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Previous studies have shown that sphingosine kinase inter-
acting protein (SKIP) inhibits sphingosine kinase (SK) func-
tion in fibroblasts. SK phosphorylates sphingosine producing
the potent signaling molecule sphingosine-1-phosphate
(S1P). SKIP gene (SPHKAP) expression is silenced by hy-
permethylation of its promoter in acute myeloid leukemia
(AML). However, why SKIP activity is silenced in primary AML
cells is unclear. Here, we investigated the consequences of SKIP
down-regulation in AML primary cells and the effects of SKIP
re-expression in leukemic cell lines. Using targeted ultra-HPLC-
tandem MS (UPLC-MS/MS), we measured sphingolipids
(including S1P and ceramides) in AML and control cells. Pri-
mary AML cells had significantly lower SK activity and intracel-
lular S1P concentrations than control cells, and SKIP-trans-
fected leukemia cell lines exhibited increased SK activity. These
findings show that SKIP re-expression enhances SK activity in
leukemia cells. Furthermore, other bioactive sphingolipids such
as ceramide were also down-regulated in primary AML cells. Of
note, SKIP re-expression in leukemia cells increased ceramide
levels 2-fold, inactivated the key signaling protein extracellular
signal-regulated kinase, and increased apoptosis following
serum deprivation or chemotherapy. These results indicate that
SKIP down-regulation in AML reduces SK activity and ceramide
levels, an effect that ultimately inhibits apoptosis in leukemia
cells. The findings of our study contrast with previous results
indicating that SKIP inhibits SK function in fibroblasts and
therefore challenge the notion that SKIP always inhibits SK
activity.

Sphingosine kinase interacting protein (SKIP)3 is an anchor-
ing protein that interacts with and inhibits the sphingosine
kinases (SKs) (1). The SKs are enzymes that phosphorylate
sphingosine (SPH) producing sphingosine-1-phosphate (S1P) a
signaling sphingolipid (2). S1P acts via G protein– coupled S1P
receptors mediating a number of actions such as enhanced
growth (3, 4) and survival (5–7). In contrast to S1P, the sphin-
golipid precursors of S1P, SPH, and ceramide have anti-prolif-
erative and pro-apoptotic effects (8 –11). The relative amounts
of S1P and ceramide/SPH in the cell is thought to determine cell
fate in what has been termed the “sphingolipid rheostat” (2).

In chronic myeloid leukemia (CML) cell lines, SK/S1P medi-
ated resistance to imatinib (12), whereas increasing ceramide
levels via overexpression of ceramide synthase (an enzyme that
is responsible for ceramide production) and increased ima-
tinib-induced apoptosis (9). Similarly, SK inhibition resulted in
reduced S1P and increased ceramide leading to apoptosis in
human leukemia U937 and Jurkat cells (13). S1P antagonists
induced apoptosis in leukemic cells through protein phospha-
tase-2 (PP2A) reactivation and dephosphorylation of cKIT and
downstream targets such as pAKT and pERK (14 –17). Taken
together, these studies suggest a role of SK activity in determin-
ing leukemia cell fate and sensitivity to chemotherapy.

One previous report showed that SKIP overexpression inhib-
ited the function of SK in fibroblasts (1). SKIP overexpression
reduced activation of extracellular signal-regulated kinase
(ERK). ERK is a member of mitogen-activated protein kinase
(MAPK) family that is activated by phosphorylation in response
to growth factors and producing the active kinase, phospho-
ERK (pERK) (18). ERK activation has been linked to cell growth,
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Acute myeloid leukemia (AML) is an aggressive malignancy
associated with a poor prognosis for many patients. A recent
study identified three genes with consistent promoter methyl-
ation in AML, sphingosine kinase type 1 interacting protein
(SKIP), DPP6, and ID4 (20). These three genes were repressed
in most AMLs compared with normal tissues as a consequence
of promoter methylation. ERK was found to be constitutively
overexpressed and activated in AML blasts compared with nor-
mal hematopoietic precursors suggesting an important role for
pERK in AML (21, 22). Therefore, SKIP repression in AML
might be expected to increase SK function and S1P levels and
increase activation of ERK leading to proliferative and anti-apo-
ptotic effects.

Little is known about SK activity in primary AML cells, nor
why the SKIP gene is hypermethylated in such a high percent-
age of AML. The aim of the current study was to investigate the
role of SKIP repression in AML. We quantified ceramide, SPH,
and S1P in primary AML cells using untargeted metabolomic
LC–MS (UPLC-MS) and targeted UPLC-MS/MS. This showed
down-regulation of all three sphingolipids in AML cells. SK
activity was depressed in primary AML cells compared with
normal hematopoietic cells. We also developed stable transfec-
tions of the SKIP gene in myeloid leukemia cell lines. We used
these transfections to characterize the metabolic changes asso-
ciated with SKIP re-expression. Consistent with our results in
primary AML, SKIP transfection enhanced SK function and
increased the levels of the three sphingolipids. Our results
showed that SKIP is capable of interacting with, and stimulating
the function of SK in leukemia cell lines. This was associated
with increasing apoptotic signals and chemosensitivity. We
conclude that SKIP down-regulation in AML leads to reduced
sphingosine kinase activity and reduced ceramide, which ulti-
mately inhibit the apoptosis response.

Results

Sphingolipids are deregulated in AML

Sphingosine kinase anchoring protein (SPHKAP), the gene
that produces the SKIP protein was shown to be hypermethy-
lated in primary AML (n � 18) compared with normal periph-
eral blood (NPB, n � 4) samples (Fig. 1A). Mean percentage
hypermethylation was 2.3-fold higher in AML compared with
NPB leading to reduced SKIP expression in AML (n � 18) com-
pared with NPB (n � 4) and normal bone marrow (NBM) (n �
5) (Fig. 1B). SKIP was under-expressed in sorted CD34� and
CD34� fractions of AML primary samples (n � 4) compared
with NPB (n � 4) (Fig. 1C).

Sphingolipids were quantified in primary AML cells using
targeted UPLC-MS/MS. S1P intracellular concentrations were
reduced in primary AML cells (n � 18) compared with NBM
and granulocyte colony-stimulating factor mobilized periph-
eral blood (GMPB) (n � 8) used as normal controls (Fig. 1, D
and E). The total cumulative concentration of ceramides C2,
C14, C16, C18, C20, and C24 was significantly lower in AML
cells than either of the normal controls (p � 0.0001, unpaired t
test). The total cumulative intracellular concentration of cer-
amides C2, C14, C16, C18, C20, and C24 in AML (n � 18) was
20 � 7.8 nmol/mg of total protein, NBM (n � 5) was 83.7 � 26.8

nmol/mg total of protein, and GMPB (n � 8) was 131.8 � 20.5
nmol/mg of total protein. Ceramides C14 and C18 were unde-
tectable in any of the cells with a lower limit of detection of 290
pmol/liter. The data for ceramide C2, C16, C20, and C24 are
shown in Fig. 1E. We did not have an appropriate internal stan-
dard for C22 and C26 ceramides to allow calculation of a con-
centration using the targeted approach. There was no signifi-
cant correlation (data not shown) seen between both
intracellular S1P or C2 ceramide and the AML risk group
(Table S1).

SK function was determined in primary AML, NBM, and
GMPB cells by quantifying C17 S1P using targeted UPLC-
MS/MS in cells incubated with its precursor C17 SPH for 24 h.
C17 SPH is an uncommon sphingosine in human cells. C17
SPH is converted to C17 S1P by SK in the cells, thus the amount
of C17 S1P is a measure of the functional SK activity. MCF7
cells were used as a positive control and the SK1 inhibitor (SKI),
5C, was used with MCF7 cells as a negative control. SK function
was significantly down-regulated in AML as indicated by the
lower production of C17 S1P compared with NBM and GMPB
(Fig. 1F).

SK function was also measured by bioluminescence assay.
This assay measures remaining ATP following the sphingosine
kinase reaction whereby ATP is utilized by sphingosine kinase
activity in the cell lysate. After 1 h incubation with SK substrate
SPH, ATP consumption was significantly higher in NBM and
GMPB cells than AML primary cells (Fig. 1G). MCF7 cells were
used as a positive control, and together with the SK1 inhibitor
5C as a negative control. This finding confirms reduced SK
function in AML primary cells.

Plasma concentrations of S1P were also lower in AML com-
pared with age-matched healthy controls in keeping with the
lower SK function in AML patients (Fig. 1H). C2 and long chain
ceramides were not detectable in many plasma samples and
therefore data are not shown (lower limit of detection; 290
pmol/liter). Therefore, we measured SPH plasma concentra-
tions (the product of ceramide and the precursor of S1P) and we
found it to be significantly lower in AML compared with
healthy controls (Fig. 1I). There was no significant correlation
between either plasma S1P or SPH and the AML risk group
(Table S2).

Changes in SK function could have been related to changes in
SK levels. However, we did not detect any significant differ-
ences in SK1 or SK2 by either quantitative PCR or Western
blotting (Fig. S1). Therefore the reduced SK activity we have
observed in AML cells is not due to changes in SK levels.

Characterization of SKIP expressing cell lines

Our results demonstrate down-regulation of SK activity in
AML. We therefore sought to establish the relationship
between SKIP expression and the sphingolipid pathway down-
regulation in AML using a transfection model in leukemia cell
lines. SKIP is silenced by hypermethylation in leukemia cell
lines K562 and CTS (20). To study SKIP function, both cell lines
were transfected with full-length SKIP gene and in addition,
CTS cells were transfected with a FLAG-tagged SKIP gene.
Expression of SKIP was confirmed by RT-PCR (Fig. 2). RNA
expression was confirmed using two different primer sets (SKIP
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F1/R1 and SKIP F2/R2). Both primers sets amplified SKIP in
transfected cells (K562 SKIP, CTS SKIP, and CTS FLAG) com-
pared with their vector alone transfections (K562 and CTS vec-
tor cell lines) (Fig. 2A). Neither of the two vector-alone trans-
fected cell lines showed positive expression of either primers

confirming that SKIP remains normally silenced in these cell
lines.

Transient SKIP overexpression in fibroblasts has been shown
to reduce ERK activation (1). Therefore, pERK expression was
tested in K562 and CTS cell lines transfected with SKIP and in

Figure 1. S1P and ceramides are down-regulated in AML due to SK hypofunction. Using bisulfite pyrosequencing, SPHKAP (the gene that produces SKIP)
hypermethylation was confirmed in primary AML (n � 18) compared with NPB (n � 4) samples (A). SKIP underexpression was confirmed in blood samples from
patients with AML (n � 18) compared with healthy volunteer NPB (n � 4) and normal bone marrow samples (NBM, n � 5) as studied by qPCR (B). Reduced SKIP
expression involved both CD34� and CD34� components of AML primary samples (n � 4) compared with NBP (n � 4) (C) as studied by qPCR. Scatter plots show
lower S1P (D) and ceramide (E) concentrations in primary AML cells (n � 18) versus NBM (n � 5) and G-mobilized peripheral blood cells (GMPB) (n � 8). Bar charts
show lower SK function as measured by UPLC-MS/MS detection of C17 S1P production (F) after 24 h incubation with 1 �M C17 sphingosine substrate in primary
AML cells (n � 6) versus NBM (n � 5) and GMPB (n � 6) MCF7 cell line was used as positive control and 10 �M SKI 5C was used to inhibit SK activity. Lower SK
function in primary AML cells (n � 18) versus NBM (n � 3) and GMPB (n � 3) was confirmed using another method for measuring SK activity depending on ELISA
detection of ATP consumption due to SK enzymatic activity (G). Cell lysate from the MCF7 cell line was used as source for SK enzyme (positive control) and 10
�M SKI 5C was used to inhibit SK activity. Plasma S1P (H) and sphingosine (I) concentrations were lower in AML patients (n � 15) versus healthy volunteers (n �
5) as measured by UPLC-MS/MS. * � p � 0.05; NS, not significant (p � 0.05) as measured by t test.
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FLAG-tagged SKIP transfection into CTS cells. Stable SKIP
expression resulted in reduced pERK and no change in tERK
(Fig. 2B). FLAG-tagged SKIP expression was also confirmed in
the CTS cell line (Fig. 2C). In addition, confocal microscopy
confirmed SKIP protein expression in all transfected cell lines
(Fig. 2D and Fig. S2). SKIP protein expression was increased in
SKIP-transfected cells, with increases noted in both cytoplas-
mic and nuclear areas. Taken together, these data demonstrate
successful stable transfections in all tested cell lines and con-

firm the expression of SKIP protein. These cell lines were used
in the subsequent experiments to characterize the biological
consequences of SKIP re-expression.

SK activity is increased in SKIP-transfected leukemia cells

We measured S1P concentrations and SK activity in trans-
fected cell lines using targeted UPLC-MS/MS. Intracellular S1P
concentrations were higher in SKIP-transfected cell lines com-
pared with vector alone (Fig. 3A). The increase in S1P in SKIP-

Figure 2. Successful transfection and re-expression of SKIP protein in K562 and CTS cell lines. A, SKIP gene expression in SKIP-transfected cells was
confirmed by RT-PCR using two different primers (F1/R1 and F2/R2), GAPDH expression was used as control for loading. B, Western blots show low pERK
phenotype associated with SKIP re-expression in K562 and CTS cell lines and equal tERK expression in the two cell lines. C, Western blotting confirming the
expression of FLAG-tagged SKIP protein in FLAG-tagged transfected CTS cell line. D, immunofluorescent detection of SKIP using anti-SKIP antibody and
confocal microscopy in SKIP-transfected versus vector alone-transfected K562 and CTS cell lines. Fluorescence was detected using a Zeiss LSM 510 META,
confocal microscope system. All immunofluorescent images were taken at a magnification of �40, scale bar � 10 �m.
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transfected cells was reversed by the addition of the SK1 inhib-
itor 5C indicating that the increase in S1P is due to SK1 activity.
SK function was increased with a higher accumulation of C17
S1P in SKIP-transfected cell lines compared with vector alone
(Fig. 3B). The addition of the SK1 inhibitor 5C reduced the
levels of C17 S1P indicating that the production of C17 S1P
depends on SK1 function.

Together, these data indicate an increase in total intracellular
SK function and intracellular S1P concentrations associated
with SKIP gene transfection. These findings strongly support
the notion that SKIP enhances SK activity.

SK1 mRNA levels were higher in SKIP-transfected cells,
whereas the SK2 mRNA levels were lower in SKIP-transfected

K562 cells (Fig. S3). However, the SK1 and SK2 protein levels as
measured by Western blotting were not different in SKIP-
transfected cells (Fig. S3). Therefore the increased SK activity in
the SKIP-transfected cells does not appear to be due to a differ-
ence in quantity of SK protein present.

SKIP localizes SK to the cell cytoplasm

SKIP re-expression caused changes in the expression and dis-
tribution of SK in transfected AML cell lines as demonstrated
by fluorescence microscopy. MCF7 cells were used as a positive
control for SK1 and U266 cells were used as a negative control
(Fig. S4, A–C). SKIP re-expression resulted in redistribution of
SK1 enzyme, localizing it to the cell cytoplasm and membrane

Figure 3. SKIP overexpression in leukemia cell lines increases S1P and ceramide levels and SK activity. A, higher SIP concentrations in SKIP-transfected
leukemia cell lines (n � 4) compared with vector alone (n � 4) as detected by UPLC-MS/MS. The SK1 inhibitor 5C reduced S1P concentrations. B, higher SK
activity in SKIP-transfected (n � 4) compared with vector-alone transfected (n � 4) leukemia cells as measured by the ability of the cells to produce C17 S1P
production after 24 h incubation with C17 sphingosine substrate (n � 4). The SK1 inhibitor partially reversed the increased SK activity in SKIP-transfected cells.
C, C2 ceramide was significantly higher in SKIP-transfected cells (n � 5) and cells cultured with the SK1 inhibitor 5C were compared with vector-alone
transfected cells (n � 5). D, the intracellular long chain (C16, C20, and C24) ceramide levels are shown in SKIP-transfected cell lines (n � 4) compared with
vector-transfected cells (n � 4) as detected by UPLC-MS/MS ceramide 14 and C18 were undetectable. * � p � 0.05; NS, not significant (p � 0.05) as measured
by t test.
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from the nucleus (Fig. 4, A and B, and Fig. S4D). SK1 expression
was found to have nuclear localization in AML primary cells,
whereas in GMPB cells SK1 localized to the cell cytoplasm (Fig.
4C). These similarities between SK1 expression in GMPB and
SKIP-transfected leukemia cells confirm the ability of SKIP
protein to localize SK1 to the cell cytoplasm. The higher nuclear
expression of SK1 in the vector-alone transfected CTS cell line
was also confirmed by Western blotting (Fig. S5, n � 3). SK2
localization was unaffected by SKIP transfection (Fig. S4E).

Ceramides are increased in SKIP-transfected cells

The intracellular concentration of the ceramides was mea-
sured by targeted UPLC-MS/MS in SKIP-transfected cell lines.
The total cumulative concentration of ceramides C2, C14, C16,
C18, C20 and C24 was significantly higher in SKIP-transfected
K562 and CTS cell lines ((p � 0.0001, unpaired t test). The total
cumulative concentration of ceramides C2, C14, C16, C18,
C20, and C24 was 6.5 � 0.54 nmol/mg of total protein in vector-

transfected K562 cells (n � 6) and 26.9 � 4.2 in SKIP-trans-
fected K562 cells (n � 6). The total cumulative concentration of
ceramides C2, C14, C16, C18, C20, and C24 was 8.8 � 3.2
nmol/mg of total protein in vector-transfected CTS cells (n �
6) and 28.1 � 6 in SKIP-transfected CTS cells (n � 6). The
values for the individual ceramides are shown in Fig. 3, C and D.
Ceramides C14 and C18 were not detectable in the cell lines.
We did not have an appropriate internal standard for C22 and
C24 ceramide to allow calculation of the concentration. These
results indicate that SKIP transfection led to up-regulation in
the ceramide synthesis pathway in addition to stimulating SK
function.

Untargeted analysis confirms increased S1P and ceramide
levels following SKIP transfection

We then used an untargeted UPLC-MS approach to quantify
intracellular sphingolipids in SKIP-transfected cell lines to pro-
vide ancillary evidence for our findings from the targeted

Figure 4. SKIP protein localizes SK to the cell cytoplasm and increases expression of ceramide synthases in SKIP-transfected cells. SK1 shows localized
expression to cell cytoplasm in SKIP-transfected CTS (A) and K562 (B) versus nuclear expression in vector-alone transfected leukemia cell lines. C, SK1 expression shows
nuclear localization in AML primary cells, whereas localized to the cell cytoplasm in GMPB cells. Fluorescence was detected using a Zeiss LSM 510 META confocal
microscope system. All immunofluorescent images were taken at a magnification of �40 with each scale bar � 10 m or 20 �m as indicated in each panel. D, lower
expression of the genes encoding for ceramide synthases (CERSs) and platelet activating factor acetylhydrolase (PAFAH2) in primary AML samples (n � 11) compared
with GMPB (n � 6) except for CERS-1 as determined by RT-qPCR. Lower expression of PAFAH2 and CERSs (except for CERS-1) genes in vector-alone transfected (n � 3)
K562 (E) and CTS (F) compared with SKIP-transfected leukemia cell line (n � 3). * � p � 0.05; NS, not significant (p � 0.05) as measured by t test.
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UPLC-MS/MS. The identified metabolites and their peak areas
were then analyzed using the MetaboAnalyst online tool
(SCR_015539). SKIP transfection resulted in profound meta-
bolic changes as evidenced by clear separation using principle
component analysis of SKIP transfected and vector alone cells.
The metabolic changes were clearly seen in both intracellular
and extracellular (culture medium) compartments (Fig. S6,
A–H). A consistent up-regulation of S1P, SPH, and ceramide
species was observed inside SKIP-transfected cells (n � 5) and
in culture media after 72 h of culture (Fig. S6, A–H).

As mentioned above we were unable to quantify the concen-
tration of C22 and C26 ceramide using the targeted approach
given a lack of an appropriate internal standard. However, using
the untargeted approach we could determine relative amounts
of C22 and C26 from the chromatographic area under the
curve. C22 ceramide was expressed at a significantly higher
level in SKIP-transfected cells than vector-transfected cells and
in control GMPB compared with primary AML (Fig. S6, I and J).
C26 ceramide was significantly higher in SKIP-transfected
K562 cells than vector-transfected cells and in control GMPB
compared with primary AML (Fig. S6, K and L). There was no
significant difference between SKIP-transfected CTS cells and
vector-transfected CTS cells. The results from both targeted
and untargeted approaches indicate that SKIP is not just
impacting S1P production but also a range of sphingolipids
including bioactive molecules such as ceramide.

SKIP transfection up-regulates ceramide synthases

Although SKIP co-localization with SK in the cell cytoplasm
can explain the enhanced SK activity and increased intracellu-
lar S1P associated with SKIP expression, it does not appear to
explain the increases in C2 ceramide and other longer chain
ceramides. C2 ceramide can be generated by the activity of
platelet activating factor acetylhydrolase (PAFAH2) (23) and
longer chain ceramides can be synthesized by activity of differ-
ent ceramide synthases (CERS) (24). Thus, we studied the
expression of ceramide synthase genes (CERS-1, -2 -4 and -5)
and PAFAH2 in primary AML samples and transfected leuke-
mia cell lines. All the genes were found to be significantly
under-expressed in AML primary cells compared with GMPB
except for CERS-1 (Fig. 4D). Consistent with this, SKIP trans-
fection resulted in up-regulation of expression of the same
group of genes (again with the exception of CERS-1) in trans-
fected leukemia cell lines (Fig. 4, E and F) compared with vector
alone. This confirms the strong association between SKIP
expression and the expression of genes involved in ceramide
synthesis. Other mechanisms of ceramide production may,
however, explain the increase in ceramide levels we observed;
the increase appeared to be independent of SK1 activity as C2
ceramide increased further in SKIP-transfected cells treated
with the SK1 inhibitor 5C (Fig. 3C).

SKIP re-expression leads to increased susceptibility to
apoptosis in leukemia cell lines

The effect of SKIP re-expression on the apoptotic process in
leukemia cells was studied. SKIP gene transfection did not
affect the growth of both cell lines under standard cell culture
conditions (Fig. 5A). However, SKIP was found to sensitize

K562 and CTS cells to the pro-apoptotic effect of 24 h serum
starvation. The number of viable cells after culture was assessed
using the ViCELL cell viability analyzer (based on trypan blue
exclusion). SKIP-transfected cells exposed to 24 h of serum
starvation showed a significant reduction (p � 0.05) in percent
viable cell numbers compared with vector-alone cells (Figs. 5B).

The expression of apoptotic markers was also studied after
24 h of serum starvation. Cleaved PARP (cleaved by caspases;
mainly caspase 3 and 7), 89-kDa fragment concentrations, were
higher in SKIP-transfected cells compared with vector alone
(Fig. 5C). This indicates higher caspase and pro-apoptotic
activity in SKIP-transfected cells in response to serum
starvation.

The number of apoptotic cells after 24 h serum starvation
was also measured by the Annexin-V flow cytometric assay.
Cells staining with both Annexin-V and 4,6-diamidino-2-phe-
nylindole (DAPI) were deemed to be apoptotic (right upper
quadrant of each plot in Fig. 5C). Apoptosis was significantly
higher in SKIP-transfected cell lines (Fig. 5, D and E). These
data confirm increased sensitivity to apoptosis in SKIP-trans-
fected leukemia cell lines.

The pro-apoptotic effect of serum starvation in SKIP-trans-
fected cells was reversed by the addition of the SK1 inhibitor,
5C. This suggests that SK1 mediates the action of SKIP on apo-
ptosis in the context of serum starvation (Fig. 5B).

The effect of SKIP transfection on sensitivity to chemother-
apy was also studied. SKIP transfection was found to sensitize
transfected cells to the effect of chemotherapy. There were sig-
nificantly fewer viable cells in the SKIP-transfected CTS and
K562 cells treated with ara-c chemotherapy, compared with
vector-transfected cells (Fig. 5F). The SK1 inhibitor 5C did not
abrogate the pro-apoptotic effect of ara-c chemotherapy in
SKIP-transfected cells. This suggests that the pro-apoptotic
effects of SKIP transfection are not mediated by SK1 in the
context of ara-c chemotherapy. The SK1 inhibitor had no effect
on the vector-transfected CTS cells (Fig. S7A). SKIP-trans-
fected K562 cells were also more sensitive to ara-c chemother-
apy than vector-transfected cells (Fig. S7B). Additionally in
K562 cell lines, imatinib had higher cytotoxicity in SKIP-trans-
fected cells (Fig. S7C). EC50 values for imatinib were 2.7 �M/li-
ter (1.2– 6.3 �M/liter, 95% confidence interval) in SKIP-trans-
fected versus 65.1 �M/liter (18.8 –225.6 �M/liter, 95% CI) in
vector alone K562 cell lines (two-way ANOVA, p � 0.0001).
Taken together, these data suggest that SKIP repression is asso-
ciated with reduced susceptibility to apoptosis.

Discussion

Promoter methylation of the SKIP gene and associated SKIP
repression in AML was previously noted by our group (20). We
explored the effects of this on SK function using primary AML
cells and leukemia cell lines transfected with SKIP. We demon-
strate that SK function and S1P levels were lower in primary
AML cells than controls and that SKIP re-expression was asso-
ciated with an increase in SK activity, and an increase in sphin-
golipids (mainly S1P and ceramides). Ceramides have a pro-
apoptotic effect and this may explain why these changes
were accompanied by an increase in apoptotic signals in
SKIP-transfected leukemia cells and an increase in their che-
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Figure 5. SKIP re-expression is associated with increased apoptotic signals. A, SKIP transfection did not affect growth of CTS and K562 cells under normal
conditions. B, after 24 h serum starvation there were significantly less viable SKIP-transfected cells than vector-transfected cells for both K562 and CTS cells (n �
3). The SK1 inhibitor 5C reversed the pro-apoptotic effect of serum starvation in SKIP-transfected cells. C, Western blots showing higher expression of cleaved
PARP (89-kDa fragment) in SKIP-transfected leukemia cell lines compared with vector-alone after 24 h of serum starvation. D, flow cytometry plots showing
staining of cells with DAPI and Annexin-V (Annexin-V binds apoptotic cells). In the top left panel is the negative control for Annexin V. In the top right panel is the
positive control (irradiated cells) with a high proportion of apoptotic cells (52%). In the bottom panels are vector- and SKIP-transfected CTS cells showing 3.2 and
10.9% apoptotic cells, respectively. E, a higher percentage of cells were apoptotic (positive for both Annexin V and DAPI stains) in SKIP-transfected leukemia cell
lines exposed to 24 h of serum starvation compared with vector-alone cells (n � 3). The proapoptotic effect of SKIP transfection was reversed by the SK1
inhibitor 5C in the context of serum starvation. F, SKIP-transfected CTS cells were more sensitive to ara-c chemotherapy than vector-transfected cells (n � 3).
The SK1 inhibitor 5C did not reverse the chemosensitivity to ara-c. * � p � 0.05 as measured by unpaired t test.
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mosensitivity. Inhibition of SK1 did not reverse the
enhanced chemosensitivity in SKIP-transfected cells consis-
tent with ceramide-mediated apoptosis. In contrast, SK1
inhibition fully reversed the enhanced sensitivity of SKIP-
transfected cells to serum starvation. These data suggest that
serum starvation and chemotherapy are working by different
pathways to induce apoptosis.

One previous publication (25) showed increased expression
of SK genes by PCR in leukemia, but SK function was not tested.
SK requires phosphorylation to function and this may explain
the data. The phosphorylation of SK1 mediates translocation of
SK1 to the membrane allowing it to function effectively (26).
We observed a shift in SK1 distribution in SKIP-transfected
cells, consistent with this. SK inhibitors do, however, induce
apoptosis in cell lines and primary AML cells (13). It is possible
that AML cells require some SK function to survive and that
inhibiting the already diminished SK activity is fatal for the cell.

SKIP re-expression was associated with an increase in SK
function and in S1P intracellular concentrations. This contrasts
with data from fibroblast cells in which SKIP expression had a
negative effect on SK function (1). However, it should be noted
the studies differ in several regards. The SKIP transfection
methods were different, and our studies were performed in leu-
kemia cells lines, whereas in the previous study the SKIP gene
was transfected in a nonhematopoietic lineage (fibroblast) cell
line. Although we measured the SK activity in intact cells pre-
serving SKIP localization, the previous study measured SK
activity in cell lysate, so the localization effect on SK enzyme
could not be tested. Critically we also tested the levels in pri-
mary cells as well as in patient plasma, with consistent results in
all assays. Our data therefore suggest that SKIP functions to
support rather than impair SK function, at least in the context
of leukemia cells. SKIP may function differently in fibroblasts.

Cellular translocation of proteins through mutation is a rec-
ognized event in AML. NPM1 mutation, present in 35% of
AML, results in translocation of a nuclear protein to the cyto-
plasm (27). Here we show translocation of SK from the cyto-
plasm to the nucleus through epigenetic repression of SKIP.

Interestingly, SKIP expression was associated with dephos-
phorylation and inactivation of pERK. pERK is a prosurvival
molecule (19) and is known to be commonly overexpressed in
AML (21). Other reports confirmed the ability of C2 ceramide
to dephosphorylate pERK as described before (28). Therefore,
targeting the MAPK/ERK pathway (22, 29, 30) has been sug-
gested to control proliferation and induce apoptosis in AML
blasts. Our results suggest that ERK phosphorylation could be
caused by the low concentrations of C2 ceramide associated
with SKIP hypermethylation in AML. In our study, SKIP re-ex-
pression in leukemia cell lines was successful in increasing
intracellular C2 ceramide leading to ERK dephosphorylation.
This suggests that repairing the SKIP pathway might be a suit-
able approach to dephosphorylate and inactivate the MAPK/
ERK pathway in AML.

We show here that SKIP impacts not just the product of SK,
S1P, but also the upstream precursors, SPH and ceramide. This
indicates that SKIP repression leads to down-regulation of the
whole pathway, not just the end product, resulting in lower
systemic (i.e. plasma) levels of sphingolipids in AML. We show

that SKIP transfection increases the expression of ceramide
synthases and that ceramide synthases are reduced in AML.
The lower levels of ceramide in AML are likely to reflect
reduced production. Ceramide can also be produced through
hydrolysis of sphingomyelin by sphingomyelinases. Sphingo-
myelinases are mutated in 5% of AML (31), with a number of
missense mutations described. Together these data imply that
impairment of the ceramide-S1P pathway (either through SKIP
repression or through sphingomyelinase mutation) is an
important process in many AMLs.

Our study is the first study to provide evidence for the sup-
pression of SK activity by SKIP methylation in AML. Our data
provide convincing evidence that SKIP functions to support SK
activity in primary leukemia cells.

Experimental procedures

Primary cells and plasma samples

Blood samples and bone marrow were collected from
untreated patients with AML after written informed consent at
St. Bartholomew’s Hospital and the Royal Marsden Hospital.
Control bone marrow was obtained from patients with normal
blood counts and normal marrow examination who had lym-
phoma. The protocol was approved by NRES Committee Lon-
don-City & East (formerly called the East London and The City
HA Local Research Ethics Committee 2) on the 31st October
2006 (REC reference 06/Q0604/110) and East of England REC
on 14th June 2016 (REC reference 16/EE/0266). All studies
comply with the rules of the Review Board and the revised Hel-
sinki protocol. Patient details and characteristics are shown in
Tables S1 and S2.

Primary sample sorting and bisulfite pyrosequencing

Primary samples were incubated for 15 min in phosphate-
buffered saline (PBS) with 2% fetal calf serum and CD34 anti-
body (BD Biosciences, UK). After washing in PBS (�2% fetal
calf serum) and DAPI, samples were filtered through a cell
strainer and transferred to FACs tubes. Then, samples were
sorted using BD FACS Aria II cell sorter (BD Biosciences, UK)
into CD34� and CD34� cells. Bisulfite pyrosequencing was
done as described (20) using the following primer sequences:
forward, GGTTTTATTTAGGGTAGAGTAGATT; reverse
(BIOTINYLATED), CCCCCTTCTTTCTATACCCAATAC-
CATATC; sequencing primer, ACCAACTTACCCCAA.

Cell culture and SKIP transfection method

K562 cells were sourced from the American Type Tissue Col-
lection and CTS cells from Dr. Takeyuki Sato, School of Medi-
cine, Chiba University, Japan. Cells were cultured in RPMI 1640
supplemented with 10% fetal bovine serum, 1% penicillin/
streptomycin, and maintained at 37 °C, 5% CO2. Cell lines were
authenticated using DNA profile (short tandem repeat) analysis
and tested for mycoplasma (MycoAlert mycoplama detection
kit, Lonza) on a regular basis.

SKIP cDNA clone was purchased from Origene and
re-cloned into the pIRES Hyg3 expression vector using stan-
dard methods. A FLAG tag was added by PCR protocols using
High-Fidelity Taq polymerase and confirmed by sequencing.
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Cell lines were transfected with 2 �g of DNA, using the Amaxa
Nucleofector according to the manufacturer’s instructions.
Briefly, 2 � 106 cells were transfected using program T-016,
with Solution V. Following transfection, stable cell lines were
generated by selection in 200 �g/ml of hygromycin B (Life
Technologies, UK). Cell numbers and viability were assessed
using the ViCELL cell viability analyzer (Beckman Coulter).

Cytotoxicity and viability assay

Cells were counted and seeded into 24-well-plates at a con-
centration of 1 � 106 cells/ml and incubated with 10 �M SKI
inhibitor, 5C. Then after 24 h Ara-C added in triplicate at 5
different concentrations. Drug effects were determined after
48 h by counting viable cells using Countbright Absolute
Counting Beads (Invitrogen), according to the manufacturer’s
instructions. The EC50 values were calculated by nonlinear
regression using an equation for a sigmoidal dose-response
curve with variable slope (GraphPad Prism 8.2.1).

Apoptosis analysis using Annexin V

Cells (1 � 106 cells/ml) were washed using Annexin V-bind-
ing buffer (BD Biosciences) and incubated with Annexin V
Alexa Fluor 647, for 15 min at room temperature in the dark.
Then, cells were washed and re-suspended in PBS with 2% fetal
bovine serum and DAPI and analyzed on a BD LSRFortessa
cytometer. Dual Annexin V-positive, DAPI-positive cells were
defined as apoptotic cells.

Western blotting

Cell lysates (50 �g) were separated on 4 –12% SDS-PAGE
and blotted onto polyvinylidene difluoride membranes (Invit-
rogen, UK). Membranes were incubated with specific antibod-
ies overnight; this was followed by incubation with appropriate
secondary antibodies. Then, immunocomplexes were detected
by enhanced chemiluminescence (ECL). The primary antibod-
ies used were: anti-phospho-ERK1/2, total ERK, anti-cleaved
PARP, anti-GAPDH (New England Biolabs), anti-SK1 (Santa
Cruz Biotechnology), anti-SK2 (Abcam), and anti-FLAG (Sig-
ma-Aldrich). Anti-Rabbit or mouse Igs/horseradish peroxidase
secondary antibody (Dako, UK) was used. Prostate cells lines
were used as a positive control for SK2 (Fig. S8). The cytoplas-
mic and nuclear fractions of cell lysates were extracted using
NE-PERTM Nuclear and Cytoplasmic Extraction Reagents
(Thermo Scientific, UK). Quantification analysis of Western
blotting bands was performed with ImageJ software.

RT-qPCR for confirmation of gene expressions

Total RNA was extracted using the RNeasy mini kit (Qiagen,
Crawley, UK) according to the manufacturer’s protocol and 1
�g of RNA was used for cDNA synthesis via the ImProm-IITM

Reverse Transcription System (Promega, Madison, WI). RT-
qPCR for SKIP was performed using the Fast SYBR Green Mas-
ter mix (Applied Biosystems, Warrington, UK). Relative
expression of the target gene was determined with respect to
housekeeping gene (GAPDH) expression. The SKIP and
GAPDH primers were designed in our lab and synthesized
by Sigma-Aldrich, UK, as follows: SKIP-F1, CAGTGGATAG-
CTGCCTCTGA; SKIP-R1, CCCATCCTTCTGCTCCTCAT;

SKIP-F2, GTGAGCGCTTGTCAAATCCA; SKIP-R2, CTCA-
TGGATCGCTCACTGAG; GAPDH-F1, CTGCACCACCAA-
CTGCTTAG; and GAPDH-R1, ACAGTCTTCTGGGTGGC-
AGT. Expression levels of SK1 and SK2 genes were measured
using TaqMan real-time PCR assay (Applied Biosystems). Each
sample was analyzed in triplicate and normalized to GAPDH
(�CT). �CT values were standardized to a calibrator value gen-
erated from the average (�CT of all values. The relative expres-
sion calculated using the comparative CT method with fold-
change (2�		CT).

Immunofluorescence

Cells were collected, fixed (IC Fixation buffer, 4% paraformal-
dehyde, from eBioscience), and permeabilized with permeabi-
lization solution (0.1% Saponin and 0.009% sodium azide)
before being probed with anti-SPHKAP antibody (Abcam, UK)
or anti-SK1 (Santa Cruz Biotechnology). The anti-SPHKAP
antibody was validated using positive and negative controls
(Fig. S2). After washing and incubation with secondary anti-
body (anti-rabbit IgG, Alexa Fluor� 488 conjugate, Thermo
Fisher Scientific, UK), fluorescence was detected using a Zeiss
LSM 510 META, confocal microscope system. U266 cells were
used as a negative control for SK1 antibody and these were
obtained from ATCC.

Untargeted UPLC-MS metabolomic analysis

Untargeted UPLC-MS method was used to quantify all intra-
cellular and culture media metabolite contents as described
(32). Briefly, cells (5 � 106) were extracted using 80% methanol.
Methanolic solution extracts were then evaporated to dryness.
Dried extracts were then reconstituted in 50 �l of 10% acetoni-
trile solution (containing 0.1% formic acid) and only 5 �l was
injected into UPLC-MS system. Chromatography was per-
formed on Waters Nanoacquity UPLC system (Waters, UK).
Separation of metabolites was achieved on Waters Acquity
UPLC HSS T3 column (1.8 �m, 1 � 150 mm) with the following
solvent system: A � 0.1% formic acid in water, B � 0.1% formic
acid in acetonitrile. The flow rate was 40 �l/min. The analytical
run starts by 100% A for 2 min, a gradient of 100 A to 100% B
over 10 min, 100% B held for 3 min, then back to 100% A over 1
min. Mass spectrometry was performed on a Waters Q-ToF
Premier operated in positive and negative electrospray (ES)
ionization modes. ESI voltages were 2.9 (in negative mode) and
3.1 (in positive mode). Cone voltage was 38 V. Source temper-
ature was 80 °C and desolvation temperature was 250 °C. Des-
olvation and cone gases were nitrogen with flow of 400 and 30
liter/min, respectively. The MS scan was adjusted to acquire
between 50 and 1000 m/z range with scan time of 0.18 s and
inter-scan delay of 0.02 s. Data were acquired in profile mode
and leucine enkephalin (Mr � 555.6) was used as Lock mass.
Instrument calibration was done by 50 mM sodium formate. A
quality control of cell extracts spiked with metabolite mix was
injected regularly to monitor the stability of the UPLC system.
Data acquisition was done using Water Masslynx software (V
4.1) from Waters, UK. Continuous lockmass correction was
done using Masslynx software. Mass detection, chromato-
graphic peak detection, peak deconvolution, deisotoping,
retention time normalization, and peak alignment were all done
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using MZmine software (version 2.2) (36). Peak lists including
retention, m/z, and peak intensities were exported from
MZmine and imported into Microsoft Office Excel 2007
(12.0.6214.1000), fold-change and p value were then calculated
and volcano plots were generated.

Targeted UPLC-MS/MS analysis of intracellular and plasma
S1P, SPH, C17 S1P, C17 SPH, C2 ceramide, and long chain
ceramides

The extraction method was modified from published meth-
ods (33). Cells (5 � 106) were extracted using chloroform/
methanol solution (1/2, v/v) containing internal standards (C17
SPH and C17 S1P). The single-phase extract was incubated
overnight at 48 °C. After cooling, interfering glycerolipids were
removed by addition of 1 M KOH solution for 2 h followed by
neutralization with glacial acid. The single-phase was then
evaporated, dried extracts were reconstituted in 100 �l of 80%
ethanol (containing 1% formic acid), and 10 �l were injected
into the UPLC-MS/MS system. For plasma samples, 20 �l of
plasma was extracted with 75 �l of methanol and 5 �l of inter-
nal standard solution (C17 SPH and C17 S1P). After incubation
on ice for 30 min and centrifugation at 10,000 � g, supernatant
was transferred to LC-MS vials and injected into the UPLC-
MS/MS system.

Analytes were separated on a Waters Kinetex PFP (Penta-
fluorophenyl) 1.7-�m column, 2.1 � 50 mm, S1P, C17 S1P,
SPH, C17 SPH, and C2 ceramide were separated using gradient
elution of mobile phase A (water � 0.1% formic acid) and
mobile phase B (acetonitrile � 0.1 formic acid). The gradient
starts by 70% A, a gradient to 20% A over 3 min, then 20% B for
1 min, then back to 70% A for the 3 min, all at a flow rate of 250
�l/min. For long chain ceramide analysis (including C17 SPH as
an internal standard), a gradient elution of methanol/water/
formic acid (61:38:1, v/v) with 5 mM ammonium formate to
methanol/acetonitrile/formic acid (39:60:1, v/v) with 5 mM

ammonium formate at a flow rate of 250 �l/min was employed
following a published method (34).

Analytes were detected using triple-stage-quadrupole MS
(TSQ Vantage, Thermo Scientific, UK) equipped with an elec-
trospray ion source. Samples were analyzed in the Multiple
Reaction Monitoring (MRM), positive ionization modes at a
spray voltage of 3500 V. Nitrogen was used as sheath and aux-
iliary gas at a flow rate of 40 and 10 arbitrary units, respectively.
Argon was used as collision gas with pressure of 1.5 mtorr. The
optimum transitional daughter ions mass and collision energy
for S1P were: m/z 3803 264 (collision energy (CE) 11 V), SPH:
3003 264 (CE28 V), C17 S1P was: m/z 3663 250 (CE 11 V),
C17 SPH: m/z 2863 250 (CE 28 V) and C2 CER m/z 3423 264
(CE 18 V), C14 CER m/z 5103 264.0 (CE, 16 V), C16 CER m/z
5243 264 (CE, 20 V), C18 CER m/z 5663 264 (CE, 18 V), C20
CER m/z 5943 264 (CE, 18 V), and C24 CER m/z 6493 264
(CE, 20 data acquisition and chromatography analysis was car-
ried out using Xcalibur chromatography software version 2.2
from Thermo Scientific, UK.

The targeted UPLC-MS/MS was validated using internal cal-
ibration standards (C17 S1P and C17 SPH) and six external
calibration standards (0, 0.1, 0.3, 1, 3, and 10 �M concentra-
tions) of each analyte. A high and low (5 and 0.5 �M concentra-

tions) were injected regularly to monitor the stability of the
UPLC-MS/MS system. The calibration curves were all linear
and the quality control samples inaccuracy and imprecision
were all within �15%. Representative chromatograms for blank
samples, quality control, and analyzed samples are shown in
Fig. S9, including the intracellular and plasma sphingolipids
and long chain ceramides.

SK activity assay (UPLC-MS/MS) using C17 sphingoid base

SK activity was measured using C17 sphingoid base as
described (35). Exponentially growing cells were grown in
10-ml flasks, cells were grown at a concentration of 1 � 106/ml
for 24 h. Cells were then incubated with 1 �g/ml of C17 SPH for
another 24 h after which cells were pelleted and extracted using
chloroform/methanol (1:2, v/v). Concentrations of C17 S1P in
cell extracts were then determined using targeted a UPLC-
MS/MS technique (see previous section). The MCF7 cell line
was used as a positive control and was obtained from the Euro-
pean Collection of Authenticated Cell Culture. The SKI 5C was
obtained from Sigma-Aldrich.

Sphingosine kinase activity assay (ELISA)

SK activity was measured using Sphingosine Kinase Activity
Assay kit from Echelon Biosciences, USA (product number:
K-3500) according to the manufacturer’s protocol. Briefly, cell
lysate was extracted from 4 million cells, using cell lysis buffer,
containing 50 mM Tris-HCl, 1 mM EDTA, 150 mM NaCl, 0.1%
lauryl sulfate, 0.5% deoxycholic acid, and 1% Igepal CA-630.
The experiment was then set up in a white 96-well-plate, with
ATP calibration standards ranging from 10 to 0 �M. The stan-
dards and the samples supplemented with the reagents pro-
vided by the kit (50 �M DTT, 10 mM sphingosine, 10 mM ATP
and reaction buffer) were added to the wells appropriately. The
plate was then sealed and incubated for 1 h at room tempera-
ture, before an ATP detection reagent was added to the wells.
The plate luminescence was then analyzed using a Polarstar
Optima plate reader (BMGLabtech, UK).

Statistics

The Student’s t test and ANOVA were used to assess differ-
ences. Error bars are standard deviation.
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