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Summary

The p110p isoform of PI3K is preferentially activated in many tumors deficient in the phosphatase
and tensin homolog (PTEN). However, the mechanism(s) linking PTEN loss to p110p activation
remain(s) mysterious. Here we identify CRKL as a member of the class of PI3Kp interacting
proteins. Silencing CRKL expression in PTEN-null human cancer cells leads to a decrease in
p110p-dependent PI3K signaling and cell proliferation. In contrast, CRKL depletion does not
impair p110a-mediated signaling. Further study showed that CRKL binds to tyrosine
phosphorylated p130Cas in PTEN-null cancer cells. Since Src family kinases are known both to be
regulated by PTEN and to phosphorylate and activate p130Cas, we tested and found that Src
inhibition cooperated with p110p inhibition to suppress the growth of PTEN-null cells. These data
suggest both a potential mechanism linking PTEN loss to p110p activation and the possible benefit
of dual inhibition of Src and PI3K for PTEN-null tumors.
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Zhang et al. find a role for CRKL in associating with and regulating p110p-dependent PI13K
activity in PTEN-null cancer cells. A PTEN/FAK/Src/p130Cas axis may activate CRKL/p110p in
PTEN-null cancer cells. Src inhibition cooperates with PI3K or p110Binhibition to suppress the
growth of PTEN-null tumor cells.

Introduction

Class | phosphatidylinositol 3-kinases (P13Ks) are key regulators of cell survival,
proliferation, adhesion and motility. In response to extracellular signals mediated by receptor
tyrosine kinases (RTKSs), G protein-coupled receptors (GPCRs), or many oncogenes, class |
P13Ks are recruited to plasma membrane and phosphorylate phosphatidylinositol-4,5-
bisphosphate (PIP») to phophstidylinositol-3,4,5-trisphosphate (PIP3), which activates
multiple effectors including the Ser/Thr kinase AKT. The PI3K pathway is negatively
regulated by the tumor suppressor PTEN, which dephosphorylates PIP3 to PIP,. Class |
PI3Ks are obligate heterodimers and further divided into class IA PI3Ks, which consist of a
p85 regulatory subunit (p85a., p85p, or p55y) bound to a p110 catalytic subunit (p110c.,
p110B, or p1108) and class IB PI3Ks that feature a p101 regulatory subunit and a p110y
catalytic subunit. Notably, p110a and p110p are ubiquitously expressed, whereas p1108 and
p110+y are largely confined to immune system (Thorpe et al., 2015).

Despite a high degree of homology, p110a and p110p have distinct functions in both normal
physiology and disease. While p110a plays a dominant role in RTK signaling, p110p is the

Cell Rep. Author manuscript; available in PMC 2017 November 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Results

Page 3

major effector for GPCRs and has important kinase-independent functions as well (Thorpe
et al., 2015). In mice, p110a and p110p have distinct roles in insulin metabolic action in
liver (Sopasakis et al., 2010, Jia et al., 2008, Ciraolo et al., 2008) and hypothalamic energy
regulation (Donato et al., 2010). p110a is critical for tumor formation induced by RAS,
polyoma middle T and HER2/Neu as reviewed by Thorpe et al. (Thorpe et al., 2015).
Surprisingly, deletion or inactivation of p110p inhibits prostate, ovarian and haematologic
tumor formation driven by PTEN loss in mice or murine cells (Jia et al., 2008, Schmit et al.,
2014, Yuzugullu et al., 2015). p110p is the primary PI3K isoform involved in many cases of
tumorigenesis driven by PTEN loss in human cells (Torbett et al., 2008, Wee et al., 2008, Ni
et al., 2012) though the mechanism underlying this specificity is currently unknown.

CRKL is an adaptor protein consisting of an N-terminal Src homology 2 (SH2) domain
followed by two SH3 domains. CRKL is activated when its SH2 domain binds to a
phosphorylated Y-x-x-P motif found in docking proteins, such as p130Cas, paxillin, and
GAB; the SH3N domain then mediates interaction with effector proteins via a proline-rich
P-x-x-P-x-K motif (Birge et al., 2009). Overexpression of CRKL promotes anchorage-
independent growth in Rat-1 fibroblasts (Bell and Park, 2012) and transforms human airway
epithelial cells by activating SOS1-RAS-RAF-ERK and Src-C3G-RAP1 pathways
(Cheung et al., 2011). Elevated expression of CRKL has been found in human non-small cell
lung cancer (NSCLC), ovarian cancer and head neck squamous cell carcinoma (Bell and
Park, 2012). Overexpression of CRKL renders NSCLC cells with EGFR mutations resistant
to EGFR inhibitors by activating MAPK and AKT signaling (Cheung et al., 2011).

In this study, we demonstrate that CRKL preferentially binds p110p and regulates PI13K
signaling in p110p-dependent PTEN-deficient tumor cells. Phospho-p130Cas is the major
tyrosine phosphorylated protein associated with CRKL in PTEN-deficient tumor cells.
Combined inhibition of PI3K and Src antagonizes cell proliferation in those cells, suggesting
a promising strategy of treating tumors featuring PTEN loss.

CRKL preferentially associates with p110g

To elucidate the mechanism by which p110p is activated in PTEN null tumors, we first
searched for proteins that were preferentially bound by p110p. Both p110a and p110p were
expressed at comparable levels in 293FT cells transduced with BacMam viruses (Figure S1).
Protein complexes containing each p110 isoform were purified by tandem FLAG and
StrepTactin purification, and analyzed by mass spectrometry across two independent
biological replicates (Figure 1A). As expected, p85 subunits PIK3R1, PIK3R2 and PIK3R3
were detected with similar stoichiometry in both p110a and p110p complexes (Figure 1A).
Notably, CRKL was among the most abundant proteins exclusively detected in the p1108-
containing complexes.

To validate the mass spectrometry result, we overexpressed Strep (11)-FLAG-tagged p110a/
His-GST-p85NI, Strep (11)-FLAG-tagged p110p/His-GST-p85NI, or His-GST-p85NI in
293FT cells followed by anti-FLAG immunoprecipitation. With similar amounts of p110a
and p110p immunoprecipitated, CRKL is present at much higher levels in the p110p-
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containing complex (Figure 1B), suggesting that CRKL preferentially associates with p110p
at least under conditions of p110 overexpression. This result is consistent with our TAP/MS
analysis. We next performed anti-CRKL immunoprecipitation in 293FT cells and found that
CRKL coprecipitated with p110p with no detectable p110a. in the immunoprecipitates
(Figure 1C), demonstrating that CRKL and p110f interact physically at endogenous
expression levels.

Previous studies suggested that CRKL can bind to proline-rich regions of p85 through its
SH3N domain (Sattler et al., 1997). To determine if the CRKL-p110p interaction requires
p85 binding, we expressed HA-tagged wild-type p110p and a mutant p110p lacking the
p85-binding domain (p110p-Ap85) together with FLAG-tagged bovine p85 in 293FT cells.
We found that CRKL coprecipitates with wild-type p110p, whereas binding of CRKL to
p110p-Ap85 mutant is greatly reduced (Figure 1D). To investigate which domain on CRKL
is essential for its interaction with p110p, we expressed V5-tagged wild-type CRKL or a
CRKL mutant with an amino acid substitution known to disrupt the function of SH3N
domain (W160L) (Cheung et al., 2011) in the breast cancer cell line BT549. As shown in
Figure 1E, p110p coprecipitates with wild-type CRKL. The SH3N mutant CRKLW160L g
longer binds to p85 and shows little association with p110p.

CRKL knockdown suppresses PI3K signaling and growth of PTEN-deficient cancer cells

To investigate the importance of CRKL-p110p interaction in tumor cells, we selected a panel
of human cancer cell lines to represent various genetic alterations seen in primary breast and
prostate tumors such as PTEN mutation/loss, HER2 overexpression, and PIK3CA mutation
(Table S2). As previously reported (Wee et al., 2008, Ni et al., 2012), the p110p-selective
inhibitor TGX221 strongly impaired P13K signaling in PTEN-deficient cancer cell lines,
whereas the p110a-selective inhibitor A66 significantly inhibited AKT phosphorylation in
cancer cell lines with wild-type PTEN (data not shown). The MCF-10A cell line was used
for comparative purposes as a non-tumorigenic, karyotypically normal cell line. Consistent
with results in 293FT, CRKL and p110p coprecipitated in all PTEN-null and PTEN-replete
cancer cells, whereas no detectable p110a. associated with CRKL in either genetic
background (Figure 2A and S2A). It is noteworthy that CRKL also interacted with p110p in
serum-deprived cells (Figure 2A and S2A), suggesting a constitutive association between the
two proteins. This is an important point, since both CRKL and the p110/p85 complex
contain SH2 domains and, thus, could bind to a common receptor after growth factor
stimulation.

We next knocked down CRKL in PC3 and BT549 cells using a doxycycline-inducible
lentiviral ShRNA system (Figure 2B and 2C). No measurable off-target effect on the other
closely related CRK family member CRKII was observed (Figure S2B). We found that
downregulation of CRKL was accompanied by a substantial reduction in phosphorylation of
AKT and downstream AKT substrates in BT549 (Figure 2B) and PC3 (Figure 2C) cells.
Similar observations were made when cells were cultured in serum-free medium, suggesting
that CRKL also regulates basal PI3K activity in these cells (Figure 2B and 2C).

To confirm that the observed effects of the ShRNAs on PI3K signaling were specific for
CRKL, we transduced shCRKL-expressing PC3 and BT549 cells with an shRNA-resistant
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CRKL mutant (CRKLSilent mutanty containing multiple nucleotide substitutions to the
shCRKL#1 targeting sequence that did not change the amino acid sequence of CRKL.
Expression of the CRKLSilent mutant 1yt not a control vector, restored PI3K signaling in
shCRKL-expressing PC3 (Figure 2D) and BT549 (Figure S2C) cells to a level comparable
to that of the parental cell line. Furthermore, the CRKLW160L mytant that ablates interaction
with the p85/p110p complex failed to rescue AKT phosphorylation in BT549 expressing
shCRKL#2 that targets the 3’"UTR of CRKL mRNA, even though the mutant CRKLW160L
was expressed at similar levels as the CRKLSilent mutant (Fjqyre S2C). This result suggests
that the SH3N domain of CRKL and the association of CRKL with p110p are essential for
CRKL function in PI3K signaling in PTEN-deficient cancer cells.

Because of the high frequency of PTEN loss found in prostate cancer and the importance of
p110p in prostate tumorigenesis (Jia et al., 2008, Lee et al., 2010), we focused on PC3 cells,
which specifically require p110p for cell proliferation (Wee et al., 2008), to further examine
the phenotypic consequences of CRKL suppression. We found that the proliferation of PC3
cells was inhibited by CRKL depletion under full (10%) serum conditions (Figure 2E).

Downregulation of CRKL does not impair PI3K signaling in HER2 amplified and PIK3CA
mutant breast cancer cell lines or affect insulin signaling in PC3 and MCF10A cells

Since CRKL also associates with p110p in PTEN-replete cancer cells that rely on p110a for
PI13K signaling, we examined the effect of CRKL suppression on PI3K signaling in two
human breast cancer cell lines with HER2 amplification and activating mutations in
PIK3CA: MDA-MB-361 and MDA-MB-453 (Table S2). Despite the reduction in CRKL
protein levels, phosphorylation of AKT was not inhibited in cells grown either in the
presence or absence of serum (Figure S2D and S2E), indicating that CRKL is dispensable
for the maintenance of PI3K signaling in tumors with co-existing PIK3CA mutations and
HER2 amplification.

Prior work has linked CRKL function with RTK signaling (Cheung et al., 2011, Sattler et al.,
1997), so we examined whether CRKL suppression affects insulin-stimulated AKT
phosphorylation. As shown in Figure 3A, the basal PI3K activity in PC3 cells (under
starvation) was sensitive to p110p inhibition but not p110a.. In response to insulin
stimulation, phospho-AKT was increased to similar level regardless of the levels of CRKL
expression. Furthermore, insulin-stimulated AKT activation was suppressed by a p110a-
selective inhibitor BYL719 but not by a p110p inhibitor TGX221. These data suggest that
p110a is required for PI3K signaling in response to RTK stimulation by insulin, which is
independent of CRKL in PC3 cells. Consistent with our observation in PC3 cells, insulin-
and EGF-stimulated AKT phosphorylation was not reduced by CRKL knockdown in non-
tumorigenic MCF10A (Figure 3B).

A PTEN/FAK/Src/p130Cas axis may activate CRKL/p110p in PTEN-deficient cancer cells

To investigate signaling upstream of the CRKL-p110p complex, we searched for the
phospho-tyrosine containing proteins that bind to CRKL in PTEN-null cancer cells by
immunoprecipitating CRKL and then blotting with an anti-phosphotyrosine antibody. The
major bands were ~130Kd, the size of the CRKL binding protein p130Cas. This identity was
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confirmed by a phospho-p130Cas antibody (Figure 4A). Intriguingly, tyrosine
phosphorylation levels of p130Cas were much higher in PTEN null cells than in PTEN
expressing tumor cells (Figure 4A), particularly in serum starved cells.

p130Cas is a nonenzymatic scaffolding protein with repetitive Y-x-x-P motifs, the preferred
binding site for the SH2 domain of CRKL. The tyrosine residues in these motifs are usually
phosphorylated by Src (Sharma and Mayer, 2008) with subsequent recruitment of CRKL
(Birge et al., 2009, Li et al., 2003). It has been reported that pp60c-Src can be
phosphorylated at Tyr416 and hence activated in PTEN null cells (Zhang et al., 2011a, Dey
et al., 2008). It has also long been known that activated Src preferentially phosphorylates
proteins in focal adhesions including p130Cas (Wozniak et al., 2004). Since ligation of the
SH2 domain of CRKL is known to activate it for downstream signaling via interactions of its
SH3 domain with effector molecules, our finding suggests the presence in PTEN null cells
of a signaling cascade beginning with Src and continuing through p130Cas to CRKL and
finally to p1108. To analyze the potential role of FAK, Src, and other Src family kinases in
the activation of PI3K in PTEN null cells, we treated PC3 and BT549 cells grown in full
serum medium or serum-free medium with FAK or Src inhibitors. Intriguingly, treatment
with the Src inhibitor Dasatinib resulted in a marked decline in both p130Cas and AKT
phosphorylation. However, FAK inhibition did not significantly suppress AKT
phosphorylation (Figure 4B).

Src has been shown to mediate cellular oncogenic transformation independent of PI3Ks (Jia
et al., 2008, Rodriguez-Viciana et al., 1997, Zhao et al., 2006). To analyze a possible
cooperation between the Src and PI3K pathways in PTEN null cells, we treated PC3 and
BT549 cells under full serum condition or starvation with the Src inhibitor Dasatinib and
pan-PI3K inhibitor GDC0491. The combination of Dasatinib and GDC0491 yielded more
substantial suppression of cell proliferation than either individual agent (Figure 4C),
suggesting that Src inhibition cooperates with PI3K or p110p inhibition to suppress the
growth of PTEN-null tumor cells.

Discussion

The present data only consider CRKL and not the closely related protein CRKII. It has been
shown that the SH3N domain of CRKII interacts with the proline-rich region of p85 (Gelkop
et al., 2001); hence, it is thus reasonable to assume CRKII might also play a role in
regulating PI3K signaling in PTEN-null tumors. Technical difficulties prevented us from
obtaining definitive results on any potential role of CRKII in p110p activation, but we do
note that expression of a dominant negative allele of CRKL is more effective than CRKL
knockdown in blocking AKT activation in PTEN null cells (Figure 2D and S2C).

One intriguing and surprising finding in our study was the significant preference for CRKL
in binding to p110p over p110a, even though CRKL hinds p110p at least in large part via
p85. Although all tested cell lines seemed to have higher endogenous levels of p110p than
pl10a, CRKL associated preferentially with overexpressed p110p even when p110a and
p110pB were overexpressed at comparable levels as judged by immunoprecipitation via
epitope tags, suggesting that relative expression of p110s is not the cause. A second
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possibility is that p110a and p110p may selectively bind different p85 isoforms, which in
turn affect their association with CRKL. Each p85 isoform can bind each p110 isoform
under overexpression conditions (Thorpe et al., 2015); but little is known about the
selectivity of endogenous proteins. There is evidence of selective pairing between p110 and
p85 isoforms, such as selective binding of p110p to p85p in the nucleus (Kumar et al.,
2011). Whether CRKL-p110p interaction exploits specific p85 isoform awaits further
investigation. A third explanation is that the p110p/p85 complex may differ from the
p110a/p85 complex structurally in a way favoring CRKL binding. Indeed, crystallographic
data suggested that the structure of the p110p/p85 complex is different from that of
p110a/p85 complex in the p110/p85 interaction interface (Huang et al., 2007, Zhang et al.,
2011b). Unfortunately the proline-rich regions of p85 where CRKL binds are not present in
the published structures. Further structural data will be needed to clarify this possibility.
Alternatively the CRKL-p110p association may involve additional domains of the two
proteins or other bridging proteins that specifically bind p1108. Indeed, we observed some
residual interaction between CRKL and p110p when CRKL/p85 binding was abrogated.

A number of hypotheses have been raised to explain the selective activation of p110p in
PTEN null cells. One hypothesis is that p110p has a modest level of constitutive activity
which is counteracted by PTEN molecules specifically associating with p110p/p85 complex
under normal growth conditions. Upon PTEN loss, this basal activity of p1108 is no longer
controlled by PTEN and, thus, downstream signaling becomes constitutively activated.
Supporting this argument, it has been found that PTEN associates with p110p/p85 complex
through interaction with p85, which enhances PTEN phosphatase activity (Rabinovsky et al.,
2009, Chagpar et al., 2010). Although it remains to be proven whether the p110p-
dependency in PTEN-null tumors can be explained solely by the loss of interaction of PTEN
with p110p/p85, CRKL seems to provide another link between p110p and PTEN,
potentially at focal adhesions or in other distinct membrane microdomains. Cell attachment
to extracellular matrix leads to activation of FAK, which in turn recruits proteins including
p85. p85 binds to Tyr397 on FAK, a site that PTEN has been proposed to compete for
(Tamura et al., 1999). CRKL has been found to translocate to focal adhesions in integrin
signaling (Li et al., 2003), and p110p has also been implicated in integrin signaling in
platelets (Schoenwaelder et al., 2010). Our results indicate that CRKL binds phospho-
p130Cas, a nodal scaffolding protein phosphorylated by Src at focal adhesions, in PTEN-
null cancer cells. In line with this idea, knockdown of p130Cas has been found to reduce
AKT phosphorylation in BT549 cells (Cunningham-Edmondson and Hanks, 2009).

Our results might also help to explain certain clinical findings in PTEN null tumors. Recent
clinical trials indicated that many PTEN-null tumors don't respond well to PI13K inhibitors as
monotherapy (Yap et al., 2015). Although it is possible that the pan-PI3K inhibitors
currently in trials are less potent towards p110p than p110a, it is also possible that PTEN
loss activates more than the PI3K pathway and renders tumors featuring PTEN loss
intrinsically more resistant to PI3K inhibition than are tumors driven by p110a activation.
We note that PTEN loss activates both Src and p110p. Notably Src has been shown to
mediate cellular oncogenic transformation independent of PI3Ks (Jia et al., 2008,
Rodriguez-Viciana et al., 1997, Zhao et al., 2006). One example of this type of PI3K
independent oncogenic signaling is manifest in STAT pathway activation known to be
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elicited by Src (Silva, 2004). Similarly, activation of p130Cas by Src in PTEN null tumors
also activates PI3K independent oncogenic signaling via RAC (Birge et al., 2009, Zhang et
al., 20114, Dey et al., 2008). The latter may be particularly important in that RAC is both a
known activator of p1108 (Fritsch et al., 2013) and a known target downstream of PI3K via
PIP3 activated RAC GEFs such as PREX and TIAM (Welch et al., 2003). Thus PTEN loss
could set up a positive feedback loop mediated by Src, p130Cas and RAC. Since RAC
effectors activate multiple pathways including ERKs, a PTEN/Src/p130Cas/RAC cascade
may also contribute to PI3K resistance in PTEN null cells. Indeed, we showed that Src
inhibition cooperated with PI3K inhibition to suppress the growth of PTEN-null tumors
suggesting a combination of Src and PI3K inhibitors may achieve growth inhibition in
tumors with PTEN deficiency in clinical settings. Notably it has also been shown that
activated Src can transform independently of p110a. (Zhao et al., 2006) so it is quite
possible that Src inhibitors would also cooperate with p110a inhibition.

We have recently published data showing that RAC activation is necessary to localize p110f
to lipid rafts, an essential component of cell growth signaling in PTEN null cells that rely on
p110p for PI3K signaling (Cizmecioglu et al., 2016). We showed that a second signal was
also required for full p110p activation. In the case of GPCR signaling, this second signal
comes from a direct interaction of the Gpy subunit of the relevant G protein that is activated
by the GPCR. In the case of PTEN null cells the origin of this second signal is not known.
Notably the Src/p130Cas/CRKL pathway described here could conceivably supply both the
activated RAC signal via other effectors of CRKL and the Gy like signal, perhaps via the
CRKL/p85/p110p interaction itself. More work is clearly required to test this hypothesis
which is diagrammed in Figure 4D.

In conclusion, our study identified CRKL as an important regulator of PI3K activity in
PTEN-deficient tumor cells through its association with p110p/p85. Although the
importance of CRKL in PTEN loss induced tumorigenesis remains to be tested in larger
cancer cell panels, this finding provides further insight to the understanding of isoform
selectivity of p110a and p110p, defines a specific role for CRKL in regulating p1104 kinase
activity, and suggests an alternative combination therapy to treat PTEN loss tumors.

Experimental Procedures

Immunoprecipitation

Cell lysates were collected by scraping cells in FLAG-IP buffer. Protein extracts were
incubated with 2 pg anti-CRKL antibody (sc-319, Santa Cruz) or normal rabbit 1gG
(Millipore) at 4°C overnight followed by incubation with 100 pl Protein A/G-PLUS agarose
beads (sc-2003, Santa Cruz) for 2 hr at 4°C. Beads were collected by centrifugation at 2,000
rpm for 3 min at 4°C and resuspended in 1 ml FLAG-IP buffer for washing. After repeated
washing and centrifugation for 4 times, beads were boiled for 5 min in SDS loading/lysis
buffer (4% sodium dodecyl sulfate, 20% glycerol, 120 mM Tris pH 6.8, and bromophenol
blue).
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Western blot analysis

Cells were lysed in ice-cold RIPA buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1% NP-40,
0.5% sodium deoxycholate and 0.1% SDS) containing complete protease inhibitors (Roche)
and phosphatase inhibitor cocktail 1l and 111 (Sigma) and clarified by centrifugation.
Alternatively, cells were lysed directly on tissue culture dish in SDS loading/lysis buffer.
Equal amounts of lysates were resolved on SDS-PAGE and transferred to nitrocellulose
membranes. After incubation with blocking buffer (50% LI1-COR blocking buffer in
phosphate-buffered saline) for 1 hr, the membranes were incubated with primary antibody
overnight at 4°C and then incubated with fluorescently labeled secondary antibodies for 1 hr
at room temperature. The protein signal was detected using an Odyssey scanner (LI-COR).
The quantification of western blots was performed with ImageStudio version 3.1.4.

Please refer to Supplemental Experimental Procedures for a detailed description of other
experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
CRKL preferentially associates with p110p.

CRKL knockdown inhibits p110p-dependent PI3K signaling in PTEN-null
cancer cells.

A PTEN/FAK/Src/p130Cas axis may activate CRKL/p110p in PTEN-null
cancer cells.

Inhibitors of Src and PI3K cooperate to inhibit growth of PTEN-null cancer
cells.
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Figure 1. Identification of CRKL as a selective p110p interacting protein
(A) p110a and p110p differentially associate with binding partners. Proteins reproducibly

identified across two independent TAP experiments for p110a and p110p were quantified
based on the average intensity of extracted ion chromatograms for the top three most

abundant constituent peptides. The color intensity is proportional to the abundance of a
protein relative to a given p110 isoform. Grey: proteins which were detected but not reliably
quantified. White: proteins which were not detected.
(B) 293FT cells were transduced with BacMam viruses containing His-GST-p85NI, Strep

(I)-FLAG-p110a/His-GST-p85NI, or Strep (11)-FLAG-p110p/His-GST-p85NI, followed by
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immunoprecipitation with anti-FLAG M2 agarose and immunoblot analysis with indicated
antibodies.

(C) Endogenous CRKL was immunoprecipitated with anti-CRKL antibody from 293FT cell
lysates. Rabbit immunoglobulin G (IgG) was used as a control. Cell lysates and
immunoprecipitates were analyzed by immunoblotting with indicated antibodies.

(D) 293FT cells were cotransfected with FLAG-tagged bovine p85 and HA-tagged wild-type
(p110B-WT) or mutant (p110p-Ap85) p110p. Cell lysates were prepared 2 d post-
transfection followed by immunoprecipitation with anti-CRKL antibody and immunoblot
analysis with indicated antibodies.

(E) CRKL requires its SH3N domain to efficiently interact with p110p. Top: Schematic
illustration of wild-type and mutant CRKL. Bottom: Cell lysates from BT549 cells stably
expressing LacZ control, VV5-tagged wild-type or mutant human CRKL were
immunoprecipitated with anti-V5 antibody and immunoblotted with indicated antibodies.
See also Figure S1.

Cell Rep. Author manuscript; available in PMC 2017 November 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhang et al.

BTS49 pc3
A Starved  Non-starved Starved  Non-starved
[ . w» )
ST - I pl10G | - |
Lt L mﬂ‘
s BLL I
’ vesnsi (Y
Non-starved Starved
® 3
= § 8§35 %5 %
5 £ £ 3 ¥ %
g ¥ £ £ & &
s 2 2 & 2 ¢
8 & % 38 % %
b * T+ -+ + + BT549
(100 i

A |

CRKL § 12
£
tubulin Zos
Zos
o
PAKT goz
substrate 98Kd
ol SHCRKALHCRKLR convl ShCRKLALhCRRLZ
64Kd
S0Kd
T rosned  sawed
S e &b p— 36Kd
<
2
-Dox___+Dox(ioomg/m) £ 3 g
¢ 3z : 2 ¢
2 F g £ =
2_.2._ :E oz oz PC3
s 5E S 3 &% %
s22389¢% = : 1
£z &g Dox T+ -+ T+ = * . D
5§22 § 2 2(100ng/m) 2 i — =400
35536 3. x
pAKT473| - 3 v E !
- PAKT © |98kd o
CRKL Fowa oo
s~ (-50kd E 0.
[ 36kd 2 02
tubulin
- - — - - - o
Control  ShCRKLHL  shCRKLIZ
ShANA
tubulin
—————
<
g
= & 8%
s 2 g
£ x =z PC3 under starvation
s 2 2
S % 5 16

+

.

+
i

Dox: = 3

(100 ng/ml) 212

pakrars [E == =] £

fos

Zos

02
wun fme——aa] 2%

Gl R scranz

D

Non-starved Non-starved
ShCRKL#1 —t shCRKLI2 (FUTR) =)

Lacz
VS-CRKLSent mut

Dox Dox - + - + - +
PAKT473 pakTa73  [= ——
CRKL
ik ————
tubulin |
tubulin
E PC3 cell proliferation
12 . = Control shRNA
1 F'3 = ® ShCRKL#L
yos sneRkuA
H -
Zos
2oa
02
3
(100x (+100x
s0ng/mi

Figure 2. CRKL knockdown suppresses PI13K signaling and growth of PTEN-deficient cancer
cells

(A) PC3 and BT549 cells were cultured under full (10%) serum condition or under serum
starvation overnight. Cell lysates were immunoprecipitated with anti-CRKL antibody or
rabbit IgG and immunoblotted with indicated antibodies.

(B-C) BT549 (B) and PC3 (C) cells stably transduced with inducible control or CRKL
targeting ShRNA were cultured with or without Dox (100 ng/ml 72 hr) under full (10%)
serum condition. Alternatively similarly treated cells were under serum starvation overnight
before harvesting cells. Cell lysates were analyzed by immunoblotting with CRKL,
phospho-AKT (S473), phospho-AKT substrate (RXXS*/T*) and tubulin antibodies. The
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level of pAKT473 was normalized to tubulin. In each experiment the pAKT473/tubulin ratio
in cell line expressing control sShRNA in the absence of Dox was set to 1. Bar graphics
reflect the mean £ SEM; n=3; * p<0.05 (t-test). Dox = doxycycline.

(D) Stable PC3 cells containing Dox-inducible CRKL shRNA were transduced with LacZ
control, ShRNA-resistant wild-type (CRKLSilent mutanty or SH3N domain mutant
(CRKLW160Ly CRKL cDNAEs. Stable cells expressing the respective rescue constructs were
cultured with or without Dox (100 ng/ml 72 hr) under full (10%) serum condition. Cell
lysates were analyzed by immunoblotting with indicated antibodies.

(E) Proliferation of stable PC3 cells containing inducible control or CRKL targeting sShRNA
was visualized by crystal violet staining 3 d after Dox (50 ng/ml) induction. Data represent
mean £ SEM; n=4; * p<0.05 by comparing cells expressing control shRNA and shCRKL (t-
test).

See also Figure S2 and Table S2.
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Figure 3. Downregulation of CRKL does not impair p110a-dependent PI13K signaling
(A) PC3 cells stably transduced with inducible control or CRKL targeting sShRNA were

cultured in the presence of Dox (100 ng/ml 72 hr). Cells were starved in serum-free medium
overnight and treated with indicated inhibitors 1 hr prior to insulin stimulation (4 ug/ml 10
min). Cell lysates were analyzed by immunoblotting with indicated antibodies. The level of
pAKT473 was normalized to tubulin. For each experiment the pAKT473/tubulin ratio in cell
line expressing control sShRNA in the presence of DMSO was set to 1. Bar graphics reflect
the mean + SEM; n=3; * p<0.05 by comparing cells expressing control ShRNA and shCRKL
(t-test).
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(B) MCF10A cells stably transduced with inducible control or CRKL targeting ShRNA were
cultured with or without Dox (100 ng/ml 72 hr). Cells were starved in serumfree medium
overnight prior to insulin (4 pg/ml 10 min) or EGF (20 ng/ml 10 min) stimulation. Cell
lysates were analyzed by immunoblotting with indicated antibodies. The level of pAKT473
was normalized to tubulin. For each experiment the pAKT473/tubulin ratio in cell line
expressing control ShRNA in the absence of Dox and stimulated with insulin was set to 1.
Bar graphics reflect the mean £ SEM; n=3. No significant difference was found by
comparing cells expressing control shRNA and shCRKL (t-test).
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Figure 4. Inhibition of PI3K and Src reduces cel

| proliferation in PTEN-deficient cancer cells

(A) PC3, BT549, MDA-MB-361 and MDA-MB-453 cells were cultured under full (10%)

serum condition or starved in serum-free med

ium overnight. Cell lysates were

immunoprecipitated with anti-CRKL antibody or rabbit IgG and immunoblotted with 4G10,
phospho-p130Cas, CRKL, and vinculin antibodies.

(B) PC3 and BT549 cells grown under full (10%) serum condition or low (0.1%) serum
condition overnight were treated with PF573228 or Dasatinib at indicated concentrations for

10 hr. Cell lysates were immunoblotted with i

ndicated antibodies.
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(C) PC3 and BT549 cells were cultured under full (10%) serum condition or low (0.1%)
serum condition in the presence of Dasatinib and GDC0491 at indicated concentrations. Cell
proliferation was measured by MTS assay after 3 d. Data represent mean + SD (top left:
n=5; top right: n=6; bottom left: n=8; bottom right: n=8); * p<0.05 (t-test).

(D) Model representing PI3K signaling under condition of PTEN loss. In cells lacking
PTEN, the active FAK-Src complex recruits and phosphorylates the scaffolding protein
p130Cas. The phosphorylation of p130Cas creates docking sites for CRKL, thereby
recruiting PI3Kp. The other effectors of CRKL stimulate RAC activity, both a known
activator of p110p and a known target downstream of P13K via PIP3 activated RAC GEFs,
forming a potential positive feedback loop.
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