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ABSTRACT 27 

Phenotypic plasticity involves a series of events through which cells transiently acquire 28 

phenotypic traits of another lineage. Two of the most commonly studied types of phenotypic 29 

plasticity are epithelial-mesenchymal transition (EMT) and mesenchymal-epithelial transition 30 

(MET). In carcinomas, EMT drives invasion and metastatic dissemination while MET is 31 

proposed to play a role in metastatic colonization. In sarcomas, phenotypic plasticity is not well-32 

studied; however, there is evidence that sarcomas do exhibit phenotypic plasticity, with a subset 33 

of sarcomas undergoing an MET-like phenomenon. While the exact mechanisms by which 34 

these transitions occur remain largely unknown, it is likely that some of the same master 35 

regulators that drive EMT/MET in carcinomas also act in sarcomas. Here, we combine 36 

mathematical models with bench experiments to develop a predictive framework to identify a 37 

core regulatory circuit that controls MET in sarcomas. This circuit comprises the miR-200 family, 38 

ZEB1, and GRHL2. Interestingly, we find that combined expression of miR-200s and GRHL2 39 

further upregulates epithelial genes to induce MET. This effect is phenocopied by 40 

downregulation of either ZEB1 or the ZEB1 co-factor, BRG1. In addition, an MET gene 41 

expression signature is prognostic for improved overall survival in sarcoma patients. Together, 42 

our results suggest that a miR-200, ZEB1, GRHL2 gene regulatory network may drive sarcoma 43 

cells to a more epithelial-like state and this likely has prognostic relevance. 44 

 45 
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 53 

INTRODUCTION 54 

Phenotypic plasticity is defined as the reversible conversion of cellular phenotypes from one 55 

state to another. The two most commonly-studied types of plasticity are epithelial-mesenchymal 56 

transition (EMT) and the reverse, mesenchymal-epithelial transition (MET). These phenotypic 57 

transitions play important roles in normal development (reviewed in (1-4)) and wound healing 58 

(reviewed in (5)); however, similar pathways and gene expression programs can also be co-59 

opted by the cell during fibrosis (reviewed in (6-8)) and carcinoma progression (reviewed in (9-60 

12)). In the context of carcinoma progression, a subset of cells within the tumor are thought to 61 

undergo an EMT, which enables those cells to break free from the tumor mass via loss of cell-62 

cell adhesions (13, 14) and upregulate invasive programs that facilitate dissemination (13). In 63 

addition to these phenotypic changes, EMT also contributes to alterations in cancer cell 64 

metabolism (10), drug resistance (15, 16), tumor-initiation ability (17, 18) and perhaps even host 65 

immune evasion (19). EMT is often accompanied by downregulation of proliferation (20, 21), 66 

and, in some cases, MET is important for re-initiation of proliferation during metastatic 67 

colonization (22). It is important to note that as the field of phenotypic plasticity has matured, 68 

particularly in the context of carcinoma progression, EMT/MET has become recognized as more 69 

of a spectrum of phenotypes, rather than discrete states of fully differentiated epithelial and 70 

mesenchymal phenotypes. These metastable, or hybrid, E/M transition states have been 71 

observed in clinical specimens, including the circulation (23, 24) and the metastatic niche 72 

(reviewed in (25)). Yet, despite these observations, the importance of the metastable E/M state 73 

in metastasis remains unknown.  74 

 The relevance of phenotypic plasticity in carcinoma progression has been studied for 75 

decades now as a critical pathway in the metastatic cascade; however, more recent 76 

observations suggest that some of the same drivers of plasticity in carcinomas may also 77 

contribute to sarcoma aggressiveness. For example, the EMT transcription factor and master 78 
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regulator, SNAIL (SNAI1), was shown to be associated with poorer overall survival in human 79 

sarcomas, and ectopic expression of SNAIL in fibroblasts induced sarcomas in immunodeficient 80 

mice (26). Similarly, ZEB1, another EMT transcription factor, was upregulated in osteosarcomas 81 

compared to normal bone, and osteosarcoma patients with metastases had higher ZEB1 82 

compared to those without metastases (27). In addition, sarcoma patients with higher levels of 83 

the epithelial marker, E-cadherin, have improved survival compared to those with low or no E-84 

cadherin (28). It is perhaps not surprising that just as epithelial-derived cancers are capable of 85 

awakening the embryologic pathways related to phenotypic plasticity, so too could 86 

mesenchymal cancers transition to a more epithelial-like phenotype.  87 

In the present work, we use both predictive mathematical models and validation 88 

experiments to develop a conceptual framework for the control of cellular phenotype in 89 

sarcomas. Our results predict that the combined expression of the miR-200 family and 90 

upregulation of an epithelial gene activator, GRHL2, drive MET in sarcomas. Indeed, both 91 

GRHL2 overexpression and down-regulation of ZEB1 – by either RNAi-mediated silencing or 92 

miR-200 overexpression – act synergistically to control the upregulation of epithelial genes, 93 

including E-cadherin, and consequently, MET. Together, our results highlight the functional 94 

interplay between epithelial and mesenchymal regulators in driving MET in sarcomas.  95 

 96 
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RESULTS 105 

Modeling an EMT/MET regulatory network 106 

E-cadherin is a key protein involved in epithelial cell-cell adhesion, and the loss of E-cadherin is 107 

a hallmark of EMT. We used experimentally-derived information based on published literature to 108 

construct a gene regulatory network based on the known mediators of E-cadherin and EMT 109 

(see Materials and Methods and Supplementary text for a detailed description of the model 110 

construction). The mutually inhibitory feedback loop between microRNA family miR-200 and 111 

transcription factor family, ZEB1/2 (29, 30) has been proposed to act as a three-way decision-112 

making switch, enabling the co-existence of three phenotypes – epithelial (high miR-200, low 113 

ZEB), hybrid epithelial/mesenchymal (moderate miR-200, moderate ZEB), and mesenchymal 114 

(low miR-200, high ZEB) (31). Our model couples this miR200/ZEB loop with another mutually 115 

inhibitory loop including miR-34/SNAIL (32) by incorporating their interconnections – activation 116 

of ZEB by SNAIL (33), inhibition of miR-200 by SNAIL (30, 34), and inhibition of miR-34 by ZEB 117 

(35). We treat SNAIL as the external input signal to the miR-200/ZEB circuit (Figure 1A) as 118 

these interconnections do not change the qualitative behavior of EMT decision-making (31).  119 

The miR-200 family consists of two subgroups – one containing miR-141 and miR-200a, 120 

and the other includes miR-200b, miR-200c, and miR-429. The ZEB transcription factor family 121 

includes two orthologues – ZEB1 and ZEB2. The 3’ UTR region of ZEB1 has a total of eight 122 

conserved binding sites for miR-200 - three for the first subgroup and five for the second 123 

subgroup. The 3’ UTR region of ZEB2 has nine conserved binding sites for miR-200 (three for 124 

the first subgroup and six for the second subgroup). Experiments suggest that the expression of 125 

miR-200c can restore E-cadherin and induce MET (36). Therefore, in our miR-200/ZEB module, 126 

we considered six binding sites (number of binding sites of the second subgroup on ZEB2) on 127 

the 3’ UTR region of ZEB for the binding of miR-200. Also, the members of miR-200 family are 128 

located on two different chromosomes – miR-200c and miR-141 on chromosome 12 (with three 129 

conserved ZEB-binding sites); and miR-200b, miR-200a, and miR-141 on chromosome 1 (with 130 
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two conserved ZEB-binding sites). We consider three ZEB binding sites on the promoter region 131 

of miR-200 (29, 30). ZEB can also activate its own transcription both via stabilizing SMAD 132 

complexes (37) and by activating CD44s (38); hence, we assume two binding sites for ZEB self-133 

activation. SNAIL, a well-known EMT inducer, can transcriptionally inhibit miR-200 and activate 134 

ZEB (30, 33, 34). Both of these regulatory steps have been postulated to happen through two 135 

binding sites (31).  136 

GRHL2, a key regulator of morphogenesis (39), forms a mutually inhibitory loop with 137 

ZEB. The promoter region of GRHL2 has three binding sites for ZEB1, and the promoter of 138 

ZEB1 has one binding site for GRHL2 (40, 41). GRHL2 can also activate E-cadherin (42), but E-139 

cadherin is repressed by ZEB1 via binding to E-boxes in its promoter region (Figure 1A) (43). 140 

Also, E-cadherin sequesters β-catenin at the membrane which can translocate to the nucleus 141 

and activate ZEB via binding to TCF/LEF (44). This cascade has been represented as an 142 

inhibitory link from E-cadherin to ZEB. Thus, GRHL2 acts in two ways to upregulate E-cadherin: 143 

1) GRHL2 represses the E-cadherin repressor, ZEB1 (45); and 2) GRHL2 directly activates E-144 

cadherin transcription (42). This model predicted that activating GRHL2 would increase E-145 

cadherin expression to levels commensurate with MET (Figure 1B).  146 

 147 

Combined expression of GRHL2 and miR-200s increases E-cadherin and induces MET in 148 

sarcoma cells 149 

Based on our model, we sought to experimentally validate the importance of GRHL2 in driving 150 

MET and E-cadherin expression. We selected several model cell lines to better understand the 151 

potential ability for GRHL2 to influence epithelial plasticity in cells from different lineages (e.g. 152 

epithelial vs. mesenchymal). The MDA-MB-231 cell line is a post-EMT breast cancer model that 153 

is frequently used in studies of epithelial plasticity. RD and 143B cells represent models of soft 154 

tissue sarcoma (specifically, rhabdomyosarcoma) and osteosarcoma, respectively. To test the 155 

capacity of GRHL2 to activate E-cadherin and induce MET, we ectopically over-expressed 156 
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GRHL2 using lentiviral transduction in each of the three cell lines (Supplementary Figure 1). 157 

GRHL2 was expressed to similar levels in all three cell lines, as quantified by RT-qPCR 158 

(Supplementary Figure 1A) and localized to the nucleus in all three lines (Supplementary Figure 159 

1B). Surprisingly, GRHL2 expression had no significant effect on ZEB1 in any of the cell lines 160 

(Figure 1C); however, GRHL2 expression led to a relatively modest, but significant induction of 161 

E-cadherin mRNA (Figure 1D) and protein (Figure 1E) in MDA-MB-231 cells. Conversely, 162 

GRHL2 expression had no effect on E-cadherin in either of the sarcoma lines (Figure 1D and 163 

E). We postulated that GRHL2 expression was insufficient to overcome the repression of E-164 

cadherin by other factors. RT-qPCR of five major EMT-TFs in RD cells revealed that the E-165 

cadherin transcriptional repressor and EMT master regulator, ZEB1, was expressed at least 35-166 

fold higher than the other EMT-TFs (Figure 2A). This prompted us to ask whether repression of 167 

ZEB1 by the miR-200 family was able to enhance the effect of GRHL2 on E-cadherin and MET 168 

in RD cells. Transfection of miR-200 family members miR-200a, b, and c (hereafter referred to 169 

as ‘miR-200s’) had no obvious effect on the morphology of RD cells. However, addition of miR-170 

200s in the context of GRHL2 expression led to a morphological change consistent with MET; 171 

cells changed from a spindle-shaped appearance with few cell-cell contacts to a rounded, 172 

cobblestone-like appearance, with increased cell-cell contacts (Figure 2B). The morphological 173 

change was also accompanied by upregulation of epithelial markers E-cadherin (Figure 2C), 174 

EpCAM (Supplementary Figure 2A), and TJP1 (also known as zona occludens 1, or ZO-1) at 175 

cell-cell contacts (Supplementary Figure 2B, white arrows). Interestingly, E-cadherin was 176 

upregulated with addition of miR-200s, but the effect of miR-200s on E-cadherin was enhanced 177 

in a synergistic fashion in the presence of GRHL2 over-expression (Figure 2D; note log scale). 178 

Although GRHL2 had no effect on ZEB1, transfection of miR-200s reduced ZEB1 mRNA (Figure 179 

2E). To test whether the synergistic effect of GRHL2 and miR-200s was due to sequence 180 

elements within the E-cadherin gene, we created a luciferase-based reporter in which firefly 181 

luciferase (FFLuc) is driven by the E-cadherin promoter. In addition to promoter control, the 182 
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FFLuc open reading frame is interrupted by a constitutively spliced intron, modified from (46), 183 

harboring a region of E-cadherin intron 2 in which GRHL2 has been demonstrated to bind (42) 184 

(Figure 2F). Consistent with the results from the endogenous gene, transfection of this E-185 

cadherin/GRHL2 reporter into RD cells in the presence of GRHL2 and miR-200s led to a 186 

synergistic increase in FFLuc expression (Figure 2F). Soft agar assays revealed that MET 187 

induction in RD cells significantly reduced the number of colonies capable of growing in an 188 

anchorage-independent setting (Figure 2G). This MET-associated reduction in anchorage-189 

independent growth was driven exclusively by the miR-200s (Figure 2G).  190 

Similar to the RD cells, the 143B osteosarcoma cell line also expressed high levels of 191 

ZEB1 compared to other EMT-TFs (Figure 2H), and combined transfection of miR-200s with 192 

GRHL2 expression led to a multiplicative increase in E-cadherin (Figure 2I). Also similar to the 193 

results in RD cells, GRHL2 alone had no effect on ZEB1, and miR-200s inhibited ZEB1 (Figure 194 

2J). Conversely, in MDA-MB-231 breast cancer cells, which have almost equal expression of 195 

both Zeb1 and Slug (Supplementary Figure 3A), overexpression of miR-200 was sufficient to 196 

induce E-cadherin, EpCAM, CGN, and downregulation of ZEB1. GRHL2, either transfected 197 

alone or in combination with miR-200s, had only a modest effect on the expression of E-198 

cadherin, ZEB1, or other MET markers (Supplementary Figure 3) in MDA-MB-231 cells. We 199 

also tested whether combined expression of GRHL2 and miR-200s induced MET using three 200 

additional lines, including BT-549 triple negative breast cancer cells (Supplementary Figure 4), 201 

U2-OS osteosarcoma cells (Supplementary Figure 5), and SK-LMS leiomyosarcoma cells 202 

(Supplementary Figure 6). Overall, the results were consistent with an increased effect on MET 203 

induction with combined expression of GRHL2 and miR-200s, with the miR-200s driving the 204 

majority of MET-like gene expression changes (Supplementary Figures 4-6).   205 

 206 

ZEB1 repression and GRHL2 expression induce E-cadherin expression 207 
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Given the relatively broad effects of miR-200s on potentially hundreds of targets, we next asked 208 

whether the combinatorial effect we observed on E-cadherin and MET in sarcoma cells was 209 

through ZEB1. To this end, we performed siRNA-mediated knockdown of ZEB1 using two 210 

independent siRNAs to mitigate the potential for off-target effects. Both siRNAs significantly 211 

reduced ZEB1 protein (Figure 3A) and mRNA (Figure 3B) in the RD cells. Consistent with the 212 

hypothesis that miR-200s repressed ZEB1 to facilitate GRHL2 activation of E-cadherin, we 213 

observed a larger increase in E-cadherin with ZEB1 knockdown and GRHL2 expression than 214 

with either factor alone (Figure 3C). Similarly, we also found this combinatorial upregulation of 215 

another epithelial cell-cell adhesion molecule, claudin 4 (CLDN4), with ZEB1 knockdown and 216 

GRHL2 expression (Figure 3D). Conversely, a third epithelial cell adhesion molecule, cingulin 217 

(CGN) appeared to be solely regulated by GRHL2; knockdown of ZEB1 had no effect (Figure 218 

3E). Together, our results suggest that downregulating ZEB1 via miR-200s has no effect on any 219 

of these epithelial genes without the presence of an epithelial gene activator, GRHL2.  220 

 221 

A revised model predicts GRHL2 exists in two possible states 222 

Based on our observed experimental results, we revised our predictive model. In the revised 223 

model, we parsed GRHL2 into two categories: inactive (i) and active (a) forms. Although we 224 

refer to the inactive and active forms as conceptual constructions to view the potential states of 225 

GRHL2, these states can potentially reflect two scenarios – GRHL2 being blocked from 226 

activating E-cadherin (inactive) or GRHL2 capable of activating E-cadherin (active). We 227 

constructed the model so that, rather than inhibiting GRHL2 levels directly, ZEB1 prevents 228 

GRHL2 from transitioning to the active state (Figure 4A). This realization is consistent with our 229 

experimental data that shows upregulation of epithelial gene targets by GRHL2 only upon ZEB1 230 

knockdown (Figure 3C and D). Importantly, the revised model recapitulates the synergistic 231 

effect of miR-200s and GRHL2 on E-cadherin. GRHL2 has little effect on E-cadherin (Figure 4B, 232 

blue line and quantified in Figure 4C) while addition of miR-200s alone increases E-cadherin 233 
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(Figure 4B, red line and quantified in Figure 4C). Overexpression of both GRHL2 and miR-200s 234 

is predicted to enhance E-cadherin expression in a synergistic fashion (Figure 4B, green line 235 

and quantified in Figure 4C). When we plot various degrees of overexpression of GRHL2 and 236 

miR-200s on the x- and y-axes, respectively, we observe the largest effect on E-cadherin levels 237 

with the activation of miR-200s, while GRHL2 alone contributes very little to E-cadherin 238 

activation (Figure 4D). Yet, the effect of GRHL2 in increasing E-cadherin is visible only once 239 

miR-200s reach a threshold value and activate E-cadherin (Figure 4D). While the exact 240 

numerical values of fold-change of levels of E-cadherin depend on changes in model 241 

parameters, the relatively small effect of GRHL2 in activating E-cadherin in the absence of miR-242 

200s and the synergistic induction of E-cadherin levels upon combinatorial overexpression of 243 

miR-200s and GRHL2 are robust features of the model (Supplementary Text). All of these 244 

observations are consistent with our experimental data, suggesting that the modeled regulatory 245 

network is capable of generating biologically-relevant outputs. 246 

 247 

GRHL2-mediated regulation of E-cadherin and cellular phenotype depends on BRG1 and 248 

GRHL2 methylation 249 

The revised predictive model prompted us to hypothesize that regulation of E-cadherin by 250 

GRHL2 could be controlled in one of two ways as follows: 1) GRHL2-mediated activation of E-251 

cadherin and/or 2) GRHL2 expression levels. To address the first hypothesis, we knocked down 252 

the chromatin remodeling protein, BRG1, which has been shown to act as a co-factor of ZEB1 253 

in repressing E-cadherin by condensing the chromatin around the E-cadherin promoter (43). We 254 

knocked down BRG1 using two independent siRNAs in RD cells containing either an empty 255 

vector or GRHL2 (Figure 5A). While siRNA-mediated silencing of BRG1 had no effect on E-256 

cadherin expression in empty vector cells, knock down of BRG1 in the context of GRHL2 257 

expression led to a significant increase in E-cadherin mRNA (Figure 5B). The increase in E-258 

cadherin was also dose dependent; E-cadherin was higher in cells for which BRG1 was 259 
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knocked down to a greater degree (Figure 5B). These results suggest that GRHL2-based 260 

activation of E-cadherin may be dependent on the degree to which the chromatin surrounding 261 

the E-cadherin promoter is available to be bound by GRHL2.  262 

To test the second hypothesis that GRHL2 itself could be regulated as a mechanism to 263 

control E-cadherin expression and cellular phenotype, we queried data from The Cancer 264 

Genome Atlas (TCGA). Interestingly, we found that methylation of the DNA upstream of GRHL2 265 

was significantly higher in mesenchymal-derived sarcoma cancer specimens compared to 266 

epithelial-derived breast, colorectal (CRC) and prostate cancers (Figure 5C). When we further 267 

analyzed GRHL2 methylation by sarcoma subtype, we found that GRHL2 methylation was 268 

lowest in synovial sarcomas (Figure 5D). Synovial sarcomas are classically characterized by a 269 

biphasic histologic appearance consisting of a distinct cellular population with mesenchymal 270 

morphology (and expressing mesenchymal biomarkers) and another distinct population with 271 

epithelial morphology (and expressing epithelial biomarkers). In addition, when we used a 272 

previously published signature of EMT (47) to separate sarcomas into more epithelial-like and 273 

mesenchymal-like samples, we found that GRHL2 methylation was significantly higher in the 274 

more mesenchymal-like samples (Supplementary Figure 7). While this was not the case for 275 

breast and prostate cancers, GRHL2 methylation was also significantly higher in mesenchymal-276 

like CRC samples compared to epithelial-like samples (Supplementary Figure 7). These 277 

analyses suggest that GRHL2 methylation patterns differ based on their cellular phenotype.  278 

 279 

An epithelial-like gene expression profile has prognostic value in sarcomas 280 

Our results suggest that some of the same gene expression pathways that control 281 

EMT/MET in carcinomas may also regulate these phenotypic transitions in sarcomas. To better 282 

understand the clinical significance of these phenotypic plasticity pathways in sarcomas, we 283 

analyzed RNA-Seq data from 250 soft tissue sarcomas from patients available through The 284 

Cancer Genome Atlas. Tumors were separated into two groups based on a previously 285 
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published EMT signature (47). Partitioning the tumors in this way revealed a significant 286 

difference in patient prognosis based on EMT signature; patients with a low EMT score (more 287 

epithelial-like tumors) had a more favorable prognosis compared to patients with a high EMT 288 

score (more mesenchymal-like tumors) (Figure 6A). Similarly, the sum of RNA-Seq scores from 289 

GRHL2 and miR200 family members was prognostic for overall survival, albeit with modest 290 

significance, with higher levels of GRHL2 and miR200s having a more favorable prognosis 291 

(Figure 6B). As expected, the combined RNA-Seq values from GRHL2 and miR200s negatively 292 

correlated with EMT score (Figure 6C). Analysis of GRHL2 and ZEB1 expression in an 293 

independent osteosarcoma microarray data set (n = 84; GSE28974; (48)) showed that patients 294 

with increased GRHL2 expression had significantly improved metastasis-free survival and 295 

trended toward improved overall survival (Supplementary Figure 8A and B). Conversely, 296 

patients with higher ZEB1 trended toward having worse metastasis-free survival (p = 0.056) and 297 

significantly worse overall survival (p = 0.032) (Supplementary Figure 8C and D). Together, 298 

these data indicate that a more epithelial-like gene expression program may be prognostic for 299 

improved clinical outcomes in sarcomas. It is worth noting that although more epithelial-like soft 300 

tissue sarcoma samples were evident within the group of soft tissue sarcomas (Supplementary 301 

Figure 9A), the EMT biomarker expression and EMT scores were strongly mesenchymal-like 302 

when normalized to all cancers (PANCAN normalized) within the TCGA dataset (Supplementary 303 

Figure 9B). These observations suggest that the more “epithelial-like” sarcomas, while being 304 

shifted more toward an epithelial phenotype, still maintain the signature of a mesenchymal-like 305 

lineage when compared to epithelial-derived cancers (Supplementary Figure 9).   306 

 307 

DISCUSSION 308 

Maintenance of cellular phenotype is critical to the proper homeostasis of multicellular 309 

organisms. For proper division of labor to take place within tissues and organs, each cell must 310 

operate within the context of its lineage. The breakdown of this lineage commitment can lead to 311 
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dedifferentiation, trans-differentiation, and/or other events related to phenotypic plasticity, all 312 

phenomena that are observed across multiple cancer types and that correlate with poor 313 

prognosis. In the context of sarcoma, phenotypic plasticity appears to have varying associations 314 

with clinical aggression. For example, dedifferentiated liposarcomas are particularly aggressive 315 

and have a high rate of metastasis compared to their well differentiated and intermediate grade 316 

counterparts (49). Similarly, others have argued that sarcomas arise from reprogramming of 317 

mesenchymal stem-like cells that become fixed in a more undifferentiated state by oncogenes 318 

(50). Conversely, in the case of MET, it appears that the transition to a more epithelial-like gene 319 

expression program is associated with a favorable prognosis in a subset of soft tissue sarcomas 320 

and osteosarcomas (26-28, 51, 52). Interestingly, our computational model and laboratory 321 

experiments suggest that sarcoma cells may require multiple inputs to undergo a phenotypic 322 

transition to a more epithelial-like state. It is possible that, under normal conditions, this multi-323 

level regulation limits phenotypic transitions and provides a system to buffer noise from internal 324 

or external cues that feed into the transcriptional circuit. Only when the signals are strong 325 

enough to activate multiple factors is the phenotypic transition able to occur. More intriguing is 326 

the question of what factors would favor phenotypic transitions in sarcomas. In both carcinomas 327 

and sarcomas, presumably a more mesenchymal-like state would favor the fitness of the cancer 328 

cell, especially in the setting of competition for limited local resources, where such a state would 329 

permit metastasis and colonization of a new, less crowded niche (10-12).  What, if any, selective 330 

pressures would favor MET by sarcomas have yet to be explored.  It is possible that such 331 

transitions in sarcomas lack the same selective pressures in carcinomas or even that such 332 

transitions reflect innate biologic traits of particular tumors and hinder those tumors from lethal 333 

behaviors.   334 

One of the mechanisms by which a cell can be poised toward phenotypic plasticity is 335 

through epigenetic modifications (53). Along these lines, differentiated mammary cells with high 336 

levels of E-cadherin carry an active H3K4me3 modification on the E-cadherin promoter while 337 
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the more stem-like cells harbor both the active H3K4me3 mark and a repressive H3K27me3 338 

modification (53). As Tam and Weinberg postulate, it is logical to conclude that the bivalent 339 

modifications enable a rapid transition to a differentiated, epithelial-like state (53). Indeed, the 340 

fact that GRHL2 methylation is significantly increased in sarcomas compared to epithelial-341 

derived cancers supports this notion. Similarly, our results showing that downregulation of the 342 

chromatin remodeling protein BRG1 phenocopies the effect of ZEB1 knockdown on E-cadherin 343 

expression (Figure 5B) also fits with the idea that the chromatin conformation may dictate where 344 

on the spectrum of phenotypes a given cell may exist. Further study of the relationship between 345 

epigenetic modification, phenotype, and capacity for phenotypic plasticity in sarcomas may 346 

elucidate the context of phenotypic plasticity among mesenchymal tumors. 347 

Our coupling of dynamic modeling with experimentally-based refinements and 348 

validations has enabled the establishment of a framework by which to understand regulation of 349 

MET in sarcomas, a phenomenon that appears to have clinical relevance (28, 51, 52). A deeper 350 

understanding of how these transitions occur in sarcoma and what selective pressures influence 351 

them could offer immediate prognostic value and, one day, lead to therapeutically shifting 352 

sarcomas to a more epithelial-like state, thereby attenuating their aggressiveness and improving 353 

patient outcomes.  354 

 355 

MATERIALS AND METHODS 356 

Model construction and sensitivity analysis 357 
 358 
We generalize the modeling framework of miRNA-mRNA interactions developed for miR-359 

200/ZEB/SNAIL circuit by Lu et al. (31) to include the connections with E-cadherin and GRHL2. 360 

The initial model (Figure 1A) consists of eight species – SNAIL mRNA, SNAIL protein, ZEB 361 

mRNA, ZEB protein, the miR-200 family (miR-200a, b, c, 141, 429), E-cadherin mRNA, GRHL2 362 

mRNA, and GRHL2 protein. In the revised model (Figure 4A), we introduce two species to 363 

consider the active and inactive forms of GRHL2 protein. The model construction and parameter 364 
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estimation details and the sensitivity analysis are given in Supplementary text. The model was 365 

simulated in MATLAB (Mathworks Inc.), and bifurcation plots were constructed using 366 

MATCONT (54). The term 'relative activity' in Figures 1B, 4B, 4D represents the external 367 

activation that was applied on respective moieties. 368 

 369 

Cell culture and GRHL2 transduction  370 

All cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM), high glucose 371 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (pen-strep) at 372 

37°C and 5% CO2 in a humidified incubator. To generate lentiviruses, 3 x 105 HEK293T cells 373 

were co-transfected with either 2 μg of empty vector (pCMV-UBC-EGFP) or pCMV-GRHL2-374 

UBC-EGFP, 1.8 μg of pΔ8.9 and 0.2 μg of pGAG-POL. Viral media was collected two and three 375 

days later, filtered, and added to target cells, along with X ug/ml X. EGFP+ cells were sorted by 376 

flow cytometry at the Duke University Flow Cytometry Shared Resource.   377 

 378 

SiRNA-mediated knockdowns and miR-200 transfections 379 

A total of 20 nM of Allstars non-silencing (Qiagen) or target gene siRNA (Qiagen) was diluted in 380 

Opti-MEM and mixed with Lipofectamine RNAiMax diluted in Opti-MEM. Lipofectamine-siRNA 381 

mixtures were incubated for 20 minutes at room temperature, and cells were reverse 382 

transfected overnight in DMEM/10% FBS/1% pen-strep. Media was replaced the next day. The 383 

same protocol was used for reverse transfection of miR-200s. 384 

 385 

RNA extraction, reverse transcription, and RT-qPCR 386 

RNA was extracted using either the Promega RNA Mini-prep kit or the Zymo RNA extraction kit 387 

following the manufacturers’ protocols. A minimum of 100 ng of total RNA was used in each 388 

reverse transfection reaction using random hexamer primers in a 20 μl total reaction volume 389 

following the ABI High Capacity cDNA Reverse Transcription Kit protocol (ThermoFisher). RT 390 
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reactions were incubated following the manufacturer’s protocol in a SimpliAmp thermocycler 391 

(Life Technologies). RT reactions were diluted 1:5 in nuclease-free H2O, and RT-qPCR was 392 

performed using 2 μl of RT, 0.06 μl of each primer (10 μM stock), and 5 μl of KAPA SYBRFAST 393 

Universal 2X qPCR Master Mix in a 10 μl total reaction volume. Reactions were performed 394 

using a Vii7 real time-PCR detection system (Applied Biosystems). 395 

 396 

Western blotting and immunofluorescence staining  397 

For western blotting, total protein was extracted from cultured cells by washing twice in 398 

1X ice-cold phosphate buffered saline (PBS), and lysing cells in 1X RIPA buffer supplemented 399 

with 1X protease inhibitor cocktail (Roche). Cell lysates were incubated at 4C for 15’ with 400 

rocking, clarified by centrifugation at high speed in a benchtop centrifuge for 5’, and clarified 401 

lysates were incubated for 5’ at 95C in 1X Laemmli sample loading buffer. Lysates were 402 

separated in 4-12% NuPAGE Novex Bis-Tris gels (ThermoFisher). Proteins were transferred 403 

onto nitrocellulose membranes (GE Healthcare Life Sciences) in 1X NuPAGE Transfer Buffer 404 

(ThermoFisher) at 50V for 1-2 hours at room temperature. Membranes were blocked for one 405 

hour at room temperature or overnight at 4C in Starting Block (ThermoFisher). Primary 406 

antibodies were diluted in Starting Block, incubated for one hour at room temperature or 407 

overnight at 4C, washed twice for five minutes in 1X PBS with 0.05% Tween-20 (PBS-T), and 408 

incubated with IRDye-coupled donkey anti-rabbit or donkey anti-mouse secondary antibodies 409 

diluted 1:20,000 in Starting Block.  Images were captured on an Odyssey Fc imager (LI-COR). 410 

For immunofluorescence imaging, cells were fixed for 15’ at room temperature in 4% 411 

paraformaldehyde, permeabilized for 30’ at room temperature in PBS with 0.2% Triton X-100, 412 

blocked for 30’ at room temperature in 5% bovine serum albumin (BSA) diluted in PBS, and 413 

incubated overnight at 4C in primary antibodies diluted in BSA/PBS. Subsequent to washing 414 

with PBS, cells were incubated with AlexaFluor secondary antibodies (1:2000 dilution in 415 

BSA/PBS) along with 1 μg/ml of Hoechst dye (Sigma) for one hour at room temperature in the 416 
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dark. Images were captured on an inverted Olympus IX 71 epifluorescence microscope at 200X 417 

total magnification unless otherwise specified in the figure legends. A complete list of primary 418 

antibodies and their dilutions is provided in the Supplementary Text. 419 

 420 

TCGA Analysis of Methylation Data 421 

GRHL2 and E-cadherin methylation (DNA Methylation 450K) data were downloaded from the 422 

UCSC Cancer Genomics Browser (https://genome-cancer.soe.ucsc.edu/). Boxplots were 423 

created using RStudio (version 0.98.1091). To ask whether GRHL2 or E-cadherin methylation 424 

were significantly different in epithelial-like or mesenchymal-like patient samples, each patient 425 

sample was assigned a value of “epithelial-like” or “mesenchymal-like” by parsing samples 426 

based on their RNA-Seq data using a previously published EMT signature (24302555). The 427 

EMT signature is as follows: (FN1 + VIM + ZEB1 + ZEB2 + TWIST1 + TWIST2 + SNAI1 + 428 

SNAI2 + CDH2) - (CLDN4 + CLDN7 + TJP3 + MUC1 + CDH1). Kaplan-Meier curves were 429 

created using the KM function, and the value of the upper or lower curve was used to set the E-430 

like vs. M-like state. Any sample above the value for the line on the Kaplan-Meier curve 431 

corresponding to the E-like state was considered “mesenchymal-like” while any sample equal to 432 

or below the value for the E-like state was considered “epithelial-like”.  433 

 434 

Analysis of EMT gene expression profiles and clinical outcomes 435 

TCGA RNA-Seq data from n = 250 soft tissue sarcomas was downloaded using the UCSC 436 

Cancer Genomics Browser. Samples were designated “mesenchymal-like” or “epithelial-like” 437 

using the upper and lower values on the KM curve function, as described above, and Kaplan-438 

Meier curves were generated in JMP Pro 12. Kaplan-Meier curves for osteosarcoma microarray 439 

data were generated using the Kaplan-Meier plot function in R2: Genomics Analysis and 440 
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Visualization Platform (http://hgserver1.amc.nl/cgi-bin/r2/main.cgi) with the ‘Kaplan scan a 441 

single gene’ function and the ‘cutoff_modus’ set to scan.   442 

 443 

Statistical analyses 444 

All data were analyzed for statistically significant differences using the Student’s t-test (for two 445 

comparisons) or analysis of variance (for multiple comparisons) in JMP Pro 12. Any p-value < 446 

0.05 was considered statistically significant. 447 

 448 

 449 

 450 
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FIGURE LEGENDS 675 

Figure 1. E-cadherin induction by GRHL2 is cell line dependent. A. Construction of a 676 

regulatory system using literature-based interactions suggests that a ZEB1-GRHL2 feedback 677 

loop controls E-cadherin. B. Based on the model proposed in A, activation of GRHL2 enhances 678 

E-cadherin levels to control cellular phenotype. C. Ectopic expression of GRHL2 has no effect 679 

on ZEB1 mRNA levels. D. and E. Expression of GRHL2 activates E-cadherin mRNA (D) and 680 

protein (E) in MDA-MB-231 cells, but not in RD or 143B sarcoma cell lines. * = p < 0.05 681 

 682 

Figure 2. Combined expression of miR-200s and GRHL2 induces MET. A. ZEB1 is the most 683 

highly expressed of five major EMT master regulators in RD cells. B. Combined expression of 684 

miR-200s and GRHL2 induces a morphological change consistent with MET. C. and D. 685 

Expression of miR-200s induces E-cadherin expression, while combined expression of miR-686 

200s and GRHL2 has a multiplicative effect on E-cadherin protein (C) and mRNA (D) levels 687 

(note log scale). E. ZEB1 mRNA levels are inhibited by miR-200s, but not by GRHL2. F. 688 

Schematic of the E-cadherin/GRHL2 reporter. The firefly luciferase transcript is driven by the E-689 

cadherin promoter. The transcript is interrupted by a portion of E-cadherin intron 2 that contains 690 

the GRHL2 binding site. The E-cadherin/GRHL2 reporter recapitulates the synergistic effect of 691 

GRHL2 and miR-200s on the endogenous E-cadherin gene. G. Anchorage-independent growth 692 

of RD cells is inhibited by miR-200s and increased by GRHL2 in soft agar assays. H. ZEB1 is a 693 

highly expressed EMT master regulator in 143B osteosarcoma cells. I. GRHL2 and miR-200s 694 

have a multiplicative effect on E-cadherin mRNA in 143B cells. J. ZEB1 is downregulated by 695 

miR-200s, but not by GRHL2 in 143B cells. * = p < 0.05 696 

 697 

Figure 3. GRHL2 competes with ZEB1 to activate E-cadherin. A. SiRNA-mediated 698 

knockdown of ZEB1 protein (A) and mRNA (B) in RD cells. NS = nonsilencing control siRNA, 699 

si_2 and si_5 = two independent siRNAs targeting ZEB1. C. E-cadherin is upregulated upon 700 
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ZEB1 knockdown only in the presence of GRHL2 expression. D. The cell-cell adhesion 701 

molecule CLDN4 is upregulated upon ZEB1 knockdown only in the presence of GRHL2 702 

expression. E. Unlike E-cadherin and claudin 4, ZEB1 knockdown has no additional effect on 703 

the GRHL2-induced upregulation of the cell-cell adhesion gene, cingulin (CGN). * = p < 0.05. 704 

 705 

Figure 4. A proposed regulatory network of E-cadherin control. A. ZEB1 represses 706 

GRHL2-induced activation of E-cadherin. Dashed lines indicate the transition of GRHL2 from 707 

unbound to bound on the E-cadherin promoter and miR-200 translational repression of ZEB1; 708 

solid arrows/bars are transcriptional activation/repression of a given gene, respectively. B. 709 

According to the proposed model, activation of GRHL2 (blue line) results in almost no change in 710 

E-cadherin. Conversely, miR-200 upregulation induces E-cadherin expression while the 711 

combined expression of miR-200s and GRHL2 has a synergistic effect on E-cadherin. C. 712 

Relative levels of E-cadherin upon combined miR-200 and GRHL2 upregulation are synergistic. 713 

D. Heat map of miR-200- and GRHL2-induced E-cadherin expression model predicts that, at a 714 

threshold of miR-200 expression, E-cadherin is upregulated. This effect is enhanced by GRHL2 715 

expression (upper right, in dark red).  716 

 717 

Figure 5. Regulatory steps in the GRHL2-mediated activation of E-cadherin. A. BRG1 718 

mRNA expression upon siRNA-mediated knockdown of BRG1. B. E-cadherin is upregulated in 719 

a GRHL2-dependent manner upon BRG1 knockdown. C. Analysis of GRHL2 methylation status 720 

from The Cancer Genome Atlas indicates that GRHL2 methylation is significantly increased in 721 

sarcomas compared to epithelial-derived breast, colorectal (CRC) and prostate cancers. D. 722 

GRHL2 methylation is lowest in synovial sarcoma compared to other sarcoma subtypes. * = p < 723 

0.05 724 

 725 
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Figure 6. Epithelial biomarkers are prognostic for improved survival in soft tissue 726 

sarcomas. A. RNA-Seq data from The Cancer Genome Atlas was used to construct Kaplan-727 

Meier curves from patients with soft tissue sarcomas. Patients were segregated into two groups 728 

based on a previously-published EMT signature (Salt et al. 2013; Cancer Discovery). Patients 729 

with a more epithelial-like gene expression profile (red line) have a better prognosis compared 730 

to patients with a more mesenchymal-like gene expression profile (blue line). B. Soft tissue 731 

sarcoma patients with higher GRHL2 and miR200 expression (red line) have improved survival 732 

compared to patients with lower GRHL2 and miR200s (blue line). C. Expression of GRHL2 and 733 

miR200s negatively correlates with a mesenchymal-like gene expression profile. Individual 734 

patients are color coded by their soft tissue sarcoma subtype.  735 
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