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ABSTRACT 

Multiplexed spatial analyses in situ and in live cells 

by 

Jan Zimak 

 

High-content spatial analyses are critical to understanding the structural organization and 

dynamics of many complex biological processes. Increasing the number of cellular components that 

can be visualized will help delineate the functions of many interacting and competing cellular 

pathways. However, the physical limitations of spectral bandwidth and the experimental difficulty 

of genomic manipulation have hampered traditional approaches to multiplex molecular analyses in 

both fixed samples and live cells. The programmable and predictable nature of the DNA molecule 

makes it a tantalizing candidate for an engineering tool to help alleviate some of these limitations.  

This thesis seeks to harness both the chemical and biological utility of DNA as a building 

block to multiplex the color and control the number and location of fluorescent reporters in 

biological samples. First in the context of in situ immunofluorescence imaging of fixed cells or 

tissues, And second in the context of live-cell imaging of genomically engineered cells.  

In the first case, by utilizing the strand displacement chemical reaction between dynamic 

DNA complexes and DNA-conjugated antibodies we selectively couple fluorophores to, and then 

remove them, from their protein targets. We leverage this mechanism to facilitate multiple 

sequential round of fluorescence microscopy where the same color dye molecules are used 

reiteratively to visualize different antibody-tagged markers. By optimizing the DNA-antibody 

conjugation chemistry and incubation protocol we now routinely perform 9 marker analyses of 

paraffin-fixed tissue sections with these DNA probes. Then automating the sequence design process 

enabled more complex probe designs to be use for balancing marker levels appropriately for 



 
 

hyperspectral imaging experiments. Here, discrete and reconfigurable control over amplification 

gains, greatly improved the spectral un-mixing of different antibody signals.  

Secondly, we focus on dissecting network-level functions of cytoskeletal regulatory proteins 

during epithelial cell polarization and morphogenesis. DNA-based STORM microscopy revealed that 

a scaffold protein, IQGAP1, associates with specialized actin filaments within cell-cell junctions and 

with basket-like structures in the basal actin cortex of normal epithelial cells. This work uses 

IQGAP1 as a platform, as it lies at the nexus of cell signaling and cytoskeletal regulatory networks. 

We construct multi-gene systems that simultaneously sense and control intracellular expression 

levels of IQGAP1 and track the actin cytoskeleton. By combining novel molecular biology 

techniques to manipulate the DNA in live cells. We use a barcoded self-assembly technique to 

construct large vectors that contain several transcriptional elements. These multi-gene systems are 

then stably incorporated into cells engineered with genomic ‘landing pads’ using locus-specific 

integration. Finally, we demonstrate functional circuits by linearly controlling intracellular IQGAP1 

levels. These results will support future single-cell and multiplexed population-level analyses of 

IQGAP1 functions in epithelial cells, allow us to study IQGAP1 recruitment to epithelial cell-cell 

junctions and to examine how it influences cellular transitions.  
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Chapter 1 

Introduction  

1.1. Thesis outline  

This chapter serves as an introduction to this thesis. Here we outline how two novel 

techniques were developed to enable multiplexed spatial analyses in fixed samples as well as live 

cells. Broadly speaking two fields of bioengineering were applied respectively. Techniques and 

protocols from DNA nanotechnology were used to design programmable imaging probes for in situ 

molecular analyses. Then, novel methods from mammalian synthetic biology we used to develop 

engineered cell lines to study the role of IQGAP1 in epithelial cells. During my graduate studies at 

Rice University our group published three peer-reviewed articles based on the DNA probe work. 

These three articles form the basis of the first three chapters of this thesis. I was intimately 

involved in many aspects of all three articles and my contribution to each is discussed in each 

chapter’s outline. I was the third author on the article that comprises Chapter 2. I was the second 

author on the article that comprises most of Chapter 3. And lastly, I was the first author on the 

article that comprises Chapter 4. A significant amount of work on optimizing DNA-antibody 

conjugation chemistry was conducted after the publication of these articles. The results of this are 

described at the end of Chapter 3.  This work doesn’t warrant a stand-alone chapter and will not be 

published as a separate entity. However, the new conjugation protocol developed there is being used 

extensively in our lab and by our collaborators and will hopefully lead to several more publications 
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by our group in this area.  Chapter 5, the last chapter, focuses on the mammalian synthetic biology 

project that we started only two years ago. Critically, this work was motivated by the goal of 

investigating network-level interactions of different cytoskeletal regulatory proteins. And was guided 

by results from ultra-high resolution imaging experiments in our lab. 

 Each chapter is structured like a standalone journal article. Accordingly, recently 

literature and the relevant background material are reviewed separately in each chapter. The only 

difference being that the supplementary materials are collated in the one appendix (Chapeter 7) 

and there is one section with all the references at the end of this thesis (Chapter 8). What follows is 

a brief outline of the structure of each chapter.  

In Chapter 2, we demonstrate the feasibility of using dynamic DNA complexes in situ. We 

use fixed cells as a substrate to optimize the kinetics of our stand displacement reactions using 

thermodynamic principles. Prior to fixation, the cells differentially express a fluorescent protein 

target that we selectively selective bind after fixation with our own protein-DNA conjugate, 

followed by a fluorophore-bearing DNA complex. We show that with an  optimized probe design we 

can selectively remove these fluorphore-bearing stands from their target, effectively and functionally 

erasing the fluorescent signal. Thus yielded both an ON and an OFF reaction, that can be repeated 

reiteratively.  

Chapter 3 develops these reactions and DNA complexes further by combining then with 

DNA-antibody conjugates to selectively label biological markers of interest in fixed cells. We 

compare the labeling fidelity of our approach to standard immunofluorescence as the benchmark. 

We further optimize the incubations conditions so that multiple probes can be used simultaneously 

with no crosstalk. We then show that using such conditions we can routinely and robustly obtain 

high signal to background ratio during the ON reaction as well as efficiently “erasing” during the 

OFF reaction to achieve ON/OFF ratios in excess of 20:1. With these capabilities we demonstrate 

the multiplexing of immunofluorescence on a standard three-color microscope by sequentially 

labeling three markers resulting in six-color images. 

Chapter 4 demonstrates contains a further develop of this labeling scheme to create tunable 

and erasable amplification systems using these dynamic DNA complexes. By selectively coupling 

branched DNA structures as intermediate probes with defined sequences we create a discrete 
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number of initiation sites to which we bind a predetermined number of fluorophore-bearing strands. 

We then apply this technique to appropriately balance marker levels for hyperspectral imaging. 

This greatly improves the spectral unmixing capability for hyperspectral experiments with disparate 

antibody signal levels.  

Chapter 5 shows how we employ leading-edge molecular biology tools to develop engineered 

cells lines that enable the study of network-level functions amongst cytoskeletal regulatory proteins. 

With a modular vector construction framework we show we can assemble vector over 30kbp with 

multiple transcriptional units. We then utilize locus specific integration techniques to create 

genomic landing pads in epithelial cells primed for further integration. The multi-gene systems are 

then stably incorporated into these cell lines and the performance of the genetic circuits is 

characterized.  

Chapter 6 summarizes the thesis outcomes. It then discusses an approach that is currently 

being further developed in our lab, to combine the tools and techniques of this thesis to answer 

clinically relevant questions. Using different engineered cancer cells in co-culture or xenograft 

experiments with wild-type immune cells, we could identify cell type based on a live-cell marker 

color and or localization, and then conduct further analyses of spatial distinct markers to identify 

unique cell states in mixed populations of cells, such as cancer stem cells. 
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Chapter 2 

Configuring robust DNA strand displacement reactions for in 
situ molecular analyses 

2.1. Outline 

The number of distinct biomolecules that can be visualized within individual cells and 

tissue sections via fluorescence microscopy is limited by the spectral overlap of the fluorescent dye 

molecules that are coupled permanently to their targets. This issue prohibits characterization of 

important functional relationships between different molecular pathway components in cells. Yet, 

recent improved understanding of DNA strand displacement reactions now provides opportunities 

to create programmable labeling and detection approaches that operate through controlled transient 

interactions between different dynamic DNA complexes. We examined whether erasable molecular 

imaging probes could be created that harness this mechanism to couple and then remove 

fluorophore-bearing oligonucleotides to and from DNA-tagged protein markers within fixed cell 

samples. We show that the efficiency of marker erasing via strand displacement can be limited by 

non-toehold mediated stand exchange processes that lower the rates that fluorophore-bearing 

strands diffuse out of cells. Two probe constructions are described that avoid this problem and 

allow efficient fluorophore removal from their targets. With these modifications, we show one can at 
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least double the number of proteins that can be visualized on the same cells via reiterative in situ 

labeling and erasing of markers on cells.  

A major portion of this work was published in the journal Nucleic Acids Research and most 

text of this chapter is taken from that article. My contribution to this work was to write software 

to automate the sequence design of these dynamic DNA complexes, and to conduct thermodynamic 

analyses to analyze their performance. Additionally, I helped prepare several of the protein-DNA 

conjugates used in this study.  

 

2.2. Introduction 

Recent advances in the field of DNA nanotechnology have facilitated the creation of 

various dynamic DNA and RNA complexes that can function as programmable logic gates (1-3), 

chemical amplifiers (4, 5), and reconfigurable molecular structures  (6, 7). A key feature of these 

complexes is that, instead of classical hybridization reactions, they can operate via a process called 

strand displacement—the exchange of oligonucleotides possessing partially or fully identical 

sequences between different thermodynamically stable multi-strand complexes (8) (examples are 

shown in Figure 2.1 and Figure 2.2). Using this mechanism, long nucleic acid complexes possessing 

many matched base pairs can be hybridized and dehybridized multiple times at room temperature. 

Moreover, since strand displacement reactions are sequence dependent and tend to be more 

sensitive to base mismatches than classical hybridization reactions (9), different dynamic complexes 

can be designed to operate independently of one another, or, alternatively, integrated into 

programmable reaction networks that can perform complex computations (10-12). Such capabilities 

now offer opportunities to create new classes of molecular probe technologies for molecular-cell 

analyses.  

The potential of dynamic nucleic acid complexes for various biological applications are 

beginning to be realized (12, 13). Multiplexed (5-color) in situ detection of mRNA transcripts in 

fixed zebrafish embryos has also been demonstrated using similar hairpin systems (13). Yet, despite 

these advances, the translation of dynamic oligonucleotide complexes towards such applications 
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remains generically challenging. Most candidate probe constructions are first evaluated in a test 

tube where displacement reactions occur in homogeneously mixed solutions (4, 9, 14). The 

environment inside cells is much more complex and heterogeneous, and even if samples are fixed 

and permeabilized, issues surrounding the sample penetration and probe dispersion must now be 

addressed. Other environmental factors may also potentially interfere with the strand displacement 

process, and such effects could result in unwanted reverse or side reactions. For example, many 

dynamic DNA complexes are designed to consume a single-stranded input (a target) via toehold-

mediated strand displacement. Here, a small single-stranded domain (6 bp), called a toehold, is used 

to partially hybridize to the target and accelerate the initiation rates of the strand displacement 

reaction. Once the composite reaction is completed, a new, fully duplexed complex is produced that 

is considered to be an ‘inert’ or unreactive byproduct since it no longer possesses a single stranded 

toehold domain. However, molecular crowding agents present in cells (e.g. proteins and other 

biomacromolecules) and enhanced concentration effects due to local confinement could potentially 

accelerate non-toehold-mediated strand exchange events between strands within duplexed DNA 

complexes and other unhybridized strands present in the sample (15). In turn, the products formed 

from a displacement reaction would no longer be fully inert. Thus, addressing the unique challenges 

of detecting biomacromolecules within cells and tissues requires characterization of the strand 

exchange processes within these environments and the development of approaches to potentially 

circumvent these types of problems.  

Our group is interested in developing dynamic DNA complexes that can function as 

reconfigurable (erasable) molecular imaging probes for in situ analyses of proteins (12). These 

probes harness the strand displacement mechanism to selectively couple fluorophore-labeled 

oligonucleotides to DNA-tagged protein markers on cells. After these markers are visualized via 

fluorescence microscopy, a second strand displacement reaction is then performed to strip the dye-

bearing strands from the reporting complexes that are coupled to the protein targets. With this 

capability, the total number of proteins that can be visualized on an individual sample is no longer 

limited by the spectral overlap of fluorescent dyes since the removal of dyes now allows new sets of 

protein markers to be detected on the same cell or tissue section. For this application, the strand 

displacement reactions driving the labeling and erasing of markers must be selective and efficient 

(high labeling and dye removal yields) to facilitate quantitation of marker levels and to ensure 
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residual signals that remain on a sample after an erasing step do not compromise subsequent image 

analyses of other proteins. As with other probe systems, the use of small diffusible probe complexes 

is likely important to ensure their even probe dispersion throughout a sample. Finally, since 

individual samples will be inspected multiple times, the time required to complete the entire 

reiterative marker imaging procedure should be kept to a minimum. Thus, short marker labeling 

and erasing reaction times are highly desirable.  

Herein, we evaluate the in situ marker labeling/erasing efficiencies and reaction kinetics of 

three different erasable dynamic DNA probes that contain different numbers of component strands 

and reactive domains. We also compare the labeling and erasing performance of probes that react 

with their target strands via three- and four-way strand displacement mechanisms. These analyses 

indicate that efficient in situ erasing of DNA-tagged protein targets requires probe constructions 

that minimize the ability of product complexes that are produced during erasure to react with and 

relabel free ssDNA targets within cells via strand exchange processes that are not mediated by a 

toehold. In particular, the avoidance of these processes appears to be important to facilitate the 

rapid diffusion of fluorophore-bearing strands out of the cells and into their surrounding medium 

during erasing reactions. Overall, we find that three-way strand displacement reactions where a 

single strand liberates two different strands from labeled targets support efficient erasing. 

Alternatively, fluorescent dyes can be removed efficiently using probe designs that exchange 

nucleotides via four-way strand displacement processes since these reactions produce much more 

‘inert’ dsDNA products. While facilitating the optimization of probe designs for our application, 

such information should aid the development and implementation of other dynamic DNA systems 

that are designed for analogous biological applications. 

 

2.3. Materials and Methods 

2.3.1. Materials 

Oligonucleotides were purchased from Integrated DNA Technologies (IDT). The protein target, a 

recombinant green fluorescent protein, GFP-ZE, was produced using standard cloning and cell 
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transfection procedures. The C-terminal leucine zipper (ZE) is used as an affinity tag for DNA 

labeling. This zipper associates strongly (KD 10-15M) with a complementary basic zipper (ZR) that 

is incorporated into a DNA-conjugated artificial protein (ZR-ELS6-ssTS) as a gene fusion (16). 

These polymers were produced according to previously reported procedures (17). The GFP-ZE 

offers some advantages as a protein target for the present study since it can be outfitted with 

ssDNA stoichiometrically. The ZR-ELS6- ssDNA polymer is not depicted in Scheme 1 and Scheme 

2 for simplicity.  

 
Figure 2.1 Scheme 1 

 

Labeling and erasing reactions for two-strand probe constructs. Green circle denotes GFP. Leucine 

zipper is not depicted. Red Star denotes Cy5 dye molecule. Black Star denotes Iowa Black Quencher 

molecule 
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Figure 2.2 Scheme 2 

 

2.3.2.  DNA Probe Design 

Probe sequences—probe complex (PC), eraser (E) and targeting (TS) strands—were 

designed using similar methods to those described in Ref. (12). All sequences, excluding those 

adopted from Zhang et al. (18), were selected using a custom MATLAB script (described in 

Appendix D) that generates random domains of specified lengths having pre-determined GC% 

range, while excluding previously generated domains or other prohibitive sequences (i.e. G 

quadruplexes), and avoiding secondary structures (e.g. hairpins). The generated domains are ranked 

according to their normalized two-state hybridization energies with existing probe strands using 

mFold (19). The domains are then screened through the BLAST database to minimize probe 

sequence homology with the mRNA transcriptome. The final domain sequences are then selected 

manually from this list and concatenated with other domains to create full oligonucleotide 

sequences that will be incorporated into a probe complex. Other global criteria such as temperature, 

strand concentration, and salt concentration are specified prior to domain design. A table listing the 

oligonucleotide sequences for all complexes and calculations of their standard free energies can be 

found in the Supplementary Data (Table 7.1 and Table 7.2). Fluorophores (Cy3 or Cy5) and 

Labeling and erasing reactions for three-strand probe constructs. Green circle denotes GFP. 

Leucine zipper is not depicted. Red Star denotes Cy5 dye molecule. Black Star denotes Iowa 

Black Quencher molecule 
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quencher molecules (Iowa Black FQ or RQ) were incorporated in opposing strands at positions that 

minimized their intermolecular distances in both the probe complexes and their waste products 

(Figure 2.1 and Figure 2.2). For the three-strand probes (PC3s), this requires that the dye molecule 

be positioned internally within the longer strand of the complex (refer to Figure 7.1).  

 

2.3.3. Cell labeling and erasing procedures  

CHO cells were grown on glass coverslips in F12 media supplemented with 10% FBS. After 

24 h, the culture medium was replaced and the cells were transiently transfected with vector 

containing the GFP-ZE construct using Fugene (Roche) according to the manufacturer’s protocol. 

Cells were cultured for an additional 12 h to allow for GFP-ZE production. The cells were then 

fixed using freshly prepared 4% paraformaldehyde for 30 min. Activated aldehydes resulting from 

the fixation procedure were quenched using 1 mg/ml NaBH4 for 5 min at room temperature. 

Afterwards, the cells were permeabilized using 0.2% Triton X-100, washed twice with PBS, and 

stored overnight a 4°C.  

Prior to cell labeling experiments, the coverslips were rinsed twice in PBS, dried under an 

airstream, and then affixed to custom-fabricated micro-well chambers (10-round wells with 0.36 cm2 

culture area and culture volume of 400 ml) using a precision-cut double sided adhesive film. The 

cells were re-hydrated with PBS prior to the labeling procedure. To minimize non-specific binding 

of the ZR-ELS6-ssTS, cells were first blocked for 2 h using a solution containing 1% BSA, 1 mg/ml 

Herring Sperm DNA and 0.5 mM polyT DNA in PBS. The cells were then incubated with a 400-nM 

solution of ZR-ELS6- ssTS for 2 h, and washed twice with PBS.  

Cell labeling experiments were performed by incubating cells with solutions of 100 nM 

probe complexes in TAE buffer supplemented with 12.5 mM Mg2+. Probe deactivation/erasing 

reactions were performed using 1 mM of the eraser strands (Es) or complexes (Ec). All cell labeling/ 

erasing reactions were carried out for 2 hr at 30°C using a rotating incubator shaker (200 rpm), 

except for the kinetic experiments where the reactions were performed directly on the microscope at 

room temperature and without shaking.  
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Cells were imaged using an inverted Nikon microscope outfitted with a 40× 0.95 NA 

objective, electronic shutters, and a 14-bit depth EMCCD camera (LucaR; Andor). A mechanical 

translation stage and electronic focusing mechanism was used to collect 5–10 different image fields 

for each sample. Images were processed using Nikon (NIS-Elements) or ImageJ software, and are 

presented as heat maps since this rendering enhances the contrast of low-level, remnant fluorescence 

signals within the ‘erased’ images. Average cell intensities were determined using an algorithm in 

NIS image that marks the boundary of a selected cell and calculates the average pixel intensity 

within that region. 

 

2.4. Results  

2.4.1. Dynamic DNA probe designs 

Our previous report showed that a class of three-strand DNA complexes (PC3s) that have 

been previously integrated into catalytic networks (18) can also function effectively as erasable 

molecular imaging probes, providing linearly correlative labeling intensities and efficient >95% dye 

removal (12). Despite this success, we believe our application would benefit from the development 

of somewhat smaller, 2-component probe complexes that incorporate terminal (30 or 50) dye 

molecules instead of the internal dyes in our prior design. There was concern that the internal dye 

placement could potentially interfere with the strand-displacement process and restrict the types of 

dyes that can be incorporated into a probe. To address this issue, we created several DNA probe 

complexes composed of two partially complementary DNA oligonucleotides (PC2s; Scheme 1). The 

marker labeling and erasing reactions for the original three-strand complexes are illustrated in 

Scheme 2. In both cases, the probes react with their ssDNA targets (TS) via toehold-mediated 

strand displacement to produce a fluorescent reporting complex (IR) containing an unquenched 

fluorophore. As a result, molecular targets that are conjugated with TS can be visualized using 

fluorescence microscopy. Analogously, the fluorescent reporting complexes (IR2s and IR3s for the 

two- and three-strand probes, respectively) can be displaced using a single-stranded eraser 

oligonucleotide (E). In principle, the quenched waste product (W) of this reaction can then be 



 12 

washed off the sample. Of note, the strand displacement in the labeling and erasing reactions of 

each probe system proceed via a three-way branch migration process (20), where ssDNA 

components displace one another. The present PC2s probes contain three distinct domains (Scheme 

1): an 18-bp domain that is completely hybridized (domains 1/1*) and two 6-bp toehold domains 

that are positioned adjacent to one another at one end of the complex (domains 2* and 3*). 

Reporting complexes of the PC2s system are formed through a toehold-mediated exchange reaction 

that is initiated by binding of the probe complex to domain 2 of the TS strand. However, unlike the 

three-strand complexes whose reaction is completed by the release of an output strand from a 

second toehold domain (output A releases from domain 3 in Scheme 2), the PC2s probes were 

designed so that TS displaces the output strand (output A) within PC2s completely during the 

marker labeling reaction. Similarly, the IR2s reporters are disassembled/erased through a 

displacement reaction where an eraser strand (E) binds to toehold 3* on IR2s and then displaces 

the TS completely from the reporting complex. Since neither reaction requires the dehybridization 

of a toehold domain, the forward reactions during marker labeling and erasing both results in the 

accumulation of six additional matched bps. This design was originally chosen so that each reaction 

would be energetically favorable. Additionally, since the release of outputs from toehold domains 

could potentially lower probe-target strand exchange rates, we generally expected that this feature 

would accelerate our labeling and erasing reactions. 
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Figure 2.3 Labeling and removal of Cy5 fluorophores from protein markers via strand 
displacement reactions of a two-strand probe complex  
 

 

 

(A) Selective labeling of expressed GFP proteins in CHO cells. The images display a strong 
correspondence between the GFP and two-strand probe (Cy5) signals; pixel intensities of the GFP 
and Cy5 signals are linearly correlated (r2 = 0.94). However, OFF signal intensities indicate �20% of 
active Cy5 dye remains on the cells after the erasing reaction. (B) Pixel intensities for cross section 
indicated in the probe images in A for both the ON and OFF states of the cells. (C) Histogram of 
the average Cy5 signal intensities for the ON and OFF states of 20 cells. Cells are grouped based on 
their GFP whole-cell fluorescence intensities (low, medium and high levels correspond to 2000–5500, 
5500–10 000 and 10 000–15 800 intensity units, respectively).  
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Figure 2.4 Labeling and removal of Cy5 fluorophores from protein markers via strand 
displacement reactions of a three-strand probe complex  
 

Another important distinction between the PC2s and PC3s probes is that their erasing reactions 

produce different numbers of products. For the three-strand probes, the marker erasing involves a 

reaction where E binds to a 4-bp domain in IR3s and then displaces two strands (output B and TS) 

from the reporting complex. Thus, even though this reaction results in a net loss of two matched 

bps in the system, there is an increase in configurational entropy as the reaction proceeds forward 

(18). As discussed below, an important consequence of this design for our application is that reverse 

 

(A) Selective labeling of expressed GFP proteins in CHO cells. The OFF reactions are now 
efficient, and yield a signal (cell intensity) to background (slide surface intensity) ratio of 1.08. 
The ratio of labeled/erased probe intensities, or ON/OFF ratio, is 28.6. This result is reflected in 
(B) pixel intensities for cross sections as well as (C) histogram of average, whole-cell Cy5 signal 
intensities for 20 cells in their ON and OFF states.  
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(relabeling) reactions can only occur if both B and TS bind to W simultaneously. Finally, in an 

attempt to drive each reaction to completion, our protein labeling and erasing reactions all use 

relatively high concentrations of E (1 mM) relative to TS (2 nM in the total reaction volume). 

Thus, so long as the reactions of probes with their targets mimic the behavior one would expect in a 

homogenously mixed solution at these concentrations, each probe reaction should be able to reach 

an equilibrium distribution where the vast majority of the TS strands (>>95%) were either 

incorporated into an IR complex, or erased (Section 7.1.2 in Appendix A). In principle, such 

behavior should support efficient labeling and erasing.  

 

2.4.2. Selective in situ labeling and erasing of DNA-conjugated 

proteins 

To evaluate the labeling and erasing performance of the PC2s and PC3s probes, we 

performed two sets of in situ cell imaging experiments where expressed GFP proteins within fixed 

and permeabilized CHO cells were first outfitted with TS strands using an ssDNA-artificial protein 

conjugate and then reacted with either two- or three-strand probe complexes that incorporate Cy5 

fluorophores (Figure 2.3 and Figure 2.4). In each case, labeling intensities were evaluated after the 

probes were allowed to react for a period of 2 h. For practical purposes, reactions will likely need to 

be completed within a short time frame to implement our reiterative marker imaging technique. 

Comparisons of GFP and Cy5 signals produced after a labeling reaction show that both types of 

probes can selectively couple fluorophores to DNA-conjugated proteins on cells. In each case, 

intracellular distributions of the GFP molecules (e.g. nuclear–cytoplasm signal ratios) are 

reproduced, while the cells that were not transfected in the sample are not labeled. Yet, despite 

their similar protein labeling performance, the erasing reaction of the PC2s probe system (Figure 

2.3) is found to be much less efficient than the PC3s system (Figure 2.4). Here, the erasing reaction 

that disassembles the two-strand IR2s reporter results in residual Cy5 signals that range between 

20–30% of the signal amplitudes produced by the prior marker labeling reaction, yielding an average 

ON/OFF ratio of 3.14. Furthermore, these unwanted ‘OFF-state’ signals are positively correlated 

with ‘ON-state’ Cy5 intensities (Figure 2.3C, inset). The erasing performance of the threestrand 
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complex is much better (Figure 2.4). As in our prior work (12), ‘OFF-state’ signals with the three-

strand complexes can barely be detected over background autofluorescence of the unlabeled cells 

(‘OFF’-signals are only one to three times the RMS noise of the slide background), and average 

ON/OFF ratios are much higher (26.8). Thus, of the two different probes systems evaluated above, 

only the three-strand systems can function effectively as an erasable molecular imaging probe. 
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Figure 2.5 Kinetics of DNA strand displacement reactions on fixed cells.  

 

 

(A) Labeling and erasing reactions of a two-strand probe complex (PC2s). Each curve 
represent the average intensity of an individual cell within the sample. The erasing 
reactions are inefficient and significant signals remain on the sample even after a 2-h 
incubation period. (B) Labeling and erasing reactions of a three-strand probe complex 
(PC3s) showing rapid and efficient erasing. The arrows in each plot indicate the time point 
where the labeling reactions were stopped and the erasing reactions were initiated.  
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Figure 2.6 Erasing kinetics using eraser strands (E) that do not incorp- orate quencher 
molecules.  

 

2.4.3. In situ kinetics of strand displacement reactions 

We next characterized the in situ marker labeling and erasing kinetics of the PC2s and 

PC3s systems by monitoring the rates that probe (Cy5) signals colocalized to, and then are 

removed from, expressed GFP molecules that are labeled with single TS strands via a DNA-

 

(A) Erasing reactions of the two-strand complex (PC2s) showing appreciable (�75%) residual 
signals. (B) Erasing reactions of the three-strand complex PC3s.  
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conjugated protein polymer (Figure 2.5). For these analyses, cells were imaged every 5 min during 

the marker labeling/ erasing procedures. Analyses of probe intensities show that TS-tagged GFP 

proteins are labeled rapidly by the two-strand probes, and that probe signals saturate within 20 

min, even for the ce lls possessing the highest GFP expression levels. The PC3s labeling 

reactions were somewhat slower than the PC2s reactions, indicating that the release of the output 

strand from domain 3* in IR3s and the accumulation of 2 instead of 6 bp during this forward 

reaction affects the rates that markers are labeled. Nevertheless, Cy5 intensities reached their 

plateau levels in GFP intensities on a pixel-by-pixel basis, as was the case in our prior report (13). 

Thus, so long as the PC3s probes are allowed to react for a sufficient period of time, both probe 

complexes can support efficient (relatively fast and proportionally correlative) marker labeling. Yet, 

Figure 3 also shows there are significant differences in the erasing kinetics of these systems. 

Although Cy5 fluorescence intensities decrease rapidly after the initial addition of eraser strands (E) 

in both cases, the PC2s system erases more slowly than the PC3s system. In addition, and, more 

importantly, the PC2s erasing reaction slows appreciably after a period of 20 min, and significant 

Cy5 signals remain on the sample after the full 2-h incubation period. In contrast, fluorescence 

intensities drop rapidly to a value that is W is able to release from the 2* toehold domain within 

TS during the erasing reaction. The lack of persistent fluorescence in this setting rules out the 

possibility that the dye molecule remains tethered to the GFP target but is quenched by an 

interaction with E (as depicted in a complex in Figure 7.1). The rapid drop of Cy5 signals during 

the erasing reaction in the three-strand reporter complex setting suggests that the released W 

complex can freely diffuse out of fixed cells. In contrast, removing the quencher from reactions of 

two-strand reporter complexes IR2s with E results in appreciable remnant Cy5 signals on GFP 

transfected cells due to incomplete erasing (Figure 2.6A). In fact, the residual Cy5 signal remaining 

on the sample during the erasing reaction (‘OFF-state’) is nearly 75% of that seen for in the ‘ON-

state’. The in situ kinetic analyses of the PC2sC erasing reactions with and without quencher in 

Figure 2.5A and Figure 2.6A indicate that, while significant numbers of IR2s reporters remain on 

the cells after 2-h incubations, fluorescently active W complexes are also somehow trapped within 

the cells. Because TS does not release from the waste complex via toehold dehybridization in this 

reaction (TS is displaced completely from the complex), we attribute that majority of the signal 

intensities present in Figure 2.5A to fluorescently active W complexes as opposed to an 
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unidentified, metastable intermediate-state complex. Importantly, we also find that TS-labeled GFP 

proteins can be selectively labeled using in situ reactions where the cells are simply incubated with 

a quenched W complex (Figure 2.7). This would suggest that the W complex can directly bind to 

the TS strand and become fluorescently activated through a non-toehold mediated exchange of 

oligonucleotides. Thus, it appears that in the two-strand reporter setting (but not in the three-

strand reporter setting), there may be some reverse (relabeling) reactions occurring during the 

erasing reaction resulting in a decreased diffusion rate of the W complex from the cell. 

 

Figure 2.7 Non-toehold mediated strand exchange 

 

 

 

Labeling of DNA-tagged GFP proteins through non-toehold mediated exchange via a reaction of TS 
with a quenched W complex as a probe. The concentration of the W complex was 200nM, and the 
reaction was performed without adding E to the reaction mixture.  
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2.4.4. Four-way branch migration reactions facilitate efficient signal 

erasing 

With the hypothesis that non-toehold-mediated exchange of oligonucleotides between W 

and TS complexes reduces the erasing performance of the PC2s probes systems, we next tested 

whether a fully erasable probe composed of only two different strands could be created that 

exchange nucleotides via four-way (21) as opposed to three-way strand displacement mechanisms. 

To do so, the original two-strand complexes were modified such that they still bind the same TS 

sequence, but leave a second 2-bp toehold unhybridized within the IR complex (domain 4 in Figure 

2.8A). As a result, while the labeling reaction proceeds near-identically to that of the original PC2s 

systems, the four-way branch migration processes of the erasing reaction now produces two reaction 

products that are fully duplexed (i.e. TS is incorporated into a duplexed complex after the 

reaction). In this case, probe erasing rates and efficiencies are quite similar to those of the three-

strand complexes (Figure 2.8D). Measured ‘OFF-state’ intensities and reaction rates are now very 

close to those of the PC3s system (Figure 2.8B and C). Thus, four-way branch migration reactions 

can be used as an alternative to the multi-strand release in the PC3s systems in order to create 

more efficient erasable probes.  

To further evaluate the utility of the four-way branch migrations for marker erasing, we 

also labeled expressed GFP-ZE with mixture of four different DNA conjugates in a single incubation 

step at approximately equal molar concentrations (Figure 2.9). The cells were then reacted 

simultaneously with two probes that couple Cy3 and Cy5 dye molecules to the GFP targets bearing 

the TS1 and TS2 strands. In a single incubation step, these two dyes can be removed from the 

sample using the four-way displacement mechanism, yielding average ON/OFF ratios that are 

>10:1. Subsequently, two new complexes can be used to label GFP molecules coupled to the TS3 

and TS4 targets in a second round of marker labeling. After this step, the probe Cy3 and Cy5 

signals reappear at levels that are similar to those produced in the first labeling step. The second 

labeling produced Cy3 and Cy5 signals were 60% and 120% of their corresponding ON-state values 

(note: the dyes are now coupled to different TS strands on the sample; some of this variability can 

come from differences in the concentrations of the conjugated polymers used to couple the four 

different TS strands to the GFP target). Importantly, ‘OFF’-state signals of the cells only 
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constitute 2–6% of the measured ‘ON’-state signals produced by the second labeling reaction, and, 

hence, contribute little to the signals generated after the second set of TS markers were labeled. 

These experiments therefore indicate the four-way displacement mechanism can be used to create 

multiple erasable probes that can be used to label multiple sets of markers with the same color 

dyes, or even to perform replicate measurements using different probes for standardization purposes.  

 

Figure 2.8 Labeling and removal of Cy5 fluorophores from protein markers using the 
two-strand probe complex that exchanges via a four-way branch migration process. 

 

 (A) A scheme depicting the modified erasing reaction. (B) Selective labeling and erasing of 
expressed GFP proteins in CHO cells. (C) Pixel intensities for cross sections indicated in (B). (D) 
Kinetics of DNA strand displacement reactions on fixed cells showing that four-way branch 
migrations facilitate efficient marker erasing.  

 



 23 

 

Figure 2.9 Multiplexed and reiterative labeling 

2.5. Discussion 

The ability to control the exchange of nucleotides between different dynamic DNA 

complexes offers opportunities to create new classes of molecular-cell detection and imaging probes 

that are reconfigurable, adaptive, and that can perform complex logic functions. However, realizing 

 

Multiplexed (multi-color) and reiterative (sequential) labeling of four different TS strands 
coupled to the GFP-ZE targets at equimolar ratios. The scheme at the left depicts the labeling 
steps for each set of probe images.  
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this potential requires more detailed characterization of strand displacement reactions within 

cellular environments. Herein, we compared the efficiencies and rates that different dynamic DNA 

complexes can exchange strands within fixed cell samples as they undergo chemical reactions that 

either selectively couple (label) or remove (erase) oligonucleotides bearing fluorescent dye molecules 

to and from DNA-tagged proteins. One of the goals of this study is to define simple probe designs 

containing a minimal number of component strands that can function effectively as erasable 

molecular imaging probes. Since this capability allows fluorophores to be removed from a sample 

and then the same color dyes to be reused to label new proteins, this functionality should facilitate 

more comprehensive biomarker analyses where multiple sets of proteins are visualized on the same 

cell or tissue samples. Due to the spectral overlap of fluorescent dye molecules, the number of 

markers that can be visualized using fluorescence microscopy and permanently stained samples is 

typically limited to three to five proteins. However, this number can be at least doubled using our 

reiterative labeling and erasing procedure, and hence, one could detect at least 6–10 proteins using 

standard, three to five color fluorescence microscopy procedures, while avoiding the use of 

temperature, bleaching, or caustic chemicals to remove dyes from sample. Moreover, several spectral 

deconvolution microscopy approaches have been developed that offer opportunities to increase the 

number of markers that are detected during a single round of fluorescence microscopy. Combining 

this capability with our reiterative labeling techniques could therefore facilitate even more extensive 

in situ analyses of protein markers.  

In the course of optimizing our probe designs, we found that dyes cannot be removed 

efficiently from their targets using three-way displacement reactions between relatively simple two-

strand duplexes and ssDNA targets. The mechanistic basis for this poor response is revealed in the 

kinetic analyses of our probes’ erasing reaction. Erasing reactions that incorporate quenchers in E 

show that significant numbers of reporters complexes (IR2s) remain on the cells after a 2-h reaction; 

it is our experience that >12-h incubations are necessary to achieve significantly lower fluorescent 

levels. Further experiments where the quencher is removed from E suggests that the W complexes 

are kinetically trapped within the cells’ volume and do not diffuse beyond the cell boundary within 

this time period. This behavior is somewhat surprising given the high E concentrations (1 mM) and 

reaction volume (100 ml) used for the erasing experiments. With such an excess of E relative to the 

total number of IR2s reporting complexes on the cells, there should be a strong driving force to 



 25 

push the erasing reaction forward. However, given the compartmentalization of the GFP targets 

within the cells, the local concentration of TS and W can be quite high: 1400–15 000 GFP/mm3 or 

25–250 mM according to GFP intensity analyses. Thus, high local target concentrations could serve 

to drive the reverse (relabeling) reaction (W+TS ! IR2s+E). Of note, the analogous reverse reaction 

(IR2s+output A ! TS+PC2s) could be affecting the marker-labeling step. Yet, the probe labeling 

intensities appear to saturate rapidly (<30min) and still yield marker intensities that are linearly 

correlated with GFP levels.  

Interestingly, the failure of the two-strand probes to erase efficiently occurs even though 

the W complex of the two-strand probes (PC2s) do not contain a toehold, implying the reverse 

(relabeling) reactions occur via non-toehold mediated exchange process. Indeed, experiments 

involving reactions of quenched W also produce fluorescent signals that colocalize with the TS-

tagged GFP molecules, confirming non-toehold-mediated exchange can occur. Furthermore, 

reactions between ssDNA and duplexed complexes have been shown to be enhanced when molecular 

crowding agents are present in solution (15). Thus, it is possible that, in addition to the local 

confinement of targets, proteins and other macromolecules present within the cells (e.g. blocking 

reagents) act similarly as crowding agents that further accelerate the rates of non-toehold-mediated 

strand exchange.  

An important consequence of non-toehold-mediated exchange reactions is that they can 

influence the effective diffusive mobilities of oligonucleotides and DNA complexes within cell 

samples. Through this reaction, strands containing the fluorophores will interact transiently with 

multiple immobilized TS strands as they diffuse towards the cell boundary. These interactions can 

therefore lower the rates at which the fluorophore containing strands are released from the sample. 

While this effect limits removal of dyes from cell samples during our marker erasing procedure, 

analogous reverse and side reactions could potentially influence abilities to integrate the reactions 

between different dynamic DNA complexes for other biological detection applications. Nevertheless, 

the analyses of the three-strand probe complexes (PC3s) indicate these issues can be mitigated 

using probe designs where the reaction of a probe with its DNA target is entropically favorable and 

two output strands are produced by the reaction. In the case of the three-strand probe complexes, 

both outputs must bind to the W complex simultaneously in order to produce a fluorescently active 

complex that is stably bound to TS. As a result, W complexes are less likely to reassociate with TS 
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and can more readily diffuse out of the cells. Alternatively, efficient marker erasing can be achieved 

using probes that react via four-way branch migration processes. This mechanism produces two 

fully duplexed waste products instead of only one, and hence, both products are much less likely to 

exchange their strands, but also, should be less reactive towards other oligonucleotide complexes 

present within cells. While such control has allowed our group to create a series of erasable imaging 

probes that facilitate the reiterative labeling of cell samples, overall, we anticipate these adaptations 

will be generically important to the development of other probe technologies that harness the 

unique functionalities of dynamic DNA complexes. 

 

2.6. Conclusion 

In summary, we have demonstrated how dynamic DNA complexes can be configured to 

serve as functional probes to selectively label proteins in situ. We anticipate that the strand 

displacement reactions that we developed and optimized in this work could be adapted for to other 

probe technologies. These could enable the reiterative labeling of antibodies in fixed samples to 

multiplex immunofluorescence or to program the number of fluorescent probes bound to such 

markers for controlled amplification. Here we showed how to use the strand displacement reaction 

to selectively couple fluorescent DNA complexes to proteins in situ. The ON and OFF kinetics of 

these reactions were then optimized by using thermodynamic principles to drive the reactions to the 

desired end state. Toehold-assisted branched migration was employed to further enhance OFF 

kinetics. Further design optimization of this probe design will lower the cost of these probes by 

eliminating the quencher strand and reusing the dye strand for other targets in subsequent rounds. 

We anticipate that such dynamic DNA complexes could be applied to multiplex spatially dependent 

analyses of protein pathways in populations of cells or even tissues. 
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Chapter 3 

Multiplexed in situ immunofluorescence using dynamic DNA 
complexes  

3.1. Chapter Outline 

DNA nanotechnology has emerged largely due to its ability to construct finite size 2D and 

3D structures at the nanoscale.  The predictable nature of DNA structure and dynamics make it a 

particularly attractive material for engineering applications, as designed oligonucleotides can be pre-

programmed to self-assemble into the desired geometries.  Importantly, these capabilities extend 

beyond static assemblies, allowing dynamic non-equilibrium reaction networks to be constructed.  

These “circuits” utilize hybridization, branch migration, and dissociation mechanisms to exchange 

oligonucleotides between DNA complexes in predictable fashions. 

This works seeks to harness these reaction mechanisms, creating a novel fluorescence 

imaging method where fluorescent reporters can be sequentially activated (turn “on”) and erased 

(turn “off”), using toehold mediated strand exchange and displacement.  Thus, by attaching single 

stranded DNA to molecular targeting agents (i.e. antibodies), our reactive DNA probes can 

specifically hybridize to the target, liberate a quencher strand, and activate the fluorescent reporter.  

Furthermore, by adding an erasing complex, the fluorophore can be stripped from the target strand, 
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quenched, and washed away.  This simple capability allows the same fluorescent dyes could be used 

multiple times to detect unique markers through each round of imaging. 

We then seek to apply these reactions to immunofluorescence imaging, where the 

characterization of spatially-dependent protein levels via molecular imaging techniques is critical for 

the cell-level assessment of cancerous and disease states.  However, most imaging techniques are 

only capable of detecting a few markers on a sample.  These limitations compound as cellular 

analyses often require large numbers of protein markers to be detected on the same sample. By 

employing our reactive DNA probes for multiplexed and reiterative labeling, we first show that one 

can at least double the number of detectable markers. Furthermore we show that with optimized 

conjugation chemistry we are able to extend the application of these probes to different imaging 

modalities and more complex sample types. 

A major portion of this work was published in the journal Angewandte Chemie and most 

text of this chapter is taken from that article. I contributed to this work by designing all of the 

probe sequences and helped optimize the strand displacement reaction mechanisms we now use. 

Secondly, I developed the blocking buffer and optimized the erasing procedure that lead to a 

uniform performance between different sets of probe sequences. Lastly, I implemented and 

optimized the new conjugation chemistry for our use case. This protocol is now the widely used by 

other in our lab and by our collaborators  

 

3.2. Introduction 

Dynamic DNA complexes are a new class of DNA devices that can be engineered to 

function as programmable molecular machines (22-25), detectors (26-28), logic gates (3, 29, 30), and 

chemical amplifiers (4, 18, 31). A unique feature of these devices is that, instead of purely classical 

hybridization mechanisms, they harness a process called strand displacement to facilitate the 

exchange of oligonucleotides between different thermodynamically stable DNA complexes (14, 32, 

33). As a result, adaptive and/or reconfigurable molecular devices can be created that operate 

through enzyme-free, isothermal chemical reactions between different oligonucleotide complexes. 
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While improved understanding of strand displacement has opened new opportunities to engineer 

elaborate reaction networks for molecular computing(2, 10, 34), a number of important biological 

applications for these devices have also emerged. Dynamic nucleic acid devices have been adapted 

for multiplexed in situ detection of proteins and mRNA (12, 13, 35), and molecular delivery vehicles 

(36). Overall, such advances suggest dynamic oligonucleotide systems can function robustly within 

complex cellular environments and provide new molecular detection capabilities that are not 

available using existing nucleotide technologies.  

 

 

Our group has been examining whether dynamic DNA complexes can function as erasable 

molecular imaging probes in order to increase the number of molecular pathway proteins that can 

be visualized within individual cells by using fluorescence microscopy (12, 35). For this application, 

programmable, isothermal strand-displacement reactions are employed to assemble and disassemble 

stable fluorescent reporting complexes that localize to their respective protein. These reactions 

therefore provide a minimally perturbative route to image different sets of proteins by using 

multiple rounds of fluorescence microscopy and allowing the proteins to be labeled, imaged, and 

their labels to be removed/erased sequentially.  

The ability to visualize multiple sets of proteins within individual cells has become 

increasingly important, particularly when considering that many contemporary biological studies 

now require more comprehensive, spatially delineated analyses of protein pathways and networks 

within biological samples (37). Such analyses are currently limited by the spectral overlap of the 

fluorophores used for immunostaining, and generic inabilities to remove fluorescent antibodies from 

a sample without employing harsh chemical reagents that perturb cell morphology and subsequent 

marker antigenicity. Hyperspectral imaging approaches can roughly double the number of markers 

that can be imaged simultaneously using conventional methods (38). Yet, further increases have 

been minimal owing to the increased noise (39) and decreased dynamic range that accompanies the 

integration of additional dye molecules into an immunofluorescence assay (40).  
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The use of strand-displacement reactions for multiplex imaging requires that dynamic DNA 

complexes can be interfaced with protein recognition reagents, such as anti- bodies (Abs), and that 

the coupling and dispersion of these complexes in a cell is efficient and uniform enough to generate 

images that accurately reflect the intracellular distributions of a protein. Furthermore, the signal 

erasing steps must be sufficiently efficient to ensure residual signals do not compromise subsequent 

imaging and analyses. Prior kinetic studies outlined design principles that can be used to produce 

dynamic DNA complexes that possess most of these properties (35). Yet, these analyses were 

performed using highly overexpressed autofluorescent proteins as model markers and internal 

protein standards; the fluorescent proteins were outfitted with ssDNA using engineered protein 

polymers that were custom-tailored for labeling of proteins with DNA.  

Herein, we demonstrate that dynamic DNA complexes can react both selectively and 

efficiently with DNA-conjugated antibodies to facilitate multiplexed (multicolor) and reiterative 

(multiple cycles) in situ immunofluorescence analyses of endogenous proteins within individual cells. 

We then demonstrate that with optimized conjugation chemistry we can extend these probes to 

work with novel imaging modalities and more complex sample types 
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Figure 3.1 Schematic of multiplexed and reiterative in situ immunofluorescence using 
dynamic DNA complexes 

 

Multiplexed (multicolor) and reiterative (multiple cycles) in situ immunofluorescence labeling of 
proteins within fixed cells by using dynamic DNA complexes. Proteins are labeled by antibodies 
conjugated to a ssDNA targeting strand and a probe complex carrying a quencher domain (qd). 
The resulting labeling (ON1 state) can be erased (OFF state) by incubation with an eraser 
complex, and proteins (the same or different ones) can be labeled again with other probe complexes 
(ON2 state).  
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Figure 3.2 Labeling and erasing DNA-conjugated Abs that target microtubules by 
using dynamic DNA probes. 

 

 

(A) Representative images of microtubules imaged after cells were incubated with a probe 
complex incorporating a Cy5 dye (ON) and subsequently with an eraser complex (OFF). At the 
bottom images where E was omitted from the eraser reaction are provided (scale bars: 20 mm). 
(B) Line profile corresponding to the red lines in (A) of microtubules before (ON) and after 
(OFF) erasing. (C) Calculated ON/OFF intensity ratios for separate cell samples labeled with 
different probe complexes incorporating Alexa488, Cy3, or Cy5 dyes and incubated with or 
without E.  



 33 

3.3. Materials and Experimental Methods 

3.3.1. Materials.  

Goat anti-rabbit (cat# A10533) and anti-rat (cat# A10536) secondary antibodies and 

phalloidin-Alexa532 were purchased from Invitrogen. Goat anti-chicken secondary antibody, rabbit 

anti-histone complex H3 (cat# ab1791), rabbit anti-stathmin1 (cat# ab52630), and rat anti- α-

tubulin (cat# ab6160) were purchased from Abcam. Rabbit anti-KLC4 (cat# HPA030169) and 

FITC-conjugated mouse anti-Vinculin (cat# F7053) were obtained from Sigma. Alexa647- 

conjugated mouse anti-WASP (cat# sc-13139 AF647) was purchased from Santa Cruz 

Biotechnology. PSmOrange-Tubulin was obtained from the Verkhusha Lab (addgene plasmid 

31919) (41). Oligonucleotides were purchased from IDT (Coralville, IA), dye and quencher-bearing 

strands were purchased with HPLC purification. Images were collected with a 14-bit depth CCD 

camera (Luca, Andor) on a Nikon Ti Eclipse epi-fluorescence microscope with an automated stage 

and focus, using a 60x oil immersion plan-Apo objective.  

3.3.2. DNA Probe Design 

All sequences were selected using a custom MATLAB script (as is described in Appendix 

D) that generates random domains of specified lengths having pre-determined GC% range, while 

excluding previously generated domains or other prohibitive sequences (i.e. G quadruplexes), and 

avoiding secondary structures (e.g. hairpins). The generated domains are ranked according to their 

normalized two-state hybridization energies with existing probe strands using mFold. The domains 

are then screened through the BLAST database to minimize probe sequence homology with the 

mRNA transcriptome. The final domain sequences are then selected manually from this list and 

concatenated with other domains to create full oligonucleotide sequences that will be incorporated 

into a probe complex. Other global criteria such as temperature, strand concentration, and salt 

concentration are specified prior to domain design. All oligonucleotide sequences can be found in the 

supplement (Table 7.3).  
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3.3.3. Preparation of Antibody-Oligonucleotide Conjugates 

 Secondary antibodies (20 µg) were incubated with NHS-(PEO)4-Azide (20 µmol in 

anhydrous DMSO, Thermo Scientific) in 100 mM NaHCO3 at room temperature for 45 minutes. 

Following purification via gel filtration using a Tris-buffered Bio-Spin 30 column (Bio-Rad), 

hexynyl-modified oligonucleotide were added and a Cu(I) catalyze click reaction was performed 

using the Click-It Reaction Buffer Kit (Invitrogen) according to the provided protocol. The reaction 

was incubated at room temperature for two hours then moved to 4°C overnight. The resulting 

DNA-functionalized antibodies were purified once more using gel filtration. Conjugation was verified 

with non-reducing SDS-PAGE.  

For the hydrazone conjugation, the amine-conjugated oligonucleotide is resuspended in 

modification buffer (100 mm NaH2PO4, 150 mm NaCl; pH 8.0) and buffer exchanged into 

modification buffer with pre-equilibrated 7K MWCO Zeba Spin columns (Zeba, Pierce/Thermo 

Scientific). 1mg of S-4FB (Solulink Biosciences, San Diego, California, USA) is dissolved in 40µl of 

DMF and vortexed vigorously. To 60µl of desalted oligo add 30µl of DMF, vortex and spin. Then 

add 30µl of dissolved S-4FB and incubate for 1hr to modify the oligo. For the antibody 

functionalization, 200 µg of antibody are buffer exchanged into modification buffer with pre-

equilibrated 7K MWCO Zeba Spin columns. 1mg of S-HyNic (Solulink) in dissolved in 350µl of 

DMF. 5µl of dissolved S-HyNic is added to the buffer exchanged antibody solution, incubated for 1 

hour on a shaker and protected from light. Take 1µl from each to characterize the Molar Substition 

Ratio (MSR). Then desalt the antibody into conjugation buffer (100 mm aniline, 100 mm NaH2PO4, 

150 mm NaCl, pH 6.0) using pre-equilibrated 7K MWCO Zeba Spin Columns. MSR are 

characterized as per manufactures instruction and antibody-oligo conjugation is verified on 

Coomassie stained SDS-PAGE gels.  

 

3.3.4. Cell Culture and Fixation 

 HeLa cells were cultured in Dulbecco’s Modified Eagle Media (DMEM) with GlutaMAX 

(Invitrogen) supplemented with 10% fetal bovine serum (FBS) and 100 U/mL Pen/Strep at 37°C 
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with 5% CO2. Cells were seeded on cover glass (no. 1.5) and grown to 50-60% confluency prior to 

fixation. For mOrange labeled tubulin experiments, PSmOrange-Tubulin was transfected using 

Fugene (Promega) at a 2:5 ratio according to the manufacturer’s protocol. Media was exchanged 24 

hours post transfection and cells were fixed after an additional 24 hours of growth. Cells were fixed 

in freshly prepared 4% paraformaldehyde. Samples were then rinsed with PBS and quenched with 

NaBH4 (1 mg/mL in PBS). The samples were washed with PBS, permeabilized with 0.2% TritonX-

100, and washed once more. Cover slips were dried under airstream, then affixed to custom-

fabricated 10 well chambers using precision cut double sided adhesive and stored in buffer at 4°C 

for up to one week.  

 

3.3.5. Analysis of Probe Erasing 

Samples were blocked 2% BSA, 1 mg/mL Herring sperm DNA, and 0.5 µM polyT DNA in 

PBS, pH 7.4 (buffer BB) for 2 hrs. Rat anti-α-tubulin (1:250) was incubated on samples overnight 

at 4°C in PBS supplemented with 10% buffer BB (PBS-BB). Cells were washed 3 times with PBS, 

followed by a 2 hr incubation with an oligonucleotideconjugated (TS1, TS2, or TS3) goat anti-rat 

secondary antibody at 10 µg/mL in PBS-BB. Cells were then washed 3 times with PBS and probe 

complex was added to the cells for 2 hours at 100 nM in TAE containing 12.5 mM Mg2+ and 10% 

buffer BB (TAE-BB), stained with DAPI (1.3 µM), and washed an additional 3 times with PBS. 

Erasing complexes were then applied to the cells at 1 µM in TAE-BB, and allowed to react 

overnight (~12 hrs) at room temperature. Cells were stained again with DAPI then washed 3 times 

with PBS. Images were collected between reactions steps. After alignment and background 

subtraction, initial ON images was used to generate a thresholded mask, eliminating pixels with 

intensity less than 2500. The ON/OFF ratios of these regions (> 400 regions were generated for 

each image) was then measured directly by comparing pixel intensities of the initial ON values to 

the OFF images. For mOrange-tubulin colocalization experiments, images were obtained as above 

using a probe complex incorporating an Alexa488 dye molecule. Pixel-by-pixel analyses and 

Pearson’s coefficients were obtained using the ImageJ pulgin JACoP (42). Two Marker/One Dye 

Imaging: Samples were treated as in erasing experiments with minor modifications. Cells were 

blocked with buffer BB and incubated overnight with antibodies towards α-Tubulin and Histone H3 
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or α-Tubulin and KLC4 in PBS-BB. Samples were washed with PBS, then TS1 conjugated goat 

anti-rat and TS4 conjugated goat anti-rabbit were added to the samples at 10 µg/mL in PBS-BB 

for 2 hours. α-Tubulin was activated with 100 nM probe complex and erased with 1 µM eraser 

complex in TAE-BB followed by the activation of the second marker (100 nM probe complex). 

Images were taken in between reaction steps. Off images were taken after a 10 second bleaching 

step. All images were aligned as before, false colored, and merged.  
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Figure 3.3 Multiplexed and reiterative immunofluorescence imaging of individual cells 

 

Multiplexed and reiterative immunofluorescence imaging of individual cells. Scale bars: 20 mm; 
blue staining: staining of cell nuclei with 4’,6-diamidino-2-phenylindole (DAPI). (A) Different 
markers (a-tubulin, KLC4, histone H3) in the same cells were labeled using the same dye molecule 
(Cy5). Microtubules were activated, imaged (ON1), and then erased (OFF) to facilitate the 
detection of a second protein marker (ON2) that either overlaps spatially with microtubules 
(KLC4; left) or that localizes to the nucleus (histone H3; right). (B) Line profiles from the images 
in (a) that were processed using different background subtraction procedures. The black lines 
indicate profiles obtained by subtracting the erased (OFF) signals from profiles measured after the 
cells were labeled a second time for KLC4 (top) and histone H3 (bottom). The red lines 
correspond to ON2 profiles measured after the KLC4 and histone H3 images were globally 
background subtracted by a spatially invariant factor. Plots of the residual signals after 
subtraction of these profiles are also provided (blue lines). (C) Abs against a-tubulin, vimentin, 
and stathmin 1 were detected with DNA-conjugated Abs that were labeled by three unique 
dynamic DNA probes incorporating Cy5, Cy3, or Alexa488, respectively (ON1). The signals were 
then erased to permit the detection of WASP and vinculin using dye-conjugated primary Abs 
(ON2). During this step, actin filaments were also imaged using Alexa532-phalloidin. Different 
permutations of merged images are shown at the bottom, where markers are arranged in groups of 
actin-associated proteins (i; actin and vinculin), microtubule-associated proteins (ii; a-tubulin and 
stathmin 1), or cytoskeletal filaments (iii; vimentin and WASP).  
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3.3.6. Mulitple Marker Imaging 

Samples were blocked as before and incubated overnight with rat anti-α- tubulin, rabbit 

anti-Stathmin 1 (1:200), and chicken anti-Vimentin (1:200) at 4°C in PBS-BB. Following washing, 

cells are incubated with TS1-conjugated goat anti-rat, TS2-conjugated goat anti-chicken, and TS3-

conjugated goat anti-rabbit at 10 µg/mL each in PBS-BB. All markers were activated 

simultaneously by adding 100 nM of each probe complex in TAE-BB. Erasing was performed 

overnight followed by incubation with 1 µM of each eraser complex in TAE-BB. Alexa647-

conjugated mouse anti-WASP (1:500) and FITC-conjugated mouse anti-Vinculin (1:500) were then 

incubated on the cells for two hours in PBS-BB. Cells were stained with DAPI and Phalloidin-532 

then washed. Images were taken between all reaction steps and aligned as before prior to being false 

colored and merged. 

STORM super-resolution images were taken on a custom microscope setup constructed by 

Edward Samson in our lab. Custom LabView and MATLAB scripts were written to control 

acquisition and visualize image. Rabbit anti-IQGAP1 antibodies were incubated with Alexa647-

conjugated DNA probes and then erased as above. Actin was imaged with Alexa647-conjugated 

phaloidin (Life Technologies). Tissue sections were stained with their respective antibodies and or 

DNA probes using a 10% dextran blocking buffer and peforming all reactions at 37°C. Images were 

then false colored to visualize all markers. 

 

 

3.4. Results and Discussion 

3.4.1. Labeling and erasing DNA-conjugated Abs that target 

microtubules by using dynamic DNA probes 

The present protein labeling and signal erasing procedure is outlined in Figure 3.1. The 

protein labeling reactions exploit “toehold domains” within dynamic DNA probes to initiate strand-
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displacement reactions between an ssDNA targeting strand (TS) that is conjugated directly to 

antibodies, and a probe complex (PC) that contains a quenched fluorophore. These reactions result 

in the formation of a fluorescently active reporting complex (IR) containing a single DNA duplexed 

domain. Similarly, a toehold within the reporting complex is used to initiate a second displacement 

reaction between IR and an eraser complex (E). This reaction disassembles the IR complex and 

renders its fluorophore- bearing strand inactive through the formation of a waste complex (W) that 

incorporates a quencher molecule. Consequently, the complete probe labeling/erasing cycle returns 

the Ab-conjugated TS oligonucleotide to its original ssDNA state.  

The ability to selectively stain endogenous proteins using dynamic DNA probes was first 

tested by labeling native microtubule filaments within fixed HeLa cells by using a primary Ab 

raised against a-tubulin and a secondary TS– Ab conjugate (Figure 3.2). The same reagents were 

also used to label microtubules that were counter-stained through the exogenous expression of 

mOrange–tubulin (Figure 7.2 in Appendix B). In the later case, the signals generated by the DNA 

probes colocalize and linearly correlate with the mOrange signals, thereby suggesting the probes 

react selectively and are dispersed evenly throughout the cells. Moreover, signal to background 

ratios were near- identical to those generated by standard dye-conjugated secondary antibodies, 

(varying between 10 :1 and 20 :1, Figure 3.2B; Figure 7.3 in the Appendix B). Importantly, these 

properties were also reproduced using multiple Ab conjugates with probe constructs possessing 

different nucleotide sequences (Figure 7.4 in Appendix B).  

 

3.4.2. Fidelity of epitope labelling using DNA-conjugated Antibody 

probes 

We next examined the staining equivalence of the dynamic DNA probes to standard 

labeling procedures with secondary Abs by using an array of primary Abs that recognize different 

proteins and localize to different cellular compartments (Figure 7.5 in Appendix B). In each case, 

the subcellular localization and punctate staining patterns for each marker are very similar to those 

produced with standard immunofluorescence staining procedures. Overall, the two methods are 

primarily distinguished by their ability to resolve fine structures within cell nuclei, since nonspecific 
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DNA-complex binding appears to influence the images within these regions of cells. Yet, these issues 

appear to simply require further optimization of DNA–antibody conjugation and cell passivation 

procedures to reduce non- specific DNA binding (Figure 7.6 in Appendix B).  

 

3.4.3. Robustness of erasing fluorescently signals of DNA-conjugated 

Antibody Probes 

Image intensity measurements after the erasing reaction, a key step in our procedure, 

indicate that strand-displacement reactions can also facilitate efficient removal of 

immunofluorescent signals from previously stained cells (Figure 3.2C). Here, the ON/OFF ratios 

between labeled microtubules before and after the erasing reaction (IR + E ! TS + W) ranged 

from 20.0:1–24.7:1. At this erasing level, residual signals are lower than or equal to measured root-

mean-square (RMS) fluctuations of background signals within the bare glass portions of the cell 

culture slides. In contrast, fluorescence intensities are largely unchanged in experiments where the 

cells were labeled using the same reaction conditions, but omitting the eraser complex (Figure 7.4 in 

Appendix B). Signal ratios for sequential images of the same cells varied from 1.36:1 to 1.64:1 in 

this case (Figure 3.2C).  

It should be noted that the present probe systems differ from prior designs, since the 

present complexes incorporate a dedicated quencher domain (qd) (35). The nucleotide sequence of 

this domain was conserved in each PC and E complex so that the same quencher strand can be 

employed for all labeling and erasing reactions. This modification was introduced to reduce the 

costs associated with purchasing multiple modified oligonucleotides. While this domain does not 

participate in the displacement reaction, it precludes the use of erasing reactions between three-

strand IR complexes and E based upon entropically driven circuit designs; such erasing reactions 

can proceed rapidly (18, 35). Furthermore, we found that including this domain influences abilities 

to erase fluorescent signals through a four-way branch migration mechanism depending on the type 

of dye molecule employed (Figure 7.7 in Appendix B). Our previous kinetic analyses showed this 

mechanism can yield increased in situ erasing reaction rates (35). However, the quencher domain 

(qd) appears to introduce steric constraints that limit the rates of the four-way branched migration 
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reactions, which are initiated owing to the use of internal toehold domains. Nevertheless, this issue 

was avoided by simply employing the two-strand E complexes depicted in Figure 3.1, which 

exchange strands through a three-way branched migration reaction, and by allowing the erasing 

reactions to proceed overnight. Faster erasing kinetics could likely be achieved by removing the 

conserved domains from the probe complexes.  

The low residual fluorescence signals that remain after the erasing reactions suggest this 

procedure allows different proteins within the same cells to be visualized by using subsequent 

staining rounds. To directly test this possibility, HeLa cell samples were incubated simultaneously 

with the rat α-tubulin Ab and a rabbit primary Ab that recognizes either 1) a light chain of kinesin 

(KLC4); or, 2) a histone H3 complex that localizes to the cell nucleus (Figure 3.3A). Each 

marker/antibody complex was outfitted with a unique TS strand using a DNA-conjugated 

secondary Ab (goat anti- mouse and goat anti-rabbit secondary Ab). The displacement reactions of 

two separate probe systems (PS1 and PS4, Table 7.3 in Appendix B) were then used to couple Cy5 

dye molecules to the microtubule networks, erase these signals, and then label the second marker 

sequentially (Figure 3.3A). Microtubule networks are clearly detected in each case, and the signals 

are erased efficiently upon incubation with E (ON/OFF > 15 :1). Moreover, residual signals were 

sufficiently low to facilitate a second round of immunofluorescence imaging. KLC4 and histone H3 

intensity profiles within images obtained after the second labeling reaction are nearly 

indistinguishable if these images are processed by subtracting their corresponding erased 

microtubule images or if they are background-corrected assuming a constant, spatially invariant 

background intensity signal (Figure 3.3B). Considering these low residual signals will also be 

affected by lamp intensity fluctuations and focal shifts during imaging, we conclude multiple 

markers can be inspected using sequential displacement reactions with minimal crosstalk between 

the signals produced by each reaction.  
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3.4.4. Multiplexing immunofluorescence using DNA-conjugated 

Antibody and Dynamic DNA probes 

We then examined the ability to implement multiplexed and reiterative imaging procedures 

to visualize multiple sets of markers within individual cells by using sequential rounds of 

fluorescence microscopy. Here, six different cytoskeletal- associated proteins (stathmin 1, vimentin, 

α-tubulin, Wiskott–Aldrich syndrome protein (WASP), F-actin, and vinculin) were imaged, three 

at a time, using the microscope ︎s red, green, and blue channels (Figure 3.3C). The first set of 

markers was detected using three different PC complexes to label DNA-conjugated Abs targeting 

stathmin 1, vimentin, and α-tubulin (Figure 3.3C; ON1). These signals were then erased 

simultaneously, thereby allowing the second set of markers to be detected using either dye-

conjugated primary antibodies (Alexa647-conjugated anti-WASP and FITC-conjugated anti-

vinculin), or with phalloidin-Alexa532 to stain actin filaments (Figure 3.3C, ON2). Cell nuclei were 

stained in each round using DAPI to register each set of images. Again, the signals obtained with 

the probe complexes reflect the spatial distributions of their protein targets that are obtained using 

conventional immunofluorescence staining methods. Importantly, the ability to erase marker signals 

and stain cells a second time by using conventional methods shows that strand displacement can 

not only be used to double the number of proteins that can be detected within a cell sample, but 

that the antigenicity of proteins targets within cells is also retained throughout these procedures. 

These results therefore illustrate the flexibility of this approach and suggest the novel detection 

modalities provided by dynamic DNA complexes can be integrated with various immunodetection 

technologies.  
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Figure 3.4 Extending multiplexed reiterative labeling to new imaging modlaies and 
complex sample types 

 

(A) MCF-10A were cells first stained for IQGAP1 using Alexa647-conjugated dynamic DNA probe 
(left), the fluorscent signal as removed with erasing strands and then actin (right) was imaged using 
Alexa647-phalloidin. Colors represent z-height. (Images taken by Edward Samson) (B) A nine 
marker image on paraffin-fixed mouse tissue xenograft section. Eight different antibody based 
markers are imaged with a combination of DNA-based probes and conventional dye-labeled 
antibodies. (Images taken by Nicholas Trenton) 
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3.4.5. Optimizing of conjugation chemistry for imaging with novel 

imaging modalities and more complex sample types 

Finally, we decided to implement and optimize a novel metal-free conjugation chemistry that could 

be used to extend the application of these dynamic DNA complexes to super-resolution microscopy 

and to reiteratively label tissue sections. Although, the existing Click chemistry process produced 

working conjugates (routinely with greater than 3 oligos per antibody, data not shown), it was 

hampered by inherent experimental procedures that resulted in low yield and compromised shelf life 

of functional conjugates. Firstly, the requirement to use a metal catalyst necessitated a column 

purification step after the Click reaction in which a significant amount of working conjugate was 

left on the column. This lead to purifying DNA-antibody conjugates at very low concentrations 

relative to normal antibody storage conditions. We suspect this was the primary cause of decrease 

in working shelf life, as these conjugates likely adsorbed to the walls of the microcentrifuge tube 

over time and further lowered the concentrations lead to the decrease in fluorescent signal level that 

we routinely observed.  

By moving to hydrazone-based conjugation we eliminated the low conjugate concentration 

problems, but also gained the ability to assay every step in the conjugation process. The schematic 

for this chemistry is outlined in Figure 7.9A in Appendix C. The antibody is first modified with a 

succinimidyl 6-hydrazoninonicotinate acetone hydrazine (S-HyNic) crosslinker to incorporate the 

desired number of HyNic-linker moieties on the ε-amino groups of lysines of the antibody. A 5’ 

amino-modified DNA oligonucleotide is then converted to a 4FB-modified oligonucleotide by using 

succinimidyl 4-formylbenzoate (S-4FB). The HyNic-modified antibody and excess 4FB-modified 

oligonucleotide are combined in the presence of aniline as a catalyst. The significant advantage of 

this conjugation technique is if sufficiently effective blocking buffers are used in downstream DNA 

labeling reactions then no purification is needed after the conjugation step. The excess unconjugated 

nucleotides likely preferentially adsorb to the tube wall serving as sacrificial agent and leading to 

the resulting prolonging of shelf life and functionality that we observed (data not shown). 

Additionally, as every step in this reaction scheme results a UV-traceable moiety we are able to 

analyze the yield of every step and quantify molar substitution ratio for every product. This results 

in much more reproducible and robustly performing DNA-antibody conjugates. An example SDS-
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PAGE gel of several conjugations peformed simultaneously is shown in Figure 7.9B and their 

corresponding MSR are listed in Figure 7.9C. We routinely obtain conjugates with 3-4 oligos per 

antibody. This chemistry only requires amine-modified oligonucleotides and not hexynyl-modified 

oligonucleotides like the previous method. As these amine modifications are four times cheaper than 

hexynyl modifications from IDT this significantly lowers the cost of producing individual 

conjugates. We anticipate this to be another enabling factor in using this labeling method to 

multiplex immunofluorescence.  

We demonstrated the performance of these new conjugates by multiplexing a novel super-resolution 

imaging technique, called STORM microscopy, in a single color channel.  This technique works by 

stochastically activating sparse sets of fluorophores in a single field of view. By taking images over 

time and averaging the localizations of fluorescent events in subsequent frames we can achieve sub 

diffraction-limited resolution. Figure 3.4A shows how a single dynamic DNA complex can be used 

to image the scaffold protein, IQGAP1 in the model mammary epithelial cell line, MCF-10A. This 

fluorescent signal is then removed with the appropriate erasing strand. Then actin is imaged with 

the standard phalloidin stain in the same color channel. We are able achieve a 25nm resolution 

laterally and 50nm axially. With this data, we were able to identify novel IQGAP1 behavior in the 

epithelial state. The round structures depicted in center of cells in Figure 3.4A are strongly 

correlated with the basal actin cortex and only present in the epithelial state. We are now actively 

investigating these structures and more is discussed in Chapter 5.  

Lastly, we showed that these new conjugates can be used in combination with standard dye-

conjugated secondary antibodies to perform multiplexed immunofluorescence on paraffin-fixed 

mouse xenograft-tissue sections. This is an extremely dense and complex sample in comparison to 

cultured cells. Figure 3.4B shows we are able to successfully delineate nine markers on this sample. 

This level of marker fidelity was achieved by a further optimizing of the incubation conditions, in 

collaboration with a lab at MD Anderson. Figure 7.9 shows how the addition of 10% dextran sulfate 

to the blocking buffer substantially improved the signal to background level. We are now working 

to the limitation of secondary antibody species crosstalk, by conjugating primary antibodies to truly 

extend multiplexing for immunofluorescence.  
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3.5. Conclusion 

In summary, we have demonstrated that dynamic DNA complexes can be employed to 

selectively activate and erase immunofluorescence signals within fixed cell samples. Provided that 

steric and kinetic constraints affecting their reactions are addressed, these probes can be used to at 

least double the number of markers that can be detected within individual cells through sequential 

rounds of fluorescence microscopy. This benefit could be further leveraged using hyperspectral 

imaging techniques by allowing additional proteins to be stained simultaneously in each imaging 

round. Furthermore, the displacement reactions incorporated into the present DNA probe systems 

constitute elementary components of various programmable chemical networks that have been 

designed to perform more complex detection functions (7, 32). Our analyses therefore suggest the 

chemical logic gates and amplifiers of these systems can be integrated with targeted 

immunostaining procedures to facilitate even more detailed, sophisticated, and sensitive spatially 

dependent analyses of protein pathways within individual cells. With further optimization of 

conjugation chemistry we were able to successful extend our DNA-based imaging probes to work 

with novel super-resolution imaging techniques and more complex sample type, namely xeno-grafted 

tissue sections. 
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Chapter 4 

Programming in situ immunofluorescence intensities through 
interchangeable reactions of dynamic DNA complexes  

4.1. Chapter Outline 

The regulation of antibody reporting intensities is critical to various in situ fluorescence 

imaging analyses. While such control is often necessary to visualize sparse molecular targets, the 

ability to tune marker intensities is also essential for highly multiplexed imaging strategies where 

marker reporting levels must be tuned to both optimize dynamic detection ranges and minimize 

crosstalk between different signals. Existing chemical amplification approaches generally lack such 

control. Here, we demonstrate that linear and branched DNA complexes can be designed to 

function as interchangeable building blocks that can be assembled into organized, fluorescence 

reporting complexes. We show that the ability to program DNA strand displacement reactions 

between these complexes offer new opportunities to deterministically tune the number of dyes that 

are coupled to individual antibodies in order to both increase and controllably balance marker levels 

within fixed cells. A major portion of this work was published in the journal ChemBioChem and 

most text of this chapter is taken from that article. This project was entirely my work, with the 

exception of the astute advise from my advisor. 
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4.2. Introduction  

The chemical amplification of molecular recognition events is critical to numerous in situ 

analyses of proteins, RNA and other biomolecular species within cells and tissues. Such capabilities 

are often necessary to extend the dynamic range of an imaging technique so that dilute molecular 

targets can be visualized within a specimen. Several enzymatic signal amplification strategies have 

been established that allow large numbers of active dye molecules to be localized to their primary 

target including tyramide signal amplification (TSA)(43, 44) and polymerase chain reaction-based 

methods such as rolling circle amplification (RCA)(45). Non-enzymatic amplification procedures 

based on the triggered polymerization of nucleic acid hairpin devices have also been developed 

explicitly for the in situ detection of mRNA targets (4, 13). Each of these methods offer high signal 

amplification gains and can be used to detect low level molecular species. However, they generally 

offer limited control over final amplification levels since they rely on chemical reactions that need to 

be timed and/or quenched in order to arrest the signal amplification process. Moreover, the rates of 

these chemical reactions likely depend on the local concentrations and chemical environment 

surrounding their primary targets, which can, in turn, lead to sample- and local context-dependent 

modulation of signal amplification rates and levels in different settings.  

In addition to increased detection sensitivities, a variety of molecular analyses stand to 

benefit from the development of convergent amplification strategies that can produce defined and 

uniform amplification gains that can be tuned predictively to regulate the marker reporting levels. 

Such capabilities are important for comparative analyses of marker levels within and across 

different biological samples since potential variability in protein staining can compromise abilities to 

assess functionally significant changes in marker levels. Furthermore, marker intensities must often 

be regulated for multiplexed molecular imaging strategies where multiple types of fluorescent 

reporting molecules are used to detect different molecular targets within a sample. The emission 

spectra of most fluorophores are relatively broad and exhibit a significant degree of spectral overlap. 

Since these properties can lead to appreciable bleed-through of target signals between a 

microscope’s spectral channels, the levels of multiple markers in multi-colour imaging assays must 

be balanced appropriately so that intense staining of one particular marker does not compromise 

abilities to distinguish the concentrations and localization patterns of other labelled markers. Such 
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control is especially important for multiplexed hyperspectral imaging methods that employ high-

resolution spectral detection systems and spectral deconvolution algorithms to separate signals 

originating from fluorophores that exhibit a large degree of spectral overlap (38, 46). These 

approaches require an even tighter balance of marker levels to both maximize the available dynamic 

range of a hyperspectral imaging system for each marker (47), and to ensure the detection of dilute 

species is not influenced by noise generated by spatially and spectrally overlapping signals stemming 

from more abundant species within a sample (47). These issues are typically addressed by diluting 

the recognition reagents of the more intense targets within a sample to achieve more equitable 

intensity distributions among each overlapping target (38). Although it would clearly be beneficial 

to balance maker intensities by amplifying the less intense signals, the lack of control over 

amplification levels provided by existing technologies generally limits their use in these applications.  

Herein, we explore whether a new class of dynamic DNA complexes can be harnessed to 

controllably regulate signal intensities within fixed cell samples. As opposed to typical hybridization 

probe technologies that that have been employed for mRNA detection and require the use of 

chemical denaturants to assist in target recognition (13, 48-50), these complexes are unique in that 

they react via a process called DNA strand displacement – the isothermal exchange of strands 

between different thermodynamically stable DNA complexes (12, 14, 18, 23, 29, 31, 35, 51). Insights 

into this mechanism has opened various new avenues to engineered DNA complexes that can 

operate as programmable amplifiers, logic gates, and molecular machines in solution (7, 52, 53). 

Recently, our group demonstrated that relatively simple dynamic DNA complexes can be designed 

to function as reconfigurable/erasable molecular imaging probes that can be used to image different 

sets of protein markers within the same cells through multiple sequential rounds of fluorescence 

microscopy (51). Importantly, these functions are facilitated by the high selectivity of the strand 

displacement process and the ability to perform strand displacement reactions at ambient 

temperature and with mild reaction buffers, conditions that are necessary to minimize perturbations 

in cell ultrastructure and marker integrity. In this report, we show that an analogous series of 

dynamic linear and branched DNA complexes can be designed to function as modular building 

blocks that can be used to program the assembly of organized immunofluorescent reporting 

complexes that possess discrete numbers of dyes. The resultant control over antibody intensities 
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therefore provides new abilities to both enhance marker signals within a sample and balance them 

appropriately for multiplex detection approaches.  

 

 

Figure 4.1 Self-assembly of organized immunofluorescent reporting complexes using 
modular dynamic DNA complexes  
 

 

Target proteins are outfitted with a ssDNA tag using a primary antibody (Ab) and a DNA-
conjugated secondary antibody. Strand displacement reactions are then performed to either (i) 
label the ssDNA tag directly with a linear, DNA probe complex that, in the present study, carries 
between 1 and 3 dye molecules, or to (ii and iii) build branched DNA complexes to increase the 
number of target sites for the linear probe’s displacement reactions. For simplicity, all reactions 
are shown using a linear probe possessing a single dye molecule and a quencher.  
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4.3. Material and Experimental Methods 

4.3.1. Material 

Oligonucleotides were purchased from Integrated DNA Technologies (IDT). Stathmin and 

microtubules were detected using polyclonal rabbit (ab20022, Abcam, Cambridge MA) and 

monoclonal mouse (clone DM1A, T6199, Sigma-Aldrich, St. Louis, MO) primary antibodies. 

Immunofluorescence signals were generated via secondary staining using goat anti-rabbit IgG 

(A10533 or A10520, Invitrogen) and AlexaFluor514-conjugated goat anti- mouse IgG (A31555, 

Invitrogen, Carlsbad, CA). The construction and preparation of the recombinant GFP-ZE proteins 

and ZR-ELS6-ssDNA polymers was conducted as previously described (17).  

 

4.3.2. Dynamic DNA Probe Construction 

DNA complex sequences were designed on a per-domain basis using previously described 

custom MATLAB script that generates and concatenates domains based on multiple criteria, 

including two-state hybridization energies, melting temperatures, strand concentrations, and salt 

concentrations as described previously (12, 35). Each complex was prepared by thermally annealing 

its strands in solution prior to its use in labelling experiments. The branched DNA complexes were 

annealed using a method described in reference 25. The four short strands (S) and four long (L) 

strands in these complexes were mixed in 1xTAE buffer with 12.5mM Mg2+ in a 5:4 (L:S) 

stoichiometric ratio; [L] = 20 µM. The strands were heated to 95°C for two min and then 

transferred to a 2 L water bath at 95°C. The water bath was then put in a polystyrene insulated 

container and cooled to 4°C over two days. Due to the size of the branched DNA complexes and the 

rigidity of such branched complexes (54-56), the complexes were purified using size exclusion 

chromatography as opposed to PAGE purification. Example results shown in Figure 7.14 in 

Appendix C. After the annealing reaction, 100 µl samples were purified at 4°C by FPLC using a 

Superdex 200 10/300 GL column and a PBS flow rate of 250µl/min. The relevant fractions 
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containing branched complexes were then concentrated by butanol extraction and ethanol 

precipitation, followed by drying on a centrifugal evaporator. The resultant structures were then 

examined by 7% non-denaturing PAGE analyses using SYBR-Gold staining (Invitrogen).  

Antibody-DNA conjugation was performed via copper catalyzed Click chemistry (51, 57). 

Briefly, antibodies were diluted to 1 mg/mL in PBS. 20ug of the secondary antibody (unlabelled 

goat anti-rabbit) was combined with 2.5 µL 1 M NaHCO3 and 2.5 µL NHS-(PEO)4-Azide (10 mM 

in anhydrous DMSO, Thermo Scientific). The reaction was incubated at room temperature for 45 

minutes. The azide-functionalized antibody was then purified by gel filtration using a Tris-buffered 

Bio-Spin 30 column (Bio-Rad Laboratories Inc, Hercules, CA). A hexynyl-modified DNA target 

strand was then coupled to the functionalized antibody using a Click-It Reaction Buffer Kit 

(Invitrogen).  

 

4.3.3. Protein Labelling 

HeLa cells were cultured on glass coverslips in DMEM Glutamax media (Invitrogen) 

supplemented with 10% FBS. For GFP-based experiments cells were transiently transfected at 50% 

confluency with a vector containing the GFP-ZE construct using Fugene HD (Roche Applied 

Science, Mannheim, Germany) per the manufacture’s protocol. After 24 hours, the cells were 

washed twice with PBS at 37°C and then fixed with freshly prepared 4% paraformaldehyde in PBS 

at 37°C followed by two additional washes with PBS. The fixation reaction was then quenched after 

30 minutes using 1mg/ml NaBH4 in PBS for 10min at room temperature. The cells where then 

washed twice in PBS and permeablized using 0.2% Trition X-100 in PBS. The cells were then 

washed again in PBS and stored overnight in PBS with 0.02% NaN3.  

Prior to cell labelling, coverslips were rinsed in Milli-Q water, dried under an airstream, 

and attached to custom-fabricated micro-well chambers (10-round wells with 0.36cm2 culture and 

culture volume of 400µl). The samples were blocked using a solution containing 1% BSA, 5mg/ml 

Herring Sperm DNA and 0.5µM polyT DNA and 1% Dextran Sulfate in 1x PBS. 1x TAE with 

12.5mM Mg2+ to prevent non-specific adhesion of the antibodies and DNA probes. These reagents 

were also present in the solutions during the strand displacement reactions. The linear labelled 
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probes were reacted for 2 hrs and then washed three times in 1x TAE for 10 min. Cells were then 

reacted with the branched DNA complexes [200 µM] 4 hours at 30°C and then washed overnight at 

4°C in 1xTAE with agitation.  

 

4.3.4. Microscopy and image analyses 

Epi-fluorescent images were collected using an inverted Nikon TiE microscope using either 

a 40× 0.95 NA objective or with a 60× 1.4 NA oil immersion objective and a 14-bit EMCCD 

camera (LucaR; Andor). Images were processed using a combination of Nikon (NIS-Elements) and 

ImageJ software. Epi-fluorescence images were background subtracted to account for camera dark 

noise and non-specific labelling, and bleed-through between fluorescent channels. Amplification 

rations were determined by measuring the cytoplasmic intensities of approximately 30 different cells 

for each probe complex and experiment.  

32 channel, Hyperspectral images were collected using an inverted Nikon A1 laser scanning 

confocal microscope fitted with a 60x 1.4 NA oil immersion objective and a 12-bit spectral detector. 

The dyes were excited using a 514nm laser. 2048×2048 pixel images were collected using a pinhole 

size of 1.0 airy units. Reference spectra were collected by examining the emission responses of each 

antibody and DNA-antibody probe complex individually at the same laser intensities and detector 

gains employed for the spectral unmixing experiments. The mixed spectra were deconvolved using 

NIS-Elements software functions.  
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Figure 4.2 Regulating protein reporting intensities via the assembly of linear and 
branched DNA complexes  
 

 

 

(A) Representative images of GFP expressing cells that are labeled through sequential 
displacement reactions that produce organized reporting complexes containing between 1 and 9 
dyes. The number of reactions employed, labeling site/branches and dyes in a complex are 
indicated using the notation: P(i,j,k). All images were collected using the same exposure 
conditions and are contrasted identically. The inset shows maximum contrast for each image. 
Scale bar indicates 20 µm. (B) Correlations between average DNA-probe and GFP intensities. 
Each plot shows the average intensities of the cytoplasmic regions of 30 cells. The lines through 
the data indicate least square fits to the data (R2 ranges from 0.88– 0.94). (C) Comparisons of 
theoretical and measured amplification ratios for the reporting complexes analyzed in B. 
Theoretical amplification ratios indicate the maximum number dyes that can be integrated into a 
complex. Experimental ratios are determined by dividing the slopes from the fits in B by the slope 
obtained using a linear complex containing a single dye: the P(1,1,1) complex. (D) Plots of mean 
background labeling intensities subtracted by dark noise and determined from intensity analyses 
within the cytoplasmic regions of approximately 30 non-GFP-expressing cells. Error bars indicate 
standard deviation of the means in C and D.  
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4.4. Results and Discussion 

 

4.4.1. Proportional regulation of protein reporting intensities 

The present dynamic DNA complexes were designed so that they can be used 

interchangeably to both generate structurally-organized, dendritic reporting complexes that possess 

different number of branches and to control the number of dye molecules coupled to each branch. 

The self-assembly of these complexes into immunofluorescent reporting complexes via strand-

displacement is illustrated in Figure 4.1. DNA sequences and descriptions of domain structures for 

each complex are provided in the Appendix C (Figure 7.10 and Table 7.4). Reporting complexes are 

generated using three different modular components: a ssDNA-conjugated antibody (DNA-Ab) to 

facilitate protein recognition, multi-stranded and branched DNA complexes that add additional 

DNA appendages to the antibody-conjugate, and a linear, labeling DNA complexes that outfit each 

terminal branch of a complex with fluorescent dye molecules. The branched and linear complexes 

are both designed to react with one another via strand displacement processes that are analogous to 

those described previously (35, 51). The reactive domains within each complex are specified so that 

they can be used interchangeably to generate different sized DNA reporting complexes and to 

control the total number of dyes that are coupled to their protein target. For example, signal 

intensities can be varied in a single stage reaction between a DNA-Ab conjugate and a linear probe 

that carries different numbers of dyes. Alternatively, the number of labeling sites per antibody can 

be increased via sequential displacement reactions that produce a single or multi-generation 

dendrimers whose terminal branches can be outfitted with dyes.  

We first tested whether structurally-organized fluorescent reporting complexes can be 

assembled in situ robustly enough to allow individually antibody intensities to be set to a fixed level 

based on the maximum number of dyes that can be integrated into a complex. To do so, we chose 

to label an exogenously-expressed, GFP-leucine zipper construct (GFP-ZE) within HeLa cells that 

were fixed and permeablized. The GFP-ZE proteins were coupled to a ssDNA oligonucleotide using 

an artificial protein polymer (ZR-ELS6-ssDNA) that associates tightly with this ZE tag through the 

formation of a heterodimeric leucine zipper complex (KD = 10−15 M) (16, 17). Importantly, these 
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polymers can be used to label expressed proteins uniformly with a single ssDNA while producing 

minimal background labeling (12). These features therefore allow the GFP proteins to serve as 

internal fluorescent standards for comparisons of reporting complex intensities across experiments 

where the expected number of branches and dyes within a complex are tuned.  

Representative fluorescence images of GFP-expressing cells that were labeled with different 

numbers of dye molecules are shown in Figure 4.2A. In each of these experiments, dyes were 

coupled to the reporting complex using a linear probes that carry a single Cy3 molecule according 

to reactions depicted in Figure 4.1. The number of dyes per GFP target was modulated by either 

labelling their ssDNA-tags directly or by coupling a single or multiple branched DNA complexes to 

their ZR-ELS6-ssDNA polymers in sequential displacement reactions and then labelling the terminal 

sites of the reporting complex using a linear probe. The expected number of reactions required to 

build a structure and the number branches and dyes per GFP protein are indicated in each panel 

using the notation: P(# displacement reactions, # branches, # dyes). For example, the largest 

reporting complex in Figure 4.1(iii), which is formed through 3 displacement reactions, has 9 

branches and a single dye on each branch, is designated as P(3,9,9).  

The images in Figure 4.2A show HeLa cells that possessed comparable GFP expression 

levels and are contrasted identically. The resultant Cy3 intensities of in these cells clearly increase 

as the expected number of dyes in a complex increases. Moreover, nuclear staining (Figure S2) and 

the images in Figure 4.2A show HeLa cells that possessed comparable GFP expression levels and 

are contrasted identically. The resultant Cy3 intensities of these cells clearly increase as the 

expected number of dyes in a complex increases. Moreover, nuclear (Figure 7.11) and cytoplasmic 

(Figure 4.2) staining patterns match those of the GFP image closely in each case, indicating that 

the linear and branched probes can both be dispersed and react uniformly throughout the cell 

volume. Average DNA-probe signals within the cytoplasm of cells were also found to correlate 

linearly with their GFP expression level for a range of complex structures that are assembled using 

different combinations of probes and reaction sequences as shown in Figure 4.2B. When normalized 

against reactions that couple a single dye per GFP target (i.e., reactions yielding P(1,1,1) 

reporters), the slopes of these trends obtained from linear regression fits were found to increase 

proportionally according to the maximum possible number of the dyes that can be integrated into a 

complex (Figure 4.2C). Importantly, this response, which we define as a reporting complex’s 
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amplification ratio, was very similar for reporting complexes containing the same number of dyes 

regardless of whether they were formed through a single, or multiple sequential displacement 

reactions (e.g., for the P(3,9,9) and P(2,3,9) complexes). Moreover, background Cy3 intensities 

within untransfected cells were hardly distinguishable over the root-mean-square intensities of 

cellular autofluorescence and were largely independent of the reaction scheme employed (Figure 

4.2D).  

The close agreement between the predicted and measured amplification ratios in Figure 

4.2C suggest that stand displacement can be used to assemble fluorescence reporting complexes 

containing predefined numbers of dye molecules in high synthetic yield within fixed cells. 

Furthermore, analyses of background intensities suggest this mechanism can be employed to 

enhance protein target signal intensities without significant compromises to the single-to- 

background ratios. Given these responses, one may expect that amplification ratios exceeding 9 

could also be achieved, for example, by assembling a branched complex in two linear DNA complex 

possessing multiple molecules on an accessory domain. Multiple copies of dyes were introduced into 

the present labeling probes by appending an additional domain that increases their total length by 

18 bp (Figure 7.10). Although this approach was chosen to avoid interference within a complex’s 

reactive domain, we found that these probes tended to produce Cy3 intensities that were very 

similar to those found for the P(3,9,9) case, indicating only 1.5 branches of this complex is labeled 

on average (Figure 7.12). We believe this result indicates that there may be an upper limit to the 

size of a branched reporting complex that can be formed in situ, at least given the fixation 

conditions employed in the present experiments due to the steric restrictions inside fixed cells. 

Assuming the branched complexes adopt a tetrahedral geometry, a P(3,9,9) reporting complex is 

expected to have a effective radius of approximately stages to generate a reporter with 9 terminal 

branches, similarly to the P(3,9,9) complex, and then labeling each branch using a 63 nm 

(Appendix C; Figure 7.12). Consequently, the displacement reactions used to couple multiple dyes 

per branch will increase a complex’s total size by approximately 6 nm. Considering these probes are 

shown to be capable of labeling smaller P(2,3,9) branched reporting complexes much more 

effectively, these results suggest the crowded environment of cells introduces steric constraints that 

may limit the total size of a complex that can be assembled completely in situ. Nevertheless, 

regardless of the source of this constraint, we still expect that incorporating additional dyes in to 
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the branched complexes as well as within other positions of linear probes in a way that does not 

increase their total size or interrupt the strand displacement processes can still attain higher 

amplification ratios approaching at least 20.  
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Figure 4.3 Discretely increasing amplification ratio on stathmin target.  

 

(A) Images of Cy3-labelled probes systems (P(1,1,1), P(2,3,3), P(2,1,9) with amplification ratios 
of 1×,3×, 9× respectively). Equally contrasted images in the top row are taken at same imaging 
conditions and show similar discrete increases in amplification ratio as per Figure 2. The same 
images are contrasted individually in the bottom row and indicate extent of labeling for each 
probe system. Scale bar indicates 20 µm. (B) Comparison of experimental observed amplification 
ratios on modular probes targeting antibodies. Cytoplasmic regions of approximately 10 cells were 
taken at the same conditions for each probe system. Error bars indicate standard deviation of 
fluorescent signal. Fluorescent intensities were background subtracted with the mean fluorescent 
response from approximately 30 regions with no cells. (C) Singnal to Background ratios of 
modular DNA probe systems targeting antibodies. Error bars indicate standard deviation of true 
signal to standard deviation of background. (D) Background labeling of modular DNA probe 
systems targeting antibodies. GSU corresponds to grey scale units measured using a 14 bit camera. 
Error bars indicate standard deviations of background fluorescent labeling.  
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4.4.2. Regulated immunofluorescent protein intensities 

We next examined whether similar control over fluorescence reporting intensities can be 

achieved using DNA-conjugated antibodies to detect endogenously expressed proteins (Figure 4.3). 

In these experiments, a primary antibody and a DNA-conjugated secondary antibody were used to 

couple ssDNA tags to stathmin, a microtubule regulatory protein. DNA strand displacement 

reactions were then performed to assemble reporting complexes possessing between 1 and 9 dyes. 

Epifluorescent control images shown are shown in Figure 7.13. Complexes containing 3 and 9 dye 

molecules were generated using linear labeling probes possessing 1 or 3 dye molecules by reacting 

with single branched DNA complex that had already been reacted to the DNA-Ab conjugates. As 

was found for the GFP targets, stathmin intensities in the resultant images clearly reflect the 

number of dye molecules integrated into the complexes (Figure 4.3A). Moreover, each labeling 

approach is found to reproduce the cytoplasmic distributions and punctate staining patterns that 

were observed in prior studies that employed the same primary antibody and both similar linear 

DNA probe complexes as well as standard dye-conjugated secondary antibodies (51).  

Analogously to the GFP-labelling analyses, immunofluorescence amplification ratios were 

determined by normalizing the average signal levels within cells for each reporting complex to those 

produced by labeling the secondary DNA-Ab conjugate via a displacement reaction with a linear 

duplex possessing a single dye molecule (Figure 4.3B). Again, the amplification ratio for each 

reporting complex scaled proportionally according to the maximum number of dyes that can be 

integrated into a complex. Signal to Background ratio increased with increasing amplification ratio 

(Figure 4.3C). Background levels were similar to those produced in the GFP labeling experiments 

and were not found to increase appreciably with increasing numbers of dyes (Figure 4.3D). As is 

indicated visually by increasing intensities in the fluorescence images, these trends persist despite 

the combination of punctuate and diffuse staining patterns found in cells, indicating that the 

amplification gains are nearly equivalent for both of these features. Moreover, the amplification 

gains come with improved signal-to-background ratios. These results therefore show that strand 

displacement mechanism can be harnessed to assemble different forms of organized 

immunofluorescent reporting complexes within fixed cells in high yield, thus, allowing antibody 

intensity levels to be controllably and discretely modulated by design.  
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Figure 4.4 Balancing marker levels within a sample to improve the unmixing of signals 
in hyperspectral image analyses.  
 

 

 

 

(A) Images of microtubules and stathmin proteins where their signals were unbalanced (top) and 
imbalanced (bottom) by assembling organized DNA reporting complexes possessing 1 and 9 Cy3 
dye molecules respectively. Microtubules signals were labeled with Alexa514 conjugated antibodies 
as describe in the text. Spectrally mixed, unmixed and merged, and unmixed and separated 
images are provided for each experiment. Scale bars are 20 µm. (B and C) Spectral responses of 
pixels within cells for cases where the stathmin and microtubule signals were unbalanced (B) and 
balanced (C).  
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4.4.3. Balancing immunofluorescence intensities for spectral 

deconvolution analyses  

We next evaluated whether the ability to regulate immunofluorescent intensities of proteins 

can be used to balance marker levels within a cell sample for hyperspectral imaging analyses. For 

these experiments, we chose to image stathmin and microtubules since they overlap spatially within 

cells, but exhibit characteristically different localization patterns. The intensities of the stathmin 

proteins were regulated using the Cy3-bearing, dynamic DNA-complexes described above. The 

microtubules were imaged using a primary antibody raised against tubulin and secondary antibodies 

that were conjugated directly with Alexa514 fluorophores. The combined emission spectra of the 

Alexa514 and Cy3 dyes were measured using 32 spectral channels that were separated by 2.5 nm 

over a range of 532–610 nm. The intensities of microtubules, which stain much brighter than 

stathmin, were adjusted based on epi-fluorescence analyses to produce a ~9/1 microtubule/stathmin 

labeling ratio for the case where a single Cy3 dye is coupled to stathmin (via a P(1,1,1) reporting 

complex). The combined and deconvolved spectral responses of pixels within labeled cells were then 

compared for cases where the stathmin was labeled with 1 or 9 dye molecules.  

Representative confocal images of stathmin proteins and microtubules are shown in Figure 

4 where their signals are displayed as spectrally mixed (raw data) and unmixed (spectrally 

deconvolved). When the DNA reporting complexes integrated a single dye, stathmin proteins were 

barely detectable within mixed images since they are overwhelmed by the Alexa514-labeled 

microtubules (Figure 4.4A; top panel), a problem we found persists for various laser excitation 

intensities and detector gains. This imbalance in signal levels is also reflected in the combined and 

unmixed spectra for each dye type. The composite spectral fit produced by the linear deconvolution 

algorithm displays reasonable agreement with the raw spectral data (Figure 4.4B and Figure 4.4C). 

Yet, despite this agreement, microtubule filaments and filament structures such as microtubule 

organization centers can be clearly detected in the unmixed ‘Cy3/stathmin’ images where the 

signals are presumably only derived from the Cy3 dyes. This response can be attributed to the 

dominance of the microtubule signals in the sample. With this condition, small errors in the spectral 

fitting procedures can still result in an appreciable misallocation of Alexa514/microtubule intensities 

into the stathmin image since these contributions constitute a significant proportion of the total 
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spectral signal generated by stathmin. In contrast, unmixed images, as well as pixel spectra, for the 

case where the stathmin proteins were labeled with 9 Cy3 dyes clearly display much more balanced 

microtubule and stathmin signal levels (Figure 4.4A; bottom panel, and Figure 4.4C). In this case, 

microtubule features are not found in the unmixed stathmin images, which, instead, exhibit nearly 

indistinguishable localization patterns to those of control experiments where only the stathmin 

proteins are labeled (Appendix C; Figure 7.13).  

 

4.5. Conclusion 

We have demonstrated that dynamic DNA complexes can function as interchangeable 

building blocks that can be assembled into organized fluorescent reporting complexes that are 

selectively tethered to proteins and possess defined number of dye molecules. Such control provided 

new abilities to set antibody reporting intensities to predetermined levels within fixed cells. While 

this capability is generically useful for quantitative and comparative in situ analyses of protein 

levels and states within and among different cells and tissues, the ability to regulate protein 

reporting intensities has significant utility for multiplexed protein analyses that employ 

hyperspectral imaging and spectral deconvolution procedures. These methods typically employ 

relatively low bit-depth detectors, and, thus, intrinsically offer a limited dynamic range for protein 

detection. This limitation is only exacerbated when multiple dyes possessing a significant degree of 

spectral overlap are employed for marker detection. In these cases, the levels of each marker must 

be balanced evenly to maximize the dynamic range of detection available for each markers and to 

minimize the extent to which protein signals are misallocated by spectral deconvolution algorithms. 

Such conditions are typically configured by purely reducing the extent to which more abundant and 

intense markers are labeled. However, the present approach offers new opportunities to balance by 

increasing the signal intensities of low-level markers, and, hence, can selectively relieve the 

constraints where the least intense markers in a sample determine the detection sensitivities for the 

remaining markers examined within a same sample.  
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Finally, the DNA strand displacement reactions used to assemble the present reporting 

complexes are similar to those employed in dynamic DNA complexes we have previously developed 

to function as reconfigurable/erasable molecular imaging probes (12, 35, 51). Consequently, it 

should be possible to use these complexes to adaptively regulate protein intensities for multiple 

sequential analyses of different protein targets within a sample, or to preliminarily survey and then 

readjust marker reporting levels to achieve a more optimal balance of marker intensities, a 

capability that has particular utility for examining patient samples where staining levels cannot 

necessarily be predictively predetermined. In this way, these types of dynamic DNA systems offer 

new abilities to both increase the accuracy and reliability of in situ immunofluorescence imaging 

approaches, as well as the complexity of the molecular analyses that can be performed using these 

techniques.  
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Chapter 5 

Developing multi-gene systems to probe the role of IQGAP1 
in epithelial cells 

5.1. Chapter outline  

 

Epithelial cells undergo complex cellular transitions that are highly dependent on the 

spatial control of intracellular signaling events. The localization and state of key scaffold proteins is 

crucial in driving dynamics that control an intricate cascade of cellular events over many timescales 

from changes in adhesion junctions and cytoskeletal architecture to changes in regulatory pathways 

that control proliferation and differentiation. Moreover, the development of methods to robustly 

and controllably regulate these scaffold proteins are important to gaining control and understanding 

over many other eukaryotic cell functions. Herein, we describe methods that incorporate novel 

genome engineering techniques from mammalian synthetic biology. We use these techniques to 

create gene-circuits that sense and control intracellular scaffold protein levels via the stable 

incorporation of multi-gene systems into epithelial cell lines to enable multiplexed spatial analyses 

in live cells. We demonstrate the development of a flexible modular vector construction method, 

and use this to design and assemble a multi-gene system that regulates the intracellular expression 

level of the scaffold protein, IQGAP1, and simultaneously visualizes the actin cytoskeleton. We 
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then demonstrate how these multi-gene systems can be integrated stably into mammalian cells 

using a novel integration method. This procedure can be adapted to examine functional 

relationships among multiple interacting regulatory proteins that influence cytoskeletal architecture, 

cell morphology and cell-cell adhesion. In summary, these methods offer opportunities to dissect 

fundamental dynamic responses of coupled macromolecular systems and characterize their collective 

response to specific regulatory factors and perturbations. 

Although the design and implementation of our approach was a collaborative endeavor in 

our lab, I established most of the infrastructure to design, assemble, and finally integrate these 

multi-gene systems into mammalian cells. This ranged from designing individual sequence 

components, cloning all of the core vectors, creating the landing pad cell lines, and implementing 

nucleofection amongst others. 

 

5.2. Introduction and Background 

5.2.1. Developing multi-gene systems in mammalian cells 

The ability to simply and robustly introduce multiple genes with minimal perturbation into 

multiple mammalian cell types will be key to understanding complex cellular mechanisms (58-61), 

as well as a multitude of applications in biotechnology (62), gene therapy (63), systems/synthetic 

biology (64). The two main mechanistic perturbations will be to 1) multiplex the sensing of various 

phenotypic outputs, by fusing fluorescent proteins to relevant components of cellular pathways; 2) 

multiplex the control of input components into these pathways. Such methods are expected to 

accelerate the design of precision therapeutics (63, 65-69), and help implement novel biological 

functions (64, 70, 71). However, due to the difficulty in robust and precisely engineering genomes, 

let alone predicting their outputs the reprogramming of mammalian genomes remains a significant 

challenge (65).  

Existing methods that insert multiple genes in a controlled manner have serious limitations. 

For example, genome engineering using viruses, endogenous transposons occurs at random 
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integration sites with unknown global consequences for the cell (72). The lack of control over site-

specific integration (73), copy number (74, 75) and the orientation of the genomic insertion (76-79) 

contribute to decreasing the robustness and stability of the resulting expressed proteins. Moreover, 

such methods are limited by size of inserts and their ability to withstand chromatin-mediated 

silencing (80).  

Recently, a new class of methods has emerged that has begun to address some of these 

problems. Approaches that use the targeted integration of foreign DNA into a specific genomic safe 

harbor site (72). These GSH sites are regions of the genome that 1) readily allow for integration of 

large DNA constructs without adverse outcomes for the host organism or cell, 2) provide 

predictable expression of inserted genes to a desired yield that is stable and robust, 3) don’t alter 

basic cellular functions in any detectable way besides those intended by the insertion. The three 

fundamentals methods to target DNA insertion into such loci make use of engineered nucleases. 

Zinc-finger DNA binding proteins have been fused with the FokI nuclease to target the AAVS1 

locus (81), a canonical GSH site in the human genome. TALEN-based nuclease fusions have also 

been used to target the same locus (82). Lastly, the CRIPSR-Cas9 system has also been engineered 

to target this locus in mammalian cells (83). 

All of the above methods uses nucleases that introduce either double-stranded breaks (81, 

84) or nicks (85) that induced homologous recombination (HR) or non-homologous end-joining 

(NHEJ) at these locations (86). NHEJ mediates indel formation, and is thus used for generating 

stable knockout, while HR provides a route to precise genome editing (87). However, HR has 

several disadvantages. It occurs spontaneously and is inherently inefficient as it only occurs when 

cells during mitosis (88). HR is size-sensitive and requires significant homology arms (89). Therefore 

every time HR is performed it is a relatively laborious process. Moreover the frequency of induced 

HR is primarily controlled by the specificity of double-stranded breaks induced by the relevant 

nucleases. Additionally, creating double-stranded breaks or nicks at off-target sites can induce off-

target recombination and cellular toxicity amongst other undesirable effects (90, 91) and head-to-

tail concatemer integration (92). Research into the off-target effects of CRISPR-Cas9 is currently a 

high priority, as measured by the number of publications focusing on this topic (93-96). This is 

primarily because it requires relatively simple molecular biology tools to retarget the nuclease to a 
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different genomic site (97). Retargeting of HR requires the generating of new homology arms and is 

therefore more laborious.  

Therefore anytime a different cell line is targeted or different set of genes are inserted using 

nuclease-mediated HR this requires that the insertion site be verified due to the high-frequency of 

off-target and multi-copy integrations (98). To minimize these issues as well as the effect of 

pleiotropy it is critical to be able to study the function of genes that have been integrated into the 

exactly the same location under the same genomic context (92). Recently, this need has led to 

development of integration methods that incorporate genomic “landing pads” (99-102). These often 

utilize site-specific integrases that have minimal off-target effects (103, 104). Such genomic 

insertions are performed with significant stringency (105-108) and have been used for insertion 

greater than 100 kbp in size (109). More traditional genome integration methods, such as those that 

use Cre-lox recombinase (a tyrosine recombinase) (79) or PiggyBac transposase, are tyrosine 

recombinases and have limited utility because they target multiple canonical integration sites and 

therefore cannot the control copy number of integration. Correspondingly, the Flp-FRT system, 

also a tyrosine recombinase, was developed to target non-canonical FRT sites. However, the Flp 

recombinase-mediated integration is reversible and not directional (110, 111). These factors 

contribute to an extremely low integration efficiency (100). Another category of enzyme-mediated 

integration has recently been discovered. Phage-related serine integrases, such as Bxb1 and phiC31, 

undergo irreversible integration at small recognition sites dubbed attP and attB sites respectively 

(107, 112, 113). However, these att sites are not present in mammalian genomes and therefore must 

be inserted by previous HR-mediated methods.  

Genomic landing pads are engineered chromosomal sites that carry these non-canonical 

integration sites, and can therefore be targeted site-specifically using the serine-integrases. Stable 

gene integration has been demonstrated using both single (99, 100, 114) and dual integrase methods  

with high efficiency, into many mammalian cell lines (104). The Dual-Integrase Cassette Exchange 

(DICE) method offers many advantages for only a slight increase complexity. The genomic cassette 

carries two orthogonal attP sites specific for the phiC31 and Bxb1 integrase. The desired genomic 

insert is “exchanged” into the landing pad by co-expressing the two the phiC31 and Bxb1 

integrases. This results in irreversible, unidirectional single insertion of the cassette without any 
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components of the plasmid backbone. Single-integrase methods (99, 100) result in carryover of such 

bacterial machinery from the integrating the plasmid backbone as a necessary step. Such bacterial 

sequences have been reported to be toxic or deleterious to mammalian cells(115).  

Then, to address the need for inserting large genetic circuits that contain multiple genes or 

multiple transcription units (TU), modular vector construction approaches have been developed 

(99, 101). These methods utilize the sequence barcoding technique from next-gen sequencing (116) 

to create modular vectors that are assembled using modern cloning methods. The primary example 

being, the method developed by Gibson et al (2009) (117), which has demonstrated the ability to 

construct large DNA molecules up to a megabase (117-119). However, the construction of smaller 

vectors (<50kb) that incorporate multiple mammalian TU is still challenging because of the 

frequent need for long repetitive sequences. These sequences such as mammalian promoters and 

polyadenylation sequences can undergo recombination in the cloning strain if placed too close 

together or not under an appropriate origin of replication (120, 121). Additionally, domains from 

the chicken β-globin HS4 element have been used as genomic “insulators” (99, 100, 102). These 

insulators are sequences that act to block the extension of condensed chromatin states into 

downstream sequence elements that are transcriptionally active (80, 122, 123). Specific sequence 

elements in these insulator domains bind the protein CTCF at multiple sites to create DNA loop 

domains (124).  Such DNA loops, are thought to prevent the interaction of distal enhancer elements 

with promoters when placed between TU’s (80), thereby isolating individual TU’s from neighboring 

transgene elements. Hence, robust and reliable insertion in the same genomic location, the same 

orientation, and without any unwanted sequences, and properly insulated is the only way to 

faithfully compare transgene expression in an identical genomic context.  

Lastly, the control of intracellular protein levels in commonly controlled using repressor-

based gene expression systems (125). Many such systems have previously been shown to functional 

in mammalian cells and are available commercially. The most widely used of these system is the 

Tet-ON/OFF that is induced by the macrolide antibiotic, doxycycline (126). Other systems utilize a 

diverse array of small molecules to switch on or switch of transcriptional repressors, such as cumate 

(127), IPTG (128) and estrogen (129). These induction methods have also been applied to 

conditional silence mammalian genes via inducible short hairpin RNA (shRNA) (130). However, 

these systems typically have sigmoidal dose-response curves and thus highly variable gene 
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expression levels at medium levels of induction (131). Our collaborators in the Balaszi Lab have 

developed a novel gene circuit that uses a negative feedback loop to “linearize” inducible gene 

expression (132). This circuit functions by repressing its own repressor as well as the gene of 

interest and is thought to lead to a linear dependence of gene expression upon inducer levels and 

more uniform gene expression across cell populations (133). Multi-gene circuits composing many 

inducible gene expression systems have previously been demonstrated (99, 100). However, these 

systems have only been used to control the expression level of multiple cytoplasmic fluorescent 

proteins and haven’t been incorporated with other cellular proteins to enable to the study of 

functional relationships between many proteins in a multiplexed fashion.  

 

5.2.2. IQGAP1 and its role in regulating the cytoskeleton in epithelial 

cells  

IQGAP1 is a multi-domain scaffolding protein that integrates many signaling inputs related 

to mitogenic signaling cascades and simultaneously coordinates the reorganization of the 

cytoskeleton (134), it therefore serves as a great test-bed to develop and demonstrate our approach 

to multi-gene systems. The following is a review of IQGAP1 biology, cytoskeletal labeling and 

related recent work completed in our lab. IQGAP1 is known to associate with more than 30 

proteins involved in various stages of signaling cascades and cytoskeletal regulation (135). Current 

evidence indicates that IQGAP1 serves as a master regulator, by being a node to integrate may 

receptor signals and diversifying these signals to multiple outputs (135). IQGAP1 is the most 

ubiquitously expressed homolog from the class of multi-domain IQGAP proteins (136). IQGAP1 is a 

190kDa protein and was the first of the IQGAPs to be discovered in 1994 and is the most studied 

homolog. The IQGAP1 name is derived from two of its domains; the four repeating IQ motifs and 

the C-terminal catalytic domain that has sequence similarity to the Ras-GAP family of molecular 

switches (137). Please refer to Figure 5.1A for the structural domains of IQGAP1 and their typical 

binding partners. The multiple domains of IQGAP1 mediate the association of IQGAP1 with a 

multitude of proteins. Binding to IQGAP1 modulates the functions of these interacting proteins and 

results in changes to many cellular behaviors. IQGAP1 acts through the MAP kinase pathways to 
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effect mitogenic signaling cascades that are strongly implicated in tumorigenesis and it also acts 

through small GTPase mediated interactions to regulate the cytoskeleton. IQGAP1 integrates the 

signals of a diverse group of receptors, such as EGFR, VEGFR2, CD44 (134, 135), via the second 

messengers PKC and Ca2+ (138). IQGAP1 interacts with EGFR and acts as a calcium-controlled 

scaffold in the B-Raf/MEK/ERK phosphorylation cascade of the MAP kinase pathway (139). 

EGFR-mediated signaling controls cellular proliferations and has an established role in 

carcinogenesis (135). IQGAP1 also maintains GTP-activated Rac1 and Cdc42 at the E-cadherin 

complex controlling cell-cell adhesion (140). Additionally, IQGAP1 directly tethers and polymerizes 

actin filaments and through other effectors (APC and CLIP-170) stabilizes microtubules at these 

cadherin-mediated cell-cell adhesion sites. Silencing of IQGAP1 has been shown to affect cell 

motility (141) and cancer invasiveness (142). Thus, IQGAP1 plays a crucial role in cell-cell 

adhesion, cell polarization and directional cell migration by linking Rho-family GTPases with the 

actin cytoskeleton and microtubules(143) and is additionally implicated in the epithelial-

mesenchymal transition (EMT) (144). IQGAP1 has been examined in many cell lines (134) but 

differences in IQGAP1 expression in tumorigenic and non-tumorigenic have been of particular 

interest (145, 146). Of particular interest IQGAP1’s interaction with actin has recently been 

implicated in bacterial pathogenesis(147) and the regulation of tight junction formation and mitotic 

spindle orientation in epithelial cells (148, 149).  

Given that IQGAP1 is at the nexus of signaling and morphogenic changes in epithelial 

cells, we aim to use it as a test bed to develop and demonstrate our capability to engineer multi-

gene systems relevant to cytoskeletal regulation in these cells. IQGAP1 have previously been tagged 

at the N-terminal with eGFP and shown to co-localize with immunofluorscently labeled IQGAP1 

with no observable perturbation to cellular morphology or phenotype (150). Cytoskeletal labeling on 

the other hand is fraught with labeling problems. Typically, fluorescently-tagging monomers of 

cytoskeletal proteins affects filament integrity and negatively affects cellular phenotypes, especially 

in the case of actin (151, 152) and tubulin (153). Consequently, fragments of widely expressed 

cytoskeletal regulatory proteins that are involved in filament binding are now used to label the 

cytoskeleton in live cells. For actin labeling two probes were developed in that last decade. LifeAct, 

a 17aa of the Abp140 gene from yeast has been shown to label F-actin in several mammalian cell 

types (151). F-tractin, is the N-terminal 66aa of IP3 3-kinase isoform A, and was previously 
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demonstrating to label F-actin when fused to GFP with low toxicity (154). Others have identified 

F-tractin as being the most optimal actin label in Drosophila melanogaster due to its low expression 

level throughout the fly embryo with no visible signs of phenotypic defects (152). In the case of 

tubulin, fragments of microtubule-associated proteins (MAP) are typically used. While labeling 

tubulin with a fluorescently-tagged PRD domain of MAP4 has been implicated in causing bundling 

(155), tagging the ensconsin gene, MAP7, has been shown to have a lower toxicity level (156).   
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Figure 5.1 IQGAP1 domains and immunofluorscent analyses of its role in EMT and 
epithelial state maintenance 

 

(A) The structural domains of IQGAP1 and their main binding partners strcuture of IQGAP1 
(B) MCF-10A cells treated with growth factor to induce EMT-like response, and assay using 
standard immunofluorsenec for changed in IQGAP1 localization and the actin cytoskeleton. (C)I 
MCF-10A cells imaged with in the epithelial state using confocal microscopy to section in the z-
axis. Arrows indicate novel “basket” like structures  
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Recent work in our lab has examined the role that IQGAP1 in growth-factor-induced epithelial cell 

transitions and epithelial junction maintenance. Human mammary cell such as HMLE and MCF-

10A cells are typically the model mammary epithelial cell line and have been shown to undergo 

epithelial-to-mesenchymal like transitions (EMT) (157, 158). Additionally the epithelial 

osteosarcoma cell line, U2-OS, has also been shown to undergo similar EMT-like phenotypic 

changes (159). EMT involves many complex biological process that range from the activation of 

transcription factors, changes in expression of cell-surface proteins, changes in the expression of 

specific microRNAs and specifically of interest to our group highly a complex reorganization of the 

cytoskeleton and many cytoskeletal-associated proteins.  

 

Using standard immunofluorescence techniques others in our lab imaged IQGAP1 and 

related markers during growth-factor-induced EMT-like transition in MCF-10A cells. Given that 

IQGAP1 regulates diverse biological process, we see it has unique and different roles that are highly 

specific to activity changes and location dependent within cells and also highly heterogeneous 

between cells during the formation of epithelial cell junctions and during induced EMT-like 

transitions (Figure 5.1B). Importantly, IQGAP1 localization changes are linked to epithelial cell 

polarity. In Figure 5.1B we initially see the presence of IQGAP1 at adherens junctions and then 

upon addition of growth factor these junctions dissolve and are accompanied by significant changes 

in the actin cytoskeleton. These changes in polarity, specifically the apical-basal polarity, are most 

likely occurring through IQGAP1’s interaction with CDC42 and other rho GTPases (140).  

Using a series of multiplexed conventional and super-resolution imaging approaches, we 

discovered that, in addition to an antagonistic role in cell-cell adhesion, IQGAP1 is involved in 

coupling microtubule filaments to particular actin filament structures in the lateral cortex of 

interacting epithelial cells (refer to Figure 5.1B). Precision image analyses, using STORM 

microscopy and DNA probes from previous chapters, also revealed that IQGAP1 associates with 

individual actin filaments within an additional class of actin structures that are localized selectively 

to the basal actin cortex. These vesicle-like structure can been seen in Figure 3.4A, 3 using STORM 

microscopy, and in Figure 5.1C using standard confocal microscopy where they are clearly shown to 

localize at the basal actin cortex. While the establishment of both specialized cytoskeletal structures 
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appears to be important to the development of polarized epithelial cell phenotypes, IQGAP1 

appears to be recruited to these structures from a cytoplasmic protein pool and independently of 

vesicular trafficking events, as these structures don’t appear to localize with standard markers for 

typical vesicles like lysosome and endosomes (data not shown). We are still investigating what these 

vesicle structures are comprised of. With such a diverse array of behavior over many times scales 

and localizations, IQGAP1 and epithelial cell polarity a great test bed for live cell multiplexed 

spatial analyses. We therefore chose to study the role of IQGAP1 in epithelial cells as a first 

demonstration of using a novel modular vector construction approach to engineer multi-gene 

systems in living cells. 

Herein, we demonstrate a new approach to multiplexed spatial analyses in live cells by 

combining novel genome engineering techniques to create stably expressing multi-gene systems to 

study the role of IQGAP1 in epithelial cells. We identify several novel and spatially distinct 

IQGAP1 behaviors that we want to study in populations of epithelial cells and this protein as a test 

bed for prototyping a framework to stably integrate large multi-gene systems. We simplify a 

previously described modular vector construction method to more flexibly create multi-gene 

systems. Specifically, we design and assemble multiple large vectors to inducibly control a 

fluorescent IQGAP1 using a novel “linearizer” gene circuit, while also silencing endogenous IQGAP1 

and imaging the actin cytoskeleton. In order to stably integrate these systems into mammalian cells 

we first created genomic landing pad using homologous recombination mediated by CRISPR/Cas9. 

We incorporate a novel cassette exchange technique to be able to selectively integrate into these 

genomic landing pads, and then optimize their design to be able to rapidly engineer several 

epithelial cell lines. We demonstrate the construction and integration of several multi-gene systems 

in to these cells and show the resulting gene circuits were functional and can be used to characterize 

induced IQGAP1 levels in individual cells. We now aim to use this framework to study the 

functional relationships of IQGAP1 and the role it plays in regulating mitogenic cascades, g-protein 

signaling and the cytoskeleton.  

 



 76 

5.3. Materials and Methods 

 

5.3.1. DNA Preparation and Purification 

PCR Primers were ordered from Integrated DNA Technologies (Coraville, Iowa, USA). Q5 

DNA Polymerase was used for all PCR reactions (M0493L, New England Biolabs, MA, USA). PCR 

reactions were typically performed using a modified touchdown PCR technique. For 60bp primers 

with overlap for Gibson Assembly a three-step touchdown PCR was performed to the appropriate 

temperature as per the NEB melting calculator (tmcalculator.neb.com) for 10 cycles. This was 

followed by a two-step PCR at the extension temperature of the polymerase (72°C). A DpnI 

(R0176L, New England Biolabs, MA, USA) was performed to remove template DNA (37°C, 20min) 

followed by a heat inactivation (65 ︎ C, 20 min). Agarose gels were only exposed to blue light and 

stained with SybrSafe Stain (S33102, Life Technologies, Carlsbad, CA, USA). Gels were dissolved in 

Agarose Dissolving Buffer (D4001-1-100, Zymo Research, Irvine, CA, USA); Gel purifications were 

performed using microspin columns from Epoch Life Science (2260250, Missouri City, TX, USA). 

Gel purification columns were washed extensively using PB and PE buffers from Qiagen (Venlo, 

Netherlands). DNA was eluted with warm 20mM Tris (80°C). Miniprepping of DNA was performed 

using miniprep columns from Epoch Life Science (1920-050/250) and Qiagen Buffers. Midipreps 

were done using the QIAGEN BAC midiprep protocol for highest yield and anion exchange 

midiprep columns from Epoch Life Science. This protocol uses an isopropanol precipitation prior to 

application to the column to remove the most genomic DNA. We found this step helped with low 

copy number plasmid backbones. DNA concentration was measured on a NanoDrop 1000 

(ThermoFischer, Waltman, MA, USA). Only DNA of high purity (260nm/280nm ratio of > 1.8 and 

260nm/230nm ratio > 2.0) was used in Gibson assemblies. All parent plasmid were obtained from 

Addgene or synthesized by IDT. 

 



 77 

5.3.2. Gibson Assembly 

A 2x reaction buffer was made according to Gibson’s original recipe (117). An Isothermal 

Start Mix (IS Mix) was prepared using 1.5g of PEG-8000, 3ml of 1M Tris-HCl, and 150µl of Buffer 

was prepared and stored at -80°C. 405µl of IS Mix was added to 25µl of 1M DTT, 20µl of 25mM 

dNTPs (N0446S, New England Biolabs), 50µl of 1M NAD+ (N0632, Sigma-Aldrich, St Louis, MO, 

USA), 1ul of 10 U/µl T5 Exonuclease (M0363S, New England Biolabs), 31.25µl of 2U/ul Phusion 

High Fidelity DNA Polymerase (M0530L, New England Biolabs) and 250ul of 40,000U/µl Taq 

Ligase (L6060L, Enzymatics, Beverly, MA, USA) and 467.75µl of nuclease-free H2O. This was 

aliquoted into PCR tubes and stored at -80°C.  

All DNA fragments were gel purified for all cloning steps. For Gibson assemblies of 

destination vectors or other vectors with four DNA fragments or less; 25ng of each fragment was 

used in the final assembly reaction of 20µl. For assemblies of multi-gene systems the destination 

vectors were digested with 10U of the restriction enzyme I-SceI per µg of DNA (R0694L, New 

England Biolabs). Carrier vectors were digested with 10U of the restriction enzyme PacI per µg of 

DNA  (R0547L, New England Biolabs). Adapter vectors were digested with 5U each of XhoI and 

XbaI per µg of DNA (R0146S and R0145S respectively, New England Biolabs). If destination vector 

or adapter vector required UNS switching or removal of insulator sequence, this was performed 

using the PCR technique described above and UNS switch primers described in Appendix E. For 

Gibson assemblies of multi-gene systems or vector with greater than four fragments, then 10 

femtomole of each fragment was used in the assembly. 

 

5.3.3. Bacterial Cell Culture and Transformation  

Escherichia coli XL1 Blue (200236, Agilent Technologies, Santa Clara, CA, USA) was used 

for most cloning set of plasmids smaller than 15kb. For plasmid larger than 15kbp we used NEB 10 

Beta (New England Biolabs). Agar plates and liquid cultures were grown in 5ml of LB-Miller 

medium for high copy plasmid (pUC19 origin of replication). Low copy number plasmids (such as 

pMB1 or pSmartBac backbones) were grown in 10ml of TB. Plasmids with pUC19 origin or 
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pSmartBAC origin were grown at 37°C while pMB1 plasmid above 15kbp were grown at 30°C 

exclusively. Where required, the following antibiotics were added: streptomycin (50 ︎µg/ml), 

ampicillin (100 µg/ml), kanamycin (35 ︎µg/ml), chloramphenicol (20 µg/ml). Chemically competent 

XL1 Blue cells were prepared using the protocol developed by Inoue et al (1990) (160). Cells were 

spun at 2000G in flat bottom flask in a bucket rotor to maximize the surface area of pellet. Cells 

were heat shocked at 42°C for 45 sec, on ice for 2 min, then recovered in SOC medium for 1 hour 

and plated with cloning beads (unless only plated on ampicillin, in which case they were plated 

directly after recovery medium was added). This helped maintain transformation efficiency of the 

pUC19 plasmid at ~1x1010 cfu/ug. Electrocompetent cells were prepared by optimizing from 

previously described protocols (161-163). Briefly cells were grown overnight from a 5ml starter 

culture with antibiotics at 20°C to an OD of 0.6 then heat-shocked to 37°C for 3 min and then 

grown for a further 30 min at 20°C. Cells were then cooled down on ice for 10 min, they were 

further spun at 2000G as described above, and washed with 10% glycerol a further 2 times. Aliquots 

of 110µL were pipette using wide-bore pipette and frozen in liquid nitrogen. These electrocompetent 

cells average a transformation efficiency of ~1x109 cfu/ug of pSmartBAC plasmid (9bkp in size). 

NEB 10 Beta cells were electroporated using the BioRad Gene Pulser XCell (Hercules, CA, USA) in 

1mm cuvettes from BioRad. Typically, for plasmids smaller than 15kbp, 50µl of cells was premixed 

with 1ul of Gibson reaction and then electroporated with a 1800V and 200Ω. For plasmids larger 

than 15kbp electroporations were performed at 1500V and 150Ω as per results previously described 

(162). 

 

5.3.4. Cell Culture, Transfection, Nucleofection and stable line 

generation 

HeLa and U2-OS (ATCC, Manassas, VA) cells were cultured in in Dulbecco’s Modified 

Eagle Medium with GlutaMAX (10564-029, Gibco, Life Technologies) supplemented with 10% Fetal 

Bovine Serum (104380-026, Gibco, Life Technologies). An antibiotic-antimycotic solution was added 

at 100 units/ml of penicillin, 100 µg/ml of streptomycin, and 250 ng/ml amphotericin B (15240-062, 

Life Technologies) and the media filtered through a 0.45µm PES membrane. SUM149 cells were 
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grown in F-12 media (10565-018, Gibco, Life Technologies) supplemented with 10% FBS, 5�µg/ml 

insulin (I6634, Sigma), 1�µg/ml Hydrocortisone (H0888, Sigma) and 10mM HEPES. MCF-10A cells 

were cultured MEGM medium (CC-3150, Lonza, Cologne, Germany) supplemented with 100 ng/ml 

cholera toxin (C8052-0.5MG, Sigma). Additionally the gentamicin (red cap) was supplement was 

not added to the MEGM from the MEGM SingleQuots from Lonza. Cells were fed every 2-3 days 

and passaged at 90% confluency with a dilution ratio of no less than 1:10. All cells were trypsinized 

with 0.25% Trypsin-EDTA (25200-072, Gibco, Life Technologies). Kill curves with exponentially 

and linearly increasing zeocin (R25001, Invitrogen, Life Technologies) concentrations were 

performed sequentially. The following concentrations were identified to kill all wild type cells in one 

week: Hela (40µg/ml), U2-OS (500µg/ml), MCF-10A (20µg/ml), SUM149 (3µg/ml). 

Chemical transfections were performed on HeLa, U2-OS, SUM149 cells with Fugene HD 

(E231A, Promega, Madison, WI, USA). The following µl of FugeneHD to µg of DNA ratios were 

used: Hela (3:1), U2-OS (6:1), SUM149 (6:1). First, 4x105 cells were plated into a 6-well. 1ug each 

of Cas9 Nickase plasmid (p_hCas9_D10A, (164)) and the guide RNA plasmid targeting the 

AAVS1 locus (p_gRNA_AAVS1-T2, (164)), as well as the appropriate landing pad insert vector 

were mixed in 100µl of PBS, then the respective amount of room-temperature equilibrated 

FugeneHD was added. The mixture was vortexed for 10 sec and allowed to stand for 10 min at 

room temperature, before being added to the cells. Nucleofection of MCF-10A cells was performed 

using the T kit from Lonza (VCA-1002, Lonza, Cologne, Germany) and the program T-024 on the 

Nucleofector 2B (Lonza) as per manufacturer protocol. Nucleofection of U2-OS cells was done using 

kit L (Lonza) and program X-01. All cell lines were nucleofected with no more than 3µg per 1×106 

cells to maintain maximum viability. After 24hr the cells were passaged into a T-75 flask, followed 

by zeocin selection 72hrs later. Zeocin selection lasted for 2 weeks. Clonal cell lines were generated 

by serial dilutions of the surviving population. To select multi-gene systems we used Puromycin 

(A11138-03, Gibco) and G418 (10131-035, Gibco). U2-OS cells were selected with the 25µg/ml 

Puromycin and 800ug/ml G418. MCF-10A kill curves on wild-type cells found that optimal 

concentrations for multi-gene selection would be Puromycing at 250ng/ml and G418 at 500ug/ml. 

Doxycycline (D10056, Frontier Scientific, Logan, Utah) induction was performed at a concentration 

of 10ug/ml. 
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5.3.5. Microscopy and Immunofluorescence and Growth-Factor 

Stimulation 

Epi-fluorescent images were collected using an inverted Nikon TiE microscope using one of 

the following: a 20× 0.5NA objective, a 40× 0.95 NA objective or a 60× 1.4 NA oil immersion 

objective and a 14-bit EMCCD camera (LucaR; Andor). A mechanical translation stage and 

electronic focusing mechanism was used to collect large stiched images. Images were processed using 

a combination of Nikon (NIS-Elements) and ImageJ software. Cells were seeded into custom-

fabricated micro-well chambers (10-round wells with 0.36 cm2 culture area and culture volume of 

400 ml) using a precision-cut double sided adhesive film, acrylic plastic and standard no 1.5 

coverslips. Wells were rinsed with PBS and then 1% matrigel (Growth Factor Reduced BD Matrigel 

Matrix, 356231, BD Biosciences, Bedford, MA) was incubated for at least 30 min, prior to cell 

seeding. Cell fixation and antibody staining and DNA probe reactions was performed as previously 

discussed (51) using the optimized protocol from Chapter 3. Briefly, cell were fixed using 4% 

paraformaldehyde in 1×PBS for 30min, washed 3 times for 5 min with 1×PBS , quenched with 1% 

NaBH4  in 1×PBS for 5 min, washed again, then permeabilized for 5 min with 2% Triton X-100 in 

1×PBS. The samples was blocked with the blocking buffer from previous chapter. Antibody 

staining was done with 1:100 dilution of primary Rabbit Anti-IQGAP1 (clone H-109, Santa Cruz 

Biotech, CA) and 1:100 dilution of Cy3-conjugated Goat Anti-Rabbit secondary antibody or DNA-

conjugated Goat-Anti Rabbit antibody. During the last incubation Alexa-647 labeled phalloidin 

(A22287, Life Technologies) was added to stain for actin. Cells transitions were stimulated with 

5ng/ml of recombinant TGF-β and 5ng/ml of TNF-α.  

 

5.3.6. Landing pad site integration verification using inverse PCR 

Genomic DNA was extracted and the insertion site amplified using inverse PCR and 

sequence verified. The genomic DNA was extracted (165) and inverse PCR (166) using previously 

described protocols. Briefly, a lysis buffer with 10mM Tris at pH 8.0, 20mM EDTA, 200mM NaCl, 

0.2% Triton X-100, 100µg/ml Proteinase K. Approximately 1×106 cells were trypsinized, washed 

with DMEM media and pelleted. The pellet was re-suspended gently in 500µl of lysis buffer and 
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incubated at 37°C for 1.5hr. Then, the mixture was centrifuged at >10,000g for 5min and the 

supernatant transferred to a clean microcentrifuge tube. Next, the genomic DNA was extracted 

using 500µl of phenol:chloroform:isoamyl alcohol (P2069-100ML, Sigma), vortexed vigorously and 

spun for 2 min at >10,000g. The upper aqueous phase, containing the DNA, was carefully aspirated 

and phenol-chloroform extracted 2 more times. Then, the genomic DNA was precipitated and with 

1/10 volumes of 3M ammonium acetate and 1.5 volumes of 100% isopropanol, vortexed, and then 

spun at >10,000g for 20min. The supernatant was discard and the pelleted washed with 70% 

ethanol and spun again for a further 10min, air-dried and resuspended in 500µl of 20mM Tris. 

Lastly, the DNA concentration was measured, and 1ug of gDNA was digested using EcoRI (R3101S 

New England Bio Labs) for 4 hours and then inactivated at 80°C for 20min. The mixture was then 

ligated with 10 Units of T4 Ligase (M0202S, New England Bio Labs) at 16°C overnight. Finally, 

the inverse PCR reaction was performed using primer listed in Appendix E, the product was then 

gel purified and sequenced. 

 

5.4. Results and Discussion 

5.4.1. Assembling large modular vector for multi-gene systems 

The design of our modular vector assembly method closely follows that of Guye et al (2013) 

(99), but differs is some key ways for increased simplicity and flexibility. Any multi-vector assembly 

system requires nucleotide barcodes as an addressing system to define the position of every 

component in the final vector. Unique Nucleotide Sequences (UNS) serve as barcodes between each 

vector fragment and act as Gibson overlap to enable the final assembly to be circularized. A UNS is 

typically 40bp long and they generated using the algorithm described in Appendix D. A full list of 

all UNS sequences is found in Appendix E. Each vector containing a TU that is desired in the final 

assembly is called a destination vector. Each TU in a destination vector is flanked by two UNS that 

determine the position of that TU in the final assembly (Figure 5.2). Destination vector fragments 

are digested with restriction enzymes or synthesized using PCR and then combined with an adapter 
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vector and a carrier vector that confer dual bacterial resistances and a low copy number origin of 

replication to the final multi-gene system vector. 

Our destination vectors are comprised of three main sequence elements, interspersed with 

shorter sequence elements (as shown in Figure 5.2); a chromatin insulator, a mRNA stabilizing 

domain and a polyadenylation sequence. A single extended core of the chicken beta globin cHS4 

chromatin insulator is situated before every TU (167). While others have used tandem repeats of 

the core insulator (99, 100) we have initially decided to use the extended core as it has been shown 

to sufficiently maintain high expression level (168). The insulator domains work by binding the 

protein CTCF, a known chromatin regulator (123). High GC regions, like the cHS4 (GC content 

~70%), are typically difficult to PCR (169) and any repeat sequences can also create problems for 

PCR reactions (170). Accordingly, we decided to only use the single extended core sequence as our 

chromatin insulator. After assembly, adjacent insulators from other destination vectors are thought 

to dampen the crosstalk caused by transcriptional regulators (171) and stop the spread of 

chromatin induced silencing (122). However, Yahata et al (2007) (80) have shown that increasing 

repeats of the core insulator lead to increasing expression levels of downstream TU. Additionally, 

CTCF proteins have been shown to bind in an anti-parallel fashion in native contexts (172), leading 

to us to question the orientation of these insulator domains. Hence, going forward, we are actively 

these insulator variations into our multi-gene systems.  

The post-transcriptional regulatory element of the woodchuck hepatitis virus (WPRE) has 

been shown to enhance the expression level of transgenes (173), by stabilizing the mRNA sequence 

(174) and reducing read through from upstream genes (175). We incorporated the WPRE element 

directly downstream of the stop codon for all TU. Lastly, we included the polyadenylation sequence 

from the bovine growth hormone gene (BGH polyA). This has been shown to efficiently and 

accurately polyadenylate mammalian mRNA transcripts thus allowing for sustained cytoplasmic 

mRNA levels and leads to increased gene expression (176, 177). 
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Figure 5.2 Schematic representation of our modular vector construction approach 

 

The smaller sequences are I-SceI restriction sites and UNSs that are the basis of the multi-

vector barcoding system (refer to Figure 5.2). UNSs that denote the destination vector position 

flank the entire TU. For example, UNS1 and UNS2 would flank the destination vector pDEST12. 
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Next, I-SceI restriction sites flank these UNSs, to allow for excision of only the TU. I-SceI is a 

restriction enzyme with an 18bp non-palindromic recognition site that is not present in the mouse 

or human genome (178). This makes I-SceI an extremely useful enzyme is constructing multi-gene 

systems because its recognition site is likely never going to occur in any transcript that one makes. 

We therefore flank the entire TU with I-SceI site on the 5’ and 3’ ends. Next, the chromatin 

insulator is flanked on the 5’ and 3’ side by “internal” UNSs called UNSins5 and UNSins3. 

Additionally, the WPRE element and the BGH polyA sequences are flanked by there own UNSs 

termed UNSpoly5 and UNSpoly3 (Figure 5.2). These internal UNSs allow us to change the 

destination vector UNSs by acting as unique priming sites for PCR. So with a small library of 

common PCR primers we can rapidly change the UNS of any destination vector in our library. This 

construction approach offers greater flexibility because we don’t have to re-clone vectors or order 

new primers when changing the position or number of TUs in a multi-gene system. This method is 

also much simpler than having to clone new vector with Gateway cloning as was described 

previously (99, 100). This flexibility will be important when studying the effects that positional 

changes have on expression. All our destination vectors with UNSs 12, 23, 34, 45 were synthesized 

by IDT. Please refer to Appendix E for sequence maps.  

To connect the destination vector in the last position to the carrier vector, an adapter 

vector is chosen with the appropriate UNSs. Please refer to Figure 5.2 for a schematic of the 

adapter vector. The adapter vector provides the full multi-gene system plasmid with a second 

bacterial resistance to select against carrier vector backbones that re-ligate during Gibson assembly. 

The adapter vector contains a chromatin insulator, to add a flanking insulator to the destination 

vector in the last position. Additionally, all adapter vectors contain an I-SceI site and a UNS2 to 

enable excision of the entire multi-gene system as it’s on fragment with flanking sequence of UNS1 

(from the carrier vector, see below) and UNS2 (refer to Figure 5.2), this enables hierarchical 

assembly of existing multi-gene systems with new destination vectors. Hierarchical assembly is not 

demonstrated in this work but has being successfully demonstrated in our lab (data not shown). 

Two separate adapter vectors were synthesized by IDT one with UNS4 and UNSX, the other with 

UNS5 and UNSX, two close three TU and four TU multi-gene systems respectively. These adapter 

vectors were synthesized with ampicillin resistance in the backbone to minimize cost. PCR primers 

and sequencing results for cloning KanR gene into the desired location are described in Appendix E.  
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Lastly, we designed the carrier vector that forms the plasmid backbone of the multi-gene 

system. These vectors always contain UNS1 and UNSX (Figure 5.2), which are exposed by a PacI 

digest. The carrier vectors were first designed with a single mammalian resistance gene (neoR, 3’ or 

downstream of the multi-gene system), as per previous results (99, 100). However, after consultation 

with the authors (Ron Weiss, personal communication) we were advised to included as second 

mammalian resistance 5’ of the multi-gene system. The requirement for these multi-gene systems to 

express two mammalian antibiotic resistance genes is thought to lower the rate at which epigenetic 

silencing can propagate from either the 5’ or 3’ side once the system is integrated. Additionally, for 

the DICE carrier vector the 5’ Puromycin resistance was designed to be promoter-less (Figure 5.2). 

This was done to enable antibiotic selection for stably integrated systems not just those expression 

resistance genes transiently in mammalian cells. This promoter “trap” is discussed below in the 

section on landing pad cell lines. We also included, two PacI sites to increase the likelihood of the 

carrier vector being completely digested and thus decreasing the likelihood of two plasmid 

background in bacteria from a transformation of intact carrier and adapter vectors. Additionally, 

we separated the PacI sites with a bacterial sfGFP that helps in screening background colonies by 

expressing GFP if the plasmid is incorrectly assembled. This can easily be tested, by visualizing the 

bacterial plate under blue light used for examining DNA agarose gels. Multiple variants of carrier 

vector were constructs with different origins of replications, integration machinery, and viral 

components to give us flexibility in implementation. Firstly, we constructed single copy variants 

using the pSmart-BAC backbone as was used previously (99). Both PiggyBac and DICE-capable 

carrier vectors were constructed (refer to Appendix E for plasmid maps and digest-verified gels). 

The PiggyBac carrier vector used transposon sites from PiggyBac vectors previously used in our lab 

(179), while the DICE carrier vector used the full-length phiC31 attB site (285bp) and then full-

length Bxb1 attB site (300bp) as previously described (104). The advantage of the pSmart-BAC 

plasmid backbone is that it can accommodate large inserts of up to 200kbp and can be used to 

clone unstable, repetitive and generally recalcitrant sequences (180, 181). However, by their very 

nature single-copy plasmids have extremely low-yield from minipreps (~200ng), and this often 

necessitated having to purify midiprep colonies for screening, which is costly and not productive. 

Consequently, we also developed carrier vectors with the medium copy number backbone, pMB1 

(~10-20 copies) (182), from the pBR322 plasmid. This backbone has been used previously to 

construct multi-gene systems (100), although this work didn’t included the rop and bom genes that 
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has been shown to be responsible for repressing copy number. Hence, we also designed and cloned a 

DICE carrier vector with this backbone. 

 

5.4.2. Assembly of multi-gene circuits to study IQGAP1 in epithelial 

cells 

To demonstrate our ability to engineer multi-gene systems that can multiplex the labeling 

and control of functional proteins in living cells we decided to use IQGAP1 as a test bed. 

Especially, we wanted to focus on its role in regulating the actin cytoskeleton in epithelial cells, 

given our previous results. A schematic representation of the multi-gene circuit that we designed 

and assembled is shown in Figure 5.3A. The first goal in designing the multi-gene system was to 

fluorescently label IQGAP1 and the actin cytoskeleton. We chose to label IQGAP1 at its N-

terminus with eGFP, given that this had previous been shown to localized with IQGAP1 

immunofluorscence and not disrupt its GTP-binding activity (150). A FusionRed-tagged LifeAct7 

construct was made to label the actin cytoskeleton. Because, we wanted to study how the dynamics 

and localization of IQGAP1 affect the epithelial basal actin structures and the EMT-like transition 

phenotypes, we needed to tightly control IQGAP1 gene expression levels.  For this we needed to 

induce changes in IQGAP1 expression level as homogenously as possible, given its already 

heterogeneous expression. Hence, we chose to use the negative-feedback-based “linearizer” circuit 

from our collaborators in the Balászi lab (132, 133). Negative-feedback is mediated by the TetR 

repressor repressing its own expression as well as that of the gene-of-interest by binding to three 

TetO sites in the modified CMV promoter. This gene circuit has previously only been studied using 

non-native proteins, specifically only cytoplasmically expressed fluorescent reporters using FACS 

data. In this context it was reported to have linear dose response and low noise characteristics that 

are emblematic of a homogenous response. However, it is uncertain if the performance of this gene 

circuit will be maintained when expressing a functional protein, such as IQGAP1.  Interestingly, by 

fluorescently-tagging the TetR repressor with BFP we have an internal reporter for induced 

exogenous IQGAP1 expression level. Hence, by correlating nuclear expression level of tetR-BFP will 

be able to infer the expected eGFP-IQGAP1 expression level in that cell, assuming similar protein 
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degradation rates. This is especially useful when examining IQGAP1 localization in adherens 

junctions, as it is not possible to precisely determine which part of the boundary belongs to which 

cell using diffraction-limited microscopy techniques.  

 

Figure 5.3 IQGAP1 multi-gene circuit design, assemlby and verification 

 

(A) IQGAP1 multi gene circuit scheme (B) Transient IQGAP1 expression in MCF-10A cells  
(C) Verification of live-cell actin labeling (D) Agarose gel showing correct digest for 3 systems 
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Because of the uncertainty in the dynamic range of exogenously expressed IGQAP1 induced 

by our linearizer gene circuit, we also need to silence endogenous IQGAP1 expression. We decided 

to adapt the commercial system IPTG-induced MISSION shRNA vectors, to be able to inducibly 

and selectively control endogenous IQGAP1 levels. This vectors functions by having the shRNA 

expressed under the RNA pol III promoter U6 that has been modified with three LacO sites that to 

which the bacterial lac repressor, LacI, binds and inhibits transcription. IPTG causes a 

conformational change in the lacI protein that decreases its ability to bind to its cognate operator. 

From literature we identified three shRNA candidates that we decided to separately incorporate 

into our mulit-gene systems. These were these best performing targeting sites from the western blot 

data provided in literature. The first target site was at position 4959 in the IQGAP1 CDS 

(GTTCTACGGGAAGTAATTGAT (137)), the second at position 4446 

(CAACGACATTGCCAGGGATAT (142)) and the third at position 3263 

(AAACTGACCCTGTGGATATTT (142)). But given that we didn’t want to silence our own 

eGFP-IQGAP1 transcript we needed to mutagenize this transcript at these specific sites. Keeping 

the amino acid the same, we changed the specific codons at these sites based on human codon 

frequency tables and computationally verified that that they would no longer interact with shRNA 

transcripts (results shown in Appendix E).  

We then tested that these destination vectors expressed their proteins as expected by 

transient transfection or nucleofection. In Figure 5.3B we showed that the mutagenized IQGAP1 in 

destination vector pDEST23 under the linearizer promoter (pDEST23-LinProm-eGFP-IQGAP1-

muta123) gave the expected IQGAP1 localization patter in MCF10A cells. Importantly, we can 

verify that the IQGAP1 structures that we have previously characterized in the epithelial state are 

observable using this construct. Figure 5.3B also shows that these vesicle-like structures at the basal 

membrane have a dynamic behavior that occurs at multiple time scales. Both fast (~2min) and slow 

(~4 hrs) dynamics are observed in different cells. We are still investigating what role these 

structures play in maintaining the epithelial state. These results reiterate the need to create these 

stably-integrated multi-gene systems so as to be able to observe these dynamics over different time 

scales amongst populations of cells rather than the few cells shown above. Figure 5.3C shows that 

the FusionRed-LifeAct7 gene under the CMV promoter in destination vector 45 (pDEST45-CMV-
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FusionRed-LifeAct7) localized with actin stress fibers in U2-OS cells as expected. TetR-BFP 

expressed under the linearizer promoter was cloned into the destination vector 12 (pDEST12-

LinProm-TetR-BFP). Tyler McLaughlin, from our lab, added the BFP-tag to a vector that I had 

cloned (pDEST12-LinProm-TetR). The three different shRNA constructs were added separately to 

destination vector 34 using 100bp primers. First, the puromycin gene was removed from the parent 

vector (SHC322) and then the empty shRNA cassette was cloned into pDEST23. Subsequently, 

each shRNA sequence was cloned into the cassette by digesting the parent destination vector 

(pDEST23-shBLANK-R) with EcoRI and KpnI restriction enzymes and then using a small PCR 

insert from two partially overlapping 100bp primers. This method minimized the sequence errors 

that often arose in the hairpins during Gibson assembly.  

Lastly we assembled these destination vectors into the full multi-gene systems using our 

modular vector construction approach. Each fragment was either digested or amplified by PCR 

with the desired UNSs and then gel-purified. Three systems are discussed in this work. The first 

two systems system, System1 and System2, comprised the four TUs discussed above. The respective 

destination vectors were assembled with and the DICE pMB1-based carrier vector with adapter 

vector 5X. System1 contained the shRNA destination vector for target site 1 while System2 

contained the shRNA destionation vector for target site 2. The third system, System3, only 

comprised two TUs, using the eGFP-IQGAP1 and FusionRed-LifeAct7 destinations vectors form 

above. The desired fragments were amplified by PCR, specifically without the chromatin insulators, 

as a backup incase these insulator were found to detrimentally affect expression as we not yet 

tested them as stably integrated constructs.  Systems1 and 2 were both 26.5kbp and System3 is 

17.6kbp in length. The digestion verification gel for these three systems is Figure 5.3D. The 

assembly efficiency for these systems was relatively low (~5-10%, data not shown) which is much 

lower than expected for systems of this size and number of TUs (~90%) given results previously 

described (99) and other system assemblies I have construct as well as those reported by others in 

the lab. This could have either been caused by handling errors, such as pipetting error, DNA 

quality, or the activity of enzymes in our Gibson assembly mix. However, given previous assembly 

efficiencies with the single copy carrier vector that had the chloramphenicol resistance we much 

higher, we suspect the issue might be with the DICE pMB1-based carrier vector. This carrier vector 

is ampicillin-resistanct and also contains the PuroR and NeoR genes under mammalian promoters 
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for downstream applications. However, as the NeoR gene gives resistance to both G418 (used in 

mammalian cells) and kanamycin (use in bacterial cells), leaky expression of NeoR gene under the 

mammalian promoter in bacteria could be negating our ability to select for correctly assembled 

colonies with the adapter vector’s KanR resistance. The CMV promoter used in this TU has 

previously been shown to have some expression in E. coli (183). Thus, we could inadvertently be 

decreasing our assembly efficiency by re-ligating the backbone of our carrier vector and this 

construct making in through our kanamycin and ampicillin selection. A remedy for this would be to 

change the NeoR gene hygromycin as is discussed in the next section. 

Our lab has also constructed systems with different TUs and different carrier vectors up to 

a size of 36.5kbp some examples of which are described in Appendix E. Generally, high 

transformation efficiencies with electroporation were critical in successfully constructing these 

systems. We started with the commercial cells (BAC-Optimized Replicator 2.0/10G 

electrocompetent cells from Lucigen) provided with the pSMART-BAC single-copy backbone. 

However, we could only achieve transformation efficiencies of ~1×107 cfu/ug with the pSMART-

BAC plasmid, this regularly didn’t yield enough colonies with which to screen multi-gene systems. 

Once we moved to NEB 10Beta cells (from the Tabor Lab) we achieved transformation efficiencies 

of ~1×109 cfu/ug, with corresponding improvements in correct multi-gene systems assembly rates. 

Going forward, we initially hope to demonstrate hierarchal assembly of multi-gene vectors up to 

40kbp by incorporating the remaining shRNA destination vectors into either System1 or System2. 

More importantly the next iteration of multi-gene systems will incorporate more cytoskeletal 

filaments and IQGAP1-interacting proteins.  

 

5.4.3. Design and optimization of landing pad cell lines 

In order to create stable cell lines with multi-gene systems we created landing pad cell lines 

in to which we could then integrate multiple different systems reliably. We targeted the AAVS1 

locus in human chromosome 19 as this been used widely (81, 83, 184) in previous studies, and is a 

canonical genetic safe harbor site (72). Homologous recombination of our linearized landing pad 

construct was initiated by the CRISPR/Cas9 method. The guide RNA (gRNA) for AAVS1 target 2 
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(T2) from Mali et al (2013) (83) was used in combination with the modified Cas9 endonuclease with 

D10A mutation that causes it to be a nickase. This has been shown to lower off-target effects and 

not affect HR-mediate integration rates (83, 85). We chose the T2 gRNA as it had better 

integration efficiency (~8%) over T1 gRNA (~3%) (83). Although both TALEN and zinc-finger-

based targeting to this specific site we chose to use the CRISPR/Cas9 as it had wider applicability 

in our lab for targeting other sites in future projects, despite its reported increase in off-target 

effects(90).  

The landing pads themselves we designed to use the dual integrase cassette exchange 

(DICE) to integrate the multi-gene systems. DICE is mediated by two serine integrases, phiC31 and 

bxb1. Figure 5.4A shows how we created landing pad cells lines and then integrating into them 

using DICE. Multi-gene systems have previously only been incorporated using single integrases. 

Despite DICE not having been demonstrated to integrate vectors greater than 10kbp, we decided to 

use it because we felt it had several distinct advantages over single-integrase methods for our 

application. DICE-mediated integration is extremely site-specific and irreversible like other serine-

integrase-based methods. Critically though, it is a uni-directional cassette exchange and doesn’t 

integrate any component of the bacterial backbone, which has been shown to decrease transgene 

expression and have possible toxic effects (185). Additionally, we hypothesized that having two 

integrase sites could lead to increased integration efficiency.  

Our first design iteration of the landing pad vector (v1 in Figure 5.4B) kept closely the 

previously published design, except for a couple key differences. We designed the vector with 

AAVS1 homology overlaps from Mali et al (2013) (83), and used the full length phiC31 attP site 

(232bp) at the 5’ position and bxb1 attP site (253bp) at the 3’ position as used by Zhu et al 

(2013)(104). The landing pad vector expresses the BleoR gene that confers resistance to the 

mammalian antibiotic zeocin. Critically, the phiC31 attP site was placed between the PGK 

promoter and the start codon of BleoR creating a promoter trap. Hence, when a carrier vector with 

a different promoter-less resistance was integrated, we aimed to be able to select for stable 

integrants and not just transient transgene expression. A constitutive GFP under a CMV promoter 

was also added downstream as a fluorescent marker to aid in screening for the most highly 

expressing clones downstream. Initially, we prototyped these landing pad vectors in HeLa cells as 

we could reliably transfect them in our lab using standard chemical methods. 
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Figure 5.4 Optimizing DICE landing pad design and verification  

 

(A) Schemiatic representation of DICE mechanism (B) Gene layouts of different landing pad 
vector designs (C) Inverse PCR verification of landing pad vector integration into MCF-10A cells 
and U2-OS cells using CRIPSR/Cas9. (D) Postive control for integrase-mediate cassettte 
exchange. Cells with red nuclei are positive for DICE integration 
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Figure 5.4D shows that v1 of the landing pad had high levels of GFP expression as 

expected. However, we were able to select for GFP positive clones with zeocin selection as all our 

cell lines couldn’t survive at even lowest possible kill curve concentration. A possible cause was that 

the BleoR gene wasn’t being expressed highly enough, due to decreased promoter activity caused by 

the large att site. To check this we designed version 2 of the landing pad vector that co-expressed 

GFP and BleoR under the same PGK promoter using a self-cleaving 2A peptide sequence (186). 

This sequence cleaves itself post-translationally with high efficiency at the second last aa positon in 

the linker (187). Hence, the BleoR gene should still be functional as it on retains one N-terminal 

amino acid. Figure 5.4C shows the v2 landing pad vector lead to a marked decrease in stable GFP 

expression levels. The level of v2 expression is 10 % of v1 expression average over many cells. 

Consequently, this confirmed our suspicion that the low BleoR expression level was not enough to 

give the cells resistance to the zeocin concentrations we used. Hence, the large attB site was the 

cause of decreased expression levels. To remedy this we made two more landing pad constructs. In 

version 3 we changed the promoter from a weak PGK promoter to a stronger CMV promoter (188), 

while in version 4 we also change the length of the attB site to 100bp. Both these variants led to 

increase GFP expression level as is shown in Figure 5.4D and gave high enough BleoR expression 

that the cells could successfully be selected using zeocin. We then inserted these landing pads into 

several epithelial cell lines (MCF-10A, SUM149 and U2-OS) using nucleofection. Once selected, we 

tested the MCF-10A and U2-OS v4 landing pad cells for the copy number of integrated sites using 

inverse PCR. Figure 5.4C shows multiple bands for both cell lines indicated that the landing pads 

site integrated into multiple sites. We purified the two most prominent bands from each cell line are 

now sequencing these to identify which is the AAVS1 integrant. The prominence of the band at 

~700bp should make it easy to clonally isolate the cells with a single homozygous landing pad site 

in the AAVS1 locus. This demonstrates that CRISPR/Cas9 is a viable method for inserting landing 

pads into many cell types, something that was first described only recently (189). Now, others in 

our lab are now working on inserting these immune cells, specifically the human monocyte line 

THP-1.  

We then tested our ability to cassette exchange into these landing pad sites using DICE. 

For this we cloned a small fragment into our DICE carrier vector that co-expressed a nuclear 
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localizing mCherry fluorescent protein with the PuroR gene via 2A peptide. This vector was 

designed to disrupt the excise the GFP sequence and replace it with mCherry-NLS, hence we 

expected to observe positive cassette exchange in cells with red nuclei amongst green cell that 

didn’t undergo DICE. We also cloned a single plasmid (p2-int) to co-express both serine integrase 

used in DICE, to minimize the total DNA that we would have to transfect as this negatively affects 

cell viability during transfection. This was again accomplished by inserting the Bxb1 sequence with 

a 2A peptide linker into the existing phiC31 integrase plasmid. We used the CS-kI phiC31 integrase 

variant as this was shown to diminish pseudo-site integration while not affecting wild-type attP-

attB recombination (104). We nucleofected these constructs into U2-OS cells and the results are 

shown in Figure 5.4D, indicating positive DICE integration. We are achieving integration 

efficiencies in line with those previously reported for the phiC31 integrase (100). These range 

between 0.1% and 0.5% depending on the ratio of integrase plasmid to donor cassette (data not 

shown).  

Despite showing the capability to integrate, we couldn’t successfully isolate these DICE-

positive red-nuclei cells with puromycin selection. We first thought this resulted from a 

compromised PuroR gene that now had the C-terminal fragment of the 2A peptide. However, 

subsequent results indicate this is a general problem with puromycin selection; these are discussed 

in the next section. We also weren’t able to show positive cassette exchange in non-tumorigenic 

MCF-10A cells. This could be due to our low cell viability from nucleofection or because of the 

toxicity of the integrase plasmid that doesn’t manifest itself in the tumorigenic U2-OS cell line. 

Given that our positive control vector doesn’t test for Bxb1 functionality, we are now verifying this 

by genomic PCR on clonal cell populations (data not shown). Previously, the Bxb1 integrase was 

shown to integrate more efficiently than phiC31 (100), so we expect that the phiC31 integration is 

the rate-limit-step of DICE, and there is likely no additive benefit to integration efficiency by using 

a second orthogonal integrase. Accordingly, these results suggests that subsequent version of the 

landing pad should further shorten the attB and attP sites to their shortest known functional 

lengths to maximize the expression of the promoter trapped resistance gene. Our next iteration will 

also employ flanking chromatin insulator to decrease the chance epigenetic silencing of the 

resistance genes, and we will create a positive control vector that test for Bxb1 function simply by 
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incorporating a constitutively expressed BFP fluorescent protein into the backbone of our positive 

control vector. If the Bxb1 integrase is not functional this gene will be stably incorporated.  

 

5.4.4. Integration of multi-gene systems using DICE into U2-OS cells   

Finally, we combined all the techniques developed above to integrate and validate 

functional multi-gene systems to control IQGAP1 expression levels in U2-OS cells. The three 

systems described above were nucleofected into U2-OS v4 landing pad cells. Then selected for 2 

weeks with the puromycin and G418. While large numbers of non-integrated landing pad cells died 

during selection, a significant proportion remained resistance after the selection period (refer to 

Appendix E). We observed enrichment up to ~3% of positive cells for Systems 1 and 2, and less 

than 1% positive cells for System 3. We suspect that this could be due to epigenetic remodeling 

caused by the lack of insulators in System 3 or by confluency effects during selection. Despite this 

we were able to isolate positive colonies on glass and test for circuit function. Figure 5.5C shows no 

basal IQGAP1 structures were observed in U2-OS cells, but we did see IQGAP1 localize with 

epithelial junctions as expected. However, because these cells are clonal we are not able to conduct 

any behavioral studies. 
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Figure 5.5 Integration with DICE and validation of IQGAP1 multi-gene system  

We induced cells with System 1 and System 2 with 0, 1, and 10ng/ml of doxycycline to test 

the response of the linearizer circuit to control IQGAP1 expression levels. Because the landing pad 

cells were polyclonal and thus contained varying numbers of landing pad sites, we decided to only 

 

(A,B,C) Stable colonies of U2-OS cells with System 2 integrated in the genomic landing pad. Cell 
are induced with 0, 1, and 10ng/ml of doxycycline respectively. Only cells with similar FusionRed-
LifeAct7 expression were chosen, to select for single integrations (D) Background subtracted mean 
fluorscece data was plotted for all cells in each case. TetR fluorescence were averaged over each 
nucleus while IQGAP1 was average over the entire cell area.  
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image cells with similar expression levels of the actin label. We thought this was the only way for 

possibly choosing cells with one landing pad and hence similar response levels. Figure 5.5A,B,C 

shows example colonies for each induction response. Note that the individual frames for TetR, 

IQGAP1, and Actin all have exactly the same image contrast settings to show the overall induction 

response. However, the merge frame is contrasted separately in each case to show the presence of all 

three fluorescent proteins in each sample. As expected with even see a low level of expression of 

TetR and IQGAP1 in the un-induced case (Figure 5.5A). This is by design, as the linearizer 

negative feedback loop leads requires some low level expression of TetR to shut itself off. In Figure 

5.5D we see the average levels of TetR and IQGAP1 fluorescence over many cells in each induction 

case. These results are consistent with the previous described response of this circuit in mammalian 

cells (132).  

Currently, we are isolating clonal versions of these cell lines in order to further assay the 

functionality of these multi-gene systems as well as to further study the role of IQGAP1 in 

epithelial cells. In order to validate the ability to silence endogenous IQGAP1 with the inducible 

shRNA circuit we need monoclonal populations to be able to get sufficient signal on Western blots. 

Additionally, we have attempted to integrate these systems into the other epithelial cell lines we 

developed. However, in both cases MCF-10A and SUM149 cells had extremely low viability after 

nucleofection and no positive cells survived the antibiotic selection. This could be due to the 

toxicity of vector components, such as LifeAct or the serine-integrases, or due to non-optimized 

nucleofection conditions. We hope to remedy this in the future by perfecting the nucleofection 

method and creating a vector with human codon-optimized integrases.  

Our inability to select for cells with positive DICE integration in with both the small positive 

control vector and the larger multi-gene vectors described points to our choice of antibiotic 

resistances. Either the BleoR gene from the landing pad has some antibiotic resistance crosstalk or 

puromycin and G418 are generally not as effective at isolating resistant cells as other antibiotics. 

Recently, we found evidence in literature to suggest the later (190). Given these results, we should 

incorporate either hygromicin or the zeocin resistance into the carrier vector, and move to having 

puromycin or G418 resistance in the landing pad as these cells can be sorted and will be then 

clonally selected so the resistance is not as critical. A revised design incorporating the suggested 

changes to landing pad vector, carrier vector are depicted in Figure 5.6. Chromatin insulators 
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should be added into the landing pad vector flanking the mammalian resistances, to isolate them 

from epigenetic silencing. The shortest possible att sites should be used so as to not compromise any 

promoter traps. Mammalian resistance in the carrier vector should be changed to BleoR and or 

HygroR. The promoter traps should use even stronger promoters, such as CAG, a modified CMV 

promoter. Lastly, the option of using dual flanking Bxb1 sites instead of phiC31 should be 

investigated to possible increase integration efficiency. 

 

Figure 5.6 Proposed next iteration of carrier vector and landing pad vector designs 

 

 

(A) Proposed next version of the DICE carrier vector. Using short Bxb1 attP sites (35bp) and two 
promoter trapped resistance, being HyroR, for hygromicin resistance and BleoR for zeocin 
resistance. Addtionally, the HygroR would be in the reverse direction to be promoter trapped. All 
promoter would now be CAG promoters. Also a constitutive RFP wuld be present as a control for 
function of both integration sites.  (B) Proposed next version of the DICE landing pad vector . 
Incorporating flanking chromatin insulator just inboard of the AAVS1 homology regions. Dual 
promoter trapped with GFP expression from two CAG promoters. The 3’ GFP would be in the 
reverse direction and would test for function of both integrase. An bi-directional sv40 
polyadenylation would also be used. 
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5.5. Conclusion 

In summary, this work sought to dissect the network level functions of cytoskeletal 

regulatory proteins during epithelial cell polarization and epithelial morphogenesis. We wanted to 

understand the role of the scaffold protein, IQGAP1, in differentially regulating mitogeneic cascades 

and cytoskeletal regulatory networks. Recent immunofluorscent data from our lab revealed the 

distinct regulatory roles IQGAP1 has in regulating epithelial polarity. Of specific interest was 

IQGAP1 colocalization with specialized actin filaments within cell-cell junctions and at ‘basket-like’ 

structure in the basal actin cortex of normal epithelial cells. We reasoned that by using multiplexed 

live cell spatial analyses we could gain a deeper understanding of these behaviors. Hence, this work 

focused on assembling multi-gene systems that we subsequently integrated into epithelial cells using 

a novel combination of genome engineering techniques. We adapted and simplified a flexible 

modular vector construction framework in combination with CRISPR/Cas9-engineered landing pad 

cell lines and dual integrase-meditated cassette exchange. Large vectors were designed to sense and 

control GFP-tagged IQGAP1 expression levels, whilst silencing endogenous IQGAP and labeling 

the actin cytoskeleton. We optimized the landing pad cell lines and we able to stably integrate four 

transcription unit gene systems in to the U2-OS epithelial cell line. Then, we showed the gene 

circuits functioned as expected by linearly inducing IQGAP1 expression level. Now we are isolating 

clonal populations to test the IQGAP1 silencing capability. Even though some limitations to our 

approach were identified, we expect the suggested modifications to the carrier and landing pad 

vectors will alleviate these in subsequent iterations. Overall, this work demonstrates that forward 

engineering multi-gene systems to study the functional relationships of complex cellular pathways is 

possible.  



 

100 
 

Chapter 6 

Conclusion 

Elucidating the complex nuances of contemporary biological problems requires continuous 

development of high-content spatial analyses techniques. These endeavor to measure the 

localizations and network-level interactions of the many components of molecular and cellular 

pathways. The need to make use of the spatial domain in understanding biology is clearly 

demonstrated by recent developments in fluorescent in situ sequencing techniques (191), and 

expansion microscopy (192). Thus, this thesis developed two novel methods to increase the number 

of markers that can be imaged in fixed and live cells. By using the predictable structure and 

sequence space of the DNA molecule we also displayed ways to control the fluorescent level in both 

contexts.  

Through steady improvements in experimental procedures and robust design of dynamic 

DNA complexes we showed how such complexes could be used to multiplex immunofluorescence. 

With an optimized strand displacement reaction mechanism we could robustly and selectively erase 

marker fluorescence to reuse color channels in sequential rounds. Then by creating defined branched 

DNA structures with discrete number of fluorescent dyes we could balance marker levels to improve 

spectral-unmixing capability of hyperspectral analyses. With further improvements in DNA-

antibody conjugation chemistry we achieved reliable nine-marker immunofluorescence on tissue 

sections. We are now working towards conjugating primary antibodies to extend this work beyond 
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the limited range secondary antibody species. Such multiplexing of immunofluorscent markers will 

scaling additively with each imaging round, and will likely only be limited by sample integrity and 

the experimental timeframe required for each subsequent incubation step. We expect to achieve 

labeling of greater than twenty markers in the near future. 

Next, by combining several recent advancements in genome engineering we demonstrated 

stable site-specific integration of a 23kbp multi-gene system designed to study the spatially distinct 

roles of a scaffold protein in epithelial cells. We designed and implemented a flexible and robust 

framework to create large modular vectors containing multiple transcription units. Vectors of up to 

33kbp in length are now routinely and reliably made in our lab. These vectors then undergo site-

directed integration into engineered “landing pads in genomic safe harbor locations. The design of 

landing pad vectors was optimized to reliably create multiple engineered epithelial cell lines, 

specifically in MCF-10A, SUM-149 and U2-OS cells. The multi-gene systems were successfully 

integrated into U2-OS cells, with partial enrichment by antibiotic selection. We then isolated clonal 

populations and were able to characterize the functionality of the engineered circuit elements that 

controlled the expression of the scaffold protein, IQGAP1. This shows our capability to multiplex 

spatial analyses in live cells, and the test-bed showed we could successfully complete every step of 

our engineering pipeline. To streamline the creation and selection of engineered cells several 

improvements to landing pad vectors and carrier vectors were suggested.   

Future work will be directed to combining both of these multiplexing techniques. Using 

both dynamic DNA probes and engineered cells to study a clinically relevant research question. We 

hope to study immune cell-cancer cell interactions and assess how they produce an inflammatory 

breast cancer-like phenotype. We would co-culture or xenograft model engineered IBC cell lines 

with immune cells or mouse models respectively. The IBC cells lines, such as SUM149, would be 

engineered using the described technique to express fluorescent live cell markers for cell-cycle state 

and DNA damage response. This would allow us to identify these cells in co-culture or mouse tissue 

sections as well as partially characterize their phenotype. By reserving colors into blue end of the 

spectrum for live cells labels (such as BFP2, CFP, YFP) we would reserve the red end of the 

spectrum for in situ DNA-based immunofluorescence (using conjugated dyes such as TexasRed and 

Alexa647). With reiterative labeling of multiple markers we would hope to identify unique cell 

phenotypes, such as cancer stem cell-like states, amongst large populations of cells or tissue 
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sections. This would lead to a greater understanding of how intercellular interactions on the level of 

local niches directly affect IBC-like phenotypic changes. 
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Chapter 7 

Appendix 

7.1. Appendix A – Configuring robust DNA strand 

displacement reactions for in situ molecular analyses 
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Table 7.1 List of oligonucleotide sequences used in design of DNA-circuits. 

 

*/AmMC6/ represents an amino modifier; /Cy5/ or /Cy5Sp/ indicate a Cy5 fluorophore; 
/Cy3/ or /Cy3Sp/ indicate a Cy3 fluorophore; and /IAbFQ/ or /IAbRQ/ represent an Iowa 
Black Quencher for the green to pink or red spectral ranges, respectively.  
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Table 7.2 Calculated standard free energies of the probe complexes (∆G°comp) and their 
labeling and erasing reactions (∆G°net) that were determined using NUPACK.  
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7.1.1. Thermodynamic Analysis for Erasing Reactions  

Standard free energies of all complexes (∆G°comp ) were calculated using NUPACK (Error! 

Reference source not found.) ((193, 194). Standard free energies for each probes labeling and 

erasing reaction (∆G°net ) were estimated using these calculations and an extension of Hess’s Law. 

The distance probe reactions are away from equilibrium for a given ON/OFF ratio was examined 

using the following expressions:  

Equation 7.1 Thermodynamic expressions for strand exchange 

 

Here, the reaction quotient, Q, and reflects how far the system is from its equilibrium 

distribution of reactant and product complexes (at equilibrium Q = Keq). Standard conditions are 

25 °C, [NaCl] =0.05 M, [MgCl]=0.0125 M and all DNA strands at 1 M. Complex free energies were 

calculated by setting the dangles parameter in NUPACK to ALL, and were taking as the Minimum 

Free Energy (MFE) secondary structure of each complex plus a configurational energy factor (n-

1)x(2.38 kcal/mol), where n is the number of strands in a complex (8). Thus, the standard free 

energies of erasing reaction of the 3-strand probes (∆G°i) includes a -2.38 kcal/mol contribution 

that accounts for the fact that a single eraser strand displaces two strands in a IR3s complex, thus 

resulting in an increase in the entropy of the system.  
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7.1.2. Estimates of erasing performances assuming homogenous 

reaction conditions.  

To determine whether the thermodynamic properties of the different probe complexes 

should, in principle, facilitate efficient erasing (≥ 20:1 ON / OFF), one can examine whether the 

quantity RTlnQi for a reaction that has reached a 20:1 ON / OFF ratio is less than . If so, 

that reaction should be able to reach an equilibrium distribution that would produce even higher 

ON/OFF ratios. For these analyses, one must first estimate the concentrations of all reactant and 

product species of the probe reaction within 100 mL reaction chamber / well volume. The 

concentrations of IR complexes within the cells can be estimated by first determining the analog- 

to-digital units per photon for each illumination setup (excitation power, integration time, and filter 

set) on our microscope (195). This relationship can then be used to convert measured fluorescence 

intensities into IR concentrations. Here, we assume each pixel corresponds to a cubic voxel with 

dimension of 200nm on each side. For cells that have been labeled fully (i.e., their labeling reaction 

has saturated) IR concentrations within a voxel were found to range between 10 - 250 mM. An 

ON/OFF ratio of 20:1 therefore corresponds to a voxel concentration of 0.5-12.5 mM.  

If the conditions of the in situ erasing reactions mimic those of a homogeneously-mixed 

solution, Q can be calculated using the concentration of IR within the total 100 mL reaction volume 

of the well. The cells in our samples are typically at ~90% confluence (yielding ~20,000 cells/well), 

and roughly half the cells are transfected successfully with GFP targets. Cells dimensions are 

approximately 15 mm x 15 mm x 4 mm (length, width, height), which yields a volume/cell 9x10-13 

L. The total volume of the cells containing labeled GFP is therefore taken to be ~9x10-9 L. Thus, 

prior to the erasing reaction, a mean concentration of 25 mM corresponds to a the total IR 

concentration within the 100 mL reaction volume [IR]well = 2,500 nM x (9x10-9 L / 1x10-4 L) = 

2.25 nM. The total concentration of IR when 95% of the labeled targets have been erased is 

therefore 1.125 nM. Using this estimate of IR, the concentrations of TS, O and W can be calculated 

using the appropriate mass balance for an erasing reaction. The E concentration was 1 mM in each 

reaction, and, given its large excess, its concentration is considered to remain constant during the 
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reaction. With these considerations, the quantity RTlnQ for the 2-strand (3- way), 3-strand (3-

way), and 2-strand (4-way) probes are as follows:  

2-strand (3-way): RTlnQ = -1.81 kcal/mol ∆G°net = -7.22 kcal/mol  

∆G = -9.03 kcal/mol  

3-strand (3-way):  

2-strand (4-way):  

RTlnQ = -13.12 kcal/mol ∆G°net = +0.33 kcal/mol ∆G = -12.79 kcal/mol  

RTlnQ = -1.81 kcal/mol ∆G°net = -6.69 kcal/mol ∆G = -8.50 kcal/mol  

The above calculations show that all of the probes should be able to reach ON / OFF 

ratios that are better than 20:1, and that the PC3s system is the furthest away from its equilibrium 

one this ratio is reached. Furthermore, despite better measured performance of the 2-strand (4-way) 

probes compared to the 2-strand (3-way) probes, the 4-way probe system is closer to its 

equilibrium, despite ∆G°net being smaller than that of the 2-strand (3-way) probes. Considering this 

behavior and our observation that fully-duplexed waste products can label TS strands on cells  

(Figure 2.7), we conclude that the differences in our erasing performances cannot be attributed to 

difference in the thermodynamic properties of the probe complexes alone. Instead, our results imply 

that the 2-strand (3-way) probes erase more slowly than our other probe constructions due to the 

crowded reaction environment of the cells, the occurrence of non- toehold mediated, and the 

resultant slow diffusion of its waste complexes out of the cells. 
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Figure 7.1 Intermediate State Scheme 

 

Scheme depicting an intermediate state in the PC3s erasing reaction where E has displaced 
output B and TS from IR3s, but where TS and W have not yet dissociated. The similarity 
of the erasing responses of the PC3s probes with and without the quencher indicates this 
intermediate state complex is not present within the cells at an appreciable level after the 
erasing reactions.  
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7.2. Appendix B – Multiplexed In Situ Immunofluorescence 

Using Dynamic DNA Complexes  

 

Figure 7.2 Analysis of the fidelity of DNA-probe localization and dispersion within 
HeLa cells. 

 

Analysis of the fidelity of DNA-probe localization and dispersion within HeLa cells. Cells 
were transfected with a mOrange-tubulin construct, fixed and then stained for a-tubulin 
using dynamic DNA probes incorporating a Alexa488 dye molecule. mOrange-labeled 
microtubules (red) colocalized with signals generated using dynamic DNA probes (green). 
(Scale bars: 20 mm). Selective microtubule recognition and the uniform dispersion of probes 
throughout the sample is further confirmed by a pixel-by-pixel correlation analysis of the 
mOrange and Alexa488 signals, pearson’s coefficient, p = 0.971.  
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Figure 7.3 Analyses of signal-to-background ratios produce by standard antibody 
labeling strategies 

 

 

 

 

Line profile analysis of a-tubulin detected with the same primary used in Figures 1 and 2 
labeled with a dye-conjugated secondary antibody. Signal-to-noise ratios vary from 1:10 – 
1:20 depending upon the location of the filament, similar to DNA-based image in Figure 1. 
(Scale bar: 20 mm).  



 112 
 

 

Figure 7.4 Erasing efficiencies of probe complexes possessing different sequences and 

incorporating different color dye molecules.  

 

 

 

The probe system (PC an E) and their dye molecular are indicated for each experiment. 
Representative label (ON) and erased (OFF) images are provided for each probe system, as well 
as for reactions where E was omitted from the erasing step in the procedure. (Scale bars: 20 mm)  
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Figure 7.5 Comparisons of standard and dynamic DNA-mediated immunofluorescent 
labeling of different protein markers in cells. 

 

Characteristic images of histone H3, vimentin, a-tubulin, KLC4, and stathmin 1 detected using 
standard secondary antibody detection methods where fluorophores are conjugated directly to 
antibodies are provided in the left panel. The images on the right show the same markers detected 
with DNA probes using DNA-conjugated secondary antibodies.  
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Figure 7.6 Effects of dextran sulfate on non-specific nuclear localization using dynamic 
DNA- based labeling.  

 

 

 

(A) Representative images of HeLa cells labeled with an anti-stathmin 1 antibody then detected 
using either conventional dye-labeled secondary antibodies or DNA-conjugated secondary 
antibodies and dynamic DNA probe complexes. DNA-mediated fluorescent images where samples 
were incubated with a blocking buffer containing 1% dextran sulphate (middle) better reproduce 
the nuclear to cytoplasmic localization patterns produced by conventional secondary detection 
(left) than those blocked without dextran sulphate (right). (B) Direct comparisons of the calculate 
nuclear to cytoplasmic ratios of the three samples confirm that blocking buffer containing dextran 
sulphate reduces the non-specific nuclear signals to levels similar to those produced by standard 
dye-labaeled secondary antibodies.  
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Figure 7.7 Analysis of four-way erasing probes incorporating a conserved quencher 
domain  
 

 

 

 

(A) Scheme of the four-way erasing mechanism for dynamic DNA probes that employ a conserved 
quencher domain (qd). The use of four-way erasing reactions is capable of reducing signals 
imparted by probe complexes incorporating a Cy5 dye molecule (B), but is unable to erase signals 
from probe complexes incorporating Alexa488 dye molecules (C). (Scale bars: 20 mm)  
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Table 7.3 List of oligonucleotide sequences used in design of DNA probe systems.  

 

 

/5Hexynyl/, /5Cy5/, /5Cy3/, /5Alexa488/, /3IAbRQSp/, /3IABkFQ/ indicate a 5’ hexynyl, Cy5, 
Cy3, Alexa488, 3’ Iowa Black re quencher, or Iowa Black green quencher modification, 
respectively.  
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Figure 7.8 Preparing Antibody-DNA conjugates using hydrazone crosslinking 
chemistry  

 

 

  

(A) Scheme of the antibody-oligonucletide conjugation to form the hydrazone linker. This 
diagram is adapted from (196). (B) SDS-PAGE gel showing successful conjugation. Odd lanes are 
unconjugates secondary antibodies. Even lanes are DNA-antibody conjugates. (C)  Table of Molar 
Substition Ratio (MSR) for the DNA and antibody used in each lane in the above gel. (Gel and 
conjugation data prepared by Nicholas Trenton) 
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Figure 7.9 Optimization of DNA-probe labeling conditions on tissue sections 

 

 

  

(i-viii) Staining for PECAM1/CD31 with different blocking conditions on tissue sections. Paraffin-
fixed mouse xenograft sections were stained with Rabbit anti-PECAM1/CD31 primary antibodies. 
Then labeled with donkey anti-rabbit secondary antibodies conjugated with Probe System 8 and 
finally incubated with Cy3-bearing DNA probes. Images were taken with the same imaging 
conditions and demonstrate the improvement in postive signal fidelity with increase blocking 
conditoins (espiecially with dextran sulfate). Optimal signal level is achieved at 10% dextran 
sulfate. (Images and tissue protocol was optimized by Khoi Chu and Nicholaus Trenton)  
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7.3. Appendix C – Programming in Situ 

Immunofluorescence Intensities through Interchangeable 

Reactions of Dynamic DNA Complex 

 

Figure 7.10 Domain and sequence schematic of dye-labelling complexes 

 

A) Domain-based description of 1 dye labelling complex. (B) Domain-based description of 3 dye 
labelling complex.. (C) Domain-based description of a branched DNA complex.  
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Figure 7.11 Correlations between average DNA-probe and GFP intensities in nuclear 
regions of cells 

 

 

 

(A) Correlations between average DNA-probe and GFP intensities. Each plot shows the average 
intensities of the nuclear regions of at least cells. The lines through the data indicate least square 
fits to the data (R2 ranges from 0.84-0.98). (B) Comparisons of theoretical and measured 
amplification ratios for the reporting complexes analyzed in C. Theoretical amplification ratios 
indicate the maximum number dyes that can be integrated into a complex. Experimental ratios 
are determined by dividing the slopes from the fits in C by the slope obtained using a linear 
complex containing a single dye: the P(1,1,1) complex. Error bars indicate standard deviation 
from fitted regression for each point  
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Figure 7.12 Summary of P(3,9,18) data. 

 

(A) Representative GFP and Cy3 image of P(2,9,18) similar to Figure 2A. (B) Linear correlation 
plot for P(2,9,18) (purple) plotted over previously shown data (C) Representative image of 
tetrahedral structure made using NanoEngineer1 software  
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Figure 7.13 Representative images from stathmin labeling control experiments. 

 

Images are from both DNA based branched complex probes and from dye conjugated secondary 
antibodies as well as from both epifluorescent and confocal microscopes. Images show similar 
extents of label in cytoplasmic regions as well as similar degrees of textured punctate stainging 
indicating labeling of stathmin-1.  
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Figure 7.14 Purification of branching complexes. 

 

(A) Representative FPLC chromatagram. Fully annealed complexes are present in highest 
concentrations in Fractions 9,10,11. These fractions are used in downstream purification. (B) 
Verification native PAGE gel. Lanes 8-12 Show fractions (8-12) for P(2,9,9) complex 1 followed by 
the 25bp ladder (Promega), Gels show sufficient purifiations of fully formed complexes.  
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Table 7.4 List of oligonucleotide sequences used in design of branching DNA probe 
complexes. 

 

 

/5Hexynyl/, /5AmMC6/, /5Cy3/, /3IABkFQ/ indicate a 5’ hexynyl, 5’ amine, Cy3, 3’ Iowa Black 
FQ quencher modification, respectively. T signifies Target Strand. BC signifies Branched complex.  
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7.4. Appendix D – Programming domain-based sequence 

design 

All sequences were selected using a custom MATLAB script that generates random 

domains of specified lengths having pre-determined GC% range, while excluding previously 

generated domains or other prohibitive sequences (i.e. G quadruplexes,), and avoiding secondary 

structures (e.g. hairpins). Using a simple keyboard input, strands can be concatenated to other 

sequences, GC clamps can included at either 5’ or 3’ locations and any number of domains of any 

desired length can be created. As these functions can be tested internally to MATLAB the domains 

are generated under a “while” loop, until a set number of domains is found. Subsequently these 

domains are input into the “melt.pl” script from the UNAFOLD package. Two-state hybridization 

energies against the existing library are calculated using a nearest-neighbour method similar to 

mFold (197). The two-state hybridizations energies are then conflated using a weighted Boltzmann 

Factor and rank order accordingly. These domains are then screened through the BLAST database 

for the number of similar sites in the human genome. The top sequences are then manually 

inspected and one is selected to as the domain of choice. The process takes ~15min per 40bp domain 

on a standard laptop computer. Once these two factor are calculated new domains are rank ordered 

using a weighted Boltzmann Factor based on their two-state hybridization energies.  The domains . 

Other global criteria such as temperature, strand concentration, and salt concentration are specified 

prior to domain design.  

The source code for this script can be found on the Diehl Lab GitHub page. It is executed 

using  the following script and functional file. The “melt.pl” PERL script is run from inside 

MATLAB. And the current library of sequences/domains is found in Ex_mRNA.txt  

~/diehllab-notebooks/JZ-labnotes/P004/bin/runProbeMakerFlex.m  

~/diehllab-notebooks/JZ-labnotes/P004/bin/fProbeMakerFlex.m  

This program was originally created to design probes to target endogenous mRNA 

sequences using DNA strand displacement probes. The goal was to optimize target sequence 

selection and probe design. Consequently there is a large amount or redundant source code present.
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7.5. Appendix E - Developing multi-gene systems to probe 

the role of IQGAP1 in epithelial cells 

 

7.5.1. List of UNSs used in constructing modular vectors 

UNS1,CTGGTCTTCGAAGTTAGCACATCGAGCGGGCAATATGTAC, 

UNS2,CGTAGGGCGGCGTTTAGTAATTAGAACTATCAGAGTGCGG, 

UNS3,CGACCGAGAATGTACCTCTACACGTGGAAGTTTACTACCC, 

UNS4,CTACGGTTGATTGAGCTGAGGTCGTACAACAGCAGTAACC, 

UNS5,CCCTAGGACGTGTTCCATCTGCCAATCGAGAACGTTACTC, 

UNSx,GGTCCATGACGGAAATTACTTCAGAACCGCCTCGAATCCC, 

UNSins5,CGTAAACTAATTGCGAAGCACAATAAGCACTACGACGCCG, 

UNSins3,GACTTACTAGTGCTGGCGGATTACAGCCTTTGAATCGCCG, 

UNSpoly5,GGAGTAACGACCTTGAAGACGAGTACAGAGTTCCGGTTTG, 

UNSpoly3,CTATGAGTTCGTTCCCTCCTTGCCTCCTGGTGGTAGATAG, 

 

7.5.2. Mutangenesis of IQGAP1 shRNA sites  

Three shRNA target sites were selected form literature and the fluorescently-tagged 

IQGAP1 variant was mutagenized to minimized binding with processed siRNAs. Below are 

the three target sequences shown in frame with the respective codons of IQGAP1 (the 

target sites are represented in capital letters). Each codon is shown with its respective 

codon frequency for homo sapiens. These mutations were analyzed computationally to see 

how much binding was decreased. NUPACK analysis (198) revealed that for shRNA target 

1 and 3 there was legible binding between the reverse complement of the respective target 

at 37°C, while binding to shRNA target 2 was reduced ~700 fold.  
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shRNA 1 

Original 

Sequence 

aaG  

(0.58) 

TTC 

(0.55) 

TAC 

(0.57) 

GGG 

(0.25) 

AAG 

(0.58) 

TAA 

(0.28) 

TTG  AT 

Modified 

Sequence 

aaA 

(0.42) 

TTT 

(0.45) 

TAC 

(0.43) 

GGC 

(0.34) 

AAA 

(0.42) 

TAA 

(0.28) 

CCT GC 

AA K-Lys F-Phe Y-Tyr G-Gly K-Lys STOP   

 

shRNA2 

Original 

Sequence 

atC  

(0.48) 

AAC 

(0.54) 

GAC 

(0.54) 

ATT 

(0.36) 

GCC 

(0.40) 

AGG 

(0.20) 

GAT 

(0.46)  

ATt 

(0.36) 

Modified 

Sequence 

atT 

(0.36) 

AAT 

(0.46) 

GAT 

(0.46) 

ATC 

(0.48) 

GCT 

(0.26) 

CGC 

(0.19) 

GAC 

(0.54) 

ATc 

(0.48) 

AA I-Ile N-Asn D-Asp I-Ile-Gly A-Ala R-Arg D-Arg I-Ile 

1.4% 

shRNA 3  

Original 

Sequence 

aaA  

(0.42) 

ACT 

(0.24) 

GAC 

(0.54) 

CCT 

(0.28) 

GTG 

(0.47) 

GAT 

(0.46) 

ATT 

(0.36) 

Tac 

(0.43) 

Modified 

Sequence 

aaG 

(0.58) 

ACC 

(0.36) 

GAT 

(0.46) 

CCC 

(0.33) 

GTC 

(0.24) 

GAC 

(0.54) 

ATC 

(0.48) 

Tac 

(0.43) 

AA K-Lys T-Thr D-Asp P-Pro V-Val D-Asp I-Ile Y-Tyr 
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7.5.3. Plasmid Maps and Sequences 

All annotated sequence files are maintained by our group on the Diehl Lab GitHub 

repository. Maps and sequences for key plasmids used in this thesis are shown below 

 

Figure 7.15 Plasmid maps of component vector in modular assemlby and landing pad. 

 

 

 

 

For plasmid maps of gRNA and Cas9D10A plasmid please refer to previous literature (164) (A) 
Plasmid map of Destination Vector 12 (B) Plamsid map of Adapter Vector 15 (C) Plasmid map 
for Landing Pad Carrier Vector. (D) Plamsid Map for Landing Pad Integration Vector 
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Figure 7.16 Plasmid maps of component vectors in IQGAP1 multi-gene system 

 

 

 

 

 

(A) Plasmid map of Destination Vector 12 expressing TetR-BFP under the linearizer promoter 
(B) Plamsid map of Destination Vector 23 expressing eGFP-IQGAP1 (mutagenized at 3 sites) 
under the linearizer promoter (C) Plasmid map for Destination Vecotr 34 expressing shRNA1 
RNA under the IPTG-inducible U6 promoter, also expressing LacI under the PGK promoter, the 
IPTG-dependent repressor. (D) Plasmid map for Destination Vector 4 expressing LifeAct7-
FusionRed under the CMV promoter 
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Figure 7.17 Plasmid maps for example systems 

  

 

(A) Plasmid map of System (B) Plamsid map of System 3 
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pDEST12 backbone, 

tcgcgcgtttcggtgatgacggtgaaaacctctgacacatgcagctcccggagacggtcacagcttgtctgtaagcggatgccgggagc

agacaagcccgtcagggcgcgtcagcgggtgttggcgggtgtcggggctggcttaactatgcggcatcagagcagattgtactgagagt

gcaccaaatgcggtgtgaaataccgcacagatgcgtaaggagaaaataccgcatcaggcgccattcgccattcaggctgcgcaactgtt

gggaagggcgatcggtgcgggcctcatcgctattacgccagctggcgaaagggggatgtgctgcaaggcgattaagttgggtaacgcca

gggttttcccagtcacgacgttgtaaaacgacggccagtgcaacgcgatgacgatggatagcgattcatcgatgagctgacccgatcgc

cgccgccggagggttgcgtttgagacgggcgacagatcgacactgctcgatccgctcgcacctttttttcgcgatagggataacagggt

aatctggtcttcgaagttagcacatcgagcgggcaatatgtaccgtaaactaattgcgaagcacaataagcactacgacgccggagctc

acggggacagcccccccccaaagcccccagggatgtaattacgtccctcccccgctagggggcagcagcgagccgcccggggctccgct

ccggtccggcgctccccccgcatccccgagccggcagcgtgcggggacagcccgggcacggggaaggtggcacgggatcgctttcctct

gaacgcttctcgctgctctttgagcctgcagacacctggggggatacggggaaaaagctttaggctgaaagagagatttagaatgacag

aatcatagaacggcctgggttgcaaaggagcacagtgctcatccagatccaaccccctgctatgtgcagggtcatcaaccagcagccca

ggctgcccagagccacatccagcctggccttgaatgcctgcagggacttactagtgctggcggattacagcctttgaatcgccggctag

cggagtaacgaccttgaagacgagtacagagttccggtttgaatcaacctctggattacaaaatttgtgaaagattgactggtattctt

aactatgttgctccttttacgctatgtggatacgctgctttaatgcctttgtatcatgctattgcttcccgtatggctttcattttctc

ctccttgtataaatcctggttgctgtctctttatgaggagttgtggcccgttgtcaggcaacgtggcgtggtgtgcactgtgtttgctg

acgcaacccccactggttggggcattgccaccacctgtcagctcctttccgggactttcgctttccccctccctattgccacggcggaa

ctcatcgccgcctgccttgcccgctgctggacaggggctcggctgttgggcactgacaattccgtggtgttgtcctcgagtctagaggg

cccgtttaaacccgctgatcagcctcgactgtgccttctagttgccagccatctgttgtttgcccctcccccgtgccttccttgaccct

ggaaggtgccactcccactgtcctttcctaataaaatgaggaaattgcatcgcattgtctgagtaggtgtcattctattctggggggtg

gggtggggcaggacagcaagggggaggattgggaagacaatagcaggcatgctggggatgcggtgggctctatggctatgagttcgttc

cctccttgcctcctggtggtagatagcgtagggcggcgtttagtaattagaactatcagagtgcggtagggataacagggtaatggatc

cttttttggatcgacgagagcagcgcgactggatcagttctggaccagcgagctgtgctgcgactcgtggcgtaatcatggtcatagct

gtttcctgtgtgaaattgttatccgctcacaattccacacaacatacgagccggaagcataaagtgtaaagcctggggtgcctaatgag

tgagctaactcacattaattgcgttgcgctcactgcccgctttccagtcgggaaacctgtcgtgccagctgcattaatgaatcggccaa

cgcgcggggagaggcggtttgcgtattgggcgctcttccgcttcctcgctcactgactcgctgcgctcggtcgttcggctgcggcgagc

ggtatcagctcactcaaaggcggtaatacggttatccacagaatcaggggataacgcaggaaagaacatgtgagcaaaaggccagcaaa

aggccaggaaccgtaaaaaggccgcgttgctggcgtttttccataggctccgcccccctgacgagcatcacaaaaatcgacgctcaagt

cagaggtggcgaaacccgacaggactataaagataccaggcgtttccccctggaagctccctcgtgcgctctcctgttccgaccctgtc

gcttaccggatacctgtccgcctttctcccttcgggaagcgtggcgctttctcatagctcacgctgtaggtatctcagttcggtgtagg

tcgttcgctccaagctgggctgtgtgcacgaaccccccgttcagcccgaccgctgcgccttatccggtaactatcgtcttgagtccaac

ccggtaagacacgacttatcgccactggcagcagccactggtaacaggattagcagagcgaggtatgtaggcggtgctacagagttctt

gaagtggtggcctaactacggctacactagaagaacagtatttggtatctgcgctctgctgaagccagttaccttcggaaaaagagttg

gtagctcttgatccggcaaacaaaccaccgctggtagcggtggtttttttgtttgcaagcagcagattacgcgcagaaaaaaaggatct

caagaagatcctttgatcttttctacggggtctgacgctcagtggaacgaaaactcacgttaagggattttggtcatgagattatcaaa

aaggatcttcacctagatccttttaaattaaaaatgaagttttaaatcaatctaaagtatatatgagtaaacttggtctgacagttacc

aatgcttaatcagtgaggcacctatctcagcgatctgtctatttcgttcatccatagttgcctgactccccgtcgtgtagataactacg

atacgggagggcttaccatctggccccagtgctgcaatgataccgcgagacccacgctcaccggctccagatttatcagcaataaacca

gccagccggaagggccgagcgcagaagtggtcctgcaactttatccgcctccatccagtctattaattgttgccgggaagctagagtaa

gtagttcgccagttaatagtttgcgcaacgttgttgccattgctacaggcatcgtggtgtcacgctcgtcgtttggtatggcttcattc

agctccggttcccaacgatcaaggcgagttacatgatcccccatgttgtgcaaaaaagcggttagctccttcggtcctccgatcgttgt

cagaagtaagttggccgcagtgttatcactcatggttatggcagcactgcataattctcttactgtcatgccatccgtaagatgctttt

ctgtgactggtgagtactcaaccaagtcattctgagaatagtgtatgcggcgaccgagttgctcttgcccggcgtcaatacgggataat
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accgcgccacatagcagaactttaaaagtgctcatcattggaaaacgttcttcggggcgaaaactctcaaggatcttaccgctgttgag

atccagttcgatgtaacccactcgtgcacccaactgatcttcagcatcttttactttcaccagcgtttctgggtgagcaaaaacaggaa

ggcaaaatgccgcaaaaaagggaataagggcgacacggaaatgttgaatactcatactctacctttttcaatattattgaagcatttat

cagggttattgtctcatgagcggatacatatttgaatgtatttagaaaaataaacaaataggggttccgcgcacatttccccgaaaagt

gccacctgacgtctaagaaaccattattatcatgacattaacctataaaaataggcgtatcacgaggccctttcgtc 

 

pADAPT15 

ccctaggacgtgttccatctgccaatcgagaacgttactccgtaaactaattgcgaagcacaataagcactacgacgccggagctcacg

gggacagcccccccccaaagcccccagggatgtaattacgtccctcccccgctagggggcagcagcgagccgcccggggctccgctccg

gtccggcgctccccccgcatccccgagccggcagcgtgcggggacagcccgggcacggggaaggtggcacgggatcgctttcctctgaa

cgcttctcgctgctctttgagcctgcagacacctggggggatacggggaaaaagctttaggctgaaagagagatttagaatgacagaat

catagaacggcctgggttgcaaaggagcacagtgctcatccagatccaaccccctgctatgtgcagggtcatcaaccagcagcccaggc

tgcccagagccacatccagcctggccttgaatgcctgcagggacttactagtgctggcggattacagcctttgaatcgccgcgtagggc

ggcgtttagtaattagaactatcagagtgcggtagggataacagggtaatgctagcctacggggtctgacgctcagtggaacgaaaact

cacgttaagggattttggtcatgagattatcaaaaaggatcttcacctagatccttttaaattaaaaatgaagttttaaatcaagccca

atctgaataatgttacaaccaattaaccaattctgattagaaaaactcatcgagcatcaaatgaaactgcaatttattcatatcaggat

tatcaataccatatttttgaaaaagccgtttctgtaatgaaggagaaaactcaccgaggcagttccataggatggcaagatcctggtat

cggtctgcgattccgactcgtccaacatcaatacaacctattaatttcccctcgtcaaaaataaggttatcaagtgagaaatcaccatg

agtgacgactgaatccggtgagaatggcaaaagtttatgcatttctttccagacttgttcaacaggccagccattacgctcgtcatcaa

aatcactcgcatcaaccaaaccgttattcattcgtgattgcgcctgagcgagacgaaatacgcgatcgctgttaaaaggacaattacaa

acaggaatcgaatgcaaccggcgcaggaacactgccagcgcatcaacaatattttcacctgaatcaggatattcttctaatacctggaa

tgctgtttttccggggatcgcagtggtgagtaaccatgcatcatcaggagtacggataaaatgcttgatggtcggaagaggcataaatt

ccgtcagccagtttagtctgaccatctcatctgtaacatcattggcaacgctacctttgccatgtttcagaaacaactctggcgcatcg

ggcttcccatacaagcgatagattgtcgcacctgattgcccgacattatcgcgagcccatttatacccatataaatcagcatccatgtt

ggaatttaatcgcggcctcgacgtttcccgttgaatatggctcataacaccccttgtattactgtttatgtaagcagacagttttattg

ttcatgatgatatatttttatcttgtgcaatgtaacatcagagattttgagacacgggccagagctgcatcgcgcgtttcggtgatgac

accggtggtccatgacggaaattacttcagaaccgcctcgaatccctctagatgagggcccaaatgtaatcacctggctcaccttcggg

tgggcctttcttgaggacctaaatgtaatcacctggctcaccttcgggtgggcctttctgcgttgctggcgtttttccataggctccgc

ccccctgacgagcatcacaaaaatcgatgctcaagtcagaggtggcgaaacccgacaggactataaagataccaggcgtttccccctgg

aagctccctcgtgcgctctcctgttccgaccctgccgcttaccggatacctgtccgcctttctcccttcgggaagcgtggcgctttctc

atagctcacgctgtaggtatctcagttcggtgtaggtcgttcgctccaagctgggctgtgtgcacgaaccccccgttcagcccgaccgc

tgcgccttatccggtaactatcgtcttgagtccaacccggtaagacacgacttatcgccactggcagcagccactggtaacaggattag

cagagcgaggtatgtaggcggtgctacagagttcttgaagtggtggcctaactacggctacactagaagaacagtatttggtatctgcg

ctctgctgaagccagttacctcggaaaaagagttggtagctcttgatccggcaaacaaaccaccgctggtagcggtggtttttttgttt

gcaagcagcagattacgcgcagaaaaaaaggatctcaagaagatcctttgattttctaccgaagaaaggcccacccgtgtaaaacgacg

gccagtttatctagtcagcttgattctagctgatcgtggaccggaaggtgagccagtgagttgattgcagtccagttacgctggagtct

gaggctcgtcctgaatgatatgcgaccgccggctcgag 

 

pCV_LP 

atgatcgtgctcctgtcgttgaggacccggctaggctggcggggttgccttactggttagcagaatgaatcaccgatacgcgagcgaac

gtgaagcgactgctgctgcaaaacgtctgcgacctgagcaacaacatgaatggtcttcggtttccgtgtttcgtaaagtctggaaacgc
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ggaagtcagcgccctgcaccattatgttccggatctgcatcgcaggatgctgctggctaccctgtggaacacctacatctgtattaacg

aagcgctggcattgaccctgagtgatttttctctggtcccgccgcatccataccgccagttgtttaccctcacaacgttccagtaaccg

ggcatgttcatcatcagtaacccgtatcgtgagcatcctctctcgtttcatcggtatcattacccccatgaacagaaatcccccttaca

cggaggcatcagtgaccaaacaggaaaaaaccgcccttaacatggcccgctttatcagaagccagacattaacgcttctggagaaactc

aacgagctggacgcggatgaacaggcagacatctgtgaatcgcttcacgaccacgctgatgagctttaccgcagctgcctcgcgcgttt

cggtgatgacggtgaaaacctctgacacatgcagctcccggagacggtcacagcttgtctgtaagcggatgccgggagcagacaagccc

gtcagggcgcgtcagcgggtgttggcgggtgtcggggcgcagccatgacccagtcacgtagcgatagcggagtgtatactggcttaact

atgcggcatcagagcagattgtactgagagtgcaccatatgcggtgtgaaataccgcacagatgcgtaaggagaaaataccgcatcagg

cgctcttccgcttcctcgctcactgactcgctgcgctcggtcgttcggctgcggcgagcggtatcagctcactcaaaggcggtaatacg

gttatccacagaatcaggggataacgcaggaaagaacatgtgagcaaaaggccagcaaaaggccaggaaccgtaaaaaggccgcgttgc

tggcgtttttccataggctccgcccccctgacgagcatcacaaaaatcgacgctcaagtcagaggtggcgaaacccgacaggactataa

agataccaggcgtttccccctggaagctccctcgtgcgctctcctgttccgaccctgccgcttaccggatacctgtccgcctttctccc

ttcgggaagcgtggcgctttctcatagctcacgctgtaggtatctcagttcggtgtaggtcgttcgctccaagctgggctgtgtgcacg

aaccccccgttcagcccgaccgctgcgccttatccggtaactatcgtcttgagtccaacccggtaagacacgacttatcgccactggca

gcagccactggtaacaggattagcagagcgaggtatgtaggcggtgctacagagttcttgaagtggtggcctaactacggctacactag

aaggacagtatttggtatctgcgctctgctgaagccagttaccttcggaaaaagagttggtagctcttgatccggcaaacaaaccaccg

ctggtagcggtggtttttttgtttgcaagcagcagattacgcgcagaaaaaaaggatctcaagaagatcctttgatcttttctacgggg

tctgacgctcagtggaacgaaaactcacgttaagggattttggtcatgagattatcaaaaaggatcttcacctagatccttttaaatta

aaaatgaagttttaaatcaatctaaagtatatatgagtaaacttggtctgacagttaccaatgcttaatcagtgaggcacctatctcag

cgatctgtctatttcgttcatccatagttgcctgactccccgtcgtgtagataactacgatacgggagggcttaccatctggccccagt

gctgcaatgataccgcgagacccacgctcaccggctccagatttatcagcaataaaccagccagccggaagggccgagcgcagaagtgg

tcctgcaactttatccgcctccatccagtctattaattgttgccgggaagctagagtaagtagttcgccagttaatagtttgcgcaacg

ttgttgccattgctgcaggcatcgtggtgtcacgctcgtcgtttggtatggcttcattcagctccggttcccaacgatcaaggcgagtt

acatgatcccccatgttgtgcaaaaaagcggttagctccttcggtcctccgatcgttgtcagaagtaagttggccgcagtgttatcact

catggttatggcagcactgcataattctcttactgtcatgccatccgtaagatgcttttctgtgactggtgagtactcaaccaagtcat

tctgagaatagtgtatgcggcgaccgagttgctcttgcccggcgtcaacacgggataataccgcgccacatagcagaactttaaaagtg

ctcatcattggaaaacgttcttcggggcgaaaactctcaaggatcttaccgctgttgagatccagttcgatgtaacccactcgtgcacc

caactgatcttcagcatcttttactttcaccagcgtttctgggtgagcaaaaacaggaaggcaaaatgccgcaaaaaagggaataaggg

cgacacggaaatgttgaatactcatactcttcctttttcaatattattgaagcatttatcagggttattgtctcatgagcggatacata

tttgaatgtatttagaaaaataaacaaataggggttccgcgcacatttccccgaaaagtgccacctgacgtctgacttactagtgctgg

cggattacagcctttgaatcgccggtcgacgatgtaggtcacggtctcgaagccgcggtgcgggtgccagggcgtgcccttgggctccc

cgggcgcgtactccacctcacccatctggtccatcatgatgaacgggtcgaggtggcggtagttgatcccggcgaacgcgcggcgcacc

gggaagccctcgccctcgaaaccgctgggcgcggtggtcacggtgagcacgggacgtgcgacggcgtcggcgggtgcggatacgcgggg

cagcgtcagcgggttctcgacggtcacggcgggcatgtcgacgaattcgccaccatgaccgagtacaagcccacggtgcgcctcgccac

ccgcgacgacgtccccagggccgtacgcaccctcgccgccgcgttcgccgactaccccgccacgcgccacaccgtcgatccggaccgcc

acatcgagcgggtcaccgagctgcaagaactcttcctcacgcgcgtcgggctcgacatcggcaaggtgtgggtcgcggacgacggcgcc

gcggtggcggtctggaccacgccggagagcgtcgaagcgggggcggtgttcgccgagatcggcccgcgcatggccgagttgagcggttc

ccggctggccgcgcagcaacagatggaaggcctcctggcgccgcaccggcccaaggagcccgcgtggttcctggccaccgtcggcgtct

cgcccgaccaccagggcaagggtctgggcagcgccgtcgtgctccccggagtggaggcggccgagcgcgccggggtgcccgccttcctg

gagacctccgcgccccgcaacctccccttctacgagcggctcggcttcaccgtcaccgccgacgtcgaggtgcccgaaggaccgcgcac

ctggtgcatgacccgcaagcccggtgcctgaggtaccctgtgccttctagttgccagccatctgttgtttgcccctcccccgtgccttc

cttgaccctggaaggtgccactcccactgtcctttcctaataaaatgaggaaattgcatcgcattgtctgagtaggtgtcattctattc

tggggggtggggtggggcaggacagcaagggggaggattgggaagacaatagcaggcatgctggggatgcggtgggctctatggtaggg

ataacagggtaatctggtcttcgaagttagcacatcgagcgggcaatatgtacttaattaacgcggaacccctatttgtttatttttct

aaatacattcaaatatgtatccgctcatgagacaataaccctgataaatgcttcaataatattgaaaaaggtagagtaaagaggagaaa

tactagatgcgtaaaggcgaagagctgttcactggtgtcgtccctattctggtggaactggatggtgatgtcaacggtcataagttttc

cgtgcgtggcgagggtgaaggtgacgcaactaatggtaaactgacgctgaagttcatctgtactactggtaaactgccggtaccttggc
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cgactctggtaacgacgctgacttatggtgttcagtgctttgctcgttatccggaccatatgaagcagcatgacttcttcaagtccgcc

atgccggaaggctatgtgcaggaacgcacgatttcctttaaggatgacggcacgtacaaaacgcgtgcggaagtgaaatttgaaggcga

taccctggtaaaccgcattgagctgaaaggcattgactttaaagaagacggcaatatcctgggccataagctggaatacaattttaaca

gccacaatgtttacatcaccgccgataaacaaaaaaatggcattaaagcgaattttaaaattcgccacaacgtggaggatggcagcgtg

cagctggctgatcactaccagcaaaacactccaatcggtgatggtcctgttctgctgccagacaatcactatctgagcacgcaaagcgt

tctgtctaaagatccgaacgagaaacgcgatcatatggttctgctggagttcgtaaccgcagcgggcatcacgcatggtatggatgaac

tgtacaaatgatgataataatctagaccaggcatcaaataaaacgaaaggctcagtcgaaagactgggcctttcgttttatctgttgtt

tgtcggtgaacgctctctactagagtcacactggctcaccttcgggtgggcctttctgcgtttatattaattaaggtccatgacggaaa

ttacttcagaaccgcctcgaatcccgtgtgtcagttagggtgtggaaagtccccaggctccccagcaggcagaagtatgcaaagcatgc

atctcaattagtcagcaaccaggtgtggaaagtccccaggctccccagcaggcagaagtatgcaaagcatgcatctcaattagtcagca

accatagtcccgcccctaactccgcccatcccgcccctaactccgcccagttccgcccattctccgccccatggctgactaattttttt

tatttatgcagaggccgaggccgcctctgcctctgagctattccagaagtagtgaggaggcttttttggaggcctaggcttttgcaaaa

agctcccgggagcttgtatatccattttcggatctgatcaagagacaggatgaggatcgtttcgcatgattgaacaagatggattgcac

gcaggttctccggccgcttgggtggagaggctattcggctatgactgggcacaacagacaatcggctgctctgatgccgccgtgttccg

gctgtcagcgcaggggcgcccggttctttttgtcaagaccgacctgtccggtgccctgaatgaactgcaggacgaggcagcgcggctat

cgtggctggccacgacgggcgttccttgcgcagctgtgctcgacgttgtcactgaagcgggaagggactggctgctattgggcgaagtg

ccggggcaggatctcctgtcatctcaccttgctcctgccgagaaagtatccatcatggctgatgcaatgcggcggctgcatacgcttga

tccggctacctgcccattcgaccaccaagcgaaacatcgcatcgagcgagcacgtactcggatggaagccggtcttgtcgatcaggatg

atctggacgaagagcatcaggggctcgcgccagccgaactgttcgccaggctcaaggcgcgcatgcccgacggcgaggatctcgtcgtg

acccatggcgatgcctgcttgccgaatatcatggtggaaaatggccgcttttctggattcatcgactgtggccggctgggtgtggcgga

ccgctatcaggacatagcgttggctacccgtgatattgctgaagagcttggcggcgaatgggctgaccgcttcctcgtgctttacggta

tcgccgctcccgattcgcagcgcatcgccttctatcgccttcttgacgagttcttctgagcgggactctggggttcgcgaaatgaccga

ccaagcgacgcccaacctgccatcacgagatttcgattccaccgccgccttctatgaaaggttgggcttcggaatcgttttccgggacg

ccggctggatgatcctccagcgcggggatctcatgctggagttcttcgcccaccccaacttgtttattgcagcttataatggttacaaa

taaagcaatagcatcacaaatttcacaaataaagcatttttttcactgcattctagttgtggtttgtccaaactcatcaatgtatctta

ggatccgaaaaaccgctcagcggcgcccgcacccaaacgaaaacacccccggcccaagcggaccgggggtgtcgcgtgaaatggatcag

tgagcgtggccgtggtggtggccgtggccgtgctcgtcctcgtcggccggcttgtcgacgacggcggtctccgtcgtcaggatcatccg

ggccaccgaggcggcgttgagaacagccgagcgggtcaccttggccggatcgacgacgccggcggagaccagatcaccgaactccagcg

tggcggcgttgaagccctgccccttgggaagttcggaga 

 

cHS4 Insulator  

gagctcacggggacagcccccccccaaagcccccagggatgtaattacgtccctcccccgctagggggcagcagcgagccgcccggggc

tccgctccggtccggcgctccccccgcatccccgagccggcagcgtgcggggacagcccgggcacggggaaggtggcacgggatcgctt

tcctctgaacgcttctcgctgctctttgagcctgcagacacctggggggatacggggaaaaagctttaggctgaaagagagatttagaa

tgacagaatcatagaacggcctgggttgcaaaggagcacagtgctcatccagatccaaccccctgctatgtgcagggtcatcaaccagc

agcccaggctgcccagagccacatccagcctggccttgaatgcctgcagg 

 

WPRE - BGH polyA  

acaaaatttgtgaaagattgactggtattcttaactatgttgctccttttacgctatgtggatacgctgctttaatgcctttgtatcat

gctattgcttcccgtatggctttcattttctcctccttgtataaatcctggttgctgtctctttatgaggagttgtggcccgttgtcag

gcaacgtggcgtggtgtgcactgtgtttgctgacgcaacccccactggttggggcattgccaccacctgtcagctcctttccgggactt
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tcgctttccccctccctattgccacggcggaactcatcgccgcctgccttgcccgctgctggacaggggctcggctgttgggcactgac

aattccgtggtgttgtcctcgagtctagagggcccgtttaaacccgctgatcagcctcgactgtgccttctagttgccagccatctgtt

gtttgcccctcccccgtgccttccttgaccctggaaggtgccactcccactgtcctttcctaataaaatgaggaaattgcatcgcattg

tctgagtaggtgtcattctattctggggggtggggtggggcaggacagcaagggggaggattgggaagacaatagcaggcatgctgggg

atgcggtgggctctatgg 

 

pLin, Linearizer Promoter  

ttaaccctagaaagatagtctgcgtaaaattgacgcatgcattcttgaaatattgctctctctttctaaatagcgcgaatccgtcgctg

tgcatttaggacatctcagtcgccgcttggagctcccgtgaggcgtgcttgtcaatgcggtaagtgtcactgattttgaactataacga

ccgcgtgagtcaaaatgacgcatgattatcttttacgtgacttttaagatttaactcatacgataattatattgttatttcatgttcta

cttacgtgataacttattatatatatattttcttgttatagatactcgacgttgacattgattattgactagttattaatagtaatcaa

ttacggggtcattagttcatagcccatatatggagttccgcgttacataacttacggtaaatggcccgcctggctgaccgcccaacgac

ccccgcccattgacgtcaataatgacgtatgttcccatagtaacgccaatagggactttccattgacgtcaatgggtggagtatttacg

gtaaactgcccacttggcagtacatcaagtgtatcatatgccaagtacgccccctattgacgtcaatgacggtaaatggcccgcctggc

attatgcccagtacatgaccttatgggactttcctacttggcagtacatctacgtattagtcatcgctattaccatggtgatgcggttt

tggcagtacatcaatgggcgtggatagcggtttgactcacggggatttccaagtctccaccccattgacgtcaatgggagtttgttttg

gcaccaaaatcaacgggactttccaaaatgtcgtaacaactccgccccattgacgcaaatgggcggtaggcgtgtacggtgggaggtct

atataagcatccctatcagtgatagagatcagatctccctatcagtgatagagagctgttttgacctccatagaagacaccgggaccga

tccagcctccggactctagcgtttaaacttaagcttggtacccggggatcctctagggcctctgagctattccagaagtagtgaagagg

cttttttggaggcctaggcttttgcaaaaagctccggatcgatcctgagaacttcagggtgagtttggggacccttgattgttctttct

ttttcgctattgtaaaattcatgttatatggagggggcaaagttttcagggtgttgtttagaatgggaagatgtcccttgtatcaccat

ggaccctcatgataattttgtttctttcactttctactctgttgacaaccattgtctcctcttattttcttttcattttctgtaacttt

ttcgttaaactttagcttgcatttgtaacgaatttttaaattcacttttgtttatttgtcagattgtaagtactttctctaatcacttt

tttttcaaggcaatcagggtatattatattgtacttcagcacagttttagagaacaattgttataattaaatgataaggtagaatattt

ctgcatataaattctggctggcgtggaaatattcttattggtagaaacaactacatcctggtcatcatcctgcctttctctttatggtt

acaatgatatacactgtttgagatgaggataaaatactctgagtccaaaccgggcccctctgctaaccatgttcatgccttcttctttt

tcctacaggtcctgcaggc 

 

TetR-BFP Promoter  

atgggttctagactggacaagagcaaagtcataaactctgctctggaattactcaatgaagtcggtatcgaaggcctgacgacaaggaa

actcgctcaaaagctgggagttgagcagcctaccctgtactggcacgtgaagaacaagcgggccctgctcgatgccctggcaatcgaga

tgctggacaggcatcatacccacttctgccccctggaaggcgagtcatggcaagactttctgcggaacaacgccaagtcattccgctgt

gctctcctctcacatcgcgacggggctaaagtgcatctcggcacccgcccaacagagaaacagtacgaaaccctggaaaatcagctcgc

gttcctgtgtcagcaaggcttctccctggagaacgcactgtacgctctgtccgccgtgggccactttacactgggctgcgtattggagg

atcaggagcatcaagtagcaaaagaggaaagagagacacctaccaccgattctatgcccccacttctgagacaagcaattgagctgttc

gaccatcagggagccgaacctgccttccttttcggcctggaactaatcatatgtggcctggagaaacagctaaagtgcgaaagcggcgg

gccaaaaaagaagagaaaggcaagctcgggagctgcttctagcGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGG

TCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGAGGGGCGAGGGCGAGGGCGATGCCACCAACGGCAAGCTGACCCTGAAG

TTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGAGCCACGGCGTGCAGTGCTTCGCCCGCTACCC

CGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCA

CCTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCGTCGACTTCAAGGAGGACGGC
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AACATCCTGGGGCACAAGCTGGAGTACAACTTCAACAGCCACAACATCTATATCATGGCCGTCAAGCAGAAGAACGGCATCAAGGTGAA

CTTCAAGATCCGCCACAACGTGGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGC

TGCTGCCCGACAGCCACTACCTGAGCACCCAGTCCGTGCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTC

CGCACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAG 

 

eGFP-IQGAP1-muta123  

gtgagcaagggcgaggagctgttcaccggggtggtgcccatcctggtcgagctggacggcgacgtaaacggccacaagttcagcgtgtc

cggcgagggcgagggcgatgccacctacggcaagctgaccctgaagttcatctgcaccaccggcaagctgcccgtgccctggcccaccc

tcgtgaccaccctgacctacggcgtgcagtgcttcagccgctaccccgaccacatgaagcagcacgacttcttcaagtccgccatgccc

gaaggctacgtccaggagcgcaccatcttcttcaaggacgacggcaactacaagacccgcgccgaggtgaagttcgagggcgacaccct

ggtgaaccgcatcgagctgaagggcatcgacttcaaggaggacggcaacatcctggggcacaagctggagtacaactacaacagccaca

acgtctatatcatggccgacaagcagaagaacggcatcaaggtgaacttcaagatccgccacaacatcgaggacggcagcgtgcagctc

gccgaccactaccagcagaacacccccatcggcgacggccccgtgctgctgcccgacaaccactacctgagcacccagtccgccctgag

caaagaccccaacgagaagcgcgatcacatggtcctgctggagttcgtgaccgccgccgggatcactctcggcatggacgagctgtaca

agtccggactcagatccgccgcagacgaggttgacgggctgggcgtggcccggccgcactatggctctgtcctggataatgaaagactt

actgcagaggagatggatgaaaggagacgtcagaacgtggcttatgagtacctttgtcatttggaagaagcgaagaggtggatggaagc

atgcctaggggaagatctgcctcccaccacagaactggaggaggggcttaggaatggggtctaccttgccaaactggggaacttcttct

ctcccaaagtagtgtccctgaaaaaaatctatgatcgagaacagaccagatacaaggcgactggcctccactttagacacactgataat

gtgattcagtggttgaatgccatggatgagattggattgcctaagattttttacccagaaactacagatatctatgatcgaaagaacat

gccaagatgtatctactgtatccatgcactcagtttgtacctgttcaagctaggcctggcccctcagattcaagacctatatggaaagg

ttgacttcacagaagaagaaatcaacaacatgaagactgagttggagaagtatggcatccagatgcctgcctttagcaagattgggggc

atcttggctaatgaactgtcagtggatgaagccgcattacatgctgctgttattgctattaatgaagctattgaccgtagaattccagc

cgacacatttgcagctttgaaaaatccgaatgccatgcttgtaaatcttgaagagcccttggcatccacttaccaggatatactttacc

aggctaagcaggacaaaatgacaaatgctaaaaacaggacagaaaactcagagagagaaagagatgtttatgaggagctgctcacgcaa

gctgaaattcaaggcaatataaacaaagtcaatacattttctgcattagcaaatatcgacctggctttagaacaaggagatgcactggc

cttgttcagggctctgcagtcaccagccctggggcttcgaggactgcagcaacagaatagcgactggtacttgaagcagctcctgagtg

ataaacagcagaagagacagagtggtcagactgaccccctgcagaaggaggagctgcagtctggagtggatgctgcaaacagtgctgcc

cagcaatatcagagaagattggcagcagtagcactgattaatgctgcaatccagaagggtgttgctgagaagactgttttggaactgat

gaatcccgaagcccagctgccccaggtgtatccatttgccgccgatctctatcagaaggagctggctaccctgcagcgacaaagtcctg

aacataatctcacccacccagagctctctgtcgcagtggagatgttgtcatcggtggccctgatcaacagggcattggaatcaggagat

gtgaatacagtgtggaagcaattgagcagttcagttactggtcttaccaatattgaggaagaaaactgtcagaggtatctcgatgagtt

gatgaaactgaaggctcaggcacatgcagagaataatgaattcattacatggaatgatatccaagcttgcgtggaccatgtgaacctgg

tggtgcaagaggaacatgagaggattttagccattggtttaattaatgaagccctggatgaaggtgatgcccaaaagactctgcaggcc

ctacagattcctgcagctaaacttgagggagtccttgcagaagtggcccagcattaccaagacacgctgattagagcgaagagagagaa

agcccaggaaatccaggatgagtcagctgtgttatggttggatgaaattcaaggtggaatctggcagtccaacaaagacacccaagaag

cacagaagtttgccttaggaatctttgccattaatgaggcagtagaaagtggtgatgttggcaaaacactgagtgcccttcgctcccct

gatgttggcttgtatggagtcatccctgagtgtggtgaaacttaccacagtgatcttgctgaagccaagaagaaaaaactggcagtagg

agataataacagcaagtgggtgaagcactgggtaaaaggtggatattattattaccacaatctggagacccaggaaggaggatgggatg

aacctccaaattttgtgcaaaattctatgcagctttctcgggaggagatccagagttctatctctggggtgactgccgcatataaccga

gaacagctgtggctggccaatgaaggcctgatcaccaggctgcaggctcgctgccgtggatacttagttcgacaggaattccgatccag

gatgaatttcctgaagaaacaaatccctgccatcacctgcattcagtcacagtggagaggatacaagcagaagaaggcatatcaagatc

ggttagcttacctgcgctcccacaaagatgaagttgtaaagattcagtccctggcaaggatgcaccaagctcgaaagcgctatcgagat

cgcctgcagtacttccgggaccatataaatgacattatcaaaatccaggcttttattcgggcaaacaaagctcgggatgactacaagac

tctcatcaatgctgaggatcctcctatggttgtggtccgaaaatttgtccacctgctggaccaaagtgaccaggattttcaggaggagc
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ttgaccttatgaagatgcgggaagaggttatcaccctcattcgttctaaccagcagctggagaatgacctcaatctcatggatatcaaa

attggactgctagtgaaaaataagattacgttgcaggatgtggtttcccacagtaaaaaacttaccaaaaaaaataaggaacagttgtc

tgatatgatgatgataaataaacagaagggaggtctcaaggctttgagcaaggagaagagagagaagttggaagcttaccagcacctgt

tttatttattgcaaaccaatcccacctatctggccaagctcatttttcagatgccccagaacaagtccaccaagttcatggactctgta

atcttcacactctacaactacgcgtccaaccagcgagaggagtacctgctcctgcggctctttaagacagcactccaagaggaaatcaa

gtcgaaggtagatcagattcaagagattgtgacaggaaatcctacggttattaaaatggttgtaagtttcaaccgtggtgcccgtggcc

agaatgccctgagacagatcttggccccagtcgtgaaggaaattatggatgacaaatctctcaacatcaagaccgatcccgtcgacatc

tacaaatcttgggttaatcagatggagtctcagacaggagaggcaagcaaactgccctatgatgtgacccctgagcaggcgctagctca

tgaagaagtgaagacacggctagacagctccatcaggaacatgcgggctgtgacagacaagtttctctcagccattgtcagctctgtgg

acaaaatcccttatgggatgcgcttcattgccaaagtgctgaaggactcgttgcatgagaagttccctgatgctggtgaggatgagctg

ctgaagattattggtaacttgctttattatcgatacatgaatccagccattgttgctcctgatgcctttgacatcattgacctgtcagc

aggaggccagcttaccacagaccaacgccgaaatctgggctccattgcaaaaatgcttcagcatgctgcttccaataagatgtttctgg

gagataatgcccacttaagcatcattaatgaatatctttcccagtcctaccagaaattcagacggtttttccaaactgcttgtgatgtc

ccagagcttcaggataaatttaatgtggatgagtactctgatttagtaaccctcaccaaaccagtaatctacatttccattggtgaaat

catcaacacccacactctcctgttggatcaccaggatgccattgctccggagcacaatgatccaatccacgaactgctggacgacctcg

gcgaggtgcccaccatcgagtccctgataggggaaagctctggcaatttaaatgacccaaataaggaggcactggctaagacggaagtg

tctctcaccctgaccaacaagttcgacgtgcctggagatgagaatgcagaaatggatgctcgaaccatcttactgaatacaaaacgttt

aattgtggatgtcatccggttccagccaggagagaccttgactgaaatcctagaaacaccagccaccagtgaacaggaagcagaacatc

agagagccatgcagagacgtgctatccgtgatgccaaaacacctgacaagatgaaaaagtcaaaatctgtaaaggaagacagcaacctc

actcttcaagagaagaaagagaagatccagacaggtttaaagaagctaacagagcttggaaccgtggacccaaagaacaaataccagga

actgattaatgatatcgctcgcgacatccggaatcagcggaggtaccgacagaggagaaaggccgaactagtgaaactgcaacagacat

acgctgctctgaactctaaggccaccttttatggggagcaggtggattactataaaagctatatcaaaacctgcttggataacttagcc

agcaagggcaaagtctccaaaaagcctagggaaatgaaaggaaagaaaagcaaaaagatttctctgaaatatacagcagcaagactaca

tgaaaaaggagttcttctggaaattgaggacctgcaagtgaatcagtttaaaaatgttatatttgaaatcagtccaacagaagaagttg

gagacttcgaagtgaaagccaaattcatgggagttcaaatggagacttttatgttacattatcaggacctgctgcagctacagtatgaa

ggagttgcagtcatgaaattatttgatagagctaaagtaaatgtcaacctcctgatcttccttctcaacaaaaaattttatggcaaata

a 

 

IPTG-inducible u6-shRNA1 and PGK-LacI  

gagctcacggggacagcccccccccaaagcccccagggatgtaattacgtccctcccccgctagggggcagcagcgagccgcccggggc

tccgctccggtccggcgctccccccgcatccccgagccggcagcgtgcggggacagcccgggcacggggaaggtggcacgggatcgctt

tcctctgaacgcttctcgctgctctttgagcctgcagacacctggggggatacggggaaaaagctttaggctgaaagagagatttagaa

tgacagaatcatagaacggcctgggttgcaaaggagcacagtgctcatccagatccaaccccctgctatgtgcagggtcatcaaccagc

agcccaggctgcccagagccacatccagcctggccttgaatgcctgcagggacttactagtgctggcggattacagcctttgaatcgcc

gacccagagagggcctatttcccatgattccttcatatttgcatatacgatacaaggctgttagagagataattagaattaatttgact

gtaaacacaaagatattagtacaaaaaattgtgagcggataacaattatttcttgggtagtttgcagttttaaaattatgttttaaaat

ggactatcatatgcttaccgtaacttgaaagtaattgtgagcgctcacaattatatatcttgtggaaaggacgaggtaccgttctacgg

gaagtaattgattcaagagatcaattacttcccgtagaacttttttctagagaattccgtgtggaattgtgagcgctcacaattccaca

gctgcaattctcgacctcgagacaaatggcagtattcatccacaattttaaaagaaaaggggggattggggggtacagtgcaggggaaa

gaatagtagacataatagcaacagacatacaaactaaagaattacaaaaacaaattacaaaaattcaaaattttcgggtttattacagg

gacagcagagatccactttggccgcggctcgagggggcccgggttgcgccttttccaaggcagccctgggtttgcgcagggacgcggct

gctctgggcgtggttccgggaaacgcagcggcgccgaccctgggtctcgcacattcttcacgtccgttcgcagcgtcacccggatcttc

gccgctacccttgtgggccccccggcgacgcttcctgctccgcccctaagtcgggaaggttccttgcggttcgcggcgtgccggacgtg

acaaacggaagccgcacgtctcactagtaccctcgcagacggacagcgccagggagcaatggcagcgcgccgaccgcgatgggctgtgg
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ccaatagcggctgctcagcagggcgcgccgagagcagcggccgggaaggggcggtgcgggaggcggggtgtggggcggtagtgtgggcc

ctgttcctgcccgcgcggtgttccgcattctgcaagcctccggagcgcacgtcggcagtcggctccctcgttgaccgaatcaccgacct

ctctccccagggggatccaccatgaaaccagtaacgttatacgatgtcgcagagtatgccggtgtctcttatcagaccgtttcccgcgt

ggtgaaccaggccagccacgtttctgcgaaaacgcgggaaaaagtggaagcggcgatggcggagctgaattacattcccaaccgcgtgg

cacaacaactggcgggcaaacagtcgttgctgattggcgttgccacctccagtctggccctgcacgcgccgtcgcaaattgtcgcggcg

attaaatctcgcgccgatcaactgggtgccagcgtggtggtgtcgatggtagaacgaagcggcgtcgaagcctgtaaagcggcggtgca

caatcttctcgcgcagcgcgtcagtgggctgatcattaactatccgctggatgaccaggatgccattgctgtggaagctgcctgcacta

atgttccggcgttatttcttgatgtctctgaccagacacccatcaacagtattattttctcccatgaagacggtacgcgactgggcgtg

gagcatctggtcgcattgggtcaccagcaaatcgcgctgttagcgggcccattaagttctgtctcggcgcgtctgcgtctggctggctg

gcataaatatctcactcgcaatcaaattcagccgatagcggaacgggaaggcgactggagtgccatgtccggttttcaacaaaccatgc

aaatgctgaatgagggcatcgttcccactgcgatgctggttgccaacgatcagatggcgctgggcgcaatgcgcgccattaccgagtcc

gggctgcgcgttggtgcggatatctcggtagtgggatacgacgataccgaagacagctcatgttatatcccgccgttaaccaccatcaa

acaggattttcgcctgctggggcaaaccagcgtggaccgcttgctgcaactctctcagggccaggcggtgaagggcaatcagctgttgc

ccgtctcactggtgaaaagaaaaaccaccctggcgcccaatacgcaaaccgcctctccccgcgcgttggccgattcattaatgcagctg

gcacgacaggtttcccgactggaaagcgggcagagcagcctgaggcctcctaagaagaagaggaaggtttgaacgcgttaagtcgacaa

tcaacctctggattacaaaatttgtgaaagattgactggtattcttaactatgttgctccttttacgctatgtggatacgctgctttaa

tgcctttgtatcatgctattgcttcccgtatggctttcattttctcctcc 

 

CMV-LifeAct7-FusionRed  

cgttacataacttacggtaaatggcccgcctggctgaccgcccaacgacccccgcccattgacgtcaataatgacgtatgttcccatag

taacgccaatagggactttccattgacgtcaatgggtggagtatttacggtaaactgcccacttggcagtacatcaagtgtatcatatg

ccaagtacgccccctattgacgtcaatgacggtaaatggcccgcctggcattatgcccagtacatgaccttatgggactttcctacttg

gcagtacatctacgtattagtcatcgctattaccatggtgatgcggttttggcagtacatcaatgggcgtggatagcggtttgactcac

ggggatttccaagtctccaccccattgacgtcaatgggagtttgttttggcaccaaaatcaacgggactttccaaaatgtcgtaacaac

tccgccccattgacgcaaatgggcggtaggcgtgtacggtgggaggtctatataagcagagctggtttagtgaaccgtcagatccgcta

gcgccaccatgGGCGTGGCCGACTTGATCAAGAAGTTCGAGTCCATCTCCAAGGAGGAGGGGGATCCACCGGTCGCCACCATGgtgagc

gagctgattaaggagaacatgcccatgaagctgtacatggagggcaccgtgaacaaccaccacttcaagtgcacatccgagggcgaagg

caagccctacgagggcacccagaccatgagaatcaaggtcgtcgagggcggccctctccccttcgccttcgacatcctggctaccagct

tcatgtacggcagcagaaccttcatcaagcaccctccgggcatccccgacttctttaagcagtccttccctgagggcttcacatgggag

agagtcaccacatacgaagacgggggcgtgctgaccgctacccaggacaccagcctccaggacggctgcctcatctacaacgtcaaggt

tagaggggtgaacttcccagccaacggccctgtgatgcagaagaaaacactcggctgggaggcctccaccgagacgatgtaccccgctg

acggcggcctggaaggcgcatgtgacatggccctgaagctcgtgggcgggggccacctgatctgcaaccttgagaccacatacagatcc

aagaaacccgctacgaacctcaagatgcccggcgtctacaacgtggaccacagactggaaagaatcaaggaggccgacgatgagaccta

cgtcgagcagcacgaggtggctgtggccagatactctactggtggcgctggtgatggaggtaaatga 
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