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Abstract: BACKGROUND:
Solid tumors can hijack many of the same programs used in neurogenesis to enhance
tumor growth and metastasis, thereby generating a plethora of neurogenesis-related
molecules including semaphorins. Among them, we have identified Semaphorin7A
(SEMA7A) in breast cancer. In this study we investigated effects of inhibiting
Semaphorin 7A in a model of metastatic breast cancer.
METHODS:
SEMA7A expression was analyzed by qRT-PCR in breast cancer and mammary cells.
We performed SEMA7A shRNA knock-down in the 4T1 tumor cells and cells were
analyzed for gene expression, migration and ki67 proliferation. Stiffness of cells was
measured by Atomic Force Microscopy. Wild-type and SEMA7A deficient mice were
inoculated with wild-type or SEMA7A silenced 4T1 cells and assayed for tumor growth
and metastasis.
RESULTS:
SEMA7A is highly expressed in both metastatic human and murine breast cancer cells.
We show that both TGF-1 and hypoxia elicits the production of SEMA7A in mammary
cells. Further, PI3K/AKT and HIF-1 inhibitors decreased SEMA7A expression in
mammary tumor cells. SEMA7A shRNA silencing in 4T1 cells resulted in decreased
mesenchymal markers MMP-3, MMP-13, Vimentin and TGF-1. SEMA7A silenced cells
show increased stiffness with reduced migratory and proliferative potential. In vivo,
SEMA7A silenced 4T1 tumor bearing mice showed decreased tumor growth and
metastasis. Genetic ablation of host-derived SEMA7A synergized to further decrease
the growth and metastasis of 4T1 cells.
CONCLUSION:
Our findings suggest novel functional roles for SEMA7A in breast cancer and that
SEMA7A could be a novel therapeutic target to limit tumor growth and metastasis.
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Abstract 36 

BACKGROUND:  37 

Solid tumors can hijack many of the same programs used in neurogenesis to enhance 38 

tumor growth and metastasis, thereby generating a plethora of neurogenesis-related 39 

molecules including semaphorins. Among them, we have identified Semaphorin7A 40 

(SEMA7A) in breast cancer. In this study we investigated effects of inhibiting Semaphorin 41 

7A in a model of metastatic breast cancer.  42 

 43 

METHODS: 44 

SEMA7A expression was analyzed by qRT-PCR in breast cancer and mammary cells. 45 

We performed SEMA7A shRNA knock-down in the 4T1 tumor cells and cells were 46 

analyzed for gene expression, migration and ki67 proliferation. Stiffness of cells was 47 

measured by Atomic Force Microscopy. Wild-type and SEMA7A deficient mice were 48 

inoculated with wild-type or SEMA7A silenced 4T1 cells and assayed for tumor growth 49 

and metastasis.  50 

 51 

RESULTS: 52 

SEMA7A is highly expressed in both metastatic human and murine breast cancer cells. 53 

We show that both TGF-1 and hypoxia elicits the production of SEMA7A in mammary 54 

cells. Further, PI3K/AKT and HIF-1 inhibitors decreased SEMA7A expression in 55 

mammary tumor cells. SEMA7A shRNA silencing in 4T1 cells resulted in decreased 56 

mesenchymal markers MMP-3, MMP-13, Vimentin and TGF-1. SEMA7A silenced cells 57 

show increased stiffness with reduced migratory and proliferative potential. In vivo, 58 
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SEMA7A silenced 4T1 tumor bearing mice showed decreased tumor growth and 59 

metastasis. Genetic ablation of host-derived SEMA7A synergized to further decrease the 60 

growth and metastasis of 4T1 cells.  61 

 62 

CONCLUSION 63 

Our findings suggest novel functional roles for SEMA7A in breast cancer and that 64 

SEMA7A could be a novel therapeutic target to limit tumor growth and metastasis.  65 

 66 

 67 

 68 

 69 

 70 

 71 

 72 

 73 

 74 

 75 

 76 

 77 

 78 

 79 

 80 

 81 

 82 
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INTRODUCTION 83 

Semaphorins are a large family of conserved proteins originally characterized as 84 

directional cues in axonal guidance and neurite outgrowth in neurogenesis [1-3]. 85 

Subsequently, it has been revealed that semaphorins and their receptors carry out roles 86 

beyond neurogenesis and serve functions in immune regulation, extracellular matrix 87 

remodeling, organogenesis, and angiogenesis [3-7]. Studies have identified the 88 

expression of Semaphorin 7A (SEMA7A) in tumor cells, however, few have described a 89 

functional role for SEMA7A in tumor progression [8-11]. Hence, its contribution to tumor 90 

progression remains relatively unclear in comparison to other vertebrate semaphorins.  91 

SEMA7A, or CD108w, is a ~80 kDa GPI-anchored transmembrane protein expressed by 92 

multiple cell types including: neurons, immune cells, melanocytes, fibroblasts, bone cells, 93 

and tumor cells [12]. This protein can be shed from the cellular membrane by action of 94 

ADAM-17(TACE) [13]. Both anchored and soluble forms of SEMA7A have been shown 95 

to bind to PlexinC1 and beta-1 integrin (CD29) [14-17]. The latter activates the MAPK and 96 

FAK pathways in a model of experimental autoimmune encephalomyelitis causing an 97 

increase in proinflammatory cytokine gene transcripts and proteins. Our group has 98 

demonstrated that DA-3 murine mammary tumor cells exhibit high levels of SEMA7A at 99 

both the transcript and protein level. Inhibition of DA-3-derived SEMA7A resulted in 100 

decreased angiogenesis, causing the retardation of tumor growth in vivo [15].  However, 101 

the role of SEMA7A in the metastasis of solid tumors is unclear.  102 

It has been shown that activation of the PI3K/AKT pathway leads to the expression of 103 

SEMA7A [17, 18]. Given that the PI3K/AKT pathway plays an important role in tumor cell 104 

survival and metastasis [19, 20], we investigated the connection between SEMA7A and 105 
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the PI3K/AKT pathway in breast cancer[17].  It is well established that TGF-plays an 106 

important role in the Epithelial to Mesenchymal Transition (EMT), which has become a 107 

hallmark for the de-differentiation of the normal mammary epithelium into tumor cells [21, 108 

22]. However, within the context of breast cancer, it is largely unknown if TGF-is 109 

involved in the expression of SEMA7A. In addition to TGF- mediated PI3K/AKT 110 

activation, Morote et al. have shown in endothelial cells that hypoxia can induce the 111 

expression of SEMA7A through the Hypoxia Responsive Elements (HREs) in its promoter 112 

[23].  113 

In this study, we characterized SEMA7A expression in both human and mouse breast 114 

cancer cell lines and found that TGF- and hypoxia can increase SEMA7A expression in 115 

these cells. Utilizing shRNA and genetic deletions of SEMA7A, we determined that 116 

inhibition of tumor-derived and host derived SEMA7A in 4T1 breast cancer model results 117 

in decreased tumor growth and metastasis. Our study shows that SEMA7A plays a critical 118 

functional role in the growth and metastasis of highly aggressive mammary tumor cells. 119 

MATERIALS AND METHODS 120 

Mice and cell lines 121 

Female BALB/c mice (8-12 week-olds) were obtained from Charles River Laboratories, 122 

and SEMA7A−/− mice generated by Dr. A.L. Kolodkin (Johns Hopkins University, 123 

Baltimore, MD), were purchased from Jackson Laboratories. Using a speed congenic 124 

approach [24, 25] SEMA7A-/- mice were backcrossed to a BALB/c background, reaching 125 

99.9% of desired BALB/c background. Mice were housed and used according to the 126 

National Institutes of Health guidelines, under protocols approved by Florida Atlantic 127 
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University Institutional Animal Care and Use Committee.  EpH4 mammary cells were 128 

provided by Dr. Jenifer Prosperi, Indiana University School of Medicine-South Bend, IN. 129 

EpH4 cells, 4T1 and 4T1-LUC (Perkin Elmer) cells were grown in complete DMEM media 130 

(DMEM with 10% FBS). MCF-10A, BT-474, T-47D, MCF-7, MDA-MB468, BT-20, 131 

HC1937, CA1a and MDA-MB231 (American Type Culture Collection, Manassas, VA, 132 

USA) were grown and maintained in DMEM containing 5% FBS as described previously 133 

[26, 27].  Female BALB/c or SEMA7A−/− BALB/c mice were inoculated in the lower right 134 

ventral quadrant with 5 x 105 luciferase transfected 4T1 mammary tumor cells. 135 

Bioluminescent Imaging studies of the 4T1-LUC were done up to 3-weeks post-tumor cell 136 

implantation.  For 4T1 and 4T1-LUC tumor bearing mice, tissues were collected at 42-137 

days post-tumor cell implantation.  138 

RNA isolation and real-time reverse transcriptase-polymerase chain reaction 139 

Total RNA was extracted from murine or human tumor cells, using the RNeasy Protect 140 

Mini Kit (Qiagen) according to manufacturer’s instructions. Briefly, cDNA was synthesized 141 

using Quantitech Reverse Transcription Kit (Qiagen) and gene expression was detected 142 

by SYBR Green real-time PCR analysis using SYBR RT² qPCR primers (Qiagen, 143 

proprietary primers, sequence not disclosed) from SABioscience (Qiagen). The mRNA 144 

levels of gene of interest were normalized to -actin, GAPDH or HSP90ab mRNA levels. 145 

PCR cycles followed the sequence: 10 min at 95°C of initial denaturation; 15 secs at 146 

95°C; and 40 cycles of 1 min each at 60°C for annealing. The samples were amplified 147 

using the Stratagene Mx3005O cycler. 148 

Flow cytometry studies 149 
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Ki67 antibodies (Biolegend) were used to determine cellular proliferation by flow 150 

cytometry as per manufacturer’s protocol. Cell signaling pathways were also determined 151 

by flow cytometry.  4T1 mammary tumor cells were treated with Wortmannin for PI3K/AKT 152 

inhibition, and total and phosphoAKT (Cell Signaling) were assessed by flow cytometry 153 

using manufacturer’s Methanol Intracellular Staining protocol.  50,000 cells were acquired 154 

and total and phophoPI3/AKT were determined, using a FACS Calibur (BD) flow 155 

cytometer, followed by analysis using FloJo software (Tree Star, Inc.).  156 

Silencing of SEMA7A in 4T1 murine mammary tumor cells  157 

Semaphorin 7A gene silencing in 4T1-LUC mammary tumor cells was achieved using 158 

RNA interference via short hairpin RNA (Qiagen).  To confirm gene knockdown, real time 159 

quantitative polymerase chain reaction (q-PCR) (Qiagen) was  performed using the 160 

SEMA7A specific primers according to manufacturer’s protocol.  Cells were passaged 161 

and selected until at least a 5-fold decrease in the SEMA7A gene expression was 162 

achieved when compared to the scramble control. In non-luciferase 4T1 cells, SEMA7A 163 

gene silencing in 4T1 mammary tumor cells was achieved using RNA interference via 164 

short hairpin RNA (Mirimus).  Cells were transfected with an shRNA plasmid system using 165 

Avalanche transfection reagent (EZ-Biosystems). An optimized short hairpin RNA 166 

algorithm was used to select the top three shRNA targeting sequences. The shRNA 167 

vector also expressed a GFP reporter protein [28]. The vectors allow for direct visual 168 

confirmation of shRNA-mirE expression as they constitutively express the shRNA, 169 

fluorescent marker and puromycin selection marker from a single transcript that is driven 170 

by the CMV promoter. As a negative control, we used multiple control clones with the 171 

shRNA against Renilla Firefly Luciferase. Gene knockdown was confirmed by q-PCR 172 
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(Qiagen) using the SEMA7A specific primers according to manufacturer’s protocol. The 173 

results of gene expression were then confirmed by determination for the SEMA7A protein.   174 

AFM Cell Stiffness Measurements 175 

Cell stiffness measurements were acquired on living 4T1 cells.  The bare AFM tip was 176 

lowered onto the cell surface at 4 µm/s [29]. The acquired force-indentation curves of the 177 

cells were fit to a model initially proposed by Hertz to estimate the  Young’s modulus 178 

assuming that the cell is an isotropic elastic solid and the AFM tip is a rigid cone [30] .  179 

The model is as follows: 180 

 181 

   182 

 183 

where is the applied force,  the indentation,   the Young’s modulus,  the angle 184 

formed by the indenter and the plane of the surface (55°) and ,  Poisson ratio (0.5). 185 

Young’s modulus was obtained by least square analysis of the force-indentation curves 186 

using Igor Pro software.  187 

Wounding assay 188 

4T1 LUC shRNA control or 4T1-LUC SEMA7A shRNA KD mammary tumor cells were 189 

cultured under optimal conditions using DMEM culture media with 10% FBS until ~80% 190 

confluency was achieved.  Wound was generated, morphology and migration was 191 

assessed at 0, 6 and 12 hours post-wounding.   192 

Statistical Analysis 193 
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Results are expressed as means + standard deviation.   Statistical analyses were 194 

performed using GraphPad Prism 6 software (LaJolla, CA).  Statistical comparisons were 195 

performed using an unpaired 2-tailed Student t test, with significance at p < 0.05. 196 

Nonparametric analysis was used to determine tumor growth and metastasis. For the 197 

survival analysis, the Kaplan-Meier method was used.  198 

 199 

RESULTS 200 

SEMA7A expression is increased in metastatic breast cancer cells  201 

To determine the expression of SEMA7A in breast cancer, quantitative RT-PCR was 202 

performed in human breast cancer cell lines with varying potential for metastasis.  Highly 203 

metastatic human breast cancer cell lines, MDA-MB-231and CA1a, expressed the 204 

highest levels of SEMA7A with lower levels of expression in MCF-7A, a cell line that 205 

exhibits decreased metastatic potential (Fig. 1A).  In contrast, non-tumorigenic breast 206 

cells, MCF10A, expressed the lowest levels of SEMA7A (Fig. 1A).  Furthermore, we 207 

characterized expression of SEMA7A in murine breast cancer cell lines with varying 208 

degrees of metastatic potential. We found that EpH4 cells, a non-tumorigenic cell line 209 

derived from spontaneously immortalized mouse mammary gland epithelial cells [31], 210 

expressed the least SEMA7A at both mRNA and protein levels (Fig. 1B-C).  In contrast, 211 

a cell line comparable to the human MDA-MB231 cells, murine 4T1 mammary tumor cells, 212 

expressed the highest levels of SEMA7A. Non-and poorly-metastatic murine cell lines, 213 

67NR and 4T07, expressed intermediate amounts of SEMA7A at both mRNA and protein 214 

levels (Fig. 1B-C). We found that 4T1 cells had heterogeneous expression of SEMA7A 215 

and it was observed that non-adherent 4T1 cells had very high expression of SEMA7A 216 
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relative to adherent cells (Supplemental Fig. 1).  Given that PI3K/AKT has been shown 217 

to modulate SEMA7A expression, we treated human MCF10A cells with either 0.5 µM or 218 

1 µM Wortmannin, an irreversible PI3/AKT inhibitor, prior to stimulation with TGF- 219 

(5ng/ml). This resulted in a decreased expression of SEMA7A in the treated groups as 220 

determined by qRT-PCR (Fig. 1D).   Similarly, pretreatment of murine EpH4 cells with 221 

Wortmannin blocked the induction of SEMA7A expression in a dose-dependent manner 222 

(Fig. 1E). We next examined the effect of TGF- on the phosphorylation of PI3K/AKT 223 

proteins in the presence/absence of Wortmannin by flow cytometry using the 4T1 224 

mammary tumor cells.  While there were no significant differences in total AKT expression 225 

in cultures between untreated and those treated with Wortmannin, a decrease in mean 226 

fluorescence intensity could be seen when serine is phosphorylated at position 473 (Fig. 227 

1F) resulting in decreased SEMA7A production. Our results demonstrate that SEMA7A 228 

is highly expressed in both human and murine breast cancer cells. Further, we show that 229 

TGF-signaling via the PI3K/AKT pathway can elicit the expression of SEMA7A in 230 

mammary cells.  231 

Figure 1. SEMA7A is highly expressed in metastatic human and murine cell lines 232 

and TGF- induces SEMA7A expression via AKT signaling. A-B) 1x106 cells were 233 

grown to ~75% confluency, trypsinized and lysed for RNA extraction then assayed for 234 

SEMA7A gene expression by quantitative real time PCR. C) Cell free supernatants were 235 

collected from murine breast cell lines and assayed by ELISA. D-E) 1x105 MCF-10A or 236 

EpH4 cells were pre-treated for 12 hours in serum-free media with Wortmannin (0.5 or 1 237 

uM) or DMSO vehicle, 5% FBS was then added and then cultured in 1 ml of complete 238 

media with 5ng/mL of rmTGF-beta-1 or vehicle for 24 hours. F-G) 4T1 cells were treated 239 
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with a PI3K/AKT inhibitor, Wortmannin for one hour. PI3K/ AKT phosphorylation was 240 

assayed one hour later by flow cytometry and cell-free supernatants were assayed for 241 

SEMA7A at 24 hrs. p-value (**) ≤ 0.01, (***) <0.001. 242 

Supplemental Figure 1. Non-adherent 4T1 cells expressed high levels of SEMA7A 243 

compared to very-adherent 4T1 cell. A) 4T1 tumor cells were grown in optimal 244 

conditions to ~75% confluency and stained for SEMA7A mRNA expression using RNAish. 245 

B) 4T1 cells were selected for 10 passages based on detachment time upon 246 

TrypleExpress disassociation from standard cell cultured coated polystyrene plates. C) 247 

4T1 sublines cells were then lysed and analyzed for SEMA7A expression. p-value ≤ (**) 248 

<0.01. 249 

 250 

Hypoxia induces expression of SEMA7A in murine mammary cell lines and 251 

inhibition of HIF-1 decreases SEMA7A 252 

Hypoxia is a common hallmark of solid tumors such as breast tumors [32, 33]. It is 253 

characterized as being an imbalance between intracellular oxygen delivery and oxygen 254 

consumption[34]. Morote-Garcia et al., reported that hypoxia induction of HIF-1α induces 255 

SEMA7A expression in endothelial cells [23]. However, it was still unknown what 256 

physiological processes can promote the aberrant upregulation of SEMA7A in tumor cells. 257 

Here we investigated the role of hypoxia in driving the expression of SEMA7A in 258 

mammary cells. EpH4 cells and 4T1 were grown in optimal conditions and then placed in 259 

a hypoxic chamber containing less than 1% O2 using 5% CO2 – Nitrogen gas or normoxic 260 

conditions for up to 24 hours. Cell-free supernatants were then analyzed for SEMA7A 261 

protein by ELISA. In a time-dependent manner, both EpH4 and 4T1 cells showed 262 
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increased SEMA7A production compared to normoxic controls (Fig. 2A).  PI3K/AKT 263 

signaling has been shown to regulate HIF1-α expression during hypoxic conditions [35]. 264 

This occurs when AKT is phosphorylated at Ser473 and its downstream target, HIF-1, 265 

is activated. To understand the role of the PI3K/AKT pathway in the upregulation of 266 

SEMA7A during hypoxia, we pretreated 4T1 cells with PI3K inhibitor LY294002 (25 µM) 267 

prior to exposure to hypoxic conditions. The PI3K inhibitor significantly (p≤0.001) blocked 268 

the induction of SEMA7A by hypoxia in 4T1 cells by 70% (Fig. 2B). To further delineate 269 

the specific role of HIF-1 in inducing SEMA7A, 4T1 cells were treated with the inhibitor 270 

Chetomin, which can disrupt the binding of HIF1- to transcriptional coactivator p300.  271 

Pre-treatment of 4T1 cells with Chetomin significantly (p≤0.001) blocked production of 272 

SEMA7A in hypoxic conditions (Fig. 2C).  Using an intermediate-expressing murine 273 

breast tumor cell line, 4T07, we induced activation of HIF1-using a hypoxia mimic, 274 

Cobalt (II) Chloride (CoCl2). We analyzed the expression of HIF1- by flow cytometry 275 

after treating 4T07 cells with CoCl2 (100 µM) and found a significant increase in the levels 276 

of HIF1- (Fig. 3A), with a two-fold increase in SEMA7A expression (Fig. 3B). Treatment 277 

with Chetomin reduced expression of SEMA7A in murine 4T07 tumor cells stimulated 278 

with CoCl2 (Fig. 3C). These results indicate that SEMA7A expression in mammary cells 279 

can be induced through a hypoxic stimuli and inhibition of the PI3K/AKT pathway blocks 280 

this induction. 281 

Figure 2. Hypoxia induces SEMA7A expression in mammary cells. A) 1x106 4T1 or 282 

EpH4 cells were grown to confluency, then incubated under 1% oxygen hypoxic 283 

conditions or normoxic conditions. B)  4T1 cells were grown to 100% confluency in 284 

reduced serum condition, treated with LY294002 for 4 hours, incubated under 1% oxygen 285 
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hypoxic conditions or normoxic conditions. C) 1x106 4T1 cells were treated with Chetomin 286 

or control for 6 hours and then incubated under 1% oxygen hypoxic conditions or 287 

normoxic conditions for 24 hours. Cell-free supernatants were collected at specific 288 

timepoints and assayed for SEMA7A by ELISA. p-value (***) <0.001. 289 

Figure 3. HIF-1 production correlates with SEMA7A expression in 4T07 cells. A) 290 

4T07 cells were grown to 100% confluency in reduced serum conditions for 12 hours, 291 

then stimulated with CoCl2 or control for 24 hours, and cells were harvested for HIF-292 

1determination by intracellular flow cytometry staining. B) 4T07 cells were grown to 293 

100% confluency in reduced serum condition, treated with CoCl2 or vehicle for 24 hours, 294 

cells were then lysed and analyzed for SEMA7A expression by qPCR. C) 1x106 4T07 295 

cells were treated with or without Chetomin for 6 hours and then stimulated by CoCL2 for 296 

24 hours, cells were then lysed and analyzed for SEMA7A by qPCR. p-value  (**) ≤ 0.01, 297 

(***) ≤0.001. 298 

 299 

SEMA7A gene knock down in 4T1 mammary tumor cells results in morphologic 300 

and functional changes  301 

We have previously reported that tumor-derived SEMA7A induces the production of 302 

angiogenic molecules in macrophages [15].  To understand the role of SEMA7A in tumor 303 

cells, SEMA7A gene was knocked down in 4T1 mammary tumor cells.  The effectiveness 304 

of gene knockdown was assessed by qRT-PCR.  Greater than 6-fold gene knockdown 305 

was observed in shRNA transfected 4T1-LUC mammary tumor cells (Fig. 4A). 306 

Suppression of SEMA7A gene in mammary tumor cells resulted in increased cell-to-cell 307 

contact in 4T1-LUC mammary tumor cells compared to 4T1 scramble control (Fig. 4B).  308 
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Silencing of SEMA7A induced an epithelial-like morphology in 4T1-LUC cells with growth 309 

of tumor cells in compact clusters. Semaphorins are known to regulate cell migration and 310 

tumor cell migration is dependent upon morphological changes and cell association with 311 

extracellular matrix, and release of metalloproteases [36]. The expression of vimentin and 312 

CD44 was decreased in 4T1-LUC-shRNA-SEMA7A knock-down (kd) cells. Fibronectin 313 

and E-cadherin expression remained unchanged, while desmoplakin was increased 314 

(Fig.4C). Silencing of the SEMA7A gene decreased the expression of TGF-1 (Fig. 4D). 315 

Matrix metalloproteinases MMP-2, -9, -10 and -13 were also significantly (p ≤0.001) 316 

decreased in SEMA7A silenced 4T1 mammary tumor cells (Fig. 4E).  We next transfected 317 

murine 4T1 tumor cells with a plasmid encoding for the rat SEMA7A gene, which has 318 

90% homology with the murine SEMA7A. We achieved an 18-fold increase in rat 319 

SEMA7A expression, which correlated with a doubling in expression of only 320 

mesenchymal MMPs: MMP3 and MMP13 (Supplemental Fig. 2).  As cell migration may 321 

also be dependent on integrins, we explored the effect of SEMA7A gene silencing on 322 

integrin expression.  There was a significant (p≤0.001) decrease in the expression of its 323 

receptor integrin 1. Also decreased was integrin 3, integrins 5 and 7 (Fig. 4F). Our 324 

results show that a strong linkage between the expression of SEMA7A and the expression 325 

of mesenchymal markers and MMPs. We continued our study with the gene-silencing 326 

approach to evaluate the role of SEMA7A in tumor cell function.  327 

(***) ≤0.001 328 

Figure 4. Gene silencing of SEMA7A in 4T1-LUC cells decreases expression of 329 

mesenchymal and pro-metastatic genes. A) Gene expression of 4T1-LUC scramble 330 

control cells and 4T1-LUC SEMA7A shRNA silenced cells was assayed by qPCR. (B) 331 
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Morphology was observed by phase contrast imaging. (C-F) Gene expression of 4T1-332 

LUC sublines was analyzed for differential gene expression by qPCR. p-value  (**) ≤ 0.01, 333 

(***) ≤0.001. 334 

Supplemental  Figure  2. Exogenous overexpression of SEMA7A in 4T1 cells. A) 335 

4T1 cells were transfected with a plasmid encoding for full-length rat SEMA7A using 336 

Avalanche transfection reagent, 1x106 cells were grown to ~75% confluency, trypsinized, 337 

lysed for RNA extraction and then assayed for exogenous SEMA7A. B-C)  Endogenous 338 

MMP-13 and MMP-3  gene expression was assayed by qPCR. p-value (**) ≤0.01, (***) ≤ 339 

0.001. 340 

 341 

SEMA7A gene silencing increases stiffness of 4T1 cells 342 

It is known that cancerous cells are less stiff compared to normal cells [37, 38]. Atomic 343 

force microscopy (AFM) measurements were acquired to determine the role of SEMA7A 344 

in mediating cell stiffness.  In these studies, the AFM cantilever was used as a 345 

microindenter, probing the cell less than 1 mm using applied forces of less than 1 nN as 346 

to not damage the cell.  Figure 5A shows representative force-indentation curves acquired 347 

for 4T1 shRNA control and 4T1-LUC-shRNA-SEMA7A knock-down cells.  Following 348 

SEMA7A knockdown, 4T1 cells indented less for equivalent applied forces.  Each force-349 

indentation curve was fitted to the Hertz’s model.  Histograms in Figure 5B reveal the data 350 

distribution of the Young’s modulus values for both cell types.  The average Young’s 351 

modulus value calculated for the 4T1 mammary tumor cells was 3.7±0.3 kPa (Fig. 5C). 352 

Following SEMA7A knockdown, this value increased to 7.5±1 kPa, indicating an increase 353 

in the measured cell stiffness.    354 
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 Figure 5. SEMA7A alters tumor cell stiffness. A) Representative force-indentation 355 

curves from AFM cell stiffness measurements acquired for 4T1-LUC scramble shRNA 356 

control cells and 4T1-LUC 6-fold shRNA SEMA7A gene knockdown.  Fitted curves 357 

derived from the Hertz model are overlaid on the raw data.  AFM measurements were 358 

acquired at 37°C at a constant cantilever retraction rate, applied force and contact 359 

time.  B) Data distribution of Young’s modulus values for 4T1-LUC scramble shRNA 360 

control cells (white; N=35) and 4T1-LUC 6-fold shRNA SEMA7A gene knockdown cells 361 

(blue; N=29). C) Average of Young’s modulus values for stiffness measurements from B. 362 

The error is the SEM. p-value  (**) ≤ 0.01. 363 

 364 

SEMA7A gene silencing decreases proliferation and migration of 4T1 cells 365 

Given that tumor cell proliferation is a critical factor in determining patient outcomes, we 366 

assayed the expression of a commonly used clinical proliferation marker, ki67. We found 367 

a decrease of nearly half the expression of ki67 in 4T1-LUC cells that had been silenced 368 

for the SEMA7A gene (Fig. 6A-B). To test the effect of SEMA7A gene silencing on cell 369 

motility, wound healing assay was employed. Wounding assay revealed decreased tumor 370 

cell migration by SEMA7A silenced tumor cells at both 6 and 12 hours post-wounding 371 

(Fig. 6C-D).   These findings suggest that SEMA7A may also play a role in tumor cell 372 

motility.   373 

Figure 6. Silencing of SEMA7A gene in 4T1-LUC mammary tumor decreases cell 374 

motility and proliferation. A-B) Proliferation of SEMA7A expressing and shRNA 375 

silenced cells were measured by Ki67 intracellular staining. C-D) Motility of 4T1-LUC 376 
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scramble control cells and 4T1-luc SEMA7A shRNA was assayed using a wound healing 377 

assay and measured as percentage wound closure. p-value (***) ≤ <0.001. 378 

 379 

SEMA7A gene silencing reduces tumor growth and metastasis and increases 380 

survival  381 

Since SEMA7A gene silencing resulted in decreased tumor cell proliferation and 382 

migration, we wanted to further investigate if decreased SEMA7A would retard tumor 383 

growth in mammary tumor bearing mice.  Mice injected with either 4T1-LUC scramble 384 

control or 4T1-LUC-SEMA7A-shRNA-kd mammary tumor cells were imaged for luciferase 385 

bioluminescence at days 4, 11 and 18.  At day 4 post tumor cell implantation, there was 386 

no significant difference in tumor growth between the two groups.  However, by days 11 387 

and 18 post-tumor cell implantation, there was a reduction (p=.00001) in tumor growth in 388 

mice injected with 4T1-LUC-SEMA7A-shRNA-kd tumor cells (Fig. 7A).  This was 389 

quantified by luciferase signal detected by photons/sec (Fig. 7B).  More importantly, an 390 

increase in survival (p=0.0001) was observed in mice bearing SEMA7A gene silenced 391 

mammary tumors (Fig. 7C).  Since we observed increased survival in mice bearing 392 

SEMA7A gene silenced tumors, we next determined if this translated into decreased 393 

metastasis.  Lungs are one of the first organs that are infiltrated and colonized by 394 

metastatic breast tumors. Thus, lungs from 4T1-LUC scramble control or 4T1-LUC-7A-395 

shRNA-kd mammary tumor bearers were analyzed for metastasis by luciferase signal 396 

detection, India Ink and H&E staining.    Detection of the luciferase signals revealed a 397 

steep reduction of tumor cell signal in the lungs of 4T1-LUC SEMA7A-shRNA mammary 398 

tumor bearers (Fig. 7D).  Gross morphologic and histological examination of lungs stained 399 
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by India Ink from the two groups revealed very few metastatic foci in 4T1-LUC 7A-shRNA 400 

mammary tumor bearers (Fig. 7E).   Enumeration of the metastatic foci in the lungs 401 

revealed >30 metastatic foci in 4T1-LUC scramble control compared to <5 metastatic foci 402 

in lungs of 4T1-LUC 7A-shRNA-kd mammary tumor bearers (Fig. 7E). We determined 403 

that inhibition of tumor-derived SEMA7A in 4T1 cells decreased tumor growth and 404 

metastasis. 405 

Figure 7. Inhibition of tumor-derived SEMA7A decreases tumor growth rate and 406 

metastasis in 4T1-LUC tumor-bearing mice. A-B) Mice representative of 14 mice/group 407 

at 4 different time points are shown with quantification of tumor-specific bioluminescence. 408 

C) Kaplan-Meier survival curve of tumor bearing mice. D) At day 42 post tumor 409 

implantation, animals inoculated with SEMA7A shRNA silenced 4T1 cells showed 410 

decrease metastasis compared to the scramble shRNA control 4T1 cells as determined 411 

by quantification of bioluminescent signal and E) India Black staining of the lungs. N=14; 412 

p-value (***) ≤ 0.001, (****) ≤0.0001. 413 

 414 

Ablation of host-derived SEMA7A decreases rate of tumor growth and metastasis 415 

and increases survival 416 

Given that host cells, such as immune cells, also express SEMA7A we questioned if host-417 

derived SEMA7A could also contribute to tumor progression.  Wild-type or SEMA7A 418 

deficient female BALB/c mice were inoculated with 4T1-LUC cells and bioluminescent 419 

imaging was performed for 28 days. 4T1-LUC tumor-bearing mice have a decrease in 420 

tumor growth rate (Fig. 8A-B) and increased survival (Fig. 8C), but more importantly, a 421 

decrease in metastasis to the lungs was also observed (Fig. 8D).  422 
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Figure 8. Genetic ablation of host-derived SEMA7A decreases tumor growth rate 423 

and metastasis in 4T1-LUC tumor-bearing mice. A-B) Mice representative of 15 424 

mice/group at 4 different time points are shown with quantification of tumor-specific 425 

bioluminescence. C) Kaplan-Meier survival curve of tumor bearing mice. D) At day 44 426 

post tumor implantation, metastasis was determined by quantification of bioluminescent 427 

signal from the lungs. N=15; p-value (***) ≤ 0.001. 428 

 429 

We proceeded to test if ablation of host derived SEMA7A could synergize with gene 430 

silencing of tumor-derived SEMA7A. In this approach, we used the wild-type 4T1 cells 431 

from early passage that maintained heterogeneous populations. We achieved an 80% 432 

reduction in SEMA7A expression (Fig. 9A) in two subsets of 4T1 cells using an optimized 433 

microRNA backbone targeting the 5’ end of the SEMA7A mRNA (4T1-SEMA7A-shRNA1) 434 

and another targeting the 3’ end of the SEMA7A mRNA (4T1-SEMA7A-shRNA2.) As a 435 

control, we used cells expressing shRNA targeting the Renilla luciferase gene (4T1-436 

Renilla-shRNA), which maintained equal expression to the 4T1 wild-type cells (data not 437 

shown). Subsequently, the SEMA7A shRNA cells or Renilla shRNA control cells were 438 

implanted into either wild-type or SEMA7A-/- female BALB/C mice. Silencing of SEMA7A 439 

in 4T1 cells resulted in reduced tumor growth and ablation of host-derived SEMA7A 440 

further synergized to reduce tumor growth rate (Fig. 9B), and metastasis to the lung (Fig. 441 

9C-D). Our results show that ablation of host-derived SEMA7A and tumor-derived 442 

SEMA7A can significantly improve outcomes in our murine breast cancer models.   443 
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Figure 9. Inhibition of host-derived and tumor-derived SEMA7A decreases tumor 444 

growth rate and metastasis in 4T1 tumor-bearing mice. A) Gene silencing of SEMA7A 445 

in 4T1 cells. B) Caliper measurements of tumor volume at 5 different time points. C-D) At 446 

day 42 post tumor implantation, lungs were excised and metastatic foci were quantified. 447 

N=15); p-value (**) ≤0.01, (***) ≤ 0.001. 448 

 449 

DISCUSSION 450 

The objective of this study was to delineate the role of SEMA7A in breast cancer. We 451 

accomplished this objective by: 1) characterizing the expression of SEMA7A in murine 452 

and human cell lines, 2) determining the effect of TGF-, the PI3K/AKT axis and hypoxia 453 

in modulating SEMA7A expression, and 3) assessing both in vitro and in vivo effects of 454 

SEMA7A inhibition in mammary tumors. 455 

We first determined the range of SEMA7A expression in various human and murine 456 

breast cell lines. The non-tumorigenic line, MCF10A, had the lowest expression of 457 

SEMA7A (Fig. 1A) whereas the aggressive MCF10CA1a cell line had 1000 times greater 458 

expression. So et al., [39] reported that MCF10CA1a cells have increased 459 

phosphorylation levels pErk, pAkt, Stat3 and Pak4, and we show concurrently there was 460 

an increase in SEMA7A expression. We also showed that the murine counterparts of 461 

MCF10A, the EpH4 cells, had very low expression of SEMA7A.  Allegra et al., [9] showed 462 

that EpRAS cells, generated via a RAS mutation, expressed high levels of SEMA7A. 463 

These findings show that both pAKT and RAS/Erk activation can induce the expression 464 
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of SEMA7A. It would be beneficial to determine if specific mutations in these pathways 465 

lead to differential SEMA7A expression.  466 

Morote-Garcia et al. showed the presence of HREs in the SEMA7A promoter [23]. We 467 

are the first to show that hypoxia can also induce the expression of SEMA7A in mammary 468 

cells. The frequency of these HREs could also be a determining factor in the disparate 469 

expression of SEMA7A between EpH4 cells and 4T1. We continued by exploring the link 470 

between hypoxic stimuli and PI3K/AKT activation given that it’s been shown that AKT 471 

activation increases HIF-1 activity[35]. By blocking phosphorylation of AKT we were able 472 

to reduce the induction of SEMA7A by hypoxia (Fig. 2B), showing that the cross talk 473 

between hypoxia-derived signals and AKT are important for SEMA7A expression. To 474 

verify to what extent HIF-1 plays a role in this pathway, we used the inhibitor Chetomin. 475 

In both 4T1 and 4T07 cells, Chetomin was very efficient at blocking the expression of 476 

SEMA7A. Our findings demonstrate that hypoxic stimuli are a critical factor in the 477 

induction of SEMA7A in mammary cells.   478 

Inhibition of tumor-derived SEMA7A lessened the malignant potential of 4T1 cells. In 479 

accordance with our studies, Saito et al.,[40] has shown that shRNA inhibition of SEMA7A 480 

in oral squamous cell carcinoma (OSCC) cells resulted in decreased cellular proliferation, 481 

which was attributed to down-regulation of cyclins. Additionally, Saito et al., [40]  showed 482 

that inhibition of SEMA7A decreased invasiveness of oral squamous cell carcinoma cells 483 

and secretion of matrix metalloproteases. Our biophysical studies conducted on the 4T1 484 

cells revealed an increase in cell stiffness when the SEMA7A gene is silenced.  A softer 485 

cell can spread more easily on a substrate, thus facilitating migration.  Thus, the stiffening 486 

following SEMA7A knockdown is likely to promote a less migratory cell phenotype.  This 487 
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indeed was observed in our in vivo model.  In vivo, BALB/c mice inoculated with SEMA7A 488 

silenced 4T1-LUC cells showed a decrease tumor growth rates and delayed onset of 489 

metastatic disease compared to mice bearing 4T1-LUC cells.   490 

We also evaluated the contribution of host-derived SEMA7A using genetic deletion of 491 

SEMA7A in BALB/c mice. We found that tumor growth was reduced in SEMA7A-/- 4T1-492 

LUC tumor bearing mice (Fig. 8A-B). There was also a decrease in metastases to the 493 

lung at day 42 post-tumor implantation (Fig. 8D-E). Ma et al. similarly showed in a 494 

syngeneic model of melanoma, that ablation of host-derived SEMA7A was sufficient to 495 

decrease the rate of metastasis [8]. They also reported that antibody mediated 496 

neutralization of SEMA7A had similar effects. The heterogeneous 4T1 model, SEMA7A-497 

/- tumor-bearing also held a difference until day 28 but that difference was negated at day 498 

35. It is possible that the 4T1 cells started to produce levels of SEMA7A that overpowered 499 

the effects of ablating host-derived SEMA7A. When combined, inhibition of tumor-derived 500 

SEMA7A and host-derived SEMA7A resulted in the reduced tumor growth and 501 

metastasis.  502 

Recently, Black et al. corroborated the necessity of studying SEMA7A in the context of 503 

breast cancer as a prognostic parameter of metastasis and poor survival in breast cancer 504 

patients [10].  Using two models, we have elucidated a role for SEMA7A in regulating 505 

mammary tumor progression, warranting subsequent studies to survey the downstream 506 

molecular effects of SEMA7A that lead to tumor growth and metastasis. Overall, our 507 

collective results support our hypothesis that SEMA7A expression plays a functional role 508 

in promoting breast cancer growth and metastasis. Our findings postulate a novel role for 509 
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SEMA7A in breast cancer that may lead to further findings of prognostic and therapeutic 510 

value. 511 
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