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SUMMARY

The tyrosine kinase receptor ephrin receptor A2 (EPHA2) is overexpressed in
lung (LSCC) and head and neck (HNSCC) squamous cell carcinomas. Although
EPHA2 can inhibit tumorigenesis in a ligand-dependent fashion via phosphoryla-
tion of Y588 and Y772, it can promote tumorigenesis in a ligand-independent
manner via phosphorylation of S897. Here, we show that EPHA2 and Roundabout
Guidance Receptor 1 (ROBO1) interact to form a functional heterodimer. Further-
more, we show that the ROBO1 ligand Slit Guidance Ligand 2 (SLIT2) and ensar-
tinib, an inhibitor of EPHA2, can attenuate growth of HNSCC cells and act syner-
gistically in LSCC cells. Our results suggest that patients with LSCC and HNSCC
may be stratified and treated based on their EPHA2 and ROBO1 expression pat-
terns. Although ~73% of patients with LSCC could benefit from SLIT2+ensartinib
treatment, ~41% of patients with HNSCC could be treated with either SLIT2 or
ensartinib. Thus, EPHA2 and ROBO1 represent potential LSCC and HNSCC thera-
nostics.

INTRODUCTION

With an estimated 2.09 million new cases that account for >13% of total cancer diagnoses, and 1.76 million

deaths in 2018, lung cancer is the most common cancer and a leading cause of cancer-related deaths

worldwide (Adjei, 2019). Non-small cell lung cancer (NSCLC) represents ~85% of all lung cancers with

the majority of patients presenting with advanced stages of the disease when diagnosed. Squamous cell

carcinoma of the lung (LSCC) is the second most common histology in NSCLC accounting for 20%–30%

of all NSCLC cases and, more often than not, it presents with advanced stage disease at diagnosis (Herbst

et al., 2018). Head and neck cancers represent the sixth most common cancer worldwide and accounts for

approximately 650,000 new cases and more than 350,000 deaths every year. In the United States, head and

neck cancer accounts for 3% of all cancers, with an estimated 53,000 Americans developing head and neck

cancer annually and 10,800 dying from the disease. Approximately 90% of head and neck cancers are squa-

mous cell carcinomas (HNSCCs) that arise from the mucosal surfaces of the oral cavity, oropharynx, and

larynx. Tobacco use, alcohol consumption, Epstein-Barr virus infection, and HPV infection are some of

the risk factors that are known to contribute to the development of almost 80% of the HNSCC cases diag-

nosed globally (Bray et al., 2018; Siegel et al., 2020). However, there are limited treatment options for

advanced SCC, both in first-line and relapsed/refractory settings. In the last few years, several new drugs

that include an anti-EGFR monoclonal antibody (necitumumab) in combination with standard chemo-

therapy and immune-checkpoint inhibitors such as nivolumab, pembrolizumab, or atezolizumab have

been approved for treating SCC. Although the initial response to these drugs is encouraging, the patients

eventually acquire resistance during the course of treatment, emphasizing the need for new drug targets

and more efficacious drugs (Zappa and Mousa, 2016; Sabari and Paik, 2017).

The ephrin receptors (EPHR) and their ligands, the ephrins, play critical roles in a broad range of biological

processes including neuronal pathfinding, angiogenesis, T cell activation, and stem cell maintenance

(Darling and Lamb, 2019; Mosch et al., 2010). At the cellular level, the EPHR pathway regulates polarity,

motility, proliferation, and survival in normal as well as neoplastic conditions (Singh et al., 2012; Lisabeth
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et al., 2013). In humans, ephrins and ephrin receptors constitute the largest receptor tyrosine kinase (RTK)

family with a total of 14 members. Upregulation of EPH receptors, particularly EPHA2 and EPHB4, has been

broadly implicated in the growth and metastasis of solid tumors, including NSCLC (Zelinski et al., 2001;

Fang et al., 2005; Faoro et al., 2010; Ferguson et al., 2013; Pasquale, 2010; Salgia and Kulkarni, 2018; Tan

et al., 2019). High levels of EPHA2 have been correlated with brain metastasis, disease relapse, and overall

poor patient survival in lung cancers (Amato et al., 2014). In addition, EPHA2 is involved in acquired resis-

tance to EGFR tyrosine kinase inhibitors (TKIs) and anti-EGFR antibodies (Zhuang et al., 2010; Koch et al.,

2015; Amato et al., 2016), further highlighting the role of EPHA2 in tumor progression.

Ephrins are classified into either class A or B depending upon how they bind to the cell membrane. Class A

ephrins (ephrin A1 to A5) are tethered to the cell membrane via a glycosyl-phosphatidylinositol (GPI) an-

chor, whereas class B ephrins (ephrin B1 to B3) are integral membrane proteins that contain a single trans-

membrane domain. EPH receptors are classified according to the class of ligand they bind to. There are

eight class A receptors (EPHA1 to A8) and six class B receptors (EPHB1 to B6) (Pasquale, 2010). Both the

ligands and the receptors are membrane bound and typically elicit signaling through cell-cell contact

that leads to clustering of the ligand-receptor complexes. In addition, the binding of the ligand to the re-

ceptor triggers downstream events in the ligand-bearing cells, referred to as reverse signaling (Pasquale,

2010; Salgia and Kulkarni, 2018; Boyd et al., 2014). Among the EPHRs, EPHA2 has been shown to possess

both ligand-dependent as well as ligand-independent activities (Miao et al., 2009; Taddei et al., 2009).

Although ligand-mediated activation of EPHA2 was shown to inhibit cell motility, the ligand-independent

activities enhance invasiveness and viability and are linked to tumor progression (Miao et al., 2009; Beau-

champ and Debinski, 2012; Brantley-Sieders, 2012; Zhou and Sakurai, 2017). Importantly, S897 phosphor-

ylation by AKT or RSK is a key mediator of the ligand-independent activities (Miao et al., 2009; Zhou et al.,

2015) leading to tumorigenesis. In C. elegans, the ortholog of the human ephrin receptor, VAB-1, and its

ligand, ephrin, EFN-1, function as cues in neuroblasts for proper neuronal pathfinding and in epidermal

movements during embryogenesis. Mutants of the VAB-1 and ephrin exhibit variable degree of defects

in embryonic arrest, larval arrest, and morphogenesis with a high percentage of animals showing the notch

head phenotype (George et al., 1998; Chin-Sang et al., 1999). The ephrin/VAB-1 pathway interacts genet-

ically with the conserved axon guidance receptor SAX-3/ROBO pathway in a dose-dependent fashion and

showed synthetic embryonic lethal phenotype (Ghenea et al., 2005; Bernadskaya et al., 2012). SAX-3/ROBO

null mutants display embryonic defects independent of VAB-1/EPHR mutants. Interestingly, double mu-

tants of SLT-1, a ligand of SAX-3 (ROBO) and VAB-1, also show enhanced cell migration defects in compar-

ison with VAB-1/EPHR or SLT-1 single mutants indicating cross talk between the two pathways. In addition,

the tyrosine kinase domain of VAB-1 physically binds to the intracellular domain of SAX-3, specifically at the

juxtamembrane region and the conserved cytoplasmic region 1 (CC1) (Ghenea et al., 2005).

Roundabout guidance receptors (ROBOs) and their ligands, SLITs (Slit Guidance Ligand 2), were first iden-

tified as important signaling molecules involved in the neuronal development in Drosophila (Rothberg

et al., 1988; Kidd et al., 1999). Since then, this function in neuronal development has been found to be highly

conserved in metazoans. In addition, new functions of the SLIT-ROBO pathway have been discovered in

angiogenesis and in the development of the lung, mammary glands, and kidneys (Xian et al., 2001; Greis-

hammer et al., 2004; Bedell et al., 2005; Strickland et al., 2006; Chen et al., 2010; Blockus and Chedotal,

2016; Ballard and Hinck, 2012). Recent studies have also implicated the SLIT-ROBO pathway in cancer pro-

gression and metastasis (Huang et al., 2015; Gara et al., 2015; Maiti et al., 2015). There are four ROBOs

(ROBO 1–4) and three SLITs (SLIT 1–3) in mammals that can bind to different ROBO receptors with differing

affinities. All ROBO receptors contain a single transmembrane domain with several weakly conserved cyto-

plasmic (CC) domains and no clear functionally defined domain in the cytoplasmic tail. Therefore, addi-

tional signaling molecules are probably involved in directing cellular activities (Hohenester, 2008; Gara

et al., 2015; Maiti et al., 2015; Blockus and Chedotal, 2016). ROBO1 overexpression and mutations in

lung cancer have been correlated with better patient outcome (Dallol et al., 2002; Maiti et al., 2015). Sup-

pression of SLIT2 was associated with advanced pathological stage and a poor survival rate among patients

with lung cancer (Gara et al., 2015).

Despite the correlation between expression levels of EPHA2, ROBO1, and SLIT2, and tumorigenesis and

clinical outcome in patients with lung cancer, the translational potential of this clinical research has not

been fully explored. Here, we have investigated the roles of EPHA2 and ROBO1 in SCCs of the lung and

head and neck. Our results demonstrate that EPHA2 can physically interact by heterodimerizing with
2 iScience 23, 101692, November 20, 2020



A B

C

Figure 1. ROBO1 and EPHA2 Are Not Synthetic lethal in LSCC Cell Lines

shRNA-mediated knock down of EPHA2 and ROBO1 to study effect on cellular proliferation in lung cancer cell lines.

(A) Knockdown of EPHA2, ROBO1 and double knockdown via shRNA has variable effects on cellular proliferation among

different cell lines in comparison with control cells BEAS-2B. We used four biological replicates and used two-way

(ANOVA) to calculate the p values. shRNA knockdown for EPHA2, ROBO1 and double knockdown in H2170, SK-MES-1,

and SW900 were significant p < 0.0001. But the double knockdown was not synthetic lethal in all cell lines. Data are

represented as mean G SD.

(B) Chemical ablation of EPHA2 using ALW-II-41-27 shows significant inhibition of proliferation in all lung cancer cell lines

in comparison with control lung epithelial cells BEAS2B as indicated by values of IC50. The p values (p < 0.0001) are

calculated using simple linear regression. Data are represented as mean G SD.

(C) Immunoblot showing protein levels of EPHA2 and ROBO1 in single and double knockdowns compared with control.

Related to Figure S1.
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ROBO1 and this interaction is stabilized in the presence of SLIT2, which in turn attenuates cellular prolifer-

ation. Furthermore, the data also suggest that patients with LSCC and HNSCC may be stratified and

treated based on their EPHA2 and ROBO1 expression patterns. Altogether our results indicate that

SLIT2 is a potential therapeutic for LSCC and HNSCC and that EPHA2 and ROBO1may represent potential

theranostics in these two diseases.

RESULTS

ROBO1 and EPHA2 Are Not Synthetic Lethal in LSCC and HNSCC Cells

In C. elegans, double mutants of sax-3 in the SLIT-ROBO and vab-1 the ephrin-EPH pathway showed syn-

thetic lethal phenotype in embryonic stage suggesting that there is cross talk between the two pathways

(Ghenea et al., 2005). This interaction presents an attractive window of opportunity for developing targeted

therapy against the EPH-ROBO pathway, if the underlying mechanism is conserved in SCC. Therefore, we

first determined whether a knockdown or pharmacological inhibition of the EPH receptor (vab-1) in

C. elegans exhibits a synthetic lethal phenotype with ROBOmutant (sax-3). Consistent with the phenotype

of genetic double mutants, knocking down vab-1 in sax-3 or knocking down sax-3 in vab-1 mutants ex-

hibited the synthetic lethal phenotype (Figures S1A–S1C). Figure S1C displays the percentage of F1 viable

progeny that survived out of the total F1 population. Moreover, treating sax-3 worms with ALW-II-41-27, a

small molecule Eph family tyrosine kinase inhibitor, also enhanced lethality (Figure S1D), indicating that

ALW-II-41-27 inhibited the ephrin receptor of C. elegans (Amato et al., 2014; Choi et al., 2009; Miao et

al. 2015).

Next, to determine if EPHA2 is important for the survival of lung squamous cells, we knocked down EPHA2

using shRNA in three squamous cell carcinoma cell lines (H2170, SK-MES-1, and SW900) as well as in con-

trol, normal lung epithelial BEAS-2B cells and measured cell viability 96 h post transfection using the CCK8

cell survival assay. Although control BEAS-2B cells showed no growth inhibition, H2170 SK-MES-1 and
iScience 23, 101692, November 20, 2020 3



%Age Inhibition BEAS2B H2170 SK-MES-1 SW900

shEPHA2 �52.42 80.72 47.26 83.70

shROBO1 �52.01 69.58 30.35 90.90

shEPHA2+ROBO1 �39.55 77.89 42.88 75.02

Table 1. Percentage Inhibition of LSCC Cell Lines after shRNA Knockdown of EPHA2, ROBO1, and Double

Knockdown
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SW900 cells showed 80%, 47%, and 83% inhibition, respectively (Figure 1A). Similarly, treatment of cells

with ALW-II-27-41 resulted in stronger inhibition of NSCLC cells (IC50 range from 134 to 768 nM) relative

to control BEAS-2B cells (IC50 = 1,533 nM) (Figure 1B). These results support the idea that EPHA2 is

involved in positive signaling for LSCC cell proliferation.

To further investigate the functional relationship between ROBO1 and EPHA2 in LSCC, we first determined

whether ROBO1 knockdown also affects cell proliferation in various LSCC cell lines. Knocking down ROBO1

in H2170, SK-MES-1, and SW900 cells showed 69%, 30%, and 90% inhibition of proliferation, respectively

(Figure 1A). We then asked if knocking down both EPHA2 and ROBO1 would show an enhancement of

the inhibition shown in these cell lines. However, in all three cell lines, no additive effect was observed

(Figure 1A and Table 1). To confirm the efficiency of shRNA knockdown, we determined the expression

of EPHA2 and ROBO1 proteins by immunoblotting (Figure 1C). Next, a variety of head and neck cancer

cell lines and cetuximab-resistant cell lines (HN30-C2, C4, and C5) expressing high EPHA2 were investi-

gated (Figures 2A and 2D). Knockdown of either EPHA2 or ROBO1, or both (double knockdown), was per-

formed using specific pooled siRNAs and the results were confirmed by immunoblotting (Figures 2B and

2E). When we performed the ROBO1 knockdown with siRNA in HNSCC cells and examined ROBO1 protein

levels in the cell lysates by immunoblotting using Invitrogen antibody; we did not observe a decrease in the

ROBO1 protein level. We repeated the immunoblot experiment with another antibody from Proteintech

(Rosemont, IL, USA) that detects a smaller isoform and observed a complete knockdown of ROBO1. The

Proteintech antibody was raised against a C-terminal fragment of human ROBO1 (residues1,631-1,647),

whereas the Invitrogen antibody was raised against a fragment corresponding to a region within amino

acids 75 and 344 of Human ROBO1, which may explain the observed differences. However, we did not

observe a significant effect on cell proliferation with EPHA2 or ROBO1 knockdown, or double knockdown

(except for Tu138 and HN-30P cell lines), as determined by CCK-8 assay (Figures 2C and 2F).

These results support the idea that both EPHA2 and ROBO1 are involved in positive signaling for LSCC cell

proliferation. The effect of shRNA knockdown of EPHA2 was less pronounced in SK-MES-1 cells. However,

ALW-II-27-41 inhibited cell growth with an IC50 of 134 nm suggesting a role of other RTKs in these cells.

Surprisingly, in spite of low levels of EPHA2 in H2170, shRNA knockdown of EPHA2 caused 80% inhibition

of cell proliferation in these cells suggesting that EPHA2 is driving proliferation in these cells. We previously

reported an activating EPHA2 mutation in its extracellular domain (G391A) in these cells that renders it

constitutively active (Faoro et al., 2010). Thus, it is likely that low levels of the constitutively active receptor

could have profound effects on cell growth via a ligand-independent mechanism. ALW-II-27-41 inhibited

cell proliferation with lesser efficiency in H2170 compared with SW900 and SK-MES-1. In addition to

EPHA2 and other RTKs that are sensitive to ALW-II-27-41, these cells may also have other pathways driving

cell growth. SOX-2 is upregulated in LSCC cells H2170 but not in SK-MES-1 cells (Fukazawa et al., 2016).

Therefore, it is possible that, in H2170 cells, SOX2 is driving tumorigenesis by suppressing CDKN1A

(also called p21) that induces G1 cell-cycle arrest.

Since HNSCC cells are not dependent on EPHA2 and ROBO1 for cell growth because knocking down both

proteins inhibited proliferation only 5%–10% except for Tu138 and HN-30P, it is possible that other RTK

pathways may be involved. For example, we previously showed that AXL may be driving tumor growth

in these cells (Brand et al., 2015).
Expression of EPHA2 and ROBO1 in LSCC and HNSCC Tissue Microarrays

Our previous studies with 105 NSCLC patient samples showed that EPHA2 was overexpressed in these pa-

tients (Faoro et al., 2010). Among the three types of lung cancer, LSCC specimens showed the highest
4 iScience 23, 101692, November 20, 2020
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Figure 2. ROBO1 and EPHA2 Are Not Synthetic Lethal in HNSCC Cell Lines

EPHA2, ROBO1 and double siRNA-mediated knockdown to study effect on cellular proliferation.

(A) Levels of total EPHA2, ROBO1, and pEPHA2 S897 in head and neck cancer cell lines.

(B) Levels of EPHA2, ROBO1, and double knockdown confirming knockdown using siRNA.

(C) CCK8 assay to determine cellular proliferation inhibition after knocking down EPHA2, ROBO1, or both.

(D) Levels of total EPHA2, ROBO1, and pS897 in cetuximab-resistant cells.

(E) Levels of EPHA2 and ROBO1 after knocking down EPHA2, ROBO1, or both via siRNA.

(F) Relative cell number after CCK8 assay to determine cellular proliferation inhibition in EPHA2, ROBO1, and double

knockdown in cetuximab-resistant cells. Data are represented asmeanG SD. P values calculated were found significant in

Tu138 and HN-30P cell lines. P values were calculated using one-way (ANOVA). Related to Figure S1.
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expression levels of EPHA2 (n = 24). To further correlate this trend, we examined EPHA2 expression using

two tissue microarrays (TMAs), one with 64 LSCC samples and another with 60 HNSCC samples (Figures 3A

and 3B). We categorized the TMA core into four categories based on EPHA2 and ROBO1 expression levels.

EPHA2high-ROBO1low; EPHA2high-ROBO1high; EPHA2low-ROBO1high; EPHA2low-ROBO1low. The patholog-

ical scoring was interpreted by considering a score of +0, +1 as low expressing and +2 and +3 as high ex-

pressing. In LSCC, 73% (EPHA2high-ROBO1low) of the samples showed significant expression of EPHA2,

whereas very few, ~2% (EPHA2low-ROBO1high) showed high expression levels of only ROBO1 and the

remaining 25% showed low expression of both EPHA2 and ROBO1 (EPHA2low-ROBOlow). A quantitative

evaluation of the pathological scoring in LSCC TMA revealed that ROBO1 and EPHA2 exhibited an inverse

relationship where most samples with high EPHA2 expression had low ROBO1 expression (Figures 3A and

3C). This correlates with the fact that higher ROBO1 levels are associated with better survival in patients

with lung cancer since only a relatively small percentage of patients with lung cancer have good survival

prognosis (Figures S2 and S3 and Table S1). On the other hand, in HNSCC, 12% samples show EPHA2high

and ROBO1low expression, 29% showed EPHA2high and ROBO1high expression, and 17% showed EPHA2low

and ROBO1high expression (Figures 3B and 3C). The remaining 42% were EPHA2high-ROBO1low. Based on

the TMA results, we attempted to stratify patients with LSCC and HNSCC and observed a striking differ-

ence that may be helpful in determining the course of treatment of patients with squamous carcinoma

LSCC and HNSCC (Figure 3C).

ROBO1 and SLIT2 Reside in the Same Complex and Physically Interact with EPHA2

To further probe the EPHA2/ROBO1interaction, we used fluorescent proteins to tag ROBO1 and EPHA2

and tracked their localization using confocal microscopy. ROBO1-mCherry and EPHA2-mGFP were
iScience 23, 101692, November 20, 2020 5



Figure 3. Expression of EPHA2 and ROBO1 Receptors in LSCC and HNSCC TMAs

(A) Sixty-four TMA panels of LSCC patient samples, TMA-LC642a purchased from Biomax. Pseudo colors show anti-

EPHA2 (red) and anti-ROBO1 (green). The pseudo color was created by FIJI software.

(B) Sixty TMA panels of HNSCC patient samples, TMA-HN801B purchased from Biomax. Pseudo colors show anti-EPHA2

(red) and anti-ROBO1 (green).

(C) Pie-chart representing the quantification of pathologist scoring of LSCC and HNSCC TMAs (see Table S1). The images

were taken at 203 magnification. Related to Figures S2 and S3.
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localized to the cell surface as well as cytoplasmic vesicles (Figure 4A). The merged images showed that

most of the EPHA2-mGFP and the ROBO1-mCherry co-localized at the cell membrane and in cytoplasmic

vesicular structures. However, some discrete loci showed either EPHA2 or ROBO1 signal (Figure 4A). Z-sec-

tion images revealed that both proteins localized in some discrete loci and in long extensions attached to

surfaces (Figures 4A and Video S1). In addition, we also investigated the interaction between EPHA2 (Alexa

Flour 547, red) and SLIT2 (Alexa Flour 488, green) in SW900 cells using confocal microscopy. We observed

that EPHA2 and SLIT2 co-localized at the cell boundary and around nuclear membrane (Figure 4B).

Cytoplasmic and nuclear membrane staining have been observed in other studies too, that have used this

EPHA2 antibody (Stammes et al., 2017). It is likely that EPHA2 translocates to the nucleus and has a role in

transcription that has not been explored yet. It is also interesting to note that several other RTKs have been

shown to be translocated to the nucleus (Xie et al., 2019). Translocation of MET to the nucleus promotes

hepatocellular carcinoma tumorigeneses and metastasis by upregulation of TAK1 and activation of NF-

kB pathway (Tey et al., 2017). MET has also been shown to regulate nuclear calcium (Gomes et al., 2008)

and YAP signaling to stimulate cell proliferation or induce SOX9 and b-catenin to enhance ‘‘cancer
6 iScience 23, 101692, November 20, 2020



Figure 4. ROBO1/SLIT2 Are Present in the Same Complex and Physically Interact with EPHA2

EPHA2-ROBO1 and EPHA2-SLIT2 interaction in LSCC cells.

(A) EPHA2-GFP fusion (green) and ROBO1-m-cherry fusion (red) were co-expressed in cells for discerning interaction of

EPHA2 and ROBO1 using confocal microscopy.

(B) Co-immunofluorescence of EPHA2 (Alexa Flour 547, red) and SLIT2 (Alexa Flour 488, green) in SW900 LSCC cells

imaged with a confocal microscope. Yellow represents the area of co-expression of EPHA2 and SLIT2.

(C) FRET analysis. EPHA2-mClover3 was used as FRET donor and EPHA2-mRuby3, ROBO1-mRuby3 both were used as the

FRET acceptors. EPHA2-mClover3 and EPHA2-mRuby3 were used as a positive control. FRET values are indicated.

Images were taken at 403 magnification. Scale bar, 10 mm.
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stem-like cells’’ self-renewal for cancer recurrence (Xie et al., 2014). Finally, complexes of the soluble forms

of EPHA7 and EPHA10 were found to be localized in the cytoplasm as well as the nucleus in breast cancer

cells (Johnson et al., 2016). These observations support the ability of EPHA2 to regulate gene expression,

and its nuclear staining observed here suggests that it could putatively be involved in the regulation of tran-

scription. Of note, EGFR has also been observed to translocate to the nucleus (Brand et al., 2011, 2013;

Wang and Hung, 2009). A C-terminal fragment of ROBO1 has been reported to localize at the nucleus

and promote tumorigenesis (Seki et al., 2010). SLIT2, on the other hand, has not been shown to localize

to the nucleus but has been reported to inhibit transport of b-catenin to the nucleus (Chang et al., 2012).

To corroborate the interactions between EPHA2 and ROBO1, we used fluorescence resonance energy

transfer (FRET) and confocal microscopy and determined the proximity of ROBO1 and EPHA2. For this pur-

pose, we tagged ROBO1 with mClover3 (ROBO1-mClover3) as the FRET donor and EPHA2-mRuby3

(EPHA2-mRuby3) as the FRET acceptor. EPHA2-mClover3 and EPHA2-mRuby3 were used as a positive

control; FRET was detected as expected with an N-FRET value of 0.347 G 0.061. FRET was also detected

between ROBO1-mClover3 and EPHA2-mRuby3 with N-FRET value of 0.234 +/0.065 (N = 23) (Figure 4C).

Taken together, these data provided good evidence that EPHA2 and ROBO1 are in proximity (Foster radius

of ~6 nm) to potentially make direct contact.

As additional evidence supporting interaction between EPHA2 and ROBO1, we performed co-immunopre-

cipitation (coIP) experiments. Plasmids constructs with FLAG-tagged ROBO-1 (ROBO1-FLAG) and HA

tagged-EPHA2 (EPHA2- HA) were co-transfected into HEK293 cells, which express low endogenous levels

of both EPHA2 and ROBO1. The LSCC cell lines were not used as the endogenous levels of ROBO1 in these

cells are low to observe the interaction with EPHA2 using coIP. Indeed, in these experiments, EPHA2 pro-

tein was pulled down with ROBO1-FLAG tag IP (Figure 5A). To test if the kinase activity of EPHA2 is neces-

sary for the interaction, we generated a kinase-dead (K645R) EPHA2-KD-HA construct (Taddei et al., 2009).

Interestingly, a higher level of the kinase-dead mutant co-immunoprecipitated with ROBO1 than the wild-
iScience 23, 101692, November 20, 2020 7
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Figure 5. ROBO1/SLIT2 Interact with EPHA2 and Negatively Regulate Cell Proliferation

EPHA2 and ROBO1 reside in the same protein complex shown by biochemical assays. Co-immunoprecipitation assay for EPHA2 and ROBO1.

(A) Input and IP FLAG (ROBO1). EPHA2 wild-type and EPHA2 kinase dead EPHA2 (K645R KD) HA mutant is pulled down in complex with ROBO1. EV: Empty

vector (mCherry FLAG); 1: ROBO1-FLAG; 2: ROBO1-FLAG + EPHA2-WT-HA; 3: ROBO1-FLAG + EPHA2-(K645R KD-HA).

(B) Input and Inverse IP HA of EPHA2 pulls down WT ROBO1 but the phosphorylation mutants of ROBO1 do not bind to EPHA2. EV: Empty vector (mCherry

FLAG); 1: mCherry-FLAG + EPHA2-WT-HA; 2: ROBO1-FLAG + EPHA2-WT-HA; 3: ROBO1-FLAG Y932F + EPHA2-WT-HA; 4: ROBO1-FLAG Y1073F + EPHA2-

WT-HA; 5: ROBO1-WT-FLAG + EPHA2- (K645R KD) HA.

(C) Proximity Ligation Assay. Interaction (protein-protein) of EPHA2-ROBO1 compared to EPHA2-SLIT2 in LSCC (SW900) cells represented by confocal

images. The cell nucleus is stained with DAPI and the PLA is shown by red punctate staining. (E) Confocal microscopy images are quantified for red punctate

staining representing the amount of PLA between the two proteins. (D) Proximity Ligation Assay. Interaction (protein-protein) of EPHA2-ROBO1 compared

to EPHA2-SLIT2 in HNSCC (SCC1) cells represented by confocal images. The cell nucleus is stained with DAPI and the PLA is shown by red punctate

staining. (F) Confocal microscopy images are quantified for red punctate staining representing the amount of PLA between the two proteins. Data are

represented asmeanG SD. One-way (ANOVA) was performed to calculate p values. EPHA2-ROBO1 and EPHA2-SLIT2 interactions are significant in LSCC (p

value < 0.001). The EPHA2-ROBO1 and EPHA2-SLIT2 both interactions are significant in HNSCC (p value < 0.0001). The images were taken at 403

magnification. Scale bar, 20 mm.

(G) ROBO1 was overexpressed in LSCC cell lines (SK-MES-1; H2170) and SLIT2 (2 mg/mL) was added to determine total EPHA2 and ROBO1 levels and pS897

levels. Densitometry of the bands of immunoblot in (G) normalized to band intensity of empty vector.

(H) SK-MES-1 and SW900 cells treated with ephrinA1 to discern canonical (pY588) and non-canonical signaling (pS897) hallmarks. EGF (0.5 mg/mL) was added

to SK-MES-1 and H2170 cells to assay pS897 levels and pAKT (S473) and pEGFR (Y1068).
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type EPHA2, even though the kinase-dead protein expressed at a lower level than the wild-type (Figure 5A)

suggesting that the kinase activity of EPHA2 is not required for interaction between EPHA2 and ROBO1.

Similarly, when we performed the corollary experiment and used HA tag IP for HA tagged-EPHA2, a higher

level of WT ROBO1 was co-immunoprecipitated with the kinase dead EPHA2 than the wild-type EPHA2

(Figure 5B). Additionally, ROBO1 point mutations at Y932F, a ubiquitination site, and Y1073F, an ABL

phosphorylation site, showed very low binding to WT-EPHA2 suggesting that these post-translational

modifications may be important for interaction between EPHA2 and ROBO1. However, since the input pro-

tein of the ROBO1 phosphorylation mutants was low, additional experiments are needed to ascertain this
8 iScience 23, 101692, November 20, 2020
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conjecture. Notwithstanding this caveat, these observations suggest that ROBO1 and EPHA2 reside in the

same complex and interact with each other, but the interaction does not require EPHA2 kinase activity.

Finally, we ascertained that there is an interaction between EPHA2-ROBO1 and EPHA2 and SLIT2 ligand

of ROBO1 by performing a proximity ligation assay (PLA) in both LSCC (SW900) and HNSCC (SCC1) cell

lines. The results showed that EPHA2, ROBO1, and SLIT2 interact with each other in both the cell lines.

However, HNSCC cells showed more robust interactions between EPHA2/ROBO1 and EPHA2/SLIT2

compared with LSCC cells (Figures 5C and 5D). The positive PLA signals were quantified using FIJI image

software (Figures 5E and 5F). These results revealed that EPHA2 and ROBO1 can form a heterodimer and

SLIT2 forms a complex with them. These interactions exert their effect on the tumor cells in both LSCC and

HNSCC.
SLIT2/ROBO1 Interaction Negatively Regulates Cellular Proliferation and EPHA2

Tumorigenic Signaling

To assess the functional significance of the EPHA2/ROBO1 interaction, we examined the changes in EPHA2

signaling in LSCC cell lines in which ROBO1 was exogenously overexpressed. Upon binding to the eph-

rinA1, EPHA2 induces autophosphorylation of Y772 at the activation loop and Y588, Y594 at its juxtamem-

brane region, leading to the recruitment of downstream effectors (Fang et al., 2008; Pasquale, 2010; Boyd

et al., 2014). Previous reports have also identified a ligand-independent activity of EPHA2 that is associated

with phosphorylation at S897 by AKT and RSK (Miao et al., 2009; Zhou et al., 2015). Overexpression of

ROBO1 in NSCLC cells resulted in down-regulation of pS897, the ligand-independent activity and tumor-

igenic marker of EPHA2. Amore pronounced down-regulation of pS897 signal was observed when the cells

(SK-MES-1 and H2170) were treated with SLIT2 (2 mg/mL for 72 h) (Figure 5G). When SK-MES-1 and SW900

cells were treated with ephrinA1 (2 mg/mL for 72 h), as expected, it enhanced ligand-dependent signaling

via pY588 and suppressed tumorigenic signaling via pS897 (Figure 5H). Furthermore, addition of EGF

(0.5 mg/mL for 72 h) to these cells not only activated EGF receptor and its downstream effectors like AKT

but also enhanced the tumorigenic signature of pS897 (Figure 5H).

To assess the physiological changes in response to these ligands, we determined the effects of individual

and combined treatments on cell proliferation and caspase activity. The cells were tagged with m-Kate2

(nuclear red fluorescence), and cell proliferation was monitored in real time using the IncuCyte Live Cell

Analysis System (Sartorius, Bohemia, NY, USA). Caspase activity was monitored by using Caspase Green

3/7 substrate from IncuCyte, and the results indicated that SLIT2 and the EPHA2 inhibitors had a cytostatic

effect in the majority of the instances (Table 3; Figures S4 and S5). The cells were treated with ephrin A1 at a

concentration of 2 mg/mL but surprisingly, we did not see any inhibition of cell growth in both SW900 (LSCC)

and SCC1 (HNSCC) cells (Figure S6E). In spite of seeing an increase in pY588 and a decrease in pS897 levels

upon ephrin A1 treatment in LSCC cells, we do not observe any decrease in cell proliferation (Figures 5H

and S6E). We previously demonstrated that the A859D mutation in EPHA2 causes the receptor to be acti-

vated in a ligand-independent fashion (Tan et al., 2019). Likewise, we also reported another mutation

G391R in EPHA2 in LSCC that renders these cells insensitive to doxazosin an agonist of EPHA2 (Faoro

et al., 2010) by affecting binding of the downstream effectors of EPHA2. Thus, it is likely that these cells

do not respond to the ligand because they carry mutations in the EPHA2 receptor that makes them entirely

independent of the ligand.

In SW900 LSCC cells with EPHA2high and ROBO1low expression (majority patient cases based on TMA

scoring ~73%), treatment with SLIT2 resulted in 34% inhibition of cellular proliferation. This inhibition

was rescued by sequential treatment with EGF (EGF was added 24 h following SLIT2 treatment) (Figure 6A,

panel 1). Consistent with this finding, we observed that EGF leads to activation of pS897 of EPHA2 via AKT

(Figure 5H). Inhibition of cellular growth was also observed with the EPHA2 inhibitor ALW-II-41-27 (54%),

and the combination treatment with SLIT2 showed 61% inhibition (Figure 6B, panel 2). We also observed

this effect with another EPHA2 inhibitor ensartinib (Horn et al., 2018) where it showed 41% inhibition by it-

self and when combined with SLIT2, showed 65% inhibition (Figure 6A, panel 3, Tables 2 and 4) suggesting

that combination treatment would be beneficial for LSCC patients with EPHA2high and ROBO1low levels. To

confirm this observation, we also tested another EPHA2high and ROBO1low cell line, SK-MES-1. We

observed a significant inhibition with SLIT2 treatment and synergy in SK-MES-1 cells when combined

with EPHA2 inhibitors (Figures 6B and Table 2). To discern how different cells behave based on EPHA2

and ROBO1 expression (see TMA stratification in Figure 3C), we examined another LSCC cell line
iScience 23, 101692, November 20, 2020 9
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Figure 6. SLIT2/ROBO1 Interaction Negatively Regulates Cellular Proliferation in LSCC

(A) SW900 LSCC cell proliferation plot after treatment with SLIT2 (2 mg/mL), SLIT2 (2 mg/mL) + EGF (0.5 mg/mL), panel 1:

ALW-II-41-27 (2 mM) and SLIT2 (2 mg/mL) + ALW-II-41-27 (2 mM), and panel 2: ensartinib (3.461 mM), SLIT2 + ensartinib

panel 3.

SW900 LSCC cell proliferation plot after treatment with SLIT2 (2mg/ml), SLIT2 (2mg/ml) + EGF (0.5mg/ml), panel 1: ALW-II-

41-27 (2mM) and SLIT2 (2mg/ml) + ALW-II-41-27 (2mM), and panel 2: ensartinib (3.461mM), SLIT2 + ensartinib panel 3. (B, C)

SK-MES-1 and H2170 treated as in (A) with SLIT2 (2mg/ml), SLIT2 (2mg/ml) + EGF (0.5mg/ml), panel 1: ALW-II-41-27 (2mM)

and SLIT2 (2mg/ml) + ALW-II-41-27 (2mM), and panel 2: ensartinib (3.461mM), SLIT2 + ensartinib panel 3. Data are

represented as mean G SD from six to eight biological replicates. One-way (ANOVA) was performed to calculate p

values. Related to Figures S4 and S5.
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H2170, with ROBO1high and EPHA2low expression. We did not see inhibition with SLIT2 but observed 30%

and 22% inhibition with EPHA2 inhibitors ALW-II-47-21 and ensartinib, respectively (Figures 6C and Table

2).

A similar inhibition of proliferation was observed in HNSCC (SCC1) cells with EPHA2high and ROBO1low

expression. Addition of SLIT2 resulted in 23% inhibition of cell proliferation that was rescued by the addi-

tion of EGF ligand (Figure 7A, panel 1). However, treating SCC1 cells with ALW-II-41-27 alone or in combi-

nation with SLIT2 showed ~20% proliferation inhibition. In the case of ensartinib treatment, either single or

combination treatment resulted in ~35% inhibition indicating that the combination treatment did not have

a synergistic effect (Figure 7A, panel 3, Tables 2 and 4). We also tested another HNSCC cell line SCC6 that

has EPHA2high and ROBO1low expression. This cell line also responded to SLIT2 and ALW-II-41-27 treat-

ments, but the effect was not synergistic (Figures 7B and Table 2). When we tested ensartinib on this

cell line we did see a slight increase in inhibition with combination treatment in comparison to what we

saw withSCC1 cell line. For assaying EPHA2low and ROBO1high expressing HNSCC cells, we tested

SCC90. Again, like in LSCC, SLIT2 treatment had no discernable effect but ensartinib treatment showed

31% inhibition (Figure 7C and Table 2). SCC104, an EPHA2high and ROBO1high cell line, showed 46% inhi-

bition of cell proliferation when treated with SLIT2 that was rescued by the addition of EGF ligand

(Figure S6F).
10 iScience 23, 101692, November 20, 2020



LSCC SW900

Untreated

SW900 SLIT2 SW900

SLIT2+EGF

SW900 ALW SW900

SLIT2+ALW

SW900

Ensartinib

SW900

SLIT2+Ensartinib

% Inhibition of

cellular proliferation

Control 34.56 No Inhibition 54.08 61.53 41.54 65.00

One-way (ANOVA)

p values

p < 0.002 (**) ns p < 0.1478 p < 0.0008 (***) p < 0.0015 (**) p < 0.0041 (**) p < 0.0015 (**)

SK-MES-1

Untreated

SK-MES-1 SLIT2 SK-MES-1

SLIT2+EGF

SK-MES-1 ALW SK-MES-1

SLIT2+ALW

SK-MES-1

ensartinib

SK-MES-1

SLIT2+ensartinib

% Inhibition of

cellular proliferation

Control 51.89 No Inhibition 53.13 85.52 51.63 86.12

One-way (ANOVA)

p values

p < 0.0042 (**) ns p < 0.8676 p < 0.0005 (***) p < 0.0001 (***) p < 0.0078 (**) p < 0.0001 (***)

H2170

Untreated

H2170 SLIT2 H2170

SLIT2+EGF

H2170 ALW H2170

SLIT2+ALW

H2170 ensartinib H2170

SLIT2+ensartinib

% Inhibition of

cellular proliferation

Control No Inhibition No Inhibition 29.67 35.05 22.33 29.94

One-way (ANOVA)

p values

ns p < 0.9997 ns p < 0.9844 p < 0.0001 (***) p < 0.0001 (***) p < 0.0004 (***) p < 0.0001 (***)

LSCC SCC1

Untreated

SCC1 SLIT2 SCC1

SLIT2+EGF

SCC1 ALW SCC1

SLIT2+ALW

SCC1 ensartinib SCC1

SLIT2+ensartinib

% Inhibition of

cellular proliferation

Control 23.34 No Inhibition 20.66 21.63 25.59 24.75

One-way (ANOVA)

p values

p < 0.0113 (*) ns p < 0.4382 ns p < 0.1333 p < 0.0044 (**) p < 0.0001 (***) p < 0.0001 (***)

SCC6

Untreated

SCC6 SLIT2 SCC6

SLIT2+EGF

SCC6 ALW SCC6

SLIT2+ALW

SCC6 ensartinib SCC6

SLIT2+ensartinib

% Inhibition of

cellular proliferation

Control 34.87 No Inhibition 46.08 44.12 42.45 29.49

One-way (ANOVA)

p values

p < 0.0001 (***) ns p < 0.2233 ns p < 0.2713 p < 0.0052 (**) ns p < 0.0652 p < 0.0001 (***)

SCC90

Untreated

SCC90 SLIT2 SCC90

SLIT2+EGF

SCC90 ALW SCC90

SLIT2+ALW

SCC90 ensartinib SCC90

SLIT2+ensartinib

% Inhibition of

cellular proliferation

Control No Inhibition No Inhibition No Inhibition No Inhibition 31.76 37.06

One-way (ANOVA)

p values

ns p < 0.7553 p < 0.0065 (**) ns p < 0.5618 ns p < 0.995 p < 0.0001 (***) p < 0.0001 (***)

Table 2. Percentage Inhibition of LSCC and HNSCC Cell Lines on Treatment with SLIT2, ALW-II-41-27, and Ensartinib along with p Values
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To discern the synergistic, additive, or antagonistic effects of combinations of SLIT2 and the EPHA2 inhib-

itors we performed a dose-responsematrix experiment and calculated the combination index (CI) values by

treating SW900 (LSCC) and SCC1 (HNSCC) cell lines with SLIT/ALW-II-41-27 and SLIT2/ensartinib treat-

ments as described in the Transparent Methods in the Supplemental Information file. Consistent with

the proliferation curves, we found that both EPHA2 inhibitors when combined with SLIT2 in LSCC showed

a combination index of lower than 1 indicative of synergy (Figures S6A and S6B). In the case of HNSCC cells,

for both combinations the CI values were >1 indicating antagonism (Figures S6C and S6D). These results

showed that SLIT2 can inhibit proliferation in cells that are EPHA2high/ROBO1low, but not in EPHA2low/

ROBO1high suggesting that SLIT2 can signal via EPHA2/ROBO1 heterodimer or an EPHA2 homodimer.
iScience 23, 101692, November 20, 2020 11



SW900

Untreated

SW900 SLIT2 SW900

SLIT2+EGF

SW900 ALW SW900

SLIT2+ALW

SW900 Ensartinib SW900

SLIT2+Ensartinib

14.90 10.18 6.70 7.19 7.99 6.92

ns p < 0.9537 ns p < 0.613 ns p < 0.6454 ns p < 0.8115 ns p < 0.3755 ns p < 0.0597

SK-MES-1

untreated

SK-MES-1 SLIT2 SK-MES-1

SLIT2+EGF

SK-MES-1 ALW SK-MES-1

SLIT2+ALW

SK-MES-1 ensartinib SK-MES-1

SLIT2+ensartinib

17.98 16.28 7.41 7.29 8.43 7.25

ns p < 0.9554 ns p < 0.4162 ns p < 0.8802 ns p < 0.5383 ns p < 0.9974 ns p < 0.9473

H2170 untreated H2170 SLIT2 H2170 SLIT2+EGF H2170 ALW H2170 SLIT2+ALW H2170 ensartinib H2170

SLIT2+ensartinib

11.25 16.36 1.95 1.67 12.30 11.92

ns p < 0.4685 p < 0.0408 (*) p < 0.0475 (*) ns p < 0.1052 ns p < 0.3357 ns p < 0.6809

SCC1 untreated SCC1 SLIT2 SCC1 SLIT2+EGF SCC1 ALW SCC1 SLIT2+ALW SCC1 ensartinib SCC1

SLIT2+ensartinib

1.14 1.35 1.49 2.47 1.74 3.07

ns p < 0.9496 ns p < 0.931 ns p < 0.9577 ns p < 0.9974 p < 0.0401 (*) p < 0.2386

SCC6 untreated SCC6 SLIT2 SCC6 SLIT2+EGF SCC6 ALW SCC6 SLIT2+ALW SCC6 ensartinib SCC6

SLIT2+ensartinib

9.79 5.58 2.32 1.41 1.95 3.50

ns p < 0.1027 ns p < 0.2364 ns p < 0.7513 ns p < 0.7506 ns p < 0.9083 ns p < 0.8686

SCC90 untreated SCC90 SLIT2 SCC90 SLIT2+EGF SCC90 ALW SCC90 SLIT2+ALW SCC90 ensartinib SCC90

SLIT2+ensartinib

7.01 12.72 3.54 7.62 9.78 7.27

ns p < 0.9078 ns p < 0.3096 ns p < 0.9158 p < 0.0019 (**) ns p < 0.4561 ns p < 0.99999

Table 3. Caspase Activity Comparedwith 0 h Time Point for LSCC andHNSCC Cell Lines on Treatment with SLIT2, ALW-II-41-27, and Ensartinib along

with p values
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It is also possible that low levels of the residual EPHA2-ROBO1 heterodimers that exist in EPHA2high/

ROBO1low cells may form the critical threshold necessary for eliciting signaling to inhibit proliferation in

ROBO1low cells. As shown in the PLA experiment (Figure 5), SLIT2 can bind to EPHA2 and liganded

EPHA2 may form functional homodimers to elicit signaling to inhibit cell proliferation. EPHA2 can dimerize

even in the absence of ephrinA1 and stabilization of this dimer decreases the tumorigenic pS897 phosphor-

ylation. Furthermore, a small peptide YSA, which can bind to EPHA2 and function as an agonist of the re-

ceptor, has also been reported (Singh et al., 2015, 2018; Deo et al., 2016). Another possibility is that EPHA2

may bind to another ROBO receptor or yet another receptor and inhibit proliferation. Concordant with this

speculation, while this manuscript was being reviewed Volz et al. (2020) published their study where in

NSCLC EPHA2 forms heterodimers with VEGF and inhibits metastasis. However, in the cell lines with

EPHA2low and ROBO1high SLIT2 did not inhibit cell proliferation. It is a possibility that in the EPHA2low cells

such as H2170, a functional heterodimer may not form or, alternatively, it may not have the critical levels

required for SLIT2 signaling. As discussed for the ROBO1low cells, if SLIT2 is signaling via EPHA2 homo-

dimers, these cells may not have the required levels of EPHA2 to form functional homodimers for SLIT2

signaling. EPHA2 inhibitors ALW-II-41-27 and ensartinib, on the other hand, inhibited cell proliferation

by 29% and 22%, respectively, in H2170, suggesting that a small amount of EPHA2 and other RTKs that

these inhibitors target could be driving cancer cell growth in these cells.

The differences in the combined effect of the treatments could be attributed to the differences in the addi-

tional pathways that are driving tumorigenesis in these cell lines or due to off target effects of one or both
12 iScience 23, 101692, November 20, 2020



Inhibitor or Ligand Concentration Cell Line

SLIT2 2 mg/mL LSCC; HNSCC

EphrinA1 2 mg/mL LSCC; HNSCC

EGF 0.5 mg/mL LSCC; HNSCC

ALW-II-41-27 2 mM LSCC; HNSCC

Ensartinib 3.461 mM LSCC

Ensartinib 1.794 mM HNSCC

LSCC Combination Treatments Used HNSCC Combination Treatments Used

SW900 SLIT2; SLIT2+EGF; ALW;

SLIT2+ALW; ensartinib; SLIT2+ensartinib

SCC1 SLIT2; SLIT2+EGF; ALW;

SLIT2+ALW; ensartinib; SLIT2+ensartinib

SK-MES-1 SLIT2; SLIT2+EGF; ALW;

SLIT2+ALW; ensartinib; SLIT2+ensartinib

SCC6 SLIT2; SLIT2+EGF; ALW;

SLIT2+ALW; ensartinib; SLIT2+ensartinib

H2170 SLIT2; SLIT2+EGF; ALW;

SLIT2+ALW; ensartinib; SLIT2+ensartinib

SCC90 SLIT2; SLIT2+EGF; ALW;

SLIT2+ALW; ensartinib; SLIT2+ensartinib

Table 4. Ligand and EPHA2 Inhibitors Treatment
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the drugs in the combination. Alternatively, it could be due to activation of an oncogenic kinase by disrup-

tion of a feedback loop by one of the molecules that can have an antagonistic effect on the other pathway.

SLIT2may inhibit cell proliferation by inhibiting AKT that phosphorylates S897-EPHA2, and hence, it is likely

that ensartinib and ALW-II-27-41 in HNSCC can activate another kinase such as Src or PKA or inhibit a phos-

phatase that can increase phosphorylation of S897-EPHA2 antagonizing the effect of SLIT2. This could

explain why the combination of the EPHA2 inhibitors and SLIT2 is synergistic in LSCC and antagonistic

in the HNSCC. Taken together these results suggest that EPHA2 has an oncogenic role in the LSCC in

the absence of its natural ligands ephrinA1 and ROBO1 has a tumor suppressor role in the presence of

SLIT2 in both HNSCC and LSCC. Loss of SLIT2 leads to tumorigenesis in these cancers. In the presence

of exogenously added SLIT2, EPHA2 and ROBO1 can form a complex and inhibit cell proliferation suggest-

ing that there is cross-functional signaling between the two pathways to exert a tumor suppressor function.
Clinical Significance of ROBO1 and EPHA2 Expression and Mutations

To investigate the potential roles of EPHA2 and ROBO1 in LSCC and HNSCC, we performed overall survival

analysis using GEPIA (Gene expression profiling interactive analysis) based on data from The Cancer

Genome Atlas (TCGA). Percent survival of EPHA2low versus EPHA2high normalized to ROBO1 in LSCC

showed that patients with EPHA2low had better survival (60 EPHA2low versus 50 EPHA2high months),

whereas the patients with ROBO1high lived longer (65 ROBO1high versus 50 ROBO1low months). The log

rank p value (0.082) and hazard ratio (1.3) were calculated for survival plots with EPHA2high and

EPHA2low expressing patients normalized to ROBO1 expression. Additionally log rank p value (0.082)

and hazard ratio (0.79) was calculated for ROBO1high and ROBO1low expressing patients normalized to

EPHA2 expression (Figures S2A and S2C). In HNSCC, the survival pattern was the same, that is, EPHA2low

and ROBO1high had better survival (75 months) in comparison with EPHA2high and ROBO1low (65 months).

For HNSCC, the log rank p value (0.062) and hazard ratio (1.3) were calculated for survival plots with

EPHA2high and EPHA2low expressing patients normalized to ROBO1 expression. Additionally log rank p

value (0.062) and hazard ratio (0.78) was calculated for ROBO1high and ROBO1low expressing patients

normalized to EPHA2 expression (Figures S2B and S2D). We also assayed mutations in EPHA2 and

ROBO1 and their association with survival. For LSCC, EPHA2 mutations had only 19 cases with 3 deceased;

therefore, the median survival could not be calculated for these. ROBO1 mutation in LSCC did not have a

significant effect for survival (Figures S3A and S3C). Patients with HNSCC with alteration in EPHA2 had

significantly lower survival. Again, ROBO1 alteration did not have a significant effect of survival in HNSCC

(Figures S3B and S3D).
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Figure 7. SLIT2/ROBO1 Interaction Negatively Regulates Cellular Proliferation in HNSCC

(A) SCC1 HNSCC cell proliferation plot after treatment with SLIT2 (2 mg/mL), SLIT2 (2 mg/mL) + EGF (0.5 mg/mL), panel 1:

ALW-II-41-27 (2 mM) and SLIT2 (2 mg/mL) + ALW-II-41-27 (2 mM) panel 2, and ensartinib (1.7 mM), SLIT2 + ensartinib panel 3.

SCC1 HNSCC cell proliferation plot after treatment with SLIT2 (2mg/ml), SLIT2 (2mg/ml) + EGF (0.5mg/ml), panel 1: ALW-II-

41-27 (2mM) and SLIT2 (2mg/ml) + ALW-II-41-27 (2mM) panel 2, and ensartinib (1.7mM), SLIT2 + ensartinib panel 3. (B, C)

SCC6 and SCC90 treated as in (A) with SLIT2 (2mg/ml), SLIT2 (2mg/ml) + EGF (0.5mg/ml), panel 1: ALW-II-41-27 (2mM) and

SLIT2 (2mg/ml) + ALW-II-41-27 (2mM) panel 2, and ensartinib (1.7mM), SLIT2 + ensartinib panel 3. (The details of the

individual and combination treatments are presented in Table 4. Data are represented as mean G SD from six to eight

biological replicates. p values were calculated using one-way (ANOVA). The p values are represented in Tables 2 and 3.

Related to Figures S4 and S5.
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DISCUSSION

RTKs play critical roles in several biological processes and have complex signaling mechanisms. Upon

binding to their ligands, they often oligomerize and cross-phosphorylate each other, especially on tyrosine

residues at the critical juxtamembrane domain and at the activation loop (Singh et al., 2015, 2018; Deo

et al., 2016) to transduce various cellular signals. In the case of the EPH receptors, many of which are upre-

gulated in numerous cancers, ligand activation leads to inhibition of tumor growth, migration, and invasive-

ness (Singh et al., 2018). In our study when SCC cells were treated with ephrinA1, the natural ligand of

EPHA2 (non-tumorigenic signaling), in vitro, we did not see an inhibition in cellular proliferation of LSCC

and HNSCC cells underscoring the need to study the presence of other degenerate, unexplored pathways

regulating EPHA2 signaling (Figure S6E). Cancers overexpressing EPHA2 are accompanied by a concom-

itant loss of its ligands, implying that EPHA2may act as an oncogene in the absence of its ligand. Consistent

with these observations, several studies have demonstrated that EPHA2 promotes cell migration and tu-

mor malignancy in a ligand-independent manner. This signaling is characterized by high levels of S897

phosphorylation and low levels of Y772 and Y588 phosphorylation of EPHA2 (Miao et al., 2009; Beauchamp

and Debinski, 2012; Brantley-Sieders, 2012; Zhou and Sakurai, 2017). In addition to ligand-

independent activation, RTK heterodimerization and examples of alternative ligands binding to atypical
14 iScience 23, 101692, November 20, 2020



Figure 8. Mechanistic Model for SLIT2 and EPHA2-ROBO1 Signalling and Therapeutic Strategy for Patient

Treatment.

(A) EPHA2, ROBO1, and SLIT form a complex. EPHA2-ROBO1 signaling model. Model of EPHA2-ROBO1

heterodimerization being stabilized in presence of SLIT2 and in turn promoting non-tumorigenic signaling highlighting

therapeutic promise.

(B) Patient stratification. Treatment strategy for patients with high EPHA2 and low ROBO1 in LSCC and HNSCC.
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receptors are well documented and is recognized as ameans to amplify signal or induce functional diversity

(Maruyama, 2014; Lemmon and Schlessinger, 2010). For example, erythropoietin, which is known to stim-

ulate tumor growth by binding to EPHB4 despite EPHB4 not being its natural receptor (Pradeep et al.,

2015).
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A physical interaction between the tyrosine kinase domain-1 of VAB-1/EPHR and the CC1 region of SAX-3/

ROBO has been observed in C. elegans (Ghenea et al., 2005). However, to the best of our knowledge, a

functional heterodimer between EPHA2 and ROBO1 that can respond to SLIT2 signaling and attenuate

cell proliferation in the human has not been reported thus far. We also believe that binding of SLIT2 to

EPHA2, observed in the present study, has not been reported previously. Studies by Dunaway et al.

(2011) have shown that cooperation between SLIT2 and ephrinA1 regulates a balance between the pro-

and antiangiogenic functions of SLIT2 in mouse endothelial cells. However, no direct binding of SLIT2 to

the EPHA2 receptor was shown.

To summarize our findings, we propose a model (Figure 8A) wherein ROBO1 along with SLIT2 exerts its tu-

mor-suppressive function by heterodimerizing with EPHA2 and blocking EGF-induced phosphorylation of

EPHA2 at S897 possibly by inhibiting AKT activity. In the LSCC cell line SW900 and HNSCC cell line SCC1

that expresses low levels of ROBO1, addition of SLIT2 inhibited cell proliferation (Figures 6A and 7A), sug-

gesting that, in addition to binding to the EPHA2 and ROBO1 heterodimer (Figures 5C and 5D), SLIT2 may

also bind to EPHA2 homodimers to exert its tumor suppressor effects. Alternatively, EPHA2 may heterodi-

merize with another ROBO receptor in ROBO1low cells to inhibit cell proliferation. EPHA2 over-expression

in SCCs is significantly correlated with tumor site, T classification, clinical stage, recurrence, and lymph

node metastasis (Liu et al., 2012). These data highlight the translational potential of SLIT2 as a therapeutic

in combination with or without EPHA2 inhibitors to treat patients with LSCC andHNSCCwho currently have

limited options especially those who have acquired resistance to EGFR inhibitors or have progressed on

platinum-based therapy. Thus, these patients could be stratified based on the expression patterns of

EPHA2 and ROBO1 proteins in the diseased tissue (Figure 8B). The vast majority of patients with LSCC

(~73%) with EPHA2high and ROBO1low expression can be treated with a combination of SLIT2 and ensarti-

nib, whereas those patients with EPHA2high and ROBO1low expression (~12%) and EPHA2high and ROBO1-
high (~29%) in HNSCC can be treated with either SLIT2 or ensartinib. Since EPHA2 and ROBO1 serve as bio-

markers for discerning patients for appropriate therapy as well as therapeutic targets, they represent

potential theranostics for the two diseases.
Limitations of the Study

Despite demonstrating multiple lines of evidence that EPHA2 and ROBO1 reside in the same complex and

can physically interact to elicit signaling events by binding to SLIT2, more conclusive evidence using

biophysical techniques such as multidimensional NMR and or X-ray crystallography is lacking. Second,

the patient stratification presented here is based on EPHA2 and ROBO1 expression in TMAs. Determining

the efficacy of the treatments individually and in combination in patient-derived LSCC and HNSCC cells will

further validate these stratification strategies.
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Figure S1: VAB-1 and SAX-3 pathways are synthetic lethal in C. elegans: (A, and 
B): RNA interference experiment of VAB-1(EPHA2) and SAX-3 (ROBO1) to determine 
embryonic lethality in comparison to wild type worms N2. (C): Table indicating F1 progeny 
which survived in (A and B) out of total worms. (D) The synthetic lethal phenotype is also 
seen with SAX-3 RNAi and use of an EPHA2 inhibitor ALW-II-41-27. The p-value was 
calculated using one-way ANOVA. N2+ALW-II-41-27 have significant worm death (p 
<0.0001) in comparison to untreated N2 worms. Sax-3 RNAi+ALW-II-41-27 has more 
worm death than control (p <0.0001). Biological replicates indicated in table. Data are 
represented as mean ± SD. Related to Fig. 1 and 2.   
 



Fig S2: Clinical significance of ROBO1 and EPHA2 expression. (A) LSCC overall 

survival comparison of low and high EPHA2 expressing patients, normalized to median 

expression level of ROBO1. (B) HNSCC overall survival comparison of low and high 

EPHA2 expressing patients, normalized to median expression level of ROBO1. (C) 

LSCC overall survival comparison of low and high ROBO1 expressing patients, 

normalized to median expression level of EPHA2. (D) HNSCC overall survival 

comparison of low and high ROBO1 expressing patients, normalized to median 

expression level of EPHA2. Hazard ratio and p-value calculated indicated in the plot. 

Related to Fig. 3.  

 

 



Fig S3: Different mutations and associated survival for EPHA2 and ROBO1 in 

LSCC and HNSCC. (A and C) LSCC: EPHA2 and ROBO1 distribution of different 

mutations and their associated survival. (B and D) HNSCC:  EPHA2 and ROBO1 

distribution of different mutations and their associated survival. Related to Fig. 3.  

 

 

 

 

 
 



Fig S4: Caspase activity plot to all proliferation plots represented in Fig. 6. (A, B 
and C) SW900, SK-MES-1 and H2170, LSCC cell lines caspase activity plot after 

treatment with SLIT2 (2g/ml) and SLIT2+EGF(0.5g/ml) panel 1; SLIT2 (2g/ml), ALW-

II-41-27 (2M) SLIT2+ALW-II-41-27 panel 2 and ensartinib 3.461M and 
SLIT2+Ensartinib combination treatment panel 3. For each experiment, 6-8 biological 
replicates were examined. Data are represented as mean ± SD. The p-value was 
calculated using One-way (ANOVA). See also Table 3 for p-values. Related to Fig. 6.    

  

 

 

 

 



Fig S5: Caspase activity plot to all proliferation plots represented in Fig. 7. (A, B 
and C) SCC1, SCC6 and SCC90, HNSCC cell lines caspase activity plot after treatment 

with SLIT2 (2g/ml) and EGF(0.5g/ml) panel 1; SLIT2 (2g/ml), ALW-II-41-27 (2M) and 

SLIT2+ALW-II-41-27 panel 2 and ensartinib 1.79 M and SLIT2+ensartinib combination 
treatment panel 3. For each experiment, 6-8 biological replicates were examined. Data 
are represented as mean ± SD. The p-value was calculated using One-way (ANOVA). 
See also Table 3 for p-values. Related to Fig. 7.   

 

 

 

 

 



Fig S6: Combination index; EphrinA1 treatment in SW900 and SCC1; SCC104 
proliferation and caspase activity plot; Fig. 4B immunofluorescence negative 
control. Combination index Isobolograms.: (A, and B). SW900 (LSCC) Isobologram and 
table of combination index values for SLIT2-ALW-II-41-27 treatment and SLIT2-
ensartininb treatment for IC30, 50 and 70. (C, and D). SCC1 (HNSCC) Isobologram and 
table of combination index values for SLIT2-ALW-II-41-27 treatment and SLIT2-
ensartininb treatment for IC30, 50 and 70. (E) SW900 (LSCC) and SCC1 (HNSCC) 
proliferation plot comparing ephrinA1 and SLIT2 treatment. Eight biological replicates 
were used. P-value was calculated using one-way ANOVA. Both the plots show there is 
no effect of ephrinA1 treatment. But the inhibition in proliferation after SLIT2 treatment is 
significant (p < 0.0001). Data are represented as mean ± SD. (F) SCC104 proliferation 

and caspase activity plot after SLIT2 (2g/ml) and SLIT2+EGF (0.5g/ml) treatment p-
value was calculated using One-way ANOVA. Data are represented as mean ± SD. Eight 
biological replicates were used. (G) Negative controls for Fig. 4B showing only secondary 
Alexa Flour 547 (red) staining and secondary Alexa Flour 488 (green) staining. Images 

were taken at 40X magnification. Scale bar =10m. Related to Fig. 6 and 7.  



 



Supplementary tables  
 
Supplementary table 2: Cell Lines.  All HNSCC cell lines were obtained and validated 
by the following sources. HPV status of the following cell lines has been previously 
validated (Kimple RJ, 2013; Brenner J C, 2010). Related to Fig. 2.                                                 
 
 

 

Cell line Sources Culture condition 

SCC-15 
SCC-25 

American Type Culture 
Collection 

DMEM/F12 (1:1), 10% 
FBS, 400ng/ml, 

hydrocortisone, penicillin 
(100 units/mL), 

streptomycin (100 mg/mL) 

93-vu-147T 

Dr. Robert Ferris, with 
permission of Dr. Hans Joenje, 

VU Medical Center, 
Amsterdam, Netherlands 

DMEM with 4.5 g/dL 
glucose, 10% FBS, 

penicillin (100 units/mL), 
streptomycin (100 mg/mL) 

SCC4 
DSMZ-German Collection of 

Microorganisms and Cell 
Cultures GmbH 

UD-SCC-2 
 

Dr. Thomas Carey, with 
permission of Dr. Henning Bier, 

Technical University Munich, 
Munich, Germany 

UPCI: SCC-090 
American Type Culture 

Collection 

TU-138 Dr. Jennifer Grandis, UCSF DMEM/F12 (1:1) 

HN30 Dr. Ravi Salgia, City of Hope 

DMEM, 10% FBS, 
penicillin (100 units/mL), 

streptomycin (100 mg/mL) 
and NEAA 

UM-SCC-1 
UM-SCC-6 

Millipore 

EMEM medium 
supplemented with NEAA, 

10% fetal bovine serum 
(FBS), penicillin (100 

U/ml) and streptomycin 
(100 μg/ml) 

SCC-1483 
Dr. Lawrence Marnett, 
Vanderbilt University DMEM with 4.5 g/dL 

glucose, 10% FBS, 1% 
hydrocortisone, penicillin 

(100 units/mL), 
streptomycin (100 mg/mL) 

UM-SCC-47 
UM-SCC-104 
UM-SCC-22B 

Millipore 



Supplementary table 3: Oligonucleotides List For: Forward Primer; Rev: Reverse 
Primer. Related to Fig. 1, 4 and 5.  
 

shEPHA2#1 For caccGCGTATCTTCATTGAGCTCAAtcaagagTTGAGCTCAATGAAGATACGC 

shEPHA2#1 Rev aaaaGCGTATCTTCATTGAGCTCAActcttgaTTGAGCTCAATGAAGATACGC 

shEPHA2#2 For caccTCGGACAGACATATAGGATATtcaagagATATCCTATATGTCTGTCCGA 

shEPHA2#2 Rev aaaaTCGGACAGACATATAGGATATctcttgaATATCCTATATGTCTGTCCGA 

shROBO1 #1 For caccGCAGAAATACAGTCACATTATtcaagagATAATGTGACTGTATTTCTGC 

shROBO1#1 Rev aaaaGCAGAAATACAGTCACATTATctcttgaATAATGTGACTGTATTTCTGC 

shROBO1 #2 For caccTGACACATGACGCCAGATAAAtcaagagTTTATCTGGCGTCATGTGTCA 

shROBO1 #2 Rev aaaaTGACACATGACGCCAGATAAActcttgaTTTATCTGGCGTCATGTGTCA 

EPHA2 coding For aaaaactcgagATGGAGCTCCAGGCAGCCCGC 

EPHA2 coding 
Rev aaaaaggtaccGATGGGGATCCCCACAGTGTTCACC 

ROBO1 coding 
For ttttagatctATGATTGCGGAGCCCGCTCACTT 

ROBO1 coding 
Rev ttttcccgggcctgctgctgcGCTTTCAGTTTCCTCTAATTCTTCATTAT 

ROBO1 FLAG Rev ctagagtcgcggccgctTCACTTGTCGTCATCGTCTTTGTAGTCtgctgctgcGCTTTCAGTTTCC 

EPHA2 HA Rev atgatctagagtcgcggccgcTCAAGCGTAATCTGGAACATCGTATGGGTAtgctgctgcGATGGGGATCCCCACAGTG 

EPHA2 K645R CCGGTGGCCATCAGGACGCTGAAAGCCGG 

ROBO1 Y932F GAAGAGAAACGGACTTactagtACCttcGCGGGTATCAGAAAAGTAAC 

ROBO1 Y1073F ATCAGGGCAGCCTACTCCTttcGCCACCACTCAGCTCATC 

vab-1 RNAi For ttttggtaccGTTCTTGTTCCACGTGTCGTC 

vab-1 RNAi Rev tttagatctCCACATTCCACAAGTACATCC 

sax-3 RNAi For  ttttggtaccTTCCGAAGTGAGTCTCTTCTC 

sax-3 RNAi Rev tttagatctCACCACCAACAATCGAGCATG                   

 For: Forward Rev: Reverse 

 
Supplementary table 4: Antibodies List. Related to Fig. 1,2 and 5.   
 

Antigen Company Cat# 

FLAG Clone M2 Sigma F1804 

b-actin Sigma A5441 

EPHA2 Santa Cruz SC924 

EPHA2 pS897 Cell signaling 6347 

EPHA2 pY588 Cell signaling  12577 

ROBO1 Invitrogen PA5-29917 

AKT pS473 Cell signaling 9271 

EGFR pY1068 Cell signaling 2236 



HA Cell signaling 3724 

ROBO1 Protein Tech 20219-1-AP 

 
 
Transparent Methods 

 
Cell Culture and Reagents 
 
All NSCLC cell lines were from American Type Culture Collection (ATCC) (Manassas, 
VA, USA). NSCLC cell lines H2170, SK-MES-1, SW900 and the nonmalignant and 
immortalized control cell line BEAS-2B, were cultured in RPMI 1640 medium (Gibco/BRL) 
supplemented with 10% (v/v) fetal bovine serum (FBS), L-glutamine and 1% penicillin-
streptomycin. HEK293 cells were cultured in DMEM medium (Gibco/BRL) supplemented 
with 10% (v/v) fetal bovine serum (FBS), L-glutamine and 1% penicillin-streptomycin. All 
HNSCC cell lines were obtained from indicated sources (Supplementary Table 2). All 

cell lines were cultured at 37C with 5% CO2. ALW-II-41-27 was purchased from 
MedChemExpress (Monmouth Junction, NJ, USA). ROBO1, EphrinA1, soluble EPHA2 
and SLIT2 were purchased from R&D Systems (Minneapolis, MN, USA). EGF ligand was 
purchased from Stemcell Technology (Vancouver, Canada).   
 
C. elegans RNAi and drug treatment 
 
Culture and handling of C. elegans were carried out as described (Stiernagle, 2006).  vab-
1 mutants (OK1699, e2 and e2047) and sax-3 mutants (ky200 and ky123) were obtained 
from Caenorhabditis Genetic Center. RNAi knockdown was carried out by bacterial 
feeding method (Kamath et al, 2001). Single wild type or mutant L3 worm were placed 
onto L4440 E. coli expressing either no RNA, or dsRNA targeting vab-1 or sax-3. Total 
number of viable and dead F1 embryos were scored. For treatment with ALW-II-41-27, 
the indicated amount of drug or DMSO was added to 0.5 ml of base agar in 12-well plates 
and allowed to diffuse for 2 h.  Feeding bacteria OP50 were then added on top of agar. A 
single L4 worm was then placed into an individual well. Viable F1 worms were then 
scored.   
 
siRNA, shRNA, DNA vectors, transfection and cloning 
 
shRNA plasmids were constructed by inserting annealed oligonucleotide pairs targeting 
EPHA2, ROBO1 or luciferase into pJR288 as described (Pang et al., 2018). The shRNA 
targeting EPHA2 and ROBO1 were transfected using jetPRIME® using manufacturer’s 
protocol (Polyplus transfection, 67400 Illkirch, France). We used 2X105 cells in a 6-well 

and transfected with 2g of shRNA plasmid DNA. Transfection was done for indicated 
time points. Non-targeting control pool siRNA (catalog no. D-001810) and SMARTpool 
siRNA targeting EPHA2 (catalog no. L-003116) were purchased from Dharmacon, Inc. 
and were used at a final concentration of 15 nmol/L siRNA with Lipofectamine RNAiMAX 
(Life Technologies, Carlsbad, CA, USA). ROBO1 or EPHA2 expression vectors were 



constructed by fusing PCR fragments containing full length ROBO1 or EPHA2 upstream 
to eGFP, mCherry, mClover3, mRuby3, HA or FLAG sequences. All expression vectors 
were based on peGFP-N3 (Clontech/Takara, Mountain View, CA, USA) with CMV 
promoter replaced by a eF1a promoter and eGFP replaced by mCherry, mClover3 or 
mRuby3. Point mutations were introduced by Q5 site directed mutagenesis kit according 
to manufacture protocol (New England Biolabs, Ispwich, MA, USA). All constructs were 
confirmed by DNA sequencing. Oligonucleotides used are listed in Supplementary Table 
3.   
 
Immunoblotting and immunoprecipitation 
 
Cell lysates for immunoblotting were prepared by scraping cells and lysing them using 
RIPA buffer. Lysates were run on 4–15% or 4-20% Mini-protean TGX gels (Bio-Rad 
Laboratories, Hercules, CA, USA) and transferred onto ImmobilonTM membranes 
(MilliporeSigma, Burlingon, MA, USA) or Turboblot system (Bio-Rad). Blots were blocked 
using 5% nonfat dry milk in TBST for 1 h and incubated with primary antibodies (listed in 
Supplementary Table 4) overnight at 4°C. After washing 3 times in TBST, blots were 
incubated with HRP-conjugated secondary antibodies for 1 h at room temperature.  The 
blots were then washed three times and immuno-reactive bands were detected by 
WesternBright ECL (Advansta, San Jose, CA, USA) or Azure Radiance (Azure) and 
imaged with ChemiDoc MP Imager (Bio-Rad) or Azure C600 (Azure). For co-
immunoprecipitation assays, plasmids expressing EPHA2-HA and ROBO1-FLAG were 
cotransfected into HEK293 cells. Cells were collected 48 h post-transfection and lysed by 
IP buffer (PBS + 1% triton with HALT protease and phosphatase inhibitor cocktails) 
(ThermoFisher, Waltham, MA, USA).  Lysates were adjusted to 1 mg/ml by IP buffer and 
protein complexes were immunoprecipitated by anti-FLAG magnetic beads 
(MilliporeSigma, Burlington, MA) or anti-HA magnetic beads (ThermoFisher) at 40C for 4 
h. Immunoprecipitated complexes were detected by immunoblotting. 
  
Cell viability assays 
 
LSCC and HNSCC cells were labelled with m-Kate2 (red fluorescence) and stable cell 
lines were generated using puromycin selection. Labeled cells were seeded in 96 well 

plates for 24 h, followed by ligand treatment: SLIT2 (2g/ml), EGF (0.5g/ml) ensartinib 
and ALW-II-41-27 IC50 doses (Table 4). The caspase activity was monitored using 
Caspase green 3/7 reagent. Cells were imaged every 6 h for 96 h and their proliferation 
rates and caspase activity were plotted. Cell counting Kit 8 (Dojindo Molecular 
Technologies, catalog no. CK04) was used to determine relative numbers of viable cells 
72 h after post transfection with shRNA targeting EPHA2 and ROBO1 in LSCC siRNA 
targeting EPHA2 (siEPHA2) and ROBO1 (siROBO1) in HNSCC.    
 
Immunohistochemistry, immunofluorescence staining and live cells microscopy 
 
Human lung cancer TMAs (LC642) were purchased from Biomax, Inc. (Rockville, MD, 
USA).  EPHA2 was stained with anti-EPHA2 antibody (C-20, Santa Cruz Biotechnology, 
Dallas, TX, USA), 1:200 for 30 min, and ROBO1 was stained with anti-ROBO1 antibody 



(PA5-29917, Invitrogen), 1:200 for 30 min. Each pair of stained TMAs was registered in 
Visiopharm before exporting a down sampled image. In FIJI, color deconvolution was 
used to extract the DAB staining (as grayscale) from each aligned TMA image, followed 
by pseudo-coloring the stains red or green.  The staining was performed by the 
pathology/solid tumor core of The City of Hope National Medical Center. Each TMA was 
reviewed and scored by a pathologist on a scale of 0 to 3: 0+, no staining, no expression; 
1+, weak staining, low expression; 2+, moderate staining, moderate expression; and 3+, 
strong staining, high expression. Scores of 0 and 1 were designated as low expression 
and scores of 2 and 3 were designated as high expression of EPHA2 or ROBO1. The 
resultant values of individual core for EPHA2 and ROBO1 scores were plotted as a pie 
chart using GraphPad Prism 7 software. (listed in Supplementary Table 1)   
 
For immunofluorescence staining, cells were seeded in a Lab-Tek II Chamber Slide 
(ThermoFisher) or Number 1 cover slips in a 24-well plate for 24 to 48 h, then fixed by 
1% formaldehyde in PBS for 20 min at room temperature, permeabilized by PBS 
containing 0.1% Tween and 0.25 % Triton X-100. After three washes with PBS, fixed cells 
were blocked with 5% FBS in PBS for 1 h at room temperature. Primary antibodies were 
then added and incubated overnight at 40C. Primary antibodies were removed, and the 
slides were washed 5 times with PBS. Alexa Flour 488 or Alexa Flour 547 conjugated 
secondary antibodies and Hoechst 33342 dye (ThermoFisher) or DAPI for staining nuclei 
were then added and allowed to incubate for 2 h at room temperature. The 
slides/coverslips were then washed five times with PBS and mounted in Prolong Gold 
Antifade reagent (ThermoFisher).  
 
For live cell imaging, transfected cells were plated onto 35 mm Delta TPG dish (Bioptechs, 
Butler, PA, USA) for 24 h. The dishes were then placed on temperature controlled 
microscopic stage that was connected to CO2 supply. All images were acquired on a Zeiss 
LSM880 confocal microscope and analyzed by Zen software (Zeiss USA, Thornwood, 
NY, USA).  

 
Proximity Ligation Assay (PLA) 
 
To perform a complete Duolink® PLA in situ experiment we used three primary antibodies 
(PLA, Immunofluorescence validated) that recognize EPHA2, ROBO1 or SLIT2 epitopes. 
The starter kit from SIGMA supplies all other necessary reagents for Duolink® PLA 
reactions, which include a pair of PLA probes (Anti-Rabbit PLUS and Anti-Mouse 
MINUS), red detection reagents, wash buffers, and mounting medium. The primary 
antibodies used came from the same species as the Duolink® PLA probes for 
EPHA2/ROBO1 or EPHA2/SLIT2 PLA (one mouse and one from rabbit species). Analysis 
was carried out using standard immunofluorescence assay technique. We used a 
confocal microscope (LSM880) to capture images. For the quantification of this staining 
the confocal images were extracted (multichannel to single channel), and a binary image 
was generated. The binary image was thresholded using FIJI software (Otsu). The 
average intensity was measured and plotted to compare the binding of the two proteins 
assayed.  
 



Combination Index  
 
For combination index (CI) calculation, LSCC (SW900) and HNSCC (SCC1) Incured cell 
lines were seeded in 96-well plate with 5000 cells per well. Three biological replicates 
(three 96-well plates for each drug combination) were used. For both cell lines, two drug 
combination were used SLIT2/ALW-II-41-27 and SLIT2-ensartinib. The drugs were used 

in linear dilution series with dilution factor of 2. SLIT2 doses ranged from 0g/ml-6g/ml 

and ALW-II-41-27 and ensartinib from 0M-8M. The plates were read at 72 h using the 
IncuCyte Live Cell Analysis System to measure live cells (Incurred object count per well). 
We then use an R package called SynergyFinder (He et al., 2018) to find the nature of 
drug-drug interaction (i.e. if they work in synergy or antagonistically or non-interactively). 
For this purpose, the drug response matrix is supplied to the mentioned package, which 
then uses several models namely Highest Single Agent (Berenbaum, 1989), Loewe 
additivity (Loewe, 1953), Bliss independence (Bliss, 1939) and Zero Interaction Potency 
(Yadav et al., 2015) to quantify the degree of drug synergy. The dose response matrix 
was used to calculate individual CI values for IC30, IC50 and IC70 drug treatments. The 
output values were used to plot Isobolograms using the following formula. 
 

𝐶𝐼 =  
𝐼𝐶50 (𝐴) 𝑝𝑎𝑖𝑟

𝐼𝐶50 (𝐴)
+

𝐼𝐶50 (𝐵) 𝑝𝑎𝑖𝑟

𝐼𝐶50 (𝐵)
 

 
Statistical analysis 
 
One-way ANOVA, non-linear regression or simple T-test were performed to calculate 
significance between data sets as indicated with each result or figure legend. A level of 
significance of p< 0.05 was chosen. Data are presented as mean with standard deviation 
of the mean (± STD) in all figures in which error bars are shown. Graphs were generated 
using GraphPad Prism 7 software. 
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