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Usage of Sphingosine Kinase Isoforms in Mast Cells Is Species
and/or Cell Type Determined

Sandra E. Dillahunt,* Jennifer L. Sargent,* Ryo Suzuki,* Richard L. Proia,T
Alasdair Gilﬁllan,* Juan Rivera,* and Ana Olivera*

FceRI engagement in mast cells (MCs) induces the activation of two distinct sphingosine kinase isoforms (SphK1 and SphK2) to
produce sphingosine-1-phosphate, a mediator essential for MC responses. Whereas embryonic-derived SphK2-null MCs showed
impaired responses to Ag, RNA silencing studies on other MC types indicated a dominant role for SphK1. Given the known
functional heterogeneity of MCs, we explored whether the reported differences in SphK1 or SphK2 usage could be reflective of
phenotypic differences between MC populations. Using lentiviral-based short hairpin RNA to silence SphK1 or SphK2, we found
that SphK2 is required for murine MC degranulation, calcium mobilization, and cytokine and leukotriene production, irrespec-
tive of the tissue from which the MC progenitors were derived, the stage of MC granule maturity, or the conditions used for
differentiation. This finding was consistent with the lack of a full allergic response in SphK2-null mice challenged to undergo
passive cutaneous anaphylaxis. A redundant role for both SphKs was uncovered, however, in chemotaxis toward Ag in all MC
types tested and in TNF-« production in certain MC types. In contrast, human MC responses were dependent only on SphK1,
associating with a more robust expression of this isoform and a more varied representation of SphK variants relative to murine
MCs. The findings show that the function of SphK1 and SphK2 can be interchangeable in MCs; however, an important deter-
minant of SphK isoform usage is the species of origin and an influencing factor, the tissue from which MCs may be derived and/or

their differentiation state. The Journal of Immunology, 2013, 190: 000-000.

and SphK?2) are responsible for the phosphorylation of

sphingosine to generate sphingosine-1-phosphate (S1P)
when cells are activated by a variety of stimuli (1). S1P is
a pleiotropic lipid mediator of diverse biological functions, in-
cluding the regulation of vascular permeability and vascular tone
(2, 3), modulation of immune cell trafficking and function (4, 5),
and regulation of numerous disease processes (6—10). S1P gen-
erated during activation of SphKs may bind and regulate its in-
tracellular targets or, once transported out of the cells, may bind
and engage its membrane receptors (S1PR1 through 5), thus
mediating complex arrays of responses (reviewed in Ref. 9). In
part, the mode of action of S1P depends on the location where it is
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produced, the regulation of its levels by enzymes involved in its
degradation, and the coupling of its synthesis either to its export
via lipid transporters or to specific signaling pathways (9, 11, 12).
Each individual isoform of SphK may also contribute to the type
of cellular actions S1P is able to elicit (12, 13). SphK1 and SphK?2
share a high degree of structural homology but differ considerably
in their overall sequence, tissue distribution, biochemical proper-
ties, as well as in the cellular functions they can mediate. Evidence
exists for unique, redundant, or even opposing roles for SphK1
and 2 (12-14). This versatility may be attributed to their relative
expression in the cell, their subcellular redistribution under a par-
ticular stimulus, or their impact on other bioactive sphingolipid
metabolites. Furthermore, splicing variants for both isoforms have
been described (14-18), although their specific function in cells is
largely unknown. Although the function and mechanism of acti-
vation of SphK1 have been investigated in several systems, those
for SphK?2 remain largely unexplored. The emerging view, gath-
ered from accumulated studies, suggests that there is a preferential
use for one of the isoforms of SphK in a particular cell, stimulus,
and type of response. Dominance of SphK1 function is most
common and consistent among mammalian systems, whereas the
SphK?2 function is more variable, with an apparent dependence on
where it may be localized in a given cell type.

MC:s are key effector cells of allergic responses, characterized by
the constitutive expression of the high-affinity IgE receptor, FceRI,
on their surface. Allergen-mediated cross-linking of FceRI results
in a cascade of signaling events that culminates in the secretion of
preformed mediators and the production of a variety of cytokines
and lipid mediators, all of which promote allergic and inflam-
matory responses in vivo (19, 20). Engagement of the IgE receptor
by Ag in MCs induces the activation of both SphK1 and SphK?2
and the production of SIP, which promotes the release of MC-
derived mediators (21-26). S1P is also secreted by activated MCs
in considerable amounts to the extracellular medium by the
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ABCC-1 transporter (27). Because S1P has been found elevated at
sites of inflammation in diseases in which MCs may play im-
portant roles (i.e., asthma and arthritis) (28, 29), it is possible that,
during allergic and inflammatory processes, MCs produce S1P in
the tissue environment, which can affect the pathological course of
these diseases (10, 11). Furthermore, because the generation of
S1P is intrinsically important for MC responses, an understanding
of the specific role for each isoform of SphKs in early- or late-
phase MC responses is essential and could provide novel thera-
peutic targets for specific diseases.

SphK isoform dominance in MC function is not completely
understood. Evidence for SphK1 and SphK2, either individually
or jointly, in MC effector functions has been reported (21, 26, 30—
32). However, a number of discrepancies are found in these studies
that may arise from differences in the experimental approaches,
the species of origin of the MCs used, the tissue from which MC
progenitors are derived, and/or the conditions used for differen-
tiation of MCs, all of which can influence the MC phenotype.
Using embryonic liver-derived MCs from SphK1- and SphK2-
deficient mice, we previously found that SphK2 was the major
source of S1P and was essential for MC effector responses. Others
have reported, using the rat cell line RBL-2H3 (30) or murine
bone marrow—derived mast cells (BMMCs) (32), that silencing
RNA (siRNA) used to silence SphK1, but not SphK?2, resulted in
impaired degranulation in MCs. In human mast cells (HuMCs),
SphK1 was also reported to be required for MC degranulation (26,
31), whereas both SphK1 and SphK2 were involved in cytokine
production (31).

In the current study, we thus explored the relative roles of SphK
isoforms in MC function. We used a short hairpin RNA (shRNA)
silencing strategy to achieve selective silencing of each SphK
isoform, in contrast to the previously described (32) transient
siRNA strategies, which we found to be neither sufficient nor
selective to cause effective silencing of individual SphKs in mu-
rine MCs. In addition, we used MCs from different species or
derived from various tissues, as well as MCs differentiated under
different culture conditions, to explore the role of SphK isoforms
in heterogeneous populations of MCs. Our findings indicate that
a major determinant of the relative importance of each SphK
isoform in MC function depends on the species of origin (SphK1
for human and SphK2 for mouse), which in part reflects the rel-
ative abundance of SphK1 and SphK2 expression. Despite the
dominance of SphK?2 in the murine system, redundancy was noted
among the isoforms in their role in migration of mouse MCs to-
ward Ag and in cytokine production, although the latter was re-
stricted to a particular type of MC. Our findings also suggest that
murine MC constitutes an ideal cellular system to investigate
possible posttranslational mechanisms in the activation of SphK2,
which have largely been elusive.

Materials and Methods

Mice and cell culture

SphK1- and SphK2-null mice (C57BL/6 X 129/Sv, N5) were generated
as described previously (33, 34), and wild-type (WT) mice were on the
same genetic background. Animals were maintained and used according to
National Institutes of Health guidelines and National Institute of Arthritis
and Musculoskeletal and Skin Diseases—approved animal study proposal
A010-04-03. BMMCs were generated by flushing MC progenitors from the
femurs of 6- to 8-wk-old WT mice and culturing these cells as previously
described (35). Peritoneum-derived mast cells (PDMCs) were obtained
from the peritoneal lavage of adult WT mice and cultured in media con-
taining 20% FBS, as described earlier (36). Cells were used when >95%
of the population expressed both FceRI and KIT, as measured by flow
cytometry (35). Ear skin MCs were obtained from WT, SphK1-, and
SphK2-null mice. Briefly, ears were split into dorsal and ventral halves and
placed in 2 ml 1% FBS in RPMI 1640 containing 0.1 mg/ml DNase I
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(Sigma-Aldrich) and 0.2 mg/ml Liberase TL (Roche Diagnostics). Fol-
lowing a 1-h incubation at 37°C, the digested tissue was placed into a
70-mm cell strainer (BD Biosciences) and teased through the mesh. The
strainers were washed with 2 ml 1% FBS, 2 mM EDTA in PBS (Life
Technologies) (37). All cells were cultured in RPMI media (Invitrogen)
supplemented with 10% (BMMCs) or 20% (PDMCs and ear MCs) FBS
(Invitrogen) and 20 ng/ml each of recombinant mouse IL-3 and stem cell
factor (SCF) (Peprotech, Rocky Hill, NJ). Primary HuMCs were prepared
from CD34" peripheral blood progenitors isolated from healthy volunteers
following informed consent under a protocol (NCT00001756) approved by
the National Institutes of Health internal review board (38). The 293LTV
cells (Cell Biolabs) used for viral production were cultured in DMEM
media supplemented with 10% FBS (Invitrogen).

ShRNA construction and gene transduction

A lentiviral-based transduction system was used for shRNA-mediated gene
knockdown of SphK1 and SphK2 in mouse and HuMCs. Bacterial glycerol
stocks of shRNA constructs for mouse and human SphK1 and SphK?2 were
purchased from Sigma-Aldrich. The shRNA constructs used were as fol-
lows: mSphK1 (TRCN0000024684), mSphk2 (TRCN0000024632), huSphK1
(TRCNO0000036966), and huSphK2 (TRCN0000036972). Nontarget shRNA
(SHCO002) was used as a negative control.

To generate virus, 293LTV cells were cotransfected with 3.9 g shRNA
vector and 39 pl lentiviral packaging mix (Sigma-Aldrich), using FuGENE
HD (Roche). The viral supernatants were collected 72 h posttransfection
and concentrated by centrifugation at 20,000 X g for 2 h. The viral pellet
was resuspended and used to transduce 107 fully differentiated BMMCs or
PDMCs or 5 X 10° HuMCs. The efficiency of lentiviral transduction was
>90%, as determined by the GFP expression cassette pNUTS (data not
shown). At 2 d posttransduction, cells were changed to virus-free medium,
and following an additional 2-d recovery period, selection was started
using 3 pg/ml (BMMCs), 1.5 pwg/ml (PDMCs), or 0.2 pg/ml (HuMCs)
puromycin (Sigma). Cells were kept in selection media for 5-7 d and
allowed to recover for =2 d in puromycin-free media before being used
for the experiments.

Real-time PCR and Western blot

To assess mRNA knockdown, total RNA was isolated from cells (1-4 X 10°)
using the RNeasy Kit (Qiagen) per the manufacturer’s instructions. RNA
was converted into cDNA, using the SuperScript IIT First-Strand Synthesis
System for quantitative RT-PCR (qRT-PCR) (Invitrogen). The qRT-PCR
was performed using the ABI PRISM 7500 Sequence Detection System
(Applied Biosystems). TagMan Gene Expression Assays for SphK1 and
SphK2 were purchased from Applied Biosystems. Relative levels of
mRNA were calculated based on ACt, using GAPDH as endogenous
control gene. The levels of expressions of the different SphK isoform
variants were determined as described in Supplemental Table I. Western
blots were performed to measure the effectiveness of protein knockdown.
Cells were lysed in borate-buffered saline containing 1% Triton X-100, 60
mM octyl-B-glucoside, 2 mM PMSF, 10 p.g/ml aprotinin, 2 pg/ml leupeptin
and pepstatin, 5 mM sodium pyrophosphate, 50 mM NaF, and 1 mM
sodium orthovanadate, as described (22). Proteins were resolved by SDS-
PAGE and transferred to nitrocellulose membranes, and the resolved
protein was identified using Abs for SphK2 (22). Available Abs to SphK1
failed to selectively detect this isoform in murine MCs, as assessed by
comparison with lysates from SphK1-deficient cells. This failure may be
due to low expression of this isoform in murine MCs and/or specificity of
the Abs. IRDye-labeled secondary Abs were used for the detection of
proteins in Western blots, and the immunocomplexes were imaged and
quantified using an Odyssey Infrared Imaging System (LI-COR Bio-
sciences).

SphK activity assay

The enzymatic reaction of converting sphingosine to SIP is catalyzed by
SphKs in the presence of ATP-MgCl,. Briefly, cells (4 X 10°) were har-
vested and lysed by freeze thawing in SphK buffer (50 mM Tris [pH 7.4],
100 mM KCl, 10% glycerol, 1 mM mercaptoethanol, 1 mM EDTA, 10 pg/
ml pepstatin, | mM PMSF, 0.5 mM 4-deoxypyridoxine, and 10 wl/ml Halt
protease and phosphatase inhibitor mixture [ThermoScientific]). Cell
samples were incubated with 50 wM sphingosine, v-[*?P]-ATP (10 nCi), 1
mM ATP, and 10 mM MgCl,. SphK1 and SphK2 activities can be selec-
tively measured using conditions that favor each individual kinase (with
~30% overlap). SphK1 activity was measured in SphK buffer containing
sphingosine—Triton X-100 (5%), which is inhibitory to SphK2 activity. For
SphK2 activity measurements, sphingosine was presented as BSA com-
plexes (50 wM sphingosine in 4 mg/ml BSA) instead of in a micellar form,
and the SphK buffer contained 1 M KCl, which conversely inhibits SphK1
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activity. Following a 30-min incubation at 37°C, the reactions stopped,
radiolabeled lipids were extracted, and S1P was separated on TLC plates,
as described (22). Both SphK1 and SphK2 activities were linear, from 2.5
to 100 wg protein, indicating the validity of these assays for assessing
SphK expression.

Measurement of MC effector responses

Murine MCs were sensitized with 1 pg/ml anti-DNP IgE (H1 DNP-e_26.82;
Ref. 39) in HEPES-BSA buffer (37°C, 10 mM HEPES [pH 7.4], 137 mM
NaCl, 2.7 mM KCl, 0.4 mM Na,HPO,, 5.6 mM glucose, 1.8 mM CaCl,,
and 1.3 mM MgSO, and 0.04% fatty acid—free BSA) for 1 h at room
temperature. HuUMCs were sensitized with 100 ng/ml biotinylated IgE (40)
in cytokine-free media or complete media (cytokine production) overnight
at 37°C. For degranulation experiments, murine MCs and HuMCs were
stimulated for 30 min with the indicated concentration of DNP-HSA (Ag)
(Sigma-Aldrich) or streptavidin (SA) (Sigma-Aldrich), respectively, and the
release of (-hexosaminidase into the incubation media was determined
using a colorimetric assay, as previously described (40). The extent of de-
granulation was calculated as the percent of 3-hexosaminidase found in the
supernatants following challenge versus the total content found in the cells.
Cytokine production was measured from BMMCs (4 X 10° cells) stimu-
lated with 25 ng/ml Ag for 3 h. Alternatively, HuMCs (1 X 10° cells) were
stimulated with 100 ng/ml SA for 6 h. Production of IL-6 and TNF-« for
murine MCs or IL-8 and TNF-a for HuUMCs was determined by Bio-Plex
Pro Cytokine Assays (Bio-Rad). For leukotriene production, cells were
stimulated with the indicated concentrations of Ag for 30 min at 37°C in
HEPES-BSA buffer containing 10 pg/ml indomethacin (Sigma-Aldrich).
The amount of leukotriene B, (LTB,) in the supernatants was measured
using a competitive ELISA (R&D Systems).

Passive cutaneous anaphylaxis

The ears of WT, SphK1-, or SphK2-null mice were sensitized s.c. with either
anti-DNP IgE (75 ng in 20 .l saline) or the same volume of saline in the
contralateral ear. The next day, mice were challenged i.v. with Ag (250 p.g)
dissolved in 0.5% Evans blue/PBS. After 30 min, the mice were eu-
thanized, and the ears were collected and minced. The minced ears were
incubated in formamide for 1 h at 55°C to extract the Evans blue, and the
amount of dye was measured by absorbance at 620 nm (41).

Calcium mobilization

Calcium mobilization was measured using a Zeiss LSM-510 Meta confocal
microscope. Cells were sensitized with 1 pg/ml anti-DNP IgE for 1 hiin IL-
3 only—containing media and then plated in Lab-Tek Chamber Slides
(ThermoScientific) coated with poly-L-lysine (Sigma-Aldrich). Cells were
then loaded with Fluo-4 AM (2 wM) and FuraRed-AM (10 uM) for 30 min
at 37°C. Cells were carefully washed three times using Tyrode’s-BSA
buffer and stimulated with 10 ng/ml Ag. Fluorescent images were col-
lected every 5 s, and the intensity of fluorescence was quantified using
Zeiss LSM-510 Meta software. Responses are shown as a ratio of intensity
of Fluo-4 AM/FuraRed-AM, as previously described (42).

Chemotaxis assay

Chemotaxis assays were performed using Transwell permeable support
with a 5.0-uM pore polycarbonate membrane on 6.5-mm inserts (Costar)
placed within 24-well polystyrene plates. Cells were sensitized with 1 pg/
ml anti-DNP IgE overnight in full media. Following three washings with
HEPES-BSA buffer, cells (3 X 10° cells per 100 pl) were placed in the
upper chamber insert and preincubated in 600 w1 HEPES buffer for 30 min.
The upper chambers were then placed in contact with the lower chambers
containing Ag (10 ng/ml or 30 ng/ml). After incubation for 4 h at 37°C,
cells migrating to the lower chambers were transferred to a 96-well flat-
bottom plate. Cell pellets were frozen, and the relative numbers of mi-
grated cells were determined using the CyQUANT Cell Proliferation Assay
(Invitrogen). A linear standard curve with serial dilutions of the cells, ranging
from 50 to 5000 cells, was included to convert the relative fluorescence in-
tensity to cell numbers. Fluorescence was measured using a PerkinElmer
Victor 2 Microplate Reader.

Statistical analysis

Statistical analysis was performed using GraphPad Prism (GraphPad
Software, San Diego, CA). Statistical significance was determined by un-
paired, two-tailed Student ¢ test. Each culture represents cells derived from
either an individual mouse or human subject. Each knockdown experiment
was repeated in 3—10 separate cultures, as indicated in the legends to
figures. Whenever more than one knockdown experiment was performed
from a single culture, it was averaged and considered as one.

Results
MC degranulation is impaired in SphK2-null connective tissue
MCs in vitro and in vivo

Our previous work (21) had established an essential function for
SphK2 in embryonic cultured liver-derived mast cells (LDMCs).
Although MCs derived from the bone marrow of SphKl1- or
SphK2-null adult mice also showed a role for SphK2, the results
were less convincing, given the high degree of variability from
culture to culture (21). Unlike other hematopoietic cells, MC pre-
cursors from the bone marrow migrate through the blood to the
tissues, where they differentiate, responding to tissue microenvi-
ronment cues that ultimately influence their phenotype (43, 44).
In vitro, the MC phenotype may also vary, depending on the tissue
from which progenitors are derived, the culture conditions, or the
species of origin (44). Given the MC heterogeneity in vivo and
in vitro, we sought to determine whether the dominance of SphK2
over SphK1 observed in the LDMCs and BMMCs was represen-
tative of other, more mature MC populations or of in vivo MCs.
BMMCs grown in the presence of IL-3 and SCF are thought to be
an immature connective tissue-like mast cell (CTMC) model,
with no known tissue equivalent. However, PDMCs, which dif-
ferentiate and mature in vivo, are a more mature CTMC, based on
their staining properties and morphology (45). In agreement with
this observation, PDMCs had a denser granule content (data not
shown) and expressed higher levels of murine mast cell protease
(mMCP)-1, 2, 4, 5, and 9 than did BMMCs (Supplemental
Fig. 1A). They also expressed mMCPS5 and carboxypeptidase
A3, proteases that characterize CTMCs (Supplemental Fig. 1B,
10).

Consistent with results in LDMCs and BMMCs, SphK2 defi-
ciency in PDMCs resulted in impaired degranulation (Fig. 1A).
However, a role for SphK1 in the degranulation response was also
seen in SphK1-deficient PDMCs (Fig. 1A). To determine whether
the dependence of both SphK1 and SphK2 in degranulation is
a characteristic of mature CTMCs or specific for PDMCs, we
tested the responsiveness of skin MCs in vivo, using the MC-
dependent model of passive cutaneous anaphylaxis (PCA). The
skin MC is another CTMC type and shows similar content and
distribution of the CTMC proteases mMCPS5 and carboxypepti-
dase A3 as PDMCs (Supplemental Fig. 1B, 1C). Local sensiti-
zation and challenge of skin MCs resulted in similar responses in
WT and SphK1-null mice, but a reduced response was observed in
SphK2-null mice, as evidenced by decreased Evans blue extrav-
asation (Fig. 1B). This reduced response was not due to differ-
ences in MC numbers in the ears, as all genotypes expressed
similar cell numbers (Supplemental Fig. 1D). Skin MCs from
SphK2-deficient mice showed a reduction in degranulation, as
observed from MCs in the ears of mice upon PCA challenge
in vivo (Fig. 1C). Furthermore, the difference in Evans blue ex-
travasation was not due to alterations in blood vessel reactivity in
SphK2-null mice because we have shown that induction of PCA
by compound 48/80 (an MC secretagogue) in mice deficient for
each kinase results in similar vascular permeability for all geno-
types (41). The PCA responses, together with the in vitro ex-
periments, provide evidence for an essential role for SphK2 in
mediating murine MC degranulation, particularly the CTMC type,
regardless of the tissue origin of the progenitor from which they
are derived. However, our previous findings in a systemic chal-
lenge (passive systemic anaphylaxis) indicated that histamine re-
lease in SphK2-null mice was normal (21), suggesting that under a
systemic challenge, other in vivo compensatory factors (i.e., levels
of circulating S1P) may influence MC responses, as previously
reported (10, 21).
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FIGURE 1. Genetic deletion of SphK2 results in impaired degranulation
in mature CTMCs in vitro and in vivo. (A) MCs were obtained by peri-
toneal lavage from WT and SphK1- and SphK2-null mice. After expansion
of PDMCs for 11-20 d, B-hexosaminidase release was measured from
supernatants of cells challenged with the indicated concentrations of Ag.
Data represent the average of 10 individual cultures = SE. Statistical
significance compared with WT mice, ***p < 0.001. (B) Degranulation of
skin MCs in vivo upon PCA challenge. WT and SphK1- and SphK2-null
mice ears were locally sensitized with saline or anti-DNP IgE (75 ng) in
the contralateral ear. The next day, mice were challenged systemically with
Ag dissolved in Evans Blue (0.5%). Following a 30-min incubation, mice
were euthanized and Evans Blue dye was extracted from the ears and
absorbance was measured at 620 nm, as described in Materials and
Methods. Statistical significance compared with WT mice, ***p < 0.001.
(C€) MCs were obtained from the ear skin of WT and SphK1- and SphK2-
null mice and cultured in vitro. B-Hexosaminidase release was measured
using 10 ng/ml of Ag, as in (A). Statistical significance between SphK2-
null ear MCs and WT, **p < 0.01. Data represent the average of three
separate experiments = SE. Each experiment had duplicate cultures for all
genotypes, and each culture was from four separate ears. Data are ex-
pressed as percentage of WT degranulation in each separate experiment.

Lentiviral shRNA silencing of SphK1 and SphK2 in murine
PDMCs and BMMCs shows a dominant role for SphK2

Because PDMCs from SphK1- and SphK2-deficient mice showed
a dependence for both SphK isoforms, whereas other MC pop-
ulations showed an essential role for SphK?2 alone, we explored the
idea that the alteration in MC function could be due to environment
or epigenetic changes associated with the genetic deletion model.
To address this issue, we used RNA silencing to inhibit SphK1 or
SphK2 expression in fully differentiated MCs. Previously pub-
lished sequences (32), along with commercially available siRNA
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sequences, were used; however, in our hands the previously
published SphK?2 siRNA sequences did not achieve selective si-
lencing of SphK2, knocking down both SphK1 and 2 (Supple-
mental Fig. 2A). Furthermore, neither these sequences nor the
commercially available ones were very efficient in silencing
SphK2 (~40%) after multiple attempts to use such strategies
(Supplemental Fig. 2A, 2B, respectively). It is important to note
that the overall levels of SphK2 in these studies were ~6.5-fold
higher than those of SphK1 (Fig. 2, Supplemental Fig. 2A).
Hence, the ~40% decrease in SphK2 expression may not consti-
tute a significant enough reduction in activity to impair the bio-
logical response (37 pmol/mg/min of activity remaining) (Sup-
plemental Fig. 2C, 2D). Nevertheless, transient silencing of
SphK1 also had no impact on degranulation (Supplemental Fig.
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FIGURE 2. Specific knockdown of SphK1 and SphK?2 in rodent MCs.
MCs were transduced with lentivirus containing shRNA sequences specific
for SphK1, SphK2, or nontarget (NT) shRNA control. Efficient shRNA
silencing of each isoenzyme was determined by real-time PCR (A) or by
enzymatic assays (B). (A) Gene expression assays specific for SphKl1
(upper panel) and SphK2 (lower panel) were used to determine the relative
mRNA levels after shRNA silencing. A specific probe for GAPDH was
used as an internal control. Each measurement for SphK1 and SphK2 was
normalized to GAPDH (ACt), and measurements were then compared with
the NT values. (B) Cells transduced with the various shRNA constructs
were assayed for SphK1 (upper panel) or SphK2 (lower panel) activities,
as described in Materials and Methods. Specific assay conditions allowed
for the selective detection of SphK1 activity in the presence of Triton-
sphingosine micelles and SphK2 activity in the presence of a buffer con-
taining 1 M KCl, as described in Materials and Methods. Shown in (A) and
(B) are results from BMMCs; similar results were obtained in PDMCs.
Data are the average * SE of at least four individual cultures. Statistical
significance compared with NT control, *p < 0.05, **p < 0.01, **¥p <
0.001. (C) Protein confirmation of shRNA-mediated SphK2 silencing by
Western blot analysis. Equal protein loading was confirmed using actin as
a loading control and quantified by densitometry. Shown is a representative
blot from PDMC lysates out of at least three separate experiments; very
similar results were obtained in BMMCs. The values underneath the blots
represent the average densitometry values (n = 7, including BMMC and
PDMC blots) corrected by actin and normalized to NT control and are
expressed as average = SE.
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2C, 2D), a result that contrasts with a previous report by Pushparaj
et al. (32). The reasons for these discrepancies are not entirely
clear. However, unlike for SphK2, incomplete knockdown of
SphK1 is unlikely to explain the discrepancies with the previous
study because the amount of SphK1 activity detected in the cells
following siRNA knockdown was negligible (<5 pmol/mg/min)
and similar to the activity reported in SphK1-knockout MCs (22,
46) (this background activity probably represents SphK?2 activity;
see Materials and Methods).

We therefore attempted to more effectively reduce the activity
of the SphK isoforms, using lentiviral-based shRNA silencing,
which allows for stable and high expression of shRNA. To assess
the selectivity and efficiency of all shRNA constructs at the RNA
and protein levels, we used real-time PCR and Western blot, and
measured SphK1 and SphK2 activity; the latter of which can be
distinguished in vitro owing to low cross-reactivity of the assay (22,
46). This multilayered strategy identified the shRNA sequences
showing the highest degree of selective silencing for SphK1 and
SphK2, with no apparent effect on the other isoform. As shown in
Fig. 2, we achieved a reasonable degree of selective mRNA re-
duction (>60% on average for SphK1 and >70% for SphK2) for
each of the targeted kinases, as measured by real-time PCR (Fig.
2A). This reduction was verified by the selective reduction of the
enzymatic activity of each isoform (63% for SphK1 and 72% for
SphK2) (Fig. 2B). Regrettably, immunoblotting for SphK1 protein
expression was not possible, given that the available Abs failed to
selectively detect this isoform in murine MCs. However, cells
targeted with SphK2 shRNA showed a 70% reduction in SphK2
protein expression, whereas cells expressing sShRNA for SphK1 or
control shRNA showed no effect on SphK2 protein expression
(Fig. 2C).

The shRNA-mediated silencing of SphK2 in fully differentiated
MC:s resulted in decreased (35-40%) IgE-dependent degranulation
in PDMCs and BMMCs (Fig. 3A, 3C, respectively) at Ag con-
centrations ranging from 1 ng/ml (data not shown) to 100 ng/ml.
This finding was consistent with our previous one (21) in SphK2 ™"~
MCs. However, unlike PDMCs derived from SphKI-null mice
(Fig. 1A), silencing of SphK1 expression in PDMCs or BMMCs
did not alter -hexosaminidase release, indicating that SphK1
activity was less critical for degranulation in this MC population.
Although discrepancies between the SphK1-null PDMCs and
SphK1 knockdown PDMCs could indicate that complete deple-
tion of SphK1 is required to manifest its role in degranulation of
PDMCs, this is unlikely because PDMCs obtained from mice in
which SphK1 was conditionally deleted after birth (2, 3) had no
defect in degranulation (Supplemental Fig. 3). In addition, con-
ditional deletion of SphK1 in SphK2 ™"~ mice did not result in any
further reduction in the degranulation of SphK?2-deficient PDMCs
or BMMCs (Supplemental Fig. 3A, 3B). Thus, a more likely
scenario is that general knockout of SphK1 [in contrast to SphK1
conditional knockout, mostly in the hematopoietic compartment
(2, 3)] causes developmental alterations that may phenotypically
affect this MC population. The defective response in SphK1-null
PDMCs, and perhaps other MC subtypes, may explain, at least in
part, why histamine release after systemic Ag challenge (passive
systemic anaphylaxis), but not PCA, in these mice was found to be
lower than expected (21).

Calcium is needed for degranulation, and SphKs have been
linked to calcium responses in IgE/Ag-activated MCs (21, 24, 26,
47). Consistent with the effect on degranulation, calcium responses
were reduced in both PDMCs and BMMC:s (Fig. 3B, 3D, respec-
tively) when SphK2, but not SphK1, was silenced.

To further explore the apparent selectivity of SphK2 in murine
MC responses, we also measured inflammatory mediators that are
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FIGURE 3. shRNA-mediated silencing of SphK2, but not SphKl,
results in impaired degranulation and calcium responses in PDMCs and
BMMCs. Lentivirus-transduced PDMCs (A, B) or BMMCs (C, D) were
sensitized with anti-DNP IgE, as described in Materials and Methods.
Cells were washed and then stimulated with the indicated concentrations of
Ag. (A and C) Degranulation was calculated as the percentage of [3-hex-
osaminidase released to the incubation media, compared with the total
B-hexosaminidase cellular content. Data shown are the average of three to
five independent cultures done in triplicate = SE. Statistical significance
compared with nontarget control, *p < 0.05, **p < 0.01. (B and D)
Lentivirus-transduced cells were loaded with Fluo-4 AM and FuraRed-
AM. Following Ag stimulation, calcium responses were measured using
confocal microscopy and are shown as a ratio of intensity of Fluo-4 AM/
FuraRed-AM. One representative experiment is shown averaging 15 to 20
individual cells per time point. Data shown are a mean * SE. Similar
results were obtained in three independent cultures measuring calcium as
the ratio of emission at 510 nm when Fura-2AM-loaded cells were excited
at 340 and 380 nm in population analysis (data not shown).

produced and secreted at later times following Ag stimulation.
Silencing of SphK2 resulted in a significant impairment in pro-
duction of IL-6 and TNF-a in both PDMCs (Fig. 4A, 4B) and
BMMCs (Fig. 4D, 4E). LTB, production was also significantly
impaired in PDMCs in which SphK2 was silenced (Fig. 4C);
however, only a slight reduction in the secretion of LTB4 was seen
in BMMC:s (Fig. 4F), suggesting that SphK2 may not be required
for production of this lipid mediator in this population of MCs.
Silencing of SphK1 in BMMCs also resulted in a trend toward
reduced cytokine production, particularly IL-6, suggesting a pos-
sible role for SphK1 in cytokine production in this type of MC,
although significance was not achieved (Fig. 4D, 4E). Collectively,
the shRNA-mediated silencing of SphK1 and Sphk?2 in fully dif-
ferentiated BMMCs and PDMCs established a predominant role
for SphK2 in regulating Ag-induced MC effector functions, akin
to the results seen in genetically altered mouse MCs (21). These
findings indicate that the absence of SphK2 causes an intrinsic
defect in MC function and resolves the muddling issue of potential
environmental or developmental defects in genetically deleted
SphK1 and 2 MCs [Fig. 1; (21)].

SphK1 and SphK2 are required for migration of murine MCs
toward Ag

MCs migrate toward a variety of stimuli, such as SCF, highly
cytokinergic IgE, Ag, S1P, as well as cytokines and chemokines
(30, 48, 49). Jolly et al. (30) reported that MC migration to Ag was
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FIGURE 4. shRNA-mediated silencing of SphK?2 results in impaired
cytokine and LTB, production, whereas partial effects are observed by
silencing SphK1 in BMMCs. Lentivirus-transduced PDMCs (A-C) and
BMMCs (D-F) were sensitized with anti-DNP IgE and stimulated with Ag
(DNP-HSA) for 3 h for cytokine and 30 min for LTB,4 production. The
amount of IL-6 (A, D) and TNF-a (B, E) released into the media was
determined using Bio-Plex magnetic bead—based cytokine assays. LTB,4
released into the media was quantified by ELISA (C, F). Data represent the
mean * SE of three to five individual cultures. Statistical significance by
an unpaired two-tailed Student ¢ test compared with nontarget control,
*p < 0.05, **p < 0.01.

mediated through FceRI-mediated activation of SphK1, which
leads to the formation of S1P and to the subsequent transactivation
of S1PRI1 receptor. This model of S1P-dependent migration was
also shown for HuMCs (31). Using LDMCs and BMMCs derived
from SphK1- and SphK2-null mice, we found that both SphK
isoforms were required for MC migration toward Ag in a Trans-
well migration assay (Fig. SA, 5B), as well as migration toward
SCF (30 ng/ml, data not shown). Furthermore, the absence of both
SphK1 and SphK2 in LDMCs did not show additional reduction
(Fig. 5A). Similarly, shRNA silencing of SphK1 and SphK2 also
caused a marked impairment in MC migration in both PDMCs and
BMMCs, indicating a role for both isoenzymes in MC migration
(Fig. 5C, 5D) that contrasted with the dominant role for SphK?2 in
murine MC degranulation and cytokine production.

SphK1 is necessary for effector responses in HuMCs

Studies using human BMMCs and cord blood—derived MCs have
demonstrated that SphK1 is the dominant isoform in HuMC
function (26, 31). Given that such studies employed transient
siRNA for silencing SphK1 and 2, we wished to confirm the
reported findings using shRNA to selectively target SphK1 and
SphK2 in LAD2 cells, an SCF-dependent HuMC line, and in
HuMCs. LAD2 cells are immortalized cells that, unlike the
primary HuMC, can be sustained in long-term cultures (50), and
therefore they provided an ideal system to screen the efficacy
of various shRNA constructs. As in mouse MCs, the efficiency
of RNA and protein silencing of SphK1 and 2 was between 60
and 75%, as determined by real-time PCR and the respective

SphK1 AND Sphk2 USAGE IN MAST CELL RESPONSES

A LDMC B BMMC
Owrt
[ Sphk1* Owr
2 = SphK2* 2 [ sphk1+-
® N sphK1*/SphK2+ % SphK2*
51500 £ 1500, W
£ £
£ 1000 £ 1000
[ [7]
o " 3] * *
‘5 500 . 5 500 x
3 : 2 i
0 0
£ o 10 30 £ o 10 30
=z Ag (ng/ml) . Ag (ng/ml)
T PDMC 5 BMMC
® Nt E NT
& 15004 shSphk1 ©3500 E shSphK1
E Il shSphk2 El
2100 8,
@ [
o o
5 50 51
@ &
E=1 £
& 0o 10 30 § o 10 30
=z Ag (ng/ml) = Ag (ng/ml)

FIGURE 5. MC migration requires both SphK1 and SphK2. Fetal liver
(A) and bone marrow (B) MCs were derived from SphK1-, SphK2- mice
(A, B) or SphK1/SphK2 double-deficient (A) mice. Alternatively, sShRNA
was used to silence SphK1 and SphK2 in PDMCs (C€) and BMMCs (D).
The ability of MCs to migrate toward increasing concentrations of Ag was
measured using Transwell assays. Cells were placed in the upper inserts,
and the indicated concentrations of Ag in the lower chamber. Cells were
allowed to migrate for 3 h. The number of cells migrated was quantified
using CyQUANT-GR dye. Data represent the mean * SE of at least three
individual cultures. Statistical significance compared with WT (A, B) or
nontarget (NT) control (C, D), *p < 0.05, **p < 0.01, ***p < 0.001.
Despite the trends, some comparisons did not achieve statistical signifi-
cance owing to variability in the total number of cells migrating between
different cultures. However, in each experiment, silencing or genetic de-
letion of SphK1 or SphK2 showed an average of =50% reduction in MC
migration, regardless of the MC type. Deletion or silencing of SphK1 or
SphK2 also resulted in impairment of MC migration toward SCF (30
ng/ml), a potent MC chemoattractant. In LDMCs, migration to SCF was as
follows: WT: 3402 * 823; SphK1~/": 1450 = 650; SphK2™/": 719 +
167; SphK1~/~/SphK2~/": 473 + 148 (mean + SEM).

enzymatic activities (Fig. 6A, 6B). Similar knockdown efficiencies
were obtained in HuMCs, using these constructs (data not
shown).

The shRNA-mediated silencing of SphK1 resulted in the reduced
degranulation of LAD2 cells, whereas SphK2 silencing had no
effect (Fig. 6C). Similarly, shRNA silencing of SphK1 in HuMCs
resulted in impaired MC degranulation, whereas silencing of
SphK?2 did not (Fig. 6D). This finding is consistent with previous
reports of the requirement for SphK1 in cord blood—derived
HuMC responses (26, 31). A drawback of the LAD2 cell line is
that cytokine secretion is poor (31) and it is an immortalized cell
line; thus, we used the CD34*-derived primary HuMC to study the
effect of SphK1 and SphK2 on cytokine secretion as a potentially
more accurate model of HuMC function. Similar to the degranu-
lation responses, silencing of SphK1 resulted in a reduction of IL-
8 and TNF-a secretion, whereas silencing of SphK2 had no effect
(Fig. 6E). These results indicate that in HuMCs SphK1 is domi-
nant and further demonstrate that the species of origin appears to
be the determinant of which isoform of SphK is dominant in MC
function.

SphK1 splice variants have been described in both mouse and
human cells, whereas SphK2 variants have been described in
human cells (14-18). Because these variants may differ in their
cellular localization and thus potential function (12, 14), we
sought to explore whether human and mouse MCs showed dif-
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FIGURE 6. SphKl1 is required for IgE/Ag-mediated responses in
HuMCs. LAD2 and CD34*-derived HuMCs were transduced with lenti-
virus containing shRNA sequences specific for SphK1, SphK2, or non-
target shRNA control. Specific knockdown of SphK1 (upper panels) or
SphK2 (lower panels) in LAD2 cells was confirmed at the mRNA level
using qRT-PCR (A) and by measuring enzymatic activity (B), as described
above. Degranulation was determined in LAD2 MCs (C) and CD34"-de-
rived HuMCs (D) transduced with the indicated SphK isoform shRNA.
MCs were sensitized with 100 ng/ml biotinylated IgE overnight and
stimulated for 30 min with the indicated concentrations of SA; the release
of B-hexosaminidase into the media was determined as described in
Materials and Methods. (E) The effect of silencing SphK1 or SphK2 on IL-
8 (left) and TNF-a (right) production was also determined in CD34*-de-
rived HuMCs. HuMCs sensitized as in (C) and (D) were stimulated with
100 ng/ml SA for 6 h, and the amount of cytokines released was deter-
mined by Bio-Plex Pro Cytokine Assays. Data represent the mean * S.E.
of two or three individual cultures. Statistical significance compared with
nontarget control, *p < 0.05, **p < 0.01.

ferences in the composition and abundance of these variants.
Murine PDMCs (Supplemental Table I) or BMMCs (data not
shown) expressed only the SphKla and/or SphK1a2 variant but,
consistent with the SphK enzymatic activity data (Fig. 2B), these
cells predominantly expressed SphK2 (all SphK?2 transcripts in
mouse code for the same protein). In HuMCs, the overall ex-
pression of SphK1 and 2 was quantitatively similar (as supported
by the SphK activity data shown in Fig. 6B) and equally distrib-
uted between the variants 1a and 1c for SphK1, and 2a(short) and
2b(long) for SphK2 (Supplemental Table I). This more complex
mixture of SphK variants in HuMCs suggests the potential for
greater diversity in SphK usage by HuMCs relative to mouse MC.
A model of SphK1 and SphK2 involvement in human and murine
MC responses is presented in Fig. 7.

Discussion

SphKs and their product, S1P, have been implicated in regulating
MC responses. SphK1 and SphK2 are activated upon FceRI ac-
tivation of MCs (22-26). In mouse MCs, this activation is de-
pendent on the Src family protein tyrosine kinase Lyn and Fyn,
which function to promote translocation of both SphK1 and
SphK2 as well as enhance their enzymatic activity (22, 51).
Translocation of these kinases to the plasma membrane enables
the formation of S1P, which is vital for both immediate and
delayed MC responses, including degranulation, cytokine pro-
duction, arachidonic acid release, and leukotriene production.
However, the specific contribution of each SphK isoform to the
various MC functions is controversial (10). In this study, we found
that in a particular MC type, one SphK isoform appeared to be
dominant for most MC responses, whereas the other isoform did
not contribute noticeably to each measured response. Furthermore,
the dominance of a particular SphK isoform depended on the
species of MC origin. Thus, SphK1 is key for regulating most
HuMC responses, whereas SphK2 is generally predominant in
most mouse MC responses. In addition, we found that, in the same
species, the contributions of a given isoform may differ, depend-
ing on its tissue of origin. Whereas in most murine MCs studied,
SphK2 is functionally required, in BMMCs, a less differentiated
type of MC, SphK1 also seemed to contribute to cytokine pro-
duction. Of interest, SphK1 and SphK2 also showed redundancy
in mouse MC migration regardless of the tissue origin of a given
MC (Fig. 7).

MCs are heterogeneous cells. Their phenotype varies, depending
on the in vivo microenvironment where they differentiate or on the
in vitro experimental culture conditions used (19). The expression
of SphK1 and 2 varies among tissues and cells and during de-
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FIGURE 7. Model of SphK1 and SphK2 involvement in human and
murine MC responses. Engagement of FceRI results in the activation of
SphK1 and 2 in both HuMCs and murine MCs. Whereas SphK1 in HuMCs
mediates degranulation and cytokine production, SphK2 is crucial for these
processes in murine MCs. SphK1 in HuMCs regulates chemotaxis toward
Ag, as demonstrated previously (31), whereas SphK1 and SphK2 jointly
regulate chemotaxis of murine MCs. However, the role for SphK1 or
SphK2 cannot be generalized to all MCs for all MC responses, even within
the same species, because SphK1 also seems to play a role in cytokine
production in BMMCs and in the degranulation of PDMCs from the
SphK1 ~/~ mouse (see Results and Discussion), and SphK2 has a role in
cytokine production in the immortalized HuMC line LAD2 (31). A changed
environment (as in the complete absence of SphK1 in the mouse) or changes
in the progenitors may alter the functional requirements for these kinases
during allergic activation. Dashed lines represent previously reported find-
ings, as indicated.

Degranulation
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velopment (14), although how their transcription is regulated is
not well understood. Thus, the expression and usage of one or the
other isoform of SphK may depend on the developmental and
environmental cues to which the MC is exposed during its on-
togeny and tissue differentiation. It has been reported that HuMCs
derived from the bone marrow express only SphK1 (26). In con-
trast, cord blood—derived HuMCs express both SphK1 and SphK2
(31). Consistent with this latter report, we demonstrated that
HuMCs derived from CD34" cells express comparable amounts of
SphK1 and SphK2 enzymatic activity (Fig. 6B) and mRNA
(Supplemental Table I). Therefore, it appears reasonable to con-
clude that the expression of SphK isoforms depends on the tissue
origin and possibly the differentiation state of the HuMC. In con-
trast to HuMCs, murine MCs showed markedly different levels of
SphK1 and SphK?2 expression and activity, with the latter being an
order of magnitude higher [(21); Fig. 2B, Supplemental Table IJ.
This difference was independent of the tissue from which pro-
genitors were derived (bone marrow versus embryonic liver) or
the conditions of differentiation (SCF and IL-3 or differentiated in
the peritoneum in vivo and expanded in vitro). This finding sug-
gests that, unlike in HuMCs, expression of SphKs in the mouse is
less dependent on environmental signals.

The higher proportion of SphK2 activity in murine MCs appears
to correlate with its functional dominance, yet the division of func-
tion of these isoforms may not be related solely to their relative
expression. In fact, we show that SphK1 has a role in chemotaxis in
murine MCs, despite its lower expression, suggesting that this
isoform is more signaling efficient in regulating chemotaxis. Ad-
ditional evidence for this view is provided by our findings with
CD34"-derived HuMCs, which have equivalent levels of SphK1
and SphK2 activity (Fig. 6B), and yet, in response to IgE/Ag,
showed dependence on SphK1, but not on SphK2. One hypothe-
sis for the differential use of SphK isoforms in HuMCs may be the
intracellular location of these enzymes, which may differ between
species. Translocation of SphKs from cytosol to the plasma
membrane (12), and, in some instances, their relocation to lipid
microdomains (12, 52), seems to be crucial for their signaling
roles. We previously reported that in IgE/Ag-stimulated mouse
BMMCs, both SphK1 and SphK2 translocated to the plasma
membrane in proximity to the FceRI in lipid rafts (22, 51).
Translocation of these isoforms in HuMCs remains to be explored;
however, it may be possible that SphK1 (26, 31), but not SphK2,
translocates in these cells following FceRI engagement. Interest-
ingly, HUMCs express a variant of SphK1 not found in mouse
MCs, SphKlc, which showed enhanced plasma membrane local-
ization in human endothelial cells (18), raising the possibility of
a preferential membrane association of SphK1 in HuMCs when
compared with mouse MC. Along these lines, the localization of
SphK2 in human cells has often been described as vesicular or
nuclear (17, 18, 53, 54), particularly the long isoform (2b), and the
only example of receptor-mediated activation of SphK2 in human
cells was in cell types in which SphK2 was mostly localized at the
plasma membrane (55). Thus, the differences in SphK isoform or
variant localization in mouse MCs and HuMCs warrants future
investigation. Another possible factor determining the preference
for SphK1 or 2 could be that the signaling mechanisms facilitating
translocation/activation of each isoform may differ depending on
the species, the cell type, or the stimulus, thus favoring one iso-
form over the other. Although phosphorylation of Ser*® in SphK1
has been linked to plasma membrane association and biological
functions, this site is not conserved in SphK2 (12, 56), and thus
the mechanism of phosphorylation/activation of SphK2 is likely to
differ. Because of the predominance of Sphk2 activity in mouse
MCs (Fig. 2B), this may prove a valuable cellular system for an
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in-depth evaluation of the molecular mechanisms regulating
SphK2 activity.

Despite the overall dominance of function for one or the other
isoenzyme in a particular MC type, we also found evidence for the
redundant function of SphK1 and SphK2 in cytokine production
and chemotaxis. This finding was not unexpected, because there
are multiple examples of SphK1 and 2 exhibiting overlapping
functions. It has been shown that both SphK genes are needed for
proper neurotube and vascular formation during embryogenesis
(34); both isoforms are also required for migration in MDA-MB-
453 breast cancer cells (55) and for survival of cardiomyocytes
and cardioprotection by ischemic preconditioning (57, 58). In
addition, both isoforms seem to contribute to glioblastoma cell
growth (59) and to resistance to drug treatment in human colon
cancer cells (60). In our study, the joint involvement of SphK1 and
SphK2 in the regulation of cytokines was restricted to only
BMMC cultures (Fig. 4D), whereas no involvement for SphK1
was observed in PDMCs or MCs derived from embryonic liver
progenitors. This finding supports the concept that differences in
phenotype between MC populations can contribute to determining
which SphK isoforms are involved in certain MC responses. Both
isoforms of SphK were also required for migration toward Ag in
murine MCs, regardless of their progenitor or phenotype (Fig. 5).
Nevertheless, their contribution to cell migration was neither syn-
ergistic nor redundant because deletion of both kinases did not
have additional effects on migration responses of MCs and the
lack of one isoform could not compensate for the lack of the other
one. In agreement, neither SphK1- nor SphK2-deficient mice
failed to accumulate MCs in the gastric mucosa after induction
of food allergy (61). It should be noted that MCs derived from
closely related species may differ in SphK usage because only
SphK1 has been involved in cell migration toward Ag in the rat
MC line RBL-2H3 (30). In this regard, RBL-2H3 cells are more
akin to the HuMC line LAD2 as well as cord blood—derived
HuMCs (31), which showed dependency on SphK1 in their mi-
gration to Ag. However, migration of HuMCs to Ag, unlike rodent
MC migration, was slow (within 24 h) (31) and was not observed
within 4 h, a time period long enough for their robust migration to
SCF (data not shown). This finding suggests that the dependency
on SphK1 in HuMCs, unlike RBL-2H3 cells, may not be a direct
consequence of FceRI engagement, but of secreted chemokines or
cytokines. Thus the mechanisms and regulation of migration to-
ward Ag vary between species, and the involvement of SphK
isoform usage is also highly complex within and across species.

In summary, our findings conclusively demonstrate a more
general role for SphK?2 in murine MC function in vitro and in vivo,
whereas HuMCs revealed a dominant role for SphK1. However,
considering that the expression and/or function of SphK1 and
SphK2 can be influenced by environmental cues, one cannot
conclude that the dominance of SphK1 or SphK2 in HuMCs or
mouse MCs, respectively, can be generalized to all MCs under all
circumstances and for all MC responses. It has been well docu-
mented that mature in vivo—differentiated MCs differ functionally
from in vitro—differentiated MCs, presumably owing to environ-
mentally driven phenotypic differences and maturation (62, 63).
Studies to define SphK expression in in vivo—differentiated HuMCs
would be of considerable value in determining SphK isoform usage
in specific tissues. On the basis of such studies, specific inhibitors
for SphK1 or inhibitors for both SphK1 and SphK?2 could deserve
some consideration for blocking allergic responses.
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SUPPLEMENTAL FIGURE 1. Expression pattern of mMCP between MC types
and quantification of ear MC in WT, SphK1I- and SphK2-null mice. (A) Total RNA
was extracted from PDMC and BMMC as well as skin mast cells (B) and reverse
transcribed into cDNA using SuperScript III for qRT-PCR. Relative mRNA expression
was determined by real- time PCR using gene specific assays for mMCP-1,2,4, and 9 (A)
or CPA3 and mMCP-5 (B). A probe specific for GAPDH was used as an internal control.
* P<0.05. Data represent the mean + S.E. of 2-3 individual cultures. In B, skin MC from
8 different mice were pooled to obtain enough RNA for measurements and is shown as
mean of duplicate measurements. C) Immunostaining of CPA3 and mMCP 5 in PDMC
and skin MC. Cells were attached to polylysine-coated coverslips, fixed with 4%

paraformaldehyde and permeabilized for 15 min with 0.2% triton in PBS. Cells were



incubated with anti-CPA3 (Abbiotec) (5 pug), rat sera containing anti-mMCP5 antibodies
(kindly provided by Dr. L. Hellman, Uppsala University, Sweden) or the corresponding
isotypic controls at the same concentrations (whole rabbit IgG or normal rat serum,
respectively). Immunocomplexes were visualized with goat anti-rabbit-Alexa Fluor 488
or donkey anti-rat-Alexa Fluor 488 secondary antibodies (Invitrogen) using a Zeiss
LSM780 confocal microscope. The length of each panel represents 30 um. (D) Ears
from euthanized WT, SphK1-, and SphK2-null mice were collected and fixed in buffered
formalin. Ears were embedded in paraffin and histological cuts were stained with
toluidine blue under acidic conditions to stain MCs. MCs per field were counted under a

microscope using a 20X objective.
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SUPPLEMENTAL FIGURE 2. Transient gene silencing of SphK1 and SphK2 in
BMMC is insufficient to affect mast cell function. SphK1 and SphK2 in WT BMMC
were transiently silenced using siSphK1, siSphK2, or nontarget (NT) siRNA constructs
(2 uM) generated using previously published sequences (32) (A, C) or from Dharmacon
(B, D). The constructs were introduced into the cells by nucleofection (Amaxa,
Switzerland). BMMC (5x10° cells) were washed with PBS and resuspended in 100 pl of
mouse macrophage nucleofector reagent and transferred into a certified cuvette (Amaxa).
The siRNA constructs were added and cells transfected using a mouse macrophage
nucleofection program. mRNA levels of SphK1 and SphK2 48 h after tranfection were
determined by real-time PCR. Measurements were normalized to GAPDH (ACt) and
compared to the nontarget (NT) values. SphK1 and SphK?2 activities were also measured
as described in methods (A). Data are mean + S.E. from 3 individual cultures. Statistical
significance compared to NT control, * P<0.05, **P<0.01, ***P<0.001. (C-D)
Degranulation was assayed as described in methods. Data represent the mean + S.E. of

three individual cultures.
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SUPPLEMENTAL FIGURE 3. Degranulation responses in PDMC and BMMC
after conditional deletion of SphK1 in Sphk2-deficient or WT mice - Sphk2-deficient
mice with a conditional deletion in Sphkl were generously provided and generated in Dr.
Richard Proia’s laboratory (NIDDK, NIH) by crossing Spth'/ " mice with mice carrying a
myxovirus resistance 1-Cre (Mx1-Cre) transgene and conditional Sphkl alleles
(Sphk]ﬂ/ﬂ) (3). Cre expression was induced by poly(I:C) treatment of MxI-Cre
Tg+/Sphk1ﬂ/ﬂ:Sphk2*/* mice as described (3). Mice with Mx1-Cre Tg+/ Sphklﬂ/ﬂ are
referred as to SphK 17 for simplicity. WT denotes mice with Sphkl™" | but

1Y% without

without the Mx1-Cre Tg+ and SphK2™" in this figure denotes mice with Sphk
the Mx1-Cre in the SthZ'/' genetic background. PDMC (A) and BMMC (B) were
obtained from the peritoneum of these mice or differentiated from their bone marrows as
described in Methods. Degranulation was measured at the indicated concentration of
antigen by release of [-hexosaminidase into the incubation media. (C) PCR
amplification of genomic SphK1 and SphK2 from PDMC to show deletion of the gene in
the floxed mice. Identical results were obtained in BMMC. (D) PCR amplification of
genomic SphK1 from whole blood to demonstrate deletion of SphK1 in the mice carrying

the Cre transgene. Statistical significance compared to WT cells, * P<0.05 and **P<0.01.



SUPPLEMENTAL TABLE I- mRNA expression of the various SphK1 and SphK2
variants in human and mouse MC'

Isoform Type Variant type Human (HuMC) Murine (PDMC)
(copies/10° PPIB) | (copies/10° PPIA)
SphK1 la 283+176 18.443
1b ND ND
lc 485+230 NA
SphK2 2a/Long 519+162 17562+1387
2b/Short 394+102 NA

Total RNA was extracted from mPDMC and HuMCs, and reverse transcribed into
cDNA using the iScript cDNA synthesis kit (Biorad). Relative abundance of mRNA
transcripts for each of the splice variants of SphK1 and SphK2 was determined using
Sybr Green quantitative PCR. Primers for hSphK1a (F:
CAGGGATTGTAGGCTTAGTCAC ; R: GAGCGCCCGACTAAATCC ) and hSphKlc
(F: ACACGGCAACCTGGATG; R: AATCCCAGAACTTGAGCGG ) were custom
designed by Integrated DNA Technologies (IDT) . Primer sequences for hSphK2a and
hSphK2b were obtained from Venkataraman et al. (18). Abundance of human SphK1
and SphK2 transcripts was determined and expressed relative to the amount of
peptidylprolyl isomerase B (PPIB) transcript. Assays specific to mSphK1 splice variants
were custom designed and synthesized by Qiagen. mSphK2a was measured using a
predesigned sybr green assay from IDT (Mm. PT.49a.12263242.g). Abundance of murine
SphK1 and SphK2 transcripts was determined and expressed relative to the amount of
peptidylprolyl isomerase A (PPIA) transcript. All reactions were carried out using a Bio-
Rad CFX96 Real-Time Detection System.

Data is the mean+S.E. of 3-4 independent cultures done in quadruplicates.
Accession numbers of the variants are: human SphK1a, NM_001142602; human
SphKlc, NM 182965; human SphK2a/S, NM_001204159.2, NM020126.4; human
SphK2b/L, NM_001201460.2; mouse SphK1a/la2, NM_001172475, NM_025367.6,

NM 001172473.1, NM_001172472.1 (these variants were indistinguishable using our
primer sets); and mouse SphK2, NM_020011.
NA-Non applicable. ND-Not determined.

Amplification of the SphK1b isoforms (both human and mouse) could not be
conclusively demonstrated even when using different sets of primers. The amplified
product for the human SphK1b was not of the expected size (152 bp; being the primers F:
CACCGATAAGGAGCTGAAGG ; and R: AATCCCAGAACTTGAGCGG ) suggesting
non-specific amplification. For the mouse SphK1b, the number of copies of the
amplified product exceeded by 10 fold the expression of total SphK1 (using primers



common to all variants), suggesting either incomplete transcripts for SphK1b or non-
specific amplification.
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