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PREFACE 

 This work is broken into discrete components from the conception of a 

High-Content/Throughput Screen to its execution and finally the 

characterization of the molecules identified as hits. 

 Chapter 1 will introduce basic concepts rationalizing the screening 

assay, hardware, quantification and primary screen systematic error.  

Chapters 2-3 will provide a thorough introduction to the primary screen assay, 

its refinement and the experiments that ultimately defined the instrumentation 

hardware and software for assay quantification.  A significant effort is 

presented in Chapter 3 of a mathematical correction for systematic screening 

error observed in a number of screening efforts at the Sanford|Burnham 

Medical Research Institute.  This represents the first use of a digital signal 

processing filter to correct spatial patterns in microtiter plate data unrelated to 

assay biology.  As such these three chapters are the “build-up” to the 

screening effort. 

 The remaining chapters describe the start to finish screening efforts on 

two different library types.  Chapter 4 summarizes the primary screen, 

confirmations and structure activity relationship studies.  The molecular 

characterization is presented in Chapters 5-7 with the work largely divided into 

biological mechanism of action (Chapters 5-6), and an effort to identify 

biochemical targets of the small molecule hits using affinity capture probes 

(Chapter 7). 



xxii 

 Chapter 8 critically reviews various aspects of the screen and 

introduces a working model for the small molecule hits identified in the primary 

screen.  The model is based on circumstantial evidence of a metabolic stress 

threshold that can bias murine embryonic stem cell lineage commitment at 

early stages of differentiation.  
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 High-Content Screening (HCS) is a form of high throughput screening 

(HTS) that couples automated microscopy with high throughput image 

analysis to quantify biological effects.  Thus, it can be thought of as applied 

biology bridging basic bench research to drug discovery and clinical medicine. 

The first aim of this proposal is to develop a HCS strategy to identify small 

molecules that stimulate the differentiation of murine embryonic stem cells 

(mESC) toward the cardiac lineage. Screening campaigns are difficult and 

expensive, and success can be undermined by variation or errors in the 

underlying biology, robotics, instrumentation and data analysis.  Some of 

these problems can result in systematic errors resistant to correction by 

established methods.  Thus, the second aim of this proposal focuses on 
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development and testing of a novel correction method for redressing 

systematic errors. The third aim is to implement the HCS campaign and 

analyze the most interesting hits through confirmatory and secondary screens, 

medicinal chemistry optimization, and then mechanism of action and target 

identification.   Two libraries were screened: 1) ~14,000 small synthetic 

compounds screened at 2 doses and added 1 molecule per sample well, and 

2) a chemical mixture library where each sample well is tested against 

thousands of structurally similar molecules at equimolor concentration.  Two 

molecules from the individual compound screen and one compound from the 

mixture library screen were selected for structure activity relationship (SAR) 

analyses.  For each compound class, the data define an SAR for 

cardiomyogenesis from ESCs. Studies focused on the biological mechanism 

of action studies have revealed two molecules bias germ layer commitment 

toward early endoderm at the expense of mesoderm.  Biotin-tethered probes 

used to affinity capture small molecule protein targets together with biological 

assays have suggested metabolic stress is a modulator of mESC specification 

of the 3 germ layers. 
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CHAPTER 1:  INTRODUCTION 

 

 

SPECIFIC AIMS: 

1. Develop a HCS assay for mESC cardiogenesis. 

2. Identify systematic data errors common in HTS/HCS assay systems 

and develop a robust mechanism for correction. 

3. Identify and characterize small molecule inducers of cardiogenesis from 

a mESC-based HCS assay. 

 

SUMMARY: 

 Advancing technology has empowered researchers with an increased 

capacity for applied biology.  The refinement of instrumentation and robotics to 

accommodate the growing needs of industrial and academic research have 

enabled the development of high-throughput assays that were impractical or 

technically difficult to scale 5-10 years ago [1].  Similarly, recent advances in 

ESC research have facilitated the development of assays targeted for 

molecular library screening.  The following sections will acquaint the reader 

with the biology, instrumentation and assay quantification observed in the 

screening effort described here.  The chapter will conclude with the 

characterization of a common problem in primary screening efforts – 

systematic error.  .
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1.1 Stem Cell Biology Relevant to Heart Regeneratio n 

 ESCs differ from adult or somatic stem cells (SSCs) in that ESCs are 

pluripotent – they can differentiate into any cell type composing an organism 

given the proper signaling cues.  In contrast, SSCs have a more limited 

potency and are generally involved in regenerating diverse cell types in one 

tissue, such as hematopoietic stem cells in the bone marrow.  Controversy 

persists over the possibility and extent of transdifferentiation – the 

regeneration of a target tissue with SSCs isolated from tissue different from 

the target - for example, the regeneration of heart tissue with bone marrow 

stem cells.  In the heart, there are early reports indicating transdifferentiation 

occurred with clinically meaningful frequency [49,73], however, this was 

quickly challenged [50,51,71,72].  Although some cardiomyocyte regeneration 

seems to occur after damage (see below), whether clinically meaningful 

numbers come from outside the heart has not been convincingly demonstrated.  

It is important to add that although the clinical trials using SSCs acquired from 

patient tissues (e.g. cells mobilized from the bone marrow) have been reported 

to yield modest improvement in physiologic function of the damaged heart, 

significant cardiomyocyte regeneration has never been obtained [10,11].  

Indeed, the clinical trials were not designed to regenerate cardiomyocytes and 

any clinical benefit is likely due to an increase in the microvasculature, either 

by paracrine influences or possible persistence of the transplanted cells as 

vascular endothelial cells [46,47,52,53]. 
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 In principal, SSCs offer the simplest alternative for a cell-based therapy 

to regenerate failing or damaged tissues since these cells can originate from 

the host and would not require immunosuppression [6,7].  Recent lineage 

studies show the adult heart retains modest capacity for self-renewal [54,75] 

and several types of SSCs have been described [8, 55-60,68-70].  By these 

and most other assessments, the endogenous stem cells appear rare and 

currently hard to isolate in large numbers since they are identified by a 

combination of markers.  Although, some of these cells are promising 

candidates for future screening endeavors, at the time these studies were 

initiated several processes were poorly defined, such as 1) precise means for 

identification and purification, 2) expansion in culture, or 3) culture conditions 

conducive to cardiomyocyte differentiation.  Currently, a small number of in 

vivo studies [68-70] and one clinical trial in humans using cardiac derived 

SSCs [74] has shown promise suggesting future work with adult cardiac SSCs 

could reach the clinic. 

 In light of the absence of clear SSCs to consider at the time of these in vitro 

screens, ESCs were used as they are known to produce cardiomyocytes in vitro 

when administered proper signaling guidance.  Importantly, mESCs differentiated to 

pro-cardiac mesoderm present lineage markers and cardiac potential consistent with 

those cells identified in several adult cardiac progenitors studies (Fig.1.1.1).  In vitro 

differentiated cardiomyocytes can be transplanted with successful, albeit very modest, 

integration into the heart tissue suggesting proof of principal [61]. 
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Figure 1.1.1:  Parallel between pluripotent stem ce lls differentiated to pro-cardiac 
mesoderm in cell types reported to be adult cardiac  progenitors.   Top bar describes the 
differentiation potential of pluripotent stem cells via the expression of lineage markers.  Sox1 and 
Nestin indicate the divergence of ectodermal lineages while Cerberus, FoxA2 and Sox17 show the 
early endoderm splitting off from mesendodermal cells.  Thin circular arrow indicates procardiac 
signals provided to the mesoderm (Cdx2, MesP1, and Flk1) from endodermal cells.  Nkx2.5, Mef2C 
and Gata4 mark cells of the pro-cardiac mesoderm and is a shared among those cells reported to be 
adult cardiac progenitors defined by various markers (Cells indicated by blue nucleus circumscribed by 
bold red ellipses).  Cells derived from both sources are capable of producing beating cardiomyocytes 
defined by Myh6, Myl2 and Tnnt2. 
 

Most recently, Yamanaka and colleagues were the first to demonstrate that a few 

genes (Oct4, Myc, Klf4, Sox2) can reprogram differentiated cells to form induced 

pluripotent stem cells (iPSCs) that have pluripotent properties of ESCs, and this has 

been reproduced in a number of laboratories [2-5].   These cells can be derived from 
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a patient’s own tissues, thus their application in a transplantation therapy might 

circumvent the need to immunosuppress. However, with current methods of stable 

gene integration, there is documented incidence of tumor formation after 

transplantation of IPSC-derived differentiated cells.  

 Currently, characterization of the necessary signals guiding an ESC to a 

cardiac lineage is incomplete; although, there is strong agreement in certain lineage 

markers and in some cases the activation or inhibition of associated signaling 

pathways (for review see [62]).  The identification of molecular probes capable of 

eliciting a desired affect on stem cell lineage commitment holds promise for the 

development of clinical stem cell-based therapies.  Importantly, mesodermal and 

cardiac biological markers commonly used to evaluate mESC lineage commitment 

can be used to validate and characterize the effects of a molecular probe.  Minimally, 

knowledge of a probe’s biological mechanism of action, or, molecular target(s) will 

contribute to the growing knowledge base outlining mESC cardiac lineage 

commitment.  Thus, the development and execution of a phenotypic assay to 

measure cardiac lineage commitment from ESCs at a minimum would be useful to 

characterize novel signaling pathways at play in embryonic cardiomyocyte 

differentiation.  In addition, such an assay could reveal molecules, genes and 

proteins useful for in vitro differentiation of cells targeted for cell-based therapy, or, 

provide leads for drugs stimulating endogenous regeneration. 
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1.2 Instrumentation and Assay Quantification 

 The commercialization and continued development of CCD-based high-

throughput microscopy (HTM) over the last decade has provided the screening 

community with an alternative to the standard plate reader [1,19].  In addition 

to increased sensitivity in cell-based assays, the automated analysis and 

quantification of microscopy images is capable of multi-parametric data output 

dubbing it a “High-Content” screening device.   

 The work-flow for HCS begins with automated image capture of 

experimental samples according to user specifications, such as image binning, 

exposure, channel selection, and area.  Images captured from simple assays 

(e.g. nuclear-cytoplasmic partition) employing established cell lines can often 

be quantified using analysis methods provided with the imaging device.  In 

assays with a more complicated phenotype, novel image quantification 

routines must be developed [20-24].  This is commonly done by empirically 

testing the analysis computations from positive and negative sample images 

for dynamic responses visualized by the human eye.  The analysis output is 

guided by user needs and can encompass metrics describing shape, size, 

relative intensity, abundance, and population bias.  Accordingly, the multi-

parametric analysis can be applied to a large collection of samples (e.g. a 

screening campaign) resulting in a refined separation of the bulk sample 

population from the hits [19,23-24].  This is an important advantage over the 

single output/well readout delivered by instrumentation such as plate readers 
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and affords a greater ability to distinguish artifacts from true data.  Also, as will 

be demonstrated in Aim 1, image analysis is a more sensitive mode of 

detection as compared to plate readers when specific signal is sparse, of low 

relative intensity, or both.  Ultimately, the multi-parametric output and 

increased sensitivity conferred by image analysis can save time and money in 

screening campaigns by increasing the confidence of hit calling. 

 

1.3 Systematic Screening Errors and Correction 

 Regardless of the screening instrumentation, signal quantification and 

assay format, systematic error can complicate detection of hits relative to the 

spatially dependent distortion in a data array.  For example, it is common in 

microtiter plate (MTP) screens to find that interplate and intraplate variation 

can overwhelm the signal of a true hit.  Non-random, systematic error can be 

introduced by instrument error (e.g. clogged tips in a liquid handler) or an 

underlying biological effect (e.g. plate edge artifact).  Such artifacts reveal 

themselves as spatial patterning or intensity gradients in MTP background 

measures. As a result of reducing the consistency across data array values, 

systematic errors increase assay variation and reduce dynamic range with a 

corresponding reduction in the ability to discern hits [36].  These error sources 

are seldom uncovered during the assay development phase of a planned 

screen but become evident after scale-up in sample size and assay logistics 

[25-30]. 
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Figure 1.3.1:  Example of systematic error affectin g assay consistency over a 
collection of 384 well MTPs comprising a primary sc reen.   MTP heat maps show 
localized data distortions in background values presenting with variable effect over the 
collection of MTPs.  These plates are examples taken from a hepatocyte screen for inhibitors 
of lipid droplets.  MTP identifiers are indicated above (PA-#), MTP rows (A-P) are on the x-axis 
and columns (1-24) on the y-axis. 
 

After execution of the screen, systematically corrupt data can be identified and 

flagged for removal with data filters and statistical thresholds [31], resulting in 
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lost data and an increase in the cost/sample.  There is broad recognition of 

systematic data distortion in the industry and there has been some progress in 

developing techniques for post-measurement data correction [32-35]; however, 

many proposed techniques are associated with high computational overhead 

and do not permit objective and universal application of the corrective remedy, 

treating only afflicted arrays or array regions.  In Aim 2, a novel mechanism of 

correcting systematic error in primary screen assays is described that borrows 

tools used in digital signal processing.  The method was developed to redress 

certain patterning and localized data distortion from cell-based MTP assays, 

but is also applicable to biochemical assays.  
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CHAPTER 2:  DEVELOPING A HIGH-CONTENT SCREENING ASS AY FOR 

CARDIOMYOGENESIS. 

 

 In validation testing of two signal detection platforms, two MTP readers 

and one MTP imager were tested for their respective capacities to detect low-

level fluorescent signal.  The comparison suggested imaging platforms have 

inherent advantages in hit detection unmatched by plate readers.  Results 

from validation test plates and real screening data show enhanced dynamic 

range and sensitivity for the imaging platform due in large part to flexibility in 

image analysis specifications and multiplexed data output.  An imaging 

algorithm was then developed to quantify bias in mESC cardiogenesis as 

measured by GFP expression level from the αMHC-GFP transgene.  A 

method of dynamic image thresholding was adopted to grossly estimate image 

pixels residing above the global pixel average for each image.  The method for 

quantification was computationally efficient and effective at measuring small 

molecule potentiation of cardiomyogenesis. 

 

2.1 Instrument Considerations and Test Conditions     

 Only a minor population of ESCs is expected to develop into 

cardiomyocytes in ESC cultures.  Although the high GFP intensity produced 

from a discrete focus in the well is clearly identified by the human eye using 

fluorescence microscopy, a substantial fluorescent background signal is
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 present in the vast majority of negative cells in close proximity.  This makes it 

difficult for a technology that integrates the signal from the entire well to 

distinguish significant signal from background.  Therefore, at the outset of 

devising an ESC cardiogenesis screen, there was a concern that plate reader 

platforms would lack the sensitivity to detect relatively rare but significant 

levels of cardiomyocyte differentiation. 

 Addressing sensitivity concerns, a head-to-head comparison of 

fluorescent signal detection platforms considered for quantifying 

cardiomyogenesis was initiated.  Two instrumentation platforms were 

evaluated for their respective ability to resolve low frequency events in MTP 

wells (384 format); (1) a MTP plate reader and (2) a high-throughput image 

capture microscope (HTM).  The plate reader platforms have significant 

advantages in simplicity and speed with regard to data analysis and data 

output, but the platform is designed around homogenous assays with ample 

signal.  Plate imagers or, high-throughput microscopes when coupled with 

downstream image quantification software can resolve sample patterns, 

isolating spurious and low-level signal from large areas of background signal.   

 The respective strengths and weaknesses of these two platforms were 

compared on test plates harboring fluorescent mouse insulinoma cells (MIN6) 

and in a primary screen for modulators of Tumor Necrosis Factor alpha 

(TNFa) induced Vascular Cell Adhesion Molecule-1 (VCAM-1) expression in 

pooled human umbilical vein endothelial cells (HUVECs).  In the MIN6 test 
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plates, green and red fluorescent proteins were produced by insulin-GFP and 

Phosphoglycerate kinase 1-DsRed (PGK-DsRed) response elements, 

respectively.  In the VCAM-1 assay signal resulted from surface 

immunostaining of VCAM-1 followed by secondary Alexa488 conjugate (Green 

band-pass).   

 

2.2 Controlled Comparison of Plate Readers and an I mager 

 First, the performance of two plate readers (Perkin Elmer, EnVision; 

Beckman Coulter, DTX) and an imaging platform (GE/Amersham, INCell 

1000) were compared for their respective abilities to detect a fluorescent 

signal titration achieved by a 2-fold, 6-step reduction in fluorescent MIN6 cells 

seeded into test plates (Fig.2.2.1A-C). Signals governed by cellular processes 

(GFP and DsRed) were resolved down to the lowest cell titers on the imaging 

platform (INCell 1000), in contrast to the plate readers which could not resolve 

the limiting signal from either fluorescent protein at the lowest cell titers. In 

addition, the imaging platform resolved greater dynamic change across the 

titration as the best fit curves for the plate readers indicated reduced slopes.  

The data suggest a significant sensitivity advantage for HTM, which would 

improve low-frequency signal detection observed in the cardiogenesis assay. 
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Figure 2.2.1:  Signal detection capability of the p late readers and imager under 
controlled conditions in fluorescently labeled MIN6  cells.   The detection limits of the 
INCell 1000 (A), DTX (B) and EnVision (C) platforms are shown.  Note that the DAPI signal 
was sufficiently bright that the dynamic range of each instrument could discern cell titers from 
the maximum to minimum plated. In contrast, the INCell 1000 imager exhibited a significant 
dynamic range advantage for GFP and DsRED whereas the DTX and EnVision showed a lack 
of sensitivity in the lowest cell titers (< 2,250 and < 560 cells/well, respectively).  The DTX 
showed the greatest sample variance of the platforms tested.  Asterisks indicate P-values for 
resolving the 2-fold differences in signal intensities between the flanking cell seed densities as 
indicated; paired T-test p-values were: * for p < 0.001, ** for p < 0.01, *** for p < 0.1 and **** 
for p > 0.1.  
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2.3 Evaluation of Plate Reader and Imager Performan ce in a 10,000 

Compound Primary Screen 

 The capacity of plate readers and the imaging platform were then 

evaluated for the resolution of faint signal in a fluorescent cell-based primary 

screen of 10,000 Molecular Libraries Screening Center Network (MLSCN) 

library compounds for up- and down-regulation of VCAM-1.   Illustrating the 

multi-parametric approach afforded by image analysis, a scheme of data 

flagging and classification is shown for the VCAM-1 assay (Fig.2.3.1).  Filters 

were applied to the bulk data obtained from the imaging platform to mitigate 

artifact contributions to the data pool.  Data filters of this sort offer exceptional 

value when considering the cost and time associated with secondary “hit” 

confirmation.  In contrast, plate readers are blind to morphological, and other 

qualitative information present in a given sample well.  Importantly, in the 

absence of selective data filters, the slice of data considered to be “hits” will 

often be contaminated with a variable proportion of artifacts.  Consequently, by 

stripping away artifacts the data thresholds established to qualify hits will 

contain a larger number and enriched pool of true positives.   
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Figure 2.3.1:  Application of data filters in the V CAM-1 screen used to evaluate plate 
reader and imager performance.   Filters are used to identify wells containing artifacts.  
Nuclear filters (or gates) of mean radius below the 5th percentile or mean circularity above the 
95th percentile or mean area below the 1st percentile were used to detect and remove 
aberrant wells. Compounds causing aberrant radii, circularity and/or area, quantified using 
Developer Toolbox, were flagged as undesirable because of potential adverse effects on cell 
viability or growth. In addition, where the standard deviation of the segmented area was in the 
99th percentile of standard deviation values were flagged and removed from subsequent 
analysis.  This metric was found empirically to be a reliable indicator of undesirable signal, 
such as debris.  Agonist and inhibitor hit thresholds were set according to 98%<Hits<1%, 
respectively, of the refined sample population.  Abbreviations: SD-standard deviation. 
 
 

 As a proof of the imaging platform’s greater sensitivity and ability to 

discriminate between false positives and true inhibitors and agonists of TNFa-

induced VCAM-1 expression, equivalent hit pools were determined for each 

platform and authenticated by visual verification using the INCell 1000 image 
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stacks (Fig. 2.3.2).  As shown in Figure 2.3.2, the top 2% and bottom 1% of 

the sample signals were authenticated for each platform.  47 out of 48 VCAM-

1 inhibitors visually authenticated from the lowest 1% of signal measured in all 

data sets were associated with the INCell 1000 “hits”.  The plate reader 

platforms only matched 27/48 (InCell -EnV) and 10/48 (INCell-DTX) for their 

respective lowest 1% of sample signal.   Furthermore only 3 inhibitors agreed 

in both plate readers when compared to visually authenticated hits obtained 

from the bottom 1% of all data sets.   

 When sample signals were compared in the top 2% across platforms, 

there was close agreement in the determined agonists, indicating the plate 

readers could perform equitably in presence of abundant signal.  These data 

suggest high-throughput microscopy coupled with image analysis software has 

significant sensitivity advantages over plate readers.  The sensitivity 

advantage is due to the capacity of imaging software to resolve signal 

patterning via pixel segmentation and quantitatively report information relevant 

to signal strength and morphology.  As the imaging platform exhibited a 

significant sensitivity advantage and could report information relevant to both 

quantity and quality of data, it was a better choice to quantify the foci 

associated with cardiomyogenesis as indicated by αMHC-GFP activity. 

 The figures and data illustrated in Chapter 2.2-2.3 were taken in part 

from published material in the journal Assay and Drug Development 

Techhnologies [19]; Bushway PJ, Mercola M, Price JH. 2008. A Comparative 
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Analysis of Standard Microtiter Plate Reading versus Imaging in Cellular 

Assays.  Assay Drug Dev Technol 6, 557-567.  The dissertation author was 

the primary investigator and author of this journal article documenting the 

strengths and weaknesses of MTP reader and imaging platforms 

 

 
 
Figure 2.3.2:  Performance summary of the INCell 10 00, DTX, and EnVision 
instruments in the TNF- α/VCAM-1 screen.   Inhibitors or agonists of TNF-α/VCAM-1 
expression in HUVECs were identified using each platform from a primary screen of 10,000 
compounds (see Materials and Methods).  Of 48 inhibitors visually confirmed across all 3 
platforms, the INCell 1000 image analysis identified 47.  The single inhibitor not characterized 
as a hit by the INCell 1000 was rejected by the image and data analysis process as atypical in 
its nuclear morphology (see text).  The EnVision performed best among the two plate readers 
identifying 57% whereas the DTX identified 21% of the 48 inhibitors. Furthermore, 
discordance in the common inhibitor hits identified among all 3 platforms (6%) indicates 
impaired ability to discern inhibitors by the plate readers.  In contrast, all platforms showed 
good concordance in detecting agonists.  Abbreviations:  EnV-Envision Plate Reader, DTX-
DTX Plate Reader. 
 
 



19 

 

2.4 Development and Testing of a Quantitative Image  Analysis 

Algorithm for the αMHC-GFP Assay     

 The next step was development of a quantification scheme that could 

consistently resolve signal from well to well and plate to plate.  At the time, the 

underlying biology of the first generation ESC cardiogenesis assay was in 

development in the laboratory using a CGR8 mESC line that had been stably 

transfected with an αMHC promoter directing GFP expression [40].   It was 

apparent from these studies that competent Bra+ mesodermal cells could be 

produced efficiently in the presence of 5% FBS in cells plated at relatively 

sparse seed density but that the spontaneous incidence of Nkx2.5+ 

cardiomyogenic cells under these conditions was low relative to that seen in 

embryoid body (EB) culture.  The reason for the low incidence was presumed 

to be that the normal developmental factors present in EBs were either lacking 

or did not accumulate sufficiently in the relatively sparse cultures.   Low-level 

cardiogenesis occurs under normal assay conditions and observes a slight 

delay relative to EB culture.  The spontaneously occurring, intense foci of 

αMHC-GFP+ cardiomyocytes are normally present at low frequency and 

mottled on an inconsistent background of negative cells.  Algorithms 

quantifying cardiogenesis can be developed on these sparse foci.  The ESCs 

often clump into regions of three-dimensional cell growth and can exhibit 

autofluorescent signal that must be subtracted.  To rapidly measure the GFP 

signal corresponding to cardiomyocytes in a well, a method of dynamic 
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thresholding was used to evaluate background on each image independently 

(Fig.2.4.1).  In short, a global pixel average (Gpi) is determined for each image 

and source pixels (src) residing 1.5-fold over the Gpi are assumed to be 

cardiomyocytes (src - Gpi*1.5).  The sensitivity of the algorithm to detect low-

level signal can be adjusted through the Gpi scalar. 

 

 
 
Figure 2.4.1:  An image-processing scheme of a mESC  αMHC-GFP cardiomyocyte 
assay.    A) The image and 3D area plot represents the image as it is captured from the 
microscope.  B) The same image after dynamic thresholding is used to remove background 
signal from the image. C) The image and plot represents the generation of a binary mask 
which can be applied to images collected in all wavelengths. 
 

Additional image processing steps can be added to increase specificity of the 

image mask for the regions of interest (GFP+ pixel area).  For example, the 

application of appropriately sized median filters to the image processing 

routine can be used to remove punctate debris, with the added benefit of 

smoothing pixel intensity variations unrelated to assay biology (exclusion of 
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hot pixels).  A stepwise processing scheme on a single image is shown in 

Figure 2.4.1A-C [41].  The determined GFP+ area provides the basis for an 

image mask which is used to extract the value and total area of corresponding 

pixels; however, assay measurements provide for 9 image fields per well 

obtained with a 10x objective (~75% of the well area).  The image mask used 

to extract GFP+ pixels is also used to acquire non-specific signal contributions 

over the same area in the red channel and these are subtracted from the 

integrated GFP+ signal. 

 The αMHC-GFP reporter was validated by correlation to anti-myosin 

immunostaining, with fluorescent signals from both quantified by the imaging 

algorithm. Consistent with the chosen screening format, a 384 well plate 

arrayed with appropriate controls was imaged twice – once to image GFP 

signal specific to the green band-pass, and a second time to image anti-

myosin immunostaining specific to the red band-pass (Fig. 2.4.2A).  In brief, 

the CGR8 αMHC-GFP cells were seeded onto Greiner 384 well microclear 

flat-bottom microtiter plates in ½ the total well volume at a density of ~229 

cells/mm2. Compound was administered on day 2 with ½ well volume at 2x 

concentration and mixed thoroughly. On day four, 1x concentrated compound 

in ½ well volume was replaced; otherwise, fresh media was replaced at ½ the 

total well volume every second day until the assay was complete (day 9). 
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Figure 2.4.2:  αMHC-GFP expression correlates with anti-myosin immu nostaining.   
9-field image mosaics captured from sample wells (~75% of well area) treated with a positive 
control or dmso are shown in (A).  DMSO images from Red and Green channels (RED Ex/Em, 
GREEN Ex/Em) after anti-myosin immunostaining are contrasted with the positive control 
before and after anti-myosin immunostaining (same plate imaged twice).  Specific detection 
for αMHC-eGFP and anti-Myosin (Alexa568) is shown as GREEN Ex/Em (first row) and RED 
Ex/Em (second row), respectively.  The images from all wells of the same 384 well microtiter 
plate represented in (A) were quantified and the results plotted on the graph in (B).  The X-
axis sample signals are separated by the detection band-pass (GREEN Ex/Em, RED Ex/Em). 
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Compounds with a cardiogenic bias observe a greater αMHC-GFP response.   

The images demonstrate a tight spatial correlation between myosin and GFP 

signals when compared in the same well.  Furthermore, the image 

segmentation method described in figure 3A-C was unbiased and effective in 

separating specific signal (αMHC-GFP; anti-Myosin immunostain) from 

background (dmso) quantitatively (Fig. 2.4.2B). 

 The figures and data illustrated in Chapter 2.4 were taken in part from 

published material in the journal Methods in Enzymology [41]; Bushway PJ, 

Mercola M: High-Throughput Screening for Modulators of Stem Cell 

Differentiation.  Methods in Enzymology 2006;414: 300-315.  The dissertation 

author was the primary investigator and author of this journal article 

documenting progress in quantitative high-content assay development in 

mESCs. 
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CHAPTER 3:  IDENTIFICATION AND CORRECTION OF HTS/HC S 

SYSTEMATIC DATA ERRORS WITH A NOVEL CORRECTION METH OD. 

 

 As multiple screens were run in the lab and in the Sanford|Burnham La 

Jolla screening center (formerly known as the San Diego Center for Chemical 

Genomics, SDCCG; now known as the Conrad Prebys Center for Chemical 

Genomics, CPCCG) - each with unique endpoint and biology - spatial trends 

were commonly observed in data arrays that could not be explained by the 

underlying assay biology.  Systematic error is insidious in large-scale screens 

because it is difficult to precisely characterize the dynamic change between 

predictable and random assay variation.  That is, a systematic pattern may 

present visually, but a random variable will predict the relative contribution to 

discrete samples and MTP arrays as a whole – a behavior difficult to 

mathematically model.  Here median-based techniques used in digital signal 

processing were adapted to correct systematic error [36]. Of the median filters 

evaluated, empirical testing showed a bidirectional hybrid median filter (HMF) 

performed best for correcting spatially dependent gradient vectors in emulated 

primary screen MTP data arrays.  By comparison to smoothing filters and 

Fourier-based techniques, the HMF showed an extraordinary capacity to 

enhance assay dynamic range by reduction of background variation and 

preservation of hit amplitudes in primary screen data arrays.  In follow up work, 

the 5x5 HMF was used to successfully correct a real world primary screen 
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data set with severe systematic gradient patterning.  In addition, alternative 

median filters were explored for the correction of periodic error.  Finally, 

complex pattern distortions composed of gradient vectors and periodic 

elements were progressively resolved by serial application of filters targeting 

each systematic error class.  

 

3.1  Screening and Systematic Error Background 

 In the course of screening, systematic data artifacts were prevalent in 

the cardiomyogenesis assay and were attributable to the screening logistics 

and the assays’ biological complexity.  Systematic errors are a common high-

throughput and high-content screening assay affliction observed by us and 

others.  These artifacts are characterized by recognizable patterns in signal 

deviation over the MTP spatial array and are independent of assay biology.  

The error repetition over a screening data set comprised of 10s to 100s of 

MTPs is usually the result of the screening process itself and is defined 

accordingly as systematic error.  Statistical analysis of a large data population 

is compromised in the presence of spatially dependent data distortions due to 

the associated increase in background variation.  Importantly, many of the 

systematic errors appearing in screening data sets are not detected during 

assay development, due to reduced scale and simpler assay logistics. 

 An unbiased and global method of correcting such spatial data 

distortions would be a useful tool, especially if it were “blind” to the presence of 
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outliers (hits).   An interesting and useful feature inherent in data obtained in 

most primary screening efforts is the appearance of hits as outliers, on an 

otherwise unremarkable landscape of background values.  The non-

parametric median statistic is a good tool to normalize this type of data 

because the rank order assessment of a local neighborhood will position 

outliers at the maxima and minima of the value list.  Consequently, hits will not 

contribute to the local median value used to correct spatial bias in the 

background.  When the background landscape is spatially biased, it is more 

difficult to detect low amplitude hits due to less concise data thresholding.  If 

data could be scaled to bring the microtiter plate background into a narrow 

range, hit determinations within a given range would achieve greater 

confidence.  The method described here to redress spatial data distortions in 

microtiter plates is heavily dependent on the median statistic.   

 

3.2 Evaluation of the Hybrid Median Filter for the Correction of 

Gradient Vectors in MTP Data 

 A bidirectional 5x5 hybrid median filter was initially tested and 

compared to other methods for its capacity to rectify a common spatial 

distortion in cell based assays referred to as “edge-effect”, or gradient vectors.  

The notion of the “hybrid median” stems from the 3 component median used to 

obtain the local median value.  The enhanced performance of the hybrid 

median filter as compared to a standard median filter can be explained by the 



27 

 

median distributions and the sampling area.  While a standard median filter 

samples all elements in its boundaries giving each equal weight in the rank 

order list, the HMF samples only diagonal, horizontal and vertical elements 

with a bias on the center element (compare Fig.3.2.1A to B).  Consequently, 

the HMF is not unnecessarily weighted at the periphery and is more 

responsive to abrupt transitions in array values due to the center element 

sampling sensitivity. The design and implementation of the 5x5 HMF filter is 

shown (Fig.3.2.1B) and is compared to a standard 3x3 median and average 

filters (Fig.3.2.1A).  The application of the 5x5 HMF to a simulated MTP data 

array describes the relative correction of the center element of each filter 

application as dictated by the ratio obtained from the 25 element 

neighborhood and the array as a whole (Fig.3.2.2; for complete description 

refer to [36]).  Thus these filters can be generally described as dynamic local 

background estimators dependent on the spatial organization of a data array.  

The local background value associated with each element of a data array is 

compared to the global background value and the ratio is used to scale the 

raw data value into a uniform range.  This approach can be used to alleviate 

systematic contributions to data unrelated to the assay biology.  The formal 

application of the median hybrid filter (HMF) is compared to other filters in 

Figure 3.2.3A-D.  Specifically, 3x3 and 5x5, median and average filters were 

compared head-to-head with the 5x5 HMF for their capacity to redress 

imposed systematic error. 
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Figure 3.2.1:  Illustration and function of 3x3 med ian and 5x5 hybrid median filters.   
A) 3x3 median or average filters where the median or average value is obtained from the rank 
order of all 9 elements.  B) For the bidirectional 5x5 hybrid median filter, median values are 
extracted from filter diagonals (gray), cross (black), and center value (red) and are used to 
generate a rank ordered 3 number list from which a final hybrid median value is determined for 
each data element.   
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Figure 3.2.2:  Various placements of the hybrid med ian filter on a Microsoft Excel 
array.  The function of the 5x5 HMF is illustrated with the effect peripheral wells have on filter 
size, and the total number (N) of sampled elements (left corners and right side).  As the 5x5 
hybrid median filter passes over the array it returns a unique value estimating the local 
neighborhood (Li,j) corresponding to the raw data element at its center (MTPi,j).  A linear 
transform is then applied to the raw data center element.  The linear transform divides the 
data set global median (G) (50 as indicated in top left corner) by the filter hybrid median (Li,j) to 
produce a simple scalar that is multiplied by MTPi,j to yield the corrected value (Ci,j).  The table 
(bottom) tracks MTPi,j and Ci,j for the illustrated operations.  
 
 

Note the systematic corruption present at well edges and several outliers 

(“hits”) nested in locations throughout the MTP. The 5x5 HMF performed best 

as compared to standard 3x3 median and average filters with background CVs 

at 7.9%, 8.2%, and 11.2%, respectively.  The reduction in background CV 
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coupled with outlier retention in the median hybrid filters suggest this approach 

to data correction is viable and appropriate to the sample population 

(Fig.3.2.3E).   

 A full breakdown of data corrections is shown for 3 separate data types 

in Figure 3.2.4.  Theoretical data arrays generated in Microsoft Excel and 

those obtained from MTPs seeded with fluorescently labeled cells were 

measured by a high throughput microscope or plate reader and then corrected 

by various methods.  The 5x5 HMF provided the best correction and retention 

of outliers (“hits”) as measured specifically by the CV and dynamic range for 

each data set, respectively (Fig.3.2.4B-C).  The dynamic range represented in 

Figures 3.2.3 and 3.2.4 were calculated by obtaining the average absolute 

deviation of all hits (AAD; a measure of the average hit amplitude) and dividing 

that value by the array background standard deviation (SD) devoid of hits.  

The corrected data also indicates HMF dynamic range improvements are due 

to reduction in background variation and not the exaggeration of hit amplitudes 

(compare Fig.3.2.4B to D); while the Fourier-based technique (DFT) 

significantly mitigated outlier amplitudes in all cases with dramatic effects on 

the array dynamic range (compare Fig.3.2.4C to D).  The diverse data types 

shown in Figure 3.2.4 argue HMF enhancements to array dynamic range are 

not dependent on the data origin. 
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Figure 3.2.3:  The performances of the average, med ian and bidirectional hybrid 
median filters are compared using Excel-generated d ata containing simulated hits.    
The raw data is shown (A) and the array corrections are shown for the (B) 5x5 HMF, (C) 3x3 
median filter and (D) average filter. A data table (E) statistically summarizes the capacity of 
each filter to alleviate localized data distortion and assay noise while preserving the hit 
amplitudes in the Excel array.  The table breaks down corrective performance at the edges 
and central region of the array.  Edge regions are defined by a two element wide border plus 
one element nested at each perpendicular vertex circumscribing the array central region.  
Surface plots for the 5x5 median and 5x5 average filters are not shown because of reduced 
correction efficiency and method redundancy, but are summarized in (E).  The scale and color 
codes are identical, with each color corresponding to 12.5% of the total range (0-2).   
Abbreviations:  AAD-absolute average deviation estimates hit amplitude; SD-standard 
deviation of array data devoid of hits; MTP-384 well microtiter plate; %RAW-hit amplitude 
retention normalized to raw data; Dynamic Range-average hit amplitude divided by the 
respective array’s standard deviation.  
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Figure 3.2.4:  Summary of Background Estimator Perf ormance.   A,B ) The CVs for 
corrected Excel MTP data and MIN6 MTP data acquired on the EnVision (in GFP and DsRED 
channels) and INCell 1000 (GFP data) in the absence (A) or presence (B) of simulated hits.  
Asterisks positioned after an array name indicate the array contained simulated hits, which 
were excluded in the CV calculation in (B) and when calculating the array background mean 
and standard deviation in (C). The average absolute deviation of hits from the respective array 
mean is measured as a function of the corrected array’s standard deviation (values shown 
above dynamic range bars).  The corrected arrays were then normalized to the RAW Data 
dynamic range by division.   The average absolute deviations of hits from each array were 
normalized to the RAW Data and shown as a percentage of the RAW Data amplitude (D).   
Importantly, (C) shows the consolidated effect of the correction method (noise, localized 
distortion, and dynamic range), whereas (D) tests if dynamic range improvements were made 
by erosion or exaggeration of array hit amplitudes.  Abbreviations:  MDN-median; EnV-
Envision; DFT-Discrete Fourier Transform; CV-coefficient of variation; Excel-MSExcel 
Theoretical Array; GFP and DsRED-green and red fluorescent proteins driven by the insulin 
and pgk promoters, respectively. 

 
 

The HMF was successful at improving the dynamic range (and consequently 

hit detection) of both theoretical data composed in Microsoft Excel and in real 

data obtained in test plates measured on plate readers and plate imagers. 
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 The figures and data illustrated in Chapter 3.2 were taken in part from 

published material in the journal Assay and Drug Development Techhnologies 

[36]; Bushway P, Azimi B, Heynen-Genel S, Price J, Mercola M. Hybrid 

Median Filter Background Estimator for Correcting Distortions in Microtiter 

Plate Data. Assay Drug Dev Technol 2010. 8: 238-50.  The dissertation author 

was the primary investigator and author of this journal article documenting a 

blind, unbiased correction method for primary screens afflicted with systematic 

error described as gradient vectors. 

 

3.3 Real World Correction of a 236,441 Compound Pri mary Screen for 

Lipid Droplet Formation with the 5X5 HMF 

 As preliminary work with the 5x5 HMF demonstrated promise as a 

corrective tool for systematic error in primary screen data sets, the next step 

demanded a test on a real world screen to test the fidelity of the corrections.  

The first application of the standard (STD) 5x5 HMF to high-content primary 

screening data was performed at the Conrad Prebys Center for Chemical 

Genomics at the Sanford-Burnham Medical Research Institute and deposited 

to the NCBI PubChem Assay database (AID: 1656).  This hepatocyte lipid 

droplet screen was performed on 236,441 compounds and yielded 953 hits as 

determined from the HMF corrected data (corresponding to a hit rate of 0.4%).  

Results of the primary assay read-out as shown by percent inhibition vs. MTP 

identifier (Fig.3.3.1A-B) and count vs. binned percent inhibition (Fig.3.3.1C-D) 
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suggest the data distribution was more tightly focused about the assay 

background value after HMF correction (Fig.3.3.1B,D) as shown by the 

convergence of compound and negative control values.  Furthermore, the 

compound values do not trend symmetrically on both sides of the histogram in 

Figure 3.3.1C.  For comparison, the binned data distribution of a different 

primary screen unaffected by systematic error (an image-based high-content 

G-protein coupled receptor assay, PubChem AID 2058) is shown (inset 

Fig.3.3.1C) highlighting a symmetric Gaussian distribution tightly focused 

around the negative control values. The binned percent inhibition of the 

uncorrected data shows convergence of positive controls (shown at 100% 

inhibition) and compound values apparent in histogram bulging to the right and 

resulted in a hit rate of 3.6%.  The hit acceptance criteria of 50% inhibition in 

MTP well areas containing greater than 300 cells decreased from 8,606 hits in 

the uncorrected data to 953 after HMF treatment.  The Z’- and Z-factor 

suggest significant improvement in the primary screen data quality after 

correction with the STD 5x5 HMF (Z’-factor improvement from 0.43 to 0.54; Z- 

factor improvement from -0.01 to 0.34) as shown in Table 3.3.1. 
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Figure 3.3.1:  Summary view of lipid droplet screen  data before and after HMF 
correction.   A,B ) The uncorrected data shows a wider data spread in the compound 
treatments and is more intermingled with the positive control as compared to HMF corrected 
data.  C,D) Alternate view of the data as data binned by %inhibition.  Positive controls are light 
gray, negative controls are mid-gray and compound treatments are shown as black. 
 

In addition the assay variability decreased after correction as indicated by the 

standard deviations in the negative controls (reduced from 13.79 to 9.65) and 

compounds tested (reduced from 25.25 to 16.67).   

 



36 

 

Table 3.3.1:  General assay statistics for uncorrec ted or HMF corrected data from 
the lipid droplet primary screen.  SD, standard deviation; (-) negative; (+), positive 
 

Compounds (-) Controls (+) Controls 
%Inhibition 

Mean SD Mean SD Mean SD Z’ Z 

Uncorrected 9.33 25.25 0 13.79 100 5.32 0.43 -0.01 

HMF -1.15 16.67 0 9.65 100 5.58 0.54 0.34 

 

The MTP spatial patterns identified and HMF corrected in the lipid droplet 

screen were suggestive of variable assay kinetics resulting from the incubation 

time and temperature of wells over the MTP area.  The patterns manifested as 

general depressions in assay metrics in central regions of the MTP and 

mimicked biological inhibition.  The systematic error was detected in the raw 

data using descriptive statistics and MTP heat maps.  Row and column trends 

suggested the lipid mask total integrated intensity was diminished in the 

central region of many MTPs with respect to the sample population as a whole 

(Fig.3.3.2A,C).  Importantly, the values described here as “depressed” appear 

falsely as regions where lipid droplet formation is inhibited and as a 

consequence, potential screening hits.  Severe systematic error was common 

in columns 9-16 and rows 5-12 indicating a continuous downward slope of 

background values from the MTP periphery to center.   Thus the distortion 

pattern was classified as a gradient vector – a class of systematic error that 

can be addressed with the 5x5 HMF. 
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Figure 3.3.2:  Visual statistics illustrating syste matic error trends in the primary 
screen data and the effect of HMF correction on the  data set.   A,B ) Total integrated 
intensity is represented on the y-axis as percent inhibition with microtiter plate rows on the x-
axis. C,D) Similar to A and B but x-axis represents microtiter plate columns.  E,F) Heat maps 
of some representative microtiter plates from the lipid droplet screen before and after HMF 
correction. 
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 Trends observed in the row- and column-wise analysis of the raw data 

were resolved by application of the correction filter (compare Fig.3.3.2A,C to 

B,D).  Importantly, the systematic error present in the screening population did 

not affect all plates to the same extent, and some plates were unaffected.  

Visualization of two MTP raw data arrays as heat maps illustrates an array 

weakly affected (Fig.3.3.2E, top) and an array with extreme systematic 

distortion (Fig.3.3.2E, bottom).  5x5 HMF correction of both arrays resolves the 

systematic error present in the corrupt array while making only modest 

adjustment to the array with negligible distortion (compare Fig.3.3.2E to F).  

This demonstrates the capacity of the filter to preserve the data integrity of 

plates unaffected or only weakly affected by systematic distortions.  Taken 

together, systematic error patterns can be visualized in both the screening 

population with descriptive statistics and on individual MTPs with the aid of 

heatmaps.  This is a critical first step toward the proper selection of a 

corrective median filter.   

 The confirmation screening showed 75% conservation of hits from the 

HMF corrected data (data available on PubChem, Bioassay AID 463183).  

Addressing more specifically the quality of the hits and the intersection of the 

953 HMF corrected hits with the 8606 uncorrected hits the hit frequency was 

mapped to a 384 MTP coordinate map (Fig.3.3.3A-C).   
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Figure 3.3.3:  Hit frequency distributions from the  lipid droplet screen visualized on 
microtiter plate surface maps.   A,B ) The frequency of hits for the uncorrected and HMF 
corrected data are assigned to their respective locations on the microtiter plate surface map.  
C) the distribution of 41 hits unique to the HMF corrected data set. D) Venn diagram 
describing the intersection of hits between uncorrected and HMF corrected data.  
 

The uncorrected data hits accumulated in central regions of the primary 

screen MTPs (Fig.3.3.3A), while the HMF corrected data appeared as a near 

random arrangement of hit frequencies over the MTP surface (Fig.3.3.3B).  

The hit intersection of the HMF corrected and uncorrected data indicated 
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95.0% agreement (953 total or 804 qualified hits) with only 5.0% of hits (52 

total or 41 qualified hits) unique to the HMF corrected data (Fig.3.3.3D).  HMF 

corrected unique hit locations showed a 41% confirmation rate and mapped 

largely to the MTP periphery (Fig. 3.3.3C).  Interestingly, MTP peripheral areas 

are more responsive to rapid temperature change as compared to central 

regions where cell metabolism kinetics contributed to the majority of observed 

systematic error.  Thus, the overwhelming number of robust hits clustering in 

central MTP regions of the uncorrected data appears to have displaced more 

subtle hits located at the MTP periphery to a data range below the hit 

threshold.  Further improving the data quality, the HMF correction resolved an 

unusual hit accumulation (56 hits) at MTP well location M-14 (row 13, column 

14) measuring greater than 33 standard deviations from the mean MTP hit 

frequency (Figs.3.3.4A, 3.3.3B).  This occurrence of hit artifacts permitted a 

test of the hit preservation in HMF corrected data as compared to the larger 

slice of hits above the shared threshold in the uncorrected data.  Although, the 

confirmation rate in the HMF corrected data is ~75%, it could be argued that 

HMF correction could also discard hits that were detected in the uncorrected 

data set.  To test this possibility, the 50 common hits from M-14 (Fig.3.3.4B) in 

the uncorrected and HMF corrected data were subjected to secondary 

confirmation.  It was thought that the number of empirical confirmations could 

then be compared to the theoretical expected confirmations to determine if the 

uncorrected data set was resolving a higher number of hits than the HMF 
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corrected data.  This was rationalized based on the following; (1) 95% of HMF 

hits are maintained in the uncorrected data hits; (2) each of the identified 56 

hits could result from assay biology or a liquid handling error; (3) the 56 hit 

sample space expansion at position M-14 is sufficient to detect hits missed in 

the HMF correction data; and (4) the expected hit rate over the uncorrected 

data MTP is a reasonable surrogate for hits expected at location M-14.  3 of 

the 56 accumulated HMF hits at M-14 did not qualify for subsequent 

confirmation testing on the basis of low cell numbers after compound 

treatment so 53 compounds were tested for confirmation.  Of the 53 tested 3 

were unique to the HMF corrected data leaving 50 compounds common to 

both hit populations (Fig.3.3.4B). As a basis for the 75% theoretical 

confirmations the following calculation was used (Fig.3.3.4C): 

 

(Theoretical Hits) x (Tested/Total Hits) x 0.75 = Confirmations  

 

To obtain the number of theoretical hits, hit frequency maps in Figure 3.3.3A 

show the theoretical mean hit accumulation and standard deviation at any 

given well location on the MTP is 24.72 +/- 24.36 and 2.76 +/- 1.56 for the 

uncorrected and HMF corrected data, respectively.  For the HMF corrected 

and uncorrected data the ratio of tested hits to total hits identified at M-14 are 

1.00 (53/53; tested/total) and 0.495 (50/101; tested/total).  Thus by the formula 
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above, theoretical HMF corrected hit confirmations predict only 2.07 hits 

among the 53 tested at a 75% confirmation rate (2.76*1.00*0.75).  

 

 

 
Figure 3.3.4:  The 5x5 HMF reveals a systematic hit  artifact not detected in the 
uncorrected lipid droplet screening data.   A) The number of hits assigned to locus row13, 
column 14 (r13,c14; aka. M-14) towers of the remainder of the MTP.  B) Venn diagram 
describes a 50 hit artifacts common to the uncorrected and HMF corrected data. C) Based on 
the mean expected hit frequency at a microtiter plate locus theoretical and empirical hit 
determinations are compared to demonstrate HMF corrected data is of higher quality than the 
uncorrected data.   
 

At the same confirmation rate the uncorrected data should produce 9.17 

confirmations among the 50 shared hits (24.72*0.495*0.75).  The actual 

number of confirmations obtained from empirical testing was 2 – a number 

close to the value of the predicted HMF corrected confirmations.  If the slice of 

hits found at M-14 in the uncorrected data had harbored hits thrown out by the 

HMF corrections the number of empirical confirmations should have exceeded 
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2.  It should be noted that these calculations are conservative with respect to 

the uncorrected data because the expected hit frequency and standard 

deviation in central areas of the uncorrected data MTPs accumulated 

extraordinary numbers of hits as compared to peripheral regions (Fig.3.3.3A).  

Estimating the hit frequency at M-14 from only the central regions of the MTP 

bounded by columns 8-16 the expected hit rates and standard deviation adjust 

significantly to 40.35 +/- 25.12 for the uncorrected data, while the HMF 

corrected data in this region mirrors the statistic for the entire MTP, 2.75 +/- 

1.60.   Furthermore, in the MTP central region the uncorrected data 101 hits 

was less than 2.5 standard deviations from the expected hit frequency, while 

the HMF corrected 56 hits was greater than 33 standard deviations from the 

expected hit frequency.  Thus the hit artifact at M-14 could be statistically 

separated and flagged in the HMF corrected data, resulting in an improvement 

of the confirmation rate (HMF corrected hit confirmation rate = 75%).  The hit 

artifact at M-14 was due to a failure in fluid handling for 1 pin in the 384 pin 

fluid handler manifold when distributing the assay substrate.  The result of the 

dispense failure at M-14 was the appearance of an inhibiting (active) 

compound at that position.  This illustrates a second form of systematic error 

which persists after correction but can be identified with greater confidence 

when the background variation is minimized. These calculations suggest the 

uncorrected hit data confirmation rate is less than 75%.  The HMF corrected 

and uncorrected data relating to this screen can be retrieved at:  
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http://www.ncbi.nlm.nih.gov/pcassay?term=1656 .  The entire MTP collection 

was corrected equally with a version of the HMF standalone application 

optimized for batch processing. The standalone program for single plate 

correction can be found at: 

http://bccg.burnham.org/HTS/HMF_Download_Page.aspx. 

 

3.4 Summary of Systematic Error Classification 

 The 5x5 HMF was an effective tool in the primary screen data set 

tested in section 3.3, but it will not remedy all systematic errors in primary 

screening campaigns, such as specific row and column bias in assay data.  

More generally, systematic error can be divided into 2 classes; (1) gradient 

vectors that persist as a continuous sloping of values over the array area; and 

(2) periodic (or “sinusoidal”) patterns which present as repeating modulations 

of array values over the array surface.  The 5x5 HMF is easily corrupted by 

periodic error because the modulating pattern often overwhelms the filter 

kernel with “hits” appearing at border regions between high and low values – 

also called “step edges” - in the data array.  To make median filter corrections 

more broadly applicable to both classes of error alternative median filter (MF) 

kernels were designed – the 1x7 MF and a row/column 5x5 HMF 

(RC5x5HMF) - and applied respectively to simulated striping (row-wise) and 

quadrant systematic error patterns to test correction efficiency.   
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3.5 1x7MF Correction of Row-Wise Periodic Patterns 

 As periodic error patterns are common in primary screen raw data 

arrays and cannot be addressed with the 5x5 HMF, a simulated error model 

was developed to test the capacity of alternative median filter designs to 

correct periodic spatial patterns.  Simulated row-wise periodic error was 

imposed with frequency (2n+1), where n is a whole number series [0-7] 

indicating affected odd numbered rows.  Importantly, the row-wise error was 

made discontinuous with respect to its coverage spanning the MTP column 

series thus challenging the responsiveness of a given filter to localized value 

changes.  A wide array of filter designs was tested and a one dimensional filter 

kernel composed of 7 sample elements appeared to be the most robust tool 

for addressing vertical or horizontal “striping” patterns, partly because single 

dimension filters are insensitive to period frequency.  Consequently, a 1x7MF 

(row x column; Fig.3.5.1B, bottom) was applied to the row-wise “striping” 

pattern.  Application of this filter kernel to the data array is different from the 

5x5 HMF as the return value is not a hybrid obtained from multiple medians.  

The spatial map outlining error and hit locations (Fig.3.5.1A) shows significant 

improvement after treatment with the 1x7MF (Fig.3.5.1C-D). Furthermore, the 

data array CV decreased from 32.0% in the raw data array to 10.6% after 

correction with the 1x7MF (Fig.3.5.1B, top).  
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Figure 3.5.1:  Periodic systematic error patterns p resenting in rows are targeted 
with a 1x7MF.   A) Spatial map of hit locations and row-wise systematic error pattern.  High 
and low value hits are indicated with light gray and black, respectively.  B) Statistics describe 
the improvement in array data hit resolution as it relates to background standard deviation and 
dynamic range. Asterisk (*) indicates the values are expressed as the mean outlier distance 
from the background value expressed as a multiple of background standard deviations.  C,D) 
3D surface contour of the MTP prior to and after correction with the 1x7MF.  Correction 
artifacts are indicated with black arrows.  E,F) Median and interquartile range binned by MTP 
region are shown before and after correction. 
 

The dynamic range of the raw data array was improved by 3.1-fold after 

correction with the 1x7MF.  Some correction artifacts are present at border 
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regions of the “striping” pattern and indicated by black arrows (Fig.3.5.1C-D).  

Regional median values and interquartile range (IQR) of the error model 

before and after correction were plotted to help define the error and 

demonstrate its removal (Fig.3.5.1E-F).  The regional statistics from the 

striping error model show the spatial distortion resides mainly in odd 

numbered rows and it is discontinuous as shown by trends in the column-wise 

quartiles (Fig.3.5.1E; Q1-Q4) where Q3 representing columns 13-18 is 

unaffected by the pattern 9 (Q1 is columns 1-6; Q2 is columns 7-12; etc).  

After correction the variance in the IQR is minimized and regional median 

values are in close agreement over the array area (Fig.3.5.1F).  The data 

suggest the 1x7MF is an effective tool for correction of periodic row-wise 

striping errors given moderate hit densities. 

 

3.6 RC5X5HMF Correction of Quadrant Based Patterns 

 Less common than row or column-wise periodic patterns are gradients 

over a quadrant of wells, such as when a 96-pin liquid handling manifold is 

used to address a 384 well plate.  Although the effects of consecutive 

aspirate/dispense operations to a plate quadrant results in a quadrant value 

gradient, this is a confined and repeated pattern making it a periodic 

systematic error.  A discontinuous quadrant-based error model was generated 

to challenge median filter correction of the pattern.  The error is shown 

descriptively with regional median and interquartile ranges (Fig.3.6.1E).  The 



48 

 

median values of even rows are less than odd rows, odd columns and even 

columns suggesting a top to bottom gradient in array quadrants.  Furthermore, 

the median value of odd columns is greater than even columns suggesting a 

left to right bias.  Together these observations suggest a quadrant value 

gradient following the well orientation, A1>A2>B1>B2.  The quartile grouping 

of columns Q1-Q4 show that the error is not uniform over the MTP array area 

as indicated by the bell shaped curve of median values (Q1 is columns 1-6; 

Q2 is columns 7-12; etc).  Note the row-wise quartiles are by comparison more 

stable with respect to the IQR and median values.  In particular, the IQR of 

column group Q3 (columns 13-18) suggest this region of the array is least 

affected by the simulated error as indicated by the narrow IQR.  A modified 

5x5 HMF was designed to sample the simulated MTP array by quadrant and 

named the Row/Column 5x5 HMF (Fig.3.6.1B, bottom; RC5x5HMF).  The 

simulated error map (Fig.3.6.1A) defines the error coverage and hit locations 

for tracking before and after array correction.  3D maps of the array surface 

contours show clear mitigation of the simulated quadrant bias with minor 

deficiencies in the correction indicated by black arrows (Fig.3.6.1C-D).  In 

particular, the IQR of column group Q3 (columns 13-18) suggest this region of 

the array is least affected by the simulated error as indicated by the narrow 

IQR.   
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Figure 3.6.1:  Periodic systematic error patterns p resenting in quadrants are 
targeted with an RC5x5HMF.  A) Spatial map of hit locations and quadrant based 
systematic error pattern.  High and low value hits are indicated by bold borders with light gray 
text and black, respectively.  B) Statistics describe the improvement in array data hit resolution 
as it relates to background standard deviation and dynamic range. Asterisk (*) indicates the 
values are expressed as the mean outlier distance from the background value expressed as a 
multiple of background standard deviations.  C,D) 3D surface contour of the MTP prior to and 
after correction with the RC5x5HMF.  Correction artifacts are indicated with black arrows.  
E,F) Median and interquartile range binned by MTP region are shown before and after 
correction.   
 

A modified 5x5 HMF was designed to sample the simulated MTP array by 

quadrant and named the Row/Column 5x5 HMF (Fig.3.6.1B, bottom; 
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RC5x5HMF).  The simulated error map (Fig.3.6.1A) defines the error coverage 

and hit locations for tracking before and after array correction.  3D maps of the 

array surface contours show clear mitigation of the simulated quadrant bias 

with minor deficiencies in the correction indicated by black arrows (Fig.3.6.1C-

D).  The RC5x5HMF reduced the raw data CV from 20.8% to 7% and 

improved the dynamic range of the simulated array data by 3-fold (Fig. 3.6.1B, 

top).   An alternative view of the correction shows the stabilization of MTP 

median values over binned regions and the collapse of the IQR (compare 

Fig.3.6.1E-F).  Collectively, the RC5x5HMF (Fig. 3.6.1) and 1x7MF (Fig. 3.5.1) 

corrections demonstrate median filters can be designed ad hoc to address 

discrete systematic errors relating to assay design and equipment used to 

conduct a high-throughput screen. 

 

3.7 Progressive Correction of Combined Gradient and  Periodic 

Patterns with Serially Applied Filters Specific to the Error Class.  

 Previously the 5x5 HMF was shown to address the gradient vectors 

present in the hepatocyte lipid droplet screen and the 1x7MF was shown to 

mitigate simulated systematic error described as row-wise “striping”.  To 

determine if such filters could be used in combination to address complex 

systematic error caused by multiple error sources, an error model was 

developed which overlaid the discontinuous “striping” observed in Figure 

3.5.1A with an unbalanced gradient vector imposed on the bottom of the 
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simulated array (Fig.3.7.1A).  Regional statistics describe the combined error 

in the simulated array (Fig. 3.7.1E).  The median value of odd rows suggests 

the row-wise bias with odd and even columns equally affected by the error.  

The 3rd column grouping (Q3) IQR shows the central region of the array is only 

weakly affected by the combined error (Q1 is columns 1-6; Q2 is columns 7-

12; etc.).  The bell shaped curve of the 4 column groupings (Q1-Q4) suggest 

the systematic error is more focused at the array periphery, and the 4th row 

grouping (Q4) shows a depression in its median value indicating severe 

systematic error at the array bottom.  Taken together, these measures indicate 

a row-wise systematic error with a gradient vector focused at the bottom left 

and right corners of the array.  The serial correction of combined periodic and 

gradient vector error applies the filter targeting the periodic error first with any 

remaining gradient vector corrected second using an appropriate filter (Fig. 

3.7.1B, bottom).  Addressing the row-wise “striping” pattern the 1x7MF is 

applied first, achieving a result similar to that seen in Figure 3.5.1D.  In the first 

applied correction, the 1x7MF reduced the raw data CV of 37.0% to 12.1% 

and improved the data dynamic range 3.3-fold (Fig.3.7.1B; top).  The second 

correction with the STD5x5 HMF removed unresolved gradient vectors at the 

MTP periphery (3D contour not shown for 1x7MF correction alone).  Thus the 

secondary correction further reduced the CV to 10.5% and improved the 

dynamic range 3.8-fold as compared to the uncorrected data.   
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Figure 3.7.1:  Complex systematic error composed of  gradient vectors and periodic 
patterns can be addressed with serial application c orrective filters targeting each 
error class.  A) Spatial map of hit locations and complex systematic error pattern. Areas of 
gradient vectors are outlined in bold and horizontal shading represents row-wise periodic 
patterns. High and low value hits are shown in light gray and black, respectively.  B) Statistics 
describe the progressive improvement in array data hit resolution as it relates to background 
standard deviation and dynamic range. Asterisk (*) indicates the values are expressed as the 
mean outlier distance from the background value expressed as a multiple of background 
standard deviations.  C,D) 3D surface contour of the MTP prior to and after correction with the 
RC5x5HMF.  Artifacts of the correction are indicated with black arrows.  E,F) Median and 
interquartile range binned by MTP region are shown before and after correction.   
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The 3D contours and the median statistics of the serial median filter correction 

showed significant reduction of the combined error (Fig. 3.7.1C-F), although 

correction artifacts similar to those seen in Figure 4 appear and are indicated 

with black arrows (Fig. 3.7.1D).  Collapse of the IQR around the median value 

of binned MTP regions after serial correction show the background values of 

the array have converged toward a common value (~100; Fig. 3.7.1E-F).   The 

correction of combined periodic and gradient vector patterns by serial MF 

applications suggest progressive corrections with appropriately designed 

median filters is a viable approach to mitigating systematic error patterns too 

complex for a single correction.  

 The figures and data illustrated in Chapter 3.3-3.7 were taken in part 

from published material in The Journal of Biomolecular Screening [103]; 

Bushway PJ, Azimi B, Heynen-Genel S. 2011. Optimization and application of 

median filter corrections to relieve diverse spatial patterns in microtiter plate 

data. J Biomol Screen 16, 1068-1080.  The dissertation author was the 

primary investigator and author of this journal article.  The work fully 

documented the first known correction of primary screen data with the 5x5 

HMF, and the application of alternative median filters to correct both periodic 

and gradient-based systematic error. 
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CHAPTER 4:  PRIMARY SCREENS WITH THE MESC AMHC-GFP ASSAY 

 

 The mESC cardiogenesis assay described in Aim 1 [40,41] was used to 

screen a combinatorial chemistry mixture library and a traditional small 

molecule diversity library.  The complexities of a 9 day, phenotypic, cell 

differentiation assay provided an expansive canvas of potential targets on 

which to test the respective efficacy of screening less traditional mixture 

libraries and a diverse small molecule collection [41-45].   The small molecule 

screen (14,000 compounds of the Chembridge DIVERSet) conducted at 1 and 

5ug/mL dosages yielded 2 compound classes for immediate follow-up 

(benzimidazole and hydroquinoline classes; Bz and Qn) with chemical 

optimization and structure activity relationship (SAR) studies.  The compounds 

were shown most active between days 2-5 of differentiation.  The TPIMS 

mixture library screen of 4.6 million molecules confined to a narrow chemical 

space resolved four active pharmacophores in the first phase.  The active 

mixtures were deconvolved using positional scanning mixture libraries with a 

combined diversity of 1.7 million discrete compounds.  From this, the two most 

active mixture libraries were resolved to their discrete components confirming 

the positional scanning data and yielding instant SAR information.  Of the 2 

scaffolds, the polyphenlyurea class (PPU) was most active, promoting 

cardiogenesis by 9-fold over background levels and exhibiting an optimal 
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treatment window at day 2-3.  The results describe the relative efficiency of 

both types of chemical libraries in mESC αMHC-GFP differentiation assay. 

 

4.1 Screening the TPIMS Mixture and Positional Scan ning Libraries. 

 Currently, the typical screening application is based on the one sample, 

one molecule paradigm; however, from c.a. 1980 scientists were testing 

targets against natural extracts and unique small molecules, with the former 

losing favor over the past decade due to bottlenecks in mixture deconvolution 

[37-39].  Having developed the algorithms and tools for the screen in Aim 1, it 

was implemented using a combinatorial chemistry mixture library developed 

by Richard Houghten and colleagues at the Torrey Pines Institute for 

Molecular Studies.  The initial step in screening this combinatorial chemistry 

mixture library was to rank the biological activity of the 28 molecular scaffolds 

represented by an 84 sample array with built in sample redundancy (minimum 

redundancy = 3).  The total molecular diversity in the scaffold mixtures is ~4.6 

million molecules (Fig.4.1.1).  Each sample is composed of an equimolar 

mixture of R-group functionalities grown from a single scaffold.   
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Figure 4.1.1:  Cardiogenic potential of 28 TPIMS sc affold mixtures.  Assay readout of 
αMHC-GFP response of mESC cultures treated with samples 1-84 over 4 days.  Cardiogenic 
scaffolds indicated (red ellipses) showed significant activity above threshold dmf and dmso 
solvent controls.  Positive controls shown at the far right are similar in reactivity to the most 
active scaffolds.  Structures of the scaffolds determined “active” are associated with sample 
grouping and shown below the graph with variable positions indicated as “R”.  Only 28 
scaffolds were screened in 84 represented samples due to discrete R-group (e.g. samples 53-
56) representation by sample and scaffold degeneracy (samples 61-66).  
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Four active scaffolds were identified and deconvolved by follow-up screening 

of positional scanning libraries (PSLs) corresponding to each of the active 

scaffolds.  Of the 4 scaffolds with highest biological activity a single scaffold 

designated as a polyphenylurea (mixture 1481) retained activity in follow-up 

testing (Fig.4.1.1, samples 60-66; Fig.4.1.2A-B). 

 The mixture deconvolution approach stratifies samples by R-group 

functionality based on a common scaffold (Fig.4.1.2A).  In brief, any given 

sample fixes one R-position but maintains the array of possibilities at all other 

R-positions (Fig.4.1.2A, right), such that a sample is a mixture of molecules 

with a common R-group (Fig.4.1.2B).  This step in the mixture deconvolution is 

dubbed “positional scanning” (PSL-positional scanning library) and helps to 

resolve important R-group functionalities over the scaffold molecular space 

providing instant SAR.  A unique class of polyphenylureas observing amino-

acid like aliphatic R-groups at R2 and R3 were strong potentiators of 

cardiogenesis.  Individual PSL control samples also suggested that 

hydrophobic phenyl rings promoted cardiogenesis at R1 and R3 as indicated 

by peak activities when norvaline, norleucine and leucine were positioned at 

R2 (note that PSL controls fix Phenyl adducts at unspecified positions).  As a 

further confirmation of this trend in phenyl substitution the PSL mixtures 

observed highest activity when Phenylglycine was fixed at position R1.    
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Figure 4.1.2:  PSL-screening of TPIMS PPUs.   Instant PPU SAR is resolved with PSL 
mixture samples composed of molecules fixed at the indicated position and with the specified 
functionality while maintaining total diversity at the remaining unspecified positions (A). PSL 
controls fix unspecified R-groups with Phenyl adducts and the remaining R-position is fixed 
with the indicated functionality. (A; scaffold 1481-polyphenylurea). The table to the right of the 
biological response observed in the most active PPUs describes the sample preparation with 
fixed positions shown as “O” and the diversity (for mixtures) or test functionality (for controls) 
with “X”. The scaffold maintains only three positions of diversity (R-positions) (B).  The matrix 
of adducts associated with R2 and R3 are different than those of R3.  In a given mixture 
sample one of the three R-positions will remain fixed with one of the respective adducts while 
the remaining two positions are varied to compose a sample with all possible combinations.  
Abbreviations: Gly, glycine; aABA, alpha-aminobutyricacid; aAIB, alpha-aminoisobutyric acid; 
7AHA, 7-aminoheptanoic acid; PheGly, Phenylglycine; HyPro(Bzl), benzyl hydroxyproline; 
Phe/Leu/Met/Val/Pro/Ala, 3-letter amino acid code; Nve, norvaline; Nle, norleucine; nap, 
naphthyl; cycC4, cyclobutyl; cycC5, cyclopentyl; COOH, carboxylic acid; Ac, Acetic; OH, acid; 
D, dextrorotary; L, levorotary.  
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Figure 4.1.2 :  PSL-screening of PPUs continued. 
 

Later SAR would reveal other bulky hydrophobic substitutions at R3 were 

equally and more potent such as when the phenyl group is exchange for an 

adamantyl group. 
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 An example of the cardiomyogenic bias imposed by PPU analogs on 

mESC cultures is shown visually as 9 image mosaics for each of 3 collected 

wavelengths for dmso, PPU and a robust positive control – a cocktail of 

dexamethasone and tamoxifen (Fig.4.1.3).  The area of each mosaic captures 

~75% of the well area and is representative of the response observed in the 

most active PPU analogs. 
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Figure 4.1.3:  Visualization of PPU biological acti vity.   Images captured in the 
cardiomyogenesis assay demonstrate the cardiomyogenic effect of one of the most potent 
PPU analogs 1481-215.  The mosaics were reconstructed from 9 non-overlapping image 
fields accounting for ~75% of the total well area.  The image contrast settings are held 
constant for each spectra so that direct visual comparisons can be made between treatments. 
A solvent control (DMSO) was compared to a strong positive control characterized in a 
separate screen (+ctrl) and a representative polyphenylurea TPIMS molecule1481-215 
(shown in rows).  Nuclear staining, αMHC-GFP response, and the non-specific signal 
associated with a red bandpass are shown in columns (left to right, respectively).  The 
response of the TPIMS control is comparable to strong cardiac inducers isolated from 
individual molecule screens, but is structurally unique with greater size and heteroatom 
content (structures shown to the right). 
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4.2 Screening the Chembridge Diversity Library 

 In a separate screen of the Chembridge DIVERSet library, 30,000 data 

points were screened with over 14,000 unique compounds tested at 5ug/mL 

and 1ug/mL dosages.  The library consists of unique molecules consistent with 

more traditional screening applications.  About 14 molecules were chosen for 

secondary confirmation from which 4 compounds of interest were identified 

with 2 compounds targeted for immediate follow-up and characterization – 

5475080 and 6160636 (Fig.4.2.1A).  The 5475080 molecule is built on a 

hydroquinoline (Qn) scaffold and 6160636 harbors a benzimidazole (Bz) core 

structure.  The cardiogenesis assay exhibited greater replicate variation than 

is observed in more traditional screening assays, owing to the long assay 

timeline, culture complexity and variable GFP signal obtained from foci of 

irregular size and intensity.  Consequently, there was an expectation for false 

negative/positive identification in the tested population.  Many of the false 

positives could be ruled out by visual inspection of raw images alone.  In fact 

the overwhelming majority of false positives were the result of fluorescent 

precipitates, and soluble fluorescent compounds that adhere to or permeate 

cells, gelatin and tissue culture plastic. 
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Figure 4.2.1:  Outcome of a 30,000 point primary sc reen and secondary 
confirmations of presumed “actives”.   A collection of 14 molecules were identified out of 
~14,000 unique molecules screened at 5ug/mL and 1ug/mL dosages.  The performance of 13 
small molecules is described in (A).  The 14th molecule not shown displayed auto-fluorescent 
properties and was omitted.  Small molecules 5475080 and 6160636 were considered strong 
hits and considered for immediate follow-up.  Due to observed variation in sample replicates 
during assay development it was expected the assay would suffer from false negative 
determinations.  In a tertiary confirmation a structural similarity search directed at the library 
supplier database revealed a number of 6160636 and 5475080 analogs present in the 
~14,000 molecules tested in the primary screen.  These analogs were tested and the results 
shown for analogs of 6160636, referred to as benzimidazoles (B).  Several molecules with 
similar structure potentiated cardiogenesis as measured by αMHC-GFP response.  The 
conserved features in these molecules are described later in SAR summary of most active R-
substitutions. 
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False negatives cannot be easily identified with the exception of retrospective 

screening of “hit” analogs present in the primary screen sample set.  

Accordingly, the Chembridge DIVERSet library was probed for 85-95% 

structural similarity among analogs present in the original 14,000 molecules 

tested in the primary screen. In tertiary confirmation of the 5475080 and 

6160636 molecule classes (Fig.4.2.1B), a number of analogs with equivalent 

or better activity were observed for each molecule.  As an example of the 

resolved false negatives the Bz series is shown with the parent molecule 

6160636.  Note that 6156934, a methoxyphenyl substituted form of the phenyl 

group extending from the saturated nitrogen of the benzimidazole core 

structure (parent structure shown in Fig.4.2.2; R2 as depicted in Fig.4.2.3) 

shows higher activity.  Later it was determined that both molecules had similar 

activity and that the parent molecule 6160636 underperformed as a result of 

excessive freeze-thaw cycles.  It is not uncommon to observe decreased 

potency of small molecules when  the DMSO solvent becomes “wet” as they 

becomes less soluble and less stable in the concentrated stock solution.  

Other molecules also show some activity albeit lower than that observed for 

molecule ID 6156934.  Also noteworthy was the high activity of some 5475080 

analogs (data not shown) reviewed in the false negative screen.  5475080 

showed inconsistent results and poor solubility which indicated that chemical 

optimization could resolve a more active analog.  Later, structure activity 

relationship (SAR) studies would confirm the false negative testing showing 
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that modest modifications to the 7 position of the hydroquinoline core (see 

Fig.4.2.2 for parent structure; R2 as depicted in 4.2.4) enhance the 

reproducibility and biological activity of the 5475080 parent molecule in the 

cardiomyogenesis assay.  Thus, by revealing similarity in structure activity, the 

analog false negative testing confirmed, (1) the primary screen “hits”, (2) that 

chemical optimization may reveal more potent analogs – particularly with the 

hydroquinoline, and (3) the hypothesis regarding the assay noise masking 

potential assay hits.  

 In follow up chemical optimization the Bz and Qn core structures were 

probed for improved biological responses in the cardiomyogenesis assay.  

Recall that the PPU SAR revealed important R-group functionality during the 

deconvolution.  To reveal similar molecular refinement of the Bz and Qn 

scaffolds there are 2 options – (1) to simply order a sample of all commercially 

available analogs and (2) to collaborate with chemists for a more complete 

SAR profile.  Aside from understanding the biological mechanism a secondary 

interest was to resolve potential protein targets biochemically using small 

molecule affinity capture.  Thus both options were explored, with option (2) 

more useful in resolving areas of each molecule biologically insensitive to 

chemical modifications – these sites would be used for attaching an affinity 

label such as biotin.   
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Figure 4.2.2:  Parent molecules and core structures . Two molecule classes were 
resolved from the 30,000 point screen for molecules capable of biasing mESC stem cells 
toward cardiomyocytes.  6160636 best describes the benzimidazole core (left; Bz) and 
5475080 describes the quinoline or hydroquinoline core structure (right; Qn). 
 

Other benefits of comprehensive SAR profiling include the potential to improve 

solubility and dose response curves.    The most extensive SAR panel was 

done on the Bz series (~500 SAR analogs; Table 4.2.1, Fig.4.2.3) with a 

lesser amount on the Qn core (~150 SAR analogs; Table 4.2.2, Fig.4.2.4).  A 
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summary of the Bz (50 analogs) and Qn (28 analogs) SAR with biological 

activity greater than 50% and 15%, respectively are listed in Tables 4.2.1 and 

4.2.2.  Trends visible in the full spectrum of Bz SAR analogs suggested 

halogen substitutions on the phthalazinamine (Phz) at R1 and phenyl (Ph) 

portion of the molecule at R2 inhibited biological activity.  Hydroxyl substitution 

on the phenyl ring at R2 was tolerated, but this hydrophilic group appeared to 

inhibit activity when attached to the R1-Phz portion (Fig.4.2.3).  Most Bz core 

changes (core defined in Fig.4.2.2) inhibited the cardiogenic effect with the 

exception of an Indole core, which seemed to retain activity in multiple analogs 

(Bz mol_ID denoted with an asterisk in Table 4.2.1).  The R1 portion of the 

molecule retained the most robust activity with hydrophobic groups at the 4 

position and could be reduced to a single aromatic ring such as a pyridine or 

pyridazine.  Cardiogenesis was preserved best when the aromatic ring 

retained at least one nitrogen at the 2, and 3 position.  The replacement of 

hydrogen for methyl at Bz-R3 was tolerated on some analogs, but most 

substitutions reduced the cardiogenic activity as compared to the parent 

molecule. 
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Table 4.2.1:  Summary SAR table of 50 Benzimidazole  (Bz) analogs with activity 
(%Active) 50% or greater as compared to the parent molecule 6160636.   Molecules 
shown (Bz mol-ID) are a combination of commercially available analogs and those produced 
in collaboration with the HBRI and the laboratory of Marcia Dawson. Table abbreviations: Oxl, 
Oxalate Salt; HCl, Chloride Salt; FB, Free Base; i, iso-; Me, methyl; Et, ethyl; Pr, propyl; Bt, 
butyl; Pnt, pentyl; OMe, methoxy; SMe, methionyl; OH, hydroxyl; NH, amino; diMeN, 
dimethylamino; Cl, chloro; F, fluoro; Br, bromo; Ph, phenyl; PhOH, Phenol; Bn, Benzyl; cycHx, 
cyclohexyl; Phz, phthalazinamine; Pydz, pyridazine; Py, pyridinyl; Pip, piperidinyl; Fur, furyl; 
Thph, thiophenyl; Pryn, propynyl.   *Indicates the Benzo-imidazole core was substituted with 
an Indole core.  To visualize the Bz structure as it relates to %Active, reference the chemical 
abbreviations with Figure 4.2.3.  
 

Bz mol_ID Salt  R1 R2 R3 %Active  

KJO-III-157aA HCl PhzNH 3-OMePh H 82.3 

KJO-III-060A HCl PhzNH 4-OMePh H 76.4 

KJO-IV-060aA HCl PhzNH 4-PhOH H 76.4 

KJO-III-086A Oxl PhzNH 2-OMePh H 58.8 

KJO-III-132A Oxl PhzNH 2-SMePh H 49.8 

STK2S-16936 FB 4-PhPhzNH Ph H 82.4 

CBG-I-097C HCl 4-PhPhzNH Ph NH2 55.3 

CBG-I-076C* HCl 4-PhPhzNH Ph  H 50.3 

KJO-III-064A HCl 4-OMePhzNH 4-OMePh H 78.9 

KJO-III-144A HCl 4-OMePhzNH Ph H 66.7 

CBG-I-113F HCl 4-OMePhzNH Ph diMeN 62.7 

KJO-III-157dA HCl 4-OMePhzNH 3-OMePh H 61.2 

SG-IV-93 Oxl 4-OMePhzNH 2,5-diMePh H 60.5 

KJO-III-090A Oxl 4-OMePhzNH 2-OMePh H 60.4 

KJO-II-206A HCl 4-MePhzNH Ph H 109.0 

6156934 FB 4-MePhzNH 2-OMePh H 100.0 

STK2S-16553 FB 4-MePhzNH Ph H 100.0 

KJO-III-157bA HCl 4-MePhzNH 3-OMePh H 91.3 

Zx-3017 FB 4-MePhzNH 2-O(2-Pryn)Ph H 83.5 

6160636 FB 4-MePhzNH Ph H 81.9 

KJO-III-061A HCl 4-MePhzNH 4-OMePh H 79.7 

Zx-3020 FB 4-MePhzNH 4-PhOH H 78.2 

KJO-IV-110bA HCl 4-MePhzNH 2-triFOMePh H 71.2 

KJO-III-087A Oxl 4-MePhzNH 2-OMePh H 62.4 

KJO-IV-011bA* HCl 4-MePhzNH cycHx H 59.8 

CBG-I-113B HCl 4-MePhzNH Ph diMeN 58.8 
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Table 4.2.1:  Continued 
 

Bz mol_ID Salt  R1 R2 R3 %Active  

KJO-IV-108bA HCl 4-MePhzNH 2-iPrPh H 58.4 

SG-IV-48 Oxl 4-MePhzNH 2-MePh Me 55.2 

CBG-I-076D* HCl 4-BnPhzNH Ph  H 75.0 

KJO-III-014A Oxl 4-BnPhzNH 2-MePh H 67.1 

SG-IV-43 FB 4-BnPhzNH 2-MePh Me 63.2 

SG-IV-49 Oxl 4-BnPhzNH 2-MePh Me 58.8 

KJO-III-088A Oxl 4-ClPhzNH 2-OMePh H 59.3 

KJO-III-056B FB 4-ClPhzNH 2-OMePh H 50.8 

6137367 FB 4-(4-MePh)PhzNH Me H 84.4 

6155112 FB 4-(4-OMePh)PhzNH Me Me 57.7 

MLG-060L HCl 4-OMeBnNH Ph H 72.2 

JJD-I-034-2c HCl 4-FBnNH 3-OMePh H 69.1 

JJD-I-033-2b HCl 3,4-(OH,OMe)BnNH 3-OMePh H 56.4 

MLG-060M HCl 2-OMeBnNH Ph H 51.1 

CBG-I-108CH HCl 3-OMePhNH 2-OMePh H 62.9 

MLG-I-018B HCl 4-MePydzNH 3-MePh H 64.7 

KJO-III-167aA HCl 4-MePydzNH Ph H 56.5 

CBG-I-102CH HCl (Py-3-yl)NH Ph H 136.7 

CBG-I-102C FB (Py-3-yl)NH Ph H 124.5 

TJW-I-031-3b HCl (N-BnPip-4-yl)MeNH 3-OMePh H 73.6 

MLG-060P HCl (3-BrThph-2-yl)MeNH Ph H 52.7 

KJO-IV-052fA HCl 4-diMeNPh Ph H 53.1 

 

Thus the R1 portion of the parent Bz molecule provided some possibility of 

manipulation with affinity capture labels – an effort undertaken by Marcia 

Dawson and Zebin Xia.  The cardiomyogenic bias observed in cultures treated 

with an active Bz is shown in parallel with the hydroquinoline (Fig.4.2.5). 
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Figure 4.2.3:  Structural summary of best performin g Bz SAR analogs.   Bz analogs 
with the most robust cardiomyogenic effect are characterized by structure and assembly.  R1-
R3 are sites of primary R-group functional change each separated by the solid black frame 
surrounding the Bz Core and extended lines.  Among R1 and R2 analogs X designates 
variation around the root adduct(s).  In some cases for R1, X’ indicates activity is preserved 
only when the specified subset are applied to the root adduct with that designation.  An arrow 
guides the direction of the relevant X variants separated from primary adducts by a hashed 
line. Chemical abbreviations from Table 4.2.1 are proximally indicated. 
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 Trends in the Hydroquinoline (Qn) molecule were most evident in 

preliminary SAR with commercially available analogs obtained from 

Chembridge.  Notably, a single substitution of the hydrogen at position R2 of 

the parent molecule 5475080 with dimethyl, furyl or thiophenyl adducts 

observed in Qn mol_Ids 524778, 7625670 and 7708583 showed a dramatic 

increase in the molecule’s biological activity, although its aqueous solubility 

remained poor (Table 4.2.2, Fig.4.2.4).  This was duplicated in separate 

syntheses by HBRI as observed in Qn mol_IDs MLG-024C and KJO-III-046A.  

R1 produced the most robust cardiogenic response with 4-biphenyl, 4-

phenylpyridine, or 4-fluorophenyl.  Most other changes to R1 abolished assay 

activity.  R3 was a position of tolerance as seen in the adduct variation in 

Table 4.2.2.  Thus R3 was targeted for attachment of affinity capture labels.  

R4 was not adequately explored to evaluate site sensitivity.  Qn core 

alterations generally inhibited the cardiomyogenic response; although, a class 

of sister analogs described in the literature as dihydropyridines (DHPs) were 

tested.  DHPs are known best for modulating ion channel gating and some 

structures show homology with active Qn analogs.  The most notable 

structural differences are the open ring system on the core (non-nitrogen 

portion; distal ring; see Figs.4.2.2 and 4.2.4) and the 2 and 3 substituted 

phenyl rings at R1 in place of the Qn biphenyl system.  In all DHP analogs 

tested, cardiomyogenesis common to Qn analogs could not be reproduced 
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(data not shown).  These results suggest cardiomyogenesis is not supported 

by DHP analogs and their effects on identified targets. 

 
Table 4.2.2:  Summary SAR table of 28 Hydroquinolin e (Qn) analogs with activity 
greater than 15%,as compared to the Benzimidazole 6 160636 (%Active).   Molecules 
shown (Qn mol-ID) are a combination of commercially available analogs and those produced 
in collaboration with the Human Biomolecular Research. A list of chemical abbreviations is 
shown at the table bottom. biPh,biphenyl; Ph,phenyl; PhOH,Phenol; Bn,benzyl; Py,pyridine; 
tBt,tert-butyl; Fur,furyl; Thph,thiophenyl; Thf, tetrahydrofuryl; OMe,methoxy; diOMe, 
dimethoxy; Me,methyl; diMe,dimethyl; Et,ethyl; iBt,isobutyl; iPnt,isopentyl; cycPnt, cyclopentyl; 
COO,formyl; SO2,sulfonyl; FB,free base; HCl,chloride salt. To visualize the Qn structure as it 
relates to %Active, reference the chemical abbreviations with Figure 4.2.4 
 

Qn mol_ID Salt  R1 R2 R3 R4 %Active  

MLG-024C HCl 4-biPh diMe COOEt Me 114.63 
MLG-I-139CH HCl 4-biPh diMe COOMe(Fur-2-yl) Et 78.78 
MLG-I-139B FB 4-biPh diMe COOiPnt Et 77.61 
KJO-III-046A FB 4-biPh diMe COOMe Me 70.07 
5804305 FB 4-biPh diMe COOMe(Thf-2-yl) Me 68.28 
5244778 FB 4-biPh diMe COOMe Me 66.89 
5805163 FB 4-biPh diMe COO(4-OMeBn) Me 55.67 
MLG-I-139DH HCl 4-biPh diMe COO(2-EtSO2Me) Et 55.63 
MLG-I-139D FB 4-biPh diMe COO(2-EtSO2Me) Et 50.97 
MLG-I-139C FB 4-biPh diMe COOMe(Fur-2-yl) Et 41.45 
MLG-I-141C FB 4-biPh diMe COO(4-(Pip-4-yl)COOtBt) Et 23.37 
TJW-I-026 HCl 4-biPh diMe COOEt(Me)NBn Et 20.50 
MLG-I-143A FB 4-biPh diMe COO(Pip-4-yl) Et 19.03 
MLG-I-143C FB 4-biPh diMe COO(Pip-4-yl) Et 19.02 

7625670 FB 4-biPh Thph COOMe Me 54.58 
7708583 FB 4-biPh Fur COOEt Me 49.87 
5804055 FB 4-biPh H COOiBt Me 28.63 
5803701 FB 4-biPh H COOcycPnt Me 17.72 

MLG-027G HCl 4-Ph(Py-3-yl) diMe COOEt Et 69.29 
MLG-027K HCl 4-(Py-2-yl)Ph diMe COOEt Et 41.85 
MLG-027H HCl 4-(Py-3-yl)Ph diMe COOEt Et 49.88 

MLG-027O HCl 4-FPh diMe COOEt Et 110.10 
5136127 FB Ph diMe COOMe Me 53.75 
5153959 FB 2,4-diMePh diMe COOEt Me 33.51 
MLG-027A HCl 4-MePh diMe COOEt Et 32.23 
5153973 FB 3-PhOH diMe COOEt Me 22.43 
MLG-027F HCl 3-FPh diMe COOEt Et 17.88 
5470714 FB 2,4-diOMePh H COOEt Et 15.91 
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Figure 4.2.4:  Structural summary of best performin g Qn SAR analogs.   Qn analogs 
with the most robust cardiomyogenic effect are characterized by structure and assembly.  R1-
R4 are sites of primary R-group functional change, each separated by the solid black frame 
surrounding the Qn Core and extended lines.  R3 analogs designate X as variation around the 
root adduct.  An arrow guides the direction of the relevant X variants separated from primary 
adducts by a hashed line.  Chemical abbreviations from Table 2 are proximally indicated. 
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Figure 4.2.5:  Visualization of cardiomyogenic bias  imposed on mESC treated with 
Bz or Qn.   Image mosaics for each well were reconstructed from 9 non-overlapping image 
fields accounting for ~75% of the total well area.  The image contrast settings are held 
constant for each spectra so that direct visual comparisons can be made between treatments. 
A solvent control (DMSO) was compared to an active benzimidazole (Bz) or hydroquinoline 
(Qn)  as shown in rows.  Nuclear staining (DAPI), αMHC-GFP response, and the non-specific 
signal associated with a red bandpass (NS-Red) are shown in columns.  The αMHC-GFP 
represents only the surface map of the dense 3D cell matrix present in the differentiated 
sample wells.  Both Bz and Qn induce significant levels of cardiogenesis as compared to the 
rare punctate foci seen in the DMSO solvent control. 
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CHAPTER 5:  THE BIOLOGICAL MECHANISM OF ACTION OF H ITS 

OBTAINED FROM THE TPIMS AND CHEMBRIDGE DIVERSET LIB RARY. 

 

 During the SAR work with the Bz, Qn and PPU analogs an effort was 

waged on two fronts trying to understand how these molecules could bias 

mESCs toward cardiomyocyte commitment.  On one front were experiments to 

reveal biological triggers and machinations of a complex and dynamic cell 

culture system that would mature over a 10 day period.  The second front was 

biochemical - experiments designed to reveal the protein targets and required 

the help of collaborators Marcia Dawson, Zebin Xia and Torrey Pines Institute 

for Molecular Studies (TPIMS) who developed the affinity capture probes to 

conduct these studies.   Attention will be directed first to the biological 

mechanisms at play and the biochemical side of this work will be briefly 

introduced in Chapter 6 and then fully explored in Chapter 7.  In this chapter 

the optimal biological timing of each molecule will be described.  Synergy 

experiments will then explore a cooperative cardiomyogenic effect between Bz 

and Qn - 2 molecules that differ with respect to their optimal administration 

time in the mESC αMHC-GFP assay.  The focus will then turn to Bz and PPU 

for comprehensive mRNA profiling using a collection of cell lineage markers 

and evaluation of their effect on canonical Activin/Tgfβ and Wnt signaling. 
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5.1 Optimal Timing of Compound Hits in the αMHC-GFP Assay 

 As the Bz, Qn, and PPU represent diverse chemical structures, a 

starting point for understanding any major differences in their respective 

biological effects was to test the sensitivity of each molecule to administration 

time in the cardiomyogenesis assay.  Given all molecules were discovered 

when administered over a 4 day window from day 2-6 of differentiation it was 

necessary to more finely characterize the optimal administration day.  This is a 

useful exercise given the dynamic changes in a differentiating mESC culture 

during the day 2-6 period.  In this time frame it is known that mesendodermal 

populations emerge on days 2-4 and definitive mesoderm from days 4-6.  If 

optimal compound administration times are shifted toward day 2 the 

compound could be operating to repress ectoderm or enhance early 

endoderm and mesendoderm.  Likewise if a shift in the compound 

administration window moves toward day 4 the biological effect may occur by 

guiding mesendoderm toward a mesodermal lineage or specification of 

cardiogenic mesoderm.  Addressing this question, mESC were pulsed for 2 

days with an optimal dose of Bz (6uM), Qn (10uM) or PPU (3uM) for each day 

2-7 and assayed on day 10 for αMHC-GFP.  The cells were chased with 

standard mESC growth media for the remainder of the assay timeline 

(Fig.5.1.1A).  The results suggest that PPU and Bz can be optimally 

administered on day 2 while the cardiomyogenic effect of Qn was blunted 

(Fig.5.1.1B). 
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Figure 5.1.1:  The time window of biological activi ty for the Bz, Qn and PPU 
compounds.   The compounds were administered to differentiating mESC for 2 day pulses 
(A) and then grown in standard growth media for the remainder of the assay timeline.  The 
cardiomyogenic response for each 2 day pulse as gauged by αMHC-GFP activity is shown 
as %Activity relative to the maximum response.  Note that the PPU and Bz operate earlier 
than Qn and that early administration of Qn appears to blunt cardiomyogenesis. 
 

The Bz response window appeared broader than PPU and maintained peak 

cardiomyogenic activity when administered on day 3 as well.  This broader 

response window may result from the rapid turnover of Bz in the cell culture 



82 

 

environment.  This is a real possibility as suggested by other phenotypic 

indicators (autophagosomes, metabolic/mitochondrial stress, etc.; discussed 

later) observed in multiple cell types.  Biologically, Bz and PPU may be 

operating on early events described above based on the day 2-3 optimal 

administration window.  Qn seemed to be operating on a later stage of mESC 

differentiation with an optimal administration window from days 3-4, perhaps 

guiding mesendoderm toward a mesodermal fate. 

 This clear separation in biological timing suggested a follow up 

experiment with the early operator Bz and the late operator Qn.  If it is true that 

Qn cannot recapitulate the cardiomyogenic peak observed with Bz or PPU at 

day 2, then it is possible the molecular target(s) of Bz or PPU are different 

from those of Qn.  Thus molecular pairing of an early operator like Bz with Qn 

should result in biological synergy if administered in their optimal response 

windows.  This was a central tenant of this small molecule discovery effort and 

has been proven in other differentiation systems.  In brief: 

It is unlikely that a single small molecule administration at a discrete 
time in ESC culture will result in high yields of cardiomyocytes.  In 
screening for molecules that independently modulate discrete stages of 
ESC commitment, the goal is to assemble a small molecule regimen or 
cocktail that can trigger the multiple time sensitive elements required to 
produce high yield cardiomyocytes in a complex cell culture 
environment. 

 

As a proof of principle, Bz and Qn were probed independently and as a 

combined regimen throughout a dose range and administered in their 

respective biological response windows (Fig.5.1.2).  The dose range is 
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described as a function of N where, N is considered the highest dose in the 

dose range – this was necessary to plot both synergy and control data on the 

same axis.   
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Figure 5.1.2:  Molecules observing different optima l administration times synergize 
to achieve levels of cardiomyogenesis not possible with each molecule 
independently.   In the control category Bz, Qn and dmso were tested separately for their 
respective cardiomyogenic response starting with highest dose “N” at 12uM and then 4 two-
fold dilutions down to “N/16” (Range = 12uM, 6uM, 3uM, 1.5uM, 0.7uM).  The synergy 
samples included a dose range of  Bz with highest dose “N” at 3uM and then 4 two-fold 
dilutions down to “N/16” (Range = 1.5uM, 0.7uM, 0.3uM, 0.15uM). Qn was fixed in each series 
at the concentration indicated on the x-axis.  Administration of Bz and Qn were in their 
respective optimal time windows on days 2 and 3.  
 

In the control samples dmso, Bz and Qn held the maximum dose at N=12uM 

and the dose range proceeded in 2-fold dilutions down to N/16=0.75uM.  

Synergy samples observed a Bz maximum dose at N=3uM and proceeded in 

2-fold dilutions down to N/16=0.15uM.  Qn was held constant at the dose 
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indicated on the x-axis (Fig.5.1.2).  The optimal response of Bz (added on day 

2) and Qn (added on day3) control samples yielded ~50% and ~25% 

respective activity as compared to the best performing synergy samples.  Note 

also that Bz and Qn synergy samples observed optimal doses 4-fold less than 

control counterparts.  Optimal doses for Bz and Qn controls were 6um and 

12uM, respectively.  Synergy samples where Bz (day 2) and Qn (day 3) were 

combined in a regimen showed optimal dose response for Bz from 3-1.5uM 

and 3-0.7uM for Qn.  This data suggests Bz and Qn are recruiting discrete 

biological mechanisms to achieve cardiogenesis and these mechanisms are 

complimentary.  If both mechanisms acted through a common pathway the 

expectation would be for a saturation of the cardiogenic response observed as 

maximum activity in the control samples.  As this project was conceived, this 

outcome was among a few considered a metric of success. 

 Qn has recently been fully characterized by Erik Willems and 

colleagues in the lab of Dr. Mark Mercola.  The work by Willems et al. (in 

review) describes the Qn effect as Tgfβ inhibition through Alk5 degradation.  

This is thought to have the effect of modulating the response to Tgfβ in the 

serum and secreted by differentiating cells in the culture.  Attenuation of the 

cellular response to high levels of Tgfβ or Activin is known to shift cell fate 

from endoderm toward mesodermal lineages; however, in these studies no 

decrease in endoderm was observed suggesting a possible block of some 

cardiomyogenic inhibitory activity by Tgfβ.  Furthermore, additional SAR has 
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resolved a stereochemical bias in the molecule through the isolation of R and 

S conformers.  As these phenomena specific to Qn are now well documented, 

the focus of the remaining work will turn to Bz and PPU. 

 

5.2 mRNA Profiling of Bz and PPU with Cell Lineage Markers from Day 

3 to 11 

 SAR data was useful to probe the cardiomyogenic structural 

requirements of Bz and PPU, but this does not yield information on the 

developmental pressures imposed on mESCs during the compound 

administration window and beyond.  To gain understanding of this aspect of 

the cell biology, semi-quantitative real-time polymerase chain reaction (qPCR) 

was used to gauge changes in lineage markers over the 10-11 day 

developmental period leading up to the cardiomyogenic endpoint.  Bz (6.5uM) 

and PPU (3.0uM) were administered at a cardiomyogenic dose on day 2 and 

markers for pluripotency, ectoderm, mesendoderm, endoderm, mesoderm and 

cardiac cells were evaluated on a daily basis from day 3-8 and at the endpoint 

on day 11. 

 When evaluating pluripotency markers a general decline in expression 

level is expected over the differentiation period as cells begin to diverge into 

the 3 germ layers and become specified to various lineages (Fig.5.2.1) 

 

 



86 

 

Figure 5.2.1:  Bz and PPU pluripotency gene express ion profiling from day 3-11 of 
mESC differentiation.   Bz (6.5uM; left column, green line) and PPU (3.0uM; right column, 
green line) were administered to day 2 differentiated mESC at optimal cardiomyogenic 
dosages.  The pluripotency/mouse epiblast markers Fgf5, Nanog, Oct4 and Sox2 were 
evaluated for notable changes as compared to the solvent control, dmso (blue line).   
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Fibroblast growth factor 5 (Fgf5), Nanog homeobox (Nanog), and Sry-related 

HMG box 2 (Sox2) showed a statistically significant decrease in the rate of 

decline when treated with either Bz or PPU.  Octamer binding transcription 

factor 4 (Oct4) was the only marker that maintained parity with the dmso 

decline in expression (Fig.5.2.1).   

 Markers of the ectoderm Keratin 8 (Krt8), Keratin 18 (Krt18), Paired box 

6 (Pax6), and Tubulin 3 (Tubb3) were then tested (Fig.5.2.2).  Noteworthy 

changes in expression patterns were Pax6 in the PPU treated condition at the 

expression peak on day 7 where transcripts increased by more than 2-fold.  

The Bz treatment produced a response similar to that of Sox2 for ectodermal 

markers Pax6 and Tubb3 at days 3-4.   Sox2 is also a marker of early 

ectoderm so it is possible the observed expression profile reflects a Bz effect 

on early ectoderm.   

 Mesendodermal markers Brachyury (Bra), Goosecoid (Gsc), Left-right 

determination factor 1 (Lefty1), and LIM Homeobox 1 (Lhx1) showed a 

conserved magnitude in expression peaks in Bz treated samples (Fig.5.2.3), 

but these peaks were without exception shifted later by 1 day (from d4 to d5).  

PPU conserved the magnitude of mesendodermal expression relative to dmso, 

but the expression curves were broader with the exception of Lhx1 which 

showed a shift toward later time points by 1-2 days (d4 to d6).  
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Figure 5.2.2:  Bz and PPU ectoderm gene expression profiling from day 3-11 of 
mESC differentiation.   Bz (6.5uM; left column, green line) and PPU (3.0uM; right column, 
green line) were administered to day 2 differentiated mESC at optimal cardiomyogenic 
dosages.  Ectodermal markers Krt8, Krt18, Pax6, and Tubb3 were evaluated for notable 
changes as compared to the solvent control, dmso (blue line). 
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Figure 5.2.3:  Bz and PPU mesendoderm gene expressi on profiling from day 3-11 of 
mESC differentiation.   Bz (6.5uM; left column, green line) and PPU (3.0uM; right column, 
green line) were administered to day 2 differentiated mESC at optimal cardiomyogenic 
dosages.  Mesendodermal markers Bra, Gsc, Lefty1, and Lhx1 were evaluated for notable 
changes as compared to the solvent control, dmso (blue line). 
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Figure 5.2.4:  Bz and PPU endoderm gene expression profiling from day 3-11 of 
mESC differentiation.   Bz (6.5uM; left column, green line) and PPU (3.0uM; right column, 
green line) were administered to day 2 differentiated mESC at optimal cardiomyogenic 
dosages.  Endodermal markers Cer1, FoxA2, Hhex, Sox17 were evaluated for notable 
changes as compared to the solvent control, dmso (blue line). 
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 Endodermal markers demonstrated the most striking response to Bz 

and PPU treatments (Fig.5.2.4).  Lineage markers Cerberus 1 (Cer1), 

Forkhead box A2 (FoxA2), Hematopoietically-expressed homeobox (Hhex), 

and Sry-related HMG box 17 (Sox17) expression levels were significantly 

increased in Bz and PPU treatments as compared to dmso.  Except for Hhex, 

the expression level differences between dmso and Bz or PPU were 5-fold or 

greater at or near expression peaks suggesting.  Hhex showed later Ct’s (30-

36) than the other endodermal genes tested and showed greater variation 

among replicates.   

 The remarkable increase in expression levels among the endodermal 

genes from days 4-7 was paralleled with a consistent repression in Mesoderm 

markers in Bz and PPU treatments (Fig.5.2.5).  Caudal type homeobox 2 

(Cdx2), Fetal liver kinase 1 (Flk1), Mesoderm Posterior 1 (MesP1), and 

Platelet endothelial cell adhesion molecule 1 (Pecam1) all showed reduced 

transcript levels over the day 4-7 period with markers of the vascular 

endothelium Flk1 and Pecam1 recovering with the emergence of cardiac 

specified mesoderm at the latest time points, day 8 and 11. 

 Validating the αMHC-GFP assay, several markers of the early cardiac 

field were evaluated to demonstrate the compound treatments, despite the 

repression of mesodermal markers did in fact produce higher levels of 

cardiomyocytes than the dmso treatment (Fig.5.2.6).   
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Figure 5.2.5:  Bz and PPU mesoderm gene expression profiling from day 3-11 of 
mESC differentiation.   Bz (6.5uM; left column, green line) and PPU (3.0uM; right column, 
green line) were administered to day 2 differentiated mESC at optimal cardiomyogenic 
dosages.  Mesodermal markers Cdx2, Flk1, MesP1, and Pecam1 were evaluated for notable 
changes as compared to the solvent control, dmso (blue line). 
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Figure 5.2.6:  Bz and PPU cardiac gene expression p rofiling from day 3-11 of mESC 
differentiation.   Bz (6.5uM; left column, green line) and PPU (3.0uM; right column, green 
line) were administered to day 2 differentiated mESC at optimal cardiomyogenic dosages.  
Markers of cardiac specified mesoderm Mef2C, Nxk2.5, Myh6, and Tnnt2 were evaluated for 
notable changes as compared to the solvent control, dmso (blue line). 
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Bz and PPU increased transcript levels of Myocyte-specific enhancer factor 

2C (Mef2C), Nk2 homeobox 5 (Nkx2.5), Myosin heavy chain 6 (Myh6), and 

Troponin T type 2 (Tnnt2) by greater than 10-fold.  Mef2C and Nkx2.5 showed 

increased expression levels in an earlier window starting at days 6-7, 

consistent with the specification of cardiac mesoderm.  Myh6 and Tnnt2 

appeared later, ramping up expression levels starting at day 8, consistent with 

the structural requirements of beating cardiomyocytes.  This comprehensive 

profiling of developmental markers over the assay timeline suggests Bz and 

PPU promote an early bias in anterior visceral and definitive endoderm 

(AVE/ADE) and repress the normal expansion of mesodermal derivatives 

observed in the dmso condition.  Mechanistically this supports a model of non-

cell autonomous cardiopoiesis instructed by the endoderm (Fig.5.2.7).   

 Interestingly, the repression of mesoderm expansion gives the 

impression of a potential loss of cardiomyogenic potential; however, the data 

indicate persisting mesoderm in the Bz and PPU treatments is sufficient to 

execute endodermal instruction and become cardiac mesoderm.  Alternatively, 

the mesodermal population induced in the dmso condition may repress 

cardiomyogenic mesoderm development. 

 The mRNA profiling approach is useful in understanding the mRNA bias 

in a cell culture treatment but does definitively assign bias in mRNA to the 

number of cells/well or the copies of mRNA/cell. 
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Figure 5.2.7:  The biological mechanism of action o f Bz and PPU derived 
cardiopoiesis.   Bz and PPU when administered to mESC at a cardiac dose on day2 of 
differentiation bias the mesendoderm toward early endoderm at the expense of mesoderm.  
The data suggest a non-cell autonomous effect of early endoderm promotes the formation of 
pro-cardiac mesoderm from persisting mesoderm. 
 

Addressing this issue, flow cytometry was used on a Bz treated sample at two 

dosages in combination with mRNA analysis on the same samples from day 8 

and 11 cultures.  C-x-C chemokine receptor 4 (Cxcr4) was used as a marker 
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of the endodermal population and GFP as an indicator of cardiomyocytes 

expressing Myh6.  On day 8, Bz at 12uM showed greater than a 2-fold 

increase in the number of endoderm cells and showed just under a 2-fold 

increase in cardiomyocytes on day 11 at the 6uM dosage (Fig.5.2.8B).   These 

findings positively correlate with the mRNA trends observed in the same 

samples.  Endodermal markers Cxcr4 (~3-fold), FoxA2 (~2-fold) and Sox17 

(~2-fold) increased most in the 12uM sample and cardiac markers Nkx2.5 (3-

fold), Myosin light chain 2 (Myl2; 2-fold) and Myh6 (2-fold) observed highest 

mRNA levels in the 6uM sample (Fig.5.2.8A). 

 It is worth noting the flow cytometry approach to quantifying cell content 

in day 8 and 11 differentiated mESCs is restricted to cells that can be cleanly 

separated by Trypsin and EDTA.  Practical experience has suggested the bulk 

of mature beating cardiomyocytes cannot be separated into single cells 

without destroying them; although it is not clear if this is also true for the 

endodermal content of the well.  Consequently, it is reasonable to suspect flow 

cytometry underestimates the total percentage of cardiomyocytes in a d8 or 

d11 differentiated cell culture.  As the mRNA samples were extracted from the 

cells run in the flow cytometry experiment, qPCR analysis of the cardiac 

markers could also be underestimated.  The αMHC-GFP data from cells 

grown in the same plate show a 5-fold increase over dmso at the 6uM dose 

(Fig.5.2.8B, bottom). 
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Figure 5.2.8:  Flow cytometry coupled with expressi on profiling of Bz treated 
samples from day 8 and 11 differentiated mESC.   Bz at 6uM and 12uM was 
administered to mESC on day 2 and harvested on day 8 (Red) and 11 (orange) to compare 
the mRNA trends (A) to the percentage of cells positive for the endodermal marker Cxcr4 and 
the phenotypic cardiac indicator αMHC-GFP (B; gray and black bars). 
 

Further, the image analysis algorithm used in the αMHC-GFP assay is known 

to underestimate cardiomyocyte content in a well demonstrating robust 

cardiogenesis, whereas the same algorithm is more sensitive to sparse foci of 
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cardiomyocytes – this is a function of pixel consistency over the image area.  

Thus if flow cytometry were a more accurate method to quantify the 

percentage of cardiomyocytes in a day 11 differentiated mESC culture, it 

should approach the fold change (with respect to DMSO) observed in data 

obtained from the imaging algorithm.  Importantly, this is not a function of the 

instrument technology or statement of method superiority, but more an 

evaluation on the technical limitations of disrupting embryonic stem cell 

cultures differentiated out to later time points.  In practice, other cell 

dissociation media, such as collagenase, might produce better data 

correlations.  Flow cytometry data (and same sample mRNA profiles) and 

αMHC-GFP data (Fig.5.2.8) support an increase in endodermal and cardiac 

cells observed in day 8 and 11 cultures treated with Bz, but the fold change is 

relative to the sample preparations and do not indicate an absolute quantity in 

either case.  Returning to the original question of assigning the differential 

mRNA expression exclusively to a condition of more mRNA copies/cell or 

more cells of a given lineage per well, the flow cytometry data and 

corresponding same sample mRNA profiles can be referenced.  Indeed, there 

is a differential representation of mRNA over the conditions and flow cytometry 

data suggest as well a differential percentage of cell lineages; however, 

mathematical deduction and the technical limitations of cell separation can 

only support an argument that a higher percentage of endodermal and cardiac 

cells are present in day 8 and 11 mESC cultures treated with Bz.  Note that 
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the αMHC-GFP+ cell percentage and Myh6 mRNA expression are in 

reasonable agreement at about 1.5-fold.  The Cxcr4 data shows a 3-fold 

enrichment in mRNA and ~2-fold enrichment in cells which could be significant 

in biological triplicate (ongoing).  Thus the data as presented in Figure 5.2.8 

cannot yet rule out that those enriched endodermal and cardiac populations 

do not as well harbor enriched levels of transcripts. 

 

5.3 The Effects of Bz and PPU on Activin/TGF β AND Wnt Signaling 

 In the mesendodermal and endodermal expression profiles Bz shows 

significant differences from DMSO at matched time points and this is true of 

PPU for Lhx1 and the endodermal markers.  It is known that a surge in Activin 

or Tgfβ signaling can bias cultures toward endodermal lineages.  Testing for 

this possibility Bz and PPU were administered to HEK cells transfected with 

the SB4 response element (SB4) and CAGA Tgfβ Response Element (CAGA) 

in the presence or absence of activin.  Activin was administered over a dose 

range and Bz and PPU were administered at two doses as defined; for Bz 

N=20uM, N/2=10uM and for PPU N=10uM, N/2=5uM (Fig.5.3.1A-B).  HEK 

cells are more tolerant to chemical abuse so higher doses of Bz and PPU 

were applied to ensure enough compound was added to measure a response.  

HEK cells were entirely unresponsive to Bz and PPU in the presence or 

absence of activin at any dose on SB4 and CAGA reporter elements. 
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Figure 5.3.1:  Bz and PPU have no effect on CAGA an d SB4 Luciferase reporter 
constructs in HEK cells.   Bz and PPU were added in the absence or presence of Activin 
(Bz, N=20uM; PPU, N=10uM) to HEK cells transfected with the CAGA response element (A) 
or the SB4 response element (B).  Activin was tested in a 3-fold dilution gradient against Bz 
and PPU treatments.  Maximum activity for both reporters occurred at ~3ng/mL Activin. 
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Figure 5.3.2:  Bz and PPU have negligible effects o n the TCF/LEF Wnt response 
element in HEK cells.   Bz (N=20uM) and PPU (N=10um) were administered to HEK cells 
transfected with 10ng constitutively active βCatenin (CA-bCat), Wnt3a or Vector control.  
 

The study was extended further to the TCF/LEF response in HEK.  Bz and 

PPU were administered to HEKs transfected with 10ng of Wnt3a, constitutively 

active βCatenin (CA-bCat) or vector control to test for any effects on the 

canonical Wnt signaling pathway (Fig.5.3.2).  Modest levels of statistically 

significant antagonism were observed in the 20uM Bz treated Wnt3a condition 

but this antagonism was less than 2-fold and not reproduced by PPU.  Overall 

Bz and PPU response ranges were within the statistical deviation of the 
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positive controls CA-bCat and Wnt3a (Fig.5.3.2) suggesting no effect on 

canonical Wnt signaling.   
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CHAPTER 6:  CORRELATING METABOLIC/ER STRESS AND THE  

CARDIOMYOGENIC PHENOTYPE. 

 

 As the biological data (expression profiling; Luciferase assays) was 

accumulating the first attempts at Bz-biotin and PPU-biotin target affinity 

capture were attempted in mESC day 3 lysates.  Zebin Xia from Dr. Marcia 

Dawson’s lab worked in collaboration to produce all Bz biotin probes used in 

the studies discussed here.  PPU biotin probes were produced through 

collaboration with the Torrey Pines Institute for Molecular Studies (TPIMS).  

These early affinity capture experiments are introduced here because the 

results inspired a litany of biological experiments aimed at narrowing the 

cardiomyogenic biological mechanism of action in mESCs.  The majority of 

targets identified were affiliated with metabolic processes in the cells.  It 

seemed reasonable that loss of function of one or more of these targets would 

result in a form of measurable metabolic stress.  Bz targets suggested linkage 

to the mitochondria and amino acid metabolism, while the PPU target was 

linked to protein folding and endoplasmic reticulum stress.  Mitochondrial 

assays and mRNA profiling of certain stress markers were evaluated in mESC 

and other cell lines where appropriate for a possible link between the mESC 

bias in early endoderm and metabolic stress imposed by Bz and PPU.  A more 

complete discussion of the remaining biochemical work will be reintroduced in 

Chapter 7.
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6.1 Affinity Capture of Targets from Day 3 mESC Lys ates with 

Biotinylated Bz or PPU 

 Bz SAR studies suggested certain regions of the R1 position were 

amenable to biotinylation.  Three such probes were synthesized with biotin 

tethered to the R1 position (Fig.4.2.3), bound to streptavidin beads and 

incubated with mESC day 3 differentiated lysates.  The results show a 

collection of potential targets variable by probe (Fig.6.1.1).  The basis for 

differing profiles of interacting proteins was difficult to understand for probes 

BI-3054 and BI3058 because the biotin tether location is different by one 

carbon bond length on an area of the R1 ring structure considered 

dispensable for biological activity (Fig.6.1.1B).  Although, precursors to the 

biotinylated analogs do maintain some biological activity it has been observed 

that the biotin probes themselves have no cardiomyogenic potential (data not 

shown).  It is likely biotinylation of Bz analogs affects the uptake and 

intercellular localization, and these differences could explain the loss and/or 

changes in biological activity.  Among the targets identified by mass 

spectrometry (MS) were 2 proteins localized to the mitochondria – Branched 

chain ketodehydrogenase kinase (Bckdk) and ATP synthase subunit beta 

(Atp5b) and these were both well represented in the 3058 affinity capture (AC) 

as shown in the western blot (Fig.6.1.1A) against mouse Atp5b.  The western 

blot mirrors the result shown in the coomassie gel at the 55kDa location.   
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Figure 6.1.1:  Bz-Biotin affinity capture experimen t with 3 distinct probes tagged at 
the R1 position produce variable results.   Affinity capture probes were incubated with 
mESC lysates and then run out on two gels (A).  One gel was coomassie stained (right) for 
visualization and extraction of potential target bands and the other was transferred to PVDF 
and western blotted (left) for target Atp5b identified by mass spectrometry (MS; list with white 
wedges right of coomassie image).  Bz-Biotin probe IDs are assigned to numbers 1-5 and the 
probe structures are shown in (B).  Color coding of MS identified targets are matched with 
probes where targets were identified in greatest abundance (3048, green; 3054, blue; 3058, 
red). 
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It was a challenge to understand why so many different proteins were 

captured, and whether any single target is relevant to Bz’s biological 

mechanism of action.  Many were dehydrogenase enzymes or 

nucleoside/cofactor binding proteins.  Given the early window in which Bz 

operates in mESC cultures one might have expected targets modulating 

canonical Nodal, Bmp, Fgf or Wnt signals.  However, none of the core 

components of these signaling pathways were represented in the proteins 

identified by MS. This presented two possibilities; (1) canonical 

Wnt/Nodal/Bmp/Fgf pathway targets were in low abundance and “titered out” 

by comparison to metabolic enzymes in the cell and were thus not detected by 

coomassie; (2) Bz targets multiple metabolic enzymes with shared properties 

and modulation of the mESC metabolic state results in a permissive condition 

for endodermal expansion.  In the case of (1), this would require repeating the 

procedure with a normalized proteome – a technical hurdler not yet overcome, 

thus attention was focused on the 2nd possibility by testing whether the 

candidate proteins are individually or collectively responsible for Bz biological 

activity.  Atp5b, Bckdk and subunits of their respective holoenzymes were 

found in different gel fractions isolated for MS. Specifically, Atp5b is a 

component of the F1F0 Mitochondrial ATP Synthase which produces the bulk 

of cellular ATP through oxidative respiration [100].  Bckdk is a component of a 

mitochondrial holoenzyme responsible for the rate-limiting step of branch 

chain amino acid oxidation [99].  Of the branched chain amino acids leucine, 
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isoleucine and valine, the abundance of leucine plays a significant role in 

regulating protein biosynthesis and autophagy [97,98].  As such these 

mitochondrial localized proteins could initiate a cellular stress derived from Bz 

mitochondrial dysfunction. 

 The first efforts with a TPIMS PPU-Biotin probe identified a narrow 

selection of candidate targets with the most abundant class of MS identities 

belonging to the Chaperone containing Tcp-1(Cct), also referred to as the Tcp-

1 ring complex (TriC).  Among the 8 members composing the double barreled 

ring complex, Cct7 was identified in highest abundance in coomassie bands 

ranging from 52-64kDa (Fig.6.1.2).  Kinectin 1 (Ktn1) was also identified from 

120-140kDa and is known to exist in various isoforms in that molecular weight 

range.  Again, these affinity capture targets do not fit the expectation of 

proteins required to promote cardiomyogenesis in mESCs from days 2-4.  Cct 

proteins are required for normal cell function so if PPU was in some way 

compromising the function of the TriC holoenzyme it should reveal some 

biological signature. 

 Since many of the proteins pulled down by Bz and PPU probes were 

involved in cellular stress and energetics, biological experiments to address 

relevance of the proteins centered on exposing some form of metabolic stress 

in response to Bz and PPU not observed in the dmso control condition.  Thus 

the hypothesis was that Bz might manifest as mitochondrial stress, whereas 

PPU might reveal some form of protein folding stress.  For the latter this is not 
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only indicated by the presence of Cct targets and TriC, but the remaining 

major targets are know to interact with one another - Elongation factor 1-delta 

(Eef1d) and Kinectin 1 (Ktn1) [96].  The major function of Eef1d is to bind and 

transfer aminoacyl-tRNA to the ribosome and Ktn1 has been shown to anchor 

Eef1d to the endoplasmic reticulum.  PPU could also compromise protein 

biosynthesis by interaction with Eef1d implicating it in protein biosynthetic 

pathways. 
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Figure 6.1.2:  PPU-Biotin affinity capture with day  3 mESC lysates reveals a class of 
targets known to form the Tcp-1 ring complex (TriC) .   Day 3 differentiated mESCs 
were incubated with a PPU-Biotin probe coupled to streptavidin beads.  The affinity captured 
targets were resolved by 1D SDS-PAGE and then stained with coomassie blue (A).  The 
identities of gel slice IDs (yellow text) circumscribed by green boxes are shown in the table left 
of the gel.  The structure of the probe used in the affinity capture is shown in (B) . 
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6.2 Metabolic Perturbation of the Mitochondria by B z and PPU 

 Mitochondrial stress was first addressed with respect to Bz and some 

correlating assays using PPU.  Tetramethylrhodamine, ethyl ester (TMRE), 

tetramethylrhodamine, methyl ester (TMRM) and Rhodamine123 (R123) are 

all mitochondrial indicators used to sense the metabolic state of the organelle.  

Specifically, TMRE was chosen for experiments with the small molecules in 

this study.  All of the dyes are characterized as lipophilic, cationic fluorescent 

molecules selective for the mitochondria with spectral emission in the Red 

spectrum.  As these probes maintain a delocalized positive charge in an 

otherwise hydrophobic molecular structure they can traverse mitochondrial 

membranes and redistribute based on the charge differential observed 

between the matrix and inner membrane space.   Mitochondrial membrane 

depolarization results in a loss of the electrochemical proton gradient 

(mitochondrial membrane potential; ψm), and then loss of TMRE retention in 

the mitochondria as a whole - visualized by decreased red fluorescence.  

Mitochondrial membrane hyperpolarization results from an accumulation of 

protons in the inner mitochondrial membrane which increases ψm.  Under 

these conditions TMRE accumulates in the matrix where positive charge is 

lower generating higher fluorescence levels than observed in normal respiring 

cells.  The red fluorescence can be visualized in live cells and the change in 

ψm (∆ψm) can be quantified from the differential fluorescent intensity observed 

as compared to the control condition.  Accumulation of TMRE in mitochondria 
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follows the Nernst equation so it can be represented as a change in the 

electrochemical charge (millivolts; mV) as calculated from the change in 

fluorescence intensity [95].  Experiments with TMRE and other mitochondrial 

dyes shown here will report ∆ψm as a relative change in mean fluorescent 

intensity as compared to controls. 

 Addressing the question of Bz induced mitochondrial stress, primary 

murine embryonic fibroblasts (MEFs) were incubated overnight with ~1nM 

TMRE in the presence of DMSO, an analog of Bz inactive in the 

cardiomyogenesis assay (BzX) and the active Bz parent molecule (Fig.6.2.1).  

MEFs were chosen for initial experiments because they were large cells, 

possess an exceptionally planar morphology, and adhere tightly to tissue 

culture plastic – overall an excellent cell for image-based cytometry.  Initial 

visualization of TMRE in MEFs showed an impressive increase in Red 

fluorescence in a 15uM Bz treatment as compared to DMSO and the 

biologically inactive analog, BzX at the same dose (Fig.6.2.1, images top and 

bottom left).  Images were captured 24 hours after TMRE and compound 

administration.  At the same time, in collaboration with Kyungmoo Yea in Dr. 

Daniel Kelley’s lab at Sanford|Burnham Medical Research Institute in Lake 

Nona, Florida established that Bz decreased oxidative respiration of H9c2 

myotubes by ~20% (5uM)) and ~38% (20uM) with 95% statistical confidence 

(Fig.6.2.1; bottom right).  
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Figure 6.2.1:  Bz hyperpolarizes mitochondrial memb ranes and reduces oxygen 
consumption in primary MEFs and H9c2 myotubes, resp ectively.  Image panels show 
visual evidence of Bz hyperpolarized mitochondrial membranes (top row and bottom left).  
BzX is an analog inactive in the cardiomyogenesis assay (DMSO, Bz, BzX all at 15uM; 24 
hours after administration).  Oxygen consumption rates in H9c2 myotubes declined with 95% 
confidence at 5uM of Bz as compared to DMSO (-Control). Images are held to identical 
contrast settings so direct visual comparisons can be made between conditions. 
 

Hyperpolarization of the mitochondrial membrane and oxygen consumption 

data suggested mitochondrial dysfunction – a possible consequence of Bz 

interaction with biochemical targets discussed above (Fig.6.1.1).  More 

comprehensive analysis of TMRE activity was done in 3 cell models to 

evaluate the portability of the TMRE effect observed in MEFs.  In these tests 

day 3 differentiated mESCs, human umbilical vein endothelial cells (HUVECS), 
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and MEFs were evaluated for their respective TMRE responses to Bz and 

other selected molecules (Fig.6.2.2).  Quantification of TMRE fluorescent 

intensity in HUVECs and MEFs assigned a greater than 6 and 37-fold change 

in ψm, respectively (Fig.6.2.2A). Chloroquine (CQ), a positive control showed 

no response in HUVECs due to toxicity, but increased ψm in MEFs by 25-fold.  

It should be noted that Chloroquine was also toxic to MEFs, but this toxicity 

was not evident until 48 hours, while MEFs and HUVECs treated with Bz, BzX 

(inactive analog for cardiomyogenesis), and DMSO (solvent control) were not 

toxic to MEFs or HUVECs at 15uM.  Interestingly, the inactive Bz analog, BzX, 

increased ψm by 9-fold in MEFs but showed no appreciable increase in 

HUVECs.  This could be an artifact of the fastidious media requirements of 

HUVECS that may raise the TMRE background in the DMSO control.  The 

difference in ψm in MEFs between Bz and BzX was over 4-fold at 15uM 

equivalent suggesting a potency difference in the molecules with respect to 

hyperpolarization of the mitochondrial membrane.  Given the structures of the 

two molecules (Bz, R2=Phenyl; BzX, R2=4-methylpiperidine; Fig.4.2.3) the 

potency difference could result from decreased hydrophobicity which could 

improve its aqueous solubility and reduce permeability to cell and organelle 

membranes (LogP Bz=5.245, BzX=3.411). 

 PPU was then tested to determine if similar effects were observed by 

administration to TMRE treated MEFs in a 4-step, 2-fold dilution dose range 

from 10-1.2uM (Fig.6.2.2B).  TMRE fluorescent intensity increased in MEFs 
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from 14-fold at the lowest dose to 43-fold at the highest dose with respect to 

the DMSO control.  Thus ψm in MEFs was significantly hyperpolarized in the 

presence of Bz and PPU.  Ultimately the goal is to understand how this 

metabolic perturbation could bias early mESC differentiation toward early 

endoderm so TMRE was evaluated in mESCs in the presence of 12 Bz 

analogs.  The intent was to correlate cardiomyogenic potential and 

mitochondrial membrane potential in mESCs from day2-4 (Fig.6.2.2C).  In 

most cases cardiomyogenic active molecules had more polarized 

mitochondrial membranes.  A couple of molecules had toxic effects in the long 

assay time course of the cardiomyogenesis assay and a couple others 

showed unreliable dose response curves in the αMHC-GFP assay, so these 

were dropped from consideration in the data correlation (described later).  

Overall the trend suggested TMRE fluorescence levels increased significantly 

for Bz analogs active in the cardiomyogenesis assay and mESC cells 

responded in manner similar to MEFs and HUVECs.  This was important 

because it would permit the use of primary MEFs and HUVECs for 

experiments where image cytometry was used to gather data on the 

mitochondrial response to Bz and PPU.   
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Figure 6.2.2:  Bz and PPU hyperpolarize mitochondri al membranes as quantified in 
MEFs, HUVECs and mESCs and can be measured within 1 5 minutes of compound 
administration.   MEFs and HUVECs were treated with TMRE and then incubated with 
DMSO, Bz, BzX and Chloroquine (CQ) at the indicated dosage and image cytometry was 
used to quantify the change in mean fluorescent intensity (A).  PPU was subjected to the 
same experiment in MEFs in a 4-step, 2-fold titration from 10um to 1.2uM (B).  mESCs treated 
with TMRE were probed with a collection of 12 Bz analogs, where some were active and 
others inactive for cardiomyogenesis.  Trend data suggest cardiac actives maintain elevated 
ψm as compared to DMSO and inactive analogs (C).  Bz hyperpolarizes the mitochondrial 
membrane within 15 minutes and increases the ψm throughout the time course to 300 minutes 
(D). 
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 The next issue was the mitochondrial membrane hyperpolarization 

response time.  To address this, primary MEFs were seeded across a 384 well 

microtiter plate (MTP) in the presence of TMRE.  The following day DMSO and 

Bz were added to the plate in odd and even columns respectively and then 

imaged continuously from 15 minutes to just under 300 minutes (Fig.6.2.2C).  

There was significant membrane hyperpolarization in the mitochondrial 

membrane at the 15 minute start time of imaging and continued to increase 

out to 300 minutes.  This suggests the most immediate response detected in 

Bz treated samples is the metabolic stress imposed on the mitochondria and 

the associated reduction in oxygen consumption (Fig.6.2.1).  In an effort to 

correlate data observed in the mESC TMRE panel (Fig.6.2.2B) a bar chart and 

correlation plot were prepared for TMRE and αMHC-GFP responses 

(Fig.6.2.3A-B).  In the bar chart (Fig.6.2.3A) the formal ID of the inactive 

analog described earlier as BzX and is indicated above the relevant bars on 

the chart.  As can be observed in the bar chart the TMRE and αMHC-GFP 

responses do not overlay exactly, but do show a similar trend.  The molecular 

IDs shown in the bar chart were then plotted for correlation showing an 

R2=0.6619 (Fig.6.2.3B).  Considering the dramatic differences in assay 

variance, sensitivity to toxicity and timelines between the two assays this 

seemed a reasonable correlation.  While this does not prove mitochondrial 

membrane hyperpolarization is causative of cardiomyogenesis in mESCs, the 
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data do suggest a possible link between the imposed stress and the bias of 

AVE/ADE in early stage mESC differentiation. 

 

 
Figure 6.2.3:  TMRE and αMHC-GFP positive correlations for 9 Bz analogs 
introduced in Figure 6.2.2C.   A bar chart plots the αMHC-GFP activity (black bars) and 
TMRE activity (gray bars) for 9 analogs selected from Figure 6.2.2C (A).  The same 
compounds were plotted for a correlation coefficient (B). 

BzX 
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 TMRE is an excellent probe for measuring mitochondrial membrane 

potential, but because of its dynamic redistribution quality it stains resting 

MEFs so faintly it is difficult to collect good morphological data on the 

mitochondrial structures from image based cytometry.  To overcome this 

challenge another probe was adopted with better mitochondrial retention in 

resting cells.  Mitotracker Red CM-H2XRos interacts weakly with proteins in 

the mitochondria so it does not redistribute as dynamically as TMRE; however, 

this dye does maintain enough redistribution potential to increase fluorescent 

intensity when mitochondrial membranes are hyperpolarized.  As such its use 

would verify the TMRE findings and provide image data for mitochondrial 

morphology determinations.  In this experiment MEFs were seeded onto 384 

well MTP with 250nM Mitotracker Red CM-H2XRos.  The following day the 

cells were treated with DMSO or a dose range of Bz for 24 hours.  Two hours 

prior to imaging the cells were administered Hoechst stain at 0.5ug/mL.  

Images were collected at 20x magnification with 1x1 binning.  The image 

analysis algorithm implemented a Prewitt operator to map mitochondrial edges 

allowing an image mask to be generated which would allow morphological 

evaluation of the mitochondria fiber, length, shape and intensity.  The resulting 

data independently confirm Bz hyperpolarization of the ψm but also suggest 

shortening and thickening of the mitochondria in a dose dependent manner 

(Fig.6.2.4A-B).   Shortening of the mitochondrial fiber is shown as a function of 

the major axis transecting a contiguous mitochondrial mask at the two most 



127 

 

distal points.  The thickening of the mitochondria is described as a ratio of the 

major/minor axis or the mitochondrial mask.  Both indicators are assigned 

units in microns squared (uM2).   

 

 
 
 
Figure 6.2.4:  Bz reproduces hyperpolarization of Ψm with a second mitochondrial 
probe and shows a dose dependent change in mitochon drial morphology.  
Mitotracker Red CM-H2XRos was used to characterize mitochondrial morphology but can also 
track Ψm.  Bz shows a dose dependent increase in mitochondrial hyperpolarization as 
compared to dmso control (A).  The fiber length (light gray bars) and the fiber thickening 
shown as a ratio of major versus minor axis (dark gray bars) indicate a mitochondria are dose 
dependently shorter and thicker when treated with Bz as compared to dmso (B). 
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Clear statistical separation exists between both morphological parameters at 

24uM and the length parameter continues to 12uM, but the trend data persists 

with differences out to 3uM as compared to the dmso control.  The dynamics 

of mitochondrial fission and fusion are poorly characterized with respect to 

organelle turnover and biogenesis; however, an imbalance in fusion and 

fission is known to be associated with mitochondrial dysfunction [109].  

Furthermore, the regulated degradation of mitochondria is tightly linked to 

mitochondrial fission and high levels of autophagy have been observed in Bz 

treated cells (Fig.6.3.1).  Given the cardiogenic dose resides from 12-3uM this 

provides some evidence that mitochondrial morphology and function are 

perturbed in the cardiogenic dose range in mESCs – a cell line more sensitive 

to Bz and PPU as compared to primary MEFs.   

 Mitochondrial function is also governed by calcium levels and the 

concentration of the calcium transcends the mitochondrial membrane itself to 

associated organelles such as the endoplasmic reticulum [93,94,108].  

Calcium influx to the mitochondria activates rate limiting enzymes of the Krebs 

cycle.  Pyruvate-, αketoglutarate- and isocitrate dehydrogenases are 

examples of such Calcium sensitive enzymes and are all localized to the 

mitochondrial matrix.  Carrier proteins Citrin and Aralar1 are localized to the 

inner mitochondrial membrane and activated by Calcium via EF-hand Calcium 

binding motifs exposed to the intermembrane space resulting in increased 

activity of the aspartate/malate NADH shuttle.  As such, both groups of 
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mitochondrial proteins could be inhibited by Calcium efflux from the 

mitochondria and result in membrane hyperpolarization by decreasing ATP 

production and concomitant proton transport into the matrix.  Thus 

understanding the full scope of mitochondrial dysfunction in the presence of 

Bz could more cleanly discriminate the relevance of one biochemical target as 

compared to another in the mitochondrial context.  A useful probe for 

measuring the Calcium balance in mitochondria is Rhodamine 2 

Acetoxymethyl ester (Rhod2-AM).  This probe is selective for mitochondrial 

loading when properly reduced.  The calcium dependent fluorescence is 

triggered when the probe becomes oxidized and its AM esters are cleaved – 

as such it can produce a relative quantification of calcium in the mitochondria 

of live cells.  The effect of Bz on mitochondrial calcium was tested by dosing 

cells with dmso, or Bz at 20 and 10uM for 1hour prior to loading 1uM Rhod2-

AM mixed with the relevant compound at the indicated concentration 

(Fig.6.2.5).  Images were captured 1 hour later demonstrating a statistically 

separable difference in Calcium retention between conditions with Bz 2.4 and 

6.9-fold less than DMSO at 10uM and 20uM, respectively.  Also shown is a 

negative control cAMP which is impermeable to the mitochondria and is not 

known to have a long term effect on mitochondrial calcium flux.  These data 

support the notion that Bz perturbs mitochondrial function beyond the 

electrochemical gradient. 
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Figure 6.2.5:  Bz treatment decreases the mitochond rial calcium load.   Rhod2-AM 
was applied to cells pretreated with DMSO or Bz at 20 and 10uM.  Representative images (top 
row and bottom left) are supported by quantified fluorescence data between conditions 
(bottom right).  The images are maintained at matched contrast settings so direct visual 
comparisons can be made between conditions. 
 

 

6.3 Other Indications of Metabolic Stress Imposed o n Cells Treated 

with Bz or PPU 

 In addition to the dramatic effects on the mitochondria it was observed 

that Bz at doses 15uM and higher accumulated large vacuoles in primary 

MEFs between 4-6 hours and could be observed for up to 36 hours before 

resorption.  In other cell lines such as HUVECs and mESCs a similar effect 
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can be seen at lower dosages, but as a consequence of cell morphology are 

more difficult to visualize and document.  More striking is the clearance of 

these vacuoles in 48 hours, and then a return to normal cell division thereafter 

as though the compound has been fully metabolized.  The cardiomyogenesis 

inactive analog BzX did not induce the formation of these vacuoles.  It is 

known that the abundance of branched chain amino acids (BCAA) such as 

Leucine exert significant metabolic control on cells and is capable of inducing 

autophagy [97-99].  As Bckdk is a potential target of Bz, the appearance of 

these vacuoles were of some interest.  Bckdk is a subunit of the Branched 

Chain Keto-Dehydrogenase holoenzyme responsible for the synthesis of 

BCAA in the mitochondria.  Further, given the mitochondrial perturbation in 

cells administered Bz, it was reasonable to assume that cell division and cell 

morphology might also be affected. 

 Exposing HUVECs to Bz resulted in a dose dependent decline in cell 

division with statistically significant changes at the 24Hr interval of 1.4 and 1.2-

fold for 18 and 9uM dosages, respectively (Fig.6.3.1A; left panel).  These cells 

were used because they divide every 24 hours in the standard media used to 

propagate them, a property useful in documenting effects on cell division.  The 

inactive analog BzX did decrease cell division significantly at 18uM by 1.2-fold.  

At 72 hours the DMSO treated condition doubled in nuclear count, while a 

more dramatic decline in cell division was observed for the highest 

concentrations of Bz with 2.5 and 1.5-fold for the 18uM and 9uM dosages, 
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respectively.  BzX showed no significant decline in nuclear count at 72 hours 

as compared to dmso.  Most interesting in these profiles is the apparent 

recovery of the cells from stress.  At 72 hours the division rate of Bz at 18uM 

was 1.1x and 1.6x for the 9uM dose as compared to 2x for DMSO.  These 

numbers indicate that HUVECs are not dying, but are restricted with respect to 

cell division.  It was observed that HUVECs also adopt an interesting 

morphology when treated with Bz, similar to the networks formed when they 

are seeded onto matrigel in basal media.  In these networks HUVECs 

elongate, upregulate cell-cell contacts and form a mesh like network.  It was 

thought the addition of Bz to HUVECS in growth media may trigger a similar 

cellular response as HUVECs used in the matrigel assay because in this 

assay the cells are deprived of growth factors normally supplied in the growth 

media (Fig.6.3.2).  Indeed, HUVECs exposed to Bz do alter their morphology 

in a dose dependent manner within 48 hours showing significant decreases in 

both cell circularity and thickness as compared to BzX and DMSO (Fig.6.3.1A, 

right panel).   
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Figure 6.3.1:  Bz metabolic stress indicators inclu de reduction in the cell division 
rate, alterations in cell morphology and autophagy as shown in HUVECs and MEFs.   
Bz reduces the cell division rate of HUVECs (light gray bars) as compared to BzX (dark gray 
bars) and dmso (black bars) (A; left ).  The thickness (elongation; gray, primary y-axis, left) 
and circularity (Green dots; secondary y-axis, right) of HUVECs is decreased by Bz at the 
same dosages that restrict cell division (A; right ).  Autophagy observed in mESCs, HUVECs, 
and MEFs is represented for image clarity in MEFs with white puncta in the brightfield images 
(B; top row and bottom left ).  A western blot of these MEFs shows the accumulation of LC3-
II, a definitive marker of autophagy, in Bz and Lidocaine treatments but not in the dmso 
condition (B: bottom right ). 
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Figure 6.3.2:  Bz metabolic stress alter HUVEC morp hology and promotes the 
formation of a mesh like network.   Bz shown center alters the morphology of HUVECs 
(center) and causes cells to  organize in a mesh-like network.  DMSO (left) and the Bz analog  
in active for cardiomyogenesis,  BzX (right)), do not alter cell morphology or trigger mesh-like 
organization of cells.  The structure of the 3 compounds is shown below the relevant panel. 
 

Circularity is assessed on a relative scale from 0-1, where 0 represents a line 

and 1 a perfect circle (green circles).  Thickness of cells was assessed by the 

ratio of the major/minor axes under the HUVEC image mask (gray bars).  Bz 

decreased thickness and circularity of HUVECs at 9uM and 18uM with 

statistical confidence as compared to DMSO. Changes in BzX did not differ 

from the DMSO control significantly.  Returning now to the observations of Bz 

induced autophagy, primary MEFs were incubated with DMSO, Bz at 18uM 

and 9uM, or the positive control Lidocaine at 1.5mM (Fig.6.3.1B).  Brightfield 
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images illustrate the double-rimmed vacuoles formed in the Bz and Lidocaine 

treated conditions (Fig.6.3.1B; top row and bottom left).  In a previous 

experiment BzX showed no significant autophagy at equivalent dosages (data 

not shown). After capturing brightfield images, the same MEFs were lysed and 

western blotted for Microtubule Associated Protein-Light Chain 3 (MAP-LC3; 

LC3).  During autophagy LC3-I is recruited to autophagosomes and 

proteolytically processed to produce the faster migrating from LC3-II.  Bz and 

Lidocaine produce clearly visible amounts of LC3-II as compared to DMSO 

and Bz produced a dose dependent amount of LC3-II with low levels visible at 

the 9uM dose.  Overall these data support the notion that cells treated with Bz 

undergo some form of metabolic repression as indicated by decreased cell 

division rates, changes in cellular morphology, and autophagy.  It is not clear 

whether any of these are a direct consequence of the earliest perturbations 

observed in the cell mitochondria.  The favored mechanism of action suggests 

non-cell autonomous pro-cardiac instruction from proliferating endoderm; but, 

the data presented here cannot rule out cell autonomous effects on persisting 

mesoderm through some stress induced fetal gene program that could illicit 

cell autonomous effects (Fig.6.3.3). 
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Figure 6.3.3:  Bz and PPU metabolic stress may enga ge a fetal gene program that 
promotes cardiopoiesis instructed by early endoderm .  Observed phenotypes and 
functions of affinity capture targets are shown as related to metabolic stress imposed by Bz 
and PPU.  Induction of a fetal gene program is postulated via the upregulation of Pgc1α and 
the PPU has been shown to upregulate Xbp1(s) – a regulator the ER/UPR stress response. 
 

 

6.4 Establishing cardiomyogenesis proceeds from Bz and PPU 

induced metabolic and ER stress. 

 During the course of these experiments it was first observed that 

markers associated with pluripotency and the mouse epiblast were enriched in 

PPU and Bz mESC treatments exceeding the optimal cardiomyogenic dose by 

1.5 to 2.0-fold.  Given that cells treated with Bz and PPU slow down their cell 

division rate and hyperpolarize their mitochondrial membrane at the 

cardiomyogenic dose it seemed reasonable to speculate enrichment of mouse 
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epiblast markers might result from exceeding a tolerable stress threshold in 

mESCs.  Such a scenario might reflect slower progress through a 

differentiation program if cell division is retarded.  Alternatively, it might mean 

the cells become locked in a particular state by the metabolic stress until it is 

dissipated.  Treating mESC cultures with a high dose of Bz and PPU caused 

the cells to retain a more clustered morphology by comparison to dmso 

controls, and the cells are not actively spreading and migrating 

 To establish a relationship between mitochondrial stress and retention 

of an undifferentiated state, PPU was administered to mESCs on day 2 of 

differentiation at 5uM and then probed for expression of markers associated 

with the mouse epiblast on days 3-5 of differentiation (Fig.6.4.1).  Markers of 

the mouse epiblast, Early growth response 1 (Egr1), Sox2, Fgf5, Oct4 and 

Nanog showed maximum transcript enrichment at day 5 and showed diverging 

expression curves, with the exception of Egr1, on day 4.  The maximum 

enrichment on day 5 for all epiblast genes was greater than 5-fold suggesting 

a block in differentiation.  As PPU was previously shown to hyperpolarize the 

mitochondrial membrane, we examined Peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha (Pgc1α ), which is induced in response to 

mitochondrial respiratory stress.  Pgc1α showed peak enrichment on day 4 of 

differentiation at ~8.5-fold and decreasing by day 5 to 2.9-fold over dmso 

levels.  This curve correlates well with the upward curve inflexion observed in 

mouse epiblast markers Egr1, Sox2, Oct4 and Nanog, whereas Fgf5 levels 
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increased in a linear fashion.  Taken together these data indicate stress 

imposed on mESCs at day 2 by PPU can alter the differentiation potential of 

mESCs. 

 Previous data (Figs.6.1.2, 6.2.2) suggested PPU might induce an ER or 

unfolded protein stress response.  Probing this further, the transcript induction 

of the atypically spliced isoform of X-box binding protein 1 (Xbp1), also known 

as Tax-responsive element binding protein 5 (Treb5) was evaluated after 

administration of PPU.  Xbp1 protein can exist as two isoforms, where one 

isoform is generated from mRNA transcripts matured by traditional 

mechanisms.  The second isoform is known to be induced in response to the 

aggregation or misfolding of proteins (UPR) or in response to ER stress.  

Under these conditions the Xbp1 transcript undergoes atypical mRNA 

processing by the Inositol Requiring Enzyme 1 alpha (IRE1α) kinase [91,92] 

resulting in a frame shift and alternate reading frame to produce Xbp1 spliced 

(Xbp1s).  It is known the expression of Xbp1s is important for cell 

differentiation and regulates ER transcript overload as cells progress toward 

archetypes with extreme structural requirements (e.g. myocytes) or protein 

secreting types such as islet cells of the pancreas and antibody secreting 

plasma cells.  Thus, Xbp1s contributes to the regulation of ER and unfolded 

protein stress encountered in many cell types during differentiation, or as 

external demands are imposed [87,88,89,90]. 
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Figure 6.4.1:  PPU triggers the induction or retent ion of mouse epiblast gene 
expression when administered at 1.7-fold over the c ardiac dose and correlates with 
a mitochondrial stress marker.   5uM PPU (green) or dmso (blue) was administered to 
mESCs at day2 and evaluated for markers of the mouse epiblast (egr1, sox2, fgf5, oct4, and 
nanog) or a marker of mitochondrial stress (Pgc1α). 
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As this is a well-established marker of ER stress and the UPR, mESCs were 

subjected to a dose range of 3 distinct PPUs; 2 strong inducers of 

cardiomyogenesis (1753-49, 1753-31) and 1 that induced low levels of 

cardiomyocytes (1753-08).  Xbp1 and Xbp1s then were evaluated on day 4 of 

differentiation for relative expression level in PPU analog treatments as 

compared to dmso (Fig.6.4.2A).  Xbp1s transcripts were enriched by 2.5 and 

3-fold at or near the cardiomyogenic dose of ~3uM in molecules 1753-49 and 

31, respectively.  1753-08 Xbp1s transcript levels increased to just over 1.5-

fold at the highest dose of 12.5uM and was negligible at the low dose of 3.1uM.  

The titration of dmso equivalents were used as a triplicate to assess variance 

in transcript detection in unstimulated conditions and is represented by 

centralized error bars.  This experiment is representative of 3 independent 

biological replicates.  The relative cardiomyogenic efficiency of the 3 analogs 

from synthesis 1753 were evaluated for their αMHC-GFP responses on day 10 

of differentiation.  Note the most robust cardiomyogenic responses (~10-fold 

over dmso) are observed in those analogs with the most robust Xbp1s 

inducing potential (Fig.6.4.2B).  The control panel (right) shows the response 

from dmso, Bz and PPU 1481-215 (previous synthesis of PPU 1753-49).  The 

structures of the tested analogs illustrate differences at R3 correlate with 

function in both assays.  The 1753 analogs 08, 31 and 49 observe propyl 

3,4,5-trimethoxyphenyl, ethyl adamantly and ethyl phenyl functionalities, 

respectively at R3(Fig.6.4.2C).  Note that the propyl 3,4,5-trimethoxyphenyl 
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derivative (1753-08) was inactive in inducing relative to the  ethyl adamantly 

and ethyl phenyl functionalities, respectively at R3 (1753-31 and -49, 

respectively).  While this data is not direct evidence that IRE1a/Xbp1s induces 

early endoderm and the repression of mesoderm; the results clearly show the 

presence of metabolic stress in the d2-d5 window of mESC differentiation – 

the period of time where endodermal markers become enriched and those of 

the mesoderm are repressed – and provide a correlation with cardiogenic 

activity of the PPU series. 
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Figure 6.4.2:  Cardiomyogenic PPUs induce IRE1a kin ase activity as measured by 
induced levels of the ER stress and UPR marker Xbp1 s.  PPU analogs from the 1753 
synthesis -08 (light gray bars), -31 (mid-gray bars), and -49 (black bars) are evaluated for the 
induction of the spliced form of the Xbp1 transcript Xbp1(s) (A).  The variance in transcript 
expression was obtained for the solvent control dose range and is shown as a centralized 
error bar in the Xbp1 and Xbp1(s) graph partitions the y-axis indicates the fold change over 
dmso as normalized to beta Actin.  The relative efficiency of the same analogs to induce 
cardiomyogenesis is shown in throughout a dose range (lowest to highest; black to light 
gray(B).  In the control partition (B) 215 indicates the identical molecule shown as 1753-49 but 
was from an earlier synthesis and is referenced as 1481-215 as indicated in the structures 
shown in (C).  Structures illustrate major differences in the analogs as they relate to activity. 
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6.5 Bz administered at a supra-cardiomyogenic dose causes retention 

of epiblast markers in differentiating mESCs. 

 Previously, PPU was shown to upregulate several markers of mouse 

epiblast from days 3-5 of mESC differentiation and this has also been 

observed in Bz treated samples treated at 1.5 to 2-fold over the 

cardiomyogenic dose (data not shown).  Therefore, the expression of the 

epiblast marker Sox2 was evaluated at day 10 of mESC differentiation to 

illustrate the; 1) difference in cardiopoiesis throughout the Bz dose range; 2) 

composition of the mESC culture at the highest dose of Bz where 

cardiopoiesis declines; and 3) enrichment of the mitochondrial stress marker 

Pgc1α in the 4 and 6 day window after Bz administration.  The first experiment 

describes the differences in Sox2 and αMHC-GFP protein levels in mESCs at 

day 10 when Bz is administered in a 5-step 2-fold titration at day 2.  From the 

lowest dose 0.8uM to 6.2uM αMHC-GFP levels increase in mESCs and then 

plummet at 12.5uM (Fig.6.5.1A; left, green line).   
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Figure 6.5.2:  Bz induces or retains high levels of  Sox2 expression and is 
accompanied by enrichment in Pgc1 α when administered at 2-fold over the optimal 
cardiomyogenic dose.   Bz was administered to mESCs on day 2 at the doses indicated and 
assessed for αMHC-GFP activity (A; green line, left ) and immunostained with Sox2-Alexa568 
to assess protein levels (A; red line, right ).  Image panels of a MTP well dosed with 12.5uM 
Bz show total nuclear content (B; DAPI, left ), Sox2-Alexa568 stained nuclei (B; center ), and 
αMHC-GFP content (B; right ).  The expression level of Pgc1α and Xbp1(s) are shown 
throughout a Bz dose range at days 4 and 6 of mESC differentiation (C). 
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In Sox2-Alexa568 immunostained wells in the same MTP a crossing point is 

observed in the decline in αMHC-GFP and the increase in Sox2 positive cells 

between 6.2 and 12.5uM (Fig.6.5.2A; right, red line).  Peak expression of Sox2 

at 12.5uM of Bz is shown as discrete foci of packed cells (Fig.6.5.2B; center 

panel).  Not all cells are Sox2 positive as shown by the DAPI stain (left panel).  

Individual wells with strong Sox2 expression observe very low levels of αMHC-

GFP positive cells as observed in the same image but in the green channel 

displaying no GFP+ area (right panel).  What little αMHC-GFP activity is 

retained at 12.5uM of Bz, it is mutually exclusive to Sox2 foci.   

 Based on these data, one can speculate that stress imposed by day 2 

administration of Bz is permissive to early endoderm expansion in mESCs and 

represses mesoderm at a moderate dose; however, at higher doses 

differentiation is blocked and this promotes or retains mouse epiblast-like gene 

expression in mESCs.  The stress model is supported by the enrichment of 

Pgc1α at day 4 of mESC differentiation (Fig.6.5.2C).  At this time Bz induces 

Pgc1α 8-fold, 4-fold and 3-fold at 12.5uM, 6.2uM and 3.1uM dosages, 

respectively.  Note that Estrogen-related receptor alpha, gamma (Erra, Errg) 

and Pgc1β are not induced by Bz.  It has been shown that the Pgc1β isoform 

is required to synergize with Pgc1α to induce expression of Erra and Errg 

[84,85,86].  The variance in gene expression in unstimulated conditions was 

obtained from matched dmso titrations that were averaged for activity and are 

shown graphically as centralized error bars.  
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Figure 6.5.3:  Model of how Bz and PPU induced meta bolic stress imposes lineage 
bias from days 2-4 of mESC differentiation.   A stress thermometer shows an increase in 
metabolic stress from bottom to top (left) and the resulting lineage bias is shown center.  At a 
moderate level of stress the lineage is biased toward an endodermal fate.  The effect of Bz or 
PPU on the resulting cell types found in the tissue culture well is shown to the right.  At the 
bottom cells or more migratory, spreading rapidly across the plate bottom, but as the 
compound dosage increases, lineage is biased based on metabolic demands.  At Bz and PPU 
dosages 1.5 to 2.0-fold over dosages that induce cardiomyocytes, cell division is slowed and 
the cells become trapped in an epiblast-like state characterized by packed clusters of rounded 
cells.  The epiblast-like cells retain these lineage markers out to day 10 of differentiation. 
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 Of special interest was the failure of Bz to induce Xbp1s at 

concentrations that enrich for Pgc1α – a reproducible difference from the 

mESC response to PPU.  Together Figures 6.3.3-6.5.3 describe a similar 

induction or retention of mouse epiblast gene expression and these responses 

are accompanied in the same activity window by the upregulation of metabolic 

stress markers Pgc1α (both PPU and Bz) and Xbp1s (specific to PPU).  If a 

high dose of Bz or PPU can enrich a mESC culture for mouse epiblast and 

pluripotency genes through higher stress levels, it seems possible some 

moderate dose of the compounds could be permissive to early endoderm and 

repress mesoderm markers (Fig.6.5.3). 
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CHAPTER 7:  FUNCTIONAL EVALUATION OF CANDIDATE PROT EIN 

TARGETS FROM AFFINITY CAPTURE STUDIES. 

 

 Affinity capture is a commonly considered approach for identifying 

candidate targets of small molecules.  It must necessarily be followed by 

functional tests to establish the biological relevance of a particular target.  This 

chapter describes the biochemical and functional genomics approaches taken 

to evaluate the targets of the affinity capture studies introduced in Chapter 6 

(Figs.6.1.1-6.1.2). 

 Although, the biological and biochemical efforts were not chronological 

separated in execution they are separated here to highlight the potential 

strengths and weaknesses of both approaches.  The focus will first center on 

potential Bz targets identified in the affinity capture experiments introduced 

earlier (Fig.6.1.1).  A number of potential targets were identified and several 

unique to 1 of the 4 probes tested.  Testing these potential mediators of 

cardiogenesis for gain or loss of function in mESCs is a logical way to proceed 

with such targets; however, these studies can be costly with respect to siRNA 

and not always definitive in the sense that some targets compose functional 

holoenzymes necessary for normal cell function (Bckdk, Atp5B, Lars, etc.) and 

survival.  Furthermore, given the stress inducing properties of both the PPU 

and Bz it is possible multiple targets are affected by the same molecule and 
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coordinately required to elicit the cardiomyogenic effect.  Viewing this problem 

purely from a relative affinity perspective, another way to perform initial 

validation of potential targets identified by affinity capture and MS is to clone 

them and test them with competitive binding experiments in a controlled 

system.  That is, the parent molecule of the biotin probe should be able to 

inhibit binding of the biotin probe to the target.  Then those targets non-

competitive with the parent molecule could be classified as artifacts.  One 

caveat is the issue of a higher biotin probe affinity for a given target as 

compared to the affinity of the parent molecule.  One rationale for a non-

competitive target would be one where low affinity interactions are favorable 

for the biological effect and the affinity capture probe has a higher affinity 

conferred by the Biotin adduct.  In the biochemical studies to follow, examples 

of both scenarios are illustrated raising the question of the biological relevance 

of protein targets identified by both Bz and PPU biotinylated probes. 

 

7.1 Biochemical Characterization of Bz Affinity Cap tured Proteins 

 To evaluate these possibilities a series of Bz biotin probe competition 

assays will be presented.  Where endogenous antibodies are available the 

competition calls for the incubation of the streptavidin resin (15uL slurry; 50% 

resin), biotinylated probe (1nmole) and the parent molecule (as indicated) in 

300uL mESC lysate supernatant for 1 hour.  The streptavidin beads are then 
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pelleted and subjected to sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) for western blotting. In the case where cDNA 

clones were used, the constructs were myc epitope tagged and over-

expressed in HEK cells and the rest of the procedure executed as described 

above.  For each target the relative affinity and efficiency of the competition is 

rated negative (--), low (+), medium (++), and high (+++) (Table 7.2.1).  

Hydroxysteroid (17-beta) dehydrogenase 4 (Hsd17b4), ATP synthase subunit 

5b (Atp5b), Branched chain ketoacid dehydrogenase kinase (Bckdk), 

Deoxycytidine kinase (Dck), Dehydrogenase/reductase (SDR family) member 

4 (Dhrs4), and Neural precursor cell expressed developmentally down-

regulated protein 4 (Nedd4) were all tested for competitive binding with biotin 

probes used in the original affinity capture experiment.  Each of the protein 

targets was negative for competition with the unbiotinylated parent molecule 

(Fig.7.1.1A-E).  This was true even at very high dosages of Bz input (1mM) in 

some of the tests.  The targets displayed in Figure 7.1.1 represent only a 

sample of the targets tested – the full collection is listed in Table 7.2.1.  As 

these findings accrued it seemed unlikely that so many targets could be 

captured by virtue of the biotin adduct.  Accordingly, targets were evaluated for 

shared motifs that might explain the class of targets captured by Bz biotin 

probes and the binding properties (discussed later). 
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Figure 7.1.1:  Five examples of Bz affinity capture  targets tested for binding 
competition with the parent molecule Bz.  (A) Ectopically expressed myc-Hsd17b4 in 
HEK lysates is incubated with biotin probe 3058 in the presence or absence of Bz or an 
inactive molecule 194B and blotted with anti-myc. (B) Similar competition as in (A) but mESC 
lysate is used and blotted with anti-Atp5b. (C) HEK lysates with ectopically expressed myc-
Bckdk or myc-Dck are incubated with probe 3058 in the presence or absence of Bz or DMSO. 
(D) HEK lysates with ectopically expressed myc-Dhrs4 are tested against biotin probes 3048 
and 3058 to demonstrate specificity (top).  The same lysates are shown after incubation with 
biotin probe 3048 in the presence of Bz or an inactive molecule Sulphaphenazole (Sph). (E) 
Nedd4-1 was shown to have an affinity for 2 biotin probes.  HEK lysates with ectopically 
expressed Nedd4-1 are incubated with biotin probes 3048, 3054 and 3058 to demonstrate 
specificity and fidelity with MS identification.  The same lysates are incubated with either biotin 
probe 3048 or 3058 in the presence or absence of Bz or inactive molecule Sph.  RFP, Red 
Fluorescent Protein; No Comp, No Competition; WCL, Whole Cell Lysate; Where not indicated 
the WCL blotting control is broken out and farthest right.     
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 As results of many competition assays were negative, a decision was 

made to revisit the affinity capture experiments with alternative biotin probes 

Bz3026 and Bz3045 constructed by Zebin Xia in Dr. Marcia Dawson’s lab.  

The respective probes were similar in design with respect to the Bz structure 

and general location of the Biotin tether on the molecule.   

One interesting difference between these biotin probes was the construction of 

the tether itself, where Bz 3026 was built with an alkane linker and 3045 was 

built with a polyethylene oxide (PEO) linker.  The other major difference 

between these probes and previously used probes was the biotin probe 

transfer from R1 to R2 (Figs.4.2.3, 6.1.1).  It was reasoned a common target 

acquired by both biotin probes would be specific to Bz and not the molecular 

space occupied by the linker joining with Bz.  Based on the coomassie stain of 

the affinity captured proteins the biotin linker mixtures pulled down a 

substantial amount of background while more of this seemed to be attributable 

to the alkane linker (compare Bz3026 to Bz3045 lane background; Fig.7.1.2).  

Bz3045 band B  and Bz3026 band D were identified by MS as NAD(P)H 

dehydrogenase, quinone 2 (Nqo2) and this band was not present in the lane 

of the biotin mixture.  Heat shock 70kDa protein 8 (Hspa8) was shown to be 

unique for 3045 band A (Fig.7.1.2).  Other identified proteins were pulled down 

in other attempts as minor species and were not considered specific as many 

were present in the lane of mixed biotin tethers.  Hspa8 was cloned and tested 
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negative for competition in an assay similar to those shown in Figure 7.1.1 

(Table 7.2.1; data not shown).  

 A significant amount of work up to this point has described targets 

captured by Bz Biotin probes as non-competitive with the parent molecule. 
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Figure 7.1.2:  Bz biotin probes attached at R2 with  different biotin tethers capture a 
common protein target from mESC lysates obtained at  day 3 of differentiation.   An 
image of the coomassie stained gel shows affinity capture targets for each Biotin probe and 
protein bands extracted for MS identification (top left).  Band labels are matched with most 
abundant MS peptide IDs in the associated table (top right).  The common structure of the 2 
Bz biotin probes are shown below the coomassie gel image.  Note the biotin tethers both 
extend from R2 and are separated by 2 positions on the phenyl ring.
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The following experiments describe targets that did compete with parent 

molecule for both Bz and PPU.  Nqo2 (from Fig.7.1.2), Pridoxal kinase (Pdxk), 

and Chaperone containing TCP-1 subunit 7 (Cct7) were evaluated at various 

times in this project but are shown together here as representative of the 

findings (Fig.7.1.3).  The Bz target Nqo2 is a quinone 

dehydrogenase/reductase, and Pdxk is a kinase that phosphorylates pyridoxal 

– also known as vitamin B6.  A common feature of these two proteins is a 

cofactor binding motif (Pdxk, pyridoxal; Nqo2, Flavin adenine dinuclueotide 

(FAD)).  The PPU target Ktn1 is an ER integral membrane protein known to 

bind Kinesin and Eef1d and is thought to be involved in organelle motility and 

stabilizing ribosomal translation. PPU target Cct7 is a subunit of TriC, a 

holoenzyme important for proper folding of many proteins in the cell including 

actins and tubulins.   All proteins were inhibited from binding their respective 

biotin probes when incubated with a proper competitor with the exception of 

the PPU target Ktn1.  Among the tests the degree of competition was variable 

and in the case of Pdxk entirely depended on choosing the proper competitor 

(Fig.7.1.3; Table 7.2.1).  Of the PPU targets, endogenous Ktn1 was not 

competitive with PPU while Cct7 showed some inhibition, although binding 

could not be completely blocked.  This result was compelling because Ktn1 

and Cct7 were tested in the same competition and probed on the same blot.  

This competition has been repeated a number of times with ectopically 

expressed myc tagged Cct7 in HEK lysates with similar results suggesting the 
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inhibition is weak (presented later).  In addition, the competition has 

occasionally failed, further suggesting some gain in affinity conferred by the 

biotin tether or dilution of PPU in the lysate by other targets.  In Figure 7.1.1 a 

series of 5 targets were shown to fail competition.  Reviewing the collection of 

affinity captured Bz targets suggested a bias in the type of proteins being 

captured.  This presented the interesting possibility that Bz may be targeting 

particular protein motifs.  While this is not useful in associating a specific target 

to cardiomyogenesis it does present an alternative approach to performing the 

competitions – by replacing the parent molecule with the protein target’s 

substrate or cofactor.  In addition, if Bz could be shown to generally target 

motifs present in certain classes of proteins it might explain the induced 

metabolic stress.  Thus the competition of Pdxk with Bz and Pyridoxal 

provided the first glimpse of a Bz preferred target site.  As stated above, both 

Nqo2 and Pdxk have cofactor binding motifs.  In the case of Pdxk, this motif is 

required to bind its substrate Pyridoxal prior to phosphorylating it via its kinase 

domain.  As such Pdxk has both a kinase domain and a substrate binding site 

separable within its protein space [82,83]. To test if the 3058 Bz biotin probe 

could be inhibited from binding Pdxk, ectopically expressed myc Pdxk and 

3058 were incubated with DMSO, Bz at 100uM, or Pyridoxal (Pdxl) at 1mM 

and then captured on streptavidin beads.  Bz showed modest inhibition of the 

Biotin probe myc-Pdxk capture at a concentration that abolished binding of 

myc-Nqo2 to biotin probe 3045.   



160 

 

Figure 7.1.3:  Competitive binding of Bz and PPU bi otin probes is observed for 
affinity capture targets Nqo2, Pdxk, and Cct7.   (A) HEK lysates expressing ectopically 
expressed myc-Nqo2 are incubated with Bz biotin probes 3058 and 3045 to demonstrate 
specificity.  The Bz parent molecule at 500uM abolishes binding to biotin probe 3045 at the 
highest titer.  (B) HEK lysates expressing ectopically expressed myc-Pdxk incubated with Bz 
biotin probe 3058 in the presence of DMSO, Bz at 100uM or Pyridoxal (Pdxl; vitamin B6) at 
1mM.  (C) Lysates from day 3 differentiated mESCs are incubated with the PPU biotin probe 
(1915-9D; #9D) in the presence or absence of the parent PPU molecule.  Western blot 
performed with antibodies against endogenous Ktn1 and Cct7.  RFP; Red Fluorescent 
Protein; WCL, Whole Cell Lysate; 2.7% indicates the percentage of the whole cell lysates 
loaded on the gel with respect to the affinity capture input. 
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Pyridoxal showed complete inhibition of the 3058 biotin probe myc-Pdxk 

affinity capture (Fig.7.1.3B).  Specifically, this data shows the Bz biotin probe 

3058 is targeting the cofactor or substrate binding motif of Pdxk.  This finding 

supports the hypothesis Bz may be generally targeting cofactor or nucleoside-

like binding motifs.  In collaboration with Zebin Xia from Dr. Marcia Dawson’s 

lab the cofactor binding motif hypothesis was explored with respect to Nqo2.  

This protein forms a dimer with cofactor, flavin adenine dinucleotide (FAD) 

bound within the substrate binding pocket. It has been shown that the close 

coupling of the Nqo2 substrate with FAD is important for the enzyme function 

(see Fig.7.1.5A).  As such, enzymatic inhibitors of Nqo2 classified as stilbenes 

[81] occupy this substrate binding pocket blocking access to natural substrates 

such as Vitamin K.  It has also been shown that indole based analogues of 

melatonin can occupy the substrate binding pocket [80].  This is of interest 

because some indole substitutions of the Bz core structure have retained 

cardiomyogenic activity (Table 4.2.1).  The X-ray structure of the Nqo2 dimer 

has been resolved by several labs so these structures were used to conduct in 

silico docking studies of Bz with Nqo2.  The results suggest Bz docks in the 

substrate binding pocket by stacking the R1 adduct with the FAD ring structure 

(Fig.7.1.4).  In this scenario the 2 substituted phenyl ring projects out to the 

cytosol where it would be available for affinity capture in the case of Bz biotin 

probe 3045.  This in silico experiment provides further evidence that Bz may 

be targeting cofactor and nucleoside binding motifs.  Collaboration with HBRI 
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and Dr. Marica Dawson’s lab has been established to evaluate the inhibition of 

this enzyme by Bz analogues (work in progress).  

 
 
Figure 7.1.4:  In silico docking positions Bz in th e substrate binding pocket of Nqo2.   
Bz R1 adduct (magenta) is positioned in a stacked orientation the FAD ring system (white) 
and the phenyl ring with the 2 substituted position projecting out to the cytosol. 
 

 As all binding experiments shown have been done in complex cell 

lysates (Fig.7.1.3) it seemed important to show Bz binding to Nqo2 in a pure 

system to address any concerns of an indirect interaction in the affinity capture.  

Recombinant Nqo2 protein was generated from Nqo2 cDNA cloned from 

mESCs to directly address this by NMR resonance.   
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Figure 7.1.5:  Nqo2 space filling model bound to FA D and menadione and the 
production of the Nqo2 recombinant protein for NMR binding studies with Bz.  (A)  
Model of menadione held in the substrate binding pocket of Nqo2 with FAD.  Inset shows the 
substrate binding pocket enlarged. (B)  Recombinant Nqo2 was generated in BL21 and is 
shown on the coomassie gel at various stages of processing.  Titration of the pure protein is 
seen in the farthest right 3 lanes. 
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Figure 7.1.6:  Bz NMR proton resonance decreases in  the presence of Nqo2 
suggesting a direct interaction.   Bz ring structure protons are labeled with an NMR trace 
of the free molecule (top).  The red trace shows the same proton resonance in the presence of 
recombinant Nqo2.  The overlay of Bz (blue) and Bz+Nqo2 (red) is shown at the bottom. 
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Figure 7.1.7:  NMR resonance of Menadione (Mq) prot ons alone or in the presence 
of recombinant Nqo2 is shown as a positive control.   Labeling of Mq protons shown in 
the black trace of the free molecule and in presence of Nqo2 (blue trace).  An overlay of the 
traces with free Mq alone (blue) or in the presence of Nqo2 (red) is shown at the bottom. 
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The isolation of the protein from E.coli strain BL21 is shown throughout 

various stages of processing and a titration of the pure protein is seen in the 3 

lanes furthest right (Fig.7.1.5B).  In NMR experiments the resonance of 

hydrogen (protons) associated with Bz ring structures can be observed in the 

presence and absence of recombinant Nqo2 protein.  Under these conditions 

the protons of the free molecule will show higher peaks and resonance than 

observed when the molecule is bound by recombinant Nqo2 (as shown in 

Fig.7.1.5A).  NMR proton resonance of Bz incubated with recombinant Nqo2 

decreased as compared to the free molecule (Fig.7.1.6).  The proton 

resonances are labeled in the chemical structure and the peaks are labeled on 

the black NMR trace (top).  The Bz resonance of the same protons are 

dampened when incubated with Nqo2 as seen in the red trace immediately 

below.  An overlay of the two traces more clearly shows the decrease in 

magnitude and fine detail in the resonance peaks.  As a positive control for 

Nqo2 binding, a quinone substrate – Menadione (Mq, Fig.7.1.5A inset) – was 

evaluated in the same way for changes in its proton resonance.  The 

resonance peaks associated with protons of the Mq ring system are 

dampened similar to Bz when incubated with Nqo2 (Fig.7.1.7).  In summary, 

the affinity capture data, in silico docking and NMR resonance traces support 

a direct interaction with Nqo2 and suggest this interaction may occur through 

the enzyme’s substrate and cofactor binding pocket.  
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 Given the evidence supporting a direct interaction and the capacity for 

the parent Bz molecule to compete with the 3058 biotin probe for binding, it 

was tempting to speculate the early endoderm expansion and cardiomyogenic 

effect were attributable to Nqo2.  As Nqo2 has been shown to regulate 

reactive oxygen species and manage the toxicity of quinone intermediates [79], 

it is possible loss of function might produce a stress condition that triggers 

endodermal expansion and mesodermal repression.  To address this 

possibility directly, a panel of Bz analogs was gathered with variable 

cardiomyogenic response and subjected to an SAR affinity capture 

competition assay.  The analogs were hand-picked to vary significantly at 

either the R1 or R2 position – but in most cases, not both.  The rationale for 

this was evidence from in silico docking suggesting the R1 position was 

nested deep in the substrate binding pocket and required the hydrophobic part 

of that ring system to stack with the FAD ring system.  If this was a physical 

requirement for binding, cardiomyogenic analogues with altered ring systems 

should not be competitive with biotin probe 3045 for binding with myc-Nqo2.  

In the case of R2 analogues conserved at R1, the expectation would be for 

non-cardiomyogenic R2 adducts to retain some competitive binding with biotin 

probe 3045 because this area is less important for the Nqo2 interaction, 

according to the in silico docking.  This would then disqualify Nqo2 as the sole 

target potentiating cardiomyogenesis.  The results of the SAR competition 

suggest R1 variance in cardiomyogenic analogs results in less efficient 
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competitors for Nqo2 binding (Fig.7.1.8).  For example the analog SG-IV-43 

replaces 4-methyl phthalazinamine with the adduct 4-benzyl phthalazinamine 

at Bz R1 and this change results in a cardiomyogenic analogue that cannot 

compete with biotin probe 3045 for Nqo2 binding.  Another excellent example 

is the molecule KJO-III-167aA which substitutes the parent R1 with a less 

bulky and less hydrophobic 4-methyl pyridazine.  Thus Bz cardiomyogenic 

analogues non-competitive with respect to Nqo2 binding must be mediating 

the cardiomyogenic effect through alternative targets  

 

Figure 7.1.8:  A structure activity affinity captur e competition assay with Bz 
analogs suggest Nqo2 is a bonafide Bz target but no t required for 
cardiomyogenesis.   A Bz affinity capture competition assay shows the Bz analog ID with its 
respective cardiomyogenic rank shown in parenthesis.  HEK lysates expressing myc-Nqo2 
were incubated with Bz biotin probe 3045 in the presence of DMSO, Bz or one of the Bz 
analogs at 100uM.  Note Bz analog KJO-IV-106bA has been previously referenced as BzX 
and is biologically inactive for cardiomyogenesis and stress responses. 
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Furthermore, non-cardiogenic R2 adducts abolish binding of the 3045 biotin 

probe with Nqo2.  As an example the structure of analog KJO-IV-106bA has 

previously been shown as molecule BzX.  This molecule is non-cardiogenic 

and preserves the parent molecule R1, but differs at R2 by replacing the 

phenyl ring with N-methyl piperidine-4-yl.  Taken together this data suggests 

the interaction of Bz molecules with Nqo2 is not an important event in mESC 

cardiomyogenesis.   

 Returning briefly to biological assays, an effort was made to knockdown 

potential mediators of cardiomyogenesis with siRNA.  Based on the expansion 

of endoderm observed in mESC expression profiles from day 4 of 

differentiation and forward, FoxA2, Sox17 and Cerberus were knocked down 

at early times to see if the cardiomyogenic effect could be altered in the 

presence of Bz or PPU administered at day 2.  In the case of FoxA2 and 

Sox17, siRNA was transfected on days 2, 3 and 4 at 33nM resulting in no 

change in cardiomyogenesis as compared to siRNA negative control and 

Hnf4a control which is expressed at very low levels from days 2-4 (Fig.7.1.9A-

C).  Note that at days 3 and 4 two unique Sox17 siRNAs were used, both 

validated in other assays (Sox17.1, Sox17.2).  A similar knockdown of 

Cerberus at day 2 also had no significant effect on cardiomyogenesis induced 

by Bz or PPU (Fig.7.1.9D).  In addition, siRNA knockdown experiments of Bz 

affinity capture targets and stress markers did not affect cardiomyogenesis 

(Fig.7.1.9A, Pdxk; Fig.7.1.9D, Nqo2; Fig.7.1.9E, Hsd17b4, Pgc1α, Pgc1β).   
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Figure 7.1.9:  siRNA knockdown experiments in the p resence of Bz and PPU in the 
αMHC-GFP assay show no definitive evidence of a modu lator of the 
cardiomyogenic effect.   (A-C) siRNA to endodermal genes (and Pdxk on day2) were 
administered to mESCs on day 2 (A), day 3 (B) and day (4) in the presence or absence of Bz 
or PPU added on day 2 at 6.5uM and 3uM, respectively.  (D-E) similar tests conducted 
transfected only on day 2 with Bz and PPU (E) or just Bz (E). Tfx, transfection; ctrl, control. 
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These knockdown studies also targeted Pgc1α and Pgc1β to determine if the 

upregulation of these mRNAs was important for cardiomyogenesis induced by 

Bz and PPU.  All siRNA transfections were validated with a GFP transfection 

control.  Based on the data (Fig.7.1.9), none of the targets knocked down by 

siRNA can uniquely affect cardiomyogenesis induced by Bz and PPU.  It is 

possible the siRNA knockdown of endodermal markers and Bz affinity capture 

targets is only transient and therefore not sufficient to affect the outcome 

observed at day 10.  This is supported by evidence from other investigators 

who have convincingly demonstrated knockdown of sox17 via lentiviral 

constructs during mESC differentiation blocks cardiogenesis [102].  

Furthermore others in the lab have not observed cardiomyogenic inhibition 

following siRNA knockdown of FoxA2 or Sox17 at day 3 in a serum free 

system, supporting the possibility that siRNA knockdown may not be sufficient 

to block endoderm expansion.   

 

7.2 A Review of Biotin Bz Affinity Capture Targets 

 Given the data with numerous Bz targets failing biotin probe 

competition assays - and those that do compete failing cardiomyogenesis 

correlation assays - a review of Bz targets is worthy of discussion.  At a point 

in these studies it seemed more likely Bz affinity capture targets were 

describing an interaction motif than an interaction with a specific protein. This 

topic was discussed briefly with the introduction of the Nqo2 and Pdxk affinity 
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capture studies and Nqo2 in silico docking.   If this were true it would be 

difficult to positively correlate any single biochemical target with the biological 

effect of endodermal expansion in early stage mESC cultures.  Indeed the 

cardiomyogenesis siRNA knockdown assays (Fig.7.1.9) support this statement. 

Framing the possibility that multiple targets harboring common motifs 

contribute to Bz induced endodermal expansion, affinity capture targets were 

assigned by biotin probe and color coded by common protein motifs 

(Fig.7.2.1).As can be seen by the assembly of targets, a majority or them are 

metabolic enzymes harboring an NAD Binding motif often referred to as a 

Rossmann fold and indicated with blue text.  While the Flavin mononucleotide 

(FMN) binding motif of Nqo2 is separated by green text this is also 

representative of a prosthetic group binding motif (e.g. NAD, FAD, lipoic acid, 

pyridoxal phosphate, thiamine pyrophosphate, cytidine triphosphate, etc).  Red 

text indicates proteins harboring the P-Loop NTPase Binding domain.  This 

refers to the substrate binding domain of the respective proteins and is also 

referenced as the Walker domain.  While Pdxk is labeled with the atypical 

domain text color it can also bind nucleoside analogs in its substrate domain 

and appears to do so in the case of Roscovitine or Bz, and both can be 

displaced by the enzyme’s natural substrate Pyridoxal [78].  Bckdk is not a 

classical Rossmann fold containing enzyme but contains 2 GxG motifs that are 

common to NAD binding domains and harbors a Histidine kinase like – 

ATPase domain (H-ATPase; imidazole binding domain).   
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Figure 7.2.1:  A review of Bz affinity capture targ ets reveals a bias for proteins 
harboring prosthetic group and nucleoside binding m otifs.   Bz biotin probes are 
shown (center) with MS identified protein targets separated by quadrants.  NAD, FMN, and P-
Loop NTPase binding domains are shown in blue, green, and red text respectively.  Asterisks 
indicate atypical binding domains and also indicated with gray text to indicate the degree of 
homology with other indicated domains.  In Bckdk this is characterized by multiple GxG motifs 
which are NAD binding-like and Pdxk binds vitamin B6 and purine-like small molecules as 
described in the literature.  Definitions not previously described; Fasn, fatty acid synthase; 
Lars/Eprs/Rars/Dars, Leucine-/Glutamyl-prolyl-/Arginyl-/Aspartyl-tRNA-synthetase; FMN, 
Flavin mononucleotide. 
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Table 7.2.1:  Summary of Bz biotin affinity capture  targets from day 3 differentiated 
mESC lysates.   Gene IDs are associated with the biotin probe used in the affinity capture 
and is rated based on binding affinity and the efficiency of inhibition with a specified competitor.  
Binding affinity as based on the enrichment in the affinity capture as compared to density in 
the lysate rated informally as (+) low, (++) medium, (+++) high, and (--) as negative for binding. 
The same scale was used to rate the efficiency of Bz biotin probe binding competition.  This is 
based in large part on data not presented, but summarized here for brevity. Abbreviations not 
previously described; Fasn, fatty acid synthase; Lars/Eprs/Rars/Dars, Leucine-/Glutamyl-
prolyl-/Arginyl-/Aspartyl-tRNA-synthetase; FMN, Flavin mononucleotide; nd, not determined.    
 

 

In addition, Bckdk is part of a multi-subunit enzyme with its E1a and E1b 

subunit harboring a thiamine pyrophosphate cofactor binding domain.  This 

subunit was detected in 3058 affinity capture samples by MS and localized to 

            

  
Gene ID Biotin 

Probe Binding  Competitive Competitor  
  

  Fasn Bz3058 nd nd nd   

  Lars  Bz3054/58 (++) (--) Bz   

  Eprs Bz3054 nd nd nd   

  Rars Bz3054 nd nd nd   

  Dars Bz3054/58 (+) (--) Bz   

  Nedd4 Bz3048/58 (++) (--) Bz   

  Hsd17b4 Bz3058 (+++) (--) Bz   

  Dhrs4  Bz3048/58 (+++) (--) Bz   

  Bckdk Bz3058 (+++) (--) Bz   

  Dck Bz3058 (+++) (--) Bz   

  Pdxk Bz3058 (++) (++) Pyridoxal   

  Atp5b Bz3059 (+) (--) Bz   

 Hspa8 Bz3026/45 (+) (--) Bz  

  Nqo2 Bz3026/45 (+++) (+++) Bz   

  Ktn1 PPU-9D (+++) (--) PPU   

 Eef1d PPU-9D nd nd nd  

  Cct7 PPU-9D (+++) (+) PPU   
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38kDa and 52kDa coomassie gel slices (data not shown; Fig.6.1.1). In the 

case of Nedd4, it is clear this protein binds 2 different Bz biotin probes 

(summarized in Table 7.2.1) and is detected as 2 isoforms in mESC lysates 

(Fig.6.1.1).   As Nedd4 does not share a common motif with other represented 

targets, the affinity capture of Nedd4 cannot be explained by this model.  

Aspartyl-tRNA-synthetase (Dars) binding is weak (Table 7.2.1), thus its affinity 

capture could be the result of promiscuity mediated by protein abundance.   

 

Figure 7.2.2:  Bz and PPU metabolic stress could be  linked to affinity capture 
targets associated with the mitochondria/ER axis.   Bz targets multiple metabolic 
enzymes possibly through protein motifs used to bind cofactors such as NAD.  Loss of 
function of PPU targets could trigger ER and mitochondrial stress by crippling protein 
maturation. 
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Overall, the array of targets does agree with the hypothesis.  Competition 

experiments probing the substrate binding pockets of these potential targets 

are in progress.  For a full review of Bz affinity capture targets please refer to 

Table 7.2.1, where the targets are listed with respect to their probe preference, 

relative binding affinity, and competitive binding.  It is believed that the 

metabolic stress observed in mESCs are mediated by affinity capture targets.  

Targets from both compound classes can be implicated in metabolic stress 

driven from the mitochondria and endoplasmic reticulum axis (Fig.7.2.2) 

 

7.3 Biochemical Characterization of PPU Interaction s with the TriC 

Subunit Cct7  

 Focus will now turn to the biochemical experiments performed on the 

PPU target Cct7/Cctη.  In the first experiments following the MS identification 

of the TriC subunits the relative binding affinity and specificity of the PPU 

biotin probe for CCT7 was tested.  As described earlier (Fig.6.1.2), a 

coomassie stain of targets captured by the PPU biotin probe from mESC day 3 

differentiated lysates show a cluster of 3-4 bands at the 64kDa molecular 

weight marker in a repeat experiment (Fig.7.3.1A).  Of the TriC subunits 

identified, Cctη was the most abundant species.  Given 97% identity at the 

amino acid level between mouse Cctη and human CCT7, it seemed 

reasonable to use the human form for validation in HEK293 cells by over-

expressing amino terminal tagged myc-CCT7.  A titration range of the PPU 
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affinity capture probe from 3 femtomoles to 3 nanomoles was bound to 

streptavidin beads to test the specificity of myc-CCT7 for the Biotin-PPU probe.  

Binding of myc-CCT7 was specific to the probe and titer dependent 

(Fig.7.3.1B).  The mass spectrometry (MS) determination of the bands 

clustered at 64 kilodaltons also indicated the presence of other Cct proteins so 

it was important to test whether the PPU biotin probe could interact with other 

TriC subunits .  To determine the specificity of the biotinylated PPU probe for 

myc-CCT7, a similar affinity capture experiment was conducted in parallel with 

myc-CCT2 (murine Cctβ) in the presence and absence of the non-biotinylated 

PPU.  The biotinylated probe was specific for myc-CCT7 and failed to capture 

myc-CCT2 on the streptavidin resin despite robust expression in the lysate 

(Fig.7.3.1C).  This suggests the PPU biotin probe may capture the entire or 

partially assembled TriC complex.  Furthermore, competition of the biotin 

probe with the parent PPU reduced the total amount of myc-CCT7 bound to 

the resin (Fig.7.3.1C, Fig.7.1.3).  As observed earlier in the competition for 

endogenous Cct7 in mESC lysates (Fig.7.1.3C), this competition did not 

completely abolish binding of myc-CCT7 to the PPU biotin probe. 
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Figure 7.3.1:  PPU affinity capture of CCT7, relati ve binding affinity and specificity.   
Biotinylated polyphenylurea was coupled to streptavidin beads and used to affinity capture 
protein targets (A).  The coomassie stained gel showed a cluster of bands at about 64 
kilodaltons and were successfully identified by mass spectrometry as CCT family proteins.  
The human form CCT7 was fused to an amino terminal myc epitope tag and over-expressed 
in HEK293 cells to validate the strength and specificity of the probe interaction (B).  The 
affinity capture was both specific to the probe and titration dependent.  Testing the specificity 
of the probe interaction for CCT7 as compared to another subunit of the TriC holoenzyme 
CCT2, was tested for affinity capture in parallel in the presence and absence of competing 
non-biotinylated PPU (C).  The biotin-PPU (150 pMoles) interaction was specific for CCT7 and 
competition with 100uM non-biotinylated PPU reduced the amount of CCT7 captured on the 
streptavidin coated beads. 
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Figure 7.3.2:  PPU does not completely inhibit bind ing of the biotinylated probe to 
myc-CCT7 but inhibition is specific for a PPU activ e for cardiomyogenesis.   (A) 
Biotinylated polyphenylurea was coupled to streptavidin beads and used to affinity capture 
protein targets myc-CCT7 (No Comp).  Competition of the probe with the parent molecule 
results in reduced target capture (PPU 100uM and 500uM).  The negative control molecule (-
ctrl 500uM) resulted in minor reduction of myc-CCT7 capture.  The expression level of myc-
CCT7 is shown in the whole cell lysates (WCL) as compared to the negative control for 
transfection, red fluorescent protein (RFP).  The relative amount of captured myc-CCT7 was 
quantified by measuring band density and is shown (top) as a function of Relative Light Units 
(RLU’s).  A/C; Affinity Capture; WB, Western Blot; Comp, competition. 
 

 The competition of myc-CCT7 for the biotinylated probe is shown in 

greater detail in Figure 7.3.2, where the parent PPU molecule was applied to 

the lysates at 100 and 500uM and compared to a negative control PPU analog 

at 500uM.  The negative control PPU (1753-08; Fig.7.3.2C) has a low 

cardiomyogenic potential in mESCs as compared to the parent molecule 

(1753-49; Fig.7.3.2C).  Again the parent molecule at 500uM could not 
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completely abolish binding of the PPU biotin probe to myc-CCT7 suggesting 

the biotin tether may contribute to the probe’s affinity. 

 There are eight CCT subunits that comprise the double barreled protein 

folding apparatus known as TriC (TCP1-ring complex or chaperonin containing 

TCP1).  Each subunit is comprised of a catalytic region, hinge region and 

apical domain located from the holoenzyme equatorial domain to the apex, 

respectively [77].  The apical domain of each CCT subunit dictates substrate 

specificity and as a consequence the repertoire of proteins targeted for 

assisted folding by TriC.  To determine what region of CCT7 was bound by the 

PPU biotin probe, various domains of CCT7 were generated to characterize 

the minimal binding domain of the probe.  Protein domains were mapped with 

the assistance of the Predict Protein server [104] to visualize border regions 

and adjust domain coverage to include or omit spans of secondary structure 

residing on the domain borders.  A minimal construct designated CCT7D2S 

(7D2S; Fig.7.3.3) was necessary and sufficient for 100% affinity capture with 

the biotinylated PPU.  As illustrated in the domain map (Fig.7.3.3A) 7D2S 

corresponds to the apical domain of the CCT7 subunit – the domain that 

specifies substrate binding. Thus it is plausible PPU induces cardiopoiesis in 

mESCs treated at day 2 by attenuating the protein folding capacity of the 

holoenzyme, or protein folding of substrates specific to Cct7 [76].  In addition, 

the induction of the IRE1α spliced isoform of Xbp1s would fit well with this 

model (Fig.6.3.3). 
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Figure 7.3.3:  CCT7 domain mapping of PPU affinity determinants.   A cartoon 
describing the arrangement of protein domains and the outcome of affinity capture tests with 
biotinylated polyphenylurea is shown in (A).  The constructs harbor a common myc-epitope 
tag and there respective expression level (B, bottom) and level of capture on biotinylated PPU 
resin (B, top) is shown in the western blot.  The affinity determinants were mapped to a 
minimal domain designated 7D2S.  The binding activity was informally rated from negative (--) 
to maximum (++++). SA, Streptavidin; D1/2/3, Domain 1/2/3; FL, Full Length; WB, Western 
Blot. 
 



184 

 

Cct7 knockdown experiments in mESCs resulted in toxicity (data not shown) 

possibly resulting from a block in TriC assembly which should inhibit protein 

folding by the enzyme.  Thus loss of function studies of Cct7 or other subunits 

are difficult to interpret.  Collaboration with the lab of Dr. Judith Frydman has 

produced evidence of direct PPU biochemical inhibition of TriC’s capacity to 

refold actin filaments (data not shown).  This work is ongoing with a narrow 

selection of cardiomyogenic SAR analogs for correlation tests between for 

TriC enzyme inhibition and biological activity in mESCs.  
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CHAPTER 8:  DISCUSSION 

 

8.1 Evolution of the αMHC-GFP Assay 

 The mESC αMHC assay was not novel at the time of its use in the 

screening efforts described here, although the assay evolution was significant 

in process and technology from the time of its first implementation.  The mESC 

αMHC-GFP assay was first introduced by TomosaburoTakahashi and 

colleagues in 2003 with a small scale screen of 880 small molecules from the 

FDA2000 Drug Library [40].  The screen was conducted in 96 well plates and 

compound hits were determined by manual inspection of wells by fluorescent 

microscopy.  This effort resulted in the first characterization of ascorbic acid as 

a cardiomyogenic agonist.  This was followed by Joaquim Teixeira and 

colleagues in the lab of Dr. Mark Mercola where a few thousand molecules 

were screened and evaluated in a similar way revealing glucocorticoids as 

cardiomyogenic agonists.  For this assay to progress from a low to high-

throughput system three issues were addressed by the work presented here; 

1) variability, 2) scale and 3) development of a robust and objective image 

cytometry approach to make positive and negative cardiomyogenic 

determinations.  Assay variability improved with work aimed at lowering serum 

concentration, removing MEF feeders from the cell culture system, and clearly 

defining the cell seed density at day 0 of the assay.  The assay scale in 

previous work was the 96 well MTP – a format losing favor at the time this 
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work was started in 2005-2006.  Converting the assay format to the 384 well 

MTP significantly reduced the cost of the 10 day differentiation assay and 

increased throughput.  Although these two components improved the αMHC-

GFP assay considerably, the true assay bottleneck was hit evaluation by 

visual inspection.  Accordingly, this bottleneck was common to many 

investigators in the research community eager to implement biological high-

content assays with phenotypic metrics.  Thus the evolution of the αMHC-GFP 

assay was coincident with technological advances driven by increasing market 

demand for automated image capture platforms and image analysis software. 

Access to proper software tools for high-throughput microscopy image 

handling allowed the development of a high-throughput image processing 

algorithm with low computational overhead.  Ultimately, these changes 

transformed the aMHC-GFP assay from a somewhat subjective phenotypic 

assay to a quantitative high-throughput assay. 

 

8.2 Contrasting Phenotypic Cell-Based and Tradition al Biochemical 

Screens 

 As phenotypic assays were gaining favor and the efficiency of 

screening such assays increased, the strengths and weaknesses of the 

process were becoming more evident.  Indeed, biochemical approaches had 

been pursued for over a decade prior and the standards set by this system of 

screening were being superimposed on phenotypic screens executed in live 
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cells.  In kind, phenotypic screens provided an interesting contrast to 

traditional biochemical screens where known targets are assayed in a cell free 

system.  The most important differences in the two screening methodologies 

hinge on the drug development pipeline and the importance of target 

identification.  Traditional biochemical screens start with a protein target, 

screen for hits, generate lead compounds and then move to in vitro and animal 

models.  In this process there is good understanding of the target-lead 

interaction, but uncertainty over the effect of lead compounds on a biological 

system.  As such many lead compounds are lost when transitioning to in vitro 

biological assays.  It is in the former attribute that phenotypic screens show 

their greatest weakness, and in the latter, the greatest strength.  In cell-based 

phenotypic screens the identification of targets from a biological observation is 

exceedingly difficult as exemplified in this study.  In the work shown here, 

mESC are administered a compound on day 2 of differentiation and assayed 

for bioactivity on day 9-10.  Accordingly, the compound could operate on a 

number of targets presented over the development period.  Exacerbating this 

issue is the unknown function of active molecules (hits) obtained from the 

libraries chosen for the screens presented in this work.  The foundation of the 

effort was to discover novel targets and pathways that bias mESCs toward 

cardiomyogenesis – a goal difficult to achieve with a chemical library of known 

bioactive compounds.  As such, this objective speaks volumes on the difficulty 
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in designing biochemical experiments to implicate a protein target suggested 

by a cellular phenotype scored 7 days after the compound administration.   

 

8.3 Target Protein Affinity Capture and Biological Relevance 

 In this work, biochemical affinity capture and MS determination of 

targets was an important supplement to the biological assays; however, 

identifying a target is a matter separate from implicating a target in a biological 

process.  Of the proteins identified by Bz and PPU affinity capture, legitimate 

targets have been validated.  At this point it is unclear whether these targets 

can be directly implicated in the endodermal expansion of differentiating 

mESCs over the day 2-5 time frame.  This presents an interesting view of 

small molecule affinity capture experiments as discovery efforts in and of 

themselves.   In fact, the data shown here demonstrate the Bz target Nqo2 is 

unrelated to the cardiomyogenic phenotype, and it is unclear if the PPU target, 

Cct7 can be implicated in cardiomyogenesis.  Furthermore a separate 

biotinylated probe of Bz indicated Pdxk was a direct target protein and as well 

showed no indication of promoting cardiomyogenesis in either loss or gain of 

function experiments.  Putting the Bz discovery effort in broader perspective, 

14000 compounds were screened at two compound doses and followed up 

with over 500 SAR derivatives to map biological activity and refine 

pharmaceutical for a response in a biological assay.  If one were interested in 

a small molecule discovery effort that would result in identification of a valid 
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protein target, evidence from the biochemical work shown here suggest the 

work flow could be reversed.  This would require a strong partnership with 

bioinformatics and chemists who could identify biologically “fruitful” scaffolds 

on which to tether an affinity tag.  In this scenario, there would be no 

requirement for a bioassay until after small molecule protein interactions are 

characterized.  Afterward, protein targets could be selected based on disease 

relevance and specificity, followed by the development of biological assays 

designed to test the small molecule activity in vitro.  This would not be a high-

throughput approach, but it is an interesting alternative to the existing drug 

discovery paradigm.  While this model of screening does not fit the research 

focus of most labs based in academia, it might fit well with pharmaceutical 

approaches. 

 Certainly there are some examples of success in target identification 

after phenotypic screens, but this is not the rule.  Cell-based screens side-step 

the traditional starting point of biochemical screens to yield instant information 

on biological effect and as a consequence generate what are comparable to 

biochemically identified “lead” compounds in a primary screen without 

knowledge of the target.  Of course this is problematic only if identifying the 

drug target is important to market the drug.  Alternatively, an investigator could 

do better to improve the odds of identifying a target in phenotypic screens if 

the active compounds had already been assigned an activity.  This brings into 

focus the importance of chemical library selection. 
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8.4 Importance of Chemical Library Selection 

 Compound libraries come in many flavors, but for simplicity the 

characterization will be made in 4 broad strokes. The first class of compound 

library is composed of natural products derived from complex mixtures usually 

obtained through homogenization and solvent extraction of living organisms.  

Individual compounds are resolved through fractional separation of the extract 

with a combination of chromatography and mass spectrometry.  Diversity 

libraries represent the 2nd major class and are synthetic chemical libraries 

maintaining the highest scaffold diversity.  Generally this diversity is 

characterized by cheminformatics as divergence in three dimensional scaffold 

space and chemical properties.  Focused libraries - the 3rd class of chemical 

library - are derived from molecular fragments or scaffolds interrogated in silico 

to ascertain interactions with a protein target of interest.  These scaffolds or 

structural fragments can be derived from natural products or synthetic 

molecules and the focused library is developed based on scaffolds with 

favorable in silico binding properties.  Bioactive libraries are collections of 

molecules with known activities from natural products or synthetic libraries 

used in research or the clinic. 

 The mESC cardiomyogenesis assay was conducted over two very 

different chemical libraries – the Chembridge DIVERset library and the TPIMS 

mixture library.  The Chembridge DIVERset library is best defined by the 

Diversity library criteria and was conducted as a one molecule per sample 
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assay.  The TPIMS mixture library is better characterized as a collection of 

focused libraries.  Each molecular scaffold is provided as a dense mixture 

differing by only R-group substituents.  As such, each mixture sample finely 

probes the molecular space around the scaffold with respect to a biological 

response.  This library on average is composed of molecules with greater 

molecular weight and complexity than the average molecule picked from the 

DIVERset collection.  In a direct comparison of the efficiency of the 2 libraries 

in the αMHC-GFP assay the DIVERset produced 2 active molecules (Bz and 

Qn) from ~28000 tested samples.  The 2 actives were then followed up with 

over 700 SAR analogs generated through collaboration with HBRI.  The 

TPIMS mixture library was tested for fewer than 1000 samples and yielded 1 

hit (PPU) - 14-fold hit enrichment, cost reduction, and full SAR provided during 

mixture deconvolution.  This alone suggests library choice is an important 

criterion in screening.  Despite the success in identifying active molecules, 

biochemical experiments shown here suggest these chemical libraries do not 

facilitate the protein target identification process.  As protein target 

identification remains a tremendous barrier in phenotypic screening efforts, 

they are best coupled with chemical libraries of known bioactive compounds 

when this is an important objective. Indeed, knowledge of the small molecule 

pathway improves the odds of identifying biologically relevant targets. 
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8.5 Rationalization of the αMHC-GFP Model and Timeframe 

 The mESC αMHC-GFP assay as described here views bias in 

cardiomyogenesis resulting from a day 2-4 compound administration.  It could 

be argued that mechanisms governing cardiomyogenesis at such an early 

time in development cannot be clinically exploited.  This argument is valid only 

if differentiated pluripotent cells are entirely ruled out for therapeutic purposes.  

Second, if this argument is valid, which biological window is best suited to 

generate useful drugs for the clinic?  Indeed, other labs have shown MesP1 

can mark a mesodermal multipotent cardiac progenitor [105,106].  

Furthermore, such cells can be manipulated in a manner similar to the mESC 

cells used in this assay.  The case has been made that induction of MesP1 

cells correlates well with enhanced cardiomyogenesis in similar systems.  This 

is interesting, as mRNA profiles collected for both Bz and PPU suggest the 

induction of MesP1 is not a defining criteria of cardiomyogenesis in the αMHC-

GFP assay described here.  If this were the case, DMSO treated controls 

should produce much higher levels of cardiomyocytes than Bz and PPU – this 

is not the case.  Thus, the expansion of early endoderm could provide 

powerful instructive signals to persisting mesoderm that marginalizes the 

requirement for MesP1 and Flk1 positive mesodermal cells.  Alternatively, the 

normal expansion of mesoderm could repress the induction of cardiomyocytes 

in DMSO controls.  Either possibility describes potentially biological 

observations for understanding signals mediating cardiomyogenesis that could 
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be missed focusing exclusively on later stage development of pluripotent cells. 

In fact, Bz-Qn synergy experiments illustrate a need for both early and late 

inductive signals to achieve the highest levels of cardiomyocytes derived from 

pluripotent origins.  Thus chemical modulators of mESC lineage bias can be 

used to probe the non-canonical pathways ignored by traditional cell culture 

manipulation with growth factors such as BMP, FGF, Activin, or TGFβ. 

 As adult cardiac progenitors (or somatic stem cells) are difficult to 

characterize, purify, amplify and then maintain in vitro, they present challenges 

of their own.  While evidence is mounting for the existence [75] and 

therapeutic potential [74] of adult cardiac stem cells there is still much 

controversy over the origin, identity and cardiac engrafting potential of these 

cells.  For example, the bone marrow mesenchymal cell has been described 

as a cardiac progenitor with potential benefit in the clinic; however, conflicting 

reports have demonstrated these cells have limited plasticity and cannot adopt 

the physiology consistent with beating cardiomyocytes [64,71,72,73].  Others 

have isolated cells from juvenile mouse ventricular blood vessels that can be 

propagated in vitro and express markers consistent with endothelial and 

cardiac lineages [70].  These cells have been shown to incorporate into 

ventricular tissue and generate new myocardium when injected into infarcted 

mouse hearts. In addition, Sca1+/CD31- cells referred to as a cardiac side 

population isolated from enzyme digested mouse hearts have demonstrated a 

similar potential to repair damaged hearts and may do so via a homing 
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mechanism mediated by SDF-1α/Cxcr4 [69].  In a different approach using a 

GFP construct driven by the Nkx2.5 promoter, investigators identified an 

Nkx2.5+/cKit+ bipotential cardiac and smooth muscle progenitor population that 

could be efficiently propagated in vitro [68].  These examples illustrate efforts 

to identify, isolate, and amplify a cardiac progenitor population useful for 

repairing the infarcted heart have advanced significantly over the last 5 years.  

This work is promising and is likely to translate in the clinical setting, but at the 

time this work was initiated there was much skepticism over the existence of 

the adult cardiac progenitor.  Thus the decision to screen mESC at day 2-4 for 

a cardiomyogenic bias was based on the tools and knowledge available at the 

time.  The primary objectives then were to; 1) identify small molecules that 

could be used early in development as part of a regimen to induce high levels 

of cardiomyocytes in mESC cultures; 2) identify novel pathways to 

cardiomyogenesis; and 3) identify the protein targets mediating the 

cardiomyogenic effect.  Given the study design, the findings of this work will 

contribute to the current knowledge on early mESC lineage determination.  

There are still many unanswered questions regarding lineage divergence of 

mesoderm and endoderm from the common mesendodermal precursor – 

particularly what instructive or repressive cues guide the process [67]. 
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8.6 A Model of Metabolic Thresholding to Describe P PU and Bz 

Induced mESC Lineage Bias 

 This work presents a biological model of stress induced expansion of 

endoderm and repression of mesoderm.  This is supported by a significant 

amount of circumstantial evidence correlating stress responses to dramatic 

changes in mRNA expression profiles of selected lineage markers.  These 

changes in the mESC cell culture immediately follow compound administration 

at day 2 of differentiation with stress responses subsiding by day 4-5.  As 

endodermal cells are known to provide instructive signals to proximal 

mesoderm, the early expansion of endoderm in Bz and PPU treated cells is 

thought to be mediating a non-cell autonomous cardiomyogenic effect 

[48,102,107].  Thus in this model αMHC-GFP activity can be thought of as an 

indicator of early endodermal expansion.  The notion of differentiation bias 

imposed by stress could not be shown with direct evidence, but is supported 

circumstantially by identified protein targets and biological assays.  

Furthermore, there is sufficient evidence in the literature of metabolic stress 

modulating cell differentiation in different systems.  In an early example of this 

effect, HL-60 leukemic promyelocytes were shown to transiently repress 

differentiation in low magnesium media and this was dependent on protein 

function [66].  In stem cells a mitochondrial stress induced checkpoint was 

shown to block cell differentiation.  In this model cell Cdk inhibitors were 

upregulated triggering a cell cycle delay until the stress was released [65].  
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Bone marrow derived mesenchymal stem cells have been shown to more 

efficiently upregulate cardiac markers when exposed to hypoxic conditions 

while deprived of growth factors and glucose.  This effect is enhanced in the 

presence of the polyamine synthesis inhibitor difluoromethylornithine [64].  In 

addition, an RNAi screen for modulators of C2C12 myotube differentiation was 

enhanced when protein levels of metabolic enzymes Phosphoglycerate kinase 

1, Hexose-6-phosphate dehydrogenase and ATP citrate lyase were 

diminished and occurred even in the presence of mitogens [63].  These 

represent only a small sampling of metabolic perturbations on differentiation. 

 The Bz and PPU effect on mESC differentiation is dose dependent.  At 

1.5 to 2-fold higher dose than is required for cardiomyogenesis, either 

molecule will significantly reduce cell division and maintain the expression of 

markers consistent with the mouse epiblast.  These cells will then go on to 

divide and populate the well when the compound has been diluted out, but will 

still support an epiblast-like population.  Furthermore, at the cardiac dose of Bz 

and PPU the formation of early endoderm is favored while mesoderm is 

repressed - a bias that could be imposed by metabolic restriction.  Prior to this 

a shift is observed in the expression of mesendoderm markers, most 

prominent in the mRNA profiles of Bz.  This shift is characterized by a delay of 

mesendodermal gene expression by one day but retention of magnitude.  This 

alone indicates the possibility of a stress checkpoint being imposed on mESC 

differentiation.  Importantly, this response is not common to all chemical 
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stressors - many have been applied to mESCs in the same time window that 

do not produce the cardiomyogenic effect.  For example, azetidine-2-

carboxylic (Aze) acid is plant non-protein amino acid and an analog of proline.  

As such Aze can be incorporated in mammalian proteins causing misfolding 

and trigger the UPR.  When tested in mESCs no significant enhancement in 

cardiomyogenesis is observed.  In the case of oligomycin – an inhibitor of the 

mitochondrial F1F0-ATP synthase and mediator of mitochondrial stress – 

αMHC-GFP activity was reduced below DMSO levels.  Other mediators of 

UPR and ER stress signals Thapsigargin and DTT also were negative for 

cardiomyogenesis.  Galangin and Quercetin are both known to hyperpolarize 

mitochondrial membranes and trigger calcium leak from the ER, but could not 

significantly enhance αMHC-GFP in mESCs (data not shown).  The listed 

agents are only a few examples but represent a much larger cohort of 

negative results.  Why these stress agents fail to induce cardiomyogenesis is 

not clear, but could be explained by off-target effects of the respective 

molecules.  A possible model for the Bz and PPU effect is a stress gradient, 

where higher levels of compound result in a stress induced cell-cycle 

checkpoint and block differentiation (Fig.8.6.1). This state is characterized by 

the retention of mouse epiblast markers at later stages of differentiation.  At 

lower levels of stress the cell-cycle checkpoint is not firmly imposed and the 

cells are allowed to differentiate but under restricted metabolism. 
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Figure 8.6.1:  A model for Bz and PPU effects on ge rm layer specification at early 
stages of mESC development.   Compound added at high doses results in the retention of 
epiblast-like cells through late stages of differentiation.  Optimal compound doses for 
cardiomyogenesis result in an early endoderm lineage bias and repression of mesoderm. 
 

This is characterized by the preferential expansion of early endoderm from 

mesendoderm precursors.  The bias in endoderm expansion could be a result 

of the differences in cellular behavior as compared to mesoderm; endoderm 
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forms relatively static clusters, while mesodermal cells engage energy 

intensive processes as they spread and migrate throughout the culture.  In this 

model the signals at play are either permissive to endoderm or instructive to 

mesendoderm – the distinction is not clear based on the evidence at hand 

(Fig.8.6.1).  Although, it is likely the signals provided from the early endoderm 

are instructing the persisting mesoderm to form pro-cardiac mesoderm.  An 

alternative possibility is a passive mechanism where the normal differentiation 

of cells into early mesoderm derivatives produce signals that antagonize the 

formation of pre-cardiac mesoderm.  In this model, Bz and PPU repress early 

mesoderm, and as a consequence derepress cardiopoiesis. 

 

8.7 Summary of the Dissertation 

 The work presented can be summarized in 3 parts; 1) the mESC 

αMHC-GFP assay refit and optimization for screening; 2) the development and 

implementation of a novel tool to correct systematic error presented in primary 

screens; and 3) the screen itself and characterization of small molecules 

identified to bias mESCs toward a cardiomyocyte lineage.  As discussed 

above, the αMHC-GFP assay itself was not novel, but did require a significant 

effort to transform it to a robust and quantitative assay.  The image based 

quantification of this assay was shown to be necessary due to the low 

sensitivity of plate readers as compared to the image based quantification 

algorithms.  This was in large part due to finer discrimination between 
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background autofluorescence and specific signal in the dense mESC cultures 

at day 9 and 10 of differentiation.   

 In these early times it was noted that this phenotypic assay behaved 

strangely in peripheral wells of the MTP.  Later it became clear that 

evaporation and environmental differences at the MTP edges were resulting in 

high background levels of cardiomyogenesis.  While the simple solution was to 

leave these wells untreated in the assay, a similar problem was being 

observed in many cell-based screens at SBMRI and this led to the foray into 

rectifying primary screen systematic errors.  After some work, it became clear 

that simple tools borrowed from digital image processing could be applied to 

MTPs due to the common spatial organization of image pixels and MTP wells.  

The result was normalization of the MTP array background such that it 

conformed to a narrow range.  The strength of this method was it could be 

applied blindly to data arrays affected and unaffected.  Some early testing with 

the 5x5 HMF showed promise, but was met with some skepticism and without 

real world test data until 2009 when it was first applied to properly correct 

intensity gradients in MTPs from a lipid droplet screen.  At this time the utility 

of median based filters was expanded to allow corrections of periodic 

systematic error, which is also common in primary screens.    

 Around 30000 data points were screened using the mESC αMHC-GFP 

assay to yield 3 molecules with cardiomyogenic properties.   Qn showed peak 

activity later in the developmental timeline suggesting and alternate 
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mechanism of action as compared to Bz and PPU.  Qn was later shown to 

inhibit the Tgfβ pathway by Eric Willems and colleagues.  Bz and PPU were 

shown here to bias mESC toward early endoderm in days 2-4 of mESC 

differentiation.  A series of biological tests have drawn a strong correlation 

between mESC bias toward endoderm and metabolic stress imposed by Bz 

and PPU.  Biochemical tests using Bz and PPU biotinylated affinity capture 

probes have presented some targets for secondary validation.  In the case of 

Bz ,no single protein target has yet been tied to the cardiomyogenic effect.  

Cct7, the PPU protein target, correlates well with the UPR/ER stress and the 

observed induction of Xbp1(s), but as in the case of Bz has not yet been 

shown to be the relevant target for cardiomyogenesis.  Work is ongoing to 

finalize the specific nature of the metabolic stress induced by Bz and PPU.  

This will proceed via additional biochemical characterization and more 

comprehensive metabolic profiling of the two molecules in mESCs.  Bz 

biochemical profiling will focus on substrate competition studies and PPU 

biochemistry will focus on αMHC-GFP SAR profile correlation with TriC 

inhibition.  Metabolic profiling will proceed with evaluation of the mTOR 

pathway and possible collaboration with SBMRI Lake Nona.  Ultimately, the 

goal is to more narrowly define the metabolic stress and reproduce the effect 

with siRNA or alternative cell growth formulations. 
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APPENDIX: 

 

A.1 Xenopus Laevis experiments with Bz. 

 As a final bit of evidence of the stress inducing effects of these 

compounds Bz is evaluated in the amphibian Xenopus Laevis.   Xenopus is an 

excellent animal model to evaluate the developmental effects of biomolecules 

and synthetic small molecules due to its rapid maturation from fertilization to 

tadpole.  In addition, 1000s of eggs can be obtained from a single female 

allowing for sample replicates and titrations not possible in higher vertebrates 

such as the mouse.  At the same time there are extreme differences in the 

maternal coding of Xenopus developmental patterning and the mechanics 

governing pre-gastrulation embryos.  Xenopus embryonic development can be 

broken out in 3 functionally separate phases, segmentation, mid-blastula 

transition, and gastrulation.  In segmentation the Xenopus egg essentially 

subdivides its volume.  This step is dependent on maternal RNA and proteins 

and serves to organize the “biomatter” of the egg according to dorsal/ventral 

and posterior/anterior polarity. In mid-blastula transition these embryos stop 

segmentation and begin to synthesize their own RNA and proteins, but 

blastomeres are still predisposed to lineage and instructive signals through 

regionalization and persisting maternal elements.  In the third phase – 

gastrulation – the embryo undergoes all of the dynamic movements required 

to form the functional tadpole.  This requires cell migration, convergent 



203 

 

extension and dynamic gene expression to maintain and establish tissue 

borders.  Accordingly, this could be considered the most energy intensive 

phase of Xenopus embryonic development.  These dynamic movements are 

largely confined to the dorsal or Animal side of the embryo with cells on the 

ventral or Vegetal side of the embryo less mobile.  Xenopus embryos were 

used early on in this effort to correlate the cardiomyogenic effect observed in 

the mESC system to an animal model.  These efforts failed for both PPU and 

Bz.  PPU would not register any observable difference from control embryos 

when treated at gastrulation and Bz resulted in gastrulation complications 

difficult to interpret.  While the former might be explained by solubility, 

penetrance or protein target conservation, placed in the scope of metabolic 

stress the latter might not have been difficult to predict.  The effects of soaking 

segmentation stage embryos in 50-100uM Bz is seen in mature tadpoles with 

extreme anterior-posterior shortening often associated with an open 

blastopore.  To variable extent head development appears more or less 

preserved.  Treatment with DMSO and the inactive analog BzX results in 

normally developed embryos (Fig.A.1.1). 
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Figure A.1.1:  Bz causes anterior-posterior shorten ing of Xenopus embryos and 
this is often associated with an open blastopore in  mature tadpoles.   Embryos are 
soaked in DMSO (top left), Bz (top center) and the inactive analog BzX (top right) at 75uM and 
allowed to grow to tadpole stage.  Normal tadpoles are observed in DMSO and BzX 
treatments (bottom left and right).  Bz inhibits the embryo elongation and the embryos often 
fail to close the blastopore as a result (bottom center). 
 

 In the previous experiment the embryos were soaked in compound from 

segmentation through gastrulation before replacing growth buffer.  To more 

clearly distinguish when Bz might be affecting embryonic development, 

embryos were soaked in normal buffer (Null), DMSO, or Bz at 75uM during 

segmentation (Seg), mid-blastula transition (MBT), or Gastrulation and then 

moved to fresh buffer.  Embryos were graded at tailbud stage with respect to 

gastrulation inhibition (Normal, Mild Block, and Complete Block).  Bz 
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treatments show no effect on embryos soaked during segmentation or MBT, 

but showed a striking effect when soaked during gastrulation (Fig.A.1.2).   

 

   

Figure A.1.2:  Xenopus embryos specifically effecte d by Bz when soaked at 
gastrulation stage with no effect during segmentati on and MBT.   Embryos are scored 
based on the total number collected in each condition as Normal (light gray), or as observing a 
Mild (mid-gray) or Complete Block (black) of the gastrulating embryo.  Embryos were graded 
at tailbud stage and examples of each grade are shown as Normal (bottom left), Mild Block 
(bottom center) and Complete Block (bottom right).  Embryos are oriented with anterior left 
and dorsal top. 
 

Greater than 80% of the embryos soaked during gastrulation showed severe 

defects in gastrulation.  In other experiments the severity of the anterior 
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posterior shortening and the failure in dorsal closure showed a Bz dose 

dependence (data not shown).  When Bz was injected into stage 3 embryos, 

the severe gastrulation block could be achieved with 2nM of Bz when injected 

to the dorsal side of the embryo (data not shown).  Ventral injections produced 

normal embryos at the highest dose tested of 40nM suggesting a couple of 

possibilities; 1) a target present on the dorsal side of the embryo was not 

present on the ventral side; and 2) the dynamic movements, and metabolic 

requirements of the dorsal side of the embryo greatly exceed those of the 

ventral half and are restricted by Bz.  While these are both speculative, one 

experiment addressing endoderm and mesoderm expansion by in situ 

hybridization on stage 10.5 embryos showed no discernible difference in 

Sox17 and Brachyury borders in Bz treated embryos further supporting the 

argument of metabolic stress as a causative agent in the severe gastrulation 

block.  It could be argued that Bz should expand endoderm as it does in 

mESCs but the instructive signals of Xenopus cell identity and location at 

stage 10.5 are governed by maternal factors, while mESCs acquire germ layer 

fate through instructive signals provided by the cell culture environment, and 

even now these signals remain poorly defined [67].   Thus the in vivo and in 

vitro systems could respond differently to metabolic stress imposed by Bz.  

Gastrulation blocks imposed on Xenopus embryos are often the result of a 

convergent extension defect – a process where cells converge toward the mid-

line of the embryo and extend the anterior and posterior axis by cell 
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rearrangement and morphological alterations.  One definitive test for this is an 

animal cap elongation assay, where the dorsal patch of the embryo composing 

the blastocoel roof is dissected away from the rest of the embryo.  This patch 

of cells would normally produce cells of the neural lineage but when issued 

exogenous growth factors or small molecules this cell fate can be altered such 

as in the case of Activin conversion of internal animal cap cells to mesoderm. 

 

Figure A.1.3:  Activin treated animal caps do not e longate in the presence of Bz at 
75uM.  Stage 9 animal caps from X.Laevis were exposed to 200ng/mL of activin in the 
presence of DMSO (left), Bz (center) or the inactive analog BzX (right) overnight.  Under 
normal conditions the animal caps will seal and then elongate.  Bz caps remain sealed with no 
elongation. 

 

To directly test the possibility Bz might be interfering with convergent 

extension movements, the dorsal side of Xenopus embryos (Animal Cap) was 

dissected away from the ventral side at stage 9 and exposed to Activin A at 
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200ng/mL supplemented with 75uM DMSO, Bz, or the inactive analog BzX 

overnight.  Animal caps treated with Bz did not show any significant elongation 

as compared to DMSO and BzX control embryos (Fig.A.1.3).  This suggests 

the signals provided by Activin A to convert inner cells or the Animal Cap to 

mesoderm and drive ex-gastrulation were repressed by Bz and not by DMSO 

and BzX.  The caps were not evaluated by in situ hybridization for the 

expression of Sox17 or other endodermal markers so it is not know if Bz could 

convert cells of the inner animal cap to endoderm as observed in the mESCs.  
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