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ABSTRACT OF THE DISSERTATION 

 
Recognizing and Utilizing Cellular RNA Content with CRISPR, Nanoparticles, and  

Synthetic Polymers 
 
 

by 
 
 

David A. Nelles 
 
 

Doctor of Philosophy in Materials Science and Engineering with a Specialization in  
Multiscale Biology 

 
 

University of California, San Diego, 2016 
 

 
Professor Gene W. Yeo, Chair 

 
	

While the cells that comprise an organism contain largely the same DNA content, 

the RNA content of cells varies widely among different cell types and healthy vs. 

diseased cells. The portions of the genome that are transcriptionally active define cell 

identity and a highly-regulated set of RNA processing steps mediate the generation of the 

cellular RNA pool. A host of conditions are linked to dysfunctional RNA processing, and 

the development of means to measure and manipulate cellular RNA has been a persistent 

concern in the biotechnological fields. This thesis focuses on the development flexible 

and programmable means to measure and manipulate RNA in living cells using both 

synthetic and repurposed natural systems in fulfillment of the requirements for a Doctor 

of Philosophy Materials Science and Engineering with a Specialization in Multiscale 

Biology. 
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INTRODUCTION 

The human genome defines cellular potential. The first phase of the human 

genome project ended more than ten years ago with the assembly of a complete human 

genome and since then has been extended to define the functional portions of the genetic 

code. Recently, the grandchild of the human genome project (known as the Encyclopedia 

of DNA Elements, or ENCODE) has shifted towards defining the cellular components 

involved in RNA processing and metabolism.  This progression from elucidating the 

importance of DNA to investigation of the mechanisms governing RNA production and 

processing reflects the flow of information described in the central dogma of molecular 

biology. ENCODE and related efforts will continue to catalogue the functional 

components of life and provide a common foundation to define homeostasis and disease-

associated cell behaviors in terms of a common molecular language. But this catalogue of 

DNA sequences, their functions, the behavior of RNAs they encode, and the regulators of 

RNA processing will remain a solely descriptive exercise without the engineering tools 

required to manipulate cellular DNA, RNA and protein to generate useful technological 

outputs and treat disease. Like more mature fields in physics where efforts are dominated 

by large-scale engineering projects (like the Large Hadron Collider, for instance), biology 

is becoming increasingly defined engineering efforts. As largely a descriptive discipline, 

biological investigation is just beginning to be characterized by efforts to reduce 

biological phenomena to modularized, functional units. The transistor forms the basic 

functional unit of the integrated circuit, billions of which are printed in a single chip to 

manipulate a variety of electrical phenomena. The functional units of biological systems 
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are diverse and channel countless electrical, chemical, and other physical phenomena that 

can be interpreted and emitted by biological devices. 

This thesis will describe the development of a set of biological devices composed 

of engineered proteins, nucleic acids, nanoparticles, and synthetic polymers that accept 

RNA as an input to generate diverse outputs. As the mediator of genetic information, 

cellular RNA content is what distinguishes different cell types or diseased and healthy 

cells. For instance, cells from the heart and brain in an individual have largely the same 

DNA, but their shape, behaviors, and propensities for diseases are vastly different. These 

distinctions are largely due to the portions of the genome that are transcriptionally active 

and producing RNA. Using high-throughput sequences technologies, there are numerous 

efforts to define RNA content of the different tissues in the body (1), diseased vs. healthy 

cells (2),and individual cells using single cell sequencing technologies (3). As a result, 

there exist large compendiums of information defining distinctions in cellular RNA 

content. As an unambiguous marker of the identity or disease state of cells, the ability to 

recognize cellular RNA content and generate an easily-measured signal or manipulate 

cell behavior would be a fundamental engineering tool in biotechnology as well as 

medicine. Using approaches crossing polymer chemistry, molecular biology, and 

biomolecular engineering, this thesis will describe a series of efforts aimed at translating 

cellular RNA content to useful biotechnological measurements and manipulations. 
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CHAPTER 1: PROGRAMMABLE RNA RECOGNITION AND TRACKING WITH 

CRISPR/CAS9 

INTRODUCTION 

The foundation to identify the genetic basis of homeostatic and disease-associated 

cell behavior was set ten years ago when the first complete human genome was 

assembled. In the subsequent decade scientists have focused on identification of the 

functional portions of the genome and the regulation of cellular RNA content. Cellular 

RNA content is defined by the active portions of the genome, and these distinctions in 

transcriptional activity play a large part in distinguishing the identities of different cell 

types and diseased compared to healthy cells. As a result, RNA is highly informative 

descriptor of cellular state. 

The central dogma of molecular biology describes DNA as the determiner of 

cellular potential while cellular proteins carry out the actions described in the genetic 

code after being communicated from DNA in the form of RNA. This dogma defines 

RNA molecules as a communicator between the portions of the genome that code for 

protein and the cytoplasm and there are wide range of processing steps that must occur t 

produce mature transcripts that are capable of generating proteins. Immature RNAs that 

from protein-coding genes (called pre-messenger RNAs or pre-mRNAs) are composed of 

coding and non-coding sequences known as exons and introns, respectively, that must be 

spliced so that non-coding sequences are excised and exons are concatenated to generate 

a continuous open reading frame for protein translation. Chemical modifications 

including 5’ capping of mRNAs, RNA editing, controlled turnover, and spatio-temporally 

regulated translation must also coordinate to generate appropriate expression of mRNAs. 
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In contrast to mRNAs, most cellular RNAs do not code for protein but also undergo 

crucial processing steps and mediate crucial regulatory or functional roles in the case of 

nuclear long non-coding and ribosomal RNAs. The processing of RNA is mediated by a 

host of cellular factors, in particular RNA-binding proteins (RBPs), and dysfunctional 

recognition or activity of RBPs known to cause a variety of diseases (4). 

The importance of RBPs in homeostasis and the destructive effects associated 

with their dysfunction hints at the utility of a programmable, designer RBP that could be 

used to counter deleterious RBP gain-of-function or replace the activities of RBP loss-of-

function. Further, the importance of cellular RNA content for revealing healthy or disease 

states could make the development of engineered systems to reveal cellular RNA useful 

in diagnostic and therapeutic settings. Motivated by this, we set out to develop a flexible 

and programmable means to recognize cellular RNA content. 

In contrast to RNA, there are numerous examples of programmable means to 

recognize DNA. Transcription activator-like effector nucleases (TALENs) are engineered 

restriction enzymes that can be programmed to recognize and cleave specific DNA 

sequences. An improvement on zing finger nucleases, TALENs are composed of repeated 

DNA-binding domains that recognize a single DNA base each. By inducing cleavage of 

specific sites in the genome, TALENs and zing finger nucleases have supported the 

modification of target genes or insertion of foreign sequences by utilizing the cellular 

recombination machinery. But these programmable proteins rely on redesign and 

validation for each DNA target sequence, making the design and production of TALENs 

and zing fingers an inefficient and intensive exercise.  
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There has been analogous effort to design programmable RNA binding proteins 

which began with the discovery of natural RNA binding domains such as K homology 

(KH) and RNA-recognition motif (RRM) domains. Subsequent attempts to alter their 

RNA specificities to target specific sequences has generated some success (5-7), but 

these proteins recognize RNA in clusters of 4-5 bases each. Like zinc finger proteins, 

1000s of distinct proteins modules must be designed and validated to target all possible 

RNAs, greatly limiting the accessibility of this approach. Pumilio-fem-3 mRNA binding 

factor (PUF) proteins recognize RNA in an analogous manner to TALENs and their 

single nucleotide-binding modules allow recognition of hypothetically any RNA 

sequence when concatenated. After the discovery of PUF proteins and the elucidation of 

their structure, the modular nature of their recognition of RNA by the amino acid side 

chains rather than the polypeptide backbone supported the development of programmable 

programmable RNA recognition (8-10). But programmable PUF proteins are limited to 

the recognition of 8 RNA bases which is not sufficient for unique discrimination among 

the pool of cellular RNA. Further, engineered PUF proteins recognize single-stranded 

RNA which can require screening of target sites in structured RNAs (11). 

In contrast to TALEN and zing finger proteins, the CRISPR/Cas (clustered 

regularly-interspaced palindromic repeats) system provides flexible and simple targeting 

of chosen DNA sequences. CRISPR/Cas systems are bacterial adaptive immune systems 

that recognize and cleave invading genetic material. The type II CRISPR/Cas system 

from Streptococcus pyogenes relies upon the CRISPR-associated protein 9 (Cas9) and 

associated CRISPR RNAs to recognize and cleave invading bacteriophage or plasmid 

DNA in a highly efficient manner (12). This system has been repurposed to target and 
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alter or measure DNA in mammalian cells (13-15) and has proven to be a highly flexible 

and accessible means of DNA targeting. This approach has supplanted TALEN and zinc 

finger proteins due to the simple reprogrammabibility of the Cas9-associated single guide 

RNA (sgRNA). The sgRNA is a chimera of two CRISPR RNAs (the CRISPR RNA and 

the transactivating CRISPR RNA) that is composed of two segments: the 5’ spacer region 

and the 3’ scaffold region. The scaffold region binds to Cas9 protein and the spacer lends 

the specificity associated with DNA recognition. In order to recognize DNA, Cas9 

requires two features: the spacer region must be antisense to the targeted DNA sequence, 

and the targeted DNA sequence must lie adjacent to a short sequence on the opposite 

DNA strand known as the protospacer adjacent motif (PAM) of the form ‘NGG’ where 

‘N’ is any DNA base (Fig. 1B). 

 

Figure 1: S. pyogenes Cas9 and sgRNA complexes bound to DNA or RNA. A) The 
Cas9:sgRNA complex requires a DNA NGG motif referred to as the protospacer adjacent 
motif (PAM). In the case of DNA binding, the PAM is supplied by the DNA target itself. 
The mechanism of DNA targeting by Cas9 is described extensively elsewhere. (B) RNA-
targeted Cas9 (RCas9) relies upon a short oligonucleotide called the PAMmer to supply 
the PAM motif. By utilizing a mismatched PAMmer, specificity of RCas9 for RNA while 
avoiding the encoding DNA is achieved. The PAMmer also carries a 5′ overhang which 
is required to maintain target specificity conferred by the sgRNA. As a result, it is 
hypothesized that the 5′ end of the PAMmer is at least partially dehybridized from the 
target RNA as Cas9-mediated unwinding of the PAMmer:target RNA duplex may confer 
an energetic cost that is recovered when the sgRNA hybridizes the target RNA. 
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The flexibility and accessibility associated with DNA recognition by Cas9 in 

living cells is supporting a revolution in genome engineering with applications in DNA 

imaging (16), transcription modulation (17, 18), and epigenetic modulation (19) to name 

a few. A similarly accessible means to target RNA could support countless applications 

in the modulation of RNA processing to both measure specific phenomena to better 

understand disease and also provide a targeted way to alter dysfunctional RNA 

processing. Further, in contrast to DNA cellular RNA content reflects cellular state, 

identity, stage of development, and can identify specific disease states. Thus the potential 

of a programmable means to recognize, measure and manipulate RNA with RNA-

targeting Cas9 (RCas9) could be a fundamentally useful biotechnological tool. These 

RCas9 applications are summarized in Figure 2. 
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Figure 2: Summary of potential RCas9 application areas. A–D describe means by which 
RNA fate can be manipulated by the RCas9 system. A: With a nuclease-active version of 
Cas9, siRNA-intractable RNA targets could be cleaved. B: Conversely, gene expression 
could be amplified by tethering factors that prevent degradation of target RNAs.C: By 
fusing Cas9 to a trafficking agent, RNAs could be forced to different sites of action in the 
cell for local translation or other activities. D: The processing of pre-mRNAs could be 
modulated by fusing Cas9 with a splicing factor to force differential exon 
choice. E: Along with altering RNA fate, RCas9 could be used to track RNA abundance 
in time with split luminescent or fluorescent proteins whose complementation is guided 
by binding of adjacent Cas9 proteins on RNA. F: Split fluorescent proteins could also be 
used to reveal rare cells by their RNA content for isolation by FACS and subsequent 
study.G: Finally, split toxic proteins or proteins that transform prodrugs to their active 
form could also be complemented in an RNA-dependent manner via fusion to Cas9. 
 

One natural use of a flexible, programmable means of RNA recognition based on 

RCas9 involves attenuation of gene expression via cleavage of specific RNAs (Fig 2A). 
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Small interfering RNA (siRNAs) (20) that cleave specific transcripts via the RNA-

induced silencing complex (RISC) do not function in all cellular compartments and 

RCas9-based RNA cleavage could support destruction of specific nuclear non-coding 

transcripts and mitochondrial RNAs. The high affinity of RCas9 for targeted RNAs also 

indicates that cleavage efficiency of target RNA could be higher than some siRNAs or 

allow targeting of intransigent transcripts that resist RISC-induced degradation. It has 

been show in vitro that the inherent endonucleolytic activity of Cas9 allows cleavage of 

RNA, although it remains unclear if all sequences are cleaved at similar efficiency (21). 

Further, the potential of fused effectors to deplete specific RNAs could outstrip the 

effectiveness of siRNAs via direct recruitment of enzymes that deadenylate and 

destabilize transcripts or highly-active endonucleases that directly cleave target RNAs 

(11). 

Another potential use of RCas9 could allow amplification of protein production 

by specific mRNAs rather than attenuation. In contrast to the diversity of approaches that 

allow attenuation of gene expression (siRNAs, antisense oligonucleotides, CRISPR 

interference (18)) there exist few means to amplify protein produced by specific genes or 

RNAs. CRISPR interference (CRISPRi) allows amplification of transcription at specific 

genomic sites but amplification of protein production independent of RNA abundance is 

not a common exercise, making it difficult to isolate the effects of RNA- and protein-

dependent features of gene expression.  Utilizing a fusion of Cas9 to factors that alter 

RNA translation, RCas9 may allow specific amplification of protein production from 

targeted transcripts. 
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Subcellular trafficking of RNA is a critical means by which the activity of 

specific gene products is regulated. By targeting transcripts to the site of their encoded 

protein’s action, multiple copies of protein can be produced from a single transcript. This 

reduces the energetic cost required to localize a protein product and prevents off-target 

activities of the encoded protein. One example is mRNAs involved in synaptic structure 

or activity including postsynaptic density protein 95 (PSD-95) (22). Conditions such as 

autism are linked to dysfunctional transport of RNAs in neurons. In particular, Fragile X 

syndrome is linked to a loss-of-function of a RNA trafficking factor fragile X mental 

retardation protein (FMRP) that controls localization of a set of mRNAs in neurons (23). 

Finally, RNA localization is critical to regeneration of neuronal processes subsequent to 

injury and trafficking of RNAs encoding cytoskeletal components is important to axonal 

extension and regrowth during development and injury (24, 25). As a result, the ability to 

target specific mRNAs and measure their localization in time would be a powerful 

window into cell behavior in both the contexts of health and disease. Further, utilizing 

Cas9 fused to mRNA trafficking factors could potentially be used to force relocalziation 

of specific transcripts as a means to test the influence of specific localization events on 

disease as well as a potential therapeutic reversal of dysfunctional RNA trafficking. 

In addition to altering or measuring the movement of specific RNAs, RCas9 could 

be used to interrogate or introduce covalent modification of specific transcripts. 

Adenosine-to-inosine editing in RNA is a poorly understood but ubiquitous feature of the 

transcriptome. α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 

receptors are composed of protein subunits, including GluA2 subunit. The mRNA that 

encodes this subunit is subject to editing by Double-stranded RNA-specific adenosine 
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deaminase 2 (ADAR2). This editing events results in a change in the coding sequence of 

the mRNA and produces AMPA receptors that are calcium-impermeable (26). There is 

growing evidence of the importance of calcium-permeable AMPA receptors to learning 

and neuronal plasticity (27) which indicates that functional importance of RNA editing in 

this instance. RNA editing is ubiquitous with most mRNAs carrying at least one edited 

adenosine (28) which hints at the importance of editing, although the functional 

consequence (if any) of most RNA editing events remains unclear. The ability to 

introduce targeted RNA deamination has a host of applications, ranging from removal of 

partial termination codons from RNAs to reverse disease-associated truncated proteins, 

introduction of targeted edits to study the functional outcome of specific editing events, 

or reversal of single-nucleotide polymorphisms (SNPs). By fusing Cas9 to RNA editing 

enzymes such as ADAR2 or apolipoprotein B MRNA Editing Enzyme (APOBEC2), it 

may be possible to achieve this type of targeted alteration of RNAs for a variety of 

biotechnological applications and investigations. 

Another means of RNA covalent modification characterized by the removal of 

non-coding sequence from pre-mRNAs in a process known as RNA splicing. RNA 

splicing is defined by a highly-coordinated site of steps that include definition of exons 

by RNA binding proteins and associated RNAs, cleavage, and relegation of coding 

sequences to form a contiguous open reading frame for translation. It has been shown teat 

tethering of splicing factors directly to RNA can force particular splicing events to occur 

(29) which can be dictated by the chosen splicing factor and the location of the tether site 

relative to the targeted exon. In the case of the splicing factors such as RNA Binding 

Protein, Fox-1 Homolog (RBFOX2), it is known to cause inclusion or exclusion of exons 
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when it binds downstream or upstream of exons, respectively (30). By fusing Cas9 to 

specific splicing factors that are carefully chosen based on their known activities when 

tethered to pre-mRNAs, it may be possible to introduce arbitrary alteration of target RNA 

splicing. Antisense oligonucleotides that are targeted to block splicing silencing or 

enhancing sequences are another means of altering splicing, but these sequences are 

frequently poorly-defined and difficult to identify which necessitates the screening of 

many antisense oligonucleotides to generate the desired alteration of RNA splicing. One 

classic connection among splicing and disease occurs in the case of spinal muscular 

atrophy. This condition is characterized by loss of the gene survival of motor neuron 1 

(SMN1), although the activity of SMN1 can be replaced by a related gene called SMN2. 

SMN2 is typically spliced differently than SMN1, but forced alteration of SMN2 splicing 

can generate a transcript similar to SMN1 (31). This approach is a powerful means to 

reverse this condition by altering a single splicing event. Other conditions such as a 

cancer are defined by global differences in RNA splicing and it may be possible to 

reverse certain cancer phenotypes via restoration of homeostatic splicing patterns (32). 

This type of targeted alteration of RNA splicing could be achieved through fusion of 

splicing factors to Cas9 and targeting tethering of these Cas9 fusions to sequences 

adjacent to or inside exons. In this way, chosen and specific alterations in splicing could 

be possible as a means to both study the influence of specific splicing events on cell state 

as well as provide a means to reverse disease-associated splicing. These and other 

potential RCas9 applications are summarized in Table 1. 
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Table 1: Comparison of RNA-targeting Cas9 application areas with state of the art. 
Application State of the art Limitations RCas9-based 

approach 
Main area of 
innovation 

Targeted RNA 
knockdown  

siRNA, antisense 
oligonucleotides 

Access to RNA 
silencing 
machinery, 
dependence RNA 
structure 

Utilize natural 
nucleolytic 
activity of Cas9 

Strong binding of 
Cas9 to target RNA 
may allow better 
knockdown 
efficiency 

RNA stabilization  none to our 
knowledge (although 
may be possible 
using PUFs against 
some transcripts) 

N/A dCas9 fused to 
RNA stabilizing 
factor 

Potential first means 
to stabilize any 
unlabeled RNA 

RNA localization 
alteration  

none to our 
knowledge (although 
may be possible 
using PUFs against 
some transcripts) 

N/A dCas9 fused to 
RNA trafficking 
protein 

The high affinity of 
RCas9 for RNA 
could enable control 
of endogenous RNA 
localization 

RNA splicing 
alteration 

PUF proteins fused to 
splicing factors or 
blocking splicing 
factors with antisense 
oligonucleotides 

PUFs limited to 8 
base recognition 
sequences 

dCas9 fused to 
splicing factor 
targeted adjacent 
to or inside exons 

Potentially more 
specific alteration of 
splicing, simplicity 
due to RNA-
programming 

Imaging of RNA 
localization 

MS2 or Spinach 
labeling of RNA in 
conjunction with 
MS2-GFP protein or 
Spinach fluorophore 

Requires 
modification of 
target RNA 

dCas9 fused to 
fluorescent 
protein or split 
fluorescent 
protein 

May be first means 
of revealing 
localization of any 
unlabeled RNA 

Time-resolved RNA 
measurements  

Incorporation of 
fluorescent or 
luminescent reporter 
at genomic locus near 
GOI 

Requires genetic 
modification 

dCas9 fused to 
split fluorescent 
or luminescent 
protein 

May be first means 
for time-resolved 
gene expression 
measurement 
without genetic 
modification 

Isolation of rare 
cells based on gene 
expression  

Identification of 
surface markers and 
antibodies for FACS 

Requires known 
surface marker for 
cell type of 
interest 

dCas9 fused to 
split fluorescent 
protein 

There are currently 
no high sensitivity 
means to measure 
RNA content in live 
cells 

Death induction 
based in response to 
gene expression  

Incorporation of toxic 
protein at genomic 
locus near GOI 

Requires genetic 
modification, 
limited therapeutic 
potential 

dCas9 fused to 
split toxic protein 

Potentially first 
means to 
programmably 
target RNA profiles 
for death induction 

Substrate shuttling Fusion of enzymes or 
incorporation of 
protein/protein 
interaction partners to 
create enzyme 
concatmers 

Results in 
constitutive 
substrate shuttling 

dCas9 fused to 
members of 
synthetic pathway 
targeting adjacent 
sites on an RNA 

First means to 
control substrate 
shuttling based upon 
RNA abundance 

 

The potential of RNA recognition with the flexibility and ease associated with 

DNA targeting by Cas9 motivated a recent study from the Doudna lab that demonstrates 

binding and cleavage of ssRNA using RNA-targeting Cas9 in vitro. Like DNA targeting 
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with Cas9, RCas9 relies on the presence of a DNA PAM on the target RNA (Fig. 1A-B). 

To address this issue, O’Connell et al placed a PAM on the target RNA with the use of an 

antisense oligonucleotide known as the PAMmer that carries a mismatched PAM motif. 

This approach places the PAM adjacent to the RNA sequence that is antisense to the 

sequence targeted by the sgRNA. In this way, the two critical features required for RNA 

recognition by Cas9 are addressed. O’Connell et al also revealed that the specificity of 

RCas9 is dependent on the use of a PAMmer that forms a duplex with bases that are also 

recognized by the sgRNA (Fig. 2B). This overlapping region is required to generate 

sgRNA-determined specificity, likely because placing a PAM on the target RNA is 

sufficient to generate significant RNA binding. This distinction may be due to the 

energetic cost required in the unwinding of the PAMmer/target duplex. 

RCas9 has significant potential to target a variety of features of RNA processing 

for manipulation and measurement. Further, the encodable nature of the sgRNA with a 

short (20b) variable regions demonstrates the potential for large-scale, pooled alterations 

of cellular RNA using RCas9. For instance, large genetic networks could be targeted 

simultaneously (13) using RCas9 and multiplex sgRNAs. In contrast to PUF proteins or 

other engineered RBPs, the cost associated with the production of large numbers of 

proteins would be prohibitive to large-scale RNA-targeting. The PAMmer must be 

chemically synthesized as it is a short oligonucleotide that contains both DNA and 2’-O-

methyl RNA bases which makes the production and distribution of large libraries of 

modified oligonucleotides difficult, although large scale production techniques for 

oligonucleotides based on microfluidics and lithography are becoming increasingly 

available. 
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In addition to its importance in local translation, control of RNA localization is 

important in cellular response to injury(24), stress, and some behaviors that promote cell 

polarity such as extension of neuronal processes. Stress granules are a type of RNA and 

protein cluster that sequester mRNA and protein and typically form in response to 

oxidative stress, heat, viral infection, or hypoxia(33). The functions of stress granules are 

still being unraveled, but it is expected that they serve to sequester nonessential gene 

products so that cellular resources can be devoted to survival and recovery. Aberrant 

formation of RNA granules is implicated in many diseases, but the RNA components of 

these structures are only beginning to be described. We expect that a means to image 

endogenous RNA trafficking to stress granules would support investigation of stress 

granule roles in health and disease. In a broader sense, a tool that would allow imaging of 

endogenous RNA localization could support elucidation of the roles of RNA localization 

in processes such as neurite outgrowth in neurons after injury or during development. 

Current approaches for live cell imaging of RNA localization rely upon genetic 

integration of RNA, protein tags, or small nucleic acid conjugates such as molecular 

beacons. One approach is to incorporate binding sites for the bacteriophage MS2 coat 

protein into the target RNA. When fused to a fluorescent protein, the MS2 coat protein 

can subsequently reveal the localization of the target RNA by examining the presence of 

the fluorescent protein, although this approach requires genetic alteration of the target 

RNA(34). Techniques that require RNA modification also run the risk of unintended 

alteration of RNA levels or localization. A recent approach also involves the insertion of 

a small RNA aptamer within the target RNA substrate without the requirement of 

fluorescent protein binding(35).  This system, referred to as Spinach, requires only a short 
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RNA tag that binds an exogeneous fluorophore but suffers from weak signal(36). 

Molecular beacons avoid modification of the target RNA suffer from low signal to noise 

partially due to degradation by cellular nucleases and are difficult to deliver(37). 

RCas9’s potentially broad ability to recognize untagged, endogenous RNAs 

would avoid issues associated with exogenous RNA tagging. By fusing nuclease-null 

Cas9 to a fluorescent protein, it could be possible to visualize the localization of 

particular RNAs or RNA splice variants. Alternatively, a pair of Cas9 proteins could be 

fused to halves of split fluorescent protein such as Venus(38) and targeted to adjacent 

sites on an RNA (Fig. 2.E). This might allow visualization of RNA localization with 

lower background than an intact fluorescent protein or measurement of the RNA content 

of individual cells. Further, it could be possible to target multiple RNAs simultaneously 

with Cas9/split fluorescent protein fusions composed of Cas proteins with orthogonal 

sgRNAs. This would allow multiplexed, live cell measurement of RNA content of 

individual cells. 

The applications of RNA localization and abundance measurements in live cells 

are numerous. The characterization of somatic stem cells remains difficult because there 

exist few surface markers for cell sorting-based identification and purification of these 

rare cell types while gene expression profiling remains the most effective way to identify 

rare cell types. There currently exist very limited means of nondestructive RNA content 

measurement. An RCas9-split fluorescent protein RNA sensor could allow preparative 

identification of somatic stem cells or other rare cell types so they can be preserved for 

further study. In the case of RNA localization, dynamic measurements of RNA 

localization that do not require destruction of the cell of interest would allow tracking of 
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RNA localization in disease models such as those for neurodegeneration in response to 

drug treatment or other perturbations. Further, noninvasive RNA abundance and 

localization measurement could allow time-resolved measurements in response to stress 

or in drug screens. 

Synthetic biology is centered around the development of biological systems that 

have industrial, clinical, or other technological utility. Like all engineering-oriented 

disciplines, the development of modularized systems is a major focus so that flexible 

platforms can be tuned for diverse applications. The highly modular and programmable 

nature of the RCas9 system marks its potential as a platform technology in synthetic 

biology. For instance, it may be possible to fuse split enzymes to Cas9 proteins whose 

activity is reconstituted upon binding to a target RNA such as complementation of split 

death-inducing proteins after detection of a cancer-linked RNA. Further, it maybe 

possible to re-engineer pathways involving successive protein/protein interactions by 

using RNA to scaffold interactions among Cas9 fusion proteins. A scaffold protein that 

binds kinases and their substrates has been shown to strongly influence the output of a 

signaling pathway (39),  and RCas9 could allow RNA-dependent scaffolding of 

protein/protein interactions to control signaling in a gene expression-dependent manner. 

Another group, tethered enzymes involved in the production of an important drug 

precursor called mevalonate thereby increasing production of this small molecule (40). In 

principle, strong co-binding of Cas9 fusion proteins on a target RNA could lend a new 

level of control over successive protein interactions or shuttling of metabolites. 
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The initial RCas9 studies by O’Connell et al were conducted exclusively in vitro 

and this chapter will focus on the development of the RCas9 system for use in living 

cells. This work was published in Cell on March 16th, 2016. 

 

RESULTS AND DISCUSSION 

 
RNA-targeted Cas9 Export from Nucleus in Presence of sgRNA targeting GAPDH mRNA 

 We initially assessed the ability of RCas9 to recognize specific mRNA substrates 

in human cells by evaluating the degree of nuclear export of a nuclear-localized RCas9 

system. Specifically, we tested if mCherry-tagged Cas9 containing a nuclear localization 

signal (NLS) can be co-exported from the nucleus with an mRNA in the presence of a 

cognate sgRNA and PAMmer designed to recognize that mRNA (Fig. 3A). Nuclease-null 

Cas9 (dCas9) was fused to two SV40 NLS sequences at the C-terminus with the coding 

sequence for mCherry and cloned into a mammalian expression vector (dCas9-2xNLS-

mCherry, abbreviated as dCas9-mCherry). In a separate expression vector, a modified 

sgRNA scaffold with an extended stem-loop structure that improves association with 

Cas9 and mutations that eliminate a partial transcription termination sequence (16) was 

driven by the U6 snRNA polymerase III promoter. The PAMmer was synthesized as a 

mixed DNA and 2’-O-methyl (2’OMe) RNA oligonucleotide using standard 

phosphoramidite chemistry and purified using HPLC (see Tables 2-3 for target mRNA, 

sgRNA and PAMmer sequences). As a proof-of-concept, we designed an sgRNA-

PAMmer pair to target the 3’ untranslated region (3’UTR) of GAPDH mRNA (Figure 

3B). As a negative control, we designed an sgRNA-PAMmer pair targeting a sequence in 
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the λ bacteriophage that is absent in human cells (“N/A” sgRNA and PAMmer, “λ2” 

sgRNA and PAMmer sequences in Tables 2-3). We observed that transiently transfected 

dCas9-mCherry co-transfected with the negative control sgRNA and PAMmer is almost 

exclusively nuclear with only 12% of cells containing greater mCherry signal in the 

cytoplasm compared to the nucleus (Figs. 3B-C). When the negative control PAMmer 

was replaced with the GAPDH-targeting PAMmer, the results were identical.  

Importantly, upon co-transfection of GAPDH-targeting sgRNA plasmid, we observed 

that 84% of cells had greater mCherry signal in the cytoplasm. Interestingly, even with a 

non-targeting PAMmer, 79% of cells had predominantly cytoplasmic mCherry signal, 

suggesting that the sgRNA is the primary determinant of RNA substrate recognition.  

Indeed, the sgRNA targeting GAPDH resulted in a significant increase in the fraction of 

cells with cytoplasmic mCherry signal compared to a non-targeting sgRNA (Fig. 1C). 

Overall, these results are consistent with previous in vitro RNA pull-down experiments 

showing that RNA binding by Cas9:sgRNA is independent of but strengthened by the 

PAMmer (21). Thus, we demonstrate that RCas9 RNA recognition is programmable with 

an sgRNA and a PAMmer designed to target a specific, abundant mRNA in live cells. 

Table 2: RNA sequences targeted in the RNA-targeting Cas9 studies 

 

 

 
Supplemental Table 1. RNA target sequences, related to Figures 1-3.  
Target PAMmer target underlined, sgRNA target bold 
GAPDH mRNA  3’UTR CACAAGAGGAAGAGAGAGACCCUCACUGCUGGGGAGUCC 
β-actin mRNA 3’UTR GAAGGUGACAGCAGUCGGUUGGAGCGAGCAUCCCCCAAA 
Cyclin A2 mRNA 3’UTR CUGACAUUCAUUUUCCUAAGCAACUGGAUCAAUUUGCUG 
Transferrin receptor 3’UTR AGGGGUUGCUAAGAAGCGAGCACUGACCAGAUAAGAAUG 
λ2  GCUCAAUUUUGACAGCGGUCAUGGCAUUCCACUUAUCAC 
λ3 GGAAAUCAUUCAACACCCGCACUAUCGGAAGUUCACCAG 
λ4  GCAAUAAAAAUGCGCGCCUGAACCACCAGGCUAUAUCUG 
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Table 3: sgRNA and PAMmer sequences used in the RNA-targeting Cas9 studies. 

 

Supplemental Table 2. PAMmer and sgRNA sequences, related to Figures 1-3. 
The PAM and spacer sequences are listed in bold. 
PAMmer, β-actin 3’UTR  mUCmGCmUCmCAmUGGmGAmCTmGCmUGmUCmACmCTmUC 
sgRNA, β-actin 3’UTR  GUUUGGGGGAUGCUCGCUCCAGUUUAAGAGCUAUGCUGGA

AACAGCAUAGCAAGUUUAAAUAAGGCUAGUCCGUUAUCAA
CUUGAAAAAGUGGCACCGAGUCGGUGCUUUUUUU 

PAMmer, GAPDH 3’UTR mAGmUGmAGmGGmCGGmCTmCTmCTmUCmCTmCTmUGmUG 
sgRNA, GAPDH 3’UTR GGACUCCCCAGCAGUGAGGGGUUUAAGAGCUAUGCUGGAA

ACAGCAUAGCAAGUUUAAAUAAGGCUAGUCCGUUAUCAAC
UUGAAAAAGUGGCACCGAGUCGGUGCUUUUUUU 

PAMmer, λ2 (NTC-1) mATmGCmCAmUGmUGGmGCmUGmUCmAAmAAmUTmGAmGC 
sgRNA, λ2 (NTC-1) GUGAUAAGUGGAAUGCCAUGGUUUAAGAGCUAUGCUGGAA

ACAGCAUAGCAAGUUUAAAUAAGGCUAGUCCGUUAUCAAC
UUGAAAAAGUGGCACCGAGUCGGUGCUUUUUUU 

PAMmer, λ3 (NTC-2) mCGmATmAGmUGmCGGmGTmGTmUGmAAmUGmATmUTmCC 
sgRNA, λ3 (NTC-2) GCUGGUGAACUUCCGAUAGUGGUUUAAGAGCUAUGCUGGA

AACAGCAUAGCAAGUUUAAAUAAGGCUAGUCCGUUAUCAA
CUUGAAAAAGUGGCACCGAGUCGGUGCUUUUUUU 

PAMmer, λ4 (NTC-3) mGGmUGmGTmUCmUGGmCGmCGmCAmUTmUTmUAmUTmGC 
sgRNA, λ4 (NTC-3) GCAGAUAUAGCCUGGUGGUUCGUUUAAGAGCUAUGCUGGA

AACAGCAUAGCAAGUUUAAAUAAGGCUAGUCCGUUAUCAA
CUUGAAAAAGUGGCACCGAGUCGGUGCUUUUUUU 

PAMmer, cyclin A2 3’UTR mCCmAGmUTmGCmUGGmGGmAAmAAmUGmAAmUGmUCmAG 
sgRNA, cyclin A2 3’UTR GCAGCAAAUUGAUCCAGUUGCGUUUAAGAGCUAUGCUGGA

AACAGCAUAGCAAGUUUAAAUAAGGCUAGUCCGUUAUCAA
CUUGAAAAAGUGGCACCGAGUCGGUGCUUUUUUU 

PAMmer, transferrin 
receptor 3’UTR 

mGTmCAmGTmGCmUGGmCTmUCmUTmAGmCAmACmCCmCT 

sgRNA, transferrin receptor 
3’UTR 

GCAUUCUUAUCUGGUCAGUGCGUUUAAGAGCUAUGCUGGA
AACAGCAUAGCAAGUUUAAAUAAGGCUAGUCCGUUAUCAA
CUUGAAAAAGUGGCACCGAGUCGGUGCUUUUUUU 

U6 promoter-2xBbsi-
sgRNA scaffold 
 

TGTACAAAAAAGCAGGCTTTAAAGGAACCAATTCAGTCGA
CTGGATCCGGTACCAAGGTCGGGCAGGAAGAGGGCCTATT
TCCCATGATTCCTTCATATTTGCATATACGATACAAGGCT
GTTAGAGAGATAATTAGAATTAATTTGACTGTAAACACAA
AGATATTAGTACAAAATACGTGACGTAGAAAGTAATAATT
TCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATG
GACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATT
TCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGG
GTCTTCGAGAAGACCTGTTTAAGAGCTATGCTGGAAACAG
CATAGCAAGTTTAAATAAGGCTAGTCCGTTATCAACTTGA
AAAAGTGGCACCGAGTCGGTGCTTTTTTT 
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Figure 3: Targeting mRNA in living cells with RNA-targeted Cas9 (RCas9). (A) 
Components required for RCas9 targeting of mRNA include a nuclear localization signal- 
tagged nuclease-inactive Cas9 fused to a fluorescent protein such as GFP, a modified 
sgRNA with expression driven by the U6 polymerase III promoter, and a PAMmer 
composed of DNA and 2’-O-methyl RNA bases with a phosphodiester backbone. The 
sgRNA and PAMmer are antisense to adjacent regions of the target mRNA whose 
encoding DNA does not carry a PAM sequence. After formation of the RCas9/mRNA 
complex in the nucleus, the complex is exported to the cytoplasm. (B) RCas9 nuclear co-
export with GAPDH mRNA. The RCas9 system was delivered to U2OS cells with an 
sgRNA and PAMmer targeting the 3’UTR of GAPDH or sgRNA and PAMmer targeting 
a sequence from λ bacteriophage that should not be present in human cells (“N/A”). 
Cellular nuclei are outlined with a dashed white line. Scale bars represent 5 microns. (C) 
Fraction of cells with cytoplasmic RCas9 signal. Mean values ± SD (n=50). (D) A 
plasmid carrying the Renilla luciferase open reading frame with a β-globin 3’UTR 
containing a target site for RCas9 and MS2 aptamer. A PEST protein degradation signal 
was appended to luciferase to reveal any translational effects of RCas9 binding to the 
mRNA. (E) RNA immunoprecipitation of EGFP after transient transfection of the RCas9 
system in HEK293T cells targeting the luciferase mRNA compared to non-targeting 
sgRNA and PAMmer or EGFP alone. Mean values ± SD (n=3). (F) Renilla luciferase 
mRNA and protein (G) abundance were compared among the targeting and non- 
targeting conditions. Mean values ± SD (n=4). p-values are calculated by Student’s t-test 
and one, two and three asterisks represent p-values less that .05, .01, and .001, 
respectively.  
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Recognition of an mRNA with RNA-targeted Cas9 does not alter RNA abundance or 

amount of translated protein 

To further characterize the interaction between RCas9 and a target mRNA, we 

directed RCas9 to the 3’UTR of Renilla luciferase carrying a commonly-used RNA tag 

for RNA tracking from the MS2 bacteriophage (41) and a sequence targeted by a 

previously validated sgRNA:PAMmer pair (“λ2”, see Table 3) (21) (Fig. 3D). RNA 

immunoprecipitation with an antibody recognizing EGFP revealed a four-fold greater 

association of luciferase mRNA to dCas9-EGFP in the presence of a cognate sgRNA and 

PAMmer compared to non-targeting sgRNA (sense to the λ2 RNA sequence) or 

scrambled PAMmer or to EGFP protein alone (Fig. 3E). We next measured the effect of 

RCas9 targeting on luciferase mRNA abundance by quantitative RT-PCR. We observed 

no significant difference in the abundance of MS2-tagged luciferase mRNA in the 

presence of the targeting or non-targeting RCas9 system or EGFP alone. In contrast, co-

expression of EGFP fused to the MS2 coat protein (MCP) recognizing the MS2 aptamer 

had a significant stabilizing effect (Fig. 3F). We also considered potential effects of 

RCas9 targeting on translation of luciferase (Fig. 3G) and observed that the presence of 

the targeting sgRNA and PAMmer caused no significant changes in protein levels 

compared to non-targeting RCas9. To confirm that the RCas9/sgRNA/PAMmer complex 

does not perturb its endogenous RNA substrates, we evaluated the influence of RCas9 

targeting on ACTB and GAPDH mRNAs. We transiently transfected the RCas9 system 

and isolated transfected cells using fluorescence-activated cell sorting (FACS) gated on 

cells positive for both Cas9 and sgRNA transfection. We observed no significant 
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differences in GAPDH and ACTB mRNA or protein levels as measured by western blot 

and quantitative RT-PCR among samples with RCas9 targeting ACTB mRNA, GAPDH 

mRNA, cells transfected with GFP instead of dCas9-GFP, and RCas9 targeting sequence 

from λ bacteriophage (Fig. 4, Tables 2-3). Our results demonstrate that RCas9 

recognition of RNA with an sgRNA and PAMmer does not perturb RNA and encoded 

protein levels. 

 

 

Figure 4. ACTB and GAPDH protein and mRNA levels in the presence of RCas9 
targeting these mRNAs. (A) The abundance of GAPDH and ACTB protein was measured 
by western blot with TUBA1A as a loading control. Controls include non-targeting 
RCas9 labeled “NTC” (sgRNA and PAMmer targeting the λ2 sequence) and GFP 
transfected instead of the RCas9 system (“GFP”).  (B) Quantification of the western blot 
data. (C) The abundance of GAPDH and ACTB mRNA was measured by RT-PCR 
relative to TUBA1A. 
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Correlation of RNA-targeted Cas9 signal distributions with an established untagged RNA 

localization measurement 

 To assess whether RCas9 signal distributions correlate with an orthogonal method 

to measure RNA localization, we targeted the 3’UTR of ACTB (“+” sgRNA and “+” 

PAMmer) and compared dCas9-GFP signal to RNA fluorescence in situ hybridization 

(FISH) for ACTB mRNA (Fig. 5A) and non-targeting sgRNA and PAMmer (“-“ sgRNA” 

and “-“ PAMmer with sequences corresponding to λ bacteriophage). By comparing the 

Mander’s overlap coefficients that describe pixel-by-pixel overlap among FISH and 

RCas9 (42) (Fig. 2B), we determined that the sgRNA primarily accounts for co-

localization among FISH and RCas9 with maximal overlap in the presence of both 

sgRNA and PAMmer targeting ACTB mRNA. A non-targeting PAMmer results in a 

significantly less overlap (Fig. 5B, Fig 6A-B) (p=0.035, Mann-Whitney U test) and 

produces a diffuse pattern of RCas9 signal in the cytoplasm that contrasts with the highly 

localized pattern revealed by FISH (Fig. 5A). This result is consistent with weaker 

binding of RCas9 with a non-targeting PAMmer observed in cell-free systems (21). A 

non-targeting sgRNA results in largely nuclear retention of RCas9 signal with low 

correlation between cytoplasmic RCas9 signal and FISH (Figs. 2A-B). We conclude that 

the localization patterns of single EGFP-fused RCas9 in live cells correlates surprisingly 

well with localization obtained by FISH using fifty probes per mRNA in fixed cells. 
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Figure 5: ACTB mRNA localization with RCas9 compared to FISH. (A) The RCas9 
system was delivered to U2OS cells and the cells were subjected to FISH for ACTB 
mRNA. RCas9 with sgRNA and PAMmer targeting ACTB mRNA was compared to non- 
targeting sgRNA and PAMmer antisense to a sequence from λ bacteriophage (“-“ sgRNA 
and “-“ PAMmer). White dotted lines delineate the cellular boundaries and black dotted 
lines delineate cellular nuclei. Scale bars represent 5 microns. Insets (on right) are 
delineated by white boxes. (B) Pixel-by-pixel analysis of RCas9 and FISH colocalization 
using the Mander’s overlap coefficient is summarized with a cumulative distribution of 
the percent of cytoplasmic area with overlapping signal in 60-80 cells in each condition. 
The presence of the PAMmer produces a significantly greater colocalization among 
RCas9 and FISH in the presence of the sgRNA targeting ACTB mRNA (p=0.035, two-
tailed Mann-Whitney U test).  
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Figure 6: A comparison of the Costes coefficients from individual cells measured in the 
colocalization analysis. A Costes coefficient >0.95 indicates that colocalization is 
unlikely due to random chance. 
 

Tracking RNA trafficking to stress granules over time 

Many polyadenylated RNAs including ACTB mRNA are known to localize to 

stress granules (43) during oxidative stress. We simultaneously tracked ACTB mRNA 

using RCas9 and RFP fused to the Ras GTPase-activating protein-binding protein 1 

(G3BP1) protein, a well-described marker for stress granules (44). Application of sodium 

arsenite to induce cellular stress results in an accumulation of mRNAs, including ACTB 

mRNA, into G3BP1-positive granules. We observed accumulation of RCas9 signal to 

G3BP1-positive foci in the presence of the RCas9 system targeting ACTB mRNA. To 

verify that this accretion of RCas9 signal required specific RNA recognition, we utilized 

three different sgRNAs and PAMmers targeting sequences from λ bacteriophage (NTC1-
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3) (Figs. 3A-B). Indeed, in these negative controls, increased signal in G3BP1-positive 

foci was not observed. We also evaluated the ability of RCas9 to track less-abundant 

transcripts CCNA2 and TFRC mRNA to stress granules. Notably, we observed 

statistically significantly higher fractions of stress granules that accumulate RCas9 signal 

(39% and 23%, respectively) compared to non-targeting controls (Figs. 3A and 3C). Next 

we tracked RCas9 signal in stressed, live cells over time (Fig. 3B). We observed 

accumulation of RCas9 signal in G3BP1-positive foci in a manner dependent on the 

presence of sgRNA and PAMmer targeting ACTB mRNA. We also observed that the rate 

and degree of RCas9 signal accumulation in stress granules is dependent on dosage of the 

stressor sodium arsenite (Fig. 3D). These results indicate the potential of RCas9 as a 

means to generate time-resolved RNA localization measurements. 
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Figure 7. Tracking of mRNA trafficking to stress granules with RCas9. (A) The RCas9 
system targeting ACTB, TFRC, or CCNA2 mRNAs or one of three non-targeting controls 
(NTC) was imaged. (B) RNA trafficking to stress granules was imaged in real time using 
cells harboring RCas9 targeting ACTB mRNA. At time zero, cells were imaged and 
sodium arsenite applied. 60 minutes later, cells were imaged again and a comparison of 
RCas9 and G3BP1-positive stress granules revealed close correlation of foci only in the 
presence of sgRNA and PAMmer targeting ACTB mRNA. (C) The fraction of stress 
granules with RCas9 foci when targeting three mRNAs (ACTB, TFRC, and CCNA2) 
compared to three non- targeting controls. Error bars ± SD calculated from 50 cells from 
each of three biological replicates. P-values among the RCas9 system targeting ACTB, 
TFRC, and CCNA2 mRNA are <.001 when compared to each of the NTC conditions. P-
values were calculated with Student’s t-test. (D) In a similar experiment, RCas9 targeting 
ACTB mRNA signal accumulation in stress granules was tracked over time. 8-11 stress 
granules were tracked in each condition with time points every 8 minutes for 32 minutes. 
Scale bars represent 5 microns. 
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Effective RNA recognition by Cas9 in living cells while avoiding perturbation of 

the target transcript relies on careful design of the PAMmer and delivery of Cas9 and its 

cognate guide RNA to the appropriate cellular compartments. Binding of Cas9 to nucleic 

acids requires two critical features: a PAM DNA sequence and an adjacent spacer 

sequence antisense to the Cas9-associated sgRNA. By separating the PAM and sgRNA 

target among two molecules (the PAMmer oligonucleotide and the target mRNA) that 

only associate in the presence of a target mRNA, RCas9 allows recognition of RNA 

while avoiding the encoding DNA. To avoid unwanted degradation of the target RNA, 

the PAMmer is composed of a mixed 2’OMe RNA and DNA that does not form a 

substrate for RNAse H. Further, the sgRNA features a modified scaffold that removes 

partial transcription termination sequences and a modified structure that promotes 

association with Cas9 (16). Other CRISPR/Cas systems have demonstrated RNA binding 

in bacteria (45, 46) or eukaryotes (47), although these systems cannot discriminate RNA 

from DNA targets, feature RNA targeting rules that remain unclear, or rely on large 

protein complexes that may be difficult to reconstitute in mammalian cells. 

In this work, we demonstrate RCas9-based recognition of GAPDH, ACTB, 

CCNA2 and TFRC mRNAs in live cells. Since the U6-driven sgRNA is largely restricted 

to the nucleus, the NLS-tagged dCas9 allows association with its sgRNA and subsequent 

interaction with the target mRNA before nuclear co-export with the target mRNA. As an 

initial experiment, we evaluated the potential of RNA recognition with Cas9 by targeting 

GAPDH mRNA and evaluating degree of nuclear export of dCas9-mCherry (Fig. 3B). 

Robust cytoplasmic localization of dCas9-mCherry in the presence of an sgRNA 

targeting GAPDH mRNA compared to nuclear retention in the presence of a non-
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targeting sgRNA indicated that Cas9 association with the mRNA was sufficiently stable 

to support co-export from the nucleus. 

RCas9 as an RNA imaging reagent requires that RNA recognition by RCas9 does 

not interfere with normal RNA metabolism. Here, we show that RCas9 binding within 

the 3’UTR of Renilla luciferase does not affect its mRNA abundance and translation 

(Figs. 1F-G). The utility of RCas9 for imaging and other applications hinges on the 

recognition of endogenous transcripts, so we evaluated the influence of RCas9 targeting 

on GAPDH and ACTB mRNAs and observed no significant differences among the 

mRNA and protein abundances by western blot analysis and qRT-PCR (Fig. S1). These 

results indicate that RCas9 targeting these 3’UTRs does not perturb the levels of mRNA 

or encoded protein. 

We also evaluated the ability of RCas9 to reveal RNA localization by comparing 

RCas9 signal patterns to FISH. We utilized a FISH probe set composed of 50 singly-

labeled probes targeting ACTB mRNA and compared FISH signal distributions to a single 

dCas9-GFP/sgRNA/PAMmer that recognizes the ACTB mRNA. Our findings indicate 

that the sgRNA primarily determines the degree of overlap among the FISH and RCas9 

signals while the PAMmer plays a significant but secondary role.  Importantly, in 

contrast to other untagged RNA localization determination methods such as FISH and 

molecular beacons, RCas9 is compatible with tracking untagged RNA localization in 

living cells and can be delivered rapidly to cells using established transfection methods. 

We also note that the distribution of ACTB mRNA was visualized using a single EGFP 

tag per transcript and higher-sensitivity RNA tracking or single endogenous RNA 
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molecule visualization may be possible in the future with RCas9 targeting multiple sites 

in a transcript or with a multiply-tagged dCas9 protein. 

Stress granules are translationally-silent mRNA and protein accumulations that 

form in response to cellular stress and are increasingly thought to be involved with 

neurodegeneration (48). There are limited means that can track the movement of 

endogenous RNA to these structures in live cells (34). In addition to ACTB mRNA, we 

demonstrate that RCas9 is capable of measuring association of CCNA2 and TFRC mRNA 

trafficking to stress granules (Fig. 7A). Upon stress induction with sodium arsenite, we 

observed that 50%, 39% and 23% of stress granules featured overlapping RCas9 foci 

when targeting ACTB, TFRC, and CCNA2 mRNAs, respectively (Fig. 7C). This result 

correlates with the expression levels of these transcripts (Fig. 8) as ACTB is expressed 

about 8 and 11 times more highly than CCNA2 and TFRC, respectively. We also 

observed that RCas9 is capable of tracking RNA localization over time as ACTB mRNA 

is trafficked to stress granules over a period of 30 minutes (Fig. 7B). We noted a 

dependence of RCas9 signal accumulation in stress granules on stressor concentration 

(Fig. 7D). This approach for live cell RNA tracking stands in contrast to molecular 

beacons and aptamer-based RNA tracking methods which suffer from delivery issues 

and/or require alteration of the target RNA sequence via incorporation of RNA tags. 
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Figure 8: Expression levels of the mRNAs targeted in this study compared to 
housekeeping genes. RNA-seq from six biological replicates was compared in terms of 
the reads per kilobase of transcript per million mapped reads (RPKM). 

 

Future applications of RCas9 could allow the measurement or alteration of RNA 

splicing via recruitment of split fluorescent proteins or splicing factors adjacent to 

alternatively spliced exons. Further, the nucleic acid-programmable nature of RCas9 

lends itself to multiplexed targeting (13) and the use of Cas9 proteins that bind 

orthogonal sgRNAs (49) could support distinct activities on multiple target RNAs 

simultaneously. It is possible that the simple RNA targeting afforded by RCas9 could 

support the development of sensors that recognize specific healthy or disease-related 

gene expression patterns and reprogram cell behavior via alteration of gene expression or 

concatenation of enzymes on a target RNA (50, 51). Efforts towards Cas9 delivery in 

vivo are underway (15, 52, 53), and these efforts combined with existing oligonucleotide 

chemistries (54) could support in vivo delivery of the RCas9 system for targeted 

modulation of many features of RNA processing in living organisms. 
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SUMMARY 

RNA is subject to processing steps that include alternative splicing, nuclear 

export, subcellular transport, and base or backbone modifications that work in concert to 

regulate gene expression. The development of a programmable means of RNA 

recognition in order to measure and manipulate these processes has been sought after in 

biotechnology for decades. This work is, to our knowledge, the first demonstration of 

nucleic acid-programmed RNA recognition in living cells with CRISPR/Cas9. By relying 

upon an sgRNA and PAMmer to determine target specificity, RCas9 supports versatile 

and unambiguous RNA recognition analogous to DNA recognition afforded by 

CRISPR/Cas9. The diverse applications supported by DNA-targeted CRISPR/Cas9 range 

from directed cleavage, imaging, transcription modulation, and targeted methylation, 

indicating the utility of both the native nucleolytic activity of Cas9 as well as the range of 

activities supported by Cas9-fused effectors. In addition to providing a flexible means to 

track this RNA in live cells, future developments of RCas9 could include effectors that 

modulate a variety of RNA processing steps with applications in synthetic biology and 

disease modeling or treatment. 

MATERIALS AND METHODS 

Plasmid construction, PAMmer synthesis, and target site choice 

The dCas9-2xNLS sequence was amplified from pHR-SFFV-dCas9-BFP-KRAB 

(a gift from Stanley Qi & Jonathan Weissman, Addgene plasmid #46911), tagged with 

two SV40 nuclear localization signals (NLS) on the C-terminus, and fused to EGFP or 

mCherry in pCDNA 3.1 (Life Technologies, Carlsbad CA) using Gibson assembly. To 
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construct the sgRNA scaffold construct, the human U6 polymerase III promoter with the 

modified sgRNA scaffold (16) was purchased as a gBlock from IDT with two BbsI 

restriction sites at the 5’ end of the sgRNA scaffold (see sequence in Table 3) and cloned 

into the multiple cloning site of pBlueScript II SK (+) (Agilent, Santa Clara, CA) using 

Gibson assembly. Phosphorylated oligonucleotides encoding the sgRNA sequences (with 

overhangs 5’CACC on the RNA antisense strand and 5’AAAC on the sense strand) were 

ligated into BbsI-digested sgRNA scaffold construct to produce sgRNAs targeting the 

3’UTR of GAPDH, ACTB, and Renilla luciferase mRNAs (see Tables 2-3). The 

luciferase-PEST construct for pull-down and abundance experiments was modified from 

plasmid pRLuc (gift from Jens Lykke-Andersen, UCSD). pCMV-Renilla luciferase is a 

version of the same construct lacking MS2 and RCas9 target sites. 

RCas9 target sites were chosen with a combination of the IDT antisense 

oligonucleotide design tool and the microarray probe design tools Picky (55) and 

OligoWiz (56). We designed PAMmers against high-confidence sites with 8 bases on the 

5’ end beyond the PAM sequence. PAMmers were composed of mixed 2’OMe RNA and 

DNA bases and purified by HPLC (Integrated DNA Technologies, Coralville IA). 

 

Cell lines 

U2OS and HEK293T cells were grown in Dulbecco’s modified Eagle medium 

(DMEM) supplemented with 10% fetal bovine serum, glutamax, penicillin/streptomycin 

and non-essential amino acids (Life Technologies). Cells were passaged every 3-4 days 

with TrypLE EXPRESS (Life Technologies) using standard methods and maintained in a 

humidified incubator at 37 °C with 5% CO2. 
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GAPDH and ACTB mRNA targeting with RCas9 

U2OS cells cultured as described above were passaged at ~80% confluency. 

Glass-bottom 96-well plates or chamber slides were coated with 20 µg/mL fibronectin in 

PBS for 2h at 37 °C, then the fibronectin solution was aspirated and 20,000 cells were 

plated in each well. 16 hours later, cells were transfected with the sgRNA and dCas9-

2xNLS-EGFP plasmids using Lipofectamine 3000 (Life Technologies) according to the 

manufacturer’s instructions. pCMV-Renilla luciferase was co-transfected in these 

experiments so that total transfected protein load was the similar among various dosages 

of sgRNA and dCas9. The mass ratio of sgRNA and dCas9-EGFP plasmids was 5:1 in 

experiments described in this work where the amount of dCas9-EGFP was fixed at 10% 

of total transfected material. Immediately after plasmid transfection, PAMmers were 

transfected using Lipofectamine RNAiMax (Life Technologies) according to 

manufacturer’s instructions. 24 hours after transfection, cells were washed with PBS and 

fixed with 3.7% paraformaldehyde in PBS, permeabilized with 70% ethanol at 4 °C for 

one hour, and mounted using Prolong Gold Antifade mounting medium with DAPI (Life 

Technologies). Confocal microscopy was conducted using a Zeiss LSM 810 confocal 

microscope. 

Nuclear export of RCas9 in the presence of sgRNA and PAMmer targeting the 

3’UTR of GAPDH mRNA was analyzed by measuring the average signal in the nuclei 

and cytoplasm of individual cells. Cells with average cytoplasmic signal greater than the 

average nuclear signal were considered positive and counted towards the fraction of cells 

with cytoplasmic RCas9 signal. 
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RNA immunoprecipitation 

HEK293T cells cultured as described above were passaged at 80% confluency 

and 600,000 cells were seeded in each well of 6-well tissue culture plates coated with 

poly-L-lysine. 16 hours later, cells were co-transfected with the RCas9 system as 

described above or plasmids encoding MS2-EGFP or EGFP along with a plasmid 

encoding the model Renilla luciferase mRNA driven by a CMV promoter (Fig. 3D). 24 

hours later, the growth media was aspirated and the cells were washed with PBS. 1% 

paraformaldehyde in PBS was applied to the cells, incubated for 10 minutes at room 

temperature, then the solution was aspirated and the cells washed twice with cold PBS. 

Next, the cells were scraped from the wells in cold PBS and the cell suspension was 

centrifuged at 800xg for 4 minutes to pellet the cells. The cells were washed once more, 

then resuspended in RIPA buffer with protease inhibitors (Roche) and sonicated for 5 

minutes in a Bioruptor sonicator (50% duty cycle, 1 minute period).  Insoluble material 

was pelleted after a high-speed centrifugation and the supernatant was applied to protein 

G DynaBeads (Life Technologies) coated with mouse anti-GFP antibody (Roche). After 

overnight incubation at 4 °C, the bead supernatant was retained and beads washed 3 times 

with RIPA buffer containing 0.02% Tween-20 and once with DNase buffer (350mM 

Tris-HCl, pH 6.5; 50mM MgCl2; 5mM DTT). The beads were resuspended in DNase 

buffer and TURBO DNase (Life Technologies) was added to 0.08 units/µL. The beads 

were incubated at 37 °C for 30 minutes, then proteinase K (NEB) was added to 0.1 U/µL 

and incubated with shaking at 37 °C for 30 minutes. Next, urea was added to 2.5 M and 

the beads were incubated with shaking at 37 °C for 30 minutes. The bead supernatant was 
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collected and subjected to a two sequential phenol:chloroform:isoamyl alcohol (25:24:1) 

extractions followed by three chloroform extractions. The RNA was precipitated and 

reverse transcribed using SuperScript III (Life Technologies) using random hexamer 

primers, and relative abundance of Renilla luciferase RNA on the beads was compared to 

the supernatant using RT-PCR (see Table 4 for primer sequences). 

Table 4: Primers used for RT-PCR measurements in the RNA-targeting Cas9 studies. 

 

Measurements of influence of RCas9 on RNA stability and translation 

HEK293T cells were cultured as described above, passaged and plated in 96- or 

12- well tissue culture plates, and were co-transfected 24h later with the RCas9 system as 

described above and the Renilla luciferase construct carrying MS2 and RCas9 binding 

sites in the 3’UTR. In the protein abundance measurements, a small amount of CMV-

driven firefly luciferase vector (5% of total transfected plasmid) was co-transfected as a 

transfection control. For RNA stability measurements, RNA was isolated 24h after 

transfection, DNase treated, reverse transcribed with Superscript III (Life Technologies) 

using dT(20) primers according the manufacturer’s instructions. The amount of Renilla 

luciferase cDNA relative to GAPDH was then measured using RT-PCR (see Table 4 for 

primer sequences). For the translation studies, Renilla and firefly luciferase protein were 

measured with the Dual Luciferase Kit (Promega) according to the manufacturer’s 

instructions. 

Supplemental Table 3: qPCR primer sequences, related to Figures 1 and S1 
GAPDH forward primer AAGGTGAAGGTCGGAGTCAAC 
GAPDH reverse primer GGGGTCATTGATGGCAACAATA 
Renilla luciferase forward primer GTAACGCTGCCTCCAGCTAC 
Renilla luciferase reverse primer GTGGCCCACAAAGATGATTT 
β-tubulin forward primer AAGATCCGAGAAGAATACCCTGA 
β-tubulin reverse primer CTACCAACTGATGGACGGAGA 
ACTB forward primer CATGTACGTTGCTATCCAGGC 
ACTB reverse primer CTCCTTAATGTCACGCACGAT 
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For measuring the influence of RCas9 on GAPDH and ACTB mRNA and protein 

abundance, the RCas9 system targeting the 3’UTR of each transcript, GFP alone, or 

RCas9 with the λ2-targeting sgRNA and PAMmer was transfected. Modified sgRNA 

vectors carrying pGK-driven blue fluorescent protein (BFP) were used in this experiment 

and transfected cells were isolated using FACS gated on cells positive for GFP and BFP 

expression. Transfected cells were lysed subjected to western blotting and RT-PCR for 

ACTB, GAPDH, and TUBA1A transcripts. 

 

Fluorescence in situ hybridization 

Stellaris FISH Probes recognizing human ACTB, CCNA2, and TFRC mRNAs and 

labeled with Quasar 670 (VSMF-2003-5, Biosearch Technologies, Inc., Petaluma, CA) 

were hybridized to cells 24 hours after transfection with the RCas9 system. Hybridization 

was conducted according to the manufacturer’s instructions. Confocal microcscopy was 

conducted using an Olympus FV1000 confocal microscope or Zeiss LSM 810 confocal 

microscope. 

 

Overlap analysis for fluorescence in situ hybridization and RCas9 

Colocalization analysis among FISH and RCas9 targeting ACTB mRNA was 

conducted using the Coloc 2 plugin from the image analysis software FIJI (57). The 

cytoplasm of individual cells with similar dCas9-EGFP transfection levels was selected 

and the Coloc 2 analysis was conducted using default parameters. The Mander’s overlap 

coefficient describing degree of overlap of the FISH signal with RCas9 for more than 60 
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cells in each condition was compiled and p-values were calculated with the two-tailed 

Mann-Whitney U test. 

 

Tracking ACTB mRNA trafficking to stress granules 

A HEK293T cell line was genetically modified with a fusion of RFP to the C-

terminus of Ras GTPase-activating protein-binding protein 1 (G3BP1) using 

CRISPR/Cas9. Briefly, a donor plasmid was constructed consisting of the RFP ORF, a 

puromycin selection cassette, and flanking 1.5kb homology arms directed at the G3BP1 

locus. An sgRNA sequence targeting the C-terminus of G3BP1 was cloned into 

pSpCas9(BB)-2A-GFP (pX458) (gift from Feng Zhang, Addgene plasmid #48138) and 

co-transfected with the donor plasmid using Fugene HD (Roche) following the 

manufacturer’s instructions. 48 hours after transfection, cells were selected with 1 µg/mL 

puromycin in growth medium for 14 days and RFP-positive clones were selected and 

screened by PCR. 

A clone with at least one modified allele was plated on glass chamber slides 

coated with fibronectin and transfected with the RCas9 system targeting the 3’UTR of 

ACTB, CCNA2, or TFRC mRNA or one of three non-targeting sgRNA and PAMmer 

combinations (λ2-λ4) as described above (see Table 3 for sgRNA and PAMmer 

sequences). 24 hours after transfection, cells were subjected to 200 µM sodium arsenite 

for 30 minutes, fixed, and subjected to FISH and imaged with a Zeiss LSM 810 confocal 

microscope. In a separate experiment, cells were stressed with varying concentrations of 

sodium arsenite and imaged with a Zeiss LSM 810 confocal microscope with a stage 
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incubator over 32 minutes. Cells were maintained at 37 °C in a humidified atmosphere 

and 5% CO2 and imaged every 8 minutes. 

Analysis of ACTB mRNA trafficking to stress granules 

Stress granules with average RCas9 signal at least 2-fold greater than surrounding 

cytoplasm were determined to be positive for RCas9. The average RCas9 signal in stress 

granules was calculated using the ‘measure’ function in Fiji and compared to the average 

cytoplasmic RCas9 signal in the surrounding cytoplasm. RCas9-positive foci were 

visualized by dividing the value of each pixel by the average cytoplasmic signal which 

reduced cytoplasmic signal to a value of ‘1’ and RCas9-positive foci to a value of ‘2’ or 

more. Next, a Gaussian blur was applied to improve foci definition. These images are 

reported in Fig. 7A.  The accumulation of RCas9 signal over time in stress granules was 

calculated by recording average signal intensity in the RCas9 channel in areas with 

overlapping G3BP1-RFP foci at each time point. Average signal intensity in the RCas9 

channel surrounding G3BP1-RFP foci was recorded as background and subtracted from 

the previous value to produce the background-adjusted RCas9 signal in stress granules. 

This chapter is an adaptation of material that appears in “Programmable RNA 

tracking in Live Cells with CRISPR/Cas9” published in Cell by Cell Press in March 2016 

with coauthors Mark Fang, Mitchell O’Connell, Jia Xu, Sebastian Markmiller, Jennifer 

Doudna, and Gene Yeo as well as “Applications of Cas9 as an RNA-programmed RNA-

binding protein” published in Bioessays published by Wiley in April 2015 with coauthors 

Mark Fang, Stefan Aigner, and Gene Yeo. 
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CHAPTER 2: RNA-MEDIATED FLUORESCENT PROTEIN COMPLEMENTATION 

INTRODUCTION 

Cellular RNA content is a powerful marker of cell state and can be used to 

distinguish closely related cell types, identify circulating tumor cells, or identify specific 

cell types that result from a stem cell differentiation procedure (58). As a result, the 

measurement of cellular RNA content is a fundamental biological technique and is 

routinely performed in clinical and research labs around the world. But most techniques 

such as reverse transcription and PCR, RNA in situ hybridization, or other hybridization-

based techniques require destruction of the cells-of-interest and extraction of their RNA 

for processing and analysis. As a result, most RNA analysis techniques are limited to 

terminal measurements and cannot be used to purify cells featuring specific RNA profiles 

for further study and analysis. This is a major limiting factor in a variety of fields, 

including personalized medicine, stem cell biology, and stem cell transplantation. 

Circulating tumor shell are rare cells that are present in whole blood (59). These cells are 

shed from tumors and detection of these cells can reveal the presence of subclinical 

tumors from a minimally-invasive blood draw that would otherwise be undetectable with 

imaging. Current methods to detect circulating tumor cells require isolation of tumor cells 

using cell surface markers or DNA/RNA sequencing of individual cells, although known 

surface markers can only be used to identify a small fraction of tumor cell types and 

sequencing requires destruction of the target cells-of-interest. As a result, there exists no 

satisfactory means to identify and non-destructively purify circulating tumor cells. A 

technology that allows rapid identification and isolation of these cells could form the 

foundation of personalized medical techniques, for instance, to screen cells for 
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chemotherapeutic sensitivity so that disease- and patient-specific treatments can be 

developed. 

Regenerative medicine would also benefit from a non-destructive, live cell RNA 

detection method. Many stem cell therapies involve ex vivo production of progenitor 

cells which are subsequently transplanted into patient tissue to repair or replace damaged 

or diseased tissue. One major concern that remains more than a decade after the 

discovery of induced pluripotent stem cells relates to the safety of cellular therapies (60). 

In particular, the risk of inclusion of rare cancer-like cells in a transplantation procedure 

could cause cancer has been a major roadblock. As cell RNA content can distinguish 

stem cells from differentiated cells such as neurons (Fig. 9), cellular RNA content can 

also distinguish progenitor cells from cancer cells. The ability to identify and remove 

cells with cancer-linked RNA profiles using a live cell RNA detection technology would 

address these concerns and enable wider deployment of regenerative therapies to repair 

disease and damaged tissues in the central nervous system, heart, and other tissues. 
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Figure 9: High-throughput sequencing of cloned small RNAs. Correlation coefficients 
between vectors of expression of a subset of microRNAs specific for fibroblasts (mir-22, 
mir-145), pluripotent stem cells (mir-302) and neurons (mir-9, mir-139, mir-340) 
indicates reliable and robust discernment among fibroblasts, pluripotent stem cells 
(embryonic and iPS) and neuronal cells differentiated from iPSCs. 
 

One established means to measure RNA abundance in living cells involves the 

use of molecular beacons (37). These probes are composed of fluorophore-labeled 

oligonucleotides that are self-quenched until hybridization to a target RNA. In this 

manner, molecular beacons provide RNA sequence-specific identification of cellular 

gene expression. But these probes suffer from high background and are difficult to 

deliver to living cells. 

This chapter will describe the development of a split fluorescent protein system 

capable of detecting a specific RNA transcript. This work focused on detection of an 

RNA carrying a series of aptamers from the MS2 bacteriophage, and included some 

initial studies that involved transportation of this system into the RNA-targeting Cas9 

platform. The principles developed here reveal a version of the split Venus system that is 
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compatible with RNA detection of both aptamer and could inform future efforts to 

develop means to detect arbitrary RNA sequences. 

 

RESULTS AND DISCUSSION 

Split Venus is a fast-maturing variant of GFP that has been utilized in a variety of 

bifluorescence complementation studies (61). The rapid formation of the Venus 

fluorophore makes it particularly attractive as sensor as the non-fluorescent halves of split 

Venus are reconstituted by protein/protein interaction or tertiary interactions with a third 

partner. We deployed two versions of split Venus and evaluated their ability to 

reconstitute fluorescent signal in the presence of a target RNA carrying MS2 sites. 

We first fused two versions of the N-terminal half of split Venus to MS2 coat protein 

(MCP), a protein that binds strongly to an RNA sequence known as the MS2 aptamer 

(41). This versions of the N-terminal split Venus was split at amino acid residue 155 and 

another version was split at residue 155 and carried an I152L mutation. These two N-

terminal split Venus halves were compared to the C-terminal split Venus that begins with 

residue 155 and continues through the C-terminus of Venus (Fig. 10). 
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Figure 10: Design of the MS2-mediated split Venus complementation approach for 
fluorescence-based RNA detection. Fusion proteins composed of N- and C-terminal 
halves of split Venus were fused to tandem dimers of MS2 coat protein and chimeric 
genes carrying MS2 sites in the 3’UTR of Renilla luciferase were constructed. 
 

 As a model RNA substrate to mediate split Venus complementation, we 

constructed an RNA carrying six MS2 aptamer sites in the 3’UTR and an open reading 

frame for Renilla luciferase (Fig. 10). All constructs were placed in a mammalian 

expression vector and the ability of split Venus to generate fluorescent signal was 

evaluated during transient transfections of the protein and RNA components of this 

system in HEK293 cells (Fig. 11). 
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Figure 11: RNA-directed split Venus complementation. Split Venus fused to MS2 coat 
protein tandem dimers produced fluorescent signal in the presence of an RNA carrying 
six MS2 aptamers. The left panels feature a low dose of the split Venus proteins 
compared to a high dose in the right panels. The top and middle panels compare low and 
high doses of the RNA target. The bottom panel utilizes a point mutant on the N-terminal 
half of split Venus termed VN155(I152L) that features lower nonspecific association of 
the split Venus proteins. 
 

We observed successful RNA-mediated complementation of split Venus protein 

to generate fluorescent signal as measured by flow cytometry. We noticed that higher 

dosages of RNA target carrying MS2 sites resulted in a lower dynamic range (calculated 

compared to the control mRNA) compared to a lower dosage of RNA. This may be due 

to incomplete saturation of MS2 binding sites in the target RNA at high dosages of RNA. 

We also observed lower overall signal generated  by the  mutated N-terminal half of split 
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Venus VN155(I152L) but also lower background signal in the absence of the target 

mRNA which is consistent with previous reports on the activity of this split protein. 

This effort involving MS2 coat protein and aptamer binding sites establishes the potential 

of split Venus to detect RNA and generate fluorescent signal. The utility of living cell 

RNA detection hinges upon ability to measure arbitrary RNA sequences rather than 

engineered MS2 aptamer-containing RNAs. Considering the established modularity of 

MS2 coat protein fusions, it may be possible to replace the RNA recognition domain of 

this fusion protein with a Cas9 and target arbitrary RNA sequences with programmability 

determined by the Cas9-associated guide RNA and PAMmer oligonucleotide.  With this 

in mind, we next constructed a fusion protein composed of nuclease-inactive Cas9 

(dCas9) fused to VC155 (C-terminal split Venus) and co-expressed this fusion with 

VN155 fused to MS2 coat protein in the presence of an RNA carrying an RCas9 binding 

site adjacent to an MS2 aptamer (Fig. 12). 

 

 

Figure 12: Design of an RNA target for proof-of-concept recognition of RNA utilizing 
split Venus and RCas9. This engineered transcript was built to determine whether RCas9 
is capable of recognizing a target mRNA and subsequently promoting complementation 
of split Venus. This construct was co-transfected with dCas9-VC155 and MS2d(tandem 
dimer)-VN155 so that degree of Venus complementation in the presence of RNA 
carrying the Venus complementation cassette could be assessed. 
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This RCas9-mediated split Venus complementation system was transiently co-

transfected in HEK293 cells and the degree of Venus complementation was evaluated 

compared to a control RNA that does not carrying the MS2 aptamer and RCas9 binding 

site (termed “Lambda2”). 48 hours after transfection, total cellular fluorescence was 

evaluated with flow cytometry. 

 

 

 

Figure 13: Degree of split Venus complementation mediated by RCas9- and MS2-
directed RNA recognition. The degree of Venus fluorescence was evaluated using FACS 
where the blue (left) bars represent Venus signal in the presence of an mRNA carrying 
the MS2 aptamer and RCas9 binding sites while the red bars (right) feature a control 
3’UTR lacking these sequence features. The lowest dose of Venus promoted ~2-fold 
increase in signal in the presence of the targeted mRNA compared to the control 3’UTR. 
 

Even utilizing the low-background mutant of VN155, VN155(I52L), high levels 

of background were present in all test conditions (Fig. 13). At low doses of split Venus, 

~2-fold dynamic range was achieved and future efforts should focus on reduction of non-
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specific split Venus association as well as amplification of signal in the presence of the 

target mRNA. Sources of background in this approach could be aberrant association of 

MS2 and dCas9 protein. This could be tested by comparing Venus signal produced in the 

presence split Venus fused to other protein fusions partners. 

 

SUMMARY 

This effort establishes the ability of RNA-targeting Cas9 (RCas9) to mediate 

complementation of a split fluorescent protein. This initial study builds upon the recent 

establishment of RCas9 as a means to recognize arbitrary RNA sequences in living cells. 

A detailed evaluation of the spatial requirements for efficient split Venus 

complementation on RNA is required to evaluate the potential of this live cell RNA 

sensor. A set of MS2 and RCas9 binding sites with varied spacing should be constructed 

and their relative ability to promote split Venus complementation should be evaluated. 

Further concerns involving the orientation of RCas9 fusions to split Venus should be 

considered, for instance evaluating the complementation efficiency among all 

combinations of N- and C-terminal split Venus to MS2 coat protein and dCas9. Other 

protein design concerns such as the length and rigidity of interdomain linkers in these 

fusion proteins could play an important role in the efficiency of split Venus 

complementation. 

 

MATERIALS AND METHODS 

 
Plasmid construction 
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All expression vectors were constructed using Gibson assembly and driven by the 

CMV promoter in pCDNA 3.1-. The split Venus halves VC155, VN155, mad 

VN155(I152L) were amplified pBiFC-V155, pBiFC-VN155, and pBiFC-VN155(I152L) 

(gifts from Chang-Deng Hu (Addgene plasmids # 22010, # 22011, # 27097) and fused to 

dCas9 (amplified from pHR-SFFV-dCas9-BFP-KRAB, a gift from Stanley Qi & 

Jonathan Weissman, addgene plasmid #46911). 

 

Cell lines 

HEK293T cells were grown in Dulbecco’s modified Eagle medium (DMEM) 

supplemented with 10% fetal bovine serum, glutamax, penicillin/streptomycin and non-

essential amino acids (Life Technologies). Cells were passaged every 3-4 days with 

TrypLE EXPRESS (Life Technologies) using standard methods and maintained in a 

humidified incubator at 37 °C with 5% CO2. Transfections were conducted with 

Lipofectamine 2000 according to the manufacturer’s directions. 
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CHAPTER 3: RNA REGULATION IN LIVING CELLS USING LOCKED NUCLEIC ACID 

MICELLES 

 
INTRODUCTION 

Modulation of intracellular RNA abundance provides an exceptional opportunity 

to study and influence gene function and cellular behavior. In order to systematically 

exploit this opportunity, the delivery of nucleic acids to relevant biological compartments 

has been extensively investigated for the past 50 years (62, 63). Despite exhaustive 

efforts, nucleic acid–based therapies have realized limited success. This shortcoming is 

largely due to insufficient biostability of nucleic acids, off-target effects of modified 

nucleic acids, and ultimately the inability to deliver naked nucleic acids across 

phospholipid membranes (64, 65). The success of nucleic acid-based therapies relies on 

the ability to rationally design well-defined and stable materials capable of overcoming 

these barriers. Multicomponent, vector-facilitated nucleic acid delivery has emerged as a 

powerful tool in the past decade due to convenience, effectiveness, and the ability to 

adapt materials for in vivo experimentation(66-68). However, progress in 

multicomponent nucleic acid delivery using viral vectors, lipoplex formulations, or 

cationic transfection agents has been hindered by numerous setbacks including toxicity, 

immunogenicity, DNA release, and nucleic acid instability(69, 70). More recently, 

single-component nucleic acid based materials have been developed as well-defined 

alternatives to multicomponent DNA delivery systems(71, 72). Spherical nucleic acids 

(SNAs)(14) represent a unique class of stable(73) DNA delivery vehicles that display 

nucleic acids at the surface of the nanomaterial, hence eliminating the need to release 
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nucleic acids from a condensed or sequestered state. Materials capable of regulating 

mRNA abundance in cellulo without the need for the incorporation of a cellular 

internalizing component have only been demonstrated using metal-templated SNAs(74, 

75). Despite the success of gold-core SNAs, the requirement for metal templation 

imposes certain constraints and limitations on the resulting SNAs including oligo 

attachment chemistry, chemical diversity of the core itself, and maximum nucleic acid 

density achievable in the nanoparticle shell (76). Furthermore, in order to avoid toxicity 

associated with gold nanoparticle accumulation (77, 78), the template must be chemically 

dissolved once the material has been synthesized(79). In the interest of developing 

multifunctional and nontoxic oligonucleotide delivery agents with novel properties, it is 

necessary to develop new strategies toward accessing and expanding upon this unique 

class of materials. In this work we demonstrate that efficient cellular uptake and potent 

mRNA regulation can be achieved with a new class of spherical nucleic acid, namely 

LNA-polymer amphiphile (LPA) nanoparticles. 

LPA nanoparticles are discrete assemblies of a well-defined polymer-LNA 

conjugate prepared via solid-phase coupling of a carboxylic acid terminated norbornyl 

polymer with an amine-modified LNA oligonucleotide on controlled pore glass (CPG) 

beads. After conjugation, LPAs are cleaved from the solid support with an aqueous base 

to yield well-defined spherical polymeric micellar nanoparticles. LPA nanoparticle 

formation in aqueous solution is driven by the hydrophobic effect(80), hence the micelles 

are composed of a hydrophobic polynorbornyl core with each polymer covalently bound 

through an amide linkage to one solvated hydrophilic oligonucleotide in the shell. This 

chemistry is important in that it drives the dense packing of negatively charged, self-
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repulsive nucleic acids in the micelle corona via energetically favorable solvent exclusion 

governed by the hydrophobic polymer core. It is noteworthy to mention that nucleic acid 

density achieved in the nanoparticle shell is exceptionally high as evidenced in previous 

work from the Gianneschi laboratory demonstrating that analogous DNA-based 

nanoparticles can render DNA resistant to degradation by both endo- and exonucleases 

(81). 

 

RESULTS AND DISCUSSION 

To examine the efficiency of LPA nanoparticle cellular uptake and subsequent 

interaction with intracellular mRNA, three different LPA nanoparticles were designed 

and synthesized (Fig. 17 and Supporting Information Fig. A). LPA nanoparticles average 

20 nm in diameter as evidenced by transmission electron microscopy (TEM) and 

dynamic light scattering (DLS; see Fig. 17 and Fig. 14-16). These materials are the first 

example of a nontemplated and purely organic single-component nanoparticle to 

demonstrate efficient cellular uptake and subsequent mRNA regulation via antisense 

activity in live cells. The first micelle, termed antisense fluorescein-labeled LPA (AS-FL-

LPA) nanoparticle, contains a fluorescently labeled LNA sequence complementary to a 

20-base region located in the second exon of survivin mRNA in HeLa cells. As a control, 

a second micelle was synthesized, termed nonsense fluorescein-labeled LPA (NS-FL-

LPA) nanoparticle, in which the nucleotide sequence was scrambled. We anticipated that 

comparison of the activity of these two distinct materials would facilitate determination 

of the sequence-specific nature of LPA nanoparticle mediated survivin mRNA regulation. 

A third micelle, termed antisense cyanine 5-labeled LPA (AS-CY5-LPA) nanoparticle, 



 

	

54 

was designed to interrogate the influence of the incorporated dye on LPA nanoparticle 

uptake in HeLa cells (82-84). 

 

 

Figure 14: Antisense fluorescein (AS FL) LPA nanoparticle characterization. Negative 
stain (1% w/w uranyl acetate) TEM micrographs are at 29,000x (A), 80,000x (B), and 
150,000x (C) magnification. FPLC (D) was carried out using 50 mM Tris pH 8.5 at a 
flow rate of 1.8 mL/min while monitoring absorbance at 260 nm. DLS data is reported as 
the reweighted intensity by mass % (E), the raw intensity % (F), and the correlation 
function (G). 
 

Supporting Information 

 S18 

 
 

Figure S1. Antisense fluorescein (AS FL) LPA nanoparticle characterization. Negative stain (1% w/w 
uranyl acetate) TEM micrographs are at 29,000x (A), 80,000x (B), and 150,000x (C) magnification. 
FPLC (D) was carried out using 50 mM Tris pH 8.5 at a flow rate of 1.8 mL/min while monitoring 
absorbance at 260 nm. DLS data is reported as the reweighted intensity by mass % (E), the raw intensity 
% (F), and the correlation function (G). 
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Figure 15: Antisense CY5 (AS CY5) LPA nanoparticle characterization. Negative stain 
(1% w/w uranyl acetate) TEM micrographs are at 29,000x (A), 80,000x (B), and 
150,000x (C) magnification. FPLC (D) was carried out using 50 mM Tris pH 8.5 at a 
flow rate of 1.8 mL/min while monitoring absorbance at 260 nm. DLS data is reported as 
the reweighted intensity by mass % (E), the raw intensity % (F), and the correlation 
function (G). 

Supporting Information 

 S19 

 
 

Figure S2. Antisense CY5 (AS CY5) LPA nanoparticle characterization. Negative stain (1% w/w 
uranyl acetate) TEM micrographs are at 29,000x (A), 80,000x (B), and 150,000x (C) magnification. 
FPLC (D) was carried out using 50 mM Tris pH 8.5 at a flow rate of 1.8 mL/min while monitoring 
absorbance at 260 nm. DLS data is reported as the reweighted intensity by mass % (E), the raw intensity 
% (F), and the correlation function (G). 
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Figure 16: Nonsense fluorescein (NS FL) LPA nanoparticle characterization. Negative 
stain (1% w/w uranyl acetate) TEM micrographs are at 29,000x (A), 80,000x (B), and 
150,000x (C) magnification. FPLC (D) was carried out using 50 mM Tris pH 8.5 at a 
flow rate of 1.8 mL/min while monitoring absorbance at 260 nm. DLS data is reported as 
the reweighted intensity by mass % (E), the raw intensity % (F), and the correlation 
function (G). 

Supporting Information 

 S20 

 
 

Figure S3. Nonsense fluorescein (NS FL) LPA nanoparticle characterization. Negative stain (1% w/w 
uranyl acetate) TEM micrographs are at 29,000x (A), 80,000x (B), and 150,000x (C) magnification. 
FPLC (D) was carried out using 50 mM Tris pH 8.5 at a flow rate of 1.8 mL/min while monitoring 
absorbance at 260 nm. DLS data is reported as the reweighted intensity by mass % (E), the raw intensity 
% (F), and the correlation function (G). 
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Figure 17: LPA composition and charcterization by electron microscopy. LPAs assemble 
into spherical micellar nanoparticles as they are released from solid support and dispersed 
into aqueous solution. The resulting nanoparticles are roughly 20 nm in diameter as 
evidenced by negative stain TEM and DLS. LPA nanoparticles consist of a hydrophobic 
polynorbornyl core and a fluorescently labeled hydrophilic LNA shell designed to be 
complementary (antisense) or noncomplementary (nonsense) to a 20-base region of 
mRNA responsible for synthesizing the protein survivin. LNA bases are indicated in 
orange, “Pol” indicates the norbornene polymer conjugated to the 5′ end of the LNA 
sequence, F and FdT represent fluorescein-modified thymidine, and Cy5 represents an 
incorporated cyanine 5 phosphoramidite. 
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Figure 18: Uptake of dye-labeled LPA nanoparticles in HeLa cells. (A) FACS 
distributions showing the intensity of fluorescence among HeLa cells treated with the 
antisense fluorescein-labeled LNA-polymer amphiphile (AS-FL-LPA) after a 2 h 
incubation in the presence of nanoparticles. Data are gated on 2500 total events, λex = 
488 nm, λem = 533 ± 15 nm. (B) FACS data showing fluorescent cell population due to 
antisense Cy5-labeled (AS-CY5-LPA) micelle uptake in HeLa cells after incubation for 2 
h. Data are gated on 2500 total events, λex = 640 nm, λem = 675 ± 12.5 nm; see 
Supporting Information Figure S6 for details. (C–E) Confocal fluorescence microscopy 
of AS-FL-LPA-treated HeLa cells (C, λex= 488 nm), untreated HeLa cells (D, λex= 488 
nm, 635 nm), and antisense Cy5 LPA nanoparticle-treated HeLa cells (E, λex = 635 nm) 
showing material uptake and distribution in a single z-slice. Time points are indicated on 
each panel; scale bars are 50 µm.  
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As an initial experiment, AS-FL-LPA nanoparticles and the corresponding naked 

single-stranded fluorescein-labeled LNA sequence were incubated with HeLa cells to 

investigate the extent of uptake of each species measured by fluorescence-activated cell 

sorting (FACS, Fig. 18). After incubation with 5 nM AS-FL-LPA nanoparticle or 1 µM 

(the equivalent concentration with respect to LNA and fluorescein dye) naked 

fluorescein-labeled ssLNA analogue for 2 h, FACS analysis reveals an approximately 10-

fold increase in population-wide fluorescence at 533 nm for those cells treated with LPA 

nanoparticles as compared to those treated with the ssLNA analogue (Fig. 18A). Uptake 

for Cy5-labeled LPA nanoparticles shows a similar trend (Fig. 18B and Fig. 19-23). 

However, in contrast to fluorescein-labeled ssLNA, there is observable association of the 

naked Cy5-labeled ssLNA analogue with HeLa cells. As the LNA nucleobase sequence is 

identical to that of the fluorescein-labeled ssLNA, this effect may be a result of cyanine 5 

incorporation, as certain dye molecules are known to associate with cell membranes (83, 

85). Nevertheless, HeLa cells incubated with 5 nM AS-CY5-LPA nanoparticles 

demonstrate a ca. 10-fold increase in fluorescence per cell at 675 nm as compared to 

those cells treated with the Cy5-labeled ssLNA analogue. These results underscore the 

importance of the three-dimensional arrangement of oligonucleotides in facilitating 

cellular association.(14) Indeed, it has been recently demonstrated that other varieties of 

nanostructured DNA-based materials undergo cellular uptake more efficiently than 

single-stranded analogues (82, 86). 
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Figure 19: FACS data showing the difference in HeLa uptake between fluorescein-
labeled LPA nanoparticles and the corresponding fluorescein-labeled ssLNA at both 10 
minutes (top) and 2 hours (bottom). HeLa cells were incubated with 5 nM LPA micelle 
for the denoted time at 37 °C in 5% CO2. FACS data displays 2500 event counts for each 
experimental condition. The cells contained within the gated area (pink polygon) are 
denoted as a percent of the total event count. The histogram data on the left is gated to 
each corresponding scatter plot and displays FL-4 Area as the x-axis (λex = 640 nm, λem 
= 675 ± 12.5 nm). 
 

Supporting Information 

 S23 

 
 

 
 

Figure S6. FACS data showing the difference in HeLa uptake between fluorescein-labeled LPA 
nanoparticles and the corresponding fluorescein-labeled ssLNA at both 10 minutes (top) and 2 hours 
(bottom). HeLa cells were incubated with 5 nM LPA micelle for the denoted time at 37 °C in 5% CO2. 
FACS data displays 2500 event counts for each experimental condition. The cells contained within the 
gated area (pink polygon) are denoted as a percent of the total event count. The histogram data on the 
left is gated to each corresponding scatter plot and displays FL-4 Area as the x-axis (λex = 640 nm, λem = 
675 ± 12.5 nm).   
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Figure 20. FACS data showing the difference in HeLa uptake between fluorescein-
labeled LPA nanoparticles and the corresponding fluorescein-labeled ssLNA at both 10 
minutes (top) and 2 hours (bottom). HeLa cells were incubated with 5 nM LPA micelle 
for the denoted time at 37 °C in 5% CO2. FACS data displays 2500 event counts for each 
experimental condition. The cells contained within the gated area (pink polygon) are 
denoted as a percent of the total event count. The histogram data on the left is gated to 
each corresponding scatter plot and displays FL-1 Area as the x-axis (λex = 488 nm, λem 
= 533 ± 15 nm). 
 

Supporting Information 
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Figure S5. FACS data showing the difference in HeLa uptake between fluorescein-labeled LPA 
nanoparticles and the corresponding fluorescein-labeled ssLNA at both 10 minutes (top) and 2 hours 
(bottom). HeLa cells were incubated with 5 nM LPA micelle for the denoted time at 37 °C in 5% CO2. 
FACS data displays 2500 event counts for each experimental condition. The cells contained within the 
gated area (pink polygon) are denoted as a percent of the total event count. The histogram data on the 
left is gated to each corresponding scatter plot and displays FL-1 Area as the x-axis (λex = 488 nm, λem = 
533 ± 15 nm).   
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Having established that LPA nanoparticles associate with HeLa cells by FACS, 

we performed live-cell z-stack confocal fluorescence microscopy to determine the extent 

of nanoparticle internalization as well as intracellular distribution (Fig. 18C–E and Fig. 

D). Live HeLa cells were imaged after LPA nanoparticle incubation in order to discern 

the distribution of LPA nanoparticles relative to cellular boundaries without the 

introduction of artifacts associated with cell fixation. Based on confocal fluorescence 

images it is apparent that LPA nanoparticles are distributed diffusely throughout the cell 

body in some cells (ca. 70% of cells, as determined by visual inspection of the imaged 

area) after 10 min of incubation and in almost all imaged cells (ca. 98% of cells, as 

determined by visual inspection of the imaged area) after 2 h of incubation with LPA 

nanoparticles. This, along with FACS data, suggests that micelles are rapidly taken up 

into HeLa cells and effectively distributed in the cytosol. 

 

 

Figure 21: LPA nanoparticle uptake and survivin mRNA depletion. (A) FACS data 
showing similar uptake for both antisense and nonsense LPA nanoparticles after 
incubation with HeLa cells for 2 h. λex= 488 nm, λem = 533 ± 15 nm; see Fig. E for 
more details. (B) RT-PCR results showing sequence-selective survivin mRNA 
knockdown due to treatment with antisense LPA nanoparticles (AS-FL-LPA). 
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Figure 22: FACS data showing HeLa uptake of both antisense and nonsense fluorescein-
labeled LPA nanoparticles. HeLa cells were incubated with 5 nM LPA micelle for 2 
hours at 37 °C in 5% CO2. FACS data displays 2500 event counts for each experimental 
condition. The cells contained within the gated area (pink polygon) are denoted as a 
percent of the total event count. The histogram data is gated to each corresponding scatter 
plot and displays FL-1 Area as the x-axis (λex = 488 nm, λem = 533 ± 15 nm). 
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Table S2. RT-qPCR statistical analysis for antisense versus nonsense LPA micelle treatments.  

 

 
 

 

 
 

Figure S9. FACS data showing HeLa uptake of both antisense and nonsense fluorescein-labeled LPA 
nanoparticles. HeLa cells were incubated with 5 nM LPA micelle for 2 hours at 37 °C in 5% CO2. 
FACS data displays 2500 event counts for each experimental condition. The cells contained within the 
gated area (pink polygon) are denoted as a percent of the total event count. The histogram data is gated 
to each corresponding scatter plot and displays FL-1 Area as the x-axis (λex = 488 nm, λem = 533 ± 15 
nm).  

 



 

	

64 

 

Figure 23: Confocal fluorescence microscopy Z-stack imaging for fixed HeLa cells 
incubated with CY5-AS-LPA micelles for 3.5 hours (λex= 635 nm, colored red). Nuclei 
are stained with NucBlue (λex= 405 nm, colored blue). Z-spacing is 0.5 µm. 

 

RNA plays a central role in regulating and propagating genetic information; hence 

numerous efforts have demonstrated the utility of manipulating the expression of disease-

Supporting Information 
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Figure S8B. Confocal fluorescence microscopy Z-stack imaging for fixed HeLa cells incubated with 
CY5-AS-LPA micelles for 3.5 hours (λex= 635 nm, colored red). Nuclei are stained with NucBlue  (λex= 
405 nm, colored blue). Z-spacing is 0.5 μm. 
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causing genes via interference with various RNAs (87). To determine if LPA 

nanoparticles are able to modulate intracellular mRNA levels, we designed nanoparticles 

capable of base-pairing in an antisense fashion specifically with a 20-base region of 

survivin mRNA, an RNA associated with proliferation of HeLa and other cancerous cells 

(88). After treatment with antisense (AS-FL-LPA) or nonsense (NS-FL-LPA) micelles, 

total HeLa RNA was harvested and analyzed for relative abundance of survivin mRNA 

(Fig. 3B). Treatment with antisense LPA nanoparticles significantly depleted survivin 

mRNA levels relative to endogenous GAPDH mRNA transcripts, suggesting efficient, 

sequence-specific regulation of mRNA levels (Fig. 3B). Treatment with nonsense LPA 

nanoparticles showed no significant effect on survivin mRNA levels when compared to 

levels in untreated cells. To our knowledge, other than gold-templated SNAs, there has 

been only one other example in the literature of a DNA-based nanomaterial 

demonstrating gene-specific interactions without the need for an auxiliary uptake-

enhancing component (89). 
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Figure 24: AS-FL-LPA Nanoparticle uptake kinetics, dependence on cholesterol, and 
cytotoxicity. (A) Compiled FACS data showing LPA nanoparticle uptake over time in 
various cell lines. Data are gated on a minimum of 2500 events, λex = 488 nm, λem = 
533 ± 15 nm; see Fig. 26-27 for more information. (B) Compiled FACS data showing a 
decrease in LPA nanoparticle uptake after HeLa cells were treated with methyl-β-
cyclodextrin λex= 488 nm, λem = 533 ± 15 nm; see Supporting Information Fig. 29, and 
Table 6 for more information. (C) Compiled FACS data showing relative cytotoxicity for 
5 nM and 10 nM LPA nanoparticle treatments versus treatment with 0.25% Triton-X 100. 
Cytotoxicity was assessed via cell-associated propidium iodide fluorescence, λex = 488 
nm, λem filter = 670 nm LP.  
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Figure 25. FACS cytotoxicity analysis measured via fluorescence of propidium iodide 
incorporated into compromised HeLa cells. HeLa cells were incubated with 5 nM LPA 
micelle for 1 hour at 37 °C in 5% CO2. FACS data displays 5000 event counts for each 
experimental condition. The cells contained within the gated area (pink polygon) are 
denoted as a percent of the total event count. The histogram data is not gated 
(compromised cells do not fall within the same scattering region) and displays FL-3 Area 
as the x-axis (λex = 488 nm, λem filter = 670 nm LP). 
 
Table 5: Tabulated data for LPA micelle toxicity studies by propidium iodide 
fluorescence. 

 

 

Given that cellular uptake and internalization of LPA nanoparticles appears to be 

rapid and efficient (Figure 21), we investigated the kinetics, cytotoxicity, and potential 

mechanism for LPA nanoparticle uptake (Fig. 24). Previous reports concerning spherical 
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Figure S15. FACS cytotoxicity analysis measured via fluorescence of propidium iodide incorporated 
into compromised HeLa cells. HeLa cells were incubated with 5 nM LPA micelle for 1 hour at 37 °C in 
5% CO2. FACS data displays 5000 event counts for each experimental condition. The cells contained 
within the gated area (pink polygon) are denoted as a percent of the total event count. The histogram 
data is not gated (compromised cells do not fall within the same scattering region) and displays FL-3 
Area as the x-axis (λex = 488 nm, λem filter = 670 nm LP).   
 
` 
Table S6. Tabulated data for LPA micelle toxicity studies by propidium iodide fluorescence. 
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Figure S15. FACS cytotoxicity analysis measured via fluorescence of propidium iodide incorporated 
into compromised HeLa cells. HeLa cells were incubated with 5 nM LPA micelle for 1 hour at 37 °C in 
5% CO2. FACS data displays 5000 event counts for each experimental condition. The cells contained 
within the gated area (pink polygon) are denoted as a percent of the total event count. The histogram 
data is not gated (compromised cells do not fall within the same scattering region) and displays FL-3 
Area as the x-axis (λex = 488 nm, λem filter = 670 nm LP).   
 
` 
Table S6. Tabulated data for LPA micelle toxicity studies by propidium iodide fluorescence. 
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nucleic acids indicate rapid cellular internalization that is dependent on Type A scavenger 

receptors and cholesterol-dependent caveolae-mediated endocytosis (90). LPA 

nanoparticles exhibit rapid uptake within 10 min of introduction to adherent cells across 

five different cell lines including human embryonic kidney cells (Fig. 24A and Fig. 26-

28). LPA nanoparticle association with the cell appears to reach a maximum between 30 

and 60 min after incubation for each of the four cancerous cell lines studied. Furthermore, 

LPA nanoparticle uptake in HeLa cells appears to be dependent on cholesterol, as 

treatment with methyl-β-cyclodextrin significantly decreases association of LPA 

nanoparticles (Fig. 24B). In our hands, treatment with other pharmacological inhibitors or 

disruptors of the aforementioned endocytotic pathways did not have a significant effect 

on cellular association in HeLa cells. 

Furthermore, LPA nanoparticles show no appreciable cytotoxicity in HeLa cells 

when analyzing membrane integrity after 1 h of incubation using propidium iodide as a 

probe (Fig. 24C,Fig. 25, and Table 5). 
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Figure 26: FL-AS-LPA micelle uptake kinetics for four different cell lines as analyzed 
via FACS. Histograms were constructed from gated data (see Figure S16) on a total of 
5000 event counts. The x- axis is plotted as FL-1 Area (λex = 488 nm, λem = 533 ± 15 
nm). 
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Figure S10. FL-AS-LPA micelle uptake kinetics for four different cell lines as analyzed via FACS. 
Histograms were constructed from gated data (see Figure S16) on a total of 5000 event counts. The x-
axis is plotted as FL-1 Area (λex = 488 nm, λem = 533 ± 15 nm).    

 
    
 
Table S3. Tabulated data for LPA micelle uptake kinetics in four different cell lines. 
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Figure 27: Representative FACS scatter plots showing percentage (5000 events total) of 
cells falling within the gated region for each experiment. Each gate was drawn to 
accommodate the population of events scattering significantly in the forward direction for 
the untreated cells. 
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Figure S11. Representative FACS scatter plots showing percentage (5000 events total) of cells falling 
within the gated region for each experiment. Each gate was drawn to accommodate the population of 
events scattering significantly in the forward direction for the untreated cells.  
 

 
Figure S12. FACS data showing HEK-293 uptake of antisense fluorescein-labeled LPA nanoparticles 
after 10 minute and 2 hour incubations. Histograms were constructed from gated and ungated data on a 
total of 5000 event counts and the x-axis is plotted as FL-1 Area (λex = 488 nm, λem = 533 ± 15 nm).  
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Figure 28: FACS data showing HEK-293 uptake of antisense fluorescein-labeled LPA 
nanoparticles after 10 minute and 2 hour incubations. Histograms were constructed from 
gated and ungated data on a total of 5000 event counts and the x-axis is plotted as FL-1 
Area (λex = 488 nm, λem = 533 ± 15 nm). 
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Figure S11. Representative FACS scatter plots showing percentage (5000 events total) of cells falling 
within the gated region for each experiment. Each gate was drawn to accommodate the population of 
events scattering significantly in the forward direction for the untreated cells.  
 

 
Figure S12. FACS data showing HEK-293 uptake of antisense fluorescein-labeled LPA nanoparticles 
after 10 minute and 2 hour incubations. Histograms were constructed from gated and ungated data on a 
total of 5000 event counts and the x-axis is plotted as FL-1 Area (λex = 488 nm, λem = 533 ± 15 nm).  



 

	

72 

 

Figure 29. FACS data showing HeLa uptake of fluorescein antisense LPA (FL-AS-LPA) 
micelles after treatment with pharmacological inhibitors of various pathways of 
endocytosis. FACS histograms (left) display only untreated, LPA micelle-treated, and 
HeLa cells treated with methyl-β-cyclodextrin and LPA micelle. Treatment of HeLa cells 
with other known inhibitors of endocytosis did not show a significant difference in LPA 
micelle uptake as compared to incubation of HeLa cells with LPA micelles only. 
Untreated cells were not incubated with inhibitor or LPA micelle in order to serve as a 
reference for minimum cell-associated fluorescence. HeLa cells were incubated with 
inhibitor for 30 minutes at 37 °C in 5% CO2 followed by 5 nM LPA micelle for 1 hour at 
37 °C in 5% CO2. FACS histograms are displayed as ungated (top) and gated (bottom) 
data and are based on 2500 total event counts for each experimental condition with the x-
axis plotted as FL-1 Area (λex = 488 nm, λem = 533 +/- 15 nm). 
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Figure S13. FACS data showing HeLa uptake of fluorescein antisense LPA (FL-AS-LPA) micelles 
after treatment with pharmacological inhibitors of various pathways of endocytosis. FACS histograms 
(left) display only untreated, LPA micelle-treated, and HeLa cells treated with methyl-β-cyclodextrin 
and LPA micelle. Treatment of HeLa cells with other known inhibitors of endocytosis did not show a 
significant difference in LPA micelle uptake as compared to incubation of HeLa cells with LPA 
micelles only. Untreated cells were not incubated with inhibitor or LPA micelle in order to serve as a 
reference for minimum cell-associated fluorescence. HeLa cells were incubated with inhibitor for 30 
minutes at 37 °C in 5% CO2 followed by 5 nM LPA micelle for 1 hour at 37 °C in 5% CO2. FACS 
histograms are displayed as ungated (top) and gated (bottom) data (see Fig. S14) and are based on 2500 
total event counts for each experimental condition with the x-axis plotted as FL-1 Area (λex = 488 nm, 
λem = 533 +/- 15 nm).    

 



 

	

73 

Table 6: Pharmacological inhibitor concentrations used during HeLa cell treatments. 
 

 

SUMMARY 

The development of hybrid nucleic acid-based materials capable of facilitating 

potent and specific interactions in complex biological milieu hinges upon the ability to 

create well-defined elements with predictable attributes and diverse composition. The 

straightforward synthesis, high-density display of covalently bound nucleic acids, and the 

potential for chemical diversification make LPA nanoparticles ideal candidates in 

forming the basis of next generation smart biomaterials capable of recognizing and 

responding to particular gene expression features.  

 

MATERIALS AND METHODS 

All reagents were purchased from commercial sources and used without further 

purification. (IMesH2)(C5H5N)2(Cl)2Ru=CHPh was prepared as described by Sanford et. 

al.1 DNA synthesis was carried out on an ABI 394 DNA/RNA synthesizer utilizing 

standard phosphoramidite chemistry. DNA synthesis reagents and custom 

phosphoramidites were purchased from Glen Research Corporation. CPG support 

columns and standard phosphoramidites were purchased from Azco Biotech Inc. LNA 
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Table S4. Tabulated data for pharmacological inhibition of endocytosis effect on LPA micelle uptake in 
HeLa cells.  

 

 
 

 
Table S5. Pharmacological inhibitor concentrations for HeLa treatment. 
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phosphoramidites were purchased from Exiqon Inc. DNA/RNA oligos that were not 

synthesized were purchased from Integrated DNA Technologies. All cell lines were 

purchased from ATCC (HeLa CCL- 2, MCF7 HTB-22, A549 CCL-185, HT1080 CCL-

121, HEK-293 CRL-1573). All deuterated solvents were purchased from Cambridge 

Isotope Laboratories Inc. 1 H (400 MHz) and 13C (100 MHz) NMR spectra were 

recorded on a Varian Mercury Plus spectrometer. Chemical shifts (1 H) are reported in δ 

(ppm) relative to the CDCl3 residual proton peak (7.27 ppm). 13C chemical shifts are 

reported in δ (ppm) relative to the CDCl3 carbon peak (77.00 ppm). Mass spectra were 

obtained at the UCSD Chemistry and Biochemistry Molecular Mass Spectrometry 

Facility. Low-resolution mass spectra were obtained using a Thermo LCQdeca mass 

spectrometer and high-resolution mass spectra were obtained using an Agilent 6230 

Accurate Mass time of flight mass spectrometer. Polymer molecular weight and 

dispersity were determined via size-exclusion chromatography (Phenomenex Phenogel 

5u 10, 1K-75K, 300 x 7.80 mm in series with a Phenomex Phenogel 5u 10, 10K-1000K, 

300 x 7.80 mm (mobile phase: 0.05 M LiBr in DMF)) using a Hitachi-Elite LaChrom L-

2130 pump equipped with a DAWN HELEOS multi-angle light scattering (MALS) 

detector (Wyatt Technology) and a refractive index detector (Hitachi L-2490) normalized 

to a 30,000 g/mol polystyrene standard. Hydrodynamic diameter (Dh) of DPA 

nanoparticles was measured via DLS using a DynaPro NanoStar (Wyatt Technology). 

Concentrations of oligonucleotides and DPA nanoparticles were determined using a 

Thermo Scientific NanoDrop 2000c spectrophotometer. HPLC analysis and purification 

of oligonucleotides was accomplished utilizing a Phenomenex Clarity 5u Oligo-RP (150 

x 4.60 mm) or Clarity 10u Oligo-WAX (150 x 4.60 mm) column and a Hitachi-Elite 
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LaChrom L-2130 pump equipped with a UV-Vis detector (Hitachi-Elite LaChrom L-

2420). Oligonucleotide molecular weights were determined by mass spectrometry 

performed on a Bruker Daltronics Biflex IV MALDI-TOF instrument using a 

combination of 2’, 4’, 6’- trihydroxyacetophenone monohydrate (THAP) and 3-

hydroxypicolinic acid (3-HPA) as matrices and a three-point calibration standard 

composed of three purchased oligonucleotides. Denaturing polyacrylamide gel 

electrophoresis was performed using a Bio Rad Criterion Mini-PROTEAN Tetra cell and 

precast TBE-Urea gels. Size-exclusion FPLC was accomplished using a HiPrep 26/60 

Sephacryl S-200 High Resolution-packed size-exclusion column (mobile phase: 50 mM 

Tris, pH 8.5) and an Äkta purifier (Pharmacia Biotech) equipped with a P-900 pump and 

a UV-900 UV-Vis multiwavelength detector. TEM samples were deposited on 

carbon/formvar-coated copper grids (Ted Pella Inc.), stained with 1% w/w uranyl acetate, 

and imaged using a Technai G2 Sphera operating at an accelerating voltage of 200 kV. 

Synthesis of (N-Benzyl)-5-norborene-exo-2,3-dicarboximide: To a stirred solution of 

Nbenzylamine (2.85 g, 26.6 mmol) in dry toluene (125 mL) was added 5-norbornene-

exo-2,3- dicarboxylic anhydride (4.10 g, 25.0 mmol) and triethylamine (3.83 mL, 27.5 

mmol). The reaction was heated to reflux overnight under an atmosphere of N2. The 

reaction was cooled to room temperature and washed with 10% HCl (3 x 50 mL) and 

brine (2 x 50 mL). The aqueous layers were combined and extracted with ethyl acetate 

(60 mL). The combined organic layers were dried with MgSO4, filtered and concentrated 

to dryness yielding a pale yellow solid that was then recrystallized from ethyl 

acetate/hexanes to give 1 (4.98 g, 79%) as white crystals. 1 H NMR (CDCl3): δ (ppm) 

1.07 (d, 1H, CH2, J=9.6 Hz,), 1.42 (d, 1H, CH2, J=9.6 Hz), 2.69 (s, 2H, 2 x CH), 3.26 (s, 
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2H, 2 x CH), 4.61 (s, 2H, CH2), 6.28 (s, 2H, CH=CH), 7.25-7.40 (m, 5H, Ar). 13C NMR 

(CDCl3): δ (ppm) 42.18, 42.28, 45.13, 47.62, 127.74, 128.48, 135.76, 137.76, 177.48. 

LRMS (CI), 253.99 [M+H]+ . HRMS, theo: 254.1176 [M+H]+ , found: 254.1175 

[M+H]+ . S2.2 Synthesis of (Z)-4,4'-(but-2-ene-1,4-diylbis(oxy)) dibenzoic acid (2). To a 

stirred solution of ethyl 4-hydroxybenzoate (5.5 g, 33.1 mmol) in 100 mL dry DMF was 

added potassium carbonate (7.28 g, 52.7 mmol). To this stirred suspension was added cis-

1,4-dichlorobutene (2.0 g, 16 mmol). The solution turned brown within minutes and the 

reaction was allowed to stir under an atmosphere of N2 at 90 °C overnight. The mixture 

was then cooled to room temperature, filtered, and concentrated to dryness. The resulting 

solid was dissolved in ethyl acetate and washed three times with H2O. The organic layer 

was dried over MgSO4 and concentrated to dryness to yield solid white crystalline 

needles. This solid was recrystallized from ether to yield the pure diester (2.18 g, 35%). 1 

H NMR (CDCl3): δ (ppm) 1.38 (t, 6H, 2 x CH3), 4.35 (q, 4H, 2 x CH2), 4.74 (d, 4H, 2 x 

CH2), 5.96 (t, 2H, CH=CH), 6.92 (d, 4H, 4 x ArH), 8.0 (d, 4H, 4 x ArH). The diester 

(2.18 g, 5.66 mmol) was dissolved in 95% ethanol and potassium hydroxide was added 

(12.0 g, 215 mmol). The reaction was heated to reflux for 5 hours, cooled to room 

temperature, diluted with an equal volume of H2O and acidified with HCl to form a white 

precipitate. The precipitate was filtered off to yield 2 as an orange-tan solid (1.78 g, 

100%). 1H NMR (DMSO-d6, residual 1 H = 2.50 ppm): δ (ppm) 3.38 (s broad, 2H, 2 x 

COOH), 4.80 (d, 4H, 2 x CH2), 5.89 (t, 2H, CH=CH), 7.03 (d, 4H, 4 x ArH), 7.87 (d, 4H, 

4 x ArH). 13C NMR (DMSO-d6, residual 13C = 39.51 ppm): δ (ppm) 64.11, 114.50, 

123.18, 128.33, 131.34, 161.72, 166.98. LRMS, 327.03 [M-H]- , HRMS, theo: 327.0874 

[M-H]- , obs: 327.0877 [M-H]- . 
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Synthesis of Polymer (118-2) 

Monomer 1 (870 mg, 3.4 mmol) was dissolved in 5 mL CDCl3 and cooled to −78 

°C. Ruthenium catalyst (IMesH2)(C5H5N)2(Cl)2Ru=CHPh (124 mg, 0.17 mmol) was 

added as a powder, followed by 1 mL additional CDCl3 to solubilize the catalyst. The 

reaction was then allowed to warm to room temperature and stir under N2 for 35 minutes 

(NMR confirms the absence of the original olefin resonance from monomer 1 at 6.28 

ppm, and the presence of broad cis and trans polymer backbone olefin resonances at 5.45 

and 5.71 ppm). At this point, 200 µL of the reaction mixture was removed and quenched 

with an excess of ethyl vinyl ether to provide a homopolymer for molecular weight 

determination (SEC-MALS: Mw = 4575 g/mol, PDI = 1.001). Chain transfer agent 2 

(111 mg, 0.34 mmol) was dissolved in 2.0 mL DMF-d7, added to the reaction mixture, 

and the mixture was allowed to stir at room temperature for 20 minutes. The ruthenium 

alkylidene proton resonance was monitored in order to track end-labeling of the polymer. 

Once the reaction was determined to be complete, excess ethyl vinyl ether was added to 

quench the ruthenium catalyst. The crude polymer was precipitated from cold methanol 

and further purified by column chromatography in order to eliminate any traces of 

unreacted chain transfer agent 2. The crude precipitated polymer was dry loaded onto a 

silica column, the column was washed with 200 mL CH2Cl2, and the polymer was eluted 

with 3% methanol in CH2Cl2 to yield a glassy yellow-brown solid as the pure polymer 

(905 mg, 97%, rf = 0.56). Alternatively, the polymer can be precipitated from cold basic 

methanol (0.1% triethylamine) three times in order to yield pure polymer free of excess 

chain transfer agent. 
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Oligonucleotide synthesis 

Oligonucleotides were synthesized in house using automated phosphoramidite 

chemistry (ABI 394 DNA/RNA Synthesizer) with 4,5-Dicyanoimidazole (Glen Research 

cat. #30-3150-52) as the activator and 0.02 M iodine in tetrahydrofuran/pyridine/water 

(Glen Research cat. #40-4330-52) as the oxidizer. Standard 2-cyanoethyl protected 

phosphoramidites include dA (N-Bz), dG (N-dmf), (N-acetyl) dC, and T. LNA 

phosphoramidites were vacuum dried using a Schlenk line for 24 hours prior to 

dissolving at 0.07 M in anhydrous acetonitrile or 25% tetrahydrofuran in acetonitrile v/v 

(for LNA mC only). Coupling times of 35 s (dC and T), 100 s (dA and dG), and 120 s 

(LNA amidites) were used. Oxidation time for LNA phosphoramidites was increased to 

45 s as compared to 15 s for standard phosphoramidites. Oligonucleotides were 

synthesized on a 1.0 µmol scale using columns packed with 1000 Å CPG beads (both 

AZCO universal support, cat. #19-8051-10, and Glen Research Universal Support III 40 

µmol/g, cat. #G308237). No significant differences between the two support types were 

noticed. However, a pore size of at least 1000 Å was found to be critical for polymer 

conjugation on solid support. A 5’-amino modifer was incorporated into each synthetic 

oligonucleotide through use of 5’-amino modifer C12 phosphoramidite (Glen Research). 

FL-AS-ssLNA and CY5-AS-ssLNA 5’-amino termini were acetylated on solid support 

using the automated synthesizer as follows: the MMT group was removed by treatment 

with 3% trichloroacetic acid in CH2Cl2 for three minutes (until the yellow color due to 

the MMT+ cation was no longer visible in the eluting deblock solution) followed by a 

standard capping cycle to acetylate the free amine with acetic anhydride. Fluorescein and 
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CY5 labels were incorporated into the oligonucleotides via use of Fluorescein dT and 

Cyanine 5 phosphoramidites (Glen Research) using coupling times of 10 minutes and 3 

minutes respectively. Oligos were cleaved from solid support by treatment with ~150 µl 

2.0 M ammonia in methanol for 1 hour at room temperature (recommended for universal 

support III chemistry) and further deprotected by addition of ~1.5 ml concentrated 

ammonium hydroxide at room temperature for 24 hours (to avoid degradation of CY5), 

purified by HPLC, and characterized by MALDI-TOF MS. Survivin RNA oligo was 

purchased from Integrated DNA Technologies (purified by HPLC, confirmed by ESI-

MS).  
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Figure 30: LNA and RNA sequence information, modifications, and chemical structure. 
TF denotes fluorescein dT phosphoramidite and CY5 denotes cyanine 5 phosphoramidite. 
Underlined positions indicate LNA bases. LNA C is incorporated as the 5-methyl 
cytosine analogue as sold by Exiqon. 
 

Synthetic LNA oligonucleotides were purified via reverse-phase HPLC using a 

binary gradient (buffer A: 10% methanol, 90% 50 mM triethyl ammonium acetate 

(TEAA) pH 7.1; buffer B: 100% methanol.). For FL-AS-ssLNA, weak anion-exchange 

(WAX) HPLC was also necessary to purify the oligonucleotide. A quaternary gradient 

was used for WAX HPLC analyses and purification (Solvent A: nanopure H2O, solvent 

B: methanol, solvent C: 100 mM Tris(hydroxymethyl)aminomethane (Tris) pH 8.0, 
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Figure S4. LNA and RNA sequence information, modifications, and chemical structure. TF denotes 
fluorescein dT phosphoramidite and CY5 denotes cyanine 5 phosphoramidite. Underlined positions 
indicate LNA bases. LNA C is incorporated as the 5-methyl cytosine analogue as sold by Exiqon. 
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solvent D: 2 M NaCl). FL-AS-ssLNA was desalted post WAX HPLC purification using a 

Sep-Pak Plus C18 Environmental Cartridge. 

 

MALDI-TOF MS of Oligonucleotides 

A MALDI target plate was spotted with 1 µL of matrix solution A for each 

sample to be analyzed and allowed 20 minutes to dry completely. Matrix solution A was 

prepared by dissolving 50 mg of 3-HPA in 1000 µL of HPLC grade 

acetonitrile/Nanopure H2O (1:1 v/v). Subsequently, 454 µL of this solution was mixed 

with 45 µL of 100 mg/ml diammonium hydrogen citrate in Nanopure H2O. 

Oligonucleotide samples were prepared for MALDI-TOF MS analysis using Zip-Tip C18 

pipette tips. Oligos were loaded onto the C18 tips from concentrated stock solutions (ca. 

50-100 µM), desalted (protocol: Sample Preparation of Oligonucleotides Prior to 

MALDI-TOF MS Using ZipTipC18 and ZipTip µ-C18 Pipette Tips), and eluted with 

matrix solution B. Briefly, desalting was achieved by washing/wetting the Zip-Tip with 

50% acetonitrile, equilibrating with 0.1 M TEAA, loading the oligo, washing with 0.1 M 

TEAA, washing with H2O, and finally eluting the bound oligo with ~ 3.0 µl of matrix 

solution B. Matrix solution B was prepared by dissolving 50 mg of THAP in 500 µL of 

HPLC grade acetonitrile. Dissolution was assisted by sonication and the resulting 

solution was centrifuged to pellet any remaining solid. Subsequently, 250 µL of this 

supernatant was mixed with 250 µL of 23 mg/mL diammonium hydrogen citrate in 

Nanopure H2O. 1 µL of this solution was then spotted onto the MALDI plate on top of 

crystallized matrix A. The samples were allowed to dry for 15-30 minutes before 

analyzing via MALDI-TOF MS. External three-point calibration was achieved using a 
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mixture of three oligonucleotides purchased from Integrated DNA Technologies. 

Aliquots of 25 pmol 5’-TCTTATACTTAAT-3’ (3898.6 g/mol), 125 pmol 5’-

CACTGACTGGACATGACTCT-3’ (6077.0 g/mol), and 700 pmol 5-

AAGATCGATCACTGACTGGAC-3’ (11644.6 g/mol) were all dissolved together in 

100 µl nanopure H2O and spotted (1 µl) on top of crystallized matrix A (1 µl spot) for 

MALDI-TOF MS analysis in order to create an external calibration reference. 

 

LNA-Polymer Amphiphile Synthesis and Micellar Nanoparticle Formation  

To a solution of polymer (118-2) (50 mg, 10.9 µmol) dissolved in 150 µL DMF 

was added N,Ndiisopropylethylamine (5 µL, 29.1 µmol) and HATU (3.42 mg, 9 µmol). 

The solution was vortexed for 10 minutes at room temperature in order to activate the 

polymer carboxylic acid terminus. At this point, 5’-amino modified LNA on CPG solid 

support (ca. 0.5-1.0 µmol, MMT deprotected by washing with 3% TCA in DCM for 3 

minutes) was added. 100 µl DMF was added to wash CPG beads to the bottom of the 

microcentrifuge tube and immerse the beads in solution entirely. The mixture was 

allowed to vortex at room temperature for 2 hours. At this point, the CPG beads were 

centrifuged and washed with DMF three times followed by a final rinse with DCM. The 

beads were dried using a SpeedVac vacuum concentrator and subsequently a second 

coupling of 50 mg polymer for 2 hours was carried out under conditions identical to those 

described above. The CPG beads were then filtered away from the solution using an 

empty synthesis column and then washed with DMF (2 x 20 ml) and CHCl3 (2 x 20 ml). 

The LNA-polymer amphiphile (LPA) was cleaved from solid support via treatment with 

concentrated ammonium hydroxide for 24 hours at room temperature. The CPG beads 
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were away from the solution using glass wool and subsequently washed consecutively 

with H2O (2.0 ml), DMSO (2.0 ml), Formamide (2.0 ml), H2O (3.0 ml), and DMSO (1.0 

ml). This solution was transferred to 3,500 MWCO snakeskin dialysis tubing (Thermo 

Scientific) and 2.0 mL H2O, used to wash the filtrate container, was added. The resulting 

solution was dialyzed against 2.0 L of Nanopure H2O overnight. This dialyzed solution 

was then concentrated to ~3.0 ml via rotary evaporation (water bath temperature set to 55 

°C). The resulting crude LPA-nanoparticle/ssLNA mixture was analyzed by denaturing 

PAGE and agarose gel electrophoresis to confirm the presence of LPA conjugates and 

free ssLNA. It is important to note that low molecular weight ssLNA impurities (≤ 

10,000 g/mol) remain present despite extensive attempts to dialyze away these species 

using 20,000 MWCO slide-a-lyzer dialysis cassettes or mini dialysis units (Thermo cat. 

#PI87736, #PI69590). Therefore, the crude mixture was purified via SEC FPLC (mobile 

phase: 50 mM Tris pH 8.5, flow rate: 1.8 ml/min, λabs = 260, 492, 646 nm). The LPA-

nanoparticles elute at ca. 55 minutes while unconjugated ssLNA impurities elute at ca. 85 

minutes. All crude LPA micelles were purified using HiPrep 26/60 Sephacryl S-200 High 

Resolution SEC media. The pure LPA fraction (~15 ml) was then concentrated to ~0.5-

1.0 ml via rotary evaporation (water bath temperature set to 55 °C) and dialyzed (20,000 

MWCO slide-a-lyzer mini dialysis unit, Thermo Cat. #PI69590) against 10 mM Tris pH 

8.5 overnight. The pure LPA micelles in 10 mM Tris pH 8.5 were then filtered through a 

13 mm 0.45 µm pore size PTFE syringe filter (GE Whatman cat. #6784-1304). 

Nucleic acid concentrations were determined by UV absorbance at 260 nm using 

a NanoDrop 2000c spectrophotometer (pathlength = 1.0 mm). Extinction coefficients of 

357,779 L/moxcm for FL-AS-ssLNA/FL-NS-ssLNA and 328,979 L/molxcm for CY5- 
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AS-ssLNA were used. This coefficient was calculated as the extinction coefficient of the 

entire sequence without the dye modified base at 260 nm (318,979 L/molxcm, OligoCalc) 

plus the extinction coefficients for each dye-labeled base at 260 nm (38,800 L/molxcm 

for Fluorescein dT, and 10,000 L/molxcm for CY5 phosphoramidite, Glen Research). 

LNA bases were treated as standard DNA bases in these calculations. For determining the 

concentration of LPA micelles an aggregation number of 200 LPAs/LPA micelle was 

assigned based on SLS/DLS measurements.2 Therefore, ssLNA concentration was 

divided by 200 to yield the approximate concentration of LPA micelle in each instance. 

Copper grids (formvar/carbon-coated, 400 mesh copper, Ted Pella # 01754) were 

prepared by glow discharging the surface at 20 mA for 1.5 minutes followed by treatment 

with 3.5 µL 250 mM CaCl2 in order to prepare the surface for DPA nanoparticle 

adhesion. The CaCl2 solution was wicked away with filter paper, the grid allowed to dry 

for 1 minute, and 3.5 µL of LPA nanoparticle (ca. 50 µM DNA in 10 mM Tris pH 8.5) 

solution was deposited on the grid surface. This solution was allowed to sit for 10 

seconds before being washed away with 20 drops of glass distilled H2O and subsequent 

staining with 3 drops of 1% w/w uranyl acetate. The stain was allowed to sit for 10 

seconds before wicking away with filter paper. All grid treatments and sample 

depositions were on the dark/shiny/glossy formvar-coated face of the grid (this side face 

up during glow discharge). Samples were then imaged via TEM. 

 

Dynamic light scattering measurements 

Before dynamic light scattering measurements, all samples were filtered through a 

0.45 µm PTFE filter (Whatman #6784-1304) prior to DLS analysis using a DynaPro 
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NanoStar (Wyatt Technology) and Dynamics version 7 software. A total of ten 4.0 s 

acquisitions were averaged for each reported measurement. Analyses are reported as both 

the reweighted intensity by mass % and the raw intensity. 

 

Flow cytometry analysis 

All FACS analyses were carried out using an Accuri C6 flow cytometer set to the 

default “3 blue 1 red” configuration with standard optics. Medium fluidics (35 µl/min, 16 

µm core size) were used with no compensation set for any channel. All cells were grown 

in Dulbecco’s Modified Eagle Medium (DMEM + 4.5 g/L glucose, - L-Glutamine, - 

Sodium Pyruvate, Gibco Life Tech. #11960-044) with fetal bovine serum (FBS, Omega 

Scientific, Cat. # FB-02) added to 10%, and antibiotics (100 x PenicillinStreptomycin, 

Corning Cellgro, #30-002-Cl), non-essential amino acids (100x MEM-NEAA, Gibco Life 

Tech. #11140-050), sodium pyruvate (100x, Gibco Life Tech. #11360-070) and 

glutamine (Glutamax 100x, Gibco Life Tech. #35050-061) all added to a final 

concentration of 1x. All cells were treated similarly for all FACS analyses, unless 

otherwise noted. In each experiment cells were grown to 80-100% confluency before 

splitting and plating 15-24 hours prior to treatment and subsequent FACS analysis. All 

incubations were carried out in Opti-MEM reduced serum media (Gibco Life Tech. 

#31985-070). Cells were plated in plastic 24-well tissue culture plates (24-well, flat 

bottom, 1.93 cm2 growth area, Genesee Scientific Olympus Plastics #25-107) at 20,000 

cells/well with 500 µl DMEM (as used for growth) per well. After treatment, cells were 

washed three times with Dulbecco’s Phosphate Buffered Saline (DPBS, without Calcium 

or Magnesium, Corning Cellgro #21-031-CM) and trypsinized with 250 µl 0.25% trypsin 
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(diluted from 10x stock with DPBS, 2.5% trypsin, Gibco Life Tech. #15090- 046) for 10 

minutes at 37 °C and 5% CO2. Following trypsinization, 500 µl DMEM (as used for 

growth) was added and the cells were aspirated and dispensed three times before 

harvesting in 1.5 mL microcentrifuge tubes (CNT-1.5F, DNase/RNase free, Bio Pioneer 

Inc.). Cells were then pelleted by centrifugation at 300 g for five minutes. Subsequently, 

the media was aspirated and the pellet was resuspended in 100 µl cold DPBS and put on 

ice until FACS analysis (analysis carried out within one hour of resuspension). Cells were 

never fixed at any point for any experiment. Cells were vortexed gently immediately 

prior to FACS analysis. 

 

Micelle treatments 

HeLa cells were plated at 20,000 cells/well in a 24-well plastic tissue culture plate 

ca. 24 hours prior to incubation with 5 nM antisense fluorescein (AS-FL-LPA) or 

nonsense fluorescein (NS-FL-LPA) LPA micelles in 250 µl Opti-MEM for 2 hours at 37 

°C and 5% CO2. Cells were then washed three times with DPBS and harvested via 

trypsinization and subsequently pelleted and resuspended in cold DPBS. A total of 2500 

event counts were collected and gated to include only events in the population that gave 

rise to significant scattering (>2M FSC). These cells comprised 32-45% of the total 

population analyzed for each experiment. Fluorescence for each event was recorded using 

an excitation wavelength of 488 nm and an emission filter of 533 ± 15 nm. Data is plotted 

as overlaid histograms displaying relative event count versus fluorescence per event. 

HeLa cells were plated at 20,000 cells/well in a 24-well plastic tissue culture plate 

ca. 24 hours prior to incubation with 5 nM antisense LPA micelles or 1 µM ssLNA 



 

	

87 

(equivalent concentration with respect to LNA and fluorophore) analogue in 250 µl Opti-

MEM for 10 minutes or 2 hours at 37 °C and 5% CO2. Cells were then washed three 

times with DPBS, harvested via trypsinization, and subsequently pelleted and 

resuspended in cold DPBS. Cells harvested at 10 minutes were put on ice until 2 hour 

treatment was finished, hence FACS analysis was carried out at the same time for both 

time points. No significant reduction in LPA micelle-cell association was noticed for cell 

samples stored on ice for less than 4 hours. A total of 2500 event counts were collected 

and gated to include only events in the population that gave rise to significant scattering 

(>2M FSC). Ungated histograms are also displayed for each experiment. These cells 

comprised 52-86% of the total population analyzed for each experiment. Fluorescence for 

each event was recorded using an excitation wavelength of 488 nm and an emission filter 

of 533 ± 15 nm (FL-1, fluorescein-labeled materials) or an excitation wavelength of 640 

nm and an excitation filter of 675 ± 12.5 nm (FL-4, cyanine 5-labeled materials). Data is 

plotted as overlaid histograms displaying relative event count versus fluorescence per 

event. 

HeLa cells were plated at 20,000 cells/well in a 24- well plastic tissue culture 

plate ca. 24 hours prior to incubation with 5 nM antisense fluorescein LPA (AS-FL-LPA) 

micelles or 10 nM antisense fluorescein LPA (AS-FL-LPA) micelles in 250 µl OptiMEM 

for 1 hour at 37 °C and 5% CO2. Cells treated with 0.25% Triton-X 100 in 250 µl 

DMEM were incubated for 5 minutes at room temperature. The shorter incubation time in 

this instance was necessary due to nearly complete cell lysis after 1 hour of incubation 

(thus precluding FACS analysis). After incubation, cells were then washed three times 

with DPBS, harvested via trypsinization, and subsequently centrifuged and resuspended 
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in 100 µl of DPBS. To this cell suspension was added 10 µl of a 200 µg/ml solution of 

propidium iodide in DPBS. The cells were then incubated at room temperature for 5 

minutes before putting on ice. Cells were incubated on ice for 15 minutes prior to FACS 

analysis. A total of 5000 event counts were collected for each sample. Gating for the 

population of cells with significant scattering signal in the regions associated with healthy 

HeLa cells excluded greater than 95% of the cell population treated with Triton-X 100. 

Therefore, histograms were constructed for ungated cell populations in order to assess the 

fluorescence due to propidium iodide for each event. Fluorescence for each event was 

recorded using an excitation wavelength of 488 nm and a 670 nm LP emission filter. Data 

is plotted as overlaid histograms displaying relative event count versus fluorescence per 

event. 

 

mRNA knockdown experiments with micelles 

RNA knockdown experiments in HeLa cells were conducted as follows: cells 

were treated with 5 nM LPA micelle for three consecutive days as follows: 

Day 0, morning: HeLas were grown in DMEM in a T75 flask to 60-80% confluency. 

Media was aspirated, cells were washed with PBS and dissociated with trypsin (TrypLE 

Express, Life Technologies #12605010) for 5 minutes. DMEM with FBS was added to 

inactivate trypsin and the cells were aspirated and dispensed gently to break up any 

aggregates. 20,000 cells were plated in each well of a 24- well tissue culture plate. 

Day 1: Micelles were diluted in Opti-MEM in a 1.5mL microcentrifuge tube to 5 nM 

immediately before use. For each LPA experiment (3 wells for fluorescein antisense 

micelle, 3 wells for fluorescein nonsense micelle), 39 µL of LPA Micelle (concentration 
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= 32 nM LPA micelle) was added to 211 µL of Opti-MEM. For the untreated control (6 

wells), 39 µL molecular-grade water was added to 211 µl of Opti-MEM. The media was 

aspirated from the cells gently followed by the gentle addition of micelle suspension. 

Beginning at 3:00 pm, the cells were incubated with LPA micelles for four hours at 37 °C 

and 5% CO2. After four hours the media with LPA micelles was aspirated and replaced 

with DMEM growth media. 

Day 2: Cells were incubated with 5 nM LPA micelle from 6:00-10:00 pm. After four 

hours the media with LPA micelles was aspirated and replaced with DMEM growth 

media. 

Day 3: Cells were incubated with 5 nM LPA micelle from 6:00-10:00 pm. At 10:00 pm 

400 µl DMEM was added to each well without aspiration of Opti-MEM micelle solution. 

Day 4: Cellular RNA was harvested with RNAeasy Mini Kit (Qiagen cat. #74-104) at 

5:00 pm 

Day 4: HeLa RNA was harvested from each experimental well using Qiagen’s RNAeasy 

mini kit following the associated protocol. The cells were lysed directly in each well 

using 350 µl RLT buffer and the lystate collected by vigorous aspirate and dispense 

cycles. The lysate was then homogenized using QIAshredder spin columns and RNA was 

harvested using RNeasy spin columns. Remaining DNA was digested using TURBO 

DNase and a TURBO DNA-free kit (Life Technologies #AM1907M) and following the 

associate protocol. Subsequently, the total RNA concentration was determined using a 

NanoDrop 2000c spectrophotometer. Reverse transcription of cellular RNA into cDNA 

was achieved using Superscript III reverse transcriptase and Superscript III First-Strand 

Synthesis System (Invitrogen #18080-051). Reverse transcription was carried for each 
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experimental well (3 experimental wells for antisense micelle treatment, 3 experimental 

wells for nonsense micelle treatment, and 6 experimental wells for untreated HeLa cells) 

using oligo dT primers, 1 µg of RNA per reaction, and digesting RNA with RNase H 

after the reaction was complete. Quantification of GAPDH and survivin transcripts in 1 

µl of resulting cDNA for each experiment was achieved by qPCR using Fast SYBR 

Green Master Mix (Life Technologies #4385612) and measuring threshold cycle in the 

presence of survivin primers3 relative to cycle threshold in the presence of 

glyceraldehyde 3-phosphate dehydrogenase primers (GAPDH, Primer Bank ID 

83641890b1) for each experimental condition in triplicate. Data analysis was carried out 

using GraphPad Software t test calculator 

(http://www.graphpad.com/quickcalcs/ttest1/?Format=SEM) by entering the mean, 

standard error of the mean (SEM), and number of repeats (N) and using the unpaired t 

test. Survivin forward: 5’-ATG GGT GCC CCG ACG TTG, Survivin reverse: 5’-AGA 

GGC CTC AAT CCA TGG, GAPDH forward: 5’-AAG GTG AAG GTC GGA GTC 

AAC, GAPDH reverse: 5’- GGG GTC ATT GAT GGC AAC AAT A. All primers were 

purchased from Integrated DNA Technologies with standard desalting used as the sole 

purification method. 

This chapter is an adaptation of material that appears in “Intracellular mRNA 

Regulation with Self-Assembled Locked Nucleic Acid Polymer Nanoparticles” which 

was published in the Journal of the American Chemical Society published by ACS in 

May 2014 with coauthors Anthony Rush, Angela Blum, Sarah Barnhill, Eric Tatro, and 

Nathan Gianneschi. 
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CHAPTER 4: PROTEIN DELIVERY TO LIVE CELLS USING A PEPTIDE BRUSH POLYMER 

 
INTRODUCTION 

Biomolecule transduction is a persistent problem in the fields of biotechnology 

and medicine. While DNA and RNA delivery using synthetic or viral means allows 

controlled production of specific gene products (transcripts and proteins), these 

approaches do not allow pre-formation of biomolecular complexes ex vivo or precise 

stoichiometric control of the amount of gene products produced. Indeed, the efficiency of 

formation of nucleic/protein complexes or large protein complexes can vary among 

different biological milieu, necessitating modification and fusion of complex components 

to reconstitute activity in different biological systems. The single guide RNA used in 

genome engineering is an excellent example of this situation where a pair of CRISPR 

RNAs from bacteria were engineered to form a single chimeric guide RNA that enhanced 

the activity of the CRISPR/Cas9 complex in mammalian cells {Mali, 2013 #76}. The 

delivery proteins would enable pre-formation of complexes ex vivo and obviate the need 

for difficult biomolecular engineering tasks such as this and could allow native 

protein/nucleic acid complexes to be used in a variety of biological contexts. In addition, 

the ability to deliver proteins would allow precise control over delivered protein levels 

compared to DNA or RNA delivery techniques. Transcription and translation levels vary 

from cell-to-cell based on cell cycle, local availability of nutrients, epigenetic state, and 

other factors. As a result, the delivery of proteins which require a narrow range of 

concentration for appropriate activity such as proteins involved in signaling or 
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transcription can be problematic. As a result, there is a need for efficient means to deliver 

proteins to living mammalian cells. 

Stem cells are a promising object for manipulation due to their potential as a 

research tool as well as potential therapeutics in cellular therapies. As a result, the 

delivery of genome modifying proteins to stem cells is a major concern in biotechnology. 

There exist reagents for delivering protein (91) that remain less commonly used than 

DNA- and RNA-delivery reagents, partially due to their toxicity, low efficiency 

compared to DNA and RNA reagents, and the difficulty associated with producing 

recombinant proteins. Further, none of these reagents are capable, to our knowledge, of 

highly efficient delivery of protein to stem cells. As a result, we were motivated to 

produce a system capable of delivery of protein to stem cells in an efficient manner. 

The HIV-derived Tat peptide is a short cell-penetrating protein motif that is 

known to promote membrane transduction in mammalian cells (92). Direct tagging of 

proteins with this motif is known to promote transduction both in vitro and in vivo (93). 

Recent work demonstrates that Tat-labeled proteins in the presence of a Tat dimer 

promotes delivery of the protein in cancer cell lines (94), although inefficiently in stem 

cells. We set out to determine if higher-order oligomers of Tat were capable of protein 

delivery in typically intransigent-to-transduction cells such as stem cells. 

 

RESULTS AND DISCUSSION 

We first set out to compare a set of Tat-polymer configurations and evaluate their 

ability to promote protein delivery in mammalian cells (Fig. 31). The first configuration 

is a simple, free peptide. The second level of complexity was characterized by a polymer 
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backbone carrying 8 peptide pendants. The most complex entity formed a micelle in 

aqueous solution composed of peptide/polymer conjugate amphiphiles. 

 

 

Figure 31: Comparison of different peptide configurations and structure of the 
polynorbornene backbone. Three polymer configurations were studied: a brush polymer 
composed of a hybrophobic polynorbornene backbone and peptide pendants, a particle 
composed of a peptide/polymer amphiphile with a hydrophobic polynorbornene tail and 
hydrophilic peptide pendants, and a free peptide. 
 

To compare the relative ability of these materials to deliver  a genome-modifying 

protein to living cells, we constructed a cell line carried a fluorescent reporter for genome 

editing. In particular, we created stable HEK293 and stem cell lines that carry a 

fluorescent cassette that undergoes a transition from dsRed to GFP expression upon 

delivery of functional Cre protein to the cellular nucleus (Fig. 32). After application of 

Cre protein and a polymer/peptide conjugate, the degree of Cre delivery was evaluated 

via production of GFP protein measured by flow cytometry. 
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Figure 32: Design of a fluorescent reporter for delivery of the genome editing enzyme 
Cre to the cellular nucleus. A construct carrying loxP-flanked dsRed open reading frame 
fused to an EGFP open reading frame enabled evaluation of Cre protein delivery in the 
form of a shift of red-to-green fluorescence. The system was delivered to stem cells and 
HEK293T cells using lentivirus. Protein delivery was conducted via mixing of the 
polymer/peptide conjugates and subsequent application to cells in serum free medium 
followed by evaluation of degree of GFP expression using cell cytometry. 
 

We next compared the relative ability of these configurations to deliver protein to 

living cells. We combined various rhodamine-labeled Tat configurations with Cre 

protein, applied them to HEK293 cells in serum-free media for 2h, washed and incubated 

the cells at 37°C and 5% CO2 for 4h, then evaluated degree of GFP expression via flow 

cytometry (Fig. 33).  We noticed that only the Tat brush greatly enhanced Cre delivery to 

this cell population and set out to evaluate the features of this material that mediate it’s 

protein delivery activity. 
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Figure 33: Protein delivery is promoted by the Tat brush polymer but not other Tat 
peptide configurations. The fraction of EGFP-positive cells was evaluated using FACS 
after application of Cre protein and various Tat peptide configurations. In this 
experiment, all Tat peptides carried a terminal rhodamine label. 
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Figure 34: Comparison of different fluorophores on Cre protein delivery to HEK293T 
cells. The ability of Tat brush polymers in the presence of Cre protein with fluorescein, 
Cy5, and rhodamine labels was compared. 
 

We next compared the ability of Tat brush polymers with various fluorescent 

labels to promote Cre delivery to HEK293T cells (Fig. 34). We noticed that rhodamine 

and Cy5 promoted indistinguishable levels of Cre delivery while fluorescein reduced the 

fraction of GFP-positive cells by ~50%. This result reveals that the fluorophore may play 

a role in protein uptake or the fluorescein label inhibits the protein delivery effect 

observed with other tags. 
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Figure 35: The identity of the peptide present on the brush polymer influences Cre 
protein delivery. The ability of polymer brushes carrying rhodamine and Tat peptide, 
Arg(8) peptide, cell-penetrating peptide(30) and (3), guanidium polymer, oligoethylene 
glycol, GSGSG and iRGD peptides were compared. 
 

We next compared the ability of brush polymers carrying a rhodamine label and 

various peptide brushes (Fig. 35). We observed that Tat peptide promoted the greatest 

delivery of Cre protein as measured by fraction of GFP-positive cells. Interestingly, other 

established cell-penetrating peptides Cpp(30) and Arg(8)  also promoted GFP expression 

in large fractions of the measured populations while uncharged polymers  such as a 

GSGSG peptide and oligoethylene glycol did not promote protein delivery. A non-

penetrating peptide that likely promotes association with cellular membrane (iRGD) also 
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did not promote protein delivery compared to Cre-only control. Guanidium has been 

reported elsewhere to promote cell uptake when polymerized (95), but weakly promoted 

protein delivery in this brush polymer configuration. 

 

 

Figure 36: Cre protein delivery to stem cells using the rhodamine- and fluorescein-
labeled brush polymers. Tat- and GSGSG-labeled polymers carrying rhodamine and 
fluorescein  were compared in terms of their ability to deliver Cre protein to stem cells 
carrying the dsRed-to-GFP cassette. 
 

We finally compared the ability of a set of polymers brushes to delivery 

functional Cre protein to stem cells (Fig. 36). Stem cells were engineered to carry the 

same dsRed-to-GFP cassette described previously and treated in a similar manner with 

various brush polymers and Cre protein. Tat- and GSGSG- peptide brush polymers with 

fluorescein or rhodamine tags were compared in this context. Consistent with 

experiments in HEK293T cells, the Tat brush polymer with a rhodamine label promoted 

the highest level of Cre delivery as measured by GFP-positive cells. The fluorescein-

labeled polymer displayed similar dose-dependence with the .7 µM polymer 
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concentration demonstrating highest degree of Cre delivery, although much less 

efficiently than the rhodamine-labeled Tat brush polymer. Both GSGSG-labeled polymer 

brushes produce no appreciable delivery of Cre protein. 

 

 

Figure 37: Cell viability after treatment with various peptide materials. Cells were treated 
with materials and their viability was assessed with propidium iodide stain. ‘R’ and ‘F’ 
refer to rhodamine and fluorescein tags, respectively. 
 

We finally assessed HEK293T cell viability after treatment with various materials 

and observed that the materials employed in this section are largely nontoxic (Fig. 37). In 

particular, the Tat brush polymer with a rhodamine labeled showed no significant 

alterations in viability compared to untreated cells as measured by propidium iodide 

staining.  A small increase in viability was observed in the case of the Cy5-labeled Tat 

brush polymer and no other significant alterations were observed. 
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SUMMARY 

This section describes the application of a set of densely-functionalized 

peptide/polymer conjugates as a means to delivery functional protein to living cells. 

Compared to other means of protein delivery in living cells, the rhodamine-labeled Tat 

polymer is, to our knowledge, uniquely efficient in terms of Cre delivery to stem cells. 

Further development should focus on evaluating the ability the Tat brush polymer to 

deliver other proteins to stem cells or other difficult-to-transduce cell types such as 

neurons or primary cells.  Chapter 4 is an adaptation of a manuscript that is under 

preparation with the Gianneschi lab and, in particular, Angela Blum 

 

MATERIALS AND METHODS 

Cell lines 

HEK293T cells were grown in Dulbecco’s modified Eagle medium (DMEM) 

supplemented with 10% fetal bovine serum, glutamax, penicillin/streptomycin and non-

essential amino acids (Life Technologies). Cells were passaged every 3-4 days with 

TrypLE EXPRESS (Life Technologies) using standard methods and maintained in a 

humidified incubator at 37 °C with 5% CO2. 

The CVB induced pluripotent stem cell line (iPSC) was cultured on matrigel with 

mTESR media (Stem Cell Technologies). Cells were passaged every 3-4 days with 

Accutase (Stem Cell Technologies) using standard methods and maintained in a 

humidified incubator at 37 °C with 5% CO2. Growth media contained 10 µM Rock 

inhibitor (Stem Cell Technologies) for 24h after passage and media was changed daily. 
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Plasmid construction 

The lox-dsRed-lox-EGFP cassette was integrated into HEK293T and stem cells 

using pLEX307 carrying the loxp-dsRed-loxp-eGFP-Puro-WPRE cassette. pLEX307 was 

as a gift from David Root (Addgene plasmid # 41392) and pMSCV-loxp-dsRed-loxp-

eGFP-Puro-WPRE was a gift from Hans Clevers (Addgene plasmid # 32702). The 

fluorescent cassette was amplified using PCR and placed in pLEX307 using Gibson 

Assembly. 

 

Integration of the dsRed-to-GFP cassette 

Lentivirus was produced in HEK293T cells using standard methods. 72h after 

transfection of the packaging, envelope and transfer plasmids using polyethylenimine 

(PEI), media was harvested, filtered through a .2 micron filter, and placed on HEK293T 

or stem cells for 6h. Next, the media was changed to growth media and the cells were 

incubated 24h more. The cells were next subjected to puromycin at 1 µM in growth 

media for 1 week and daily media changes. 

 

Material and Cre treatments 

The appropriate polymer conjugate was combined in OPTI-MEM (Life 

Technologies) with Tat and NLS-tagged Cre protein (EMD Millipore) at .7 µM polymer 

and .7 µM Cre protein unless otherwise specified. The OPTI-MEM mixture was applied 

to cells and the cells were incubated for 4h. Next, the OPTI-MEM mixture was aspirated 

and the media replaced with growth medium. The cells were incubated for a further 48h 
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and trypsinized, resuspended in PBS and subjected to FACS (Accuri C6 cytometer) or 

further preparation. 

 

Cell viability assessment 

Cells were subjected to treatment as described above. 4h after material treatment, 

cells were harvested stained with propidium iodide (Life Technologies) at 1 µM for 15m 

at room temperature, pelleted, washed with PBS, and subjected to FACS as described 

above. 

This chapter is an adaptation of a manuscript that is under preparation with the 

Gianneschi lab and, in particular, Angela Blum 
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CHAPTER 5: COVALENT MODIFICATION OF DNA NANOPARTICLES WITH ARBITRARY 

FUSION PROTEINS USING THE HALOTAG SYSTEM 

 

INTRODUCTION 

The development of intelligent systems that can recognize cellular state and 

generate an output-of-choice would be fundamentally useful tools in research as well as 

therapeutics. The utility of cellular gene expression as a means to identify specific 

cellular states, discriminate healthy and diseased cells, or identify rare cells such as 

somatic stem cells is known and described in detail in the first chapter of this thesis. The 

first chapter also describes in detail various established means on targeting cellular RNA 

using antisense oligonucleotides, molecular beacons, and engineered RNA binding 

proteins while outlining their shortcomings when it comes to their flexibility, 

effectiveness, and modularity. While RNA-targeting Cas9 may prove to be an 

exceptionally flexible platform for recognizing cellular gene expression and generating 

useful outputs, there are inherent limitations in the use of protein-based systems. For 

instance, efficient protein delivery remains an uncommon effort (although the previous 

chapter may lay the foundation to change this) and overexpression of protein via delivery 

of encoding nucleic acids can pose issues caused by hijacking of cellular metabolism. As 

a result, the development of synthetic systems that are capable of entering living cells, 

recognizing cellular gene expression, and generating a chosen activity or output hold 

particular promise. 

 



 

	

104 

Polyvalent DNA nanostructures have proven abilities to enter living cells and 

recognize cellular RNA via nucleic acid basepairing (see Chapter 3). There are some 

efforts to utilize this approach to measure (96) or track (97) cellular gene expression 

which hints at wider potential to generate other outputs in response to the presence of 

specific RNAs. In particular, protein oligomizeration is an important step in a variety of 

biological processing ranging from signaling, membrane dynamics and death induction 

(98). In this chapter, we will describe the development  of a DNA nanostructure capable 

of oligomerizing specific proteins in response to the presence of targeted nucleic acids. 

This platform could serve a future means to induce specific cellular bheaviors in response 

to gene expression so that specific cells can be reprogrammed, destroyed, or 

differentiated based on their activities and identity (i.e. their RNA abundance). 

We developed the following model to evaluate whether DNA nanoparticles are 

capable of oligomerizing specific proteins in response to cellular RNAs (Fig. 38). In this 

model, nanoparticles coated in double-stranded DNA oligonucleotides are delivered to 

living cells where hybridization to specific target RNA sequences can cause removal of 

one of these DNA strands. This removal reveals a ligand (in this case, the Halotag ligand 

or ‘HTL’) that can serve as a covalent binding site for proteins that bind this tag. After 

oligomerization of proteins on this structure, cellular signaling or other cellular features 

that involve protein oligomerization can be altered. 
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Figure 38: Development of a RNA-mediated protein oligomerization system. 1) A gold 
core DNA nanoparticle enters living cells where it can, 2), interact with specific RNAs. 
Upon hybridization to these target RNAs, one strand of the bound DNA duplex is 
removed to reveal a previously obscured ligand on the DNA terminus distal from the 
nanoparticle. 3) This ligand is now capable of binding to a target protein that recognizes 
this ligand to generate protein oligomerization activity (4) to alter cellular state. 

 

The Halotag ligand system is an engineered protein and ligand pair that form a 

covalent bond in living cells efficiently. This system was chosen for this effort due to its 

orthogonality in complex biological environments and efficient formation of covalent 

bonds at physiological temperature and pH. This ligand can also be easily placed upon 

primary amine-terminated DNA oligonucleotides using N-hydroxysuccinimide ester-

tagged ligands. 

 

RESULTS AND DISCUSSION 

We first constructed a Halotag ligand-decorated nanoparticle. We synthesized 

spherical gold nanoparticles using the citrate reduction technique (99) and synthesized 

bifunctional DNA oligonucleotides carrying a 3’ dithiol and 5’ primary amine. After 

reacting the DNA oligonucleotide with excess Halotag ligand tagged with a N-

hydroxysuccinimide ester to near completion, the dithiol was cleaved with a reducing 
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agent to generate a free thiol. The products were subjected to MALDI mass spectrometry 

(Fig. 39). 

 

Figure 39: Mass spectrometry of Halotag ligand-tagged thiolated oligonucleotides. After 
adjusting for systematic error, TCEP and DDT reduced oligonucleotides reflected masses 
consistent for the predicted masses of the bifunctional oligonucleotides. 
 

We expressed Halotag-GFP (HT-GFP) protein in E. coli and purified this His-

tagged protein with nickel-nitriloacetic resin. We combined the bifunctional 

oligonucleotide and proteins in phosphate buffered saline and then ran these mixtures on 

a polyacrylamide gel. We transferred onto a membrane and conducted a western blot for 
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GFP to evaluate whether the Halotag protein associated with the functionalized 

oligonucleotide. We observed a superband only in the presence of oligonucleotides 

carrying the Halotag ligand (Fig. 40). 

 

 

Figure 40: Halotagged oligonucleotides promote a shift in HT-GFP protein size. The 
apparent size of HT-GFP protein was assessed using western blot in the presence of 
oligonucleotides either carrying or lacking the Halotag ligand (‘+’ or ‘-‘, respectively). 
HT-GFP/HTL-NP conjugate is at ~80kDa while HT-HGP is ~60kDa. 
 

We next assessed whether the oligonucleotide-coated nanoparticles could 

associate with HT-GFP protein (Fig. 41). We combined the nanoparticles and protein 

under similar conditions to those described above and ran them on an agarose gel. The 

nanoparticles were easily visualized due to their strong absorbance at short wavelengths. 

A shift was observed only in the presence of HT-GFP and Halotag ligand tagged 

nanoparticles, indicating that the Halotag ligand is required to promote protein binding to 

nanoparticles. 
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Figure 41: Halotag ligand-tagged nanoparticles bind Halotag-GFP protein. HT-GFP 
protein in the presence of either Halotag ligand-labeled nanoparticles (HTL-NP) or 
unlabelelled nanoparticles (DNA-NP) are compared. 
 

We next evaluated the ability of these nanoparticles to detect a nucleic acid and 

oligomerize protein in response to this event. We hybridized inactivating 

oligonucleotides to the Halotag ligand nanoparticles and combined these nanoparticles 

with HT-GFP protein. We observed that the inactivating DNA was sufficient to inhibit 

association of HT-GFP protein to these conjugates (Fig. 42). 
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Figure 42: A hybridized inactivating DNA blocks HT-GFP protein association with 
Halotag ligand nanoparticles. ‘+’ and ‘-‘ denote the presence or absence, respectively, of 
oligonucleotides hybridized to nanoparticle-bound oligonucleotides. ‘+’ and ‘-‘ indicate 
whether nanoparticles carry the Halotag ligand or DNA oligonucleotides without the 
ligand. 
 

SUMMARY 

In this section, we demonstrate that polyvalent DNA nanoparticles are capable of 

programmably associating with specific protein to generate nanoparticle-bound protein 

oligomers. Future developments on this effort could create protein oligomer complexes in 

response to cellular gene expression to alter cell signaling or other fundamental features 

of cell behavior in response to cellular gene expression. 

 

MATERIALS AND METHODS 

Oligonucleotide functionalization 

 20 base 5’ amine terminated and 3’ thiolated oligonucleotides were ordered from 

Integrated DNA Technologies with HPLC purification. These oligonucleotides were 

resuspended in 100mM sodium tetraborate buffer (pH=8.5) at 200uM concentration and 
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excess NHS-tagged Halotag ligand (Promega). This reaction was incubated overnight at 

RT and purified with a silica-based spin column. 

 

Protein production 

 HT-GFP protein was produced in E. coli by cloning into pET21a (EMD 

Bioscience) and transformation in BL21(DE3) E. coli. Single clones were inoculated and 

grown overnight in 5mL cultures in Luria-Bertani medium. These inoculates were diluted 

into 1L of media and grown to OD=.6 at which points the cultures were induced with 

IPTG at 1mM. 6h later, the bacteria were harvested and purified according to the Ni-NTA 

purification system protocol (Life Technologies). 

 

Protein and oligonucleotide conjugations 

 Nanoparticles were inactivated via hybridization of an oligonucleotide antisense 

to the bound oligonucleotide by combining 1 mM inactivating oligonucleotide with 10 

nM nanoparticle in .1M NaCl. This mixture was heated to 70 degrees and cooled slowly 

to room temperature for 6 hours. Nanoparticles or oligonucleotides were combined at 10 

nM or 1 µM, respectively, with 1 µM HT-GFP protein and incubated in PBS for 6h. The 

nanoparticle conjugates were run on 1% agarose gels and visualized by eye with a visible 

light camera. The oligonucleotide conjugates were subjected to western blot. 
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