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One sentence summary: 22 

LMO2 modulates STAT3 signaling in breast cancer metastasis.   23 
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SUMMARY 24 

 

Metastasis is responsible for the majority of breast cancer-related deaths, however 25 

identifying the cellular determinants of metastasis has remained challenging. Here, we 26 

identified a minority population of immature THY1+/VEGFA+ tumor epithelial cells in 27 

human breast tumor biopsies that display angiogenic features and are marked by the 28 

expression of the oncogene, LMO2. Higher abundance of LMO2+ basal cells correlated 29 

with tumor endothelial content and predicted poor distant recurrence-free survival in 30 

patients. Using MMTV-PyMT/Lmo2CreERT2 mice, we demonstrated that Lmo2 lineage-31 

traced cells have a higher propensity to metastasize. LMO2 knockdown in human 32 

breast tumors reduced lung metastasis by impairing intravasation, leading to a reduced 33 

frequency of circulating tumor cells. Mechanistically, we find that LMO2 binds to STAT3 34 

and is required for STAT3 activation by TNFα and IL6. Collectively, our study identifies 35 

a population of metastasis-initiating cells with angiogenic features and establishes the 36 

LMO2-STAT3 signaling axis as a therapeutic target in breast cancer metastasis.  37 

 

INTRODUCTION 38 

 

While significant progress has been made to treat early-stage breast cancer, treatment 39 

options and outcomes for metastatic breast cancer have been largely unchanged in a 40 

decade  (Esposito et al., 2021; Siegel et al., 2011; Siegel et al., 2021). In order to 41 

improve outcomes for breast cancer patients, it is critical to identify and elucidate 42 

signaling pathways active in metastatic cells. However, it has been difficult to pinpoint 43 

cancer cell populations involved in metastasis as they represent a transient state (Lu 44 

and Kang, 2019). Previous studies employing lineage tracing and cell surface marker 45 

profiling have implicated distinct subsets of tumor epithelial cells in breast cancer 46 

metastasis, primarily using lineage markers such as E-cadherin (Beerling et al., 2016, 47 

Padmanaban et al., 2019), N-cadherin (Li et al., 2020) and S100a4 (Fischer et al., 48 

2015). Recent studies have also suggested that metastatic cells display hybrid features 49 

of both epithelial and mesenchymal lineages (Kröger et al., 2019; Pastushenko et al., 50 
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2021). This has led to a debate in the field about the precise molecular identity of 51 

metastasis-initiating cells (Lu and Kang, 2019; Shen and Kang, 2019; Ye et al., 2017). 52 

 

Our previous work has demonstrated that in breast cancer, minority populations of 53 

phenotypically immature cells in the tumor are enriched in tumor-initiating potential and 54 

metastasis (Al-Hajj et al., 2003; Liu et al., 2010; Sikandar et al., 2017). Recent 55 

advances in single-cell technologies have revealed complex transcriptional landscapes 56 

in human tumors and enabled precise molecular characterization of these minority cell 57 

populations (Lawson et al., 2018). However, the functional and clinical significance of 58 

these populations remains to be elucidated (Lawson et al., 2018; Tanay and Regev, 59 

2017). To understand the transcriptional heterogeneity in breast cancer, we performed 60 

single-cell RNA sequencing (scRNA-seq) in primary patient samples and developed a 61 

novel computational method that can predict immature cell populations in silico (Gulati 62 

et al., 2020). Using our scRNA-seq data, bulk tumor expression deconvolution, lineage 63 

tracing, and functional assays, we have now identified a clinically relevant population of 64 

metastasis-initiating cells that express the hematopoietic transcription factor and T-cell 65 

oncogene, LMO2. Here, we mechanistically define the role of LMO2 in breast cancer 66 

metastasis by its association with tumor vasculature and identify LMO2 as a previously 67 

unknown regulator of STAT3 signaling in breast cancer.  68 

 

RESULTS 69 

 

LMO2 is expressed in a minority population of immature THY1+/VEGFA+ human 70 

breast cancer cells. 71 

To understand the substructure of the epithelial populations in breast cancer, we started 72 

by analyzing scRNA-seq profiles (Gulati et al., 2020) of human breast tumor epithelial 73 

cells from patients with triple-negative (n = 5) or estrogen receptor positive (ER+) breast 74 

cancer (n = 13). We identified a minority population of THY1+ cells that were largely 75 

restricted to the basal compartment, comprising 11% of all basal cells (Fig. S1A, Table 76 

S1). Moreover, within this subset, 33% of cells expressed VEGFA (Fig. S1A). We were 77 

struck by this combination since THY1+ cells are enriched in reconstitution potential in 78 
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the normal mammary  gland (Lobo et al., 2018) and tumorigenic potential in mouse 79 

tumors (Cho et al., 2008) and VEGFA is a pro-angiogenic factor linked to tumor growth 80 

and distant metastasis (Mercurio et al., 2005; Zhao et al., 2015). To determine whether 81 

THY1+/VEGFA+ cells represent a potential immature cell population, we applied 82 

CytoTRACE, a computational framework for predicting cellular differentiation status on 83 

the basis of single-cell transcriptional diversity (Gulati et al., 2020). We found that 84 

relative to other basal cells, THY1+/VEGFA+ cells are predicted to be significantly less 85 

differentiated, suggesting a role for this population in tumor growth or metastasis (Fig. 86 

1A).  87 

 

To identify potential molecular regulators within this population, we next searched for 88 

genes with expression patterns that overlap THY1 and VEGFA expression in our 89 

dataset. Intriguingly, we found that LMO2, a hematopoietic stem cell regulator (Yamada 90 

et al., 1998) and T-cell oncogene (Larson, 1995), was among the top five hits (Fig. 1B, 91 

Table S2). LMO2 also marked THY1+/VEGFA+ cells in an independent scRNA-seq atlas 92 

of triple-negative human breast tumors (Kim et al., 2018), corroborating this result (Fig. 93 

1C). Analysis of the LMO2+ basal epithelial subset showed that these cells not only 94 

express THY1 and epithelial cytokeratins (Fig. 1D), but also display a coherent gene 95 

expression program significantly enriched in angiogenesis genes, including VEGFA and 96 

S100A4 (Fig. 1E, Table S3).  97 

 

We next measured the relative abundance of distinct endothelial, immune, stromal, and 98 

epithelial populations in human breast tumors with respect to LMO2+ basal cells. As 99 

LMO2 is expressed in myriad cell types, including immune, stromal, and endothelial 100 

cells, the expression of the gene is insufficient to distinguish cell types. Therefore, we 101 

defined unique transcriptional signatures for various niche and breast epithelial cells 102 

from our scRNA-seq data and utilized CIBERSORTx, a deconvolution approach, to 103 

calculate the cellular composition of bulk RNA admixtures from breast cancer clinical 104 

cohorts (Newman et al., 2019) (Methods).  In line with our previous results, we 105 

observed a striking correlation between the abundance of LMO2+ basal cells and 106 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 26, 2021. ; https://doi.org/10.1101/2021.05.26.443198doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.26.443198
http://creativecommons.org/licenses/by-nc-nd/4.0/


 5 

endothelial cell content imputed in 508 breast tumors (Esserman et al., 2012) (r = 0.45; 107 

P < 2 × 10–16; Fig. 1F).   108 

 

Human LMO2+ basal cells are associated with poor outcomes in breast cancer 109 

patients. 110 

Deconvolution of an additional 3,024 human breast tumors from three clinical cohorts 111 

(Curtis et al., 2012; TCGA, 2012) revealed that basal LMO2+ cells are more abundant in 112 

‘Basal’ breast cancer subtypes which correlate with more aggressive breast cancers as 113 

compared to other PAM50 classes (Perou et al., 2000) (Fig. S1B). We also found a 114 

significant increase in basal LMO2+ cells with worsening clinical grade and stage of the 115 

tumor (Fig. S1C, D), suggesting that LMO2+ cells increase with tumor progression. 116 

Importantly, higher levels of LMO2+ basal cells were significantly associated with inferior 117 

distant recurrence-free survival (Fig. 1G), independent of estrogen receptor status. 118 

These data link the abundance of LMO2+ basal epithelial cells with more aggressive 119 

breast tumors and distant metastasis. 120 

 

Lmo2 lineage-traced cells have a higher propensity to metastasize.  121 

To experimentally verify our in silico findings, we began by employing the CreERT2 122 

system (Rios et al., 2014; van Amerongen et al., 2012; Van Keymeulen et al., 2011) to 123 

delineate the fate of epithelial cells that have expressed LMO2+ in breast tumors. We 124 

obtained Lmo2CreERT2 mice (Forster, Drynan, Pannell, Rabbitts in preparation) and 125 

crossed them to Rosa26mTmG reporter and MMTV-PyMT tumor mice to generate triple-126 

transgenic Lmo2CreERT2/Rosa26mTmG/MMTV-PyMT mice, which we termed Lmo2-PyMT 127 

(Fig. 2A). MMTV-PyMT tumors are an aggressive luminal subtype of breast cancer 128 

(Herschkowitz et al., 2007) that metastasize to the lungs (Guy et al., 1992) and have 129 

been extensively used to explore the cellular underpinnings of breast cancer metastasis 130 

(Beerling et al., 2016; Fischer et al., 2015; Padmanaban et al., 2019; Pastushenko et 131 

al., 2018). As Lmo2 is expressed in other cells such as stromal and endothelial cells 132 

(Gratzinger et al., 2009), we orthotopically transplanted lineage depleted (CD45–/CD31–
133 

/Ter119–) tumor cells from TdTomato-fluorescent Lmo2-PyMT into non-fluorescent BL6 134 

mice to clearly assess the contribution of Lmo2 lineage-traced breast cancer cells from 135 
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the tumor. After tumors were formed, we pulsed the mice with tamoxifen to induce 136 

expression of GFP in Lmo2-expressing cells (Fig. 2B).  At 48h post-pulse, we verified 137 

that expression of Lmo2 was enriched in the transplanted GFP+ cancer cells (Figs. 2C, 138 

S2, and S3A). FACS quantification demonstrated that GFP+ cells represented a minor 139 

fraction of all tumor cells and expressed the epithelial marker, EpCAM (Fig. 2C).  140 

 

To assess the population dynamics of Lmo2 lineage-traced cells, we plated TdTomato+ 141 

tumor cells from Lmo2-PyMT mice in 3D organoid assays and pulsed the organoids with 142 

4-hydroxytamoxifen. Consistent with the in vivo model, lineage-traced GFP+ cells 143 

comprised a minority of tumor organoids (~2%) 7 days post-pulse. This percentage was 144 

unchanged even after 4 weeks in culture, suggesting similar proliferative capacity 145 

between GFP+ and TdTomato+ cells (Fig. S3B). We confirmed this by plating sorted 146 

GFP+ and TdTomato+ cells in 3D organoid cultures and showing that both populations 147 

formed organoids at similar frequencies (Fig. S3C).  148 

 

To determine whether Lmo2+ cells co-associate with endothelial cells, as predicted in 149 

silico (Fig. 1F), we stained vasculature with endomucin and visualized their co-150 

localization with 3D imaging. We found that Lmo2 lineage-traced cells not only resided 151 

near tumor blood vessels (Fig. 2E) but surprisingly ~20% showed co-localization with 152 

tumor vasculature and appeared to be incorporated into the tumor vasculature (Fig. 2E 153 

and S3D).  154 

 

Given that abundance of LMO2+ cells in patients predicts distant recurrence-free 155 

survival (Fig. 1G) and Lmo2 lineage-traced cells reside closer to tumor vasculature, we 156 

next tested whether Lmo2+ cells have metastatic capabilities. As dissemination of 157 

metastatic cells occurs continuously during tumor growth, to lineage-trace tumor cells 158 

expressing Lmo2, we pulsed Lmo2-PyMT mice with tamoxifen 2-3 times per week once 159 

the tumors were palpable and continued until tumor endpoint (see Methods; Fig. 3F). 160 

At the end of the experiment, we found that in the primary tumor only 10-15% of tumor 161 

cells were GFP+ (Fig. 2G). Surprisingly, even though the tumor was majority 162 

TdTomato+, the lungs had a disproportionately higher number of GFP+ metastases, 163 
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several of which were also larger than the TdTomato+ metastases (P = 0.034, Wilcoxon 164 

signed-rank unpaired test) (Fig. 2H). These data suggest that Lmo2 lineage-traced cells 165 

have a higher propensity to form metastases in the PyMT mice and is consistent with 166 

our findings in human breast cancer patients (Fig. 1G). Furthermore, a subset of GFP 
167 

tumor cells did not remain Lmo2 positive (Fig. S3E), suggesting that expression of 168 

Lmo2 in some cells represents a transient state, in agreement with previous studies 169 

linking transient cell states to metastases (Pastushenko et al., 2018). 170 

 

LMO2 knockdown abrogates lung metastasis in human breast cancer models.   171 

To understand the functional role of LMO2 in human breast cancer, we knocked down 172 

LMO2 expression in MDA-MB-468 cells using two independent shRNA vectors tagged 173 

with a GFP reporter (Fig. S4A-C). We then implanted the cells orthotopically in 174 

immunodeficient mice (Fig. 3A and S4D). In contrast to a previous report (Liu et al., 175 

2016), knockdown of LMO2 did not affect primary tumor growth (Fig. 3B) or proliferation 176 

in vitro (Fig. S5A). Nevertheless, LMO2-knockdown tumors had significantly fewer lung 177 

metastases relative to control (P = 0.003, ANOVA; Fig. 2C). Moreover, LMO2-178 

knockdown in tumor-bearing mice led to a significantly reduced number of circulating 179 

tumor cells compared to control mice (P < 0.0001, ANOVA; Fig. 2D), implicating LMO2 180 

in tumor cell shedding, a key step in metastasis initiation. To extend our findings to 181 

more clinically relevant models, we used patient-derived xenograft (PDX) models 182 

previously generated in our lab (Sikandar et al., 2017). Consistent with our MDA-MB-183 

468 studies, knockdown of LMO2 dramatically decreased metastasis to the lung in three 184 

different PDX models of breast cancer (Fig. 3E, F), but did not significantly impact 185 

tumor growth (Fig. S5B-D). 186 

 

To better understand how LMO2 affects metastasis, we rigorously studied the effects of 187 

LMO2 knockdown in vitro in MDA-MB-468 cells. Knockdown of LMO2 showed 188 

significant impairment in the ability of cancer cells to migrate across transwells and 189 

invade through a 3D hydrogel matrix (Fig. S6A, B). Importantly, since LMO2+ epithelial 190 

cells associated with endothelial cells in patient samples, we tested whether knockdown 191 

of LMO2 decreased this association in co-culture assays. We found that in 3D co-192 
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culture assays with human vascular endothelial cells (HUVECs), LMO2 knockdown 193 

significantly impacted incorporation of cancer cells into HUVEC tubes (Fig. S6C). To 194 

confirm that the effects of knockdown were specific to LMO2, we overexpressed LMO2 195 

in cells with shRNA targeting the 3’UTR. We found that all phenotypes of migration (Fig. 196 

3G), invasion (Fig. 3H), and incorporation into the vasculature in vitro (Fig. 3I) could be 197 

rescued by overexpression of LMO2 in LMO2-deficient cells. Lastly, to test whether 198 

LMO2 is required after metastatic cells enter circulation, we injected control and LMO2 199 

knockdown cells into the tail vein. We found that LMO2 knockdown did not significantly 200 

impact the formation of lung metastases when cells were directly injected in the tail vein, 201 

suggesting that LMO2 is critical for the initial dissemination of cancer cells from the 202 

tumor, but not extravasation and formation of metastatic foci (Fig. S6D).  203 

 

RNA sequencing identifies LMO2 as a regulator of IL6-JAK-STAT3 signaling.  204 

To elucidate the molecular function of LMO2 in breast cancer cells, we performed bulk 205 

RNA sequencing of MDA-MB-468 cells after transfection with control and LMO2 shRNA 206 

vectors (Fig. 4A). Among the top 50 genes downregulated after LMO2 knockdown were 207 

genes previously implicated in metastasis, such as BMP2 (Bach et al., 2018; Huang et 208 

al., 2017; Wang et al., 2017), LGR6 (Leushacke and Barker, 2012; Ruan et al., 2019), 209 

EGR4 (Matsuo et al., 2014), TDO2 (D'Amato et al., 2015) and S100A4 (Boye and 210 

Maelandsmo, 2010; Garrett et al., 2006; Helfman et al., 2005) (Fig. 4A, Table S4). 211 

Using Gene Set Enrichment Analysis (GSEA) (Mootha et al., 2003; Subramanian et al., 212 

2005), we found that inflammatory pathways, such as TNFa via NF-kB signaling, IL6-213 

JAK-STAT3 signaling, and IFNg response, were significantly downregulated in LMO2 214 

knockdown as compared to control conditions (Fig. 4B). To confirm our findings in 215 

primary patient samples we performed single-sample GSEA in our scRNA-seq data set 216 

as well as a larger published dataset of primary human breast cancer cells (Kim et al., 217 

2018). We found that IL6-JAK-STAT3 signaling was significantly enriched in LMO2+ 218 

versus LMO2– single cells (Fig. 4C) compared to other pathways (Fig. S7). In the 219 

hematopoietic system, LMO2 is an adaptor protein that facilitates formation of functional 220 

protein complexes which then activate transcription of downstream targets (Chambers 221 

and Rabbitts, 2015). Hence, we asked whether LMO2 may similarly behave as a 222 
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bridging molecule to drive downstream signaling in breast epithelial cells. Using 223 

proximity ligation assays, we found that LMO2 had a significantly high binding affinity to 224 

STAT3, but not to NF-kB, further confirming our pathway analysis (Fig. 4D).  225 

 

LMO2 is required for STAT3 activation by IL6 and TNFa. 226 

To demonstrate specificity and functional significance of the LMO2-STAT3 interaction, 227 

we first showed that LMO2 knockdown significantly reduced LMO2-STAT3 binding (P < 228 

0.0001, ANOVA; Fig. 5A). We also confirmed the LMO2-STAT3 interaction using co-229 

immunoprecipitation assays (Co-IP) of LMO2 with STAT3 (Fig. 5B) and, a reverse Co-230 

IP of STAT3 with LMO2 (Fig. 5C). In breast cancer, STAT3 is activated by cytokines, 231 

such as IL6 (Zhong et al., 1994), TNFα (De Simone et al., 2015), IFNα (Beadling et al., 232 

1994; Cho et al., 1996; Darnell et al., 1994) and IFNg (Darnell et al., 1994; Will et al., 233 

1996), as well as receptor tyrosine kinases such as EGFR (Kim et al., 2012; Zhao et al., 234 

2020), leading to phosphorylation of STAT3. Dimerization of pSTAT3 and translocation 235 

to the nucleus activates transcription of downstream target genes involved in several 236 

processes, including metastasis. To understand whether the STAT3-LMO2 interaction 237 

has an effect on downstream STAT3 signaling, we used a STAT3-luciferase reporter 238 

assay. We stimulated control or LMO2 knockdown cells with IL6, TNFα, IFNg, IFNα, and 239 

EGF. We found that cells with knockdown of LMO2 were unable to induce transcription 240 

of the STAT3-luciferase reporter when treated with IL6 and TNFα as compared to 241 

control (Fig. 5D), but STAT3-luciferase was activated by IFNg, IFNα, and EGFR 242 

treatment. This suggests that LMO2 function in breast cancer cells is specific to 243 

activation of STAT3 signaling through IL6 and TNFα.  On a molecular level, we found 244 

that knockdown of LMO2 significantly reduced STAT3 phosphorylation at Tyr705, which 245 

is required for its dimerization and transcriptional activity (Fig. 5E and Fig. S8). To 246 

understand how LMO2 regulates phosphorylation of STAT3, we examined the 247 

interaction of STAT3 with its upstream activator JAK2 and its cytoplasmic inhibitor 248 

PIAS3. Knockdown of LMO2 decreased the interaction of STAT3 with JAK2 (Fig. 5F) 249 

and allowed for increased interaction with its inhibitor, PIAS3 (Fig. 5G). This suggests 250 

that LMO2 works as an adaptor protein in the cytoplasm to stabilize the STAT3-JAK2 251 

interaction, thereby allowing efficient phosphorylation and activation of STAT3 while 252 
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simultaneously preventing its negative regulation by PIAS3 (Fig. 5H). This LMO2-253 

mediated control of a core inflammatory response pathway could enable cancer cells to 254 

rapidly transition between cellular phenotypes required for metastasis and represents a 255 

therapeutic vulnerability that could be targeted.   256 

 

DISCUSSION 257 

Efficient metastasis of tumor cells requires transition from a proliferative to an invasive 258 

state and back to a proliferative state at a distant site (Beerling et al., 2016). Previous 259 

studies using mouse tumor models have demonstrated the requirement of a basal 260 

epithelial program in metastasis (Cheung et al., 2013; Padmanaban et al., 2019) and 261 

showed that hybrid epithelial-mesenchymal states (Beerling et al., 2016; Kröger et al., 262 

2019; Nieto et al., 2016) in metastasis express angiogenic factors (Pastushenko et al., 263 

2018). Here, we have identified a population of THY1+/VEGFA+ human basal epithelial 264 

cells with higher transcriptional diversity that is marked by transient expression of 265 

LMO2. Moreover, we demonstrate that Lmo2 lineage-traced epithelial cells have a 266 

higher propensity to form lung metastases. Moreover, knockdown of LMO2 decreases 267 

lung metastasis in multiple tumor models of human breast cancer by affecting multiple 268 

steps during intravasation. It is important to note that only a subset of Lmo2 lineage-269 

traced cells show vascular phenotypes, suggesting specific epigenetic regulation that is 270 

activated in the presence of TNFα and IL6 from the microenvironment. Our observations 271 

highlight a heterogenous, cancer-cell-intrinsic response to the microenvironment while 272 

previous studies have demonstrated that there is a reciprocal effect of cancer cells on 273 

the tumor microenvironment with recruitment of macrophages and cross-talk with tumor 274 

endothelial cells during metastasis (Borriello et al., 2020). 275 

 

LMO2 has been extensively studied in hematological malignancies and is well-276 

established as a transcriptional adaptor protein (Chambers and Rabbitts, 2015). Recent 277 

studies have attempted to understand the role of LMO2 in breast cancer (Hu et al., 278 

2021; Liu et al., 2016; Liu et al., 2017) but have suffered from contradictory results, 279 

were limited to cell lines, and did not attribute LMO2 to any particular tumor cell 280 

population. We demonstrate that LMO2 is a previously unidentified binding partner of 281 
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STAT3 in breast cancer cells and modulates STAT3 signaling in response to IL6 and 282 

TNFα. We speculate that the expression of LMO2 provides the necessary threshold to 283 

stabilize STAT3 signaling, which in turn enables the tumor cells to enter a transient 284 

metastatic state (Wendt et al., 2014) and escape the primary tumor. STAT3 signaling is 285 

involved in a number of processes and its targets may be defined in unison with other 286 

contextual signals such as inflammation. Several studies have linked low chronic 287 

inflammation in cancer to metastasis (Joyce and Pollard, 2009; Liu et al., 2015). We 288 

speculate that LMO2 is a critical molecular link between these processes and define a 289 

novel function for LMO2 in breast cancer metastasis. The development of new methods 290 

targeting adaptor proteins (Wang et al., 2020) and small molecules that disrupt the 291 

LMO2-STAT3 axis (Milton-Harris et al., 2020) could provide novel therapeutic strategies 292 

to modulate STAT3 signaling and inhibit metastatic colonization in breast cancer.   293 
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Figures and Figure Legends 
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Figure 1: Identification of an immature basal epithelial population associated with 538 

pro-angiogenic signaling and poor survival in human breast cancer.  539 

(A) Differentiation scores of basal epithelial cells from 17 human breast tumors profiled 540 

by scRNA-seq (all but ‘SU196’ contained basal cells). Differentiation scores were 541 

determined by CytoTRACE (Gulati et al., 2020). Statistical significance between THY1+/ 542 

VEGFA+ basal cells and other basal cells was calculated using an unpaired two-tailed t-543 

test. *P<0.1; **P<0.05; ***P<0.01. 544 

(B) Plot showing protein-coding genes ordered by their enrichment in THY1+/ VEGFA+ 545 

basal cells from human breast tumors profiled by scRNA-seq. Enrichment was defined 546 

as the number of THY1+/VEGFA+ basal cells expressing a given gene (TPM > 0) 547 

divided by the total number of cells expressing that gene. Only genes expressed by at 548 

least 5 basal cells were considered. LMO2 is highlighted in red.  549 

(C) Paired bar plots showing percent of LMO2+ cells in THY1+/VEGFA+ cells (red) and 550 

all other cells (blue) in two human breast cancer datasets, including Kim et al., 2018 (4 551 

primary triple-negative breast cancers, single nucleus RNA-sequencing, tumor only, n = 552 

659) (Kim et al., 2018), and the basal cells (see methods for details; n = 910) from this 553 

study. Statistical analysis was performed by Fisher’s Exact Test for association of 554 

LMO2+ cells with THY1+/VEGFA+ cells. Individual and combined P values by Fisher’s 555 

method are shown in the graph. *P<0.1; **P<0.05; ***P<0.01. 556 

(D) Heatmap depicting the top 30 differentially expressed genes, along with selected 557 

keratin and lineage markers, in LMO2+ (n = 7 cells) vs. LMO2– (n = 903 cells) basal 558 

epithelial cells from primary breast tumors. A random subsample of 50 LMO2– basal cell 559 

transcriptomes is shown for clarity. Color scale (above) represents z-score-normalized 560 

expression per gene.  561 

(E)  Differential enrichment of the ‘HALLMARK_ANGIOGENESIS’ pathway in LMO2+ 562 

vs. – in two independent human breast cancer datasets described in C. To ensure a fair 563 

comparison between LMO2 positive and negative populations, an empirical P value was 564 

calculated by comparing the mean enrichment in LMO2+ basal cells versus a size-565 

matched collection of LMO2– basal cells randomly sampled 10,000 times. A combined P 566 

value by Fisher’s method is also shown. *P<0.1; **P<0.05; ***P<0.01. 567 

(F and G) Cell-type and survival association of LMO2+ basal cells across 508 bulk 568 

human breast tumor transcriptomes (Esserman et al., 2012) deconvolved using 569 

CIBERSORTx.  570 

(F) Co-association patterns among cell type abundance profiles in bulk breast tumors, 571 

as quantified by Pearson correlation. Basal LMO2+ cells and endothelial cells are 572 

highlighted.  573 

(G) Kaplan Meier curves showing differences in distant recurrence-free survival (DRFS) 574 

in 508 breast cancer patients stratified by the median abundance of LMO2+ basal 575 

epithelial cells. DRFS was modeled as a function of LMO2+ basal cell status and ESR1 576 

status (Methods). The adjusted log-rank P value and hazard ratio with 95% confidence 577 

interval for LMO2+ basal cell status is shown.   578 
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Figure 2: Lmo2 lineage-traced tumor epithelial cells integrate into the vasculature 579 

and can form metastasis in PyMT tumors. 580 

(A) Schematic diagram showing generation of the triple transgenic Rosa26mTmG reporter 581 

with MMTV-PyMT and Lmo2-CreERT2 mice (referred to as Lmo2-PyMT).  582 

(B) Schematic diagram showing the experimental scheme for Lmo2-PyMT tumors 583 

treated with tamoxifen.  584 

(C) Panel 1: FACS analysis of Lmo2-PyMT tumors 48h after Tamoxifen pulse. Cells are 585 

gated on lineage– (CD45–, CD31–, Ter119–), DAPI– cells (See Fig. S2) and analyzed 586 

using TdTomato+ and GFP+. Panels 2 and 3: EpCAM and CD49f expression status in 587 

GFP+ and TdTomato+ cells. 588 

(D) Quantification of GFP+ cells from Lmo2-PyMT tumors (n=5 mice). 589 

(E) Representative immunofluorescence image of Lmo2 lineage-traced cells (GFP+ 590 

green) co-localizing and integrating with endomucin (magenta) stained tumor 591 

vasculature. High resolution magnification of Inset 1 and 2 are presented, Scale bar = 592 

50µm. 593 

(F) Schematic diagram showing the experimental scheme for Lmo2-PyMT tumors 594 

treated with tamoxifen to trace metastatic cells.  595 

(G) Panel 1: FACS analysis of Lmo2-PyMT tumors at tumor end point from (F). Cells 596 

are gated on lineage– (CD45–, CD31–, Ter119–), DAPI– cells (See Fig. S2) and analyzed 597 

using TdTomato+ and GFP+. Panels 2 and 3: EpCAM and CD49f expression status in 598 

GFP+ and TdTomato+ cells. Panels 4: Quantification of TdTomato+ and GFP+ cells from 599 

Lmo2-PyMT tumors (n=4 mice). 600 
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(H) Panel 1: Representative image of metastasis shown, Scale bar = 100µm. Panel 2: 601 

Quantification of total number and area of GFP+ and TdTomato+ lung metastasis in 602 

Lmo2-PyMT tumors. (n=4 mice) Data are shown as mean ± SD, and statistical analysis 603 

was performed by unpaired, two-sided Wilcoxon rank sum test * P<0.05.  604 
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Figure 3. Knockdown of LMO2 reduces lung metastasis in human breast cancer.  605 

(A) Schematic of LMO2 knockdown in MDA-MB-468 cells followed by orthotopic 606 

transplant in NSG mice to evaluate tumor burden and metastases.  607 

(B) LMO2 knockdown in MDA-MB-468 cells. Tumor weight is shown with no significant 608 

difference between the control and LMO2 knockdown (n=5 mice/group). Data are 609 

shown as mean ± SD, and statistical analysis was performed by ANOVA with Dunnett’s 610 

adjustment, n.s P>0.05 611 
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(C) LMO2 knockdown decreases the number of spontaneous GFP+ lung metastasis in 612 

MDA-MB-468 cells (n=5mice/group). Left panel: representative immunofluorescence 613 

image with scale bar = 5mm, right panel: quantification. Data are shown as mean ± SD, 614 

and statistical analysis was performed by ANOVA with Dunnett’s adjustment, ** 615 

P<0.01.  616 

(D) LMO2 knockdown decreases the number of circulating tumor cells in MDA-MB-468 617 

cells (n=3mice in pSicoR, 4 in shLMO2-1, 5 in shLMO2-2). Data are shown as mean ± 618 

SD, and statistical analysis was performed by ANOVA with Dunnett’s adjustment, **** 619 

P<0.0001.  620 

(E) Schematic of LMO2 knockdown in patient derived xenografts (PDXs) followed by 621 

orthotopic transplant in NSG mice to evaluate tumor burden and metastases. 622 

(F) LMO2 knockdown decreased number of spontaneous GFP+ lung metastasis in PDX 623 

samples. Data are combined from 3 independent experiments for PDX1, PDX3 and 624 

from 2 independent experiment for PDX2 (n=9 mice/ group for PDX1, n=6 mice/group 625 

for PDX2, n=10mice/group for PDX3). Data are shown as mean ± SD, and statistical 626 

analysis was performed by ANOVA with Dunnett’s adjustment, * P<0.05, ** P<0.01, *** 627 

P<0.001, **** P<0.0001. 628 

(G) MDA-MB-468 cells infected with shRNA targeting 3’ UTR of LMO2 or a control 629 

shRNA pSicoR were infected with either an empty vector control ‘GFP’ or an LMO2-630 

overexpression vector ‘+LMO2’ to generate pSicoR +GFP, pSicoR +LMO2, shLMO2 631 

+GFP, shLMO2 +LMO2. Transwell migration was quantification at 24 hours.  632 

(H) Spheroid invasion assay was performed and quantified at Day 5 using the breast 633 

cancer cells from (G).  634 

(I) The breast cancer cells from (G) were co-cultured with HUVEC cells and the 635 

percentage of breast cancer cells that are co-localizing with HUVEC tubes was 636 

quantified using ImageJ. 637 

For all experiments in (G-I), n=3 and 10 images were analyzed per condition per n. 638 

Statistical analysis was performed by ANOVA with Dunnett’s adjustment, and 639 

significance is indicated as ** P<0.01, *** P<0.001, **** P<0.0001 640 
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Figure 4: LMO2 regulates the IL6-JAK-STAT3 pathway and binds to STAT3 641 

(A) Top: Schematic of bulk RNA-sequencing analysis in MDA-MB-468 cells infected 642 

with shRNAs targeting LMO2 or a control pSicoR. Bottom: Heatmap showing top and 643 

bottom 50 genes differentially expressed between control and LMO2 knockdown 644 

conditions, ordered by P-adjusted value.  645 
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(B) Left: Hallmark gene sets found to be significantly enriched by GSEA analysis. 646 

Normalized enrichment scores (corresponding to control pSicoR vs LMO2 knockdown) 647 

and FDR Q-values are determined by the GSEA software. An FDR Q-value cutoff of 648 

<0.25 was used to select significant gene sets. Right: Enrichment plots for 649 

‘HALLMARK_TNFa_SIGNALING_VIA 650 

_NFkB’ and ‘HALLMARK_IL6_JAK_STAT3_SIGNALING’ are depicted. 651 

(C) Differential enrichment of the ‘HALLMARK_IL6_JAK_STAT3_SIGNALING’ pathway 652 

in LMO2+ vs. – cells from two independent human breast cancer datasets as described 653 

in Fig. 1C.  654 

(D) Proximity mediated ligation assay showed that LMO2 had a stronger interaction with 655 

STAT3 compared to NF-kB in vitro (n=3, 10 images were analyzed per condition per n). 656 

Statistical analysis was performed by ANOVA with Dunnett’s adjustment. **** P<0.0001 657 
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Figure 5: LMO2 stabilizes STAT3 signaling in breast cancer cells 658 

(A) Left panel: Proximity mediated ligation assay shows that LMO2 binds to STAT3 in 659 

vitro and this interaction is significantly reduced with LMO2 knockdown indicating 660 

specificity of the assay. Right panel: Quantification of n=3 experiments and 10 images 661 

were analyzed per condition per n. Scale bar = 60µm. Statistical analysis was 662 

performed by ANOVA with Dunnett’s adjustment, **** P<0.0001.  663 

(B) Western blot of the input, immunoprecipitated beads (control), IgG (control) and 664 

LMO2 shows that LMO2 is able to pull-down STAT3. One representative blot of three 665 

independent experiments in shown.  666 

(C) Western blot of the input, immunoprecipitated beads (control), IgG (control) and 667 

STAT3 shows that STAT3 is able to pull-down LMO2. One representative blot of three 668 

independent experiments in shown.  669 

(D) STAT3-luciferase reporter activity shows robust stimulation of luciferase in control 670 

but not in cells with LMO2 knockdown when treated with IL6 and TNFa. IFNa, IFNg, 671 

EGF treatment of cells results in robust stimulation in control and knockdown cells 672 

suggesting that LMO2 function is specific to IL6 and TNFa. Quantification of n=3 673 

experiments. Statistical analysis was performed by 2-way ANOVA with Sidak’s 674 

correction, and significance is indicated as ** P<0.01, *** P<0.001, n.s. P>0.05.  675 

(E) Immunoblotting (left panel) and quantification (right panel) showed decreased 676 

phosphorylation of STAT3 at Tyr705 in LMO2 knockdown cells when treated with IL6 677 
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and TNFa indicating that LMO2 knockdown disrupts phosphorylation of STAT3. 678 

Quantification of n=3 experiments. Statistical analysis was performed by 2-way ANOVA 679 

with Sidak’s correction, and significance is indicated as ***P<0.001, **** P<0.0001. 680 

(F) Interactions between STAT3 and JAK2 detected by proximity mediated ligation 681 

assay is reduced upon LMO2 knockdown indicating that LMO2 facilitates binding of 682 

STAT3 and JAK2. Quantification of n=3 experiments. Statistical analysis was performed 683 

by ANOVA with Dunnett’s adjustment, and significance is indicated as **** P<0.0001.  684 

(G) Interactions between STAT3 and PIAS3 detected by Proximity mediated ligation 685 

assay is increased upon LMO2 knockdown indicating that LMO2 prevents binding of 686 

STAT3 and PIAS3. Quantification of n=3 experiments. Statistical analysis was 687 

performed by ANOVA with Dunnett’s adjustment, and significance is indicated as **** 688 

P<0.0001.  689 

(H) Schematic of proposed mechanism of LMO2 in breast cancer metastasis. Tumor 690 

cells that express LMO2 have stabilized STAT3 signaling in response to IL6 and TNFa 691 

from the microenvironment, allowing these cells to intravasate into the circulation by 692 

incorporating into the vasculature.  693 
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