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Cancer stem-like cells (CSCs) have been implicated in 
recurrence and treatment resistance in many human 
cancers. Thus, a CSC-targeted drug delivery strategy to 
eliminate CSCs is a desirable approach for developing a 
more effective anticancer therapy. We have developed 
a tumor-targeting nanodelivery platform (scL) for sys-
temic administration of molecular medicines. Following 
treatment with the scL nanocomplex carrying various 
payloads, we have observed exquisite tumor-targeting 
specificity and significant antitumor response with long-
term survival benefit in numerous animal models. We 
hypothesized that this observed efficacy might be attrib-
uted, at least in part, to elimination of CSCs. Here, we 
demonstrate the ability of scL to target both CSCs and 
differentiated nonstem cancer cells (non-CSCs) in vari-
ous mouse models including subcutaneous and intra-
cranial xenografts, syngeneic, and chemically induced 
tumors. We also show that systemic administration of 
scL carrying the wtp53 gene was able to induce tumor 
growth inhibition and the death of both CSCs and non-
CSCs in subcutaneous colorectal cancer xenografts sug-
gesting that this could be an effective method to reduce 
cancer recurrence and treatment resistance. This scL 
nanocomplex is being evaluated in a number of clinical 
trials where it has been shown to be well tolerated with 
indications of anticancer activity.
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publication 26 November 2013. doi:10.1038/mt.2013.231

INTRODUCTION
Although current anticancer therapies are effective during the 
initial phase of treatment, frequently there are recurrences. Such 
recurrences can often be metastatic and resistant to conventional 
therapies. Within a tumor, a small population of cells called can-
cer stem-like cells (CSCs) has stem cell-like properties allowing 
them to initiate and fuel tumor growth.1 CSCs are thought to be 
responsible for cancer recurrence after conventional treatments, 
as well as for tumor initiation and metastasis.1,2 CSCs have been 
identified in many types of cancer including leukemia,3 breast,4 
brain,5 colon,6 lung,7 and prostate.8 However, the majority of con-
ventional cancer therapies—including hormonal, radiation, and 

chemotherapy—may not efficiently eliminate CSCs. While the 
details of CSC biology need to be better understood, a great deal 
of effort is currently focused on the therapeutic targeting of CSCs 
as a new strategy for drug design for cancer treatment and the pre-
vention of recurrence. However, the most formidable challenge 
in CSC-specific therapies involves the development of effective 
means for specifically delivering the therapeutics to the CSCs.

A prerequisite for targeting CSCs is the development of a 
means to target primary and metastatic tumor cells specifically. 
Tumor-specific targeting can be accomplished by incorporating 
affinity ligands, such as RGD,9 iRGD,10 NGR peptide,11 folate,12 
transferrin,13–15 or antibodies against human epidermal growth 
factor receptor 2,16 transferrin receptor (TfR),17,18 or aptamers that 
recognize the prostate-specific membrane antigen19 into delivery 
vehicles. In each instance, the ligand or antibody is intended to 
target tumors by interaction with its cognate receptor or antigen.

We have developed a nanotechnology platform for systemic, 
tumor-targeting delivery of anticancer therapeutics.20–25 This scL 
nanoparticle is a liposomal complex employing an anti-TfR sin-
gle-chain variable fragment (TfRscFv) as a targeting ligand, tak-
ing advantage of the elevated levels of TfR found on most tumor 
cells26 and the rapid recycling of TfR that serves to accelerate 
the nanoparticle trafficking through tumor cells. Our scL nano-
complex is designed to bind to TfR on the target cell facilitating 
transcellular delivery of the payload by receptor-mediated endo-
cytosis.17,18,26 We have shown that the scL nanocomplex can effi-
ciently and specifically deliver various payloads into both primary 
and metastatic tumors in vivo with a great selectivity over normal 
cells such as liver hepatocytes.18 When systemically administered, 
the self-assembled, biodegradable, scL nanocomplex has been 
shown to have deep tumor penetration in both primary and meta-
static disease, resulting in long-term tumor elimination (often 
without recurrences) and life span prolongation in numerous ani-
mal models of human cancer.22–25 Moreover, in a completed phase 
I clinical trial, our tumor-targeting nanocomplex (scL) delivering 
the wild-type p53 (wtp53) gene has shown very low toxicity with 
indications of anticancer effect in some patients.27

We have hypothesized that the significant efficacies observed 
with the scL nanocomplex, including complete tumor elimination 
and lack of tumor recurrence over the life span in some of treated 
animals, could be attributed to its capability to target CSCs. Here, 
we report evidences that scL can efficiently target and deliver 
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payloads to both CSCs and differentiated non-CSCs in vitro and 
in various mouse models of cancer including human brain and 
colorectal cancer xenografts, syngeneic mouse breast tumor and 
melanoma, and chemically induced mouse lung and liver cancers. 
We also report that systemically delivered scL-p53 showed a sig-
nificant anticancer effect by inhibiting tumor growth and induc-
ing apoptosis in both CSCs and non-CSCs in a mouse model of 
human colorectal cancer xenografts.

RESULTS
scL-mediated targeting of CSCs in vitro
Since the scL nanocomplex targets TfR overexpressed on the sur-
face of cancer cells, we hypothesized that scL might target CSCs 
if CSCs also overexpress TfR. To address this, we determined 
the TfR expression level in CSCs of human colorectal cancer 
(HT-29, HCT-116) using CSC markers (CD133, CD166, CD44, 
EpCAM, Msi1, and Nanog). While noncancerous human lung 
fibroblasts, IMR-90, had low TfR expression, all of the human 
colorectal cancer cell lines were found to express elevated levels 
of TfR, which were similar in CSCs (CD133+CD166+CD44+, 
EpCAMhighCD166+CD44+, Msi+Nanog+, or CD133+) and 
unselected populations (Figure 1a,b). Western blot analysis of 
immunomagnetically sorted CD133+ and CD133− populations 
of HT-29 cells confirmed the increased expression of TfR in both 
populations compared to that seen in noncancerous IMR-90 cells 
(Figure 1c). Expression of TfR in CSCs of human brain cancer 
cells (U251, U87, LN-18, and T98G) was also tested using mul-
tiple CSC markers (CD133, Nestin, SSEA-1, Nanog, and Msi1). As 
was the case with the colorectal cancer cells, all brain cancer cell 
lines exhibited a similar shift indicating overexpression of TfR that 
was observed in both CSCs (CD133+Nestin+, CD133+Msi1+, or 
SSEA-1+Nanog+) and unselected populations (Figure 1d). The 
observed cosegration of e.g., CD133/CD166/CD44 or SSEA-1/
Nanog, indicates the simultaneous expression of different CSC 
markers in these cells and helps support that the populations iso-
lated are indeed CSCs. These results indicate the potential for tar-
geting both of CSCs and non-CSCs in a solid tumor via binding of 
the scL nanocomplex to the TfR.

Next, we tested whether scL targets and transfects both popu-
lations of CSCs and non-CSCs in vitro using fluorescently labeled 
oligonucleotide (ODN) as a model payload. We transfected HT-29, 
HCT-116, and U251 cells with scL-delivered 6FAM-labeled ODN 
(6FAM-ODN) in vitro. Treatment with free 6FAM-ODN (without 
scL delivery) resulted in no significant cellular uptake (Figure 1e). 
In contrast, use of scL-6FAM-ODN resulted in similar high level 
of transfection in both CD133+ and CD133− populations of 
HT-29, HCT-116, and U251 cells confirming the ability of scL to 
target both populations.

We also examined the intracellular uptake and subcellular 
localization of the payload in CSCs with time lapse imaging of 
in vitro transfection using total internal reflection fluorescence 
microscopy (Figure 1f,g). CSCs from HT-29 were prelabeled with 
anti-CD133 antibody (red fluorescence) and transfected with scL-
6FAM-ODN. Significant accumulation of 6FAM-ODN (green flu-
orescence) in the cytoplasm was observed as early as 3 hours after 
transfection, and the signal intensified over time. Translocation 
of 6FAM-ODN into the nucleus, where ODN are expected to act 

in modulating gene expression, was also observed 9 hours after 
transfection (Figure 1f,g). Taken together, these results substanti-
ate the ability of the scL nanocomplex to target CSCs in vitro.

scL-mediated transgene expression in CSCs in vitro
To quantify transfection efficiency and evaluate functionality of 
the delivered payload in CSCs, we transfected HT-29, HCT-116, 
U251, and U87 cells with scL carrying green fluorescent protein 
(GFP) plasmid DNA (scL-GFP). Forty-eight hours after transfec-
tion, we used Texas Red-labeled anti-CD133 antibody to detect 
CSCs. Localization of GFP in the cytoplasm of Texas Red-labeled 
cells was observed in HT-29, U251, and U87 cells (Figure  2a). 
Using flow cytometry, expression of GFP was observed in 
more than 70% of both HCT-116 CD133+ and CD133− cells 
(Figure  2b). In contrast, transfection with GFP DNA alone 
resulted in no GFP expression in any of the cells. These results 
demonstrate high transfection efficiency with scL and confirm 
that scL can deliver payloads to both CSCs and non-CSCs in vitro 
with similar efficiency.

From a therapeutic standpoint, the ability to deliver and express 
wtp53 in CSCs and non-CSCs is the key issue. To demonstrate the 
ability of the scL nanocomplex to deliver p53 to both CSCs and 
non-CSCs, we transfected HT-29 cells with the scL nanocomplex 
carrying a GFP-tagged wtp53 expression plasmid encoding GFP-
p53 fusion protein as the payload.28 Twenty-four hours after trans-
fection, the cells were harvested and FACS-sorted using antibodies 
against CSC markers (CD133, CD166, and CD44). Untransfected 
cells were also sorted for use as a control. Western blot analysis 
of both sorted CSCs (CD133+CD166+CD44+) and non-CSCs 
(flow through cells) showed the expression of the GFP-p53 fusion 
protein in CSCs as well as in non-CSCs (Figure 2c). A popula-
tion of unselected cells was also included on the gels. To elimi-
nate cross-reactivity, separate membranes were probed for the 
expression of GFP or p53 proteins using antibodies against each 
protein. As expected with a fusion protein, the signal detected 
with both the anti-GFP and anti-p53 antibodies was evident at 
the same molecular weight of ~78 kDa. Although some nonspe-
cific banding was detected in the untreated cells with the anti-p53 
antibody (not endogenous p53 which was present at 53 kDa as 
expected), no expression of GFP was evident in untreated cells in 
the unselected, CSC or the non-CSC populations. These results 
indicate that the observed exogeneous p53 and GFP expression is 
a result of scL delivery to, and expression of, the payload in both 
CSCs and non-CSCs. Moreover, using fluorescence microscopy, 
we have also observed a time-dependent increase in the level of 
green fluorescence in the transfected cells at 16, 24, and 48 hours 
after transfection (data not shown). Thus, these data demonstrate 
that the scL-GFP-p53 nanocomplex can target, and deliver exoge-
neous wtp53 to CSCs (as well as non-CSCs).

Effect of scL-delivered wtp53 on CSC/non-CSC 
survival in vitro
Next, we sought to evaluate the effectiveness of scL-mediated 
delivery of therapeutics on CSCs. We examined in vitro the effect 
of scL-delivered wtp53 DNA on CD133+ CSCs and CD133− 
non-CSCs from colorectal (HT-29, HCT-116) and brain (U251, 
U87) cancer cells using the XTT cell survival assay (Figure 3). 
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The  graphs represent the mean of triplicate samples. Treatment 
with liposome only (Lip) and scL carrying empty plasmid vec-
tor (scL-vector) served as controls. Transfection with scL-p53 
resulted in a statistically significant increase in cell death in the 
all cell lines tested. More importantly, scL-p53 induced similar 

responses in both CD133+ CSCs and CD133− non-CSCs (similar 
IC50 values) (Figure 3e). In contrast, transfection with the con-
trols, at what would be clinically relevant doses, did not result in 
significant cell death demonstrating that the response to scL-p53 
is not a result of nonspecific cytotoxicity.

Figure 1  Overexpression of transferrin receptor (TfR) in solid tumor cancer stem-like cells (CSCs) and their in vitro targeting by the scL nanocom-
plex. (a) Expression of TfR was assessed in CSCs of human colorectal cancer cell line HT-29 using multiple stem cell markers (CD133+CD166+CD44+, 
EpCAMhighCD166+CD44+, or Msi+Nanog+). Black histograms represent isotype control. Red histograms represent marker-positive CSCs. Blue histo-
grams represent unselected cancer cells. (b) TfR expression in CD133+ and CD133− populations in another human colorectal cancer cell line (HCT-
116) was compared with TfR expression in a noncancerous human lung fibroblast cell line (IMR-90). Closed gray histograms represent isotype control. 
(c) Expression of TfR in CD133+ and CD133− populations of HT-29 and IMR-90 was assessed by western blot. (d) Expression of TfR was tested in CSCs 
of human brain cancer cell lines (U251, U87, LN-18, and T98G) using multiple stem cell markers (CD133+CD166+CD44+, EpCAMhighCD166+CD44+, 
or Msi+Nanog+). Black histograms represent isotype control. Red histograms represent marker positive CSCs. Blue histograms represent unselected 
cancer cells. (e) Uptake of fluorescently labeled ODN in CD133+ and CD133− populations 24 hours after transfection of HT-29, HCT-116, and U251 
cells with uncomplexed free (black histogram) and scL-complexed (red histogram) 6FAM-ODN. Gray histograms represent untreated control. (f) 
Time lapse images of subcellular localization of 6FAM-ODN in HT-29 cells after scL-mediated transfection using total internal reflection fluorescence 
(TIRF) microscopy. HT-29 cells were prelabeled with anti-CD133 antibody (red fluorescence) in culture and transfected with scL-6FAM-ODN (green 
fluorescence) at 0 hour. Images were obtained over a 17-hour period. Scale bars indicate 10 μm. (g) Fluorescence intensity in the CD133+ HT-29 cells 
were measured in cell 1 and cell 2 along the scanning line denoted by the arrow in f. Change in fluorescence intensity over time is shown at 7, 8, 9, 
10, 13, and 16 hours after transfection. The dotted boxes indicate each cell.
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CSC targeting in vivo via systemically delivered scL in 
human brain and colorectal cancer xenografts
While the in vitro studies described above serve as proof-of- 
principle, it is critical to assess the ability of scL to deliver its pay-
load to CSCs in vivo after systemic administration. We employed 
three different animal models of human cancer xenografts: 
colorectal (HT-29) and brain (U251 and U87).

Mice bearing HT-29 subcutaneous xenograft tumors were 
injected intravenously (i.v.) three times over 24 hours with 
either scL-6FAM-ODN, the complex minus the targeting moi-
ety (Lip-6FAM-ODN), or free 6FAM-ODN (all at 100 μg of 
6FAM-ODN/mouse/injection, 4–5 mice/group). Twenty-four 
hours after the last injection, the level of fluorescence in the 
tumor and normal tissues (liver, kidney, lung, heart, and spleen) 
was determined. In the tumors from mice injected with scL-
6FAM-ODN, strong fluorescence was observed throughout the 
tumor (on the surface and also in the center), except in necrotic 
regions. However, only weak fluorescence was detected in 
tumors from mice treated with Lip-6FAM-ODN or free 6FAM-
ODN. The fluorescence intensity was quantified and plot-
ted (Figure 4a). While the majority of fluorescence observed 
after injection of either free 6FAM-ODN or Lip-6FAM-ODN 
was present in the liver, with only low levels in the tumor, the 
opposite was true after injection with scL-6FAM-ODN. In this 
case, the majority of the signal was in the tumor. Tumor fluores-
cence with scL-6FAM-ODN was 4.5 and 6.8 times higher than 
after treatment with Lip-6FAM-ODN or with free 6FAM-ODN, 
respectively. Tumor specificity of scL-6FAM-ODN was also 
supported by the differences in fluorescence intensity in nor-
mal tissues between groups. Fluorescence in liver, kidney, and 
spleen from the free 6FAM-ODN treated animals were 2.5, 3.8, 
and 9.2 times higher, respectively, than the fluorescence seen in 
those treated with scL-6FAM-ODN (Figure 4a). Similar tumor 
specificity was observed in the subcutaneous U251 brain tumor 
xenograft model after a single i.v. injection of the three reagents 
described above (4–5 mice/group) (Figure 4c).

We sought to determine if the tumor-targeting described 
above included targeting to CSCs in these in vivo models. After 
imaging the tumors, CSCs were isolated and uptake of 6FAM-
ODN was analyzed by flow cytometry. As in the in vitro studies, 
6FAM-ODN uptake was evident in both CD133− non-CSCs and 
CD133+ CSCs isolated from tumors of mice that received scL-
6FAM-ODN (Figure 4b). Furthermore, this analysis demon-
strated that a high level of in vivo uptake efficiency was obtained 
after systemic administration of the scL nanodelivery system. After 
three i.v. injections, the scL nanocomplex was taken up by ~90% 
of CD133+ CSCs and 83% of CD133− non-CSCs in the HT-29 
subcutaneous xenografts confirming its ability to efficiently target 
and deliver the payloads to both populations in vivo. This level of 
tumor targeting was three to six times greater than that observed 
with the controls. Free 6FAM-ODN was present in only ~15% of 
the tumor cells, while the 6FAM-ODN was present in ~30% of 
tumor cells after injection of untargeted Lip-6FAM-ODN. The 
uptake observed with Lip-6FAM-ODN may be due to nonspecific 
(nonreceptor mediated) uptake of the liposome particle which 
may be attributed to what has been termed the enhanced perme-
ability and retention effect.29

The CSC-targeting capability of the scL nanodelivery system 
in vivo was also confirmed in a subcutaneous tumor model of U251 
human brain cancer. Consistent with the results obtained with 
HT-29, a systemic single injection of scL-6FAM-ODN resulted in 
an uptake efficiency of ~65% in both CD133+ CSCs and CD133− 
non-CSCs. This was 7–10 times greater than the efficiency observed 
with the controls. Free 6FAM-ODN was present in only ~6% of the 
tumor cells, while ~10% showed the presence of the 6FAM-ODN 
after injection of untargeted Lip-6FAM-ODN (Figure 4d).

The CSC-targeting capability of the scL nanocomplex in vivo 
was further confirmed in an intracranial tumor model of U87 
human brain cancer using multiple CSC markers (Figure 4e). 
Systemic injection of scL-6FAM-ODN resulted in an uptake effi-
ciency of 37–60% of CSC marker-positive cells (CD133+, SSEA-
1+, Nestin+, Nanog+, and Msi1+) after a single injection.

Taken together, these results confirm the tumor specificity and 
CSC-targeting in vivo of the scL nanocomplex in a wide range of 
tumor types after systemic administration in mice bearing these 
human tumor xenografts.

Figure 2   scL-mediated exogenous gene expression in cancer stem-
like cells (CSCs) in vitro. (a) Fluorescent and differential interference 
contrast (DIC) images of HT-29, U251, and U87 cells in monolayer cul-
ture transfected with scL-GFP in vitro for 48 hours. GFP-expressing cells 
were stained with an anti-CD133 antibody (red fluorescence). Scale 
bars indicate 10 μm. (b) Flow cytometry analysis of HCT-116 cells 48 
hours after transfection with free GFP plasmid DNA (black open histo-
grams) or scL-GFP (red open histograms). The cells were stained with 
CD133-PE antibody. GFP positivity in CD133+- and CD133−-gated cells 
are shown. Gray histograms represent untreated control. (c) Western 
blot analysis of HT-29 cells 24 hours after transfection with scL-GFP-p53. 
Expression of GFP and p53 fusion proteins in unselected, FACS-sorted 
CSCs (CD133+CD166+CD44+) and non-CSCs was assessed on two indi-
vidual membranes. (−), untransfected cells; (+), scL-GFP-p53 transfected 
cells. FACS, flow-activated cell sorting.
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scL-mediated transgene expression in CSCs in 
xenografts of human colorectal cancer
The ability of systemically administered scL to deliver its payload 
to CSCs was further evaluated in vivo using GFP plasmid DNA 

as a payload. Mice bearing HT-29 subcutaneous tumors were 
injected i.v. once with either scL-GFP, the complex minus the tar-
geting moiety (Lip-GFP), or free GFP (all at 100 μg of GFP plasmid 
DNA/mouse, 3 mice/group). Sixty-four hours after the injection, 

Figure 3   Effect of scL-delivered wtp53 on cancer stem-like cell (CSC) and non-CSC survival in vitro. The XTT-based in vitro cell viability assay was 
performed to compare the anticancer effect of scL-mediated delivery of wtp53 on CD133+ CSC and CD133− non-CSC cell populations from human: 
(a) HT-29 colorectal cancer; (b) HCT-119 colorectal cancer; (c) U251 brain cancer; (d) U87 brain cancer cells. The XTT assay was performed 48 hours 
after transfection. (e) Compilation of the IC50 values, the drug concentration resulting in 50% cell kill, for CD133+ and CD133− populations in the 
tumor cell lines after transfection with scL-p53. Data are represented as mean ± SD of triplicate samples. Statistical significance was determined using 
analysis of variance (*P < 0.05; **P < 0.001).
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the level of fluorescence in the tumor was determined (Figure 5a). 
Strong green fluorescence was observed in the tumors from mice 
injected with scL-GFP while only weak fluorescence was detected 
in tumors from mice that received Lip-GFP or free GFP. The fluo-
rescence intensity was quantified and plotted (Figure 5b). Using 
fluorescence microscopy, localization of GFP and CSC marker 
CD133 in the same cells was observed in the tumor sections from 
scL-GFP treated mice (Figure 5c). These results demonstrate the 

scL can also deliver this plasmid payload to CSCs with a high effi-
ciency in vivo and more significantly, that the delivered payload 
functions normally within the target cells.

Systemically delivered scL-mediated targeting of 
CSCs in syngeneic mouse tumors
In vivo tumor-targeting and CSC-targeting capability of scL was 
further studied in immune competent syngeneic mouse models of 

Figure 4   Tumor specificity and cancer stem-like cell (CSC)–targeting ability of the scL nanocomplex in vivo after systemic administration. 
(a) Quantitative analysis of the intensity of green fluorescence signal, representing uptake of 6FAM-ODN, in HT-29 subcutaneous tumors and normal 
tissues using the Maestro in vivo fluorescence imaging system. Signal intensity is expressed as photons/cm2/second. (b) Flow-activated cell sorting 
(FACS) analysis of 6FAM-ODN uptake in CD133+ CSCs and CD133− non-CSCs isolated from the HT-29 tumors after imaging. (c) Ex vivo fluorescence 
imaging of U251 subcutaneous tumors after a single i.v. injection with 100 μg of 6FAM-ODN/mouse. (d) FACS analysis of 6FAM-ODN uptake in 
CD133+ CSCs and CD133− non-CSCs isolated from U251 tumors. Analysis was performed 24 hours after injection. In b and d, the values listed above 
the bar in each histogram indicate the percentage of the cells positive for 6FAM-ODN. Gray histograms represent untreated control. (e) FACS analysis 
of 6FAM-ODN uptake in stem cell markers (CD133, SSEA-1, Nestin, Nanog, and Msi1)-positive populations isolated from U87 intracranial tumor xeno-
grafts 24 hours after a single i.v. injection with 100 μg of 6FAM-ODN/mouse administered as scL-6FAM-ODN. Black histograms represent untreated 
control. The values listed above the bar in each histogram indicate the percentage of the cells positive for 6FAM-ODN. Statistical significance was 
determined using analysis of variance (*P < 0.05).
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lung metastases of B16F10 melanoma (3 mice/group) and subcu-
taneous breast tumor (EO771, 3 mice/group). Systemic adminis-
tration of scL-6FAM-ODN resulted in tumor-specific delivery of 
6FAM-ODN to the lung metastases. Compared to uncomplexed 
(free) or untargeted complex (Lip) controls, scL-mediated deliv-
ery of 6FAM-ODN showed significantly stronger fluorescence 
signal in the lung tumors (Figure 6a), with great targeting effi-
ciency 24 hours after i.v. injection (Figure 6b). Flow-activated cell 
sorting (FACS) analysis of cancer cells isolated from the tumor 
nodules demonstrated a high degree of targeting (~51%) in vivo 

in  CD44+CD24+CD133+ mouse melanoma CSC populations 
after a single injection (Figure 6c). In contrast, animals treated 
with free or Lip controls resulted in very low uptake of 6FAM-
ODN in CSCs.

In the EO771 syngeneic breast tumor model, systemic admin-
istration of scL-6FAM-ODN also resulted in significant percent-
age of the tumor cells positive for the presence of the payload 24 
hours after i.v. injection (Figure 6d). In these tumors, the percent-
age of cells exhibiting 6FAM-ODN uptake was 13.9 or 8.5-fold 
higher with scL-mediated delivery than with free or Lip controls, 
respectively. Further analysis using CSC markers demonstrated 
~40 % of both CD44+CD24− or CD133+ breast CSC populations 
had taken up the payload after a single scL-6FAM-ODN injection 
(Figure 6d). In contrast, CSCs in tumors from animals treated 
with free or Lip controls showed only ~4 to 8.5% of CSCs con-
tained 6FAM-ODN. These results confirm the tumor specificity 
and CSC-targeting of the scL nanodelivery system after systemic 
administration in mouse syngeneic models of primary and meta-
static tumors.

CSC-targeting via systemically delivered scL in 
chemically induced mouse tumors
Tumor-targeting and more specifically CSC-targeting by scL was 
further tested in vivo in a chemically induced mouse tumor model 
(3–4 mice/group). This model more closely resembles the human 
clinical situation. Systemic administration of scL-6FAM-ODN 
into A/J mice bearing chemically induced lung tumors resulted 
in tumor-specific delivery of 6FAM-ODN (Figure 7a), achieving 
a high level of targeting efficiency in vivo (~40% of lung CSCs) 
after a single injection (Figure 7b,c). In contrast, treatment with 
uncomplexed (free 6FAM-ODN) or untargeted control complexes 
(Lip-6FAM-ODN) did not result in significant levels of uptake of 
6FAM-ODN in CSCs in any of the animals.

Systemically administered scL-6FAM-ODN also resulted in 
tumor-specific delivery to chemically induced tumors found in the 
liver with a high efficiency of targeting. Over 90% of CSCs in liver 
showed 6FAM-ODN uptake (Figure 7d,e). Of note, no significant 
6FAM-ODN uptake was observed in the nonhematopoietic sub-
population (CD45−) in the liver including hepatocytes which are 
negative for CSC surface markers (CD34−c-Kit−Sca-1−CD45−). 
In the CD45+ hematopoietic fraction of liver, including Kupffer 
cells and circulating leukocytes, uptake of 6FAM-ODN was 
observed in about 78% of the cells. Importantly, very low levels of 
6FAM-ODN uptake was observed in mouse hematopoietic stem 
cells (mHSCs, CD34−c-Kit+Sca-1+CD45+Lin−) and mouse mes-
enchymal stem cells (mMSCs, CD34−c-Kit−Sca-1+CD45−Lin−) 
from bone marrow and peripheral blood of scL-6FAM-ODN 
treated mice (Figure 7f). Taken together, these results confirm the 
in vivo tumor specificity and CSC-targeting ability of the systemi-
cally administered scL nanodelivery system in this chemically 
induced syngeneic mouse tumor model.

Efficient tumor growth inhibition and induction of 
apoptosis in CSCs/non-CSCs in colorectal xenografts
To directly evaluate the therapeutic potential of the tumor-
targeted scL nanodelivery system, tumor and CSC responses 
to scL-delivered wtp53 was tested in subcutaneous xenograft 

Figure 5   scL-mediated exogenous gene expression in cancer stem-
like cells (CSCs) in vivo. (a) Ex vivo fluorescence imaging of GFP in 
 subcutaneous HT-29 tumor xenografts 64 hours after i.v. injection with 
100 μg of GFP plasmid DNA/mouse as in Figure 4. (b) Quantitative 
analysis of the intensity of GFP signal in the tumors expressed as pho-
tons/cm2/second. (c) Fluorescent images of HT-29 tumor treated with 
scL-GFP. GFP-expressing tumor slice was stained with an anti-CD133 
antibody (red fluorescence) and analyzed using confocal microscope. 
Scale bar indicates 25 μm. Statistical significance was determined using 
analysis of variance (*P < 0.05).
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tumors established by injecting CD133+ HT-29 cells (10–11 
mice/group). Tumor-bearing mice were i.v. treated with scL-p53 
nanocomplex (30 µg DNA/mouse/injection) twice per week for 
6 weeks. Untreated mice were used as controls. Systemic admin-
istration of scL-p53 resulted in significant tumor growth inhibi-
tion (Figure 8a). Three weeks after the first treatment, tumor 
size was only 30.3% of untreated control mice. Completing 

the 6-week treatments, 63.2% of tumor growth inhibition was 
observed in scL-p53 treated tumors compared to untreated 
control. The antitumor effect persisted even after treatment 
had ended. At 7 weeks, tumor size in the scL-p53 treatment 
group was 18.3% of untreated control, representing an 81.7% 
inhibition. Not unexpectedly with scL-p53 as a single-agent, 
tumor regression was not observed. However, scL-p53 was very 

Figure 6   scL-mediated in vivo targeting of cancer stem-like cells (CSCs) in syngeneic tumors. (a) Ex vivo fluorescence imaging of syngeneic 
B16F10 melanoma (lung metastatic tumors) 24 hours after i.v. injection with 100 μg of 6FAM-ODN. (b) Green fluorescence representing uptake of 
6FAM-ODN in lung metastatic tumors was quantitatively determined as in Figure 4. (c) Flow-activated cell sorting (FACS) analysis of 6FAM-ODN 
uptake in mouse melanoma CSCs (CD44+CD24+CD133+) isolated from B16F10 lung metastatic tumors. (d) FACS analysis of 6FAM-ODN uptake 
in unselected tumor cell population (top line) and mouse breast tumor CSCs (CD44+CD24−/low or CD133+) isolated from subcutaneous syngeneic 
EO771 breast tumors 24 hours after i.v. injection with 100 μg of 6FAM-ODN/mouse. Statistical significance was determined using analysis of variance 
(*P < 0.05).
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effective in controlling the tumor growth as the mean tumor 
growth time (time required to reach a fivefold increase of tumor 
volume from the size at the start of treatment) was 41.3 days for 
scL-p53 treated animals while only 12.4 days for untreated con-
trol mice. This represents a 28.9-day growth delay (Figure 8b). 
Antitumor efficacy was further determined using cell cycle 
analysis of cancer cells isolated from the tumor (Figure 8c). 
Compared to untreated tumors, FACS analysis showed a sig-
nificantly increased sub-G1 population (approximately three-
fold) after scL-p53 treatment, indicating a strong inhibition of 
cell cycle progression and induction of apoptosis. A change in 
number of CSCs in the tumors during scL-p53 treatment was 
monitored over time (Figure 8d). The relative number of CSCs 
was calculated from the tumor size shown in Figure 8a and 
the percentage of CD133+ CSCs analyzed by FACS (data not 
shown). Compared to the untreated tumors, the relative num-
ber of CD133+ CSCs in the tumors from the scL-p53 treated 
mice was significantly lower with a 65.7% reduction 18 days after 
the first treatment. At the end of 6 weeks treatment, the relative 
number of CD133+ CSCs in the scL-p53 treatment group was 
only 28.8% of those from untreated control mice showing sig-
nificant increase of apoptosis (cell kill) in these CSCs.

To confirm this apoptotic response in CSCs, and examine the 
effect of scL-p53 in non-CSCs, induction of apoptosis was deter-
mined using antibodies against Annexin V and surface antigens 
of CSCs (CD133+CD44+, EpCAMhighCD166+, or Msi1+) in a sec-
ond in vivo experiment. With the CSC markers tested, treatment 
with scL-p53 increased positive staining for Annexin V in the 
both CSC marker-positive and -negative cells suggesting that scL-
p53 was able to target and induce apoptosis not only in the CSCs 
but also in the non-CSCs (Figure 8e). In addition, the observed 
cosegration of e.g., CD133/CD166/CD44 or SSEA-1/Nanog, 
indicates the simultaneous expression of different CSC markers 
in these cells further and again indicates that this response was 
observed in CSCs. Moreover, the level of increase in Annexin V 
positive staining was similar between the CSC marker-positive 
and -negative populations.

DISCUSSION
Recent identification of putative CSC surface markers has led to a 
quest for methods to deliver therapeutic agents to CSCs. However, 
while there is no current consensus on the optimal markers for 
CSCs, numerous studies employ surface antigens (i.e., CD133, 
CD44, CD24, etc) as markers for CSCs.30,31 While the relevance of 

Figure 7   scL-mediated in vivo targeting of cancer stem-like cells (CSCs) in chemically induced mouse tumors. (a) Ex vivo fluorescence imaging 
of chemically induced lung tumors in A/J mice 24 hours after i.v. injection with 100 μg of 6FAM-ODN. Green fluorescence representing uptake of 
6FAM-ODN in lung metastatic tumors was quantitatively determined as in Figure 4. (b) 6FAM-ODN uptake in lung CSCs (CD34+c-Kit+Sca-1+CD45−) 
was determined by flow-activated cell sorting (FACS) analysis and compared in graph c. (d) Ex vivo fluorescence imaging and (e) FACS analysis of liver 
tumors in A/J mice i.v. treated with scL-6FAM-ODN for 24 hours. Arrows indicate chemically induced liver tumors. (f) 6FAM-ODN uptake in mouse 
hematopoietic stem cells (mHSCs, CD34−c-Kit+Sca-1+CD45+Lin−) and mouse mesenchymal stem cells (mMSCs, CD34−c-Kit−Sca-1+CD45−Lin−) 
were monitored in the bone marrow and blood by FACS. Statistical significance was determined using analysis of variance (*P < 0.05; **P < 0.001).

0
Untreated Free ODN Lip-ODN scL-ODN

Bright field 6FAM-ODN Overlay

Free ODN

7.51

C
ou

nt

C
ou

nt

8.54

6FAM-ODN

6FAM-ODN

Control (no 6FAM-ODN)
Non-selected (liver + tumor) (28.8% uptake)
Hepatocytes (CD34− c-Kit− Sca-1− CD45−) (8.8% uptake)

Kupffer cells + leukocytes (CD45+) (78.1% uptake)
CSCs (CD34+ c-Kit+ Sca-1+ CD45− (96.5% uptake)

Mouse HSCs Mouse MSCs

0.44% Uptake 0% Uptake

6F
A

M
-O

D
N

0% Uptake 0% Uptake

FSC-A

B
on

e 
m

ar
ro

w
B

lo
od

51.98

Lip-ODN scL-ODN

Free ODN Lip-ODN scL-ODN

5

10

F
lu

or
es

ce
nc

e 
(×

 1
06  p

/c
m

2 /s
ec

on
d)

0

20

40

60

%
 U

pt
ak

e
15 **

*

*
*

20

25a

b

c

d

e

f

286 www.moleculartherapy.org vol. 22 no. 2 feb. 2014



© The American Society of Gene & Cell Therapy
Targeted Nanodelivery to Cancer Stem-like Cells

putative CSC surface markers remains controversial,32 a few stud-
ies have reported targeting of CSCs based on these distinct stem 
cell markers.33 Since it is also plausible that the depletion of the 
CSCs may not be sufficient for complete tumor regression if the 
remaining differentiated tumor cells are still capable of sustaining 
growth of a tumor mass,34 a more practical approach would be 
to target both CSC and non-CSC populations using a common 
target, such as the TfR.

TfR was shown in the studies described above to be overex-
pressed on CSCs as well as non-CSCs. More importantly, targeting 
studies in vitro and in vivo demonstrated that our TfR-targeting 
nanocomplex (scL) can efficiently target and deliver payloads into 
both populations in brain and colorectal cancers. Transfection of 
brain and colorectal cancer cells with a scL-6FAM-ODN nano-
complex in vitro resulted in a high level of transfection efficiency 
in both CSCs and non-CSCs with similar delivery efficiencies 
in the two populations. The ability to target CSCs using the scL 
nanocomplex was further confirmed in vivo using chemically 
induced, syngeneic, and xenograft mouse tumor models. In all of 
these different mouse models of various types of cancer, high lev-
els of CSC-targeting were observed. It is significant that targeting 

was not limited to the subcutaneous and intracranial xenograft 
tumors, or one tumor type, but was also observed in the syn-
geneic and, most importantly, the chemically induced tumors. 
Although xenograft tumors are the most frequently used models 
to assess tumor response, they might not be the most representa-
tive of human cancer since they are induced in animals that have 
impaired immune systems. While syngeneic tumors are more rep-
resentative of the natural situation as they are produced in fully 
immune competent animals, they are still somewhat artificial as 
the tumor location often does not closely mirror the microenvi-
ronment of the organ from which the original tumor was derived. 
However, the tumors that arose naturally and spontaneously after 
treatment with chemical carcinogens, rather than introduction of 
exogenous tumor cells, are likely the most representative of the 
actual clinical situation. The demonstration of CSC targeting in 
these tumors is an indication that there is potential to reproduce 
this finding in human patients.

Furthermore, the data obtained also demonstrated that the tar-
geting observed was truly specific for CSCs and not a generalized 
binding to “stem cells.” Uptake of the scL-delivered 6FAM-ODN 
payload was not significantly detected in either normal mouse 

Figure 8   Efficient tumor growth inhibition and induction of apoptosis in cancer stem-like cells (CSCs)/non-CSCs in colorectal xenografts. 
(a) Changes in tumor sizes with treatments. Mice were treated i.v. with scL-p53 (30 μg DNA/mouse/injection) twice per week for 6 weeks and tumor 
sizes were monitored weekly. Tumor sizes were plotted versus the number of days after initiation of the treatment. Black bar indicates the duration 
of treatment. (b) Summary of tumor growth. Tumor growth time: time in days required to reach a fivefold increase in tumor volume from the size 
at the start of treatment. Tumor growth inhibition: calculated as the ratio of tumor volume between scL-p53 treated tumors and untreated control 
tumors after completing treatment (6 weeks). (c) Cell cycle analysis of tumor cells after treatment. Sub-G1 peaks (<2N) represent apoptotic cells. 
Apoptotic response was determined by quantifying the sub-G1 population. Representative histograms are shown. (d) Changes of the relative num-
bers of CD133+ CSCs in tumors. The relative number of CSCs was calculated from tumor size in a and percentage of CD133+ CSCs by flow-activated 
cell sorting (FACS) analysis. (e) Apoptosis in CSCs after treatment in a second in vivo experiment. The ratio of Annexin V positive cells in tumors after 
treatment was evaluated by FACS analysis. Tumor cells were colabeled with CSC markers (CD133+CD44+, EpCAMhighCD166+, or Msi1+) for gating. 
Representative histograms are shown. Gray solid histogram: untreated cells. Black histogram: scL-p53 treated cells. Statistical significance was deter-
mined using analysis of variance (*P < 0.05).

0

0

0
Sub G1
G1

G2

Untreated

2N

4N

<2N

scL-p53

S Sub G1
G1

G2S

20

40

%
 O

f c
el

ls

60

Untreated

Group
Tumor

growth time
(day)

Tumor
growth

inhibition (%)

Unselected

CD133+CD44+

EpCAMhigh

CD166+
EpCAM−/low

CD166−

Msi1+

C
ou

nt

Msi1−

Annexin V

CD133−CD44−

n

scL-p53

12.4

41.3

22

20

−

63.2

*

18 20 28

Days of treatment

42 45

500

1,000

1,500

R
el

at
iv

e 
nu

m
be

r 
of

C
D

13
3+  C

S
C

s 
in

 tu
m

or 2,000

2,500

0 20 40 60

Days of treatment

80

1,000

2,000

3,000

Tu
m

or
 v

ol
um

e 
(m

m
3 )

4,000

5,000

6,000

7,000

Untreated
scL-p53

Untreated
scL-p53

a

d

c

eb

Molecular Therapy vol. 22 no. 2 feb. 2014 287



© The American Society of Gene & Cell Therapy
Targeted Nanodelivery to Cancer Stem-like Cells

hematopoietic stem cells or mesenchymal stem cells obtained 
from bone marrow and blood. This was shown to be the case with 
normal stem cells isolated not only from mice bearing chemically 
induced tumors, but more importantly, from nontumor bear-
ing mice (data now shown). Normal stem cells possess very low 
levels of the TfR. Thus, due to the TfR-targeting moiety on the 
nanocomplex, the specificity of this systemically administered 
scL nanocomplex should also prevent deleterious and potentially 
dangerous side effects resulting from nonspecific toxicity in nor-
mal stem cells. This CSC specificity is another significant advan-
tage of this nanodelivery system with respect to potential clinical 
applications.

Previously published studies have demonstrated not only 
tumor growth inhibition, but also complete tumor regression, 
in animal models of cancer after treatment with the combina-
tion of molecular medicines systemically delivered via scL, and 
conventional chemo/radio therapies.14,17,22,25 Such complete 
tumor responses likely reflect the elimination of CSCs in addi-
tion to the elimination of differentiated cancer cells. Thus hav-
ing demonstrated efficient targeting and delivery of the payload 
to CSCs by the scL nanocomplex, we hypothesize that thera-
peutic targeting of CSCs using a scL nanoparticle will be able 
to exercise a significant antitumor efficacy and CSC death. The 
exquisite specificity of scL to target tumors and CSCs resulted 
in a significant antitumor effect demonstrated in in vitro and in 
vivo efficacy studies presented above. Considering that muta-
tion in the tumor-suppressor gene p53 is the most common 
genetic alterations in advanced colorectal cancer, a therapeutic 
approach restoring p53 function could greatly improve the treat-
ment outcomes. Both mutant (HT-29 and U251) and wild-type 
p53 (HCT-116 and U87) cell lines were assessed in vitro for the 
effect of scL-delivered wtp53 on the survival of CSC and non-
CSC. As shown in Figure 3, a p53 specific increase in cell death 
was evident in CSCs and non-CSCs of all four of the cell lines 
irrespective of their p53 status indicating the broad applicability 
of this anticancer approach. It should be noted that wtp53 status 
does not necessarily mean that the p53 signaling pathway is func-
tional.35 It has been suggested that the overexpression of wtp53 
could overcome downstream defects through an as yet unknown 
mechanism.36 In addition, in vitro transfection experiment with 
scL nanocomplex carrying GFP-tagged p53 plasmid (scL-GFP-
p53) resulted in the expression of exogeneous wtp53 and GFP 
fusion protein in CSCs (CD133+CD166+CD44+) and non-CSCs 
of HT-29 human colrectal cancer cells. Moreover, scL-GFP-p53 
treatment induced the expression of p21 (CIP1/WAF1), a down-
stream effector of p53, and cleaved Caspase-3 and cleaved PARP, 
indicators of apoptosis demonstrating the CSC-killing efficacy of 
scL-delivered wtp53 (data not shown). In in vivo efficacy studies 
using a colorectal cancer xenograft model, the systemic adminis-
tration of scL-encapsulated wtp53 plasmid DNA restored a func-
tional apoptotic pathway in p53 mutated HT-29 cells, resulting in 
an 81.7% inhibition of tumor growth in the scL-p53 treated mice 
compared to untreated controls. Although we have not assessed 
if there was a functional reduction in CSC frequency using 
serial transplants following treatment with scL-p53, the minimal 
increase in the relative number of CSCs in the tumors over time 
shown in Figure 8d suggests that scL-p53 treatment eliminated 

a significant percentage of CSCs. The increase in the sub-G1 
population indicates the induction of apoptosis plays a role. scL-
p53 was also able to target and induce similar responses in both 
CD133+ CSCs and CD133− non-CSCs. Taken together, these 
results confirm the tumor-targeting and CSC-targeting ability as 
well as antitumor efficacy of the scL nanodelivery system.

Single-agent scL-p53 treatment was shown to be very effective 
in controlling the tumor size and eliminating CSCs (about 81.7% 
inhibition of tumor growth). However, since in this particular 
experiment we initiated treatment when the tumors were a rela-
tively large size (~300 mm3), we did not observe tumor regression. 
We envision use of scL-p53 in the clinic as one component of a 
combination therapy resulting in sensitization to standard radia-
tion/chemotherapy leading to improved tumor response, includ-
ing regression.

In the studies herein presented, different payloads (reporter 
plasmid DNA and ODN) were incorporated into the scL 
nanodelivery system to demonstrate targeting. These results 
indicate the versatility of this delivery system as a modular 
platform technology adaptable to various payloads. This nano-
technology has been shown to be capable of specifically and effi-
ciently delivering to tumors a wide variety of payloads including 
nucleic acid-based therapeutics (plasmid DNA,14,17,18,23,25,37 si/
miRNA,21,22 antisense oligonucleotides),24 diagnostic imaging 
probes,38–40 small molecules20 and chemotherapeutic agents. 
These payloads can be incorporated into the nanoparticle 
individually or in combination for delivery to both CSCs and 
non-CSCs of tumors. Thus, this CSC-targeting approach has 
the potential to be applied to multiple CSC-directed treatment 
strategies. For example, the molecular targeting and ablation of 
developmental pathways that are preferentially induced or oper-
ative in CSCs (e.g., hedgehog, Wnt/β-catenin, and Notch) could 
be developed.41,42 Targeting self-renewal pathways of CSCs may 
also be possible as treatment options to reduce the CSC popula-
tion in the tumor.43,44 Our CSC-targeting method could also be 
applied to overcome drug resistance and disrupt CSC-niche cell 
interaction.45,46 Delivery of an appropriate payload could also 
potentially induce CSC differentiation by upregulating BMP-4 
expression,47 or downregulate cytokine (IL-4) production which 
is an important intermediate in the antiapoptotic mechanism in 
CSCs of colorectal cancer.48

The prototype of this platform technology (gene therapy with 
p53) is now in clinical trials where it has been shown to be well 
tolerated.27 In this phase I trial, there were indications of antican-
cer activity as a single agent in some patients, even at the lowest 
dose administered. More than 70% of the patients had stable dis-
ease at the end of the treatment cycle.

In summary, our data suggest that systemic delivery of nano-
medicines via the anti-TfRscFv–directed cationic liposome nano-
complex (scL) is a promising therapeutic strategy with selectivity 
for in vivo targeting of, and enhanced delivery to, both differenti-
ated cancer cells and CSCs. In addition, this study suggests that 
CSC-targeted nanodelivery of the tumor-suppressor gene wtp53 
could be an effective curative approach by eliminating CSCs in 
colorectal cancer. We believe that the tumor-targeting and CSC-
targeting capability, in combination with conventional chemo- or 
radio-therapy, could lead to significant reduction and possibly 
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even elimination of cancer recurrence/resistance. With this great 
versatility and flexibility of selecting payloads, proven safety, and 
targeting advantage, our CSC-targeted nanodelivery system has 
the potential for clinical translation to become a drug delivery 
platform for diagnosis, prevention, and treatment of cancers. This 
scL-p53 nanocomplex is currently being evaluated in a number 
of clinical trials in patients with advanced solid tumors where it 
has been shown to be well tolerated with indications of anticancer 
activity.

MATERIALS AND METHODS
Complex preparations. Cationic liposome 1,2-dioleoyl-3-trimethylam-
monium propane (DOTAP)/dioleolylphosphatidyl ethanolamine (DOPE) 
(Avanti Polar Lipids, Alabaster, AL), referred to as Lip in this study, was 
prepared as described previously.17 scL-DNA and scL-ODN complexes 
were prepared as previously described.37

Cell lines. Human colorectal cancer cell lines HT-29 and HCT-116 were 
obtained from the Tissue Culture Shared Resource of the Lombardi 
Comprehensive Cancer Center at Georgetown University. Human brain 
cancer cell lines U87, LN-18, and T98G, human melanoma cell line B16F10, 
and normal human lung fibroblast cell line IMR-90 were obtained from 
American Type Culture Collection (ATCC; Manassas, VA). Human brain 
cancer cell line U251 was obtained from the Division of Cancer Treatment 
and Diagnosis Tumor Repository, National Cancer Institute (NCI)-
Frederick (Frederick, MD). Murine breast cancer cell line EO771 was kindly 
provided by Dr. J. Yan (James Graham Brown Cancer Center, Louisville, 
KY). Cells were maintained at 37 °C in a 5% CO2 atmosphere in McCoy’s 
5A medium (Mediatech, Manassas, VA; HT-29 and HCT-116), modified 
IMEM (Gibco, Grand Island, NY; U87), RPMI 1640 medium (Gibco; U251 
and EO771), MEM (Mediatech; T98G), or DMEM (Gibco; LN-18 and 
B16F10) supplemented with 10% heat-inactivated fetal bovine serum (FBS; 
Omega Scientific, Tarzana, CA), 2 mmol/l L-glutamine (Mediatech), and 50 
μg/ml each of penicillin, streptomycin, and neomycin (PSN). IMR-90 cells 
were cultured in Eagle’s MEM (Mediatech) supplemented with 10% heat-
inactivated FBS, 2 mmol/l L-glutamine, 0.1 mmol/l nonessential amino 
acids (Gibco), 1 mmol/l sodium pyruvate (Gibco), and 50 μg/ml PSN. The 
p53 status of the cell lines is as follows: HT-29, U251, LN-18, and T98G all 
carry mtp53; U87, HCT-116, B16F10 and IMR-90 all have wtp53.

Flow cytometry. To determine TfR expression levels and to identify the 
CSC population, cancer cells were stained with antibodies against TfR 
and CSC markers and analyzed by flow cytometry. Antibodies used in 
this study are monoclonal antibodies for human CD71-FITC (anti-TfR; 
BioLegend, San Diego, CA), human CD133-PE (Miltenyi Biotec, Auburn, 
CA), human CD166 (Stemgent, San Diego, CA), human CD44-APC 
(BioLegend), human EpCAM-PerCP/Cy5.5 (BioLegend), human Msi1 
(BD Pharmingen, San Diego, CA), human Nanog-Alexa Fluor 647 (Cell 
Signaling Technology, Danvers, MA), human SSEA-1 (Stemgent), human 
Nestin (Abcam, Cambridge, MA), goat anti-mouse IgG-PE (Jackson 
ImmunoResearch Laboratories, West Grove, PA), goat anti-mouse IgG-
APC (Jackson ImmunoResearch Laboratories), and goat anti-rabbit IgG-
APC (Jackson ImmunoResearch Laboratories). Cells were labeled with a 
series of primary and secondary antibodies for 30 minutes at 4 °C in the 
dark. After washing, the labeled cells were analyzed by BD FACS Aria flow 
cytometer (BD Biosciences, San Jose, CA).

Immunomagnetic cell sorting. To separate CD133-expressing cells, cancer 
cells were subjected to immunomagnetic separation using a MACS human 
CD133 microbead kit (Miltenyi Biotec) in a sterile manner according to 
the manufacturer’s protocol. To determine the purity of the separation, 
cells were stained with antibodies for human CD133-PE (Miltenyi Biotec) 
and analyzed by BD FACS Aria flow cytometer.

Western blot analysis. To determine the expression level of the TfR, west-
ern blot analysis was performed. Twenty micrograms of total cellular pro-
tein lysates from noncancerous normal human fibroblast cell line IMR-90 
and immunomagnetically sorted CD133+ and CD133− population of 
HT-29 cells were separated by 8% SDS-polyacrylamide gel electrophore-
sis, transferred to nylon membrane, and hybridized with anti-human TfR 
(Zymed Laboratories, San Francisco, CA) antibody. In the western blots, 
an antibody recognizing glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) (Trevigen, Gaithersburg, MD) was utilized as an internal con-
trol for equal protein loading.

Immunofluorescence imaging. HT-29, U251, and U87 cells were seeded 
at 5.5 × 104 cells per chamber of a 4-chamber Falcon culture slide (BD 
Biosciences Discovery Labware, Bedford, MA). Twenty-four hours later, 
cells were transfected with scL-GFP (0.5 µg DNA/chamber). Forty-eight 
hours after transfection, cells were fixed in PBS containing 4% paraformal-
dehyde (Electron Microscopy Sciences, Hatfield, PA) and incubated with 
rabbit polyclonal anti-CD133 antibodies (Abcam) followed by Texas Red-
conjugated secondary sheep anti-rabbit IgG antibodies (Abcam). After 
incubation, slides were mounted with ProLong anti-fade kit (Molecular 
Probes, Eugene, OR) and the cells were observed with an Olympus IX71 
inverted epifluorescent microscope (Olympus, Center Valley, PA).

Live cell imaging of in vitro transfection. HT-29 cells were seeded at 
4.0 × 105 cells per dish on 50 mm glass bottom microwell dishes (MatTek, 
Ashland, MA). Twenty-four hours later, cells were labeled with CD133-PE 
antibodies by replacing the medium with the antibody working stock 
solution. After incubation for 15 minutes in a CO2 incubator at 37 °C, the 
antibody-containing medium was gently replaced with an equal volume of 
warm fresh medium and cells were transfected with the scL-6FAM-ODN (1 
µmol/l ODN). A scrambled ODN that was labeled with 6-carboxyfluorescein 
phosphoramidite (6FAM-ODN, 5′-6FAM-CTAGCCATGCTTGTC-3′) was 
synthesized and purified by reverse phase HPLC (TriLink Biotechnologies, 
San Diego, CA). Screening of this ODN sequence against the GenBank 
Database indicated that no significant match was found with any sequence 
in the database. Immediately after adding the complexes, cells were imaged 
for 17 hours using total internal reflection fluorescence microscopy on an 
inverted Nikon Eclipse TE2000E microscope controlled by Element soft-
ware (Nikon, Melville, NY). Images were analyzed with the same software.

In vitro transfection and cell viability. For in vitro cell survival studies, 
immunomagnetically sorted CD133+ or CD133− cells (HT-29, HCT-116, 
U251, and U87) were plated in a 96-well plate (2 × 103 per well). Twenty-
four hours later, the cells were transfected with scL-p53 complex prepared 
as described above. After transfection for 48 hours, cell viability was deter-
mined by the XTT assay (Polysciences, Warrington, PA) following the 
manufacturer’s protocol. The IC50 value, the drug concentration resulting 
in 50% cell kill, was interpolated from the graph of the log of drug concen-
tration versus the fraction of surviving cells.

Induction of exogenous p53 expression in CSCs and non-CSCs. To 
assess the expression of exogenous wtp53 in CSCs and non-CSCs, the scL 
complex was prepared as described above except that plasmid GFP-p53 
(Addgene plasmid 12091; Addgene, Cambridge, MA) was used as the 
payload. This plasmid carries genes encoding for both GFP and human 
wtp53.30 HT-29 cells (6.0 × 105 cells/100 mm dish) were transfected with 
scL-GFP-p53 at doses of 10 µg DNA/dish. At 24 hours after transfection, 
the cells were harvested with trypsin, stained with monoclonal antibodies 
for human CSCs (CD133, CD166, and CD44), and sorted by BD FACS 
Aria cell sorter. To determine the expression level of the GFP-p53 fusion 
protein, the sorted cells were lysed. Western blot analysis was performed as 
described above with anti-GFP (Millipore, Bedford, MA) and anti-human 
p53 (Calbiochem, San Diego, CA) antibodies. An antibody recognizing 
GAPDH was utilized as an internal control for equal protein loading.
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Animal models. All animal experiments were performed in accordance 
with and under approved Georgetown University GUACUC protocols. 
Xenograft models of human colorectal (HT-29) and brain (U251 and U87) 
cancers were used in this study. HT-29 xenograft tumors were induced 
in female athymic nude (nu/nu) mice (5–6 weeks old, Harlan Sprague-
Dawley, Indianapolis, IN) by subcutaneously inoculating 1.0 × 105 mag-
netically sorted CD133+ HT-29 cells suspended in Matrigel collagen 
basement membrane (BD Biosciences) on the lower back above the tail 
(two sites per mouse). U251 xenograft tumors were induced similarly by 
subcutaneously injecting 1.0 × 106 U251 cells in female athymic nude mice. 
For the intracranial brain tumor model, 5.0 × 105 U87 cells were stereotac-
tically injected into the right hemisphere of female athymic nude mice.49 
Syngeneic mouse models of 1) subcutaneous breast tumor (EO771) and 
2) lung metastases (B16F10) were used in this study. EO771 tumors were 
induced by subcutaneously injecting 2.5 × 105 cells near the fat pad of the 
fourth mammary gland in the lower abdomen of female C57BL/6 mice (8–
12 weeks old, Jackson Laboratory, Bar Harbor, ME). For the B16F10 mouse 
model, 1.0 × 105 cells were injected i.v. via the tail vein of 8–10 weeks old 
female C57BL/6 mice. Chemically produced lung tumors were induced by 
oral gavage with 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone plus 
benzo[a]pyrene in female A/J mice (5 weeks old, Jackson Laboratory).50

In vivo tumor targeting study. When subcutaneous xenografts of human 
colon and brain tumors were at least 250 mm3, the mice were injected i.v. 
three times within 24 hours (at 0, 12, and 24 hours) for HT-29, and once 
for U251 with 100 µg/mouse/injection of 6FAM-ODN complexed with scL 
(scL-6FAM-ODN), untargeted Lip (Lip-6FAM-ODN), or as free 6FAM-
ODN. In another study, mice bearing subcutaneous HT-29 xenografts 
were injected once with 100 µg of GFP plasmid DNA/mouse complexed 
with scL (scL-GFP), Lip (Lip-GFP), or as free GFP. In a U87 intracranial 
xenograft model, tumor-bearing mice received a single i.v. injection with 
100 µg/mouse/injection of 6FAM-ODN complexed with scL (scL-6FAM-
ODN). In the mouse syngeneic and chemically induced tumor models, 
mice were i.v. injected once with 100 µg/mouse/injection of 6FAM-ODN 
complexed with scL (scL-6FAM-ODN), Lip (Lip-6FAM-ODN), or as free 
6FAM-ODN. At 24 hours (for 6FAM-ODN) or 64 hours (for GFP) after 
the last injection, tumor, liver, kidney, lung, heart, and spleen were imaged 
with the Maestro in vivo fluorescence imaging system (CRi, Woburn, MA). 
The resulting acquisition images were analyzed and the fluorescence sig-
nal intensity was quantified with the vendor’s software (Maestro 2.10.0). 
After imaging, single-cell suspensions were obtained from the tumors by 
collagenase digestion in Hank’s balanced solution containing 1 mg/ml col-
lagenase (Sigma) and 2 mmol/l DNase I (Sigma) for 1 hour at 37 °C. The 
fractionated cells were passed through a 70-μm cell strainer and washed 
with PBS. To identify the CSC population, single cells were stained with 
antibodies against CSC markers. Antibodies used in this study are mono-
clonal antibodies recognizing human CD133-PE, human SSEA-1, human 
Nestin, human Nanog-Alexa Fluor 647, human Msi1, mouse CD133-
PerCP-eFluor 710 (eBioscience, San Diego, CA), mouse CD24-eFluor 450 
(eBioscience), mouse CD34-PE (BioLegend), human/mouse CD44-APC/
Cy7 (BioLegend), mouse Sca-1-APC (BioLegend), mouse c-Kit-APC/Cy7 
(BioLegend), mouse CD45-PE/Cy7 (BioLegend), and mouse hematopoi-
etic lineage eFluor 450 cocktail (eBioscience). The labeled cells were ana-
lyzed by BD FACS Aria flow cytometer.

In vivo efficacy study. Subcutaneous HT-29 tumor xenografts were 
induced in female athymic nude mice (5–6 weeks old) as described above. 
At 20 days after injection, the tumors averaged 250–300 mm3. The mice 
were randomized into groups (10–20 mice per group). The targeted lipo-
some complex (scL) carrying wt p53 plasmid DNA was i.v. injected as a 
bolus two times per week via the tail vein. Thirty microgram of plasmid 
DNA (1.5 mg DNA/kg body weight) was administered per injection per 
mouse. A total of 12 injections were administered to the animals over 
the course of the experiment. The in vivo response was evaluated based 

upon the changes in tumor volume over time. The size of each tumor was 
measured weekly and tumor volume (L × W × H) in mm3 calculated. The 
in  vivo efficacy was evaluated by assessing apoptosis of the tumor cells 
using cell cycle analysis. Percentage of CD133+ CSCs in tumors was moni-
tored by FACS at multiple time points. The relative number of CSCs was 
calculated from tumor size and percentage of CD133+ CSCs.

In a separate experiment, anticancer efficacy in CSCs and non-CSCs 
was evaluated by assessing apoptosis of the tumor cells using Annexin 
V-pacific blue (Biolegend) staining double-labeled with CSC markers 
CD133-PE/CD44-APC; EpCAM-PerCP-Cy5.5/CD166, or human Msi1. 
For this study, mice bearing subcutaneous HT-29 xenograft tumors were 
i.v. injected with scL-p53 (60 µg DNA/mouse/injection) three times 
within 24 hours via the tail vein when the tumors averaged 800 mm3. 
Tumors were harvested 12 hours after the last injection. Single-cell 
isolation and antibody staining were performed as described above and 
cells were analyzed by FACS.

Statistical analysis. Results are presented as the mean ± SD. All experi-
ments were repeated at least three times. The statistical significance was 
determined by using the analysis of variance (SigmaPlot, Systat Software, 
San Jose, CA). P values of <0.05 were considered significant.
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