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Abstract

Reciprocal interactions between breast cancer cells and the tumor microenvironment are
important for cancer progression and metastasis. We report here that the deletion or inhibition

of sphingosine kinase 2 (SphK2), which produces sphingosine-1-phosphate (S1P), markedly
suppresses syngeneic breast tumor growth and lung metastasis in mice by creating a hostile
microenvironment for tumor growth and invasion. SphK2 deficiency decreased S1P and
concomitantly increased ceramides, including C16-ceramide, in stromal fibroblasts. Ceramide
accumulation suppressed activation of cancer-associated fibroblasts (CAFs) by upregulating
stromal p53, which restrained production of tumor-promoting factors to reprogram the tumor
microenvironment and restrict breast cancer establishment. Ablation of p53 in SphK2-deficient
fibroblasts reversed these effects, enabled CAF activation and promoted tumor growth and
invasion. These data uncovered a novel role of SphK2 in regulating non-cell autonomous functions
of p53 in stromal fibroblasts and their transition to tumor-promoting CAFs, paving the way for the
development of a strategy to target the tumor microenvironment and enhance therapeutic efficacy.
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INTRODUCTION

Breast cancer is one of the most common malignant diseases in women. Most breast
cancer-related deaths are not caused by the primary tumor itself, but are due to metastasis
with a poor survival rate that has not changed much over the past 3040 years. However,

the molecular mechanisms underlying breast cancer metastasis have not yet been completely
elucidated. The triple-negative breast cancer (TNBC) subtype, characterized by the absence
of the estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth
factor receptor 2 (HER?2), is aggressive with high recurrence, metastasis, and mortality rates.
The inability to effectively predict, prevent, and treat metastatic breast cancer is a major
problem in breast cancer care, and the development of additional effective targeted therapies
is urgently required (1). It is well known that reciprocal interactions between cancer

cells and the tumor microenvironment composed of the extracellular matrix and various

cell types, including immune cells, fibroblasts, and endothelial cells, are important for
disease progression, metastasis, and prognosis (2). The tumor microenvironment continually
changes throughout cancer progression, underscoring the need for a better understanding

of the cellular and molecular mechanisms governing tumor-stroma interactions that could
initiate the development of additional effective treatments to suppress breast cancer
progression, metastasis, and recurrence (3).

Sphingosine-1-phosphate (S1P) is a pleiotropic bioactive sphingolipid metabolite that
regulates numerous fundamental biological processes important for breast cancer
progression and metastasis, including cell growth and survival, motility, invasion, and
immune cell trafficking (4). S1P is produced intracellularly from sphingosine, the backbone
of sphingolipids, by two closely related sphingosine kinases SphK1 and SphK2. It is
exported out of cells by specific transporters and exerts many of its effects via the

activation of specific cell surface S1P receptors (4). There is abundant evidence linking
SphK1 to breast cancer (5,6). SphK1 expression is elevated in patients with breast cancer
and correlates with poor prognosis and chemotherapy resistance (5). Moreover, increased
circulating levels of S1P produced by tumor SphK1 in mice prime distant pre-metastatic
niches and are correlated with breast cancer progression and pulmonary metastasis (6).
Nevertheless, it has been suggested that cancer cells communicate with the host organism to
regulate lung colonization and metastasis via S1P generated systemically by SphK1, rather
than by the tumor (7). As nothing is yet known about such a role for SphK2, and previous
studies have suggested that increasing circulating S1P leads to increased metastasis, we
examined the effect of deletion of endogenous SphK2 on syngeneic breast tumor growth
and lung metastasis. Our study uncovered a previously unappreciated role of SphK2 in
regulating tumor suppressor p53 in stromal fibroblasts involved in the activation of cancer-
associated fibroblasts (CAF). Deletion or inhibition of SphK2 restrained the production of
tumor-promoting factors, creating an active anti-tumor microenvironment. Targeting SphK2
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in the stromal compartment may lead to the development of new therapeutic strategies that
interfere with cancer progression and metastasis.

MATERIALS AND METHODS

Cell Culture

Mice

E0771.LMB (mCherry+) cells were obtained from Robin L. Anderson (University

of Melbourne). E0771.1uc cells were kindly provided by Paula D. Bos (Virginia
Commonwealth University School of Medicine, Richmond, VA) (8). MMTV-Wnt-1 cells
were derived from spontaneous mammary tumors from MMTV-Wnt-1 transgenic mice and
were kindly provided by Emily J. Gallagher (School of Medicine at Mount Sinai, New
York, NY). Mouse embryonic fibroblasts (MEFs) were isolated from E14 WT and Sphk2~/~
mouse embryos. Cells were cultured in DMEM (Gibco 4.5 g/L glucose, # 11960-044)
supplemented with 10% FBS and pen/strep, sodium pyruvate, and GlutaMAX (Gibco,

# 15140122, 11360070, 35050061). Primary human mammary fibroblasts isolated from
normal human breast tissue from Cell Biologics (#H-6071) were cultured in complete
fibroblast medium (CellBiologics, #M2267). Primary murine lung fibroblasts were cultured
in fibroblast growth medium FM containing 2% FBS, 1% fibroblast growth supplement,
and pen/strep (ScienCell, # 2301). Primary murine lung epithelial cells were cultured in
epithelial cell medium (EpiCM-a, ScienCell, #4131) containing 2% FBS, 1% epithelial

cell growth supplement-animal (EpiCGS-a), and pen/strep. Primary murine lung endothelial
cells were cultured in endothelial cell medium growth medium containing 5% FBS, 1.5%
endothelial cell growth supplement, and pen/strep (CellBiologics, # M1168). E0771.LMB
and E0771.luc cells and not MMTV-Wnt-1, MEFs, or primary cells were tested for

the absence of mycoplasma contamination by PCR amplification detection kit (Applied
Biological Materials, #G238). Experiments with cell lines were performed for up to 20
passages, primary cells were used for up to 5 passages.

All animal experiments were conducted according to protocols approved by the Virginia
Commonwealth University Institutional Animal Care and Use Committee (IACUC).
Breeding pairs of WT and Spik2/~ mice were on a C57BL/6NJ background and obtained
from the Jackson Laboratory. The colonies were maintained in the vivarium at VCU. All
experiments were performed with littermates from breeding heterozygous mice. Tail snips
for genotyping for background strain determination showed that 100% of the genome scan
SNP panel tested was matched.

To study tumor progression and lung metastasis, 8—-9 weeks old female mice were bilaterally
implanted in the 4" mammary fat pads with 20 uL of DMEM (glucose- and phenol red-free,
Gibco #A14430-01) containing 0.1x106 E0771.LMB murine breast cancer cells expressing
mCherry, or MMTV-Wnt1 or EO771.luc murine breast cancer cells. Palpable tumor size was
measured using calipers, and the volume was calculated using the formula V = (W2x L)/2,
where V is the tumor volume, W is the tumor width, and L is the tumor length.
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In some experiments, EQ771.LMB cells were inoculated into the mammary pads, either
alone or together, with WT or SphK2 null MEFs in a 1:1 ratio. To determine metastatic
pulmonary colonization, 8-9 week old male mice were injected intravenously with 0.5x10°
E0771.LMB (mCherry+) cells in 100 pL of HBSS (VWR #02-0121-0500). In some
experiments, mice were injected i.p. with the SphK2 inhibitor SLM6031434 (2 mg/kg)

or the vehicle every other day. Mice were sacrificed by 5% isoflurane inhalation, blood
was collected, the mouse perfused as indicated, tissues were removed for analyses, tumors
were excised and weighed, fixed in formalin, and embedded in paraffin or frozen in liquid
nitrogen.

Treatment of Rag2~/~ 112rg™~ mice with SphK2 inhibitor

Female RagZ™~1/2rg™~ mice (C57BL/6NTac.Cg-Rag2miFwa j2rgfmIWjl) and C57BL/
6NTac control mice were purchased from Taconic Farms. 0.1x106 E0771.LMB murine
breast cancer cells in 20 pL of DMEM were bilaterally implanted in the 4" mammary fat
pad. When tumors reached a palpable size (approximately 20-30 mm3), usually within 5-7
days or 10-12 days for Rag2”~1/12rg™~ mice and C57BL/6NTac controls, respectively, the
mice received intratumoral injections of SLM6031434 (2 mg/kg) into tumors on the left side
and vehicle into tumors on the right side every other day until the humane endpoint. In some
experiments, bilateral tumor-bearing C57BL/6NTac mice were injected intraperitoneally
with SLM6031434 (2 mg/kg) or vehicle every other day.

Conditioned Medium

Conditioned media (CM) from MEFs or primary fibroblasts was prepared by culturing
0.5x108 cells in 6-well plates to confluency in DMEM containing 10% FBS or in fibroblast
growth medium containing 2% FBS and 1% fibroblast growth supplement, respectively. The
medium was replaced by DMEM or fibroblast medium, both containing 0.5% FBS, without
growth supplements. CM was collected 2 d later and filtered through a 0.2 um filter. In some
experiments, MEFs were treated with 10 uM SLM6031434 (gift from Dr. Kevin Lynch) or
10 uM ABC294640 (#10587 Cayman) for 24 h, washed extensively three times to remove
the inhibitor, and CM prepared as above. DMEM containing 0.5% FBS or fibroblast medium
containing 0.5% FBS incubated in empty wells for 2 days were used as controls.

E0771.LMB Cell Proliferation in Transwell Co-cultures with Fibroblasts

E0771.LMB cells were labeled with 5 uM carboxyfluorescein diacetate succinimidyl ester
(CFSE) dye for 5 min in serum-free medium (Invitrogen, CellTrace CFSE). Labeled
E0771.LMB cells were cultured in 24-well plates in DMEM containing 10% FBS. MEFs,
primary lung fibroblasts, or primary lung endothelial or epithelial cells were plated
separately on gelatin-coated 24-well Sarstedt transwell permeable supports (0.4 um pores) at
a density of 50,000 cells/well in DMEM containing 10% FBS, or in fibroblast or epithelial
growth medium, respectively. 24 h later, the transwell permeable supports were placed on
top of wells with E0771.LMB cells. Plates were incubated for the indicated days, cells in
the lower compartments were then detached, fixed in 3.7% paraformaldehyde, and analyzed
by flow cytometry with a BD LSRFortessa-X20. The fluorescence values were analyzed

by FlowJo software to calculate the proliferation index. Unlabeled and labeled E0771.LMB
cells collected at the start of co-culturing were used as controls.
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Multicellular Tumor Spheroid Growth and Invasion Assays

Spheroids were cultured according to the manufacturefs protocol of the Cultrex® 3D
Spheroid Fluorometric Proliferation/Viability Assay Kit (Trevigen, Gaithersburg, MD,
USA). Briefly, 4,000 EO771.LMB cancer cells in 45 pl cell culture medium per well

were mixed with 5 pl cold 10X spheroid formation extracellular matrix (ECM). Next, 50

ul of the single-cell suspension in 1X spheroid formation ECM was added to each well

of a 3D culture qualified 96-well spheroid formation plate. The plate was centrifuged at

200 x g for 3 min in a swinging bucket rotor and incubated at 37°C in a tissue culture
incubator for 72 h to promote spheroid formation. Then, 50 ul of conditioned media (CM)
from primary cells or MEFs was added to each well, and the plate was incubated for 5

days. Spheroid viability was measured by the amount of reduced resazurin with a TECAN
Infinite M1000 fluorescence plate reader (Méannedorf, Switzerland) with excitation 544 nm
and emission 590 nm or the size was visualized microscopically and quantified by image
analysis software. The Cultrex® 3D Spheroid BME Cell Invasion Assay Kit (Trevigen) was
used for invasion assays. After spheroid formation was established as described above, 50 pl
of cell invasion matrix consisting of a basement membrane extract (BME) from the purified
from Engelbreth-Holm-Swarm tumor was added to each well. The plate was centrifuged at
200 x g for 3 min in a swinging bucket rotor and incubated at 37°C for 1 h. 100 pl of CM
from primary cells or MEFs was added to each well, and the plate was incubated for an
additional 5 days. Spheroid invasion was visualized microscopically and quantified by image
analysis software.

Quantification and Statistical Analysis

Data are representative of the results obtained from at least three independent experiments
to ensure reproducibility. For the /n vivo lung metastasis and primary tumor growth
experiments, the number of mice in each group is indicated in the figure legends.

Statistical significance was determined using unpaired two-tailed Student’s t-test with
Welchs correction for comparison of two groups unless indicated otherwise, or by ANOVA
followed by post hoc tests for multiple comparisons using GraphPad Prism 7.0. For all
experiments, the normality of the data from each group was first checked using the
Shapiro-Wilk statistical test. For non-normally distributed data, the Mann-Whitney U test
was used. Densitometric quantification of immunoblot bands normalized to loading controls
was performed using the ImageJ software. The following designations for significance levels
are *p < 0.05, **p < 0.01, and ***p < 0.001.

Additional materials and methods

Additional materials and methods used in this study can be found in the Supplementary File
S1.

Software Availability

RNAseq data generated in this study have been deposited in the NCBI Gene Expression
Omnibus with the accession code GSE136655.
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Data Availability

RESULTS

All data needed to evaluate the conclusions in the paper are presented in the paper and/or
Supplementary Materials.

SphK2 deficiency suppressed tumor growth and lung metastasis, re-programming the
tumor microenvironment

High levels of circulating S1P have been linked to increased tumor growth and metastasis
(5-7). Unexpectedly, we found that genetic loss of SphK2, which greatly increases
circulating levels of S1P in mice (9), markedly decreased, rather than increased, tumor
growth in orthotopically implanted EQ771.LMB murine TNBC compared to that in wild-
type (WT) littermates (Figure 1A,B). Consistent with the profound effects on tumor size in
SphK2~/~ mice, there was a significant decrease in tumor cell proliferation as determined
by Ki-67 staining (Figure 1C). In agreement with previous studies (10), E0771.LMB tumor
cells spontaneously metastasized to the lungs of the WT mice. Lung metastatic spread was
also greatly reduced in SphK2~/~ mice (Figure 1D,E). To validate and broaden our findings,
other transplantable syngeneic breast cancer models were used. Growth of mammary
tumors from implanted E0771.luc or MMTV-Wnt1 cells were significantly decreased in
SphK2~/~ mice compared to WT (Supplementary Figure 1A-E), as well as a reduction in
lung metastases (Supplementary Figure 1F). In addition, treatment of WT mice bearing
E0771.LMB tumors with the potent isozyme-specific SphK2 inhibitor SLM6031434 (11)
greatly reduced tumor growth and lung metastases (Supplementary Figure 1G-J).

Tumor progression is not only dictated by the cancer cells themselves, but is also
profoundly influenced by interactions between cancer cells and their microenvironment,
which includes stromal and immune cells. The tumor microenvironment shapes the
immunological landscape and plays a vital role in determining whether the primary tumor
is eradicated or metastasizes (3). To assess the involvement of SphK2 in the tumor
microenvironment, immune cell infiltration into primary tumors was evaluated by flow
cytometry (Supplementary Figure 2A-F). Although there were no differences in the overall
frequencies of CD45 positive cells, in the tumor microenvironment lacking SphK2, there
were significant increases in the percentages of effector T cells (CD3*CD4*CD44NCD62L"
and CD3*CD8*CD44NCD62L") and CD4 or CD8 T cells expressing IFN-y, as well as
increased natural killer (NK) cells with high expression of INF-y, a cytokine that promotes
anti-tumor immune responses (Figure 1F). Conversely, immunosuppressive regulatory T
cells (CD3*CD4*FoxP3*CD25*) and polymorphonuclear myeloid-derived suppressor cells
(PMN-MDSCs, CD45*CD11b*Ly6G*Ly6C!°), which represent more than 80% of all
MDSCs and play a key role in immune suppression in cancer (12), were significantly
decreased in SphK2~/~ mice (Figure 1F). Furthermore, SphK2 deletion reprogrammed
tumor-associated macrophages (TAMs) towards an M1-like phenotype (Figure 1F). These
““classically activated’” M1 macrophages, with upregulation of major histocompatibility
complex Il (MHC-I1) and CD86, are capable of cancer cell killing (13). Comparable changes
in infiltrating immune cells in the lung microenvironment of tumor-bearing SphK2~/~ mice
were noted (Supplementary Figure 3), with a decrease in immunosuppressive populations
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of regulatory T cells and PMN-MDSCs, increased percentages of CD4 and CD8 T effector
cells, and increased NK cells with high expression of INF-y and M1-like macrophages
(Supplementary Figure 3).

The experimental metastasis assay of tail vein injections of EQ771.LMB cells that home
into the lungs was used to directly examine the effects of deletion of SphK2 in mice

on pulmonary colonization. Lung colonization was significantly decreased in SphK2~/~
mice compared to that in WT littermates (Figure 2A-C). Similarly, treatment of mice with
SLM6031434 to inhibit SphK2 after inoculation of EQ771.LMB cells greatly suppressed
metastatic colonization, as shown by histological analysis of metastatic lung nodules and
QPCR of the mCherry reporter gene present only in the tumor cells (Figure 2D,E).

To distinguish the importance of infiltrating immune cells from other microenvironmental
factors, bilateral tumors were generated in the mammary fat pads of Rag2/~ 12rg

mice lacking functional T, B, and NK cells that developed after a shorter latency

than their Rag2** 1/2rg*!* controls. The left tumors of each mouse were injected with
SLM6031434, whereas the right tumors received vehicle, allowing meaningful comparisons
of the effects of SphK2 inhibition in the same tumor microenvironment (Figure 2F).
Notably, SLM6031434 local administration induced marked tumor regression only at the
injected site and not on the contralateral tumors in Rag2'~1/2rg™'~ mice as well as

in Rag2*!* 112rg*!* controls (Figure 2F). Moreover, systemic intraperitoneal injections of
SLM6031434 inhibited tumor growth to a similar extent as did intratumoral delivery (Figure
2F). Taken together, our results suggest that deletion or inhibition of SphK2 creates a hostile
anti-tumor microenvironment that only partially depends on innate and adaptive immune
cells.

SphK2, bioactive sphingolipid metabolites, and p53

It was of interest to determine how deletion or inhibition of SphK2 profoundly alters

the tumor microenvironment. S1P levels in circulation are increased in SphK2 knockout
mice or in mice treated with the SphK2 inhibitor SLM6031434 (9), probably due to
reduced clearance by the liver (14). However, in perfused lungs, S1P levels, as expected,
decreased with concomitant increases in the levels of its precursor ceramides, particularly
C16:0, C20:0, C22:0, and C24:0 species (Figure 3A). Similar tendencies were observed in
SphK2~/~ mouse embryonic fibroblasts (MEFs) and WT MEFs treated with SLM6031434,
with a predominant increase in C16-ceramide (Figure 3B).

We focused our attention on p53 since it was recently shown that C16-ceramide binds

p53 and disrupts its interaction with the E3 ubiquitin ligase MDMZ2, leading to p53
accumulation (15). Second, numerous studies have shown that increased endogenous
ceramides can activate p53 (16). Third, strong translocation of p53 to the nucleus was
observed in SphK2 null fibroblasts compared to that in WT fibroblasts (Figure 3C,D). To
confirm that increased ceramides have the same effect on p53 as SphK2 deletion, WT
MEFs were treated with C16-pyridinium ceramide. Consistent with a previous report (15),
this water-soluble C16-ceramide analog significantly induced the translocation of p53 to
the nucleus (Figure 3D). We also took advantage of the known observation that treating
cells with cell-permeable D-erythro-C6-ceramide, but not L-erythro-C6-ceramide, caused a
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significant increase in the levels of endogenous long-chain C16:0-ceramide and, to a lesser
extent, C24:1-ceramide, because the generation of endogenous ceramides from C6-ceramide
via deacylation/reacylation is highly stereospecific (17). Only D-erythro-C6-ceramide, and
not L-erythro-C6-ceramide or S1P, induced strong translocation of p53 to the nucleus in
WT MEFs compared to vehicle treatment (Figure 3D). Moreover, p53 and phospho-p53
(Ser15), which increases its transcriptional activity (18), were also markedly increased in
lungs with pulmonary metastatic nodules from SphK2~/~ compared to WT mice (Figure
3E). Importantly, very little p53 staining was observed in the lungs of tumor-bearing WT
mice compared to those of SphK2~/~ mice (Figure 3F), where the increased staining of
p53 was most evident in stromal fibroblasts, but not in the lung epithelium (Figure 3G).
Fibroblasts constitute a significant component of tumor stroma and play important roles in
tumorigenesis and metastasis (2,19).

Deletion of SphK2 markedly reduces cancer associated fibroblasts signature

As a first step in understanding how SphK2 and p53 act in the microenvironment, we
compared the global transcriptomes of WT and SphK2 null MEFs by RNA-seq. The
expression profile of SphK2 null fibroblasts differed substantially from that of WT, and

at 0.05 False Discovery Rate threshold out of 46,983 tested transcripts, 11,582 genes

(5592 upregulated and 5990 downregulated) were differentially expressed (Figure 4A,B and
Supplementary Dataset Table 1). As expected, numerous top genes that were previously
identified in at least 10 genome-wide datasets as p53-activated targets (20), including
CDKNI1A, GDF15, GADD45A, TIGAR, and FAS, were upregulated (Figure 4C and
Supplementary Dataset Table 2). Gene ontology (GO) and KEGG enrichment analyses

of the transcriptional profiles identified potential processes affected by SphK2 deletion
(Supplementary Dataset Table 3). The most downregulated genes in SphK2 null cells
showed significant enrichment of functional pathways related to extracellular matrix (ECM)
organization and degradation, and regulation of cell adhesion and motility (Figure 4D).

As previous studies suggested a novel non-cell autonomous function for p53 in normal
fibroblasts to suppress their activation to cancer-associated fibroblasts (CAFs), a major
contributor in the microenvironment to cancer-associated changes in ECM architecture (21—
25), we examined in more detail the effects of SphK2 deletion. The most commonly used
genes/markers that identify CAFs, including alpha-smooth muscle actin (aSMA, ACTA2),
collagen expression, fibroblast activation protein alpha (FAP), and fibroblast-specific protein
1 (FSP1), also known as S100A4, which regulates both cytoskeletal integrity and cell

cycle progression, integrin-alpha 11 (ITGA11), and platelet-derived growth factor receptor
(PDGFRa/B), were all markedly reduced by the deletion of SphK2 (Figure 4E), consistent
with the decrease in aSMA and type 1 collagen (Collal) (Figure 4F). Of the extensive

list of 227 CAF-related genes compiled from literature searches (25,26), 150 exhibited

a statistically significant coordinate reduction in SphK2 null fibroblasts (Supplementary
Dataset Table 4), and a hypergeometric test revealed a highly significant reduction in
“CAFness” (p=1.8"11). Key ECM-remodeling proteases, matrix metalloproteinases (MMPs)
that promote motility and invasion of cancer cells (Figure 4E), and growth factors, including
HGF, PDGF, VEGF, FGF, and TGF-B, which are known to be produced and released

by CAFs, were downregulated in SphK2 null fibroblasts (Figure 4E). Moreover, CAF-
derived cytokines and chemokines that recruit immunosuppressive cells into the tumor
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microenvironment to assist in immune evasion (2,19) were significantly reduced (Figure
4E).

Next, we examined the expression of these CAF-associated genes in the lungs, as tumor
cells are not the predominant cellular subset in the lung microenvironment. Importantly,
deletion of SphK2 greatly reduced the expression of CAF-associated genes in the lungs

of mice with breast tumors (Figure 5A) and metastatic nodules (Figure 5B). As expected,
deletion of SphK2 also significantly upregulated p53 target genes in tumors (Figure 5C),
lungs with metastatic nodules (Figure 5D), and in mice treated with the SphK2 inhibitor
(Supplementary Figure 4A,B). Levels of the CAF marker a SMA protein in tumors and
lungs with metastases were also markedly reduced by SphK2 deletion (Figure 5E,F). Thus,
consistent with p53 stabilization in SphK2 null stromal fibroblasts, gene expression profiling
revealed a strongly decreased signature of CAF-related genes, which are key effectors that
fuel cancer progression and promote a pro-tumorigenic microenvironment (27,28).

Cancer cells promote resident and recruited normal fibroblasts to acquire the features of
CAFs (27,28). In normal breast tissues, smooth muscle cells around the microvasculature
are weakly positive for a SMA. However, the activated myofibroblast marker aSMA was
highly expressed, particularly in fibroblasts with large spindle cell morphology, which were
widely present in the stroma of breast carcinoma from WT mice and nearly absent in

SphK2 knockout mice (Figure 5G). Strong a SMA staining in the lungs of WT mice was
also observed in the juxtaposition of pulmonary metastatic nodules, but not in SphK2~/~
mice (Figure 5H) or in mice treated with the SphK2 inhibitor SLM6031434 (Supplementary
Figure 4C). Together, these results indicate that the lack of SphK2 or its inhibition in stromal
fibroblasts suppresses the activation of CAFs /n vivo.

Inhibition of SphK2 suppresses activation of human primary mammary fibroblasts

Previously, it was suggested that cancer cells secrete factors that suppress p53 activity

in fibroblasts and reprogram them into pro-tumorigenic CAFs (29). Indeed, we observed
enhanced expression of the CAF activation marker a SMA and SphK2 as well as decreased
phosphorylation of p53 on Ser15 in human primary mammary fibroblasts when co-cultured
with EO771.LMB cells seeded on transwell inserts (Supplementary Figure 5A,B). Moreover,
pretreatment of human mammary fibroblasts with the SphK2 inhibitor SLM6031434
increased phosphorylation of p53 and reduced aSMA in this co-culture (Supplementary
Figure 5A,B).

Similarly, analysis of SphK2expression in the publicly available gene expression database
(GSE41678) revealed that co-culturing of two human fibroblast lines (HFFF2 and HFF1,
shown to promote tumorigenicity (30)) with MDA-MB-231 triple negative breast cancer
cells increased SphK2expression in these fibroblasts. In contrast, co-culturing MDA-
MB-231 cells with two other human fibroblast lines (Wi-38 and CCD1112Sk that were
previously shown not to promote tumorigenesis in vivo (30)), did not increase SphK2
expression (Supplementary Figure 5C). To assess if upregulation of SphK2in CAFs is
relevant to human breast cancer, we analyzed publicly available data sets. SphK2 expression
is increased in tumor-associated breast stroma microdissected by laser-capture from 53
patients with invasive ductal carcinoma (31) (Supplementary Figure 6A). Moreover, SphK2
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was significantly overexpressed in 1097 cases of breast cancer compared with 114 normal
samples from TCGA Research Network (https://www.cancer.gov/tcga) (Supplementary
Figure 6B). Higher SphK2 expression also correlated with poor prognosis, particularly with
higher grades of breast cancer (Supplementary Figure 6C).

Deletion of SphK2 suppresses the CAF-like secretome in a p53-dependent manner

As mentioned above, CAFs secrete MMPs, growth and angiogenic factors, and cytokines
that promote tumor growth, invasion, and metastasis (27). They can also produce cytokines/
chemokines that influence the recruitment and function of several types of innate and
adaptive immune cells to create a more supportive tumor microenvironment (32). Because
previous studies have suggested that in cultured mouse fibroblasts, p53 suppresses the
expression of some of these pro-tumorigenic factors (23-25,33), we next examined the
involvement of p53 in changes of the CAF-like secretome due to deletion of SphK2.
Consistent with the reduction in CAF signature genes (Figure 5A,B), the expression of
MMP2, TGF-B, and IL-6, which increased cancer cell proliferation and metastasis and
negatively regulated NK and T cell cytotoxic activity (32), was markedly decreased by
deletion of SphK2 (Figure 6A). Downregulation of p53 in SphK2 deleted fibroblasts with
lentivirus expressing p53-specific ShRNA reversed this suppression (Figure 6A). Likewise,
expression of the chemokines CCL2, CXCL1, CXCL12, and CSF1, which recruit MDSCs
and influence M1 macrophage polarization, and the potent angiogenic factors VEGF-C

and CXCL12, as well as CCL5, which also promote recruitment of Tregs (32), were all
significantly reduced by SphK2 deletion, effects that were all negated by the downregulation
of p53 (Figure 6A). These data suggest that repression of the secretome in SphK2 knockout
fibroblasts is mediated by p53. Changes in cytokines and chemokines were confirmed by
LEGENDplex multiplex immunoassays (Supplementary Figure 7A). Pretreatment of WT
MEFs or primary human mammary fibroblasts with the SphK2 inhibitor also suppressed
secretion of these cytokines and chemokines (Supplementary Figure 7A,B). The effect on
CXCL12 is particularly interesting, as the CAF secretome is maintained during tumor
progression by a CXCL12 autocrine signaling loop (34). Furthermore, it has been shown
that CAFs enhance CXCL12-dependent growth of breast cancer cells /n vitroand in a
mouse model (35), and p53 status in stromal fibroblasts modulates tumor growth in a
CXCL12-dependent manner (24).

Non-cell autonomous functions of the SphK2/p53 axis in stromal fibroblasts

Numerous growth factors (e.g., IGF, HGF, FGF, PDGF, and SDF1/CXCL12) secreted by
CAFs can strongly enhance the growth of the adjacent cancer cells themselves (19), and
functional p53 suppresses the production of these tumor-promoting factors (24). To explore
the consequences of the curtailed secretome due to the loss of SphK2 and increased

p53, we compared the ability of conditioned medium (CM) from WT MEFs or primary
lung fibroblasts to induce the growth and survival of EQ771.LMB cells with that of CM
from SphK2 null fibroblasts. Colony formation of E0771.LMB cells was greatly reduced
by adding CM from SphK2 null MEFs compared to that from WT MEFs (Figure 6B).
Addition of S1P to the CM from SphK2 null MEFs or downregulation of p53 reduced

this suppression (Figure 6B). Similar effects were observed with CM from primary lung
fibroblasts isolated from SphK2 knockout mice compared to those from WT lung fibroblasts
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or with CM from primary human mammary fibroblasts pretreated with SphK2 inhibitors
(Figure 6B). To further confirm this effect, the rate of proliferation of E0771.LMB cells
was evaluated by CFSE staining when they were co-cultured with fibroblasts in separate
compartments of the transwells (Figure 6C). Indeed, their proliferation was much greater
when co-cultured with WT MEFs compared to SphK2 null cells, and downregulation of
p53 in SphK2 deleted MEFs reversed this suppression (Figure 6C). Importantly, greater
proliferation of these breast cancer cells was also observed when they were co-cultured
with primary lung fibroblasts isolated from WT mice compared to those isolated from
SphK2 knockout mice (Figure 6C). However, neither primary epithelial cells nor primary
endothelial cells from SphK2 knockout mice showed this differential effect on breast cancer
cell proliferation compared with their WT counterparts (Figure 6C).

Next, we examined the 3D /n vitro growth and invasion of multicellular tumor spheroids,
which mimic aspects of dimensionality, cell-cell contact, and cell-matrix interactions of /n
vivo solid tumors (36). The growth and viability of EO771.LMB spheroids in 3D culture
(Figure 6D and Supplementary Figure 8A) and invasion into the surrounding ECM (Figure
6E and Supplementary Figure 8B) were significantly enhanced only in the presence of
CM from primary WT lung fibroblasts, but not from SphK2~~ fibroblasts (Figure 6D,E).
Similarly, CM from SphK2~/~ MEFs or from WT MEFs as well as from primary human
mammary fibroblasts treated with SphK2 inhibitors repressed spheroid growth or invasion
into a matrix composed of basement membrane proteins (Figure 6D,E, and Supplementary
Figure 8A,B). Once again, knockdown of p53 or addition of S1P reversed the effects

of SphK2 deletion or inhibition (Figure 6D,E). Taken together, these results indicate that
soluble factors secreted from fibroblasts in an SphK2/p53 axis-dependent manner play a role
in enhancing the growth of cancer cells and their invasion.

Loss of SphK2 in fibroblasts suppresses tumor growth

CAFs promote tumor growth and cancer progression (2,19). To examine the effect of SphK2
loss in fibroblasts with a reduction of the CAF-like secretome on tumor progression /n

vivo, we used a syngeneic murine breast cancer model in which EO771.LMB breast cancer
cells were co-injected into the mouse mammary fat pad with WT or SphK2 null MEFs.
Consistent with previous studies (21,24,37), WT fibroblasts enhanced tumor growth and
increased tumor weight (Figure 7A,B). In sharp contrast, SphK2 null fibroblasts did not
enhance tumor growth or even decrease tumor weight (Figure 7A,B). Accelerated tumor
growth by WT fibroblasts was accompanied by increased proliferation, as determined by
Ki-67 staining, whereas SphK2 null MEFs reduced it (Figure 7C,D). The differential effects
of WT and SphK2 null fibroblasts on tumor growth depended, at least in part, on p53, as
downregulation of p53 in SphK2 null MEFs completely prevented the negative impact of
SphK2 null MEFs on tumor growth (Figure 7E,F) and correlated with changes in staining

of the CAF marker aSMA (Figure 7G). We speculate that the observed reduction in aSMA
staining in the tumor sections from mice inoculated with EO771.LMB together with SphK2
null MEFs compared to those inoculated only with E0771.LMB (Figure 7G) is because
SphK2 deletion suppresses their activation to CAFs, which are the cells in the vicinity of the
tumors. Alternatively, SphK2 deleted fibroblasts may also reduce the activation of nearby
stromal fibroblasts into CAFs due to the reduction in autocrine signaling loops as we found
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that in the presence of E0771.LMB cells, co-culturing SphK2~~ MEFs with WT MEFs
reduced the overall expression of aSMA (Supplementary Figure 5A).

Finally, EO771.LMB cells were co-injected with WT or SphK2~/~ MEFs into the left

and right mammary fat pads of Rag2~~//2rg™’~ mice. Much larger tumors were formed

in RagZ”/~I12rg™" mice or Rag2*"* 1/2rg*"* mice on the side co-injected with WT MEFs
compared to those on the opposite side co-injected with SphK2 null MEFs (Figure 7H),
supporting the notion that direct CAF-tumor interaction is an important driver of tumor
growth, independent of immune cells (38,39). Hence, in agreement with our /n vitro
observations, the reduced expression of secreted pro-tumorigenic factors in SphK2 null
stromal fibroblasts resulted in cancer-suppressing effects /n vivoto restrict tumor growth.
Altogether, our work reveals a surprising role for SphK2 in stromal fibroblasts in creating a
hospitable tumor microenvironment.

DISCUSSION

Bidirectional communication between cancer cells and their microenvironment influences
breast cancer progression, metastasis, therapy resistance, and patient outcome. Targeting
components of the tumor microenvironment, such as clinical success with cancer
immunotherapy using checkpoint blockade (40), has stimulated great interest in
understanding how the microenvironment influences tumor progression with the hope of
developing novel therapeutic approaches that activate anti-cancer responses (3).

Here, we report that deletion or inhibition of SphK2 in mice suppressed TNBC progression
and lung metastasis caused by reprogramming the tumor microenvironment. We found that
the deletion or inhibition of SphK2 decreased S1P and increased ceramides, including C16-
ceramide, which increased and activated the tumor suppressor p53 in stromal fibroblasts.

In agreement with our studies, treatment of tumor-bearing mice with the SphK2 inhibitor
ABC294640 also decreased S1P levels, increased ceramide levels in cells and plasma, and
reduced tumor growth (41). Moreover, administration of C6-ceramide induces p53 activation
(phosphorylation at Ser15 and increased protein levels) and inhibits xenograft growth (42).
Consistent with our preclinical data in mice, a recent study reported that higher levels of
ceramides, predominantly C16:0, C22:0, C24:1, and C24:0 species, and reduction in S1P in
breast cancer tissue were associated with less aggressive cancer with lower nuclear grade
(43). Although ceramide elevation is generally considered a pro-apoptotic event, different
ceramide species in specific subcellular compartments have unique functions (4). It has
recently been suggested that C16-ceramide is a natural regulatory ligand of p53 that disrupts
its complex with the E3 ligase MDM2, leading to p53 stabilization, nuclear translocation,
and activation of its downstream targets (15). Consistent with this finding, deletion or
inhibition of SphK2 was also accompanied by increased ceramide and transcriptional
activity of p53 in MEFs, as well as in interstitial fibroblasts in lungs with metastases.

While most of the p53 research has been primarily focused on its cell-autonomous
functions as a tumor suppressor, there is growing evidence for the importance of its
non-cell-autonomous functions in the microenvironment (23-25,44-46). Consistent with
our work, breast tumors containing p53-deficient fibroblasts developed faster and more
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aggressively than those containing wild-type p53 fibroblasts (21). Furthermore, deletion of
p53 in resident normal fibroblasts augments their acquisition of a CAF phenotype (25)

and promotes the expression of CXCL12 (23,24) which enhances tumor invasion and
malignancy. Conversely, stabilization of p53 by small-molecule MDM2 antagonists such
as nutlin-3a attenuates the ability of fibroblasts to stimulate breast cancer aggressiveness
(46). Indeed, we observed that deletion of SphK2, leading to p53 stabilization in stromal
fibroblasts, markedly suppressed their activation to CAFs, which are key players in

the crosstalk between tumor cells and their microenvironment (Figure 8). Growth and
angiogenic factors produced by CAFs, including CXCL12, TGF-B, IL-6, and VEGF, which
directly facilitate tumor growth, and MMPs that initiate remodeling of the extracellular
matrix and enhance cancer cell migration and invasion, were all greatly attenuated in the
absence of SphK2 in a p53-dependent manner. In addition, cytokines and chemokines
produced by CAFs that favor the recruitment and differentiation of MDSCs and Tregs

and influence M1 macrophage polarization, as well as immunosuppressive factors such

as TGF-B, IL6, CXCL12, and FAS-L, which inhibit the functions of NK cells and CD8*
cytotoxic T cells in the tumor microenvironment (32,47), were also markedly reduced.
Therefore, preventing CAF activation by decreasing SphK2 and activating p53 mitigates all
these processes, inducing switching to an active anti-tumor microenvironment and reducing
tumor progression and metastasis.

Our observations that deletion of SphK2 in stromal fibroblasts results in p53 accumulation
and concomitant lower expression of CAF markers shed light on the mechanism by

which endogenous SphK2 regulates breast cancer growth, metastasis, and the tumor
microenvironment. Importantly, silencing p53 in SphK2-depleted fibroblasts completely
rescued CAF-related markers, the pro-tumorigenic secretome, 3D /n vitro growth, invasion
of multicellular breast tumor spheroids, and tumor growth 7n vivo. Thus, we uncovered a
novel role of SphK2 in regulating the non-cell autonomous functions of p53 in stromal
fibroblasts involved in their activation to CAFs as a mechanism controlling tumor growth
and metastasis. It is now recognized that CAFs in breast cancer are heterogeneous, with
distinct subsets (48,49). Although most CAFs exert tumor-promoting activities, others have
tumor-suppressive functions, and the mechanisms underlying these opposing effects are

of great interest (38,39,50,51). Intriguingly, deletion or inhibition of SphK2 in stromal
fibroblasts markedly reduced tumor-promoting activity in the tumor microenvironment
without increasing tumor-suppressive functions.

Our data from /n vitro co-cultures, 3D multicellular tumor spheroids, and co-injection of
SphK2~/~ MEFs with E0771.LMB breast cancer cells into Rag2~~//2rg™~ mice lacking
functional T, B, and NK cells, as well as the activity of an SphK2 inhibitor in these
immunodeficient mice, suggest that suppression of tumor growth and invasion by deletion or
inhibition of SphK2 may only be partially dependent on innate and adaptive immune cells.
Rather, our data suggest that direct fibroblast-tumor interactions are the predominant drivers
of tumor growth and are regulated by non-cell-autonomous functions of the SphK2/p53 axis
in stromal fibroblasts. Nevertheless, we cannot exclude the possibility that CAFs may exert
some effects on metastatic growth by regulating anti-tumor immunity, in addition to direct
interactions with cancer cells. While there has been a focus in the field of CAF-immune

cell interactions (reviewed in (47)), our data are consistent with several recent studies
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demonstrating that CAFs promote tumor growth through direct interactions with and effects
on the cancer cells themselves, independent of anti-tumor immunity (29,38,39). In this
regard, it has been reported that depletion of all CAFs decreases tumor growth and mortality
in desmoplastic colorectal and pancreatic metastasis mouse models. However, there had only
minor effects on the composition of immune cells in the liver, except for a decrease in Tregs
(38). Moreover, in agreement with our results, ablation of p53 in fibroblasts induced their
activation to CAFs and enabled them to efficiently promote prostate and skin tumor growth
and squamous carcinogenesis in immunodeficient NOD/SCID mice (24,25,29). Consistent
with these studies and our data, downregulation of p53 in hTERT-immortalized normal
fibroblasts enhanced the growth of H460 lung tumors in SCID mice. However, hTERT-
immortalized CAFs derived from the same lung cancer patient reduced the growth of H460
lung tumors, suggesting that p53 in CAFs may have the opposite effect on its role in normal
fibroblasts (37).

Nonetheless, the effect of SphK2 in the microenvironment is independent of the p53 status
of the cancer cells themselves as deletion of SphK2 in mice greatly reduced tumor growth of
implanted E0771.LMB breast cancer cells that express mutant p53 as well as MMTV-Wnt1
breast cancer cells expressing WT p53. Altogether, our data suggest that repression of the
CAF-related secretome explains the strong suppression of tumor progression and metastasis
in SphK2~/~ mice or by the administration of a potent SphK2 inhibitor.

Previous studies have shown that SphK2 inhibitors reduce cancer cell growth and suppress
tumor growth in pre-clinical animal models (52,53). Clinical trials with one inhibitor of
SphK2, ABC294640, are in progress (NCT02939807, NCT02229981, and NCT02757326).
Our data with a more potent and specific SphK2 inhibitor indicate that inhibiting SphK2 is
not only cytotoxic to the tumor itself but also prevents the activation of stromal fibroblasts

to CAFs, creating an anti-tumor microenvironment for eradicating cancer cells. Thus, SphK2
inhibitors could be considered as a multi-pronged treatment modality to bolster clinical
effectiveness.

Since CAFs do not harbor p53 mutations (54), CAF-directed therapy to reprogram them
back to their normal resting phenotype is beginning to attract attention. However, identifying
such an agent remains elusive (50). Our work suggests that the inhibition of SphK2 and p53
activation in stromal fibroblasts is a component of a mechanism restraining their activation
to CAFs and driving tumor regression. Consistent with our findings, local p53 activation in
the tumor microenvironment by nutlin-3a led to tumor regression and eradication (55). There
already is proof of concept of the potential value of engaging stromal p53 in an anti-cancer
response with the development of MDMZ2/X inhibitors including nutlin-3 now in clinical
trials (NCT03654716, NCT03217266, NCT03654716, NCT01877382, NCT03217266) (56).
However, only some of these clinical trials stratified patients according to p53 status, and
systemic delivery revealed hematological toxicity that is detrimental to immunotherapy (57).
Our work suggests a new and different approach to harness the p53 network, which might
pave the way for the development of a novel class of therapeutics targeting SphK2 and the
microenvironment that interferes with breast cancer progression and metastasis.
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Significance:

Sphingosine kinase 2 facilitates the activation of stromal fibroblasts to tumor-promoting
cancer-associated fibroblasts by suppressing host p53 activity, revealing sphingosine
kinase 2 as a potential target to reprogram the tumor microenvironment.
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Figure 1. Deletion of SphK2 reduced growth and lung metastasis of syngeneic breast tumors and
decreased immunosuppressive microenvironment.

(A-E) Murine EO771.LMB-mCherry breast cancer cells were implanted bilaterally in the
mammary fat pads of female WT and SphK2~/~ mice. (n=8-9 mice/group, 2 independent
experiments). (A) Total tumor volumes were monitored every 5 days. (B-F) Mice were
sacrificed at day 35. (B) Individual tumor volumes and weights. (C) Tumor sections were
stained with Ki-67 antibody. Proliferation determined by numbers of Ki-67 stained cells per
high magnification field was 112 + 34 and 24 + 12 for WT and SphK27/~, respectively.

(n=6 different fields). Scale bar: 50 pm. (D) Lung metastasis determined by lung weight
and quantitation of visible metastatic nodules. (E) Lung sections were stained with H&E
(black arrows indicate tumor nodules). (F) Dissociated cells from tumor tissues were

stained with fluorochrome-conjugated anti-mouse antibodies and analyzed by multicolor
flow cytometry for CD8 Teffectors (CD45TCD3*CD8*CD44*CD62L "), CD4 Teffectors
(CD45*CD3*CD4*CD44*CD62L"), CD4 Tregs (CD45*CD4*FoxP3*CD25%), CD4 or CD8
T cells expressing IFN-y, NK cells (CD45*CD3'NK1.1*) and IFN-y expressing NK

cells (CD457CD3" NK1.1*IFN-y*), PMN-MDSCs (CD45*CD11b*Ly6G*Ly6C?), M1-like
macrophages (CD45"CD11b*F4/80*CD86*MHCIIN), and CD45* cells (expressed as % of
single cells). Data are from 2 independent experiments and are mean + SEM; *p < 0.05, **p
<0.01, ***p < 0.001. Welch’s t-test.
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Figure 2. Deletion or inhibition of SphK2 reduces metastatic lung colonization, and SphK2
inhibition induces tumor regression in Rag2_/_ll2rg_/_ mice.

(A-C) WT and SphK2~~ male mice were intravenously injected with EO771.LMB-mCherry
breast cancer cells (n=21 and 12 mice/group, 3 independent experiments). (D,E) WT male
mice were intravenously injected with E0771.LMB-mCherry cells and treated 3 d later
with SphK2 inhibitor SLM6031434 (2 mg/kg) or vehicle i.p. every other day (n=8 and

5 mice/group). (A,D) Lung metastasis was determined by lung weights, lung nodules, or
by quantification of mCherry RNA levels by QPCR normalized to Gapdh. (B,E) Lung
sections stained with H&E. Arrows indicate tumor nodules. Scale bar: 100 um. (C) Lung
images showing examples of nodules in WT and their absence in lungs from SphK2~/~
mice. (F) EO771.LMB cells were implanted bilaterally into the mammary fat pads of
female Rag2™~112rg™~ and Rag2**1/2rg"’* mice. When palpable tumors reached sizes

of 20-30 mm3, the left tumors (L) were injected intratumorally (i.t.) with SLM6031434
while the right tumors (R) received vehicle every other day. Where indicated, bilateral
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tumor bearing RagZ2"* 112rg*’* mice were treated intraperitoneally (i.p.) with SLM6031434
or vehicle. (n=9,9,5 and 7 mice/group). Schematic of experimental design is shown. Tumor
sizes on the sides of SphK2 inhibitor treatment and contralateral sides were measured,

and representative images of tumors are shown. (A,C,D) Data are mean + SEM from 3
independent experiments. Welch’s t-test, * p < 0.05, **p < 0.01, ***p < 0.001. (F) Unpaired
two-tailed t-test, **p < 0.01, ***p < 0.001 comparing left and right tumors, Welch’s t-test,
###p < 0.001 comparing vehicle i.p. with SphK2 inhibitor i.p.
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Figure 3. SphK2 deletion increases C16-ceramide and activates p53 in vivo and in vitro.
(A,B) Sphingolipids were determined by LC-ESI-MS/MS in lungs from WT and SphK27/~

mice (A) and in MEFs from SphK2 null and in WT treated without or with 10 pM
SLM6031434 for 24 h (B). (n=3). Data are mean £ SD. **p < 0.01 compared to WT.

(A) Welch’s t-test, (B) One-way analysis of variance test followed by Dunnett’s multiple
comparisons test. Data are representative of 3 independent experiments. (C,D) SphK2 null
or WT MEFs treated for 24 h with vehicle, pyridinium-C16-ceramide (PY-C16Cer, 5 uM),
D-erythro-C6-ceramide (D-e-C6Cer, 20 uM), L-erythro-C6-ceramide (L-e-C6Cer, 20 uM),
or S1P (100 nM), as indicated, were immunostained for p53. (C) Representative confocal
images (green p53; blue, DAPI/nuclei; scale bar: 50 um) (D) Quantification of nuclear
translocation of p53. (n=3,4). Data are mean + SD. ***p < 0.001 compared to WT or
Vehicle. One-way analysis of variance test followed by Dunnett’s multiple comparisons test.
(E) Lysates of lungs from WT and SphK2~/~ mice bearing E0771.LMB mammary tumors on
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day 35 after implantation were analyzed by immunoblotting with the indicated antibodies.
(n=3). (F,G) Confocal images of lung sections from breast tumor bearing WT and SphK2~/~
mice stained for p53 (red) (F), scale bar, 25 um, and (G) co-stained for ER-TR7 fibroblast-
specific marker (green) or for cytokeratin 18 epithelial cell marker (green). Nuclei stained
with DAPI (blue). Scale bar: 5 pm.

Cancer Res. Author manuscript; available in PMC 2023 August 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Weigel et al.

Page 25
A B D F
WT  SphK2* WT  SphK2*
& extracellular matrix |
focal adhesion | o ne
cell-substrate adherens junction | ENEEEE P\AL .o "! " |colta
cell-substrate junction |
adherens junction | R 20 SO—EIa~SMA
anchoring junction | 57—
~ extracellular matrix part | [EREEEE 16 .
proteinaceous extracellular matrix | ] 12
extracellular space | R ——
cell surface { NN $ 6&
o 1 o v o R
- - «
EwWT -log10(adjusted p-value)
E W SphK2-
167 Markers 104 Enzymes
c
Lo
@ 10
@ 10
o
o
3
LLi
o
c
5]
O
AR o> 2 oG O
F I LSS ¢ & <?°+V
¥ & QOO QOO < & \3“‘ & SR Q MY
(o]
c 104 p53 Target Genes <™ Growth Factors 10, Cytokines/Chemokines
O g o) 8
2 &
@ 3
[ = 6
s S
g x
w4 w4
o
o
g 24 q:) 2
o (O]
oY s o " p
< R L &SP A A S B LGN B g
Qo*g <§’Q @&\" & @ ’3\ &S L EEF ¢ ¥

0\/

Figure 4. Deletion of SphK2 in fibroblasts suppresses cancer associated fibroblast phenotype.
(A) Heatmap expression matrix of p53 target genes, extracted from the set of genes

upregulated in the SphK2 null MEFs. (B) Heatmap expression matrix of the 130 most
downregulated genes in SphK2 null fibroblasts. (A,B) Row-scaled log2-transformed
transcripts per kilobase million (TPM) values are shown. (C) Expression of selected p53
target genes upregulated in SphK2 null fibroblasts. (D) Gene ontology (GO) enrichment
analysis for top biological processes preferentially downregulated by deletion of SphK2. (E)
Expression of selected genes, including CAF markers, ECM remodeling enzymes, growth
factors, and cytokines/chemokines that are downregulated in SphK2 null fibroblasts. (C,E)
Mean £ SD of log2-transformed TPM values are shown. *p < 0.05 for all genes shown. (F)
WT and SphK2 null fibroblasts were analyzed by immunoblotting.
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Figure 5. Cancer associated fibroblast features of SphK2 null mice are reduced in mammary
tumors and metastatic lung nodules.

(A,B) Expression of CAF signature genes determined by QPCR in lungs from WT and
SphK2~/~ mice bearing E0771.LMB breast tumors (A) or from mice with pulmonary
metastatic nodules (B). (C,D) Expression of specific p53 target genes determined by
QPCR in the tumors (C) and in lungs with metastatic nodules (D) (n=4,6). (A,B)

*p < 0.05, **p < 0.01 Welch’s t-test. (C,D), *p < 0.05, **p < 0.01 two-tailed Mann-
Whitney U-test. nd, not detected. (E-H) aSMA determined by immunoblotting and relative
densities of the immunopositive bands normalized to Tubulin were quantified (E,F), and by
immunohistochemistry (G,H) of breast tumors (E,G) or of lungs with pulmonary metastatic
nodules (F,H).
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Figure 6. Repression of pro-tumorigenic factors in SphK2 knockout fibroblasts mediated by p53
attenuates breast cancer cell growth.

(A) Gene expressions were determined by QPCR in WT or SphK2 null MEFs or SphK2
null MEFs transduced with lentivirus expressing p53 ShRNA (SphK2~/~ shp53) or with
control shRNA (SphK2~/~ shControl). (n=6) Data are mean + SEM. **p < 0.01 compared
to shControl, Welch’s t-test. Inset: Levels of p53 were examined by immunoblotting.

(B) Conditioned medium (CM) from WT, SphK2~/~ shControl, SphK2~/~ shp53, or from
primary lung fibroblasts from WT or SphK2~/~ mice or from primary human mammary
fibroblasts (HF) treated with 10 pM SLM6031434 (SLM), 10 uM ABC294640 (ABC), or
additional 0.5 UM S1P as indicated was added to cultures of EO771.LMB cells and colony
formation assessed by crystal violet staining and quantified. (n=5-10 in 3 independent
experiments). Data are mean = SD **p < 0.01 compared to WT or HF. One-way analysis
of variance test followed by Dunnett’s multiple comparisons test. (C) MEFs, primary
lung fibroblasts, primary lung epithelial cells, and primary lung endothelial cells isolated
from WT or SphK2~/~ mice were cultured on the upper compartments of transwells
containing CFSE-stained E0771.LMB cells in the lower compartment as illustrated. In
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addition, WT, SphK2~/~ shControl, or SphK27/~ shp53, were also cultured on the upper
compartments. Percent proliferation of E0771.LMB cells was assessed after 18 h and 96

h by flow cytometry analysis. (n=3,5). Data are mean + SEM. #p < 0.05 compared to

none (without cells in the upper compartment). *p < 0.05 compared to appropriate WT.
One-way analysis of variance test followed by Dunnett’s multiple comparisons test, Welch’s
t-test. Representative flow cytometry analyses are shown in the upper panel. (D,E) CM
from the indicated cells or control medium alone (None) treated as specified was added

to EQ771.LMB spheroids. (D) Representative pictures and quantitation of spheroid growth
and (E) invasion into the extracellular matrix (n=6,12—14). Data are mean + SEM from 2-3
independent experiments. *p < 0.05, **p < 0.01, compared to WT or HF. One-way analysis
of variance test followed by Dunnett’s multiple comparisons test.
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Figure 7. Loss of SphK2 in stromal fibroblasts suppresses breast cancer tumor growth.
(A-D) E0771.LMB cells were inoculated into bilateral 4th mammary pad, either alone

or together with WT or SphK2~/~ MEFs. Mice were sacrificed at day 25 (n=4,5 mice/
group). (A) Representative tumors. (B) Representative Ki-67 staining. (C) Tumor weights.
(D) Numbers of Ki-67 stained cells per field (n=8,12 different fields). (C,D) Data are
mean + SEM. **p < 0.01 compared to EQ771 alone. One-way analysis of variance test
followed by Dunnett’s multiple comparisons test. (E,F) E0771.LMB cells were inoculated
into bilateral 4th mammary pads, either alone or together with WT MEFs or together with
SphK2~~ MEFs transduced with lentivirus expressing p53 shRNA (shp53) or shControl as
indicated (n=5,7 mice/group). (E) Tumor volumes. (F) Tumor weights. Data are mean +
SEM. #p < 0.01 compared to E0771.LMB + SphK2~/~ MEFs shControl. One-way analysis
of variance test followed by Dunnett’s multiple comparisons test. (G) Representative
immunohistochemical staining of tumor sections for aSMA from the indicated mice
group. Scale bar: 100 um. (H) EO771.LMB (0.1x108) cells were co-injected with WT or
SphK2~~ MEFs (0.1x108) into the left and right mammary fat pads of Rag2”~/2rg™~ mice,
respectively, as well as into the left and right mammary fat pads of control Rag2** 1/2rg*"*
mice. Schematic of experimental design is shown. Tumor volumes were measured after 35
days, and representative images of tumors are shown. **p < 0.01, ***p < 0.001 compared
left to right tumors. Unpaired two-tailed t-test.
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Figure 8. SphK2 and p53 axis regulates CAF secretome.
Deletion or inhibition of SphK2 leads to decreased S1P, increased ceramide, and

stabilization of p53 in stromal fibroblasts. p53 acts in a non-cell autonomous manner to
suppress their activation to CAFs, restraining their production of tumor-promoting factors
and creating an active anti-tumor microenvironment. Blue arrows indicate the predominant
mechanism.
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