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Serine palmitoyltransferase complex (SPT) mediates the first
and rate-limiting step in the de novo sphingolipid biosynthetic
pathway. The larger subunits SPTLC1 and SPTLC2/SPTLC3
together form the catalytic core while a smaller third subunit
either SSSPTA or SSSPTB has been shown to increase the cata-
lytic efficiency and provide substrate specificity for the fatty acyl-
CoA substrates. The in vivo biological significance of these
smaller subunits in mammals is still unknown. Here, using two
null mutants, a conditional null for ssSPTa and a null mutant for
ssSPTb,we show that SSSPTA is essential for embryogenesis and
mediates much of the known functions of the SPT complex in
mammalian hematopoiesis. The ssSPTa null mutants are em-
bryonic lethal at E6.5 much like the Sptlc1 and Sptlc2 null alleles.
Mx1-Cre induced deletion of ssSPTa leads to lethality and mye-
lopoietic defect. Chimeric and competitive bone marrow trans-
plantation experiments show that the defect in myelopoiesis is
accompanied by an expansion of the Lin−Sca1+c-Kit+ stem and
progenitor compartment. Progenitor cells that fail to differen-
tiate along the myeloid lineage display evidence of endoplasmic
reticulum stress. On the other hand, ssSPTb null mice are ho-
mozygous viable, and analyses of the bone marrow cells show no
significant difference in the proliferation and differentiation
of the adult hematopoietic compartment. SPTLC1 is an obliga-
tory subunit for the SPT function, and because Sptlc1−/− and
ssSPTa−/− mice display similar defects during development and
hematopoiesis, we conclude that an SPT complex that includes
SSSPTAmediates much of its developmental and hematopoietic
functions in a mammalian model.
‡ These authors contributed equally to this work.
* For correspondence: Usha Acharya, acharyaur@nih.gov; Jairaj K. Acharya,

acharyaj@mail.nih.gov.
Present address for Jing Lin: US Food and Drug Administration, Silver

Spring, MD.
Present address for Diwash Acharya: MaxCyte, Inc, Gaithersburg, MD.
Present address for Sargur Madabushi Srideshikan: Department of Radiation

Oncology, City of Hope, National Medical Center, Duarte, CA.
Present address for Kimberly Klarmann: Basic Science Program, Leidos Inc,

Frederick National Laboratory for Cancer Research, Frederick, MD.

Published by Elsevier Inc on behalf of American Society for Biochemistry and Mo
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Sphingolipids are important structural components of all
eukaryotic and many sphingolipid-containing prokaryotic
membranes (1–3). They contain a long-chain base (LCB)
commonly referred to as sphingoid base as core structural
element. They are 2-amino-1,3-dihydroxyalkanes-or-enes (4).
The alkyl chain length could be variable, have double bonds,
and further modified with N-acylation and other modifications
to generate a diverse array of sphingolipids in eukaryotes and
some specific sphingolipid containing prokaryotes. Sphingoli-
pids are a minor but very important class of lipids with
important roles in the biology of eukaryotes. They are
amphipathic in nature providing barrier functions and influ-
ence membrane fluidity (5, 6). They form specialized struc-
tures within membrane environments playing important role
in the interactions of the cell with other cells or its environ-
ment (7). While on-demand generation of a particular sphin-
golipid metabolite could be channeled via different metabolic
routes of the sphingolipid metabolic pathway, the de novo
sphingolipid biosynthetic pathway remains essential for em-
bryonic development and functioning of several adult organs
(8–15). It is a well conserved biosynthetic pathway among
eukaryotes and generates numerous bioactive sphingolipids (1,
16–23). Because many of the intermediates are bioactive,
several of the enzymes of the pathway are regulated.

The de novo pathway is essential for survival of all eukary-
otes and is initiated by the condensation of serine with a fatty
acyl-CoA (usually palmitoyl-CoA) to form 3-ketosphinganine
(11, 13, 24). This is the first, committed, and rate limiting
step of the pathway. It is catalyzed by a heterotrimeric enzyme
complex called serine palmitoyltransferase (SPT) (25, 26). In
mammals, the complex consists of two large subunits called
SPTLC1 and SPTLC2 (or SPTLC3) and one of the two small
subunits SSSPTA or SSSPTB (27, 28). The two large subunits
are homologous and contain several structural elements
essential for binding to the cofactor pyridoxal phosphate
(PLP), although a critical residue for binding is mutated in the
SPTLC1 subunit. Hence, the PLP binding is mediated by the
large SPTLC2 or three subunits. The active site of the enzyme
is believed to be created by an interface generated by SPTLC1-
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SPTLC2 interaction. Amongst the small subunits, SSSPTA
primary sequence is about 99% conserved between human and
mouse (1 homologous substitution in 71 amino acids).
Although there are about 11 amino acid changes between the
human and mouse SSSPTB sequences, most of them are
conservative substitutions indicating a high degree of conser-
vation. In mammals, SSSPTA (about 71 amino acids) and
SSSPTB (about 76 amino acids) share about 63% sequence
similarity (Fig. 1A). While SPTLC1-SPTLC2 dimers show basal
enzymatic activity, the binding of the third subunit increases
the catalytic efficiency by as much as 100-fold and also provide
some fatty acyl-CoA preference to the complex (27, 29). The
incorporation of SSSPTA into the complex allows for prefer-
ential utilization of palmitoyl-CoA as substrate, whereas the
presence of SSSPTB has been shown in vitro to allow the
incorporation of both palmitoyl-CoA or longer chain (C18-
C20) fatty acyl-CoAs as substrates for the condensation reac-
tion (2, 27, 29). The relative contributions of the two small
subunits in the SPT complex during development and its
function in a mammalian model system is yet to be evaluated.

Here, we report in vivo studies from conditional null mu-
tants of the mouse ssSPTa and ssSPTb. We show that germline
deletion of ssSPTa results in embryonic lethality around E6.5,
and embryoid bodies (EBs) derived from ES cells show dif-
ferentiation defects. We demonstrate that loss of ssSPTa in the
adult hematopoietic stem cells (HSCs) results in defective
myelopoietic differentiation while erythropoiesis is relatively
spared. Chimeric and competitive bone marrow trans-
plantation studies showed that defects in myelopoiesis are
accompanied by relative expansion of the stem and progenitor
compartment. Molecular analysis indicates that aberrant
myelopoiesis is accompanied by endoplasmic reticulum stress.
These phenotypes are similar to the defects observed in Sptlc1
null mutants (30). On the other hand, germline null mutants of
ssSPTb are homozygous viable and do not show defects in
adult hematopoiesis. Our results indicate that SSSPTA medi-
ates much of the developmental and hematopoietic functions
of the SPT complex in mammals.

Results

ssSPTa null mutants are homozygous lethal

To understand the in vivo functional significance of the
SSSPTA subunit, we generated a floxed allele for the gene. The
ssSPTa gene is localized to chromosome 12 (Chromosome 12,
23.46 cM), and the ORF of the gene is encoded by two exons.
Using the standard Cre-lox system and Bac recombineering,
we targeted exon 1 (aa 1–39) for conditional deletion of the
gene (Fig. 1B) (31). To generate a zygotic null allele of ssSPTa,
we employed Actin-Cre (32). Genotyping of about 289 live-
born progenies from heterozygous intercross indicated that
about 64% were heterozygous and about 36% were wild type,
and no homozygous mutants were recovered (Table S1). To
determine the embryonic stage at which the fetuses were
dying, we set up timed mating of heterozygous intercross and
genotyped the embryos at different times of gestation. We
noticed that ssSPTa−/− embryos begin to degenerate and get
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absorbed between E6.5 and E7.5. Sptlc1−/− and Sptlc2−/− null
have also been reported to be early embryonic lethal (24, 30).
E6.5 embryos were smaller than the corresponding ssSPTa+/+

harvested from the same uterus, indicating disruption of the
normal developmental process in the mutant embryos
(Figs. 1C and S1A). Mutant embryos displayed significant
lysotracker dye and TUNEL staining implying increased
apoptosis compared with the wild-type embryos (Fig. S1, B and
C). Mutant embryos also showed reduced staining with bro-
modeoxyuridine staining indicating reduced proliferation
(Fig. S1D). Blastocysts were obtained from ssSPTa+/+,
sSPTa+/−, and ssSPTa−/− conceptus, and the blastocyst inner
cell mass outgrowth was assessed for 8 days. For the first
2 days, no changes were observed between control and mutant
samples. The ssSPTa+/+, ssSPTa+/−, and ssSPTa−/− blastocysts
successfully hatched from zona pellucida and initiated growth
(Fig. 1D). However, ssSPTa−/− inner mass cells gradually
stopped proliferating and were lost around day 6. The
impaired growth of inner mass cells of ssSPTa−/− blastocysts
suggests that ssSPTa deficiency causes a developmental arrest
and eventually leads to the death of the embryos. EBs were
derived from ssSPTa+/+ and ssSPTa−/− embryonic stem cells
(Fig. 1E). Because EBs have been considered to be the devel-
opmental equivalent of the egg cylinder–staged mouse em-
bryos, we compared the SSSPTA-depleted EBs with wild-type
EBs. After 14 days of culture in suspension, the wild-type EBs
had a distinct outer layer surrounding differentiated cells and
EB cavity. In contrast, although ssSPTa null ESCs were able to
form putative EBs, these EBs appeared blocked in the differ-
entiation process, forming undifferentiated masses of cells that
lacked cavity formation and differentiated structures. The
differentiation of germ layers in the EBs was examined by
quantitative PCR (qPCR) using markers for ectoderm (Nestin),
endoderm (Sox17), and mesoderm (Gsc). Despite morpholog-
ical differences in the appearance of the EBs, there were no
major differences in expression of ectodermal and endodermal
markers Nestin and Sox17, respectively (Fig. 1, F and G). On
the other hand, Gsc and Brachyury, markers for mesoderm,
showed a consistent decrease in the mutant EBs especially
around day 6 (Fig. 1, H and I). Collectively, the experiments
described above indicated that ssSPTa null mutants have dif-
ferentiation defects and are embryonic lethal between E6.5 and
E7.5 like Sptlc1 and Sptlc2 null mutants. Our observations
support the notion that ssSPTa is a functional third subunit of
the SPT complex necessary for mouse embryonic
development.

Adult ssSPTa−/− hematopoietic stem cells fail to differentiate
along myeloid lineage

The adult hematopoietic system is a tissue of mainly
mesodermal origin (33). To evaluate the contribution of
SSSPTA subunit to SPT function in adult hematopoiesis, we
deleted ssSPTa in the adult hematopoietic stem cells using
Mx1-Cre (34). For these experiments, to activate the Mx1-Cre
promoter, ssSPTaflox/flox, and control ssSPTa+/+, Mx1-Cre mice
were subjected to poly(I:C) treatment. Treated animals begin
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Figure 1. ssSPTa deletion causes embryonic lethality at E6.5. A, amino acid sequence alignment of SSSPTA/B from mouse and Homo sapiens using
Clustal W. B, generation of ssSPTa conditional knockout mice. Strategy to delete exon 1 and generate ssSPTa−/−. C, ssSPTa+/+ and ssSPTa−/− mouse embryos
harvested at E6.5. D, microscopic images of ssSPTa+/+ and ssSPTa+/− and ssSPTa−/− embryonic inner cells mass proliferation at various stages. E, ssSPTa+/+

and ssSPTa−/− embryoid differentiation from embryonic stem cells. F–I, real time qPCR analysis of ectodermal marker—Nestin, endodermal marker—Sox17,
and mesodermal marker—Gsc and mesodermal marker—Brachyury in ssSPTa+/+and ssSPTa−/− embryonic stem cells differentiation to embryoid body. The
gene expressions were normalized to Gapdh. The qPCR experiments were averaged from three biological samples, and for each sample, the qPCR was
performed in technical triplicates. All graphs are represented as mean ± SEM. p Value < 0.05 is significant, calculated from unpaired t test. *p < 0.05; **p <
0.01; ***p < 0.001. Scale bar 100 μm.
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to die after 8 days after poly(I:C) treatment while control an-
imals remain relatively healthy. Therefore, for these experi-
ments, the bone marrow cells (BMCs) were harvested at day 8
and the genotype ascertained by PCR (Fig. S2A). The disrup-
tion of the gene was confirmed by qPCR analysis of the ssSPTa
transcript (Fig. 2A). Similar to Sptlc1−/− mice, ssSPTa−/− mu-
tants also showed intestinal fluid accumulation. Hematoxylin
and eosin staining of the intestine revealed loss of villi and
altered appearance of the mucosal and submucosal layers
(Fig. S2, B and C). Bone marrow suspensions isolated from the
ssSPTa−/− were red in color, and cytocentrifuged preparations
of the BMCs contained more RBCs and fewer differentiated
myeloid cells (Fig. 2, B and C). The total BM cellularity of the
ssSPTa−/− mice was reduced compared with similarly treated
ssSPTa+/+ mice (Fig. S2D). To define how loss of ssSPTa in-
fluences lineage development in hematopoiesis, we analyzed
BMCs, thymocytes, and splenocytes for lineage markers
expressed on myeloid cells (Mac1;Gr1); erythroid cells
(CD71;Ter119); B lymphoid cells (IgM), and T lymphocytes
(CD4;CD8) using flow cytometry. Mac1+Gr1+ that mark cells
of granulocytic lineage are reduced 5-fold in the ssSPTa−/−

BMCs (Fig. 2, D and E). The monocyte (Ly6C+;Ly6G−) and
macrophage (Mac1+;F4/80+) lineages were substantially
decreased (Fig. 2, F and G). On the other hand, cells of the
erythrocytic lineage were increased (Fig. 2H, Fig. S2, E–G). The
cellularity of the spleen was slightly decreased, and there was a
modest but consistent decrease in the number of Mac1+Gr1+

(Fig. S2, H and I). There were no significant changes in thymus
except for a slight reduction in CD8+ thymocytes (Fig. S2, J–
M). Also, the number of IgM+ BMCs were not affected
(Fig. S2N). These data indicate that loss of ssSPTa in the adult
hematopoietic system primarily compromises myeloid differ-
entiation while relatively sparing erythropoiesis and
lymphopoiesis.

Mass spectrometric quantitative analysis of sphingolipids in
the BMCs of the ssSPTa−/− indicated a severe reduction in the
levels of almost all species of the major sphingomyelins,
I

Figure 1. (continued).

4 J. Biol. Chem. (2021) 296 100491
ceramides, and hexosylceramides compared with that of
ssSPTa+/+ (Fig. 3, A–C). Thus, the hematopoietic defects
observed in the ssSPTa null BMCs is accompanied by a severe
deficiency of majority of the sphingolipids in these cells. The
comparison of the sphingolipid profile between ssSPTa+/+ and
ssSPTa−/− described above suggests that SSSPTA plays a major
role in the de novo biosynthesis of sphingolipids in the adult
hematopoietic system. As with Sptlc1−/− BMCs, we see a
correlation between loss of SSSPTA function, significant
decrease in major sphingolipids, and defective myelopoiesis in
the BMCs (30). It is likely that SSSPTA is a critical component
of the SPT complex in mammalian adult hematopoietic
system.

To assess the cell intrinsic requirement of SSSPTA in
adult hematopoiesis, we performed noncompetitive and
competitive bone marrow repopulation assays using
ssSPTa+/+ Mx1-Cre and ssSPTaflox/flox Mx1-Cre BMCs.
These assays gauge reconstitution of different lineages of
BMCs in irradiated mice transplanted with donor cells and is
routinely used to determine hematopoietic stem and pro-
genitor cell (HSPC) function in vivo. For noncompetitive
experiments, the transplanted mice were treated with
poly(I:C) (15 μg per gram of body weight, followed by a
second dose 2 days later) 6 weeks after transplantation of
ssSPTa+/+ Mx1-Cre and ssSPTaflox/flox Mx1-Cre BMCs. The
chimeric ssSPTa−/− mice did not survive beyond 4 to
5 weeks, and therefore, we analyzed mice 3 weeks after the
last injection (Fig. S3A). The BM cellularity was reduced in
the mutant compared with the control (Fig. S3B). In the
chimeric mice, the total donor Mac1+Gr1+ neutrophils were
decreased 6-fold, suggesting that SSSPTA is intrinsically
required for the development of granulocytes (Fig. 4, A and
B). Macrophage and monocytic lineages were also compro-
mised (Fig. 4, C and D). Because CD45 is expressed in the
early stages of erythroid development, we examined BMCs
for donor erythroid progenitor cells and found that these
cells were slightly increased in the BM of ssSPTa−/− mice,
indicating erythroid development was not compromised
(Fig. 4E and Fig. S3, C–E). The total number of ssSPTa−/−

thymocytes were decreased accompanied by a decrease in
the number of the immature CD4+CD8+ double positive cells
(Fig. S3, F and G). However, we did not see a significant
difference in the number of mature single positive CD4+ or
CD8+ cells (Fig. S3, H and I). Finally, we observed no sig-
nificant difference in B-lymphoid cells in the BM of
ssSPTa+/+ and ssSPTa−/− chimeric mice (Fig. S3J). These
experiments reveal that loss of SSSPTA causes defects in
myeloid differentiation in the adult hematopoietic system.

To understand how loss of ssSPTa leads to defects in
myelopoiesis, we evaluated HSPC development in the chimeric
mice 21 days after loss of ssSPTa. HSCs were gated by forward
and side scatter for live cells, CD45.2 to distinguish donor cells
and then for lineage-negative cells (Lin−). The Lin− cells were
analyzed for the expression of c-Kit and Sca-1 which identifies
Lin−c-Kit+, Sca1+ (LSK), and Lin− c-Kit+ Sca1− (LK) cells
(Fig. 4F). The LSK cells were subgated using FLT3 and CD34
to isolate long-term hematopoietic stem cells (LT-HSCs),
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short-term hematopoietic stem cells (ST-HSCs), and multi-
potent progenitor cells (MPPs) (Fig. S4A). We found a trend
toward expansion of the stem and progenitor cell LSK
compartment (Fig. 4G) with significant increase in the ST-
HSC and MPP compartments (Fig. 4, H and I), whereas LT-
HSC was not significantly changed (Fig. 4J). We also sub-
gated the LK cells for FCR and CD34 to identify common
myeloid precursor (CMP, Lin−, Sca-1− c-Kit+ CD34+, FCR−),
granulocyte-macrophage precursor (GMP, Lin−, Sca-1− c-Kit+

CD34+, FCR+), and megakaryocyte-erythrocyte precursor
(MEP, Lin−, Sca-1− c-Kit+ CD34−, FCR−) (Fig. S4B). There was
about a 2-fold decrease in the levels of LK cells (Fig. 4K).
A B C

D E

H

Figure 2. Mx1-Cre deletion of ssSPTa affects bone marrow myeloid cells. A,
ssSPTa+/+ and ssSPTa−/− mice on day eight after poly(I:C) injection. Gene expre
experiments. B, bone marrow tissue isolated from ssSPTa+/+ and ssSPTa−/− mice
1 - RBC, and 2-metamyelocyte, and 3-segmented band cell. D, fluorescence acti
Gr-1 staining 8 days after poly(I:C) injection (n = 5). E, the total numbers of M
ssSPTa−/− mice (n = 5). H, the total numbers of CD71+Ter119+ BMCs were plott
mean ± SEM. p Value < 0.05 is significant, calculated from unpaired t test. *p
Among the progenitor cell population, there was a significant
decrease in the numbers of CMP and GMP while the MEPs
were not affected (Fig. 4, L–N).

Competitive bone marrow transplant experiments were
performed to evaluate HSC development. For these experi-
ments, a 1:1 ratio of wild-type (ssSPTa+/+ Mx1-Cre) to mutant
(ssSPTa−/− Mx1-Cre) BMCs were used. ssSPTa−/− cells showed
a reduced donor reconstitution (10.5%) 3 weeks after ssSPTa
deletion compared with about 50% for control BMCs in this
model (Fig. 5A). The hematopoietic phenotypes were similar
to that observed in the chimeric environment. There was a
small but significant decrease in Mac1+Gr1+ cells and a slight
F G

real time qPCR analysis of ssSPTamRNA expression in BM cells isolated from
ssion was normalized to β-actin. qPCR results were from three independent
. C, Wright-Giemsa staining of BMCs from the ssSPTa+/+ and ssSPTa−/− mice.
vated cell sorting plots of myeloid bone marrow cells analyzed by Mac-1 and
ac-1+Gr-1+, F, Ly6C+Ly6G-. G, Mac-1+ F4/80+ cells were for ssSPTa+/+ and
ed for the ssSPTa+/+ and ssSPTa−/− mice (n = 5). All graphs are represented as
< 0.05; **p < 0.01; ****p < 0.0001. BMCs, bone marrow cells.
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increase in the donor CD71+ Ter119+ and the donor IgM+

cells (Fig. 5, B–D). The LSK compartment was expanded
including the LT-HSC, ST-HSC, and the MPPs (Fig. 5, E–H).
There was a decrease in the LK compartment with significant
decrease in the GMPs (Fig. 5, I–L). These features are very
similar to those observed in the Sptlc1 null mutant. Thus, as in
the case of Sptlc1, ssSPTa deletion of the gene has cell
autonomous effects both in the HSCs and the myeloid lineages
downstream.
ER stress in ssSPTa−/− BMCs

Extensive analyses in Sptlc1 revealed that loss of SPTLC1
causesmyeloid differentiation defects in part because of ER stress
and the differentiating BMCs show evidence of unfolded protein
response (UPR) (30). Further,we showed that ER stress in general
disrupts myelopoiesis while sparing erythropoiesis. To test if loss
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Figure 3. Sphingolipids measurement by mass spectrometry of ssSPTa
osylceramides were analyzed by mass spectrometry and normalized to carbon
poly(I:C) injection. The results are from three independent BM preparations from
is significant, calculated from unpaired t test. **p < 0.01, ***p < 0.001, ****p
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of ssSPTa also results in ER stress and activation of the UPR, we
harvested BMCs from ssSPTa+/+ and ssSPTa−/− and cultured
cells for 4 days in the presence of interleukin 3 (IL-3) and gran-
ulocyte macrophage colony stimulating factor (GM-CSF) to
induce myeloid differentiation. Western blot analysis of extracts
prepared from these differentiating BMCs showed Bip/Grp78
and PERK were elevated in these cells indicating ER stress and
activation of the UPR (Fig. 6, A and A0). Metabolic labeling ex-
periments with [32]P and [14]C and TLC analyses under these
conditions showed no significant changes in total phospholipid
content (Fig. 6, B and B0), however, there was a 3-fold increase in
fatty acid labeling in the ssSPTa−/− extracts (Fig. 6,C andC0). The
accumulation of fatty acids observed here is similar to those
observed in Sptlc1−/− mutant under these conditions (30). Elec-
tron microscopic images of the differentiating cells showed
grossly enlarged endoplasmic reticulum in themutants but not in
ssSPTa+/+ cells (Fig. 6, D–F). Additionally, Western analysis on
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Figure 4. ssSPTa deletion impairs myeloid differentiation and spares erythroid differentiation in chimeric mice. A, fluorescence activated cell sorting
plot of myeloid differentiation in BMCs analyzed by Mac-1 and Gr-1 staining. B, the total numbers of Mac-1+Gr-1+, (C) Ly6C+Ly6G-, (D) Mac-1+F4/80+ cells
were plotted for the ssSPTa+/+ and ssSPTa−/− (n = 5). E, the total numbers of CD71+Ter119+ cells were plotted for the transplanted ssSPTa+/+ and ssSPTa−/−

mice (n = 5). F, the LSK and LK populations of HSPCs from transplanted bone marrow were analyzed by Sca-1 and c-Kit staining 21 days after poly(I:C)
injection. G–J, the total numbers of LSK, ST-HSCs, MPPs, and LT-HSCs were plotted for the ssSPTa+/+ and ssSPTa−/− mice (n = 5). K–N, the total numbers of LK,
CMPs, GMPs, and MEPs were plotted for the ssSPTa+/+ and ssSPTa−/− mice (n = 5). All graphs are represented as mean ± SEM. p Value < 0.05 is significant,
calculated from unpaired t test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. CMP, common myeloid precursor; GMP, granulocyte-macrophage
precursor; LK, Lin− c-Kit+ Sca1−; LSK, Lin−c-Kit+, Sca1+; LT-HSCs, long-term hematopoietic stem cells; MEP, megakaryocyte-erythrocyte precursor; MPPs,
multipotent progenitor cells; ST-HSCs, short-term hematopoietic stem cells.
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Figure 5. ssSPTa deletion impairs LK differentiation and compensatory changes in HSCs in competitive repopulation studies analyzed 3 weeks
after poly(I:C) injection in chimeric mice. A, proportion of donor CD45.2 cells. B, proportion of donor myeloid cells. C, proportion of donor erythroid cells.
D, proportion of donor B-lymphoid cells. E, proportion of donor LSK. F, proportion of donor LT-HSCs. G, proportion of donor ST-HSCs. H, proportion of donor
MPP cells. I, proportion of donor LK. J, proportion of donor CMPs. K, Proportion of donor GMPs. L, proportion of donor MEP cells, of ssSPTa+/+ and ssSPTa−/−

in competitive transplant studies were plotted (n = 5). All graphs are represented as mean ± SEM. p Value < 0.05 is significant, calculated from unpaired t
test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. CMP, common myeloid precursor; GMP, granulocyte-macrophage precursor; HSCs, hematopoietic
stem cells; LK, Lin− c-Kit+ Sca1−; LSK, Lin−c-Kit+, Sca1+; MEP, megakaryocyte-erythrocyte precursor; MPP, multipotent progenitor cell; ST-HSCs, short-term
hematopoietic stem cells.

ssSPTa is essential for development and hematopoiesis
bone marrow cells obtained from ssSPTa+/+ and ssSPTa−/−

showed that markers of UPR such as PERK and p-IRE1α are
increased in the ssSPTa−/− samples (Fig. S4,C andC0). These data
together support the conclusion that lack of SSSPTA causes
defects in myeloid differentiation in adult BMCs because of the
accompanied ER stress in the differentiating cells.
SSSPTA is critical for SPT function

RNAseq and microarray analysis indicate that ssSPTa is
more widely and abundantly expressed than ssSPTb in
mammals (URL: http://www.informatics.jax.org) (35). Our
8 J. Biol. Chem. (2021) 296 100491
qPCR analyses for the two transcripts in control mice were in
line with the above reports (Fig. S5, A and B). Mass spec-
trometric measurements in BMCs of ssSPTa−/− showed a
significant reduction in major sphingolipids compared with
ssSPTa+/+ suggesting that this subunit is crucial for the
functioning of the SPT complex in the synthesis of sphingo-
lipids. It is worth noting that deletion of SSSPTA in the liver
causes loss of SPT enzymatic activity similar to that observed
after the deletion of SPTLC1 (Fig. S5C). Also, deletion of
ssSPTa in the BMCs compromises the state of the SPT
complex including decrease in the steady-state levels of
SPTLC1 and SPTLC2 (Fig. S5D). These observations

http://www.informatics.jax.org
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Figure 6. Deletion of ssSPTa shows ER stress. A, western blot analysis of cell extracts of ssSPTa+/+ and ssSPTa−/− BMCs cultured for 4 days in the presence
of GM-CSF and IL-3. Lysates were probed for Grp78 and PERK. A0 , quantitative data representative of three independent experiments. B, [32P] ortho-
phosphoric acid labeling of the ssSPTa+/+ and ssSPTa−/− BMCs cultured in medium containing GM-CSF and IL-3. Lipids were normalized to equal counts per
minute. B0 , the percentage of radiolabeled phospholipids was plotted for the ssSPTa+/+ and ssSPTa−/−. C, [14C] acetate labeling of the ssSPTa+/+ and ssSPTa−/−

BMCs cultured in medium containing GM-CSF and IL-3. Lipids were normalized to equal counts per minute. C0 , the percentage of radiolabeled fatty acids
was plotted for the ssSPTa+/+ and ssSPTa−/−. D, The electron micrographs of BMCs cultured in the presence of GM-CSF and IL-3, magnification 2 μs.
E, expanded image of represented EM picture to show ER tubules of the cells, magnification 500 nm. The arrow represents ER tubules. In ssSPTa−/−,
engorgement of ER tubules were seen. F, quantitative analysis of ER from cells described in D. All graphs are represented as mean ± SEM. p Value < 0.05 is
significant, calculated from unpaired t test. **p < 0.01; ***p < 0.001; ****p < 0.0001. BMCs, bone marrow cells; GM-CSF, granulocyte macrophage colony
stimulating factor; IL-3, interleukin 3.
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ssSPTa is essential for development and hematopoiesis
highlight the importance of SSSPTA in the stability and ac-
tivity of the SPT complex in these organs.

ssSPTb−/− mice are viable and are not compromised in adult
hematopoiesis

SSSPTB is the second and a well conserved small subunit of
the SPT complex. The gene encoding for this subunit is
localized to chromosome 3 and is 84% identical to the human
homolog. We targeted exon 3 that encodes for all of the
translated region of the gene (Fig. S6, A and B). A zygotic null
allele was generated by mating the floxed allele to Actin-Cre
(Fig. 7A). The ssSPTb−/− mice were homozygous viable. To
delineate the role of SSSPTB in hematopoiesis we examined
the bone marrow of the ssSPTb+/+ and ssSPTb−/− from het-
erozygous intercross and evaluated the components of the
hematopoietic system. Visual examination appeared to show
straw colored bone marrow preparations that were indistin-
guishable between ssSPTb+/+ and ssSPTb−/− (Fig. S6C)
Wright-Giemsa-stained bone marrow preparations were also
10 J. Biol. Chem. (2021) 296 100491
comparable between the two genotypes (Fig. S6D). The bone
marrow cellularity was not compromised in the ssSPTb−/−

mice (Fig. S6E). We examined the BMCs for lineage markers
expressed on myeloid cells (Mac-1;Gr-1); erythroid cells
(CD71;Ter119); B lymphoid cells (IgM); and T lymphocytes
(CD4;CD8) using flow cytometry. There was no difference in
the abundance of Mac-1+ Gr-1+ between ssSPTb+/+ and
ssSPTb−/− (Fig. 7, B and C). The monocyte (Ly6C+;Ly6G−) and
macrophage (Mac1+;F4/80+) lineages were also comparable
between the two genotypes (Fig. S6, F and G), and there were
no differences in the cells of the erythroid lineage
(CD71+;Ter119+) and (Ter119+) (Figs. 7D and S6H). Exami-
nation of the LSK compartment for stem andMPPs showed no
significant differences between the ssSPTb+/+ and ssSPTb−/−

BMCs (Fig. 7, E–I and Fig. S6I). Similarly, subgating of the LK
cells using FCR and CD34 showed no differences in the CMPs,
GMPs, and MEPs (Fig. 7, J–M and Fig. S6J). The total cellu-
larity and the number of Mac1+Gr+ cells were similar between
the control and the mutant spleen (Fig. S6, K and L). We
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Figure 7. ssSPTb knockout shows normal hematopoiesis. A, real-time qPCR analysis of ssSPTb mRNA expression in BM cells isolated from ssSPTb+/+ and
ssSPTb−/− mice. Gene expression was normalized to β-actin. qPCR results from three independent experiments. B, fluorescence activated cell sorting plots of
myeloid bone marrow cells analyzed by Mac-1 and Gr-1 staining (n = 5). C, the total numbers of Mac-1+Gr-1+ were plotted for the ssSPTb+/+ and ssSPTb−/−

mice (n = 5). D, the total numbers of CD71+Ter119+ cells, were plotted for the ssSPTb+/+ and ssSPTb−/− mice (n = 5). E, fluorescence activated cell sorting
plots of LSK and LK populations of HSPCs from bone marrow of ssSPTb+/+ and ssSPTb−/− were analyzed by Sca-1 and c-Kit staining. F–I, the total numbers of
LSK, LT-HSCs, ST-HSCs, and MPPs were plotted for the ssSPTb+/+ and ssSPTb−/− (n = 5). J–M, The total numbers of LK, CMPs, GMPs, and MEPs cells were
plotted for the ssSPTb+/+ and ssSPTb−/− (n = 5). All graphs are represented as mean ± SEM. *p Value < 0.05 is significant, calculated from unpaired t test.
CMP, common myeloid precursor; GMP, granulocyte-macrophage precursor; LK, Lin− c-Kit+ Sca1−; LSK, Lin−c-Kit+, Sca1+; LT-HSCs, long-term hematopoietic
stem cells; MEP, megakaryocyte-erythrocyte precursor; MPPs, multipotent progenitor cells; ST-HSCs, short-term hematopoietic stem cells.
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analyzed thymus for T cell differentiation and did not find
significant difference in cellularity, CD4, CD8 double positive
immature cells, or single positive mature cells (Fig. S5,M–P).
The IgM+ B lymphocytic lineage was also not compromised in
the BMCs (Fig. S6Q). Collectively, the above results indicate
that that SSSPTB does not play a significant role in adult he-
matopoiesis. We also found that loss of SSSPTB did not
compromise the levels of d-18 series of sphingomyelins,
ceramides, or hexosylceramides in the bone marrow cells of
the adult hematopoietic system (Fig. 8, A–C). These results
indicate that SSSPTB subunit does not play a significant role
in the embryonic development of mice and is not critical for
the adult hematopoietic system.

Discussion

In this study, we have evaluated the importance of the small
subunits of the mammalian SPT complex. We show that
SSSPTA subunit is essential for development and adult
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Figure 8. Sphingolipids measurement by mass spectrometry of ssSPTb+/+
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independent BM cells of each genotype. All graphs are represented as mean
bone marrow cells.
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hematopoiesis while SSSPTB subunit does not play major roles
in these programs.

SPT, that catalyzes the first and rate-limiting step of the
pathway is a heterotrimeric complex comprised of the large
subunits, SPTLC1 and SPTLC2 or SPTLC3 and small subunit,
SSSPTA or SSSPTB. It produces 3-ketodihydrosphingosine by
a Claisen-like condensation/decarboxylation reaction of serine
and acyl-CoA. SPT has been shown to be critical for the
development of several eukaryotic organisms. Deletion of
Sptlc1 homologs in Saccharomyces cerevisiae, Arabidopsis,
Drosophila, and mouse are lethal. The S. cerevisiae null mu-
tants of lcb1 (Sptlc1 homolog) are long-chain base auxotrophs
(13). Arabidopsis null mutants of Sptlc1 homolog are embry-
onic lethal and die before developing into a fully mature
globular stage (36). Drosophila Sptlc1 and Sptlc2 null mutants
are larval lethal (8, 37). Null mutants of Sptlc1 that encodes for
the obligate subunit of SPT complex and null mutants of
Sptlc2 are embryonic lethal indicating that the SPT complexes
B
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and ssSPTb−/− BMCs. A, sphingomyelin, (B) ceramide, and (C) hexosylcer-
are plotted for the ssSPTb+/+ and ssSPTb−/− (n = 3). The results are from three
± SEM. *p Value < 0.05 is significant, calculated from unpaired t test. BMCs,
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containing these two subunits serve important role during
embryonic development in the mice (24, 30).

Pioneering studies by the Dunn laboratory have established
the roles of the small subunits of the SPT complex. TSC3P null
mutant was identified as temperature-sensitive lethal that had
the ability to augment the basal SPT activity of the LCB1/LCB2
heterodimer (38). ssSPTa and ssSPTb were identified as
mammalian functional homologs of the yeast Tsc3 in a screen
using yeast lcb1 mutants expressing Sptlc1 and Sptlc2 (27).
Utilization of SSSPTA allows the SPT complex to incorporate
palmitoyl-CoA as a substrate for the synthesis of d-18 series of
sphingolipids. Utilization of SSSPTB allows the SPT complex
the ability to incorporate either palmitoyl-CoA and longer
fatty acyl-CoAs (up to C20) as a substrate to generate either
the d-18 or higher series of sphingolipids (27). Relatively few
studies have evaluated the in vivo functions of the small sub-
units of the SPT complex. Arabidopsis thaliana encodes for
homologs of ssSPTs, called “ssSPTa” and “ssSPTb”, which
share about 88% amino acid identity between them. Both of
them share more homology to human SSSPTA (25–30%
shared amino acid sequence) than SSSPTB (18–25%) (39). The
two proteins were equally competent to enhance SPT activity,
although “ssSPTa” was more widely expressed. Homozygous
loss of “ssSPTa” resulted in loss of pollen viability. A gain of
function mutation in the ssSPTb gene was shown to have a 2-
fold increase in d-20 long chain bases in the brain and eye of
the stellar mutant mice. These mice exhibited neurodegener-
ative effects (2).

We set about to examine the broad importance of SSSPTA
and SSSPTB in the functioning of SPT during development
and in adult hematopoiesis in a mammalian model organism.
Adult hematopoietic system is a mesenchymal tissue, and
because embryoid body differentiation defects pointed to an
aberration in the mesenchymal germ layer, it provided us
with a strong impetus to evaluate the hematopoietic system.
Also, studies have suggested important roles for the sphin-
golipid metabolic pathway in development and function of
the adult hematopoietic system (22, 40, 41). Our studies with
the Sptlc1 mutant demonstrated that SPT was essential for
myelopoiesis, and it was logical to ask if either SSSPTA or
SSSPTB was essential for this function of SPT (30). We show
that loss of ssSPTa resulted in embryonic lethality at E6.5
and compromised myelopoiesis in the adult hematopoietic
system.

The data from ssSPTa−/− mice have consolidated our finding
that SPT function and by extension the de novo biosynthetic
pathway has an important role in hematopoiesis. Loss of SPT
function in these cells causes ER stress and cell death with a
drastic reduction in the production of myeloid cells. Chemi-
cally induced ER stress in differentiating BMCs selectively
compromises myelopoiesis while sparing erythropoiesis indi-
cating that robust ER function in general is critical for mye-
lopoiesis (30). While ER stress and upregulation of the UPR
was initially discovered and described as an ancient, conserved
mechanism to maintain proteostasis, with discoveries of inte-
grated stress response, recent discussions have included the
concept that ER stress and UPR are integrated broadly into the
overall function of the ER (42–44). ER is the site of biosyn-
thesis of not only proteins but also a host of lipids that include
neutral lipid, phospholipid, sphingolipid, and cholesterol.
Therefore, relative proportions and concentrations of the
different intermediates of the lipid pathways and their flux will
impact the structure and function of ER. They will also in-
fluence the mechanisms that control the quality of the ER.
Therefore, it is not surprising that any perturbations in these
pathways disrupts ER homeostasis and induces ER stress. We
have previously shown that differentiating LK cell compart-
ments of BMCs show an enrichment of ER-associated genes
likely in the myeloid compartment underscoring the impor-
tance of the secretory pathway and ER function in differenti-
ating myeloid cells (30). Thus, any disruption that leads to
compromised ER function compromises myelopoiesis. Mass
spectrometric measurements in BMCs of ssSPTa−/− showed a
significant reduction in major sphingolipids compared with
ssSPTa+/+ suggesting that this subunit is crucial for the func-
tioning of the SPT complex in the synthesis of sphingolipids.
Our observations highlight the importance of SSSPTA in the
stability and activity of the SPT complex in these organs. We
do not see significant contributions from the SSSPTB during
embryogenesis or adult hematopoiesis. Our results imply that
SSSPTA plays a role that is of equal significance as the obligate
SPTLC1 subunit of the SPT complex during development and
adult hematopoiesis suggesting that SSSPTA is indispensable
for these functions of the SPT complex.
Experimental procedures

Generation of ssSPTa conditional knockout mice

The National Cancer Institute at Frederick animal care
and user committee has approved the protocol ASP20 to 073
used in this manuscript for animal studies. For targeting the
ssSPTa gene, loxP sites were inserted into the introns up-
stream of exon 1 and downstream of exon 1. The targeting
vector pLJM containing a 10.2 Kb fragment was retrieved
from BAC clones using recombineering technology (31). The
targeting vector contained 4.5 Kb 50 and 4.7 Kb 30 homology
arms. The first loxP insertion site was 327 bp upstream of
exon 1, and the second loxP-Neo-loxP site was 244 bp
downstream of exon 1. Upon induction of Cre, exon 1 was
deleted. This results in deletion of 39 amino acids of the
protein. The ssSPTa targeting vectors were electroporated
into murine C57BL6 ES cells as described (45). Targeted
ssSPTa transfected clones were identified by PCR analysis
and infected with Adeno-Cre to remove the NeoR gene and
exon 1. Independent ES cell clones were injected into
C57BL6 blastocysts. Founder chimeras were bred to B6 fe-
males, and the F1 heterozygotes were intercrossed. Recom-
binant clones were identified by PCR.

Mouse genotypes were identified by PCR performed using
DNA isolated from tail clippings.

The sequences for the flox primers are as follows: forward,
5-GATCCTTCAGTATTCTTTGAGGCA-3; mutant reverse,
5-AGCTAAACCACAAGAAGCTGAGCG-3; and wild type
reverse, 5-TGTCCATCTGCACGAGACTAGTGA-3.
J. Biol. Chem. (2021) 296 100491 13
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PCR reactions began with a denaturing step at 94 �C for
5 min followed by 30 cycles of 94 �C for 30s, 53 �C for 30s, and
68 �C for 30s. Amplification with these primers produces a
band of 397 bp for the floxed allele.

For the wild type and null, the primer sequences used were
as follows: forward WT, 5-CGACTCTTTAGTAGCATT
CTCACC-3; reverse WT, 5-TGACCAGCAGGTACTGGTA
GTAGA-3; and forward Null, 5-GGAATCCTTCTGGGCT
GGTCT-3; reverse Null, 5- GCCTTTCAGTAACTTA-
CAAAC-3.

Amplification with these primers produced a band of 600 bp
for the wild type. PCR reactions began with a denaturing step
at 94 �C for 4 min followed by 34 cycles of 94 �C for 30s, 55 �C
for 30s, and 68 �C for 30s. Amplification with these primers
produced a band of 250 bp for the mutant alleles. PCR re-
actions began with a denaturing step at 94 �C for 5 min fol-
lowed by 30 cycles of 94 �C for 30s, 53 �C for 30s, and 68 �C
for 30s.

Mice carrying the floxed ssSPTa allele were crossed with
mice expressing Cre recombinase under the control of the
Mx1 promoter (34). Upon injection of poly(I:C) (HMW), tlrl-
pic-5 from InvivoGen, the Mx1 promoter controls expression
of Cre, causing deletion of exon 1 (ssSPTa−/−). Intraperitoneal
injections of 500 μg of poly(I:C) resulted in deletion of the gene
in hematopoietic cells. The ssSPTa+/+ Mx1-Cre mice were
used as controls for all experiments unless otherwise
mentioned. Eight to 10 weeks old mice were used for all
experiments.

Generation of ssSPTb null mouse

A 11.28 Kb targeting vector was generated with 4.75 Kb
(loxP-Neo-loxP) upstream homology and 4.45 Kb (loxP)
downstream homology.

Deletion of 2091 nucleotides included about 1.5 Kb of exon
3 encoding for all of the coding sequence of ssSPTb gene.

Heterozygote mouse (ssSPTb+/−) mating was performed to
generate null mouse. Mice carrying the null ssSPTb allele were
crossed with the same genotype to generate null allele. The
ssSPTb+/+ mice were used as controls for all experiments un-
less otherwise mentioned. Eight to 10 weeks old mice were
used for all experiments.

For the wild type and null, the primer sequences used were
as follows: forward WT, 5-GGAATACCCATGATA
CAACTC-3; Reverse WT, 5-CAA CAg gTA TCC ATg TCA
gTA -3; forward Null, 5-GGAATACCCATGATACAACTC-3;
and reverse Null, 5-TCTCTGAGTATGTCTATAAGG-3.

Amplification with these primers produced bands of 250 bp
and 350 bp for the wild-type and mutant alleles, respectively.
PCR reactions began with a denaturing step at 94 �C for 5 min
followed by 30 cycles of 94 �C for 30s, 53 �C for 30s, and 68 �C
for 30s.

Blastocyst outgrowth

Four- to six-weeks-old ssSPTa+/− female mice were mated
with ssSPTa+/− male mice. At 3.5 days after coitus, the plugged
females were euthanized, and the uterus was dissected and
14 J. Biol. Chem. (2021) 296 100491
flushed with ES cell mediumwithout leukemia inhibitory factor.
Single E3.5 blastocyst was seeded onto each well of gelatinized
96-well plates containing 200 μl of themedium and incubated at
37 �C and 5% CO2. Photographs of the cultured embryos were
taken every day. After 9 days, the preparations were washedwith
PBS, and blastocyst DNA was isolated using lysis buffer with
proteinase K and the blastocysts genotyped (14).

Embryo dissection and embryoid body formation

Timed mating was performed for ssSPTa+/− mice on a
mixed genetic background (C57BL/J129). Females with
copulation plugs were considered to be at day 0.5 of gestation,
and embryos present in this pregnant female were designated
at E0.5. Pregnant females were dissected at E6.5, and the
dissected embryos were photographed under a normal inver-
ted light microscope (Axioskop; Carl Zeiss, Inc) connected to a
digital camera (Powershot S50; Canon). DNA for genotyping
was isolated from small pieces of yolk sac by alkaline lysis
buffer (25 mM NaOH and 0.2 mM EDTA) and neutralization
buffer (40 mM Tris-HCl). For histological analysis, embryos
were fixed with 4% paraformaldehyde (HCHO), embedded in
paraffin, sectioned, and stained with hematoxylin and eosin.
Photomicrographs were taken using a microscope (Axiophot;
Carl Zeiss, Inc) and a digital camera (CoolSNAP HQ;
Photometrics).

E3.5 blastocysts from the uteri of pregnant ssSPTa+/− fe-
males of heterozygous intercross were harvested and cultured
on Matrigel coated plates in ES culture medium containing LIF
(1000 units/ml), PD0325901 (1 μM), and CHIR99021 (3 μM).
Inner cell mass outgrowths were trypsinized and passaged
sequentially until ES cell lines were established.

Embryonic stem cells were placed onto bacteriological
plates (100 mm-Petri dishes) and cultured in suspension in ES
cell medium without LIF, PD0325901, and CHIR99021. The
medium was changed every day. The partial EBs were har-
vested at 0, 3, 6, 9, 12 days to perform real time PCR, and EB
structure was detected at 14 days (46).

EM analyses

For EM analysis, the fluorescence activated cell sorting
sorted BMCs were fixed in 4% HCHO and 2% glutaraldehyde
in 0.1 M sodium cacodylate buffer. The thin-sectioned cells
were viewed and imaged on an electron microscope (EM300;
Hitachi High-Tech).

Immunoblotting

Bone marrow cultured cells were lysed, and proteins were
quantified by an absorbance assay (Bio-Rad Laboratories). The
quantified lysates were mixed with 2× Laemmli buffer (Bio-
Rad Laboratories) and denatured at 100 �C for 5 min. Equal
amounts of denatured protein were resolved on 10% SDS-
PAGE gels. The resolved proteins were subsequently trans-
ferred to nitrocellulose membranes (Pall Corporation) or
PVDF membranes (Millipore). They were blocked with 5%
nonfat dry milk (Bio-Rad Laboratories) or 5% BSA in PBST.
After blocking, membranes were probed with primary and
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HRP-conjugated secondary antibodies, detected by chem-
iluminescence agents (Denville). In between changes, the
membranes were washed with 0.05% Tween 20 in PBS. The
primary antibodies BiP (9C50B12) (3177) and PERK (C33E10)
(3192) were purchased from Cell Signaling Technologies.
SPTLC1 antibodies were generated from our laboratory.
SPTLC2 (CAT#: TA319780) antibodies were purchased from
ORIGENE. The phospho-IRE1α (Ser724) from Novus bi-
ologicals (NB100–2323). HRP-linked anti-rabbit and anti-
mouse IgGs were from the Jackson Laboratory. Prestained
protein standards were from Bio-Rad Laboratories, SMOBIO
and Santa Cruz Biotechnology. Immunoblots were quantitated
by Fiji ImageJ software.

Myeloid differentiation in liquid culture

Nucleated cells were isolated from ssSPTa+/+ and ssSPTa−/−

BMCs by lymphocyte separation medium (MP Biomedical).
They were plated (2 × 106 cells/ml of media) and cultured for
4 days in the presence of GM-CSF and IL-3, (both at 50 ng/ml
concentrations). Harvested cells were used for western blots as
described above (47).

[14C]acetate labeling of BMCs

The protocol is as described before (30). ssSPTa+/+ and
ssSPTa−/− BMCs were plated for myeloid differentiation with
GM-CSF and IL-3 in liquid culture. After 48 h of culture, 5μci of
[14C] acetate (58 mCi/mmol) (ARC 0173) were added to the
medium. The cells were harvested after an additional 36 h of
culture, and lipids were extracted according to Bligh and Dyer.
Chloroform extracts were subjected to TLC with silica gel 60F
254 TLC plates. The solvents for the neutral lipids were resolved
by petroleum ether/diethyl ether/acetic acid (65:25:5, v/v). The
results are from biological triplicate experiments of cultured
BMCs from three ssSPTa+/+ and three ssSPTa−/− mice, with
lipids normalized to equal counts per minute. The fatty acid was
identified by comparing with known standard (30).

[32P]orthophosphoric acid labeling of BMCs

The methods used were essentially as described before (30).
ssSPTa+/+ and ssSPTa−/− BMCs were plated for myeloid differ-
entiation with GM-CSF and IL-3 in liquid culture. After 48 h of
Primer sequences for real time RT-PCR

ssSPTa Reverse: 50-AGGTGGGCTGGCGTTAT-30
Reverse: 50-CTGGGGCATGAAGACGTAGC-30

ssSPTb Forward: 50-CGTGAAGGAGTATTTTGCCTGG -30
Reverse: 50-GCCACAATGGTCAGTATGATGGT-30

Nestin Forward: 50-TGAGGGTCAGGTGGTTCTG-30
Reverse: 50-AGAGCAGGGAGGGACATTC-30

Sox 17 Forward: 50-AAGAAACCCTAAACACAAACAGCG-30
Reverse: 50-TTTGTGGGAAGTGGGATCAAGAC-30

Gsc Forward: 50-AAACGCCGAGAAGTGGAACAAG-30
Reverse: 50-AAGGCAGGGTGTGTGCAAGTAG-30

GAPDH Forward: 50-ACCATCTTCCAGGAGCGAG-30
Reverse: 50-TAAGCAGTTGGTGGTGCAG-30

Actin Forward: 50-TTCTTTGCAGCTCCTTCGTT-30
Reverse: 50-ATGGAGGGGAATACAGCCC-30

Brachyury Forward: 50-CGGACAATTCATCTGCTTG-30
Reverse: 50-AGGTGGGCTGGCGTTAT-30
culture, 50μci of [32P] orthophosphoric acid (100 mCi/ml) (ARC
0103A)were added to themedium.The cells were harvested after
an additional 24 h of culture, and lipids were extracted according
to Bligh and Dyer. Chloroform extracts were subjected to TLC
with silica gel 60F 254 TLC plates. The solvents for the phos-
pholipid first dimension, chloroform/methanol/ammonia
(65:25:5, v/v) followed by second dimension chloroform/meth-
anol/acetone/acetic acid/water (50:10:20:15:5, v/v). The results
are frombiological triplicate experiments of culturedBMCs from
three ssSPTa+/+ and three ssSPTa−/−mice,with lipids normalized
to equal counts per minute.

SPT activity

SPT activity was measured based on the method described
previously and using microsomal preparations of the enzyme
complex (48). The activity was measured with 150 μg of liver
microsomal proteins in a 200 μl volume containing 50 μm
PLP, 2 μl of [L-3H(G)]serine (1 mCi/ml) (NET248005MC),
100 μm palmitoyl CoA (Sigma P9716), 5 mM EDTA, and
5 mM DTT per reaction. The reaction was performed in glass
tube, incubated for 60 min at 37 �C, and terminated by the
addition of 200 μl of 0.5 N NH4OH and 500 μl of CHCl3 and
1 ml methanol. After vortex, an additional 0.75 ml of CHCl3
and 0.75 ml of 0.5 N NH4OH were added and vortexed. After
centrifugation at 2500 rpm at room temperature for 5 min to
separate the phases, the top layer was aspirated off. The
organic phase was washed twice with 1 ml of 0.1 M KCl and
transfer to scintillation vial and was dried under N2 gas. The
pellet was resuspended in scintillation fluid for counting. The
results are from biological triplicate experiments of three wild-
type, three ssSPTa−/− and three SPTLC1−/− mice liver micro-
somal proteins.

Immunophenotyping

The methods used were as described before (30). Bone
marrow cells were flushed out from mouse femurs and tibias
and filtered through 40 μm cell strainers (Sysmex Celltrics).
For bone marrow, nucleated cells were isolated by lymphocyte
separation medium. The cells were stained for lineage-specific
markers Mac-1, Gr-1, Ly6C, Ly6G, Ter119, CD71, B220, and
IgM using the corresponding anti-mouse cognate antibodies
(eBioscience). For staining of HSPCs, lineage-positive cells
were removed by magnetic depletion with biotin-conjugated
Ter119, CD71, Mac-1, Gr-1, and IgM antibodies (eBio-
science) and streptavidin T1 Dynabeads (# 65601, 65602)
(Invitrogen). Hematopoietic cell subsets were identified using
antibodies for c-Kit, Sca-1, CD34, Flt3, FcR, IL-7R, and CD45.2
(eBioscience). All bone marrow transplant mice were analyzed
using CD45.2 for identification of the donor cells. LSRII flow
cytometer (BD Biosciences) was used to acquire fluorescence
activated cell sorting data, which were analyzed with FlowJo
software (47, 49).

BM transplantation

Female mice (aged 8–12 weeks) were used as recipients for
all transplantation experiments. For competitive reconstitution
J. Biol. Chem. (2021) 296 100491 15
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assays, lethally irradiated (10 Gy, 137Cs source) congenic
CD45.1 recipient mice were transplanted with 2 × 106 BMCs
from ssSPTa+/+ Mx1-Cre or ssSPTaflox/flox Mx1-Cre (donor
CD45.2) and CD45.1-C57BL/6 in the ratio of 1:1. For
noncompetitive reconstitution assays, lethally irradiated
(10 Gy, 137Cs source) congenic CD45.1 recipient mice were
transplanted with 2 × 106 BMCs from ssSPTa+/+ Mx1-Cre or
ssSPTaflox/flox Mx1-Cre (donor CD45.2). Each recipient mouse
received 2 × 106 donor BMCs through their lateral vein. Six
weeks later, after the re-establishment of the donor cells in the
recipient bone marrow, poly(I:C) was injected on alternate
days at a concentration of 15 μg/gm body weight (50). The
bone marrow cells were harvested on day 21 after the first
injection, and CD45.2 donor cells were gated and analyzed.

BMC sphingolipid analysis by MS

ssSPTa+/+ and ssSPTa−/− bone marrow cells were harvested
8 days after poly(I:C) injection for the whole bone marrow
analysis. ssSPTb+/+ and ssSPTb−/− bone marrow cells also were
analyzed. Lipids were prepared from the respective cells by
chloroform and methanol extraction, normalized for carbon
content, and analyzed by MS for sphingolipids (14).
Real-time PCR

Total RNA was extracted from wild-type and mutants
(ssSPTa, ssSPTb) bone marrow cells by trizol RNA isolation
protocol.

RNA samples were reverse transcribed by transcriptor first
strand cDNA synthesis kit (Roche), and expression of
respective gene was analyzed by real-time qPCR using the iTaq
universal SYBR green supermix and step one plus (applied
biosystem). For the ssSPTa, ssSPTb analyses, Actin was for
used normalizing gene expression profile, whereas Gapdh was
used for normalizing embryoid body differentiation markers.
The primer sequences used were as follows:

Statistical analysis

Our data were analyzed by two-tailed unpaired t test with
Welch’s correction. Results were presented as the mean and
standard deviations of groups, with p-values less than 0.05
were considered to be statistically significant.

Data availability

The authors confirm that the data supporting the findings of
this study are available within the article (and/or) its
supporting information.
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