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ABSTRACT

The recently renewed interest in scientific rigor and reproducibility is of critical importance for both
scientists developing new targeted small-molecule inhibitors and those employing these molecule in
cellular studies, alike. While off-target effects are commonly considered as limitations for any given small-
molecule inhibitor, the ability of a given compound to distinguish between enzyme isoforms is often
neglected when employing compounds in cellular studies. To call attention to this issue, we have
compared the results of an assay for “direct target engagement”, the Cellular Thermal Shift Assay
(CETSA), to the published isoform selectivity of 12 commercially available sphingosine kinase 1 and 2
(SphK 1 and SphK2) inhibitors. Our results suggest that, at the concentrations commonly employed in
cellular assay systems, none of the tested SKls can be considered isoform selective. Thus, caution and
complimentary assay strategies must be employed to fully discern isoform selectivity for the SphKs.
Moreover, caution must be employed by the scientific community as a whole when designing experi-
ments that aim to discern the effects of one enzyme isoform versus another to ensure that the concen-
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tration ranges used are able to distinguish isoform selectivity.

Introduction

In recent years, a renewed emphasis has been placed on the
importance of scientific rigor and reproducibility due to reve-
lations that several high-impact published reports were not
able to be independently confirmed'. From the perspective of
a drug discovery/development scientist, this renewed emphasis
takes the form of ensuring rigor, during lead development, to
avoid off-target effects and validate on-target specificity to
maximize the utility of a compound as a molecular tool or as
a lead for future optimization studies. From the perspective of
a cell biologist, the emphasis is placed on the reproducibility of
the results obtained with a molecular tool compound across
various cell systems. Thus, it is of critical importance for both
fields of research to do their due diligence for the benefit of the
scientific community and ultimately patients suffering from life
threatening diseases such as cancer.

It is not uncommon for small-molecule inhibitors to have
oft-target effects that can lead to unwanted side-effects and
potentially to unwanted toxicities. At the extreme, these off-
target effects can lead to the failure of a promising clinical lead
compound. Similarly, there is a critical demand for simple
methods of demonstrating that a drug candidate binds to its
cognate target in cells (i.e. target engagement) as early in the
development process as possible.>* Indeed, this need became
apparent after the Phase III failure of the PARP Inhibitor,
Iniparib. Subsequently, it was demonstrated that Iniparib did
not inhibit PARP activity, but instead nonselectively modified
cysteine residues. Thus, simply demonstrating that Iniparib

did, or did not, directly target engaged PARP in intact cells
could have saved years and millions of dollars of investment.

Another factor that is frequently encountered in published
studies is the use of aberrantly high concentrations of com-
pounds when studying their effects on live cells. This is espe-
cially true when attempting to discern which isoform of
a particular enzyme is responsible for a given effect. Indeed,
an example of this difficulty comes from studies of the Aurora
Kinases (AurA and AurB). Early Aurora kinase inhibitors had
selectivity for one isoform over the other in the range of 1-2 log
fold differences at low nanomolar ranges. For instance,
MLNB8054 is reportedly ~40 fold more selective for AurA
versus AurB (4 nM vs 172 nM).* However, when employed
in cellular studies at 0.5 uM or higher, the observed effects are
often attributed to AurA inhibition, when both isoforms are
likely inhibited. Indeed, the recent development of a truly
selective AurA inhibitor (LY-3295668) has demonstrated that
AurA inhibition alone induces mitotic spindle assembly check-
point arrest, whereas, when AurA and B are co-inhibited, AurB
inhibition is dominant and mitotic exit occurs.>®

Our research interests have focused on the development of
small-molecule inhibitors of the Sphingosine kinases (SphK1
and SphK2). Our experiences, both in the development of
SphK inhibitors (SKIs) and their use as molecular tools in cell
biology experiments has revealed multiple unforeseen factors
can influence both the rigorous evaluation of the isoform
selectivity of “selective” inhibitors and the implementation of
“selective” inhibitors in cellular studies. Early studies suggested
that of the two SphK isoforms, SphK1 was the more desirable
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target for therapeutic targeting. One of the primary reasons for
this was the observation that SphK1 activity was stimulated by
a host of external and internal stimuli (extensively reviewed
in”); whereas SphK2 was thought to have a housekeeping func-
tion in the maintenance of physiological levels of S1P. Thus the
focus of early inhibitor development programs was on the
identification of SphKl-selective small-molecule inhibitors.
Concurrent with the development of the SphK1-selective inhi-
bitors, several studies demonstrated that, like SphK1, SphK2
was over-expressed in certain cancer types and that SphK2 also
responded to growth factor stimulation.®'* In fact, rather than
having only housekeeping functions, SphK2 was recently
shown to have an oncogenic function and to have unique
properties such as a nuclear localization that allowed for S1P
production in the nucleus and modulation of HDAC
activity."''* These and many other studies highlighted the
need for isoform-selective SKIs to both dissect the physiologi-
cal roles of the two SphK isoforms, as well as to identify the
better pathophysiological target for therapeutic development.

“First-generation” Sphingosine Kinase Inhibitors (SKIs),
such as, our small-molecule chemotypes (SKI-I - SKI-IV'?), di-
methyl sphingosine, etc., were non-isoform selective inhibitors
that induced apoptosis, reduced tumor volume in numerous
animal studies and provided encouraging results that SKIs
would be effective therapeutic agents for multiple cancer
types.'® In the intervening years, pharmaceutical industry and
academic groups developed “second-generation”, that were
reported to be isoform-selective SphK inhibitors. For example,
SK1-I, SKI-5 C and PF-543 were reported to be SphKl-
selective while ABC294640 and K145 were reported to be
SphK2-selective.'”*! Some of these “second generation” inhi-
bitors achieved the goal of nanomolar potency.'****

Simultaneous with the publication of these isoform-
selective SKIs, we had begun to optimize our original SKI-I
chemotype, due to the fact that SKI-I was the most potently
cytotoxic of the four original identified chemotypes (SKI-I -
SKI-IV).”” Through a series of Structure-Activity Relationship
(SAR) studies we identified a refined SphK1-selective SKI-I
analog (SKI-178) that competes for the Sph binding site, is
potently cytotoxic, and effectively reduces S1P formation while
inducing Cer accumulation against a broad range of cancer cell
lines, in vitro.’® The apparent discrepancy between the actions
of SKI-178 and these other SphK1 inhibitors led us to suspect
that SKI-178 had “off-target” effects that accounted for the
ability of SKI-178 to induce apoptosis.

As part of our drug development program, we have
extensively examined of the apoptotic mechanism-of-action
of a small-molecule inhibitor of sphingosine kinase 1
(SphK1), SKI-178. As part of this examination, we employed
the recently developed Cellular Thermal Shift Assay
(CETSA®"*) to demonstrate that SKI-178 selectively target
engages SphK1 in intact cells.”**” To our surprise, and
contrary to the results of our earlier in-vitro SphK activity
assays, we observed that, in addition to SphK1, SKI-178 also
target engaged the highly similar isoform, SphK2.>** As we
considered reasons for the discrepancy between the in-vitro
activity assay and CETSA experiment results, it became
apparent that one limitation of the in-vitro SphK activity
assays, using recombinant proteins, is that they have relied

on detergent (e.g. 1% Triton X-100) or high salt (e.g. 1 M
KCl) conditions to selectively assay for specific SphK
isoforms.>® Clearly, these conditions do not mimic the intra-
cellular environment and, in fact, they put selective pressure
on the inhibitor screens by potentially blocking lipophilic or
ionic interactions, respectively. Indeed, one of the key
advantages of the CETSA experiment is its ability to mea-
sure binding in the proper intracellular microenvironment.

A separate issue that we have frequently observed in the
literature is that the isoform-selective SKIs, such as PF-543,
SK1-I, ABC294640, etc., are often used at very high concentra-
tions in cellular experiments to identify the SphK isoform
responsible for a given biological effect. In such cases, it is
often assumed that these isoform-selective inhibitors do not
inhibit the other SphK isoform at all. While it is very likely that
these inhibitors have a greater affinity for one isoform over the
other (i.e. selectivity), it is often the case that the inhibitor is
employed in a cellular assay system at relatively high concen-
trations that far exceed the ICs, for the preferred isoform and
are, in fact, likely to inhibit both isoforms. This is especially
true for the nanomolar potency inhibitors, such as PF-543,
when they are employed at micromolar concentrations in cells.

Given the contradictory results we obtained with in-vitro
SphK activity assays and CETSA experiments in the devel-
opment of SKI-178 and the propensity of investigators to
use very high concentration of selective SKIs in cellular
assays to discern the effects of the different SphK isoforms,
we decide to employ the CETSA technique to reevaluate the
target selectivity of a cohort of 12 commercially available
SphK1-selective, SphK2-selective and nonselective, SphK1/2
inhibitors. Our results confirm that all 12 of the commer-
cially available SphK Inhibitors, are capable of target enga-
ging both human SphK1 and SphK2 at micromolar
concentrations typically employed in published studies.
Furthermore our results highlight the need to confirm the
results obtained using SKIs with molecular tools such as
siRNA/shRNA knock-down or Crispr/Cas9 mediated
knock-out. Thus, caution should always be employed when
using small-molecule inhibitors to attempt to discern the
relative contribution of either SphK isoform to an observed
biological effect.

Results

One of the major factors complicating the study of the indivi-
dual SphK isoforms is that they are co-expressed, at relatively
low levels, in most cell lines. Because they are co-expressed and
because they both utilize Sph to generate S1P, there is no truly
reliable method to discern their relative contributions to the
intracellular pool of S1P. Various strategies to over-come this
limitation have included the use of isoform specific buffer
conditions,”® siRNA/shRNA knockdown of individual SphK
isoforms or the use of SphK1~~ or SphK2~~ MEF cell lines.
Knock-out strategies employing the Crispr/Cas9 technology
may overcome these limitations, however, until this technology
is validated and extensively utilized in the sphingolipid meta-
bolism field, we are left to rely on a combination of the above
technologies and isoform-selective small-molecule inhibitors
of SphK1 and SphK2.



More than two decades of effort in development of small-
molecule isoform-selective inhibitors of SphK1 and SphK2
have yielded numerous potential candidates that, even if not
clinically useful, have potential value as “tool” compounds to
properly evaluate the roles of the individual SphKs in the many
biological processes to which they have been linked. Our own
recent experience with the development of SKI-178 has led to
the discovery that in-vitro kinase assays can mislead investiga-
tors into believing that a small-molecule inhibitor is SphK
isoform-selective. Indeed, we employed the recently developed
Cellular Thermal Shift Assay (CETSA) to demonstrate that
SKI-178 directly binds to (e.g. target engages) both SphKl1
and SphK?2 in intact, growing cells in spite of evidence from in-
vitro kinase assays indicating that SKI-178 was SphKl-
selective.” Given our experience, we have decided to evaluate
a cohort of commercially available SphK Inhibitors (SKIs;
Table 1) and to compare their published isoform selectivity to
the results of CETSA target engagement assays.

Establishment of an over-expression system for SphK1 and
SphK2 and validation of isoform specific antibodies

Until recently, the “toolkit” available for studying SphK1 and
SphK2 biology has been severely limited by the lack of high
quality, well validated, isoform specific antibodies. Two commer-
cial sources of anti-SphK2 antibodies have recently been validated
for identification of endogenous levels of human SphK2.*’
Conversely, we have had difficulty visualizing endogenous levels
of SphK1 protein in most human cell lines. To circumvent these
issues, we chose to separately over-express FLAG-His-sxSphK1
(FLAG-SphK1, 384 a.a) and FLAG-His-¢SphK2 (FLAG-SphK2,
618 aa.), in HEK293 cells. As shown in Figure 1(a), over-
expressed FLAG-SphK1 and FLAG-SphK2 are detected by anti-
FLAG epitope antibodies. The two SphK isoforms can be easily
discerned by western blot analysis due to the large difference in
size (FLAG-SphK1 = 47 kDa and FLAG-SphK2 = 75 kDa). FLAG-
SphK1 is much more abundant than FLAG-SphK2, assuming
equal recognition by the anti-FLAG antibody. This is consistent
with previous studies that demonstrate that SphK2 over-
expression induces apoptosis due to the fact that SphK2 possesses
a BH3-only domain capable of interacting with and sequestering
the anti-apoptotic Bcl-2 family member Bcl-XL(REF). Thus, it is
likely that high over-expression of SphK2 places selective pro-
apoptotic pressure on cells and only those cells expressing toler-
able levels of SphK2 survive in culture.

Over-expressed FLAG- SphK1 is detected by a commercially
available SphK1 antibody [clone: D1H1 L] from Cell Signaling
Technologies (MA, USA; #12071), with no cross-reactivity to
either FLAG-SphK2 or endogenous SphK2. Importantly, as sta-
ted above, darker exposures did not detect endogenous SphK1
expression, in non-transfected HEK-293 cells, consistent with
a very low level of endogenous SphK1 expression. However,
because SphK1 lacks a BH3-only domain, high over-expression
of SphK1 is well tolerated by cells and, as we have shown
previously, provides a pro-survival advantage to HEK-293 cells
under serum deprivation conditions (REF). Similarly, over-
expressed FLAG-SphK2 was recognized by the SphK2 specific
antibody from Proteintech (IL, USA; #17096-1-AP) as pre-
viously described*® with no cross-reactivity to either FLAG-
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SphK1 or endogenous SphK1. Although, this antibody does
detect endogenous levels of SphK2 expression in HEK-293
cells and FLAG-SphK1 over-expressing cells.

It seems as though endogenous SphK1 is expressed at extremely
low levels (below the limit of detection) in HEK-293 cells, while
SphK2 is expressed at detectable levels. It is important to gauge the
relative potency of these isoform-specific antibodies if investiga-
tors wish to make direct comparisons of SphK1 and SphK2
expression levels in cancer cells, for example. However, it is not
possible to make direct comparisons between two antibodies with-
out knowledge of their individual affinities. To circumvent this, we
next titrated the FLAG-SphK1 and FLAG-SphK2 HEK-293 cell
lysate to approximately equal expression levels based on their
equal reactivity to the anti-FLAG antibody. As shown in Figure 1
(b), we held FLAG-SphK2 levels steady and titrated the expression
of FLAG-SphK1 by mixing lysates on western blots. Total proteins
levels of 40 ug from the FLAG-SphK2 lysates and between 10 g
(Figure 1(a)) and 5 pg (Figure 1(b)) of total protein from FLAG-
SphK1 lysates gave approximately equal intensities on western
blots. This equates to an ~ 8 fold higher expression of SphK1
relative to SphK2 in the HEK-293 over-expression system, based
upon the anti-FLAG antibody. We also examined the expression
of both FLAG-SphK1 and FLAG-SphK2 on a single blot using
a simultaneous exposure to equal 1:2000 dilutions of both the anti-
SphK1 and the anti-SphK2 antibodies. Comparing the relative
band intensities of SphK1 and SphK2 in the anti-FLAG and anti-
SphK1/2 images allows us to state that the anti-SphK2 antibody
has a greater affinity for SphK2 than the anti-SphK1 antibody has
for SphK1, when employed at 1:2000 dilutions. Nevertheless, it
should be feasible for investigators to make direct comparisons of
the relative expression levels of SphK1 and SphK2, employing
these antibodies in their model system of choice given that the
SphK2 antibody has about an ~2-5 fold greater affinity for SphK2
than the SphK1 antibody has for SphK1. Together, these results
demonstrate our ability to reliably detect both SphK1 and SphK2
in HEK293 cell lines and that these stably expressing cell lines will
be suitable for evaluation of the effects of SKIs on the SphKs both
at the expression level and in CETSA experiments, below.

Multiple SKis induce proteasomal degradation of SphK1 in
HEK293 cells

The reported K;s for SphK inhibition of the SKIs, listed in
Table 1, range from low-nanomolar (PF-543 (3)* for SphK1)
to mid micromolar ranges (ABC294640 (9)* for SphK2).
Similarly, there is a wide range of cytotoxic ICsgs for these
compounds, including the report that PF-543 is non-
cytotoxic;' although it has subsequently been shown to induce
necrosis at mid micromolar concentration in colorectal cancer
cells.* Regardless of the reported ICsys, most investigations
employ these compounds at 10-20 uM for approximately
24 hours to evaluate their effects on sphingolipid signaling.
Using this as a starting point for our evaluations, we first
determined whether any of the SKIs were overtly cytotoxic to
naive HEK-293 cells. HEK-293 cells were treated with the
various SKIs for 72 hours and the relative increase in cell
density relative to time 0 was determined by sulforhodamine
B assay.42 As shown in Figure 2(a), none of the SKIs were
overtly cytotoxic and, with the exception of SKI-I (4),">°
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Table 1. In vitro Characterization of Sphk1 and SphK2 Inhibitor selectivity.

Compound # Name Structure Ki (uM) Ref
SphK1 inhibition SphK2 inhibition
1 N,N-dimethyl-sphingosine o 16 14 37
HG/Y?\/\/\/\/W\/\CH
H,C/N\CH,
2 SKI-II \ 16 8 15,37
3 PF-543 0.004 05 "
NIe
oTTAL
o
4 SKI-I e ICso = 1.2 Ics0=10 >
e
Y & o'
5 SK1-l - 10 ND v
HO’ : Z
6 SKI-V . ICs = 2 ND 15
e
7 FTY-720 (Fingolimod) N 2 Substrate 38
8 SKI-178 " 13 ND %0
.
©; H,C, /m,
H_(> Q ‘
D o—an,
9 ABC294640 ND 10 20
c.%H Ny
10 K145 . ND 6 .
7 A~
nzm—/i’»/s o cH,
1 SKI-5 C . 15 46 1
:ZZXNW=~,
oA
12 DL-threo-dihydro-sphingosine (Safingol) 5 5 39

zin
I
5

ND: Not Determined in Published Studies.
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Figure 1. Establishment of SphK1 and SphK2 expressing HEK293 cell lines
and validation of the SphK antibodies. (a) Naive HEK293 cells and separate
clones over-expressing FLAG-SphK1 and FLAG-SphK2 were analyzed for expres-
sion of SphK1 and SphK2 using anti-FLAG and SphK isoform specific antibodies by
western blot analysis, as indicated. GAPDH was included as a loading control. (b)
HEK293 cell lysates over-expressing FLAG-SphK1 and FLAG-SphK2 were combined
at the indicated ratios and analyzed for expression of SphK1 and SphK2 using anti-
FLAG antibodies and simultaneously using both SphK isoform specific antibodies
at 1:2000 dilutions by western blot analysis. GAPDH was included as a loading
control.

none of the agents, including the PD98059 control, blocked the
growth of cells over the 72 hour treatment period. Thus, these
concentration were employed below to determine the target
engagement of SphK proteins in live cells.

There are numerous reports in the literature that some SKIs
will induce either lysosomal or proteasomal degradation of
SphK1.*** This may be the result of target engagement of
SphK1, by the SKIs, leading to the destabilization, ubiquitina-
tion and proteasomal degradation of SphK1 protein. However,
it is also possible is that the degradation of SphK1 occurs,
indirectly, as a result of apoptotic events/caspase activation,
thus, inhibitors of the proteasome, lysosomal cathepsins and
caspases should be employed to clarify the mechanism of
degradation. To date, there has been no detailed examination
of the ability of multiple SKIs to induce degradation of either
SphK1 or SphK2.

To this end, HEK-293 cells over-expressing either FLAG-
SphK1 or FLAG-SphK2 were treated with the 12 SKIs (Table 1)
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and the effects of the SKIs on both SphK1 and SphK2 expres-
sion were determined 24 hrs later by western blot analysis.
Consistent with previous reports,”* DMS (1),” SKI-II
(2),'>* PF-543 (3) and FTY720 (7),*® all induced degradation
of SphK1 relative to vehicle treated controls (Figure 2(b)).
Similarly, Figure 2(b) represents the first observation that
SKI-T (4), SK1-I (5),'” and Safingol (12)* also induce SphK1
degradation. SKI induced degradation of SphK1 provides clear

a 80
7.0
6.0
.
g 50
£
S 40
3
z 30
o
20
1.0
Lod ~ - - > L] . A - - ) > &>
R
& — &
b SKI Compound #

V1234567280910 1M12V

GAPDH

SKI Compound #

V123452673891 112V

SphK2
GAPDH
C SKI Compound #
Veh | 3 | 4 | 5 | 7 | 12
+
GAPDH
d PF-543 (nM) Veh 4 16 32 64 125 250 500
PF-543 ¢ PF-543 (nM) Veh 4 16 32 64 125 250 500

Figure 2. Sphingosine Kinase Inhibitor (SKI)-induced degradation of SphK1.
(a) Naive HEK293 cells were incubated with the indicated SKIs at the following
concentrations: 1: DMS (20 pM), 2: SKI-Il (10 uM), 3: PF-543 (10 pM), 4: SKI-I
(10 pM), 5: SK1-1 (10 pM), 6: SKI-V (10 pM), 7: FTY720 (10 uM), 8: SKI-178 (10 pM),
9: ABC294640 (20 uM), 10: K145 (10 uM), 11: SKI-5 ¢ (20 uM), 12: Safingol (20 uM),
for 72 hours. Sulforhodamine B staining was performed at time 0 and time
72 hours to determine relative increase in cell number. n = 3. (b)
A representative western blot of HEK293 cells over-expressing FLAG-SphK1 or
FLAG-SphK2 were incubated with the indicated SKis at the indicated concentra-
tions for 24 hrs. Whole cell lysates were prepared and analyzed by western blot
detection of SphK1, SphK2 and GAPDH using the appropriate primary antibodies.
(c) A representative western blot of HEK293 cells over-expressing FLAG-SphK1
were treated with the indicated SKIs in the presence or absence of MG-132
(10 uM) for 24 hrs. Whole cell lysates were prepared and analyzed by western
blot detection of SphK1 and GAPDH using the appropriate primary antibodies. (d)
A representative western blot of HEK293 cells over-expressing FLAG-SphK1 were
treated with the indicated concentrations of PF-543 for 24 hrs. Whole cell lysates
were prepared and analyzed by western blot detection of SphK1 and GAPDH
using the appropriate primary antibodies.
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evidence of target engagement of SphK1 by these compounds,
thus we did not further evaluate their ability to target engage
SphK1 by CETSA experiments. Notably, ABC294640 (9) has
been reported to induce proteasomal degradation of SphK1 in
prostate cancer cells;*® however, we did not observe any effects
of ABC294640 (9) on SphK1 levels in our transformed HEK293
over-expression model system. It is possible that induction of
apoptosis/activation of caspases may have accounted for some
of the degradation of SphK1 in LNCAP cells as there was a dose
dependent decrease of SphK1 in both untreated and MG132
treated conditions, in response to ABC294640 (9).*°
Nevertheless, our SKI-V (6)'° compound, SKI-5 C (11),'®
K145 (10),>! ABC294640 (9) and our SKI-178 (8)*° compound
did not affect levels of SphK1 (Figure 2(b)). Conversely, with
the exception of Safingol (12), none of the SKIs induced degra-
dation of SphK2 (Figure 2(b)).

To further examine whether SKI-I (4), SK1-I (5) and
Safingol (12) induce proteasomal degradation of SphK1, we
treated FLAG-SphK1 HEK-293 cells with the SKIs in the pre-
sence or absence of the proteasomal inhibitor, MG-132. As
shown in Figure 2(c), both SKI-I (5) and Safingol (12), and
to a lesser extent SKI-I (4), induced the degradation of SphK1
through the proteasomal pathway as MG-132 abrogated the
effects of these SKIs, as well as, the PF-543 (3) and FTY-720 (7)
treated controls. Presuming that the degradation of SphKl1
occurs due to binding of these SKIs to SphK1, this phenom-
enon provides evidence of target engagement, in cells, by these
degradation-inducing SKIs. Thus, it should be possible to
determine an ICs, for SKI induced degradation for any given
SKI that induces proteasomal degradation.

As an example of this, we chose to examine the dose-
dependence of PF-543 (3) induced degradation of SphKI1. As
shown in Figure 2(d), PF-543 (3) induces degradation of SphK1,
within 24 hrs, at concentrations as low as 8 nM, which is con-
sistent with the published in-vitro ICs, for inhibition of SphK1
catalytic activity. Together, these data demonstrate that one way
to classify, or sub-divide SKIs, is by whether or not they induce
degradation of SphK1. To our knowledge, there are no reports of
SKI induced degradation of SphK2 and further examination of
the effects of Safingol (12) on SphK2 indicated that it did not
induce either proteasomal or lysosomal degradation of SphK2
(data not shown). If an SKI induces proteasomal degradation of
SphK1, evidence of target engagement can be assumed.
However, for a number of SphK1 inhibitors including our SKI-
V (6) and SKI-178 (8) and SKI-5 C (11), and other SKIs that do
not induce degradation, other methods of demonstrating target
engagement must be employed.

Demonstration of target engagement of SphK1 using
CETSA

CETSA measures the ability of a compound to directly bind to
and stabilize/destabilize its target protein(s) when exposed to
a thermal denaturation gradient. In a CETSA experiment, cells
are treated with the compound of interest, harvested and sub-
jected to a thermal denaturation gradient, lysed, and the soluble
proteins, after thermal treatment, are analyzed by western blot
analysis. If a test compound directly binds to its target, we may see
a thermal stability shift in the presence of compound relative to

vehicle treated cells. We have previously identified thermal dena-
turation gradients suitable for evaluation of SphK1 and SphK2
target engagement and employed them to demonstrate that SKI-
178 target engages SphK1 and SphK2 and induces their stabiliza-
tion, relative to vehicle.”> Thus, we next employed CETSA to
confirm that the SphK1-selective inhibitors SKI-V (6) and SKI-
5 C (11) target engage SphKI and to determine whether the
SphK2-selective inhibitors ABC294640 (9) and K145 (10), are
capable of target engagement of SphKI. As shown in Figure 3
(a), the specificity of the CETSA target engagement assay is
demonstrated by the fact that the MEK 1/2 inhibitor, PD98059,
does not target engage SphK1 using the FLAG-SphK1 over-
expressing HEK-293 cell system. Similarly, we demonstrate that
actin is relatively heat stable protein across the thermal denatura-
tion gradient between vehicle and SKI-178 treated lysates.
Conversely, SKI-178 (8) does target engage SphK1 and stabilize
the protein over the temperature gradient relative to vehicle
treated cells, as previously demonstrated.>® This demonstrates
the ability to quantitatively analyze the stability of SphKI and
SphK2 without inadvertent error arising from ineflicient loading/
transfer of samples (i.e. pipette error) during the course of the
CETSA protocol. Similarly, as shown in Figure 3(b), we observed
target engagement of SphK1 by the SphK1-selective inhibitors
SKI-V (6) and SKI-5 C (11). Interestingly, both ABC294640 (9)
and K145 (10), which are reported in the literature to be SphK2-
selective, were observed to target engage and stabilize SphK1
protein.

Demonstration of target engagement of SphK2 using
CETSA

Between SKI-induced proteasomal degradation and CETSA
confirmed target engagement, we confirmed that 12 of the 12
SKIs target engaged SphK1 including the 2 SphK2-selective
inhibitors ABC294640 (9) and K145 (10). In contrast to
SphK1, none of the SKIs tested induced proteasomal degrada-
tion of SphK2. Thus, we employed CETSA to determine
whether the SKIs target engaged SphK2 and also to determine
whether any of the reported SphK1-selective inhibitors were,
indeed, specific for SphK1. We chose to focus our studies on
the more recently described SKIs and as such, have excluded
SKI-I (4), SKI-V (6), DMS (1) and Safingol (12) from our
CETSA analysis. Similarly, it is well know that FTY720 (7) is
a substrate of SphK2 and therefore we eliminated it from our
CETSA analysis of SphK2 target engagement, as well.*”

The remaining SKIs were evaluated for their ability to target
engage SphK2, using the FLAG-SphK2 over-expressing HEK-293
system, by CETSA experiments. As shown in Figure 4(a), SKI-178
(8) target engaged SphK2 as previously demonstrated.”® Again,
actin controls were consistent across the thermal denaturation
gradient indicating that there was no inadvertent error arising
from inefficient loading/transfer of samples. As expected, we
observed, in Figure 4(b), target engagement of SphK2 with both
of the reported SphK2-selective SKIs, ABC294640 (9) and K145
(10). Also, we observed target engagement by our nonselective
inhibitor, SKI-II (2). Surprisingly, we once again observed target
engagement of SphK2 with the reportedly SphK1-selective SKIs,
SKI-5 C (11), SK1-I (5) and very strong target engagement by PF-
543 (3).
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Figure 3. Demonstration of Target Engagement of SphK1 in HEK293 cells by
SKls using CETSA. (a) A representative western blot of HEK293 cells over-
expressing FLAG-SphK1 where cells were incubated with PD98059 (10 uM) or 8:
SKI-178 (10 pM) and DMSO, for 24 hrs. CETSA experiments were performed as
detailed in the Materials and Methods and analyzed by western blot detection of
SphK1 and Actin using the appropriate primary antibodies. (b) Representative
western blots of HEK293 cells over-expressing FLAG-SphK1 where cells were
incubated with the indicated SKIs at the indicated concentrations [6: SKI-V
(10 pM), 9: ABC294640 (20 pM), 10: K145 (10 pM), and 11: SKI-5 ¢ (20 pM)] and
DMSO, for 24 hrs. CETSA experiments were performed as detailed in the Materials
and Methods and analyzed by western blot detection of SphK1 using the appro-
priate primary antibody.

Determination of the ICs, of target engagement of PF-543
for SphK2

The standard CETSA experiment can be modified to generate
an IsoThermal Dose-Response Fingerprint (ITDRFcgrsa)
curve for the protein of interest at a temperature where the
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Figure 4. Demonstration of Target Engagement of SphK2 in HEK293 cells by
SKIs using CETSA. (a) A representative western blot of HEK293 cells over-
expressing FLAG-SphK2 where cells were incubated with 8: SKI-178 (10 uM) and
DMSO, for 24 hrs. CETSA experiments were performed as detailed in the Materials
and Methods and analyzed by western blot detection of SphK1 and Actin using
the appropriate primary antibodies. (b) Representative western blots of HEK293
cells over-expressing FLAG-SphK2 where cells were incubated with the indicated
SKls at the indicated concentrations [2: SKI-Il (10 pM), 3: PF-543 (10 uM), 5: SK1-I
(10 pM), 8: SKI-178 (10 pM), 9: ABC294640 (20 uM), 10: K145 (10 pM), 11: SKI-5 ¢
(20 uM)] and DMSO, for 24 hours. CETSA experiments were performed as detailed
in the Materials and Methods and analyzed by western blot detection of SphK2
using the appropriate primary antibody.

test compound is known to stabilize/destabilize its targets.’!
We have employed the ITDRFcgrsa method to determine the
IC50 for target engagement of PF-543 (3) for SphK2. As shown
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SphK2

Actin

Figure 5. Determination of the IC50 of Target Engagement of SphK2 by PF-
543 using the IsoThermal Dose Response Fingerprint (ITDRF) Assay.
A representative western blot of HEK293 cells over-expressing FLAG-SphK2
where cells were incubated with the indicated concentrations of (3: PF-543) and
DMSO for 24 hrs. ITDRF assays were performed at 63.0°C as detailed in the
Materials and Methods and analyzed by western blot detection of SphK2 using
the appropriate primary antibody. Actin was included as a loading control.

in Figure 5, PF-543 (3) target engages SphK2 with an approx-
imate IC50 of 2.5 uM. Given these results and the fact that the
ICsp of PF-543 (3) induced SphK1 degradation was approxi-
mately 10 nM (Figure 2(d)), treatment of cells with approxi-
mately 5 pM PF-543 (3) should be sufficient to completely
block S1P production.

Sphingolipid analysis in intact cells

To further confirm that PF-543 (3) inhibited the activities
of both SphK1 and SphK2 in cells and to confirm the
results of the CETSA experiments, we generated SphK1
and SphK2 knock-out clones of DLD-1 cells using Crispr/
Cas9 technology. As shown in Figure 6(a) we isolated single
knock-out clones of SphK1 (clone #1) and SphK2 (clone
#3). To determine the ability of PF-543 (3) to block the
generation of SIP at higher concentrations, we treated
DLD-1 colorectal cancer (CRC) cells and the DLD-1
SphK1 and SphK2 knock-out cell lines (SphK1 KO and
SphK2 KO) with either vehicle or PF-543 (3; 5 uM) for
48 hours and conducted sphingolipidomic analysis
(Lipidomic Shared Resource Facility; Hollings Cancer
Center, Medical University of South Carolina, Charleston
SC). As shown in Figure 6(b), dhS1P and S1P production
were reduced in DLD-1 cells treated with PF-543 (3) rela-
tive to vehicle treatment. PF-543 (3) treatment of DLD-1
cells devoid of SphK1 protein (SphK1 KO) reduced dhS1P
and S1P production similarly to naive DLD-1 cells indicat-
ing that PF-543 (3) does indeed target and inhibit SphK2 in
intact cells. Similarly, SphK2 KO dramatically reduced both
dhS1P and S1P levels in vehicle treated cells indicating that
SphK2 is the predominant isoform expressed in DLD-1
cells. Concomitantly, we observed an increase in Sph and
dhSph levels in response to PF-543 in naive DLD-1 cells, as
well as the SphK1 KO and SphK2 KO cells (Figure 6(c)).
Consistent with the idea that SphK2 is the predominant
isoform in DLD-1 cells, the levels of dhSph and Sph were
elevated in vehicle treated SphK2 KO cells relative to naive
and SphK1 KO vehicle controls. dhSph and Sph levels were
further elevated upon treatment of the SphK2 KO cells with
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Figure 6. Crispr/Cas9 knock-out clones of SphK1 and SphK2 in DLD1 cells. (a)
Representative western blots of DLD1 cells transfected with gRNAs directed to
either SphK1 or SphK2. Detection of SphK1 and SphK2 was performed using the
appropriate primary antibodies. GAPDH was included as a loading control. (b)
Sphingolipid analysis of dhS1P and S1P levels in naive DLD-1 cells and Crispr/Cas9
knock-out DLD-1 clones of SphK1 (SphK1 KO; clone 1) and SphK2 (SphK2 KO;
clone 3) treated with DMSO or PF-543 (3: 5 uM) for 48 h. Sphingolipid levels are
expressed as pmoles/mole of inorganic phosphate (Pi) for normalization pur-
poses. (c) Sphingolipid analysis of C16:0 Cer, C18:0 Cer, C24:1 Cer, dhSph and
Sph levels in naive DLD-1 cells and Crispr/Cas9 DLD-1 SphK1 KO and SphK2 KO
clones treated with DMSO or PF-543 (3: 5 uM) for 48 h. Sphingolipid levels are
expressed as pmoles/mole of inorganic phosphate (Pi) for normalization
purposes.

PF-543 indicating that PF-543 inhibited SphK1 in the
SphK2 KO cells.

Discussion

Taken together, our results demonstrate that all 12 of the
commercially available SphK Inhibitors, tested herein, are cap-
able of entering intact cells and target engaging both human
SphK1 and SphK2 at micromolar concentrations. Such con-
centrations are typically employed in published studies and
often a biological effect is attributed to one SphK isoform or
the other based upon the use of a single “selective” SphK
inhibitor. The major take home message of this study is that



caution should always be employed when using small-molecule
inhibitors to attempt to discern the relative contribution of
either SphK isoform to an observed biological effect.
Furthermore we stress the need for investigators to confirm
the results obtained with SKIs by the use of molecular tools
such as siRNA/shRNA knock-down or, more ideally Crispr/
Cas9 mediated knock-out.

Rather than point fingers at any particular study that might
have employed an aberrantly high concentration of a particular
SKI, we would draw attention to several studies that employed
multiple strategies to diligently determine whether a particular
SphK isoform was involved in the observed phenomenon.**"!
These, and many more, studies employed multiple strategies to
confirm the results obtained with SKIs. Such strategies include
the use of multiple SKIs, the use of molecular tools such as
siRNA/shRNA knock-down and/or the use of knock-out
mouse embryonic fibroblasts (MEFs). Given the need for
increased rigor and reproducibility, it is incumbent upon
investigators to employ these strategies and to make these
tools available to the scientific community.

While our primary goal was to raise awareness of the need
for caution in studies employing SKIs, this study also provides/
validates several other research tools for the SphK “toolkit”.
Indeed, as Neubauer et al.** has previously done for SphK2, we
have identified and validated a SphK1 antibody that recognizes
endogenous levels of SphK1 (Figure 6). Moreover, we identi-
fied Crispr/Cas9 guide RNAs (gRNAs) that are capable of
inducing knock-out of both human Sphkl and SphK2.
Finally, we have described assay conditions for the use of
CETSA techniques to demonstrate the target engagement of
both SphK1 and SphK2 in intact cells. This simple technique
should facilitate the discovery and development of new, more
isoform-selective SKIs.

The CETSA protocol can also be adapted to demonstrate
target engagement in whole animal tissues, by isolating cells
from organs of interest and conducting ex-vivo CETSA
experiments. This use of CETSA will be extremely valuable
in the demonstration of target engagement of the SphKs in
the tumor cells of orthotopic tumor models, for instance.
Similarly, CETSA has also been adapted to be employed as
a discovery technique in LC/MS/MS-based proteomic studies
to identify unknown proteins to which a particular com-
pound binds.”> We believe that this use of CETSA could
help clarify the controversy regarding whether cytotoxic
SKIs induce apoptosis through “on-target” inhibition of the
SphKs or through “off-target” effects such as inhibition of
Dihydroceramide Desaturase (DES1) as has been reported
for SKI-IT and ABC294640.*>>> Indeed, CETSA experiment
conditions can be developed for DES1 and all current and
future SKIs can be easily tested for target engagement of
DESI as part of the drug development process. In this man-
ner, it should be relatively easy to optimize an SKI away from
DESI1 binding.

We must acknowledge that one caveat to our findings is that
they demonstrate that the tested SKIs bind to both SphK1 and
SphK2, somewhere. Stabilization of SphK protein does not
automatically indicate that the SKIs bind to the active site
and inhibit SphK activity. It is possible that they could bind
to allosteric sites on the proteins and stabilize/destabilize them
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in this manner. However, given that these SKIs all share, in
common, the fact that they are Sph competitive inhibitors, it is
much more likely that they are target engaging the Sph binding
sites of both SphK isoforms.

In conclusion, we strongly encourage investigators to be
cognizant of the concentrations of SKIs used in their studies.
We also encourage the use of the CETSA experiment to eval-
uate the ICsys for target engagement using the ITDRF techni-
que when selecting concentrations of SKIs to use in studies.
Furthermore, the complimentary use of molecular tools to
supplement the use of small-molecule inhibitors is warranted.
Together, a more cautious approach will enhance the rigor and
reproducibility of future SphK studies and potentially aid in the
transition of SKIs form “bench to bedside”.

Materials and methods
Reagents

Sphingosine Kinase Inhibitors (SKIs) were purchased as fol-
lows: N,N-dimethyl-sphingosine, SKI-II and SK1-I were from
Enzo Life Sciences (Farmingdale NY, USA), PF-543 was from
Selleck Chemicals (Houston TX, USA), SKI-I was from Abcam
(Cambridge MA, USA), FTY720, SKI-178 and ABC294640
were from Cayman Chemicals (Ann Arbor MI, USA), SKI-V,
K145, SKI-5 ¢, Safingol and MG-132 were from Sigma-Aldrich
(St. Louis, MO). Antibodies against SphK1 (clone D1H1 L, Cell
Signaling Technology, Danvers, MA), SphK2 (Proteintech,
Rosemont IL), FLAG epitope (Sigma-Aldrich, St. Louis, MO),
Actin (Cell Signaling Technology, Danvers, MA) and GAPDH
(Santa Cruz Biotechnology, Santa Cruz, CA).

Cell lines, constructs, and culture conditions

The human colorectal cancer (CRC) derived cell line, DLD-1
(CCL-221), was obtained from the American Type Culture
Collection (ATCC, Manassas, Virginia, USA) and were main-
tained in DMEM (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) supplemented with 10% FBS (Denville
Scientific, South Plainfield, NJ, USA). FLAG-Hisgx-SphK1 and
FLAG-Hisgx-SphK2 constructs were created by site-directed
mutagenesis of the Xpress epitope of pcDNA3.1/HisB to the
FLAG epitope. HEK293 cells stably over-expressing FLAG-
SphK1 and FLAG-SphK2 were maintained in DMEM
(Thermo Fisher Scientific, Waltham, MA) supplemented with
10% FBS and G418 as described in.>> All cell lines were main-
tained at 37°C with 5% CO, in a humidified incubator.

Western blot analysis

Briefly, whole cell lysates were harvested from cells treated with
various agents in 1X RIPA buffer (20 mM Tris-HCL (pH 7.5),
150 mM NaCl, 1 mM Na,EDTA, 1 mM EGTA, 1% NP-40, 1%
sodium deoxycholate, 5 mM sodium pyrophosphate, 1 mM f-
glycerolphosphate, 1 mM sodium orthovandate, 30 mM
sodium fluoride, and complete protease inhibitor cocktail
tablet (Roche Diagnostics, Mannheim, Germany)). Lysates
were centrifuged (20,000 x g) for 15 min at 4°C to remove
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cell debris. Total protein concentrations were quantified using
the BCA assay from Pierce (Thermo Fisher Scientific,
Waltham, MA, USA). Equal amounts of denatured total pro-
tein were resolved by NuPAGE 4-12% Bis-Tris gel electro-
phoresis (Life technologies Carlsbad, CA, USA) and
transferred to PVDF membranes (Life technologies Carlsbad,
CA, USA). Membranes were blocked for 1 h at room tempera-
ture in 5% milk/TBS-T, incubated overnight at 4°C with pri-
mary antibodies (1:2000), and immunodetection was done
with corresponding secondary IgG HRP-linked antibodies
(1:5000) using the ECL chemiluminescence reagents (Thermo
Fisher Scientific, Waltham, Massachusetts, USA).

Cellular Thermal Shift Assay (CETSA)

Target engagement assays of SphK1, and SphK2 were performed
as described in.*> Briefly, nearly confluent 10 cm culture dishes
of HEK293 cells, overexpressing either FLAG-SphK1 or FLAG-
SphK2, were treated with either vehicle control or the indicated
SKIs for 24 h. Cells were collected by trypsinization, neutralized
by the addition of DMEM containing 10% FBS, pelleted at 300
x g for 5 min, and washed with 1X PBS. After washing, cells were
pelleted again at 300 x g for 5 min and resuspended in 1 mL of
20 mM Tris pH 7.4 containing a complete protease inhibitor
cocktail tablet (Roche Diagnostics, Mannheim, Germany).
100 pL aliquots of the cell suspension were heated to designated
temperatures for 3 min. After cooling for 3 min at room tem-
perature, cells were freeze-thawed three times with liquid nitro-
gen and the soluble fraction (lysate) was separated from cell
debris as well as the precipitated and aggregated proteins by
centrifugation at 20,000 x g for 20 min at 4°C. The supernatant
was transferred to a new tube and quantification of the remain-
ing soluble protein was achieved by Western blot analysis of
equal volumes of the remaining soluble protein.

Isothermal Dose Response Fingerprint (ITDRF)

ITDREF assays were performed as described in Jafari et al. with
minor modifications.”® Briefly, nearly confluent 10 cm culture
dishes of HEK293 cells, overexpressing FLAG-SphK2, were
treated with either vehicle control or the indicated concentra-
tion of PF-543 for 24 h. Cells were collected by trypsinization,
neutralized by the addition of DMEM containing 10% FBS,
pelleted at 300 x g for 5 min, and washed with 1X PBS. After
washing, cells were pelleted again at 300 x g for 5 min and
resuspended in 1 mL of 20 mM Tris pH 7.4 containing a com-
plete protease inhibitor cocktail tablet (Roche Diagnostics,
Mannheim, Germany). 100 pL aliquots of the cell suspension
were heated to 63.0°C for 3 min. After cooling for 3 min at
room temperature, cells were freeze-thawed three times with
liquid nitrogen and the soluble fraction (lysate) was separated
from cell debris as well as the precipitated and aggregated
proteins by centrifugation at 20,000 x g for 20 min at 4°C.
The supernatant was transferred to a new tube and quantifica-
tion of the remaining soluble SphK2 protein was achieved by
Western blot analysis of equal volumes of the remaining solu-
ble protein.

Crispr/Cas9 knock-out of SphK1 and SphK2 in DLD-1 cells

SphK1 and SphK2 knock-out clones of DLD-1 cells were gen-
erated using the LentiCRISPR v2.0 system with guide RNAs
(gRNAs; SphK1; 5-GACGCTCTGGTGGTCATGTC-3" and
SphK2; 5-CTACGAAGAGAACGTGCCG-3")  purchased
from GenScript (Piscataway, NJ USA). DLD-1 cells were tran-
siently transfected using Lipofectamine 2000. After 48 h, cell
were selected in puromycin (10 ug/mL) for 24 h and main-
tained in 1 ug/mL puromycin until single clones were isolated.
Screening for SphK expression knock-out was conducted by
western blot analysis using the appropriate SphK antibodies.
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