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Staurosporine
A new tool for studying phosphatidylserine trafficking
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The Ras GTPases comprising three main isoforms H-, N- and K-Ras operate at the plasma membrane as molecular switches
in essential signaling pathways. Active concentration of the minor phospholipid phosphatidylserine in the inner leaflet
of the plasma membrane contributes to the electrostatic potential that is required for K-Ras anchoring to the plasma
membrane. We recently observed that staurosporine and related analogs: 7-oxostaurosporine, UCN-01 and UCN-02, long
known as relatively non-specific protein kinase inhibitors, block endosomal sorting and recycling of phosphatidylserine,
resulting in redistribution of phosphatidylserine to endosomes and endomembranes with concomitant mislocalization
of K-Ras. Staurosporines are therefore a new tool to study phosphatidylserine trafficking. We discuss whether the
mechanism of action of UCN-01, an FDA-approved staurosporine analog used as an anti-cancer therapeutic, is related to
effects on phosphatidylserine subcellular distribution. Given the high prevalence of expression of constitutively active
K-Ras in human cancers, we ask whether inhibitors of phosphatidylserine trafficking may have important therapeutic

applications.

Ras proteins are small GTPases that regulate key pathways
involved in cell growth, proliferation and differentiation. Ras
proteins need to localize on the plasma membrane (PM) for its
biological activity. Correct post-translational modification of the
hypervariable region (HVR) at C-terminus of Ras is required for
translocation to the inner leaflet of the PM.!? Constitutively active
mutant K-Ras is expressed in pancreatic, lung and colon can-
cers, and is therefore a major clinical problem.*> Pharmacological
agents that block K-Ras biological activity would have great clini-
cal utility. Point mutations that prevent Ras post-translational
processing block PM localization and abrogate all biological
and oncogenic activity.>® Farnesyltransferase inhibitors (FTT),
which block the first step of Ras post-translational modification
should phenocopy this mode of Ras inhibition. However, in cells
treated with FTTs K-Ras and N-Ras undergo alternative process-
ing by geranylgeranyltransferase 1.7 Geranylgeranylated K-Ras
and N-Ras localize normally to the PM, and are equipotent with
farnesylated K- and N-Ras in transforming assays.® Despite the
clinical failure of FTTs for inhibiting K-Ras PM localization, the
basic biological observation that preventing K-Ras PM localiza-
tion abrogates transforming activity remains valid.*®

In our recent study, we developed and utilized a high content
assay to identify compounds that inhibit PM localization of K-Ras
and that may thereby inhibit its biological activity. We screened a
microbial extracts library composed of ~10,000 metabolites, and
identified 21 extracts that mislocalized K-Ras and/or H-Ras from
the PM. Two extracts that displaced both K- and H-Ras from
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the PM contained staurosporines and analogs; 7-oxostaurospo-
rine (OSS), UCN-01 and UCN-02.” We subsequently showed
that staurosporines are more active against K-Ras than H-Ras. In
staurosporine-treated cells, K-Ras is translocated to the ER, early
endosomes, late endosomes/lysosomes and mitochondria, while
H-Ras is redistributed predominantly to the Golgi. Although
staurosporines are protein kinase C inhibitors and can induce
apoptosis at high concentrations, we showed that the Ras mislo-
calization mechanism is independent of protein kinase C inhibi-
tion and induction of apoptosis.

Phosphatidylserine (PS) is an anionic phospholipid that is
asymmetrically concentrated on the inner leaflet of the PM, and
confers electrostatic potential to the PM." Using a PS binding
probe, we showed that OSS disrupts the subcellular distribution
of PS without externalizing PS to the outer leaflet of the PM, indi-
cating OSS does not inhibit PM flippase nor activate scramblases.
In addition, OSS treatment decreased not only the total amount
of K-RasG12V and PS on the inner leaflet of the PM but also the
nanoclustering of K-RasG12V and PS on the PM (Fig. 1A and B).
OSS did not change H-RasG12V nanoclustering but did signifi-
cantly reduce the amount of H-RasG12V associating with the PM
(Fig. 1C). These are important observations, since perturbation of
Ras nanocluster organization dysregulates Ras-mediated cellular
signaling."'"® Consistent with the nanoclustering and PM localiza-
tion data, staurosporine treatment significantly decreased cell pro-
liferation and MAPK signaling in K-Ras-transformed cells. Taken
together, these and other data suggest that PS provides membrane
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Figure 1. OSS reduces the total amounts and nanoclusterings of PS and
K-RasG12V, but not H-RasG12V. Basal PM sheets were prepared from
MDCK cells expressing mGFP-tagged Lact-C2, K-RasG12V or H-RasG12V
were treated with OSS for 48 h. PM sheets were labeled with anti-GFP
antibody conjugated to 4.5 nm-gold particles. Spatial mapping of

the gold-labeled Lact-C2 (A), K-RasG12V (C) or H-RasG12V (E) were
performed. The L(r)-r curve is weighted mean K-function (n > 15), where
values above the 99% confidence interval (C.I.) for a random pattern
indicate clustering at that value of r. Significant differences between
the L(r)-r curves of OSS-treated and control cells were analyzed using
bootstrap tests (¥, p < 0.05; *** p < 0.001). (B, D and F) The graphs show
the mean number of gold particles/pum? (+ S.E.M). Differences between
OSS-treated and control cells were assessed using one-way ANOVA tests.
Significant differences are indicated (¥ p < 0.05; **, p < 0.01; ***, p < 0.001).
(A-D) previously published in Figure 3B and C, and Figure 5G and H of
Staurosporine disrupts phosphatidylserine trafficking and mislocalize
Ras proteins. JBC 2012, 287:43573-43584.

affinity for K-RasG12V, facilitates the formation of K-RasG12V
nanoclusters, and maintains H-RasG12V on the PM.

We conducted PS add-back experiments to elicit the possible
targets of staurosporines in PS trafficking. When OSS-treated
cells were supplemented with exogenous PS, the intracellular mis-
localized K-Ras were rapidly recruited to the PM. Intriguingly,
the correction of K-Ras PM localization was transient. After 1 h of
PS supplementation, K-Ras became more extensively mislocalized
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than immediately before PS addition. We interpret these results as
indicating that staurosporines target endosomal sorting/recycling
of PS. When exogenous PS reaches the inner leaflet of the PM, the
increased PS concentration on the inner leaflet corrects PM bind-
ing of K-Ras on a time scale that matches PS delivery from the
outer to the inner leaflet." PS then undergoes normal endocytic
recycling'* such that in the absence of staurosporines, internalized
DS is recycled back to the PM by vesicular pathways.'® However,
when staurosporines continuously block the sorting/recycling of
PS back to the PM, the internalized PS is instead redistributed to
endosomes. Consequently, PS concentration on endomembranes
now is greater than before the PS supplementation, accounting
for the observed enhancement of K-Ras mislocalization in OSS-
treated cells supplemented with exogenous PS.

Clinical studies involving UCN-01 (7-hydroxystaurosporine)
have been completed or are currently active for a wide range
of tumors.”" Although UCN-01 inhibits protein kinases and
dysregulates cell cycling, the exact mechanism of its anti-tumor
activity is still unclear.” Our study suggests a new mechanism
that merits further investigation. A review of the study designs
for UCN-01 would also be appropriate to see if an adequate sam-
ple of K-Ras-positive tumors was included. The identification
of additional compounds that target PS lipid trafficking is now
required to validate whether reducing PM PS content is a viable
strategy to therapeutically modify K-Ras signaling.

In summary, staurosporines significantly decrease the level of
PS on the inner leaflet of the PM, and mislocalize Ras proteins
from the PM. PS depletion on the PM results in a reduced nano-
clustering of K-RasG12V, suggesting that PS is required for both
PM binding of K-Ras as well as the maintenance of K-RasG12V
nanoscale spatial organization. Staurosporines disrupt the endo-
somal recycling of PS. The exact molecular target of staurospo-
rines in PS recycling process is currently unknown, but whatever
the mechanism staurosporine is a new pharmacological tool to
study the cellular trafficking of PS.

Materials and Methods

EM and spatial mapping of basal plasma membranes in
polarized epithelial cells. Basal sheets of MDCK cells tran-
siently expressing mGFP-H-RasG12V were prepared exactly as
described.” The prepared basal PM sheets on gold EM grids were
washed and fixed, and the cytosolic leaflet was labeled with anti-
GFP antibody conjugated to 4.5-nm gold particles as previously
described.?>* Digital images of the immunogold-labeled plasma
membrane sheets were taken in a JEOL 1400 transmission EM.
Intact 1 wm? areas of the plasma membrane sheet were identified
using Image], and the x, y coordinates of the gold particles were
determined.?*?' K-functions®" were calculated and standardized
on the 99% confidence interval for complete spatial randomness.
Bootstrap tests to examine differences between replicated point
patterns were constructed exactly as described previously, and sta-
tistical significance evaluated against 1,000 bootstrap samples.?
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