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Depletion of K-Ras promotes proteasome
degradation of survivin
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MutantK-Rasand survivin both contribute to oncogenesis, butlittle is known about K-Ras requirement for the maintenance
of the high levels of survivin in human tumors. Here we demonstrate that K-Ras depletion significantly decreases survivin
levels in human cancer cells that harbor mutant but not wild type K-Ras. K-Ras depletion attenuates both basal and drug-
induced survivin levels. The mechanism by which K-Ras depletion decreases survivin levels is through ubiquitination
and proteasomal degradation of survivin and is independent of survivin-Thr-34 phosphorylation. Depletion of RalA and
RalB, but not Raf-1, Akt1 and Akt2, decreases survivin levels, suggesting that K-Ras may regulate survivin stability through
its RalGDS/Ral but not PI3K/Akt and Raf-1/Mek effector pathways. Furthermore, the ability of mutant K-Ras to induce
anchorage-independent growth, invasion and survival is compromised by depletion of survivin. These studies suggest
that mutant K-Ras contributes to the maintenance of the aberrantly high levels of survivin in tumors by regulating its
stability, and that the ability of mutant K-Ras to induce malignant transformation is, at least in part, dependent on these

high levels of survivin.

Introduction

One of the critical requirements for normal cells to become can-
cerous is to acquire the ability to evade programmed cell death
(apoptosis) even when challenged with unfavorable conditions
such as cytotoxic agent or radiation exposure.! The Bcl-2 fam-
ily as well as the inhibitors of apoptosis (IAP) family of pro-
teins play essential roles in the regulation of apoptosis. While
the Bcl-2 family proteins monitor cell death by controlling the
release of cytochrome ¢ from mitochondria, the IAP family pro-
teins prevent cell death by inhibiting the activation of caspases.*?
Survivin is one of the members of the IAP family known to play
critical roles in promoting cell cycle progression and in prevent-
ing apoptosis.” During cell cycle progression, survivin mediates
proper loading of the chromosomal passenger complex, chromo-
somal segregation, spindle formation and microtubule stabili-
zation.®” The role of survivin as an anti-apoptotic protein has
also been investigated thoroughly, and depending on the cell
type, survivin inhibits either spontaneous apoptosis or drug-
induced apoptosis.® Despite its prominent role in apoptosis, the
mechanism by which survivin blocks apoptosis remains elusive.
Some studies suggested that survivin protects against apoptosis
through direct binding to caspases,’ whereas other studies dem-
onstrated that XIAP (another IAP member) but not survivin
directly binds caspases.” More recent studies demonstrated that
survivin binds and cooperates with XIAP to efficiently block cas-
pase activation.'
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Unlike other IAPs, little to no survivin is expressed in normal
cells. In contrast, virtually all cancer cells maintain very high
levels of survivin protein."! The fact that survivin protein lev-
els are much higher in cancer cells as compared to normal cells
indicates that some oncogene may be responsible for the main-
tenance of these high levels. Indeed, the induction of survivin
expression in cancer cells has been attributed to some mutated or
deregulated oncogenes/proto-oncogenes in cancer. For example,
aberrant activation of STAT3, NFkB, Notch and Whnt as well
as inactivation of the tumor suppressors p53 and Rb all have
been shown to increase survivin expression by regulating its
transcription.'?

Mutations in the small GTPase Ras and high levels of the
survivin protein are prevalent in human tumors, but the role of
mutant Ras in regulating survivin protein levels has not been
thoroughly studied, and the very few studies reported investi-
gated mainly the role of ectopically expressed H-Ras but not
K-Ras, the most frequently mutated isoform of Ras in human
cancer. Previous studies showed that, ectopic overexpression of
c-H-Ras in rat cells as well as in human keratinocytes induces
survivin expression.’*' Furthermore, Fukuad et al. showed that
exogenous H-Ras is required for interleukin induced survivin in
Baf-3 cells.”® However, other studies showed that mutant H-Ras
is not able to increase survivin.'® Furthermore, the requirements
of endogenous Ras for the maintenance of the high levels of sur-
vivin in cancer cells have not been investigated. For example, the
effects of depleting Ras on survivin levels are not known. Finally,
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several studies have documented both in vitro and in vivo the
importance of survivin to malignant transformation,"* but little
is known about the contributions of survivin to mutant K-Ras-
driven transformation.

In this manuscript, we demonstrated that depletion of K-Ras
decreases survivin levels in human cancer cells that harbor
mutant K-Ras but not wild type Ras, and that this decrease in the
survivin protein levels is due to ubiquitination and proteasome
degradation, suggesting that mutant K-Ras regulates survivin
stability. Our results also demonstrated that depletion of RalA
and/or RalB but not Aktl, Akt2 and Raf-1 decrease the levels of
survivin. Furthermore, we also demonstrated that depletion of
survivin significantly reduces mutant K-Ras-driven anchorage-
independent growth and invasion, suggesting that survivin con-
tributes to K-Ras driven malignant transformation.

Results

Depletion of K-Ras decreases survivin levels in human cancer
cells that harbor mutant, but not wild type K-Ras. Both mutant
K-Ras and aberrantly-high levels of survivin contribute to malig-
nant transformation and are associated with poor cancer patient
prognosis. However, whether mutant K-Ras is required for the
maintenance of high survivin levels in tumors is not known. To
address this important question we first depleted K-Ras from
several human cancer cell lines that either harbor mutant K-Ras
or wild type Ras and determined the effect of this depletion on
the levels of survivin. Human cancer cell lines from various ori-
gins, including pancreatic (Panc-1, MiaPaca-2, SW1990, ASPC-
1, BXPC-3), lung (A-549, Calu-1, H460, HOP-92) and ovarian
(SKOV-3), were transfected with non-targeting (NT) or K-Ras
siRNA and processed for western blotting as described under
“Materials and Methods.” Figure 1A shows that siRNA to K-Ras
depleted K-Ras, and that this resulted in a significant decrease
in the protein levels of survivin in cell lines that harbor mutant
K-Ras (Panc-1, AsPC-1, A-549, H460, MiaPaca-2, Calu-1 and
SW1990) but not in those cancer cell lines that express only wild
type Ras (BXPC3, HOP-92 and SKOV-3).

Next we used another K-Ras siRNA that targets a different
region of K-Ras mRNA to confirm the results. Figure 1A and B
show that depletion of K-Ras by two distinct K-Ras siRNAs
reduces survivin levels. Whether depleting K-Ras also reduces
the levels of ectopically expressed survivin was investigated next.
To this end, cells were stably transfected with Myc-DDK-tagged
survivin, and survivin protein levels were determined following
siRNA to NT or K-Ras transfection as described under “Materials
and Methods.” Figure 1C shows that depletion of K-Ras reduces
the levels of endogenous as well as exogenous survivin. The fact
that depletion of K-Ras reduces the levels of exogenous survivin,
the expression of which was driven by a foreign promoter, sug-
gests that K-Ras may affect survivin levels by regulating its stabil-
ity (see more below).

Depletion of K-Ras compromises the ability of VP16 to
increase survivin levels. Previous studies have shown that treat-
ment with chemotherapeutic drugs such as VP16 results in sur-
vivin induction, and that this is an intrinsic mechanism by which
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tumor cells develop resistance to chemotherapy. Since we found
depletion of K-Ras to decrease basal survivin protein levels, we
reasoned that depletion of K-Ras may also prevent induction of
survivin by anticancer drugs in cancer cells that harbor mutant
K-Ras. Therefore, we next investigated whether the VP16-
mediated increase in survivin levels requires mutant K-Ras. To
this end, Panc-1 cells were transfected with siRNA to K-Ras or
NT siRNA and treated with vehicle or VP16 and processed for
western blotting as described under “Materials and Methods.”
Figure 1D shows that in the absence of siRNA to K-Ras VP16
treatment of Panc-1 cells resulted in a robust increase in survivin
levels. In contrast, in Panc-1 cells where K-Ras was depleted, the
ability of VP16 to induce survivin was compromised (Fig. 1D).
These results suggest that K-Ras expression is required for the
ability of VP16 to increase survivin protein levels, further con-
firming the role of mutant K-Ras in maintaining high levels of
survivin in human cancer cells.

Ectopic expression of mutant K-Ras is not sufficient to
induce survivin. Figure 1 demonstrated that depletion of K-Ras
resulted in decreased levels of endogenous and exogenous survivin
as well as drug-induced survivin. Next we determined if ecto-
pic expression of mutant, constitutive active K-Ras (CA-K-Ras)
increases survivin levels. Human embryonic kidney HEK293
cells that ectopically express CA-K-Ras and their parental coun-
terparts, which were transfected with an empty vector construct,
were used. Figure 2A shows that forced expression of CA-K-Ras
did not affect the protein levels of survivin. Similar results were
also obtained with NIH-3T3 cells as well as two primary pan-
creatic ductal cell lines HPNE and C7 that stably express either
CA-K-Ras or empty vector (Fig. 2B-D), suggesting that K-Ras is
not sufficient to drive the expression of survivin. Taken together,
the results from Figures 1 and 2 suggest that mutant K-Ras is
required but not sufficient for the maintenance of the high sur-
vivin levels in human cancer cells.

Depletion of K-Ras decreases the stability of survivin by
promoting its ubiquitination and proteasome degradation.
Previous studies have shown that survivin protein undergoes pro-
teasomal degradation. To determine if depletion of K-Ras leads
to decreased survivin protein levels by inducing its proteasomal
degradation, we used the proteasome inhibitor bortezomib. First,
we demonstrated that treatment of Panc-1 cells with bortezomib
resulted in the accumulation of survivin in a time-dependent
manner starting as early as 1 h and reaching a maximum at 4 h
(Fig. 3A). Next, whether bortezomib can rescue from the K-Ras
depletion-mediated decrease of survivin levels was investigated.
To this end, Panc-1 cells that stably express Myc-DDK tagged
survivin were transfected with either NT or K-Ras siRNA for
48 h prior to incubation with bortezomib for 1 h, and the cells
were processed for western blotting as described under “Materials
and Methods.” Figure 3B shows that vector cells express only
endogenous survivin, whereas Myc-survivin transfected cells
express both endogenous and exogenous survivin (compare lanes
1 and 2). In the absence of bortezomib, depleting K-Ras resulted
in a significant decrease of both endogenous and exogenous sur-
vivin levels (compare lanes 3 and 5). In contrast, treatment of
cells with bortezomib inhibited the ability of K-Ras siRNA to
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Figure 1. Depletion of K-Ras decreases survivin levels in human cancer cells that harbor mutant K-Ras. Effects on endogenous, exogenous and drug-
induced survivin. (A) Human cancer cell lines that harbor mutant K-Ras (Panc-1, AsPC-1, A549, H460, MiaPaCa-2, SW1990 and Calu-1) or wild type Ras
(PXPC3, HOP-92, SKOV3) were transfected either with non-targeting siRNA (NT) or K-Ras siRNA and the cells were processed for western blot analysis
as described in Materials and Methods. (B) Panc-1 cells were transfected with siRNA#2 that targets different regions of K-Ras mRNA and processed for
western blot analysis as described above. (C) Depletion of K-Ras reduces both exogenous and endogenous survivin. Panc-1 cells that stably express ei-
ther vector or MYC-DDK-Survivin were transfected with siRNA and the cells processed for western blot analysis as above. (D) Panc-1 cells were treated
with siRNA for 36 h followed by VP-16 (D) treatment for 24 h. Cells were processed for western blot analysis as above. Data are representative of at least

two independent experiments.

decrease the levels of both endogenous and ectopically expressed
survivin (compare lanes 4 and 6 to lanes 3 and 5). Figure 3C
shows that bortezomib inhibited the CT-L activity of the pro-
teasome by 83% and 88% in Panc-1 cells transfected with NT
siRNA and K-Ras siRNA, respectively.

We next determined whether K-Ras siRNA induces the deg-
radation of survivin by increasing its ubiquitination. To this end,
cells were transfected with siRNA to NT or K-Ras for 48 h fol-
lowed by bortezomib treatment for 30 min. The cells were then
processed for immunoprecipitation with survivin antibody and
the immune-precipitates separated by SDS-PAGE and immu-
noblotted with ubiquitin antibody as described under “Materials
and Methods.” Figure 3D shows that, in the presence of bort-
ezomib, depletion of K-Ras did not decrease survivin levels, con-
sistent with the results of Figure 3B. Figure 3D also shows that
depletion of K-Ras increased the levels of ubiquitinated survivin.
Therefore, bortezomib inhibited the degradation of survivin,
which, in the absence of K-Ras, accumulated in its ubiquitinated
state. Taken together, the results from Figure 3B and D suggest
that K-Ras depletion leads to ubiquitination and proteasome-
mediated degradation of survivin.

Phosphorylation of survivin at T34 has been shown to increase
the stability of survivin.?*# One possible mechanism by which
depletion of K-Ras could decrease the stability of survivin is by
inhibiting the phosphorylation of survivin at T34. We therefore
reasoned that the phospho mimic T34D survivin mutant should
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be resistant to K-Ras depletion. To this end, we generated the
T34D survivin mutant as well as the non-phosphorylatable T34A
mutant. Panc-1 cells that stably express either wild type (WT),
T34D mutant or T34A mutant were transfected with siRNA
to NT or K-Ras for 48 h, and the expression of survivin was
followed by western blotting as described under “Materials and
Methods.” Figure 3E shows that depletion of K-Ras reduces the
expression of WT survivin as well as T34A and T34D survivin
mutants, suggesting that the ability of K-Ras siRNA to decrease
survivin protein levels is not dependent on the phosphorylation
status of survivin at T34.

Depletion of K-Ras decreases selectively survivin over the
anti-apoptotic proteins Bcl-2, Bcl-XL and Mcl-1 and does not
increase the levels of the pro-apoptotic proteins Bax and Bad.
The ability of cancer cells to survive depends not only on TAP
family members, but also on a balance between anti-apoptotic
and pro-apoptotic Bcl-2 family members (see “Introduction” sec-
tion). We therefore determined whether K-Ras depletion selec-
tively affects survivin over other proteins that regulate cancer
cell survival. To this end, in addition to survivin, we evaluated
the effects of K-Ras depletion on anti-apoptotic (Bcl-2, Bcl-X|
and Mcl-1) and pro-apoptotic (Bad and Bax) proteins. Figure 4
shows that siRNA to K-Ras decreased the levels of survivin but
did not affect the levels of the Bcl-2 family proteins in Panc-1 and
MiaPaca-2 cells. These results suggest that the effects of deplet-
ing K-Ras on survivin are specific.
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Figure 2. Ectopic expression of CA-K-Ras is not sufficient to induce survivin. HEK293 (A), NIH3T3 (B), HPNE (C) and C7 (D) cells that stably express CA-K-
Ras or vector were plated and grown for 48 h, and western blot analysis was performed to determine the survivin levels.

Depletion of RalA and/or RalB but not Aktl, Akt2 and
c-Raf-1 decreases survivin levels. Ras mediates its biological
effects by triggering the activation of several downstream signal-
ing pathways, among which RalGDS/Ral, PI3K/Akt and Raf/
Mek play pivotal roles. Therefore, we next determined whether
depletion of RalA, RalB, Aktl, Akt2 and/or Raf-1 phenocopies
the effect of K-Ras depletion on survivin levels. To this end, A549
and H460 cells were transfected with siRNAs to RalA, RalB,
Akt1/2 or Raf-1 and processed the cells for western blot analysis
as described in “Materials and Methods.” Figure 5 shows that,
in A-549 cells, depletion of K-Ras, RalA and RalB decreased the
survivin levels, with RalB being more potent than K-Ras and
RalA. In H460 cells, depletion of K-Ras and RalA was much
more potent than depletion of RalB at decreasing the levels of
survivin. Furthermore, depletion of Raf-1 and Akel/2 did not
result in decreased survivin levels in both cell lines (Fig. 5). These
results demonstrate that depletion of RalA and RalB but not that
of Raf-1 or Aktl/2 phenocopies K-Ras depletion effects on sur-
vivin, and suggest that the RalGSD/RalA-RalB pathway may
mediate the effects of K-Ras in regulating the stability of survivin

Survivin is required for mutant K-Ras-driven malignant
transformation. Both survivin and mutant K-Ras contribute
to malignant transformation, but whether survivin is required
for K-Ras-driven malignant transformation is not known. In an
attempt to address this question, we next determined if depletion
of survivin induces apoptosis in HNPE cells where malignant
transformation was induced by mutant K-Ras. Figure 6 shows
that depletion of survivin induces apoptosis in HPNE-K-Ras
cells, as measured by caspase 3 activation and PARD cleavage,
suggesting that survivin mediates at least in part the anti-apop-
totic function of K-Ras. To further confirm this result, we used
different cell lines that harbor mutant K-Ras and determined if
depletion of survivin induces apoptosis. Our result shows that
depletion of survivin induces caspase 3 activation and PARP
cleavage in A549 and H460 but not in Panc-1 cells.

In addition to the well-studied function of survivin in apopto-
sis, recent studies have also demonstrated that survivin contrib-
utes to invasion and metastasis, and this role is independent of
its anti-apoptotic activity.** The ability of cancer cells to grow in
an anchorage-independent manner is a prerequisite to metastasis.
We therefore determined if mutant K-Ras-induced colony forma-
tion in soft agar of HPNE pancreatic cells depends on survivin.
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Figure 7 shows that HPNE cells transfected with vector grew 62
colonies in soft agar. Transfection with mutant K-Ras enhanced
the ability of HPNE cells to grow soft agar colonies by 6.6-fold
from 62 (vector cells) to 412 (K-Ras cells) colonies. Figure 7
shows that depletion of survivin potently inhibited this K-Ras-
dependent increase in colony formation in soft agar. This sug-
gests that the ability of K-Ras to promote anchorage-independent
growth partly depends on survivin. Furthermore, the ability of
H-460 and Panc-1 cells, both of which harbor mutant K-Ras, to
grow soft agar colonies was also inhibited by depletion of survivin

While anchorage-independent growth is a pre-requisite for
metastasis, another close hallmark of metastasis is invasion. We
therefore determined if mutant K-Ras-driven invasion requires
survivin. Figure 8 shows that mutant K-Ras increased the ability
of HPNE cells to invade by ~3.7-fold from 18 in vector cells to
67 in K-Ras transformed cells. Figure 8 also shows that deple-
tion of survivin inhibited the ability of K-Ras to induce invasion.
Similarly, in A-549, H-460 and Panc-1 cells, all of which harbor
mutant K-Ras, depletion of survivin significantly compromised
their ability to invade (Fig. 8).

Discussion

The contributions of mutant K-Ras to several hallmarks of can-
cer, including deregulation of anchorage-dependent and -inde-
pendent cell growth, invasion, metastasis and apoptosis evasion,
have been well documented. In contrast, until recently, survivin
has only been implicated in the prevention of apoptosis and the
promotion of mitosis. Recent studies have demonstrated, as is
the case for K-Ras, that survivin is also involved in other hall-
marks of cancer such as invasion and metastasis.>* However, it
is not known whether K-Ras contributes to the maintenance of
the high levels of survivin in human tumors, and whether this
contributes to mutant K-Ras-mediated malignant transformation

In this manuscript, we used siRNA to knockdown K-Ras
expression in several human cancer cell lines, and demonstrated
that depletion of K-Ras reduces survivin protein levels in cancer
cells that harbor mutant K-Ras but not wild type Ras. In addition
to decreasing the basal levels of survivin, depletion of K-Ras also
inhibited the ability of VP-16 to induce survivin, further con-
firming the importance of K-Ras in the maintenance of survivin.
Furthermore, the K-Ras depletion-mediated reduction in survivin
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Figure 3. Depletion of K-Ras decreases survivin protein levels in a proteasome-dependent manner and a survivin-T34 phosphorylation-independent
manner. (A) Panc-1 cells were treated with the indicated dose of bortezomib for 1 h. The media was then replaced with drug-free media and the cells
were allowed to grow for the indicated length of time and processed for western blotting as described in “Materials and Methods.” (B and C) Panc-1
cells stably expressing Myc-DDK survivin were treated with siRNA to NT or K-Ras, followed by vehicle or bortezomib treatment. Cells were then har-

vested for western blot analysis (B) or CT-L proteasome activity assay (C) as described in “Materials and Methods.” (D) A549 cells were transfected with
NT or K-Ras (K) siRNA for 48 h followed by bortezomib treatment for 30 min. Survivin was immunoprecipitated and processed for western blot analysis
for either ubiquitin or survivin. (E) Panc-1 cells that stably express vector, wt, T34A mutant or T34D mutant survivin were transfected with NT or K-Ras

siRNA and the cells processed for western blotting as described in “Materials and Methods.” Data are representative of at least two independent

experiments.

levels was demonstrated in cancer cell lines from different tissue
of origin. Therefore, our results suggest that the requirement of
K-Ras expression for the maintenance of aberrantly high levels of
survivin in human cancer cells depends on the mutation status of
K-Ras but is not tissue-specific.

Our studies also demonstrated that while mutant K-Ras is
required for the maintenance of survivin levels (Fig. 1), on its
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own, it is not sufficient to induce survivin in several cell mod-
els, including NIH-3T3 murine fibroblasts and human kidney
embryonic HEK293 cells as well as two human pancreatic cell
lines C7 and HPNE (Fig. 2). Consistent with our results, expres-
sion of mutant K-Ras in mouse kidneys in the Wilms tumor
mouse model was not able to induce survivin.¥ Interestingly,
in this model, expression of both mutant K-Ras and B-catenine
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Figure 4. Depletion of K-Ras reduces survivin levels but does not affect
the levels of Bcl-2 family proteins. Panc-1 and MiaPaCa-2 cells were
transfected with siRNA to K-Ras or NT for 48 h and the expression of
different members of BCL-2 family proteins as well as expression of
survivin were detected by western blot analysis. Data are representative
of two (MiaPaCa) or three (Panc-1) independent experiments.

was able to induce survivin.” This study, coupled with our
K-Ras depletion results, suggests that while mutant K-Ras and
other genetic aberrations are required for increasing the levels
of survivin, depletion of only K-Ras is able to decrease survivin.
Therefore, K-Ras is necessary for the maintenance of survivin but
not sufficient to increase survivin levels. Whether ectopic expres-
sion of CA-H-Ras can increase survivin levels is not clear, with

415 and another showing that it

some studies showing that it can
cannot.'

In addition to depleting the endogenous levels of survivin, our
studies also demonstrated that depletion of K-Ras was able to
decrease the levels of exogenous survivin whose ectopic expres-
sion was under the control of a foreign promoter. This suggested
that depletion of K-Ras may affect the stability of the survivin
protein, and this was further confirmed by the demonstration
that depletion of K-Ras increased survivin ubiquitination, and
that treatment with the proteasome inhibitor Bortezomib com-
promised the ability of K-Ras siRNA to decrease the levels of
the survivin protein. Therefore, our studies indicate that deple-
tion of K-Ras leads to decreased survivin levels through a protea-
some degradation mechanism. Survivin has a fairly short half-life
of 30 min,* and its stability has been suggested to depend on
phosphorylation of survivin at T34 by CDK1.?* We have made
the phosphomimic T34D as well as the non-phosphorylatable
T34A survivin mutants, and have demonstrated that depletion
of K-Ras is as effective at decreasing the levels of these mutants
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as it is at decreasing the levels of wild type survivin, suggesting
that the ability of K-Ras depletion to promote the proteasome
degradation of survivin is independent of T34 phosphorylation.
While these results exclude the phosphorylation of survivin at
T34 as the sole determinant of K-Ras regulated survivin stability,
it doesn’t rule out possible involvement of this phosphorylation
site in combination with other plausible K-Ras-regulated mecha-
nisms that are involved in the stability of survivin.

Another important finding of our study is that depletion of
RalA and/or RalB but not that of Raf-1 and Akt1/2 phenocopies
the effects of depleting K-Ras on the survivin levels. This sug-
gests that the ability of K-Ras to regulate the stability of survivin
may be mediated by RalA and/or RalB but not Raf-1 or Akel/2.
The fact that not all effectors of Ras mediate the same biological
effects of Ras is consistent with previous studies that showed, for
example, that the Raf/Mek pathway predominantly mediates pro-
liferation whereas the PI3K/Akt drives survival.”’* Furthermore,
our results are consistent with other reports that demonstrated
that the RalGDS/RalA-RalB pathway downstream of Ras may
be more important at mediating Ras-driven malignant transfor-
mation than the PI3K/Akt and the Raf-1/Mek pathways in some
but not all tumors.?” Interestingly, we have found that depletion
of RalA and RalB in some tumors, particularly those of pancre-
atic origin, such as Panc-1 and MiaPacca-2 cells, does not result
in decreasing survivin levels. Whether this difference is due to
tissue of origin (lung vs. pancreas) is not known. However, it
is clear that, while in the panel of human cancer cells that we
have investigated, the ability of K-Ras depletion to decrease sur-
vivin appears to be dependent only on the K-Ras mutation status,
this is not the case for RalA and RalB. Indeed depletion of RalA
and/or RalB decreases the survivin levels in A-549 and H460 but
not in Panc-1 and MiaPacca-2 cells, yet all four cell lines harbor
mutant K-Ras.

Depletion of K-Ras induces apoptosis in many human can-
cer cell lines that depend on mutant K-Ras for survival.?*%
However, whether this depends on the K-Ras depletion-mediated
decrease in survivin levels is not known. Using isogenic HCT-116
colon cell lines, Sarthy et al.* have found that survivin deple-
tion induces apoptosis preferentially in cancer cells that harbor
mutant K-Ras. However, several studies using RNAi screens have
not all identified that depletion of survivin induces cell death in
cancer cells with K-Ras mutation.”**% Consistent with this, our
results also show that mutation of K-Ras alone may not predict
sensitivity to survivin depletion. For example, depleting survivin
in H460 and A549 but not in Panc-1cells (Fig. 6) and MiaPaca
2 cells (data not shown) induces apoptosis, yet all four cell lines
harbor mutant K-Ras. Depletion of K-Ras may induce apoptosis
through other mechanisms; however, apoptosis following deple-
tion of K-Ras in these two cell lines does not involve anti-apop-
totic (BclxL, Bcl-2 and Mcl-1) or pro-apoptotic (Bax and Bad)
Bcl2 family members (Fig. 4). Future studies that use a large
number of cell lines that harbor mutant and wild type K-Ras
are warranted to identify the effect of survivin depletion in the
context of K-Ras mutation.

Survivin has been associated with malignant transformation as
its expression increases at early stages of tumor development and
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Figure 5. Depletion of RalA and/or RalB but not Akt1/2 and Raf-1 decreases survivin levels. A549 and H460 cells were transfected with siRNA to NT,
K-Ras, RalA, RalB, Akt1/2 or c-Raf-1 siRNA for 48 hrs. Samples were processed for western blot analysis and immunoblotted with the indicated antibody
as described in “Materials and Methods.” Data are representative of two independent experiments.
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Figure 6. Effects of depleting survivin on apoptosis. HPNE-K-Ras, A549, Panc-1 and H460 cells were transfected with either control (NT) or survivin
siRNA for 96 h, as described under “Materials and Methods.” Top panel: western blot analysis showing knockdown of survivin and cleaved PARP. Bot-
tom panel: caspase-3 activity following depletion of survivin. Data are representative of two independent experiments.

its targeted expression in skin predispose mice to UV-induced
tumors.”® Our studies show that, mutant K-Ras also depends
on survivin for its ability to transform cells as well as to induce
invasion. Using a genetically defined pancreatic cancer cell
model (HPNE), we have shown that the ability of mutant K-Ras
to induce anchorage-independent cell growth on soft agar was
inhibited by depletion of survivin. Depletion of survivin also
inhibited the anchorage-independent growth of human can-
cer cells that harbor mutant K-Ras such as Panc-1 and H-460
cells. Furthermore, the ability of mutant K-Ras to induce inva-
sion in HPNE pancreatic cells was also inhibited by depletion of
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survivin. The ability of A-549, H-460 and Panc-1 cancer cells,
all of which harbor mutant K-Ras, to invade was also inhibited
when survivin expression was knocked down. These results sug-
gest that survivin may be critical to the ability of mutant K-Ras
to induce metastasis. This is consistent with recent studies that
implicated survivin in invasion and metastasis.*!

In summary, this manuscript demonstrates that in the absence
of K-Ras, survivin ubiquitination levels are increased, leading to
its degradation by the proteasome, and suggests that this impor-
tant biochemical link between mutant K-Ras, and the stability of
survivin contributes to K-Ras-driven malignant transformation.
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Materials and Methods

Cell culture. The human tumor cell lines were grown in their
respective media: A549 in Kaighn’s modification medium
(F12K) (Gibco Laboratories), Calu-1 and SKOV-3 in McCoy’s 5a
medium modified (Sigma-Aldrich), H460, AsPC-1 and BxPC-3
in RPMI, (Invitrogen), MiaPaCa-2, Panc-1, SW1990 and HOP-
92 in Dulbecco’s modified minima essential medium (DMEM)
(Invitrogen). All cells were grown in their respective media con-
taining 10% FBS and 1% penicillin streptomycin at 37°C in a
humidified incubator at 5% CO,. Human Pancreatic Nestin
Expressing (HPNE) cells were the kind gift of Dr Channing Der
and Dr Paul Campbell (University of North Carolina) and were
maintained in media containing 3:1 mixture of DMEM and
M3F base media (INCELL). NIH-3T3 cells that stably express
mutant K-Ras and C7 cells that stably express mutant K-Ras were
grown as described by us,'”?° respectively.

SiRNAs and antibodies. Non-targeting (NT), K-Ras,
RalA, RalB, c-Raf and survivin siRNA were purchased from
Dharmacon and Ambion, respectively; Aktl/2 siRNA was pur-
chased from Cell Signaling. Survivin antibodies were purchased
from Novus Biologicals, (used for immunoprecipitation) and
Abcam (used for western blotting). Bax, MCL-1, Bad, Akt1/2,
c-Raf and ubiquitin antibodies were purchased from SantaCruz
Biotechnology. Cleaved PARP antibody was purchased from Cell
Signaling. B-actin, vinculin, a-tubulin and GAPDH antibodies
were purchased from Sigma. K-Ras (OP-24), Bcl-2 and Bcl-X|
antibodies were purchased from Calbiochem. RalA antibody
was purchased from BD Biosciences. RalB antibody was pur-
chased from (Millipore) Peroxidase conjugated Goat anti-mouse
IgG, Rabbit anti-Goat IgG, Mouse anti-Rabbit IgG antibodies
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were purchased from Jackson ImmunoResearch Laboratories.
TrueBlot mouse secondary was purchased from e-Bioscience.

DNA constructs and site directed mutagenesis. Survivin
T34 mutants were generated using QuickChange II XL site-
directed mutagenesis kit (Agilent Biotechnologies). Survivin
OREF plasmid was purchased from Origene and used as a tem-
plate for site directed mutagenesis according to the manufac-
turer’s recommendation. Briefly, primers were designed using
an online primer designing tool from Agilient Biotechnology,
(www.agilent.com/genomics).

The following primers were purchased from Integrated DNA
Technology (IDT). Survivin T34D: Sense primer: 5-GGG
CTG CGC CTG CGA CCC GGA GCG GAT G-3'; Antisense
primer: 5-CAT CCG CTC CGG GTC GCA GGC GCA GCC
C-3". Survivin T34A: Sense primer: 5-GCT GCG CCT GCG
CCC CGG AGC GG-3'; Antisense primer:- 5-CCG CTC CGG
GGC GCA GGC GCA GC-3'.

PCR conditions. The following components were added into
a PCR tube-reaction buffer to 1x, 200 ng DNA, 125 ng of each
sense and antisense primers, 1 wl of INTP mix, 3 pl of quick-
solution and distilled water to a final volume of 50 .l and DNA
polymerase (all reagents from Agilent Biotechnologies). PCR
cycle conditions: 95°C, 2 min; 95°C, 1 min; 60°C, 50 sec; 68°C,
14 min; 68°C, 7 min, repeat 18 times then end. Following tem-
perature cycling, the reaction tubes were placed on ice for 2 min,
followed by the addition of 2 pl DPNI restriction enzyme to
each sample. This reaction was allowed to go for at least 4 h
at 37°C. After generation of the plasmid, bacteria (XL10-Gold
Ultra Competent Cells) were transformed per the manufacturer’s
instructions. After overnight incubation, 10 colonies were picked
for each sample. DNA was purified to determine mutation status.
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Figure 8. Depletion of survivin inhibits K-Ras-driven invasion. HPNE-Vector, HPNE-K-Ras, A549, Panc-1 and H460 were transfected as described for
Figure 7 and were analyzed for invasion through matrigel coated transwell inserts after 24 h (HPNE cells), 48 h (Panc-1 and H460) or 72 h (A549) as
described under “Materials and Methods.” Data are representative of two (HPNE and A549) or three (Panc-1 and H460) independent experiments.

For cloning myc-tagged CA-K-Rasl12V, we used our previ-
ously described K-Ras-Q12V pBABE expression construct® as
template to clone into myc-tagged pPCMV-Tag3B vector. The fol-
lowing primers were used to shuttle the construct:

Forward primer: 5-CGC GGA TCC AAG CTT ATG ACT
GAA TAT AAA CTT GTG GTA-3,

Reverse primer: 5-TGC TCT AGA CTC GAG TTA CAT
AAT TACACA CTT TGT CTT-3.

SiRNA transfection. Cells were transfected with siRNA using
Lipofectamin RNAIMAX transfection reagent (Invitrogen)
according to the manufacturer’s instructions. Briefly, cells were
plated overnight to reach ~40-50% confluence at the time of
transfection. Lipofecatmine RNAIMAX and Optimum were
mixed in one tube, and a mixture of siRNA and Optimum was
prepared in another tube, and the content of the two tubes were
mixed. The mixture was incubated for 20 min at room tempera-
ture, after which the siRNA-RNAiMax mixture was added to
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cells drop-wise. After 24 h of transfection, appropriate media
that contain 10% serum only was added until the desired time
of transfection.

DNA transfection and generation of stable cell lines. Cells
were plated overnight to reach 70-80% confluence and were
then transfected with DNA using Lipofectamine 2,000 transfec-
tion reagent according to the manufacturer’s instructions. Briefly,
Lipofectamine 2,000 reagent (1.5 pl/pg of DNA) was diluted
in OPTI-MEM medium (Invitrogen) and allowed to equilibrate
for 5 min at room temperature. Two pg of DNA (vector or Myc-
DDK-survivin construct) (Origene) was diluted in OPTI-MEM
in a separate tube. The contents of the two tubes were mixed and
allowed to complex for 20 min at room temperature then added
drop wise to cells that contain 10% FBS but no 1% PS. The cells
were transfected for 6 h before changing the medium to medium
containing 10% FBS only and incubated for an additional 18 h.
The medium was then replaced with complete growth medium
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containing 1.2 mg/mL of G418 (Fisher Scientific). The cells were
kept in selection medium for 2 weeks, after which the resistant
cells were pooled and grown for further experiments.

Western blotting. Cells were rinsed with ice-cold PBS
twice and lysed on the plate in lysis buffer containing 20 mM
Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM
B-glycerolphosphate, 1 mM sodium orthovanadate, Ipg/mL
leupeptin, and 1 mM PMSF. The lysate was collected by scraping
and centrifuging at 13,000 g for 13 min to remove the debris.
The protein content was measured using Bradford protein assay.
Samples were resolved using 12.5% SDS-PAGE and transferred
to PVDF membranes (Millipore). The membranes were blocked
with 5% milk in Tris-buffered saline and Tween 20 (TBST) and
then probed with the desired antibodies. The enhanced chemi-
luminescence blotting system (PerkinElmer Inc.) was used for
antibody reaction.

Immunoprecipitation. Cells were rinsed with ice cold PBS
twice and lysed on the plate in NP-40 lysis buffer containing
20 mM Tris pH 7.5, 0.05% Igepal, 250 mM NaCl, 3 mM EGTA,
3 mM EDTA, 2 mM NaVO,, 2 mM PMSF and 7.4 mg/ml
PNPP, 0.5 uM bortezomib, Ub-aldehyde 4 pM, 20 mM n-eth-
ylmaleimide. After collecting the lysate, the lysate was sonicated
(4 pulses), using Branson Sonifier, VWR Scientific, at output
level 3, duty cycle (%) 30. After clearing the debris by centri-
fuging at 13,000 g for 13 min, the protein amount was mea-
sured. 600-1,000 g of protein was incubated with 30 pl of
50/50 mix of protein A/ protein G agarose beads (Millipore) and
2 pg/ml of survivin antibody (Novus) at 4°C overnight on an
orbital shaker. After overnight incubation, the sample was cen-
trifuged for 5 sec to collect the beads. The supernatant was dis-
carded, and the beads were washed two times with 500 pl lysis
buffer. The agarose beads were re-suspended in 30 wl of sample
buffer. The agarose beads were boiled for 5 min to dissociate the
immunocomplex from the beads. The beads were collected by
centrifuging and the proteins in the supernatant were run on a
12.5% SDS-PAGE.

In vivo ubiquitination assay. Panc-1 cells were first trans-
fected with siRNA for 48 hr. The cells were then treated with
0.5 .M of bortezomib (Velcade) for 30 min. The cells were then
lysed with NP-40 lysis buffer. Survivin was immunoprecipitated
as described above and ubiquitinated survivin was detected using
ubiquitin antibody from SantaCruz Biotechnology and TrueBlot
mouse secondary (eBioscience).

Caspase activation assay. Caspase-3 activity was measured
in cell lysates using a fluorogenic substrate. The assay measures
the cleavage of AMC groups from a Caspase-3 specific substrate
(Ac-DEVD-AMC) (Biomol Research Labs, Inc.). Liberated
AMC groups were quantified on fluorometer at excitation max.:
365-380 nm and emission max: 430—460 nm. Briefly, cells were
lysed in a protease inhibitor free lysis buffer (50 mM Tris, pH
8,5 mM EDTA, 150 mM NaCl, 0.5% NP-40). The lysate was
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collected by scraping. After clearing the lysate by centrifugation,
protein was measured. 20 g of protein and 20 pM caspase-3
substrate were added into 50 mM Tris, pH 7.5 reaction buffer
in triplicate in a 96-well plate. The reactions were incubated for
1h at 37°C and the plate was read by a fluorometer, WALLAC
Victor 1420 Multilabel counter with 355 nm excitation and 460
nm emission filters (Perkin Elmer Life Sciences).

Assay for the chymotrypsin-like activity (CT-L) of the pro-
teasome. The (CT-L of the proteasome was measured using fluo-
rogenic peptide substrate as described elsewhere.?® Briefly, 20 g
of cell lysate protein was incubated with 20 pM of Suc-Leu-Leu-
Val-AMC substrate for CT-L activity in 100 ul of assay buffer
(50 mM TRIS-HCI, pH 7.6) for 1 hr at 37°C. After incuba-
tion, production of 7-hydrolyzed 7-amido-4-methyl-coumarin
(AMC) groups were measured using WALLAC Victor 1420
Multilabel counter with 355 nm excitation and 460 nm emission
filters (Perkin Elmer Life Sciences).

Soft agar colony-formation assay. After 48 h of siRNA
treatment, the cells were trypsinized, counted and seeded at a
cell density of 2,000/well in triplicate in 12-well culture plates
in 0.3% agar over a 0.6% bottom agar layer as previously
described.”’ Cultures were incubated until colonies formed
(approximately 2—3 weeks). Plates were scanned after overnight
incubation with 1 mg/ml MTT [3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide, Calbiochem], in cell growth
medium. The colony numbers were visually determined and
quantified.

Cell invasion assay. Analysis of cell invasion was performed
using artificial extracellular matrix (Matrigel, 8 wM pore size, BD
Biosciences) according to the manufacturer’s instructions. Briefly,
the inserts were rehydrated by adding warm serum-free medium
for 2 h at 37°C, 5% CO, atmosphere. The medium was then
removed from the inserts, and 750 pl of medium containing FBS
was added to each well of the plate and the inserts were placed
on top of the medium. The transfected A549, Panc-1, and H460
(40,000 cells in 500 pl of serum free-media) and HPNE cells
(20,000) were added into the inserts. The cells were incubated for
48 h at 37°C. Cell invasion was determined by staining the bot-
tom parts of the insert with crystal violet (0.5% crystal violet in
25% methanol). The porous membrane was removed and placed
on the slide. The number of cells that invaded were counted in
three high-power microscope (40x) fields and averaged as the
mean number of invaded cells per field for each membrane.
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