
ll
OPEN ACCESS
iScience

Article
DLL3 regulates Notch signaling in small cell lung
cancer
Jun W. Kim, Julie

H. Ko, Julien Sage

julsage@stanford.edu

Highlights
Ectopic expression of

DLL3 suppresses Notch

signaling in SCLC cells

Lateral inhibition model

predicts expression level-

dependent effects of DLL3

Anti-DLL3 scFv labels

SCLC cells in vitro and in

vivo

DLL3 expression prevents

cell-fate bifurcation in

mouse model of SCLC

Kim et al., iScience 25, 105603
December 22, 2022 ª 2022
The Author(s).

https://doi.org/10.1016/

j.isci.2022.105603

mailto:julsage@stanford.edu
https://doi.org/10.1016/j.isci.2022.105603
https://doi.org/10.1016/j.isci.2022.105603
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.105603&domain=pdf


ll
OPEN ACCESS
iScience
Article
DLL3 regulates Notch signaling in small cell lung cancer

Jun W. Kim,1,2,3 Julie H. Ko,1,2,3 and Julien Sage1,2,4,*
1Department of Pediatrics,
Stanford University, 265
Campus Drive, SIM1 G2078,
Stanford, CA, USA

2Department of Genetics,
Stanford University, 265
Campus Drive, SIM1 G2078,
Stanford, CA, USA

3These authors contributed
equally

4Lead contact

*Correspondence:
julsage@stanford.edu

https://doi.org/10.1016/j.isci.
2022.105603
SUMMARY

Tumor heterogeneity plays a critical role in tumor development and response to
treatment. In small-cell lung cancer (SCLC), intratumoral heterogeneity is driven
in part by theNotch signaling pathway, which reprograms neuroendocrine cancer
cells to a less/non-neuroendocrine state. Herewe investigated the atypical Notch
ligandDLL3 as a biomarker of the neuroendocrine state and a regulator of cell-cell
interactions in SCLC. We first built a mathematical model to predict the impact of
DLL3 expression on SCLC cell populations. We next tested this model using a sin-
gle-chain variable fragment (scFv) to track DLL3 expression in vivo and a new
mouse model of SCLC with inducible expression of DLL3 in SCLC tumors. We
found that high levels of DLL3 promote the expansion of a SCLC cell population
with lower expression levels of both neuroendocrine and non-neuroendocrine
markers. This work may influence how DLL3-targeting therapies are used in
SCLC patients.

INTRODUCTION

Tumors consist of a variety of cancer and non-cancer cells. Both cancer cells and non-cancer cells in the

tumor microenvironment display various levels of heterogeneity. This heterogeneity may vary over time

and environmental conditions, and it plays an important role in tumor development, including shaping

the natural response of tumors to the immune system or treatment in the clinic (reviewed in1–4).

SCLC is an aggressive subtype of lung cancer with fast growth rates and a striking metastatic ability. The

median overall survival of SCLC patients has remained close to 8–10 months in the past 3 decades, with

a 5-year survival at �6% and over 200,000 estimated deaths worldwide every year. Most tumors respond

well initially to standard-of-care chemoradiation treatment, but resistance emerges rapidly in nearly all

cases (reviewed in5). The recent approval of T cell immune checkpoint inhibitors has been beneficial to

only a small fraction of SCLC patients (reviewed in6). There is a critical need to develop biomarkers for

SCLC development and more efficient therapeutic strategies.

SCLC tumors harbor few non-cancer cells7 but inter- and intratumoral heterogeneity is still a prominent

feature of these tumors. At the epigenetic/transcriptional level, SCLC tumors have been classified into

different subtypes based on transcriptional programs driven by specific transcription factors in cancer

cell populations, with the SCLC-A (expressing the ASCL1 transcription factor) and SCLC-N (expressing

the NEUROD1 transcription factor) neuroendocrine subtypes being the most frequent in patients.8–10

Importantly, mounting evidence indicates that individual SCLC tumors are comprising heterogeneous

populations of cancer cells with different levels of neuroendocrine gene programs.11–13 As an example

of this intratumoral heterogeneity, in SCLC-A tumors, activation of Notch signaling can reprogram neuro-

endocrine (NE) cancer cells toward less/non-neuroendocrine (non-NE) phenotypes.12 The non-NE cells are

less tumorigenic and genetic and pharmacologic approaches to promote NE to non-NE differentiation

have been shown to decrease SCLC tumor growth.14 But non-NE can support the survival of the NE cells,

including when tumors are treated with chemotherapy.12,15 In this context, the mechanisms activating

Notch signaling are not completely understood, but may depend on the YAP transcriptional regulator.16

As another example, in SCLC-N tumors, expression of c-MYC can activate Notch signaling, which also pro-

motes the transition of these tumors to a less neuroendocrine phenotype.17 These data and data from

human tumors indicate that both inter- and intratumoral heterogeneity are likely key contributors of the

ability of SCLC tumors to become resistant to therapies.8,18,19

DLL3 (Delta-like ligand 3) is an atypical ligand for NOTCH receptors initially studied for its role in early

pattern formation in mouse embryos.20–22 Early work showed that DLL3 does not activate Notch signaling
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but rather functions as an inhibitor of Notch signaling in a cell autonomous manner,23 possibly in a cis-in-

hibition mechanism in the Golgi.24,25 However, genetic studies of DLL3 O-fucosylation indicate that inter-

actions with NOTCH may not fully account for the physiological function of DLL3, suggesting possible

Notch-independent roles for DLL3 in vivo.26 The mouse Dll3 gene is a direct target of ASCL127 and

DLL3 is expressed in a significant number of human SCLC tumors. Importantly, Saunders and colleagues

showed that DLL3 is present at the surface of SCLC cells and that targeting DLL3-expressing SCLC cells

using an antibody-drug conjugate (ADC) can eradicate SCLC in pre-clinical models.28 Clinical trials using

Rovalpituzumab tesirine (Rova-T), an ADC targeting DLL3, have been unsuccessful largely because of toxic

side effects of this molecule (e.g.,29–31). However, other strategies are being developed to target DLL3

expressing cells, (e.g.,32–35) and DLL3 remains a target of interest for detection and treatment of SCLC.

Here we developed tools and models to further investigate the role of DLL3 as a biomarker of SCLC and as

a regulator of Notch signaling in SCLC. We used mathematical modeling based on published data to

predict the potential role that DLL3 expression may have on tumor heterogeneity. We further developed

a new single-chain fragment variable (scFv) that can bind DLL3 on cells in culture and in vivo. Finally, we

used this scFv to test our mathematical models in a new genetically engineered mouse model of SCLC

with inducible expression of DLL3. Our data show variable levels of DLL3 expression in SCLC and indicate

that DLL3 expression contributes to intratumoral heterogeneity.
RESULTS

Modeling the role of DLL3 in Notch-driven intratumoral heterogeneity in SCLC

DLL3 is often viewed as a cis-inhibitor of Notch signaling during development because of its role in local-

izing NOTCH receptors in the Golgi (Figure 1A). To determine if DLL3 could suppress Notch activity in

SCLC cells, we used cells derived from tumors in the Rbfl/fl;p53fl/fl;Rbl2fl/fl;Hes1GFP/+ mouse model of

SCLC (RPR2;Hes1GFP model, also known as TKO;Hes1GFP, for triple knockout).12,16 In this model, SCLC

cells express GFP when the Hes1 promoter is active. Because Hes1 is a target of Notch signaling,

GFP expression can serve as a reporter of Notch activity, and HES1GFP-positive (HES1pos) cells are

less/non-neuroendocrine.12,16 We isolated HES1pos cells from RPR2;Hes1GFPmutant tumors, and ectopic

expression of FLAG-tagged DLL3 in these HES1pos cells led to fewer GFP-positive cells, providing

further evidence that DLL3 can suppress Notch signaling in cis in this SCLC context (Figures 1B–1D

and S1A).

In the Notch signaling pathway, activation of NOTCH receptors by their ligands, including Delta-like pro-

teins (DLLs), leads to NOTCH cleavage, releasing the NOTCH intracellular domain (NICD). NICD induces

transcription of the gene coding for HES1, which is an inhibitor of ASCL1, which is itself an activator of the

expression of NOTCH ligands (DLLs, representing DLL1/3/4 and Jagged1/2 here).27,36 This negative feed-

back leads to lateral inhibition and distinct cell fates among neighboring cells: low NOTCH/high DLL

(‘sender’) cells and high Notch/low DLL (‘receiver’) cells (Figure 1A).37 To gain a better understanding of

the consequences of DLL3 expression on Notch signaling and intratumoral heterogeneity in SCLC, we built

a simple mathematical model by incorporating DLL3 in the canonical mutual inhibition model of lateral

inhibition38 using the following reactions: (1) NOTCH receptors, denoted N, bind to DLL1 (as a represen-

tative of all NOTCH ligands, denoted D) in trans, which leads to cleavage of NOTCH and release of the

Notch intracellular domain (NICD), denoted S; (2) NICD increases expression of HES1, denoted H39; (3)

HES1 inhibits expression of DLL127,36; (4) NOTCH receptors bind to DLL1 and DLL3, denoted D3, in cis,

which inhibits NOTCH cleavage.23,25,40 As expected, setting the production rate of D3 at 0 replicated

the results from previous studies on mutual inactivation38,41supporting patterning even without

cooperative regulatory feedback in the lateral inhibition model (Figures S1B–S1G). We simulated this

model using 1600 parameter sets across a two-dimensional parameter space spanning a wide range of

production rates of D (bD) and D3 (bD3) (Figure 1E and Equations 1–4 in STAR methods section, and

Table S1 for parameter values). To represent multicellular interactions, a two-dimensional hexagonal cell

lattice was used for each parameter set. We plotted log(Hmax/Hmin), where Hmax and Hmin are the maximal

and minimal HES1 levels in the hexagonal lattice at the steady state, respectively, as a function of bD and

bD3 to observe parameters leading to lateral inhibition, or heterogeneity in HES1 level.42

The cis-inhibition model shows that when bD3> bD, HES1 heterogeneity mostly does not occur, indicating

effective inhibition of cell-type bifurcation (Figure 1E). Within the parameter regime leading to heteroge-

neity, bD3 also regulates the ratio of receiver (HES1high) cells and sender (HES1low) cells, with higher number
2 iScience 25, 105603, December 22, 2022



Figure 1. Mathematical model of mutual inactivation shows production rate-dependent role of DLL3

(A) Schematic of Notch, DLL1, and DLL3 interactions in lateral inhibition with mutual inactivation (LIMI).

(B) Schematic of HES1GFP-positive cells from an RPR2;Hes1GFP tumor serving as a reporter cell line, with GFP expression

from the Hes1 locus to monitor the effect of ectopic DLL3 expression in regulating Notch activity.

(C) Flow cytometry of HES1GFP-positive cells with (blue) and without (black) ectopic expression of DLL3 (representative of

n = 4 biological replicates).

(D) Percentage of GFPhigh HES1GFP-positive cells with and without ectopic expression of DLL3. Unpaired t-test, data

represented as mean G s.d. ***p<0.001.

(E) Log(Hmax/Hmin) at steady state were calculated as a function of bD3 and bD. Regions with values greater than 0 (light

blue to yellow regions) support patterning, whereas those with 0 (dark blue) do not.

(F) Hexagonal cell lattice with LIMI showing that DLL3 expression can lead to sparser patterns of HES1high cells (blue) or no

pattern (homogeneous color).

(G) Hmax as a function of bD3 and bD.

(H) Hmin as a function of bD3 and bD.

(I) Simulations with the indicated parameters for bD3 showing H levels in cells with high and low final H levels.

Green, red, purple, and gray dots in (E), (G), and (H) correspond to the parameters used in (I). See also Figure S1 and

Table S1.
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of sender cells as bD3 increases (Figure 1F). We next examined Hmax and Hmin separately. Hmax consistently

decreases as bD3 increases (Figure 1G). Of interest, a large region of parameter space shows higher

Hmin with increasing DLL3 (Figures 1H and 1I). Hmin increases throughout the parameter regime

that leads to heterogeneity, peaking near bD3 = bD, and gradually decreases as bD3further increases

(Figure 1H).

In this system, our mathematical modeling suggests that the influence of DLL3 on the heterogeneity of

HES1 level depends on the level of DLL3 expression. At high levels (bD3>> bD), DLL3 inhibits both hetero-

geneity and Notch activation. At lower levels, however, DLL3 allows trans-interaction between NOTCH and

other DLLs while preventing lateral inhibition, which leads to homogeneous intermediate NOTCH activa-

tion throughout the cell population. In the parameter space leading to heterogeneity, DLL3 expression also

affects sparsity of the receiver cells.

Generation and validation of a single-chain fragment variable (scFv) binding DLL3

Given that differences in DLL3 expression level may contribute to intratumoral heterogeneity via NOTCH-

driven patterning, we sought to examine whether DLL3 levels in tumors were related to the amount of

NOTCH signaling or intratumoral heterogeneity present in vivo. To do this, we first developed a new

tool to detect DLL3 in tumors in vivo.

Single-chain fragment variables (scFvs) have several advantages over antibodies, including their small size and

their ease of production in bacteria.43,44 We generated a His-tagged scFv based on the sequence of an anti-

body targeting DLL3 (Methods) (Figures 2A and S2A). We first tested the binding of this scFv targeting DLL3

in 293T cells expressing exogenous DLL3 compared to controls. Flow cytometry analysis using an anti-His

antibody showed increased binding in cells expressing mouse DLL3 (Figures 2B and 2C). Using the same

approach, we were also able to detect endogenous DLL3 expression in human SCLC cell lines (Figures 2C

and S2B). Thus, this scFv targeting DLL3 is capable of binding to DLL3 expressed on the surface of SCLC cells

in culture.

To determine if this scFv molecule (aDLL3scFv) could be useful to detect SCLC tumors in vivo, we directly

labeled the amino groups of lysine residues and the N-terminal group of the aDLL3scFv with Alexa Fluor

680 (AF680), a near-infrared fluorophore with strong tissue penetration that is suitable for in vivo imaging

(Figure 2D). We first verified that the AF680-labeled aDLL3scFv (aDLL3AF680) still detectedDLL3 on the sur-

face of 293T cells expressing exogenous DLL3 as well as SCLC cells in culture (Figures 2E, 2F, and S2C).

Noninvasive optical imaging was performed over a 6-h time period following tail-vein injections with

2 nmol of aDLL3AF680 inNSGmice bearing subcutaneous xenografts (H82model).Whole-body fluorescent

imaging showed prominent signal in the tumor area, as well as in the kidney (where the scFv molecules are

excreted) 2–3 h post injection (Figures 2G and 2H). Maximum tumor-to-normal tissue contrast was observed

2 h post injection (Figure S2D). Signal from the fluorescent scFv was strong after 1 h and started to decrease

after 3–4 h, as expected for a small molecule with a short half-life (Figure 2G).

Exogenous expression of DLL3 in mouse SCLC tumors

Notch signaling is a driver of non-neuroendocrine cell fates and intratumoral heterogeneity in SCLC,12,17

and our mathematical modeling predicts that DLL3 may contribute to Notch signaling activity and may

modulate heterogeneity. We next sought to test this idea experimentally in the RPR2 mouse model of

SCLC where this heterogeneity has been described.12,16 In this model, intra-tracheal instillation of an

adenoviral vector expressing the Cre recombinase initiates tumors modeling the SCLC-A subtype of

human SCLC. SCLC cells in these tumors express DLL3 at their surface (Figure S3A).

To manipulate DLL3 levels in this model, we generated a new allele to conditionally induce DLL3 expres-

sion upon Cre-mediated recombination (Rosa26LSL-Dll3 allele) (Figure 3A). We crossed this allele to the

RPR2 model (RPR2;Rosa26LSL-Dll3 mice) and initiated tumors by Ad-CMV-Cre instillation. As controls, we

used RPR2;Rosa26LSL-Luc mice.45 Tumors developed in RPR2;Rosa26Dll3 mice, and their histology was

indistinguishable from that of RPR2;Rosa26Luc mice; whereas we did not generate enough mice to rigor-

ously quantify tumor number and tumor burden, we did not observe any striking difference in tumor

development between the two models (Figure 3B). A cell line derived from a RPR2;Rosa26Dll3mutant

lung tumor grew as spherical clusters in suspension typical of neuroendocrine SCLC cell lines12 and

showed weak but detectable expression of the tdTomato reporter linked to DLL3 expression, as well as
4 iScience 25, 105603, December 22, 2022



Figure 2. Detection of DLL3 expression at the surface of cells using an anti-DLL3 scFv

(A) Schematic representation of the His-tagged scFv targeting DLL3 (aDLL3scFv) and the detection of cells expressing DLL3 using this molecule.

(B) Representative flow cytometry analysis of DLL3 expression in 293T cells expressing exogenous mouse DLL3 using aDLL3scFv (from n = 3 biological

replicates).

(C) Quantification of DLL3 detection in 293T-DLL3 cells from (B) and human SCLC cell lines.

(D) Schematic representation of AF680-labeled aDLL3scFv (aDLL3AF680).

(E) Representative flow cytometry showing binding activity of aDLL3AF680 (from n = 3 biological replicates).

(F) Quantification of (E) in human SCLC cell lines.

(G) Whole body fluorescent images of H82 tumor xenografts with 2 nmol of AF680-labeled scFv injected via the tail vein (left). Tumors (T) and kidneys (K) are

indicated. Quantification of imaging signals (right), reported as the total flux (p/s) (n = 3).

(H) Representative ex vivo imaging of two H82-bearing mice in (G).

Unpaired t-test, data represented as mean G s.d. *p<0.05, **p<0.01, ***p<0.001. See also Figure S2.
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the expected recombination of the Lox-STOP-Lox cassette, validating the new allele (Figures 3A, S3B,

and S3C).

We analyzed tumors from RPR2;Rosa26Dll3 and RPR2;Rosa26Lucmutant mice �5–6 months after tumor

initiation for DLL3 expression using aDLL3scFv. In control RPR2;Rosa26Luc tumors, we observed two pop-

ulations of cancer cells, as would be expected for tumors with neuroendocrine (high DLL3) and less/non-

neuroendocrine (low DLL3) cells (Figures 3C and 3D). We validated this using NCAM and ICAM staining,

with NCAMhigh ICAMlow cells representing neuroendocrine cells and NCAMlow ICAMhigh cells representing

less/non-neuroendocrine, as validated previously by RNA-sequencing of these two populations from RPR2
iScience 25, 105603, December 22, 2022 5



Figure 3. DLL3 expression perturbs the balance between neuroendocrine and non-neuroendocrine cells in a mouse model of SCLC

(A) Schematic representation of the Cre-inducible Dll3 allele and the genetically engineered mouse model of SCLC.

(B) Representative hematoxylin and eosin (H&E) staining of sections from RPR2;R26Luc and RPR2;R26Dll3mutant lungs (top, scale bar 1 mm) and lung tumors

(bottom, scale bar 100 mm) 6 months after tumor initiation (n R 6 mice).

(C) Representative flow cytometry analysis of DLL3 cell surface expression in SCLC cells from RPR2;R26Luc and RPR2;R26Dll3mutant mice 5.5 months after

tumor initiation.

(D) Quantification of (C) (n = 5 independent experiments).
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Figure 3. Continued

(E) As in (C) with RPR2;R26Luc SCLC cells differentiated by NCAM and ICAM expression.

(F) Quantification of (E) (n = 6 independent experiments).

(G) Representative flow cytometry dot plots of control cancer cells from RPR2;R26Luc tumors with no stain, stained cells from RPR2;R26Luc tumors, and stained

cells from RPR2;R26Dll3 tumors (from left to right).

(H–J) Quantification of NCAMhigh ICAMlow, NCAMlow ICAMhigh, and NCAMlow ICAMlow populations in (G).

Unpaired t-test, data represented as mean G s.d. *p<0.05, **p<0.01, ***p<0.001. See also Figure S3.
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tumors16 (Figures 3E and 3F). In RPR2;Rosa26Dll3mutant tumors, we observed fewer cells with low levels of

DLL3 and a more homogeneous population of cells expressing intermediate/high levels of DLL3

(Figures 3C and 3D), indicating that the Rosa26Dll3 allele can elevate DLL3 expression on the surface of

DLL3low cells but does not result in further overexpression on the surface of DLL3high cells (Figures 3C

and 3D). Similarly, although NCAMhigh ICAMlow cells express higher level of DLL3 compared to

NCAMlow ICAMhigh, no significant difference was detected between those of NCAMhigh ICAMlow cells

and cells from RPR2;Rosa26Dll3mutant tumors (Figures 3E and3F).

We next quantified HES1 expression as a marker of intratumoral heterogeneity in RPR2;Rosa26Dll3 and

RPR2;Rosa26Lucmutant tumors, with HES1high cells being Notch-active and less/non-neuroendocrine. As

expected, we found regions with variable numbers of HES1-positive cells12,16 (Figure S3D). However, we

did not detect any significant change in heterogeneity based on this marker between the two groups (Fig-

ure S3E). Although these experiments indicate that higher levels of DLL3 in tumors do not block the ability

of SCLC cells to undergo a transition to a NOTCH-driven HES1-positive state, we reasoned that immuno-

staining may not be quantitative enough to identify more subtle changes.

We used flow cytometry to compare the expression of NCAM and ICAM in primary lung tumors from

RPR2;Rosa26Dll3 and RPR2;Rosa26Luc mice (Figure 3G). Compared to RPR2;Rosa26Luc tumors, we found

thatRPR2;Rosa26Dll3 tumors exhibited a significant decrease in theNCAMlow ICAMhigh non-neuroendocrine

population with no significant change in the NCAMhigh ICAMlow neuroendocrine population (Figures 3G–

3I). The change in theNCAMlow ICAMhigh population was reflected by an increase inNCAMlow ICAMlow cells

in RPR2;Rosa26Dll3 tumors (Figures 3G and 3J).

The relatively homogeneous population in RPR2;Rosa26Dll3 tumors suggests that higher expression of

DLL3 in SCLC cells can inhibit the cell-fate bifurcation process mediated by the Notch signaling pathway.

These observations support a model in which DLL3 contributes to Notch signaling activity in SCLC in vivo.

DISCUSSION

Here we investigated the role of the atypical NOTCH ligand DLL3 in a mouse model of SCLC. In our three-

pronged approach, we combinedmathematical modeling, a new scFvmolecule that binds DLL3, and a new

allele to induce DLL3 expression in mouse cells. We found that DLL3 expression contributes to the gener-

ation of specific subpopulations of SCLC cells, supporting a role for DLL3 in Notch signaling and in the

control of intratumoral heterogeneity in SCLC.

TheNotch pathway is a highly conserved signalingmechanism implicated in both normal development and

the progression of various cancer types. In different tissues, Notch signaling provides a binary fate switch

through a biochemical feedback mechanism known as lateral inhibition, which regulates differentiation

into different cell types from an initially homogeneous field of cells (reviewed in46,47). Thus, the Notch

signaling pathway promotes cell fate ‘‘bifurcation’’ rather than a specific cell fate. This contribution of

Notch-mediated lateral inhibition to intratumoral heterogeneity has been investigated extensively in mul-

tiple settings, including breast cancer,48 glioblastoma,49 and bladder cancer.50 To examine a potential role

of the atypical NOTCH ligand DLL3 in SCLC in the classical Notch signaling circuit, we incorporated DLL3 in

the lateral inhibition model with a mutual inactivation model. Our mathematical modeling predicts that

DLL3 expression can affect Notch signaling in several ways. As expected, when the production rate of

DLL3 exceeds that of DLL1 (bD3> bD) heterogeneity sharply decreases, indicating that DLL3 effectively

reduces lateral inhibition. Within the parameter regime of heterogeneity, DLL3 expression modulates

the relative number of HES1pos cells, making them sparser with increased DLL3 expression. Of interest,

although very high production rates of DLL3 (bD3[ bD) lead to inhibition of Notch activation in the entire

population, over a wide range of parameters DLL3 expression maintains an intermediate level of Notch
iScience 25, 105603, December 22, 2022 7
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activation, which peaks near bD3 = bD. This observation reflects two seemingly opposing effects on Notch

signaling. Low levels of DLL3 are sufficient to inhibit lateral inhibition, reducing or preventing the rise of

HES1low cells. At very high levels, DLL3 inhibits Notch activation entirely through complete cis-inhibition.

In between these two states, the trans-activation of Notch by DLL1 reinforces intermediate Notch activity,

even within the parameter regime that leads to the homogeneous state. Thus, in the context of SCLC, our

theoretical framework predicts that although high levels of DLL3 promote the HES1low phenotype (neuro-

endocrine), at lower levels they can lead to a hybrid phenotype that is neither HES1low nor HES1high. When

we examined the role of DLL3 experimentally in these processes, we found that ectopic expression of DLL3

in HES1pos cells results in decreased HES1 expression, supportive of a cis-inhibitory function for DLL3. It is

worth noting however, that the presence of DLL3 at the cell surface of SCLC cells could also in theory result

in effects in trans on Notch signaling. This has not been described yet but should be the focus of future

work, as it may affect our model and the interpretation of our experiments, as well as our general

understanding of the Notch pathway.

Intriguingly, induction of DLL3 in a mouse model of SCLC revealed that this ectopic expression decreases

the relative number of cells in the non-neuroendocrine (NCAMlow ICAMhigh) population and increases that

of a NCAMlow ICAMlow population, without significantly altering the neuroendocrine (NCAMhigh ICAMlow)

population of cancer cells. This result suggests that DLL3 inhibits the bifurcation of SCLC cell fates. In

future studies, it will be interesting to examine the exact nature of the NCAMlow ICAMlow population in

RPR2;Rosa26Dll3 tumors, such as whether these cells represent a precursor cell similar to lung epithelial cells

during early lung development before Notch signaling is activated or another population of non-NE cells

that do not require Notch.51 Our new mouse allele for DLL3 expression may also be useful in the future to

investigate how DLL3 plays Notch-dependent and Notch-independent roles both in developmental

processes and in cancer.

The ‘‘fit-for-purpose’’ approach for biomarker assays is a useful way to think how such biomarkers as-

says should be tailored to the intended use of the data generated by these assays.52,53 In the case of

DLL3, because several therapeutic approaches currently in clinical development rely on the expression

of DLL3 on SCLC cells, validating DLL3 expression at the surface of cancer cells before and during

treatment could benefit patients with SCLC. Precise monitoring of DLL3 levels in SCLC cells could

be used to track overall progression of SCLC and, as our data suggest, heterogeneity between

SCLC cell subpopulations. PET imaging of DLL3 has been evaluated clinically using DLL3 targeting an-

tibodies with promising results.54 However, slow normal tissue clearance and requirement of radioiso-

topes with long half-lives hamper clinical application of antibodies as noninvasive imaging agents.55

Here, we generated an anti-DLL3 scFv (�1/8th the size of an antibody) labeled with a fluorophore (aDL-

L3AF680) with tissue penetration, allowing noninvasive optical imaging. aDLL3AF680 successfully

labeled SCLC tumors in vivo with good tumor-to-normal tissue contrast in a short time frame (2 h

post injection). Fast clearance may lead to a superior imaging agent for clinical application. Small

size may allow better tissue penetration. Thus, scFv DLL3 binder may be a great alternative to full-

length antibodies for in vivo detection and targeting of DLL3 in SCLC and other tumor types express-

ing this molecule on their surface.

In conclusion, our modeling and experimental data point to a role for DLL3 in the regulation of Notch

signaling in SCLC. One implication of our work relates to the outcome of patients treated with therapies

targeting DLL3. It is very likely that SCLC tumors may evolve to stop expressing DLL3 as a mechanism of

resistance to these therapies. Although we have not performed loss-of-function experiments in mice,

loss of DLL3 may, similarly to its overexpression, alter the identity of populations of SCLC cells in tumors.

This may in turn lead to a specific new round of therapy, with neuroendocrine and non-neuroendocrine cells

responding differently to different therapies, including immunotherapies activating T cells.56,57 DLL3

remains a promising target in SCLC and other small cell neuroendocrine tumors,28,58–62 which warrants

further studies of the biology of this molecule in normal and cancer cells.
Limitations of the study

Our mathematical modeling of the role of DLL3 in SCLC heterogeneity is limited to two dimensions, and it

will be important in the future to model and investigate DLL3 in three-dimensional models, where cell-cell

interactions are more similar to a tumor context. Our analyses of mice with ectopic expression of DLL3 have

been limited to one time point during the tumorigenic process, and it is possible that the role of DLL3 may
8 iScience 25, 105603, December 22, 2022
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be different at other time points or during/after therapy. Recent studies have identified multiple subtypes

of SCLC driven by transcriptional regulators such as ASCL1, NEUROD1, POU2F3, and others. For a compre-

hensive examination of how the Notch signaling pathway regulates SCLC heterogeneity, further classifica-

tion and characterization involving more subtypes will be required.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-CD45-Pacific Blue BioLegend Cat#103126; RRID:AB_493535

Anti-CD31-Pacific Blue BioLegend Cat#102422; RRID:AB_10612926

Anti-TER-119-Pacific Blue BioLegend Cat#116232; RRID:AB_2251160

Anti-CD24-APC eBioscience Cat#17-0242-82; RRID:AB_10870773

Anti-ICAM1-PE-CY7 BioLegend Cat#116122; RRID:AB_2715950

Anti-NCAM-PE R&D Systems Cat#FAB7820P; AB_2924964

Anti-DLL3 Invitrogen Cat#PA5-23448; RRID:AB_2540948

Anti-HES1 Cell Signaling Technology Cat#11988; RRID:AB_2728766

Anti-hexahistidine Cell Signaling Technology Cat#12698S; RRID:AB_2744546

Anti-Rabbit-AF488 Invitrogen Cat#A11008; RRID:AB_143165

Bacterial and virus strains

BL21 (DE3) electrocompetent cells SigmaAldrich CMC0016

Endura competent cells Lucigen 60240-2

Chemicals, peptides, and recombinant proteins

RPMI-1640 Millipore Sigma R0883

DMEM High-Glucose medium Hyclone SH30243.01

Bovine Growth Serum Hyclone SH3054103HI

Penicillin-streptomycin-glutamine Gibco 10378016

Ampicillin sodium salt SigmaAldrich A0166

IPTG Gold Biotechnology I2481C5

B-PER Thermo Fisher Scientific 90084

Lysozyme SigmaAldrich L4919

DNase I Roche 10104159001

Ni-NTA agarose Qiagen 30210

Centrifugal filters Millipore UFC801024

AF680 succinimidyl ester Thermo Fisher Scientific A20008

Albumin from bovine serum SigmaAldrich A9647-100G

Polyethylenimine Polysciences 23966-1

Histo-Clear National Diagnostics HS-200

Antigen unmasking solution Vector Laboratories H-3300

Hematoxylin SigmaAldrich HHS32-1L

L-15 medium Sigma L1518

Collagenase I Sigma C0130

Collagenase II Sigma 6885

Collagenase IV Sigma 5138

Elastase Worthington LS002292

RBC lysis buffer eBioscience 00-4333-57

Critical commercial assays

mmPRESS�HRP Horse Anti-Rabbit

IgG Polymer Detection Kit

Vector Laboratories MP-7401

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

ImmPRESS� Excel Amplified

Polymer Staining Anti-Rabbit

IgG Peroxidase Kit

Vector Laboratories MP-7601

DAB substrate kit Vector Laboratories SK-4100

Mouse Direct PCR kit Bimake B40013

Deposited data

MATLAB code for modeling GitHub https://github.com/junwkim1/

DLL3_lateral_inhibition_2022

Experimental models: Cell lines

NCI-H82 ATCC NCI-H82

NCI-H146 ATCC NCI-H146

NCI-H524 ATCC NCI-H524

HEK-293T ATCC 293T

KP11B6 Julien Sage

Laboratory

Park et al., 201163

HES1pos, HES1neg cells Julien Sage

Laboratory

Lim et al., 201712

Experimental models: Organisms/strains

Mouse: NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ The Jackson

Laboratory

Cat#005557

RPR2 model Julien Sage

Laboratory

Park et al., 201163

Rosa26LSL-Dll3 GenOway genOway/MNO/ABB55-

Rosa26_Dll3

Rosa26LSL-Luc Julien Sage Laboratory Jahchan et al., 201645

Oligonucleotides

See Table S2

Recombinant DNA

pCDH-CMV-MCS-EF1-puro System Biosciences CD510B-1

Software and algorithms

GraphPad Prism GraphPad https://www.graphpad.com/

FlowJo FlowJo https://www.flowjo.com/

MATLAB MathWorks https://www.mathworks.com/

BZ-X Viewer 1.3.1.1 Keyence https://www.keyence.com/products/microscope/

fluorescence-microscope/bz-x700/

BZ-X Analyzer 1.4.0.1 Keyence https://www.keyence.com/products/

microscope/fluorescence-microscop

e/bz-x700/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Julien Sage (julsage@stanford.edu).
Materials availability

Plasmids and other reagents generated in this study will be available upon request.
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Data and code availability

No datasets that are composed of standardized datatypes were generated for this study.

All MATLAB codes have been deposited at GitHub and is publicly available. The DOI is listed in the key

resources table.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse models

The Rb1flox/flox;Trp53flox/flox;Rbl2flox/flox(RPR2, or TKO)mouse model and the Rosa26lox-stop-lox-luci-

ferase(R26Luc) allele have been previously described.37,45 Mice were maintained in a mixed C57BL/

6;129SVJ background.

Cre-inducible DLL3-overexpressing mice (R26Dll3) were generated by knocking in a Lox-Stop-Lox-Dll3-

IRES-tdTomato cassette into the Rosa26 allele. The mice were generated by GenOway via homologous

recombination into the Rosa26 allele in mouse embryonic stem cells, and clones were then injected into

blastocysts to generate chimeric mice with germline transmission. The Dll3 sequence in this allele is a

cDNA/gDNA combo that retains intron 6 within the cDNA sequence to allow for expression of potential

splice variants.

R26LSL-Dll3 mice were crossed to RPR2;R26LSL-Luc mice to generate RPR2;R26LSL-Dll3/LSL-Luc mice,

which were then crossed to each other to generate RPR2;R26LSL-Dll3/LSL-Dll3 mice and RPR2;R26LSL-

Luc/LSL-Luc littermate controls. Tumors were initiated at 8–12 weeks of age with intra-tracheal instillation

of 4 3 107 plaque-forming units of Adeno-CMV-Cre (Baylor College of Medicine, Houston, TX). Animals

were euthanized and tumors were collected at �6.5 months post-initiation, or earlier if they showed signs

of respiratory distress. Mice were housed at 22�C ambient temperature with 40% humidity and a light/dark

cycle of 12 h (7am – 7 pm). Mice of both sexes were used in the experiments in approximately equal

numbers.

Mice were maintained according to practices prescribed by the National Institute of Health at Stanford’s

Research Animal Facility (APLAC protocol #13565) and by the Institutional Animal Care and Use Committee

(IACUC) at Stanford. Additional accreditation of Stanford Research Animal Facility was provided by the

Association for Assessment and Accreditation of Laboratory Animal Care.

Cell culture

Cell lines were cultured in RPMI-1640 (Millipore Sigma R0883) except for 293T cells and cell lines derived

from RPR2;R26Luc and RPR2;R26Dll3, which were cultured in DMEM (Hyclone SH30243.01). RPMI and

DMEM were supplemented with 10% bovine growth serum (Hyclone SH3054103HI) and penicillin-strepto-

mycin-glutamine (Gibco 10378016). Cells were grown at 37�C in standard cell culture incubators. All cells

were routinely tested (MycoAlert Detection Kit, Lonza) and confirmed to be free of mycoplasma

contamination.

NCI-H524, NCI-H82, and NCI-H1694 cells were purchased from ATCC. Murine KP11B6 (a negative control

for tdTomato expression in Figure S3B) and HES1GFP/+ SCLC cell lines were generated in the lab and have

been described.63

METHOD DETAILS

Plasmids/sequences

For mammalian expression of DLL3, mouse DLL3 with a C-terminal FLAG tag was cloned into the pCDH

lentiviral expression vector using Endura competent cells (Lucigen 60240-2).

Synthesis of anti-DLL3 scFv

Escherichia coli BL21 (DE3) cells were transformed with anti-DLL3 scFv46 with C-terminal hexahistidine tag

in pET vector by VectorBuilder. The transformed cells were grown overnight in LB agar plates with
iScience 25, 105603, December 22, 2022 15
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100 mg/mL ampicillin. A single colony from each plate was inoculated in LB broth containing ampicillin and

grown overnight. The primary culture was diluted 1:100 and grown at 37�C. When OD600 reached 0.5, the

cells were induced with IPTG 0.5mM at 37�C for 6 h. The cells were then harvested by centrifugation at 3,500

g, and the cell pellet was resuspended with B-PER reagent (Thermo Fisher Scientific 90,084) with lysozyme

(0.1 mg/mL) and DNase I (50 mg/mL) and incubated for 30 min at 37�C. Lysates were centrifuged at 15,000 g

for 10 min, and the supernatants were purified using a nickel-NTA affinity column (Qiagen 30,210). Centrif-

ugal filters with molecular 10 kDa molecular weight cutoffs (Millipore UFC801024) were used for further

purification and buffer exchange into PBS. Protein purity was further analyzed using sodium dodecyl

sulfatepolyacrylamide gel electrophoresis and quantified using a plate reader.

AF680 dye conjugation

Purified scFv was buffer-exchanged to 0.1 M sodium bicarbonate buffer (pH 8.3) and concentrated to 3 mg/

mL. AF680 succinimidyl ester (Thermo Fisher Scientific A20008) was dissolved in DMSO at 10 mg/mL and

added to the protein solution to give a final concentration of 1 mg/mL. The reaction was incubated for 1hat

room temperature. Unreacted dye removal and buffer exchange to PBS was done using a 10 kDa centrif-

ugal filter.

Cell binding assays

53 105 human andmouse cells were incubated with 50 mL of 30 mg/mL aDLL3AF680 for 1 h in PBS with 0.1%

BSA (PBSB) at 4�C. The cells were then washed twice with PBSB and analyzed by flow cytometry. For testing

unlabeled aDll3scFv, cells were incubated with 50 mL of 30 mg/mL aDll3scFv for 1 h in PBSB at 4�C. The cells

were washed once with PBSB, and secondary binding was performed on ice for 30 min using rabbit anti-

hexahistidine antibody (Cell Signaling Technology 12698S) diluted 1:100 in PBSB. The cells were washed

once with PBSB and incubated with goat anti-rabbit antibody labeled with Alexa Fluor 488 (Invitrogen

A11008) diluted 1:100 in PBSB for 30 min on ice. The cells were then washed twice with PBSB before being

analyzed by flow cytometry.

In vivo tumor imaging

13 106 NCI-H82 SCLC cells in 100 mL 50%Matrigel/50% RPMI media supplemented with 2% bovine growth

serum were implanted into the left flank of 7- to 8-week-old NSG mice. For imaging, mice were anesthe-

tized with isofluorane and injected with 2 nmol of aDLL3AF680 in 100 mL of PBS via the tail vein. Imaging

was performed at 1, 2, 3, and 6 h after protein injection, using a Lago-X system (Spectral Instruments).

The near-infrared fluorescence of AF680 was detected using 615–665 nm for excitation and 695–770 nm

for emission. For each imaging, a mouse treated with vehicle only was included tomeasure the background

autofluorescence. For ex vivo imaging, mice were euthanized and organs were excised and imaged using

the same excitation and emission as for the in vivo imaging.

Lentiviral transduction

53 105 293T cells were seeded in each well of a 6-well plate and left to adhere overnight in antibiotics-free

DMEM High-Glucose medium supplemented with 10% bovine growth serum. Lentiviral vectors were co-

transfected with delta8.2 and VSV-G lentiviral packaging vectors using PEI. The supernatant was collected

after 48 h and added to the target cells. Cells were treated on day 5 with the selection agent according to

the lentiviral vector used.

Flow cytometry

Flow cytometry was performed using a 100 mm nozzle on BD FACSAria II (Stanford Stem Cell Institute FACS

Core) and analyzed with the FACSDiva software. For single cell analysis of lung tumors, a sequential gating

strategy was used to analyze cancer cells by staining with the following FACS antibodies (Figure S3F): CD45-

Pacific Blue (BioLegend 103,126, 1:100), CD31-Pacific Blue (BioLegend 102,422, 1:100), TER-119-Pacific Blue

(BioLegend 116232, 1:100), CD24-APC (eBioscience 17-0242-82, 1:200), ICAM1-PE-CY7 (BioLegend 116122,

1:100), and NCAM-PE (R&D Systems FAB7820P, 1:100).13 Data were analyzed using Flowjo software.

Lateral inhibition with mutual inactivation (LIMI) model with DLL3

Notch receptor (Ni) in cell i interacts with DLL1 (Dj) on the surface of a neighboring cell j. This trans-activa-

tion leads to cleavage of the Notch receptor, which frees the intracellular domain, NICD (Si) to induce

expression of downstream genes such as Hes1 (Hi), described by the class lateral inhibition model.34 Notch
16 iScience 25, 105603, December 22, 2022
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receptor (Ni) also interact with DLL1 (Di) on the same cell surface, which leads to cis-inhibition, described by

the LIMI model.38 In order to see the effect of cis-inhibition by DLL3 (D3i), Notch receptor (Ni), and DLL1 (Di)

on the same cell surface, we modified LIMI by considering the following system in two-dimensional array:

Ni + Dj# [NiDj] / Sitrans-activation.

Si / Hi Induction of Hes1 expression by Notch cleavage.

Hix Di Repression of DLL1

Ni + Di# [NiDi] / Bcis-inhibition between Notch and DLL1.

Ni + D3i# [NiD3i] / Bcis-inhibition between DLL3 and Notch.

The first four reactions that do not describe DLL3 are directly from LIMI.38 This model can be described by

the following set of equations applied to a two-dimensional hexagonal lattice of cells:

_Ni = bN � gNNi � NiDj

kt
� NiDi

kc
� NiD3i

ke
(1)
_Di = bD

kDH
kDH +Hi

m � gDDi � NjDi

kt
� NiDi

kc
(2)
_Hi = bH

�
NiDj

ktgs

�p

kHS +
�
NiDj

ktgs

�p � gHHi (3)
_D3i = bD3 � gD3D3i � NiD3i

ke
(4)

Equations 1–3 are from LIMI.41 Ni and Dj interact at a rate kt
�1. Ni and Di interact at a rate kc

�1. Ni, Di, and Hi

are produced at a rate of bN, bD, and bH, respectively. Ni, Di, and Hi are degraded at a rate of gN, gD, and gH,

respectively. Repression of Di by Hi is represented with a decreasing Hill function as a function of kDH andm.

Expression of Hi by Si is represented with an increasing Hill function as a function of kHS and p. Equation 4

describes D3i, where D3i is produced, degraded, and interact with Ni at a rate bD3, gD3, and ke, respectively.

These equations are used in Figures 1 and S1. For Figures S1B, S1D, and S1F, the mutual inactivation rep-

resented by NiDi

kc
was omitted.

Numerical computations were performed using MATLAB’s ode15s solver (R2017b, MathWorks) using the

scripts provided by Formosa-Jordan and Sprinzak.42
Genotyping

Mice were genotyped by using the Mouse Direct PCR kit (Bimake) on DNA isolated from tails following the

manufacturer’s protocol. See Table S2 for the primer sequences.
Immunostaining

Lung lobes were fixed overnight in 10% formalin in PBS before paraffin embedding. Paraffin sections were

deparaffinized with Histo-Clear (National Diagnostics HS-200) and gradually rehydrated from ethanol to

water. Antigen retrieval was carried out in citrate-based unmasking solution (Vector Laboratories

H-3300) by microwaving at full power until boiling, then 30% power for 25 min (DLL3) or 15 min (HES1),

then left to cool at room temperature for 10 min before washing with water. Endogenous peroxidase

was blocked by incubating slides in 3% hydrogen peroxide for 1 h. Sections were washed in PBST (PBS

with 0.1% Tween20), blocked in 5% horse serum for 1 h, and incubated with anti-DLL3 (1:200 Invitrogen

PA5-23448) or anti-HES1 (1:200 Cell Signaling Technology 11988) diluted in PBST overnight at 4�C. DLL3

was developed using ImmPRESS�HRP Horse Anti-Rabbit IgG Polymer Detection Kit (Vector Laboratories

MP-7401) following the manufacturer’s protocol. HES1 was developed using ImmPRESS� Excel Amplified

Polymer Staining Anti-Rabbit IgG Peroxidase Kit (Vector Laboratories MP-7601) following the
iScience 25, 105603, December 22, 2022 17



ll
OPEN ACCESS

iScience
Article
manufacturer’s protocol. All sections used DAB substrate kit (Vector Laboratories SK-4100) for color devel-

opment. Sections were counterstained with hematoxylin (Sigma-Aldrich HHS32-1L), gradually dehydrated

from water to ethanol to xylene, and mounted with Refrax mounting medium (Anatech Ltd711). Sections

were imaged using Keyence BZ-X700 all-in-one fluorescence microscope with BZ-X Viewer program

version 1.3.1.1 and BZ-X Analyzer 1.4.0.1.
Single-cell suspension

Tumors were dissected from lungs between 5 to 6.5 months after tumor induction, finely chopped with

a razor blade, and digested for 15 min at 37�C in 10 mL of L-15 medium (Sigma L1518) containing

4.25 mg/mL Collagenase I (Sigma C0130), 1.4 mg/mL Collagenase II (Sigma 6885), 4.25 mg/mL Collage-

nase IV (Sigma 5138), 0.625 mg/mL Elastase (Worthington LS002292), and 0.625 mg/mL DNase I (Roche

10104159). The digested mixture was filtered through a 40 mm filter and centrifuged at 400 g for 5 min at

room temp, and the resulting pellet was resuspended in 1 mL RBC lysis buffer (eBioscience 00-4333-57)

for 30 s, diluted in 30 mL PBS, and centrifuged at 400 g for 5 min at room temp. The pelleted cells were

then resuspended in 0.1% BSA/PBS for flow cytometry or in cell culture media to generate cell lines.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was assayed with GraphPad Prism software. Data are represented as mean G sd.

*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns, not significant. The tests used are indicated in the figure

legends.
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