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Abstract

Sphingosine kinase 1 (SK1) is a key sphingolipid enzyme that is upregulated in several types

of cancer, including lymphoma which is a heterogenous group of malignancies. Treatment for
lymphoma has improved significantly by the introduction of new therapies; however, subtypes
with tumor protein P53 (p53) mutations or deletion have poor prognosis, making it critical

to explore new therapeutic strategies in this context. SK1 has been proposed as a therapeutic

target in different types of cancer; however, the effect of targeting SK1 in cancers with p53
deletion has not been evaluated yet. Previous work from our group suggests that loss of SK1

is a key event in mediating the tumor suppressive effect of p53. Employing both genetic and
pharmacological approaches to inhibit SK1 function in 7rp53KO mice, we show that targeting
SK1 decreases tumor growth of established p53KO thymic lymphoma. Inducible deletion of
Sphk1 or its pharmacological inhibition drive increased cell death in tumors which is accompanied
by selective accumulation of sphingosine levels. These results demonstrate the relevance of SK1 in
the growth and maintenance of lymphoma in the absence of p53 function, positioning this enzyme
as a potential therapeutic target for the treatment of tumors that lack functional p53.
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1| INTRODUCTION

The bioactive lipids, ceramide (Cer), sphingosine (Sph) and sphingosine-1-phosphate (S1P),
have key roles in the regulation of cancer cell signaling by controlling tumor suppression or
survival.l Sphingosine kinase 1 (SK1), one of two SK proteins, is a highly regulated enzyme
that produces the bioactive sphingolipid S1P, driving Sph and Cer to the only exit point of
the sphingolipid pathway. SK1 has a central role in tumor biology? and has emerged as a
possible therapeutic target in different types of cancers.3 Upregulation of SK1 expression
has been shown in different tumoral conditions* including hematological malignancies

such as acute lymphoblastic leukemia,® erythroleukemia,® diffuse large B cell lymphoma
(DLBCL) as well as other subtypes of Non-Hodgkin Lymphoma.8 Lymphoma is comprised
of a heterogenous group of neoplasms that differ in their aggressiveness and response

to treatment.® The emergence of immunotherapy and novel chemotherapy protocols have
driven an improvement in the treatment of human lymphomas; however, specific subtypes
of lymphoma such as peripheral T cell lymphomas (PTCL) still have low survival,1? and
relapse after treatment is a major concern that occurs in approximately 25%-30% of patients
with DLBCL.11.12

Studies have started to uncover the importance of SK1 in lymphoma and the mechanisms
by which it may regulate progression and growth of tumors. In DLBCL, SPHKI mRNA
expression has been associated with tumor angiogenesis.’ In Cutaneous T cell lymphoma,
metabolism of Sph and S1P appears among the three most significantly altered pathways
between control and tumor samples in mice,13 suggesting an important role for sphingolipid
enzymes involved in the regulation of these lipid species. Recent work has determined

that natural killer T-cell activation could be modulated by SK1 expression in mantle T

cell lymphoma#; however, the importance of this mechanism in tumor growth in vivo

was not evaluated. Importantly, recent evidence proposes that S1P signaling contributes to
the agressiveness of obesity-associated lymphomal® through the regulation of tumor cell
survival and anti-tumor immune response. These findings support the continued evaluation
of therapeutic strategies attributed to SK1 in different subtypes of lymphoma with the aim of
controlling tumor growth.

Further linking SK1 and lymphoma is its association with the tumor suppressor protein p53.
P53 has been proposed to modulate sphingolipid metabolism,16:17 including the regulation
of SK1 expression and stability. Previous findings demonstrated that SK1 is degraded in

a p53 dependent manner in a human T lymphoblastic cell line (Molt4).18 Following DNA
damaging stressors, p53 induces the release of lysosomal and mitochondrial proteases that
contributes to SK1 down-regulation. This mechanism is abrogated when p53 is degraded as
a consequence of the expression of the papilloma protein E6 (Molt4E6 cells), suggesting

a higher stability of SK1 protein in the absence of p53. Subsequently, we showed that the
combined knockout (KO) of SphkZand 7rp53in mice prevents the development of thymic
lymphoma and reduces the development of other tumors.1? These findings raise the question
whether SK1 could be used as a target for the treatment of established tumors with p53
dysfunction as opposed to preventing emergence of the thymic lymphoma. Indeed, it has
been suggested that targeting SK1 can not only be detrimental for different tumoral cell lines
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but also can control tumor growth in vivo using different mouse models.2-20-21 However, the
effect of this approach in tumors deficient in p53 has not been evaluated yet.

P53 is one of the most important tumor suppressor proteins, involved in a diverse set

of cellular functions22 with more than 50% of human cancers displaying a disruption

of normal p53 function.23 According to the TP53 database, hematological malignancies
account for 5.91% of cancers with p53 mutations and its prevalence in tumors located in
lymph nodes is approximately 19.34%. Although other tumor types show higher prevalence
of p53 mutations, differences in prevalence are observed between subtypes of lymphoma,
and survival of lymphoma patients is negatively affected by p53 mutations.24:2% Even though
most of the lymphomas are curable, the existence of specific subtypes, where the lack of
p53 function is related with poor prognosis and survival, makes it important to continue
evaluating alternative therapies in this specific context.

Owing to the fact that SK1 protein is more stable in the absence of p53, we hypothesized
that the loss or inhibition of SK1 in tumors deficient in p53 may result in tumor regression
of established thymic lymphomas. To test this hypothesis, we used 77p53K0 mice that in
addition harbor an inducible KO for Sphk1. In this mouse model, the results showed that
the deletion of SphkI decreased thymic lymphoma growth. Moreover, treatment of 7rp53K0O
mice with the SK1 inhibitor PF543 reduced progression of thymic lymphoma growth.
Increased cell death was observed in both genetic and pharmacological mouse models after
targeting SK1. Additionally, analysis of lipid levels in tumor samples showed a specific
increase in Sph, a lipid that results in apoptosis of p53KO thymic lymphoma cells in culture.
This is the first study that demonstrates an important role for SK1 in the growth of thymic
lymphomas with p53 malfunction, pointing to this enzyme as a possible novel target in p53
null cancers.

2| MATERIALS AND METHODS

2.1| Animals

Sphk1VT mice were described previously.28 Spak™/f were crossed with MxZCret mice
(C57BL6, Jackson Laboratory, Bar Harbor, ME, USA) to generate hematopoietic-specific
inducible KO mice for Sphrk1 (Sphk1V Mx1Cret mice). Sphk1t* MxiCre* mice were
used as controls. Mice used for experiments were > 8 weeks old. By breeding Spak1fV/fl
MxICre* and Trp53*~ mice (C57BL/6, Jackson Laboratory), 70530 SphkIVf pixacre
mice were obtained. 77p53K0 Sphk1*'* MxICre* were used as controls. Due to the
decreased survival of 77p53KO female mice, only male mice were used for thymic
lymphoma evaluation. 7rp53K0 mice that in addition to thymic lymphoma developed other
types of tumors (sarcoma, osteosarcoma) were not used in these studies.

Genotype analysis was performed using PCR. All animal procedures were approved by the
Northport Veterans Affairs Medical Center and Stony Brook University Institutional Animal
Care and Use Committees. These approvals are based on U.S. National Institutes of Health
and American Veterinary Medical Association guidelines.
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2.2 | Sphkl deletion
Polyinosinic-polycytidylic acid (pIpC) (Invivogen, San Diego, CA, USA) was prepared in
sterile endotoxin-free physiological water (NaCl 0.9%) at a concentration of 2 pg/uL. Mice
were treated with 150 pL of pIpC solution by intraperitoneal (IP) injection, three times at
three-day intervals.

2.3 | Invivo PF543 treatment

1% Hydroxypropyl Methyl Cellulose (HPMC) dissolved in PBS was used as a vehicle to
prepare a suspension of PF543 (2.5 mg/mL). For pharmacodynamic evaluation of PF543,
wildtype (WT) mice were administered a dose of 10 mg/kg of body weight by IP injection
twice a day (morning/afternoon) for 20 days. 77p53K0O mice that developed tumors were
treated with PF543 for 10 days with a dose of 10 mg/kg of body weight (two IP injection per

day).

2.4| Blood counts

Whole blood was collected in EDTA tubes and analyzed on a Veterinary Hematology
Analyzer (Drew Scientific Mascot Hema\et 950FS).

2.5| Pharmacokinetic (PK) evaluation of PF543 in WT mice

PF543 was characterized by kinetic and equilibrium solubility, cell permeability (PAMPA),
mouse hepatic microsome stability, IV/PO/IP pharmacokinetics, stability in mouse plasma
and blood, inhibition of human cytochrome P450s, and mouse plasma binding. For mouse

PK compound was formulated in 1% HPMC and dosed IP.

2.6 | Ultrasound monitor

Trp53K0, Trp53K0 SphkIt!* MxiCret and Trp53K0 SphkIV MxiCret mice were
monitored by ultrasound imaging starting at ~3.5 months of age to detect development

of thymic lymphoma. Animals were monitored weekly by ultrasound imaging using the
Vevo 3100 Imaging System (FUJIFILM VisualSonics, Toronto, ON, Canada). When tumors
reached 100-150 mm3 in size, mice from the inducible model were injected with plpC while
mice for the pharmacological model were treated with PF543. To follow the response in
vivo, tumors were imaged every three days by ultrasound and tumor volume was calculated
(Volume = [Length x Width x Height] x 7/6). Mice were euthanized at day 20 after

the first pIpC injection (inducible model) or at day 10 after the first PF543 injection
(pharmacological model). Tumor samples were collected and snap frozen in liquid nitrogen
before being stored at —80°C until further processing and blood was collected for lipidomic
analysis.

2.7| Tissue homogenization

Tumor samples stored at —80°C were transferred to eppendorf tubes with screw caps
containing glass beads and minced with dissecting scissors in 300 pL of RIPA lysis
buffer (Santa Cruz Biotechnology, Dallas, TX, USA) for protein extraction, in 300 pL
of RNA lysis buffer (PuroLink RNA RNA Mini Kit, Thermo Fisher Scientific, Danvers,
MA, USA) containing 1% p-mercaptoethanol for RNA extraction, or in 500 pL of cell
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extraction mixture (2:3 70%Ilsopropanol:Ethanol) for sphingolipid analysis. Tumor samples
were homogenized using the FastPrep-24 lysis system (MP Biomedicals, Santa Ana, CA,
USA). Samples for protein analysis were centrifuged at 10 000g for 10 min and kept at
—80°C until further analysis. Samples for RNA extraction were processed following the
manufacturer’s protocol. Samples for lipid analysis were spun down, supernatant transferred
to 15 mL falcon tubes and cell extraction mixture added to 2 mL of final volume. Samples
for sphingolipid analysis were kept at —80°C until lipid extraction.

2.8| gPCR analysis

Cells were collected by centrifugation at 800¢g for 5 min, washed one time in cold PBS, and
then RNA was extracted following the manufacturer’s protocol (PuroLink RNA RNA Mini
Kit, Thermo Fisher Scientific). For both culture cell samples and tissue samples, cDNA was
synthesized from 1.0 pg of RNA using SuperScript™ 111 First-Strand Synthesis SuperMix
for gRT-PCR (Invitrogen, cat#11752250) according to the manufacturer’s instructions. Real-
time PCR was performed using Tagman assays on an Applied Biosystems 7500 RT-PCR
System (Foster City, CA, USA). Threshold cycle values for target genes were normalized to
the reference gene to determine mean normalized expression using the AACt method. Actin
was used as a reference gene in all cases. Tagman assays were purchased from Thermo
Fisher Scientific: Mouse SPHK1: Mm00448841 g1, Mouse SPHK2: Mm00445021_m1,
mouse Actin: Mm00607939 _s1.

29| Western Blot

Primary antibodies used for Western blot included SK1 (1:1000, Cat #12071, Cell Signaling
Technology), SK2 (1:1000, ab37977, Abcam), Parpl (1:2000, Cat#9542, Cell Signaling
Technology), cleaved caspase 3 (1:1000, Cat#9661, Cell Signaling Technology), caspase

8 (1:1000, Cat#4790, Cell Signaling Technology), caspase 7 (1:1000, Cat#12827, Cell
Signaling Technology), caspase 9 (1:1000, Cat#95020, Cell Signaling Technology), p16
(1:1000, ab211542, Abcam), p21 (1:1000, sc-6246, Santa Cruz Biotechnology), Beta-Actin
(1:25000, Cat. #A5441, Sigma Aldrich). After incubation with the appropriate secondary
antibody, signal was detected using enhanced chemiluminescence or Supersignal West Dura
Extended Duration Substrate (Life Technologies, Carlsbad, CA, USA) according to the
manufacturer’s instructions.

2.10| Immunohistochemistry

Tumor samples were processed as described in Espaillat et al.2” Slides were incubated
overnight with anti-cleaved caspase-3 antibody (1:200, Cat#9661, Cell Signaling
Technology) at 4°C. After incubation with biotinylated anti-rabbit antibody (Vector
Laboratories, Burlingame, CA, USA), slides were developed with DAB/H202 (Thermo
Scientific, Hudson, NH, USA), and counterstained with hematoxylin. Microscopy was
performed using a Zeiss Axio Imager M2 (Jena, Germany) microscope. The number of
positive cells for cleaved caspase 3 was determined by quantification of ten fields (20x
magnification) per sample and the results expressed as the number of cleaved caspase 3
positive cells/mm?.
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2.11| LC-MS/MS sphingolipid analysis

Cells were collected by centrifugation at 800g for 5 min. Then, cells were washed one time
in cold PBS, centrifuged at 800g for 5 min, and cellular pellet resuspended in 2 mL of

cell extraction mix (2:3 70%lsopropanol:Ethanol). Samples were kept at —80°C until lipid
extraction.

Whole blood was mixed with 2 mL RPMI and then directly lysed with 2 mL media
extraction mixture (15:85 isopropanol/ethyl acetate).

To perform sphingolipid quantification, samples from cell culture, tissue, or whole blood
were spiked with the corresponding internal standards (50 pmol), and extracts were then
analyzed by the Lipidomic Core Facility at Stony Brook University Medical Center, as
described previously.28 Lipid levels were normalized to total inorganic phosphate (for tissue
and cell culture) or to volume (for whole blood).

2.12| Cell culture and reagents

Human T lymphoblastic cell lines were grown in RPMI 1640 supplemented with 10% FBS
(Fetal Bovine Serum), 100 units/mL penicillin and 100 pg/mL streptomycin. Molt4-LXSN
(MOLT4) and Molt4E6 were previously described.2?

To generate Jurkat gRNA V2, BakA and BakB cells, HEK293T cells were transfected with 2
ug plasmids containing 250 ng of pPCMV-VSVG, 750 ng of pPCMV-dR8.2 and 1 pg of pLenti
CRISPR/Cas9/sgRNA. Two different synthetic guide RNA targeting Bak (BakA and BakB)
were used. Supernatants were collected at 48 h post-transfection and used for infection of
Jurkat cells. Transduced cells were selected by treatment with Puromycin 1 pM for 48 h.

The mouse 77p53KO thymic lymphoma cell line was generated as described3C and cultured
in 45%IMDM (Corning), 45%DMEM (Corning), 10%FBS (Gibco), 100 units/mL penicillin,
100 pg/mL streptomycin, 4 mM L-Glutamine and 25 pM 2-mercaptoethanol.

Primary WT lymphocytes were isolated from thymus of 8 weeks of age C57/B6 male mice
as described.31 WT lymphocytes were cultured in RPMI supplemented with 10% FBS, 2
mM L-glutamine, 0.01 mM 2-Mercaptoethanol, penicillin/streptomycin and 50 U/mL of
Mouse IL-2.

Cells were evaluated for Mycoplasma contamination (Lonza Cat# #: LT07-710, MycoAlert
PLUS Mycoplasma Detection Kit) before using them for analytical purposes.

Doxorubicin (Sigma Aldrich) and PF543 (Calbiochem) for cell culture treatment were
dissolved in DMSO. D and L-erythro-Sph (Cayman Chemical) was dissolved in methanol.

2.13| Cell counting

Cell suspension samples were diluted (1:1 dilution) in 0.4% trypan blue solution
(ThermoFisher Scientific). Neubauer chambers were loaded with the stained cell suspension,
and cells (non-viable (blue) and viable (unstained)) were counted under the microscope.
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2.14 |

2.15 |

2.16 |

3]
3.1

For the proliferation assay, the number of viable cells over time was counted. For the cell
death assay, the percentage of trypan blue positive cells over the total number of cells (at a
specific time point) was plotted.

Viability assay

Viability of mouse 7rp53K0 thymic lymphoma cells was measured by CCK-8 assay
(cat#96992, Sigma Aldrich) according to the manufacturer’s instructions.

Viability for mouse WT lymphocytes was measured by MMT assay as described.32 Cells
were incubated with MTT 1 mg/mL during 2 h and then cells lysed in 10% SDS + 0.01 N
HCI solution.

Flow cytometry

Trp53K0 lymphoma cells were washed twice in 1X PBS and resuspended in FACS buffer
(1%BSA, 1 mM EDTA, 0.5% sodium azide in 1X PBS) at a concentration of 1 x 10°
cells/100 L. Cell suspensions were stained on ice in the dark for 30 min with the

following fluorochrome-conjugated antibodies: anti-CD3-PE Dazzle 594 (1/100, Biolegend,
cat#100245), anti-CD4-PE (1/100, Biolegend, cat#116005) and anti-CD8-BV650 (1/800,
Biolegend, cat#100742). Live/Dead Fixable Scarlet (723) Cell Stain (ThermoFisher, cat#
L.34987) was used to exclude dead cells during analysis. Cells were analyzed using BD
LSR-Fortessa Cell Analyzer.

Statistical analysis

Statistical analyses were performed using GraphPad Prism (GraphPad Software). Data are
presented as mean + SEM and were analyzed by one-way ANOVA with a Dunn’s Multiple
Comparison Test or by unpaired Student’s #test. p < .05 was considered statistically
significant.

RESULTS

Generation of an inducible knockout model for Sphk1

Previous studies have shown that Sp/ikI deletion prevents the formation of thymic
lymphoma in 77053K0 mice.1® Additionally, results in cultured cells have determined

a higher stability of SK1 protein in 7rp53K0O compared to 7rp53WT condition (Figure
S$1).18:33 However, the impact of targeting SK1 in established 77p53KO tumors in vivo has
not been determined, and this is critical to evaluate if SK1 is required for maintenance (vs
only in initiation) of thymic lymphomas. To evaluate this, the effect of SphkZ deletion in
established 77p53K0 thymic lymphoma was assessed. First, an inducible KO mouse for
Sphki (SphkIVT Mx1Cre*t mice) in hematopoietic cells was generated (Figure 1A). Ten
days post injections with plpC (Figure 1B) SphkI mRNA expression decreased more than
90% in thymus (Figure 1C), while Sphk2 mRNA expression significantly increased (Figure
1D). Additionally, measurement of Sphk expression in bone marrow showed a decrease

in SphkI mRNA with no changes in SphkZ mRNA (Figure S2A). Although sphingolipid
measurements in the thymus did not exhibit differences in Sph or S1P levels after Sphk1
deletion (Figure S2B), circulating S1P significantly decreased (Figure 1E), indicating SphkZ
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deletion in the hematopoietic system. These results suggest that Mx1 activation results in an
efficient Sphkl deletion in the thymus of SphkIM/f Mx1Cret mice. Therefore, these mice
can be used as an inducible KO model for Sphk1.

3.2| Sphkl ablation in Trp53KO mice prevents progression of thymic lymphoma

To evaluate the effect of Sp/k1 deletion in 77053KO thymic lymphoma, 77053K0 Sphk1f/f
MxI1Cre" mice were generated. These mice have a very high incidence of lymphomas
(~70%) by the age of 4.5 months.34:3% The thymus is special in that, unlike most organs, it
gradually atrophies and decreases in size and weight with age (thymic involution); therefore,
a significant increase in the volume over time is taken as an indication of tumor initiation.
Thymic lymphoma development was detected by ultrasound imaging, and when the size of
the tumor reached a volume between 100-150 mm3, SphkI was deleted by IP injections
with plIpC (Figure 2A). Trp53K0 SphkI™™* Mx1Cre* mice that received plpC injections
were used as controls since they retain WT SphkZ expression. Mice were euthanized after
20 days of pIpC treatment. Analysis of MRNA expression in the tumor revealed a significant
decrease in Sphk1 expression in 7rp53K0 SphkIVT Mx1Cret mice (Figure 2B), with no
significant changes in Sphk2 mRNA (Figure S3A). Tumors in 7rp53K0 SphkIVf pixacret
mice demonstrated significant growth inhibition when compared to 77p53K0 Sphk1!*
MxI1Cre" mice (Figures 2C,E and S3B). Additionally, tumor weight was significantly
decreased following SphkZ deletion (Figure 2D). These data suggest that deletion of SphkZ
in established tumors decreased progression of thymic lymphoma growth in 77p53K0 mice.

3.3| Sphk1 ablation results in selective increase in levels of Sph in Trp53K0 thymic

lymphoma
Previous work by our group determined that loss of p53, as well as the double KO of
Trp53and SphK1, significantly altered sphingolipid levels in thymic lymphomas. Therefore,
we examined the impact of SphkI deletion on sphingolipid levels in our mouse model to
begin to determine the potential role for these lipid mediators in inhibition of tumor growth.
Analysis of sphingolipid levels in blood demonstrated no significant differences between
Trp53K0 SphkIV MxiCret and control mice (Figure 3A). In tumor tissues following
Sphk1 deletion, S1P and Cer levels remained unaltered; however, Sph levels significantly
increased (Figure 3B). Taken together, the results suggest that increased in Sph levels in the
tumor may mediate regression of thymic lymphomas in 77p053K0O mice after Sp/kI deletion.

3.4 | Pharmacological inhibition of SK1 controls thymic lymphoma growth in Trp53KO

mice
We next set out to extend our findings in the inducible mouse model and define the effects
of a potent and specific SK1 inhibitor (PF543)3% on thymic lymphoma growth. First, thymic
lymphoma cells from a tumor developed in a 7rp53KO mouse were isolated and cultured in
vitro. Analysis of surface markers confirmed the immature phenotype (CD3+ CD4+ CD8+)
of isolated tumor cells (Figure S4A), in agreement with lymphomas developed in 77p53K0
mouse.3® Treatment of these cells with PF543 significantly decreased proliferation over time
in low-serum medium (Figure 4A,B) and resulted in cell death, partially protected by the
pan-caspase inhibitor ZVAD (Figure S4B). Measurement of SK activity by C17 labeling
confirmed SK1 inhibition in 7rp53K0 thymic lymphoma cells after PF543 treatment (Figure
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4C). Additionally, Sph and total Cer levels were significantly increased in 77053KO thymic
lymphoma cells treated with PF543 (Figure 4D), indicative of SK1 inhibition. Importantly,
evaluation of PF543 on lymphocytes isolated from WT thymus did not affect cell viability
over time (Figure S4C). These data demonstrate that inhibition of SK1 does not affect WT
lymphocyte viability but decreases growth of tumor cells deficient in p53.

To determine the appropriate dosing regime in vivo we performed PK studies in WT mice
(Table 1). PF543 is a potent compound for in vitro evaluation but is limited in vivo by

high plasma protein binding (94% bound) and low IV Cmax. IP dosing was established at
25 and 50 mg/kg, while 100 mg/kg was not tolerated. These studies confirmed the short
half-life of PF543 (~4 h), as was previously suggested,3” indicating the need for repeat
administration of the drug to evaluate its effect on tumor growth in mice. Administration

of PF543 decreased S1P levels in blood (Figure 5A). Long-term administration of PF543

in WT mice did not significantly impact body weight (Figure 5B), liver (Figure 5C), or
kidney function (Figure 5D). The PK studies demonstrated safety and efficacy of PF543

in vivo, and importantly, no decrease in the number of total white cells and lymphocytes

in blood was observed after long-term treatment of WT mice with PF543 (Figure 5E).
Therefore, BID IP dosing at 10 mg/kg for treatment of 77p53KO mice was established.
Similar to the inducible deletion of SphK1, thymic lymphomas were detected by ultrasound
imaging, and when the size of the tumor reached a volume between 100-150 mm3, PF543
was administered (Figure 5F). Treatment with PF543 resulted in significant inhibition of
tumor growth in 77p53KO mice compared to vehicle (Figures 5G and S3C). Taken together
these data demonstrate the therapeutic potential for SK1 inhibition in 77p53K0 thymic
lymphoma.

3.5| Sph induces apoptosis in lymphoma cells

Our in vivo and in vitro results suggest Sph may be mediating the effects of SK1 loss
and/or inhibition. To gain a better understanding about the mechanism by which Sph reduces
thymic lymphoma growth, we performed mechanistic cell-based studies in culture. Sph
treatment caused cell death (Figure 6A) associated with activation of caspases (Figure 6B)
in Molt4E6 cells. The effects of Sph were stereospecific as L-erythro-Sph (a non-natural
Sph that is the mirror image of D-erythro-Sph) did not induce cell death or caspase
activation. Additionally, inhibition of ceramide generation with FB1 did not protect from
Sph-induced cell death (Figure 6D,E), but pre-treatment with the pan-caspase inhibitor
ZVAD significantly inhibited Sph-induced cell death (Figure 6C,E). These results indicate
a caspase- dependent cell death caused by Sph in a stereospecific manner and independent
of Cer synthesis in Molt4E6 cells. Previous reports have described similar results in other
cellular systems,1:38 particularly pointing to a critical role of mitochondria in Sph-induced
cell death. In line with these studies, knockdown of the Bcl2 pore forming protein Bak in
Jurkat cells significantly protected against Sph-induced cell death (Figure 6F). These results
show that in lymphoma cells lacking p53 wildtype function, Sph causes apoptosis through a
mitochondrial pathway.
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3.6 | Increased cell death after targeting SK1 in Trp53KO thymic lymphoma

Tumor samples after SphkZ deletion or pharmacological inhibition of SK1 were analyzed,

to start elucidating the mechanism(s) by which targeting SK1 controls thymic lymphoma
growth in vivo. Although induction of a senescence phenotype was previously observed

as one of the mechanisms by which loss of Sphk1 protected against thymic lymphoma
development in 77053K0 mice,19 p21 or p16 expression was not altered in tumor samples
from 7rp53K0 SphkIVT MxiCre*t mice (Figure S5). Similarly, proliferation was not altered
in tumor samples from 77p53K0 Sphk1Vf Mx1Cret mice (data not shown). In contrast,
deletion of SphkI resulted in increased Parpl and caspase 3 cleavage in tumor samples

from 7rp53K0 SphkIVT MxiCret mice (Figure 7A). Additionally, the number of cleaved
caspase 3 positive cells was significantly higher in tumor samples from PF543 treated mice
compared to vehicle treated mice (Figure 7B). These results suggest that targeting SK1 in
Trp53K0 thymic lymphoma results in an increase in apoptosis which could contribute to the
control of tumor growth and progression.

4| DISCUSSION

The higher stability of SK1 protein in the absence of p53 function and the role it plays

in regulating cell survival render SK1 an attractive target for the treatment of tumors that
lack p53. In the present work, the effect of targeting SK1 in p53 null lymphomas was
evaluated for the first time using a 7rp53K0O mouse model that spontaneously develops
thymic lymphoma. Using two different approaches, a genetic and a pharmacological model,
we show that targeting SK1 prevented thymic lymphoma progression accompanied by an
increase in apoptotic cell death and Sph levels.

An inducible KO mouse for Sphkl (SphkIVf MxCret mice)28 was used as a model
where the Sphk1 gene can be deleted in the thymus. In this mouse strain, deletion of
Sphk1 induced by plpC treatment occurred not only in the thymus but also in cells

from hematopoietic linage.3° Analysis of sphingolipid species in the thymus after Sphk
deletion did not show differences compared to control mice; however, circulating S1P was
significantly decreased, in agreement with the phenotype described for SphkZKO mice.*0
The lack of differences in S1P and Sph levels in thymic tissue could be explained by
compensation in the expression or activity of other sphingolipid enzymes, lipid phosphate
phosphatase 3*! and S1P lyase*? which closely regulate S1P levels in thymus. Although
these enzymes were not evaluated, Sphk2 expression was significantly increased after Sphkl
deletion (Figure 1D) suggesting a possible compensation in metabolic activity of SK1 in
the thymus. SphkIVf MxCre™ mice showed an efficient deletion of SphkZ in thymus;
consequently, this strain can be used to evaluate the role of this enzyme in pathological
conditions that involved this tissue.

Trp53K0 mice have been extensively used to study, not only the role of p53 as a

tumor suppressor in vivo,*3-45 but also its interconnection with different proteins that
participate in critical signaling pathways during carcinogenesis.#6:47 Our previous study
in 7rp53K0O mice demonstrated that Sphk deletion resulted in a senescence phenotype
in the thymus, and as a consequence, 7/053KO SphkIKO mice were protected against
thymic lymphoma development.1® In this work, deletion of SphkZ in Trp53KO bearing
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tumor mice (after appearance and establishment of the tumors) did not result in expression
of senescence markers, instead it caused an increase in cell death. The differential response
against Sphk1 absence could be explained by the unique cellular contexts.® It is possible
that SK1 plays a role in senescence of pre-neoplastic 7rp53K0O cells, but after the

tumor develops, the presence of different genetic alterations that go along with 7rp53K0O
lymphoma development*® confers a different biological response against disturbances in this
sphingolipid enzyme, as has been shown for other proteins.>? Under a tumoral condition,
Sphk1 deletion reduces 7rp53KO0 thymic lymphoma growth associated with an increased
cell death, suggesting an important role for Sphk1 expression in the survival of 7rp53K0
lymphoma.

To identify sphingolipid changes linked to the control of thymic lymphoma growth after
targeting SK1, analysis of sphingolipid species was conducted in both 77,053KO thymic
lymphoma after SphkZ deletion and 7rp53KO thymic lymphoma cells after SK1 activity
inhibition. While analysis of cultured cells showed an increase in Sph and Cer levels,
evaluation of tumor samples showed a specific accumulation in Sph. Several reports have
documented the toxic effect of Sph in different cancer cell lines, 5152 including lymphoma/
leukemia cells.>3 In most of the cellular systems evaluated, Sph induces a mitochondrial
dependent cell death,* but the specific Sph targets upstream of this effect are not well
established and seem to be highly dependent on the system.®® The importance of Sph on
cell death may have been underestimated due to its rapid metabolism to Cer, the central hub
of sphingolipid metabolism also associated with cell death and for which molecular targets
have been better determined.56 Using the Cer synthase inhibitor FB1, we demonstrated that
Sph can induce cell death in 7rp53K0 thymic lymphoma cells independently of ceramide
accumulation. Additionally, we showed a critical role for mitochondria and caspases
activation in the cytotoxic effect of Sph in lymphoma cells. Few studies have shown

the association between Sph accumulation and tumor control growth in mouse models.5”
Although in the sphingolipid field the association between increased Sph and cell death is
not unusual, in this study we confirm a mitochondrial pathway of apoptosis triggered by
Sph in lymphoma cells that lack p53 function. A better understanding about the Sph targets
upstream of mitochondrial damage are needed with the aim to improve therapeutic strategies
directed to sphingolipid metabolism.

To extend the results observed in SphkIVfl MxCre" Trp53K0 mice, a pharmacological
model, where SK1 was inhibited in 7rp53KO tumor bearing mice, was designed. Among
the different inhibitors of SK1 available, PF543 is the most specific inhibitor described.36
Murine models of hypertension,>8 inflammation,%:69 lung injury®! and renal fibrosis®? have
shown a biological effect for PF543. Although several studies have reported low anticancer
potential for PF543 in different cancer cell lines, in this work, PF543 reduced survival

of mouse 7rp53K0 lymphoma cells in culture. More importantly, treatment of 7rp53K0O
mice that develops thymic lymphoma resulted in an increased cell death and controlled
tumor growth, in agreement with what was observed in the genetic model. The main
inconvenience related to the use of PF543 in vivo is its short half-life after IP administration
in mice (T1/2 = ~4 h). Indeed, pharmacological inhibition of SK1 was not as effective as
Sphk1 deletion (genetic model) in controlling 77p53K0 thymic lymphoma growth. These
differences could be explained by the very short half-life of PF543 and the fact that SK1
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is not inhibited during all the interval following each treatment. Molecular modifications
have been applied to PF543 to improve its anticancer potential®3 or to extend its inhibitory
capacity to additional sphingolipid enzymes®4; however, these new compounds were used
at higher concentrations than the original drug, which could reduce specificity. The short
half-life of PF543 in mice raises the need to identify either new inhibitors or additional
molecular modifications to increase PF543 stability in biological systems and improve its
bioavailability in mouse models of tumor growth.

In summary, the results obtained in this study place SK1 as an important player in

the maintenance and growth of 7/p53KO lymphomas. We propose that targeting SK1
increases Sph in p5S3KO lymphoma resulting in a mitochondrial apoptotic cell death

which contributes to the control of thymic lymphoma. It remains to be determined what
specific molecular pathways contribute to the results observed at both the intracellular

level within the tumor and the possible contribution by the tumor microenvironment where
SK1 product has a critical role in cancer signaling.6® Using SphkIKO mice in allograft

or bone marrow transplantation models, the extrinsic and intrinsic contribution of SK1

in 7rp53K0O lymphoma progression can start to be further elucidated. Determining these
pathways will help to improve or develop new therapeutic approaches. Although the survival
of lymphoma patients has significantly improved by the introduction of new therapies
including monoclonal antibody and chimeric antigen receptor T-cells, the treatment of
specific subtypes of lymphoma, such as PTCL and refractory and relapsed diseases

remains challenging. Particularly the presence of p53 mutations exerts a negative impact

on lymphoma progression and patient prognosis. It would be pertinent to start the evaluation
of targeting SK1 in p53 mutant lymphomas.
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FIGURE 1.

Efficient deletion of SpAkZ in the thymus of SphkIVfl Mx1Cret mice. (A) Scheme
illustrating the induction of Cre expression and subsequent recombination after IP injection
of pIpC in SphkIV Mx1Cret mice. (B) Protocol used to induce SphkI deletion in the
thymus of Sphk1Vf Mxi1Cret mice. (C) and (D) SphkIVT Mx1Cre* mice were injected 3
times with plpC (protocol shown in B). SphkI (C) and Sphk2 (D) mRNA expression were
analyzed by gPCR at day 0, 10 and 20 after the first injection. Statistical analysis: one-way
ANOVA, Dunnett’s multiple comparison test, ***p < .0005. (E) Sphingolipid levels were
measured in blood by LC/MS at day 0, 10 and 20 after the first injection with plpC (protocol
shown in Figure B). Two independent samples were analyzed per each point. Statistical
analysis: 2-way ANOVA, Sidak’s multiple comparison test, **p < .001.
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Welch’s correction for 77p53K0 vs Trp53K0 SphkIVf pxiCret, *p < .005. (C) Tumor
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Figure 2A. Statistical analysis: 2-way ANOVA, Sidak’s multiple comparison test, ***p <
.0005; ****p < .0001. (D) Analysis of tumor weight at day 20 after treatment initiation in
Tro53K0 SphkIt™* Mx1Cre* (control, black, 7= 6) and 77p53K0 SphkIVT MxiCre* (red,
n = 8) mice. Unpaired ¢test with Welch’s correction for 77053K0 vs Trp53K0 Sphk1/f
MxI1Cre", *p< .005. (E) Representative examples of coronal ultrasound images of thymic
lymphomas in 7rp53K0 SphkI™* MxiCre* (control) and 7Trp53K0 SphkIVf pix1Cret at
day 0, 9 and 18 after tumor treatment initiation.
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FIGURE 3.

Sphk1 ablation results in selective increase in levels of Sph in 7rp53K0 thymic lymphoma.
Thymic lymphoma tissue (A) and blood samples (B) from 77053K0 SphkI*'* Mx1Cre*
(control) and 77p53K0 Sphk1™ Mx1Cre* mice at day 20 after tumor treatment initiation
were processed for sphingolipid analysis by LC MS/MS. Values shown are the mean + SD
(n=3). Statistical analysis: 2-way ANOVA, Sidak’s multiple comparison test, ***p < .0005.
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FIGURE 4.

SK1 inhibition decreases cell survival in mouse p53KO thymic lymphoma cells. (A) Mouse
p53KO0 thymic lymphoma cells were treated with vehicle (black line) or PF543 0.5 uM

(red line) and cells were counted by trypan blue exclusion every day for 4 days. Data

shown are mean = SD (= 4). Statistical analysis: 2-way ANOVA **p< .001; ***p <
.0005; ****p < .0001. (B) Cell viability was measured by CCK-8 assay at day 2 after
treatment with vehicle (control, black bar) or PF543 0.5 pM (red bar). Data shown are mean
+ SD (n=4). Statistical analysis: Unpaired #test with Welch’s correction **p < .001. (C)
Sphingosine kinase activity was measured after 24 h of treatment with vehicle (control,
black bar) or PF543 0.5 pM (red bar). C17-Sphingosine was added to the cells 20 min before
cell collection, and after lipid extraction C17-S1P was measured by LC/MS. Data shown are
mean + SD (n7= 2). Statistical analysis: Unpaired #test with Welch’s correction *p < .005.
(D) Mouse p53KO thymic lymphoma cells treated with vehicle (black line) or PF543 0.5
UM (red line) were processed for sphingolipid analysis by LC MS/MS. Values shown are the
mean + SD (n7= 2). Statistical analysis for Sph and S1P: 2-way ANOVA, Sidak’s multiple
comparison test, *p < .05. Statistical analysis: Unpaired ¢test with Welch’s correction *p

< .005. Statistical analysis for total ceramide: Unpaired #test with Welch’s correction *p <
.005.
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FIGURE 5.

Pharmacological inhibition of SK1 controls thymic lymphoma growth in 77053KO mice.
(A) Blood samples from mice treated with vehicle (black bar) or PF543 (red bar, 10 mg/kg
of body weight) after 2 h of IP injection were processed for sphingolipid analysis by LC
MS/MS. Values shown are the mean + SD (= 2). Statistical analysis: 2-way ANOVA,
Sidak’s multiple comparison test, *p < .005; **p < .001. (B) Body weight was assessed
every two days in mice treated with vehicle (black line) or PF543 (red line, 10 mg/kg of
body weight) with 2 IP injections per day for 20 days. (C) Concentration of liver enzymes
was evaluated in blood samples from mice treated with Vehicle (black bar) or PF543 (red
bar, 10 mg/kg of body weight) with 2 IP injections per day for 20 days. (D) Blood Urea
Nitrogen (BUN) was measured in mice treated with Vehicle (black bar) or PF543 (red bar,
10 mg/kg of body weight) with 2 IP injections per day for 20 days. (E) Blood counts were
performed on whole blood from mice treated with vehicle (black circle, 7= 15) or PF543 (red
circle, 10 mg/kg of body weight, 7= 5) with 2 IP injections per day for 20 days. Blood was
analyzed for lymphocytes and white blood cells (WBCs) number. (F) Protocol of treatment
with PF543 in 7rp53KO mice once thymic lymphoma was detected by ultrasound imaging.
(G) Tumor size of thymic lymphoma from 7rp53KO mice treated with vehicle (control,
black, 7= 6) or PF543 (red, n= 6) accordance to protocol shown in Figure 5E. Statistical
analysis: 2-way ANOVA, Sidak’s multiple comparison test, *p < .005; ***p < .0005.
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FIGURE 6.

Sph induces cell death in Molt4E6 cells. (A) Histogram representing the percentage of
cell death for Molt4ES cells treated with vehicle, D-erythro-Sph or L-erythro-Sph. Cells
were counted by trypan blue exclusion after 24 h of treatment. Data shown are mean +

SD (n = 3). Statistical analysis: one-way ANOVA, Dunnett’s multiple comparison test,
*** < .0005, **p < .001. (B) Molt4E6 cells were treated with different concentrations of
D-eryhtro-Sph, and protein samples were analyzed by Western blot after 6 h of treatment.
Specific antibodies against each protein were used as probes. Actin served as internal
loading control. (C) Molt4 E6 cells were pre-treated with ZVAD 40 uM for 1 h and then
treated with 3 M of D-erythro-Sph. 24 h after treatment, cells were counted by trypan
blue exclusion. Data shown are mean + SD (7= 4). Statistical analysis: one-way ANOVA,
Dunnett’s multiple comparison test, **p < .001. (D) Molt4 E6 cells were pre-treated with
FB1 25 uM for 1 h and then treated with 3 uM of D-erythro-Sph. 24 h after treatment,
cells were counted by trypan blue exclusion. Data shown are mean = SD (7= 4). Statistical
analysis: one-way ANOVA, Dunnett’s multiple comparison test, **p < .001, *p < .005. (E).
Molt4E6 cells were pre-treated with FB1 25 uM or ZVAD 40 uM for 1 h and then treated
with 3 UM of D-eryhtro-Sph. 6 h after Sph addition, samples were collected and protein
analyzed by Western blot. Specific antibodies against each protein were used as probes.
Actin served as internal loading control. (F) Percentage of cell death for Jurkat sgRNA

V2 (control cells), Jurkat sgRNA BakA and Jurkat sgRNA BakB cells treated with vehicle
or D-erythro-Sph. Cells were counted by trypan blue exclusion after 24 h of treatment.
Data shown are mean £ SD (7= 3). Statistical analysis: 2-way ANOVA, Sidak’s multiple
comparison test, ****p < .0001. Upper Western blot showed the decreased Bak expression
in Jurkat cells after transduction.
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FIGURE 7.
Targeting SK1 in 7rp53K0O mice controls thymic lymphoma growth by increased apoptosis.

(A) Western blot analysis for cleaved caspase 3 and Parpl protein expression in lymphoma
tissue samples from 77053KO SphkI** MxICre* (control) and 7rp53KO Sphk1™f
MxICre" mice at day 20 after initiation of treatment. Actin served as internal loading
control. (B) Immunohistochemistry staining for cleaved caspase 3 of tumor tissue sections
dissected from 7rp53KO mice treated with vehicle or PF543 at day 10 after tumor
treatment initiation. Representative images from three mice per each condition are shown.
Quantification of the number of cleaved caspase 3 positive cells per mm? is shown on the
right. Statistical analysis: Unpaired #test with Welch’s correction *p < .005.

FASEB J. Author manuscript; available in PMC 2025 January 17.

800 —

[ .~
2 Vehicle PF543



Page 25

Velazquez et al.

‘paIan00al AIMO|S 67984 “UILIOE 18 PaIp pue SaINzias pey /# 01BIeY1a]| a1anss aIoMm 6'8'/#
«

6.'v0T L6'C ¥0.9.6 66'€E 819676 ¢T’0T | OTLY GL0 | ¢29 By
99°0¢T €y 16/8¢28 '8c TELEBL €9°0T | 0567 0S'0 | ¥2'8 | 6-9SNON
¢6'88 LT 999¥CTT 19°6€ razsln 09'6 (VVA%4 00T | 6T | 8-3SNON
/-3SNON
Byjuiw/qw | denx3oe | Jwbuguiw | ayar qu/bugui | qubu | 1y 1y
$q0" 10 onv SNy | FEony | ony g | ey | oewy [ emy | joslans
/600t
G8'69¢ 880 8G/0v¢ ¥5'8 8¢98¢¢ eey ¥10¢ G20 | 6TV "By
0L'TET et 7796.€ CVET TE6YLE €9 0562 G20 | ¥O'S | 9-9SNON
¢S'8LT LE°0 080082 66°6 Gv06.¢ ¢8'S 0T.C GZ'0 | ¢9°€ | G-9SnoN
¥E€'66L €01 29529 (444 80619 ¢80 8¢ G20 | T6'€ | ¥-9SnoN
Byuiw/qw | denx3oee | JwBu,uw | ay ad qw/buui | A qwbu | 1y iy
4o 10 onv SWENIpNY | FEiony | Fony o i) xewy | ety | 1elgns
631/6wiog
0€'€9¢ 06°0 0€6.6 JARS L10.6 16'C €GET G20 | 897 By
§9'G¢e S9°0 16.0TT ¥6'€ 9.00TT €9°¢ 069T G20 | €Y | €-9SnON
[AAA%S 81’1 TG¢SL 99°¢ Y9EvL 68T 6.8 GZ'0 | 88F | ¢-9SnON
c0'cee 680 1¥110T 8¢ 062901 0ce 0671 G20 | I8% | T-9snON
Byy/uiw/qw | denx3e | qw/Bu,ui | oy A qw/Bu,umw | Ar qw/bu | 1y iy
$q0" 10 onv SNy | FEony | Eony g | ey | oewy [ emy | joslans
B31/6wse
*301W adA1pjIm Ul G4 JO SanauIoRWLIRYd
T 314avl

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

FASEB J. Author manuscript; available in PMC 2025 January 17.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Animals
	Sphk1 deletion
	In vivo PF543 treatment
	Blood counts
	Pharmacokinetic PK evaluation of PF543 in WT mice
	Ultrasound monitor
	Tissue homogenization
	qPCR analysis
	Western Blot
	Immunohistochemistry
	LC–MS/MS sphingolipid analysis
	Cell culture and reagents
	Cell counting
	Viability assay
	Flow cytometry
	Statistical analysis

	RESULTS
	Generation of an inducible knockout model for Sphk1
	Sphk1 ablation in Trp53KO mice prevents progression of thymic lymphoma
	Sphk1 ablation results in selective increase in levels of Sph in Trp53KO thymic lymphoma
	Pharmacological inhibition of SK1 controls thymic lymphoma growth in Trp53KO mice
	Sph induces apoptosis in lymphoma cells
	Increased cell death after targeting SK1 in Trp53KO thymic lymphoma

	DISCUSSION
	References
	FIGURE 1
	FIGURE 2
	FIGURE 3
	FIGURE 4
	FIGURE 5
	FIGURE 6
	FIGURE 7
	TABLE 1

