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Abstract

The majority of deaths from all cancers, including colorectal cancer (CRC), is a result of tumor 

metastasis to distant organs. To date, an effective and safe system capable of exclusively targeting 

metastatic cancers that have spread to distant organs or lymph nodes does not exist. Here, we 

constructed multifunctional RNA nanoparticles, derived from the three-way junction (3WJ) of 

bacteriophage phi29 motor pRNA, to target metastatic cancer cells in a clinically relevant mouse 

model of CRC metastasis. The RNA nanoparticles demonstrated metastatic tumor homing without 

accumulation in normal organ tissues surrounding metastatic tumors. The RNA nanoparticles 

simultaneously targeted CRC cancer cells in major sites of metastasis, such as liver, lymph nodes 

and lung. Our results demonstrate the therapeutic potential of these RNA nanoparticles as a 

delivery system for the treatment of CRC metastasis
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Colorectal cancer (CRC) is the second leading cause of cancer deaths in the Unites States, 

with over 130,000 new cases estimated in 2014.1 Metastasis, the primary cause of colon 

cancer-related deaths, is diagnosed in 15-25% of patients at the time of primary CRC 

resection and, eventually, up to 60% of patients with CRC develop liver and/or lung 

metastasis.1, 2 Few patients with metastatic CRC are eligible for surgical intervention, and 

other treatment modalities are limited.3, 4 New strategies relying on systemic interventions 

are needed to treat the complex problem of metastatic CRC.

The development of a safe, efficient, specific and nonpathogenic nanodevice to target 

metastatic cancer cells is badly needed. To address the challenges of targeting metastatic 

tumors with nanotechnology, it is necessary to combine the rational design of nanocarriers 

with the fundamental understanding of tumor biology. Targeting nanoparticles to sites of 

metastasis can be divided into two mechanisms: (1) passive targeting, the process of 

delivering nanoparticles to the specific organ or organs in which the metastases reside, and 

(2) active targeting, the precise homing of a nanoparticle to a specific cancer cell receptor. 

Passive targeting exploits the characteristic features of tumor biology that allow nanocarriers 

to accumulate in the tumor by the enhanced permeability and retention (EPR) effect. 

However, recent studies, focused on the delivery of siRNA to liver hepatocytes, showed that 

precise particle engineering is required to pass through the fenestrae that are present in the 

liver endothelium.5, 6 In general, intravenously administered nanoparticles, especially for 

particles larger than 50nm, accumulated in activated Kupffer cells that reside within and 

near the liver vasculature and did not reach the hepatocytes. The obstacles encountered 

during nanoparticle delivery into normal liver parenchyma suggest an even greater challenge 

for targeting metastatic tumors residing within normal liver parenchyma. Indeed, targeting 

metastatic cancer cells that reside within a population of non-cancerous cells presents a 

unique clinical challenge.

Active targeting of nanoparticle systems can potentially reduce nanoparticle accumulation in 

normal organ parenchyma and reduce therapeutic agent side-effects.7 This is achieved by 

conjugating the surface of nanoparticles using specific cell ligands. Folate receptor α (FRα) 

is a selective tumor marker, that is overexpressed on the surface of various cancers, 
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including ovary, brain, kidney, breast, and lung cancers.8 Folic acid (FA) has a small size, 

low cost, high tumor tissue specificity and is non-immunogenic.9 FA-linked nanocarriers 

have fairly high binding affinity to receptors expressed on tumor cells.10 In this study, we 

demonstrate that the centerfold domain of the packaging RNA (pRNA) of bacteriophage 

phi29 DNA packaging motor11, 12 could be engineered to form thermodynamically stable 

RNA nanoparticles to carry therapeutic modules and FA ligands for specific cell targeting of 

CRC.

After proving the concept of RNA nanotechnology in 199812, the feasibility of RNA 

nanotechnology13 for constructing multifunctional therapeutic RNA nanoparticles has been 

demonstrated by the pRNA based therapeutic system.14-21 Recently, a thermodynamically 

stable 3-way junction (3WJ) motif was isolated from the central domain of the pRNA.16 The 

pRNA-3WJ nanoparticles can be assembled with high efficiency from three individual 

fragments. The resulting RNA nanoparticles remain structurally intact at ultra-low 

concentrations, resistant to denaturation by 8M urea, and resistant to RNase degradation in 

the serum after incorporation of 2′-Fluoro modified nucleotides.14-16 The 3WJ motif can be 

readily functionalized with targeting (RNA aptamers or chemical ligands), therapeutic 

(siRNA or ribozymes) and detection molecules (near infra-red fluorophores) without 

affecting the folding of the central scaffold. All incorporated functional modules retain their 

correct structure and authentic functions within the nanoparticles.14-16 Furthermore, the 

pRNA nanoparticles are non-toxic, non-immunogenic and display favorable 

pharmacokinetic profiles in mice.14 Recently the crystal structure of the pRNA-3WJ has 

been resolved,22 which has greatly facilitated the design of multifunctional RNA 

nanoparticles with precise control of size, shape, geometry and positioning of functional 

groups.23-25 Here, we incorporated FA as a targeting ligand and Alexa-647 as a near-

infrared imaging module into the pRNA-3WJ scaffold and evaluated the RNA constructs in 

a murine model of CRC metastasis. We demonstrate that pRNA-3WJ nanoparticles, after 

systemic injection, strongly bind to CRC liver, lung and lymph node metastases without 

obvious retention in normal liver, lung or any other organs. Our current study confirms that 

active targeting is a required feature for high efficient RNA nanoparticle targeting of CRC 

metastasis and identifies RNA nanoparticles as a potential therapeutic nanocarrier for cancer 

metastasis targeting.

Results and Discussion

Construction of multi-module RNA nanoparticles

pRNA nanoparticles can carry several therapeutic agents and a recognition ligand for 

targeted delivery to cancer cells. pRNA nanoparticles were constructed with one of the arms 

of 3WJ carrying FA to serve as a ligand for binding to the cancer cells, and another 3WJ arm 

carrying the near infra-red fluorescent dye Alexa647 (Fig 1a). The goal of this study was to 

design and evaluate a nanoparticle delivery system that could specifically target CRC 

metastasis in liver, lung and lymph nodes (Fig 1b). Determining the targeting efficiency of 

an RNA nanoparticle is a complex process and ultimately needs to be assessed in a clinically 

relevant model in vivo. In this study, we engineered CRC cell lines to express green 

fluorescent protein (GFP)26 to aid in the precise localization of pRNA binding to metastatic 
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tumors, and we performed in vivo selection of CRC cells that metastasized to the lung. In 

vivo selection of KM20 and HT29 lung metastasis provided highly metastatic cells with 

accelerated metastatic growth compared with nonselected cells (6-8 wks vs 14-16 wks) and 

an even metastatic load between test animals (Fig 1c), thus providing a more realistic 

biological environment to evaluate RNA nanoparticle targeting in vivo.

Demonstration of high FRα expression in CRC metastatic cells in lung and liver

FRα-targeted approaches have not been investigated for the treatment of CRC metastases in 

vivo, and data on FRα expression in matched primary metastatic tumors is absent. First, we 

analyzed the status of FRα expression in primary CRCs and liver or lung CRC metastases. 

Samples were collected from 137 metastatic CRC cases that underwent resection at the 

University of Kentucky Markey Cancer Center for CRC metastases from January 1, 2003 to 

January 1, 2013. From this cohort, we identified 10 patients with lung metastasis; 12 patients 

with primary CRC; 22 cases with liver metastasis. Our results demonstrate FRα expression 

(score 1 to 6) in 72% of primary CRCs, 91% of CRC liver metastases, and 80% of CRC 

lung metastasis. High FRα expression (score 3 to 6) was detected in 63% of primary CRCs, 

81% of CRC liver metastases, and 60% of CRC lung metastases (Figs 2a and b).

Targeting of RNA nanoparticles to CRC cells

FA was incorporated in the pRNA nanoparticles to serve as a cancer cell delivery agent via 

FR-receptor mediated endocytosis.8, 10 Fluorescent pRNA nanoparticles with FA conjugated 

into one of the branches of the complex were tested in vitro for cell binding efficiency in the 

KM20 and HT29 colon cancer cell lines (37°C, 500 nM, 24h). pRNA harboring FA and 

Alexa647 labels served as the test sample, while the negative control harbored NH2 and 

Alexa647 labels. Confocal imaging of KM20 and HT29 cells confirmed binding of the 

pRNA nanoparticles and efficient entry of the FA-conjugated pRNA nanoparticles into the 

targeted cells (Fig 3a).

To confirm the benefits of active targeting with pRNA nanoparticles, we administered a 

single dose of FA-pRNA-Alexa647 (4 μg/g; 100 μl of PBS) nanoparticles into mice with 

HT29 liver metastases and evaluated mice 2h after injection. Confocal imaging of fixed 

frozen tissue sections showed accumulation of fluorescently-labeled pRNA nanoparticles in 

areas adjacent to GFP expressing CRC liver metastases (Fig 3b). Absence of fluorescently-

labeled pRNA nanoparticle accumulation in normal liver parenchyma confirmed specificity 

of FA-pRNA nanoparticles (data not shown). This result also suggested that longer 

circulation of pRNA nanoparticles might improve CRC liver metastasis penetration. To 

determine pRNA intravenous (iv) dose frequency, we administered RNA nanoparticles into 

mice without metastases every 2h and imaged mice at 15 min, 1h, 2h after initial iv dose 

administration. The rapid entrance into the circulation is demonstrated by the fluorescence 

signal in supine positioned mice as early as 15 min after FA-pRNA-Alexa647 injection 

(Supplemental Fig 1). We also observed excretion of cyan-colored urine as early as 30 min 

after iv injection, suggesting a rapid clearance of the nanoparticles from the circulation. 

These experiments suggest that repetitive administration of pRNA is required for the 

maintenance of prolonged pRNA systemic circulation and metastasis targeting.
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In vivo targeting of pRNA nanoparticles to CRC liver metastases

To test whether pRNA nanoparticles can target liver metastases, we administered pRNA-

Alexa647 and FA-pRNA-Alexa647 (1 μg/g; 300 μl of PBS) every 2h in order to extend 

pRNA circulation time and improve CRC liver metastasis penetration. Macroscopic organ 

imaging acquired 6h after the first administration showed maximum fluorescent signal in 

KM20 and HT29 CRC liver metastases targeted with FA-pRNA nanoparticles, relative to 

non-targeted pRNA (Fig 4a). Confocal imaging of fixed frozen sections confirmed 

macroscopic imaging results and demonstrated significantly improved penetration and 

targeting of CRC liver metastases. No accumulation of FA-conjugated pRNA nanoparticles 

was detected in normal liver parenchyma (Fig 4b).

In vivo targeting of pRNA nanoparticles to CRC lung metastases and lymph nodes

Mice with KM20 lung and lymph node metastases were treated with pRNA-Alexa647 and 

FA-pRNA-Alexa647 (1 μg/g; 500 μl of PBS) every 2h. Macroscopic organ imaging acquired 

4h after the first dose administration showed maximum fluorescence signal in KM20 CRC 

lung and lymph node metastasis targeted with FA-conjugated pRNA nanoparticles (Fig 5a). 

Confocal imaging of fixed frozen sections confirmed macroscopic imaging results and 

demonstrated penetration and targeting of CRC lung and lymph node metastases (Fig 5b; 

Supplemental Fig 2). No accumulation of FA-conjugated pRNA nanoparticles was detected 

in normal lung parenchyma (data not shown). Together, these findings demonstrate, for the 

first time, successful targeting of CRC liver, lung and lymph node metastases, suggesting 

RNA nanoparticles as a potential therapeutic nanocarrier in the treatment of CRC metastasis.

Conclusions

Previously, we demonstrated that bacteriophage phi29 motor pRNA11, 12 contains a 3WJ 

core that can serve as a cargo carrier for ligand-directed delivery of multiple therapeutic 

agents in vitro and in subcutaneous xenograft models.10-12, 16 Subcutaneous xenograft 

models are a valuable tool for the initial evaluation of nanocarriers, but these models do not 

mimic the clinical situation of metastatic cancer. To circumvent this limitation, we 

developed several CRC metastasis mouse models and evaluated the targeting capabilities of 

our rationally-designed RNA constructs harboring FA as a targeting ligand. The choice of 

FA is based on our analysis of patient samples, where we found FRα to be expressed in 

approximately 81% of CRC liver metastases and 60% of lung metastases.

Effectively targeting metastases has proven to be extremely challenging due to the difficulty 

in overcoming biological barriers surrounding the cancer cells; the toxicities of the carrier 

platform; the lack of tissue specificity; the challenge in formulations (particle heterogeneity, 

aggregation, and dissociation); unfavorable pharmacological profiles; and, normal tissues 

accumulation. Many studies suggest that, for successful cancer metastasis targeting, several 

parameters for the nanocarrier have to be achieved: nanoscale (∼10-50 nm) in size, non-

toxic, non-immunogenic, biodegradable, chemically and thermodynamically stable, 

multivalent, capable of efficient intracellular delivery, and possessing specific targeting 

ability. To date, there are only a small number of reports in the literature demonstrating 

active targeting of metastatic cells using nanodelivery platforms, such as lipid, polymer, 
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albumin, inorganic, peptide, antibody-based, and glycol chitosan nanoparticles.27-40 Five 

recurring themes were observed in the majority of these reports: (1) nanoparticles capable of 

reaching metastatic cells, but unable to differentiate healthy cells from cancer cells within 

the affected organ; (2) difficulty in generating reproducible experimental and spontaneous 

metastasis mouse models; (3) inability to concurrently target metastasis in multiple organs; 

(4) non-specific distribution in the reticuloendothelial system (lung, liver, spleen) and the 

kidneys; and (5) varying levels of toxicity based on release of proinflammatory cytokines 

(IL-6, IL-12, and IFN-γ) and hepatotoxicity markers (aspartate and alanine 

aminotransferases) in the serum. Our results indicate that FA-pRNA nanoparticles can 

overcome some of the aforementioned limitations. After systemic injection, the FA-RNA 

nanoparticles bind to CRC liver, lung and lymph node metastases simultaneously without 

retention in normal liver, lung or any other healthy tissues. The anionic nature of RNA 

nanoparticles prevents binding and non-specific entry into negatively charged membranes of 

normal cells. In addition, homogeneity in particle size also minimizes nonspecific toxicity.14

RNA is an attractive material to build nanoparticles in a variety of shapes, structural 

modules and motifs.12 Previously, we have designed different shapes of RNA nanoparticles 

-dimers, trimers, and hexamers - through hand-in-hand interactions.12, 41-44 However, the 

resulting particles were not thermodynamically stable for potential therapeutic applications. 

Naturally-selected pRNA-3WJ motifs from pRNA of bacteriophage phi29 DNA packaging 

motor provided us with a stable RNA building block.16 The 3WJ region extracted from the 

pRNA can be assembled from three pieces of RNA oligonucleotides to construct trivalent 

RNA nanoparticles. pRNA-3WJ shows exceptional stability under physiological conditions 

and in the presence of strong denaturing agents.10, 16 Discovery of the 3WJ motif allowed us 

to design 14 diverse RNA nanostructures with multiple functionalities as a polyvalent 

delivery system for nanotechnology and nanomedicinal applications.15 Two differently 

shaped nanoparticles, 3WJ and 3WJ-derived X-shaped nanoparticles, were tested in vivo in 

subcutaneous tumor xenograft models. 10, 14-16 In the current study we have demonstrated 

rapid entrance of 3WJ nanoparticles into tissues (e.g., lung and liver) and homing of the 

nanoparticles to the metastatic cell clusters within 4 to 6 hours. However, future studies are 

needed to evaluate the effect of size and shape of RNA nanoparticles on the delivery of 

therapeutics to liver and lung metastases.

To date, all FDA-approved nanoparticles for clinical applications (such as Abraxane®) 

utilize the EPR mechanism, whereby nanoparticles passively navigate through disorganized 

and leaky tumor vasculatures.45 There are several challenges when using the EPR effect for 

nanoparticle delivery. For example, the normal liver and lung parenchyma contain numerous 

Kupffer cells and macrophages, respectively, that rapidly clear the nanocarriers before they 

reach the metastatic cells, and metastatic lesions are less-vascularized compared to primary 

tumors; therefore, tumor targeting via the EPR effect is largely compromised. We 

hypothesize that only nanocarriers that can pass freely through normal organ parenchyma 

have a chance for receptor specific targeting of metastatic cancer cells. Our results confirm 

that active targeting assists in successful localization of nanoparticles to cancer metastasis.

In conclusion, our in vivo studies demonstrate that pRNA-based nanoparticles exhibit both 

specificity and favorable pharmacokinetic properties that may provide an ideal platform for 
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specific drug delivery to metastatic cells. We have previously demonstrated the successful 

downregulation of specific gene expression using siRNA-conjugated pRNA nanoparticles in 

vitro,16, 46 which, together with our current in vivo studies, suggest a therapeutic potential of 

siRNA, ribozyme or chemotherapeutic drugs conjugated to pRNA nanoparticles for the 

clinical treatment of CRC metastases.

Methods

Cell lines, transfections

The human CRC cell line KM20 was provided by Dr. Isaiah J. Fidler (MD Anderson Cancer 

Center, Houston, TX).47 The human CRC cell line HT29 was purchased from American 

Type Culture Collection (Manassas, VA). Tissue culture media and reagents were obtained 

from Life Technologies, Inc. (Grand Island, NY). Cell line identities were authenticated at 

the Johns Hopkins Genetic Resources Core Facility, as previously reported.48 Non-targeting 

and CY3 labeled non-targeting siRNA were purchased from Thermo Scientific (Pittsburgh 

PA). Self-assembling nanoparticle system for murine cancer models was purchased from 

AparnaBio (inVivoTrack, Rockville, MD) and used according to manufacturer's 

instructions. EGFP-N1 vector was purchased from Clontech (Mountain View, CA). GFP-

expressing cells were selected with 500 μg/ml Geneticin (G418), purchased from Life 

Technologies (Carlsbad, CA) and enriched by three cycles of fluorescence-activated cell 

sorting (FACS).

Immunohistochemistry (IHC)

FRα IHC assay kit was purchased from Biocare Medical (Concord, CA). Matched CRC 

lung and liver metastasis samples with corresponding normal tissues were obtained from the 

Biospecimen and Tissue Procurement Shared Resource Facility of the University of 

Kentucky Markey Cancer Center. IHC was performed according to the manufacturer's 

directions (Dako Corp., Carpinteria, CA).49 Briefly, slides were deparaffinized in xylene, 

rehydrated, incubated for 15 min with fresh 0.3% hydrogen peroxide in methanol, washed 

with PBS, and heated to 95°C in 10 mM citrate buffer (pH 6.0) for 30 min. Sections were 

blocked in serum free protein block (Dako) and treated with biotin blocking system (Dako); 

primary antibody was incubated for 12 h at 4°C, washed with TBST (Tris-Buffered Saline 

and Tween 20) and incubated with secondary antibody (60 min; RT). Antigen-antibody 

complexes were detected with the EnVision Kit (Dako Corp., Carpinteria, CA). All sections 

were counterstained with hematoxylin and observed by light microscopy. For negative 

controls, primary antibody was omitted from the above protocol. The number of positive 

cells was visually evaluated in each core by a pathologist (E-Y L) and the staining intensity 

of FRα was classified using a semi-quantitative system developed by Allred et al.50 This 

system assesses the proportion of positive cells (none=0; <10%=1; 10% to 50%, =2; 

>50%=3) and intensity of staining (none=0; weak=1; intermediate=2; and strong=3). 

Comprehensive total score that weighs both factors is calculated by summation of 

proportion and intensity values.
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Liver metastasis model and in vivo imaging

Male NCr nude (8 wks old) mice were obtained from Taconic (Hudson, NY) and housed in 

clean, pathogen-free rooms in an environment with controlled temperature (27°C), humidity, 

and a 12 h light/dark cycle. The mice were fed standard chow and tap water ad libitum and 

allowed to acclimate for one week. All animal experiments were approved by the 

Institutional Animal Care and Use Committee at the University of Kentucky and were 

conducted in accordance with guidelines issued by the National Institutes of Health for the 

care of laboratory animals. Tumor cells were injected iv or intrasplenically (is) by methods 

previously described.51 Briefly, mice were anesthetized with isoflurane, a mini-laparotomy 

was performed to isolate and exteriorize the spleen; viable tumor cells (5×106 cells/100 μl 

PBS) were injected into the spleen by a 27-gauge needle; splenectomy was performed 1 min 

after tumor cell injection. The peritoneum and skin were closed with sutures and wound 

clips. Mice were fed a FA-free diet (Harlan Laboratories; Indianapolis, IN) for a minimum 

of 2 wks before the FA-pRNA-3WJ injection. For iv injection of cancer cells, mice were 

anesthetized using isoflurane (2% in oxygen at 0.6 L/min flow rate) and injected with 1×106 

cells in 100 μl of PBS. For iv injection of RNA, mice were anesthetized using isoflurane and 

injected with a 2′-F U/C modified pRNA-3WJ nanoparticles in PBS. Macroscopic optical 

imaging (Alexa Fluor 647, Ex=640 nm, Em=680 nm) was carried out using an IVIS 

Spectrum station (Caliper Life Sciences; Hopkinton, MA). Composite images obtained were 

comprised of black and white digital photos with an overlay of images reflecting fluorescent 

activity. The density map, measured as photons/second/cm2/steradian (p/s/cm2/sr), was 

created using the Living Image 3.1 (Caliper Life Sciences; Hopkinton, MA) software and 

represented as a color gradient centered at the maximal spot.

Confocal microscopy

For in vitro samples, CRC cells were plated on glass coverslides (Fisher Scientific; 

12-545-81) in 12 well plates at 500, 000 cells/well density in 10% FBS RPMI 1640 medium 

(Life Technologies; 11875-119) overnight. Alexa647 labeled pRNA-3WJ complexes 

harboring FA and FA-free control were added in FA-free RPMI 1640 medium (Life 

Technologies; 27016-021) and incubated with the cells at 37°C for 24 h. After washing with 

PBS 2× at room temperature (RT), the cells were fixed in 4% paraformaldehyde 

(Polysciences; 18814) for 10 min at RT (Thermo Scientific), washed in RT PBS, incubated 

with Hoechst 33342 (Life Technologies; H21492; 0.5 μg/ml; PBS) for 5 min, washed in RT 

PBS and mounted on microscope slides (Fisher Scientific; 12-550-14) in aqueous 

ultramount permanent mounting medium overnight (Dako; S1964). The cells were then 

assayed for binding and cell entry by an Olympus FV1000 laser scanning confocal 

microscope.

For in vivo samples, collected tissues were fixed in 4% paraformaldehyde (Polysciences; 

18814) with 10% sucrose (Sigma-Aldrich; St. Louis, MO) for 12h at 4°C and embedded into 

OCT on dry ice (Tissue-Tek; Andwin Scientific, Schaumburg, IL) for frozen sectioning (10 

μm section thickness). Sectioned tissues were dried overnight in the dark, washed in RT 

PBS, stained with Hoechst 33342 (Life Technologies; H21492; 0.5 μg/ml; PBS) nuclear 

stain and mounted in aqueous ultramount permanent mounting medium overnight (Dako; 

S1964).
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Construction of pRNA-3WJ RNA nanoparticles

The Alexa647-labeled pRNA-3WJ nanoparticles with and without FA, were synthesized 

from RNA fragments (Trilink) according to the procedure described previously.14-16, 25, 52 

The RNA nanoparticles contained 2′-F U and C nucleotides to render them resistant to 

RNase degradation in vivo. The RNA complex was then assembled by mixing the individual 

strands in stoichiometric ratio at RT in PBS buffer and the assembly verified by native 

PAGE and AFM imaging.

Enzymatic isolation of CRC cells from metastases

Liberase DH Research Grade (05401054001; Roche Applied Science) was resuspended in 

sterile water to 2.5 mg/ml concentration and stored in single-use 100 μl aliquots at -80°C. 

Collagenase/Hyaluronidase (07912; StemCell Technologies) was aliquoted into single-use 

250 μl aliquots and stored at -80°C. Upon collection, metastatic tumors were placed into 

complete cell culture media supplemented with 1× Gibco® Antibiotic-Antimycotic 

(15240-062; Life Technologies) for transportation. Metastatic tumor fragments were minced 

into 2-mm cubes using scissors and digested in 50 μg/ml Liberase DH (100 μl) and 0.5× 

Collagenase/Hyaluronidase (250 μl), diluted in 5 mL of McCoy5A serum free media for 4h 

at 37°C with gentle agitation by magnetic stirring bar. No undigested tissue was observed. 

Digested cells were washed twice with complete cell culture media and transferred into 10% 

FBS McCoy5A media supplemented with 1× Gibco® Antibiotic-Antimycotic and 100 μg/ml 

Primocin (ant-pm-1; InvivoGen). Cells harvested from these cultures were injected iv into 

another set of nude mice. The sequence of in vivo selection was repeated three times. No 

change was observed in lymph node metastasis from the first to the last generation of in vivo 

selected cell lines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Construction of multi-module pRNA nanoparticles for CRC metastasis targeting
a. 2D sequence of pRNA 3WJ domain composed of three RNA oligomers (a, b, c), folic 

acid (FA) and near-infrared fluorescent dye Alexa647 (left); 3D model and AFM images of 

pRNA 3WJ motif harboring monomeric pRNA as functional modules. b. The most common 

sites of CRC metastasis—liver, lung and lymph nodes. The FA-conjugated pRNA (FA-

pRNA) nanoparticle targets FRα positive tumors upon systemic administration. c. CRC 

liver, lung and lymph node experimental metastasis modes (Green: metastatic tumors)
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Figure 2. Analysis of FRα expression in CRC liver and lung metastasis
a Examples of immunohistochemical staining for FRα in liver and lung CRC metastases. 

Positive FRα staining of CRC was cytoplasmic or membranous or both; most positive cases 

showed both patterns. FRα staining was negative in normal liver and lung tissues. b. 
Differences in proportion of positive cells and intensity of staining were noted in positively 

stained cases and formed the basis of our grading system. Comprehensive total score that 

weighs both factors was calculated by summation of proportion and intensity values. High 

FRα expression (score 3-6) was detected in 63% of primary CRCs, 81% of CRC liver 

metastases and 60% of CRC lung metastasis.
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Figure 3. FA-pRNA nanoparticles binding to CRC cells
a. Binding and entry of FA-pRNA-Alexa647 nanoparticles into KM20 and HT29 cells in 

vitro. Magnification 40×. b. Single dose (4μg/g in 100 μl of PBS) of FA-pRNA-Alexa647 

labeled nanoparticles was administered intravenously into mice with HT29 liver metastases. 

Accumulation of fluorescently-labeled nanoparticles was evaluated microscopically 2h after 

RNA nanoparticle administration. Yellow arrow: pRNA-Alexa647 (top panel), FA-pRNA-

Alexa647 (bottom panel); green: GFP-expressing cancer cells; blue: DAPI stain for nuclear 

dsDNA; magenta: Alexa647. Magnification 40×.
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Figure 4. FA-pRNA nanoparticles delivery into CRC liver metastases
a. pRNA-Alexa647 and FA-pRNA-Alexa647 labeled nanoparticles were administered 

intravenously (single dose of 1 μg/g in 300μl of PBS) every 2h (three doses total) into mice 

with KM20 (left panel) and HT29 (right panel) liver metastases and evaluated 

macroscopically 6h after the first administration. b. Accumulation of fluorescently-labeled 

nanoparticles was evaluated microscopically in KM20 (left panel) and HT29 (right panel) 

and in normal liver adjacent to KM20 and HT29 metastases, 6h after the first pRNA dose 

administration. Control: PBS; pRNA-Alexa647 treated mice. Green: GFP-expressing cancer 

cells; blue DAPI; magenta: Alexa647. Magnification 40×.
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Figure 5. FA-pRNA nanoparticle delivery into CRC lung and lymph node metastases
a. Mice with KM20 lung and lymph node metastases were treated with pRNA-Alexa647 and 

FA-pRNA-Alexa647 (single dose of 1 μg/g in 500 μl of PBS) every 2h (2 doses total). 

Accumulation of fluorescently-labeled nanoparticles was evaluated macroscopically in mice 

with KM20 lung and lymph node metastases 4h after the first pRNA dose administration. b. 
Confocal imaging of KM20 lung and lymph node metastases. Control: pRNA-Alexa647 

treated mice. Green: GFP-expressing cancer cells; blue: DAPI; magenta: Alexa647. 

Magnification 40×
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