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Abstract
The embedding of small peptide ligands within large inactive pre-pro-precursor proteins encoded by orphan open reading 
frames (ORFs) makes them difficult to identify and study. To address this problem, we generated oligonucleotide (< 100–400 
base pair) combinatorial libraries from either the epidermal growth factor (EGF) ORF that encodes the > 1200 amino acid 
EGF precursor protein or the orphan ECRG4 ORF, that encodes a 148 amino acid Esophageal Cancer Related Gene 4 
(ECRG4), a putative cytokine precursor protein of up to eight ligands. After phage display and 3–4 rounds of biopanning 
for phage internalization into prostate cancer epithelial cells, sequencing identified the 53-amino acid EGF ligand encoded 
by the 5′ region of the EGF ORF and three distinct domains within the primary sequence of ECRG4: its membrane target-
ing hydrophobic signal peptide, an unanticipated amino terminus domain at  ECRG437–63 and a C-terminus  ECRG4133–148 
domain. Using HEK-blue cells transfected with the innate immunity receptor complex, we show that both  ECRG437–63 and 
 ECRG4133–148 enter cells by interaction with the TLR4 immune complex but neither stimulate NFkB. Taken together, the 
results help establish that phage display can be used to identify cryptic domains within ORFs of the human secretome and 
identify a novel TLR4-targeted internalization domain in the amino terminus of ECRG4 that may contribute to its effects on 
cell migration, immune cell activation and tumor suppression.
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Introduction

Bioinformatic analyses of the human genome initially 
revealed that remarkably few genes, then estimated at 
approximately 25,000, were present given the complexity 
of the human proteome [1]. Although these findings can be 
reconciled by the transcriptional and translational complex-
ity that is introduced by both alternative splicing of RNA [2, 
3] and the post-translational processing of proteins [4, 5], it 

has underscored the need to identify active but cryptic pro-
tein products encoded within open reading frames. Accord-
ingly, there are likely to be numerous peptide ligands that are 
overlooked because they are hidden within high molecular 
weight protein precursors [6, 7].

Fortunately, precursor proteins contain consensus 
sequences that predict protein secretion and post-transla-
tional processing. In this way, bioinformatic algorithms 
using techniques like Markov Modeling [8–10] can predict 
the existence of cryptic ligands in the secretome [11, 12]. 
That being said, there are few experimental approaches that 
can ascribe biological functions to peptides embedded in 
open reading frames (ORFs).

The 148 amino acid esophageal cancer related gene 4 
(ECRG4) protein is a case in point. Encoded by the orphan 
C2orf40 gene, its differential gene expression in esophageal 
and other cancers [13, 14] first suggested its identity as a 
tumor suppressor and indeed, it has been linked to cancer 
development [15–22] tumor progression and metastases 
[23–25]. Examination of its protein sequence, however, 
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reveals a neuropeptide-like pre-pro-hormone motif [26] that 
is reminiscent of secreted proteins and significantly differ-
ent from the structural features that are normally found in 
canonical tumor suppressor genes. Likewise, its physiologi-
cal expression is tied to normal fetal development [27], CNS 
responsiveness and neuronal progenitor cell fate after injury 
[28], neuronal function [29], apoptosis [30], chondrocyte 
differentiation [31], cell senescence [32], lung precondi-
tioning [33], wound healing [34], the infection response 
of epithelial mucosa [35], neural progenitor and, stem cell 
migration and differentiation [27, 36, 37], inflammation and 
leukocyte migration [24, 38–40], to name a few.

It is in light of its primary precursor-like sequence and its 
disparate activities, we [39] and others [41, 42] hypothesized 
that the wide distribution of ECRG4 in normal tissues might 
reflect different activities in different tissues. Depending on 
its selective processing and release from the cell surface [43, 
44], the epigenetic regulation of its promoter [45] and the 
presence of receptors on effector cells, ECRG4 could have a 
myriad of activities. Accordingly, we reasoned that there is a 
need to identify the potential products of ECRG4 processing 
and their cognate binding partners on target cells.

In the work described here, we combined phage display of 
a fragmented ECRG4 open reading frame with biopanning 
on PC3 epithelial cells to identify internalizing domains. In 
addition to the hydrophobic signal sequence at the amino 
terminus  (ECRG41–31) that is responsible for placement of 
ECRG4 at the plasma membrane cell surface [44] and a 
C-terminal  ECRG4133–148 domain that had been previously 
shown to bind to the LOX-1 scavenger receptor [19] and 
activate NFkB [38] a third domain was detected that encodes 
a new and unanticipated amino terminus domain that inter-
acts with TLR4 to enter cells.

Methods

Materials

All chemicals, media, peptides and proteins were pur-
chased from Sigma Chemicals (St Louis MO) unless speci-
fied otherwise. Recombinant  ECRG431–70 was expressed 
in BL21DE3pLysS cells using the multicloning site of the 
commercial pET15b expression plasmid (Novagen EMD). 
Soluble protein was purified to homogeneity using FPLC 
and exploiting the amino terminus HIS-Tag of the recombi-
nant protein before thrombin cleavage. Purity (> 90%) was 
assessed by SDS PAGE and shown to be free of endotoxin 
by LAL chromogenic quantification (ThermoFisher).

Tissue culture

The human PC-3 epithelial prostate cancer cell line and 
human HEK293 cell line (ATCC, Manassas, VA) and human 
dermal fibroblasts (ATCC, Manassas, VA) were maintained 
in RPMI1640 and HDMEM, respectively, supplemented 
with the additives described below. TLR4-HEK-blue cells 
that report innate immunity receptor activation of NFκb (see 
below) were purchased from InvivoGen (San Diego CA) and 
propagated as recommended by the manufacturer. All media 
were supplemented with 1 mM sodium pyruvate, non-essen-
tial amino acids, 50 units/50 µg/ml of penicillin/streptomy-
cin (Invitrogen, Carlsbad, CA) and 10% fetal bovine serum.

Plasmid construction

Plasmid pcDNA3.1-hECRG4 was constructed as previously 
described (Dang et al. 2012). A pcDNA3.1-hECRG4∆31–70 
plasmid was designed to encode an ECRG4 analog we call 
 ECRG4∆31–70 that has amino acids 31–70 deleted from 
the parent  ECRG41–148 sequence. Overlapping PCR used 
pcDNA3.1-hECRG4 as the template and the following prim-
ers to create the mutant:

5′-outer: ATA CGG ATC CAT GGC TCC CCC GCG -3′,
3′-outer: 5′- ATA CGA ATT CTT AAG CGT AAT CTG GAA 
CAT C-3′,
Del-up: 5′- CCA GGT GGC ATA AGT CAG CTG TGG GAC 
CGG ,
Del-down: 5′- CCG GTC CCA CAG CTG ACT TAT GCC 
ACC TGG -3′.

PCR products were cloned into pcDNA3.1 at BamHI and 
EcoRI restriction sites and the purified plasmid sequenced to 
confirm the in-frame deletion of  ECRG431–70 amino acids.

ORF fragmentation and phage display

The human EGF ORF was amplified by PCR with sense 
(5′-ATG CTG CTC ACT CTT ATC -3′) and anti-sense (5′-
TCA CTG AGT CAG CTC CAT TT-3′) primers spanning start 
(ATG) to stop codons (TGA). The original template con-
taining full-length human EGF cDNA was purchased from 
Open Biosystems (Huntsville, AL) and the PCR conditions 
set to 95 °C for 3 min, followed by 35 cycles of 94 °C for 
30 s, 60 °C for 30 s, and 72 °C for 30 s, and a final step of 
72 °C for 5 min. The final PCR products were purified using 
a PCR purification kit (Qiagen, Valencia, CA) and quanti-
fied. Multiple samples of one μg PCR products were then 
partially digested with DNase I (1:500 dilution) in a volume 
of 20 μl at 16 °C for 15 min. Partially fragmented products 
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were resolved on 2% agarose gel, and fragments ranging 
from 200 to 400 bp were gel purified. The ends of the frag-
ments were then blunted with T4 DNA Polymerase and Kle-
now fragments at room temperature for 30 min in 1 × T4 
DNA Polymerase buffer (New England Biolabs, Ipswitch, 
MA) supplemented with 100 nM dNTPs. Adapters, annealed 
from XmnI C strand (5′-pCGA ACC CCT TCG -3′) and NotI-
XmnI non-palindromic (5′-GGC CCG AAG GGG TTCG-3′) 
adapters (NEB, Ipswich, MA), were ligated to the ends of 
the blunted fragments by T4 DNA ligase and incubated at 
16 °C overnight. The adapter fragments were phosphoryl-
ated by T4 Polynucleotide kinase at 37 °C for 30 min. Using 
standard molecular cloning techniques, the fragments were 
then cloned into the pUC250 phagemid vector.

The fragmented human ECRG4 ORF library was pre-
pared in the same way as human EGF ORF library with 
minor differences. Briefly, the human ECRG4 ORF was 
amplified by PCR with sense (5′- ATG GCT GCC TCC CCC 
GCG CGGC-3′) and antisense (5′-TTA GTA GAC ATC GTC 
GTT GACGC-3′) primers on pCMV6-XL4 that contained 
the full-length C2orf40 cDNA (Origene, Rockville, MD). 
The PCR conditions were the same as that for human EGF 
ORF amplification. The PCR product was purified and par-
tially digested with DNase-I as described above. Partially 
fragmented products were then resolved on 2% agarose gel, 
and because the ORF is smaller than EGF, fragments rang-
ing from 100–200 bp were gel purified. The ends of the 
fragments were then blunted with T4 DNA Polymerase and 
Klenow fragments at room temperature for 30 min. Adapt-
ers, annealed from two oligos 5′-p-CGG GCC GGC CGG 
CCG GCT GCA-3′ and 5′-GCC GGC CGG CCG GCCCG-
3′ that carries the restriction site Pst-I, were added to the 
above blunted fragments by incubation with T4 DNA ligase 
at 16 °C for overnight. The adapter fragments were puri-
fied and cloned into a pUC198 phagemid vector [46]. To 
construct fragmented ECRG4 ORF phage library, less than 
100 bp random fragments were gel-purified, blunted with 
T4 DNA Polymerase and Klenow fragments, and adapter, 
annealed from 5′-p-CGG CCG ACTGT-3′ and 5′-ACA GTC 
GGCCG-3′ that carries an EagI restriction site, was added 
by T4 DNA ligase. The adapter fragments were then purified 
and cloned into the M13KE phage vector (NEB). The quality 
of the fragmentation libraries was evaluated by randomly 
selecting and digesting colonies with appropriate restriction 
enzymes and the ratio of colonies with and without inserts 
was calculated.

Phage biopanning on PC3 cells

Three to four rounds of biopanning were performed on PC-3 
cells for recovery of internalized targeted puc198 phage. For 
each round of biopanning, PC-3 cells were seeded at 1 × 105 
per well in a 12-well plate on the day before biopanning 

and the next day, cells were incubated with 1 × 1010PFU 
phage particles for 4 h, sequentially washed three times with 
PBS containing 0.1% BSA and 50 mM Glycine, pH 2.8, 
respectively. Cells were then lysed with 0.5 ml lysis buffer 
(30 mM Tris–HCl, pH 8.0/0.1% Triton X-100) and sonicated 
for 5–10 s. Phage from the lysate were recovered and about 
1 × 104 PFU were used for phage amplification. The ampli-
fied phage were used for the subsequent round of biopan-
ning. After 3 or 4 rounds of biopanning, internalized phage 
in the lysate were recovered and phage DNA from well-
isolated plaques was prepared and inserts were sequenced 
with a primer sitting on gene III (5′-CTC ACT CAT TAG GCA 
CCC AGG CTT TACAC-3′). Sequences containing in-frame 
ECRG4 fragments were translated and aligned with ECRG4 
to identify the potential receptor binding domains.

PCR biopanning of phage internalization

The day before phage was added to PC-3 cells, the cells were 
seeded onto 100 mm tissue culture dishes at a concentration 
of 2.5 × 106 cells/plate. The following day, 1 × 1011 pfu/ml 
of the phage library was added drop-wise into the medium. 
After a 2-h incubation at 37 °C to enable receptor-mediated 
internalization, the cells were washed three times sequen-
tially with PBS, 50 mM Glycine pH 2.8, and PBS to remove 
unbound, non-specifically bound and non-internalized par-
ticles. The medium was then refreshed and cells were incu-
bated for another 8 h. Cells were then washed with PBS 
and DNA isolated using the Genomic DNA Buffer Set from 
Qiagen. Both cytosolic and nuclear DNA were precipitated, 
combined and used as PCR template. A pair of forward 
(pUCg3f: 5′-GGA AAC AGC TAT GAC CAT GAT TAC GCC-
3′) and reverse (pUC250rev: 5′-TAG CGA CAG AAT CAA 
GTT TGC CTT TAGCG-3′) primers flanking the multiple 
cloning sites (MCS) in the pUC250 vector was employed to 
amplify internalized EGF fragments. Internalized ECRG4 
fragments were amplified with the same forward primer 
(pUCg3f) but a reverse primer for the pUC198 plasmid 
(pUC198rev: 5′- CAG GTC AGA CGA TTG GCC TTG ATA 
TTCAC-3′). The PCR reaction was performed for 35 cycles 
at 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 30 s and the 
PCR products were purified and cloned into either the TOPO 
pCR2.1 (EGF fragmentation) and the pDrive (ECRG4 frag-
mentation) cloning systems for sequencing.

Construction of  ECRG431–70 phage

The in-frame internalized ECRG4 sequences recovered 
after biopanning were re-engineered with an extended linker 
sequence to optimize internalizing activity (Larocca et al. 
2001, 2002). The  ECRG431–70 fragment was amplified by 
PCR with a sense primer (5′- ATA AAC CCA TGG CGA TGC 
TTC AAA AAC GAG -3′) that contained a NcoI restriction 
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site and antisense primers that encoded a 5xGlycine repeat 
linker for flexibility, the original adapter sequence in the 
fragmentation library and a PstI restriction site (5′- TTC 
AGC TGC AGT TAT CGG GCC GGC CGG CCG GCA CCC 
CCT CCG CCA CCG CCA AGG AAT TCT TTG GCT T-3′). The 
PCR products were purified and cloned into the pUC198 
vector as described above. Identity and authenticity of the 
construct was confirmed by DNA sequencing.

Immunocytochemistry of internalized phage 
particles

Cells were seeded in chamber slides at 1 × 104 cells/well 
the day before transduction and 1 × 1011 pfu/ml phage was 
incubated with the cells for 2 h. Cells were then washed 
sequentially with PBS three times, incubated with 50 mM 
Glycine pH 2.8 for 10 min at room temperature, and washed 
again with PBS. Cells were then permeabilized with metha-
nol and fixed with fresh 2% paraformaldehyde/2% glucose 
in PBS for 20 min at room temperature. Cells were stained 
with anti-Fd of M13 bacteriophage polyclonal antibodies 
(Sigma B7786) and internalized phage particles detected 
by incubation with secondary Alexa 546 goat-anti-rabbit 
antibodies (Gonzalez et al. 2010). Imaging of cells was 
performed on an Olympus Fluoview 1000 laser scanning 
confocal microscope.

PCR and real‑time quantitative PCR to detect phage 
internalization

To quantify internalization, the phage were diluted to 
 1011 pfu/ml in medium and added to PC-3 cells for 2 h at 
37 °C. Phage particles bound non-specifically to cells were 
removed by washing six times with PBS, once with 50 mM 
glycine pH 2.8 with 0.5 M NaCl for 15 min at 37 °C and 
three more times with PBS. DNA was extracted by add-
ing 5 mM Tris–Cl, pH 8.5 containing 5% NP-40 to cells 
and incubating at 70 °C for 15 min. The particle number of 
internalized phagemid in 1 ml of extract was determined by 
the standard curve method of qPCR using primers 5′- GGA 
AAC AGC TAT GAC CAT GAT TAC GCC-3′ and 5′-CAG GTC 
AGA CGA TTG GCC TTG ATA TTCAC-3′. Amplification was 
measured on a BioRad iQ5 Real-Time PCR instrument using 
iQ SYBR Green PCR master mix (BioRad, Hercules, CA) at 
95 °C for 30 s, 60 °C for 30 s and 72 °C for 30 s.

Transient transfection

HEK293 cells were seeded the day before transfection at 
6 × 105 in 60 mm dishes. The medium was refreshed with com-
plete RPMI1640 free of antibiotics 2 h before transfection. 
A total of 5 μg of plasmids, 2.5 μg of pcDNA3.1-hECRG4 
(Dang et al. 2012) or pcDNA3.1-hECRG4∆31–70 and 2.5 μg 

of hu-TLR4 cDNA pDEST40 tagged with FLAG(Plasmid 
#42646, Addgene) were dissolved into 150 μl OPTI-MEM, 
which was mixed with 150 μl of OPTI-MEM premixed with 
7.5 μl Lipofectamine 2000 and incubated for 5 min at room 
temperature (Life Technologies). The mixture was then incu-
bated for another 20 min at room temperature, which was then 
added drop-wise into cells and cells were continued to incu-
bate for 36 h for later experiments.

Measurement of TLR4‑dependent activation 
of NFκb

Commercial human TLR4/NF-κB/SEAP reporter HEK-
Blue™ cells were originally generated by co-transfection of 
HEK cells with human TLR4, MD-2 and CD14 co-receptor 
genes to express the innate immunity receptor complex and an 
inducible SEAP (secreted embryonic alkaline phosphatase) 
reporter gene to detect activation (InvivoGen, San Diego, 
CA). In these cells, the SEAP reporter gene was placed by 
the manufacturer under control of an IL-12 p40 minimal pro-
moter that was fused to five NF-κB and AP-1-binding sites. 
Stimulation with a TLR4 ligand activates NF-κB and AP-1 to 
then induce the production of SEAP. The levels of SEAP were 
determined with a HEK-Blue™ Detection kit (InvivoGen, San 
Diego, CA) in cell culture selection medium that allows for 
real-time detection of SEAP. The parental cell line of HEK-
Blue™ hTLR4 cells were HEK-Blue™ Null2 cells and SEAP 
activation measured as recommended by the manufacturer.

Immunoprecipitation

To confirm that the  ECRG436–67 domain mediates an interac-
tion between ECRG4 and the TLR4 complex, HEK293 cells 
were transiently co-transfected with plasmids over-express-
ing ECRG4 and TLR4-FLAG (Addgene) or  ECRG4∆31–70 
and TLR4-FLAG, and lysed with SDS lysis buffer (50 mM 
Tris–Cl, pH 7.0, 0.1% SDS, and 1 mM EDTA) 36 h after 
transfection. Lysate was centrifuged and equal amount of 
cell lysate immunoprecipitated with anti-ECRG4 monoclo-
nal antibody overnight at 4 °C. The beads were the cen-
trifuged and bound proteins recovered with SDS loading 
buffer and resolved on a 10% SDS-PAGE before transfer 
to a PVDF membrane and immunoblotting with anti-TLR4 
(CAT#119079, Abcam) at a dilution of 1:5000 [44].

Results

Fragmentation and display of the EGF 
pre‑pro‑precursor open reading frame

The human EGF precursor gene consists of 24 exons span-
ning 110  kb in chromosome 4q25-q27. The EGF ORF 
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(Fig. 1a) encodes a large 1207 amino acid precursor that 
is, secreted, tethered at the cell surface and proteolytically 
processed to a small, 53-amino acid final product called EGF 
[47]. This mature EGF binds high affinity EGF receptors 
on the cell surface, internalizes into target cells and elicits 
many different biological effects [48, 49]. Because human 
EGF can transport phage into target cells through the EGF 
receptor when the ligand is displayed on phage [46, 50, 51], 
we used it to test the concept that phage display could iden-
tify the ligand encoded within the 3′ 200–400 base region 
of the EGF ORF.

To this end, the EGF precursor ORF was first amplified 
by PCR (Fig. 1b lane 7) and then fragmented by digesting 
the DNA with different concentrations of DNase I (Fig. 1b 
lane 2–6). Fragments of DNA ranging from 200 to 400 base 
pairs were then collected from the gel and cloned into a 

pUC250 phagemid vector that had been previously opti-
mized for EGF display on phage and internalization of par-
ticles into EGF target cells [52]. The resulting phagemid 
libraries were estimated to have a minimal insert-less vector 
(< 10%) and a complexity of at least ~ 108 pfu. The phage 
library was prepared at a titer of 3.7 × 1013 pfu/ml titer of the 
phage as determined by ELISA [52].

Binding and internalization of pre‑pro‑EGF 
fragments into PC‑3 cells

PC-3 cells are a prostate epithelial cancer cell line that 
express EGF receptors and efficiently internalize EGF-
targeted phage [46, 53]. While there are numerous ways to 
recover internalizing phage, we used a PCR-based approach 
[54–56] to select for ligand internalization because this 

Fragmentation

Phage display

5’-  

Pre-pro-EGF(1-1207AA) 

EGF(1-53AA)
-3’ 

 1      2      3     4      5      6     7      8  1     2     3    4     5      6     7    8     9 

CPDSTPPPHLREDDHHYSVRNSDSECPLSHDGYCLHDGVCMYIEALDKYACNCVVGYIGERCQYRDLKWWELR HAGHGQQQKV

----------------------------------------------------------------------------------------------

-SDSECPLSHDGYCLHDGVCMYIEALDKYACNCVVGYIGERCQYRDLKW ----
NSDSECPLSHDGYCLHDGVCMYIEALDKYACNCVVGYIGERCQYRDLKWWELR HAGHGQQQKV  

CPDSTPPPHLREDDHHYSVRNSDSECPLSHDGYCLHDGVCMYIEALDKYACNCVVGYIGERCQYRDLKWWELR HAGHGQ
NSDSECPLSHDGYCLHDGVCMYIEALDKYACNCVVGYIGERCQYRDLKWWELR HAGHGQQQKV 

TPPPHLREDDHHYSVRNSDSECPLSHDGYCLHDGVCMYIEALDKYACNCVVGYIGERCQYRDLKWWELR HAGHGQQQK 
PDSTPPPHLREDDHHYSVRNSDSECPLSHDGYCLHDGVCMYIEALDKYACNCVVGYIGERCQYRDLKWWELR
PDSTPPPHLREDDHHYSVRNSDSECPLSHDGYCLHDGVCMYIEALDKYACNCVVGYIGERCQYRDLKWWELR HAGHGQ 

RNSDSECPLSHDGYCLHDGVCMYIEALDKYACNCVVGYIGERCQYRDLKWWELR HAGHGQQQKV 

human
EGF1-53

Active Core

(A) (B) (C)

(D)

Fig. 1  Mining the human EGF precursor for the EGF ligand. a EGF 
Precursor processing: schematic representation of the human EGF 
pre-pro-precursor ORF (thick black solid line), mature EGF ligand 
(thick red line) and the randomly fragmented DNA fragments that 
were used to display on phage to create particles with EGR recep-
tor targeting potential. b Optimization of human EGF ORF fragmen-
tation by DNase I. PCR products were generated by digestion with 
either 1:8000 (lane 2), 4000 (lane 3), 2000 (lane 4), 1000 (lane 5), 
or 500 (lane 6) dilutions of DNase I (2  IU/ml) at 16  °C for 16 min 
and products compared to products of PCR with the intact EGF ORF 
(lane 7). By reference to the 1 kb (lane 1) and 100 bp (lane 8) DNA 
ladders, respectively. The 100–200  bp products (box) were selected 
for library construction. c Analyses of internalized phagemid: gel 

electrophoresis of 8 internalized oligonucleotide amplified fragments 
containing in-frame coding sequences of the active EGF ligand. 
The genomic phage DNA was recovered from transduced PC-3 
cells, amplified by PCR, cloned into TOPO pCR2.1 and sequenced 
(lane 1 is 100 bp ladder). Eight plasmids (lanes 2–9) containing in-
frame EGF-glll sequences were digested with EcoRI. d Alignment of 
human EGF ligand with recovered sequences. Sequencing the PCR 
products recovered from internalized phage DNA identified in-frame 
hEGF fragments that contained minimally active EGF sequences. 
The sequence of the authentic 53 amino acid human EGF peptide 
(in red and bold on the top) is aligned with the eight recovered EGF 
sequences (in red) and any short flanking EGF sequences (in black)
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method has the advantage of selecting all internalized phage, 
including those that have lost bacterial infectivity as a result 
of exposure to intra-cellular proteases. PC-3 cells were incu-
bated with  1011 pfu/ml phage from the EGF ORF-derived 
library and the internalized phage DNA recovered from cell 
extracts by PCR and cloned into bacteria. Eight random bac-
terial colonies were then picked after one round of screen-
ing, amplified and the phage DNA isolated for sequencing 
(Fig. 1c). Of these clones, sequencing identified in-frame 
sequences that contained both the EGF ORF and the Plll 
fusion partner that is derived from the filamentous phage 
genome. Translation and alignment of these sequences with 
the EGF precursor showed that they contained the core 
human EGF sequence (Fig. 1d).

Selection of internalizing ligands from the ECRG4 
open reading frame

The human ECRG4 gene consists of 4 exons that span 
12.5 kb on chromosome 2q12.2 (Fig. 2a). Transcription 
of this relatively small 447 bp ORF produces a 148 amino 
acid neuropeptide-like precursor protein (Fig. 2b) that bio-
informatic analyses predict include a hydrophobic 30-amino 
acid leader-transmembrane peptide at the NH2 terminus for 
secretion processed by signal peptidase and six peptides 
ranging from 1 to 14 kDa [26] that are derived from the 
17kDA ECRG4 and dependent on post-translational pro-
cessing at protein convertase, furin and thrombin consensus 
cleavage sequences (Fig. 2b).

To explore whether the ORF ligand mining strategy could 
identify any of the eight ligand candidates in the orphan 
human ECRG4 gene, we displayed a library of ECRG4-
fragmented oligonucleotides sized from 100 to 200  bp 
(Fig. 2c) in standard pUC198 phagemid particles. We then 

gggctggcgctgctcctgctcctgtgctggggcccaggtggcataagtggaaataaactc  
G  L  A  L  L  L  L  L  C  W  G  P  G  G  I  S  G  N  K  L 
                        ECRG4(15-34) 

gatgcttcaaaaacgagaagcacctgttccaactaagactaaagtggccgttgatgagaataaagccaaagaattccttggc  
 M  L  Q  K  R  E  A  P  V  P  T  K  T  K  V  A  V  D  E  N  K  A  K  E  F  L  G  
                             ECRG4(37-63) 

1 30 70 132 148 1 2 3 4 5 1 2 3 

+ Signal peptidase 

ECRG41-148 

+ Furin +/- Thrombin 
+ Thrombin 

(B) (C) (D) 

(E) 

l ll lll lV 

(A) ECRG4 

Fig. 2  Mining human ECRG4 Precursor for potential ligands with 
pUC250 phage. a ECRG4 precursor gene Located on chromosome 
2 the gene is encoded by 4 exons. b Schematic representation of 
ECRG4 and its potential processing to smaller peptides. Intact human 
ECRG4 has 148 amino acids (including the initiation methionine 
encoded by ATG). It has a hydrophobic leader sequence for secre-
tion and membrane tethering that can be cleaved by a signal pepti-
dase and has predicted processing consensus sequences for combina-
tions of furin and thrombin processing (black lines). c Fragmentation 
of human ECRG4 ORF by DNase I. The ORF was PCR amplified 
(one band, lane 2) purified and then digested at 16  °C for 15  min 
with DNase I at 1:50 dilution (lane 3), 1:100 (lane 4), 1:500 (lane 5) 
respectively. After analysis by gel electrophoresis, the 100–200  bp 

fraction highlighted on the gel was collected for insertion into phage. 
(lane 1 is 100  bp DNA ladder). d Restriction digestion of potential 
human ECRG4 ligands. Internalized ECRG4-targeted phage were 
analyzed by gel electrophoresis after digestion of plasmids with XhoI 
and BamHI. The 100 bp ladder (lane 1), ECRG4 fragments (lane 2) 
and lambda DNA/HindIII standards (lane 3) were resolved on 1.5% 
agarose gel and the 100–200 bp fraction highlighted on the gel used 
for plaquing and sequencing. e Sequences of 2 mined ECRG4 ligands 
from the randomly fragmented ECRG4 precursor ORF. Two classes 
of ECRG4 sequences were found to be in-frame with phage glll (red). 
They encode amino acids  ECRG415–34 and  ECRG437–63 of the origi-
nal pre-pro-ECRG4 precursor sequence
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selected for phage that internalize into PC3 cells, like shown 
with EGF (Fig. 1). As illustrated in Fig. 2d, 60 and 83 bp 
fragments were recovered from the PC-3 cell lysates and 
sequencing (Fig. 2e) identified  ECRG415–34 and  ECRG437–63, 
both in the amino terminal domain of the ECRG4 precursor. 
Predictably, the first  (ECRG415–34) included the hydrophobic 
leader sequence that presumably internalized into PC3 cells 
because hydrophobic leader sequences can non-specifically 
penetrate cell membranes [57, 58]. The second peptide, how-
ever  (ECRG437–63) infers the existence of a ligand binding 
sequence in ECRG4.

To confirm this sequence, we used a second independ-
ent phage library that was generated from fragmented 
sequences of < 100 bp to recover oligonucleotides encoding 
15–20 amino acid peptides. After 3 rounds of biopanning 
(Table 1), 17 isolates carried in-frame ECRG4 sequences 

with 4 plaques (23.5%) containing the same  ECRG437–63 
core sequence selected from the previous biopanning strat-
egy (Fig. 3a). In the 4th round biopanning, three of 4 in-
frame isolates contained this core ECRG4 sequence. In this 
biopanning, a second domain in  ECRG4136–148 (Fig. 3b) 
selected in the 3rd round encodes a peptide derived from 
the C-terminus of ECRG4 called CT16 [24, 38, 59] and that 
was previously found to activate NFkB in target cells. 

Internalization of  ECRG437–63 into PC‑3 Cells

To confirm that  ECRG437–63 can internalize into PC-3 
cells, the peptide was displayed with a flexible 5 glycine 
linker in pUC198 phagemid vector and PC-3 cells were 
then transduced with  1011 PFU/ml  ECRG437–63 phage or 
with EGF-targeted phage. The internalized phage was 

Table 1  Recovery of ligand targeted phage

Total no. 
plaques 
sequenced

Plaques with 
ECRG4 
sequences

Plaques with in-
frame phage glll

Plaques with 
unrelated 
sequences

Plaques with no 
sequence inserted

% Plaques with 
ECRG4 (37–63)

% Plaques 
with ECRG4 
(136–148)

Round 3 73 38 17 2 33 24 (4/17) 12 (2/17)
Round 4 24 11 4 0 9 75 (3/4) 0

Fig. 3  Mining potential ligands 
from human c2orf40 with 
pUC198 phagemid. a Align-
ment of potential ECRG4 
ligands from the amino termi-
nus of ECRG4. Eight of the 
amino acid sequences align with 
the  ECRG431–70 domain pro-
cessed from the amino terminus 
of ECRG4. There is a common 
minimally active internalizing 
motif amongst all sequences 
that includes the eight amino 
acids of  ECRG443–50 (shaded 
area). b Alignment of a poten-
tial carboxyl terminus ECRG4 
ligand. The puc198 phage 
mined a 13 amino acid peptide 
sequence that aligned within the 
sequence of the  ECRG4133–148 
domain predicted to be gener-
ated by thrombin processing

31GNKLKLMLQK40 REAPVPTKTK50 VAVDENKAKE60 FLGSLKRQKR70 QL72
--------------------------------------------------------------------------------

MLQK40 REAPVPTKTK50 VAVDENKAKE60 FLG63
LMLQK40 REAPVPTKTK50 VAVDENKAKE60 FLGSLKRQK69
LMLQK40 REAPVPTKTK50 VAVDENKAKE60 FLGSLKRQ68
LMLQK40 REAPVPTKTK50

APVPTKTK50 VAVDENKAKE60 FLGSLKRQKR Q71
KLMLQK40 REAPVPTKTK50 VAVD54
KLMLQK40 REAPVPTKTK50 VAVD54
KLMLQK40 REAPVPTKTK50 VAVD54

133SPYGFRHG140 ASVNYDDY148
--------------------------------------------------------------=-----------------

136GFRHG140 ASVNYDDY148
136GFRHG140 ASVNYDDY148

43 APVPTKTK50

136GFRHGASVNYDDY148

(B) 

(A) 
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then detected by immunostaining PC3 cells with anti-
phage antibody (Fig. 4). Little staining was detected in 
PC-3 cells incubated with untargeted phage prepared in 
the puc198 plasmid (Fig. 4a). In contrast, cells treated 
with the same concentration of  ECRG437–63 phage in 
this plasmid showed intracellular staining (Fig. 4b). This 
 ECRG437–63 phage staining was less than that observed 
with the EGF-targeted phage that was used as a posi-
tive control for internalization (Fig. 4c). We attribute this 
difference in staining intensity to the fact that the EGF-
targeted phage were optimized for internalization in the 
puc250 vector (Burg et al. 2004). Indeed, when EGF is 
displayed in the pUC198 phage backbone, the internali-
zation of both EGF- and  ECRG431–70 -targeted phage is 
similar (Fig. 4d). Both  ECRG431–70 and EGF-targeted 
phage were also found to target and internalize into nor-
mal dermal human fibroblasts (Fig. 4e), an ECRG4 target 
cell previously identified by Shaterian et al. [34].

Targeting is mediated by the TLR4‑MD2‑CD14 innate 
immunity receptor complex but does not activate 
NFκB

In previous studies, we used immunocytochemistry and 
co-immunoprecipitation to show that ECRG4 co-localizes 
with TLR4, MD2, and CD14 in human leukocytes [38] 
and later showed a direct interaction between ECRG4 
and TLR4 [60]. To explore whether  ECRG437–63 might 
mediate this interaction,  1011 PFU/ml  ECRG437–63 phage 
were added to parental HEK293 cells or HEKblue™ cells 
that over-express TLR4, MD2, and CD14 components 
of the innate immunity complex. As shown in Fig. 5a–e, 
transduction of parental HEK293 cells did not show any 
measurable intracellular staining of untargeted, or EGF-, 
 ECRG437–63,  ECRG471–148 or  ECRG4133–148-targeted 
phage. In contrast, HEKblue™ cells transduced with 
 ECRG437–63 and  ECRG4133–148-phage showed increased 
perinuclear staining compared to untargeted, EGF-, and 
 ECRG471–148-targeted phage (Fig. 5f–j). This increased 
internalization of  ECRG437–63 phage was confirmed by 
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Fig. 4  Internalization of  ECRG437–63-targeted phage into PC-3 cells. 
a–c Internalization of ECRG4 and EGF targeted phage. PC-3 cells 
were transduced with  1010 wild type untargeted phage grown from 
the pUC198 plasmid (panel a) or phage displaying  ECRG437–63 in 
pUC198 (panel b) and compared to a human EGF displayed grown 
from the optimized pUC250 plasmid (panel c). Cells were washed 
with acid, formalin fixed and immunostained with antibodies to M13 
phage coat protein to show the internalized phage particles (red) and 
its intracellular localization was compared with DAPI-stained nuclei 
(blue) by merging photomicrographs acquired by Olympus Fluoview 
confocal microscopy. d Targeting PC3 cells with phagemid and quan-

tification by PCR: after incubating PC-3 cells with  1010 untargeted 
puc198 phage (Ctl) or EGF-targeted and  ECRG437–63-targeted phage, 
cells were lysed and phage DNA amplified by real-time PCR. Plas-
mid copy number was measured using a standard curve generated by 
PCR of purified puc198 plasmid. e  ECRG437–63 can target phagemid 
to fibroblasts: normal human fibroblasts (NHDF) were incubated for 
2 h at 37C with either  1010 untargeted phage (Ctl), EGF-targeted or 
 ECRG437–63-targeted phage grown from the puc198 plasmid. The 
cells were lysed and phage DNA amplified by real-time PCR to quan-
tify phage DNA internalization
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real-time quantitative PCR that showing the internaliza-
tion of phage into HEKblue™ cells being 13-fold higher 
than the other phage tested (Fig. 5k). Neither peptide 
activated NKκb although lipopolysaccharide was clearly 
active at very low concentrations (Fig. 5k).

A sequence within the  ECRG431–70 domain interacts 
with the TLR4‑MD2‑CD14 complex

HEK293 cells were co-transfected with a plasmid encoding 
a TLR4-FLAG fusion protein and either a plasmid encoding 
either full-length  ECRG41–148 or the  ECRG4∆30–70 mutant 

(A) (B) (C) (D) 

(F) (G) (H) (I) 

(K) 

ECRG4(37 - 63)EGF(1 - 53)puc198(empty) ECRG4(71 - 148)
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Fig. 5  Internalization of the  ECRG437–63-targeted phage into reporter 
HEK293 cells engineered to express TLR4-MD2-CD14 innate immu-
nity complex. Panel a–e Targeting control HEK293 cells Wild type 
HEK cells were incubated with  1011  PFU/ml of wild type pUC198 
(empty),  EGF1–53-targeted pUC198,  ECRG437–63-targeted pUC198, 
 ECRG471–148-targeted pUC198 or  ECRG4133–148-targeted pUC198 
phage, respectively. Cells were fixed and phage internalization was 
visualized by immunofluorescence using an anti-phage antibody. 
Nuclei (blue) stained with DAPI. Panel f–j Targeting TLR4 express-
ing HEK cells. HEKblue™ cells with the innate immunity receptor 
complex were incubated with  1011  PFU/ml of wild-type pUC198 
(empty),  EGF1–53-targeted pUC198,  ECRG437–63-targeted pUC198, 
 Ecrg471–148-targeted pUC198 or  ECRG4133–148-targeted pUC198 
phage, respectively. Cells were fixed and phage internalization was 
visualized by immunofluorescence using an anti-phage antibody. 

The internalization into parental HEK293 cells was minimal for all 
phages. However, strong perinuclear staining (red) was observed 
in HEKblue™ cells incubated with  ECRG437–63-targeted pUC198 
(panel h) and  ECRG4133–148-targeted pUC198 phage (panel j). Nuclei 
(blue) stained with DAPI. Panel k Quantification of phage internali-
zation into HEKblue cells by real-time PCR. HEKblue™ cells were 
incubated with  1011  PFU/ml of the pUC198 phages indicated and 
DNA of internalized phage DNA was quantified by real-time PCR. 
The internalization was normalized to that of parental HEK293 cells. 
Data were presented as mean ± standard deviation, and experiments 
were repeated at least three times in triplicate. Panel l: Activation of 
NFkB in HEKblue™ cells. HEKblue™ cells were incubated with 
the indicated concentrations (ng/ml) of lipopolysaccharide (circles), 
recombinant  ECRG431–70 (squares) or  ECRG4133–148 (triangles) and 
the production of SEAP measured by optical density
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that was engineered to lack the 31–70 amino acid sequence. 
Because intact  ECRG41–148 is known to interact with the 
innate immunity receptor complex leukocytes [38, 60], the 
anti-ECRG4 immuno-precipitated TLR4 and the anti-FLAG 
antibodies that immuno-precipitate TLR4 also immuno-pre-
cipitate ECRG4 (Fig. 6). In contrast, the in-frame deletion 
of amino acids  ECRG431–70 from the primary structure of 
ECRG4 significantly decreased the interactions between 
ECRG4 and TLR4. These results indicate that the interac-
tion between ECRG4 and the innate immunity complex is 
mediated in large part by the  ECRG431–70 amino terminus 
sequence. The remaining signal is likely due to the interac-
tion with  ECRG4133–148 with the innate immunity receptor 
published previously [38, 60].

Discussion

Since the discovery of phage display in the mid 1980s [61], 
it has been used for numerous applications including the 
mapping of functional domains of proteins [62–64]. Here, 
the technique has been adapted to mine ligand-like domains 
in an orphan neuropeptide-like pre-pro-precursor open read-
ing frame (ORF). The use of a fragmented cDNA librar-
ies derived from pre-defined ORFs has significant advan-
tages in domain identification, not the least of which is 
their lower complexity and the increased representation of 
putative ligands during biopanning [65, 66]. Moreover, the 
combinatorial complexity of the library can be decreased 
by pre-selecting the display of in-frame cDNA fragments 
during library construction [56]. Out-of-frame false posi-
tive ligand sequences are minimized and eliminated by 
informatic analyses because in-frame cDNA fragments are 

required to display both potential ligand and phage plll pro-
tein. As shown here, all in-frame sequences identified after 
mining the EGF precursor ORF (Fig. 1) contained an EGF 
core sequence and could be immediately distinguished from 
false positives in only one round of biopanning. With up 
to four rounds of biopanning we identified also three dis-
tinct internalizing domains in ECRG4 that include (1) its 
hydrophobic signal peptide, (2) an amino terminus within 
 ECRG431–70 domain and (3) a carboxyl-terminus peptide 
within the  ECRG4133–148 domain. Because the latter has been 
previously been shown by us [24, 38] to activate NFκb in 
target cells and the Kondo laboratories [59] have shown it to 
enter cells via the scavenger receptor, we sought to identify 
the sequence that accounts for interactions between ECRG4 
and the TLR4 innate receptor complex [60]. This interac-
tion appears to be mediated by a peptide sequence in the 
 ECRG431–70 amino terminus domain of ECRG4 (Fig. 2b).

The possibility that an ECRG4 precursor encodes ligand-
like peptides and collectively encoded by the c2orf40 gene 
was initially predicted by Markov modelling that led Mira-
beau to suggest the existence of a new hormone-like pep-
tide called augurin [26]. The very existence and identity of 
augurin, however, soon came into question when system-
atic analyses of conditioned media from cells in vitro [43, 
44] and later in vivo [38], as well as mutational analysis of 
ECRG4 [44] showed that there was cell-specific and com-
plex proteolytic processing at combinations of thrombin, 
furin and protease convertase sites that generate several 
ECRG4-derived peptides (reviewed in [39]). One such pep-
tide, CT16, is located at the C-terminus of ECRG4, gener-
ated by C-terminal processing of ECRG4 by thrombin for 
release and activates NFkB to promote leukocyte migra-
tion in vitro and in vivo [24, 38]. This same domain was 

ECRG41-148 ECRG4∆30-70 

anti-ECRG4 
immunoprecipitation 

TLR4 Immunoblot 

(B) (A) 
ECRG41-148 ECRG4∆30-70 

anti-FLAG (TLR4) 
immunoprecipitation 

ECRG4 Immunoblot 

Fig. 6  ECRG437–63 interacts with TLR4 in the TLR4-CD14-MD2 
innate immune complex. a Anti ECRG4 immunoprecipitation of 
TLR4: HEK293 cells were transiently transfected for 36 h with either 
ECRG4 or the  ECRG4∆31–70 lacking the active domain, along with a 
TLR4-FLAG plasmid. Cells were then lysed and ECRG4 immuno-
precipitated with anti-ECRG4 for immunoblotting with an anti-TLR4 
antibody. Input was loaded 1/30 of the amount used in immunopre-
cipitation and used to demonstrate equivalent starting material with 

each sample. b Anti-TLR4 immunoprecipitation of ECRG4: HEK293 
cells were transiently transfected for 36  h with either ECRG4 or 
 ECRG4∆31–70 and TLR4-FLAG. Cells were lysed and protein immu-
noprecipitated with anti-FLAG antibodies that precipitate TLR4 
which was then immunoblotted with anti-ECRG4 antibodies. Input 
was loaded 1/30 of the amount used in immunoprecipitation and used 
to demonstrate equivalent starting material with each sample
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identified here by biopanning PC-3 cells (Fig. 3), a result 
that confirms recently reported findings of Moriguchiu [59] 
using retrovirus-mediated expression cloning. In contrast, 
the  ECRG431–70 domain identified here contains a core 36 
amino acid sequence (LMLQKREAPVPTKTKVAVD) that 
is sufficient for internalization into cells. It is likely the same 
amino terminus processed peptide detected, but not identi-
fied, by Ozawa et al. [43] in the conditioned media of cells 
transfected with ECRG4 cDNA. Interestingly, we did not 
detect peptides in the  ECRG471–148 domain that Moriguchi 
[59] identified as a ligand for the LOX-1 scavenger receptor. 
Instead, we ascribe the ability of ECRG4 to interact with 
TLR4 with sequences in the  ECRG431–70 domain. Assuming 
that LOX-1 is underrepresented in PC3 cells, the findings 
underscore the importance of the target cell in selecting a 
screening strategy for orphan ligands.

It is interesting to speculate that the in vitro and in vivo 
regulation of the ECRG4 gene expression in experimental 
models of cancer, tumor progression and metastases, CNS 
responsiveness to injury, cell senescence, mucosal prolifera-
tion and neuroprogenitor cell differentiation (reviewed in 
[39, 42]) might regulate the activities of one or more of the 
peptide products of ECRG4 gene expression described here. 
 ECRG471–148 is reported to stimulate CRF release [29] while 
both  ECRG471–132 and  ECRG4133–148 interact with the LOX1 
scavenger receptor [40, 59]. Here, we posit that a peptide 
sequence represented by APVPTKTK in the  ECRG431–70 
domain accounts for the reported interaction between 
ECRG4 and the innate immunity receptor complex [60]. 
That being said, the inability of these peptides to activate 
NFκB in the same NFκB reporter cell system that binds and 
internalizes ECRG4 may point to involvement of the non-
canonical pathway of NFκB activation after innate immunity 
receptor complex activation or the existence of a heretofore 
unidentified pathway that mediates the effects of ECRG4 on 
cell migration, growth and differentiated function.
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