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C A N C E R

Delta-like protein 3 expression and therapeutic 
targeting in neuroendocrine prostate cancer
Loredana Puca1,2, Katie Gavyert2, Verena Sailer2,4, Vincenza Conteduca1,3, Etienne Dardenne4, 
Michael Sigouros1, Kumiko Isse5, Megan Kearney6, Aram Vosoughi2,4, Luisa Fernandez6, 
Heng Pan2, Samaneh Motanagh2,4, Judy Hess1, Adam J. Donoghue1, Andrea Sboner2,4,7, 
Yuzhuo Wang8, Ryan Dittamore6, David Rickman4, David M. Nanus1,2, Scott T. Tagawa1,2, 
Olivier Elemento2,7, Juan Miguel Mosquera2,4, Laura Saunders5, Himisha Beltran1,2,9*

Histologic transformation to small cell neuroendocrine prostate cancer occurs in a subset of patients with advanced 
prostate cancer as a mechanism of treatment resistance. Rovalpituzumab tesirine (SC16LD6.5) is an antibody-drug 
conjugate that targets delta-like protein 3 (DLL3) and was initially developed for small cell lung cancer. We 
found that DLL3 is expressed in most of the castration-resistant neuroendocrine prostate cancer (CRPC-NE) (36 of 
47, 76.6%) and in a subset of castration-resistant prostate adenocarcinomas (7 of 56, 12.5%). It shows minimal to 
no expression in localized prostate cancer (1 of 194) and benign prostate (0 of 103). DLL3 expression correlates 
with neuroendocrine marker expression, RB1 loss, and aggressive clinical features. DLL3 in circulating tumor cells 
was concordant with matched metastatic biopsy (87%). Treatment of DLL3-expressing prostate cancer xenografts 
with a single dose of SC16LD6.5 resulted in complete and durable responses, whereas DLL3-negative models 
were insensitive. We highlight a patient with neuroendocrine prostate cancer with a meaningful clinical and 
radiologic response to SC16LD6.5 when treated on a phase 1 trial. Overall, our findings indicate that DLL3 is pref-
erentially expressed in CRPC-NE and provide rationale for targeting DLL3 in patients with DLL3-positive meta-
static prostate cancer.

INTRODUCTION
A subset of castration-resistant prostate cancers evades androgen 
receptor (AR)–targeted therapies by losing AR expression and/or 
signaling dependence and acquiring neuroendocrine features (1–4). 
In extreme cases, histologic transformation to small cell neuroendo-
crine carcinoma occurs. Castration-resistant small cell neuroendo-
crine prostate cancer (CRPC-NE) is clinically aggressive and does 
not respond well to standard prostate cancer therapies. Given their 
similarities with small cell lung cancer (SCLC), patients are com-
monly treated with platinum-based chemotherapy regimens that 
are standardly used for SCLC. Both SCLC and CRPC-NE harbor 
frequent loss of the tumor suppressor genes TP53 and RB1 (2, 5, 6) 
and overexpress achaete-scute complex-like 1/achaete-scute homo-
log 1 (ASCL1), a key transcriptional regulator (7–9). ASCL1 is required 
for SCLC development in mice harboring loss of Tp53:Rb:Rbl2 (10). 
ASCL1 also regulates the expression of Notch signaling proteins in-
cluding delta-like protein 3 (DLL3). DLL3 is an inhibitory ligand of 
the Notch receptor pathway and is expressed during brain develop-
ment where it regulates somitogenesis (11). In neural tissues, DLL3 is 
predominantly localized in the Golgi apparatus and can inhibit Notch 
receptor in cis (12, 13). DLL3 is aberrantly expressed on the surface 
of most of the SCLC cells, and the DLL3-targeted antibody-drug 

conjugate rovalpituzumab tesirine (SC16LD6.5) has demonstrated 
antitumor activity in SCLC preclinical models and in early-phase 
clinical trials (14, 15).

SC16LD6.5 is a humanized antibody against DLL3 that is used 
for internalization of the conjugated payload consisting of a DNA-​
damaging pyrrolobenzodiazepine (PBD) dimer toxin. PBD dimers 
bind to the minor groove of DNA, causing a stop of the replication fork 
and arrest of tumor cells in G2-M phase with consequent induction of 
apoptosis (16). Preclinical studies of SC16LD6.5 in patient-derived 
xenograft (PDX) models of SCLC and large cell neuroendocrine 
carcinoma demonstrated complete and durable eradication of tu-
mors (15). The first clinical study using SC16LD6.5 in patients with 
recurrent metastatic SCLC and large cell neuroendocrine lung can-
cers (NCT01901653) identified the recommended phase 2 dose and 
schedule (0.3 mg/kg every 6 weeks), dose-limiting toxicities (thrombo-
cytopenia, skin reaction, and serosal effusions), and objective responses 
in 17% (11 of 65) of patients and stable disease in 54% of patients 
(35 of 65) (14).

On the basis of the molecular similarities with SCLC, we sought to 
determine whether DLL3 expression is associated with the CRPC-NE 
phenotype in prostate cancer and to evaluate the antitumor activity 
of SC16LD6.5 in DLL3-expressing prostate cancer models.

RESULTS
DLL3 expression and clinical outcomes in neuroendocrine 
prostate cancer
DLL3 mRNA is expressed in adult normal brain compartment tis-
sues (fig. S1), whereas in cancer tissues, it is enriched in SCLC and 
other small cell carcinomas (15, 17). We evaluated mRNA and pro-
tein expression of DLL3 in a prostate cancer cohort of 423 patients 
(735 samples), including benign prostate (n = 173 samples), localized 
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prostate adenocarcinoma (PCA) (n = 324 samples), CRPC adenocar-
cinoma (CRPC-Adeno) (n = 127 samples), and CRPC-NE (n = 111 sam-
ples). There was no detectable protein expression of DLL3 in benign 
prostate (0 of 103) or localized prostate cancer (1 of 194, 0.52%). In con-
trast, DLL3 protein expression was present in most of the CRPC-NE 
(36 of 47, 76.6%) and in a subset of CRPC-Adeno (7 of 56, 12.5%). 
The percentage of DLL3-positive cells in tumor samples expressing 
DLL3 protein was 63.95% in CRPC-NE and 10.37% in CRPC-Adeno 
(Fig. 1, A and B, and fig. S2A). The mean H-score, combining the per-
centage of cells expressing DLL3 and the intensity of the signal (range, 0 
to 300), was 0 for benign, 0.02 for localized prostate cancer, 10.57 for 
CRPC-Adeno, and 216.49 for CRPC-NE (P < 0.001) (Fig. 1C). The one 
localized prostate cancer that demonstrated DLL3 expression harbored 
only 2% positive cells (fig. S2B and table S1). In DLL3-expressing 
CRPC-Adeno, neuroendocrine markers such as synaptophysin (SYP) 
were often weakly expressed (representative CRPC-Adeno case; Fig. 1D 
and table S1).

We also mined published mRNA datasets (29 benign, 66 PCA, 
55 CRPC-Adeno, and 19 CRPC-NE) (1, 2, 18) and performed targeted 
mRNA analysis for 166 additional cases using a custom NanoString 
assay described in (2) (41 benign, 64 PCA, 16 CRPC-Adeno, and 45 
CRPC-NE). Similarly, DLL3 mRNA was highly expressed in 73.68 
and 71.10% of CRPC-NE cases analyzed by RNA sequencing (RNA-
seq) and NanoString, respectively, and in 10.91% (RNA-seq) and 
12.50% (NanoString) of CRPC-Adeno samples (figs. S3 to S5). In 
nine cases, where mRNA data revealed DLL3 expression but immu-
nohistochemistry (IHC) was negative, we developed probes to eval-
uate DLL3 mRNA expression in situ by RNA in situ hybridization 
(ISH); five of these nine cases demonstrated concordance between 
RNA ISH and IHC (fig. S6).

To understand whether DLL3 associates with prognosis in pa-
tients with prostate cancer, we examined DLL3 tumor positivity by 
protein expression or mRNA in relation to overall survival (OS) in 
patients with CRPC-Adeno or CRPC-NE, with outcomes data avail-
able (n = 63). Overall, we found that DLL3 expression was associated 
with worse OS compared to DLL3-negative cases with OS calcu-
lated from the time of prostate cancer diagnosis [OS, 35 months versus 
81.5 months; hazard ratio (HR), 2.22; 95% confidence interval (CI) 
1.04 to 4.74, P = 0.015] and from the time of metastasis (11.8 months 
versus 71.6  months; HR, 1.91; 95% CI 0.92 to 3.96, P  =  0.032) 
(Fig. 1, E and F).

We evaluated the association of DLL3 expression with genomic fea-
tures and found that DLL3 expression was higher in samples with RB1 
genomic loss (10 of 12, 83% of evaluable patients) (RB1 deletion versus 
no deletion: Mann-Whitney, P = 0.03404), but there was no association 
between DLL3 expression and TP53 mutation or deletion (3 of 12, 
25% of evaluable patients) [TP53 WT versus no WT: Mann-​Whitney, 
P = 0.2256] (Fig. 1G). A positive correlation was observed between 
DLL3 and classical neuroendocrine markers SYP (Spearman correla-
tion within CRPC-NE samples, r = 0.5316, P = 0.0208; in all sam-
ples, r = 0.38760, P = 1.9 × 10−7) and chromogranin A (CHGA) 
(Spearman correlation within CRPC-NE samples, r = 0.5667, 
P = 0.0128; in all samples, r = 0.15592, P = 0.0429); no significant 
anticorrelation was detected between DLL3 and AR (Spearman cor-
relation within CRPC-NE samples, r = −0.4211, P = 0.0740; in all 
samples, ρ = −0.07334, P = 0.3433) (Fig. 1, H to J). The DLL3 pro-
moter was hypomethylated in patients with CRPC-NE versus pa-
tients with CRPC-Adeno (fig. S7), suggesting a possible mechanism 
causing up-regulation of DLL3 in CRPC-NE.

DLL3 is transcriptionally regulated by ASCL1, a master regulator 
of neuroendocrine differentiation and classic SCLC development 
(10). We found that ASCL1 was also highly expressed in CRPC-NE 
tumors (fig. S8) and significantly correlated with DLL3 expres-
sion (Spearman correlation within CRPC-NE samples, r = 0.7211, 
P = 0.0007; in all samples, r = 0.33012, P = 1.17 × 10−5) (Fig. 1K). A 
supervised cluster analysis of Notch signaling genes [receptors, ligands, 
and Hes family basic helix-loop-helix (bHLH) transcription factor 
(HES)/Hes-related family bHLH transcription factor with YRPW 
motif (HEY) targets] including DLL3 and ASCL1 showed clustering of 
patients with CRPC-NE tumors (Fig. 1L), and ASCL1 and DLL3 were 
the most differentially expressed Notch signaling genes when com-
paring CRPC-Adeno versus CRPC-NE samples, CRPC-NE versus PCA, 
or CRPC-NE versus benign (fig. S9). To understand whether manipulat-
ing DLL3 expression could modify the expression of neuroendocrine-​
associated genes, we transiently silenced DLL3 in the DLL3-​expressing 
CRPC-NE cell line NCI-H660 and found that this did not affect AR 
or CRPC-NE signaling or Notch target gene expression (fig. S10).

Temporal and intrapatient tumor heterogeneity
We assessed DLL3 expression across multiple tumor samples obtained 
at the time of rapid autopsy of one patient with CRPC-NE (WCM677) 
(19). All metastatic sites (liver, lung, and rib) and his primary tumor 
at autopsy showed consistent high expression of DLL3 and histo-
logical features of small cell carcinoma (Fig. 2A). When looking back 
to his archival primary prostate tumor biopsy at the time of initial 
diagnosis (3 years earlier), his primary Gleason 9 PCA was com-
pletely negative for DLL3 expression, but a metastatic CRPC-Adeno 
bone biopsy of his right humerus (1 year before death) was diffusely 
positive (Fig. 2A). These data demonstrate the acquisition of DLL3 
expression with time and treatment resistance.

In contrast, another patient with an atypical aggressive presentation 
of metastatic prostate cancer had two biopsies at the same time point 
with discordant DLL3 results (WCM1388). He initially presented with 
lytic bone, lung, and liver metastases, with a serum prostate-​specific 
antigen (PSA) of 6.24 ng/ml. Although a prostate tumor biopsy showed 
PCA, a concurrently performed liver biopsy showed small cell carcinoma. 
Despite shared genomic features between metastatic sites, including RB1, 
TP53, and PTEN loss (table S2), DLL3 was not expressed in the primary 
tumor but was strongly expressed in the metastatic liver biopsy (Fig. 2B).

In the third patient with CRPC-NE, whose tumor tissue harbored 
both DLL3-positive cells (80%, ranging from weak to strong intensity) 
and DLL3-negative cells (20%), both cell types expressed the neuro-
endocrine marker SYP (fig. S11). This may reflect different stages of 
this plasticity phenotype in an individual tumor.

DLL3 detection in circulating tumor cells
Because CRPC-NE typically develops during later stages of prostate 
cancer progression and metastatic biopsies are invasive to perform, 
we investigated the feasibility of using circulating tumor cells (CTCs) 
to detect DLL3 expression in patients using the Epic Sciences platform 
(2, 20–22). We evaluated CTCs from 36 patients with CRPC-Adeno 
(n = 17) or CRPC-NE (n = 19). Both subclasses showed a similar aver-
age number of traditional cytokeratin (CK+) CTCs and CK+ CTC clus-
ters (21) per milliliter of blood (CRPC-NE = 38.92 CTCs/ml and 
CRPC-Adeno = 37.26 CTCs/ml). DLL3 was detected in CTCs in 16 of 
36 patients (44.4%) with a cutoff of expression defined using DLL3-​
positive SCLC and DLL3-negative squamous cell lung carcinoma 
cell lines (fig. S12). Patients with DLL3-expressing CTCs exhibited a 
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Fig. 1. DLL3 expression and clinical outcomes in neuroendocrine prostate cancer. (A) Benign prostate samples (n = 103), PCA (n = 194), CRPC-Adeno (n = 56), and 
CRPC-NE (n = 47) were evaluated for the percentage of DLL3-positive cells per sample. Median value for CRPC-Adeno was 10.37% of DLL3-positive cells per tumor sample. 
Median value for CRPC-NE was 63.95% of DLL3-positive cells per tumor sample. Two-tailed t test was performed (P < 0.0001). The error bars indicate the SEM. (B) Repre-
sentative IHC images of benign, PCA, CRPC-Adeno, and CRPC-NE stained by hematoxylin and eosin (H&E) and with AR, synaptophysin (SYP), and DLL3 antibodies. Scale 
bars, 50 m. (C) H-score, combining the percentage of DLL3-positive cells and intensity of the signal for samples stained with DLL3 antibody (H-score: 0 to 300), two-tailed 
t test was used to compare CRPC-Adeno versus CRPC-NE samples (P < 0.0001). (D) Representative IHC image of a CRPC-Adeno sample stained by H&E and with AR, SYP, 
and DLL3 antibodies. Scale bars, 100 m. (E) OS of patients with prostate cancer (n = 63) evaluated from the time of prostate cancer diagnosis. Patients are divided into 
DLL3-positive (n = 23) (orange) and DLL3-negative (n = 40) (blue) based on IHC, RNA-seq, and NanoString data. Log-rank test was used (P = 0.015). (F) OS of patients with 
prostate cancer (n = 63) evaluated from the time of metastasis. Patients are divided into DLL3-positive (n = 23) (orange) and DLL3-negative (n = 40) (blue). Log-rank test 
was used (P = 0.032). (G) Correlation of DLL3 expression and RB1 and TP53 genomic status (amplification, Amp; deletion, Del; mutation, Mut; wild-type, WT) (RB1 deletion 
versus no deletion: Mann-Whitney, P = 0.03404; TP53 WT versus no WT: Mann-Whitney, P = 0.2256). (H) Correlation of DLL3 and AR expression [log2 (FPKM + 1)] in benign, 
PCA, CRPC-Adeno, and CRPC-NE patient samples evaluated by RNA-seq (Spearman correlation within CRPC-NE samples, r = −0.4211, P = 0.0740; in all samples, 
r = −0.07334, P = 0.3433). (I) Correlation of DLL3 and SYP expression [log2 (FPKM + 1)] in benign, PCA, CRPC-Adeno, and CRPC-NE patient samples evaluated by RNA-seq 
(Spearman correlation within CRPC-NE samples, r = 0.5316, P = 0.0208; in all samples, r = 0.38760, P = 1.93E-07). FPKM, fragments per kilobase of transcript per million 
mapped reads. (J) Correlation of DLL3 and CHGA expression [log2 (FPKM + 1)] in benign, PCA, CRPC-Adeno, and CRPC-NE patient samples evaluated by RNA-seq (Spearman 
correlation within CRPC-NE samples, r = 0.5667, P = 0.0128; in all samples r = 0.15592, P = 0.0429). (K) Correlation of DLL3 and ASCL1 expression [log2 (FPKM + 1)] in benign, 
PCA, CRPC-Adeno, and CRPC-NE patient samples evaluated by RNA-seq (Spearman correlation within CRPC-NE samples, r = 0.7211, P = 0.0007; in all samples, r = 0.33012, 
P = 1.17E-05). (L) Supervised cluster analysis of Notch signaling genes in benign, PCA, CRPC-Adeno, and CRPC-NE patient samples.
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wide range in the proportion of DLL3-positive CTCs (4 to 98%), DLL3-​
positive CTCs/ml (0.6 to 141.9 CTCs/ml), and DLL3 signal intensity 
(7 to 313). The observed median DLL3 signal intensity was 15-fold 
greater in DLL3-positive cells than in DLL3-negative cells (22.7 versus. 
1.5). DLL3 was expressed in both CK+ and CK− CTCs (fig. S13). Over-

all, we observed DLL3-expressing CTCs in 11 of 19 (57.8%) patients 
with CRPC-NE and 5 of 17 (29.4%) patients with CRPC-​Adeno 
(Fig. 3A). The five DLL3-expressing patients with CRPC-Adeno had 
aggressive clinical features including liver metastases and RB1 and 
TP53 genomic alterations (table S3).

Fig. 2. Temporal and intrapatient tumor heterogeneity in two patients. (A) Representative H&E histology images with DLL3, AR, and SYP IHC of a patient with prostate 
cancer, followed from initial diagnosis of prostate cancer (year 0) to autopsy (year 3). Prostate (year 0), right humerus (year 2), and autopsy (year 3). Scale bars, 100 m. 
Samples were obtained from the prostate, liver, lung, and rib. Androgen deprivation therapy (ADT) treatment is indicated by the arrow. (B) Representative H&E and rep-
resentative DLL3, AR, and SYP IHC images of prostate and concurrent liver biopsies derived from the same patient at the same time point. Scale bars, 100 m.
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Fig. 3. DLL3 detection in CTCs. (A) Graph showing DLL3 positivity in CTCs of 36 patients with CRPC-Adeno and CRPC-NE tested with the DLL3 Epic four-color immuno-
fluorescence (IF) assay. DLL3 cRatio (signal-to-noise ratio) is plotted along the y axis, and patient ID is plotted along the x axis. The x axis also includes a data table with 
additional patient-specific information including pathology [CRPC-NE (brown) or CRPC-Adeno (light brown)], percentage of DLL3-positive CTCs, DLL3 IHC status, and 
IF and IHC concordance. Samples expressing DLL3 are indicated in red, and samples negative for DLL3 are indicated in blue. Each dot represents a detected cell, and the 
dashed line at 7 along the y axis indicates the analytical threshold of positivity for DLL3. (B) Representative images of patient 11 (DLL3-negative) and patient 31 (DLL3-​
positive) CTCs. In the four-color composite image, blue represents 4′,6-diamidino-2-phenylindole (DAPI), and red is used for CK, green for CD45, and white for DLL3. 
Other images show the independent images for each channel used to create the four-color composite (DAPI, CK, CD45, and DLL3). Scale bars, 50 m. Corresponding DLL3 
IHC image is also included for both patients. Scale bars, 50 m.

 by guest on M
arch 20, 2019

http://stm
.sciencem

ag.org/
D

ow
nloaded from

 

http://stm.sciencemag.org/


Puca et al., Sci. Transl. Med. 11, eaav0891 (2019)     20 March 2019

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

6 of 12

DLL3 expression in CTCs of patients was concordant with DLL3 
IHC status of matched metastatic tumor biopsies in 13 of 15 patients 
(87%). In particular, seven of nine (78%) patients who were DLL3-​
positive on biopsy by IHC were also positive in CTCs, whereas six 
of six (100%) patients who were DLL3-negative on tumor biopsy by 
IHC were also negative in CTCs (Fig. 3, A and B). In patients with 
CRPC-NE, with both DLL3-positive and DLL3-negative CTCs, there 
were no significant differences in CTC morphology between cells 
(for example, nuclear area, nuclear speckles, nuclear major axis, cyto-
plasmic area, cytoplasmic speckles, cytoplasmic major axis, and nuclear/​
CK ratio) (fig. S14) (23).

Antitumor activity of SC16LD6.5
To explore SC16LD6.5 as a treatment option for DLL3-expressing 
prostate cancer, we used DLL3-positive neuroendocrine prostate cancer 

models including NCI-H660 cell line xenografts and the PDX model 
LTL352 [described in Lin et al. (24)], and for DLL3-negative prostate 
cancer models, we used DU145 cell line xenografts and the patient-
derived organoid xenograft (PDOX) WCM1262 PDOX [described in 
Puca et al. (25)] (Fig. 4A). In line with the inhibitory effect of DLL3 on 
Notch signaling (26), the DLL3-expressing models had lower Notch 
receptor expression (Fig. 4B), especially NOTCH2 (DLL3 versus 
NOTCH2 in patient samples, r = −0.502963, P = 3.197 × 10−12) (fig. S15). 
The xenografts were treated with a single dose of vehicle, IgG1LD6.5 
(isotype control antibody-drug conjugate), or SC16LD6.5 adminis-
tered intraperitoneally, and tumor volume was monitored after treat-
ment. Treatment of the NCI-H660 and LTL352 xenografts with 
SC16LD6.5 resulted in complete responses at 35 days after treatment 
(Fig. 4, C and D, and table S4), whereas DU145 and WCM1262 PDOX 
tumors continued growing despite the treatment, reaching the tumor 
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NCI-H660, WCM1262, and LTL352 xenografts using DLL3 and Notch2 antibodies. Actin is used as a loading control. The SHP77 cell line is used as a control for DLL3 expres-
sion. (C) DU145 and NCI-H660 tumor volume (mm3) measurements after single-dose treatment of vehicle, IgG1LD6.5 (0.3 mg/kg), and SC16LD6.5 (0.3 mg/kg) in NU/J mice 
evaluated for 35 days after treatment. Two-way analysis of variance (ANOVA) test was performed (P < 0.0001). ns, not significant. (D) LTL352 PDX and WCM1262 PDOX 
tumor volume (mm3) measurements after single-dose treatment of vehicle, IgG1LD6.5 (1.6 mg/kg), and SC16LD6.5 (1.6 mg/kg) in NOD scid gamma mice evaluated for 
35 days after treatment. Two-way ANOVA test was performed (P = 0.0036).
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volume limit allowed by our animal protocol. Although the potent 
PBD warhead was cytotoxic to both cell lines in vitro and presum-
ably toxic in vivo, SC16LD6.5 preferentially inhibited cell viability of 
NCI-H660 cells versus DU145 (fig. S16). Together, these results indi-
cate that SC16LD6.5 treatment in prostate cancer models express-
ing DLL3 markedly inhibits tumor growth.

Clinical response in a patient enrolled on a phase 1 
SC16LD6.5 basket trial
We report a patient with DLL3-expressing neuroendocrine prostate 
cancer treated on an ongoing phase 1 basket trial of rovalpituzumab 
tesirine (SC16LD6.5) (NCT02709889). This patient is 71 years old, 
and he underwent prostatectomy for pT3aN0, with a Gleason score 
4 + 4 = 8 with tertiary pattern 5 PCA with 20% small cell carci-
noma component (positive for SYP) and serum PSA of 5.9 ng/ml 
(Fig. 5, A and B). He received adjuvant radiotherapy and ADT. Two 
years later, he developed extensive nodal metastases in the setting 
of an undetectable PSA. A lymph node biopsy revealed metastatic 
small cell carcinoma (Fig. 5C) harboring TP53 mutation, RB1 dele-
tion, and PTEN deletion and diffused positivity for DLL3 (85% cells 
expressed DLL3, 2+ intensity; Fig 5D). After progression on cisplatin 
and etoposide, he was enrolled in the SC16LD6.5 phase 1b basket 
trial. He was treated at a dose of 0.3 mg/kg every 6 weeks, and scans af-
ter cycle 1 showed clinical improvement including marked shrink-

age of target nodal metastases (42 to 24 mm) and complete and par-
tial responses of nontarget lesions (Fig.  5E). Scans after cycle 2 
remained stable (24 mm) with no new lesions seen (Fig. 5E).

DISCUSSION
In this study, we found that DLL3 is expressed in a subset of advanced 
metastatic prostate cancers and is not notably expressed in localized 
prostate cancer or benign tissues, making DLL3 an attractive thera-
peutic target. Expression of DLL3 correlated with aggressive clinical 
features including neuroendocrine morphology and poor survival. 
With the encouraging in vivo data and patient response seen with the 
antibody-drug conjugate rovalpituzumab tesirine (SC16LD6.5), these 
data provide rationale for performing DLL3-targeted testing and 
the clinical evaluation of DLL3-directed therapy for patients with 
DLL3-positive metastatic prostate cancer.

Because we found that DLL3 is mostly expressed in metastatic 
and treatment-resistant prostate cancer rather than localized dis-
ease, interrogating DLL3 expression for trial enrollment should be 
considered using metastatic tumor biopsy tissue. This approach 
may be challenging to perform serially. As an alternative, we showed 
that CTC testing for DLL3 expression is feasible and may potential-
ly serve as a noninvasive strategy to track the emergence of DLL3 
expression.

How and when DLL3 becomes ex-
pressed during prostate cancer progres-
sion and its role in treatment resistance 
require further investigation. Previous 
data have linked members of the Notch 
pathway with normal prostate devel-
opment and early stages of metastatic 
prostate cancer. A mouse model with con
ditional Notch1 gene deletion showed in
creased proliferation and tumorigenesis 
(27). In Pten null mice, Notch activity 
promoted metastasis and epithelial-​
mesenchymal transition (28), whereas the 
Notch ligand Jagged 1 has been associ-
ated with prostate cancer recurrence after 
prostatectomy (29). Notch target genes, 
HEYL, HEY1, and HEY2, have been as-
sociated with prostate cancer by acting as 
corepressors of AR transcriptional ac-
tivity by interacting with SRC1 and AR 
(30, 31). However, little is known about 
the function of Notch signaling in more 
advanced and non–AR-driven disease. 
In the current study, we found that DLL3 
and ASCL1 were highly expressed in 
CRPC-NE and were the most differen-
tially expressed Notch signaling genes 
compared to PCA. In SCLC, ASCL1 has 
been implicated in driving the functional 
loss of RB1 by cyclin-dependent kinase 
5–mediated phosphorylation (32), and 
RB1 loss is also one of the most common 
alterations in CRPC-NE (2, 5, 33). Fur-
ther studies focused on the functional role 
of ASCL1 and dysregulation of Notch 
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Fig. 5. Clinical response in a patient enrolled on a phase 1 SC16LD6.5 basket trial. (A) Representative H&E image 
of radical prostatectomy specimen that shows a PCA (left) with an adjacent component of small cell neuroendocrine 
carcinoma (inset). Scale bar, 200 m. (B) H&E and strong diffuse synaptophysin (SYP) IHC of the small cell carcinoma 
component. Scale bars, 50 m. (C) Lymph node biopsy performed 2 years after prostatectomy. Representative images 
of H&E and SYP IHC are shown. Scale bars, 50 m. Fine-needle aspiration, FNA. (D) Representative images of DLL3 IHC 
are shown (scale bar, 200 m; inset scale bar, 50 m). (E) CT scans before therapy and after cycles 1 and 2 of SC16LD6.5 
(nodal metastasis highlighted by a circle).
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activity in modulating or maintaining the neuroendocrine pheno-
type are warranted.

Silencing DLL3 in cell lines did not affect the expression of down-
stream Notch signaling genes or other molecular changes, suggesting 
that DLL3 is likely not a driver of the neuroendocrine phenotype in 
prostate cancer, at least in vitro, but may represent a potential target 
for the disease. In vivo studies are warranted to further explore the 
functional role of DLL3. Furthermore, a complex pattern of Notch 
signaling gene expression observed in patient tumors, with some Notch-
related genes (DLL4, HES6, DTX1, and JAG2) up-regulated and others 
(mainly Notch 2 and 4 receptors) considerably down-regulated in 
CPRC-NE, highlights a potentially multifaceted role of Notch sig-
naling in prostate cancer: It could act as an oncogene in early stages 
of prostate cancer by promoting metastatic progression and poten-
tially as an oncosuppressor in later stages of the disease, as signal-
ing is lost or inhibited along with DLL3 up-regulation. Overall, our 
study provides insights regarding DLL3 expression in metastatic 
prostate cancer and a rationale for further clinical development of 
DLL3-targeted therapeutics for a subset of patients with advanced 
prostate cancer.

MATERIALS AND METHODS
Study design
The objective of this study was to evaluate the expression of DLL3 
across various stages of prostate cancer using different platforms 
(IHC, NanoString, and RNA-seq) and demonstrate the efficacy of 
rovalpituzumab tesirine (SC16LD6.5) treatment in preclinical models 
of advanced prostate cancer expressing DLL3. The total sample size 
for DLL3 expression evaluation in patient cohort was 735 (173 benign, 
324 PCA, 127 CRPC-Adeno, and 111 CRPC-NE), and this was suf-
ficient to detect statistically significant differences. For in vivo effi-
cacy studies, the sample size was n = 5 to 9 mice per group. Animals 
were randomized on the basis of tumor size so that each treatment 
group had average tumor volumes of 150 to 450 mm3 at the time 
of treatment. Tumor volume was measured with a digital caliper 
and calculated as V (volume) = W (width)2 × L (length)/2. Data col-
lection was stopped in the following conditions: ulcerated/necrotic 
tumors, skin infections with antibiotic administration, tumors reaching 
the protocol limit in accordance with Institutional Animal Care 
and Use Committee (IACUC) guidelines, or when mice reached 
the end of the study. Sample size for OS analysis in the patient 
cohort was n = 63 and was sufficient to determine statistically sig-
nificant differences using the log-rank test. Analysis of tissue mi-
croarrays (TMAs) and histological slides was performed blindly by 
pathologists.

Cohort description and pathology classification
Tumor biopsies were collected and approved by the Weill Cornell 
Medicine (WCM) Institutional Review Board (IRB) with informed 
consent (IRB nos. 1305013903 and 0905010441). H&E-stained slides 
and IHC images were reviewed by the study pathologists (J.M.M., 
V.S., A.V., and K.I.). Histological criteria for prostate cancer with 
neuroendocrine differentiation are detailed in (34).

DLL3 IHC cohort evaluation
DLL3 IHC was evaluated on a total of 400 samples from 228 patients. 
Samples included benign prostate tissue (n = 103, 25.75%), local-
ized prostate adenocarcinoma (n = 194, 48.5%), castration-resistant 

prostate adenocarcinoma (n = 56, 14%), high-grade prostate cancer 
with neuroendocrine differentiation (n = 19, 4.7%), and small cell 
carcinoma (n = 28, 7%) (34).

Tissue microarrays
TMAs were constructed as described before (35). Both TMA and 
whole-section slides were stained with the anti-DLL3 antibody. Stain-
ing was evaluated in a semiquantitative manner using an H-score (36). 
Staining intensity (0 = no, 1 = mild, 2 = moderate, and 3 = strong 
staining) was multiplied by the percentage of positive cells resulting 
in a score ranging from 0 to 300.

Image acquisition
Microscopy images were taken using an INFINITY2 camera and the 
INFINITY ANALYZE software version 6.5.3 (Lumenera) with an 
Olympus BX43 microscope (Olympus). Some images were taken from 
slides scanned with the Leica Aperio AT2 digital slide scanner and 
the eSlide Manager software (Leica).

In vivo treatments
Organoid cells (WCM1262 PDOX) and cell lines (NCI-H660 and 
DU145) were subcutaneously injected with Matrigel (1:1; Corning), 
whereas tumor fragments from PDX LTL352 were implanted sub-
cutaneously into NU/J mice (NCI-H660 and DU145) or nonobese 
diabetic mice (NOD) severe combined immunodeficient (scid) gamma 
(NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ) male mice (WCM1262 PDOX and 
LTL352) (the Jackson laboratory). Mice used were 6- to 8-week-old 
males. Tumor volume was measured every week with a digital caliper. 
When tumor volume reached 150 to 450 mm3, the animals were treated 
intraperitoneally with a single dose of vehicle (5% glucose in H2O), 
IgG1LD6.5, or SC16LD6.5. The doses, 0.3 mg/kg in NU/J and 1.6 mg/kg 
in NOD scid gamma mice, were adjusted to compensate for expected 
differences in clearance (37), and pharmacokinetics studies demon-
strated that exposures using these doses (0.3 mg/kg in NU/J and 1.6 mg/kg 
in NOD scid gamma mice) were generally comparable (table S4). The 
number of animals used per type of xenograft was as follows: DU145 
xenografts: vehicle (n = 7), IgG1LD6.5 (n = 5), and SC16LD6.5 (n = 9); 
NCI-H660 xenografts: vehicle (n = 8), IgG1LD6.5 (n = 8), and 
SC16LD6.5 (n = 8); WCM1262 PDOX xenografts: vehicle (n = 5), 
IgG1LD6.5 (n = 5), and SC16LD6.5 (n = 6); and LTL352 xenografts: 
vehicle (n = 6), IgG1LD6.5 (n = 7), and SC16LD6.5 (n = 7). The 
animals were sacrificed in a CO2 chamber in accordance with 
IACUC guidelines. Tumors were harvested and used for histology 
analysis or rapidly frozen.

Clinical sample RNA-seq data processing
The dataset included 55 CRPC-Adeno, 19 CRPC-NE, 66 PCA, and 
29 benign samples. Of these tumor specimens, 26 CRPC-Adeno, 
19 CRPC-NE, 66 PCA, and 29 benign samples were previously pub-
lished (1, 2). Additional two CRPC-Adeno tumor specimens were 
obtained and sequenced prospectively through clinical protocols ap-
proved by the WCM IRB (IRB nos. 1305013903 and 1210013164). 
RNA-seq data for the remaining CRPC-Adeno cases were obtained 
through the Stand Up to Cancer-Prostate Cancer Foundation (SU2C-
PCF) clinical trial (18), and data were accessed for this study through 
cBioPortal (38). Reads were mapped to the human genome reference 
sequence (hg19/GRC37) using STAR v2.3.0e (39). For each sample, 
HTSeq (40) and Cufflinks (41) were then used to generate read counts 
and FPKM, respectively. Gene counts and DESeq2 were used to detect 
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differential gene expression between CRPC-NE samples and CRPC-
Adeno, PCA, and benign samples (42). Boxplots, scatterplots, and 
heatmaps were generated using sample FPKMs in R.

Immunohistochemistry
IHC was performed on deparaffinized formalin-fixed paraffin-embedded 
(FFPE) sections using a Bond III automated immunostainer (Leica 
Microsystems). Bond Epitope Retrieval Solution 1 (ER1) (at pH 6) or 
ER2 was used with heat-mediated antigen retrieval. The following 
antibodies and conditions were used: SYP (SP11, Thermo Fisher 
Scientific; 1:100 dilution, ER2), AR (F39.4.1, BioGenex; 1:800 dilu-
tion with casein, ER1), and DLL3 (SP347, Spring Bioscience). Briefly, 
SP347 was used at 0.24 g/ml, followed by a OptiView DAB IHC kit 
(Ventana) to visualize DLL3 signal. DLL3 positivity was scored at ×4 
magnification for any cytoplasmic or membranous staining at any 
intensity in total tumor cells.

CTC enumeration and biomarker analysis
The Epic Sciences platform is a slide-based, multicomponent assay 
designed to detect and characterize CTCs using whole blood samples. 
The platform can monitor up to four channels in one assay format. 
A base three-color assay distinguishes CTCs from white blood cells 
(WBCs) by using DAPI to detect the nuclei of all cells, anti-CD45 to 
identify the WBCs, and anti-CK to identify CTCs. Patients were di-
vided into CRPC-Adeno and CRPC-NE on the basis of pathological 
assessment of their metastatic biopsy. In this study, the remaining 
channel was used to detect DLL3. Briefly, whole blood samples were 
collected in 10-ml Streck Cell-Free DNA blood collection tubes and 
processed. Red blood cells were lysed, and nucleated cells (~3 × 106 
per slide) were deposited onto 10 to 12 microscope slides. One 
or two replicate slides per patient sample were stained with a cock-
tail of antibodies including anti-CK, anti-CD45, and DAPI. CTC 
enumeration was performed, and DLL3 protein expression was 
assessed. Slides were scanned by Epic’s rapid fluorescent scanning 
method, and the images of nucleated cells were analyzed using a 
proprietary multiparametric digital pathology algorithm (21). The 
algorithm used 90 cellular parameters, including marker expres-
sions (DAPI, CK, CD45, and DLL3) and cell morphology, to differ-
entiate candidate CTCs from surrounding WBCs. The resulting 
images were displayed in a web-based report and were confirmed 
by a trained technician.

NanoString
Tumor mRNA was extracted from FFPE tissue using the Qiagen 
RNeasy FFPE Kit or cells using the Qiagen RNeasy Tissue and Cell 
Kit. Agilent 2100 Bioanalyzer system was used for RNA quality con-
trol. For FFPE samples with more than 50% of total RNA greater 
than 300 nucleotide (nt), 100 ng of input RNA was used. For sam-
ples with less than 50% of total RNA greater than 300 nt, the input 
RNA was proportionally increased according to the extent of deg-
radation; 200 ng was used for NCI-H660 cell line. We used a custom 
probe set, which included AR and CRPC-NE signaling genes (2). Raw 
count data were normalized using the nSolver Analysis software ver-
sion 2.0, which normalizes samples according to positive and nega-
tive control probes and the geometric mean of the six housekeeping 
primers (ABCF1, ALAS1, B2M, CLTC, RPLP0, and TUBB). Positive 
cases are considered with values higher than the mean + interquar-
tile range of the negative controls with the highest maximum value 
(cutoff = 6.667066).

Cell lines and transfection
The NCI-H660 cell line was purchased from American Type Culture 
Collection and maintained according to the manufacturers’ proto-
cols. Cells were routinely tested for mycoplasma contamination with 
a negative result. Human SMARTpool ON-TARGETplus DLL3 and 
ON-TARGETplus Non-targeting Pool were purchased from Dharmacon 
(L-009506-00-0005 and D-001810-10-05). NCI-H660 cells were trans-
fected with Lipofectamine RNAiMAX (Thermo Fisher Scientific) for 
48 hours, and mRNA was extracted for NanoString.

Enhanced reduced representation bisulfite sequencing
The WCM Computational Genomics Core Facility supported en-
hanced reduced representation bisulfite sequencing data analysis (43). 
Briefly, bisulfite reads were aligned to the bisulfite-converted hg19 
reference genome using Bismark (44). All samples had bisulfite con-
version rates of >99.7%. To characterize the amount of methylation 
for each gene, we calculated the methylation of promoters by aver-
aging the amount of methylation of all covered CpGs in each promoter 
(at least five CpGs), which was defined as ±2-kb windows centered 
on RefSeq transcription start sites.

DLL3 RNA in situ hybridization assay
The single-color chromogenic RNAscope assay (Advanced Cell Di-
agnostics Inc.) was applied. It uses pairs of specially designed oligo-
nucleotide probes that, through sequence-specific hybridization, allow 
for target-specific single-molecule detection with a robust signal am-
plification system. Nonspecific off-target binding by single probes 
does not result in signal amplification. The probe used for this assay 
was RNAscope LS 2.5 Probe-Hs-DLL3 (catalog no. 411338). RNA ISH 
staining of slides was performed on the Leica Bond III automated 
stainer (Leica Biosystems Inc.). Hybridization signals were detected 
under bright-field microscope as brown colorimetric staining, fol-
lowed by counterstaining with hematoxylin. Signals were granular and 
discrete brown dots that corresponded to individual RNA targets.

Controls used for each DLL3 RNA ISH experiment were (i) CRPC-NE 
cases with documented DLL3 overexpression by IHC and the NCI-H660 
cell line, (ii) RNAscope 2.5 LS Positive Control Probe Hs-PPIB (cat-
alog no. 313908), and (iii) benign prostate cases with negative DLL3 
expression by IHC. The HALO software (Indica Labs Inc.) was used 
for automated image quantification of DLL3 RNA in situ expression 
at a single-cell resolution.

In vitro cytotoxicity of SC16LD6.5
Cell viability assays were performed on 10,000 cells/well (NCI-H660) or 
4000 cells/well (DU145) treated with increasing doses of SC16LD6.5, 
IgG1LD6.5, SC16 (naked DLL3 antibody), or D6.5 (small-molecule 
PBD warhead) at the indicated concentrations for 72 hours (DU145) 
or 13 days (NCI-H660). Cell viability assay kit was used to measure 
viability according to the manufacturer’s protocol (CellTiter-Glo, 
Promega). Data are expressed as mean  ±  SEM. ANOVA test was 
used for multiple sample comparisons (in GraphPad Prism 8).

Serum pharmacokinetics parameters after peritoneal 
administration of rovalpituzumab tesirine (SC16LD6.5)
Rovalpituzumab tesirine was administered intraperitoneally between 
0.2 and 1.6 mg/kg in NU/J or NOD scid naive mice (3 to 4 mice per 
group) respectively. Serum was collected at 5 min and 4, 24, 72, 168, 
and 336 hours (5 min for NOD scid only). ADC and total antibody 
concentrations were measured by an enzyme-linked immunosorbent 
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assay–based approach (Meso Scale Discovery). Pharmacokinetics pa-
rameters {Cmax, Tmax, and exposure [area under the curve (0 − ∞)]} 
were calculated by noncompartmental analysis in WinNonlin 
8.0 (Certara).

Statistical analyses
Gene expression across different subtypes (benign, PCA, CRPC-
Adeno, and CRPC-NE) and genotypes (RB1 and TP53) were visualized 
using boxplots, with the upper and lower whiskers referring to the 
upper and lower quartiles and the band referring to the median. Be-
cause we could not make the assumption that gene expression data 
are normal, we used nonparametric tests to compare gene expression 
across different categories. The nonparametric two-tailed Mann-
Whitney U test was used to compare gene expression between dif-
ferent subtypes or genotypes. The Spearman correlation coefficient 
and corresponding P values were used to measure the extent of cor-
relation between two distinct genes across all subtypes and within 
CRPC-NE samples. All statistical analyses were performed in R using 
the stats package. OS was calculated from the time of prostate cancer 
diagnosis and from the time of metastatic disease to death. Patients 
still alive at the time of last follow-up were censored. OS analyses 
were performed using the Kaplan-Meier estimator (log-rank test). 
DLL3 expression in CRPC-Adeno versus CRPC-NE (percentage of 
positive DLL3 cells and H-score) was evaluated using a two-tailed t 
test with error bars representing the SD of the mean (SEM). Two-
way ANOVA test using multiple comparison analysis was performed 
for tumor volume measurements and in vitro cytotoxic activity. 
Differences were considered significant when P value was less than 
0.05. Original tumor measurements are provided in data file S1.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/11/484/eaav0891/DC1
Fig. S1. Genotype-Tissue Expression (GTEx) expression of DLL3 in adult tissues.
Fig. S2. Evaluation of DLL3-positive cells per tumor.
Fig. S3. DLL3 expression in patient with prostate cancer cohort by RNA-seq.
Fig. S4. DLL3 expression in prostate cancer cohort evaluated by NanoString.
Fig. S5. DLL3-positive tumors evaluated by IHC, RNA-seq, and NanoString.
Fig. S6. Representative images of DLL3 expression.
Fig. S7. DLL3 promoter methylation.
Fig. S8. ASCL1 expression evaluated by RNA-seq.
Fig. S9. Differentially expression analysis of Notch signaling genes.
Fig. S10. Silencing DLL3 in the NCI-H660 cell line.
Fig. S11. Correlation between DLL3-positive and DLL3-negative cells in a tumor biopsy.
Fig. S12. DLL3 expression cutoff in CTCs.
Fig. S13. CK expression in DLL3-positive and DLL3-negative CTCs.
Fig. S14. Correlation between DLL3-positive and DLL3-negative cells in CTCs.
Fig. S15. Expression of Notch receptors across subtypes of prostate cancer and correlation with 
DLL3 expression.
Fig. S16. In vitro toxicity of SC16LD6.5 in NCI-H660 and DU145.
Table S1. Clinical and pathological features of patients with CRPC-Adeno and PCA-expressing 
DLL3 by IHC.
Table S2. Genomic features of WCM1388 patient metastatic sites.
Table S3. Clinical features of patients with CRPC-Adeno with DLL3-positive CTCs.
Table S4. Serum pharmacokinetics parameters after peritoneal administration of 
rovalpituzumab tesirine (SC16LD6.5).
Data file S1. Tumor measurements for in vivo studies.
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as well as a human patient.
aggressive clinical features. They then demonstrated the effectiveness of targeting DLL3 in multiple mouse models
neuroendocrine prostate cancers, but not in localized tumors or normal prostate, and showed its association with 
cell lung cancer, another aggressive neuroendocrine tumor. The authors confirmed the presence of DLL3 in most
antibody-drug conjugate against delta-like protein 3 (DLL3), a recently identified therapeutic being tested in small 

. demonstrate the feasibility of targeting it with anet aldisease and drive therapeutic resistance. Puca 
Neuroendocrine prostate cancer is an aggressive tumor subtype that can arise late in the course of the

Lessons from one tumor help with another
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