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Body of report:  
 
Introduction 

In response to chemotherapeutics, breast cancer cells initiate a cell death program 
culminating in the release of cytochrome c from mitochondria, binding of cytochrome c to a 
protein known as Apaf-1, and consequent Apaf-1-induced activation of a cell death protease 
known as caspase 9. We had reported previously that breast cancer cells were more sensitive to 
cytochrome c-induced apoptosis than their normal counterparts. Based on these findings, we 
wished to develop cytochrome c mimetic therapeutics for the treatment of chemoresistant breast 
tumors. We proposed both to modify cytochrome c itself as a potential therapeutic and screen for 
small molecules that might mimic cytochrome c.  

 
Our original statement of work contained the following aims:  
 

Task 1:  Construction of cytochrome c and heme lyase variants allowing the production 
of cytoplasmically active cytochrome c (months 1-6) 

Task 2:  Testing of cytoplasmic cytochrome c/heme lyase in tissue culture and mice 
(months 12-20) 

Task 3:  Identification and testing of small molecule post-mitochondrial caspase 
activators (months 21-36) 

 
As detailed in last year’s report, we began with Task 3  and isolated several potentially 

interesting small molecules that promoted cell death. Unfortunately, these compounds turned out 
to kill cells in an Apaf-1-independent manner. While these may be of interest to pursue, they are 
not likely to be breast cancer selective in their killing. We have now prepared additional 
cytosolic lysates and have introduced a secondary screen using Apaf-1 null lysates (in which 
compounds of interest should not induce caspase activation).  

In an alternative approach, we have also 
developed a novel single cell screen for 
regulators of caspase activity using the near-
infrared caspase activity indicator (the caspase-
3 IRDye, available from LI-COR Biosciences 
Inc) and the Xenopus oocyte system. Injection 
of these large cells is technically simple and 
thousands of cells can be injected in 4-5 hours. 
As shown in Fig. 1, oocytes injected with this 
indicator and cytochrome c very rapidly cleave 
the substrate to produce an infrared signal 
detected by the LI-COR Odyssey reader. This 
signal is quite robust and enduring; caspase 
activation could be detected as little as 3 
minutes after injection and signal persisted for 
24 hours or more (Fig. 2). Similar results were 
obtained when we injected the pro-apoptotic 
Bcl-2 family member, t-Bid. Moreover, the 
signal was inhibited by co-injection of oocytes 

Figure 1. Fluorescence in oocytes co-injected with the IRDye® 
and cytochrome c. Oocytes were injected with either IRDye, 
IRDye and yeast cytochrome c (YCC), IRDye and horse 
cytochrome c (HCC), HCC alone, or nothing (No trt). Oocytes 
were imaged using the LI-COR Odyssey® thirty minutes after 
injection. Resulting images are shown on the left, demonstrating 
oocyte autofluorescence in the red channel (700nm) and IRDye 
signal in the green channel (800nm). 800nm signal from each 
group of oocytes was quantitated in the grayscale image (blue 
circles), and a graph from the obtained values is displayed on the 
right. As shown, significant signal is obtained only oocytes co-
injected with IRDye and HCC. 
 



with the caspase inhibitor zVAD-fmk (Fig 3). We 
have acquired a library of bioactive compounds and 
intend to test groups of these (in pools) by manual 
injection to determine if we can identify pools that 
either rapidly induce apoptosis or that inhibit 
cytochrome c-induced apoptosis. Pools would then 

be deconvoluted by breaking down into smaller pools, etc. This is far more labor intensive than 
the automated screens we have ongoing, but this may be a more sensitive assay, allowing us to 
detect novel small molecule apoptotic modulators more readily.  

 
During this past year, we have been focused on Task 1  to produce cytochrome c and heme 

lyase variants that are cytoplasmic. Initially, we sought to do this systematically through the 
identification of residues important for mitochondrial import of these proteins. However, careful 
reading of the literature suggested that mutations disrupting mitochondrial import might also 
disrupt protein function. Therefore, we took a distinct approach, making fusion proteins that 
would alter either the N- or C- termini of the proteins, hoping that these might impede import, 
while allowing retention of function. Towards this end, we utilized an EGFP-cytochrome c, a 
cytochrome c-EGFP, an mCherry-heme lyase. These fusions offered the added advantage that we 
could visualize these proteins through fluorescence microscopy and/or sort cells expressing these 
proteins by fluorescence activated cell sorting. Interestingly, it had been reported previously that 
GFP-cytochrome c and cytochrome c-GFP could localize to mitochondria. However, we found 
that this was true in only a minor subset of cells expressing this construct. Rather, the majority 
was cytoplasmic (Fig. 4).  Simlar results were obtained with mCherry-heme lyase (see red cells 
in Fig. 5). We have begun 
experiments described in Task 2 , 
expressing the cytoplasmic variants 
of cytochrome c and heme lyase in a 
variety of cell types to determine if 
this induces apoptosis. Preliminary 
results are promising; we see green 

Figure 2. Oocyte fluorescence can be detected from 
three minutes to twenty-four hours after injection. 
Oocytes were microinjected with either IRDye + YCC or 
IRDye + HCC. Images of the injected oocytes were 
obtained on the LI-COR Odyssey® over time. Quantitated 
grayscale images of the 800nm signal are shown on the 
left for several time points, with corresponding graphs 
displayed on the right. Significant 800nm signal is 
obtained from as early as three minutes post-injection and 
is maintained for at least twenty-four hours selectively in 
the HCC-injected oocytes.  
 

Figure 3. Fluorescence in IRDye-injected oocytes is due to 
activation of effector caspases. A, Oocytes were injected with 
either IRDye + YCC, IRDye + HCC, IRDye + HCC + the general 
caspase inhibitor ZVAD-FMK (ZVAD), or IRDye + a truncated 
form of Bid (tBid). A quantitated grayscale image of the 800nm 
signal and the corresponding graph are displayed. B, Oocytes 
injected as indicated (top) were flash-frozen thirty minutes 
following injection, lysates were prepared and caspase activation 
was measured using a colorimetric substrate (bottom).  
 

Figure 4. Cytosolic expression of 
cytochrome c fused to EGFP. HeLa cells 
were transfected with a construct encoding 
cytochrome c-EGFP and then visualized 
twenty-four hours later using fluorescence 
microscopy. Green fluorescence is detected 
throughout the cytosol in transfected cells. 
A similar staining pattern is observed in 
cells expressing EGFP-cytochrome c. 
 



cells and red cells singly infected with these constructs that appear healthy. However, yellow 
cells (shown in Fig 5) appear to exhibit apoptotic morphology. These experiments will be 
repeated and we will also confirm, via caspase assays, that the morphology is truly indicative of 
apoptotic cell death. If these results appear promising, we will proceed to the originally described 
animal experiments.  

Figure 5. Apoptosis of  
cells co-expressing 
cytochrome c-EGFP and 
mCherry-heme lyase. 
HeLa cells were 
transfected with 
constructs encoding 
cytochrome c-EGFP and 
mCherry-heme lyase. 
Cells expressing either 
the cytochrome c (green) 
or heme lyase (red) 
appear healthy, while 
cells expressing both 
constructs (yellow; white 
arrows) demonstrate 
apoptotic morphology 
with membrane blebbing.  
 



Currently no reportable outcomes , but we have developed the  
necessary tools to proceed.     
 
Key research accomplishments: 

• Generation of cytoplasmic cytochrome c 
• Generation of cytoplasmic heme lyase 
• Initial assays on co-expression of cytoplasmic cytochrome c and heme lyase 
• Development of a new assay for small molecule screening 

 
Conclusions:   We have developed the tools detailed in Task 1 and will proceed to the 
phenotypic testing of these constructs as detailed in Task 2, while continuing our original 
Task 3 experiments.  
 




