
Author's personal copy

The effect of intracellular protein delivery on the anti-tumor activity
of recombinant human endostatin

Junghee Lim a,1, Tam Duong b,1, Guewha Lee a, Baik Lin Seong c, Wael El-Rifai d,e,
H. Earl Ruley f, Daewoong Jo a,b,d,*

a ProCell R&D Institute, ProCell Therapeutics, Inc., Seoul 151-050, Republic of Korea
bDepartment of Biomedical Sciences, Chonnam National University Medical School, Kwangju 501-746, Republic of Korea
cDepartment of Biotechnology and Translational Research Center for Protein Function Control, Yonsei University, Seoul 120-749, Republic of Korea
dDepartment of Surgery, Vanderbilt University School of Medicine, Nashville, TN 37232, USA
eDepartment of Cancer Biology, Vanderbilt University School of Medicine, Nashville, TN 37232, USA
fDepartment of Pathology, Microbiology & Immunology, Vanderbilt University School of Medicine, Nashville, TN 37232, USA

a r t i c l e i n f o

Article history:
Received 13 March 2013
Accepted 6 May 2013
Available online 25 May 2013

Keywords:
Endostatin
Macromolecule transduction domain
Protein therapy
Intracellular delivery

a b s t r a c t

Endostatin (ES), a 20 kDa protein derived from the carboxy-terminus of collagen XVIII is a potent
angiogenesis inhibitor, but clinical development has been hindered by poor clinical efficacy and insuf-
ficient functional information from which to design agents with improved activity. The present study
investigated protein uptake by cells as a determinant of ES activity. We developed a cell-permeable ES
protein (HM73ES) with enhanced capacity to enter cells by adding a macromolecule transduction domain
(MTD). HM73ES inhibited angiogenesis-associated phenotypes in cultured endothelial cells [as assessed
by tube formation, wound-healing, cell proliferation and survival assays]. These effects were accompa-
nied by reductions in MAPK signaling (ERK phosphorylation), and in b-Catenin, c-Myc, STAT3, and VEGF
protein expression. The cell-permeable ES displayed greater tissue penetration in mice and suppressed
the growth of human tumor xenografts to a significantly greater extent than ES protein without the MTD
sequence. Our results suggest that anti-angiogenic activities of native ES are limited at the level of
protein uptake and/or subcellular localization, and that much of the activity of ES against tumors de-
pends on one or more intracellular functions. This study will inform future efforts to understand ES
function(s) and suggest strategies for improving ES-based cancer therapeutics.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Angiogenesis, the process of blood vessel formation, is essential
for tumor growth and therefore provides an attractive target for
anti-cancer therapies. Toward this end, a number of agents tar-
geting angiogenesis have entered clinical trials [1,2]. These trials
confirm that anti-angiogenesis agents can produce measureable
clinical benefits (primarily progression-free interval) when used in
combination with other therapies, and consequently, the most
effective have been approved for use against selected tumor types
[1,2]. However, with limited impact on overall survival and toxicity

profiles that limit application [3], the therapeutic benefits of tar-
geting angiogenesis havefallen short of expectations.

Endostatin (ES), a 20 kDa protein derived from carboxy-
terminus of collagen XVIII, was among the first endogenous pro-
teins identified with anti-angiogenic activity as assessed by in vitro
effects on endothelial cell proliferation, survival and tube formation
[4]. Interest in Endostatin, and indeed in angiogenesis as a thera-
peutic target, was spurred by a report describing tumor inhibition
in mice treated with high doses of recombinant endostatin [5].
ES moved quickly into clinical trials; however, clinical development
ended in the U.S. in 2003 due to limited efficacy and problems with
protein formulation and application [1]. Clinical development later
resumed in China using a reformulated histidine-tagged protein
(Endostar�) with improved solubility and activity [1,6]. However,
current clinical development of ES continues to be hampered by
insufficient understanding about the mechanism(s) by which the
protein inhibits angiogenesis, despite an extensive literature on
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receptors, targets, and cellular processes implicated in ES function
[7e20].

Externally administered ES is internalized by endothelial cells,
and the internalization appears to be important if not essential for
the biological activities of the protein [7,9,18,21,22]. The role of
individual ES binding proteins in protein uptake is unclear, since
ES entry appears to employ multiple-and competing-pathways,
including clatherin and lipid raft/caveolin-dependent processes.
We suspect absorptive endocytosis contributes to basal ES uptake,
as is commonly observed with basic proteins that, like ES [8,23e
25], have affinity for cell surface heparin sulfate proteoglycans
[26,27]. ES induces lipid raft clustering, a process suppressed by
cholesterol depletion [28,29]. Cholesterol depleting agents also
appear to change the default route of ES entry from a lipid raft- to a
clatherin-dependent pathway, and enhance anti-angiogenic activ-
ity as assessed by tube formation and wounded-monolayer healing
assays [21].

Although correlative, these observations led us to make several
predictions about ES activity. First, ES internalization and/or cyto-
plasmic delivery are important for anti-angiogenic activity. This
implicates intracellular targets in ES function; thus, optimal ES
activity requires more than signaling from proteins on the cell
surface. Second, ES uptake and/or cytoplasmic delivery are intrin-
sically limited; thus, simply exposing cells to native ES willnot
result in maximum biological activity. The reliance on inefficient
uptake mechanisms would also explain why tumor inhibition re-
quires far higher concentrations of ES (0.2e20 mg/ml) than are
present in the circulation (40e100 ng/ml) [30]. To test these pre-
dictions, we employed macromolecule intracellular transduction
technology (MITT) to deliver human recombinant ES protein
directly into cultured endothelial cells and to target human tumor
xenografts in mice. MITT exploits the ability of hydrophobic
macromolecule transduction domains (MTDs) to facilitate the
transfer of peptides and proteins across the plasma membrane
[31e33]. If our predictions are correct, then MTD-modified ES
should display enhanced anti-angiogenic activity when compared
to an identical protein lacking the MTD sequence by circumventing
entry bottlenecks that limit cytoplasmic uptake of native ES.
Moreover, since MITT-based protein therapies have been used in
animals to protect against lethal inflammatory agonists [34e37],
suppress pulmonary metastases [38] and inhibit subcutaneous
tumor xenografts [31,39], we expected theMTD-modified ES would
exhibit enhanced tissue penetration and anti-tumor activity as
compared to unmodified ES.

2. Materials and methods

2.1. Derivation of MTD56 and MTD73

MTD56 and MTD73 were derived from predicted signal peptides (1e22 amino
acid: MKVLLAAALIAGSVFFLLLPGP and 1 to 22: MMTPMWISLFKVLLLLFAFFAT,
respectively) from the Homo sapiens P23274 (peptidyl-prolylcis-trans isomerase B
precursor) and Drosophila melanogaster AAA17887 (spatzle) proteins, respectively.
The sequences were modified by removing nonpolar, hydrophilic, and positively
charged residues. In addition, other amino acids were replaced with alanine or
proline to enhance bending and predicted alpha-helical structure (VLLAAA-
LIAVLLLPP and PILVLLLLA, respectively), and the sequences were shortened to pro-
duce the final MTD56 (VLLAAALIA) and MTD73 (PVLLLLA) sequences (Supporting
Information Table S1). The relative content of helix, sheet, and coil conformations
was calculated using the ptraj program. Both MTD sequences hadalpha-helical
secondary structure.

2.2. Construction of expression vectors for MTD-fused EGFP and MTD-fused
endostatin

For recombinant proteins, the 2 MTDs were empirically chosen based on their
relative cell permeability (1.4 and 2.7 fold) compared to a reference domain–
membrane translocating sequence from Fibroblast Growth Factor 4 (FGF4 MTS:
AAVLLPVLLAAP) assessed using an EGFP reporter protein. MTD56 and MTD73 were

inserted in coding sequence of EGFP (E) and cloned into the Escherichia coli
expression plasmid pET-28a(þ) (Novagen, Darmstadt, Germany). Positive (FGF4-
derived MTS: AAVLLPVLLAAP) and negative controls (unrelated peptide: SANVE-
PLERL) were also fused to EGFP.

These 2 MTDs used for development of 6 recombinant proteins by attaching to
the N-terminus, to the C-terminus or to both ends of full-length endostatin (2
MTDs � 3 different structures ¼ 6 MTD-fused proteins þ 1 MTD-free control pro-
tein). Among them, we chose 3 endostatin proteins with N-, C- and both-terminal
fused to MTD56, and 1 protein with N-terminal fused to MTD73 because these
proteins were the most soluble and produced the highest when expressed in E. coli.

PCR primers for recombinant endostatin were HES-50 (CCG CAT ATG CAC AGC
CAC CGC GAC TTC CAG CCG GTG), HES-30 (CCG CAT ATG CTA CTT GGA GGC AGT CAT
GAA GCT GTT), HM56ES-50 (CCG CAT ATG GTG CTG CTG GCG GCGGCG CTG ATT GCG
CAC AGC CAC CGC GAC TTC CAG CCG GTG), HESM56-30 (CCG CAT ATG CTA CGC AAT
CAG CGC CGCCGC CAG CAG CAC CTT GGA GGC AGT CAT GAA GCT GTT), HM73ES-50

(CCG CAT ATG CCG GTG CTG CTGCTGCTG GCG CCG CAC AGC CAC CGC GAC TTC CAG
CCG GTG) and HEM73-30 (CCG CAT ATG CTA CGG CGC CAG CAGCAGCAG CAC CGG
CTT GGA GGC AGT CAT GAA GCT GTT). The proteins include vector-derived se-
quences (MGSSHHHHHHSSGLVPRGSM), which include a 6xHis tag (underlined) and
thrombin cleavage site (double underline) appended to the N-terminus.

2.3. Purification of recombinant MTD-fused proteins

Proteins were purified from E. coli BL21-CodonPlus (DE3) cells grown to an A600

of 0.6 and induced for 2 h with 0.7 mM IPTG. 6xhistidine-tagged recombinant pro-
teins were purified under denaturing conditions as directed by the supplier of the
affinity matrix (Qiagen, Hilden, Germany) and refolded by dialyzing them against
refolding buffer (0.55 M guanidine HCl, 0.44 M L-arginine, 50 mM Tris-HCl, 150 mM

NaCl, 1 mM EDTA, 100 mM NDSB, 2 mM reduced glutathione, and 0.2 mM oxidized
glutathione) at 4 �C for 48 h to remove the denaturing agent and dialyzed against a
7:3 mix of RPMI 1640 (Invitrogen, Grand Island, NY) and HBSS (Hank’s balanced salt
solution) supplemented with 5% glycerol and 0.1% CHAPS (SigmaeAldrich, St. Louis,
MO), at 4 �C for 9 h. Purified proteins contained low levels of endotoxin (<0.1 mg/mg)
as determined by the limulus amebocyte lysate assay (Associates of Cape Cod, Inc.,
East Falmouth, MA).

Recombinant proteins were named using the following convention: H, E, ES and
M stand for the His tag; EGFP, Endostatin and MTD, respectively. 6xHistidine-tagged
recombinant Endostatin proteins were HES (His-Endostatin), HM56ES (His-MTD56-
Endostatin), HESM56 (His- Endostatin-MTD56), HM56ESM56 (His-MTD56-
Endostatin-MTD56) and HM73ES (His-MTD73-Endostatin).

2.4. Analysis of cell-permeable ES uptake by cultured cells

For quantitative cell permeability, the recombinant EGFP proteins were conju-
gated to FITC according to themanufacturer’s instructions (Pierce Chemical, Rockford,
IL). RAW 264.7 cells were treated with 10 mM FITC-labeled proteins for 1 h at 37 �C,
washed with cold PBS three times, treated with proteinase K (10 mg/ml) for 20 min at
37 �C to remove cell-surface bound proteins and subjected to fluorescence-activated
cell sorting (FACS) analysis (FACSCalibur; BD, Franklin Lakes, NJ).

For visual cell permeability, NIH3T3 cells were treated with 10 mM FITC-
conjugated recombinant proteins for 30 min or 1 h at 37 �C, washed with cold
PBS three times, and treated with proteinase K (10 mg/ml) for 20 min at 37 �C.
Treated cells were counterstained with the nuclear fluorescent stain propidium
iodide (PI; SigmaeAldrich, St. Louis, MO) at a concentration of 1 mg/ml or the cell
membrane stain FM4-64 (Molecular Probes, Grand Island, NY) at a concentration of
5 mg/ml and washed with cold PBS three times. The intracellular localization of the
fluorescent signal was determined by confocal laser scanning microscopy.

2.5. Analysis of systemic protein delivery in mice

Cells from human cancer lines, HCT116 and A549 were injected subcutaneously
into the right legs of seven-week old mice (Central Lab. Animal Inc., Seoul) to initiate
tumor formation.300 mg of FITC-labeled endostatin recombinant proteins (HES or
HM73ES) was administered to wild type Balb/c mice or tumor bearing Balb/c nu/nu
mice after the tumors had reached 60e80 mm3 in size. Two hours later, the mice
were sacrificed, and liver, kidney, spleen, lung, heart, brain and tumor tissuesamples
were embedded with an OCT compound (Sakura, Alphen an den Rijn, Netherlands),
frozen, and then sectioned to a thickness of 14 mm. The tissue specimens were
mounted on a glass slide and observed by fluorescence microscopy (Nikon, Tokyo,
Japan).

2.6. Western blot analysis

Human umbilical vein endothelial cells (HUVECs) (Bio4You, Seoul, Korea) were
maintained at 37 �C in a 5% CO2 atmosphere of 2% gelatin coated dishes in M199
medium (300 mg/l L-glutamine, 2.2 g/L NaHCO3, 25 mM HEPES, 10 unit/ml heparin,
20 ng/ml bFGF, 20% heat inactivated FBS, and 1% streptomycin/penicillin). The cells
were cultured overnight in a serum-free medium, washed with phosphate-buffered
saline (PBS) and treated with 10 mM recombinant proteins for 1 h. The cultures were
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washed with PBS and returned to normal growth conditions for 2 h to analyze ERK
phosphorylation, 8 h tomeasure b-Catenin and STAT3 expression, or 12 h tomonitor
c-Myc and VEGF expression. 5 � 106 cells were lysed in 100 ml 20 mM HEPES, pH 7.2,
1% triton-X100, 10% glycerol on ice for 30 min; the lysates were centrifuged at 4 �C
for 20 min at 12,000 rpm and 50 ml of supernatants were subjected to western blot
analysis as described previously. Anti- b-Catenin, c-Myc, STAT3, VEGF antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti- phospho-
ERK1/2 and phospho-MEK1/2 antibodies were from Abcam (Cambridge, MA) and
Cell Signaling (Danvers, MA), respectively, and goat anti-mouse IgG-HRP and goat
anti-rabbit IgG-HRP were from Santa Cruz Biotechnology (Santa Cruz, CA).

2.7. Wound healing assay

Confluent HUVEC monolayers were treated with 10 mM HES or HM73ES for 1 h in
serum-free medium. The cells were washed twice with PBS, and the monolayer at
the center of thewell was “wounded” by scrapingwith a pipette tip and the recovery
of the monolayer was monitored by phase contrast microscopy.

2.8. Tube formation assay

HUVECs were suspended in the pre-existing medium (M199) supplemented
with 0.1% BSA. A total of 500 ml of M199 medium was added to each well of the BD
Matrigel� Matrix 12-well plate (BD Biosciences, San Jose, CA), and the cell sus-
pensionwas inoculated. Next, each well was treated with 2.5, 5, 10, 15, 20 mM protein
(HES or HM73ES) for 16 h inM199medium. The cells cultured on the platewere fixed
in HBSS medium containing 1% paraformaldehyde and then stained with 10 mM
calcein AM agent (BioVision, Milpitas, CA) for 30 min. The cells were then washed
with PBS and observed by optical and fluorescence microscopy. The number of
branch points was quantified by MetaMorph Imaging Series software (Universal
Imaging, Bedford Hills, NY).

2.9. DNA content analysis

HUVECs were cultured in complete M119 mediumwith 50 ng/ml basic-FGF. The
cells were treated with 2 mM protein (HES or HM73ES) for 24 or 48 h. After the
treatment, cells were washed twice with cold PBS and re-suspended in 200 ml cold
PBS, fixed in cold 70% ethanol, washed with cold PBS twice and re-suspended in PI
mastermix (PI 40 mg/ml, DNase-free RNase 100 mg/ml in PBS) at a final cell density of
0.5 � 106 cell/ml. The cell mixtures were incubated at 37 �C for 30 min prior to
analysis by flow cytometry.

2.10. Apoptosis and cytotoxicity assays

HUVEC, A549, MDA-MB-231 and HCT116 cell lines were purchased from the
Korean Cell Line Bank (Seoul, Korea) and maintained as recommended by the sup-
plier. The biological activities of the cell lines (A549, MDA-MB-231 and HCT116)
were authenticated by in vivo metastasis and/or tumor growth in Balb/c nu/numice.
All cell lines were negative for mycoplasma as assessed by using MycoALERT (2009;
Lonza).HUVEC, A549, MDA-MB-231 and HCT116 cells were treated with recombi-
nant proteins for varying times in the absence of serum, washed twice with cold PBS
and re-suspended in 1� binding buffer (10 mM HEPEPS, 140 mM NaCl, 25 mM CaCl2,
pH 7.4) at a concentration of 1 � 106 cells/ml and stained with annexin V as
instructed by the supplier (BD Biosciences, San Jose, CA) and analyzed within 1 h on
a FACSCalibur.

NIH3T3 cells were with treated 10 mM protein (HES or HM73ES) for 8 h. The cells
were fixed and stained by the addition of 0.4% (w/v) Sulforhodamine Bin 1% acetic
acid solution, followed by measurement at 570 nm with a spectrophotometer.

2.11. Xenograft tumor models

Five-week old Balb/c nu/nu mice (Central Lab. Animal Inc., Seoul, Korea) were
subdivided into 3 groups of 5e6mice each.1�107 HCT116 or A549 cells (Korean Cell
Line Bank, Seoul, Korea), were administered to the left upper back of the mouse via
subcutaneous injection. From the day when the tumor size was measured as 60e
80 mm3 (width2 � length � 0.52), proteins (HES or HM73ES) or diluent (PBS) were
administered daily (200e300 mg/mouse, 200 ml) by subcutaneous (proximal to the
tumor) or intravenous injection for 21 days. Tumor size was monitored by
measuring the longest (length) and shortest dimensions (width) once a day with a
dial caliper, and tumor volume was calculated as width2 � length � 0.5.

Formalin-fixed and paraffin-embedded sections (5-mm thick) of solid tumors
obtained frommicewere stained with hematoxylin and eosin (H&E). Tumor sections
were incubated with primary antibody against vascular endothelial cellespecific
marker 4A11 (Abcam, Cambridge, MA) and goat anti-mouse IgG-HRP (Biogenex,
Fremont, CA) at 25 �C for 30 min each, washed three times with PBS and stained
with diaminobenzidinete trahydrochloride (Biogenex, Fremont, CA). Subsequently,
the section was washed with distilled water and counter-stained with hematoxylin.

2.12. Statistical analysis

All experimental data obtained using cultured cells were expressed as
means � S.D. For the tube formation assay, annexin V binding and SRB assay, sta-
tistical significance was evaluated using a one-tailed Student t-test. For animal
testing, paired t-tests for comparisons between and within groups were used to
determine the significance of the differences in tumor growth in vivo. Statistical
significance was established at p < 0.05.

3. Results

3.1. Development of cell-permeable endostatin proteins

Hydrophobic macromolecule transduction domains (MTDs)
have been used to deliver a variety of protein cargoes to mamma-
lian cells and tissues. Similarly, MTD56 and MTD73 were found to
enhance the uptake of a His-tagged enhanced green fluorescent
protein (EGFP) in RAW cells as assessed by flow cytometry
(Supporting Information Fig. S1A). The uptake of EGFP proteins
containing either MTD56(HM56E) or MTD73(HM73E)was greater
than a similarly configured protein containing the membrane
translocation sequence (MTS) from FGF4 [40]. Similar results were
obtained in NIH3T3 cells, using fluorescent microscopy to monitor
protein uptake; whereas, only minimal levels of protein uptake
were observed with a protein (HE) lacking a MTD sequence
(Supporting Information Fig. S1B). MTD sequences also enhanced
protein delivery to a variety of tissues in mice after I.P. adminis-
tration, although HM56E and HMmE displayed greater tissue dis-
tribution than HM73E particularly in the heart, lung and brain
(Supporting Information Fig. S1C).

MTD56 or MTD73 were subsequently tested for the ability to
enhance cellular Endostatin (ES) uptake.His-taggedESproteins (HES)
containing either MTD56 or MTD73 (Fig. 1A, upper panels) were
expressed in E. coli (Fig. 1A, lower panels), purified under denaturing
conditions by Ni2þ-affinity chromatography, refolded, labeled with
FITC, and protein uptake was tested either in NIH3T3 cells by fluo-
rescent confocal microscopy (Fig. 1B) orin RAW cells by flow cytom-
etry (Fig. 1C). Enhanced levels of protein uptake were observed with
ES proteins containing MTD56 positioned on either the N- (HM56ES)
or C-terminus (HESM56),or with endostatin modified by an N-ter-
minalMTD73 sequence (HM73ES). A protein (HM56ESM56) containing
MTD56 on both endswas less active. Similar results were obtained in
RAW cells, in which HM73ES displayed the greatest levels of protein
uptake as assessed by flow cytometry (Fig. 1C).

Since HM73ESentered cells efficiently and produced the highest
yields of soluble protein when expressed in E. coli (Fig. 1A), we
monitored systemic delivery of the protein (after I.P. administra-
tion) in a variety of murine tissues, including subcutaneous tumors
of HCT116 cells xenografted on nude mice. MTD73 enhanced the
systemic delivery of ES protein to all tissues examined (liver, kid-
ney, spleen, lung, heart and brain), including subcutaneous HCT116
tumor xenografts (Fig. 1D). By contrast, His-tagged ES withoutan
MTD sequence (HES) did not accumulate in any of the distal tissues
or tumors examined (Fig. 1D). These results establish MTD73 as a
vehicle for intracellular ES delivery, both in vitro and in vivo.

In addition to MTD56 (VLLAAALIA) and MTD73 (PVLLLLA), we
evaluated ES proteins containing 6 other MTDs (18, 41, 66, 85, 135
and 159), but the proteins were less soluble, produced lower yields
when expressed in E. coli and entered cells less efficiently (data not
shown); therefore, these proteins were not evaluated further.

3.2. Inhibition of angiogenesis-associated phenotypes by cell-
permeable endostatin

Having developed cell permeable (CP) ES proteins with
enhanced capacity to enter cells, we tested the relationship
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between enhanced uptake and several biological activities associ-
ated with the protein. Initial studies examined the effects of CP-ES
on a variety of biomarkers including: b-Catenin, c-Myc, STAT3
(signal transducer and activator of transcription 3); VEGF (vascular
endothelial cell growth factor) and pERK (phosphorylated extra-
cellular signal-regulated kinase). Human vascular endothelial cells
(HUVECs) were treated with 10 mM of CP-ES containing MTD56
(HM56ES, HESM56 and M56ESM56),MTD73 (HM73ES) or control ES
lacking an MTD (HES) for 1 h and biomarker expression was
monitored after 2 (pERK), 8 (b-Catenin and STAT3) or 12 h (c-Myc
and VEGF) by immunoblot analysis (Fig. 2A). HM73ES was the most
active protein tested, suppressing proliferation- (c-Myc), signaling-
(b-Catenin, STAT3 and pERK) and angiogenesis- (VEGF)associated
markers. These results are consistent with data from Fig. 1 and
Supplementary Fig. S1 in which HM73ES displayed the highest
solubility, and cell and tissue permeability of the MTD-fused pro-
teins tested. Therefore, studies to compare the anti-angiogenic
potential of ES and CP-ES focused on HM73ES and the identical
protein that lacks an MTD sequence, HES.

We compared the ability of HES and HM73ESto suppress capil-
lary tube formation in an in vitro model of angiogenesis. HUVECs
spontaneously align and form hollow, branched tubes when
cultured in matrigel-containing media (Fig. 2B). Treatment with 2.5
or 5 mM HES for 16 h resulted in a significant (20e24%; p < 0.01)

suppression of tube formation (Fig. 2B), as assessed by counting the
number of branch points in a8.96 cm2 area (Fig. 2C). CP-ES was a
more potent inhibitor of endothelial tube formationd63% and 82%
(p < 0.001) in cells treated with 2.5 or 5 mMHM73ES, respectively
(Fig. 2C). Differences between HES and HM73ES were maintained
even at protein concentrations up to 20 mM (Supporting Information
Fig. S2). Branching was completely blocked by HM73ES at concen-
trations of 10 mM or higher.

3.3. Enhanced suppression of angiogenesis-associated phenotypes
by CP-ES

In principle, the results obtained in the tube formation assay
could reflect differences in cell migration, proliferation or survival.
To examine these issues further, we used a wound-healing assay to
compare the effects of HES and HM73ES on cell proliferation and/or
migration. Specifically, HUVEC monolayers were treated with re-
combinant proteins for 2 h and thenwounded, and the ability of the
cells to repopulate the wounded area was monitored for 24 h
(Fig. 3A, left panel). HES and HM73ES both suppressed repopulation
of the wounded monolayer; however, HM73ES had the greatest
effecte93% (p < 0.001) as compared to untreated controls (Fig. 3A).
In comparison, HES suppressed wound healing to a lesser extent
(42%; p < 0.01). Similar results were obtained in cell proliferation
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assays (Fig. 3B). Treatment of HUVECs with 10 mM of HM73ES for 2 h
inhibited their proliferation after 24 and 48 h by 60% and 71%
(p < 0.001), respectively. By comparison, HES inhibited HUVAC
proliferation by 20% and 52% (p < 0.01) over the same time
intervals.

We also compared the ability of ES and CP-ES to induce
apoptosis after treating HUVECto 2 mM protein for 24 or 48 h. The
MTD containing endostatin (HM73ES) was a more potent inducer of
apoptosis in HUVAC cells, as assessed by the accumulation of cells
with sub-G1 DNA content (Fig. 4A, left panel). In addition, apoptosis
was also examined in a variety of cell lines, including endothelial
cells, tumor cells and untransformed cells, by changes in annexin V
staining. Cells were treated with 5 mM HES or HM73ES in serum-free
media for varying times [HUVEC: 7 h (Fig. 4B); A549:1, 3 and 5 h
(Fig. 4C); MDA-MB-231, HCT116 and NIH3T3: 3 h (Fig. 5A)]. With
the exception of NIH3T3 cells (Fig. 5A), HM73ES was a more potent
inducer of apoptosis than either HES or vehicle alone (i.e. exposure
of cells to serum-free media without recombinant proteins). In
addition, HM73ES treatment altered the morphologies of HUVECs
and A549 cells (lower panels in Fig. 4B and C), consistent with
higher levels of apoptosis.However, neither recombinant ES
appeared to induce apoptosis in NIH3T3 cells (Fig. 5A); nor was cell

viability affected, as measured by sulforhodamine B (SRB) staining,
even after exposing NIH3T3 cells to higher concentrations (10 mM)of
ES proteins over 8 h (Fig. 5B). This suggests neither protein is
overtly toxic to cells. Together, the data from Figs. 2e5 indicate
CP-ES has a greater ability than ES to inhibit multiple angiogenesis-
associated phenotypes in endothelial cells, including biomarker
expression, proliferation, migration, survival, and tube formation.

3.4. CP-ES has enhanced anti-tumor and anti-angiogenic activities

We next compared the anti-tumor activities of ES and CP-ES
against human cancer xenografts. HCT116 colorectal tumor cells
were injected subcutaneously into nude mice, tumors were
allowed to grow to 60e80 mm3 in size, and then the mice were
injected subcutaneously with 200 mg/mouse HES or HM73ES or
with diluent alone (PBS) every day for 3 weeks. The mice were
monitored for an additional 2 weeks after treatments ended
(Fig. 6A). The CP-ES suppressed tumor growth to a much greater
extent than the protein lacking an MTD sequence (79%vs. 22% after
21 days) as compared to tumors treated with diluent alone, and the
difference persisted to day 35 (66% vs. 20%). Differences in tumor
size were apparent by external examination (Fig. 6B) and after the
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tumors were excised from the animal (Fig. 6C) and weighed
(Fig. 6C). Differences in tumor size/weight between control and
HM73ES-treated mice were statistically significant even at day 21
(p < 0.05). None of the protein-treated mice displayed loss of body
weight as compared to controls (data not shown), suggesting the
proteins were well-tolerated.

Tumor vascularizationwas also assessed in sections from day 21
tumors by immunostaining for the vascular endothelial cellespe-
cific marker 4A11 (Fig. 6D, top panel). The vasculature within tu-
mors fromHM73ES-treatedmice was markedly under-developed as
compared to tumors from control or HES-treated mice. H&E stained
sections (Fig. 6D, bottom panel) from HM73ES-treated tumors also
showed prominant regions of necrosis and/or apoptosis.

Similar results were obtained using different protein prepara-
tions (Supporting Information Fig. S3A) or a different (A549) tumor
xenograft model (Supporting Information Fig. S3B). In these ex-
periments the HES protein inhibited HCT116 tumor growth as
compared to controls by 38% and 40% at day 21 and 35, respectively,

and A549 tumor growth by 62% and 67% over the same intervals. In
each case, HM73ES outperformed HESeinhibiting HCT116 tumor
growth by 91% and 62% at day 21 and 35, respectively, and A549
tumor growth by 89% and 83% over the same intervals. Protein
treatment did not affect mouse body weight or noticeable changes
in behavior, food/water consumption or movement/activity, sug-
gesting the proteins were well-tolerated, at least in these short-
term animal tests.

4. Discussion

After the discovery of endostatin (ES) as an angiogenesis in-
hibitor and the accompanying demonstration of anti-tumor activity
[5], ES moved quickly into clinical trials [1]. However, within five
years U.S. trials were discontinued due to problems with protein
formulation and insufficient therapeutic response. Clinical devel-
opment has been further stymied by insufficient understanding
of ES function and the mechanism by which ES targets tumor
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angiogenesis. The present study investigated the effect of enhanced
cytoplasmic protein uptake on the biological activities of ES.
Specifically, we developed a cell-permeable ES (HM73ES) with
enhanced capacity to enter cells by adding a macromolecule
transduction domain (MTD). We then showed that HM73ES
inhibited angiogenesis-associated phenotypes in cultured endo-
thelial cells and suppressed the growth of human tumor xenografts
to a significantly greater extent than ES lacking the MTD sequence.
These results suggest, first, much of the activity of ES against tu-
mors depends on one or more intracellular functions, and second,
the potential anti-tumor activities of native ES are intrinsically
limited at the level of cellular uptake and/or intracellular
localization.

Our approach exploited the ability of hydrophobic MTD se-
quences, derived from the signal peptides of secreted and trans-
membrane proteins, to promote bidirectional transfer of peptides
and proteins across the plasmamembrane [31e33]. MTD sequences
have been used to deliver peptides and proteins systemically to a
variety of tissues and thereby protect animals against lethal in-
flammatory diseases [34e37,41], suppress pulmonary metastases
[38] and inhibit subcutaneous tumor xenografts [31,39]. As with
other MTD sequences, the development of MTD73 had a large
empirical component, starting with a screen for EGFP reporter
protein uptake. The sequence was further modified to eliminate
charged and polar amino acids, increase predicted a-helical content
and limit the number of consecutive hydrophobic residues. Finally,

of the 8 MTDs tested, ES fusion proteins containing MTD73 dis-
played the best combination of protein solubility, purification yield
and uptake of FITC-labeled ES by cells and tissues. Based on relative
fluorescence, MTD73 appeared to enhance ES uptake in cultured
cells (HUVEC, RAW and NIH3T3 cells)and animal tissues (liver,
kidney, spleen, heart, lung, brain and tumor xenografts) by at least
5-fold.

HM73ESand HES suppressed multiple angiogenesis-associated
phenotypes in cultured HUVACs including tube formation,
wound-healing, cell proliferation and survival [7,11,42]. These ef-
fects were accompanied by reductions in MAPK signaling (ERK
phosphorylation), and in b-Catenin, c-Myc, STAT3, and VEGF pro-
tein expression–consistent with previously described effects of ES
[13,15,43e45]. In each case, cell-permeable ES (HM73ES) height-
ened all of the effects associated with the control ES protein (HES).

We were unable to assess potential contributions of the MTD
sequence on the biological activity of CP-ES due to problems
expressing MTD sequences in soluble form. However, we have
observed no effects in cells or tissues treated with non-functional
cargos, e.g. EGFP, containing MTD sequences (Fig. 1 and Fig. S1)
[31,35,38,39]. Moreover, all of the biological effects attributed to CP-
ES were qualitatively similar to those observed with the Endostatin
sequence alone; the MTD appeared only to enhance the magnitude
of the effects.

Our results support earlier studies that proposed protein inter-
nalization as an important if not essential feature of protein activity
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[7,9,18,21,22]. Default pathways mediating ES uptake are known to
require arginine-rich sequences that also mediate low affinity in-
teractions with heparin sulfate proteoglycans and integrins
[8,10,11,24,25]. Unfortunately, with proteins such as ES, protein
uptake is difficult to study in cells exposed to concentrations of
recombinant proteins high enough to saturate abundant, relatively
low-affinity binding sites. The analysis itself is subject to a variety of
artifacts that make it difficult to distinguish between cell-
associated and internalized proteins [27,46]. Moreover, many
basic proteins that bind heparin sulfate proteoglycans enter cells by
caveolin-dependent and independent endocytosis [27], including
cationic protein transduction domains, such as HIV-1 Tat [26]. The
bulk uptake often exceeds and therefore masks a smaller, a bio-
logically active component that enters the cytoplasm either by
escaping the vesicular compartment or by alternative routes, e.g.
one involving higher affinity (but less abundant) receptors. Ineffi-
cient cytoplasmic delivery would explain why relatively high con-
centrations of ES are required for biological activity [30]. Vesicular
sequestration of basic proteins typically limits tissue penetration

and bioavailability, thus hampering efforts to develop protein-
based therapeutics [27].

In contrast to cationic protein transduction domains, hydro-
phobic MTD sequences appear to penetrate the plasma membrane
directly [33] after inserting into the membranes [32]. MTD-
facilitated uptake of larger protein cargoes is sensitive to low
temperature, does not require microtubule function or utilize ATP,
and intracellular accumulation requires an intact plasma mem-
brane [31]. Cell-permeable p18INK4c traversed synthetic mem-
branes consisting of cholesterol and phospholipid and was capable
of bidirectional movement across membranes as assessed by cell-
to-cell protein transfer [31]. Similarly, uptake of fluorescent
HM73ES by cultured cells and widespread tissue distribution in
animals after I.P. administration are consistent with enhanced
cytoplasmic delivery and cell-to-cell transfer, as compared to the
prototype ES (HES) that lackedan MTD sequence. In principle, cell-
to-cell transfer should also reduce biphasic doseeresponse profiles
observed with angiogenesis inhibitors (reviewed in Ref. [47]) as
tissue penetration is expected to depend less on tumor vasculature.
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Clinical trials using recombinant human ES show that the pro-
tein is tolerated at doses up to 240mg/m2. Although U.S. trials were
discontinued due to poor clinical responses, a modified ES (desig-
nated ZBP-endostatin or Endostar�) is being evaluated in China,
together with conventional chemotherapeutic agents [1,6]. ZBP-
endostatin contains an amino-terminal 6xhistidine tag, generated
by attaching a MGGSHHHHH sequence to the amino-terminal
histidine of the native human ES sequence. This protein is re-
ported to have higher anti-angiogenesis and anti-tumor activities
than native ES in both laboratory and clinical settings. Proposed
reasons for the difference include maintenance of N-terminal
sequence integrity, enhanced zinc binding (although we observed
no effect of Zn2þ on ES refolding or activity, data not shown), and
improved solubility and/or recovery of E. colieexpressed recombi-
nant proteins [6]. Our results suggest another mechanism to
explain the enhanced activity of ZBP-ES as compared to native
ESdenhanced protein uptake mediated by the amino-teminal 6x-
histidine tag. L-histidine heptamers have been shown to interact
with heparin sulfate proteoglycans [48] andenter cells [49]. In an
earlier report, we showed that a 6xHis tag similar to the N-terminal
Endostar� sequence significantly enhanced the intracellular de-
livery (but not enzymatic activity) of Cre recombinase [50] into
Caveolin1-deficientlymphocytes [26]. Enhanced Cre uptake medi-
ated by the 6xHis tag was comparable to the reported enhanced
activity of Endostar� as compared to native ES [6].

5. Conclusion

The present study shows that cytoplasmic uptake of ES is an
important functional determinant with regard to both angiogenesis
and anti-tumor activity. Our results highlight the importance of as
yet poorly understood intracellular targets of ES and suggest ways
to improve ES-based cancer therapeutics.
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