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Abstract: A single chain Fv fragment (scFv) is a fusion of the variable regions of heavy (VH) and
light (VL) chains of immunoglobulins. They are important elements of chimeric antigen receptors

for cancer therapy. We sought to produce a panel of 16 extracellular protein domains of tumor

markers for use in scFv yeast library screenings. A series of vectors comprising various combina-
tions of expression elements was made, but expression was unpredictable and more than half of

the protein domains could not be produced using any of the constructs. Here we describe a novel

fusion expression system based on mouse TEM7 (tumor endothelial marker 7), which could facili-
tate protein expression. With this approach we could produce all but one of the tumor marker

domains that could not otherwise be expressed. In addition, we demonstrated that the tumor asso-

ciated antigen hFZD10 produced as a fusion protein with mTEM7 could be used to enrich scFv
antibodies from a yeast display library. Collectively our study demonstrates the potential of specific

fusion proteins based on mTEM7 in enabling mammalian cell production of tumor targeting protein

domains for therapeutic development.
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Introduction

Recombinant protein expression systems are an

important tool in both basic biological and applied

medical research, as well as for commercial pur-

poses. Although proteins are typically most easily

expressed under physiological conditions within

their native cell type, only a small fraction of pro-

teins are naturally produced in quantities sufficient

for study, or are secreted so that they can be readily

purified. Commonly used expression systems include

bacterial, yeast, insect, and mammalian cells. Impor-

tant considerations in choosing the system are over-

all cost, cell density and protein yield, as well as

ease and speed of protein production and purifica-

tion.1–4 Protein expression is usually more difficult

to establish in mammalian cells because the culture

of the cells is more expensive and complicated, and

yields lower than that of microbial ones.5 Target pro-

teins of human origin, however, sometimes require

post-translational modifications (e.g., N-glycosyla-

tion) for proper folding and biological activity which

cannot be recapitulated in other cell types;1–4,6,7

thus necessitating their production in mammalian

cells. Yeast expression systems, for example, add

sugar side chains with high mannose content,8 and

the glycosylation patterns for insect cell lines differ

significantly from mammalian ones.9 Indeed, due to

the importance of post-translational modifications

for protein function, cultivated mammalian cells are

the dominant approach for producing recombinant

proteins for clinical applications.10,11 Therefore, the

further development and optimization of mammalian

cell expression systems is a critical field of study.

The secretory pathway of recombinant proteins

in mammalian cells has been well characterized.

Briefly, the plasmid DNA is transfected into the

nucleus and the gene encoding the protein of inter-

est is transcribed. Subsequently, messenger RNA

translation begins in the cytoplasm and the emerg-

ing protein, directed by its signal peptide (SP), is

translocated into the endoplasmic reticulum (ER)

where it is folded and glycosylation is initiated.12

The protein is then transported via a carrier vesicle

to the golgi apparatus where it can be further modi-

fied10 and sorted into secretory vesicles for transport

to the cell membrane and release into the extracellu-

lar environment. Each of these steps represents a

potential hurdle or blockade to protein expression.

The secondary structure of the plasmid DNA, for

example, can limit the level of transcription initia-

tion, while misfolding within the ER can shut down

production of the protein.5 Moreover, growth condi-

tions such as the medium used and temperature can

influence protein yield.

Antibodies (Abs) are emerging as an important

therapeutic approach in the treatment of cancer

patients.13 Abs can be designed to target unique or

preferentially expressed epitopes on the surface of

the tumor itself, or its microenvironment such as

the vascular endothelium. The therapeutic effect of

the Abs is achieved by manipulating tumor-related

signaling or by promoting antitumor immune

responses.10,14 Payloads delivered by the Abs can

include a range of cytotoxic agents15 or immunocyto-

kines.16 We are interested in the development of

therapeutic Abs through yeast antibody (scFv)

library screenings with recombinantly produced

extracellular domains of proteins, uniquely or pref-

erentially, expressed on tumor cells and their vascu-

lar endothelium, which we collectively refer to as

tumor marker extracellular domains (TMEDs).

Many TMEDs have extensive post-translational

modifications17 and indeed all currently targeted in

the clinic, such as HER-2, prostate-specific antigen,

and carcinoembryonic antigen, are glycoproteins.18,19

Here we sought to develop an optimized plasmid or

set of plasmids for the mammalian cell expression of

a panel of 16 TMEDs. Vector modifications had mini-

mal impact on protein secretion levels and more

than half of the TMEDs could not be synthesized at

all. Therefore, under the assumption that these

truncated proteins may be unstable in the ER, or

unable to transit along the secretory pathway on

their own, we created fusions of them with mouse

TEM7protein, which itself is secreted at high levels.

Remarkably, this strategy worked for all but one of

the TMEDs that could not otherwise be expressed.

Moreover, we demonstrated that the 205 amino acid

extracellular domain of tumor antigen FZD10, which

is predominantly expressed on tumor vascular endo-

thelium in ovarian cancers,20 and comprises three gly-

cosylations and five disulfide bonds,21 could be used to

enrich a yeast library for scFv specificities that recog-

nized cells expressing the native full-length, seven

transmembrane FZD10 protein. Thus, we propose the

use of mTEM7 fusion proteins as a general strategy

for the reliable expression of extracellular protein

domains for the purpose of developing Ab therapeutics

against cancer and other diseases.

Results

Evaluation of TMED secretion by vector variants

of pN1, pCDNA3.3, and pTT28

We began from cloning 16 human and mouse

TMEDs including hTEM1, mTEM1, hTEM5,

mTEM5, hTEM7, mTEM7, hCDCP1, mCDCP1,

hFZD10, mFZD10, hSP17, mSP17, hEDNRB, hFAP,

mFAP, and hFR (described in Materials and Meth-

ods and Supporting Information Table S1B) into a

series of mammalian cell expression vectors (illus-

trated in Fig. 1). Of the 16 TMEDs, only six of them,

hTEM1, mTEM1, hTEM7, mTEM7, hCDCP1, and

hFR, could be produced in HEK293 cells using our

panel of constructs. Shown in Figure 2(A–D) are
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representative Western blot analyses for hTEM1,

mTEM1, hCDCP1, and hFR. For hTEM1 [Fig. 2(A)],

the highest, and more or less equivalent, levels of

expression were achieved for plasmids pcDNA3.3,

pcDNA3.3C, and pcDNA3.3NF. Thus, neither codon

optimization of the SP nor the addition of five tan-

dem NF-kb binding sites (and the addition of TNF-

a) improved yields. Moreover, hTEM1 expression by

vector pcDNA3NFC, comprising both a codon opti-

mized SP and the five tandem NF-kb binding sites,

completely failed both in the presence and absence

of TNF-a stimulation. However, a slight increase in

hTEM1 secretion was observed upon codon optimiza-

tion in the case of vector construct pN1C relative to

pN1. In contrast, similar protein secretion levels of

each mTEM1 and hFR were achieved for all tested

vector constructs [Fig. 2(B,D)]. Lastly, of the vectors

tested for hCDCP1, secretion was highest for vector

pTT28 [Fig. 2(C)], which has neither the SV40

enhancer, nor the five tandem NF-kb binding sites,

and comprises an artificial SP. Therefore, in general,

protein expression levels were highly unpredictable,

there was no obvious advantage conferred by any of

the enhancing elements tested, and more than half

of the TMEDs could not be produced.

Evaluation of intracellular protein expression by

pcDNA3.3

Since we used the non-native SP VH3–20 for each of

the TMEDs, we decided to remove it for the 10 pro-

teins that failed to be secreted by any of the vectors

tested, including hTEM5, mTEM5, mCDCP1,

hFZD10, mFZD10,hSP17, mSP17, hEDNRB, hFAP,

and, mFAP, and evaluated their production intracel-

lularly. Amongst the 10 protein domains, only hSP17

and mSP17could be expressed intracellularly [Fig.

Figure 1. Illustration of mammalian cell expression vectors used to express TMEDs. Base vectors to express the TMEDs com-

prise pEGFP-N1 (abbreviated pN1), pcDNA3.3-TOPO, and pTT28. Elements incorporated into the various vector constructs

include: five tandem repeats of the NF-jb binding site (5NFBS), cytomegalovirus promoter (CMV), SP, codon-optimized SP

(SP-C), artificial SP (SP-Art), multiple cloning site (MCS), eight-residue histidine tag (8 3 HIS), polyadenine tail (polyA), TEV pro-

tease cleavage site (TEV), simian virus 40 enhancer (SV40EN), (G4S)3 linker (Linker), mutated human SUMO3 (SUMO), human

immunoglobulin Fc fragment for IgG1 (Fc), and extracellular domain of mTEM7 (mTEM7).
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2(E)], albeit at low levels. Notably, SP17 is predicted

to be a perimembrane protein, lacking both a SP and

a transmembrane domain, and its mechanism for

membrane anchoring remains unclear.22,23 Therefore,

unlike the other TMEDs, SP17 may not natively be

folded within the ER. Intracellular expression, how-

ever, is not ideal because purification steps are more

extensive; the cells must first be lysed, and as evi-

denced by the Western blot analysis in Figure 2(E)

with anti-HIS Ab, there can be cross-reactivity of puri-

fication resin with other intracellular proteins. In

addition, intracellular yields are typically lower than

that of an optimized secretory system.

Fusion proteins for the expression of TMEDs

which failed to be expressed by common

vectors

As described above, more than half of the TMEDs

failed to be produced via the secretory, or the intra-

cellular, pathway for protein expression in HEK293

cells. Fusion proteins have been shown to be effi-

cient formations to facilitate protein expression by

fusing target protein to GST, Fc or SUMO,24–26 here

we supposed mTEM7 as a novel carrier protein for

fusion protein expression by comparing with Fc and

SUMO, which were reported previously. GST was

excluded from our study because we found that it

was poorly secreted on its own [Fig. 3(A)]. As

described in the Materials and Methods, all of the

fusion protein variants were cloned into pcDNA3.3C.

We firstly demonstrated that the carrier proteins

were secreted at high levels on their own [Fig. 3(A)].

Remarkably, all but two of the TMEDs (mTEM5 and

mFAP) that could be secreted on their own were suc-

cessfully produced as fusion proteins with mTEM7,

SUMO and Fc [Fig. 3(B–D), respectively]. Amongst

the carriers, mTEM7 was overall the best assessed,

with relatively higher expression and low background

[Fig. 3(B–D)]. The fusion construct pcDNA3.3C-

mTEM7 was thus further used to produce the fusion

Figure 2. Expression of TMEDs by vector pTT28 and variants of pN1 and pcDNA3.3C. Shown by Western blot analysis with

anti-HIS-HRP Ab are hTEM1 (A), mTEM1 (B), hCDCP1 (C), and folate receptor (D) found in serum free supernatant at 72 hr

post-transfection of HEK293 cells. Protein expression was also evaluated for hTEM1 and mTEM1 expression following TNFa

stimulation (A & B).Western blot analysis with anti-HIS-HRP Ab to evaluate intracellular expression of TMEDs, hTEM5, mTEM5,

hFAP, mFAP, mCDCP1, hFZD10, mFZD10, hSP17, and mSP17 at 72 hr post-transfection (E). As a control for all Western blots,

equal quantities of protein from the lysed cells were analyzed for b-actin expression. Band signal was quantified using ImagingJ

software by multiplying the band area and mean intensity, and the intensity ratio of TMED/b-actin is plotted.

936 PROTEINSCIENCE.ORG Tumor Targeting Protein Domains for Therapeutic Development



proteins on a large-scale which were readily purified

using Ni21-resin, with yields ranging between approxi-

mately 1 and 12 lg/mL (Supporting Information Table

S2). TMEDs could be released from the mTEM7 by

TEV protease digestion (data not shown). In a final

attempt to produce mTEM5 and mFAP, we constructed

two additional vectors in which the protein of interest

was flanked by SUMO and mTEM7, or by 2 SUMOs

(Fig. 1). Although the construct cDNA3.3C-SUMO-

mTEM7 could not express mFAP, it did express

mTEM5 (data not shown). The pcDNA3.3C-2SUMO

vector, whereas, could express neither mTEM5 nor

mFAP (data not shown).

scFv yeast library screening with recombinant

fusion protein and evaluation of scFv cross-

reactivity with native cell-surface expressed

tumor markers
To evaluate the feasibility of using our fusion pro-

teins for antibody isolation, we screened a yeast

display scFv library with mTEM7-TMED fusion pro-

teins, i.e., hFZD10, hTEM5, hFAP, and hSP17.

Before doing this, however, we wished to evaluate

steric hindrance of the carrier protein against poten-

tial epitopes at the interfacing amino-terminus

region of the TMED. We thus incorporated three dif-

ferent tags, Flag, V5 and HA, at the carboxy-

terminus of mTEM7 (the carrier) and by sandwich

ELISA demonstrated their accessibility to Abs (Sup-

porting Information Fig. S1). Prior to each round of

yeast library screening, we negatively depleted the

pools against the carrier protein, mTEM7, on its

own. Three rounds of screening greatly enriched for

yeast that could bind TMED but not the carrier

(Fig. 4). In addition, the hFZD10-mTEM7 enriched

yeasts were able to bind full-length hFZD10

expressed on the surface of the cell line MS1-

hFZD10, while there was no binding to the MS1

cells on the their own (Fig. 5). Thus, mTEM7 not

only enables the expression of difficult to produce

Figure 3. Production of difficult-expression TMEDs as fusion proteins in pcDNA3.3C with carriers SUMO, Fc mTEM7, SUMO-

mTEM7, and 2 3 SUMO. Shown by Western blot analysis with anti-HIS-HRP Ab is expression of the carrier proteins on their

own (A). Also shown by Western blot analysis is expression of the TMEDs, hTEM5, mTEM5, hFAP, mFAP, mCDCP1, hEDNRB,

hFZD10, mFZD10, hSP17, and mSP17with carrier proteins mTEM7 (B), SUMO (C), and Fc (D). Band signal was quantified using

ImagingJ software by multiplying the band area and mean intensity, and the intensity ratio of carrier protein/b-actin (3A) or

TMED-Carrier/b-actin (3B-D) is plotted.
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TMEDs, but they also enable the enrichment of scFv

from yeast libraries that recognize the cell-surface

full-length native protein, indicating correct folding

of the recombinantly produced TMED.

ScFvs isolated from the MS1-hFZD10 binding

yeasts also bind to the natively conformational

hFZD10To further validate the fusion strategy for

specific antibody generation for difficult-expression

tumor markers, using hFZD10 as an example, we

isolated 4 scFvs from the MS1-hFZD10 specific bind-

ing yeasts and checked their binding to mammalian

cell surface expressed hFZD10 (MS1-hFZD10) that

has a native conformation. The 4 scFvs were cloned

into pcDNA3.3-Fc and expressed using HEK293

cells. All the four purified scFv-Fc recombinant pro-

teins showed specific and significant binding to

Figure 4. Enrichment of TMED-specific scFvs by yeast display scFv library screening with the fusion proteins. After three

rounds of sorting with mTEM7-TMEDs and depletion against the carrier protein mTEM7, the resultant yeast populations were

evaluated by flow cytometry for binding to biotinylated carrier protein mTEM7 or fusion protein TMED-mTEM7 (streptavidin-PE).

Figure 5. hFZD10-mTEM7 enriched yeast population also binds to the full-length hFZD10 expressed on cell surface. Compar-

ing with negative control (A), flow cytometry showed hFZD10-mTEM7 enriched yeast population bind to MS1 cells (B), and

MS1-hFZD10 cells (C). Representative microscope pictures showed these bindings on MS1-hFZD10 cells (D) and MS1 cells (E).
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hFZD10 positive cell line MS1-hFZD10 but not

hFZD10 negative cell line MS1 (Fig. 6). This indi-

cated that TEM7-hFZD10 recombinant protein

enriched yeast population display hFZD10-targeting

scFvs that also recognize full length, native confor-

mation hFZD10 expressed on mammalian cell sur-

face and thereby mediate the specific binding of the

yeast cells to MS1-hFZD10.

Discussion

The production of recombinant proteins in mamma-

lian cells is influenced by complex molecular events

occurring at the level of transcription, posttranscrip-

tional processing, translation, posttranslational proc-

essing and secretion. Although the establishment

and optimization of protein expression systems can

consequently be challenging,7,27 such efforts are of

great value to research and development because

many proteins, such as those upregulated or

uniquely expressed by cancerous or other diseased

cells, have important therapeutic potential.28 Here

we sought to develop an optimal plasmid or set of

plasmids for the production, by transient gene

expression in HEK293 cells, of a panel of 16 extra-

cellular domains of tumor-associated surface pro-

teins. Although protein yields are typically low for

transient gene expression, as compared to the more

time-consuming development of stable cell lines, this

was not a concern because our ultimate purpose was

to use the TMEDs in scFv yeast library screenings

for the development of tumor-targeting Abs (i.e., rel-

atively small quantities of the proteins would be

required for the screenings).

We sought to optimize vector constructs for pro-

ducing the different TMEDs in a mammalian cell

secretory expression system for later use in the

development of therapeutic Abs by scFv yeast

library screening. We started with the base vectors

pEGFP-N1, pcDNA3.3-TOPO and pTT28 (described

in Materials and Methods). Features incorporated

into the vectors included, (i) the SV40 enhancer, (ii)

five tandem repeats of the NF-jb binding site, and

(iii) a codon-optimized VH3–20 SP. The SV40

enhancer was chosen because it can stimulate tran-

scription from all mammalian promoters, regardless

of orientation and up to thousands of base pairs

away from the start site.24,29,30 The NF-jb binding

site is a short nucleotide sequence which functions

to enhance nuclear localization and expression of

plasmid DNA. Upon cellular activation by TNF-a,

NF-jb that is normally sequestered in the cytosol

will be released from its inhibitor proteins and func-

tions to carry the plasmid into the nucleus31–33

where it can also serve to enhance expression.34

HEK293 cells have basal NF-jb activity35 and thus

are a suitable cell-type for employing NF-jb binding

sites. The commonly used SP VH3–20 was used to

direct the proteins along the secretory pathway. To

avoid possible interference to protein expression by

DNA primary and/or secondary structure the SP

was also balanced for GC content by codon optimiza-

tion. Amongst the 16 TMEDs that we sought to pro-

duce, 10 of them could not be expressed by any of

the nine constructs. Moreover, of the six TMEDs

that could be produced, the inclusion of expression

enhancement elements had little if any positive

Figure 6. ScFvs isolated using TEM7-hFZD10 recombinant protein also bind to native conformation hFZD10 expressed on

mammalian cell surface. The four anti-hFZD10 scFvs (FZDFv1, FZDFv2, FZDFv3, and FZDFv4) were prepared as fusion proteins

to Fc and their binding to MS1 vs. MS1-hFZD10 was analyzed by flow cytometry. Black: untreated cells; cyanine blue: cells

stained by the secondary Ab (APC-conjugated affinity pure F(ab’)2 fragment goat anti-human IgG); red: cells stained sequen-

tially with anti-hFZD10 Fc-scFvs and APC conjugated secondary Ab.
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impact on protein yields. In fact, in the case of

hTEM1, although vector pcDNA3.3NF yielded rela-

tive high levels of recombinant protein, codon opti-

mization of the SP (pcDNA3.3NFC) led to a loss in

protein production. In contrast, codon optimization

has been reported by others to dramatically enhance

protein expression in mammalian cells.36–38

Although, we did not measure mRNA levels we spec-

ulate that this loss in expression may have resulted

from a change in the secondary structure of the

plasmid that was inhibitory to the initiation of tran-

scription. Subsequent removal of the SP in vector

pcDNA3.3 led to low intracellular expression of

hSP17 and mSP17, but none of the other proteins

could be produced along this pathway, presumably

because they all require the distinct folding environ-

ment of the ER lumen.12

Under the assumption that the 10 TMEDs that

could not be produced by any of our expression vec-

tors was a result of improper folding, or faulty tran-

sit along the secretory pathway, we next attempted

to express them as fusion proteins with the fre-

quently used carrier protein Fc,39,51–55 as well as the

chaperone protein SUMO.25,26 In addition, we

assessed the ability of the well-secreted TMED,

mTEM7, to serve as a carrier protein itself. Remark-

ably, the fusion protein approach enabled the pro-

duction of all but two of the TMEDs, mTEM5 and

mFAP, that could not otherwise be expressed. In a

final attempt to express these domains we developed

’double’ fusion protein constructs encoding mTEM7

and SUMO, or 2xSUMO, which enabled the produc-

tion of mTEM5 but not mFAP. Yields for fusion and

non-fusion TMEDs ranged from approximately 1 to

15 lg/mL. It should be noted, however, that no

attempts were made to optimize culture conditions.

Growing cells under hypothermic conditions, for

example, which will modify cellular metabolism and

increase transgene mRNA levels,40 or culturing the

cells in the presence of valproic acid, a histone

deacetylase inhibitor,41 could be explored to increase

overall protein yield.

In summary, we have demonstrated that

although different vectors may result in differences

in the yield of a target protein, the modification of a

given vector, such as the incorporation of tandem

repeats of NF-jb binding site, often has little to no

effect on production levels. Moreover, it is impossible

to predict a priori which if any proteins can be

expressed using a given vector. However, for extra-

cellular protein domains that cannot be produced on

their own, either via secretory or intracellular pro-

tein pathways, we showed carrier proteins to be

highly efficient tools. Overall we observed similar

trends in protein production of TEMDs fused to dif-

ferent carrier proteins (i.e., TEMDs well expressed

with one carrier protein were typically equally well

expressed by others), and we found the novel carrier

mTEM7 to enable the production of a superior qual-

ity of protein, as compared to Fc and SUMO, as

observed by consistently cleaner bands on Western

Blots. Critically, we successfully used the fusion pro-

tein mTEM7-hZFD10 to screen a yeast display scFv

library and enrich for pools specific for the native,

cell-surface expressed, transmembrane protein

hZFD10. Thus, our study demonstrates the feasibil-

ity and potential of mTEM7 as a novel carrier pro-

tein for fusion proteins expression for the production

of extracellular protein domains that cannot be

secreted on their own, and these fusion proteins can

be used in the enrichment of cross-reactive scFv

having therapeutic potential.

Materials and Methods

Vector development

Constructs built in this study were developed from

the commercially available mammalian expression

vectors pEGFP-N1 (Clontech Laboratories Inc.) and

pcDNA3.3-TOPO (Invitrogen) which both possess

the SV40 enhancer. Five tandem repeats of the NF-

jb binding site were introduced upstream of the

CMV promoter, and the most commonly used SP for

directing proteins along the secretory pathway,

VH3–20, was codon optimized for balanced GC con-

tent. The vector pTT28, comprising an artificial SP

but neither the SV40 enhancer nor the NF-jb bind-

ing site, was a gift from Dr. Xiaobo Duan at the BC

Cancer Research Center in Vancouver, Canada.

Construction of vectors pN1 variants for

secretory protein expression

An oligonucleotide (sequence 1) comprising the

Kozak sequence,VH3–20 SP, a multiple cloning site

(MCS), an 8xHis tag, and a stop codon, was created

by overlap PCR using primers 1 and 2, digested

with SpeI/NotI, and inserted into NheI/NotI digested

pEGFP-N1 to replace the original MCS and the

EGFP gene. The resulting vector was named pN1.

Vector pNF was constructed by inserting five repeats

of the NF-jb binding site, prepared by annealing

primers 3 and 4, upstream of the CMV promoter in

pN1 vector digested with PciI. The GC content of

the SP in pN1 and pNF was optimized (sequence-2)

by amplifying the CMV-SP sequence using primers 5

and 6, and cloning it back into both pN1 and pNF

by AseI/NheI digestion to create vectors pN1C and

pNFC, respectively [Fig. 1, Supporting Information

Table S1(A)].

Construction of vectors pcDNA3.3 variants for

secretory protein expression

Primers 7 and 8 were used to amplify sequence-1

from pN1, which was then inserted into pcDNA3.3

TOPO by TA cloning to create pcDNA3.3. The five-

repeat NF-jbbinding site was created by annealing
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primers 9 and 10 and was inserted into vector

pcDNA 3.3 by MluI single digestion to create vector

pcDNA3.3NF. The SP sequence in pcDNA3.3 and

pcDNA3.3NF was also codon-optimized by amplify-

ing the CMV-SP sequence from vector pcDNA3.3

using primers 6 and 11 and cloned back into vector

pcDNA3.3 and pcDNA3.3NF by NdeI/NheI digestion.

The resulting vectors were named pcDNA3.3C and

pcDNA3.3NFC [Supporting Information Table

S1(A)].

Cloning of TMEDs into the pN1 and pcDNA3.3

expression vector variants

A panel of 16 human (h) and mouse (m) TMEDs

were cloned into expression vectors. The TMEDs

produced included: (i) the tumor endothelial markers

hTEM1, mTEM1, hTEM5, mTEM5, hTEM7,

mTEM7 which are elevated during tumor angiogene-

sis42 (ii) the CUB domain containing protein 1,

hCDCP1, and mCDCP1, which is preferentially

expressed on highly metastatic human epidermoid

carcinoma cells43 (iii) frizzled homolog 10, hFZD10

and mFZD10 which is expressed on tumor vascular

endothelium in ovarian cancers20 (iv) the zona

pellucida-binding protein, hSP17 and mSP17, which

is involved in the migration of transformed cells44

(v) enodothelin receptor type B, hEDNRB, which is

implicated in enhancing angiogenesis in melanoma45

and (vi) the fibroblast activation protein alpha,

hFAP and mFAP, which is thought to contribute to

invasiveness in malignant cancers46 and (vii) human

folate receptor, hFR, which is overexpressed by a

number of epithelial derived tumors including ovar-

ian, breast, renal, lung, colorectal and brain.47 The

cDNA for these genes were purchased from Open

biosystems (ThermoScientific), except for hTEM7

and hFAP which were purchased from Origene, and

hFZD10 which was synthesized with codon optimiza-

tion to lower GC content and remove rare codons by

Genscript. The precise residues for each of these

TMEDs, as well as the primers used for their ampli-

fication are listed in Supporting Information Table

1B. The sequences of all constructs were confirmed

by the facility of the Children’s hospital of

Philadelphia.

Construction of vector pcDNA3.3-intr for

intracellular protein expression

Vector pcDNA3.3C was modified for intracellular

recombinant protein expression by removal of the

SP by XbaI/NheI digestion and insertion of the pri-

mers 12 and 13 annealed fragment, comprising a

Kozak sequence and an ATG start codon. The result-

ing vector was named pcDNA3.3-intr. The TMEDs

were amplified and cloned into this vector [Support-

ing Information Table S1(C)].

Construction of vectors pcDNA3.3C-SUMO,

pcDNA3.3C-fc, and pcDNA3.3C-GST for

secretory fusion protein expression

For enhanced expression, hSUMO3 was mutated

(R58T, R60E)26 by site-directed mutagenesis and

then cloned into pcDNA3.3 to construct pcDNA3.3C-

SUMO. Briefly, the amino-terminus of hSUMO3 was

amplified from a cDNA template (Origene) using pri-

mers 14 and 15 to introduce a ClaI site and a 8xHis

tag, and the carboxy-terminus of hSUMO3 was

amplified using primers 16 and 17 to introduce a

(G4S)3 linker and a TEV cleavage site (Glu-Asn-

Leu-Tyr-Phe-Gln-Gly). Then the mutated (m) SUMO

gene (encoding amino acids 2–92) was amplified by

overlap PCR with primers 14 and 18 to introduce a

multiple cloning site (MCS) downstream of SUMO.

Finally the full fragment comprising 8xHis-

mSUMO-linker-TEV-MCS was cloned into pcDNA3.3

by NheI/XhoI digestion of the vector and SpeI/XhoI

digestion of the PCR product. The MCS includes

restriction sites NheI, EcoRI, KpnI, SacII, HindIII,

XhoI and BamHI. The resulting vector was named

pcDNA3.3C-SUMO. To construct pcDNA3.3C-Fc and

pcDNA3.3C-GST, genes encoding Fc and GST were

amplified with primers 19 and 20, and primers 21

and 22, respectively, from their template in-house

plasmids. The Fc and GST PCR products were

digested with ClaI/HpaI and ligated into similarly

digested pcDNA3.3C-SUMO (i.e., replacing SUMO).

To avoid dimerization, the two cysteine residues at

the hinge region of Fc were excluded. The TMEDs

hTEM5, mTEM5, hFAP, mFAP, mCDCP1, hFZD10,

mFZD10, hEDNRB, hSP17 and mSP17 were then

amplified and cloned into these vectors using the

indicated forward and reverse primers shown in

Supporting Information Tables S1(A) and S1(B).

Construction of pcDNA3.3C-mTEM7 secretory

fusion vector
Due to high secretion levels of mTEM7 in expression

vector pcDNA3.3C, we assessed its ability to serve

as a carrier protein. To create this fusion vector, pri-

mers 23 and 24 were annealed and inserted into

NheI digested pcDNA3.3 that already harbored

mTEM7 in order to introduce a 8xHis tag upstream

of the TMED. Primers 26 and 27 were then

annealed and inserted downstream of mTEM7 by

digestion of the vector with XhoI to create a new

(G4S)3 linker-MCS sequence including restriction

sites NheI, ClaI, SacII, EcoRI, and XhoI. Subse-

quently, primers 27 and 28 were annealed and

ligated into Nhe I/XhoI digested vector to introduce

a TEV cleavage site48,49 between the (G4S)3 linker

and the MCS and thereby enable the TMED of inter-

est to be released from its carrier protein post-

secretion. The TMEDs hTEM5, mTEM5, hFAP,

mFAP, mCDCP1, hFZD10, mFZD10, hEDNRB,
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hSP17 and mSP17 were then amplified and cloned

into this fusion vector.

FreeStyle 293F cell transfection

Expression of the proteins was assessed with the

FreeStyle MAX System from Invitrogen that com-

prises a cationic lipid-based reagent that complexes

with DNA for rapid transfection of HEK293 cells,

mostly via endocytosis of the liposomes.50 HEK293

cells are a preferred choice for transient gene

expression because they can be grown under suspen-

sion in serum free media, and, like CHO cells, they

have been approved for therapeutic protein produc-

tion.1 FreeStyle 293F cells were maintained in Free-

Style 293 expression medium and transient

transfection of the cells conducted following the

manufacturer’s protocol (Invitrogen). Briefly, 37.5 lg

plasmid DNA and 37.5 lL FreeStyle MAX reagent

were diluted in 0.6 mL OptiPro SFM medium,

respectively. After 10 min incubation the DNA-MAX

complex was slowly added dropwise into 30 mL

FreeStyle 293 cells at a density of 1 3 106/mL. For

small-scale protein production, plasmid quantities

and reagent volumes were proportionately scaled

down for the transfection of 1 mL cell cultures (i.e.,

1 3 106 cells) in 12-well plates.

Protein purification and Western blot analysis

Supernatants of the cultivated cells were collected

72 h post-transfection and the cells resuspended in

an equal volume of fresh medium for a further 3

days of expression. The harvested supernatants (i.e.,

60 mL per sample) were concentrated around 20-fold

by centrifugation using Amicon ultra concentration

tubes, diluted with equilibration buffer (0.05M phos-

phate buffered saline, 0.3M NaCl, pH 8.0), and then

incubated with Ni21 resin (Sigma) as per the manu-

facturer’s suggestion for 2h at 48C. Subsequently,

the resin was washed three times with washing

buffer (equilibration buffer containing 10 mM imid-

azole) and the protein was eluted with elution buffer

(equilibration buffer containing 250 mM imidazole).

Protein expression was detected in the 72 h super-

natants by Western blot. Briefly, 10 lL supernatant

was separated by SDS-PAGE gel, transferred onto

PVDF membrane (Millipore) and detected by anti-

His-HRP antibody (Santa Cruz Biotechnology Inc.).

Yeast scFv library screening with fusion protein

TMED-mTEM7
The fusion protein hFZD10-mTEM7, hTEM5-

mTEM7, hFAP-mTEM7, and hSP17-mTEM7 were

used to screen a scFv yeast display library as previ-

ously described28 using magnetic sorting combined

with extensive depletion with the carrier protein

mTEM7. Following three rounds of screening, bind-

ing of the enriched yeast-displayed scFvs to TMED-

mTEM7 and mTEM7 was analyzed by flow

cytometry. Briefly, the yeast cells were incubated

with biotinylated proteins and binding detected by

streptavidin-PE. For hFZD10, we have also estab-

lished full-length hFZD10 expression cell line by

transducing mouse endothelial cell line MS1 (MILE

SVEN 1, (ATCCVR CRL-2279TM) C57BL/6) with full-

length hFZD10 expression lentivirus and checked

the binding of hFZD10-mTEM7 enriched yeast popu-

lation to MS1 versus MS1-hFZD10 cells. Briefly,

MS1 and hFZD10 expressing MS1 cells were grown

on gelatin coated dishes and then incubated with

yeast pool for 1 h at 48C with rocking. The cells

were then washed with PBS and binding was ana-

lyzed by microscopy and flow cytometry.

Identification and characterization of hFZD10

binding scFvs

From the MS-hFZD10 cell binding yeast population,

four scFvs were identified using the method we

described previously. The gene of the four scFvs

were cloned into pcDNA3.3-Fc and expressed in

HEK293F cells as fusion proteins with Fc at their

N-terminus. The recombinant proteins were purified

using nickel resin and their binding to the natively

conformational hFZD10 expressed on MS1 cell sur-

face were analyzed by flow cytometry. Briefly, MS1

and MS1-hFZD10 cells were washed twice with

PBS, detached with 0.02% Versene buffer (1.37M

NaCl, 26.8 mM KCl, 80.7 mM Na2HPO4, 14.7 mM

KH2PO4, 5.4 mM disodium EDTA, 0.2% D-glucose),

incubated with 100 nM anti-hFZD10 Fc-scFv at 48C,

washed three times with PBS and then incubated

with 1:200 diluted APC-conjugated affinity pure

F(ab’)2 fragment goat anti-human IgG (Jackson

Immunoresearch, PA) at 48C. Finally cells were

washed three times with PBS and Fc-scFv binding

was analyzed by flow cytometry.
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