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Abstract

The WNT signalling pathway controls many developmental processes and plays a key role
in maintenance of intestine renewal and homeostasis. Glycogen Synthase Kinase 3
(GSKB3) is an important component of the WNT pathway and is involved in regulating B-cate-
nin stability and expression of WNT target genes. The mechanisms underpinning GSK3
regulation in this context are not completely understood, with some evidence suggesting
this occurs through inhibitory N-terminal serine phosphorylation in a similar way to GSK3
inactivation in insulin signaling. To investigate this in a physiologically relevant context, we
have analysed the intestinal phenotype of GSK3 knockin mice in which N-terminal serines
21/9 of GSK30a/B have been mutated to non-phosphorylatable alanine residues. We show
that these knockin mutations have very little effect on overall intestinal integrity, cell lineage
commitment, B-catenin localization or WNT target gene expression although a small
increase in apoptosis at villi tips is observed. Our results provide in vivo evidence that GSK3
is regulated through mechanisms independent of N-terminal serine phosphorylation in
order for 3-catenin to be stabilised.

Introduction

The small intestine is comprised of the crypts of Lieberkiihn, invaginations of the epithelium
containing pluripotent stem cells, and of villi, finger-like protrusions containing differentiated
cells. The intestinal epithelium renews every 3-5 days in adults and this is achieved through
the activity of the crypts [1]. The intestinal stem cells (ISCs), which reside at crypt bottoms, are
the driving force behind intestinal renewal [2]. Their proliferative progenitors, transit amplify-
ing (TA) cells, undergo 4-5 divisions before terminally differentiating [3]. During this process,
the TA cells migrate upwards towards the villus base and differentiate into absorptive or secre-
tory cells, namely enterocytes, goblet cells and enteroendocrine cells. These differentiated cells
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continue to move upwards and, upon reaching the villus tip, they undergo apoptosis and are
shed into the gut lumen. The Paneth cell represents a fourth cell type, also derived from the
ISCs, but this cell type migrates in the opposite direction into the crypt base [4, 5].

At the crypt base is the ‘stem cell zone’ created by ISCs or crypt base columnar (CBC) cells
interspersed between the Paneth cells [6]. These stem cells can be identified by their expression
of key marker genes including Lgr5, Ascl2 and Olmf4 [7-9]. More recently a second population
of slow cycling/quiescent cells has been noted to reside at the fourth position from the crypt
base (+4) [10, 11] and Bmil, Tert and Hopx amongst other genes have been proposed as mark-
ers of this +4 population [12-17]. However the +4 model has been challenged with a number
of studies demonstrating the expression of these markers also within the Lgr5+ population of
CBCs [15, 18]. A more general model of crypt plasticity attempts to reconcile both of these
observations and suggests the existence of two populations of stem cells; one actual and one in
reserve that can be called upon in response to tissue damage [16].

The WNT pathway plays a crucial role in intestinal proliferation and ISC maintenance as
evidenced by ablation of the major WNT target gene T cell factor 4 (TCF4), which causes a loss
of proliferative crypts [19]. A primary point of regulation of the WNT pathway is at the level of
the destruction complex. In the absence of WNT proteins, the kinase GSK3 along with B-cate-
nin, Adenomatous Polyposis Coli (APC), Casein Kinase 1 (CK1) and the scaffolding protein
AXIN form this complex. In the basal state, GSK3 is active and phosphorylates -catenin lead-
ing to its ubiquitination and subsequent degradation [20, 21]. Upon WNT binding to Frizzled
receptors and low-density lipoprotein receptor-related protein (LRP) co-receptors and subse-
quent engagement of Dishevelled, the destruction complex is antagonised and cytoplasmic f-
catenin avoids phosphorylation by GSK3. These events result in B-catenin accumulation,
nuclear translocation and the engagement of TCF/LEF (T-cell factor/lymphoid enhancer-bind-
ing factor) to activate the expression of downstream genes.

GSK3 has two isoforms, GSK3a and GSK3p, encoded by different genes and these kinases
share over 97% sequence homology within their catalytic domains [22]. GSK30. and GSK3p are
redundant in the WNT pathway [23] but the mechanisms underpinning WNT-induced inhibi-
tion of B-catenin phosphorylation by GSK3 are incompletely understood. Initially, parallels were
drawn to the inactivation of GSK3 in the insulin signalling pathway whereby GSK30/ is inacti-
vated through inhibitory phosphorylation at residues S21/S9 by Protein Kinase B (PKB) [24].
Phosphorylation of GSK30/p in this manner was shown to cause the N-terminal tail of GSK3 to
associate in the substrate-binding pocket, preventing the binding of primed substrates [25]. How-
ever, subsequent analysis has shown that GSK3 regulation occurs through distinct mechanisms in
the two pathways and that WNT signalling does not lead to a detectable change in S9 phosphory-
lation of GSK3p [26]. More recent investigations have suggested alternative models to explain
how WNTs inhibit GSK3 [27, 28]. One hypothesis is that phosphorylated PPPSPxS motifs in the
cytoplasmic tail of LRP act as a competitive pseudosubstrate in the GSK catalytic pocket, thus pre-
venting substrate phosphorylation through GSK3 inhibition [29, 30]. A second proposes that
GSK3 and B-catenin are spatially separated by the uptake of GSK3 into multivesicular bodies
(MVBs), preventing cytoplasmic B-catenin phosphorylation [31]. Another model posits disrup-
tion of the destruction complex through APC/Axin dissociation from GSK3/f-catenin [32, 33].

To investigate GSK3 regulation, and the specific role of N-terminal serine phosphorylation,
in a biologically relevant tissue, we have analysed the intestinal phenotype of knockin mice in
which serines 21 and 9 of GSK30 and GSK3p respectively have been mutated to alanine [34].
In vivo, we find no role for this phosphorylation event in WNT signalling or gut homeostasis
although a small effect on intestinal apoptosis is observed. These data confirm that GSK3 regu-
lation in the context of the WNT pathway must occur through mechanisms independent of N-
terminal serine phosphorylation.
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Materials and Methods
Experimental animals

Animal experiments were performed under Home Office project license authority. The
GSK3 S A/S2IA g99ASIA (GSK3MKT) mice used for this study have been previously reported
[34] and were kindly provided by Dario Alessi, MRC Phosphorylation Unit, Dundee, UK.
Mice were maintained on the C57BL6 background and male and female mice were randomly
selected for all experiments. For the survival data, animals were kept on study until they
became moribund and were sacrificed humanely according to Home Office regulations. For all
other experiments, all mice used were 9-10 weeks of age and none of these became ill or died
before this time point. For proliferation analysis, mice were injected with 1mg of BrdU by
intraperitoneal injection and harvested 3 hours later [35].

Genotyping of mice

Genotyping of GSK3¢*'* and GSK3B°* mice was carried out by PCR of genomic DNA isolated
from ear samples as described [34]. Primers for GSK302' were: P1 (5" —~-TTGAAGTGGCTGGT
ACTGGCTCTG-3" )and P2 (5" - GTGTGCTCCAGAGTAGTACCTAGC-3" ), resulting in a 271
base pair product for the wild type allele and a 317 base pair product for the mutant allele.
Primers for GSK3p°* were: P3 (5’ - TCACTGGTCTAGGGGTGGTGGAAG-3" ) and P4 (5’ -
GGAGTCAGTGACAACACTTAACTT-3" ), resulting in a 233 base pair product for the wild type
allele and a 352 base pair product for the mutant allele.

Processing of tissue and staining

The small intestine was removed, flushed with PBS and cut into 6 equal segments that were cut
longitudinally and “swiss-rolled” as described previously [36]. Each roll was placed in 4% (w/v)
paraformaldehyde (PFA) in PBS and rocked gently for 16-18 hr. The PFA was decanted and
the tissue was washed and stored in 70% (v/v) ethanol at 4°C. Tissue was processed and embed-
ded in paraffin for sectioning. H&E staining was performed as previously described [35]. PAS
staining was carried out according to the manufacturer’s instructions using the PAS Kit
(Thermo Scientific, 87007). For AB-PAS staining, sections were de-paraffinized, re-hydrated
and Alcian Blue was added for 30 min (1% Alcian blue pH2.5 in 3% glacial acetic acid). Sec-
tions were washed for 5 min before continuing with the PAS kit instructions. Alkaline phos-
phatase staining was carried out using the BCIP/NBT Liquid Substrate System according to the
manufacturer’s instructions (Sigma, B1911). Stained sections were analysed with a Leica
DFC420 light microscope and photographed using LAS V4.5.

Immunohistochemistry

5 pum sections of paraffin-embedded tissue were cut using a microtome, de-paraffinized, rehy-
drated, and endogenous peroxidase activity was quenched with 3% H,O, in methanol for 15
min. Tissue sections were microwaved in a pressure cooker in 0.01 M sodium citrate (pH 6.0)
to retrieve the antigenicity for 15 min, and then the slides were allowed to cool to room temper-
ature. Sections were washed in PBS before being blocked with 5% swine/rabbit serum in PBS
for 1h prior to incubation with primary antibody in 5% serum-containing PBS overnight at
4°C. After washing, biotinylated secondary antibodies (DAKO) were applied for 1h. After sub-
sequent washing, Horseradish Peroxidase Streptavadin conjugate (Vector Laboratories) was
applied for 30 min followed by peroxidase detection with DAB (Vector Laboratories) and
counterstaining with haematoxylin or eosin. Finally, the sections were dehydrated and
mounted with DPX (Sigma, 06522). Primary antibodies used were: BrdU (Cell signalling, 5292,
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1:500), B-catenin (BD Transduction, 610153, 1:150), Phospho-histone H3 (Cell signalling,
9701, 1:500), Lysozyme (DAKO, A0099, 1:2000) and Synaptophysin (Abcam, ab52636, 1:200).

Crypt and villi measurements

Villi and crypt length measurements were taken using the Leica light microscope as above. For
crypt cell counts, only well-orientated crypts were counted and a minimum of 50 crypts per
animal was scored for each experiment. All counting and measurements were undertaken
blind and conducted on at least 3 animals per genotype.

Western blot analysis

To prepare protein lysates, snap-frozen small intestine samples were homogenized on ice for 1
min in ice-cold RIPA lysis buffer (150 mM NaCl, 50 mM Tris pH 7.0, 5 mM EDTA, 5 mM
EGTA, 1% Triton X-100 and 0.5% NP40) supplemented with protease and phosphatase inhibi-
tor cocktail (Calbiochem 539134 and Sigma P0044 respectively). Samples were centrifuged at
14,000 x g for 10 min at 4°C to remove insoluble debris and supernatant collected. The protein
concentration of supernatants was determined by the Bradford's method (Pierce). Primary anti-
bodies used were: B-Catenin (BD Transduction 610153), phospho-GSK3a:/ (Ser21/9) (Cell Sig-
nalling 9331), GSK30/B (Cell Signalling 5676), ERK2 (Santa Cruz sc-1647) GAPDH (Millipore,
MAB374), cleaved Caspase 3 (Cell Signalling 7661) and cleaved PARP (Enzo BML-SA249).

Expression analysis

RNA extraction and cDNA synthesis were performed using the RNeasy Mini Kit (Qiagen,
74104) and SuperScript III Reverse Transcriptase (Invitrogen 18080-093) kits respectively fol-
lowing the manufacturers' instructions. qRT-PCR was performed using Bioline Sensifast SYBR
No-ROX (BIO-98020) on a Roche Light Cycler 480 real-time cycling machine as outlined by
the manufacturer and described in [37]. Each sample was analysed in triplicate and three bio-
logical replicates were utilised for each experiment. For stem cell marker genes, the expression
level was normalized against the housekeeping gene AprtI and the expression values of KI/KI
samples relative to that of WT/WT mice were expressed as fold change. Primers used for stem
cell marker genes were: Aprtl (For: 5 ~GTCATTGTGGATGACCTCC-3’ and Rev: 5’ —~CCACC
AAGCAGTTCCTG-3" ), Cyclin DI (For: 5’ ~CGGATGAGAACAAGCAGACC-3 and Rev: 5 -
TGGAAAGAAAGTGCGTTGTG-3" ), Axin2 (For: 5 ~ATGAGTAGCGCCGTGTTAGTG-3" and
Rev: 5" ~GGGCATAGGTTTGGTGGACT-3" ), Lgr5 (For: 5" ~CCCAATGCGTTTTCTACGTT-
3’ and Rev: 5’ ~-TAACCCAGTCACAGGGAAGG-3" ), Ascl2 (For: 5’ - GGTGACTCCTGGTGGA
CCTA-3’ and Rev: 5’ - TCCGGAAGATGGAAGATGTC-3" ), C-myc (For: 5 ~TCTCCACTCA
CCAGCACAACTACG-3’ and Rev: 5/ ~ATCTGCTTCAGGACCCT-3" ), Bmil (For: 5’ - GAGC
AGATTGGATCGGAAAG-3" and Rev: 5 ~GCATCACAGTCATTGCTGCT-3" ), Hopx (For:

5’ — CAACTTCAACAAGGTCAACAAGC-3" and Rev: 5/ ~GCTTAAACCATTTCTGCGTC-3' ),
Tert (For: 5’ — CAGCCATACATGGGCCAGTTC-3' and Rev: ACAGGCTGCTGCTGCTCTCA-
37 ). For analysis of the Notch pathway, ready-made individual primers encoding regulatory
genes of differentiation were used (QuantiTect Primer Assay, Qiagen). The mRNA expression
level of these genes was standardized against the geometric mean of three housekeeping genes:
Aprtl, Hprtl and Gusb.

RT2 Profiler PCR Array

The Mouse WNT Signalling Targets (PAMM-243Z SABiosciences) was utilised to investigate a
panel of 84 WNT specific genes in mouse intestinal tissue as per manufacturer’s instructions.
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Briefly, 500 ng of RNA was converted to cDNA using RT? First Strand Kit (SABiosciences).
The resultant cDNA product was immediately amplified by qPCR using RT> SYBR Green
qPCR Master Mix (SABiosciences) and a Roche Lightcycler 480. The Ct values (threshold
cycle) for both KI/KI and WT/WT samples were evaluated using the provided web-based por-
tal (http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php) and normalised to house-
keeping genes present on the array. This analysis generated fold-change, which represents the
normalized gene expression in the KI/KI samples compared to the normalized gene expression
in the WT/WT samples. Following the portal guidelines, a significant difference in expression
was set at greater than or less than 3-fold difference in fold-change.

Statistical analysis

Comparison between any two groups was performed by an unpaired t-test assuming Gaussian
distribution.

Results
Phenotype of GSK3a/BX"X! mutant mice

To obtain GSK30./B single and double knockin mutant mice, GSK3o animals were first
intercrossed with GSK38*/** animals. GSK30a:"/5*'4;GSK38"/*** double heterozygous mice
in the offspring were then subjected to a second round of breeding by intercrossing (Mating 1
in Table 1). An additional round of breeding was performed to generate further double

+/S21A

Table 1. Genotypes of mice reported in this study.

Genotype of mouse Observed number Expected number
(%) (%)

Mating 12: GSK3a*2'"; GSK3B*/°A; X; GSK3a*2'A:
GSKSB+/9A
Genotypes of offspring from 18 litters with 6.6 average litter
size
GSK3a™+; GSK3p** 18 (15%) 7.5 (6.25%)
GSK3a**; GSK3B*°A 13 (10.7%) 15 (12.5%)
GSK3a™+; GSK3poAoA 11 (9.2%) 7.5 (6.25%)
GSK3a*21A; GSK3p™* 18 (15%) 15 (12.5%)
GSK3a?'A;, GSK3p™oA 23 (19.2%) 30 (25%)
GSK3a™21A; GSK3BVoA 11 (9.2%) 15 (12.5%)
GSK3a?'V21A; GSK3B** 8 (6.7%) 7.5 (6.25%)
GSK3a?'V21A: GSK3R oA 14 (11.7%) 15 (12.5%)
GSK3a?'A21A; GSK3BAA 4 (3.3%) 7.5 (6.25%)
Total 120 (100%) 120 (100%)
Mating 2°: GSK3a?'A21A; GSK3RAA X GSK3a?'A21A:
GSKSBQNQA
Genotype of offspring from 6 litters with 3.8 average litter
size.
GSK3a?'A21A; GSK3RAA 23 (100%) 23 (100%)

3For Mating 1, double heterozygous GSK3a*2'A; GSK3B*° male and female mice were intercrossed with
each other. Offspring, post 6 weeks of age, were genotyped and the expected and observed numbers of
mice of each genotype are shown.

PFor Mating 2, double homozygous GSK3a®'#2'*; GSK3B°/°A mice were intercrossed and surviving
offspring, post 6 weeks of age, were genotyped. As expected, 100% of mice had the GSK3a?'~214;
GSK3B%°A genotype.

doi:10.1371/journal.pone.0156877.t001
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Fig 1. GSK3a/BX"K! phenotype. A: Immunoblots show no phosphorylation of serine 21 of GSK3a or serine 9 of GSK3B in the GSK3a/BX"<! animals.
Protein lysates derived from the small intestine of control wild-type or mutant GSK3a/8<"! mice were analysed with an antibody for phosphorylated
GSK3a/B. Immunoblotting for GSK3a/B and ERK2 was used to determine equal protein loading. B: Kaplan-Meier survival analysis of GSK3a/B mutant
mice. All mice were kept on study until they became moribund. None of these animals demonstrated specific symptoms prior to this. Genotypes of
mice are as follows: WT/WT = GSK3a*"*;GSK3B** (n = 6), KI/KI = GSK3aS21AS21A, GSK3RSOVSOA (n = 7), HET/HET = GSK3a*/S21A;,GSK3B /S
(n=7), WT/KI = GSK3a**;GSK3BSS% (n = 6), KI/WT = GSK3aS2'~S21A-GSK3B** (n = 5), HET/KI = GSK3a™S2'A,GSK3RSVS9A (n = 5), KI/

HET = GSK3aS2'~521A.GSK3R*/S%A (n = 6). Black tick marks show censored data. Median survival was as follows: WT/WT = 637d, KI/KI = 686d, HET/

PLOS ONE | DOI:10.1371/journal.pone.0156877 June 10,2016 6/15



el e
@ ' PLOS ‘ ONE GSK3 N-Terminal Serine Phosphorylation in the Mouse Intestine

HET = 778d, WT/KI = undefined, KI/'WT = undefined, HET/KI = 568d and KI/HET = 519d. C: Weight analysis. Age matched males and females were
weighed at 10 weeks of age. Genotypes of mice were: WT/WT = GSK3a**;GSK3B** (n = 3), KI/KI = GSK3aS21AS21A. GSK3ESOVS9A (1 = 3) for each
sex. Mean + SEM are shown, demonstrating no statistically significant difference in the mean weights for any group using the Student’s t-test. D:
Intestine length. The small intestine length was measured and mean length + SEM is shown. Genotypes of mice were: WT/WT = GSK3a*'*;GSK3p**
(n=6), KI/KI = GSK3aS2'~S21A. GSK3RSASOA (n = 7). No statistically significant difference was observed using the Student's t-test. E: Villus length.
The length of villi was measured in age matched males and females at 10 weeks of age. Genotypes of mice were: WT/WT = GSK3a*/*;GSK3B**
(n=5), KI/KI = GSK3aS21~S21A, GSKBRSASOA (n = 7). 50 villi were measured per animal. No statistically significant difference was observed using the
Student’s t-test. F: H&E stained small intestinal sections of GSK3a/8"WWT or mutant GSK3a/8X"K! mice are shown. Scale bars, 50um.

doi:10.1371/journal.pone.0156877.g001

SZIA/SZIA;GSK:)) BS9A/S9A mice

homozygous animals by intercrossing male and female GSK3o.
(Mating 2 in Table 1). Consistent with the results of McManus et al [34], double homozygous
GSK30° 2 AS2AGSK 359459 mice were born alive in both matings and survived to
adulthood.

Protein lysates were generated from the intestine of GSK30:°'A/*' 4, GSK3>**** (called
KI/KI) animals and immunoblot analysis with antibodies for phosphorylated forms of S21 of
GSK3a and S9 of GSK3p confirmed inheritance of mutated knockin alleles (Fig 1A). Consis-
tent with previous reports [34], the single and double homozygous and heterozygote knockin
animals demonstrated no significant difference in survival compared to controls (Fig 1B) and
appeared overtly normal. Male and female weights at 10 weeks were indistinguishable from
that of wild-type controls (Fig 1C). A decrease in villus number and loss of the proliferative
compartment has been previously reported in mice with defective WNT signalling [19, 38].
However the length of the small intestine was not significantly different in the GSK3 knockin
mice compared to wild type controls (Fig 1D) and neither was the length of the villi (Fig 1E).
Furthermore, Haematoxylin & Eosin (H&E) staining of small intestine sections demonstrated
normal tissue architecture and integrity (Fig 1F).

Intestinal cell proliferation and apoptosis

To further assess whether the GSK3 mutations affect intestinal homeostasis, we assessed prolif-
eration and apoptosis in the crypts and villi. Total numbers of cells per intestinal crypt were
not significantly different in the KI/KI animals compared to wild-type controls (Fig 2A). To
investigate proliferation in more detail, BrdU incorporation was assessed, but demonstrated no
difference between the knockin animals and controls (Fig 2B and 2C). Immunohistochemical
staining for phosphohistone-H3 also demonstrated no difference in staining pattern (Fig 2B).
In both KI/KI and WT/WT mice, cycling cells were confined to the mid crypt region with
there being no difference in the localisation of these cells in the mutant mice (Fig 2D).

To assess apoptosis, immunostaining was performed using an antibody for cleaved caspase
3 and this demonstrated a moderate increase in staining in the villi tips of the KI/KI animals
compared to controls (Fig 2E). An increase in levels of apoptosis was supported by immuno-
blotting, demonstrating increased levels of cleaved PARP and cleaved caspase 3 in the majority
of the KI/KI intestinal samples compared to controls (Fig 2F).

Intestinal cell differentiation

We next examined if the GSK3 mutant mice had altered patterns of intestinal cell differentia-
tion. Differentiated enterocytes were stained with Alkaline Phosphatase (ALP), Paneth cells
with Lysozyme and enteroendocrine cells with Synaptophysin (Fig 3A). The level of staining
and location of these cells was not noticeably altered between the KI/KI animals and controls.
Periodic acid-Schiff (PAS) and Alcian Blue (AB)-PAS stains demonstrated normal distribution
of goblet cells producing neutral and acid mucins (Fig 3A). The number of goblet cells, as
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Fig 2. Proliferation and apoptosis analysis of the small intestine. A: Quantification of the total number of cells per
crypt. A minimum of 50 crypts were quantitated per animal of each genotype and mean values are shown + SEM.
Genotypes were: GSK3a**;GSK3B™* (n = 3), KI/KI = GSK3aS21~5214,GSK3BRSOVS9A (1 = 3). No statistically significant
difference was observed using the Student’s t-test. B: Inmunohistochemical staining of WT/WT and KI/KI small intestinal
crypts using antibodies for BrdU or phospho-Histone H3. Scale bars, 20um. C: Quantification of BrdU-positive cells per
crypt within the WT/WT and KI/KI small intestine. Staining in 50 crypts of three mice of each genotype was quantified. No
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statistically significant difference was observed using the Student’s t-test. D: The position of BrdU-positive cells within the
WT/WT and KI/KI crypts was quantified. Position O represents the base of the crypt. A minimum of 50 crypts were
quantified in three mice of each genotype. No statistically significant difference was observed using the Student’s t-test. E:
Immunohistochemical staining of WT/WT and KI/Kl villi using an antibody for cleaved caspase 3. Scale bars, 50um. F:
Western blot analysis of small intestinal protein samples from WT/WT or KI/KI mice using antibodies for phosphorylated
GSKB3a/B, cleaved PARP or cleaved caspase-3. Immunoblotting for ERK2 and GAPDH was used to determine equal
protein loading.

doi:10.1371/journal.pone.0156877.9002

determined by quantitating (PAS) and (AB-PAS) staining, was also not significantly different
between KI/KI animals and controls (Fig 3B).

To further confirm that patterns of cell differentiation are not affected by the GSK3o/8
knockin mutations, we undertook quantitative gene expression analysis of key genes known to
be involved in intestinal epithelial cell differentiation namely Atohl, DIl1, Elf3, Gata4, HesI,
Hnf4a, Ngn3 and Spdefl. The expression of these genes was not significantly different between
KI/KI intestinal samples and controls (Fig 3C).

WNT pathway activation and stem cell homeostasis

GSK3 is a key point of control of the canonical WNT signalling pathway, with the output of
this pathway involving nuclear B-catenin translocation and transactivation of WNT target
genes. To address the involvement of N-terminal serine phosphorylation of GSK3 in the
canonical WNT signalling pathway in the intestine, immunohistochemical staining for B-cate-
nin was performed using KI/KI samples and controls (Fig 4A). B-catenin localisation was
observed in crypt base cells in tissue derived from both sets of mice and there was no difference
in the number or pattern of nuclear -catenin staining (Fig 4A). To further examine the conse-
quence of GSK3 mutation on the WNT pathway we assessed the expression of 84 WNT target
genes using a real-time PCR array. The difference in expression of these genes in the KI/KI
intestine compared to control intestine is shown in the scatter plot in Fig 4B. The data show no
significant difference in the expression of any of these genes.

The WNT signalling pathway is known to play a key role in stem cell maintenance and fate
in the mouse small intestine and ISCs have been identified at the +4 position as well as in the
crypt base [39]. The +4 stem cells and CBCs have been distinguished based on expression of
key genes with Lgr5 and Ascl2 identifying CBCs and Bmil, Tert and Hopx thought to distin-
guish +4 cells [39]. To investigate if GSK3 phosphorylation plays a role in stem cell mainte-
nance, the expression of these genes and other genes known to be responsible for the
proliferative effects of the WNT pathway namely Axin2, Ccndl and c-Myc [40, 41] were exam-
ined using quantitative RT-PCR. We found no significant difference in the expression of these
genes in the KI/KI intestine compared to controls (Fig 4C).

Discussion

GSK3 is a conserved serine-threonine kinase that was originally identified as an important reg-
ulator of insulin-dependent glycogen synthesis [42]. GSK3, and specifically its two isoforms
GSK3o and GSK3B, has since been shown to have a wide range of substrates and be involved in
multiple physiological processes including apoptosis, cell differentiation and proliferation. As a
consequence GSK3 has been implicated in many human pathologies including cancer, diabetes
and Alzheimer’s disease [28, 43]. Given its pleiotropic functions and therapeutic potential, the
mode of regulation of GSK3 under different cellular contexts and conditions has been the sub-
ject of intensive investigation.
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Fig 3. Cell differentiation analysis. A: Histological sections of the small intestine from WT/WT or KI/KI mice were
analysed by immunostaining with antibodies for ALP (differentiated enterocytes), Lysozyme (Paneth cells) or
Synaptophysin (enteroendocrine cells). Histological sections were counterstained with eosin in the case of the
ALP staining and haematoxylin in the case of Lysozyme and Synaptophysin staining. In the bottom two panels,
sections were subjected to PAS and AB-PAS staining to detect neutral and acid mucin-producing goblet cells
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respectively. Scale bars, 50um. B: Quantification of goblet cell number. PAS+ and AB-PAS+ cells were quantified
in the villi of WT/WT and KI/KI mice. A minimum of 50 villi were quantitated per animal from at least five mice of
each genotype and mean values are shown + SEM. Cell counts were adjusted according to villi length. No
statistically significant difference was observed using the Student's t-test. C: Expression of genes involved in
intestinal differentiation. Real-time PCR analysis was used to determine transcript levels in RNA specimens of the
small intestine derived from three WT/WT or three KI/KI mice for a panel of 8 genes involved in epithelial
differentiation. Shown are the fold-changes in transcript levels between KI/KI and WT/WT mice. No statistically
significant difference in the expression of any of the eight genes was observed using the Student’s t-test (P values
for each gene are shown).

doi:10.1371/journal.pone.0156877.9003

GSK3 kinase activity is inhibited through phosphorylation of serine residues within its N-
terminal region and, specifically, serine 21 in GSK3a and serine 9 in GSK3p. A number of

S6K and

kinases have been shown to phosphorylate these residues including PKB/AKT, p70
p90"°% with PKB/AKT targeting GSK3 phosphorylation in response to insulin signalling.
Within the WNT signalling pathway, GSK3 is also subject to regulation and phosphorylation
of serines 21/9 has been suggested to play a role in this [44, 45]. However, this mode of regula-
tion has been contradicted by more recent observations [26, 43], including the demonstration
that embryonic stem (ES) cells carrying homozygous serine-alanine mutations at residues 21/9
of GSK3 0/ do not have disrupted WNT signalling [34]. In this manuscript we have extended
the analysis to a more physiologically relevant setting, and specifically through analysis of the
intestine, which is known to be dependent on the WNT pathway for renewal and tissue homeo-
stasis [19]. Our data show that, like ES cells, the activity of the WNT pathway is not dependent
on N-terminal serine phosphorylation of GSK3 and that these phosphorylation events play
only a minor role in maintenance of intestinal integrity. Thus, alternative mechanisms must
underpin GSK3 regulation in canonical WNT signalling [27-33].

Homozygous knockin mice with the S21/9A GSK3 mutations survive the normal lifespan of
amouse (Fig 1), are fertile with very little alteration in the anatomical and molecular character-
istics of the tissue upon which we have focussed—the small intestine (Figs 1, 2, 3 and 4). How-
ever, a small increase in apoptosis levels in the villi tips was observed using
immunohistochemical analysis (Fig 2E) and this was validated using western blot analysis (Fig
2F). In line with these data, GSK3 has previously been identified as an anti-apoptotic kinase
as evidenced by analysis of Gsk3f8 knockout mice that undergo embryonic lethality due to fail-
ure to activate the TNF o/NF-kB survival pathway [46]. Conversely, GSK3 has also been
shown to induce apoptosis in response to a number of stimuli including DNA damage, hypoxia
and heat shock with multiple mechanisms being reported including modulation of TP53,
eIF2B and BCL-2 family members [43, 47]. The opposing roles of GSK3 in apoptosis regulation
are likely related to its intricate mode of control and the fact that it has pleiotropic functions
and multiple substrates. The specific role of N-terminal GSK3 serine phosphorylation in sup-
pressing or promoting apoptosis has not previously been investigated although a recent in vitro
study suggests a role of S9 GSK3B phosphorylation in antagonising apoptosis in a NF-«xB-
dependent manner [48]. Whether this is the case for the intestine requires further experimental
investigation.

There is currently considerable interest in targeting GSK3 for therapeutic benefit in cancer.
However, this is complicated by the fact that GSK3 has both pro- and anti-tumourigenic func-
tions [28, 47]. Examination of the specific mechanisms by which GSK3 functions in different
cancers may allow therapies to be tailored for optimal benefit. To this end, N-terminal serine
phosphorylation of GSK3 occurs in response to growth factor signals and GSK3 regulation by
this mechanism has been observed in cells bearing oncogenic mutations in growth factor path-
way components including PIK3CA, RAS and RAF [35, 49-51]. GSK3 has been shown to
mediate oncogenic effects in these contexts including through the stabilisation of Cyclin D1
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Fig 4. Analysis of the WNT signalling pathway. A: Immunohistochemical staining of 3-catenin in the small
intestine of WT/WT and KI/KI mice. Scale bars, 50um. The insetimages show magnified crypts for which the
scale bars = 20pym. B: Expression of WNT target genes. Real-time PCR analysis was used to determine transcript
levels in RNA specimens of the small intestine derived from three WT/WT or three KI/KI mice for a panel of 84
WNT target genes. The Scatter plot shows the differential expression patterns for each gene between the WT/WT

PLOS ONE | DOI:10.1371/journal.pone.0156877 June 10,2016

12/15



@’PLOS ‘ ONE

GSK3 N-Terminal Serine Phosphorylation in the Mouse Intestine

and KI/Kl samples (>3 fold up-regulated genes are shown in red, <3 fold down-regulated genes in green, genes
showing less than 3 fold up- or down-regulation are shown in black). The scatter plot shows very little deviation of
the KI/KI data from the WT/WT trendline. C: Expression of stem cell related genes. Real-time PCR analysis was
used to determine transcript levels in RNA specimens of the small intestine derived from three WT/WT or three KI/
KI mice for 8 markers of intestinal stem cells. Shown are the fold-changes in transcript levels between KI/Kl and
WT/WT samples. No statistically significant difference in the expression of any of the eight genes was observed
using the Student’s t-test (P values for each gene are shown).

doi:10.1371/journal.pone.0156877.9004

[49]. Therefore, strategies that reverse N-terminal GSK3 serine phosphorylation may be effec-
tive in cancers with the relevant oncogenic mutations. The fact that the S21/9A GSK30/
homozygous knockin mice survive normally with relatively few pathologies, as shown in this
report, is encouraging that any therapy targeting this phosphorylation event would have little
effect on normal cells or generate adverse reactions at the tissue or whole organism level.

Acknowledgments

This work was funded by a Cancer Research UK Programme grant (Ref A13083) and CP was
the recipient of a Royal Society-Wolfson Research Merit Award. We are extremely grateful to
Dario Alessi for providing the GSK3 mutant mice. We are also indebted to the Department of
Biomedical Services for their invaluable help throughout this project and the Genomic Services
within Core Biotechnology Services at Leicester for help with QRT-PCR. Furthermore we
acknowledge Mr David Brown for all mouse genotyping carried out for this project.

Author Contributions

Conceived and designed the experiments: FH CP. Performed the experiments: FH SG SF CH.
Analyzed the data: FH CP. Wrote the paper: FH CP.

References

1. Hall PA, Coates PJ, Ansari B, Hopwood D. Regulation of cell number in the mammalian gastrointestinal
tract: the importance of apoptosis. J Cell Sci. 1994; 107 (Pt 12):3569-77. PMID: 7706406

2. Potten CS, Owen G, Roberts SA. The temporal and spatial changes in cell proliferation within the irradi-
ated crypts of the murine small intestine. Int J Radiat Biol. 1990; 57(1):185-99. PMID: 1967288

3. Marshman E, Booth C, Potten CS. The intestinal epithelial stem cell. Bioessays. 2002; 24(1):91-8.
PMID: 11782954

4. Bjerknes M, Cheng H. Gastrointestinal stem cells. Il. Intestinal stem cells. Am J Physiol Gastrointest
Liver Physiol. 2005; 289(3):G381-7. PMID: 16093419

5. Bjerknes M, Cheng H. The stem-cell zone of the small intestinal epithelium. I. Evidence from Paneth
cells in the adult mouse. Am J Anat. 1981; 160(1):51-63. PMID: 7211716

6. Bjerknes M, Cheng H. Clonal analysis of mouse intestinal epithelial progenitors. Gastroenterology.
1999; 116(1):7-14. PMID: 9869596

7. vander Flier LG, Haegebarth A, Stange DE, van de Wetering M, Clevers H. OLFM4 is a robust marker
for stem cells in human intestine and marks a subset of colorectal cancer cells. Gastroenterology.
2009; 137(1):15-7. doi: 10.1053/j.gastro.2009.05.035 PMID: 19450592

8. vanderFlier LG, van Gijn ME, Hatzis P, Kujala P, Haegebarth A, Stange DE, et al. Transcription factor
achaete scute-like 2 controls intestinal stem cell fate. Cell. 2009; 136(5):903—12. doi: 10.1016/j.cell.
2009.01.031 PMID: 19269367

9. vande Wetering M, Sancho E, Verweij C, de Lau W, Oving |, Hurlstone A, et al. The beta-catenin/TCF-
4 complex imposes a crypt progenitor phenotype on colorectal cancer cells. Cell. 2002; 111(2):241-50.
PMID: 12408868

10. Potten CS. Extreme sensitivity of some intestinal crypt cells to X and gamma irradiation. Nature. 1977;
269(5628):518—21. PMID: 909602

11.  QiuJM, Roberts SA, Potten CS. Cell migration in the small and large bowel shows a strong circadian
rhythm. Epithelial Cell Biol. 1994; 3(4):137-48. PMID: 7550605

PLOS ONE | DOI:10.1371/journal.pone.0156877 June 10,2016 13/15


http://www.ncbi.nlm.nih.gov/pubmed/7706406
http://www.ncbi.nlm.nih.gov/pubmed/1967288
http://www.ncbi.nlm.nih.gov/pubmed/11782954
http://www.ncbi.nlm.nih.gov/pubmed/16093419
http://www.ncbi.nlm.nih.gov/pubmed/7211716
http://www.ncbi.nlm.nih.gov/pubmed/9869596
http://dx.doi.org/10.1053/j.gastro.2009.05.035
http://www.ncbi.nlm.nih.gov/pubmed/19450592
http://dx.doi.org/10.1016/j.cell.2009.01.031
http://dx.doi.org/10.1016/j.cell.2009.01.031
http://www.ncbi.nlm.nih.gov/pubmed/19269367
http://www.ncbi.nlm.nih.gov/pubmed/12408868
http://www.ncbi.nlm.nih.gov/pubmed/909602
http://www.ncbi.nlm.nih.gov/pubmed/7550605

@’PLOS ‘ ONE

GSK3 N-Terminal Serine Phosphorylation in the Mouse Intestine

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Sangiorgi E, Capecchi MR. Bmi1 is expressed in vivo in intestinal stem cells. Nat Genet. 2008; 40
(7):915-20. doi: 10.1038/ng.165 PMID: 18536716

Breault DT, Min IM, Carlone DL, Farilla LG, Ambruzs DM, Henderson DE, et al. Generation of mTert-
GFP mice as a model to identify and study tissue progenitor cells. Proc Natl Acad Sci U S A. 2008; 105
(30):10420-5. doi: 10.1073/pnas.0804800105 PMID: 18650388

Montgomery RK, Carlone DL, Richmond CA, Farilla L, Kranendonk ME, Henderson DE, et al. Mouse
telomerase reverse transcriptase (mTert) expression marks slowly cycling intestinal stem cells. Proc
Natl Acad SciU S A. 2011; 108(1):179-84. doi: 10.1073/pnas.1013004108 PMID: 21173232

Takeda N, Jain R, LeBoeuf MR, Wang Q, Lu MM, Epstein JA. Interconversion between intestinal stem
cell populations in distinct niches. Science. 2011; 334(6061):1420—4. doi: 10.1126/science.1213214
PMID: 22075725

Tian H, Biehs B, Warming S, Leong KG, Rangell L, Klein OD, et al. A reserve stem cell population in
small intestine renders Lgr5-positive cells dispensable. Nature. 2011; 478(7368):255-9. doi: 10.1038/
nature10408 PMID: 21927002

Yan KS, Chia LA, Li X, Ootani A, Su J, Lee JY, et al. The intestinal stem cell markers Bmi1 and Lgr5
identify two functionally distinct populations. Proc Natl Acad Sci U S A. 2012; 109(2):466-71. doi: 10.
1073/pnas.1118857109 PMID: 22190486

Munoz J, Stange DE, Schepers AG, van de Wetering M, Koo BK, Itzkovitz S, et al. The Lgr5 intestinal
stem cell signature: robust expression of proposed quiescent '+4' cell markers. EMBO J. 2012; 31
(14):3079-91. doi: 10.1038/emboj.2012.166 PMID: 22692129

Korinek V, Barker N, Moerer P, van Donselaar E, Huls G, Peters PJ, et al. Depletion of epithelial stem-
cell compartments in the small intestine of mice lacking Tcf-4. Nat Genet. 1998; 19(4):379-83. PMID:
9697701

Rubinfeld B, Albert |, Porfiri E, Fiol C, Munemitsu S, Polakis P. Binding of GSK3beta to the APC-beta-
catenin complex and regulation of complex assembly. Science. 1996; 272(5264):1023-6. PMID:
8638126

Aberle H, Bauer A, Stappert J, Kispert A, Kemler R. beta-catenin is a target for the ubiquitin-proteasome
pathway. EMBO J. 1997; 16(13):3797-804. PMID: 9233789

Woodgett JR. Molecular cloning and expression of glycogen synthase kinase-3/factor A. EMBO J.
1990; 9(8):2431-8. PMID: 2164470

Doble BW, Patel S, Wood GA, Kockeritz LK, Woodgett JR. Functional redundancy of GSK-3alpha and
GSK-3beta in Wnt/beta-catenin signaling shown by using an allelic series of embryonic stem cell lines.
Dev Cell. 2007; 12(6):957—71. PMID: 17543867

Cross DA, Alessi DR, Cohen P, Andjelkovich M, Hemmings BA. Inhibition of glycogen synthase
kinase-3 by insulin mediated by protein kinase B. Nature. 1995; 378(6559):785-9. PMID: 8524413

Frame S, Cohen P, Biondi RM. A common phosphate binding site explains the unique substrate speci-
ficity of GSK3 and its inactivation by phosphorylation. Mol Cell. 2001; 7(6):1321-7. PMID: 11430833

Ding VW, Chen RH, McCormick F. Differential regulation of glycogen synthase kinase 3beta by insulin
and Wnt signaling. J Biol Chem. 2000; 275(42):32475-81. PMID: 10913153

Metcalfe C, Bienz M. Inhibition of GSK3 by Wnt signalling—two contrasting models. J Cell Sci. 2011;
124(Pt 21):3537—-44. doi: 10.1242/jcs.091991 PMID: 22083140

Beurel E, Grieco SF, Jope RS. Glycogen synthase kinase-3 (GSK3): Regulation, actions, and dis-
eases. Pharmacol Ther. 2014.

Cselenyi CS, Jernigan KK, Tahinci E, Thorne CA, Lee LA, Lee E. LRP6 transduces a canonical Wnt
signal independently of Axin degradation by inhibiting GSK3's phosphorylation of beta-catenin. Proc
Natl Acad Sci U S A. 2008; 105(23):8032-7. doi: 10.1073/pnas.0803025105 PMID: 18509060

Mi K, Dolan PJ, Johnson GV. The low density lipoprotein receptor-related protein 6 interacts with glyco-
gen synthase kinase 3 and attenuates activity. J Biol Chem. 2006; 281(8):4787—94. PMID: 16365045

Taelman VF, Dobrowolski R, Plouhinec JL, Fuentealba LC, Vorwald PP, Gumper |, et al. Wnt signaling
requires sequestration of glycogen synthase kinase 3 inside multivesicular endosomes. Cell. 2010; 143
(7):1136—48. doi: 10.1016/j.cell.2010.11.034 PMID: 21183076

Tran H, Polakis P. Reversible modification of adenomatous polyposis coli (APC) with K63-linked polyu-
biquitin regulates the assembly and activity of the beta-catenin destruction complex. J Biol Chem.
2012; 287(34):28552—63. doi: 10.1074/jbc.M112.387878 PMID: 22761442

Valvezan AJ, Zhang F, Diehl JA, Klein PS. Adenomatous polyposis coli (APC) regulates multiple sig-
naling pathways by enhancing glycogen synthase kinase-3 (GSK-3) activity. J Biol Chem. 2012; 287
(6):3823-32. doi: 10.1074/jbc.M111.323337 PMID: 22184111

PLOS ONE | DOI:10.1371/journal.pone.0156877 June 10,2016 14/15


http://dx.doi.org/10.1038/ng.165
http://www.ncbi.nlm.nih.gov/pubmed/18536716
http://dx.doi.org/10.1073/pnas.0804800105
http://www.ncbi.nlm.nih.gov/pubmed/18650388
http://dx.doi.org/10.1073/pnas.1013004108
http://www.ncbi.nlm.nih.gov/pubmed/21173232
http://dx.doi.org/10.1126/science.1213214
http://www.ncbi.nlm.nih.gov/pubmed/22075725
http://dx.doi.org/10.1038/nature10408
http://dx.doi.org/10.1038/nature10408
http://www.ncbi.nlm.nih.gov/pubmed/21927002
http://dx.doi.org/10.1073/pnas.1118857109
http://dx.doi.org/10.1073/pnas.1118857109
http://www.ncbi.nlm.nih.gov/pubmed/22190486
http://dx.doi.org/10.1038/emboj.2012.166
http://www.ncbi.nlm.nih.gov/pubmed/22692129
http://www.ncbi.nlm.nih.gov/pubmed/9697701
http://www.ncbi.nlm.nih.gov/pubmed/8638126
http://www.ncbi.nlm.nih.gov/pubmed/9233789
http://www.ncbi.nlm.nih.gov/pubmed/2164470
http://www.ncbi.nlm.nih.gov/pubmed/17543867
http://www.ncbi.nlm.nih.gov/pubmed/8524413
http://www.ncbi.nlm.nih.gov/pubmed/11430833
http://www.ncbi.nlm.nih.gov/pubmed/10913153
http://dx.doi.org/10.1242/jcs.091991
http://www.ncbi.nlm.nih.gov/pubmed/22083140
http://dx.doi.org/10.1073/pnas.0803025105
http://www.ncbi.nlm.nih.gov/pubmed/18509060
http://www.ncbi.nlm.nih.gov/pubmed/16365045
http://dx.doi.org/10.1016/j.cell.2010.11.034
http://www.ncbi.nlm.nih.gov/pubmed/21183076
http://dx.doi.org/10.1074/jbc.M112.387878
http://www.ncbi.nlm.nih.gov/pubmed/22761442
http://dx.doi.org/10.1074/jbc.M111.323337
http://www.ncbi.nlm.nih.gov/pubmed/22184111

@’PLOS ‘ ONE

GSK3 N-Terminal Serine Phosphorylation in the Mouse Intestine

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

McManus EJ, Sakamoto K, Armit LJ, Ronaldson L, Shpiro N, Marquez R, et al. Role that phosphoryla-
tion of GSK3 plays in insulin and Wnt signalling defined by knockin analysis. EMBO J. 2005; 24
(8):1571-83. PMID: 15791206

Carragher LA, Snell KR, Giblett SM, Aldridge VS, Patel B, Cook SJ, et al. VBOOEBraf induces gastroin-
testinal crypt senescence and promotes tumour progression through enhanced CpG methylation of
p16INK4a. EMBO Mol Med. 2010; 2(11):458-71. doi: 10.1002/emmm.201000099 PMID: 20941790

Moolenbeek C, Ruitenberg EJ. The "Swiss roll": a simple technique for histological studies of the rodent
intestine. Lab Anim. 1981; 15(1):57-9. PMID: 7022018

Noble C, Mercer K, Hussain J, Carragher L, Giblett S, Hayward R, et al. CRAF autophosphorylation of
serine 621 is required to prevent its proteasome-mediated degradation. Mol Cell. 2008; 31(6):862—72.
doi: 10.1016/j.molcel.2008.08.026 PMID: 18922468

Pinto D, Gregorieff A, Begthel H, Clevers H. Canonical Wnt signals are essential for homeostasis of the
intestinal epithelium. Genes Dev. 2003; 17(14):1709-13. PMID: 12865297

Barker N. Adult intestinal stem cells: critical drivers of epithelial homeostasis and regeneration. Nat Rev
Mol Cell Biol. 2014; 15(1):19-33. doi: 10.1038/nrm3721 PMID: 24326621

He TC, Sparks AB, Rago C, Hermeking H, Zawel L, da Costa LT, et al. Identification of c-MYC as a tar-
get of the APC pathway. Science. 1998; 281(5382):1509-12. PMID: 9727977

Tetsu O, McCormick F. Beta-catenin regulates expression of cyclin D1 in colon carcinoma cells.
Nature. 1999; 398(6726):422—6. PMID: 10201372

Embi N, Rylatt DB, Cohen P. Glycogen synthase kinase-3 from rabbit skeletal muscle. Separation from
cyclic-AMP-dependent protein kinase and phosphorylase kinase. Eur J Biochem. 1980; 107(2):519—
27. PMID: 6249596

Forde JE, Dale TC. Glycogen synthase kinase 3: a key regulator of cellular fate. Cell Mol Life Sci. 2007;
64(15):1930-44. PMID: 17530463

Fukumoto S, Hsieh CM, Maemura K, Layne MD, Yet SF, Lee KH, et al. Akt participation in the Wnt sig-
naling pathway through Dishevelled. J Biol Chem. 2001; 276(20):17479-83. PMID: 11278246

Yuan H, Mao J, Li L, Wu D. Suppression of glycogen synthase kinase activity is not sufficient for leuke-
mia enhancer factor-1 activation. J Biol Chem. 1999; 274(43):30419-23. PMID: 10521419

Hoeflich KP, Luo J, Rubie EA, Tsao MS, Jin O, Woodgett JR. Requirement for glycogen synthase
kinase-3beta in cell survival and NF-kappaB activation. Nature. 2000; 406(6791):86—90. PMID:
10894547

McCubrey JA, Steelman LS, Bertrand FE, Davis NM, Sokolosky M, Abrams SL, et al. GSK-3 as poten-
tial target for therapeutic intervention in cancer. Oncotarget. 2014; 5(10):2881-911. PMID: 24931005

Gao X, He Y, Gao LM, Feng J, Xie Y, Liu X, et al. Ser9-phosphorylated GSK3beta induced by 14-3-
3zeta actively antagonizes cell apoptosis in a NF-kappaB dependent manner. Biochem Cell Biol. 2014;
92(5):349-56. doi: 10.1139/bcb-2014-0065 PMID: 25138042

Diehl JA, Cheng M, Roussel MF, Sherr CJ. Glycogen synthase kinase-3beta regulates cyclin D1 prote-
olysis and subcellular localization. Genes Dev. 1998; 12(22):3499-511. PMID: 9832503

Old WM, Shabb JB, Houel S, Wang H, Couts KL, Yen CY, et al. Functional proteomics identifies targets
of phosphorylation by B-Raf signaling in melanoma. Mol Cell. 2009; 34(1):115-31. doi: 10.1016/j.
molcel.2009.03.007 PMID: 19362540

Gustin JP, Karakas B, Weiss MB, Abukhdeir AM, Lauring J, Garay JP, et al. Knockin of mutant PIK3CA
activates multiple oncogenic pathways. Proc Natl Acad Sci U S A. 2009; 106(8):2835—40. doi: 10.1073/
pnas.0813351106 PMID: 19196980

PLOS ONE | DOI:10.1371/journal.pone.0156877 June 10,2016 15/15


http://www.ncbi.nlm.nih.gov/pubmed/15791206
http://dx.doi.org/10.1002/emmm.201000099
http://www.ncbi.nlm.nih.gov/pubmed/20941790
http://www.ncbi.nlm.nih.gov/pubmed/7022018
http://dx.doi.org/10.1016/j.molcel.2008.08.026
http://www.ncbi.nlm.nih.gov/pubmed/18922468
http://www.ncbi.nlm.nih.gov/pubmed/12865297
http://dx.doi.org/10.1038/nrm3721
http://www.ncbi.nlm.nih.gov/pubmed/24326621
http://www.ncbi.nlm.nih.gov/pubmed/9727977
http://www.ncbi.nlm.nih.gov/pubmed/10201372
http://www.ncbi.nlm.nih.gov/pubmed/6249596
http://www.ncbi.nlm.nih.gov/pubmed/17530463
http://www.ncbi.nlm.nih.gov/pubmed/11278246
http://www.ncbi.nlm.nih.gov/pubmed/10521419
http://www.ncbi.nlm.nih.gov/pubmed/10894547
http://www.ncbi.nlm.nih.gov/pubmed/24931005
http://dx.doi.org/10.1139/bcb-2014-0065
http://www.ncbi.nlm.nih.gov/pubmed/25138042
http://www.ncbi.nlm.nih.gov/pubmed/9832503
http://dx.doi.org/10.1016/j.molcel.2009.03.007
http://dx.doi.org/10.1016/j.molcel.2009.03.007
http://www.ncbi.nlm.nih.gov/pubmed/19362540
http://dx.doi.org/10.1073/pnas.0813351106
http://dx.doi.org/10.1073/pnas.0813351106
http://www.ncbi.nlm.nih.gov/pubmed/19196980

