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Abstract

Lung cancer is a heterogeneous disease in which patient-specific treatments are desirable and the 

development of targeted therapies has been effective. Though mutations in KRAS are frequent in 

lung adenocarcinoma, there are currently no targeted agents against KRAS. Using a mouse lung 

adenocarcinoma cell line with a KRAS mutation (CMT167) we previously showed that PPARγ 
activation in lung cancer cells inhibits cell growth in vitro yet promotes tumor progression when 

activated in myeloid cells of the tumor microenvironment. Here we report PPARγ activation in 

myeloid cells promotes the production of TGF-β1, which in turn acts on CMT167 cancer cells to 

increase migration and induce an epithelial-mesenchymal transition (EMT). Targeting TGF-β1 

signaling in CMT167 cells prevented their growth and metastasis in vivo. Similarly, another mouse 

lung adenocarcinoma cell line with a KRAS mutation, LLC, induced TGF-β1 in myeloid cells 

through PPARγ activation. However, LLC cells are more mesenchymal and did not undergo EMT 

in response to TGF-β1; nor did LLC require TGFβ1 signaling for metastasis in vivo. Converting 

CMT167 cells to a mesenchymal phenotype through overexpression of ZEB1 made them 

unresponsive to TGFβ1 receptor inhibition. The ability of TGF-β1 to induce EMT in lung tumors 

may represent a critical process in cancer progression. We propose that TGFβ receptor inhibition 

could provide an additional treatment option for KRAS mutant epithelial lung tumors.
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INTRODUCTION

During the past several years, new therapeutic approaches for the treatment of lung cancer 

have been developed using targeted therapies against oncogenic drivers [1]. Oncogenic 
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driving mutations in lung adenocarcinoma include KRAS, EGFR, and ALK fusions [2]. 

Specific inhibitors such as erlotinib and gefitinib targeting drivers like EGFR have resulted 

in good initial responses, although tumors develop resistance mechanisms that ultimately 

result in relapse and progression of the disease [3]. However, many lung adenocarcinomas 

lack distinguishable oncogenic drivers, or have mutations in KRAS, for which targeted 

therapies remain elusive. Therefore, development of additional therapeutic options, 

specifically for KRAS driven lung tumors is greatly needed.

Developing new therapeutic strategies will require a better understanding of the interactions 

between cancer cells and the surrounding tumor microenvironment (TME) [4–6]. The TME 

is a complex niche including cancer associated-fibroblasts, inflammatory cells, adaptive 

immune cells, vascular cells, and extracellular matrix. Defining the critical cell types and 

mechanisms whereby cells of the TME regulate cancer progression remains a challenge. In 

lung cancer, progress in studying the TME has been limited by the lack of mouse models 

allowing dissection of the role of cancer cells vis-à-vis cells of the TME. To investigate the 

role of the TME in lung cancer progression, our laboratory has employed an 

immunocompetent orthotopic mouse model where murine cancer cells derived from lung 

adenocarcinomas in C57BL/6 mice are directly injected into the left lung of syngeneic mice 

[7–12]. These cancer cells form primary tumors, which over several weeks progress to form 

secondary pulmonary tumors and metastasize to other organs such as the liver and brain. 

This model allows us to selectively manipulate pathways in either the cancer cells, using 

shRNA approaches, or in the TME, using the appropriate targeted knockout host.

We previously focused on the role of peroxisome proliferator-activated receptor γ (PPARγ) 

in KRAS mutant lung cancer [8]. PPARγ is a member of the nuclear receptor superfamily, 

which is a group of ligand-activated transcription factors that has been implicated in a 

variety of human diseases, including cancer [13, 14]. Studies from our laboratory and others 

have demonstrated that activation of PPARγ in human non-small cell lung cancer (NSCLC) 

cell lines inhibits transformed growth and promotes differentiation to a less invasive 

phenotype [8, 15–18]. Therefore we hypothesized that PPARγ activation would exert 

protective effects. However, we previously demonstrated that systemic PPARγ activation 

increases cancer progression due to activation of PPARγ in myeloid cells [8]. Therefore, 

while PPARγ activation directly in cancer cells appears to be protective, PPARγ activity in 

the TME promoted tumor metastasis. This demonstrated the importance of the TME in 

tumor progression and metastasis.

The goal of the present study was to define how PPARγ activation in myeloid cells affects 

cancer cell progression. We report that lung tumors activate PPARγ in myeloid cells to 

induce production of transforming growth factor-β1 (TGF-β1), which then acts on cancer 

cells to mediate progression. The effects of TGF-β1 on tumor progression are dependent on 

the differentiation state of the cancer cells. Epithelial cancer cells require TGF-β1 to 

undergo epithelial-mesenchymal transition (EMT), which is critical for progression, whereas 

mesenchymal cells do not, despite also promoting production of TGF-β1 by myeloid cells. 

This suggests that targeting TGF-β1 signaling may represent a therapeutic strategy for a 

subset of KRAS dependent epithelial lung tumors.
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MATERIALS AND METHODS

Cells:

CMT167 cells [19] originally provided by Dr. Alvin Malkinson (University of Colorado), 

were stably transfected with firefly luciferase as previously described [12]. Luciferase 

expressing Lewis Lung Carcinoma (LLC-luc) cells were purchased from Caliper Life 

Sciences (LL/2-luc-M38). Both cell lines were maintained in DMEM with 4.5 g/L glucose 

containing 10% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, and 500 μg/ml G418.

CMT luciferase expressing cells (referred to as CMT-luc) were used to make the TGF-β 
receptor 2 (TGFβRII) knockdowns using short hairpin RNA (shRNA) specific to TGFβRII 

(TRCN0000294529, TRCN0000294530, TRCN0000294531, TRCN0000294600, 

TRCN0000294602). All shRNA constructs were purchased from the University of Colorado 

Functional Genomics Facility. Lentivirus produced in HEK 293FT cells was transferred to 

CMT-luc or LLC-luc cells with polybrene (Sigma). Cells expressing shRNA were selected 

using 2 μg/mL puromycin (Sigma). TGFβRII (fwd: GGGATTGCCATAGCTGTCAT, rev: 

TGATGGCACAATTGTCACTG) mRNA levels were measured by qRT-PCR and 

normalized to β–actin mRNA levels (fwd: TGATGGCACAATTGTCACTG, rev: 

CCAGTTGGTAACAATGCCATG). TGFβRII protein levels were determined by western 

blot using anti-TGFβRII antibody (Cell Signaling). TGFβRII response to 5 ng/mL 

recombinant mouse TGF-β1 (R&D Systems) or vehicle control was measured by western 

blot using anti-pSMAD2 (Cell Signaling #3108S) and total SMAD2/3 (Cell Signaling 

#8828S) antibodies.

CMT-luc cells were stably transfected with ZEB1 overexpression vector, ORF expression 

clone for ZEB1 (GeneCopoeia, EX-Mm05622-Lv-105) or an empty vector control 

(GeneCopoeia, EX-NEG-Lv105). Lentivirus produced in HEK293FT cells was transferred 

to CMT cells with polybrene (Sigma). Cells overexpressing ZEB1 were selected using 2 

μg/ml puromycin (Sigma). Overexpression efficiency was confirmed by qRT-PCR Zeb1 

(fwd: CCCGTGCGTTGAGATTTGAT rev: CTTCCCATTTAAAGGCTGGTCTAC). 

Individual clones were screened for expression by western blot using anti- ZEB1 antibodies 

(Novus Biologicals #NBP-105987). Protein levels for E-cadherin (BD Biosciences #610182) 

and Vimentin (Santa Cruz #sc-73259) were measured by western blot. mRNA levels were 

measured using qPCR for Zeb1 (fwd: CCCGTGCGTTGAGATTTGAT rev: 

CTTCCCATTTAAAGGCTGGTCTAC), E-cadherin (fwd:GTCCTGGGCAGAGTGAGATT 

rev: TGGAGCTTTAGATGCCGCTT), and Vimentin (fwd: 

CGGAAAGTGGAATCCTTGCA rev: CACATCGATCTGGACATGCTGT).

Mouse model:

Mice were maintained in the vivarium of the University of Colorado Anschutz Medical 

Campus. All procedures were performed under protocols approved by the Institutional 

Animal Care and Use Committee at the University of Colorado Anschutz Medical Campus. 

PPARγ myeloid cell knockout (PPARγ-MKO) mice were generated by crossing 

PPARγflox/flox mice with LysMCre transgenic mice. PPARγflox/flox mice lacking 

LysMCre expression were used as controls (PPARγ-WT). In experiments using the TGFβRI 
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inhibitor SB431542 (Selleck Chemicals), mice were treated with 10 mg/kg SB431542 by 

intraperitoneal (IP) injection at the time of cancer cell injection. Treatment was continued 

daily, five days a week until the time of euthanasia.

Cancer cells were prepared in Hanks Buffered Salt Solution (HBSS) containing 1.35 mg/mL 

Matrigel (Corning) and injected directly into the left lung as described previously [8, 12, 

20]. Directly prior to euthanasia, mice were injected IP with 300 mg/kg D-luciferin 

(PerkinElmer). Following euthanasia, lungs were perfused and inflated with PBS/heparin 

(80 U/mL, Sigma). The lungs, liver, and brain were removed for direct ex vivo 

bioluminescent imaging using an IVIS 50 imaging system (Caliper). Metastatic incidence 

was identified by positive bioluminescence in each organ. Primary tumor size was measured 

by digital caliper. The lungs were fixed in 10% formalin for immunohistochemistry and 

hematoxylin and eosin (H&E) staining. Secondary lung metastases were counted by clusters 

of cancer cells identified in H&E stained lung sections.

Flow cytometry:

For flow cytometric analysis, tumor bearing left lungs from four mice were pooled and 

digested to form single cell suspensions as previously described [20]. Cells were blocked 

with anti-CD16/32 prior to staining with marker specific antibodies. The specific antibodies 

used were: CD11b-FITC (clone: M1/70), SiglecF-PE (clone:E50–2440), Ly6G-PECy7(clone 

1A8), CD64-Alexa647(clone:X54–5/7.1), CD11c-APC-Cy7(clone:HL3) (BD Biosciences). 

Flow cytometry was performed using the Gallios flow cytometer (Beckman Coulter) by the 

University of Colorado Cancer Center Flow Cytometry Core. The data represent the average 

of four separate flow analyses.

TGF-β1 immunohistochemistry:

Whole left lungs preserved in 10% formalin were paraffin embedded and processed into 

tissue sections (5 μm) by the Pathology Core in the Pulmonary Division at the University of 

Colorado Anschutz Medical Campus. Tissue sections were stained with rabbit polyclonal 

TGF-β1 antibody (Santa Cruz #sc-146). TGF-β1 positive cells were identified by brown 

staining and counted as a percent of the total cells per field. Three tumors and three 

surrounding lung fields were counted per mouse. A total of eight PPARγ-WT and five 

PPARγ-MKO mice were analyzed for CMT tumors and five for LLC tumors.

Isolation and treatment of bone marrow-derived macrophages:

Bone marrow cells isolated from the femur and tibia of PPARγ-MKO or PPARγ-WT mice 

were matured in RPMI with 20% FBS, 1% Pen-Strep and 50 ng/mL recombinant mouse M-

CSF for seven days, which results in a population that is >95% macrophages[12]. Following 

differentiation, bone marrow-derived macrophages (BMDM) were treated with the PPARγ 
agonist pioglitazone (10 μM), the PPARγ antagonist T0070907 (T007: 10 μM, Cayman), a 

combination of pioglitazone and T007, or vehicle control (DMSO) for 48 hours. In 

experiments where tumor homogenate was used to stimulate BMDM, whole left lungs were 

collected from tumor-bearing or naïve mice and snap frozen in liquid nitrogen. Tissues were 

homogenized in phosphate-buffered saline (PBS) using an overhead stirrer (Wheaton). A 

final concentration of 0.5 mg/mL protein each from tumor or control homogenate was added 
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to BMDM for 48 hours. BMDM were then washed three times with HBSS and placed into 

fresh RPMI for 24 hours prior to collecting the culture media. TGF-β1 released into the 

media was measured by ELISA (R&D Systems). TGF-β1 levels were normalized to total 

BMDM RNA or protein concentration.

Treatment of Macrophages with CMT-Conditioned Media:

Conditioned media was collected from CMT cells after 48 hours. Media incubated for 48 

hours in the absence of cells was used as a control. RAW 264.7 cells were treated with 

CMT-conditioned media (30%) and supplemented with pioglitazone (10μM) or DMSO 

control for 48 hours. Cells were washed and placed into fresh media and TGF-β1 released 

into the media was measured by ELISA (R&D Systems) at 24 hours. TGF-β1 levels were 

normalized to total RAW 264.7 protein concentration.

Measurement of EMT, cell migration and proliferation:

To measure changes in EMT, parental, control shRNA, or TGFβRII knockdown CMT-luc or 

LLC-lu cells were treated with 5 ng/mL recombinant mouse TGF-β1 (R&D Systems) or 

vehicle control. For experiments with the TGFβRI inhibitor, 1 μM SB431542 was added 

simultaneously. Protein and RNA were collected after 72 hours. Vimentin, Zeb1, and E-

cadherin were measured by qRT-PCR and normalized to the geometric mean of β–actin, 

GAPDH, and ubiquitin C. In CMT-luc cells, E-cadherin was measured by Western blot 

using an anti-E-cadherin antibody (BD Biosciences #610182). Migration was measured 

using cells pre-treated with 5 ng/mL TGF-β1 or vehicle for 48 hours. Cells were suspended 

into 0.1% serum media with vehicle or 5 ng/mL TGF-β1 to match the original treatment and 

placed in the top of an 8 μm transwell chamber. The bottom chamber contained media with 

10% FBS with vehicle or TGF-β1. Migration toward the serum gradient was measured 24 

hours later by DAPI staining. The number of cells that migrated was counted in five 10X 

fields per transwell. For measurement of cell proliferation, cells were treated with 5 ng/mL 

TGF-β1 or vehicle for 72 hours prior to plating in equal numbers. After an overnight 

incubation, a zero time point was collected. Cells were harvested after 72 hours. Cell 

number was quantified by measuring luciferase activity normalized to the zero time point.

Statistical Analysis:

All data are presented as mean ± SEM. Multi-group analyses were conducted using non-

parametric 1-way ANOVA (Kruskal-Wallis) followed by Dunn’s post hoc tests for multiple 

comparisons. Unpaired Student’s t-test was used to compare differences between two 

variables. For metastasis incidence, Fisher’s exact test was used to compare variables to 

control conditions. P values less than 0.05 were considered statistically significant.

RESULTS

PPARγ activation induces TGF-β1 expression in myeloid cells

To examine how the lung tumor microenvironment contributes to tumor growth we have 

used an orthotopic immunocompetent model of lung cancer. This model has the advantage 

of allowing us to study the interaction of the immune system with lung tumors in the correct 

microenvironment, which is imperative to accurately recapitulating these interactions in vivo 
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[8, 11, 12, 20]. For these studies we have employed two C57BL/6 cell lines, CMT167 [7, 9–

12, 21] and Lewis lung carcinoma (LLC) cells, both of which express oncogenic KRAS and 

are derived from C57BL/6 mice [9, 22]. These cell lines have been engineered to express 

luciferase, which allows for efficient tracking of these cells in mice. CMT-luc and LLC-luc 

have different states of differentiation. CMT-luc cells appear more epithelial in vitro, 

growing in tightly bound clusters, while LLC-luc cells appear more mesenchymal, growing 

more as individual cells with spindly protrusions (Supplemental Figure S1A). Human lung 

adenocarcinoma cell lines have been classified as epithelial or mesenchymal based on their 

E-cadherin to vimentin ratio, with the log2 transformed value of greater than zero 

corresponding to epithelial cells and less than zero to mesenchymal cells [23]. As a 

quantitative measure of their state of differentiation, the levels of E-cadherin and vimentin in 

each cell line were measured by qRT-PCR. CMT-luc cells have high levels of E-cadherin 

with low levels of vimentin, resulting in a log2 transformed E-cadherin/Vimentin ratio of 

1.44. LLC-luc cells have virtually undetectable levels of E-cadherin and high levels of 

vimentin resulting in a ratio of −4.85 (Supplemental Figure S1B and S1C).

We previously showed that loss of PPARγ in mouse myeloid cells decreases metastasis of 

CMT-luc cells [8]. To define the mechanisms whereby activation of PPARγ in myeloid cells 

regulates CMT-luc progression, we employed mice with a targeted deletion of PPARγ in 

myeloid cells (PPARγ-MKO) or wild type controls (PPARγ-WT) and sought to determine if 

deletion of PPARγ altered myeloid cell recruitment to the primary tumor. PPARγ-WT or 

PPARγ-MKO mice were injected with CMT-luc cells as described previously [9]. Myeloid 

cell populations within the tumors were quantified by flow cytometry. Consistent with our 

previous studies [10], the percentage of neutrophils and recruited macrophages were 

increased within tumor-bearing lungs compared to normal lung tissue. However, loss of 

expression of PPARγ did not affect myeloid cell recruitment, as there was no difference in 

the percentage of neutrophils (CD11b+Ly6G+), alveolar macrophages (CD11c+SigF+) or 

recruited macrophages (CD11b+CD64+SigF-) when comparing tumor-bearing lungs from 

PPARγ wild type (PPARγ-WT) or PPARγ myeloid cell knockout (PPARγ-MKO) mice 

(Supplemental Figure S2A and S2B).

Since there was no difference in myeloid cell recruitment in the PPARγ-WT or PPARγ-

MKO mice, we examined factors released by myeloid cells that could influence tumor 

progression. PPARγ activation induces an “M2” phenotype in macrophages [8, 24], and the 

“M2” phenotype is associated with TGF-β1 production in tumor settings [25]. Additionally, 

TGF-β1 increases tumor cell metastasis by promoting EMT and a more invasive phenotype 

[26, 27]. TGF-β1 expression, as determined by immunohistochemistry, was detected in 

CMT-luc tumors and in the surrounding lung tissue of PPARγ-WT mice. These levels were 

markedly decreased in both compartments in PPARγ-MKO mice (Figure 1A, 1B). To 

determine if myeloid PPARγ activation directly increases TGF-β1 production by myeloid 

cells, bone marrow-derived macrophages (BMDM) from PPARγ-WT or PPARγ-MKO mice 

were treated with the PPARγ agonist pioglitazone (Pio). In PPARγ-WT BMDM, 

pioglitazone significantly increased TGF-β1 release. This was not observed in PPARγ-MKO 

BMDM, or when treating PPARγ-WT BMDM in combination with the PPARγ antagonist, 

T0070907 (T007) (Figure 1C). Together these data demonstrate that PPARγ activation in 
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myeloid cells induces TGF-β1 production in vitro and is contributing to TGF-β1 production 

within the TME in vivo.

Since TGF-β1 expression within the tumor and surrounding tissue in vivo is dependent on 

PPARγ expression in myeloid cells, even in the absence of a pharmacological activator such 

as pioglitazone (Figure 1A), we hypothesized that CMT-luc tumors produce endogenous 

activators of PPARγ that act on myeloid cells to increase TGF-β1 production. We therefore 

examined TGF-β1 production in BMDM treated with CMT-luc tumor homogenate. CMT-

luc tumor homogenate increased TGF-β1 production in PPARγ-WT BMDM compared to 

the PBS control; this increase was blocked by the PPARγ inhibitor T007 and was not 

detected in PPARγ-MKO BMDM (Figure 1D). Importantly, tissue homogenate from normal 

lungs did not increase TGF-β1 production by BMDM (Figure 1E). Additionally, the 

combination of CMT-luc tumor homogenate and pioglitazone did not result in additional 

increases in the levels of TGF-β1 produced by PPARγ-WT BMDM, indicating maximal 

release of TGF-β1 is achieved using either agent (Figure 1E). We also investigated the effect 

of CMT-conditioned media on TGF-β1 production by the mouse macrophage cell line, RAW 

264.7. Stimulation of RAW 264.7 cells with pioglitazone increased TGF-β1 production. 

Conditioned media from CMT cells modestly induced TGF-β1 production by RAW 

macrophages and this appeared to be additive with pioglizatone stimulation (Supplemental 

Figure S2C). These data indicate that factors produced by CMT-luc tumors activate PPARγ 
in myeloid cells, leading to elevated production of TGF-β1.

Responsiveness to TGF-β1 is necessary for progression of CMT-luc tumors

To assess the effect of increased myeloid cell production of TGF-β1 on cancer cells, 

TGFβRII was silenced in CMT-luc cells to block TGF-β1 signaling. Two lentiviral shRNAs 

targeting TGFβRII (531 and 602) achieved greater than 50% knockdown by mRNA and 

protein levels when compared to non-transduced parental cells or control non-targeting 

shRNA (Figure 2A, 2B), and were used for further studies. TGFβRII knockdown shRNA 

602 slowed down the kinetics of p-SMAD2/3 induction in response to TGF-β1 compared to 

the parental control cells or the control shRNA (Supplemental Figure S3A). To investigate 

the lack of TGF-β1 signaling on tumor cell progression, we injected CMT-luc control vector 

and CMT-luc cells with the TGFβRII knockdown shRNA 602 into the left lung of WT mice. 

CMT-luc cells with TGFβRII knockdown formed smaller primary tumors when compared to 

control CMT-luc cells (Figure 2C). In fact, the ability of TGFβRII knockdown cells to 

establish detectable tumors after injection was lower than that of control cells (TGFβRII 

knockdown: 8/19: 42% vs control: 16/16:100%). Mice injected with TGFβRII knockdown 

CMT-luc cells also had significantly lower incidence of metastases to the other lobes of the 

lung and trends towards lower metastasis to the liver (Figure 2D).

To confirm these results, we tested the effects of the TGFβRI inhibitor SB431542 on CMT-

luc tumor progression in vivo. TGFβRI dimerizes with TGFβRII following ligand binding to 

initiate downstream signaling from the receptor. Therefore, inhibiting TGFβRI should have 

similar effects to the knockdown of TGFβRII. Mice were injected with CMT-luc cells and 

treated with SB431542 or vehicle control. Primary tumor incidence did not vary between 

control and treated groups (9/10:90% for each). Importantly, mice treated with SB431542 
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trended toward smaller primary tumors, similar to tumors from TGFβRII knockdown CMT-

luc cells (Figure 2E). In addition, mice treated with SB431542 had lower metastases to the 

other lung lobes and liver, with no liver metastasis detected in the SB431542 treated group 

(Figure 2F).

CMT-luc cells undergo EMT and increase migration in response to TGF-β1

Because TGF-β1 signaling inhibition decreased primary tumor size and metastasis, we 

sought to further delineate the effects TGF-β1 signaling has on CMT-luc cells that could be 

contributing to inhibition of tumor progression. Since TGF-β1 is known to affect both 

proliferation and migration of cancer cells [27–29], we examined the effect of TGF-β1 

treatment on these processes in CMT-luc cells in vitro. TGF-β1 treatment decreased 

proliferation of CMT-luc parental and control shRNA cells, but had no effect on CMT-luc 

cells expressing TGFβRII shRNA 602. CMT-luc cells expressing TGFβRII shRNA 531, 

which resulted in a smaller degree of TGFβRII knockdown compared to shRNA 602 (Figure 

2A), still exhibited decreased proliferation in response to TGF-β1 as assessed by luciferase 

activity (Figure 3A). These data would suggest that loss of TGF-β1 signaling in vivo should 

increase primary tumor size, which is contrary to the observed results that TGFβRII 

knockdown decreased primary tumor size of CMT-luc in vivo (Figure 2C). This would 

suggest that TGF-β1 is regulating additional biological processes critical for progression in 

these cells.

When treated with TGF-β1 in vitro, CMT-luc cells underwent a morphologic change to a 

more spindle-like morphology, consistent with EMT (Supplemental Figure S3B). This 

change was associated with decreased expression of E-cadherin and increased expression of 

mesenchymal markers, Zeb1 and vimentin. These changes were not observed in either of the 

CMT-luc cells with TGFβRII knockdown (Figure 3B, 3C). In addition, the TGFβRI 

inhibitor SB431542 inhibited induction of EMT in response to TGF-β1 in CMT-luc cells, 

blunting the inhibition of E-cadherin expression, and decreasing the induction of Zeb1 and 

vimentin (Figure 3D). Since TGF-β1 is known to promote a more invasive phenotype [26, 

30] we examined the effects of TGF-β1 on cell migration in vitro using transwell migration 

assays. CMT-luc cells had low levels of migration at baseline, but readily increased 

migration in response to TGF-β1 treatment. In CMT-luc TGFβRII knockdown shRNA 602 

cell migration in response to TGF-β1 was almost completely eliminated, whereas 

shRNA531 showed little effect (Figure 3E). Collectively, these data demonstrate that in 

response to TGF-β1, CMT-luc cells undergo EMT and increase migration in vitro, which are 

two key events associated with tumor progression.

LLC-luc tumors are not dependent on TGF-β1 signaling for progression—We 

examined this pathway in a second mouse lung cancer cell line, LLC-luc, which is more 

mesenchymal (Supplemental Figure S1). We sought to determine whether deletion of 

PPARγ in myeloid cells would affect progression of LLC-luc tumors, as we have observed 

in CMT167 tumors [8]. Similar to CMT-luc cells, we found no difference in primary tumor 

size when LLC-luc cells were injected into the lung of PPARγ-WT or PPARγ-MKO mice 

(Supplemental Figure S4A). There was also no difference in the extent of metastasis, which 

was different from what we observed with CMT-luc cells (Supplemental Figure S4B, S4C).
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To determine if LLC-luc tumors have PPARγ dependent TGF-β1 production, we examined 

the levels of TGF-β1 of LLC tumors in PPARγ-WT and PPARγ-MKO mice by IHC (Figure 

4A, 4B). Similar to the CMT-luc tumors, TGF-β1 expression was detected in LLC-luc 

tumors and in the surrounding lung tissue of PPARγ-WT mice. TGF-β1 expression was 

markedly decreased in the tumors in PPARγ-MKO, but not in the surrounding lung. To 

investigate if LLC-luc tumors would also induce TGF-β1 production by macrophages in a 

PPARγ dependent manner we tested the ability of LLC-luc tumor homogenate to induce 

TGF-β1 production in PPARγ-WT and PPARγ-MKO BMDM. LLC-luc tumor homogenate 

also induced TGF-β1 production by BMDM, similar to what we observed using CMT-luc 

tumor homogenate. This was dependent on PPARγ activation, as LLC-luc tumor 

homogenate did not increase TGF-β1 production in PPARγ-MKO BMDM or WT BMDM 

treated with the PPARγ antagonist, T007 (Figure 4C). This suggests that both murine lung 

cancer cells lines are able to produce factors that activate PPARγ and induce TGF-β1 

production within macrophages of the TME.

Since both CMT-luc and LLC-luc tumors induce activation of PPARγ to produce TGF-β1, 

we examined the responsiveness of LLC-luc cells to TGFβ receptor signaling. We compared 

tumor progression of LLC treated with the TGFβRII inhibitor. We observed no difference in 

primary tumor size or the extent of metastasis (Figure 4D, 4E). To correlate effects of TGF-

β1 on LLC-luc tumors in vivo with in vitro responsiveness, we treated LLC-luc cells with 

TGF-β1 in vitro. Similar to CMT-luc cells, TGF-β1 exposure inhibited LLC-luc cell 

proliferation (Supplemental Figure S5A). LLC-luc cells had high basal rates of migration, 

which was not affected by TGF-β1 treatment (Supplemental Figure S5B). Similarly, when 

LLC-luc cells were treated with TGF-β1 or with TGFβRI inhibitor SB431542 in vitro there 

was no change in expression of EMT markers (Supplemental Figure S5C).

Overexpression of ZEB1 in CMT cells results in a less differentiated 
phenotype and resistance to TGF-β inhibition—Together these data indicate that 

while TGF-β1 decreases proliferation of both cell lines in vitro, these two cell lines show 

very different responses to TGFβRI inhibition in vivo. While there are potentially many 

differences between CMT-luc and LLC-luc cells, one distinguishing feature is their state of 

differentiation. To test if this difference affects their response TGFβRI inhibition, we 

overexpressed ZEB1, a promoter of EMT, in CMT-luc cells to generate cells that were less 

differentiated (CMT-ZEB1OE). Morphologically, ZEB1 overexpressing cells showed a more 

mesenchymal morphology compared to control cells transfected with empty vector (Figure 

5A). Overexpression of ZEB1 resulted in increased mRNA and protein expression of the 

mesenchymal marker vimentin, and decreased protein levels of E-cadherin (Figure 5B, 5C); 

levels of E-cadherin mRNA were not significantly altered, suggesting that this is not a 

complete reversal of the epithelilal phenotype. Importantly, we assessed the effect of altering 

the state of differentiation on response to TGFβRII inhibition in vivo. Primary tumor growth 

was strongly inhibited in the empty vector controls, similar to what we observed in parental 

CMT-luc cells. However, CMT-ZEB1OE cells were resistant to this treatment (Figure 5D), 

similar to what we observed in LLC tumors. In addition, ZEB1 overexpression also reversed 

the effect of the inhibitor on the incidence of secondary lung metastasis (Figure 5E). Thus, 
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converting epithelial CMT cells to a more mesenchymal phenotype via overexpression of 

ZEB1 induced resistant to TGF-β1 inhibition.

DISCUSSION

The role that the microenvironment plays in tumor progression has become increasingly 

apparent. In terms of cell composition, myeloid cells are large contributors to the TME in 

many tumor types and have been associated with poorer prognosis in patients with increased 

densities, including lung cancer [31, 32]. For lung cancer, this correlation has been 

controversial in the past, although further characterization of tumor associated macrophages 

(TAMs) in terms of location and phenotype have been more reliable at predicting outcomes 

in patients (reviewed in [33, 34]). While myeloid cells have mostly been studied in terms of 

their ability to suppress the adaptive immune system, how these cells regulate other cells in 

the tumor, including cancer cells is not well understood. Myeloid cells induce angiogenesis, 

influence matrix deposition and remodeling, and promote migration and invasion of cancer 

cells. In terms of metastasis, the most well-defined mechanism by which myeloid cells are 

involved is through the production of epidermal growth factor (EGF) in response to CSF-1 

production by the tumor. EGF then acts on the cancer cells to promote their migration 

(reviewed in [35]).

Though it has been previously demonstrated that TAMs produce TGF-β within the TME, the 

consequence of its secretion from myeloid cells has mostly been implicated in 

immunosuppression. We have shown that TGF-β1 expression within the TME is mediated, 

at least in part, through PPARγ-dependent production in myeloid cells. Blocking this 

pathway, either through deletion of PPARγ in myeloid cells [8] or silencing TGFβRII on 

cancer cells, results in inhibition of primary tumor growth and lower incidence of metastases 

in the mouse lung cancer cell line CMT-luc, suggesting a direct effect of TGF-β1 released 

from macrophages on the cancer cells themselves. This is similar to a recent study that 

demonstrated macrophage production of TGF-β1 leads to EMT and acquisition of cancer 

stem cell like properties in the mouse hepatocellular carcinoma cell line Hepa1–6 cells [36]. 

Importantly, another mouse lung cancer cell line, LLC-luc, also induced TGF-β production 

by myeloid cells in a PPARγ dependent manner, but did not require TGF-β signaling for 

progression and metastasis. Our data indicate that the importance of specific pathways 

activated in the TME will be related to the nature of the cancer cell. It should also be noted 

that other cells, including the cancer cell, can produce TGF-β. However, since the 

production of active TGF-β involves release from the matrix [37], it is likely that production 

by distinct components of the tumor have different effects on progression.

Recent studies have subdivided human lung cancers into separate categories based on the 

identification of dominant oncogenic drivers. Therapeutics that target cancer cells are based 

on identifying these drivers and personalizing treatment to target these pathways [3]. In 

general, studies focusing on the TME have not sufficiently considered the drivers and the 

properties of the cancer cells, assuming a “one size fits all” approach in targeting the TME. 

Both CMT-luc and LLC-luc cells express oncogenic KRAS [9]. Perhaps more importantly, 

the phenotype of these cancer cells is clearly different; illustrating that despite having the 

same oncogenic driver, tumors are very heterogeneous. In fact, converting epithelial CMT 
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cells to a more mesenchymal phenotype by overexpression of ZEB1 made them resistant to 

inhibition of TGF-β1, strongly suggesting that the state of differentiation is a major 

determinant of this response. We propose that activation of PPARγ in the TME, specifically 

in myeloid cells, will accelerate progression in more epithelial cancer cells, such as 

CMT167, where EMT is critical for progression, but will have lesser effects in more 

mesenchymal tumors. A recent study analyzed the TCGA dataset for the expression of 

classic epithelial or mesenchymal markers and found that the majority of human lung 

adenocarcinomas are epithelial in nature [38], demonstrating the applicability of finding 

targets to prevent EMT in these tumors.

Targeting TGF-β signaling in cancer has been a desirable achievement for the treatment of 

many solid tumors. The most significant problem with this approach is delineating the 

differential effects of TGF-β signaling in cancer cells versus cells of the tumor 

microenvironment. For some cancer types the predominant role of TGF-β within the cancer 

cell is tumor suppressive, while TGF-β signaling in cells of the TME is mostly tumor 

promoting [29]. Before targeting TGF-β signaling in patients, it is important to be able to 

identify those that will benefit from the inhibition rather than those that will not respond or 

will respond negatively. In NSCLC, increased levels of TGF-β1 have been associated with 

tumor progression and metastasis in both human patients and mouse models [39–42], while 

other studies have demonstrated a tumor suppressive role of TGFβRII in NSCLC [43–45]. 

Similarly, we have shown that our mouse lung cancer cell lines have differential responses to 

inhibition of TGF-β1 signaling, therefore highlighting the necessity of delineating tumors 

that will be sensitive to TGF-β1 inhibition. While a recent review by Colak and Dijke 

suggested sensitivity to TGF-β targeting in other cancer types is associated with a 

mesenchymal phenotype [29], we have found the opposite to be true in our mouse model of 

lung cancer. Further analysis to confirm the link between epithelial differentiation state and 

the responsiveness to TGFβR inhibition will need to be performed. The results of this study 

provide promising preclinical data to support this hypothesis and advocate for targeting 

TGF-β signaling to prevent progression of epithelial lung cancers.
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IMPLICATIONS

This study suggests that TGFβ receptor inhibitors may be an effective therapy in a subset 

of KRAS mutant NSCLC patients which show an epithelial phenotype.
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Figure 1: TGF-β1 is produced by myeloid cells in response to PPARγ activation.
(A) PPARγ-WT or PPARγ-MKO mice were orthotopically injected with CMT-luc cells. 

Tumor bearing lungs were collected 4 weeks later. IHC for TGF-β1 was performed on tissue 

sections and representative images at 40X magnification are shown. (B) Quantification of 

TGF-β1 positive cells within tumor and surrounding lung tissue in IHC sections, reported as 

a percent of the total cells. (C) TGF-β1 released from bone marrow derived macrophages 

(BMDM) from PPARγ-WT or PPARγ-MKO mice treated with pioglitazone (Pio), PPARγ 
inhibitor (T007), a combination of both, or vehicle control (DMSO) and normalized to WT 

DMSO control. (D) TGF-β1 released from PPARγ-WT or PPARγ-MKO BMDM treated 

with media supplemented with CMT-luc tumor homogenate and normalized to PPARγ-WT 

PBS control. (E) TGF-β1 released from PPARγ-WT BMDM treated with media 

supplemented with homogenate from normal lung or lung with CMT-luc tumor (CMT), 

pioglitazone (Pio) or a combination of tumor homogenate and pioglitazone and normalized 

to WT vehicle control (*p<0.05, **p<0.01, ***p<0.001).
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Figure 2: Inhibition of TGFβRII signaling reduces primary tumor size and metastasis of CMT-
luc cells.
(A) Western blot for TGFβRII in untransduced parental CMT-luc cells or CMT-luc cells 

transduced with control or TGFβRII targeting shRNA. (B) qRT-PCR of TGFβRII expression 

in parental CMT-luc and CMT-luc cells transduced with control shRNA or TGFβRII 

targeting shRNA (602 or 531). (C,D) WT mice were orthotopically injected with CMT-luc 

cells expressing control shRNA or the TGFβRII targeting shRNA 602. Mice were harvested 

to measure metastasis 5 weeks post injection. There were 16 mice injected with the control 

shRNA CMT-luc cells and 19 mice injected with the TGFβRII targeting shRNA CMT-luc 

cells. The data for all mice injected is reported. (E,F) WT mice were orthotopically injected 

with CMT-luc cells and treated with the TGFβRI inhibitor SB431542 (10 mg/kg) or vehicle 

control (1:1 DMSO:PBS) starting at the time of injection and continuing 5 days a week for 5 

weeks. (D,F) Primary tumor size was measured by caliper and reported as the tumor volume 
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in mm3. (E,F) Incidence of metastasis reported as the percent of mice with metastasis to the 

other lobes of the lung (secondary lung) or liver, as measured by bioluminescence (*p<0.05).
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Figure 3: Response of CMT-luc cells treated with TGF-β1 in vitro.
(A) Proliferation of cells treated with TGF-β1 or vehicle control in vitro, measured as 

change in total luminescence (*p<0.05 for TGF-β1 treated compared to respective vehicle 

treated controls). (B) Representative western blot for E-cadherin in CMT-luc cells treated 

with TGF-β1 compared to control with corresponding densitometry analysis reported as 

relative band intensity. (C) qRT-PCR for Zeb1, Vimentin and E-cadherin in CMT-luc cells 

post TGF-β1 treatment compared to control. (D) qRT-PCR for E-cadherin, Zeb1, and 

Vimentin in CMT-luc cells post TGF-β1 treatment combined with the TGFβRI inhibitor 

SB431542 or vehicle control (DMSO). (E) Number of migrating cells in transwell migration 

assays using CMT-luc cells treated with TGF-β1 or vehicle control (**p<0.01, ***p<0.001).
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Figure 4: LLC-luc induce PPARγ dependent myeloid cell TGF-β1 production but do not require 
TGF-β1 signaling for progression.
(A) PPARγ-WT or PPARγ-MKO mice were orthotopically injected with LLC-luc cells. 

Tumor bearing lungs were collected 2.5 weeks later. IHC for TGF-β1 was performed on 

tissue sections and representative images at 40X magnification are shown. (B) 

Quantification of TGF-β1 positive cells within tumor and surrounding lung tissue in IHC 

sections, reported as a percent of the total. (C) TGF-β1 released from PPARγ-WT or 

PPARγ-MKO BMDM treated with media supplemented with LLC-luc tumor homogenate. 

(D) WT mice were orthotopically injected with LLC-luc cells and treated with the TGFβRI 

inhibitor SB431542 or vehicle control (1:1 DMSO:PBS) starting at the time of injection and 

continuing 5 days a week for 2.5 weeks. There were 8 mice per group injected with LLC-luc 

cells. Primary tumor size was measured by caliper and reported as the tumor volume in 

mm3. (E) Incidence of metastasis reported as the percent of mice with metastasis to the other 

lobes of the lung (secondary lung), liver, or brain as measured by bioluminescence 

(**p<0.01, ***p<0.001).
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Figure 5: Overexpression of ZEB1 in CMT cells results in a less differentiated phenotype and 
resistance to TGF-β inhibition.
(A) Light microscope images of CMT-luc control vector and CMT-ZEBOE vector in vitro. 

(B) qRT-PCR of Zeb1, Vimentin, and E-cadherin in CMT-luc control vector and CMT-

ZEBOE vector cells. (C) Western blot of Zeb1, Vimentin, and E-cadherin in LLC-luc, CMT-

luc parentas, CMT-luc control vector and CMT-ZEBOE vector cells. (D,E) WT mice were 

orthotopically injected with CMT control vector or CMT-luc ZEBOE and treated with 

TGFβRI inhibitor SB431542 or vehicle control (1:1 DMSO:PBS) starting 10 days after 

injection and continuing 5 days a week for 5 weeks. There were five mice per group in the 

vehicle treated and 6 mice per group in the SB431542 treated. (D) Primary tumor size was 

measured by caliper and reported as the tumor volume in mm3. (E) Number of secondary 

lung metastases was counted on H&E stained lung tissue sections. (*p<0.05, **p<0.01)
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