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Abstract

Tumor associated macrophages (TAMSs) play a major role in regulating mammary tumor growth
and in directing the responses of tumor infiltrating leukocytes in the microenvironment. However,
macrophage-specific mechanisms regulating the interactions of macrophages with tumor cells and
other leukocytes that support tumor progression have not been extensively studied. In this study,
we show that the activation of the RON receptor tyrosine kinase signaling pathway specifically

in macrophages supports breast cancer growth and metastasis. Using clinically relevant murine
models of breast cancer, we demonstrate that loss of macrophage RON expression results in
decreases in mammary tumor cell proliferation, survival, cancer stem cell self-renewal, and
metastasis. Macrophage RON signaling modulates these phenotypes via direct effects on the
tumor proper and indirectly by regulating leukocyte recruitment including macrophages, T-cells,
and B-cells in the mammary tumor microenvironment. We further show that macrophage RON
expression regulates the macrophage secretome including IL-35 and other immunosuppressive
factors. Overall, our studies implicate activation of RON signaling in macrophages as a key
player in supporting a thriving mammary pro-tumor microenvironment through novel mechanisms
including the augmentation of tumor cell properties through 1L-35.
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Introduction

Breast cancer (BCa) is the most common cancer and the second leading cause of cancer-
related deaths among women in the US (1). Treatment advances have improved overall
survival of patients with localized or regional disease (1). Nevertheless, many still die from
BCa, highlighting need for new therapies.

The tumor microenvironment (TME) is known to support BCa development and
progression. Within the TME, tumor infiltrating leukocytes (TILs) can promote or restrain
tumorigenesis depending on environmental cues, activation state, and cellular crosstalk (2).
Macrophages are the most abundant immune cells in the TME and exhibit a continuum

of polarization states classified in two general groups based on their biological function:
classically activated (M1) or alternatively activated (M2) macrophages. M1 macrophages
inhibit BCa cell growth and support T-cell mediated anti-tumor immunity responses via
secretion of pro-inflammatory cytokines (such as TNF-a,, nitric oxide [NO]) (3-5). M2
macrophages support breast tumorigenesis and immunosuppression through the secretion of
growth factors and anti-inflammatory cytokines. Increases in M2 macrophage infiltration
correlating with poor prognosis (3, 6-8).

The RON receptor tyrosine kinase (MST1R) is expressed in macrophages (3, 6, 9-17)
negatively regulating inflammatory responses during injury and infection (3, 6, 12-14, 18-
20). RON activation by its ligand, Hepatocyte Growth Factor-Like protein (HGFL/MSTI),
promotes the expression of Arginase-1 and limits inducible nitric oxide synthase (iNOS).
This leads to decreases in NO production and pro-inflammatory cytokines attenuating
immune responses while supporting a M2 state (3, 6, 12, 18-26).

RON is expressed at low levels in normal mammary epithelial cells but is overexpressed
in over 50% of human BCs. Tumoral RON expression correlates with increased BCa
progression, metastasis, and poor prognosis independent of molecular subtype (8, 10,

27, 28). RON activation leads to downstream activation of several signaling cascades
that promote pleiotropic functions, including cell proliferation, invasion, angiogenesis,
therapeutic resistance, and stemness (8, 10, 27, 29, 30). Several gain and loss-of-function
mouse models have established RON upregulation in epithelial cells as a key driver of
mammary tumorigenesis (31, 32) while global RON or HGFL knockout in BCa (27, 33)
abrogates tumorigenesis.

Macrophages are known to provide diverse, context dependent functions via direct
phagocytic mechanisms and secretion of molecules, such as cytokines, that result in
paracrine mechanistic action. The IL-12 cytokine family consists of heterodimers composed
of an a (p19, p28, or p35) and a B chain (p40 or EBI3) (34). Different combinations

of the a and B chains form each heterodimer: 1L-12 (p35-p40), IL-23 (p19-p40), IL-27
(p28-EBI3), IL-39 (p19-EBI3) and 1L-35 (p35-EBI3) (34, 35). In general, 1L-23, IL-27,
IL-39, and IL-35 have been shown to promote tumor growth and metastasis, whereas

IL-12 is tumor suppressive (35). Of IL-12 family members, only IL-35 has been shown

to promote immunosuppression of CD4* and CD8* T-cell effector functions, while also
inducing the expression of 1L-10 and 1L-35 to promote T and B-cell responses (35). The
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IL-35 heterodimer then signals through 4 different receptor dimers of the IL12RB2, IL6ST,
and IL27RA receptors. Receptor activation by IL-35 leads to the activation of STAT1/STAT4
heterodimers or homodimers and the B cell-specific STAT1/STAT3 heterodimers which can
induce the expression/secretion of p35 and EBI3 (I1L-35), secretion of immunosuppressive
cytokines, generation of regulatory T and B cells, and inhibition of T and B cell proliferation
(36, 37). Direct function of 1L-35 on tumor cells and macrophage-dependent IL-35 secretion
in the context of breast cancer is not well characterized.

Herein, we examined the role of RON in macrophages in governing BCa phenotypes and
in regulating the TME. We show that mice lacking macrophage RON exhibit diminished
mammary tumor initiation, growth, and metastasis. Macrophage RON loss is associated
with reductions in BCa proliferation, survival, and cancer stem cell self-renewal. We

also show that mammary tumors from mice lacking macrophage RON display enhanced
recruitment of anti-tumor TILs. The mammary TME from mice lacking macrophage RON
consists of fewer F4/80* cells and heightened iNOS* cells vs Arginase-1* cells, CD8*
T-cells, and restrained B cell infiltration. Furthermore, we demonstrate that macrophage
RON supports BCa phenotypes by altering cytokine production. Through transcriptomics,
cytokine profiling, and protein expression analyses, we show that RON in macrophages
activates immunosuppressive and tumor promoting cytokine signaling pathways, including
the IL-12 family of cytokines. 1L-12 family members act as anti-tumor response regulators
(38), and our studies show an important function of macrophage RON expression on

IL-35 subunit (IL-12 p35, EBI3) production and ensuing effects supporting BCa stem

cell self-renewal. Together, we demonstrate that a key function for RON in macrophages
in supporting mammary tumorigenesis through mechanisms affecting the TME immune
recruitment and tumor cell proliferation, anti-apoptosis, cancer stem cell self-renewal, and
progression to metastasis. These studies highlight the potential of RON-targeted therapies as
a promising approach for treating BCa.

Myeloid RON signaling sustains BCa growth, survival, and recruitment of M2 macrophages
and B cells while suppressing T-cell and M1 macrophage recruitment

We utilized the well-established PyMT model of BCa with or without a conditional deletion
of the RON tyrosine kinase (TK) domain in the myeloid compartment, referred to as PyMT
TKFLFL and PyMT TKAMyeloid respectively. PyMT TKAMyeloid mice exhibited a significant
decrease in mammary tumor growth and tumor weight compared to PyMT TKFL/FL control
mice (Figure 1A-B). Immunohistochemical (IHC) analyses showed that PyMT TKAMyeloid
tumors contained significant decreases in tumor cell BrdU incorporation and increases
TUNEL positive tumor cells compared to controls (Figure 1C).

We next examined macrophage infiltration and polarization state markers in mice with and
without myeloid RON loss. IHC analyses showed that PyMT TKAMyeloid tymors had a
significant increase in F4/80" cells compared to controls (Figure 1D, Supplemental Figure
S1A). Expression of the M1 polarization marker, iNOS, and the M2 polarization marker,
Arginase-1, showed that PyMT TKAMyeloid tymors had a significant increase in the number
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of iINOS positive cells and decrease in the number of Arginase-1 positive cells compared to
controls (Figure 1D, Supplemental Figure S1A).

Next, the effects of myeloid-specific RON loss on the infiltration of T cells were evaluated.
IHC analyses showed that PyMT TKAMYeloid tymors had a significant increase in the
infiltration of CD3*, CD8*, and CD4* T-cells compared to PyMT TKFLFL tumors (Figure
1E, Supplemental Figure S1B). Interestingly, analysis of the B-cell marker, B220, showed
that PyMT TKAMyeloid yymors had a significant decrease in the number of B-cells within
PyMT TKAMyeloid tymors compared to controls (Figure 1E, Supplemental Figure S1B).
Taken together, our data provide evidence that myeloid-specific RON signaling may sustain
breast tumorigenesis by promoting recruitment/activities of M2 macrophage and B-cells
while restraining CD8* and CD4* T-cell recruitment and responses.

RON signaling within myeloid cells promotes BCa cell metastasis and self-renewal

We next examined whether RON loss in myeloid cells might affect BCa cell metastatic
growth and stem cell (BCSC) self-renewal. Comparing PyMT TKFLFL and PyMT
TKAMyeloid mice with similar primary BCa tumor weights (Figure 2A), we observed a
significant decrease in both the incidence and number of macroscopic lung metastases in
PyMT TKAMyeloid mice compared to PyMT TKFLFL mice (Figure 2B-D).

BCSCs play a major role in regulating tumor initiation and metastatic progression and their
activities have been shown to be supported by TAMs (7, 8). Using similar size-matched
tumors from PyMT TKFL/FL and PyMT TKAMyeloid mice we found that mammary tumors
PyMT TKAMyeloid had g significant decrease in BCSCs numbers judged by flow cytometry
analyses for the expression of BCSC markers Lin"CD29"CD24* (Figure 2E) and a decrease
in their self-renewal ability as assessed through mammosphere formation assays (Figure 2F).

Macrophage-specific RON signaling sustains BCa growth and survival

We next generated a PyMT model of BCa with a macrophage-specific, tamoxifen inducible
ablation of RON, referred to as PyMT TKFL/FL CSF1R-Cre* mice. Once mammary tumors
from these mice reached a volume of ~100mm3, the mice were divided in two groups: 1)
control mice without tamoxifen treatment (PyMT TKFL/FL CSF1R-Cre*) and 2) tamoxifen
treated mice harboring a deletion of RON TK domain in macrophages (PyMT TKFL/FL
CSF1R-Cre* + Tamo). While tamoxifen is a compound commonly used in the treatment

of hormone receptor-positive breast cancer, the low dose administered in this model is not
a therapeutic dose, and PyMT TKFL/FL CSF1R-Cre* mice treated with tamoxifen show
similar tumor growth from PyMT TKAMYeloid mjce indicating the observed effect is likely
RON-specific (Supplemental Figure S2A).

Tumor growth analyses of macrophage-specific RON signaling loss appear to phenocopy
the myeloid deletion model; tamoxifen treated PyMT TKFL/FL CSF1R-Cre* mice having a
significant decrease in tumor Kinetics, tumor weight, lung metastasis incidence, and number
of macroscopic lung metastases compared to controls (Figure 3A-3D). IHC analyses
demonstrated alterations in the TME upon loss of RON signaling in macrophages, with
tamoxifen treated PyMT TKFL/FL CSF1R-Cre* mice showing a significant increase in the
recruitment of macrophages overall, iNOS™ cells, and CD8a* T-cells while also restrained
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recruitment of Arginase-1* cells and B220* B-cells (Figure 3E-3F). To further investigate
the ability of RON signaling to drive tumor progression, we treated PyMT wild-type (WT)
mice with established tumors with the potent RON inhibitor BMS-777607 beginning at 8
weeks of age (Supplemental Figure S2B). We found that BMS-777607 treatment halted BCa
progression compared to the controls.

Macrophage RON loss alters macrophage functions to inhibit tumor cell proliferation,
survival, migration, and BCSC self-renewal

Using /n vitro cocultures of R7 murine BCa cells with M2 polarized BMDMSs from

either wild-type mice (TK*/*) or RON deficient (TK™/") mice, we examined the effect

of macrophage-specific RON signaling in regulating BCa cell proliferation. R7 BCa cells
cocultured with TK™~ BMDMs showed a decrease in BrdU incorporation compared to R7
cells cocultured with TK** BMDMs (Figure 4A and Supplemental Figure S3A). To assess
whether factors secreted by BMDMs affect mammary tumor cell proliferation, we cultured
R7 cells in conditioned media (CM) obtained from either TK** BMDMs or TK~/~ BMDMs.
Flow cytometry analyses showed a decrease in BrdU incorporation in R7 cells cultured in
TK~~ BMDM CM compared to R7 cells cultured in TK*'* BMDM CM (Figure 4B and
Supplemental Figure S3B), suggesting that loss of RON signaling in macrophages alters the
macrophage secretome to inhibit tumor cell proliferation.

In addition to promoting the activation and recruitment of other immune cells to induce
tumor cell death, pro-inflammatory macrophages also possess cytotoxic functions to directly
induce tumor cell death (39, 40). Studies of R7 cells cocultured with TK** BMDMs or
TK~~ BMDMs were performed to examine whether RON signaling within macrophages
regulates BCa cell survival. Flow cytometry analyses for the expression of Annexin V and
Propidium lodide (PI) showed an increase in the percent of R7 cells undergoing apoptosis
when cocultured with TK'~ BMDMs compared to R7 cells cocultured with TK** BMDMs
(Figure 4C). To support the effects of secretory versus direct contact mechanisms, the same
experiment was performed with BMDM conditioned media (TK** BMDM CM, or TK ™/~
BMDM CM) (Figure 4D). No differences were observed in tumor cell death suggesting that
loss of macrophage RON may promote tumor cell death via mechanisms that require close
proximity (e.g., phagocytic mechanisms).

We next examined BCa cell migration by performing transwell assays of R7 BCa cells
migrating towards TK** BMDMs, TK~ BMDMs, TK** BMDM CM, or TK™’~ BMDM
CM (Figure 4E-4F). A decrease in R7 migration towards either TK~ BMDMs or TK™/~
BMDM CM was identified compared to their respective controls. We also performed
mammosphere formation assays of R7 cells alone or cultured with either TK** BMDMs,
TK™~ BMDMs, TK** BMDM CM, or TK™'~ BMDM CM (Figure 4G). We observed a
significant increase in the mammosphere formation ability of the R7 cells when cultured
with either TK** BMDMs or TK** BMDM CM, while TK™/~ BMDMs and TK™/~
BMDM CM had no significant effect on the mammosphere formation ability of the R7
cells, suggesting that macrophage-specific RON signaling supports BCSC self-renewal
and maintenance in part via secretion of a soluble factor(s). Data from this /n vitro

system support results shown in Figures 1-2 and suggests that macrophage RON signaling

Oncogene. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ruiz-Torres et al.

Page 6

supports the production of soluble mediators that enhance BCSC self-renewal and tumor cell
proliferation, survival, and migration.

RON expression in macrophages supports a secretome that directs immunomodulatory
pathways including production of IL-12 family members

We next performed RNA-Sequencing (RNA-Seq) analyses on M2 TK*/* and TK ™/~
BMDMs to identify unique changes in gene expression associated with RON loss. 1,890
differentially expressed genes were identified with a 5-fold change threshold, with 1,194
genes upregulated and 696 downregulated upon RON loss (Figure 5A). Pathway enrichment
analysis revealed that TK™'~ BMDM s have a gene expression signature associated pro-
inflammatory anti-tumor responses and phagocytosis (39) and containing increases in
insulin-like growth factor (IGF) signaling, cholesterol biosynthesis, peroxisome proliferator-
activated receptor (PPAR) signaling, and nitrogen metabolism (Figure 5A and Table 1)
Downregulated signatures in TK™'~ BMDM s included decreases in cytokine signaling
pathways (including IL-10, IL-12, IL-4, IL-13, NF-xB, IL-17, IL-23, IL-27, and Wnt
signaling pathways). Macrophage RON loss was also associated with decreases in interferon
signaling, TNF signaling, and pattern-recognition receptor signaling pathways (such as
NOD-like Receptor Signaling and Toll-like Receptor Signaling).

Gene expression for several of the molecules involved in the immunomodulatory pathways
were validated using cytokine array profiling and western blot analyses (Figures 5B—

C). Cytokine profile analysis of CM from TK** BMDMs and TK™~ BMDM s showed
decreased production of GMCSF, soluble ICAM1, IL-13, IL-17, IL-23, IL-27, CXCL11,
CCL3, CCL4, CXCL2, CCL5, and TNF-a in TK™~ BMDM CM compared to TK*/*
BMDM CM (Figure 5B). Decreased CXCL13 production, a key B cell chemoattractant,
was also observed in TK~/~ BMDMs controls and may be a mechanism to regulate B cell
infiltration.

Several cytokines upregulated in TK*/* BMDMs belong to the IL-12 family. Signaling
molecules such as NF-xB1 p105, NF-xB1 p50, C REL, MYD88, IRF1, and IRF8 stimulate
IL-12 family member expression, whereas NF-xB p65 is inhibitory (41-43). We observed
a decrease in the expression of p35 (//124), Ebi3, Nfkb1, Myd88, c Rel (Rel), Irfl, Irf8,
Stat1, and Stat4 in TK'~ BMDMs compared to TK*'* BMDM:s in our RNA-Seq analyses
(Figure 5A and Table 1). Western blot analyses also confirmed decreases in the expression
of C-REL, IRF1, IRF8, p35, and STAT1 and increases in the expression of phosphorylated
NF-xB p65 in TK~ BMDMs compared to controls (Figure 5C). In addition, we identified
changes in key proteins involved in macrophage polarization, with TK™~ BMDMs showing
decreases in Arginase-1 expression and increases phosphorylated AKT compared to RON
expressing controls (Figure 5C) supporting the premise that RON activation drives 1L-12
family member expression and suggests it supports an M2-like pro-tumorigenic polarization
state in macrophages.

We next asked if IL-12 family members could functionally rescue the mammosphere
formation defect observed in R7 cells when cultured with TK~'~ BMDMs or TK™'~ BMDM
CM. Given the consistent changes in p35 at a transcript and protein level, we first evaluated
the two IL-12 family members that p35 comprises, IL-12 (p35 + p40) and IL-35 (p35 +
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EBI3) in the capacity to rescue mammosphere formation when R7 cells are co-cultured with
TK~~ BMDM. Intriguingly, supplementation of recombinant IL-35 (rIL-35) or recombinant
IL-12 (rIL-12) to R7 cells grown alone in mammaosphere media had no effects on their
mammosphere formation ability (Figure 5D). However, the mammosphere formation ability
defect observed in R7 cells cultured with TK~'~ BMDMs or TK™'~ BMDM CM was rescued
with rlL-35 administration and is comparable to that observed for R7 cells cultured with
TK** BMDMs or TK** BMDM CM, suggesting that other macrophage-derived factors
may be required for tumor cells to respond to IL-35. Dual treatment with rIL-35 and rlL-12
without BMDM co-culture or CM showed a slight increase in the mammosphere formation
ability although non-significant suggesting IL-12 in conjunction with IL-35 is not sufficient
to augment mammosphere formation ability. Supplementation of R7 co-culture with TK™/~
BMDM with rIL-12 was not able to rescue the defect in mammosphere formation ability,
further suggesting IL-12 does not play a role in this mechanism.

To further examine the role of IL-35 in promoting BCa cell mammosphere formation,

we depleted I1L-12/1L-35 subunits p35, EBI3, and p40 from TK** BMDM CM and
supplemented with rIL-35 (Figure 5E). Supplemental Figure S4A shows the depletion status
of the 1L-12 family members, Supplemental Figure S4B shows the resulting levels of each
target in the CM samples after depletion, and Supplemental Figure S4C further demonstrates
the extent of depletion by performing a secondary pull-down on immunodepleted samples
and yielding drastically reduced levels. Attempted depletion of p28 showed no signal in the
bead pull down, suggesting p28 is unlikely to participate in this mechanism. Importantly,
we show that mammaosphere formation of R7 cells cultured with p35-depleted or EBI3-
depleted TK*'* BMDM CM was significantly decreased compared to the R7 cells cultured
with TK** BMDM CM control group. Moreover, this phenotype is rescued with rIL-35
administration to the p35-depleted TK** BMDM CM group even in the absence of IL-12
(which shows reduced levels even when p35 is depleted). Depletion of the p40 subunit
showed no impact on the mammaosphere formation ability, and rlL-12 treatment on top of
depletion showed the same results (Figure 5E).

Patients with high RON and IL-35 have poorer survival outcomes

Finally, we examined the clinical relevance of IL-35 subunits /L12A and EB/3in relapse-
free survival and distant metastasis-free survival in BCa patients in RON expressing tumors.
This dataset was previously utilized to showed significantly poorer outcomes for patients
with RON expression (44). Using a sliding cutoff approach to guide gene expression

cutoff (denoted by red lines) based on P-value and HR value, in patients with RONHigh
tumors, /L12AH19" tumor stratification showed significantly poorer relapse-free survival and
distant metastasis-free survival compared to /L 12A-°" tumors (Figure 6A). Interrogation

of survival in patients with £8/3719" versus £8/3-°% RON expressing tumors showed no
significant difference under Log Rank statistics. Inspection of the P-value and HR value
sliding cutoff plot revealed an unbalanced stratification of samples that may be due to a lack
of power or unusual distribution of £B/3expression (Figure 6B).
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Discussion

Several studies have demonstrated the role of the TME, specifically the tumor infiltrating
leukocytes (TIL), in regulating tumor development and progression, with CD8* and

CD4™* T-cells stimulating anti-tumor activity and TAMSs suppressing anti-tumor immune
responses. Macrophages are the most abundant TIL and play a major role in regulating
mammary tumor growth and other TIL responses (3, 5). However, macrophage-specific
mechanisms regulating the macrophage-tumor and macrophage-leukocyte interactions that
support mammary tumor progression are not well established. Herein, we identified a

role for RON signaling within macrophages as a major driver of BCa tumorigenesis.

Our data show that loss of macrophage RON expression inhibits mammary tumor cell
self-renewal, proliferation, survival, and migration, resulting in reduced tumor volumes,
tumor weights, and metastatic outgrowth. These results are consistent with previous animal
studies involving whole-body knockouts of either RON or HGFL (8, 27, 33), highlighting
the contributions of macrophage-specific RON signaling in driving BCa progression. We
also demonstrate that RON expression in macrophages governs macrophage recruitment to
the TME and that these macrophages show higher expression of the M2 marker Arginase-1.
These results are consistent with a recent study where systemic loss of HGFL in the MMTV-
RON mouse model of BCa resulted in decreased tumor burden that was associated with
increased M1 macrophage recruitment (27), suggesting that the alteration in macrophage
recruitment and polarization are, in part, due to the effect of losing HGFL-RON signaling
within macrophages.

Macrophage RON loss was associated with increased infiltration of CD8* and CD4™" T cells
and decreased B cell infiltration. Two recent studies with ablation of host RON signaling
demonstrated that RON signaling supports BCa progression and metastasis by inhibiting
CD8™* T-cell proliferation, recruitment, and cytotoxicity (6, 27). Interestingly, we are the first
to describe the involvement of RON signaling in promoting B cell recruitment. Thus, we
posit that activation macrophage RON promotes diverse cellular responses within the TME
including B cell recruitment which may prove to be supportive of mammary tumor growth
and progression. Interestingly, in a murine prostate cancer model, we reported findings
wherein loss of tumor cell RON expression leads to loss of RON expression in TAMs which
suggests a prospective mechanism by which RON in tumor cells regulates RON expression
in macrophages; this mechanism may also be present in BCa (45).

Excitingly, we show macrophage RON signaling supports BCa cell phenotypes by altering
the production of cytokines that have a direct effect in tumor cells or in immune cells

to inhibit anti-tumor immune responses. RNA-Seq analyses show that RON signaling

in macrophages is associated with immunosuppressive and tumor promoting cytokine
signaling pathways, whereas loss of RON signaling in macrophages is associated with an
anti-tumor immune response and a pro-inflammatory cytokine signaling profile, notably
IL-35. Analysis of patient data shows poorer relapse-free survival and distant metastasis-
free survival in patients that also have high expression of RON and /L12A (p35). Recent
investigations implicate IL-35 as a potent immunosuppressive cytokine associated with
Arginase-1 expression (M2 marker) and as a crucial pro-tumor cytokine suppressing T-
cell-mediated antitumor immune responses (37). /n vivo studies have shown the critical
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role of IL-35 in regulating tumor progression and metastasis and in mediating leukocyte
recruitment (37, 46, 47). Our mechanistic studies demonstrate molecular changes in the
IL-35 signaling pathway dependent on RON signaling in macrophages. Co-culture and
conditioned media experiments demonstrate a functional role for IL-35 in augmenting
mammosphere formation, however, supplementation of 1L-35 alone showed no discernable
effect. Because the effect is present when using conditioned media rather than only in
co-culture, it is unlikely the augmented mammosphere formation is secondary to 1L-35
binding to macrophages and then eliciting a downstream effect on mammaosphere formation;
however, it is conceivable that other secreted factors (present in the secretome of TK-/-
macrophages) help to prime tumor cells to respond to IL-35. Further studies examining the
functional role and relationship of macrophage-secreted IL-35 and CXCL13 in regulating
BCa activities and immunosuppression upon activation of RON are warranted. Future
studies wherein RON expression remains intact while IL-35 is knocked out would provide
value. Our studies herein utilized primary cells (BMDM) which are not well suited for
such an experiment, but generation of an immortalized BMDM line (48) could be used to
target IL-35, although multiple genes would require targeting which ultimately adds to the
complexity of potential knockout studies.

In summary, these data highlight macrophage-intrinsic RON signaling as a major

mediator of breast tumorigenesis metastatic progression by supporting tumoral macrophage
recruitment and alterations to the macrophage secretome including production of 1L-35
that supports BCSC self-renewal. Associations with immunosuppression via secretory and
phagocytic mechanisms were also described and will be the subject for future study.

Materials and Methods

Mice

RON receptor tyrosine kinase (TK) wild type (TK+/+) and deficient (TK™"), RON

TK floxed (TKFL/FLY, Lysozyme-Cre (Lys-Cre*) and PyMT mice have been previously
described (3, 8, 14, 20, 33). Mice expressing the tamoxifen-inducible Mer-iCre-Mer fusion
protein under the control of the macrophage specific mouse colony stimulating factor

1 receptor (Csf1r) promoter (referred to as FVB CSF1R-Cre* mice), were purchased

from The Jackson Laboratory. Inducible macrophage RON deletion was accomplished via
implantation of a 90-day release tamoxifen pellet (10mg/pellet, Innovative Research of
America) when tumors reached a volume of ~100mm3. Genotyping primers are listed in
Supplemental Table S1. Chemical inhibition of RON in PyMT TK*/* mice was performed
with 50 mg/kg/day BMS-777607 (Selleck Chemical) treatment via oral gavage, starting at
8 weeks of age (when palpable tumors reach a measurable size). All mice were in a FVB
background, were maintained under specific pathogen-free conditions, and were treated in
accordance with protocols approved by the Institutional Animal Care and Use Committee of
the University of Cincinnati.

Sample sizes for mice experiments were selected based on published studies. Mice showing
abnormal tumor growth against historical kinetics (whereas not plausibly explained by
genotype) were excluded and euthanized (examples include very small body size at
weaning, microcephaly, etc.). Randomization for LysM-Cre+ mice was not necessary as

Oncogene. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ruiz-Torres et al. Page 10

the controls were of a separate genotype (lacking LysM-Cre) whereas CSF1R-Cre+ mice
were randomized into tamoxifen pellet or not using a random number generator. Blinding
measures were not considered necessary and not employed.

Tissue histology, immunohistochemistry (IHC), and tumor cell isolations

Mammary tumors and lungs were processed as described (27, 32, 33). Hematoxylin and
eosin (H&E) and IHC stainings for BrdU, TUNEL, F4/80, Arginase-1, iNOS, and CD8a
were performed as described (3, 27). CD4 (BD) and B220 (Biolegend) stainings were
performed under similar protocols.

Cell cultures

The murine R7 BCa cell line was derived from a mammary tumor obtained from a
transgenic MMTV-RON mouse (32). Isolation of primary bone marrow cells was performed
as described (18). CMG1412 cells were obtained from Dr. Yi Zheng (49). Macrophage
colony stimulating factor (MCSF) (18). MCSF containing media was added for 10 days

to isolated bone marrow cells to induce macrophage differentiation. Bone marrow derived
macrophages (BMDMs) were skewed to the M2 state by adding IL-4 (Peprotech). For M2
BMDM conditioned media (M2 BMDM CM) collection, cells were seeded at an equal
density for 24-48 hours in serum free media (SFM). CM from BMDMs was assessed as per
manufacturer’s instructions for the mouse cytokine array kit panel A (R&D Systems). All
murine cell lines were obtained from sources noted with cells expanded and initial stocks
generated following 1-3 passages. Cells were confirmed negative for mycoplasma though
PCR before experiments.

Flow cytometry analyses

For co-culture apoptotic studies, R7 cells were labeled with Vybrant™ DiO cell-labeling
dye (Invitrogen). DiO-labeled R7 cells were co-cultured either under SFM conditions with
TK** M2 or TK™/~ M2 BMDM:s at a 1:4 ratio or in media containing a 1:1 ratio of M2
BMDM CM to SFM for 24 hours. Cells were stained with Annexin V-APC and Propidium
lodide and analyzed as described (3, 8, 27). Samples were normalized to M2 TK*/* BMDMs
within respective treatment conditions. For proliferation, DiO-labeled R7 cells were co-
cultured for 24 hours at a 1:4 ratio with TK** M2 BMDMs or TK™~ M2 BMDM:s or in
media containing a 1:1 ratio of M2 BMDM CM to SFM, labeled with BrdU, and stained
with BrdU-APC (eBiosciences). For both co-cultured proliferation and apoptosis assays,
cells were gated on DiO-positivity to select out macrophages within the co-culture. All
samples were normalized to TK*/* within respective treatment conditions (co-culture versus
conditioned media). For BCa stem cell marker analyses, dissociated mammary tumor cells
were stained with CD24-PE, CD29-FITC, CD31-APC, TER-119-APC (BD Biosciences)
and CD45-APC (Biolegend) antibodies, analyzed, and sorted as previously described (8).

Immunodepletion assays

Depletion of p35, EBI3, and p40 from TK*'* BMDM CM was performed by rotating TK*/*
BMDM CM with 1 pug/ml of p35-antibody (R&D), EBI3-antibody (R&D), or p40-antibody
(R&D), overnight followed by adding 30 uL protein A/G agarose beads per mL of CM
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overnight. Beads were then separated via centrifugation and supernatant sterile filtered.
Depletion status was confirmed via immunoblot. Incubation with beads served as control.

Mammosphere (MS) formation assays

Mammosphere formation assays of 50,000 R7 cells either cultured alone or co-cultured at

a 1:1 ratio with TK*"* M2 BMDMs, TK~'~ M2 BMDMs, or their respective M2 BMDM
CM were performed as described (8). For cytokine treatment, cells were treated every

three days with 100ng/mL of rIL-35 or IL-12 (Chimerigen). For depletion studies, cells
were cultured in media containing a 1:1 ratio of subunit-depleted M2 TK** BMDM CM

to mammaosphere media. Mammaosphere formation assays of BCSCs isolated from similar
sized primary tumors were performed by culturing the same number of cells between groups

(8).

Migration assays

RNA-Seq

Migration assays of R7 cells toward SFM, TK** M2 BMDMs, TK™'~ M2 BMDMs, or
their respective M2 BMDM CM were performed for up to 24 hours using Boyden chambers
(27). A 1:10 ratio of R7 to M2 BMDMSs was used for co-culture studies and a 1:1 ratio

of M2 BMDM CM to SFM for media studies. The number of R7 cells that migrated

toward SFM was subtracted from all groups. The number of R7 cells that migrated to each
experimental condition was normalized to the number of R7 cells that migrated toward
TK** M2 BMDMs or TK** M2 BMDM CM.

RNA was isolated from TK** and TK™~ M2 BMDM:s using the TRIzol method
(Invitrogen). Sequencing libraries were prepared using the Illumina TruSeq RNA kit and
sequenced on the Illumina Hi-Seq 2500 with single-end 50-bp reads. RNA-Seq analysis
was performed in GeneSpring NGS software (Agilent Technologies). To assess differential
expression, a cutoff of a =5-fold difference was applied. Heatmaps of differential gene
expression were built through hierarchical clustering using the Pearson Centered similarity
measure and the Average linkage rule. Pathway enrichment analysis was performed using
ToppGene (50), which provides an enrichment P-value using hypergeometric distribution
with false discovery rate (FDR) correction. Data was placed in the NCBI’s Gene Expression
Omnibus database (GSE166575). See Supplemental Methods for additional details.

Immunoblot Analyses

Antibodies for western analyses included: phospho-NF-xB1 p105 (S933), NF-xB1 p105/
p50, REL B, C-REL, phospho-AKT (S473), AKT, IRF1, IRF8, phospho-p44/42 MAPK
(T202/Y204), p44/42 MAPK, phospho-NF-xB p65 (S536), NF-xB p65, phospho-STAT1
(Y701), and STAT1 (Cell Signaling Technology); p35 (R&D); Arginase 1 (BD Transduction
Laboratories); MYD88 (Santa Cruz Biotechnology), and C4-ACTIN (Cincinnati Children’s
Hospital Medical Center). Secondary antibodies were developed as described (8).
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Statistical Analysis

Statistical significance was determined by performing Student’s t-test for pairwise
comparisons or ANOVA for comparison of multiple groups; data are expressed as mean

+ standard deviation (SD). Significance (*) was set at P<0.05. Metastasis incidence was
analyzed using Fisher’s Exact test. RNA sequencing data and associated survival data from
Gene Expression Omnibus and The Cancer Genome Atlas were obtained via KM Plotter
(51). /L-12A and EB/3 gene expressions were stratified using auto-cutoff functions based
on P-value and Hazard Ratio and were analyzed using Log Rank statistics in Kaplan-Meier
curves. Statistical tests were selected based on population distribution, data scale, and
sample centrality/variability to meet assumptions of tests. Variance between sample groups
were found to be similar as tested by ANOVA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Myeloid RON signaling sustains BCa growth and survival. )
A) Average tumor growth curves of PyMT TKFLFL (n=47) and PyMT TKAMyeloid (n=27)

mice. Statistical significance was determined using a two-way ANOVA with corrected
multiple t tests. Data represent average values + SD. *P<0.05. B) Tumor weights at 90 days
of age for PyMT TKFL/FL (n=20) and PyMT TKAMYeloid mice (n=15). C) Representative
images and quantifications of PyMT TKFLFL and PyMT TKAMyeloid tymors stained for C)
H&E, BrdU, and TUNEL; D) F4/80, iNOS, and Arginase 1; and E) CD8a, CD3e, CD4, and
B220. Scale bars=100um; n=3-8 tumors per group; n=3-5 fields per tumor were analyzed.
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Statistical significance was determined using Student’s t test (B-E). Data represent average
values + SD. *P<0.05.
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Figure 2. RON signaling within myeloid cells promotes BCa cell metastasis and self-renewal.
A) Similar tumor weights for PyMT TKFLFL (n=4) and PyMT TKAMyeloid (n=5) mice

selected for metastases analyses. B) Representative H&E images of lung tissue isolated
from PyMT TKFLFL and PyMT TKAMyeloid mice. Scale bar=500pm. C) Percent of PyMT
TKFLFL (n=4) and PyMT TKAMyeloid (n=5) mice from panel A exhibiting macroscopic
lung metastases versus no metastasis. D) Number of macroscopic lung metastatic lesions
for PyMT TKFLFL (n=4) and PyMT TKAMyeloid (n=5) mice from panel A. E) Percentage
of Lin"CD29HiICD24* cells obtained for similar sized PyMT TKFL/FL (n=7) and PyMT

TKAMyeloid (n=g) tumors. F) Relative change in mammosphere formation
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from Lin"CD29HICD24* BCSCs cultured from similar sized PyMT TKFLFL and PyMT
TKAMyeloid tymors (n=6-8). Statistical significance was determined using Student’s t test
(C-F). Bars represent average values + SD. *P<0.05.
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Figure 3. Macrophage-specific RON signaling sustains BCa growth and survival.
A) Tumor growth curves of PyMT TKFL/FL CSF1R-Cre* mice with (n=10) and without

(n=5) tamoxifen (Tamo) treatment. Tamoxifen treatment was initiated when tumors reached
100mm3(denoted by the dashed line). Statistical significance was determined using a two-
way ANOVA with corrected multiple t tests. Data represent average values = SD. *P<0.05.
B) Tumor weights at 90 days for PyMT TKFL/FL CSF1R-Cre* mice with (n=10) and
without (n=5) tamoxifen (Tamo) treatment. C) Percent of PyMT TKFL/FL CSF1R-Cre*
mice with (n=5) and without (n=3) tamoxifen (Tamo) treatment exhibiting macroscopic
lung metastases versus no metastasis. Mice evaluated with similar primary tumor weights.
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D) Number of macroscopic lung metastatic lesions for mice from C. E-F) Representative
images and quantifications of PyMT TKFLFL CSF1R-Cre* and PyMT TKFL/FL CSF1R-
Cre* + Tamoxifen tumor sections stained for F4/80, iNOS, and Arginase 1 (E); and CD8a
and B220 (F). Scale bar=100um for (E) and Scale bar=20um (CD8a) or 100um (B220) (F).
Statistical significance was determined using Student’s t test (B-F). Data represent average
values = SD. *P<0.05.
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Figure 4. Loss of RON signaling in macrophages alter s macrophage functionsto inhibit tumor
cell praliferation, survival, migration, and self-renewal.

A-B) Relative BrdU positive R7 BCa cells when co-cultured with TK*/* bone marrow
derived macrophages (BMDMs) or TK~ BMDM s (A) and TK** BMDM conditioned
media (CM) or TK™'~ BMDM CM (B). Relative numbers represent the number of BrdU
positive R7 BCa cells present in each experimental condition normalized to the number
of BrdU positive R7 BCa cells present in its respective control group. (n=3). C) Annexin
V/Propidium lodide flow cytometry analysis showing the percent of R7 BCa cells that
are viable (Live) or that are in early apoptosis, late apoptosis, or dead (Apoptotic) after
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co-culture with TK*/* BMDMs or TK™/~ BMDMs (n=3). D) Annexin V/Propidium lodide
flow cytometry data showing the percent of R7 BCa cells that are viable (Live) or that are

in early apoptosis, late apoptosis, or dead (Apoptotic) after culture with TK** BMDM CM
or TK’~ BMDM CM (n=3). E-F) Relative R7 BCa cell migration toward TK** BMDM:s or
TK™~ BMDMs (E) and TK** BMDM CM or TK™'~ BMDM CM (F) (n=3-6). G) Relative
mammosphere formation of R7 cells cultured alone or co-cultured with TK** BMDMs,
TK~= BMDMs, TK** BMDM CM, or TK™~ BMDM CM (n=3). Statistical significance
was determined using Student’s t-test (A-F) and a one-way ANOVA (G). Bars represent
average values + SD. * P<0.05.
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Figure 5. RON signaling in macrophages alter s the macrophage secretome to support
immunomodulatory pathways and the production of 1L-12 family members.

A) Gene expression profile for TK** BMDMs and TK™~ BMDMs. Heatmap shows
normalized gene expression values for genes with > 5-fold change in expression in TK ™/~
BMDMs compared to TK** BMDMSs. Group clusters and the pathways associated with
each cluster are shown. See Table 1 for additional information. B) Representative cytokine
array proteome profile of conditioned media obtained from TK*/* BMDMs and TK™/~
BMDMs. Cytokines of interest with differential expression are shown in white boxes for
both samples and identified from a to n. A legend containing the name of each cytokine
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and their respective densitometry analyses are included (n=3). C) Representative Western
blot images showing the expression of phosphorylated NF-xB1 p105, NF-xB1 p105, NF-
xB1 p50, REL-B, IRF1, p35, phosphorylated MAPK, MAPK, phosphorylated NF-xB

p65, NF-xB p65, C-REL, MYD88, IRF8, phosphorylated STAT1, STAT1, Arginase-1,
phosphorylated AKT, AKT, and ACTIN in TK** BMDMs and TK™~ BMDMSs whole cell
lysates. ACTIN is included for each individual membrane (n=3). Densitometry analyses are
included in the Volcano plot. D) Relative mammosphere formation of R7 BCa cells cultured
alone with or without recombinant IL-35 (rIL-35), recombinant IL-12 (rIL-12) or cultured
with TK** BMDMs, TK~/~ BMDMs, TK** BMDM CM, or TK~~ BMDM CM with or
without rIL-35 (n=6). E) Relative mammaosphere formation of R7 BCa cells cultured alone
or cultured with TK** BMDM CM, TK** BMDM CM + p35 depletion, TK** BMDM
CM + EBI3 depletion, or TK** BMDM CM + p35 depletion + rIL-35 or TK** BMDM
CM + p40 depletion, and TK** BMDM CM + p40 depletion + rlL-12 (n=6). Statistical
significance was determined using Multiple t-test (C) and a one-way ANOVA (D-E). Bars
represent average values = SD. * P<0.05.
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Figure 6. Breast cancer patientswith high RON and |L12A (p35) expression have poorer relapse-

free survival and distant metastasis-free survival.

Patients with high RON expression stratified into A) /£ 22AH19N and /L 124 groups or
B) £B/3119" and £B/3-°" groups using a sliding cutoff (shown to the right of each Kaplan-
Meier curve, cutoff value in red) for relapse-free survival (left), and distant metastasis-free

survival (right).
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Table 1.

Top pathways upregulated and downregulated in TK~~ BMDMSs compared to TK*/* BMDMs.

Cluster

Characteristic

Pathway
(adjusted P-value)

Gene Symbol

1 Downregulated in TK~

BMDMs

Cytokine Signaling
(P=1.47E-47)

Cnksrl, Ereg, Adar, Met, Ptk2b, Saal, Nod1, Histlh3c, Fcgrl, Ciita, Fga,
Fgf5, Ccl2, Ccl3, Ccl4, Ccl5, Mmp3, Ccl20, Mmp9, Ccl22, Finb, FIt3, Batf,
Fprl, Ifitm1, Birc3, 1123a, Tnfsfl1, Oasl1, Socs1, Fscnl, Mx1, Mx2, MydSs,

Tnfrsf25, Tnfsf9, 11116, Src, Ripk2, GbpZ, Gbp3, Trim21, 1118rap, Gfral,
Statl, Statba, Nod2, Gbp4, Gbp5, Sqstm1, Nfkbl, Nfkb2, Nos2, 1133, Zebl,

Tnfsfl8, Socs3, OasZ, Oas3, Grin2c, Cxcll, Cxcl2, Ca86, Tnfsf8, Duspl6,
Cad40, Tnf, Tnfrsflb, 11119, Hck, 1127, Usp18, Hifla, Ube2l6, H2-Q10, Dax58,
Pdgfb, H2-Ab1, H2-Ea-ps, H2-Eb1, H2-T23, Gm11127, Tnfsf4, Uba7, Piml1,

//17ra, Vicam1, Cntfr, Pml, lcam1, Irf8, Samhdl, 1fi35, Ifit2, Ifitl, Ifit3,
Ifnb1, RsadZ, Csf2, Csf3, Isg15, Xafl, RapgefZ, Il1a, 111b, I/1rn, 1/2ra,
Eif2ak2, 116, 1110, 1110ra, 1111, I112a, 1112b, I/12rb2, 1115, Il15ra, Gbpl0, 1118,
Prin3, Trim25, Gbp7, Cxcl10, Irak2, Irf1, Irf5, Irf7, Ptafr, Ptgs2, Junb, 11112,

Tnfsfl5, Kpna3, Dusp2, Dusp5, Pelil, Relb, 1118bp, Lck, Len2, Lif, Fgf23,
Ebi3, Egrl, Rasa4, Lyn, Cxcl9, Ccl17, Cxcl11, Cxcl5, Cx3cll, Fas, Tnfsf10,
Cxcr3, Cxcl16, Cxcl3, Tgfb2, Ccer7, Ccr8, Inhba, Fst, Areg, GdfZ, Ngf, Tdgfl,

Whnit5b, Wntl, Wnt10b, Wntl11, Scube3, Fgfopl, Ccrl2

IL-10 Signaling
(P=2.01E-25)

Ccl2, Ccl3, Ccl4, Ccl5, Ccl20, Ccl22, Fprl, Cxcll, Cxcl2, Ca86, Tnf, Icam1,
Csf2, Cs13, Il1a, I11b, I11rn, 116, 1110, 1/10ra, 1/12a, 1112b, 1118, Cxcl10, Ptaffr,
Ptgs2, I11r2, Lif

Interferon Signaling
(P=3.39E-22)

Adar, Fcgrl, Ciita, Finb, Ifitm1, Oasl1, Socs1, Mx1, Mx2, GbpZ, Gbp3,
Trim21, Statl, Gbp4, Gbp5, Socs3, OasZ, Oas3, Usp18, Ube2l6, H2-Q10,
Dax58, H2-Abl, H2-Ea-ps, H2-Eb1, H2-T23, Gm11127, Uba7, Vicam1, Pml,
lcam1, Irf8, Samhd1, Ifi35, Ifit2, Ifitl, Ifit3, Ifnbl, RsadZ, 1sg15, Xafl,
Eif2ak2, Gbp10, Trim25, Gbp7, Irf1, Irf5, Irf7, Ptafr, Kpna3, Egrl, Saal,
Nirc5, Myd88, Ifihl, Nfkb1, Nfkb2, Nikbia, Nfkbib, Tnfaip3, Dhx58, lkbke,
Rnf125

TNF Signaling
(P=2.16E-21)

Ccl2, Ccl5, Mmp3, Ccl20, Mmp9, Mmp14, Cxcl5, Cx3cl1, Sele, Birc3, Fas,
Bcl3, Nod?2, Cflar, Mikl, Nfkb1, Nfkbia, Socs3, Cxcll, Cxcl2, Cxcl3, Tnf,
Tnfaip3, Tnfrsflb, Trafl, Cebpb, Vcaml, Icam1, Csf2, 111b, 116, 1115, Cxcl10,
Ptgs2, Junb, Ednl, Lif

IL-12 Signaling
(P=6.51E-16)

Ccl3, Ccl4, Socs1, Gadd45b, Ripk2, 1/18rap, Statl, Statd, Statsa, Nfkb1,
Nfkb2, Nos2, Cd8b1, Gzmb, H2-Q10, H2-Ea-ps, 111b, 1/2ra, 1/12a, 1112b,
1112rb2, 1118, Relb, Lck

NOD-like Receptor

Mefv, Nodl, Ccl2, Ccl5, Birc3, Nox1, MyD88, Ripk2, Gbp2, Gbp3, Statl,

Signaling Nod2, Gbp4, Gbp5, Nikbl1, Nikbia, Nfkbib, Camp, Casp4, Oas2, 0as3,

(P=6.02E-15) Cxcll, Cxcl2, Cxcl3, Tnf, Tnfaip3, Ifi205, Nirp6, Ifnb1, Ikbke, 111b, 116,
Cybb, 1118, Gbp7, Irf7, Nirp3, Nampt, Adar, Ccl4, 1133, Trex1, Dax58, Zbp1,

Cxcl10

IL-4 & IL-13 Saal, Ccl2, Mmp3, Mmp9, Ccl22, Batf, 11233, Socsl, Fscnl, Statl, Nos2,

Signaling Zebl, Socs3, Tnf, Tnfrsflb, Hifla, Pim1, Vicaml, Icam1, //1a, I/1b, 116, 1110,
(P=4.54E-14) 11123, 1112b, 1118, Ptgs2, Junb, Lcn2, Lif
I1L-23 Signaling Cxcl9, Ccl2, 1123a, 1118rap, Statl, Stat4, Statsa, Nfkb1, Nfkbia, Nos2, Socs3,
(P=5.44E-13) Cxcll, Tnf, 111b, 116, 1112b, 1118

NF-xB Signaling

Ccl4, Birc3, Tnfsfl1, MyD88, Gadd45b, Bcl2ala, Cflar, Malt1, Nfkb1,

(P=8.42E-13) Nikb2, Nfkbia, Cxcl2, Cd14, Ca40, Tnf, Tnfaip3, Trafl, Ddx58, Vcaml,
Icam1, I/1b, Trim25, Ptgs2, Relb, Lck, Lyn, Nfkbib, Nfkbie, Rel

IL-17 Signaling Ccl2, Ccl17, Mmp3, Ccl20, Mmp9, Mmp13, Cxcl5, Nfkbl1, Nfkbia, Cxcl1,

(P=2.54E-11) Cxcl2, Cxcl3, Tnf, Tnfaip3, Cebpb, Il17ra, Csf2, Csf3, Ikbke, 1/1b, 116,

Cxcl10, Plgs2, Len2

Toll-like Receptor

Cxcl9, Ccl3, Ccl4, Ccl5, Cxcl11, Myd88, Statl, Nikb1, Nikbia, TIr9, Cd14,

Signaling Cd86, Tir2, TIr3, Cd40, Tnf, Ifnb1, Ikbke, I11b, 116, I112a, 1/112b, Cxcl10, Irf5,
(P=5.24E-11) Irf7
I1L-27 Signaling Statl, Statd, Statsa, Tnf, 1127, I11b, 116, I112a, 1112b, 1112rb2, 1118, EbI3
(P=1.42E-9)
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BMDMs

Factor Signaling
(P=1.01E-5)

L Pathway
Cluster Characteristic (adjusted P-value) Gene Symbol
2 Upregulated in TK- Insulin-like Growth 1971, Igfbp2, 1gfbps, 1gfop6, Irsl, Klkib1

Cholesterol
Biosynthesis
(P=9.56E-5)

Acat2, Mvd, Dhcr7, Dher24, Lss, Soat2, Cyp2rl

PPAR Signaling
(P=1.45E-4)

Rxra, Acsl3, Scdl, Plinb, Fads2, Plin4, Slc27a6, Pparg, Ehhadh

Nitrogen
Metabolism
(P=2.12E-4)

Ankrd1, Cth, Car4, Car6, Hal
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