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Somatic cell reprogramming refers to the conversion of a differentiated cell with restricted 

developmental potential to a pluripotent cell through the collective action of defined factors.  

This method of resetting the epigenome to an embryonic-like state has tremendous medical 

implications since these cells can subsequently be converted into any cell type of the body for 

use in regenerative therapies.  The reprogramming process is most often initiated by the 

expression of three transcription factors - Oct4, Sox2, and Klf4 - in a target cell.  This work aims 

to better understand the mechanism of reprogramming by mapping functional domains in the 

Klf4 protein that are required for the induction of pluripotency.  Within these important regions 

of Klf4, we characterize specific contact sites with DNA and cofactor proteins that determine its 

reprogramming activity.  Finally, to further understand the properties within the DNA binding 

domain of Klf4 that enable its reprogramming activity, we determine the in vitro binding 
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preferences of DNA binding domains within the Klf family and demonstrate the molecular basis 

of their functional divergence in somatic cell reprogramming. 
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 Vertebrate embryonic development is composed of a remarkable series of events that 

rapidly transform a single zygote into a functional, patterned organism.  As cells mature, they 

become increasingly restricted in their developmental potential and specialized in their function.  

The progressive loss of developmental potential that occurs during normal development is not 

typically reversible and is governed by a layer of epigenetic control that is imposed on the 

various cells of the organism, each of which contains identical genetic information in its nucleus.  

Nuclear Reprogramming 

 Given that each cell carries the same genetic blueprint, it is possible through experimental 

manipulation to reverse the effects of development on a cell nucleus by resetting its epigenetic 

state.  This was first carried out in amphibians by transferring a somatic cell nucleus into an 

enucleated oocyte [1].  This procedure led to the generation of sexually mature organisms 

derived from a nucleus which had previously been restricted in its developmental potential [2].  

Somatic cell nuclear transfer (SCNT) was later used to generate viable sheep and mice from 

differentiated adult nuclei [3, 4].  These results indicate that oocyte cytoplasm from a variety of 

species contains an activity that is able to reprogram a cell nucleus.   

    Nuclei have also been reprogrammed by fusing somatic cells with embryonic stem (ES) 

or embryonic germ (EG) cells, which both exhibit pluripotency in vitro [5, 6].  When two cells 

are fused, the earlier developmental state acts in a dominant fashion to erase the epigenetic marks 

that restrict the potential of the differentiated nucleus.  Nuclear reprogramming has also been 

achieved by permeabilizing a somatic cell and incubating it briefly in embryonic carcinoma (EC) 

or ES cell extract [7, 8].  Thus, the properties that control developmental potential can be 

transmitted by soluble factors that exist in these cell types. 

Somatic Cell Reprogramming Using Defined Factors 
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 Once the presence of nuclear reprogramming activity in pluripotent cells was appreciated, 

investigators sought to isolate the factors responsible.  Transcription factors were good 

candidates given their known roles as master regulators of various cell fates.  For example, the 

expression of the transcription factor, MyoD, had been shown to be sufficient to induce 

myogenesis in fibroblasts [9].  Conditions for culturing pluripotent cells from the inner cell mass 

of the blastocyst had been defined [10, 11], which subsequently allowed large amounts of these 

cells to be grown and analyzed for the presence of similar master regulators.  Comparative gene 

expression analysis and other studies of ES cells identified candidate factors associated with the 

pluripotent state [12].  Remarkably, a cocktail of four transcription factors - Oct4, Sox2, Klf4, 

and c-Myc - expressed in mouse embryonic fibroblasts (MEFs) was sufficient to reprogram these 

cells to an ES-like, pluripotent state [12-14].  Cells created through this procedure are referred to 

as induced pluripotent stem (iPS) cells.    

 Follow-up experiments demonstrated that iPS cells could also be generated from human 

fibroblasts [15, 16].  Additionally, iPS cells were made from a variety of adult cell types, 

highlighting the broad utility of this reprogramming technique [17-20].  Finally, reprogramming 

was found to occur in the absence of c-Myc, albeit with reduced efficiency [21, 22]. 

 Somatic cell reprogramming is relatively slow and inefficient when compared with 

SCNT.  In a typical experiment, several days and multiple cell divisions are required before the 

reactivation of pluripotency markers, such as Nanog, is observed.  Furthermore, reprogramming 

to the pluripotent state only occurs in a small fraction of the starting cells.  This phenomenon is 

not simply attributable to variations in reprogramming factor expression between cells, since less 

than 2% of genetically identical MEFs carrying integrated, doxycycline-inducible 

reprogramming factors form iPS colonies [23].  In addition, reprogramming factor induction 
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must be sustained for at least 7 days in order to induce pluripotency [23].  Given that only a 

small minority of cells reach the pluripotent state in a standard reprogramming experiment, it 

was proposed that reprogrammable cells may represent an elite minority with increased 

developmental potential.  However, this notion was dispelled by monitoring parallel 

reprogramming cultures derived from a single cell clone carrying inducible factors in an 

extended reprogramming experiment [24].  After 3-4 weeks, the length of most reprogramming 

experiments, only a small fraction of cultures contained Nanog+ cells [24].  However, after 18 

weeks, 93% of wells had undergone reprogramming, proving that reprogramming is a stochastic 

process with variable latency [24].  Despite this observation that each cell in a culture is capable 

of being reprogrammed, cell types with increased developmental potential can be converted to 

iPS cells with greater efficiencies [25].           

Comparison of ES and iPS Cells 

 Following the initial production of iPS cells, research was directed towards examining 

the degree of similarity between these cells and ES cells.  ES cells differentiate into cells from all 

three germ layers both in vitro and when injected into nude mice to form teratomas.  

Additionally, mouse ES cells contribute to chimeric mice when injected into developing 

blastocysts.   

 At first glance, ES and iPS cells are virtually identical.  They appear similar 

morphologically and grow under the same cell culture conditions [12, 13].  Initial functional 

assays demonstrated that iPS cells also form well-differentiated teratomas and contribute to 

chimeric mice [13].  Eventually, entire organisms were generated from iPS cells through 

tetraploid complementation [26-28].  Genomics techniques demonstrated that the patterns of 

gene expression and chromatin marks are roughly equivalent between ES and iPS cells [29-31].  
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These cells were even found to be indistinguishable when analyzed by infrared spectroscopy, 

which measures their internal chemical compositions [32]. 

 Notwithstanding these results, some subtle differences that distinguish ES and iPS cells 

have been reported.  Differences in gene expression signatures and copy number variation can be 

seen between ES and early passage iPS cells [33, 34].  Interestingly, these differences are 

lessened with extended passaging [33, 34].  Additionally, iPS cells contain regions with 

incompletely reprogrammed DNA methylation [35, 36].  These sites of epigenetic memory may 

be responsible for observed differences in differentiation potential between iPS cells lines 

associated with their cell type of origin [36, 37].  Finally, both reprogramming factor 

stoichiometry and the expression status of a single gene cluster have been associated with the 

ability of a given iPS cell line to form viable mice through tetraploid complementation [38, 39].  

Utility of Somatic Cell Reprogramming 

 The generation of human iPS cells has opened the door for the widespread use of somatic 

cell reprogramming in the laboratory and clinical settings.  iPS cells, like ES cells, are 

karyotypically normal cells that can be propagated indefinitely in vitro.  Differentiation of either 

ES or iPS cells represents a useful means of obtaining a specific cell type of interest for scientific 

investigations.  Previously, investigators relied on primary cell cultures, which can be difficult to 

obtain and expand, or transformed cells, which can be easily expanded but harbor significant 

genetic mutations.  Oftentimes, researchers seek to create targeted genetic lesions in normal cells 

in culture in order to model the effects of a given disease.  While this process is somewhat 

efficient in mouse ES cells, it has been much more difficult to carry out in human ES cells.  

Additionally, it is not possible to model the effects of complex or unknown genetic lesions using 

these techniques.  Somatic cell reprogramming allows for a way around these technical barriers.  
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Disease-specific iPS cells can be generated directly from affected patients and then differentiated 

for use in basic research or high-throughput drug screening.  This approach has already led to the 

successful generation of a large number of iPS cell-based disease models that accurately 

recapitulate relevant disease phenotypes. 

 Despite the widespread use of hematopoietic stem cell transplantation, cell-based 

therapies largely represent an untapped resource in the fight against human disease.  Somatic cell 

reprogramming represents an important future weapon within this arsenal.  Patient-specific iPS 

cells could be generated and converted into needed cell types that could then be reintroduced 

back into a patient for therapeutic purposes.  This technique is well suited for the replacement of 

a single cell type that is absent or has been destroyed, as is observed in the case of autoimmune 

destruction of pancreatic β-cells in type I diabetes mellitus.  The autologous transplantation 

strategy should not activate an immune response and thus would not require dangerous regimens 

of immunosuppression.  The alleviation of the potential for complications due to immune 

rejection and immunosuppressive therapy alters the clinical risk-reward calculus, prospectively 

allowing these cells to be used as a treatment for a wide range of conditions. 

 However, regenerative therapies involving iPS cells come with their own set of risks.  iPS 

cells have an incredible proliferative capacity and the ability to differentiate into any cell type in 

the body given the appropriate cues.  Therefore, their accidental introduction in the 

undifferentiated state may lead to unpredictable consequences due to unchecked proliferation or 

disruption of normal tissue.  Additionally, iPS cells retain a small number of somatic mutations 

that may increase the risk of neoplastic transformation of their differentiated progeny [40].  The 

currently used method of reprogramming factor expression depends on engineered viruses that 

integrate transgenes into the genome of a target cell.  These random integration events may cause 
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insertional mutagenesis, which would also raise the risk of neoplasia in iPS-derived cells.  

Nucleic acid-free factor delivery based on protein transduction has been developed to overcome 

this concern, although reprogramming efficiency is greatly reduced [41, 42].  

Molecular Mechanisms of Reprogramming Factor Activity 

 Once the therapeutic potential of somatic cell reprogramming became apparent, the 

reprogramming factor mechanism of action emerged as an important topic of investigation.  

Insights into the reprogramming mechanism may allow for improvement in the efficiency and 

fidelity of iPS cell generation.  Moreover, these investigations may shed light on the large-scale 

reorganization of the epigenome that occurs during development in response to the action of 

transcription factors. 

 In this dissertation, chapter 2 reviews what is currently known regarding the molecular 

mechanisms of reprogramming factor activity.  Then, attention will be focused exclusively on 

Klf4 in chapters 3 and 4.  Work presented in chapter 3 characterizes regions of the Klf4 molecule 

that are important for its ability to induce pluripotency.  Additionally, critical residues within its 

main transactivation domain are mapped and a novel cofactor protein that interacts with this 

region is identified.  Chapter 4 reveals the molecular determinants within the Klf4 DNA binding 

domain that enable its reprogramming activity.  This work also determines the DNA binding 

specificities of proteins within the Klf family and proposes a structural explanation for the 

observed differences.  Finally, chapter 5 summarizes these results and outlines future directions 

in the study of the mechanism of induced pluripotency. 
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Abstract 

 Somatic cell reprogramming by defined factors is a form of engineered reverse 

development carried out in an in vitro cell culture.  This process, which is most often initiated by 

forced expression of three transcription factors (Oct4, Sox2, and Klf4), leads to a dramatic 

reorganization of the epigenome and concurrent change in gene expression that ultimately results 

in the induced pluripotent stem (iPS) cell fate.  Recent investigation has begun to elucidate the 

molecular mechanisms whereby these factors function during reprogramming.    

Introduction 

 Current reprogramming technology, pioneered by Takahashi and Yamanaka [1], was 

built on several seminal advances in the field of developmental biology.  First, nuclear transfer 

experiments demonstrated that a somatic cell nucleus could be epigenetically reset to an early 

developmental state.  Second, cell culture conditions were developed that allowed for the 

isolation and culture of pluripotent cells, termed embryonic stem (ES) cells, from the inner cell 

mass of the blastocyst.  Finally, study of these cells led to the identification of candidate factors 

that were ultimately able to reprogram mouse embryonic fibroblasts (MEFs) to the iPS state [1]. 

 Several groups rapidly followed up on the initial generation of iPS cells and 

demonstrated that these cells are functionally equivalent to ES cells in their ability to contribute 

to healthy adult mice and their offspring in addition to forming teratomas when injected into 

athymic mice [2-7].  In accordance with these results, the gene expression and chromatin states 

of iPS cells were also found to be strikingly similar to their ES counterparts [7-9].     

 Tremendous innovation has also occurred in the method of factor delivery to the somatic 

cells being reprogrammed.  Initially, reprogramming factors were expressed from retroviral 

transgenes integrated into the genome.  Subsequent advances have eliminated the requirement 
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for genomic insertion and viral infection altogether.  Additionally, iPS cells have been generated 

from a variety of somatic cell types (reviewed in [10]).  However, despite all of these advances, 

much remains to be learned about the reprogramming process itself.  We believe that the MEF 

reprogramming paradigm still holds the most promise for answering these questions due to the 

ease of obtaining primary cells that are genetically tractable and easy to expand and reprogram.  

The next frontier for the reprogramming field will be a complete mechanistic understanding of 

how the factors cooperate to reshape the epigenome and gene expression profile of a target cell.  

Enhancer and Replacement Factors 

 The core reprogramming cocktail, consisting of Oct4, Sox2, and Klf4 (OSK), can be 

augmented by the coexpression of factors that enhance the efficiency of iPS cell generation 

(Figure 2-1a).  Most well known of these enhancer factors is c-Myc, which was added alongside 

OSK in the original reprogramming experiments but later shown to be dispensible [1, 7, 11, 12].  

c-Myc, as well as family members N-Myc and L-Myc [11], are proto-oncogenes that act early in 

reprogramming to promote an active chromatin environment and enhance cell proliferation [9, 

13].  In support of the notion that c-Myc acts mainly in early reprogramming stages, c-Myc 

greatly enhances the generation of trapped reprogramming intermediates (pre-iPS cells) when 

combined with OSK.   

 Several transcription factors normally expressed in the early stages of embryonic 

development enhance reprogramming.  These include Glis1, Sall4, and Nanog [14-16].  This 

class of enhancer factors likely acts late in the reprogramming process to establish and stabilize 

the pluripotency transcription network.  In contrast to c-Myc, Glis1 added to OSK enhances the 

generation of iPS colonies without producing Nanog-negative, putative pre-iPS colonies [15].  

Remarkably, adding Glis1 and c-Myc together with OSK greatly enhances iPS colony formation 
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without the presence of Nanog-negative colonies, suggesting that Glis1 is able to coerce them to 

the fully reprogrammed state.  Nanog overexpression in pre-iPS cells leads to their conversion to 

iPS cells, demonstrating its late-stage reprogramming activity [17, 18].   

 The ability of cells to pass through the cell cycle has also been shown to be an important 

determinant of reprogramming efficiency.  Knockdown or gene deletion of p53, p21, or proteins 

expressed from the Ink4/Arf locus allows cells undergoing reprogramming to avoid the activation 

of cell cycle checkpoints and cellular senescence, leading to greater iPS formation [19].  

Consequently, it is likely that any manipulation that accelerates the cell cycle would enhance 

reprogramming.  Thus, reprogramming cultures should be monitored for alterations in their 

proliferation rate to determine whether the action of an enhancer factor can be attributed to 

changes in the cell cycle (Figure 2-1a). 

 In summary, the induction of pluripotency by OSK is a multistep progression whose 

course can be accelerated by enhancer factors.  The generation of pre-iPS cells and the 

conversion of these cells to the fully reprogrammed state allows one to assay for enhancers of the 

early and late stages of reprogramming, respectively.  It will be important to identify the subset 

of genes whose expression is changed by the introduction of each enhancer factor.  Do these 

genes work alongside the core gene expression changes conferred by OSK or do they simply 

amplify the magnitude and kinetics of these changes?  

 Replacement factors possess the unique ability to substitute for Oct4, Sox2, or Klf4 in 

reprogramming (Figure 2-1b).  Esrrb, an orphan nuclear receptor that is expressed highly in ES 

cells, has been reported to replace Klf4 [20].  Additionally, p53 knockdown has been shown to 

permit reprogramming in the absence of Klf4 [21].   
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 High-throughput screens have been used successfully to identify small molecule 

replacement factors.  Treatment of cells with kenpaullone allows reprogramming to occur 

without Klf4 [22], and several distinct classes of small molecules contribute to iPS cell 

generation in the absence of Sox2 [23-25].     

 Reprogramming enhancer and replacement factors are not necessarily mutually exclusive.  

Nr5a2, for instance, is capable of both enhancing reprogramming and replacing Oct4 [26].  In the 

human reprogramming system, Lin28 and Nanog, mentioned above as enhancer factors, combine 

to replace Klf4 [27]. 

 Replacement factors, despite their substantial molecular and functional divergence, may 

provide important insights into the mechanism whereby OSK function in reprogramming.  

Future work will demonstrate whether these factors regulate the same key genes and pathways as 

the reprogramming factors that they replace or whether they help achieve the iPS end state via 

different means. 

Gene Expression Changes During Reprogramming 

 The introduction of OSK brings about a dramatic change in the MEF transcriptional 

profile that eventually leads to induced pluripotency.  Of the genes examined by Sridharan et al. 

([9]; GSE14012) using expression microarrays, more than 6,000 change their expression by >2-

fold between MEFs and iPS cells (Figure 2-2a; 3,562 up/3,239 down; median overall fold 

change=1.59).  Expression changes in response to reprogramming factor induction begin 

immediately; however, the pluripotent state is not achieved until several days later.  Hierarchical 

clustering of data obtained from a reprogramming timecourse demonstrates that reprogramming 

can be separated into 3 distinct gene expression phases [28]. 
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 The first of these phases includes downregulation of lineage-specific genes and activation 

of a genetic program that radically alters cell morphology [28].  This change, known as 

mesenchymal-to-epithelial transition (MET), is activated by BMP/Smad signaling and inhibited 

by the TGF-β pathway [24, 28, 29].  The difference in morphology that results from MET is not 

simply cosmetic.  For example, knockdown of Cdh1, which encodes the epithelial protein E-

cadherin, significantly reduces reprogramming efficiency and iPS cell contribution to chimeric 

mice [29].   

 The intermediates generated in a reprogramming culture do not appear to be stable when 

factor expression is lost before pluripotency is achieved [28, 30].  In this instance, cells revert 

back to a MEF-like gene expression pattern [28].  In contrast, pre-iPS cells are a stable 

intermediate with maintained OSK and c-Myc overexpression [8, 9].  These cells have 

successfully downregulated fibroblast genes and initiated MET, but have not activated the self-

reinforcing network of transcription that characterizes the ES/iPS state [8, 13]. 

 Fully reprogrammed cells exhibit indefinite self-renewal and the capacity to differentiate 

into any of the cell types that make up the developing organism.  These unique properties are 

governed by a complex transcriptional program involving many transcription factors, including 

OSK expressed from their endogenous loci [13, 31].  Transcription factors within the 

pluripotency network appear to work cooperatively to regulate genes.  Genome-wide chromatin 

immunoprecipitation (ChIP) experiments demonstrate cobinding among these factors at levels 

well beyond what would be expected by chance [9, 13, 31].  Additionally, the presence of 

multiple factors at a given locus is associated with increased levels of ES/iPS cell-specific gene 

expression [9, 13, 31].   
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 Knockdown of any one of a number of transcription factors leads to loss of the 

pluripotent state, indicating the interconnected nature of the transcriptional network [32].  

However, one factor - Nanog - seems to be of special importance.  Overexpression of Nanog was 

able to rescue several of the aforementioned loss-of-function effects and allows ES cells to 

maintain pluripotency in the absence of the growth factor, LIF [32-34].  Furthermore, 

reprogramming of Nanog-deficient cells proceeds to the pre-iPS state but cannot transition to the 

iPS state due to impaired upregulation of the pluripotency network [17].  These data illustrate 

Nanog's central role in the establishment and maintenance of pluripotency and are consistent 

with its role as a late-stage enhancer of reprogramming.   

 Now that transcription factors within the pluripotency network have been largely 

identified, future research can determine their relative importance by performing similar gain- 

and loss-of-function assays to those described above involving Nanog.  Are all pluripotency-

associated factors enhancers of reprogramming?  Why or why not? 

 In addition to the changes in specific gene programs mentioned above, reprogramming 

fundamentally alters the cell in several important ways.  ES/iPS cells have an altered cell cycle 

with a shortened G1 phase [35].  Thus, reprogrammed cells have a reduced doubling time, and a 

greater fraction of these cells reside in the later phases of the cell cycle [35].  In order to protect 

genomic integrity during early development, ES/iPS cells have an enhanced capacity for DNA 

repair [36, 37].  Finally, pluripotent cells have an increased nuclear:cytoplasmic ratio when 

compared to differentiated cells as shown by electron microscopy [38]. 

 In accordance with the reduction in cell membrane surface area and secretory function 

relative to MEFs, iPS cells generally express genes whose products function outside of the 

nucleus at lower levels.  Signficantly enriched cellular compartment gene ontology (GO) terms 
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within the list of genes whose expression is reduced at least 2-fold from MEFs to iPS cells 

include: Golgi apparatus, endoplasmic reticulum, and extracellular matrix (Figure 2-2a).  

Conversely, genes whose expression is up at least 2-fold relative to MEFs act primarily within 

the nucleus and are enriched for GO terms such as nuclear lumen, chromosome, and chromatin 

(Figure 2-2a).  

 One important class of nuclear proteins whose gene expression is increased dramatically 

in ES/iPS cells relative to MEFs is chromatin modifying complexes (Figure 2-2b) [39].  These 

molecular machines modulate gene expression partly by covalent and non-covalent modification 

of nucleosomes.  The expression levels of physically associated subunits within these complexes 

are largely coordinately regulated during reprogramming.  For example, transcripts encoding the 

DNA methyltransferases (Dnmts) and the components of the PRC2 complex are highly 

upregulated as cells progress to the pluripotent state (Figure 2-2b).  On the other hand, the TFIID 

and MLL/Set complexes are more moderately upregulated as a whole, yet they contain highly 

upregulated individual subunits, which play important roles in pluripotency and reprogramming 

(Figure 2-2b; Taf7, Dpy30, and Wdr5) [40-42].  Finally, expression switches within chromatin 

modifying complexes may affect the induction of pluripotency.  Smarcc1 (BAF155) replaces 

Smarcc2 (BAF170) in the specific form of the BAF complex expressed in pluripotent cells 

(Figure 2-2b) [43]. 

 The presence of increased levels of chromatin modifying complexes in ES/iPS cells may 

serve one of two purposes.  First, these proteins may contribute to the maintenance of the self-

renewing, undifferentiated state.  Examples of this class, where loss-of-function disrupts self-

renewal, include Brg, Chd1, and Wdr5 [40, 43, 44].  Second, while a given protein may not be 

required for normal growth of ES/iPS cells, its presence may be required for the proper execution 
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of subsequent developmental events.  Thus, a loss-of-function phenotype will only be detected 

upon differentiation, as is seen for PRC2, G9a, TAF3, and the DNA methyltransferases - Dnmt1, 

Dnmt3a, and Dnmt3b [44-48].   

 In addition to their roles in ES/iPS cells, several components of the chromatin modifying 

machinery have been shown to affect reprogamming efficiency.  Knockdown of LSD1, as well 

as chemical inhibition of DNA methyltransferases and histone deacetylases, leads to enhanced 

reprogramming [49].  Also, overexpression of Jhdm1a, Jhdm1b/Kdm2b, and the SWI/SNF 

complex components - Brg1 and Baf155 - increases the efficiency of iPS cell generation [50, 

51].  In contrast, knockdown of Chd1 and Wdr5 inhibits reprogramming in a cell proliferation-

independent manner [40, 44].  Knockdown of candidate chromatin modifying proteins during 

human reprogramming identified DOT1L and members of the PRC1 and PRC2 complexes as 

modulators of reprogramming activity [52].  

Chromatin Changes During Reprogramming 

 Epigenetic changes during reprogramming, most frequently seen in the posttranslational 

modification status of histone tails, are likely to be both cause and consequence of the previously 

mentioned changes in gene expression.  Differences in H3K4me2 and H3K27me3 are detected 

rapidly upon reprogramming factor induction and oftentimes precede transcriptional 

upregulation of the underlying loci [53].  Shifts in the balance of "active" and "inactive" 

chromatin marks at proximal gene regulatory elements are highly correlated with transcriptional 

changes during reprogramming.  ChIP experiments demonstrate that the promoter regions of 

many genes with the greatest expression increases from MEFs to iPS cells lose H3K27me3 and 

gain H3K4me3 [7, 9].  Similar to what has been observed regarding changes in gene expression, 

the resetting of chromatin marks does not appear to occur all at once.  In support of this notion, 
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pre-iPS cells display an intermediate chromatin modification pattern that lies between the MEF 

and iPS states [9, 54]. 

 High-throughput sequencing coupled with ChIP has allowed for the identification of 

putative distal regulatory elements based on combinations of chromatin marks.  These 

"enhancer" regions have been mainly defined by the presence of H3K4me1 and H3K4me2 at 

sites that lie at a distance from transcription start sites, which are frequently marked by 

H3K4me3 [53, 55].  Chromatin at these distal sites is reset to an ES-like state over the course of 

the reprogramming process [53, 55].  In addition to promoting the proper expression of 

pluripotency-related genes, these sites may contribute to the developmental potential of 

pluripotent cells by maintaining a poised state that allows for the upregulation of lineage-specific 

genes in response to the appropriate signals [55].  Future studies that analyze more histone marks 

and incorporate machine learning techniques will help to better characterize these regions as well 

as other important chromatin states during iPS cell generation. 

    Over the course of reprogramming, cells experience dramatic global increases in a variety 

of "active" histone acetylation and methylation marks while H3K27me3 levels remain 

unchanged [54].  The majority of these changes occur during the late stages of reprogramming - 

between the pre-iPS and fully reprogrammed states [54].  Additionally, the number of 

heterochromatin foci per cell, as marked by HP1α, is reduced in iPS cells when compared to 

MEFs [54].  In accordance with this observation, electron spectroscopic imaging demonstrates 

that lineage-committed cells have compacted blocks of chromatin near the nuclear envelope that 

are not seen in the pluripotent state [56, 57].  The specific increase in "active" chromatin is 

somewhat surprising given that the expression levels of chromatin modifying complexes 

associated with both the deposition of "active" and "inactive" marks increase as reprogramming 
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proceeds.  Overall, changes in chromatin structure and histone marks coupled with increased 

transcription of repeat regions indicate that the pluripotent state may possess a unique, open 

chromatin architecture [39].   

 Another epigenetic modification, DNA methylation, plays an important role in silencing 

key pluripotency genes, including Oct4 and Nanog, as cells undergo differentiation.  During 

reprogramming, this repressive mark must be erased in order to allow for the establishment of 

induced pluripotency [2, 6-8].  Bisulfite sequencing demonstrates that removal of DNA 

methylation from pluripotency loci is a late event that can be placed between the pre-iPS and iPS 

states in the reprogramming continuum [8].  Furthermore, the enhancement in reprogramming 

efficiency in response to the DNA methyltransferase inhibitor, 5-aza-cytidine, is greatest when it 

is added in a brief window towards the end of the reprogramming process [8].           

Molecular Mechanisms of Reprogramming Factor Activity 

 Over the course of reprogramming, OSK vary considerably in their DNA binding 

patterns.  Eventually, however, they adopt an ES-like binding configuration upon reaching the 

iPS state [9].  Genes that exhibit the largest expression changes during reprogramming are 

frequently bound by all three reprogramming factors in ES and iPS cells [9].  Increased factor 

binding at gene promoters is associated with higher levels of transcription, indicating that OSK 

work together to regulate genes primarily as transcriptional activators [9].   

 Reprogramming factors must navigate a dynamic chromatin landscape at the various 

stages of iPS cell generation.  While it is plausible that DNA binding differences may be due in 

part to changes in local chromatin accessibility, OSK are not blocked by the presence of the 

repressive mark, H3K27me3 [9].  Despite this finding, future work may identify specific 

chromatin signatures that enable or inhibit reprogramming factor binding. 
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 While there is considerable overlap between the ChIP profiles of all three factors in ES 

cells, Oct4 and Sox2 are found together most frequently, whereas Klf4 binds to approximately 

twice as many sites genome-wide as either of the other factors [9, 13, 31].  Oct4 and Sox2 can 

bind cooperatively to composite sox-oct motifs that are frequently found within the regulatory 

elements of important pluripotency genes [58-60].  These genes include those that encode Oct4 

and Sox2 themselves, indicating that these factors act within autoregulatory positive feedback 

loops that help to reinforce the pluripotent state [58, 59]. 

 Reprogramming factors can sometimes be functionally replaced by paralogs within their 

respective families (Figure 2-3a).  Comparison of OSK with their paralogs grouped in terms of 

functional redundancy may provide insight into their mechanisms of action during 

reprogramming.  The binding pattern in ES cells and DNA binding specificity in vitro measured 

for Klf4 overlaps substantially with Klf2 and Klf5 [61].  Only triple knockdown of all three of 

these proteins together is sufficient to induce the loss of pluripotency [61].  However, each of 

these factors may also play more nuanced roles in maintaining self-renewal [62].  During 

reprogramming, Klf2, Klf5, and another close family member, Klf1, have been reported to 

replace Klf4 with varying degrees of efficiency (Figure 2-3a) [11].  Sox2, on the other hand, can 

be replaced by several diverse family members from across its phylogenetic tree, but not others 

(Figure 2-3a) [11].  Interestingly, reprogramming activity can be activated in Sox17, a 

reprogramming-incompetent paralog, by point mutation of two residues to the corresponding 

amino acids in Sox2 [63].  This change enables cooperative binding with Oct4 at a specific 

subset of sox-oct motifs [63].  Thus, the physical association between Sox2 and Oct4 when 

bound to DNA is likely to be critical for the induction of pluripotency.  Oct4 cannot be replaced 

by Oct1 or Oct6 in reprogramming, suggesting that it may possess divergent activity not seen in 
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other family members (Figure 2-3a) [11].  This difference in reprogramming activity among the 

POU factors may not be simply due to differences in DNA binding.  Oct1 and Oct4 both bind 

cooperatively to sox-oct elements in the Fgf4 enhancer, but only Oct4 promotes transcriptional 

activation of the gene [60, 64]. 

 Each reprogramming factor contains a highly conserved domain that functions primarily 

to bind DNA in a sequence-specific manner (Figure 2-3b).  The OSK DNA binding domains 

each have distinct evolutionary origins with differing modes of interacting with the double helix.  

Klf4 binds DNA through 3 tandem C2H2 zinc fingers that wrap around the major groove [65].  

Arginine and histidine side chains that project into the major groove and make contacts with the 

electronegative surface presented by guanine dictate Klf4's GC-rich DNA binding motif (Figure 

2-3c) [65].  Sox2 binds an AT-rich motif (Figure 2-3c) though its HMG box which forms an L-

shaped binding surface that exclusively contacts the minor groove [66].  This unique shape, 

along with amino acid side chains that intercalate between the DNA base pair stacks, creates a 

substantial bend in the DNA that is important for its ability to activate transcription [66, 67].  

Oct4 interacts with DNA through two separate domains containing helix-turn-helix motifs that 

each contact half sites within its DNA binding motif (Figure 2-3c) in a cooperative manner [68].    

 Additional residues that lie outside of the highly conserved DNA binding domains in 

OSK are also important for their ability to activate transcription and mediate reprogramming 

(Figure 2-3b).  Klf4 possesses an acidic transactivation domain (TAD) that interacts non-

covalently with SUMO-1 [69].  Oct4 contains TADs both N- and C-terminal of its DNA binding 

domains, while Sox2 contains several regions with transactivation activity C-terminal of its 

HMG box [70].  Since these regions were characterized using assays from different 
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developmental contexts, future work is needed to determine which of these TADs function in 

reprogramming.   

 Reprogramming efficiency can be enhanced by fusing TADs from other proteins to the 

reprogramming factors.  Addition of a TAD from VP16 to Oct4 or Sox2 increases 

reprogramming efficiency [71, 72].  Fusion of the MyoD TAD to either terminus of Oct4 

accelerates and enhances the induction of pluripotency [73].  This enhancement activity is highly 

specific, since a variety of other known TADs were unable to accomplish the same feat [73].  

Additionally, the MyoD TAD was unable to replace the transactivation regions within the Oct4 

protein, indicating that these TADs are functionally distinct [73].  Further investigation is needed 

to elucidate the mechanism by which these TADs cooperate with the reprogramming factors to 

enhance reprogramming.   

 The reprogramming factors likely effect changes in transcription through interaction with 

protein cofactors that recruit the RNA polymerase machinery or modify the local chromatin 

structure.  Several of these cofactors have been identified thus far.  For instance, Sox2 and Oct4 

have been reported to bind to a complex of XPC, RAD23B, and CENT2 to mediate the 

transactivation of Nanog [74].  Loss-of-function experiments demonstrated that these proteins 

are important for ES cell pluripotency and somatic cell reprogramming [74].  Additionally, 

several proteomic studies have identified a multitude of candidate interacting proteins that 

warrant further study [75-78]. 

 Reprogramming factor activity can also be modulated by posttranslational modifications 

(PTMs).  Oct4 phosphorylation at S229 within the POU homeodomain reduces its transactivation 

activity possibly by impairing DNA binding as a result of the disruption of a hydrogen bond with 

the DNA backbone [66, 79].  Reprogramming activity is completely abolished in a 



 

25 

phosphomimetic mutant (S229D) protein [80].  Additionally, Oct4 can be O-GlcNAcylated at 

T228 [80].  Mutation of this residue to alanine substantially reduces reprogramming activity, 

indicating that this PTM may be important for the induction of pluripotency [80].  Given these 

results, it will be important to examine the effects of other known OSK PTMs during 

reprogramming. 

 The identification and study of defined reprogramming factors has helped to gain insight 

into the mechanism of induced pluripotency.  Conversely, the process of reprogramming serves 

as a robust functional assay that allows us to advance our understanding of OSK.  In a broad 

sense, knowledge gained through the study of somatic cell reprogramming may be applicable to 

other gene regulatory events that transform the epigenome and drive embryonic development.   
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Figure 2-1  Enhancer and replacement factors.   

A) Example characterization of enhancer factors (X and Y).  Enhancer factors may act through 

proliferation-dependent (X) or -independent mechanisms (Y).  Example growth curves for MEFs 

infected with X, Y, or control retroviruses.  B) Example characterization of a Sox2 replacement 

factor (Z). 
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Figure 2-2  Gene expression changes during MEF reprogramming.   

Data derived from Sridharan et al. [9].  A) Log2 iPS/MEF expression ratios for each RefSeq gene 

ordered from highest to lowest.  Selected enriched GO terms from genes with at least a 2-fold 

expression difference.  B) Average log2 expression ratios for selected chromatin modifying 

complexes.  Red line indicates overall median expression change.  Expression changes for 

individual complex subunits normalized to MEF value.  Expression changes for Taf7 (green), 

Dpy30 (maroon), Wdr5 (purple), Smarcc1 (BAF155, red), and Smarcc2 (BAF170, blue) are 

highlighted. 
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Figure 2-3  Reprogramming factors Oct4, Sox2, and Klf4.   

A) Phylogenetic trees show evolutionary relationships to paralogs.  Colors highlight family 

members that are able (green) or unable (red) to mediate reprogramming [11].  B) Schematic of 

each reprogramming factor with DNA binding domains indicated by colored boxes and 

transactivation domains underlined in red.  C) Reprogramming factor DNA binding motifs 

determined by de novo motif discovery. 
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Introduction 

 Somatic cell reprogramming refers to the conversion of a differentiated cell, such as a 

mouse embryonic fibroblast (MEF), into a pluripotent, embryonic stem cell (ESC)-like state.  

Reprogrammed cells, known as induced pluripotent stem cells (iPSCs), can be reliably generated 

through the ectopic expression of three transcription factors  - Oct4, Sox2, and Klf4 - in a target 

cell [1, 2].  This procedure holds tremendous promise for regenerative therapies whereby patient-

specific cells of a certain lineage could be generated following differentiation of their iPSCs.   

 Klf4 plays an essential role in the reprogramming process, although its mechanism of 

action is still widely under investigation.  Cobinding of Klf4 with Oct4 and Sox2 during 

reprogramming occurs at the promoter regions of pluripotency-specific genes and is associated 

with their upregulation [3].  Knockdown of Klf4 in ESCs, along with its functionally redundant 

family members, leads to the loss of self-renewal [4].  On the contrary, the capacity of Klf4 to 

promote the pluripotent state is somewhat surprising given its anti-proliferative activity and role 

in the terminal differentiation of epithelial cells in the gut [5].  Klf4 has been described as both 

an oncogene as well as a tumor suppressor, depending upon the type of cancer under 

consideration [5].  Thus, it is plausible that expression of Klf4 leads to disparate effects in 

different cellular contexts. 

 Klf4 contains two well-characterized domains that may contribute to its ability to effect 

reprogramming.  First, the highly conserved C-terminal DNA binding domain is known to bind 

sequence-specifically to a GC-rich motif [6, 7].  Second, a region near the N-terminus has been 

shown to possess potent transactivation activity, which is dependent upon its acidic residues [8].  

However, the functional relevance of these and other domains in reprogramming has not yet 

been established. 
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 Here, we use mutagenesis to probe the importance of various regions of Klf4 in 

reprogramming.  We identify three domains that are essential for induced pluripotency.  

Furthermore, we characterize a novel transactivation domain (TAD) that functions in 

reprogramming in the absence of the well-studied acidic TAD.  Within the acidic TAD, we find 

that reprogramming-specific transactivation is driven by a previously unidentified subregion in 

its C-terminal half containing critical hydrophobic residues.  In a search for potential coactivators 

that associate with this region, we isolated clathrin heavy chain, which binds specifically through 

a consensus binding motif. 

Results 

Klf4 Deletion Mutagenesis Identifies Regions Required for Reprogramming 

 To identify regions of Klf4 that function in somatic cell reprogramming, we assayed 

deletion mutants for their ability to replace the full-length protein.  Klf4 constructs were 

expressed in MEFs along with Oct4 and Sox2 using retroviruses on day 0 of the reprogramming 

procedure (Figure 3-1a).  On day 5, the reprogramming culture was transitioned to media 

containing KSR (Figure 3-1a).  Finally, each experiment was stopped on day 12 and 

reprogramming was quantified by counting Nanog+ colonies (Figure 3-1a).   

 Each construct was monitored for expression and subcellular localization defects that 

might confound the interpretation of a reprogramming result.  Only mutants that exhibit similar 

expression levels, viral infection efficiencies, and subcellular localization to wild-type Klf4 are 

presented.  These attributes were monitored by Western blotting and immunofluorescence 

against a FLAG epitope that was added to the N-terminus of each construct.  Representative data 

from these control experiments is presented in Figure 3-2.  Additionally, the presence of the 

FLAG epitope did not affect reprogramming efficiency (Figure 3-3b,c).   
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 As a further control, we measured the effect of reduced viral titer on Nanog+ colony 

formation.  Reduction in the amount of virus added led to a sub-linear reduction in 

reprogramming efficiency, indicating that the amount of virus added in our experiments 

approaches saturation of reprogramming efficiency (Figure 3-3a).  Thus, large differences in 

reprogramming efficiencies cannot be explained by small fluctuations in viral titer.  

  Several separable regions within Klf4 are critical for its reprogramming activity.  At the 

C-terminus, the highly conserved DNA binding domain, consisting of 3 tandem C2H2 zinc 

fingers, is necessary for iPSC colony formation (1-396, Figure 3-1b).  Therefore, Klf4 likely 

must bind to target stretches of DNA in a sequence-specific manner to effect reprogramming.   

 Another region, which lies immediately N-terminal to the DNA binding domain and 

clearly outside of the zinc finger fold, is also required for reprogramming (Figure 3-1b).  This 

region (residues 350-396) contains a basic stretch that has been previously identified as a nuclear 

localization signal (NLS, residues 383-396) [9].  However, Klf4 also contains another NLS 

within its DNA binding domain [9], and nuclear localization is unaffected by the Δ350-396 

mutation (data not shown).  It is notable that the basic residues contained in the 383-396 region 

are well-conserved in family members, Klf1 and Klf2, which can mediate reprogramming in 

place of Klf4 [1, 9].  Interestingly, a region containing several basic residues immediately N-

terminal of the DNA binding domain within Sp1 was shown to be important for its ability to 

activate transcription [10].   

 Deletion of the first 89 amino acids from the N-terminus did not alter reprogramming 

efficiency.  However, additional removal of the following 21 residues led to a dramatic, but not 

complete, reduction in the number of iPSC colonies observed (Figure 3-1b).  This region 

(residues 90-110) contains a well-characterized acidic TAD [8, 11].  Deletion of this region or 
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mutation of its acidic residues leads to a complete loss of transactivation activity in CHO cells, 

HEK293T cells, and yeast [8, 11].  Furthermore, mutation of these acidic residues completely 

disrupts the growth-suppressing phenotype that results from wild-type Klf4 overexpression in 

Rat1a and COS-1 cells [8, 11].  In contrast to these prior observations from other assays, 

reprogramming activity remains in deletion mutants lacking residues 90-110, suggesting that 

residues 111-209 may also contain transactivation activity that functions specifically in the 

reprogramming context (Figure 3-1b).  This putative activity is likely present in multiple places 

within residues 111-209 since the 170-483 construct still leads to iPSC colony formation, albeit 

at a lower efficiency than 111-483 (Figure 3-1b).  Reprogramming activity was completely 

abolished in the 210-483 and 290-483 constructs, indicating that sequences within the 90-209 

region are required to generate iPSCs (Figure 3-1b).    

 We sought to further assess the relative importance of portions of the 111-209 region by 

deleting them in the presence of the acidic TAD.  Deletion of three subregions of 111-209 in this 

context had no effect on the generation of iPSC colonies (Figure 3-1b).  Thus, these putative 

TADs are accessory to the acidic TAD (residues 90-110) and only impact reprogramming 

efficiency in its absence.   

 Klf4 has been previously shown to be post-translationally modified at several sites.  

Phosphorylation within a serine-rich region C-terminal to its acidic TAD has been reported to 

contribute to protein degradation and loss of ESC self-renewal [12].  Thus, it is tempting to 

hypothesize that deletion of these serines may lead to enhanced reprogramming.  However, 

deletion of this region (residues 111-144) had no effect on reprogramming activity (Figure 3-1b).  

Additionally, Klf4 was shown to be SUMOylated at Lys 275 [11].  Mutation of this residue to 

arginine also did not affect reprogramming efficiency (Figure 3-4). 
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The Acidic TAD Exhibits Reprogramming-specific Function 

 We examined the ability of other well-studied TADs to rescue Klf4 deletion mutants 

lacking N-terminal sequences.  Sp1 and VP16 contain powerful TADs that lead to robust 

transcriptional activation when tethered to the promoters of reporter genes [10, 13].  These 

domains are enriched for distinct classes of amino acids - Sp1 is glutamine-rich, while VP16 is 

acidic, analogous to Klf4 90-110.  Previous experiments that fused the VP16 TAD to several 

reprogramming factors led to enhanced iPSC colony formation [14].  Additionally, fusion of the 

MyoD TAD to either terminus of Oct4 enhanced reprogramming [15].  However, the MyoD 

sequence could not substitute for the endogenous TADs within Oct4 [15].  Fusion of the Klf4, 

but not Sp1 or VP16, TAD to the reprogramming-deficient 210-483 construct resulted in a 

partial rescue of reprogramming activity (Figure 3-5a).  Surprisingly, a C-terminal portion of the 

TAD consisting of residues 100-110 was also able to partially rescue the defect in iPSC colony 

formation (Figure 3-5a).  This region lacks acidic residues that had previously been shown to be 

required for the transactivation and anti-proliferative functions of Klf4 [8, 11].  Thus, 

reprogramming seems to employ a specific subregion of the Klf4 TAD (residues 100-110).   

 Partial rescue may be due to the placement of the TAD adjacent to a region that had been 

previously shown to contain transcriptional repression activity [16].  Thus, we assayed the Klf4 

90-110 and VP16 TADs for their ability to rescue the 170-483 mutant, which exhibits 

substantially reduced reprogramming activity relative to the full-length protein (Figure 3-5b).  

The Klf4 TAD fully restores reprogramming activity, while VP16 does not rescue the lost 

reprogramming function (Figure 3-5b).              

Hydrophobic Residues within the Acidic TAD are Critical for Reprogramming     
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 Given that the acidic TAD is important for reprogramming activity, we aimed to identify 

residues within this region that are required for reprogramming-specific transactivation.  To do 

this, we made similar point mutations to those made by Du et al. [11] and tested them in the 90-

483 deletion mutant, which reprograms MEFs with an efficiency similar to full-length Klf4 (1-

483, Figure 3-6a).  Previous work shows that mutation of three glutamate (Figure 3-6a, 3EA, 

red) or two aspartate residues (Figure 3-6a, 2DA, green) caused a complete loss of function in an 

anti-proliferation assay and multiple transactivation assays, whereas a double mutation of a 

leucine and an isoleucine residue (Figure 3-6a, LI, blue) led to partial loss of function [11].  Each 

of these mutations disrupted a non-covalent interaction with SUMO-1 that may be important for 

transcriptional activation [11].  Strikingly, mutation of the acidic residues causes little change in 

reprogramming efficiency, while the LI mutation leads to dramatically reduced reprogramming 

(Figure 3-6a).  The level of reprogramming driven by 90-483 LI is similar to what was observed 

when the acidic TAD was deleted entirely (111-483, Figure 3-1b), suggesting that the leucine 

and isoleucine residues may be required for reprogramming-specific transactivation.   

 The LI mutation falls within the C-terminal subregion of the TAD that bears homology to 

putative acidic TADs in the N-terminal portions of several other reprogramming-competent Klf 

family members - Klf1, Klf2, and Klf5 [1, 17].  These regions contain a mixture of conserved 

acidic and hydrophobic residues.  A 6-amino acid stretch is absolutely conserved in Klf2 (Figure 

3-6a, underline).  Klf2 is the most closely related paralog to Klf4 by sequence conservation and 

exhibits the strongest reprogramming activity of the other family members [1].   

 Our data indicate that Klf4 observes unique amino acid dependencies within its acidic 

TAD in the reprogramming context.  We wondered if the decreased reprogramming activity of 

the 90-483 LI mutation can be explained by differences in its transactivation activity.  To test 
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this hypothesis, we performed dual luciferase assays in two reprogramming-related cell types - 

MEFs and ESCs.  ESCs were chosen because they are functionally equivalent to iPSCs.  The 90-

110 region functioned as a potent TAD in both MEFs (Figure 3-6b) and ESCs (Figure 3-6b), 

approaching the level of reporter activation seen from VP16.  Mutation of the glutamate residues 

reduced transactivation ~10-fold in both cell types (Figure 3-6b,c, 90-110 3EA).  However, this 

reduction was not nearly as dramatic as what was previously observed in similar assays in other 

cell types where transactivation activity was completely abolished [8, 11].  Also in contrast with 

previous findings, the LI mutation resulted in an almost complete loss of transactivation activity 

that greatly exceeded the reduction observed due to 3EA (Figure 3-6b,c) [11].  Therefore, the 

acidic TAD depends on different critical amino acids to activate transcription in different cell 

types as measured by reporter gene assays.  The reprogramming activity attributable to the 90-

110 region in the 90-483 LI construct correlates with its transactivation activity, suggesting that 

the LI mutation may lead to reduced reprogramming as a result of inefficient transcriptional 

activation.  The 111-209 region, which is required to mediate reprogramming in the absence of 

the acidic TAD, possesses weak transactivation activity in MEFs and ESCs relative to residues 

90-110 (Figure 3-6b,c).  However, its reporter gene activation significantly exceeds 90-110 LI 

(Figure 3-6b,c).  Thus, the residual reprogramming activity in the 111-483 and 90-483 LI 

constructs may be driven by weak transactivation activity contained in residues 111-209.   

Clathrin Heavy Chain Binds to the Acidic TAD through a Clathrin-box Motif  

 We hypothesized that the leucine and/or isoleucine within the C-terminal portion of the 

Klf4 acidic activation domain altered by the LI mutation make specific contacts with a 

coactivator present in MEFs and ESCs to mediate reprogramming.  Thus, we attempted to isolate 

proteins that bind specifically to the wild-type 90-110 sequence from ESC nuclear extract by 
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affinity purification. Silver staining of elution fractions separated on a polyacrylamide gel 

identified a high molecular weight protein in the 90-110 purification that was not found in 90-

110 LI or GST only purifications (Figure 3-7a).  Analysis of the first elution fraction from each 

purification suggests that this protein is clathrin heavy chain (Figure 3-7b).  Searching within the 

primary sequence of the 90-110 region revealed the presence of a clathrin-box binding motif that 

is specifically disrupted by the leucine to alanine mutation in the LI mutant (Figure 3-7c).  This 

motif perfectly matches the consensus of LφXφ[DE] (φ represents large hydrophobic residues), 

which recognizes a specific site in the N-terminal β-propeller domain of clathrin heavy chain 

[18]. 

 Clathrin heavy chain is well known for its role in vesicle trafficking in the cytoplasm.  

However, recent work implicates this protein in transcriptional activation.  A small fraction of 

the clathrin heavy chain protein in a cell was found to be present in the nucleus [19].  

Additionally, clathrin heavy chain binds an acidic TAD within p53, and this interaction is 

important for the ability of p53 to activate transcription [19, 20].  Similar to what we have 

observed regarding Klf4, binding depends on hydrophobic residues within the acidic TAD, 

although these residues comprise a distinct motif that competes with clathrin light chain to make 

contact with a site within the C-terminal portion of clathrin heavy chain [19-21].         

Discussion 

 Klf4 is a critical component of the reprogramming cocktail, originally identified by 

Takahashi and Yamanaka, which resets somatic cells to the pluripotent state [22].  In this study, 

we dissected the functional domains of Klf4 by mutagenesis to identify regions important for 

reprogramming.  We determined that Klf4 contains three distinct regions that are required for its 

reprogramming activity - N-terminal TADs, the C-terminal DNA binding domain, and a C-
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terminal region of unknown function.  Follow-up experiments are necessary to determine 

whether this C-terminal region is required for the ability of Klf4 to activate transcription and 

whether this activity is related to the inability of the Δ350-396 construct to mediate 

reprogramming.  The separable and modular nature of the transactivation and DNA binding 

domains indicates that Klf4 functions as a classic transcription factor in the model of proteins 

such as GAL4.   

 Within the N-terminal portion of the Klf4 protein, we identified a region (residues 111-

209) containing weak transactivation activity that functions specifically in the reprogramming-

relevant cell types used - MEFs and ESCs.  The presence of this region allowed for iPSC 

generation in the absence of the much stronger acidic TAD (residues 90-110).    

 We found that a subregion of the TAD (residues 101-110) alone is sufficient to partially 

rescue the reprogramming function of a deletion mutant lacking the N-terminal TADs.  

Additionally, we identified a reprogramming-specific dependence on hydrophobic residues 

within the 90-110 TAD for reprogramming and transactivation activity.  These results stand in 

stark contrast to previous findings regarding the functions of the residues within the 90-110 

region using different assays in other cell types, suggesting that reprogramming may employ a 

distinct mechanism of transcriptional activation using this sequence.   

 We observed high levels of luciferase reporter activity in both MEFs and ESCs in 

response to the expression of the Klf4 90-110 fusion protein.  Therefore, the coactivators that 

interact with this TAD during reprogramming are likely to be present throughout the entire 

process and would not need to be "unlocked" by a later reprogramming event.  We also noticed a 

rough correlation between reprogramming efficiency and transactivation activity due to the N-

terminal domains.  For example, the defect in iPSC colony formation in the 90-483 LI mutant, 
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which had comparable reprogramming efficiency to 111-483, corresponds to the almost 

complete loss of transactivation activity observed from the 90-110 LI sequence in the luciferase 

reporter assay.  Nevertheless, this putative relationship between reprogramming and 

transactivation activity is not perfectly linear.  The reprogramming activity of the 90-483 3EA 

mutant is similar to the wild-type 90-483 construct, whereas the 3EA mutation results in a ~10-

fold reduction in transactivation activity.  However, despite this reduction, transactivation 

mediated by the both the wild-type and 3EA mutant acidic TADs is still quite strong.  Thus, the 

transactivation function attributable to the three glutamate residues does not likely play an 

important role in reprogramming, while the transactivation activity disrupted by the LI mutation 

has a critical function in reprogramming-specific gene activation.  Given the relationship 

observed between reprogramming and transactivation activity, we speculate that Klf4 may 

mediate reprogramming solely through transcriptional activation events.         

 The residues disrupted within Klf4 by the LI mutation likely interface with an important 

transcriptional coactivator during reprogramming.  One candidate coactivator is Tfb1/p62, a 

subunit of the TFIIH complex that binds to the acidic TAD of Klf1 [17].  The binding interface 

consists of hydrophobic residues projecting from the extended TAD into hydrophobic pockets on 

the surface of Tfb1/p62 [17].  The leucine mutated in the LI construct aligns with a tryptophan 

residue in Klf1 that makes a specific contact with Tfb1/p62 and is critical for transactivation 

activity [17].   

 We took an open-ended approach to search for coactivators that bind to the acidic TAD 

of Klf4 via the leucine and/or isoleucine residues.  To our surprise, we identified clathrin heavy 

chain as a specific interactor with the wild-type 90-110 TAD.  This region contains a clathrin-

box motif that is disrupted by the leucine to alanine mutation in the LI construct, explaining the 
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specific binding to the wild-type protein.  The LI mutation completely abolished clathrin heavy 

chain binding as well as transactivation and reprogramming activity driven by the acidic TAD.  

These results suggest that clathrin heavy chain may serve as an important coactivator that allows 

Klf4 to activate reprogramming-specific transcriptional events.  Due to its large size and the 

numerous interaction sites on its surface, clathrin heavy chain may serve as a nuclear scaffold 

that allows multiple transcriptional regulators to assemble on its surface.      

 It is important to note that the 2DA mutation includes the D104A mutation, which also 

disrupts the clathrin-box motif.  This mutation had a minimal effect on reprogramming efficiency 

and was not tested in the transactivation assay. Despite the disruption of the clathrin-box, it is 

possible that the negatively-charged aspartate residue in the last position is not critical for 

clathrin heavy chain binding since alternative clathrin-interacting motifs have been identified 

containing hydrophobic residues at this site [23].  Thus, it will be important to determine the 

ability of this mutant to activate transcription and bind to clathrin heavy chain.   

 Our data demonstrate that the Klf4 acidic TAD is specific for reprogramming and cannot 

be replaced by TADs from Sp1 and VP16.  Since an acidic TAD within p53 was shown to 

function by interacting with clathrin heavy chain [19-21], it will be interesting to test whether the 

Klf4 TAD can be replaced by this sequence.   

Materials and Methods 

Retrovirus Production 

 Retroviruses carrying mutant Klf4 constructs were produced according to the protocol of 

Takahashi and Yamanaka [22] with minor modifications.  Klf4 variants were FLAG-tagged and 

cloned into pMXs using the In Fusion PCR Cloning System (Clontech).  The Sp1 (NCBI 

Accession: NP_038700) transactivation domain fusion construct contains residues 145-494.  The 
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VP16 (NCBI Accession: NP_044650) transactivation domain fusion construct contains residues 

413-455.  For each virus, a 10 cm plate of Plat-E cells at ~40% confluence was transfected with 

12.5 ug of plasmid using PEI overnight.  The following morning, the transfection mixture was 

removed and replaced with 8 ml of mES media containing 15% FBS.  24 h later, viral 

supernatent was collected and stored at 4°C.  An additional 8 ml of media was added to the cells 

and collected the following day.  Viral supernatents were pooled, aliquoted, frozen in liquid 

nitrogen, and stored at -80°C.    

Reprogramming 

 MEFs, harvested from E14.5 embryos, were seeded onto 6-well plates in MEF media and 

allowed to expand to ~50% confluence.  For each reprogramming experiment, media was 

removed and replaced with 1 ml of infection mixture overnight.  This mixture contained 250 µl 

of each viral supernatent (Oct4, Sox2, and Klf4 variant), 250 µl of mES media containing 15% 

FBS, and 1 µg/ml polybrene.  This mixture was replaced the following morning with mES media 

containing 15% FBS.  After 2 days, reprogramming cultures were split 1:5 onto 22x22 mm glass 

coverslips (Fisher Scientific) and into separate wells to monitor factor expression by Western 

blotting and immunofluorescence.  5 days after initial viral infection, media was changed to mES 

media containing 15% KSR.  Media was changed every 3 days until the experiment was stopped 

12 days post-infection.    

Western Blotting 

 For each reprogramming experiment, a single well of a 6-well plate was harvested 5 days 

post-infection for analysis by Western blotting to monitor factor expression.  Cells pellets were 

disrupted by sonication in 250 µl lysis buffer containing 1% SDS in 1xPBS with 0.5 mM DTT 

and cOmplete protease inhibitor (Roche).  Lysate was centrifuged and mixed with 4x LDS 
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sample buffer and 10x sample reducing agent and separated on a 4-12% Bis-Tris polyacrylamide 

gel (Invitrogen).  Protein was transferred to a nitrocellulose membrane (Whatman) and Western 

blotting was performed using the LI-COR Odyssey system and reagents.  Wash steps used 

1xPBS + 0.1% Tween-20.  The following antibodies and dilutions were used:  α-FLAG (Sigma, 

F1804) 1:1,000; α-GAPDH 1:10,000 (Fitzgerald, 10R-G109a), IRDye 800 donkey anti-mouse 

IgG 1:20,000 (LI-COR). 

Immunofluoresence 

 At 4 days post-infection, cells split onto 12 mm circle glass coverslips (Fisher Scientific) 

were analyzed by immunofluorescence to monitor infection efficiency, factor expression, and 

subcellular localization.  Cells were washed in 1xPBS, fixed with 4% paraformaldehyde in 

1xPBS, and permeablized with 0.5% Triton X-100 in 1xPBS.  Coverslips were blocked with 

0.2% fish skin gelatin, 0.2% Tween-20, and 5% goat serum in 1xPBS.  Antibodies were diluted 

in blocking buffer and wash steps were carried out with 1xPBS + 0.2% Tween-20.  Coverslips 

were mounted onto glass slides using Aqua-Poly/Mount (Polysciences).  The following 

antibodies and dilutions were used:  α-FLAG (Sigma, F1804) 1:200; Alexa Fluor 546 goat anti-

mouse IgG 1:1,000 (Invitrogen, A-11003). 

 Reprogramming coverslips fixed 12 days post-infection were immunostained for the 

presence of Nanog using the procedure listed above.  The following antibodies and dilutions 

were used:  α-Nanog (Abcam, ab80892) 1:200; Alexa Fluor 488 goat anti-rabbit IgG 1:1,000 

(Invitrogen, A-11008).  Nanog+ colonies were counted using an upright fluorescence microscope 

(Zeiss Axio Imager).  7 non-overlapping strips representing the width of a 20x field and the 

length of the coverslip were counted for each coverslip.  Cell clusters containing at least 5 

Nanog+ cells were deemed to be iPS colonies.   
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Dual Luciferase Assay 

 Putative transactivation domains were cloned into pBXG1 to generate GAL4 fusion 

proteins using the In Fusion PCR Cloning System (Clontech).  2.5 x 104 V6.5 mES or primary 

E14.5 MEF cells were added in 750 µl media to a transfection mixture containing 50 µl OPTI-

MEM, 7.5 µl 1 mg/ml PEI pH=7.2, 200 ng pBXG1 expression vector, 40 ng pGL4.75, and 800 

ng G5E4T luc reporter vector in a 24-well plate.  Plates for V6.5 mES cells had previously been 

coated with gelatin.  Experiments were carried out in triplicate for each construct tested.  Cells 

were harvested 36 h post-transfection by trypsinization and transferred into a 96-well plate.  

Luciferase readings were made according to the protocol of the Dual-Luciferase Reporter Assay 

System (Promega, E1910). 

Production of GST Fusion Proteins 

 Klf4 wild-type and mutant transactivation domains were cloned into pGEX-4T-1 (GE 

Healthcare) using the In Fusion PCR Cloning System (Clontech).  Plasmids were transformed 

into BL21-CodonPlus(DE3)-RIL E.coli (Stratagene) and a single colony was used to inoculate 

an overnight culture in LB ampicillin.  The following morning, the overnight culture was diluted 

1:100 and grown at 25°C to OD600~0.8.  IPTG was added to a final concentration of 1 mM and 

the culture was grown overnight at 14°C.  The culture was harvested by centrifugation at 500 x g 

for 10 mins.  The resultant pellet was resuspended in lysis buffer containing 1xPBS, 5% glycerol, 

1 mM DTT, and cOmplete protease inhibitor (Roche) and disrupted with sonication pulses.  

After centrifugation, Triton X-100 was added to the supernatent to a final concentration of 0.1%.  

This lysate was bound to glutathione sepharose beads (GE Healthcare) for 1 h at 4°C via end-

over-end rotation.  Beads were washed 3 x 5 minutes with wash buffer containing 1xPBS, 5% 

glycerol, and 1 mM DTT.  Purified protein was eluted in wash buffer with 10 mM reduced 
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glutathione adjusted to pH=8.0.  Purification was monitored by Coomassie staining of fractions 

separated on an SDS-PAGE gel.  Peak fractions were mixed 1:1 with storage buffer (1xPBS, 

35% glycerol, 1 mM DTT) and aliquots were frozen in liquid nitrogen and stored at -80°C. 

Affinity Purification 

 GST fusion proteins were dialyzed against 20 mM HEPES pH=7.9, 150 mM NaCl, 5% 

glycerol, 0.5 mM DTT in a 7,000 MWCO Slide-A-Lyzer Dialysis Cassette (Thermo Scientific, 

66370) to remove residual glutathione.  1.4 mg of each protein was coupled to 150 µl Affi-Gel 

15 resin (Bio-Rad) overnight at 4°C via end-over-end rotation.  Resin was incubated with 100 

mM Tris, 8 M Urea at 4°C via end-over-end rotation to remove non-covalently bound protein 

and block unreacted sites. Coupling was monitored by Coomassie staining of fractions separated 

on an SDS-PAGE gel and A280 spectroscopy.  Each resin was incubated with 2.2 mg of E14 mES 

nuclear extract prepared by the method of Dignam et al. [24] at 4°C via end-over-end rotation.  

Wash steps were performed in 20 mM HEPES pH=7.9, 150 mM KCl, 0.2 mM EDTA, 20% 

glycerol, 0.5 mM DTT, cOmplete EDTA-free protease inhibitor (Roche).  Bound proteins were 

eluted 100 mM Tris, 8 M Urea, 0.5 mM DTT at room temperature via end-over-end rotation. 

Mass Spectrometry 

 Affinity purification eluates were digested with trypsin and Lys-C.  Peptides from each 

sample were loaded onto a pulled silica capillary packed with strong cation exchange 

(Partisphere) and reversed phase (C-18) resins.  Salt steps of increasing concentration of 

ammonium acetate driven by an HPLC pump (Agilent) were used to move subpopulations of 

peptides from the strong cation exchange resin to the reversed phase resin for further separation.  

As these peptides eluted from the reversed phase resin, they were subjected to electrospray 

ionization and analyzed using an LTQ-Orbitrap mass spectrometer (Thermoelectron).  Tandem 
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mass spectra were then analyzed using SEQUEST to find the proteins that were the sources of 

the identified peptides.   
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Figure 3-1  Klf4 deletion analysis reveals several regions required for reprogramming.   

A) Overview of reprogramming protocol.  A Klf4 variant was delivered into MEFs along with 

Oct4 and Sox2 using retroviruses on day 0.  Cells were transitioned to KSR mESC media on day 

5.  Cells were fixed on day 12 and immunostained for Nanog, which marks fully reprogrammed 

iPSCs.  Example images of MEFs (left) and iPSCs (right) (Nanog - green, DAPI - blue).  B) Klf4 

deletion mutants reprogramming colony counts expressed as a percentage of wild-type control 

(1-483).  The DNA binding domain (3xZF, green) and characterized TAD (AD, red) are 

indicated.  Red lines highlight regions found to be important for reprogramming. Numbers 

indicate Klf4 residues.  Graph contains data collected from separate reprogramming experiments.  

Each sample is normalized to the wild-type control performed within its respective experiment.  

Error bars represent standard deviation.  Error bars for 1-483 are from the experiment with the 

largest standard deviation.    
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Figure 3-2  Representative analysis of Klf4 construct expression and subcellular 

localization patterns during reprogramming.   

Data shown corresponds to reprogramming experiment from Figure 3-6a.  A) Western blotting 

for FLAG, which recognizes N-terminal epitope tag on each construct, and GAPDH.  Stars mark 

non-specific bands.  Numbers indicate normalized band intensity of FLAG relative to GAPDH.  

Total protein lysates were isolated from day 5 of the reprogramming culture.  B) Immunostaining 

for FLAG.  Klf4 mutants all localize to the nucleus similar to the full-length construct (1-483).  

A similar level of infection efficiency was observed in each condition.  Cells were fixed at 

reprogramming day 4. 
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Figure 3-3  Analysis of the effect of viral titer and FLAG epitope tag on reprogramming 

efficiency.   

A) Titration of Klf4 1-483 virus.  1 represents the quantity of Klf4 viral supernatent normally 

added to reprogramming experiments.  Remainder of fraction was supplemented with media 

collected from mock transfected Plat-E cells.  Error bars represent standard deviation.  B) 

Addition of FLAG epitope to the Klf4 N-terminus does not alter the reprogramming efficiency of 

the full-length protein. Error bars represent standard deviation.  C) Acidic FLAG residues are not 

responsible for high level of reprogramming activity seen in the 90-483 3EA construct or the 

residual level of reprogramming activity remaining in the 111-483 construct.  Error bars 

represent standard deviation. 
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Figure 3-4  Mutation of K275 SUMOylation site does not affect reprogramming.   

K275R mutant has similar reprogramming activity to wild-type. Error bars represent standard 

deviation. 
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Figure 3-5  The Klf4 N-terminal TAD exhibits reprogramming-specific activity.   

A) TADs from Klf4 (red), VP16 (purple), and Sp1 (blue) were fused to N-terminus of the 

reprogramming-deficient Klf4 210-483 construct. Only TAD sequence from Klf4 was able to 

partially rescue reprogramming function.  B) Klf4 170-483 exhibits substantially reduced 

reprogramming activity relative to the full-length protein.  Klf4 90-110 (red, AD), but not VP16 

(purple), restores full reprogramming activity. Error bars represent standard deviation. 
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Figure 3-6  Hydrophobic residues are critical for reprogramming-specific transactivation.   

A) Reprogramming experiment analyzing the effect of point mutations within the 90-110 TAD.  

3EA (red), 2DA (green), and LI (blue) mutations are highlighted.  Underlined sequence indicates 

absolute conservation with Klf2.  Error bars represent standard deviation.  Dual luciferase assay 

performed in MEFs (B) and ESCs (C).  Labels indicate sequences fused to GAL4 DNA binding 

domain.  Error bars represent standard deviation. 
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Figure 3-7  Clathrin heavy chain binds to the 90-110 TAD through a consensus motif.   

A) Silver-stained gel showing elution fractions purified from ESC extract using Klf4 90-110 

variants fused to GST.  Marker molecular weights are indicated.  Note band between 160 and 

260 kDa present only in the 90-110 wild-type purification.  B) Identification of clathrin heavy 

chain by mass spectrometry.  C) Klf4 90-110 contains a consensus clathrin binding motif 

(boxed).  The LI mutation (blue) disrupts this sequence and leads to a loss of the interaction with 

clathrin heavy chain. 
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Introduction 

 Krüppel-like factor/Sp (Klf/Sp) proteins are transcription factors that play diverse roles at 

multiple stages of vertebrate development [1].  The protein family is characterized by their 

highly conserved DNA binding domains, which bear homology to the Drosophila protein, 

Krüppel [1].  These regions consist of 3 tandem C2H2 zinc finger motifs that make sequence-

specific contacts with GC-rich binding sites [1]. 

 A member of the Klf/Sp family, Klf4, was found to reprogram somatic cells, such as 

mouse embryonic fibroblasts (MEFs), to a pluripotent state when expressed along with Oct4 and 

Sox2 [2-5].  These induced pluripotent stem cells (iPSCs), which can be generated from an 

individual patient, harbor immense therapeutic potential as part of cell replacement strategies.  

The role of Klf4 in the reprogramming process remains under intense investigation.  Some clues 

as to its specific functional requirements are provided by the observation that it can be replaced 

by several close family members [2].  This result suggests that these proteins have functional 

overlap in both their transactivation and DNA binding elements.  However, the extent to which 

other zinc finger DNA binding domains can function in reprogramming is unclear.   

 In this study, we assayed zinc finger domains from Glis and Klf/Sp proteins for their 

ability to mediate reprogramming by replacing the DNA binding domain within Klf4.  We 

identified a set of reprogramming-competent DNA binding domains within an evolutionarily 

distinct branch of the Klf/Sp family.  The reprogramming activity within this subfamily can be 

attributed to functional divergence within the second and third zinc fingers.  These evolutionary 

differences lead to multiple effects, including altered DNA binding specificity.  A lysine residue 

within the third zinc finger of reprogramming-incompetent Klf/Sp DNA binding domains creates 

an additional two base pair sequence preference likely through simultaneous hydrogen bonding 
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with the stacked bases.  The presence of this residue may lead to a more restricted DNA binding 

pattern, which prevents the recognition of crucial reprogramming target genes. 

Results 

DNA Binding Domains from a Distinct Klf Subfamily are Functionally Redundant in 

Reprogramming 

 The reprogramming activity of Klf4 is absolutely dependent upon its C-terminal DNA 

binding domain (data not shown).  This region (3xZF, Figure 4-1a) likely functions in 

reprogramming by directing transactivation elements within the N-terminal portion of the protein 

(residues 1-396, Figure 4-1a) to the regulatory sequences of important target genes.  

Additionally, it is possible that the DNA binding domain itself may recruit important cofactors 

that help to regulate reprogramming-specific transcription.  In order to gain insight into the 

function of this region in reprogramming, we sought to assess the ability of each DNA binding 

domain in the Klf/Sp family to mediate reprogramming within the context of a protein chimera 

(Figure 4-1a).  This approach isolated the effects due to the presence of the individual DNA 

binding domains by fusing each of them to the N-terminal region of Klf4 (Figure 4-1a).  These 

chimeric proteins were expressed in MEFs, along with Oct4 and Sox2, using retroviruses and 

reprogramming activity was quantified by counting Nanog+ iPSC colonies after 12 days (Figure 

4-1b).  In addition to the Klf/Sp family, we tested portions of the zinc finger DNA binding 

domains from less related factors, Glis1 and Glis2.  Glis1 was identified in a screen to replace 

Klf4 in reprogramming [6], suggesting that these proteins may bind to a critical set of 

overlapping target genes.    

 Analysis of the protein chimera reprogramming experiments revealed that only DNA 

binding domains from a specific Klf subfamily containing Klf4 were able to function in 
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reprogramming (Figure 4-1c).  The alignment tree illustrates the evolutionary relationship 

between the zinc finger domains based on primary sequence (Figure 4-1c).  Within the 

reprogramming-competent Klf subfamily, we observed significant variation in reprogramming 

efficiency (Figure 4-1c).  Most notably, the Klf6ZF construct exhibited very slight 

reprogramming activity.  Two protein chimeras (Klf14ZF and Klf16ZF) did not exhibit stable 

expression in infected MEFs, and therefore, were not able to be analyzed (Figure 4-1c, data not 

shown).  The expression levels, infection efficiencies, and subcellular localization of all other 

chimeras were found to be similar by Western blotting and immunofluorescence (data not 

shown).   

 Members of the Klf/Sp family whose DNA binding domains did not possess 

reprogramming activity contain a C-terminal extension following their zinc fingers (Klf10, 

Figure 4-1a).  This loss of this region from Sp1 had no effect on its ability to bind DNA, but 

reduced its transactivation activity [7, 8].  To assess the effect of this region on reprogramming, 

we extended the Klf10ZF chimera to include its C-terminal sequence (Klf10ZF-C, Figure 4-2).  

Addition of the C-terminal extension to the Klf10ZF chimera did not lead to iPSC generation 

(Figure 4-2).  

Reprogramming Activity Differences are Attributable to Zinc Fingers 2 and 3 

 To identify functionally divergent regions within the reprogramming-competent and -

incompetent DNA binding domains that explain their respective reprogramming activities, we 

selected Klf4 and Klf10 as model proteins from each group and made finer-scale chimeras.  The 

DNA binding domain can be separated into 5 parts - 3 zinc fingers (ZFs) and 2 linker sequences 

(Figure 4-3).  Protein chimeras were generated containing either Klf4 (red) or Klf10 (yellow) 

sequence in each of these positions (Figure 4-3).  Only chimeras containing both the second and 
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third ZFs from Klf4 were able to efficiently generate iPSCs (Figure 4-3).  Each of these regions 

was separately found to require Klf4 sequence for reprogramming activity, since replacement of 

either ZF2 or ZF3 with Klf10 sequence in an otherwise Klf4 background leads to loss of function 

(Figure 4-3).  Very slight reprogramming activity remained in some of the constructs that had 

Klf10 sequence for either ZF2 or ZF3, indicating that loss of function was not always absolute as 

was seen when both of these regions derive from Klf10 (Figure 4-3). 

 The functional divergence within the second and third ZFs mirrors the distinct 

evolutionary separation between the reprogramming-competent and -incompetent subfamilies 

observed by sequence alignment of these regions (Figure 4-4b,c).  In contrast, ZF1 does not 

observe a similar evolutionary division (Figure 4-4a).  Overall, ZF1 appears to be under less 

selective pressure, especially in its N-terminal half (Figure 4-4a).        

 The importance of ZF2 and ZF3 for Klf4 DNA binding is demonstrated by a crystal 

structure of its zinc finger domain in complex with DNA [9].  Binding energy obtained from 

interactions with the DNA bases comes primarily through arginine:guanine contacts from ZF2 

and ZF3 [9].  However, these arginines are conserved throughout the entire Klf/Sp family.  Thus, 

we further examined the ZF2 and ZF3 regions to elucidate the basis of their functional 

divergence in reprogramming.  

Residues within the ZF2 β-sheet Determine Reprogramming Activity 

 Each zinc finger consists of a zinc atom sandwiched between a small, antiparallel β-sheet 

and an α-helix [10].  The zinc atom is coordinated by side chains projecting from both secondary 

structural motifs [10].  When in contact with DNA, residues at the -1, +3, and +6 positions of the 

α-helix extend into the major groove and have the potential to make specific contacts with the 

DNA bases [10].   
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 The ZF2 regions of Klf4 and Klf10 are divided by a central stretch of conserved residues 

(orange, Figure 4-5a).  We made protein chimeras by varying the sequence flanking either side 

of this block of conservation to examine the functional divergence between the α-helical and β-

sheet regions within the zinc finger (Figure 4-5a).  Reprogramming efficiency was reduced as a 

result of inserting Klf10 sequence into either of these positions (Figure 4-5a).  However, the 

presence of Klf10 sequence in the β-sheet region of ZF2 had a much more dramatic effect, 

leading to an almost complete loss of reprogramming activity (Figure 4-5a).  The partial loss of 

function due to the Klf10 α-helix can be explained by the mutation of a lysine in Klf4 that makes 

a contact with the DNA backbone (Figure 4-5a) [9].  Point mutation of this residue alone to its 

corresponding residue in Klf10, which would likely result in reduced DNA binding affinity, 

leads to a similar reduction in reprogramming activity to the ZF2 - 4/10 chimera (Figure 4-5a).  

The DNA binding domain chimera containing ZF2 from Klf10 exhibited a similar in vitro DNA 

binding preference to Klf4 (Figure 4-5b), confirming that base-specific contacts are unaltered by 

this mutation.  In summary, the functional divergence between ZF2 mainly arises from the β-

sheet region and does not involve a change in DNA binding specificity.      

 Eight residues differ between the ZF2 regions of Klf4 and Klf10 (Figure 4-5c).  We 

analyzed these residues by mutating each of them individually to their Klf10 counterparts and 

measuring reprogramming activity (Figure 4-5c).  Of the five residues that lie within the β-sheet, 

only mutation of D435 led to reduced iPSC formation (Figure 4-5c,d).  Surprisingly, the W439R 

mutation resulted in a large gain of reprogramming function (Figure 4-5c).  None of these 

mutations by themselves explains the dramatic reduction in reprogramming that occurred when 

the entire β-sheet was mutated to Klf10.  Thus, the nature of this difference is likely due to the 

combined action of several of these residues.   
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ZF3 Functional Divergence is Primarily Due to Changes in DNA Binding Specificity 

 Upon sequence analysis of the third ZF within the Klf/Sp family, we noticed a leucine to 

lysine difference that correlates with reprogramming activity in our protein chimeras (Figure 4-

6a, Figure 4-4c).  This residue lies in the +6 position of the recognition helix and may contribute 

to DNA binding preference by interfacing with the DNA bases (Figure 4-6a).  Mutation of L477 

within Klf4 to lysine substantially reduces, but does not completely eliminate, the appearance of 

Nanog+ colonies (Figure 4-6a).  Conversely, mutation of the equivalent lysine to leucine in a 

construct containing ZF3 from Klf10 produces iPSC colonies at levels slightly lower than wild-

type Klf4 (Figure 4-6a).  These functional changes in reprogramming activity corresponded 

nicely with changes in DNA binding specificity measured in vitro (Figure 4-6b).  However, 

given that loss and gain of reprogramming function due to these point mutations was not 

complete, other residues within ZF3 may play a minor role in the functional divergence observed 

in the Klf/Sp family.          

Lysine at the ZF3 +6 Position Alters DNA Binding Preference at Two Positions through Specific 

Hydrogen Bonding 

 DNA binding by the Klf/Sp family is anchored by the R-E-R recognition residues in ZF2, 

which prefer GCG [9, 11].  T is also somewhat tolerated in place of C in the central position 

(Figure 4-6b) [12].  Arginine and histidine residues in the -1 and +3 positions, respectively, of 

ZF3 prefer GG, thereby extending this core sequence to 5'-GGG[C/T]G-3' (Figure 4-6b).  The 

residue in the ZF3 +6 position would be predicted to be oriented towards the proximal base 

upstream of this core motif [10].  Thus, it was surprising to find that the presence of lysine in the 

+6 position created a strong binding preference for G at two consecutive bases (Figure 4-6b). 
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 In order to further interrogate the effect of the leucine to lysine switch at the ZF3 +6 

position on DNA binding specificity, we generated scatterplots from protein binding microarray 

data displaying the enrichment scores (E-scores) for all 8-mers (Figure 4-6c).  In agreement with 

what was observed in the logo plots (Figure 4-6b), Klf4 or Klf10 DNA binding domains with 

lysine in the ZF3 +6 position strongly preferred GG in the positions immediately upstream of the 

core motif (yellow, Figure 4-6c).  8-mers matching the core motif, but containing other bases 

besides G in these positions, were disfavored by proteins with the ZF3 +6 lysine residue (red, 

Figure 4-6c).  Sequences with G at one of the two positions displayed an intermediate preference 

(blue, Figure 4-6c).  These results demonstrate that changing leucine to lysine at the ZF3 +6 

positon creates a strong DNA binding preference for guanine at two base pairs.   

 Assessment of the crystal structure of Klf4 bound to DNA indicates that L477 does not 

contact the DNA bases (Figure 4-7a) [9], thereby explaining its inability to generate a DNA 

binding preference.  In an attempt to understand the molecular basis for the altered binding 

preference detected in the Klf4 L477K mutant, we created a structural model based on the wild-

type Klf4 structure (Figure 4-7b) [9].  This model reveals that the amino group on the lysine side 

chain can be positioned to be simultaneously within hydrogen bonding distance (3.2 and 2.6 Å) 

of the N7 atoms of the two guanine bases adjacent to the core motif (Figure 4-7b).  Thus, the 

DNA binding preference established by the ZF3 +6 lysine can be explained by these contacts.         

Reprogramming-competent Klf DNA Binding Domains Bind a Wider Range of Sequences In 

vitro 

 We wondered whether the alteration in DNA binding specificity due to the presence of 

the ZF3 +6 lysine could be generalized across the entire Klf/Sp family and if this difference may 

help to explain the reprogramming capacity of each of their DNA binding domains.  We focused 
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our analysis on 8-mers that are recognized to an extent in vitro by recombinant zinc finger 

domains where they are likely to be bound in an in vivo setting by the cognate DNA binding 

protein (E-score > 0.40) [13].  The datasets for the zinc finger domains cluster according to 

similar DNA binding preferences (Figure 4-8).  The Klf/Sp family is divided into two groups, 

correlating perfectly with the reprogramming activity of the individual DNA binding domains 

(Figure 4-8).  Glis1 and Glis2 occupy a separate group that has largely non-overlapping DNA 

binding specificity (Figure 4-8).   

 Individual 8-mers were partitioned into one of ten k-means clusters, and a composite 

motif was generated from each cluster (Figure 4-8).  Clusters with similar composite motifs are 

grouped together and a common composite motif is displayed for the group as a whole (Figure 4-

8).  The Klf/Sp family is separated into three groups (red, orange, yellow), distinguished by their 

preference for guanine at the positions adjacent to the core motif contacted by ZF3 +6 lysine 

(Figure 4-8).  The reprogramming-competent Klf/Sp family members are capable of binding all 

three of these groups, while the reprogramming-incompetent family members are restricted to 

interacting with 8-mers within the orange and yellow groups (Figure 4-8).  However, the zinc 

finger domains with lysine in the ZF3 +6 position score more highly than their leucine-

containing counterparts, likely due to increased binding energy derived from hydrogen bonding 

with the guanine bases (yellow, Figure 4-8).  These data suggest that reprogramming-

incompetent zinc finger domains within the Klf/Sp family are restricted in their DNA binding 

specificity due to the additional interaction with the DNA bases by their lysine side chain. 

 Two groups (tan and black) contain 8-mers strongly bound by the more distantly related 

Glis factors (Figure 4-8).  The binding specificity we observed using the final three zinc fingers 

of Glis1 was similar to what was previously found using the entire 5 zinc finger domain from 
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Glis2 (Figure 4-8) [14].  This result is consistent with the finding that the majority of base-

specific contacts occur through ZFs four and five [15].  The composite motifs derived from the 

tan and black groups correspond to overlapping portions of the Glis3 consensus binding 

sequence previously identified by in vitro selection - 5'-[G/C]TGGGGGGT[A/C]-3' (Figure 4-8) 

[16].  GGGGGGT is recognized with low affinity by the reprogramming-incompetent Klf/Sp 

subfamily, likely due to its similarity to the 5' portion of its binding site (tan, Figure 4-8).  In 

contrast, GGGGTC elicits binding specifically by the Glis factors (black, Figure 4-8).      

Discussion 

 In this study, we used reprogramming as an assay to assess the functional divergence 

within the zinc finger domains the Klf/Sp family.  These results provide insight into the function 

of these DNA binding domains in general as well as into the nature of their reprogramming 

activity.  We observed that only a subset of Klf/Sp DNA binding domains are suitable to mediate 

reprogramming.  Our findings corroborate and expand on previous work showing that full-length 

Klf1, Klf2, and Klf5 can replace Klf4 in reprogramming [2].  It is difficult to properly examine 

the reprogramming activity of all of the proteins within the Klf family, since many of them 

express poorly in MEFs (data not shown).  Thus, it remains an open question whether other full-

length Klf factors with reprogramming-competent zinc finger domains could replace Klf4 in 

reprogramming if properly expressed.    

 We determined that the difference in reprogramming activity between the Klf4 and Klf10 

DNA binding domains is due to differences within the second and third zinc fingers.  

Surprisingly, the difference within ZF2 was contained primarily within its β-strands, which face 

away from the double helix.  The functional divergence within the ZF2 β-sheet region is unlikely 

to be the result of an altered interaction with an important cofactor, since no single point 
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mutation of the divergent residues in Klf4 led to a dramatic loss of function.  This effect is also 

unlikely to be due to changes in DNA binding preference, since in vitro binding specificity was 

unaltered.  However, we cannot rule out a reduction in binding affinity as an explanation for this 

phenomenon.  In contrast, Klf10 sequence in the ZF2 recognition helix likely reduces 

reprogramming activity by disrupting an electrostatic interaction with the DNA backbone [9].  

We predict that a point mutation restoring the DNA contact within this construct would fully 

rescue reprogramming activity.  

 ZF3 contains an amino acid difference at the +6 position within its recognition helix that 

splits the Klf/Sp family DNA binding domains along the lines of their reprogramming activity.  

The identity of this residue dictates DNA binding preference at the 5' end of their binding site.  

Furthermore, a shift in DNA binding specificity is sufficient to disrupt or activate 

reprogramming function. 

 DNA bases in the Klf/Sp binding site are contacted by relatively few amino acid side 

chains as compared to binding sites recognized by other zinc finger DNA binding domains [9, 

10, 15].  However, strong planar contacts between arginine side chains and the electronegative 

surface of guanines, which face the major groove, generate substantial binding energy [9].  The 

histidine in the ZF3 +3 position can contact the hydrogen bond acceptor N7 atom of either purine 

base [9].  However, a stronger interaction is likely to occur with guanine due to its increased 

electronegativity.  We found that guanine in this position was associated with higher 8-mer 

enrichment scores (data not shown).  Interestingly, we show that lysine in the ZF3 +6 position 

creates a sequence preference at the two adjacent 5' bases within the binding site.  This is 

somewhat surprising since residues in the recognition positions of zinc finger proteins generally 

contact only one base at a time.  Our structural model demonstrates that a lysine side chain at the 
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ZF3 +6 position can simultaneously hydrogen bond with stacked guanine bases.  The base 

preference and potential hydrogen bond with the position outside of the traditional zinc finger 

footprint has not been previously appreciated.  The preference created at these positions within 

the binding site is not limited exclusively to guanine.  Adenine and thymine were also observed 

to a lesser extent in these positions, consistent with their presentation of hydrogen bond acceptor 

atoms on the major groove surface.  As seen at the position contacted by the ZF3 +3 histidine, 

guanine is also preferred most likely as a result of its increased electronegativity.  Alternatively, 

the guanine-rich binding site may be required to form G-quadruplex structures that can be bound 

by the zinc finger domain [17].     

 The DNA binding motif generated in vitro using protein binding microarrays for Klf4 

largely mirrors its in vivo DNA binding preference [18].  However, binding affinity and 

specificity may be altered by cofactor interactions and/or posttranslational modifications. 

 We observed a striking correlation between the DNA binding preferences and 

reprogramming activities of each zinc finger domain within the Klf/Sp family.  Reprogramming-

competent DNA binding domains recognize a much broader array of sequences due to the lack 

of specificity dictated by the ZF3 +6 position.  Thus, we propose that the induction of 

pluripotency by Klf4 requires binding to gene regulatory elements through sites that lack guanine 

in 5' bases adjacent to the Klf/Sp core motif.  At sites containing guanine in these positions, we 

suggest that Klf/Sp zinc fingers with lysine in the ZF3 +6 position may be able to bind with 

increased affinity relative to their leucine-containing counterparts due to the additional hydrogen 

bonding interactions.  However, it was surprising to note the correlation between the presence of 

guanine at the 5' positions and higher enrichment scores even in the Klf/Sp subfamily whose ZF3 
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+6 residue was leucine.  Thus, the presence of guanine may indirectly lead to enhanced binding 

through some yet undefined means. 

 Klf4 and Glis1 have been reported to be functionally interchangeable in reprogramming 

[6].  Although these factors may carry out this process by recognizing an overlapping set of 

important target genes, it is unlikely that they would do so through a common DNA binding site 

given the differences in their in vitro DNA binding preferences.  Also, elements outside of the 

Glis1 DNA binding domain are likely to be specifically required for its reprogramming activity, 

since these regions could not be functionally replaced by the N-terminal portion of Klf4.    

Materials and Methods 

Retrovirus Production 

 Retroviruses carrying protein chimera constructs were produced according to the protocol 

of Takahashi and Yamanaka [3] with minor modifications.  Each construct was FLAG-tagged 

and cloned into pMXs using the In Fusion PCR Cloning System (Clontech).  For each virus, a 10 

cm plate of Plat-E cells at ~40% confluence was transfected with 12.5 ug of plasmid using PEI 

overnight.  The following morning, the transfection mixture was removed and replaced with 8 ml 

of mES media containing 15% FBS.  24 h later, viral supernatent was collected and stored at 

4°C.  An additional 8 ml of media was added to the cells and collected the following day.  Viral 

supernatents were pooled, aliquoted, frozen in liquid nitrogen, and stored at -80°C. 

Reprogramming 

 MEFs, harvested from E14.5 embryos, were seeded onto 6-well plates in MEF media and 

allowed to expand to ~50% confluence.  For each reprogramming experiment, media was 

removed and replaced with 1 ml of infection mixture overnight.  This mixture contained 250 µl 

of each viral supernatent (Oct4, Sox2, and Klf4 variant), 250 µl of mES media containing 15% 
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FBS, and 1 µg/ml polybrene.  This mixture was replaced the following morning with mES media 

containing 15% FBS.  After 2 days, reprogramming cultures were split 1:5 onto 22x22 mm glass 

coverslips (Fisher Scientific) and into separate wells to monitor factor expression by Western 

blotting and immunofluorescence.  5 days after initial viral infection, media was changed to mES 

media containing 15% KSR.  Media was changed every 3 days until the experiment was stopped 

12 days post-infection.    

Western Blotting 

 For each reprogramming experiment, a single well of a 6-well plate was harvested 5 days 

post-infection for analysis by Western blotting to monitor factor expression.  Cells pellets were 

disrupted by sonication in 250 µl lysis buffer containing 1% SDS in 1xPBS with 0.5 mM DTT 

and cOmplete protease inhibitor (Roche).  Lysate was centrifuged and mixed with 4x LDS 

sample buffer and 10x sample reducing agent and separated on a 4-12% Bis-Tris polyacrylamide 

gel (Invitrogen).  Protein was transferred to a nitrocellulose membrane (Whatman) and Western 

blotting was performed using the LI-COR Odyssey system and reagents.  Wash steps used 

1xPBS + 0.1% Tween-20.  The following antibodies and dilutions were used:  α-FLAG (Sigma, 

F1804) 1:1,000; α-GAPDH 1:10,000 (Fitzgerald, 10R-G109a), IRDye 800 donkey anti-mouse 

IgG 1:20,000 (LI-COR). 

Immunofluoresence 

 At 4 days post-infection, cells split onto 12 mm circle glass coverslips (Fisher Scientific) 

were analyzed by immunofluorescence to monitor infection efficiency, factor expression, and 

subcellular localization.  Cells were washed in 1xPBS, fixed with 4% paraformaldehyde in 

1xPBS, and permeablized with 0.5% Triton X-100 in 1xPBS.  Coverslips were blocked with 

0.2% fish skin gelatin, 0.2% Tween-20, and 5% goat serum in 1xPBS.  Antibodies were diluted 
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in blocking buffer and wash steps were carried out with 1xPBS + 0.2% Tween-20.  Coverslips 

were mounted onto glass slides using Aqua-Poly/Mount (Polysciences).  The following 

antibodies and dilutions were used:  α-FLAG (Sigma, F1804) 1:200; Alexa Fluor 546 goat anti-

mouse IgG 1:1,000 (Invitrogen, A-11003). 

 Reprogramming coverslips fixed 12 days post-infection were immunostained for the 

presence of Nanog using the procedure listed above.  The following antibodies and dilutions 

were used:  α-Nanog (Abcam, ab80892) 1:200; Alexa Fluor 488 goat anti-rabbit IgG 1:1,000 

(Invitrogen, A-11008).  Nanog+ colonies were counted using an upright fluorescence microscope 

(Zeiss Axio Imager).  7 non-overlapping strips representing the width of a 20x field and the 

length of the coverslip were counted for each coverslip.  Cell clusters containing at least 5 

Nanog+ cells were deemed to be iPS colonies.   

Production of GST Fusion Proteins 

 Sequences encoding DNA binding domains were cloned into pGEX-4T-1 (GE 

Healthcare) using the In Fusion PCR Cloning System (Clontech).  Plasmids were transformed 

into BL21-CodonPlus(DE3)-RIL E.coli (Stratagene) and a single colony was used to inoculate 

an overnight culture in LB ampicillin.  Zinc acetate was added at a final concentration of 50 µM 

to all growth media and purification buffers for subsequent steps.  The following morning, the 

overnight culture was diluted 1:100 and grown at 25°C to OD600~0.8.  IPTG was added to a final 

concentration of 1 mM and the culture was grown overnight at 14°C.  The culture was harvested 

by centrifugation at 500 x g for 10 mins.  The resultant pellet was resuspended in lysis buffer 

containing 1xPBS, 5% glycerol, 1 mM DTT, and cOmplete protease inhibitor (Roche) and 

disrupted with sonication pulses.  After centrifugation, Triton X-100 was added to the 

supernatent to a final concentration of 0.1%.  This lysate was bound to glutathione sepharose 
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beads (GE Healthcare) for 1 h at 4°C via end-over-end rotation.  Beads were washed 3 x 5 

minutes with wash buffer containing 1xPBS, 5% glycerol, and 1 mM DTT.  Purified protein was 

eluted in wash buffer with 10 mM reduced glutathione adjusted to pH=8.0.  Purification was 

monitored by Coomassie staining of fractions separated on an SDS-PAGE gel.  Peak fractions 

were mixed 1:1 with storage buffer (1xPBS, 35% glycerol, 1 mM DTT) and aliquots were frozen 

in liquid nitrogen and stored at -80°C. 

Protein Binding Microarray 

 Protein binding microarray experiments were performed following the protocol of Berger 

and Bulyk [19].  GST-tagged proteins were used at a concentration of 200 nM.   

Sequence Analysis and Motif Construction 

 Data analysis and plot generation were performed using R.  To generate consensus 

motifs, 8-mers were aligned using CLUSTALW [20] without gaps.  Information from each 

position was extracted to form an alignment matrix.  LOGO plots were generated using 

enoLOGOS [21]. 

Structure Modeling 

 DNA from 2WBU.pdb [9] minus the terminal base pairs was extended on either end in 

silico to represent the sequence of the Klf4 binding site within the Nanog enhancer sequence 

[22].  Mean structural parameters for individual base pair steps from the protein-DNA crystal 

structure library of Olson et al. (mean twist = 34.2˚) were added to the structural parameters file 

of 2WBU, which was converted to a DNA PDB file using the 3DNA rebuild software [23].  The 

Klf4 3 Zn finger peptide from 2WBU was docked onto the extended DNA by superimposition 

with 2WBU, Leu477 was substituted with lysine, and the rotamers of Lys477 and Arg481 
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adjusted in The PyMOL Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC. and 

Coot [24].   
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Figure 4-1  Evolutionary divergence within the Klf/Sp family DNA binding domains 

determines reprogramming activity.   

A) Schematic of chimeric protein generation.  Klf4 DNA binding domain (3xZF, green) and 

characterized transactivation domain (AD, red) are indicated.  Protein chimeras were generated 

by replacing the DNA binding domain of Klf4 with homologous sequence from a related protein.  

In this case, the Klf10 DNA binding domain (purple) was fused to the N-terminal region of Klf4 

(residues 1-396).  B) Reprogramming procedure overview.  MEFs were infected with 

retroviruses carrying Oct4, Sox2, and a Klf4-ZF chimera on day 0.  The reprogramming culture 

was transitioned to KSR mESC media on day 5.  Cells were fixed on day 12 and immunostained 

for the pluripotency marker, Nanog.  Reprogramming was quantified by counting Nanog+ 

colonies.  C) Nanog+ colony counts for Klf4-ZF protein chimeras expressed as a percentage of 

wild-type Klf4 colonies.  Klf4-ZF protein chimeras are ordered by Clustal multiple sequence 

alignment of their DNA binding domain.  Reprogramming-competent (red) and -incompetent 

(yellow) DNA binding domains within the Klf/Sp family are colored on the alignment tree.  N.D. 

indicates that Klf4-ZF protein chimera was not expressed.  Graph contains data collected from 

separate reprogramming experiments.  Each sample is normalized to the wild-type Klf4 control 

performed within its respective experiment.  Error bars represent standard deviation.  Error bars 

for Klf4ZF are from the experiment with the largest standard deviation.          
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Figure 4-2  C-terminal sequence does not affect protein chimera reprogramming activity.   

Inclusion of C-terminal region in Klf4-Klf10ZF chimeric protein (Klf4-Klf10C) does not alter its 

reprogramming activity.  Error bars represent standard deviation. 
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Figure 4-3  Differences in the second and third zinc finger regions determine 

reprogramming activity.   

The 3xZF DNA binding domain can be separated into 5 regions consisting of 3 zinc fingers 

(ZFs) and 2 linker sequences.  Klf4 and Klf10 DNA binding domains were chosen as 

representatives of the reprogramming-competent and -incompetent subgroups, respectively, 

within the Klf/Sp family.  Fine-scale protein chimeras were generated within the DNA binding 

domain containing a combination of Klf4 (red) and Klf10 (yellow) sequences.  Efficient 

reprogramming required ZF2 and ZF3 to contain Klf4 sequence.  Klf10 sequence in either of 

these regions disrupted reprogramming function.  Graph contains data collected from separate 

reprogramming experiments.  Each sample is normalized to the wild-type Klf4 control 

performed within its respective experiment.  Error bars represent standard deviation.  Error bars 

for Klf4ZF are from the experiment with the largest standard deviation. 
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Figure 4-4  Multiple sequence alignments for each zinc finger region.   

ZF1 (A), ZF2 (B), and ZF3 (C) regions are shown.  Absolutely conserved residues are 

highlighted in yellow.   
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Figure 4-5  ZF2 functional divergence lies within β-sheet and does not result in altered 

DNA binding specificity.   

A) ZF2 sequences are displayed for Klf4 (red) and Klf10 (yellow).  A central region of absolute 

conservation is highlighted in orange.  Zinc-coordinating residues (stars), recognition helix 

(underline), and potential base contacting residues (boxes; -1, +3, +6 positions in α-helix) are 

indicated.  Graph contains data collected from separate reprogramming experiments.  Each 

sample is normalized to the wild-type Klf4 control performed within its respective experiment.  

Error bars represent standard deviation.  Error bars for Klf4ZF are from the experiment with the 

largest standard deviation.  B) DNA binding motifs determined in vitro using protein binding 

microarrays (PBMs) for DNA binding domains containing ZF2 derived from either Klf4 or 

Klf10.  C) Table shows residues that differ between Klf4 and Klf10 within ZF2.  Orange line 

indicates the position of the central conserved region.  Point mutations were made at each 

position listed in the table and tested in reprogramming. Graph contains data collected from 

separate reprogramming experiments.  Each sample is normalized to the wild-type Klf4 control 

performed within its respective experiment.  Error bars represent standard deviation.  Error bars 

for Klf4ZF are from the experiment with the largest standard deviation.  D) Crystal structure of 

Klf4 DNA binding domain bound to DNA (PDB: 2WBU) [9] highlighting residues within the β-

sheet that differ between Klf4 and Klf10 (purple).  
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Figure 4-6  ZF3 functional divergence is due to altered DNA binding specificity.   

A) ZF3 sequences are displayed for Klf4 (red) and Klf10 (yellow). Zinc-coordinating residues 

(stars), recognition helix (underline), and potential base contacting residues (boxes; -1, +3, +6 

positions in α-helix) are indicated.  Note difference at +6 position within the recognition helix (L 

in Klf4, K in Klf10).  Graph contains data collected from separate reprogramming experiments.  

Each sample is normalized to the wild-type Klf4 control performed within its respective 

experiment.  Error bars represent standard deviation.  Error bars for Klf4ZF are from the 

experiment with the largest standard deviation.  B) DNA binding motifs determined in vitro 

using protein binding microarrays (PBMs) for DNA binding domains containing ZF3 derived 

from either Klf4 or Klf10 along with point mutants.  Reprogramming activity correlates with 

DNA binding preference.  C) Scatterplots of 8-mers shows altered DNA binding specificity due 

to the residue in the +6 position. Klf4 and Klf10 are plotted against their respective point 

mutants.  8-mers containing indicated sequences are highlighted in yellow, blue, or red.   
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Figure 4-7  Structural model of ZF3 +6 lysine contacting guanine bases.   

A) Crystal structure of Klf4 DNA binding domain bound to DNA (PDB: 2WBU) [9] 

highlighting L477 (red).  B) Structural model of Klf4 L477K bound to DNA highlights potential 

molecular contacts driving altered DNA binding specificity.  The lysine amino group is 

positioned within hydrogen-bonding distance of both N7 atoms of stacked guanine bases. 
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Figure 4-8  DNA binding preferences within the Klf/Sp family are split along evolutionary 

lines.   

Heatmap contains 8-mers where the E-score for at least one protein exceeds 0.40.  Dendrogram 

results from hierarchical clustering of datasets.  Note the correlation between dendrogram, 

phylogenetic tree, and reprogramming activity in Klf4-ZF chimeras.  8-mers (rows) are clustered 

by k-means clustering (k=10).  Clusters with similar DNA binding motifs were arranged into 

groups (red, orange, yellow, tan, black).  One motif derived from alignment of all constituent 8-

mers is displayed for each group. 
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 The work presented in this dissertation investigates the molecular mechanism of somatic 

cell reprogramming, focusing on the role of Klf4.  Previous studies of the reprogramming factors 

mainly examined their genome-wide binding patterns and the associated expression changes of 

nearby genes.  We sought to look within a reprogramming factor molecule to learn how it 

reaches these target sites and how it regulates gene expression once it has arrived.  We took 

advantage of the essential nature of Klf4 in the Yamanaka reprogramming cocktail [1] to 

compare the function of mutants to the wild-type protein.  Our experiments map, for the first 

time, the regions of this protein that function in the induction of pluripotency.  Additionally, we 

carry out a fine-scale analysis of the transactivation and DNA binding domains of Klf4 to 

identify critical residues and demonstrate how they may contribute to reprogramming activity.  

Understanding Reprogramming Factor Function 

 In chapter 2, we overviewed the changes in chromatin and gene expression states that 

occur during somatic cell reprogramming of MEFs.  We then discussed the known functions of 

Oct4, Sox2, and Klf4 in this process.  We outlined a framework for learning about the 

reprogramming mechanism through the identification and study of modifier factors.  Enhancer 

factors increase the efficiency of reprogramming, and may do so in a cell proliferation-dependent 

or -independent manner.  The mechanism by which cell cycling enhances the reprogramming 

process is not entirely clear and is an important area of future investigation.  Cell proliferation-

independent enhancer factors may act early or late within the reprogramming process.  The 

timing of their action can be established by assessing their ability to promote the generation of 

pre-iPS cells or convert them to the fully reprogrammed state.  Factors that contribute to induced 

pluripotency in place of Oct4, Sox2, or Klf4 can be classified by their similarity to the factor that 

they replace.  Paralogs, which can also induce pluripotency, likely act on a common set of 
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critical genes using homologous functional domains.  Thus, study of these proteins may help us 

to focus on the regions within the reprogramming factor protein that determine its activity.  

Dissimilar replacement factors may regulate common genes or pathways, but likely do so 

through distinct molecular mechanisms. 

 Analysis of gene expression data obtained over the course of the reprogramming process 

showed large-scale upregulation of genes encoding nuclear proteins, especially those involved in 

chromatin modification.  Many of these proteins function as part of multisubunit complexes.  

Examination of the expression changes within individual complexes revealed outstanding 

expression patterns of complex substituents that may play important roles in dictating 

pluripotency.  These proteins should be tested functionally in reprogramming assays to 

determine their role, and potentially the role of their associated histone modification, in the 

induction of pluripotency.  The chromatin marks that these complexes deposit are just now being 

mapped during reprogramming.  These data will contribute greatly to our understanding of how 

Oct4, Sox2, and Klf4 are able to initially bind to chromatin and how these proteins then 

reprogram the epigenome.   

 Finally, study of the reprogramming factors themselves is necessary to understand 

induced pluripotency.  What are their important domains?  Which specific functions do they 

contribute?  How does the coordinated action of the reprogramming factors lead to the iPS cell 

state?   

Identification and Characterization of Functional Domains in Klf4 

 In chapter 3, we used mutagenesis to identify regions of Klf4 that are required for its 

function in reprogramming.  We found that Klf4 requires its C-terminal DNA binding domain, 

an adjacent domain of unknown function, and N-terminal transactivation domains (TADs).  The 
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requirement for its DNA binding domain indicates that sequence-specific targeting of Klf4 to 

regulatory elements is an important component of its reprogramming function.  While the 

importance of the DNA binding domain was not unexpected, we were surprised to discover that 

an adjacent region consisting of residues 350-396 was also essential for reprogramming activity.  

This region was previously shown to contain a nuclear localization sequence (NLS) [2]; 

however, nuclear localization was unaffected in our deletion mutant construct likely due to the 

presence of a second NLS within the DNA binding domain [2].  Our work is the first suggestion 

that this region is important for the activity of the Klf4 protein.  Thus, follow-up experiments are 

necessary to determine whether the loss of residues 350-396 alters its ability to bind DNA or 

transactivate transcription.  When we deleted the previously characterized acidic TAD, we 

observed that this region is important for the induction of pluripotency.  However, the mutant 

lacking this domain still maintained some residual reprogramming activity.  Further experiments 

indicated that latent transactivation activity, which functions in the absence of the acidic TAD, is 

possessed by an adjacent region (residues 145-209).  This activity has not been observed 

previously in other systems, and thus represents a function that is specific to the reprogramming 

context. 

 After identifying important regions of Klf4 in reprogramming, we sought to determine 

the molecular mechanisms through which they act.  We wondered if the acidic TAD (residues 

90-110) within Klf4 simply contained a general transactivation function that could be replaced 

by well-studied TADs derived from Sp1 and VP16.  We fused these TADs to reprogramming-

deficient Klf4 mutants and observed that only the acidic TAD from Klf4 was able to rescue 

reprogramming activity.  This result indicates that this domain possesses a unique activity in the 

context of somatic cell reprogramming that extends beyond its ability to transactivate a reporter 
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gene.  We reasoned that this difference may be due to an interaction with a distinct cofactor, and 

we sought to narrow in on the residues that interact with this potential cofactor by creating point 

mutations within the 90-110 region.  Using this approach, we identified hydrophobic residues 

that are critical for the function of this TAD in reprogramming.  Interestingly, acidic residues 

that had been previously shown to be critical for the transactivation activity of Klf4 in other cell 

types were not important for its reprogramming activity [3, 4].  We then used an open-ended 

biochemical approach to isolate potential cofactor proteins that bind to the wild-type TAD but 

not to the TAD with mutated hydrophobic residues.  Through this method, we demonstrated that 

clathrin heavy chain binds to the Klf4 TAD through a consensus binding motif that is disrupted 

by mutation of the hydrophobic residues.  Clathrin heavy chain has previously been shown to 

function as a coactivator through interaction with an acidic TAD within p53 [5].  This interaction 

was also dependent on hydrophobic residues within the p53 TAD [6, 7].  However, p53 uses a 

distinct motif that recognizes a different region of the clathrin heavy chain molecule [6, 7].  

Future experiments are necessary to validate the functional significance of the Klf4-clathrin 

heavy chain interaction.  Also, given the shared interaction of the p53 and Klf4 TADs with 

clathrin heavy chain, it will be interesting to determine whether the p53 TAD can replace its Klf4 

counterpart in reprogramming.      

 In chapter 4, we performed a functional comparison of the DNA binding domains within 

the Klf family in order to understand the characteristics of the Klf4 DNA binding domain that 

govern its reprogramming activity.  We show that only a subset of zinc finger domains from the 

Klf family are able to replace the Klf4 DNA binding domain in reprogramming.  This difference 

in reprogramming activity arises through variation in the second and third zinc fingers within the 

DNA binding domain.  Each zinc finger can be separated into an antiparallel β-sheet and an α-
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helix.  Amino acid side chains extend from the α-helix and can make base-specific contacts with 

the DNA.  We found that differences in reprogramming activity in the Klf family attributable to 

the second zinc finger lie mainly in its β-sheet.  The function of this region of the DNA binding 

domain remains unclear.  We speculated that this β-sheet might serve as a platform for the 

binding of an important protein cofactor.  However, point mutagenesis across this region did not 

identify any one single residue as critical for reprogramming activity, arguing against this notion.  

Further experiments are necessary to determine if variation in the second zinc finger alters the 

conformation of the DNA binding domain in a manner that reduces binding affinity to target 

sites. 

 Reprogramming-competent and -incompetent DNA binding domains in the Klf family 

are distinguished by the identity of one of the base-contacting amino acids in the third zinc 

finger.  Our work demonstrated that this change dictates in vitro DNA binding specificity and 

largely explains observed differences in reprogramming activity due to this zinc finger.  We 

found that reprogramming-incompetent zinc fingers are restricted in their binding as a result of 

their preference for additional guanines within their recognition sites, and we presented a 

structural model to explain this phenomenon.  We speculate that the subset of sites that are 

bound in vitro by reprogramming-competent Klfs but not their reprogramming-incompetent 

family members are likely to be contained in the regulatory elements of critical reprogramming 

targets.  In the future, we hope to identify these genes by mapping the genome-wide binding 

patterns of protein chimeras containing various Klf DNA binding domains during the early 

stages of reprogramming. 

 Our finding that multiple DNA binding domains within the Klf family bind to the same 

sequence in vitro and are functionally redundant in reprogramming raises the question of why so 
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many derivatives of the ancestral Klf gene appear in mammalian genomes.  One mechanism that 

functionally differentiates these proteins and could explain this phenomenon is the composition 

of the poorly conserved regions outside of the DNA binding domain.  Klf proteins possess 

several distinct domains that have been implicated in gene activation or repression [8].  

Targeting of Klf proteins to a gene regulatory element by similar DNA binding domains may 

lead to contrasting effects depending on the abilities of these domains to recruit different effector 

proteins.  Additonally, the results from our experiments with the Klf4 acidic transactivation 

domain indicate that not all domains from a given class are functionally interchangeable.  Thus, 

some genes may require specific subsets of coactivators or corepressors in order to turn them on 

or off, unlike artificial reporter constructs.  Klf proteins may also be differentially regulated by 

cofactors or posttranslational modifications that alter their activity or stability.  For example, 

binding of the E3 ubiquitin ligase, SIAH1, specifically to Klf10 leads to its ubiquitylation and 

degradation [9].  Finally, the presence of multiple Klf genes allows for individualized regulation 

of expression patterns since each is under the control of distinct regulatory elements.  This allows 

their actions to be separated in time and space during development and enables them to be placed 

downstream of different stimuli.  In gut epithelium, for instance, Klf5 and Klf4 exert opposing 

effects on cell proliferation through their mutually exclusive expression patterns.  The 

proliferating cells of the intestinal crypt express Klf5, while their post-mitotic progeny in the 

adjacent villus express Klf4 [10].   

Concluding Remarks   

 Somatic cell reprogramming is an incredible feat of cell fate engineering with great 

therapeutic potential.  The discovery of this process was built on knowledge obtained through the 

study of transcription factors and their functions during development.  This class of proteins will 
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play an important role in the differentiation of iPS cells into desired cell types as well as the 

development of future reprogramming protocols that do not transition through the pluripotent 

state.  While much is known about model transcription factors that have been well-studied in 

vitro, we still lack the ability to predict where in the genome these proteins will bind and what 

the effect on gene expression will be once they get to their target sites.  Additionally, we lack the 

ability to anticipate the combinatorial effects that occur when transcription factors are 

coexpressed in cell.  Reprogramming of MEFs using Oct4, Sox2, and Klf4 represents a useful 

model system to begin to address these issues.  The work presented in this dissertation advances 

the understanding of the molecular mechanism of Klf4 function during reprogramming and lays 

out an experimental approach that can be applied to the other reprogramming factors. 
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