEK 293T cells were co-transfected with expression vectors for HA-tagged Akt1 and His-
SUMO2, with or without T7-Ubc9 expression vector. Cell lysates were prepared 48 h after transfection and analyzed by SDS/page and western blot with
an anti-HA antibody. Slower migrating bands suspected to be SUMO-Akt1 conjugates are indicated with an asterisk. (B) HEK 293T cells were transfected
with HA-Akt1 and Ubc9 expression vectors, with or without His-SUMO2. After 48 h, cells were lysed, an aliquot of the lysate was taken as input, and the
reminder was subject to denaturing Ni?* affinity chromatography. Both fractions were analyzed by western blot with an anti-HA antibody. Different
lanes from the same gel were put together as indicated by the dividing line. (C) Cells were co-transfected with HA-Akt1, His-SUMO2, Ubc9 and either
SENP1 or 2 expression vectors, or the corresponding empty vector (). SUMO conjugation to Akt1 was analyzed as in (B). (D) Pull-down assay (right panel)
was performed combining bacterially expressed and purified GST or GST-Ubc9 with cell lysates from HEK 293T expressing HA-Akt1. An aliquot of the
lysate was taken as input (left panel). Samples were analyzed by western blot with an anti-HA antibody. (E) Purified recombinant HA-Akt1 was incubated
with Aos1-Uba2 (E1 heterodimer), increasing amounts of Ubc9 (E2 enzyme), and SUMO2. Reactions were stopped by addition of 2X Laemmli sample
buffer and analyzed by western blot with an anti-HA antibody.
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makes Akt unable to stimulate exon inclusion, but also renders
it refractory to RasV12C40 overexpression (Fig. 4B; Fig. S4A).
To further strengthen this finding, we performed knockdown/
rescue experiments. Endogenous Aktl was knocked-down by
an siRNA targeted to the 3'UTR, and the cells were rescued by
overexpression of siRNA-resistant wild-type or SUMOylation-
deficient Akel (Fig. S4B). Figure 4C shows a strong decrease in
EDI exon inclusion upon silencing of endogenous Aktl, which is
rescued by WT HA-Aktl but not by HA-Akel 2KR.

A somatic mutation of Aktl has been identified in breast,
colorectal, and ovarian human cancers. This point mutation
at amino acid 17 (E17K) enhances Akt interaction with the
plasma membrane, hyperactivating Akt, and therefore stimu-
lating downstream signaling leading to cellular transforma-
tion.* In line with SUMO conjugation being required for Akt
activity, hyperactive Akel E17K displays a strong increase in
SUMO conjugation levels, which is lost upon further introduc-
ing the 2 mutations K276R and K301R into this mutant protein
(“HA-Akel E17K/2KR,” Fig. 4D). We then analyzed the effect
of the E17K mutation on Akt splicing regulatory activity. Indeed,
Aktl E17K enhanced inclusion of the EDI exon to a larger extent
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Figure 2. Mutational analysis of Akt1 SUMO conjugation sites. (A) HEK
293T cells were transfected either with wild-type (WT), K276R, K301R,
or the double mutant K276R/K301R (“2KR") HA-tagged Akt1 expres-
sion vectors, together with 6xHis-tagged SUMO2 and Ubc9 expression
vectors. Cells lysates were subject to denaturing Ni?** affinity chroma-
tography and analyzed by western blot with an anti-HA antibody as indi-
cated in Figure 1. Different lanes from the same gel were put together
as indicated by the dividing lines. (B) Analysis of the SUMO consensus
site surrounding K276 in Akt1l. CM, canonical consensus motif; ICM,
inverted consensus motif; W, bulky, hydrophobic amino acid; X, any
amino acid; E, glutamic acid; D, aspartic acid. (C) HEK 293T cells were
transfected either with wild-type, K276R, or the double mutant D274N/
E278Q HA-tagged Akt1 expression vectors, together with 6xHis-tagged
SUMO?2 and Ubc9. Cell lysates were subject to denaturing Ni?** affinity
chromatography and analyzed by western blot with an anti-HA antibody
as indicated above. Different lanes from the same gel were put together
as indicated by the dividing line.
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than wild-type Akel (Fig. 4E). Remarkably, this hyperactivity of
Aktl E17K was completely lost upon diminishing SUMO con-
jugation at K276 and K301 within this mutant protein (Aktl
E17K/2KR, Fig. 4E).

These results point to the dependence on SUMO conjuga-
tion for the splicing regulatory function of Aktl within the
Pi3K-AkeSR protein axis previously described by our laboratory.
Furthermore, they suggest a possible regulatory role for SUMO
conjugation on Akt tumorigenic activity.

To further explore the influence of Akt SUMO conjugation on
splicing regulation, and considering the crucial role that Akt exerts
on the balance between cell survival and apoptosis, we analyzed
its involvement in the regulation of Bclx pre-mRNA splicing.
Bcl-x transcripts give rise to 2 different mRNAs, a pro-apoptotic
(short) and a pro-survival (long) isoform, by the differential use
of two alternative 5" splice sites. We took advantage of a Bclx
splicing reporter minigene® (Fig. 4F) that was co-transfected
with expression vectors for RasV12C40 and either HA-Akel WT
or HA-Akel 2KR. Consistent with Akt pro-survival role, activa-
tion of WT HA-Aktl altered the balance between Bcl-x mRNA
isoforms derived from the minigene, increasing the proportion
of the pro-survival mRNA (Bcl-x[L], Fig. 4G). However, Aktl
2KR failed to do so, demonstrating that SUMO conjugation is
necessary for Akt-mediated Bclx splicing regulation (Fig. 4G).
These results implicate Akt in the regulation of Bcl-x pre-mRNA
splicing, favoring a pro-survival mRNA isoform, which is con-
sistent with the protective role of this kinase against apoptosis.
Furthermore, they expand the relevance of Akt SUMOylation for
its involvement in alternative splicing regulation.

Akt SUMOylation regulates cell cycle

Among several actions exerted by Akt to regulate the cell
survival/apoptosis balance, it is known that it controls cell cycle
progression by facilitating G,/S transition and the initiation of
M phase.” Based on this, we asked whether Akc SUMOylation
could have any impact on cell cycle progression by analyzing
cell cycle profiles of HEK 293T cells transfected with expres-
sion vectors for HA-Aktl WT or HA-Aktl 2KR. As observed
in Figure 5, overexpression of wild-type Aktl increased the per-
centage of cells in S and G, phases while decreasing that of G,
phase compared with control cells. However, overexpression of
HA-Akel 2KR failed to cause these changes.

These results indicate that SUMO conjugation to Aktl is
required for the function of this kinase as a regulator of the G,/S
transition.

Discussion

Here we reported the post-translational modification of Aktl
by SUMOylation both in vitro and in living cells, and mapped
K276 and K301 within its kinase domain as SUMO conjuga-
tion sites. Combined replacement of these 2 K residues by R not
only diminished Akt SUMOylation levels, but also impaired dif-
ferent Ake activities. In particular, we explored the role of Akt
as a regulator of alternative splicing and cell cycle progression,
and found that SUMOylation of Akt is required for the activity
of this kinase in these different cellular processes. Specifically,
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the results presented here revealed SUMO conjugation as an
Akt PTM controlling the splicing regulatory role of this kinase
described by our laboratory several years ago.”’

We explored the effect of Akt SUMOylation on some of the
cell cycle-related events that have been shown to be dependent
on Akt function. Remarkably, SUMO conjugation to Akt is not
only relevant for cell cycle progression at the G /S transition, but
also for the production of different mRNA splice variants that
are associated with cell proliferation and survival. In particular,
EDI-containing fibronectin mRNA isoforms are characteristic of
highly proliferative normal tissues and tumors. Moreover, alter-
native splicing plays a crucial role in the control of apoptosis, as
several pre-mRNAs for cell death factors are alternatively spliced,
yielding isoforms with opposed functions during pro-

regulated. Most of the studies about the regulation of Akt activ-
ity have been focused in its phosphorylation, and only recently
its acetylation and ubiquitylation have been pointed out as
additional regulatory modifications of this protein. During
the completion of this manuscript and in agreement with our
current data, work from Li et al. reported the modification of
Akt by SUMO conjugation at multiple lysine residues, point-
ing to K276 as the major SUMOylation site within this kinase.
Furthermore, they found that this PTM influences Akt activ-
ity at cell proliferation and tumor development and, consistent
with our findings, showed that diminishing SUMO conjugation
to the cancer-associated mutant Aktl E17K reduces its onco-
genic capacity.’* Our results together with these findings reveal

grammed cell death. Thus, deciphering the splicing
regulators and the signal transduction pathways control- A

IP:HA B

ling these alternative splicing events may have important

implications for cancer pathophysiology, and, as such, it
has been the focus of different laboratories.®>4°-! Here, /
we determined that Ake is involved in the regulation of
Belx pre-mRNA splicing. In agreement with the pro-
survival role of Ak, its activation favors the production
of the pro-survival mRNA isoform of Bcl-x, and it does
so in a SUMOylation-dependent manner. Recent work
from Zhou et al. has analyzed endogenous alternative

splicing patterns upon cell stimulation with epidermal
growth factor and defined the Pi3K-Akt axis as the main C
signaling pathway involved in alternative splicing regula-
tion downstream of this growth factor.*! Whether differ-
ent Pi3K-responsive alternative splicing events identified
by this high-throughput analysis are also sensitive to Akt
SUMOylation remains to be explored.

Four different results presented in Figure 3 indicate
that phosphorylation at T308 and S473 and SUMO
conjugation to Akt can be considered as independent
events: (1) the mutant Akel 2KR chat displays lower
SUMOylation levels is equally phosphorylated to wild-
type Ak, at least under steady-state conditions; (2) phar-
macological blockade of the Pi3K/Akt pathway does
not alter SUMO conjugation to Akg; (3) stimulation of
the SUMO pathway by Ubc9 overexpression does not
alter Akt phosphorylation; and (4) point mutations that
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abolish or mimic Akt phosphorylation do not interfere

with its SUMOylation. However, downstream activities
of Akt are drastically impaired in the SUMO-deficient
mutant, indicating that this PTM does not regulate the
activation of this kinase, but it might regulate its interac-
tion with downstream targets.

Over the last 2 decades, Akt has emerged as a key
signaling molecule in higher eukaryotes due to its regu-
latory function in a wide variety of cellular processes.
As such, it is a crucial protein kinase in human physiol-
ogy and disease. Despite a large body of data dealing
with upstream Akt activation and downstream targets,
we still have an incomplete understanding of how this
vast diversity of Akt cellular actions is differentially

Figure 3. Lack of subordination between phosphorylation and SUMOylation of
Akt1. (A) HEK 293T cells were transfected either with wild-type or 2KR HA-tagged
Akt1 expression vectors and cultured with 10% fetal bovine serum (FBS) or without
serum (0% FBS). Cells lysates were subject to immunoprecipitation with anti-HA
antibody and analyzed by western blot with the antibodies indicated on the right
side of each panel. (B) HEK 293T cells were transfected with HA-Akt1 and 6xHis-
tagged SUMO2, with or without Ubc9 expression vectors, as indicated at the top of
the panel. Twenty-four h after transfection cells were treated with the Pi3K inhibi-
tor LY 294002 (LY) for another 24 h before cell lysis. An aliquot of the lysates was
taken as input and the reminder was subject to denaturing Ni?* affinity chromatog-
raphy. Both fractions were analyzed by western blot with the antibodies indicated
at the bottom of each panel. (C) HEK 293T cells were transfected either with wild-
type, T308D/S473D, or T308A HA-tagged Akt1, 6xHis-SUMO2, and Ubc9 expression
vectors. An aliquot of the lysates was taken as input and the reminder was subject
to denaturing Ni?* affinity chromatography. Both fractions were analyzed by west-
ern blot with anti-HA antibody.
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a previously unknown regulatory level for the crucial role of this
kinase in health and disease and open new areas of exploration
for therapeutic intervention. Activation of Akt is opposed by the
action of PTEN (the phosphatase and tensin homolog deleted in
chromosome 10), which antagonize the action of Pi3K hydro-
lyzing PIP3. Different laboratories have described recently that
SUMO conjugation to PTEN regulates its subcellular distribu-
tion and activity.> In this context, it seems that the emerging
concept of “group SUMOylation”, which refers to the require-
ment for simultaneous modification of multiple targets involved
in the same biological process,**® could apply to the regulation of
the Pi3K-Akt signaling axis.

Materials and Methods

Plasmids, siRNAs, and cell transfection

Plasmid DNA and siRNAs were transfected into HEK
293T or HeLa cells with Lipofectamine 2000 as the manufac-
turer’s instructions (Invitrogen). The sequence of the siRNA
(Invitrogen) targeting the human Akel 3"UTR was the follow-
ing: 5-GGGUUUACCCAGUGGGACA(IT)(dT)-3","” and
siRNA targeting luciferase was used as a control, siRNA LUC:
5-CUUACGCUGAGUACUUCGA(IT)(dT)-3"3®

The plasmids used were HA-Aktl WT, K20R, K30R, K64R
(provided by HK Lin);® T7-Ubc9 (provided by D wotton);
His-SUMO?2 (provided by R Hay); Flag-SENP1 (provided by
E. Yeh; Addgene plasmid 17357);” Flag-SENP2 (provided by E
Yeh; Addgene plasmid 18047);%° RasV12C40 (provided by JM
Rojas);* Bcl-x minigen (provided by C Chlafant).®

Site-directed mutagenesis

Site-directed mutagenesis was performed by the Dpn I
method, based on Stratagene QuickChange specifications.
Sequence of the different primers used for this method is avail-
able upon request.

Recombinant proteins

GST was expressed in E. coli BL21(DE3) Rosetta, and GST-
Ubc9 in M15(pREP4) cells by induction with 0.5 mM IPTG and
purified using glutathione Sepharose beads (GE Healthcare).
HA-Aktl was purified from transfected HEK 293T lysates as

described.®' Proteins were analyzed by SDS-PAGE and coomassie
staining for quantification and purity.

GST pull-down assays

Pull-down assays were performed as described.”> HEK 293T
cells were lysed in 1 ml of lysis buffer [20 mM Tris-HCI pH
7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton
X-100, 1 mM B-glycerophosphate, 1 mM KF, 5% glycerol, and
Ix Complete Protease Inhibitor (Roche)] and incubated for 30
min at 4 °C. After centrifugation for 20 min at 4 °C, superna-
tants were used immediately for pull-down or kept at -80 °C.
Lysates were pre-cleared with 2 pg of GST coupled to glutathi-
one Sepharose beads (GE Healthcare), and cleared lysates were
incubated with the indicated GST-tagged recombinant protein
coupled to glutathione Sepharose beads for 1 h at room tempera-
ture. After 3 washes in lysis buffer and one in PBS, proteins were
eluted by adding 2x Laemmli sample buffer and analyzed by
western blot.

Purification of 6xHis-SUMO-conjugated proteins

HEK 293T or HelLa cells were transfected in 35 mm culture
wells with the indicated plasmids. After 48 h, 6xHis-SUMO
conjugates were purified under denaturing conditions using
Ni-NTA agarose beads according to the manufacturer’s instruc-
tions (QIAGEN). Transfected cells were harvested in ice-cold
PBS plus 100 mM iodoacetamide. An aliquot was taken as input,
and the remaining cells were lysed in 6 M guanidinium-HCI
containing 100 mM Na,HPO,/NaH PO, 10 mM Tris-HCl pH
8.0, 5 mM imidazole, and 10 mM iodoacetamide. Samples were
sonicated to reduce the viscosity, and after centrifugation for 20
min at 12000 g, proteins in the supernatants were purified using
Ni-NTA beads (QIAGEN) according to Tatham et al.®* Samples
were subsequently washed with wash buffer I (8 M urea, 10 mM
Tris-HCI, 100 mM Na,HPO,/NaH PO,, 5 mM imidazole, 10
mM iodoacetamide, pH 8), wash buffer IT (8 M urea, 10 mM
Tris-HCI, 100 mM Na, HPO,/NaH PO,, 0.2% Triton X-100, 5
mM imidazole, 10 mM iodoacetamide, pH 6.3), and wash buffer
III (8 M urea, 10 mM Tris-HCl, 100 mM NaZHPO4/NaH2PO4,
0.1% Triton X-100, 5 mM imidazole, 10 mM iodoacetamide,
pH 6.3). Samples were eluted in 2x Laemmli sample buffer con-
taining 300 mM imidazole during 5 min at 95 °C.

Figure 4 (See opposite page). Akt1 SUMOylation affects alternative splicing patterns. (A) Partial representation of fibronectin (FN EDI) splicing reporter
minigene used to analyzed alternative splicing patterns in transfected cells. The scheme shows the 2 mRNA isoforms, either containing (EDI+) or lack-
ing (EDI-) EDI alternative exon, derived from a single pre-mRNA upon transcription of the minigene. (B) HeLa cells were co-transfected with the FN EDI
minigene, either with wild-type (WT), 2KR HA-tagged Akt1 expression vectors, or the corresponding empty vector (), and with an expression vector
for a constitutively active form of Ras (RasV12C40) or its corresponding empty vector. Forty-eight h after transfection, RNA was prepared and used to
analyze mRNA isoforms derived from the minigene by reverse transcription and radioactive PCR with specific primers. The bar graph corresponds to
the ratio between the 2 PCR products shown in the lower panel. The different EDI+/EDI- ratios were standardized against the ratio corresponding to the
condition lacking both Akt and Ras isoforms. Different lanes from the same gel are shown. (C) HeLa cells were transfected with siRNA against Akt1 3'UTR
(siAkt1) or control siRNA (-). Cells were re-transfected 24 h later with the FN EDI minigene and increasing amounts of HA-Akt1 WT, HA-Akt1 2KR, or the
corresponding empty vector () and cultured for additional 48 h. EDI splicing patterns were analyzed as indicated in (B). The bar graph corresponds to
the ratio between the two PCR products. (D) HeLa cells were transfected either with WT, E17K, or E17K/2KR HA-tagged Akt1 expression vectors together
with 6xHis-SUMO2 and Ubc9 expression vectors. An aliquot of the lysates was taken as input and the reminder was subject to denaturing Ni?* affinity
chromatography. Both fractions were analyzed by western blot with anti-HA antibody. Different lanes from the same gel were put together as indicated
by the dividing line. (E) HeLa cells were transfected with the FN EDI minigene and either WT, 2KR, E17K, or E17K/2KR HA-Akt1 expression vectors or the
corresponding empty vector. Splicing isoforms derived from the minigene were analyzed as in (B). (F) Partial, schematic representation of the Bcl-x
splicing reporter minigene and the 2 mRNA isoforms, long (L) and short (S), derived from it. (G) HEK 293T cells were transfected with the Bcl-x splicing
reporter minigene together with WT or 2KR HA-Akt1 expression vectors, or the corresponding empty vector. Forty-eight h later, RNA was extracted and
mRNA isoforms derived from the transfected minigene were analyzed by reverse transcription and radioactive PCR with specific primers. The bar graph
shows the ratio between the PCR products corresponding to the long [Bcl-x(L)] and the short [Bcl-x(S)] mRNA isoforms. In every case, values shown in
histograms correspond to mean + SE of a representative experiment run in duplicate.
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Figure 5. SUMOylation of Akt1 affects cell cycle progression. HEK 293T
cells were transfected with empty vector (control), WT or 2KR HA-Akt1
expression vectors and cell cycle profiles (DNA content) were analyzed by
flow cytometry 48 h after transfection. The bar graph shows the percent-
age of cells at the different cell cycle phases for each analyzed condition.
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In vitro SUMOylation reactions

In vitro SUMOylation reactions were performed as
described,® using HA-Akt as a substrate. The SUMOylation
buffer was 20 mM HEPES-KOH pH 7.3, 100 mM KAcO,
0.5 mM EGTA, 1 mM DTT, 0.05% Tween-20, 0.2 mg/ml oval-
bumin, and 1x Complete protease inhibitor (Roche). HA-Aktl
(250 ng) was incubated with 150 ng E1, 250 or 500 ng Ubc9, and
1 g SUMO. Reactions were stopped by addition of 2x Laemmli
sample buffer. One-fourth of the reaction was run in SDS-PAGE
and analyzed by western blot. Recombinant SUMO, Ubc9 (E2
enzyme) and Aosl-Uba2 (E1 heterodimer) were purchased from
Enzo Life Sciences.

Splicing assay

Cells were transfected with 500 ng of the splicing reporter
minigene (shown in Fig. 4A and F). Forty-eight hours later,
RNA was extracted and subject to RT-PCR as described.*
Radioactive PCR products were run on native 6% polyacrilamide
gels, which were subsequently dried and exposed to X-ray films
(Agfa). Radioactivity in the corresponding bands was measure
by scintillation counter and used to calculate the radio between
different mRNA isoforms.

Cell cycle analysis

HEK 293T cells were transfected as indicated above and, 48
h after transfection, were harvested. Cells were fixed with 5 ml
of ice cold 70% ethanol and incubated over night at -20 °C. For
cell cycle analysis, fixed cells were centrifuged at 1000 rpm for
5 min and washed with PBS. Cells were then incubated with
propidium iodide (50 pg/ml) containing RNase A (100 pg/
ml) at 37 °C for 60 min. DNA content was determined by flow
cytometry (FACS Aria II, BD Biosciences), and the percentage of
cells in the different cell cycle phases was quantified by FlowJo
software (Tree Star).

Antibodies

The antibodies used were: Akt (#9272), Phospho-Akt Thr308
(#4056), and Phospho-Akt Ser473 (#4060) from Cell Signaling;
HA (HA-16B12, Covance).
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