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Introduction

The serine/threonine protein kinase glycogen synthase kinase 
3β (GSK3β) is a highly conserved protein kinase. In mammals, 
GSK-3 is encoded by two genes, termed GSK-3α and GSK-3β.1 
It has been shown that a variety of signaling pathways acting on 
cells can result in a reversible inhibition of its enzymatic activity. 
Interestingly, most of the substrates of GSK3β are functionally 
inhibited after phosphorylation. Almost all of the GSK3β sub-
strates are required to have a priming phosphate at n + 4 (where n 
is the site of phosphorylation of a serine or threonine residue) to be 
phosphorylated in turn by GSK3β. GSK3β phosphorylates and 
thereby regulates the functions of many metabolic, signaling and 
structural proteins. One of the most important roles of GSK3β 
is the regulation by phosphorylation of numerous transcrip-
tion factors including AP-1, c-Myc, Notch, c-Jun, nuclear factor 
kappa B (NFκB), nuclear factor of activating T cells (NFAT) and 
heat shock factor-1 (HSF-1), and thereby the regulation of genes 
involved in cell proliferation, cell death, immunity, apoptosis, 
development, metabolism regulation, neuronal growth and dif-
ferentiation, cell polarity and cell fate. Since GSK3β is involved 
in such a variety of signaling pathways and cellular functions, it is 
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thought that agents that target specific functions of GSK3β may 
be needed to selectively interfere with GSK3β signaling. Towards 
this end, it is necessary to understand how GSK3β regulates its 
many roles in the cell. Since GSK3β has a predominant role in 
the control of several intracellular pathways, its activity needs to 
be carefully regulated. GSK3β is phosphorylated at Serine9 by 
Protein Kinase B (PKB) in response to insulin signaling. This 
phosphorylation creates a primed pseudosubstrate that occupies 
the catalytic groove of GSK3β and prevents phosphorylation of 
exogenous substrates that leads to inhibition of GSK3β activity 
toward its substrates.2

On the other hand, the above mechanism appears to play no 
role in the regulation of GSK3β by Wnt signaling pathway where 
recruiting of β-catenin to GSK3β is mediated through scaffolds 
such as Axin and adenomatous polyposis coli (APC) proteins, and 
Dishevelled disrupts this complex formation. It is certainly a very 
critical property of GSK3β to avoid any cross-talk of the various 
pathways regulated by it, as this can lead to ectopic or inappropri-
ate stabilization of key GSK3β substrates, such as β-catenin and 
c-Myc, and drive cells towards oncogenesis. It seems that protein 
complex formation with specific scaffold proteins and intracellu-
lar localization are effective ways to regulate this enzyme. Apart 



1640	 Cell Cycle	 Volume 10 Issue 10

show that STRAP binds with GSK3β and forms a ternary com-
plex together with Axin. We, for the first time, show that GSK3β 
and STRAP bind with ICN3 through the ankyrin repeat region. 
Finally, we show that STRAP decreases ubiquitination of ICN3 
and may help to stabilize it. STRAP is already known to be 
upregulated in 78% lung cancers and we found that STRAP, and 
ICN3 are co-upregulated in 59% of lung cancers. These reports 
suggest that STRAP may stabilize Notch3 in non-small cell lung 
cancers.

Results

STRAP binds to GSK3β through its WD40 domain region. 
Ewing et al. reported the possibility of an interaction between the 
scaffold protein STRAP and GSK3β, the classic enzyme in the 
Wnt and insulin signaling pathways. During a large-scale analysis 
of human protein-protein interactions using mass spectroscopy, 
they predicted that STRAP binds with GSK3β with a probabil-
ity of only 0.5. Since they had not validated the binding between 
STRAP and GSK3β, we decided to determine the interaction 
between STRAP and GSK3β and the functional outcome of this 
binding. 293T cells were transfected with myc-tagged GSK3β 
and HA-tagged STRAP. Cells were lysed, and the lysates were 
incubated with either anti-HA, anti-Myc or appropriate control 
pre-immune IgG antibody followed by incubation with protein 
G-sepharose beads. Figure 1A and B show that GSK3β-Myc 
was co-immunoprecipitated with STRAP-HA and vice versa. 
Corresponding negative controls with either transfection of 
single plasmid (second and third lane) or immunoprecipitation 
with a pre-immune Rabbit or Mouse IgG (fourth lane of both 
western blots) did not show any co-immunoprecipitated proteins 
indicating that the binding between STRAP and GSK3β was a 
specific one.

After validating the specific interaction between STRAP and 
GSK3β, we decided to do a preliminary mapping of the region of 
STRAP that mediates this interaction. We tested whether STRAP 
binds GSK3β through its WD domain region or the C-terminal 
low complexity region. We used a STRAP deletion construct that 
has only the WD40 region, i.e., the N-terminal 294 amino acids, 
but lacks the C-terminal 57 amino acids (CT1‑STRAP). When 
a co-immunoprecipitation assay was performed in a similar way 
as above, CT1-STRAP-HA was co-precipitated equally well with 
GSK3β as the wild-type STRAP-HA, indicating that GSK3β 
binds STRAP through the WD40 domain region (Fig. 1C, 
lanes 2 and 4). Further search to find the exact STRAP region 
that binds to GSK3β was prohibited by the fact that any deletions 
in the WD40 region have a tendency to make STRAP unstable. 
Together, these results indicate that STRAP specifically associ-
ates with GSK3β though its WD40 domain region. It is possible 
that STRAP may either recruit an upstream signaling kinase to 
bind with GSK3β, or it can recruit a substrate to GSK3β.

Effect of GSK3β inhibitors on STRAP/GSK3β binding. 
To understand whether STRAP has any preference towards 
binding activated or inhibited state of GSK3β, we repeated the 
co-immunoprecipitation assays between GSK3β and STRAP 
in  the presence of the upstream inhibitor of GSK3β, lithium 

from β-catenin, GSK3β is shown to phosphorylate c-Myc, c-Jun, 
Cyclin E, Notch and Cyclin D1 and target them for proteolytic 
degradation through ubiquitin-proteasome system.3

Intracellular domains of Notch1 and Notch2 have been vali-
dated as GSK3β substrates. Notch signaling, conserved from flies 
to mammals, regulates cell fate decisions through direct cell-cell 
interactions.4 Notch signaling is known to regulate a wide variety 
of developmental processes such as hematopoiesis, neurogenesis, 
myogenesis, wing formation and somite segregation.5 Notch sig-
naling pathway relies only on a few key components, where bind-
ing of ligands from one cell to Notch receptors in neighboring 
cells triggers two serial proteolytic cleavages of Notch receptor, 
which results in a release of the intracellular domain of Notch 
(ICN) from the plasma membrane. The intracellular domain of 
Notch has four main sub-domains: the RAM, ankyrin repeat, 
RE/AC and C-terminal region. ICN then travels to the nucleus 
and associates with a CSL (CBF-1/Suppressor of Hairless/Lag-1) 
DNA binding protein to activate transcription of target genes. 
Hes and Hey have been well established to be primary down-
stream targets following Notch activation.6,7

Patients suffering from T-cell lymphoblastic leukemia 
(T-ALL) provided the first evidence for an oncogenic function 
of Notch. About 1% of the cases possess a specific chromosomal 
translocation, t(7;9), that produces a truncated Notch 1 recep-
tor that corresponds to ICN1, which behaves in a constitutively 
active fashion. More recently, two types of activating mutations 
within Notch 1 were found in 55–60% of human T-ALL cases.8 
Tissue microarray studies have shown that high expression levels 
of Jagged1 and/or Notch 1 in human breast cancer are associated 
with a more aggressive disease course.9 Ligand-driven activation 
of Notch pathway seems to play a role during the development of 
T-ALL and some other solid tumors by inducing increased pro-
liferation, protection from apoptosis and maintenance of cancer 
initiating cells.10 Notch and Kras have been proposed to synergize 
during pancreatic cancer development.11 Notch signaling has also 
been suggested to be required in the hypoxia-induced EMT and 
cell migration in tumor cells.

Just as other Notches, Notch3 plays a role in development indi-
cated by its ability to alter cell fate in animals expressing gain-of-
function mutants of Notch3.12,13 Most studies relating to the role 
of Notch in cancer focus on Notch1, and little is known about 
the role of Notch3 in epithelial tumors, such as lung carcinomas. 
Recently, Notch3 was shown to be upregulated in non-small cell 
lung cancers (NSCLC).14 This is significant as Notch3 expression 
in normal adult lungs is restricted only to the smooth muscle cells 
of blood vessels.15 Furthermore, inhibition of the Notch3 path-
way using a dominant-negative receptor dramatically decreased 
the malignant potential of lung cancer cells, as evidenced by 
reduced growth in soft agar and increase in growth factor depen-
dence. Treatment of lung cancer cells with a γ-secretase inhibitor 
inhibited Notch3 signaling, reduced tumor cell proliferation and 
induced apoptosis.16 Recent reports have shown increased expres-
sion of Notch3 in T-cell leukemias and epithelial malignancies 
arising from pancreas, ovary, breast and lung.17-21 How Notch3 is 
upregulated in these cancers and what is the mechanism for the 
possible Notch3-mediated carcinogenesis is not known. Here we 
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highly selective and cell-permeable small-molecule inhibitors of 
GSK3β. These compounds inhibit their target protein kinase 
in an ATP competitive manner.27 These small-molecule inhibi-
tors bind to the Val135 and Asp133 residues in the catalytic 
domain of GSK3β and inhibit GSK3β in vitro at 0.01 mM ATP 
with IC

50
s less than 100 nM. In the case of some other small-

molecule inhibitors, it is speculated that small-molecule inhibi-
tors can cross react with other structurally similar enzymes and 
result in a range of cellular alterations not related to the inhibi-
tion of enzyme of concern. But a review of literature shows that 
the effect of these small-molecule inhibitors in very similar to 

chloride and three other small-molecule inhibitors, namely 
AR-A01441, SB415286 and SB216763. LiCl is an ATP noncom-
petitive inhibitor of GSK3β activity (Ki 2 mM) that has been 
used extensively in studies investigating the functional role of 
GSK3β.23-25 The lithium ion competes with the Mg++ ion that 
is necessary for GSK3β activity. LiCl has also been reported to 
acutely elevate phosphatidylinositol-3-phosphate levels in some 
cell types, thereby activating PKB.26 Activated PKB phosphory-
lates and inhibits GSK3β, suggesting that LiCl has the poten-
tial to inhibit this kinase both directly and indirectly in cells. 
AR-A01441, SB415286 and SB216763 are among the new potent, 

Figure 1. GSK3β and STRAP physically interact with each other. (A) STRAP-HA and GSK3β-myc constructs were transiently transfected into 293T cells. 
Cells were subjected to lysis 48 hours after tranfection, immunoprecipitation using 1 μg of pre-immuneanti-rabbit IgG or 1 μg anti-HA antibody and 
immunoblotted with anti-myc antibody as indicated. Bottom parts show comparable expression of GSK3β-myc and STRAP-HA in the lysates.  
(B) Same as above except immunoprecipitations were done with anti-mouse IgG and anti-myc antibodies and immunoblotting was done with anti-HA 
antibody. All antibodies are from Santa Cruz Biotechnology. Bottom parts show comparable expression of GSK3β and STRAP in the lysates.  
(C) GSK3β interacts with the WD40-domain region of STRAP. STRAP-HA, CT1-STRAP-HA and GSK3β-myc constructs were transiently transfected into 
293T cells. Immunoprecipitation was done with anti-myc and immunoblotting with anti-HA antibody as indicated. Light chain of the myc antibody 
used for immunoprecipitation is visible just below the CT1-STRAP-HA band. Bottom parts show comparable expression of STRAP-HA, CT1-STRAP-HA 
and GSK3β-myc in the lysates.
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and GSK3β, suggesting that STRAP may not have any depen-
dence on the active or inactive state of GSK3β to bind with it. In 
contrast to this, STRAP binding with GSK3β was reduced sig-
nificantly in presence of AR-A014418 (lane 5) and reduced con-
siderably in presence of the other two small-molecule inhibitors, 
SB216763 and SB415286 (Fig. 2A, lane 3 and 4). Since these 
inhibitors directly bind with the catalytic domain of GSK3β, this 
domain or, more likely, the region surrounding the catalytic site 
seems to play a role in the binding of GSK3β with STRAP.

STRAP does not alter phosphorylation/activation status of 
GSK3β. STRAP may regulate signaling upstream to GSK3β by 
acting as a scaffold protein to recruit an upstream inhibitory regu-
lator of GSK3β, such as PKB (Akt) to GSK3β. This will result 
in phosphorylation of GSK3β at Ser9 residue in the N-terminal 
region. We decided to test whether STRAP affects activation sta-
tus of GSK3β in a range of human and mouse cell lines. We pre-
dicted that a significant change in the total pool of intracellular 
STRAP may alter the activation status of GSK3β if STRAP was 
crucial for mediating signaling upstream of GSK3β. We used the 
wild-type and STRAP-null MEFs and STRAP-knockdown clones 
derived from HeLa, HT29 and NMuMG cells. Lysates from these 

knocking down GSK3β using shRNA or siRNA. Hongisto et al. 
showed that inhibition of GSK3β using small-molecule inhibi-
tors like SB216763 and LY294002 had a very similar effect to 
using GSK3β-specific shRNA or lithium chloride, resulting in 
protection of cerebellar granule neurons from trophic-depri-
vation-induced death, probably by blocking the stress-induced 
Bim protein elevation.28 Rinnab et al. showed that in androgen 
receptor (AR)-positive prostate cancer 22Rv1 PCa cells, inhibi-
tion of GSK3β using both shRNA or small-molecule inhibitors 
like SB216763 and maleimide decreased AR-dependent transcrip-
tional activity by decreasing the intracellular AR protein levels.29 
In a report by Tighe et al., both SB-415286 and AR-A014418 
led to an aligning defect of chromosomes during mitosis, result-
ing in non-disjunction and knockdown of GSK3β using siRNA 
had a very similar effect.30 Finally, inhibition of GSK3β by small 
molecular inhibitors or shRNA lead to increased β-catenin in the 
cells.31,32 These reports suggest that using small-molecule inhibi-
tors is a practical and valid approach to study the effect of GSK3β 
inhibition in the cells.

Comparison between lane 2 and lane 6 of Figure 2A indicates 
that LiCl did not have any effect on binding between STRAP 

Figure 2. STRAP and GSK3β phosphorylation status. (A) Effect of lithium chloride and small-molecule inhibitors of GSK3β on STRAP and GSK3β bind-
ing. STRAP-HA and GSK3β-myc constructs were transiently transfected into 293T cells. 35 hours after transfection, cells were treated with SB415286 
(20 μM), SB216763 (25 μM) and AR-A014418 (20 μM) as shown in figure. 48 hours after tranfection, cells were subjected to lysis, immunoprecipitation 
using 1 μg anti-HA antibody and immunoblotted with anti-myc antibody as indicated. Bottom parts show comparable expression of GSK3β-myc and 
STRAP-HA in the lysates. (B) STRAP has no effect of the phosphorylation/activation status of GSK3β in a part of cell lines. MEFs from wild-type and 
STRAP-null mice were used, and STRAP was also knocked down in NmuMG, HeLa and HT29 cells using a lentiviral shRNA construct (Open Biosystems). 
Lysates were prepared, and total proteins (30 μg) were analyzed for phospho-Ser9-GSK3β, total GSK3β (Cell Signaling) and also β-actin as a loading 
control. (P: parental cells; V: vector control cells; S1 and S2: two STRAP knockdown clones; +/+: wild-type MEFs and -/-: STRAP-null MEFs).
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to show any binding of β-catenin with STRAP (data not shown) 
indicating that STRAP is unlikely to play any role in recruiting 
β-catenin to GSK3β.

GSK3β binds with intracellular fragment of Notch3. Earlier 
reports have shown that GSK3β binds and phosphorylates 
intracellular fragments of Notch1 and Notch2.34-36 There is no 
report yet of GSK3β interacting or phosphorylating Notch3. 
Though Notch3 shares an overall good homology with Notch1 
and Notch2, they differ in certain regions like the transactivat-
ing domain (TAD). We used co-immunoprecipitation assays in 
293T cells after transient transfection to assess interaction of 
HA-tagged ICN3 with GSK3β-Myc. We successfully showed 
for the first time that GSK3β interacts with ICN3. This is evi-
dent from the third lanes of parts A (where ICN3 was copre-
cipitated with GSK3β) and B (where GSK3β was coprecipitated 
with ICN3) of Figure 4. Binding of Notch3 with GSK3β pre-
dicts that Notch3 is also a possible substrate for GSK3β. Recent 
reports by Espinosa et al. showed that GSK3β binds and phos-
phorylates ICN1 and ICN2. This phosphorylation inhibited the 
activity of ICN1 and ICN2. Interestingly, Notch3 stabilization 
has been reported to occur and contribute to the progression of 
lung cancer. Recent studies also suggest that increased Ser9 phos-
phorylation that inhibits GSK3β predicts a good prognosis for 
lung cancer patients.37 It is possible to hypothesize that GSK3β 
phosphorylation may lead to destabilization of Notch3. It will 
need further work to find out the exact role of GSK3β in Notch3 
mediated signaling pathway.

1,880–2,000 aa region of Notch3 is important for GSK3β 
binding. GSK3β binds to ICN2 through the ankyrin repeat 

cell lines were analyzed, as seen in Figure 2B. Western analyses 
using the phospho-Ser9 specific antibody showed no difference 
in Ser9 phosphorylation of GSK3β in these cell lines (Fig. 2B). 
These results rule out the possibility that STRAP may affect sig-
naling upstream of GSK3β or activation status of GSK3β.

STRAP forms a ternary complex with GSK3β and axin. 
Scaffolding proteins like Axin and APC mediate the recruitment 
of β-catenin to GSK3β. Considering that STRAP may play a 
similar role in recruiting substrates into a complex with GSK3β, 
we tried to determine whether STRAP is present in a complex 
together with Axin. 293T cells were transfected as described 
above, either with all Myc-tagged Axin, HA-tagged GSK3β 
and FLAG-tagged STRAP together or in combinations of two 
of them together. Lysates were prepared similarly, and STRAP 
was immunoprecipitated with anti-FLAG antibody. After a final 
wash, the protein complexes bound with the beads were eluted 
with FLAG peptide. The eluates were then subjected to a second 
immunoprecipitation with either anti-HA (Fig. 3A) or anti-Myc 
antibodies (Fig. 3B) to pull down GSK3β or Axin, respectively. 
The proteins eluted after second immunoprecipitation were sub-
jected to western analysis for the third protein. The results indi-
cate that STARP, GSK3β and Axin formed a ternary complex 
with each other. The role of Axin to recruit β-catenin to GSK3β 
has been extensively studied. Only recently has Axin been shown 
to aid recruitment of substrates other than β-catenin, such as 
Smad3 to GSK3β.33 APC is the other scaffold protein that helps 
Axin to recruit β-catenin to GSK3β. It is possible that STRAP 
may help Axin in recruiting substrates like β-catenin, Smad3 or 
some yet unknown substrate to GSK3β. Our experiments failed 

Figure 3. STRAP and GSK3β form a ternary complex together with Axin. (A) 293T cells were co-transfected with STRAP-FLAG, GSK3β-HA and Axin-myc 
in different combinations as indicated. Cell lysates were prepared and co-immunoprecipitated with 2.5 μg of anti-Flag antibody. After five washes 
with the wash buffer, bound proteins were eluted using the FLAG peptide (Sigma). The eluate was diluted in the lysis buffer and subjected to a second 
immunoprecipitation with the anti-HA antibody. After washes, the bound proteins were eluted and analyzed by western blotting with anti-myc 
antibody. Bottom parts show comparable expression of STRAP-FLAG, GSK3β-HA and Axin-myc in the lysates. (B) Same as above except the second 
immunoprecipitation was done using anti-myc antibody and western analysis was done using anti-HA antibody.
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2,064  aa, and the ANK domain of ICN3 extends 
from 1,790 to 2,000 aa. The high homology in this 
region is evident from Figure 5C. We decided to 
study the region of Notch3 that is necessary for bind-
ing with GSK3β. For this, we decided to generate 
serial deletion constructs of the intracellular portion 
of Notch3 using the pCDNA3 mICN3-HA.

The fragments were amplified by PCR, gel puri-
fied and digested with restriction enzymes XbaI and 
XhoI. The fragments were ligated in pCDNA3.1 
digested with the same enzymes. All constructs 
have a C-terminal HA tag. The expression was 
verified by western analysis. The fragments N1 
(1,663– 2,318 same as WT ICN3), N2 (1,773 –2,318), 
N3 (1,883– 2,318), C1 (1,663–2,208), C2 
(1,663– 2,098), C3 (1,663–1,988), C4 (1,663 –1,878) 
and C5 (1,663– 1,768) showed comparable expres-
sions (Fig. 4C, bottom part). These fragments were 
overexpressed in 293T cells with GSK3β-Myc. Cell 
lysates were used for immunoprecipitation with 
anti-HA antibody and the immune complexes were 
subjected to western blot analysis with anti-Myc 
antibody. Results from the co-immunoprecipitation 
assays suggest that the region of ICN3 from 1,880 to 
2,000 aa is vital for binding with GSK3β (Fig. 4C). 
Looking at the high homology between ICN2 and 
ICN3 in the ANK domain, it is possible to predict 
that the ankyrin repeat 6 of ICN3 (1,972–2,001 aa) 
might be crucial for the interaction. At the same time, 
the 1,990–2,100 aa region seems to have an inhibi-
tory effect on ICN3 and GSK3β binding (Fig. 4C). 
This inhibitory effect seems to be amplified when 
this region is freely mobile as C-terminal tail in the 
C2 construct.

STRAP binding to ICN3 is enhanced in a pro-
teasome inhibition-dependent manner. Apart from 
β-catenin, c-Myc, c-Jun, Notch family proteins and 
Cyclin E are targeted for ubiquitination and prote-
olysis after GSK3β-mediated phosphorylation. Axin 
acts a as a docking protein that allows substrates like 
β-catenin, Smad3 and even some priming kinases 
like CK1 to be in a complex with GSK3β. Although 
STRAP was not involved in β-catenin processing, we 
decided to determine whether STRAP was involved 
in the GSK3β-mediated processing of the other 
GSK3β substrates. We have already found that ICN3 
binds with GSK3β and is a putative new substrate 
for it. So we decided to determine if STRAP could 
functionally interact with ICN3.

Co-immunoprecipitation assays were done in 
293 T cells transfected with FLAG-tagged STRAP 
and HA-tagged ICN3 as described above. Cells 

were treated with MG132 5 hours before lysis, and the lysates 
were subjected to immunoprecipitation and western blot analy-
sis (Fig. 5A and B). It is evident from the second lanes of both 
parts A and B of Figure 5 that STRAP effectively binds to ICN3. 

domain, ANK.34 The ANK domain of ICN2 has six ankyrin 
repeats, and ankyrin repeat 6 is most crucial for this interaction. 
Notch3 has a high homology with Notch2 in the ANK domain 
region. The ANK domain of ICN2 extends from 1,824  to 

Figure 4. GSK3β binds specifically with ICN3. (A) ICN3-HA and GSK3β-myc constructs 
were transiently transfected into 293T cells. Cells were subjected to lysis 48 hours 
after tranfection, immunoprecipitation using 1 μg pre-immune mouse IgG or 1 μg 
anti-myc antibody and immunoblotted with anti-HA antibody as indicated. Bottom 
parts show comparable expression of GSK3β-myc and ICN3-HA in the lysates.  
(B) Same as above except immunoprecipitations were done with pre-immune rabbit 
IgG and anti-HA antibodies, and immunoblotting was done using anti-myc antibody. 
The band above the GSK3β band is the heavy chain. All antibodies are from Santa 
Cruz Biotechnology. Bottom parts show comparable expression of GSK3β-myc and 
ICN3-HA in the lysates. (C) The ANK domain 1,863–2,000 aa region of Notch3-IC phys-
ically interacts with GSK3β. HEK-293T cells transfected with 1 μg of HA-GSK3β and 
various deletion constructs of ICN3 as indicated. The lysates from these cells were 
incubated with anti-HA antibodies for 3 hours and then with G-sepharose beads for 
1 hour. Complexes were precipitated anti-HA antibody and analyzed by western blot 
with anti-myc antibody to detect GSK3β-myc. Bottom parts show equal expression 
of the ICN3 fragments and GSK3β.
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Interestingly, short treatment with MG132 sig-
nificantly enhanced the interaction between 
STRAP and ICN3 (Fig. 5, lane 3 of parts A and 
B). As the amount of ICN3 or STRAP present 
in lysates used for the immunoprecipitation are 
comparable to each other, this finding indicates 
that the form of ICN3 that binds with STRAP 
might be unstable or rapidly degraded in absence 
of proteasomal inhibition.

STRAP interacts with ICN3 through the 
same ANK domain region as GSK3β. In order 
to determine the region of ICN3 that binds with 
STRAP, we performed coimmunoprecipitation 
experiments using 293T cells as discussed above. 
HA-tagged ICN3 fragments were expressed either 
alone or together with STRAP-Myc in presence 
of MG132. Myc-tagged STRAP was immuno-
precipitated, and coprecipitated ICN3 fragments 
were detected by western blotting with anti-HA 
antibody (Fig. 6A). We found that ICN3 frag-
ments N1 (1,663–2,318), N2 (1,773–2,318), 
N3 (1,883–2,318), C1 (1,663–2,208) and C3 
(1,663–1,988) demonstrated strong interaction 
with STRAP in presence of proteasomal inhibi-
tor MG132 as evident from lanes 2, 4, 6, 8 and 12 
of Figure 6A. In contrast, the C2 (1,663–2,098) 
fragment bound STRAP with relatively less affin-
ity (lane 10) whereas fragments C4 (1,663–1,878) 
and C5 (1,663–1,768) completely failed to bind 
with STRAP (lane 14 and 16). In a reverse exper-
iment, after treating the cells with or without 
MG132, consistent results were obtained, where 
all the ICN3 fragments bound with STRAP 
except the fragments C4 (1,663–1,878) and C5 
(1,663–1,768) (Fig. 6B). These data suggest that 
STRAP also appears to bind ICN3 through the 
1,883–2,000 aa region, which is the same highly 
conserved ANK domain of Notch3. This is the 
same region that mediates ICN3 binding with 
GSK3β. This may be expected, as the ankyrin 
repeat region is one of the most adapted motifs 
for protein-protein interactions in Notch3.38 It 
also appears that the region from 1,990–2,100 aa 
may have an inhibitory effect on STRAP-ICN3 
binding, just as the case with GSK3β. Taken 
together, this indicates that STRAP binds with 
ICN3 through a region of 1,880 to 2,000 which 
is similar to the overall region of ICN3 crucial for 
its binding with GSK3β.

STRAP decreases ICN3 ubiquitination. 
STRAP binds with ICN3, and this binding 
appears to be enhanced in the presence of pro-
teasomal inhibition. This suggested that STRAP 
might preferably bind with the form of ICN3 
that tends to accumulate when 26S proteasomes 
are inhibited. This in turn may indicate two 

Figure 5. STRAP binds ICN3, and this binding is significantly upregulated in presence of 
MG132. (A) 1 μg of STRAP-FLAG and ICN3-HA constructs were transiently transfected into 
HEK-293T cells. Where indicated, cells were treated with 40 μM of the proteasomal inhibi-
tor MG132 (Sigma Biotechnology) for 5 hours before lysis. Forty-eight hours after trans-
fection, cells were subjected to lysis, immunoprecipitation using 1 μg anti-FLAG antibody 
and immunoblotted with anti-HA antibody. (B) Same as above except immunoprecipita-
tion was done using anti-HA antibody and western analysis with anti-FLAG antibody. For 
both (A and B), bottom parts show comparable expression of STRAP-FLAG and ICN3 in 
the lystaes. (C) Homology between mouse ICN3 and ICN2. Protein sequences of mouse 
ICN3 and ICN2 were compared, and homology is indicated by the common sequence 
placed between the Notch2 and Notch3 sequences. (D) STRAP binds weakly with ICN1. 
One μg of STRAP-HA, GSK3β-HA and ICN1-myc constructs were transiently transfected 
into HEK-293T cells as indicated. Forty-eight hours after transfection, cells were subjected 
to lysis, immunoprecipitation using 1 μg anti-HA antibody and immunoblotted with anti-
myc antibody. Heavy chain band is visible just above the GSK3β-myc band. Bottom parts 
show comparable expression of STRAP-HA, GSK3β-HA and ICN3-myc in the lysates.
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Figure 6. STRAP also binds ICN3 through the ANK domain region. (A) ICN3 deletion fragments C4 and C5 do not bind with STRAP. HEK-293 cells were 
transiently transfected with 1 μg of STRAP-myc and the HA-tagged ICN3 deletion constructs in different combinations as indicated. All cells were 
treated with the proteasomal inhibitor MG132 (40 μM) for 5 hours before cell lysis. Cells were lysed 48 hours after transfection, subjected to immuno-
precipitation with 1.5 μg of anti-myc antibody and immunoblotted with anti-HA antibody to detect co-immunoprecipitated ICN3 deletion fragments. 
The middle part indicates the same western blot as in the top part, after stripping and immunoblotting with anti-myc antibody to reveal equal immu-
noprecipitation of STRAP-myc. The bottom two parts indicate comparable expressions of the ICN3 deletion constructs and STRAP-myc in the lysates. 
(B) This is a reverse of the experiment in part (A). HEK-293 cells were transiently transfected with 1 μg of STRAP-myc and HA-tagged ICN3 deletion con-
structs. Lane 1 is a negative control transfected only with STRAP-myc. Cell in lanes 3, 5, 7, 9, 11, 13, 15, 17 and 19 were treated with 40 μM of MG132 for 
5 hours. Cells were lysed 48 after transfection and subjected to immunoprecipitation with 1.5 μg of anti-HA antibody. Western analysis of the bound 
proteins was done using anti-myc antibody. Lower part indicates comparable expressions of STRAP-myc and ICN3 deletion constructs in the lysates.
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Haruki et al. have shown that ICN3 is upregulated to a signifi-
cant degree in lung cancers. STRAP is also overexpressed in 78% 
of lung cancers.14 Here we have shown that STRAP binds with 
Notch in a proteasomal inhibition-dependent manner, and fur-
thermore, STRAP seems to decrease ubiquitination of ICN3. 
These facts taken together suggested that STRAP might be one 
of the factors that help stabilization of ICN3 in lung cancer. To 
test this concept, we stained serial sections of a lung tissue micro-
array (TMA) with anti-Notch3 and anti-STRAP antibodies. The 
TMA consisted of duplicate samples from 42 lung cancer patients. 
Figure 8 shows sample staining patterns for both STRAP and 
Notch3 in a pair-wise manner. Each sample on the TMA was 
scored for the percentage of tumor cells showing staining (N) 
and for the intensity of staining (I), scored as 0 (no expression) 
to 3 (highest expression). These two numbers were then multi-
plied (N x I) to get the staining score for each spot. The score for 
the duplicate spots was averaged and then compared pair wise 
between STRAP and Notch3 staining. Using the Pearson’s pair-
wise comparison ratio we obtained an overall correlation of 59% 
for STRAP and Notch3 in the lung cancer TMA. This indicates 
a highly significant correlation between STRAP and ICN3 levels 
in lung cancer and strengthens the idea that STRAP may help 
to stabilize Notch3 in lung cancer. Interestingly, both STRAP 
and ICN3 showed a nuclear localization in the two samples form 
patients suffering from squamous cell carcinomas. Conversely, 
all other samples, mostly adenocarcinomas, showed an intra-
cytoplasmic localization for both STRAP and ICN3. This favors 
a cell type-specific role for the STRAP-ICN3 interaction. This 
may also result in a differential effect of STRAP on ICN3 func-
tion in a cell type-dependent manner as far as induction of tran-
scriptional activity is concerned.

Discussion

In addition to the roles of STRAP in TGFβ signaling, mRNA 
splicing and transport, PDK1 signaling, EWS signaling, MAPK 
pathway regulation, maintenance of mesenchymal morphology, 
regulation of GSK3 signaling and Notch signaling are newly 
identified functions of STRAP that are discussed here. It is likely 
the WD40 domain’s based rigid scaffold platform that allows 
STRAP to mediate such diverse protein functions.

We, for the first time, have established that STRAP inter-
acts with GSK3β, a kinase that regulates phosphorylation of a 
great variety of proteins, including but not limited to enzymes 
and transcription factors. Looking at the list of its validated 
substrates, GSK3β appears to be at the crossroads of diverse 
cellular signaling pathways. Considering the limited pool of 
GSK3β that would be available in a cell at a given time, it is 
not well-understood how GSK3β would regulate certain path-
ways selectively in a cell- and time-dependent manner and be 
able to insulate other pathways at the same time. The emerg-
ing theme is that the abundance of various scaffold or docking 
proteins in a cell will decide what substrates and subsequently 
pathways are being regulated by GSK3β in that particular cell. 
Axin/ APC mediated docking of β-catenin and presenilin-medi-
ated docking of tau protein are very well known examples of 

possibilities. First is that STRAP can bind with post GSK3β 
phosphorylated and/or ubiquitinated form of ICN3 and tar-
gets it to proteasomes. The other possibility is that STRAP may 
bind the ubiquitinated form of ICN3 and help it to be docked 
to some deubiquitinating proteins that can take off the ubiq-
uitin residues of ICN3 to return it to the total cellular pool of 
ICN3. In order to test these possibilities, plasmids expressing 
FLAG-tagged STRAP, HA-tagged ICN3 and hexa-histidine-
tagged ubiquitin were expressed in 293T cells in combinations 
as indicated in Figure 7A, and ubiquitinated proteins in the cell 
lysates were pulled down with Ni-NTA (Nickel-nitrilo triacetic 
acid) agarose beads. The beads were then washed and eluted pro-
teins were analyzed by western blotting with anti-HA antibody. 
The western analysis shows only ubiquitinated forms of ICN3 as 
only ubiquitinated proteins were pulled down (Fig. 7A). Lane 3 
shows ICN3 was poly-ubiquitinated in absence of STRAP. When 
STRAP was co-expressed, this ubiquitination of ICN3 was sig-
nificantly inhibited. The total expression of exogenous ICN3 
remained comparable in the cells as can be seen from the bot-
tom part indicating that the decrease in the ubiquitinated form of 
ICN3 was not due to a decrease in the total level of overexpressed 
ICN3. Decrease in ubiquitination can have several effects on the 
functional aspects of a protein, but most commonly it will lead to 
stabilization of the protein in the cell.

When a similar experiment was repeated with a few select 
fragments of ICN3, it was observed that STRAP expression 
decreased ubiquitination of the WT ICN3, i.e., N1 (1,663–
2,318), fragment N2 (1,773–2,318) and fragment C2 (1,663–
2,098), but did not have much effect on the ubiquitination of 
fragments C4 (1,663–1,878) and C5 (1,663–1,768) (Fig. 7B). 
This further supports the specificity of STRAP in decreasing the 
ubiquitination of ICN3, as it does not decrease ubiquitination of 
ICN3 fragments it does not bind to. Taken together, these data 
suggest that STRAP may play a role in stabilization of ICN3 in 
the cells and can possibly lead to a decreased turnover or longer 
half-life of ICN3.

STRAP has an inhibitory effect on Notch3-mediated tran-
scriptional activity. STRAP decreases ubiquitination of ICN3 
and may stabilize it. An increase in the half-life of the ICN3 pro-
tein by STRAP will lead to a larger intracellular pool of ICN3. 
This can possibly lead to an increase in the transcriptional activ-
ity by ICN3. We used the Hes1-luciferase reporter construct to 
study the effect of STRAP on ICN3 induced transcriptional 
activity. ICN3 was able to induce the reporter activity in HeLa 
cells, and STRAP inhibited this induction in a dose-dependent 
manner when co-expressed with ICN3 (Fig. 7C). This is a par-
adoxical effect compared to our initial expectations. However, 
there are increasing reports indicating that ubiquitination of 
some transcription factors helps them for certain protein-protein 
interactions with other transcriptional activators. Ubiquitination 
of Notch IC may facilitate formation of such a transcriptional 
activation complex and may explain why STRAP can decrease 
ICN3 ubiquitination and at the same time reduce the transcrip-
tional activity of ICN3.

STRAP and ICN3 show significant co-upregulation in 
non-small cell lung cancer (NSCLC). Previous reports by 
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or a few of the GSK3β substrates. The ability of STRAP to form 
homo-oligomers can further enhance the possibility of such a 
role for STRAP. Known scaffold proteins in GSK3β signaling 

such mechanisms.39,40 The fact that STRAP is a novel scaffold 
protein that binds GSK3β through WD40 domains raises a pos-
sibility that STRAP may have a similar role in processing of one 

Figure 7. Effect of STRAP on ICN3 activity. (A) STRAP decreases ubiquitination of ICN3. HEK-293 cells were transfected with 0.8 μg of ICN3 and 
His6‑tagged ubiquitin and 1 μg of STRAP-FLAG in combinations as indicated. The cells were lysed in a modified lysis buffer as detailed the Materials  
and Methods. Proteins tagged with His6-ubiquitin molecules were pulled down with Nickel-Nitrilo Tri-Acetic Acid (Ni-NTA) agarose beads. Eluted 
proteins were subjected to electrophoresis and immunoblotting with anti-HA antibody to specifically detect ubiquitinated species of ICN3. Lower 
parts indicate equal expression of ICN3 in the lysates. (B) STRAP does not alter ubiquitination of ICN3 fragments C4 (1,663–1,878) andC5 (1,663–1,768). 
HEK-293 cells were transfected with 0.8 μg of ICN3 deletion constructs and His6-tagged ubiquitin and 1 μg of STRAP-FLAG in combinations as indi-
cated. The rest of the procedure was as described above. Top part shows ubiquitination pattern of the Notch3 fragments in the absence and presence 
of STRAP-FLAG and lower part shows the expression of STRAP-FLAG and Notch3 deletion constructs in the lysates. (C) STRAP inhibits Notch3 mediated 
transactivation. HEK-293 cells were plated in 12-well plates, transfected with 0.5 μg of the HES1-promoter luciferase reporter construct and different 
combinations of ICN3-HA and STRAP-FLAG. All wells were also transfected with 20 ng of beta-galactosidase construct. Cells were lysed, luciferase activ-
ity was normalized using beta-galactosidase activity and averaged for triplicates before representing here. The experiment was replicated three times.
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of ICN3 with GSK3β and the probable outcome of GSK3β-
mediated phosphorylation may be complicated to predict. But 
additional data shows that GSK3β also downregulates Notch2 
activity possibly by helping its degradation.34 Again, considering 
that the GSK3β-mediated phosphorylation of other transcrip-
tion factors including β-catenin, c-Myc, c-Jun, Snail, Notch2, 
HIF-1α and also Notch1, destabilizes and inhibits them, it may 
be predicted that GSK3β may have a similar inhibitory effect 
on ICN3.43 In other words, GSK3β-mediated phosphorylation 
would probably lead to ubiquitination and proteasomal degrada-
tion of ICN3, thus reducing its transcriptional ability.

After finding that STRAP did not seem to bind β-catenin, 
we looked at any possible interaction of STRAP with ICN3, as it 
was one of the new probable substrates of GSK3β we had found. 
Our results suggest that STRAP interacts with ICN3 (Fig. 5). 
This might add STRAP to the list of known WD40-domain 

pathway, namely, Axin, APC and presenilin are all 
phosphorylated by GSK3β. Possibility of GSK3β 
mediated phosphorylation of STRAP needs to be 
tested by careful kinase assays.

In another completely novel finding, we observed 
that STRAP, GSK3β and Axin can form a triple 
complex together (Fig. 3). Though this supports 
a role for STRAP in β-catenin processing, our 
assays indicate that STRAP failed to interact with 
β-catenin in absence or presence of GSK3β or the 
proteasomal inhibitor MG132 (data not shown). 
Recently, however, the role of Axin in GSK3β sig-
naling has been shown to be more versatile, as it 
also recruits Smad3 to GSK3β.33 Smad3 is phos-
phorylated and degraded as an effect of GSK3β 
phosphorylation. This finding can imply that 
Axin may play a similar role for other known and 
yet-unknown substrates of GSK3β. Just as APC 
acts as an additional scaffold to recruit β-catenin 
to GSK3β, STRAP may play a similar role in 
recruiting or processing of Smad3 or other yet 
unknown substrates to GSK3β together with Axin. 
Consistent with this, previous studies have already 
shown that STRAP interacts with Smad3 and 
MAP1B, another known substrate of GSK3β.41,42

Notch1 and Notch2 are among the validated 
substrates of GSK3β. Though Notch3 shares a 
high homology with Notch1 and Notch2 in some 
regions, the N-terminal and C-terminal regions of 
ICN3 (intracellular domain of Notch3) are consid-
erably different from ICN1 and ICN2. We show 
for the first time that ICN3 also interacts strongly 
with GSK3β, raising a possibility that it could be 
another substrate of GSK3β (Fig. 4). Using serial 
deletion constructs of ICN3, we have mapped the 
1,880 to 2,000 aa region of ICN3 to be crucial for 
mediating the interaction with GSK3β (Fig. 4C). 
This region falls within the ANK domain of ICN3 
that is made of six ankyrin repeats. Ankyrin repeat 
is one of the most widely existing protein motifs 
in nature.38 It consists of 30–34 amino acid residues and exclu-
sively functions to mediate protein-protein interactions, further 
validating the region we mapped in our studies. The Notch fam-
ily members also exhibit a very high homology with each other 
in the ANK domain compared to other regions. Our finding is 
consistent with a previous study showing that the ankyrin repeat 
number 6 in the ANK domain of ICN2 mediates the interaction 
of ICN2 with GSK3β.34 Further studies with targeted deletions 
in the ANK domain of ICN3 will be needed to see if the same 
ankyrin repeat is involved in GSK3β and ICN3 binding.

A previous study by Foltz et al. found that GSK3β-mediated 
phosphorylation destabilizes ICN1, while a study by Jin et al. 
found that the same phosphorylation has a stabilizing effect on 
ICN1, inducing its transcriptional activity.35,36 In light of this 
conflicting data about the outcome of GSK3β-mediated phos-
phorylation of Notch1 protein, the exact effect of this interaction 

Figure 8. Immunohistochemical analysis of Notch3 and STRAP expression in lung 
cancer TMA. Left hand columns show expression of Notch3 in lung cancer TMA (Novus 
anti-Notch3 antibody). Right hand column shows expression of STRAP in the serial 
section of the same lung cancer samples. All of the positively stained pulmonary 
adenocarcinomas show a predominantly cytoplasmic localization of Notch3 and 
STRAP (bottom two parts), whereas the squamous carcinomas exhibit a predominantly 
nuclear localization of both Notch3 and STRAP (top part).
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with both β-catenin and Axin. This strengthens the chance of 
a similar role for STRAP and raises the possibility that STRAP 
may act as a regulatory subunit for a phosphatase like PP2A. A 
more detailed knowledge of Nocth3 phosphorylation sites and 
availability of phospho-specific antibodies will be necessary for 
additional experiments in this regard. If STRAP helps to target 
the phosphorylated ICN3 to a specific phosphatase, it can inhibit 
the ubiquitination and proteasomal degradation of ICN3.

Another plausible explanation appears to be that STRAP can 
recruit the ubiquitinated ICN3 to a deubiquitinating enzyme 
(DUB). Ubiquitination of target proteins is reversible process 
and the removal of Ub can rescue proteins from degradation 
or re-modulate their activity. The deconjugation of ubiquitin 
involves removing the covalently linked ubiquitin molecules and 
is accomplished by the deubiquitinating enzymes (DUBs). The 
majority of the approximately 100 DUBs in the human genome 
belong to the ubiquitin-specific protease (USP) subclass of DUBs 
and others belong to the ubiquitin C-terminal hydrolase (UCH) 
subclass. Though such a deubiquitinating protein has not been 
identified for Notch proteins yet, there are several reports demon-
strating such a role for USPs. An example for such case is c-Myc, 
a vastly studied substrate of GSK3β. c-Myc is phosphorylated 
by GSK3β on Thr-58 and carried by Fbw7 to the E3 ubiqui-
tin ligase complex SCF (Skp, Cullin, F-box containing complex) 
to be ubiquitinated.45 But the same Fbw7 can also dock ubiq-
uitinated c-Myc to an ubiquitin specific protease, specifically 
USP‑28.47 This leads to de-ubiquitination of c-Myc and it returns 
back to the normal cellular pool. STRAP might play a similar 
role for Notch3, though STRAP may not regulate Notch3 in a 
dual manner, as Fbw7 regulates c-Myc.

Yet another possibility is that STRAP may act just by the 
mechanism of steric hindrance. In this scenario, binding of 
STRAP with ICN3 will not allow ICN3 to bind with its two 
known E3 ubiquitin ligases, namely, Fbw7, a component of an 
SCF-class ubiquitin ligase (E3) complex, and Itch, a Hect-type E3 
ubiquitin ligase.48 Consistent with this idea, in the case of c-Myc, 
it was shown that when only the WD40 domain region of Fbw7 
was overexpressed without the remaining c-terminal 350 aa, it 
acted in a dominant negative fashion to inhibit Fbw7 activity and 
stabilized c-Myc.46 STRAP has 7 WD40 domains just as Fbw7 
but naturally lacks the large C-terminal region observed in Fbw7 
and thus may act in a dominant-negative fashion to inhibit ubiq-
uitination and subsequent degradation of ICN3 by Fbw7. To find 
the effect of STRAP on ICN3 level, we used two lung cancer cell 
lines (A549 and H460) that are known to have stabilized ICN3.19 
Using lentiviral shRNA, we had a partial success in knocking 
down STRAP to about 60% in these cell lines. Contrary to our 
expectations, we did not observe any change in ICN3 in these 
cell lines. This could possibly be due to the fact that the level of 
STRAP in these cells is considerably high, and even a 50 to 70% 
knockdown possibly leaves behind adequate amount of STRAP 
protein to interact with and stabilize the relatively smaller amount 
of ICN3 present in these cells. The second possibility is that 
STRAP may stabilize ICN3 in a cell type-specific manner. Future 
experiments with better knockdown of STRAP in a range of  
different cell lines might be needed to resolve this problem.

proteins like β-TRCP and Fbw7 that help to process substrates of 
GSK3β. These WD40 proteins bind these substrates only after 
they are phosphorylated by GSK3β. This is achieved through the 
WD40 domains that are considered to be very efficient for recog-
nizing post-translationally modified substrates, especially phos-
phorylated ones. On a similar note, it is conceivable that binding 
of STRAP with ICN3 may be enhanced after specific residues 
have been phosphorylated by GSK3β. Further understanding 
may come after confirming the phosphorylation sites for GSK3β 
and performing co-immunoprecipitation experiments with the 
specific ICN3 point mutants.

But in an interesting observation, we noted that the inter-
action between STRAP and ICN3 was significantly enhanced 
when the cells were pretreated with the proteasomal inhibitor 
MG132 for a short period of time (Fig. 5A and B). Treatment 
with MG132 is usually employed when a particular form of 
the protein, which may be more relevant to investigation than 
the total protein pool, is being degraded rapidly. The half life 
of Notch3 was calculated to be 0.7 days, or approximately 17 
hours.44 So a pretreatment of the cells for 5 hours may not lead 
to a significant elevation in the total ICN3 protein, but it can 
possibly lead to a relatively higher accumulation of the fraction 
of the total level of ICN3 protein that is being rapidly degraded 
by proteasomes after ubiquitination. This data may just indicate 
that the phosphorylated form of ICN3 is degraded rapidly after 
phosphorylation. Accumulation of this phosphorylated form of 
ICN3 in an ubiquitinated or non-ubiquitinated form seems to 
have significantly enhanced ability for binding with STRAP. 
There is still a chance that this data may suggest that STRAP 
can also preferentially bind to a form of ICN3 that was ubiqui-
tinated. As in case of GSK3β, the binding between STRAP and 
ICN3 appears to be through the 1,883–2,000 aa region that is 
known as the ANK domain (Fig. 6). This is expected since the 
ankyrin repeats in this domain are one of the most ideal mod-
ules for protein-protein interactions. Data from our experiments 
does not indicate any competition between STRAP and ICN3 
to bind with GSK3β. Though this does suggest that STRAP, 
ICN3 and GSK3β might from a ternary complex together, a 
triple-binding assay did not show a ternary complex formation 
among these proteins. This appears to be mostly due to the rela-
tively weak and transient binding between GSK3β and its pos-
sible substrate, ICN3; and the relatively insensitive method used 
to for detection.

STRAP seems to interact with a form of ICN3 that may be 
rapidly degraded. So when we looked at the effect of STRAP 
on the ubiquitination of ICN3, STRAP consistently decreased 
Notch3 ubiquitination (Fig. 7A). We hypothesize that STRAP 
can either carry a phosphorylated ICN3 to a phosphatase to 
remove the phosphate group and avoid ubiquitination or, later in 
the process, dock it to an ubiquitin-specific protease after ICN3 
has already been ubiquitinated. This has been found to be the 
case for β-catenin. It was shown that PR55α, the regulatory 
subunit of protein phosphatase 2A (PP2A), controls β-catenin 
dephosphorylation and degradation.45 Very surprisingly, PR55α 
is a WD40 domain protein with seven WD40 repeats, just like 
STRAP. The same report also showed that PR55α interacted 
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possibly help deubiquitination of both Lys-48 and Lys-63 linked 
polyubiquitin chains and thus may prolong the half-life but yet 
reduce the transcriptional activity of ICN3. Future experiments 
will include elaborate studies to find ubiquitination sites on ICN3 
and the type of polyubiquitin chains on these residues.

As mentioned earlier, STRAP knockout mice had multiple 
defects including angiogenesis, cardiogenesis, somitogenesis, 
neural tube closure and embryonic turning. Though Notch3 
mice were viable, fertile and developed normally, they have 
some defects in vasculogenesis.56,57 Reports have indicated that 
Notch-Dll4 signaling is essential for vascular development in the 
embryo as well as during tumor angiogenesis.58-60 Notch signal-
ing is also supposed to play a major role during somitogenesis.61 
Interestingly, Notch signaling in Drosophila melanogaster was 
implicated in tubulogenesis of the tracheal tree during devel-
opment, whereas the Drosophila homolog of STRAP, named 
pterodactyl, was also shown to be crucial for tubulogenesis.62,63 
Additional experiments will be needed to know whether Notch 
plays any role in the phenotype observed in STRAP-knockout 
mice or the tubulogenesis defect observed in pterodactyl knock-
out in Drosophila. This may be a challenging task considering 
the very diverse range of functions of STRAP.

Materials and Methods

Cell culture and plasmids. Wild-type and STRAP-null mouse 
embryonic fibroblasts (MEFs), HEK-293, HT29, NmuMG and 
HeLa were maintained in DMEM supplemented with 10% fetal 
bovine serum (FBS), antibiotics and glutamine (GIBCO BRL). 
Axin-myc (in pCDNA3.1) was a gift from Dr. Michele Kimple 
(Duke University). HA-tagged GSK3β (in pCDNA3) and myc-
tagged GSK3β (in pJ3M vector) were gifts from Dr. Gordon 
Mills (MD Anderson Cancer Center) and Dr. Alan Diehl 
(University of Pennsylvania Cancer Center) respectively. Murine 
STRAP and CT-1-STRAP constructed using the pCDNA3 vec-
tor have been described previously (Datta et al. 1998). HA-tagged 
mICN3 and myc-tagged mICN1 (both in pCDNA3) were a gift 
from Dr. Jon Aster (Brigham and Women’s Hospital, Harvard 
University). HA-tagged β-catenin was a gift from Dr. Stephen 
Byers (Georgetown University School of Medicine, WA). GSK3β 
inhibitors SB216763 and SB416286 were purchased from Sigma, 
and AR-A01441 was purchased from Calbiochem. To generate 
serial deletion constructs of ICN3, we generated DNA fragments 
coding for ICN3 deletion constructs using PCR. We added XhoI 
and XbaI endonuclease restriction sites at their ends and sub-
cloned these fragments into the pCDNA3.1 vector after digest-
ing with XhoI and XbaI. All primers were carefully designed to 
add an HA tag in frame to the C terminus of the ICN3 frag-
ments. Primer sequences are available upon request.

Western blot analysis. For immunoblotting, whole-cell 
lysates were prepared in a cold lysis buffer with 0.01 M Tris-HCl 
(pH   7.4), 0.01 M NaCl, 1 mM EDTA, sodium ortho-vana-
date, 0.1% SDS and protease inhibitors (Aprotinin, Leupeptin 
and PMSF) and sonicated before centrifugation at 14,000 rpm 
for 15 min. The proteins were separated by 10% SDS/PAGE, 
transferred to nitrocellulose membrane (Biorad) and probed 

Dang et al.19 first showed that level of ICN3 was signifi-
cantly upregulated in human lung carcinomas when compared 
to the surrounding normal lung tissue from same patients. 
Overexpression of Notch3 later was shown to contribute to the 
tumorigenic behavior of the lung cancer cell lines.14,16 The exact 
mechanism behind this Notch3 upregulation is not known. We 
have shown before that STRAP is upregulated in 78% of lung 
cancers. Since our current work indicates that STRAP may sta-
bilize ICN3, we hypothesized that STRAP upregulation may 
be one of the possible causes behind the stabilization and subse-
quent upregulation of Notch3 observed in lung cancer patients. 
Immunohistochemical staining of tissue microarray (TMA) with 
duplicate serial sections of lung tumors showed that STRAP and 
ICN3 are coupregulated in about 59% of all (Fig. 8). The local-
ization pattern for both STRAP and ICN3 is mostly cytoplasmic 
and only slightly nuclear in the majority of the lung adenocarci-
nomas. In an interesting observation, we found that only in the 
squamous carcinomas, both ICN3 and STRAP had a distinct 
nuclear localization. The reasons behind this are unclear at this 
time but emphasize a cell type-dependent role for STRAP in 
Notch3 signaling. A previous report has shown that squamous 
carcinomas of the cervix had a much higher nuclear distribu-
tion of ICN3 when compared with cervical adenocarcinomas.49 
Nuclear ICN3 was shown to be associated with adverse clinical 
outcome. Another study reported that immunohistological stain-
ing of pancreatic adenocarcinomas showed both cytoplasmic and 
nuclear staining patterns. Again, statistical analysis suggested 
that nuclear localization of ICN3 was associated with a more 
aggressive tumor phenotype and a poorer prognosis.50 These 
results suggest a potential role of STRAP in the upregulation of 
ICN3 in NSCLC.

The possibility of ICN3 stabilization by STRAP suggested 
that STRAP might be able to affect Notch3-mediated transcrip-
tional activity. We expected that STRAP would be able to induce 
the transactivating ability of ICN3. Surprisingly, we found that 
STRAP was able to inhibit Notch3-induced activation of the 
HES-1 promoter in a dose-dependent manner (Fig. 7C). Apart 
from novel functions, like membrane trafficking, endocytosis, 
cell cycle control, protein kinase activation and DNA repair, ubiq-
uitination of some transcriptional factors is now being reported to 
be crucial for their transactivating ability.51 For example, during 
tumorigenesis, Lys-63-linked polyubiquitination of the transcrip-
tion factor Myc by the E3 ubiquitin ligase HectH9 is required for 
the transactivation of multiple Myc target genes.52 Salghetti et 
al. showed the studies on the activity of a transcription factor 
containing the VP16 transactivating domain (TAD) is regulated 
through ubiquitination. More recently, ubiquitination of Gal4 
protein was shown to be essential for its binding to a promoter in 
vivo during transcriptional assays.54 These interactions are being 
achieved through the ubiquitin-binding domains (UBDs) pres-
ent in the interacting proteins. It is proposed that Lys-48-linked 
polyubiquitin chains may be important for protein degradation, 
while Lys-63-linked polyubiquitin chains may play a role in sig-
nal transduction and transcriptional activation.55 Ubiquitination 
of Notch IC through Lys-63-linked chains may facilitate forma-
tion of such a transcriptional activation complex. STRAP can 
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shRNA lentiviral vector (pGIPZ, Open Biosystems), 3.75 μg 
pCMV Δ8.91 and 1.25 μg pMD VSV-G. For vector control 
lentivirus, empty lentiviral vector was used instead of STRAP 
shRNA lentiviral vector. A shRNA construct targeting human 
and mouse STRAP was obtained from Open Biosystems. The 
21 bp sequence was 5'-GCT CAT GTA CTC TCA GGA CAT-
3'. Supernatants were collected every 12 hr between 36 to 96 hr 
after transfection, pulled together and frozen at -70°C.

Lentiviral transduction. For lentiviral transduction, 1 x 105 
cells were seeded in 6-well tissue culture plates and infected the 
following day with STRAP or vector control lentivirus. The cells 
were then selected for 7 days with puromycin, and when cultures 
reached near confluency, cells were trypsinized and processed 
by FACS analysis to separate cells with highest GFP expres-
sion. To generate stable STRAP-knockdown clones, these cells 
were plated at high dilutions in 10 cm petridishes and colonies 
obtained from single cells were screened for STRAP expression 
by western blot analysis.

Immunohistochemical analysis. Tissue Microarray (TMA) 
slides containing 42 duplicate samples of different lung carcino-
mas were obtained from the Lung SPORE project at Vanderbilt 
University. The slides were placed in the sodium citrate solu-
tion, microwaved for 45 sec at full power and heated in a pre-
warmed steamer for 25 min. After cooling at room temperature 
for 15 min, the slides were washed three times with PBS. After 
antigen retrieval, the specimens were treated with 3% H

2
O

2
 

(DAKO) for 5 min to quench endogenous peroxidase activ-
ity, and a protein block treatment (Dako, Inc.,) was performed 
prior to primary antibody addition. Tissues were incubated with 
anti-STRAP antibody (BD Biosciences) at 1:400, anti-Notch3 
antibody (Novus Biological) at 1:200. After primary antibody 
incubation, the slides were washed three times with PBS. The 
specimens were then incubated for 10 min at room temperature 
with biotin-labeled goat anti-mouse immunoglobulin (DAKO). 
Slides were lightly counterstained with Mayer’s hematoxylin 
(Mayer’s, VWR) for nuclear staining. Afterwards, the slides 
were dehydrated by sequential incubation in 95% ethanol, 100% 
ethanol and 100% ethanol for 5 min each before transferring to 
xylene.

In vivo ubiquitination assay. HEK-293T cells were trans-
fected with appropriate combinations of plasmids expressing 
his

6
‑tagged ubiquitin, STRAP-FLAG and HA-ICN3 as indi-

cated. Forty-three hours after transfection, the cells were treated 
or not with 50 μM of MG132 for 5 hours. The cells were then 
lysed in highly denaturing conditions using 1 ml lysis buffer with 
8 M urea at pH 8. This inhibits the otherwise rapid deubiquiti-
nation of proteins by deubiquinases after using regular cell lysis 
conditions. Cell lysates were then sonicated and centrifuged at 
13,000 rpm for 20 min. A fraction was saved for western analysis 
and the rest was incubated with 50 μl of 50% slurry of Nickel-
Nitrilo triacetic acid (Ni-NTA) agarose beads slurry for 4 hours 
on a rocker at room temperature. Ni-NTA beads bind to histidine 
residues of proteins effectively and strongly pull down hexa-histi-
dine tagged proteins, his-ubiquitinated proteins in this case. The 
beads were washed five times in a buffer with 8 M urea, 20 mM 
Imidazole kept at a pH of 6.3. This helps to remove background 

with primary antibodies from the following sources: Santa Cruz 
Biotechnologies (HA and Myc), BD Biosciences (STRAP) and 
Sigma (FLAG). Primary antibodies were incubated for 3 hr at 
room temperature, followed by incubation with species-specific 
secondary antibodies for 1 hr at room temperature. The signal 
was visualized by enhanced chemiluminescence assay (Amersham 
Pharmacia Biotech, Pittsburgh, PA).

Co-immunoprecipitation. HEK-293T cells were plated in 
60 mm dish and transfected next day at 40% confluency with 
appropriate combination of plasmids using Lipofectamine 
reagent (Invitrogen) using 1:3 ratio in serum-free media. The 
serum-free media was changed with serum-containing media 
3 hours after transfection. Where needed, cells were treated with 
proteasomal inhibitor MG132 (4 hr) or GSK3β inhibitors (12 hr) 
as indicated in respective figures. Cells were solubilized in 1 ml 
of lysis buffer (50 mM Tris, 150 mM NaCl, 10 mM EDTA, 
0.02% NaN

3
, 50 mM NaF, 1 mM Na

3
VO

4
, 0.7% NP-40, 0.5 

mM dithiothreitol, 0.02% SDS and protease inhibitors apro-
tinin, PMSF and leupeptin). An equal amount of each protein 
lysate was incubated with the appropriate antibodies as indicated 
in the figures, for 3 hours at 4°C, followed by incubation with 
20 μl of protein G-Sepharose beads (dry volume) equilibrated 
with lysis buffer (Sigma Biochemicals, St. Louis, MO) for 1 hour. 
The immune complexes were washed with the lysis buffer five 
times. The beads were finally boiled in 50 μl of 2x SDS sample 
buffer (125 mM Tris-HCL pH 6.8, 20% glycerol, 4% SDS, 2% 
β-mercaptoethanol, 0.001% bromophenol blue), and the sam-
ples then were separated on 10% SDS-PAGE and transferred to 
PVDF membranes (Biorad). Bound proteins were analyzed by 
western blot analysis using appropriate antibodies. Protein lysates 
used for immunoprecipitation were also analyzed by western blot 
analysis with other antibodies to check for comparable expression 
of proteins across all transfections.

Reporter assays. For studying effect of STRAP on 
ICN3‑mediated HES1 promoter induction, HeLa cells were 
plated in 12-well plates. After 30 h, HES1-luciferase con-
struct (0.5  μg/ well) along with expression plasmids for 
ICN3-HA (two  doses of 50  and 200 ng) and/or STRAP 
(two  doses  of  100  and  300 ng) were transfected into the cells 
using Lipofectamine and Plus reagent following the manufactur-
ers protocol. After approximately 48 hours, cells were lysed, and 
luciferase assays were performed using a luminometer (BD biosci-
ence) according to the manufacturer’s protocol. Transfection of 
each construct was performed in triplicate in each assay, and a 
total of three assays were performed on three separate days. All 
wells were transfected with 25 ng of b-galactosidase to serve as a 
control for the transfection efficiency. Ratios of luciferase read-
ings to b-gal readings were taken for each experiment and tripli-
cates were averaged. Bars represent the averages of the normalized 
values, with error bars indicating the standard deviation.

Production of STRAP shRNA lentivirus. Second-generation 
VSV-G pseudotyped high titers lentivirus was generated by tran-
sient co-transfection of 293T cells with a three-plasmid combina-
tion as follows:

One 15 cm dish containing 1 x 107 293T cells was trans-
fected using Lipofectamine2000 (Invitrogen) with 5 μg STRAP 
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anti-HA antibody to detect ICN3 species that were ubiquitinated 
with HA-tagged ubiquitin.
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of endogenous proteins binding within NTA beads. His-ICN3 
bound, with the beads were finally eluted with a buffer contain-
ing 8 M urea, 250 mM β-mercaptoethanol (BME) and 200 mM 
Imidazole at a pH of 4.5. The proteins were eluted in two batches 
first with 50 μl and then with 30 μl of elution buffer. The elau-
ates were then boiled at 95°C for 6 min with 1x SDS sample buf-
fer and stored at -80°C until further analysis. 15 μl of this eluate 
was analyzed by SDS-PAGE followed by western blotting with 
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