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. 

Intermediate filament cytoskeletal networks simultaneously support mechanical 

integrity and influence signal transduction pathways. Marked remodeling of the 

keratin intermediate filament network accompanies collective cellular 

morphogenetic movements that occur during early embryonic development in the 

frog Xenopus laevis. While this reorganization of keratin is initiated by force 

transduction on cell-cell contacts mediated by C-cadherin, the mechanism by 

which keratin filament reorganization occurs remains poorly understood. In this 

work we demonstrate that 14-3-3 proteins regulate keratin reorganization 

dynamics in embryonic mesendoderm cells from Xenopus gastrula. 14-3-3 co-

localizes with keratin filaments near cell-cell junctions in migrating mesendoderm. 

Co-immunoprecipitation, mass spectrometry and bioinformatic analyses indicate 

14-3-3 is associated with Keratin 19 in the whole embryo and, more specifically, 

mesendoderm tissue. Inhibition of 14-3-3 results in both the decreased exchange 

of keratin subunits into filaments and blocks keratin filament recruitment toward 

cell-cell contacts. Synthetically coupling 14-3-3 to Keratin 19 through a unique 

fusion construct conversely induces the localization of this keratin population to the 
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region of cell-cell contacts. Taken together, these findings indicate that 14-3-3 acts 

on keratin intermediate filaments and is involved in their reorganization to sites of 

cell adhesion. 
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PREFACE 

In undertaking the study of ‘mechanism’, the functional events that produce 

an outcome, scientists are tasked with discovering and detailing a series of 

coordinated phenomena. Using strategies such as deductive research methods or 

design implementation, investigators are able to identify and study the component 

parts of a mechanism. Furthermore, they can identify how such parts behave 

intrinsically and in cooperation with one another to initiate a series of events, or a 

process. The goal is to gain reliable and valid evidence that allows us to as 

precisely as possible determine how, put simply, something ‘works’. 

‘Simple’, however, is neither an asset to the biological scientist nor an apt 

description of the living environment that she/he endeavors to understand. Despite 

our inclinations to outline processes in a procedural and straightforward way, living 

environments influence and are simultaneously influenced by them.  

In the cell, component parts are molecules that range from chemical 

elements to polypeptides. Events in a process originate from their interactions. For 

any given set of such interactions, some of the simplest aspects include the 

temporal and spatial. Obtaining evidence, and thus knowledge, of sequential 

molecular interactions and governing principles allows expectations to be 

developed and predictions to be made. If investigation and discovery ended here, 

however, it would neglect the most vital context of any biological mechanism; its 

place within and impact upon the living world where it exists.  
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These statements are not simply descriptive perspective or philosophy. 

Rather, they are a summary of critical awareness that is essential to the study of 

cell and molecular biology. Take, for example, the term ‘living environment’. If 

accepted at face value with regard to cell biology, it can be understood broadly as 

the complex environment in an organism that allows it to survive. Prior to pursuing 

additional complexity and considering what determines ‘life’, a step back is 

required. Does acknowledgment of a ‘complex environment’ constitute enough 

awareness for a biological scientist that is developing and testing a hypothesis 

about a mechanism? Could further thought be spared here?  

The critical awareness is that the ‘living environment’ is component parts. 

Should our knowledge of all the parts be complete, we would conceptually be able 

to understand all processes and how they influence one another. Without complete 

knowledge, we must remain aware of the delicate balance between the properties 

we discover about these parts, or molecules, and the influence of myriad others. 

When this influence includes the ability to modify said properties, maintaining this 

awareness is the most important prerequisite for anyone putting forth an 

interpretation or conclusion. Ultimately, we each employ a reductionist method and 

approach. It befalls each of us, then, to appreciate our findings within a wider 

scope, despite the urge to conclusively and narrowly determine and decide.  
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Characterization of intermediate filaments 

A wide viewpoint is certainly required to fully appreciate the intermediate 

filaments (IFs), a class of molecular filamentous cytoskeleton that is subject to 

constant re-appreciation in terms of its principle functionality along with its 

potentially broader roles. Since the first characterization of “intermediate-sized 

filaments” in myotubes, myoblasts, chondrocytes, and fibroblasts (Ishikawa et al. 

1968), our understanding of IF proteins in terms of intrinsic assembly properties, 

roles in cell biology, and organismal importance is constantly undergoing revision 

(Kim and Coulombe 2007; Helfand et al. 2003; Herrmann et al. 2009). Early 

evidence detailing IF tissue distribution and biochemical properties led researchers 

to propose roles for IF networks including maintenance of cell shape, organization 

of organelles and the nucleus, and mechanical integration of cellular structures 

(Steinert and Parry 1985; Lazarides 1980). Continued investigation revealed the 

roles of IF cytoskeleton to be much wider in scope. Functional roles for IFs have 

been demonstrated in the context of development (Klymkowsky et al. 1992; Torpey 

et al. 1992; Sonavane et al. 2017), cellular signaling (Liao and Omary 1996; 

Margolis et al. 2006; Kim et al. 2006), and mechanical transduction (Helmke et al. 

2000; Ridge et al. 2005; Weber et al. 2012), to name a few research areas. It is 

important to our understanding of IF networks and continually emerging evidence 

to appreciate that although these cable-like macromolecules may appear simple 

enough in its structure, their capacity for potential functional roles is anything 

otherwise.  
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The apparent contradiction between the structural simplicity of IFs and their 

varied pool of roles is echoed by the size and diversity of the family of IF proteins. 

All IF proteins host a shared secondary structure including non-helical N and C 

terminal regions that flank an α-helical rod region (Geisler and Weber 1982a; 

Herrmann et al. 2009). It is curious that these highly structurally conserved 

molecules amount to at least 65 separate conserved genes in humans and other 

mammals, with some analyses reporting numbers in the excess of 70 (Hesse et 

al. 2001; Herrmann et al. 2003; Kim and Coulombe 2007). Moreover, these genes 

have been organized into a larger family of sequence homology classes that 

besides providing several useful IF distinctions assists in highlighting critical 

differences in conservation of expression (Hesse et al. 2001). Examples of 

expression conservation include specificity of cytokeratin expression in epithelia, 

vimentin in mesenchymal cells, desmin in muscle cells, glial fibrillary associated 

protein (GFAP) in glial cells, and neurofilament types in neurons (Kim and 

Coulombe 2007). This conserved cellular restriction of IF proteins despite a 

strongly shared similarity in structure suggests that IFs may have cell-type specific 

functions that cannot be easily predicted by structural analysis alone (Herrmann et 

al. 2003).  

Intermediate filament evolutionary insights 

When considering the range of functions that IFs may have it is important 

to recognize that the large amount of IF genes and diversity of filament proteins 

notwithstanding, cytoplasmic IFs are not necessary for life. IFs are completely 

absent from plants and yeast, and only nuclear IFs known as lamins are found in 
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drosophila (Hermann et al. 2003). Although IF networks are not a requirement for 

eukaryotic lifeforms it is plausible that they were evolutionarily selected for 

because they conferred significant advantages. Though invertebrate metazoans 

lack the IFs expressed in chordate eukaryotes, they express IF-like proteins that 

share distinct similarities with nuclear lamin IFs (Erber et al. 1998). IF-like proteins 

have been found in yeast, bacteria, and arthropods (Mayordomo and Sanz 2002; 

Ausmees et al. 2003; Mencarelli et al. 2011). There is a strong likelihood that some 

of these IF-like proteins are ancestral forms that upon modification allowed for IF 

diversification into the many subtypes discovered in the mammal (Gerace et al. 

1986; Erber et al. 1989; Peter and Stick 2015; Preisner et al. 2018). Some selection 

criteria may potentially include the need for greater mechanical resistance and 

more complex cellular signaling mechanisms in chordate eukaryotes compared to 

more ancestral metazoans, owing to greater tissue diversity. 

Intermediate filaments comprise a diverse family of cytoskeleton 

 Discoveries to date have uncovered a large number of intermediate filament 

protein types that share sequence conservation and even more marked structural 

conservation (Geisler and Weber 1981; Geisler, Plessman, and Weber 1982; 

Crewther et al. 1983). In order to document and describe this diversity in a useful 

way, an IF family classification system has been created using sequence 

homology comparisons to divide IF types into specific subgroups (Kim and 

Coulombe 2007).  

The IF family is comprised of Type I filaments through Type 6 

(Orphan/Other) filaments. The first four subgroups as well as the orphan group 



5 
 

 
 

include ‘cytoplasmic’ filament proteins found within cells. The type I and type II 

subgroups are exclusive to keratins, type I keratins representing those that are 

more charge acidic and type II representing the more charge basic relative to each 

other when compared via two dimensional gel electrophoresis (Hanukoglu and 

Fuchs 1982; Hanukoglu and Fuchs 1983; Sun et al. 1985). Keratins account for 

the majority of IF proteins discovered, constituting large and complex subgroups 

that are subject to ongoing discovery (Hesse et al. 2001; Schweizer et al. 2006). 

Several key differences divide keratins from the larger IF family. The type I and 

type II keratins are obligate heteropolymers in filament formation, in contrast to the 

majority of IFs (Steinert 1990; Hatzfeld and Weber 1990a). The individual keratin 

genes are clustered within chromosomal loci, with type I keratins located on 

chromosome 17 and type II keratins located on chromosome 12 in the human 

(Hesse et al. 2001). Additionally, the type I and type II groups include hair keratins 

that represent distinct molecules from the cytoplasmic keratins found in epithelial 

cells (Schweizer et al. 2006).  In Xenopus species, tropicalis demonstrates 

clustering of type I keratins on chromosome 10 and type II keratins on 

chromosome 2, while laevis hosts both an ‘L’ and ‘S’ subgenome that includes type 

I keratins on chromosome 9_10 and type II keratins on chromosome 2 for each 

subgenome (Suzuki et al. 2007).   

Type III intermediate filaments represent a broader subgroup due to 

expression patterns that encompass a wider range of tissues. IF proteins in this 

subgroup include vimentin, desmin, and glial fibrillary acidic protein (GFAP), which 

despite their closely shared structure, often appear in different cell types (Kim and 
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Coulombe 2007). While the type I and II IFs are restricted to epithelia, type III IFs 

are mainly found in mesenchymal cells (vimentin), muscle cells (desmin), and 

astrocytes (GFAP) (Franke et al. 1978; Lazarides et al. 1982: Reeves et al. 1989). 

The type III IF subgroup also includes peripherin and synemin, two IF proteins that 

show sequence similarities to other type III IFs and a more restricted expression 

profile (Portier et al. 1983; Granger et al. 1982). Though the type III IF proteins are 

capable of forming homopolymers, these IFs have also been found to create 

heteropolymers. In particular, vimentin has been shown to dimerize with GFAP, 

desmin, and nestin IFs, demonstrating a degree of flexibility and complexity in type 

III IF cellular network formation (Fedoroff et al. 1983; Wang et al. 1984; Quinlan 

and Franke 1982; Steinert 1999). 

The major intermediate filaments of the type IV subgroup are the 

neurofilaments, named neurofilament light (NF-L), medium (NF-M), and heavy 

(NF-H) based on their mass in kDa relative to one another (Hoffman and Lasek 

1975; Geisler et al. 1985; Levy et al. 1987; Lees et al. 1988). Filaments comprised 

of these proteins show strong structural similarity to those of the previous 

subgroups, with a deviant feature of a C-terminal tail that extends 90 degrees 

outward relative to the filament body when incorporated into the mature 

neurofilament (Hirokawa et al. 1984; Hisanaga and Hirokawa 1988). 

Neurofilaments also demonstrate capability to homodimerize as well as 

heterodimerize. NF-L exhibits the ability to solely form networks in the absence of 

NF-M and NF-H in vitro (Heins et al. 1993; Lee et al. 1993). In contrast, NF-M and 

NF-H proteins require a NF-L partner to dimerize and form filaments that are 
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exclusive from one another (Hisanaga and Hirokawa 1988; Balin and Lee 1991; 

Lee et al. 1993). While this IF protein triad demonstrates variability in formation of 

filaments, each neurofilament is found abundantly in neurons (Hoffmann and 

Lasek 1975). Other than the neurofilaments, the type IV IF subgroup includes 

nestin and α-internexin in nervous tissue, as well as syncolin in muscle (Lendahl 

et al. 1990; Fliegner et al. 1990; Feick et al. 1991). 

The type V intermediate filaments are the nuclear lamins that are products 

of the Lamin A gene and Lamin B genes (Aebi et al. 1986; Gerace et al. 1986). 

Lamin A gene transcripts are translated into Lamins A and C, which demonstrate 

high sequence similarity, while the Lamin B genes produce several Lamin B 

isoforms (McKeon et al. 1986; Fisher et al. 1986).These IF proteins form filaments 

that are restricted to the nuclear compartment of cells where they associate with 

nuclear membranes and chromatin (Aebi et al. 1986). Lamin IFs show 

conservation of primary and secondary structure in the α-helical domain when 

compared to cytoplasmic IFs, particularly type III IFs (McKeon et al. 1986; Fisher 

et al. 1986). All lamins assemble into coil-coiled dimers, and although 

heteropolymers such as Lamin A/C form in vitro, lamin IFs form homopolymers in-

vivo (Heitlinger et al. 1991; Kolb et al. 2011). As a network in the nucleus, lamins 

form a characteristic meshwork of orthogonally interposed IFs (Aebi et al. 1986). 

Though this structure appears highly ordered, each lamin protein is thought to form 

a separate network, a feature that may be important for regulation of nuclear 

structure during both mitosis and interphase (Gerace and Blobel 1980; 

Lammerding et al. 2004; Goldberg et al. 2008; Ferrera et al. 2014). 
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The final current IF subgroup is referred to as orphan or other and includes 

the lens specific IF proteins Filensin and Phakinin (Merdes et al. 1991; Merdes et 

al. 1993; Chang and Goldman 2004). These IF proteins harbor partial sequence 

homology with IF family proteins in regard to the α-helical rod region, with Phakinin 

demonstrating stronger resemblance to typical IF peptides (Gounari et al. 1993; 

Merdes et al. 1993). Filensin, which forms a 10-nm filament heteropolymer with 

Phakinin, is shown to associate with lens cell membranes and compartmentalize 

to the periphery of these cells (Merdes et al. 1991; Merdes et al. 1993).  

Structure of intermediate filament proteins 

 Efforts to deduce the structure of intermediate filament proteins date back 

to pioneer work that established the chemical basis for formation of α-helical 

structures in peptides (Pauling et al. 1951). Subsequent work predicted that α-

helical keratin intermediate filament polypeptides conformed to a coiled-coil 

molecular structure (Crick 1952; Crick 1953). Early speculations that predicted a 

triple stranded coiled-coil intermediate filament structure were revised to that of a 

double stranded coiled-coil upon deriving the first complete sequence of an IF 

protein (Steinert et al. 1980; Geisler and Weber 1982). Crystal structures ultimately 

confirmed that two intermediate filament protein α-helices indeed form a coiled-coil 

polypeptide (Herrmann et al. 2000; Strelkov et al. 2001; Strelkov et al. 2002).  

 A combination of biochemical proteolysis experiments and sequence 

analysis revealed that individual IF proteins share a common three-domain 

structure: a sequence variable amino-terminal ‘head’ and carboxy-terminal ‘tail’ 

region each flank the central and strongly conserved α-helical ‘rod’ segment 
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(Geisler et al. 1982; Geisler and Weber 1982; Hanukoglu and Fuchs 1983; Steinert 

et al. 1983). A wealth of research since has elucidated consensus regions across 

this central IF rod segment, denoted as the coiled-coil domains 1A, 1B, 2A, and 

2B (Herrmann et al. 2009). These α-helical sequences are joined by linker L1, L12, 

and L2 regions that demonstrate greater sequence variability and primarily non-

helical character (Parry 2005). The length of the 1A, 2A, and 2B regions is strictly 

conserved among IFs at 35, 19, and 115 residues, respectively (Parry 2005; 

Herrmann et al. 2009).  Coil 1B is 101 residues in length in all IFs other than lamins, 

where it is 42 residues longer (Fisher et al. 1986; McKeon et al. 1986).  

The α-helical regions of the IF rod are comprised of a repeating heptad 

sequence in the order ‘abcdefg’, where the residues at the ‘a’ and ‘d’ position are 

hydrophobic residues (Parry 1982; Parry 2005). These residues show the highest 

degree of conservation among IFs, with the mainly charged residues at the ‘e’ and 

‘g’ positions demonstrating the second highest conservation. Comparatively, the 

‘b’, ‘c’, and ‘f’ positions show the most residue variety (Conway and Parry 1988). 

This repeating heptad sequence results in α-helical secondary structure mediated 

by intermolecular interactions that promotes coiled-coil tertiary structure through 

intramolecular interactions (Lupas 1996; Burkhard et al. 2001). The resulting 

coiled-coil dimer of IF α-helices positions the hydrophobic residues into the core of 

the dimer and the majority of the charged and polar residues toward the outer 

surface (Conway and Parry 1988; Shoeman and Traub 1993).  

 In contrast to the strong conservation of the IF central rod, the head and tail 

domains demonstrate marked sequence variability across IF proteins (Herrmann 
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et al. 2009). The functional significance of these regions has not been well 

characterized and appears to be different across IF family subgroups and proteins 

(Parry 2005). These domains have been a subject of interest due to the higher 

proportion of residues that are subject to post-translational modification in IF heads 

and tails relative to the rod domain (Omary et al. 2006; Snider and Omary 2014). 

Such modifications create the potential for changes in regulation of filament 

formation; among these, one such established mechanism includes 

phosphorylation and/or dephosphorylation of serine and threonine residues 

(Omary et al. 2006, Snider and Omary 2014). 

Assembly of intermediate filaments  

Intermediate filament assembly is distinct from assembly of other 

cytoskeletal macromolecules in that it does not require hydrolysis of nucleotides to 

form the IF polymer (Herrmann et al. 2009). In contrast to actin filaments and 

microtubules, intermediate filaments are non-polar polymers composed of fibrous 

subunits that exhibit marked insolubility in nonionic detergent buffers (Herrmann 

et al. 2004; Omary et al. 2006). Purified IF proteins simply require buffers of 

physiological pH and ionic strength to assemble into filaments in vitro (Herrmann 

et al. 2004). 

The initial step of polymer assembly for all intermediate filaments is the 

formation of the coiled-coil dimer, the only filament precursor that demonstrates N 

to C terminal polarity (Quinlan et al. 1986; Coulombe and Fuchs 1990). These 

dimers interact laterally, adopting an anti-parallel and staggered position with 

respect to one another to form tetramers that are approximately 60 nm in length 
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(Geisler et al. 1992; Steinert and Parry 1993). In vitro tetramers and other higher-

order filament precursors laterally associate within the first second of IF 

polymerization, forming wider unit length filaments (ULFs) of approximately 16 μm 

via processes that have yet to be completely described (Herrmann et al. 1996; 

Herrmann et al. 1999). These ULFs are predicted to contain 32 polypeptides, a 

deduction based on mass-per-length measurements of scanning transmission 

electron microscopy images (Herrmann et al. 1996; Herrmann and Aebi 1998). 

Within the following seconds and up to the first minute, ULFs longitudinally 

associate to form filaments with a length of up to 300 nm (Herrmann et al. 1996). 

After the first minute and through the first hour the filaments begin to demonstrate 

a radial compaction, decreasing in width to form much longer filaments that are 

10nm in diameter (Hermann et al. 1996; Herrmann and Aebi 1998).   

Particular domains within IFs have been shown to be crucial for filament 

assembly, including the closely conserved residues at the most N-terminal and C-

terminal positions of the IF rod (Hatzfeld and Weber 1992; Goldman et al. 1996; 

Strelkov et al. 2001; Chernyatina et al. 2012). In addition, portions of the head 

domain are thought to be important for lateral interaction and tetramer stabilization 

(Steinert and Parry 1993; Traub et al. 1992; Herrmann et al 1992; Chernyatina et 

al. 2012). While the head regions appear to be necessary for IF assembly (Hatzfeld 

and Burba 1994; Herrmann et al. 1996; Herrmann et al. 2004), the requirement for 

the tail varies. The tail regions for some IFs are dispensible in regard to filament 

assembly, while others require it for the compaction of radial diameter that occurs 
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during filament maturation (Hatzfeld and Weber 1990; Nakamura et al. 1993; 

Herrmann et al. 1996). 

While the sequential characterization of the IF assembly process by 

Herrmann and colleagues directly describes that of vimentin and desmin IFs, 

several important distinctions have been demonstrated for other IFs. The type I 

and type II keratin heteropolymers demonstrate rapid assembly processes that 

require protein concentrations to be heavily restricted in order to detect tetramers 

(Coulombe and Fuchs 1990). When the protein concentrations are increased, the 

formation of ULFs and elongation into filaments proceeds with such speed that it 

is difficult to determine whether these steps occur in sequence or can occur 

simultaneously for keratins (Herrmann et al. 2004). The type V nuclear lamins 

appear to elongate longitudinally in vitro after dimer formation into protofilaments, 

further assembling laterally into filaments for some time and then appearing as a 

paracrystalline aggregate (Aebi et al. 1986; Herrmann and Aebi 2004). Such 

differences in assembly mechanisms in vitro highlight a diversity that is an 

important consideration when examining in vivo IF networks. 

Mechanical aspects of IF proteins 

 Early investigations of the mechanical nature of coiled-coil intermediate 

filaments focused largely on non-cytoplasmic α-helical keratins in wool fibers. 

These landmark studies demonstrated a striking property of these keratin 

filaments: they are highly malleable when stretched, undergoing a complete 

change in secondary structure to that of a β-pleated sheet morphology before 

deforming past the point of polymer destruction (Astbury and Woods 1933; Bendit 



13 
 

 
 

1960; Kreplak et al. 2004). The heavily conserved secondary and tertiary structure 

of coil-coiled intermediate filaments described previously allows this inherent 

mechanical resistance to be shared across the diverse IF family (Dowling et al. 

1986; Hanukoglu and Fuchs 1983; Geisler and Weber 1982; Steinert et al. 1983).  

 Several characteristics of IF proteins contribute to their ability to withstand 

strains. IFs demonstrate an elastic and bendable nature due to their persistence 

length, which endows them with inherent flexibility (Schopferer et al. 2009; 

Lichtenstern et al. 2012). The ‘buckling’ behavior of filaments in cytoplasmic IF 

networks is a direct observation of the flexibility of IF polymers in the cellular 

environment (Nolting et al. 2014). The IF polymer is thought to endure pulling 

forces via the ability of the IF protein rod to transition from α-helix to β-sheet and 

the ability of the laterally associated subunits of the polymer to slide and change 

position with respect to one another (Guzman et al. 2006; Kreplak et al. 2008). 

Cytoplasmic intermediate filaments allow extension by force beyond 200% of their 

original length in some IF types, demonstrating outstanding strain tolerance 

(Kreplak et al. 2005).  

 Intermediate filaments are also endowed with a favorable attribute with 

regard to strain resistance in that they are known to form extended networks rather 

than acting as individual polymers. While this facet of IF allows the contribution of 

multiple filaments when resisting an applied force, IF networks exhibit another key 

quality when stretched: the network responds to applied forces by stiffening that 

resists subsequent deformation (Janmey et al. 1991). This increase in the 

hardness of the network results in a reduction in the degree of deformation that 
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occurs due to applied force. One mechanism for strain buffering is thought to be 

crosslinking between the charged and polar residues on the hydrophilic surface of 

coiled-coil α-helices mediated by divalent cations (Lin et al. 2010a). In addition, the 

IF tail domain has been demonstrated to be a requirement in some IF proteins for 

stiffening after application of strain (Bar et al. 2010; Lin et al. 2010b; Pawelzyk et 

al. 2014). 

 The properties of stretch resistance intrinsic to intermediate filaments are 

clearly conferred to and are beneficial for cells. IF networks have been 

experimentally shown to control cellular stiffness, both broadly for the cell and 

within intracellular compartments (Seltmann et al. 2013). Cells depleted of IF 

networks show greater size deformation in response to stretching forces compared 

to IF expressing cells (Seltmann et al. 2013; Ramms et al. 2013). In addition, IF 

networks are thought to have a crucial role in determining cell shape, as 

introduction of a non-native IF network is sufficient to alter the cell morphology 

(Mendez et al. 2010). This kind of cellular shape determination may be influenced 

by differences in the mechanical properties across filament networks, allowing IF 

expression profiles to contribute to establishing distinct mechanical identities for 

different cell types (Schopferer et al. 2009). Such differences may have 

considerable ramifications for cells specialized to mitigate direct physical forces, 

to endure fluid forces, or to interpret and manage forces during migratory events. 
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The earliest cytoplasmic IFs in eukaryotes: cytokeratin properties and 

expression patterns  

The keratins of the type I and type II IF subgroups stand out from other IF 

proteins because of their nature as obligate heteropolymers and great diversity 

compared to any other intermediate filament. The large number of keratin genes 

and individual keratin molecules has necessitated a separate nomenclature that 

numerically orders genes (KRT#) and proteins (K#) (Schweizer et al. 2006). 

Keratins that are known to be functionally expressed include type I and type II 

epithelial and hair keratins, which are 54 in number. Cytokeratins are the cellular 

keratin intermediate filaments that are present in various types of epithelia; these 

comprise 17 type I ‘acidic’ cytokeratins and 20 type II ‘basic’ keratins in the human 

(Schweizer et al. 2006). 

Epithelial keratins are found within a number of tissues in the adult human. 

Keratin IFs are expressed throughout the layers of the epidermis (Moll et al. 1982) 

populating keratinocyte epithelial cells throughout basal, spinous, granular, and 

cornified epithelium (Moll et al. 1982; Sun et al. 1985; Toivola et al. 2005). Type I 

acidic keratins in this tissue include K9, K10, K14, K15, K16, K17, and K19; type 

II basic keratins include K1, K2, K5, and K6. Outside of epidermal tissue, keratins 

are expressed most widely in tissues that contain simple epithelial cells. These 

include the columnar epithelia of the villi in the small intestine, outer covering liver 

hepatocyte epithelial cells, and the epithelia of the inner lining of the lung. Type I 

acidic keratins in these tissues include K18, K19, and K20; type II basic keratins 

include K7 and K8 (Toivola et al. 2005). 
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Keratins are expressed during very early stages of embryonic development, 

including pre-fertilization oocytes in the amphibian Xenopus laevis. The type I 

Keratin 18 and basic Keratin 8 that are detected in many mature simple epithelial 

cells are the first IFs to be expressed, demonstrating distribution in cells near the 

embryonic surface. Mouse embryos express K8 and K18 as early as the eight-cell 

stage, and cytokeratins remain present as the primary cytoplasmic IFs prior to cell 

differentiation stages (Oshima et al. 1983). K8 and K18 are followed by expression 

of basic K7 and acidic K19 (Brulet et al. 1980; Paulin et al. 1980) Expression of 

keratins can be detected in the context of embryonic development as early as pre-

fertilization, as the Xenopus oocyte demonstrates localization of cytokeratins 

throughout and particularly at the cortex (Franz et al. 1983; Wylie et al. 1985; 

Klymkowsky et al. 1987). Early stage embryos form keratin networks that span 

from the surface superficial to the deep cellular layers. Inhibition of these keratins 

results in a failure of the embryos to complete gastrulation, demonstrating that they 

are necessary for the embryo to develop beyond this stage (Torpey et al. 1992; 

Klymkowsky et al. 1992; Heasman et al. 1992).  

Cytokeratins in the context of the cell 

Cytoplasmic keratins form filamentous networks throughout cells that 

appear to be dense and widespread, casting the impression that this cytoskeleton 

favors total size over specific organization. Closer examination elucidates that 

while cytokeratins span several cellular locales, these filamentous networks exhibit 

specific organization in distinct subcellular compartments. As first proposed by 

Lazarides, keratin networks are perhaps most easily recognized in the cytoplasm 
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proper, where these filaments are broadly thought of as integrators of cellular 

space (Lazarides 1980). Indeed, keratins do connect different compartments of the 

cell- specifically, the widespread keratin IFs throughout the cytoplasm connect to 

keratins in other compartments that demonstrate organization appropriate for their 

function. In columnar epithelial cells, where cellular spaces and their relationship 

to keratins are well-defined, these compartments include cellular interfaces with 

adhesions and the area proximal to the nucleus (Moll et al. 1982). Both the 

organization of keratin networks at these locations and the relationship of keratin 

filaments with molecular structures in these compartments provide broad clues 

about their major functions in the cell.  

Epithelial cellular adhesion interfaces include two major compartments: the 

cell-cell adhesion and the cell-matrix adhesion. The specific component of the cell-

cell adhesion in columnar epithelia that is associated with keratin is known as the 

desmosome (Culkins and Setzer 2007; Franke et al. 2009). Cells of the developing 

mouse embryo establish their initial keratin networks proximal to forming 

desmosomal complexes (Jackson et al. 1980; Magin et al. 1998). These rivet-like, 

protein dense connection points at the lateral contact between columnar cells are 

comprised of desmocolin and desmoglein cadherin-like transmembrane proteins 

that bind one another extracellularly to initiate the desmosomal contact (Koch et 

al. 1990; Koch et al. 1991). The intracellular domains of these molecules bind a 

series of proteins that then form a plaque- namely plakophilin, plakoglobin, and 

desmoplakin (Hatzfeld et al. 1994; Mertens et al. 1996; Gorbsky et al. 1985; 

Schmidt et al. 1999; Franke et al. 1989; Green et al. 1990). Desmoplakin is capable 
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of binding keratin filaments in these cells, allowing the keratins to associate with 

and weave through the protein plaque (Kelly 1966; Franke et al. 1981; Green et 

al. 1990; Green et al. 1992). The keratin IF network that forms at desmosomes in 

each of the joined cells allows the adhesion to withstand strains exerted by pulling 

and pushing forces, thereby fortifying the junction (Stappenbeck and Green 1992; 

Bornslaeger et al. 1996; Acehan et al. 2008). 

Columnar epithelia maintains a well-defined basal surface that interacts 

with the extracellular matrix protein network known as the basal lamina 

(Sonnenberg et al. 1991; Hogervorst et al. 1993). Keratin IFs are associated with 

this cell-matrix compartment through a specific adhesion complex known as the 

hemidesmosome. The hemidesmosome is comprised of transmembrane integrin 

molecules that have affinity for specific molecules in the extracellular matrix 

(Hogervorst et al. 1993). The intracellular domains of these molecules are targets 

for plectin proteins that also have affinity for keratin IFs (Wiche et al. 1993; Geerts 

et al. 1999). In addition, the hemidesmosome also includes the matrix-binding 

collagen type XVII transmembrane proteins that associate with BP230, another 

keratin-binding molecule (Guo et al. 1995). In similar arrangement to that 

demonstrated at cell-cell adhesion desmosomes, the keratin network at the 

hemidesmosome laterally associates with the plectin and BP230 (Svitkina et al. 

1996; Hopkinson and Jones 2000). The association of the keratin network at the 

cell-matrix hemidesmosome also confers buffering against mechanical strains that 

are transduced at this interface (Bar et al. 2014).  
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The specific keratin linkages with plaque proteins of adhesion complexes at 

the cell-cell and cell-matrix interface provide the benefit of both concise localized 

roles and broad function because of the integrated nature of IFs: the keratin 

networks are connected (Morgan et al. 2011; Lombardi et al. 2011). Keratins form 

an extended network throughout the cell that extends to a completely different IF 

compartment called the ‘peri-nuclear cage’ (Windoffer et al. 2004; Morgan et al. 

2011). This keratin network is formed around the periphery of the nucleus and 

exhibits a ‘woven’ or ‘basket-like’ filament morphology (Windoffer et al. 2004; 

Kolsch et al. 2010). The strikingly different appearance of keratins at the nuclear 

compartment compared to those of adhesions demonstrates an advantageous 

property of IF networks. The filaments are capable of establishing distinct 

functional arrangements within an interconnected network. These connections 

likely allow for integration of cellular space in an active way; mechanical changes 

at one location can have ramifications for all connected locations, allowing cells 

the opportunity to respond (Lombardi et al. 2011; Conway et al. 2013).  

The concept of cellular change is a vital consideration for intermediate 

filament cytoskeleton, as the IF network must be capable of enough variability to 

be able to respond and properly mitigate forces. Though the previous examples 

provide an overview of various keratin functions in the cell, IF arrangements are 

not restricted to those described. Cellular IF networks including keratins 

demonstrate ongoing assembly and remodeling, characterized by both motile 

fibrils and the continual movement of pre-filament subunits (Windoffer et al. 2004; 

Kolsch et al. 2010; Moch et al. 2019). In addition, other cell and tissue types employ 
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keratin networks in subcellular contexts that differ from that of highly polarized 

columnar epithelium. Embryonic germ layer cells demonstrate not only differences 

in interactions between keratin networks and molecules of the cell-cell adhesion, 

but also remarkably different IF protein and filament distribution and activity at the 

cell-matrix interface (Weber et al. 2012). An appreciation of the variety of cellular 

contexts for keratin networks as well as the potential for these networks to 

influence this variety is therefore important to understanding the role of IF network 

reorganization in the cell.   

Functional roles of keratins  

  Expression of keratins in the earliest stage embryos implies an important 

role for these IFs in development. Global knockout of K8 in the mouse was 

originally demonstrated to result in embryonic lethality for nearly all embryos by 

embryonic day 12.5, but the proportion of embryonic death was shown to differ 

across mice of different genetic lineages (Baribault et al. 1993; Baribault et al. 

1994). The majority of mice that survive demonstrate abnormalities in the colon 

after birth that include hyperplasia and inflammation (Baribault et al. 1994). It is 

unclear whether these differences in viability after K8 loss are related to 

compensation by other keratins, but some insight may be garnered from the effect 

of global K18 and K19 knockout. While loss of K18 and K19 results in no overt 

phenotypes in the context of individual knockouts of these keratins, double K18 

and K19 knockout has a marked effect on embryos (Magin et al. 1998; Tamai et 

al. 2000; Hesse et al. 2000). K18-/- K19-/- mouse embryos demonstrate an inability 

to form any keratin IF networks and do no survive beyond day 10 (Hesse et al. 
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2000). The lethality that arises from loss of both acidic keratins in the early embryo 

is a consequence of abnormalities in trophoblast cells that normally express keratin 

networks. Depletion of the keratin network results in mechanical deficiency of the 

trophoblasts and failure of placental tissue function, demonstrated by the presence 

of bleeding within the embryos (Hesse et al. 2000). This tissue defect is shared by 

double knockout of K8 and K19 in mouse embryos that despite exhibiting K7 and 

K18 containing filaments also demonstrate embryonic bleeding (Tamai et al. 

2000).   

 Although the prominent effects of these keratin knockout strategies first 

appeared to illuminate a functional role for the IFs in tissues that are not a part of 

the embryo proper, continued investigation of knockouts provided other insights 

into properties and roles of keratins in developing organisms. While the structural 

properties of keratin IFs and networks confer utility in strain resistance, it is 

important to recognize that keratins are not functionally limited to mechanical roles 

in the cell. Knockout of K8 has been shown to disrupt apical protein localization 

and expression in the epithelia of the small intestine and hepatocytes, 

demonstrating a role for keratin IFs in the compartmental polarization that is a 

hallmark of epithelial cell types (Ameen et al. 2001; Satoh et al. 1999). Other than 

K8 deletion, aberrant protein localization has also been shown to result from 

expression of mutant K18 and knockdown of K19, affecting a number of molecules 

that are involved in junctional assembly, ion transport, and cellular signaling in both 

the cytoplasmic and membrane proximal compartments (Salas et al. 1997; Hanada 

et al. 2005). In addition, knockout of both K8 and K18 has an effect on hepatocyte 
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cellular signaling. K8-/- and K18-/- resulted in a proportion of hepatocytes 

becoming larger and multinucleated concomitant with a change in the distribution 

of an adapter protein involved in multiple signaling pathways, 14-3-3 (Toivola et al. 

2001). Changes in the ability of keratin IFs to bind 14-3-3 has ramifications for 

several cellular processes in different cell types, now characterized in regard to 

multiple acidic keratins and intermediate filaments types broadly.  

 The orientation of keratin IF networks in cells is another aspect that provides 

insight into the variety of roles this cytoskeleton is positioned to perform in the living 

environment. A key feature of keratin networks, their widespread nature in the 

cytoplasm, allows these structures the ability to influence the position of organelles 

in the cell. These networks may perform a cellular organization role in regard to 

organelles, illustrated by changes in the cytoplasmic architecture after keratin 

mutation or deletion. Most notably, loss of K8 in hepatocytes results in 

mitochondrial mislocalization, size decrease, changes in mitochondrial protein 

expression, decreased ATP, and changes in cytochrome c signaling (Tao et al. 

2009). Such changes may account for the predisposition to liver disease that has 

been linked to abnormal simple epithelial keratins (Ku et al. 1997; Ku et al. 2001; 

Zhong et al. 2009). Additionally, deletion of K19 in myoblasts has been shown to 

result in abnormal mitochondrial distribution (Stone et al. 2007). K18 mutation has 

also been demonstrated to result in an aberrant localization of the Golgi apparatus 

that is readily apparent in cultured hepatocytes, a finding that has yet to be 

completely interrogated but nonetheless links keratin networks to a broader role in 

subcellular organization (Kumemura et al. 2004). 
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 Some of the most directly essential roles for keratin filaments are 

mechanical functions that have been revealed by mutation and deletion of the 

keratin IFs expressed within the epidermis. Genetic mutations that result in point 

mutations in the sequence of both K5 and K14, which form a heteropolymer in 

epidermal cells, are the direct cause of a disorder known as epidermolysis bullosa 

simplex (EBS) (Pearson 1962; Letai et al. 1993). Individuals with EBS suffer from 

severe blistering of the skin, a symptom that is both phenocopied and extended in 

K5-/- and K14-/- mice (Chan et al. 1994; Peters et al. 2001). This deficiency 

perturbs the mechanical strength of the epidermis, resulting in widespread basal 

layer cell lysis and death after birth for all mice with K5 deleted and the majority of 

those with K14 deleted (Chan et al. 1994; Peters et al. 2001). The requirement for 

K5 and K14 to establish an epidermis with the ability to resist forces and ultimately 

promote the survival of the organism demonstrates that the strain mitigation these 

keratins provide is essential. Keratin networks harboring EBS mutations have been 

shown to fracture into aberrant aggregates at the cell periphery, highlighting the 

drastic loss of filament network properties necessary to withstand and buffer 

against strains (Pekny and Lane 2007).   

 Other than EBS, dysfunction of keratins results in a variety of diseases. The 

majority of these diseases result in abnormalities of the skin that present with either 

specific symptoms or with specific localization, owing to the expression patterns of 

keratins. Other than diseases of the skin, keratin mutations are known to result in 

abnormality of the epithelia of the oral cavity as well as the corneal epithelium of 

the lens in the eye (Terrinoni et al. 2001; Nishida et al. 1997). While mutations of 
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keratins expressed in simple epithelia do not result in acquirement of 

developmental diseases, they predispose the organism to major diseases of the 

liver (Ku et al. 1997; Ku et al. 2001; Zhong et al. 2009). Keratin abnormalities may 

not be the cause of cancers, but they appear to be markers of tumors and 

consequences of these diseases. A variety of cancer types have been linked to 

changes in keratin expression as well as modification of keratins, highlighting 

intermediate filaments as potential contributors to oncogenesis or cellular invasion 

(Karantza 2011).  

Molecular modification of keratin intermediate filaments 

 The characteristics of intermediate filament proteins and networks 

described thus far facilitate polymer assembly based on inter and intra molecular 

interactions that are independent of other molecules. Though the apparent 

autonomy of this process presents an advantage in regard to network formation, it 

raises a critical question – how can the establishment of such networks be 

regulated in the cell, where cytoplasmic IFs demonstrate a variety of distinct 

subcellular organizations, protein interactions, and even disassembly 

mechanisms? The need for the cell to modify and regulate these networks is 

especially apparent when considering the varied functions of IF networks, as these 

filaments must be capable of conducting several different roles simultaneously. 

 The most strongly established mechanism that is known to mediate 

heterogeneity and functional change in regard to IF networks is post-translational 

modification (PTM) of IF proteins. Intermediate filament PTMs that are well 

described involve covalent linkages of chemical groups to residues that are mainly 
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grouped within the head and tail domains of IF proteins (Omary et al. 2006). These 

are the IF regions that show the most sequence variety across IF family subgroups 

as well as within particular groupings, such as the type I and type II keratins 

(Geisler and Weber 1982; Hanukoglu and Fuchs 1983; Steinert et al. 1983). 

Modification of IF residues has been shown to affect filament properties, inducing 

network alterations that have been shown to have consequences for a multitude 

of cellular processes. 

 Extensive support exists to demonstrate that PTM of IFs via reversible 

phosphorylation at serine/threonine residues in the filament head and tail domains 

results in distinct changes that have ramifications for cells. Foremost among these 

is an increase in solubility following phosphorylation, a characteristic of IF subunits 

such as dimers and tetramers that is reduced in extended filaments (Omary et al. 

2006). Solubility increases are thought to be important for general dynamic activity 

of intermediate filament networks, as these changes provide opportunity for 

restructuring of otherwise stable IFs (Ridge et al. 2005; Woll et al. 2007; Busch et 

al. 2012). Known restructuring events include dynamic exchange of IF proteins, a 

process which allows soluble IF subunits to be incorporated laterally along the 

length of filaments (Sivaramakrishnan et al. 2009). Phosphorylation may also 

induce changes in IF networks outside of dynamic exchange of precursors by 

decreasing the stability of intramolecular interactions, promoting disassembly of 

IFs. Hyperphosphorylation has been demonstrated to result in aggregation of 

filament proteins, likely due to abnormal configurations and disruption of IF protein 

interaction mechanisms (Kasahara et al. 1993; Toivola et al. 1997; Strnad et al. 



26 
 

 
 

2001). This variety in phosphorylation-induced IF changes illustrates that the 

aspects of the affected residues, the number of affected residues, and the 

configuration of the affected IF protein are all components of the vital context 

required to understand the significance of any IF phosphorylation event in terms 

of cellular processes.  

 Site-specific phosphorylation of keratins has been associated with a 

number of IF network properties, cellular events, and disease mechanisms. During 

mitosis, which involves a dramatic restructuring of cytoplasmic IF networks, keratin 

IFs demonstrate phosphorylation of distinct sites that are thought to mediate 

network disassembly (Toivola et al. 2002). K8 is rapidly phosphorylated at serine 

73 during hepatocyte cellular stress, resulting in a marked restructuring of the 

network (Ku and Omary 2006). K8/K18 filaments in these cells are thought to 

function as ‘sinks’ for phosphorylation, restricting kinase activation of apoptosis 

promoting proteins (Ku and Omary 2006). Indeed, K8 Ser53 and K18 Ser73 

mutation induces hepatocyte apoptosis during cellular stress (Ku et al. 1998; Ku 

and Omary 2006). Keratin networks reorganize during migration, and 

phosphorylation of K8 Ser431 has been shown to increase migration in pancreatic 

and gastric cancer cells (Busch et al. 2012). In contrast, mutation of this site in oral 

carcinoma cells also increased migration, demonstrating functional differences in 

phosphorylation across cell types (Alam et al. 2011). Phosphorylation of particular 

keratin sites has been shown to be restricted to different cell types in the same 

tissue and even spatially separated networks in the same cell, highlighting the 
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context specificity of these PTMs (Ku et al. 2002; Zhou et al. 2006; Fois et al. 

2013). 

 IF modulation by phosphorylation raises an important consideration; are 

observed changes solely the result of the presence or absence of a phosphate, or 

alternatively due to secondary molecular interactions that require phosphorylation 

to enable interaction? A subset of changes in IF networks due to phosphorylation 

are mediated through interaction with 14-3-3 proteins, a family of molecular 

adaptors that bind specific sequence motifs that contain a phosphorylated serine 

or threonine. 14-3-3 proteins are known to interact with several intermediate 

filament proteins including keratins and to modulate their activity, enabling IF 

networks to influence signaling pathways that control cell cycle events and cellular 

growth (Margolis et al. 2006; Kim et al. 2006). Keratins have been shown to 

modulate such processes by preventing 14-3-3 proteins from engaging in other 

interactions that are required as critical steps in signaling pathways (Margolis et al. 

2006; Kim et al. 2006). In addition, 14-3-3 has been shown to regulate keratins 

directly, enhancing dynamic activity of keratin filaments and functioning as 

requirement for network reorganization after fluid shear stress (Sivaramakrishnan 

et al. 2006).  

 Though phosphorylation comprises the most extensively examined keratin 

regulation by PTMs, these IFs are subject to other modifications that have 

functional consequences for the network. Keratin IFs are also subject to 

acetylation, sumolyation, ubiquitlyation, glycosylation, and transamidation 

modifications (Snider and Omary 2014). Similar to phosphorylation, solubility 
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changes have been observed due to acetylation and sumolyation of lysines in K8 

(Snider et al. 2011). These modifications are different in that they target residues 

in the rod domain rather than the head or tail domains, and in the case of 

sumolyation demonstrate bi-functionality; monosumolyation promotes IF solubility, 

and hypersumolyation confers insolubility (Snider et al. 2011). While keratin 

modification by sumolyation occurs infrequently outside of abnormal contexts, K8 

mutants that promote liver disease have been shown to subject to these 

modifications (Snider et al. 2011).  

Ubiquitylation, glycosylation, and transamidation modifications alter 

filament aspects outside of solubility. Ubiquitin modification serves as a key 

modification for IF degradation in both general turnover and in response to IF 

abnormality, with aggregates of mutated IFs containing ubiquitylation modifications 

(Ku and Omary 2000; Loffek et al. 2010). O-linked glycosylation of K18 is required 

to facilitate an interaction between AKT1 and K8, allowing AKT1 to become 

phosphorylated and function as a regulator of cell survival mechanisms (Ku et al. 

2010). Transamidation modifications are found in the K8/K18 hepatocyte ‘Mallory-

Denk bodies’ characteristic of liver disease and thought to facilitate crosslinking of 

keratins to these aggregates (Strnad et al. 2007). Although these IF modifications 

may not be as prevalent as phosphorylation, the fact that the presence or absence 

of phosphorylation can modulate these PTMs illustrates their relevance to IF 

function (Ku and Omary 2000).  
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Dynamic activity of keratin intermediate filament networks 

 The changing environment of the cell necessitates a dual nature for 

cytoplasmic IFs: while these filaments must be stable enough to resist forces when 

needed, the networks must also be able to adjust and restructure. The ability to 

reorganize refers to several changes for keratin networks, encompassing large-

scale disassembly that occurs during phases of mitosis as well as 

compartmentalized changes in IF network density at adhesion complexes. In order 

to efficiently provide distinct functions in an environment defined by malleability, 

keratin networks must be subject to characteristics and processes in the cellular 

environment that facilitate regular and frequent remodeling.   

 Intermediate filaments across subgroups host qualities that allow the 

polymers within an IF network to be subject to augmentation. Mature elongated 

filaments incorporate injected IF protein subunits into the cytoplasmic IF network, 

demonstrating an ongoing mechanism of filament modification that is called 

‘dynamic exchange’ (Okabe et al. 1993). Studies that have employed 

photobleaching of fluorescently tagged IFs along with those that have utilized 

fluorescent photoconvertible IFs have shown that IF protein subunits are 

constantly added to filaments throughout networks, even in a ‘steady-state’ cell 

that is not undergoing an obvious dramatic reorganization of the IF network 

(Vikstrom et al. 1992; Colakoglu and Brown 2009; Noding et al. 2014).  

Moreover, evidence strongly suggests there is exchange of proteins among 

filaments of the same network rather than just continual addition of de novo 

translated or introduced precursors. In particular, keratin networks composed of 
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K8 and K18 demonstrate compartmental exchange of IF proteins where the central 

peri-nuclear network donates IF proteins to the connected peripheral keratin 

network (Kolsch et al. 2010). These cellular keratin networks assemble even when 

translation is blocked by cyclohexamide. This evidence demonstrates that IF 

networks employ mechanisms that allow disassembly of filaments into precursors 

that are then incorporated into other filaments (Kolsch et al. 2010). The 

incorporation of precursors in dynamic exchange is dose dependant, providing 

evidence that cellular environments maintain a balance between soluble filament 

precursors and insoluble filaments. The existence of these two filament 

populations that can each draw from and contribute to one another provide IF 

networks the ability to dynamically rearrange, maintaining an ongoing capacity to 

respond to and contribute to a variety of cellular changes. Dynamic exchange 

within keratin networks has been shown to occur in some of the earliest stages of 

mouse embryos, highlighting the relevance of these processes in tissues and the 

context of development (Schwarz et al. 2015). 

The mechanism of IF protein exchange that occurs in mature polymers 

across the cellular IF network does not orchestrate dynamic filament activity in 

isolation. Rather, keratin IF networks are subject to a cycle of turnover that allows 

for continual IF assembly and network rearrangement. Living cells demonstrate a 

cyclical process of keratin turnover that starts with nucleation of soluble subunits 

into larger pre-filament structures (Windoffer et al. 2004). These ‘particles’, named 

for their appearance in fluorescent confocal light microscopy, could potentially be 

related to ULFs characterized during stop-fix electron microscopy assembly 
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assays (Herrmann et al. 1996; Windoffer et al. 2004). Though their exact 

composition is unknown, their activity has been the subject of many recent 

investigations. Keratin particles have been demonstrated to translocate inward 

from the cell periphery, utilizing either microtubules or actin filaments depending 

on the cell (Prahlad et al. 1998; Helfand et al. 2002; Kolsch et al. 2009). Though 

the motion has been shown to be mainly retrograde, it is not exclusively uni-

directional (Hookway et al. 2015). This suggests that keratin particles either traffic 

on cytoskeletal arrays that project in several directions and/or that particles can 

associate with either retrograde or anterograde directed motors (Helfand et al. 

2002; Hookway et al. 2015).  

During the retrograde translocation of the keratin particles, these precursors 

have been shown to interact and extend into structures called ‘squiggles’ (Yoon et 

al. 2001). This process is thought to be end-to-end annealing that occurs on the 

move, as squiggles continue to associate with other precursors (Prahlad et al. 

1998; Yoon et al. 2001). Once the inward moving pre-filaments arrive proximal to 

the dense central peri-nuclear IF network, they are subject to one of two fates: 

these filaments either incorporate into the filament network, or disassemble and 

diffuse beyond the point of detection by light microscopy (Kolsch et al. 2010). In 

this way, the process is thought to contribute to both continual filament formation 

and dynamic activity by maintaining the soluble keratin fraction (Kolsch et al. 2010; 

Windoffer et al. 2011). Though this cycle of keratin turnover has been shown to 

occur within a variety of epithelial and non-epithelial cell types in the manner 

described above, this process may provide insights for cells in a variety of contexts 
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that remain to be explored (Windoffer et al. 2004). How this sequence of events 

manifests in cells that are establishing contacts, enduring mechanical stressors, or 

migrating as groups may inform how these broad keratin dynamics are adapted in 

specific situations. 

Dynamic activity of keratin networks not only refers to changes that can 

occur in the structure of the network, but also to an increased variety in cellular 

application that may be mediated by interactions with particular structures. As 

previously described, keratin precursors exhibit ‘nucleation’ at sites proximal to the 

cell periphery (Windoffer et al. 2006). Evidence exists to suggest that focal 

adhesion complexes influence keratin assembly, indicating a compartmental and 

complex specific influence on keratin dynamics (Windoffer et al. 2006; Leube et al. 

2015). In addition, the relationship between focal adhesions and keratins places 

these adhesions in position to interact with the keratin network at large. Keratin 

network association with desmosomes allows both the IF network and the 

adhesion complex to influence each other, reflecting interplay between IF and 

adhesion dynamics (Kroger et al. 2013; Loschke et al. 2016; Moch et al. 2019). 

The ability of adhesion dynamics to affect IF dynamics and vice versa is reflected 

by keratin modulation of adhesion complexes that these filaments have not been 

classically associated with (Leonard et al. 2008; Weber et al. 2012).  

Perhaps the most prominent outside influence that contributes to dynamic 

activity of keratin networks and IF networks in general is crosstalk with other 

cytoskeletal systems (Yoon et al. 2001; Kolsch et al. 2009). Although it is not clear 

whether keratins associate with actin motor proteins, transport of IF proteins 
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requires an intact actin network (Kolsch et al. 2009). Actin and keratin filaments 

have been shown to form complexes that contain 14-3-3 proteins in invasive 

carcinoma cells (Boudreau et al. 2013) Perturbation of both the cellular IF network 

and the cytoskeletal crosslinker plectin result in marked changes in actin filament 

organization, highlighting the interconnected relationship of actin cytoskeleton and 

keratin network dynamics (Moch et al. 2016; Sonavane et al. 2017). Disruption of 

either actin or microtubules can result in collapse of keratin networks, echoing the 

interconnected nature of these cytoskeletal systems (Woll et al. 2005) 

Keratin dynamics in developing Xenopus laevis embryos 

 The dynamic activity of keratin cytoskeleton has a clear importance in the 

gastrula of Xenopus laevis embryos, where simple epithelial keratins comprise the 

sole IF network of the mesodermal and endodermal cells (Franz et al. 1983; Wylie 

et al. 1985; Klymkowsky et al. 1987; Weber et al. 2012). These keratins, which are 

homologous to mammalian K8, K18, and K19, are both maternally derived as well 

as translated zygotically, originating from a gene cluster that resembles the 

organization found in the human (Suzuki et al. 2017). During gastrulation, a mixed 

population of mesoderm and endoderm engage in a coordinated collective 

migration that comprises an essential cellular movement (Weber et al. 2012). In 

concert with coordinated cellular movements in proximal tissues that include 

convergent extension and epiboly, the collective migration of this ‘mesendoderm’ 

contributes to establishment of the embryonic germ layers as well as the body axis 

of the embryo (Davidson et al. 2002; Longo et al. 2004; Keller et al. 2000). These 

migratory movements are critical for cellular differentiation events and tissue 
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specification that occurs in later developmental stages. Failure of these migratory 

movements can have consequences ranging from tissue abnormalities to 

embryonic death (Klymkowsky et al. 1992; Weber et al. 2012). 

 As the cytoplasmic IFs of the early embryo, keratins have a critical structural 

role. Depletion of the sole basic K8 by injection of morpholino oligonucleotides that 

are antisense to its transcripts causes the embryo to ‘exogastrulate’ and perish 

(Weber et al. 2012). Exogastrulation is a result of extravasation of cells that 

normally involute during the migratory movements of gastrula. While this 

dysfunction is drastic, it can be triggered by multiple origins and therefore is not 

easily interpretable in terms of a specific defect. Nonetheless, the clear 

requirement for K8 in development highlights the importance of the keratin network 

at this stage, as the acidic K18 and K19 IFs cannot form heteropolymers or 

networks without this basic keratin. 

 The critical role of the cytoplasmic keratin network becomes apparent when 

investigating the properties of these IFs in the cells of Xenopus gastrula. Keratin 

networks in migratory mesendoderm cells demonstrate compartmental specific 

organization that is characteristic of cytoplasmic IF networks: precursors at the 

cell-matrix periphery, a widespread cytoplasmic network, a peri-nuclear network, 

and a population of filaments that are localized to the cell-cell contact (Weber et 

al. 2012). Investigation of this typical IF network revealed a standout and novel 

role for keratin IFs in these cells. Application of mechanical force on these cells 

was shown to rapidly recruit significant densities of keratin IFs to the site of force 

transduction, a network reorganization that resulted in cellular protrusion formation 
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and migration in the opposite direction of the pulling force (Weber et al. 2012). 

Importantly, this force transduction and recruitment was demonstrated to be 

necessary for the uni-directional migration of the collectively migrating 

mesendoderm population (Weber et al. 2012). Cells of dorsal marginal zone tissue 

explants that recapitulate mesendoderm migration ex vivo lose the ability to 

migrate directionally upon disassembly of cadherin adhesions via withdrawal of 

calcium. These findings provided evidence of an exciting novel role for keratin 

dynamics in the determination of cell migration. 

 The dynamic recruitment of the keratin network as a consequence of force 

transduction and concomitant induction of migratory polarity affords several 

insights about intermediate filaments. Rather than through desmocolin or 

desmoglien of keratin associated desmosomes, cell-cell adhesion is mediated by 

C-cadherin in these cells (Heasman et al. 1994). Plakoglobin associates with this 

complex and has an affect on keratin recruitment but is not required for it to occur 

(Weber et al. 2012). Cadherin complexes are typically associated with actin 

cytoskeleton, demonstrating plasticity in regard to the types of adhesions that 

keratin networks can link to (Franke et al. 2009). The speed and extent to which 

keratins are reorganized to these junctions implies that the keratin IF dynamics 

must be regulated in order to efficiently respond to such stimuli, raising important 

questions about the molecules and processes that are involved in such dramatic 

rearrangements.  
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Characterization of 14-3-3 proteins  

 Since their discovery just over 50 years ago, 14-3-3 proteins have been 

revealed to be key modulators of a large spectrum of cellular processes. The 14-

3-3 molecules were first identified in 1967 in bovine brain samples and were 

named for the manner in which they were detected; these proteins eluted in the 

14th fraction after DEAE cellulose chromatography and migrated to position 3.3 via 

starch gel electrophoresis (Moore and Perez 1967). The function of these 

molecules remained largely unexplored until 20 years later, when 14-3-3 proteins 

were identified as a requirement for activation of tryptophan 5-monooxygenase 

and tyrosine 3-monooxygenase by calcium/calmodulin dependant kinase II 

(Ichimura et al. 1987). Numerous subsequent studies have provided solid evidence 

for the role of these molecules in regulation of a great variety of proteins, describing 

an interactome comprised of a startling >200 targets of 14-3-3 proteins (Pozuelo 

Rubio et al. 2004; Jin et al. 2004). 

 Evidence of direct binding and modulation of a large variety of proteins by 

14-3-3 has demonstrated their importance across cellular signaling pathways and 

biological processes. In particular, 14-3-3 binds to proteins involved in 

neurotransmitter synthesis, cell cycle progression, apoptosis, cell growth, 

development, cell adhesion, protein turnover, nutrient sensing, transport of 

vesicles, cancer progression, autophaphy, chromatin arrangement, and 

transcription (Sluchanko and Gusev 2017). This list is by no means exhaustive, as 

new functions for 14-3-3 proteins continue to be revealed. Moreover, 14-3-3 

proteins are remarkably conserved and nearly ubiquitously present in eukaryotes. 
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Regulatory roles for 14-3-3 homologs and isoforms alike have been characterized 

in yeast, drosophila, several plant species, amphibians, and mammalian species 

(Darling et al. 2005). 

14-3-3 protein structure  

 14-3-3 proteins in the mammal constitute multiple isoforms that were 

assigned greek letters based on their separation pattern via reversed-phase high 

performance liquid chromatography (Ichimura et al. 1988). Seven isoforms are the 

products of separate genes typically on separate chromosomes in the mammal, 

namely beta (β), gamma (γ), epsilon (ε), zeta (ζ), eta (η), tau/theta (τ/θ), and sigma 

(σ), with σ being characterized later in T-cells and epithelial cells (Ichimura et al. 

1988; Leffers et al. 1993; Tommerup and Leffers 1996; Aitken 2002). In addition 

to these gene derived isoforms, there are two described 14-3-3 variants that are 

phosphorylated forms of β and ζ, named alpha (α) and delta (δ), respectively 

(Aitken et al. 1995). 14-3-3 proteins demonstrate expression in a wide range of 

tissues, with only the phosphorylated forms appearing to be constricted to the brain 

(Celis et al. 1990; Aitken 2011). There is marked conservation amounting to 

approximately 70% across the isoforms, and their individual sequence lengths 

appear to dictate their migration during gel electrophoresis (Wang et al. 1996). The 

majority of the isoforms have a molecular size that is at or close to 27kDa with ε 

representing the largest isoform at 30 kDa. When antibody immunolabeled after 

transfer from SDS-PAGE, these size differences result in the detection of 14-3-3 

proteins as a band cluster or multiple bands depending on the percentage of 

polyacrylamide in the gel (Ichimura et al. 1988).  
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 The sequence conservation of 14-3-3 proteins translates into a structural 

conformation that is closely shared among the isoforms. Each 14-3-3 protein 

comprises a monomer that is composed of nine anti-parallel α-helices that result 

in a cup-like or ‘u’-like three-dimensional shape (Liu et al. 1995). The residues of 

the cup/u-shaped recess constitute an amphipathic ligand-binding channel that 

interacts with residue motifs in target proteins (Xiao et al. 1995; Zhang et al. 1997; 

Wang et al. 1998). Upon dimer formation, the channel becomes 35 angstroms 

broad and wide as well as 20 angstroms deep, containing two binding grooves that 

are arranged anti-parallel to one another (Xiao et al. 1995; Liu et al. 1995). While 

the residues within the channel are absolutely conserved, there is a high degree 

of variability within the N-terminal as well as the C-terminal residues of each 

monomer (Rittinger et al. 1999).  

The N-terminal regions have been shown to mediate the dimerization of 14-

3-3 proteins, containing the residues that establish the interface between the 

monomers and the floor of the channel (Liu et al. 1995; Jones et al. 1995). This 

sequence variability determines the extent to which a given 14-3-3 isoform can 

form heterodimers or homodimers. The selectivity in potential dimer combinations 

appears to be mediated by the number of salt bridges that can be formed between 

a pair of monomers. Isoforms such as ε preferentially form heterodimers that 

include multiple salt bridges instead of a homodimer stabilized by a single salt 

bridge (Yang et al. 2006). In contrast, 14-3-3 σ preferentially forms homodimers 

that are interconnected by three salt bridges (Wilker et al. 2005; Verdoodt et al. 

2006). Variety in potential dimer combinations may likely may provide 14-3-3 
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proteins with functional versatility in regard to interaction with target proteins. 

Indeed, 14-3-3 ζ has been demonstrated to form a number of heterodimer types 

(Verdoodt et al. 2006). Variability in the N-terminal residues of 14-3-3 proteins thus 

confers a degree of flexibility in dimer formation that may have functional 

ramifications as a result of the expression profile of 14-3-3 molecules in a cell type 

or tissue (Jones et al. 1995; Benzinger et al. 2005; Verdoodt et al. 2006). 

Though several combinations of dimers are made possible due to sequence 

variability, this facet of 14-3-3 proteins would likely have reduced importance if the 

monomers in the dimer did not possess some differences that impact function. 

Substrate specificity for monomers is thought to be influenced by the C-terminal 

tail, the other part of 14-3-3 sequence that shows large variability across isoforms 

(Truong et al. 2002; Obsilova et al. 2004; Silhan et al. 2004). Although the 

structural conformation for this portion of the 14-3-3 dimer has yet to be resolved, 

there is some evidence to suggest that the C-terminal disordered tail can function 

as an autoinhibitory domain (Truong et al. 2002; Shen et al. 2003). Deletion of the 

C-terminal tail has been shown to result in higher affinity 14-3-3 binding of targets 

relative to that of wildtype 14-3-3 (Truong et al. 2002). Differences in the C-terminal 

domain across 14-3-3 monomers could potentially confer specificity for subsets of 

molecules within the large pool of 14-3-3 targets, allowing both discrete and varied 

functions for particular dimer combinations. However, since in vitro 14-3-3 binding 

assays have shown that multiple targets bind different isoforms equally well, it 

remains to be seen whether potential inhibition via the C-terminal region only 
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affects non-specific sequences or requires in vivo modification of 14-3-3 proteins 

(Muslin et al. 1996; Rittinger et al. 1999; Wang et al. 1999; Obsilova et al. 2004). 

Molecular basis of 14-3-3 binding  

Much of what we know about the relationship between 14-3-3 sequence, 

structure, and mechanism of target binding is a result of binding assays and solved 

ligand-bound crystal structures that have utilized well characterized peptides 

(Yaffe et al. 1997; Petosa et al. 1998; Rittinger et al. 1999). Pioneer work by Muslin 

and colleagues employed a small peptide consensus to the sequence flanking and 

including Serine 259 of Raf1, a residue that must be phosphorylated for 14-3-3 

proteins to bind Raf1 (Muslin et al. 1996). Study of the interaction between this 

Raf1 peptide and 14-3-3 revealed a binding motif for targets of 14-3-3 proteins, 

RSxpSxP, where the phosphorylation of the middle serine residue is required for 

the interaction (Muslin et al. 1996). This finding was further informed by Yaffe and 

colleagues through utilization of a degenerate peptide library in order to 

characterize the optimal residues of 14-3-3 binding motifs (Yaffe et al. 1997). Two 

14-3-3 binding motifs were established: a ‘mode I’ motif defined as R-[S/Ar]-[+]-

pS-[L/E/A/M]-P and a ‘mode II’ motif defined as R-X-[Y/F]-[+]-pS-[L/E/A/M]-P 

where ‘+’ denotes a basic residue, ‘Ar’ denotes an aromatic residue, and X denotes 

any residue (Yaffe et al. 1997; Rittinger et al. 1999). Since several molecules had 

been described to bind 14-3-3 through mode I motifs, including Raf, BAD, and 

Cdc25c, and mode 2 peptide binding had been demonstrated, these early 

discoveries were critical for elucidating mechanisms through which 14-3-3 targets 
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other molecules (Muslin et al. 1996; Zha et al. 1996; Peng et al. 1997; Yaffe et al. 

1997).  

Continued study of the mechanism of interaction between 14-3-3 and target 

proteins have revealed a much greater variety in binding mechanisms than first 

proposed. A large body of discoveries have collectively demonstrated that the 

residues proximal to the phosphorylated serine or threonine at the center of 14-3-

3 motifs are subject to variability. While not entirely revised, the aforementioned 

mode I and mode II motifs are commonly simplified to R-X-X-pS/pT- X-P and R-X-

[Y/F]-X-pS/pT-X-P, respectively (Johnson et al. 2010). While this mode I sequence 

is an appropriate description of the majority of known 14-3-3 motifs, the arginine 

at the -3 position is not absolute and approximately half of described motifs do not 

contain a proline residue at the +2 position (Johnson et al. 2010). 14-3-3 proteins 

also bind relatively rarer ‘mode III’ C-terminal ending pS/pT-(X1-2)-COOH 

sequences in proteins such as arylalkylamine N-acetyltransferase and plant H+-

ATPase (Ganguly 2005; Ottmann 2007). Plant proteins have been shown bind 14-

3-3 mainly through a L-X-(R/K)-S-X-(pS/pT)-X-P motif (Johnson et al. 2010). In 

addition, binding sites that do not match any of these described motifs also exist, 

such as the R-P-V-S-S-A-A-pS-V-Y site including serine 33 in human Keratin 18 

(Ku et al. 1998). The variability evidenced with the discovery of more 14-3-3 sites 

should not be interpreted as a lack of specificity in target sequences; rather, the 

diversity likely allows for different affinity among targets and potentially reflects 

evolution of different protein mechanisms for binding with 14-3-3 proteins.  
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Among the rarer interactions, some examples of 14-3-3 binding non-

phosphorylated sequences exist. The ExoS viral protein inserts into the 14-3-3 

binding groove via hydrophobic interactions with the residues of the groove roof 

(Masters et al. 1999). In a manner that more closely represents phosphorylated 

targets, the phage library derived ‘R18’ peptide contains a WLDLE sequence 

where the aspartic and glutamic acid residues interact with 14-3-3 residues that 

typically associate with the pS/pT of a target motif and the leucines interact with 

hydrophobic roof of the groove (Petosa et al. 1998). Thus, ExoS demonstrates 

binding that is nonpolar in nature while R18 utilizes amphipathic interactions to 

bind 14-3-3. Though few 14-3-3 interactions with non-phosphorylated sequences 

have been reported, the contrasting manner through which these two molecules 

bind 14-3-3 demonstrates that context of the residue interactions are critical to 

understanding binding. This is apparent in attempted ‘phosphomimetic’ single 

residue substitutions of aspartic acid or glutamic acid for the pS/pT residue in 14-

3-3 motifs, as these substitutions largely fail to preserve binding to 14-3-3 proteins 

(Johnson et al. 2010). 

Although the evidence from co-crystal structures of 14-3-3 proteins and 

bound ligands is likely unable to completely describe the molecular basis of 14-3-

3 interaction, this information provides valuable knowledge of ways that 14-3-3 can 

engage targets. Analysis of a 14-3-3 ζ bound mode I peptide derived from polyoma 

middle-tumor antigen demonstrates that the phosphorylated serine in its sequence 

is engaged with a series of mostly basic resides within the 14-3-3 amphipathic 

groove (Yaffe et al. 1997). These pS interacting residues include lysine 49 and 
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arginine 56 of 14-3-3 helix 3/C as well as arginine 127 and tyrosine 128 of helix 

5/E. In the case of the middle-tumor peptide, the phosphate forms salt bridges with 

K49, R56, and R127, while a hydrogen bond facilitates interaction between the 

peptide phosphate and Y128 (Yaffe et al. 1997). These 14-3-3 residues were 

shown to be essential for binding the mode I Raf1 peptide via charge reversal 

mutations including K49E and R56E (Zhang et al. 1997).  

Several residues that are not directly engaged in interactions with the target 

pS/pT are nonetheless involved in substrate binding. These are residues of the 

largely hydrophobic roof of the 14-3-3 binding groove comprised of helices 7/G 

and 9/I, including leucines at position 172, 216, 220, and 227 along with a valine 

at position 176 (Rittinger et al. 1999). When these residues are charge reversed 

via mutation to aspartic acid, only L216D and L227D result in reduced rather than 

abrogated peptide binding (Wang et al. 1998). Structural analysis predicts that 

V176 and L227 residues interact with residues in the -2 position along with a 

tyrosine at position 179 and a tryptophan at position 228; these are predicted to 

involve side chain interactions (Rittinger et al. 1999). Likewise, asparagines at 

positions 173 and 224 along with a lysine at position 120 are predicted to form 

hydrogen bonds with the peptide backbone of the residues just before and after 

the pS/pT of the motif, promoting a straightened conformation for the peptide 

(Rittinger et al. 1999). Each of these residues are absolutely conserved in 14-3-3 

proteins across a number of species (Rittinger et al. 1999; Yaffe 2002), 

demonstrating that while individual interactions may mechanistically vary between 
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14-3-3 targets, the variety of molecular strategies for binding them likely arise from 

these critical components of the sequence.   

14-3-3 binding induces a variety of functional changes 

The mechanisms of 14-3-3 binding are important to understand in order to 

appreciate how 14-3-3 can interact with a plethora of substrates, but ultimately the 

emerging question is ‘how does 14-3-3 binding impact the function of its target?’ 

Our understanding of 14-3-3 protein functions in the cellular environment has 

identified them as regulatory proteins: These proteins act on other targets via 

binding, most of these interactions requiring phosphorylation, and modulate their 

activity. The effect that 14-3-3 binding exerts on any given substrate is a result of 

characteristics of both the 14-3-3 dimer and the particular sites within the target 

protein. An interesting facet of 14-3-3 proteins evidenced through study of co-

crystal structures is that binding of targets induces relatively little change in the 

structure of the 14-3-3 dimer (Yaffe et al. 1997; Rittinger et al. 1999; Obsil et al. 

2001; Ottmann et al. 2007). This structural rigidity is thought to allow 14-3-3 

proteins to function as a platform on which conformational change can occur in 

bound molecules (Yaffe 2002). Such a mechanism can hypothetically promote a 

large variety of changes depending on the features of bound targets. 

Known binding interactions and resultant changes in the activity of 

molecules have led to the identification of a number of ways that 14-3-3 proteins 

regulate other molecules. One such method involves the direct change of protein 

structure induced by 14-3-3 binding. A well-characterized and outstanding 

example that illustrates this activity involves H+-ATPase proteins of plant plasma 
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membranes, which as dimers exhibit an auto-inhibitory positioning of part of the C-

terminal region of each monomer (Ottmann et al. 2007). Phosphorylation of these 

regions allows 14-3-3 proteins to bind, resulting in a conformational change where 

the auto-inhibitory region extends away from the dimer. In addition, each monomer 

of the H+-ATPase dimer is bound by a single 14-3-3 dimer, leaving one of the 14-

3-3 binding grooves free to associate with other H+-ATPase subunits (Ottmann et 

al. 2007). This results in formation of a hexamer stabilized by three 14-3-3 proteins, 

placing 14-3-3 in control of both the activation and oligomerization of this protein 

via conformational modification (Ottmann et al. 2007).  

While this 14-3-3 single motif binding and induction of conformational 

change is likely the mechanism of regulation for a number of 14-3-3 substrates, 

14-3-3 proteins can also induce change by binding multiple sites. The catalytic 

enzyme Serotonin N-acetyltransferase (AANAT), involved in synthesis of 

melatonin precursor protein, has been shown to require binding of two 

phosphorylated sites in order to be bound and activated by 14-3-3 (Obsil et al. 

2001; Ganguly et al. 2005). Co-crystal structure of the nearly full-length AANAT 

molecule bound to 14-3-3 ζ revealed that this interaction results in a conformational 

change of the AANAT binding groove, resulting in an increase in affinity with its 

substrate (Obsil et al. 2001). Evidence of binding mediated structural change and 

activation via dual site binding provides support for a ‘gatekeeper and anvil’ 

hypothesis proposed by Yaffe (Yaffe 2002). The ‘gatekeeper’ site is thought to be 

a higher affinity 14-3-3 site that once phosphorylated promotes 14-3-3 binding to 

a relatively lower affinity site within the same molecule. The rigidity of 14-3-3 allows 
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it to function as an ‘anvil’ upon which substrates are structurally modified and 

exhibit changes in activity. AANAT fits this description closely with a mode I 14-3-

3 site including pT31, but no recognizable 14-3-3 binding motif around pS205. Only 

when both sites are phosphorylated does 14-3-3 binding result in the highest 

binding affinity between AANAT and its target (Ganguly et al. 2005).        

Structural analysis of 14-3-3 proteins bound to substrates is required to 

determine whether the interaction results in a change in shape of the target 

molecule. Since this extensive level of study has only been applied to a subset of 

14-3-3 interactions, it is difficult to conclude if/how many described interactions 

affect the conformation of 14-3-3 targets. Nonetheless, biochemical strategies to 

study regions of 14-3-3 binding and a variety of approaches to demonstrate 

changes in the activity of 14-3-3 targets have identified a number of regulatory 

activities of 14-3-3 proteins. 

Perhaps the simplest activity regulation conferred by 14-3-3 binding is 

activation or inactivation of target protein’s activity. 14-3-3 binding has been shown 

to increase activity of tyrosine and tryptophan hydroxylases, and conversely to 

inhibit the activity of nitrate reductase (Moorhead et al. 1996). In a standout 

example of this kind of regulation, 14-3-3 binding has been shown to both inhibit 

the kinase activity of Raf1 and activate this molecule depending on which sites 

within Raf1 have been phosphorylated (Roy et al. 1998; Dumaz et al. 2003). Target 

binding by 14-3-3 has also been shown to promote interaction between molecules, 

and conversely to occlude molecules from associating with one another. Raf1 is 

activated by forming a complex with Ras that 14-3-3 has been shown to both 
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promote (Roy et al. 1998) and disrupt (Dumaz et al. 2003). In addition, 14-3-3 has 

been shown to promote a complex between c-Bcl and Raf1, kinases that do not 

demonstrate intrinsic ability to bind one another (Braselmann and McCormick 

1995). Similarly, 14-3-3 proteins have been shown to mediate formation of a 

complex that includes kinesin and dynein motors in order to orient mitotic spindles 

(Lu and Prehoda 2013). In contrast, phosphorylated pro-apoptotic Bcl-2 protein 

BAD is bound by 14-3-3 and prevented from dimerization with other Bcl-2 proteins, 

preventing induction of apoptosis (Zha et al. 1996). 14-3-3 interaction also inhibits 

transcription factor FOXO3, and disruption of this interaction leads to constitutively 

active FOXO3. In the context of this binding, 14-3-3 also demonstrates another 

modulatory activity: it prevents dephosphorylation of FOXO3 (Dobson et al. 2011). 

Another regulatory activity induced by binding of 14-3-3 proteins is change 

in the localization of a target protein. A frequently observed role for 14-3-3 binding 

in determination of protein localization involves prevention of target protein import 

into the nucleus, often via obstructing the target’s nuclear localization signal. 

Molecules that are sequestered and retained in the cytoplasm in this manner 

include Cdc25 phosphatase, transcription factor EB, and transcriptional regulator 

YAP (Margolis et al. 2006; Roczniak-Ferguson et al. 2012; Basu et al. 2003). This 

often allows 14-3-3 to act as a negative regulator of processes, here preventing 

cell cycle progression, autophagy induction, and transcription of genes involved in 

proliferation, respectively (Margolis et al. 2006; Roczniak-Ferguson et al. 2012; 

Basu et al. 2003). Reports of 14-3-3 mediated protein transport to specific 

subcellular spaces are comparably less frequent, but such changes in localization 
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may be mediated through the ability of 14-3-3 to bind kinesin (Ichimura et al. 2002). 

14-3-3 has been shown to regulate transport of plakoglobin by functioning as an 

adapter to a kinesin motor, a process that has been shown to be important for 

proper desmosomal junction assembly (Sehgal et al. 2014; Vishal et al. 2018). In 

addition, 14-3-3 has been shown to be important for regulating junctional 

localization of plakophilin proteins and tight junction proteins (Roberts et al. 2013; 

Amaya et al. 2019). 

14-3-3 roles in developing Xenopus laevis embryos 

 The large interactome of 14-3-3 enables these proteins to influence major 

organismal processes, such as those observed during embryonic development. A 

strong literature consisting of studies in yeast have characterized the role of 14-3-

3 homolog proteins in regulation of Cdc25 phosphatase as a critical feature of cell 

cycle checkpoint establishment during mitosis (Zeng and Piwnica-Worms 1999). 

In drosophila, complete knockout of one of the two expressed 14-3-3 proteins 

results in embryonic death (Li et al. 1997). Studies in drosophila identified 14-3-3 

proteins as a critical activator of Raf1 in eye development, as well as subcellular 

organizers of par proteins in embryonic axis specification (Kockel et al. 1997; 

Chang and Rubin 1997). In the mammal 14-3-3 proteins are likewise involved in 

regulation of Raf1 signaling and of cell division cycle proteins, and a large body of 

research has investigated the role of 14-3-3 in neuronal cell differentiation and 

migration (Pozuelo Rubio et al. 2004; Cornell and Toyo-oka 2017). A significant 

portion of what we understand about these proteins in embryonic development has 
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been elucidated by studies in the amphibian Xenopus laevis, both in regard to the 

function of 14-3-3 proteins at large and individual isoforms specifically. 

 Roles for 14-3-3 proteins in Xenopus development have been described as 

early as in the oocyte, major examples including regulatory roles for Raf1 signaling, 

Cdc25 phosphatase in cell cycle, and par protein localization during gastrulation 

(Xing et al. 1997; Duckworth et al. 2002; Margolis et al. 2003; Kusakabe and 

Nishida 2004). In addition, utilization of a broad approach to widely inhibit 14-3-3 

isoforms demonstrated important roles in tissue specification and formation in 

Xenopus embryos (Wu and Muslin 2002). Given that 14-3-3 proteins constitute 

approximately 40 μg/ml within pre-fertilization oocytes, microinjection of as much 

as 40 ng of RNA encoding an epitope tagged high-affinity 14-3-3 binding peptide 

(‘GST-R18’) was employed to inhibit both maternally and zygotically derived 14-3-

3 (Wang et al. 1999; Wu and Muslin 2002). Inhibition of 14-3-3 proteins resulted in 

abnormal phenotypes including failure of blastopore closure, embryo bending and 

size truncation, and abnormal establishment of skeletal muscle. Interestingly, this 

degree of inhibition resulted in decreased RNA levels for mesodermal markers 

Xbra, Xwnt8, and XmyoD when GST-R18 was expressed in presumptive ventral 

lateral mesoderm. Prevention of mesoderm formation was further evidenced by 

failure of fibroblast growth factor to induce differentiation of animal cap ectoderm 

to mesoderm when these cells were 14-3-3 inhibited. The effect appeared to be 

specific to mesoderm, as non-mesodermal Spemann organizer markers such as 

chordin and goosecoid were unaffected. Although these findings revealed an 

important role for 14-3-3 in the formation of developmental tissues, it is important 
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to interpret this finding with respect to the location and degree of inhibition. This is 

apparent in embryos subjected to chemical perturbation of the H+-ATPase and 14-

3-3 complex, increases in 14-3-3 ε expression, or mislocalization of 14-3-3 ε 

expression (Bunney et al. 2003) These interventions result in the emergence of 

organ heterotaxia in late stages, identifying a role for 14-3-3 proteins in 

specification of tissue asymmetry (Bunney at al. 2003).  

 In a more comprehensive examination of the roles of separate 14-3-3 

isoforms across development, the expression, localization, and effect of perturbing 

each isoform was described in Xenopus embryos (Lau et al. 2006). RNA 

transcripts for 14-3-3 isoforms were detected in early embryonic stages through 

late tailbud, demonstrating that 14-3-3 β, ε, τ/θ, ζ, and γ are present and abundant 

throughout development with only isoform η showing limitation of expression to 

rarely late stages. 14-3-3 γ and ε expression localizes across the early tailbud body 

surface in a widespread manner in contrast to isoforms τ/θ, ζ, η, and β that do not 

demonstrate observable patterns at this stage. Late tailbud embryos express γ, ε, 

and τ/θ in a variety of tissues including head structures, tissues of the nervous 

system, muscle, trunk, and tail tissue. Isoform γ shows a comparatively more 

dense localization in the head comparted to that of other isoforms, while ε and τ/θ 

localize most clearly to muscle, trunk, and tail structures. 14-3-3 ζ appears to 

mainly localize to the tailfin of late tailbud embryos, while isoforms η and β appear 

are expressed in the trunk, tail, and head.  

The different localization of these isoforms appears to affect their functional 

significance in development, as partial knockdown of each 14-3-3 protein via 
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antisense RNA morpholino oligonucleotides results in different phenotypes. 

Knockdown of ε and τ/θ each result in failure of the blastopore to close and 

exogastrulation, with just over 30% of ε reduced embryos dying and nearly 90% of 

τ/θ depleted embryos dying. Reduction of isoform γ causes loss of the eye, while 

knockdown of β results in a bending of the embryo. Depletion of ζ and η does not 

produce an obvious phenotype. Failure of FGF treatment to induce animal cap 

differentiation to mesoderm was observed after τ/θ knockdown and rescued by 

reintroduction of τ/θ. Mesendodermal marker Xbra is reduced by loss of ε and τ/θ, 

and the embryonic death that occurs due to knockdown of these isoforms involves 

induction of apoptosis. Rescue by restoration of either isoform τ/θ or ε reduces 

exogastrulation caused by knockdown of τ/θ. Co-expression of either τ/θ or another 

isoform such as ζ demonstrates a rescue effect by preventing the increase in 

apoptosis.  

 While these results provide encouraging evidence of some discrete roles 

for 14-3-3 proteins in development, they must be interpreted with caution. The 

morpholino knockdown approach results in inhibition of both maternal and zygotic 

transcripts widely throughout the embryo, limiting control of both time and location 

of inhibition. Another caveat to this approach is that it cannot reduce maternal 

protein derived from the oocyte, where 14-3-3 proteins have been demonstrated 

to be abundant. Thus, this perturbation relies on turnover mechanisms to deplete 

existing protein. Nonetheless, there is descriptive evidence of requirement of 14-

3-3 proteins during development, though the roles evidenced have yet to be 

described with regard to cellular or molecular mechanisms. Further examination of 
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the cellular functions of these proteins in the context of developing tissues is 

required to understand the nature of their contribution to important embryonic 

processes.    

The relationship between 14-3-3 and intermediate filaments: IFs modulate 14-

3-3  

 14-3-3 has been discovered to have a relationship with intermediate 

filament family proteins that both modulates filaments and IF networks directly and 

allows IF proteins to influence cellular signaling. A key functional characterization 

of the interaction between 14-3-3 proteins and IFs was described in the context of 

keratin networks during mitosis (Liao and Omary 1996). 14-3-3 was found to 

interact with K8/K18 filaments in a phosphorylation dependant manner, resulting 

in increased solubility of the bound keratins. This interaction was shown to 

specifically involve type I K18, to be disrupted by addition of phosphatase, and to 

result in establishment of comparatively ‘loose’ filament networks in vitro (Liao and 

Omary 1996). Follow-up work clearly demonstrated that the interaction between 

K18 and 14-3-3 is mediated by phosphorylation of Serine 33, which occurs within 

an atypical motif in regard to 14-3-3 binding (Ku et al. 1998). Mutation of Ser33 to 

alanine or aspartic acid results in failed binding to 14-3-3 and collapse of the 

cellular keratin network of fibroblasts from a widespread network into a 

comparatively thin peri-nuclear ring (Ku et al. 1998). One interpretation of these 

findings is that 14-3-3 promotes keratin network solubility during mitosis that could 

potentially allow for reorganization events during cellular division (Liao and Omary 

1996).  
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 Demonstration that interaction between phosphorylated keratin and 14-3-3 

proteins is a feature of mitosis raises an important consideration; while 14-3-3 

binding has an affect on filament properties, IFs may also be able to exert an effect 

on 14-3-3 in turn. Evidence of keratin IFs influencing 14-3-3 was described in the 

context of mouse K8 knockout in vivo (Toivola et al. 2001). K8 deplete liver 

hepatocyte cells that are unable to form IFs with K18/K19 evidenced mitotic arrest, 

indicated by increased proportions of S-phase cells, increased nuclear size, and 

the presence of abnormal multi-nucleated cells (Toivola et al. 2001). Interestingly, 

K8 deletion resulted in relocalization of 14-3-3 ζ from the cytoplasmic compartment 

to the nucleus of these cells (Toivola et al. 2001). Knock-in of K18 S33A in the 

mouse also induced a shift in 14-3-3 ζ distribution from the cytoplasm to the 

nucleus (Ku et al. 2002). Such findings demonstrated a role for the interaction 

between intermediate filaments and 14-3-3 proteins that allows the IF network to 

dictate compartmentalization of 14-3-3.  

Furthermore, additional work illustrated the role of IF networks in 14-3-3 

mediated regulation of mitosis. Study of 14-3-3 binding by vimentin illustrated that 

phosphorylation of vimentin is sufficient to sequester 14-3-3 and prevent 

interaction with known targets, such as Raf1 (Tzivion et al. 2000). This mechanism 

was demonstrated to be a key feature of 14-3-3 mediated mitotic checkpoint 

control, as a combination of 14-3-3 phosphorylation and subsequent binding to 

keratin liberates Cdc25 phosphatase from 14-3-3, allowing nuclear entry and 

progression of mitosis (Margolis et al. 2006). Keratins and other IF proteins 

therefore demonstrate the ability to influence 14-3-3 mediated cell signaling by 
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functioning as a sequestering ‘sink’, impacting both its interaction with other targets 

and cellular distribution (Margolis et al. 2006). This function of IF networks with 

regard to cellular signaling is particularly noteworthy, as regulation of 14-3-3 in this 

manner is not limited to mitosis-specific roles. In a similar fashion to that 

demonstrated in mitosis, deletion of mouse K17 has been shown to have 

ramifications for mTOR signaling and induction of autophagy (Kim et al. 2006). 

Loss of K17 results in keratinocyte size decrease as well as lower protein 

translation, concomitant with decreased activation of molecules of the mTOR 

pathway and increases in autophagy markers. Interestingly, K17-/- induces a 

nuclear distribution of 14-3-3 that is resistant to mTOR activation via serum 

introduction but rescued by expression of wild type K17 (Kim et al. 2006). These 

results imply that K17 is necessary and sufficient to bind and retain 14-3-3 in the 

cytosol as a requirement for its regulation of mTOR signaling. Moreover, this 

mechanism of 14-3-3 relocalization via IF binding identifies an interface through 

which IFs may influence a variety of cellular signaling events (Toivola et al. 2001; 

Kim et al. 2006; Deng et al. 2013).  

The relationship between 14-3-3 and intermediate filaments: 14-3-3 regulates 

IFs 

Study of the interaction between 14-3-3 proteins and intermediate filaments 

has elucidated regulatory roles for 14-3-3 that strongly influence the properties and 

activities of IF proteins and networks. Phosphorylation has been shown to mitigate 

disassembly of keratin networks, where extensive phosphorylation results in 

punctate IF protein patterns that match the distribution of 14-3-3 (Strnad et al. 
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2001; Strnad et al. 2002). Overexpression of 14-3-3 proteins yields a very similar 

effect, either resulting in IF network disassembly and diffusion or disassembly into 

punctate, non-filamentous granules (Li et al. 2006; Miao et al. 2013). Mechanical 

stretch and shear stress have been shown to activate kinases and shear stress 

leads to phosphorylation of K18 Ser33 (Ridge et al. 2005; Sivaramakrishnan et al. 

2009; Flitney et al. 2009). This phosphorylation leads to increased dynamic 

exchange of filament precursors into filament networks that is dependent on 14-3-

3 activity (Sivaramakrishnan et al. 2009). 14-3-3 proteins have been shown to 

affect the dynamic exchange rate of K18, GFAP, and NF-L intermediate filament 

proteins (Sivaramakrishnan 2009; Li et al. 2006; Miao et al. 2013). In addition, 

stretch and shear stress have both been demonstrated to result in broad 

reorganization of the filament network (Ridge et al. 2005; Sivaramakrishnan et al. 

2009; Flitney et al. 2009). Mechanical stretch has been shown to induce keratin 

network reorganization that is characterized by thickened fibrils (Ridge et al. 2005). 

Shear stress resulted in reorganization of the network into a ‘wavy’ morphology 

that was also comprised of thickened filament bundles and dependent on 14-3-3 

activity (Sivaramakrishnan et al. 2009).  

Taken together, these findings illustrate the ability of 14-3-3 proteins to 

influence IF dynamics on a large scale, affecting both protein exchanges and 

network reorganization events. 14-3-3 induced changes in the solubility, 

organization, and activity of the IF network affect cellular aspects such as motility 

and invasiveness (Boudreau et al. 2013) and are likely to alter many others. These 

demonstrations also have particularly interesting implications for 
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compartmentalized IF phosphorylation events, such as those observed at the 

desmosomal adhesion (Fois et al. 2013). It remains to be seen whether 14-3-3 has 

a role in regulating dynamic network reorganization events at such subcellular 

locales (Weber et al. 2012). 
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Introduction to the thesis project 

Cellular cytoskeleton serves as a structural framework for cells, much like 

the bones within our own bodies. The cytoskeleton is comprised of proteins that 

organize into filamentous arrays, of which three distinct networks exist.  

Intermediate filaments (IFs) comprise a diverse group of structurally conserved 

proteins that assemble into long fibrils that function as this ‘cellular skeleton’.  

Found throughout many tissues of vertebrate animals, these cord-like proteins 

form intricate networks in cells. Keratins, a subtype of these IF proteins, are 

expressed in several cell types including epithelia. IFs have a well-established role 

in fortifying cells against the strains and stresses they encounter within the 

organismal microenvironment. This resistance to strain is critical for Xenopus 

mesendoderm, a collectively migrating cell group that experiences changes in 

force as it moves as a tissue. The IFs are linked to structures known as cell-cell 

adhesions, the molecular complexes that allow cells in tissues to remain joined to 

one another. IFs that are associated with the proteins of these cellular junctions 

provide resistance against the natural forces that a tissue in an organism 

encounters, as well as the forces that are generated when cells must migrate 

together.  

Laboratory experiments that have examined the assembly of purified IF 

proteins alone have demonstrated that the formation of filament networks occurs 

autonomously. The filament networks that form in these in vitro experiments 

become dense, stable, and unchanging. However, examination of the IFs that exist 

in the cellular and organismal context demonstrates that these same networks 



58 
 

 
 

undergo constant change in the living environment. This ability to modify tension-

bearing IFs represents a critical cellular process that is necessary for interaction 

with a changing cellular environment, but is also at present incompletely described. 

In conjunction with descriptions of ongoing filament modification, IF networks have 

been shown to undergo dramatic and large-scale reorganization in response to 

onset of mechanical stresses. Previous work by Weber and colleagues 

demonstrated a mechanically induced reorganization of the widespread keratin 

network to cell-cell adhesions. It is abundantly clear that the keratin network 

dynamics must be regulated to determine where and when such rearrangement 

events occur. These reorganization events highlight the strong likelihood that a 

molecule must exist to provide an interface between keratin filaments and signaling 

pathways that trigger changes in cells.  

Phosphorylation is a cellular signaling mechanism that has been shown to 

affect IF networks. Filaments that undergo serine/threonine phosphorylation have 

been shown to have altered solubility, changes in location within cells, and 

abnormal morphology observed throughout the IF network. One molecule that 

requires phosphorylation in order to bind with and modify filament networks is 14-

3-3. 14-3-3 proteins have been shown to exert control over target proteins by 

alternatively limiting or enhancing affinity of these molecules for other binding 

partners.  In this fashion, 14-3-3 proteins directly modulate the activity of a variety 

of IFs, as well as other proteins that associate with and alter the activity of 

cytoskeleton including motors and scaffold molecules. 
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Although previous investigations have addressed the manner in which IFs 

are continually being formed and networks are subject to reorganization, little is 

known in regard to the processes that mediate specific subcellular keratin 

rearrangements, particular at interfaces that are typically exposed to strain. We 

provide here that 14-3-3 proteins target keratin intermediate filaments to 

mechanically sensitive cell-cell contacts.  
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Significance of the study 

The study findings provide insight into an understudied area of cell biology that 

falls within a poorly described area – specifically, the role of accessory molecules 

in facilitating dynamic remodeling of intermediate filament (IF) cytoskeleton. The 

evidence that 14-3-3 has a role in targeting of IF proteins provides a foundation for 

future exploration of proteins in processes that facilitate broad IF rearrangement. 

Standout areas include mechanosensitivity and cellular signaling. Keratin 

interaction with 14-3-3 proteins, shown here in the context of migratory cells, may 

additionally influence 14-3-3 signaling in other processes or position cytoskeletal 

reorganization as a possible upstream/downstream event in a signaling pathway. 

We expect that the current work will provide insight into the mechanisms regulating 

active tissues ranging from collectively migrating cell groups to stationary tissues 

that absorb and withstand forces. Understanding how cells redirect keratins to 

fortify cellular junctions under stress will further inform our knowledge of significant 

cellular processes including barrier formation, embryonic tissue patterning, wound 

healing, and invasion of cancerous cells.   
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Specific aims 

Specific Aim 1: To establish evidence of interaction between 14-3-3 proteins and 

keratins in Xenopus laevis embryos. 

1-1: To examine the extent to which 14-3-3 proteins and keratins biochemically 

interact in Xenopus gastrula.  

1-2: To characterize subcellular localization and association of 14-3-3 proteins and 

keratins in Xenopus embryos and migratory tissues. 

1-3: To determine the expression of particular 14-3-3 isoforms in Xenopus 

embryos and mesendoderm. 

Specific Aim 2: To characterize the role of 14-3-3 proteins in regulation of keratin 

filament reorganization dynamics in mesendoderm. 

2-1: To determine the role of 14-3-3 in modulating intermediate filament protein 

dynamics of migratory mesendoderm. 

2-2: To examine the extent to which 14-3-3 interaction with keratin regulates 

subcellular reorganization dynamics of the network. 

Specific Aim 3: To determine the role of 14-3-3 proteins in cell-cell adhesion 

mediated recruit of keratin. 

3-1: To examine the role of 14-3-3 in keratin recruit during establishment and 

maintenance of cell-cell adhesions. 

3-2: To determine the extent to which 14-3-3 proteins mediate interaction between 

the keratin network and molecules of the cell-cell adhesion. 
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3-3: To determine the role of 14-3-3 in modulation of cell-cell adhesion molecules 

during establishment and maintenance of cell-cell adhesions. 
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CHAPTER 2 

MATERIALS AND METHODS 

  

  

  

  

  

  

 

Some information from this chapter is accepted for publication in Mariani et 

al. (2019) MBoC. 
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Xenopus embryo in vitro fertilization and staging 

Embryos were obtained and cultured using standard methods and staged 

according to (Nieuwkoop and Faber, 1994).  Embryos were dejellied in 2% 

cysteine and cultured at 15oC in 0.1X Modified Barth’s saline (MBS; 1X MBS: 88 

mM NaCl, 1 mM KCl, 2.5 mM NaHCO3, 0.35 mM CaCl2, 0.5 mM MgSO4, 5 mM 

HEPES pH 7.8). 

Xenopus embryo protein lysate preparation and western blot 

Xenopus whole embryos were solubilized in lysis buffer (50 mM Tris-HCl pH 7.5, 

1 mM phenylmethylsulfonofluoride (PMSF), 1% mammalian protease inhibitor 

cocktail (Sigma-Aldrich, P2714), 0.2 mM H2O2, 3 mM sodium pyrophosphate, 1 

mM sodium orthovanadate, 10 mM sodium fluoride, sodium -glycerophosphate 

[10 mg/ml], 1% Triton X-100 (Sigma-Aldrich, T-9284) or 1% Tergitol type NP-40 

(Spectrum Biosciences, T1279). Protein samples were prepared in 2x Laemmli 

buffer supplemented with 5% -mercaptoethanol, incubated on a 95°C heat block 

for five minutes, and loaded onto 12% SDS-PAGE gels. Proteins were transferred 

onto nitrocellulose membrane prior to incubation with antibodies.  

Antibodies 

Several antibodies were used throughout this study: pan 14-3-3 pAb (Santa Cruz, 

K19 sc-629), Keratin 8 mAb (DSHB, 1h5), C-Cadherin mAb (DSHB, 6B6), pan 

Cadherin pAb (Santa Cruz, H-300 sc-10733), Vinculin mAb (Millipore, MAB3574), 

Keratin 19 mAb (Progen, 61010), pan keratin mAb (Sigma Aldrich, C2562), Actin-

HRP (Sigma-Aldrich,A3854), GAPDH mAb (Abcam, mAbcam 9484), GFP mAb 
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(Invitrogen, A-11120), GFP mAb (Santa Cruz, B-2 sc-9996), mCherry pAb 

(BioVision, 5993-100), and FLAG mAb (Sigma-Aldrich, F1804). The 1h5 anti-

XCK1(8) monoclonal antibody developed by Michael Klymkowsky and 6B6 anti-C-

cadherin monoclonal antibody developed by Barry Gumbiner were obtained from 

the Developmental Studies Hybridoma Bank developed under the auspices of the 

NICHD and maintained by The University of Iowa, Department of Biology, Iowa 

City, IA 52242.  

Plasmids  

The following plasmids were used in this study: pCS2-mCherry-R18, pCS2-

mCherry-R18M, pCS2-eGFP-K19, pCS2-mCherry-K19, pcDNA3-FLAG-HA-14-3-

3β (Addgene plasmid # 8999), pCS2-FLAG-HA-14-3-3β, pCS2-eGFP-C-cadherin 

(B. Gumbiner, University of Washington), pCS2-eGFP-R18-K19, pCS2-eGFP-

R18M-K19, pCS2-3xFLAG-R18-K19, pCS2-3xFLAG-R18M-K19, pCS2-mem-

RFP, and pCS2-GFP-XCK8. Oligonucleotides that translate to the described R18 

and R18M primary sequences (Wang et al. 1999) were commercial synthesized 

(Genewiz) and cloned into pCS2 vector backbone by the author. Xenopus laevis 

krt19.L (NP_001084992.1) was obtained as full length cDNA (GE 

Dharmacon MXL1736-202774753) and cloned into pCS2 vector backbone by the 

author. pCS2-FLAG-HA-14-3-3β was subcloned using 1478 pcDNA3 flag HA-14-

3-3 a gift from William Sellers (Addgene plasmid # 8999), as the origination 

source for the fusion construct. The mem-RFP construct was a kind gift from 

Megason and Fraser (Megason and Fraser, 2003). 
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RNA constructs and microinjection 

RNA was prepared via in vitro transcription (Promega, P1420). DNA or RNA was 

diluted to microinject concentrations of 200-500 pg in 5 nl pulses for the following 

constructs: pCS2-eGFP-K19, pCS2-mCherry-K19, pCS2-mCherry-R18, pCS2-

mCherry-R18M, pCS2-FLAG-HA-14-3-3β, pCS2-C-cadherin-eGFP, pCS2-mem-

RFP, pCS2-3xFLAG/eGFP-R18-K19, and pCS2-3xFLAG/eGFP-R18M-K19. 

Embryos utilized for microscopy were injected dorsally into both blastomeres at 

two-cell stage to target mesendoderm. Embryos utilized for immunoprecipitation 

were twice injected at one-cell stage in the animal cap on both sides peripheral to 

the germinal vesicle. 

Immunoprecipitation 

Whole embryos or dissected mesendoderm for immunoprecipitation were 

processed in aforementioned lysis buffer with 1% Tergitol type NP-40 or 1% Triton 

X-100 as indicated in figure legends. Endogenous IP lysates (equivalent to 40 

embryos) were initially incubated with 50 μl Protein-G agarose bead slurry (Roche 

Diagnostics, 11243233001) for an hour. Beads were pelleted by centrifugation at 

3000 rpm for 5 minutes (4°C). The IP lysate was then removed and incubated with 

primary antibody (5 μg pan 14-3-3, Santa Cruz) for overnight immunoprecipitation. 

The Protein-G beads were washed three times in lysis buffer for ten minutes. Bead 

samples were stored in 2x Laemmli buffer with 5% -mercaptoethanol at -80°C for 

subsequent gel electrophoresis. After overnight primary incubation, endogenous 

IP lysates were incubated with 50 μl Protein-G agarose bead slurry overnight. 

FLAG IP lysates (equivalent to 40 embryos) were incubated with 40 μl agarose 
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slurry covalently linked to anti-FLAG M2 mAb (Sigma-Aldrich, A2220) for overnight 

immunoprecipitation. IP samples were pelleted by centrifugation at 3000 rpm for 5 

minutes (4°C), and lysates were removed for storage as supernatant samples. 

Beads were washed with three exchanges of lysis buffer (1% Tergitol type NP-40 

or 1% Triton X-100 depending on IP detergent) for ten minutes. IP bead samples 

were dissociated in 25 μl of 2x Laemmli buffer with 5% -mercaptoethanol, 

incubated on a 95°C heat block for five minutes, and loaded onto 12% SDS-PAGE 

polyacrylamide gels for electrophoresis. Gels were either stained using Sypro Red 

or transferred onto nitrocellulose membrane prior to incubation with antibodies. All 

incubation and wash steps were performed at 4°C using a vertical rotator. All 

centrifugation steps were performed at 4°C.  

Urea precipitation  

Detergent insoluble pellets were washed 3 times using aforementioned lysis buffer 

with 1% Tergitol type NP-40 or 1% Triton X-100 as indicated in figure legends. 

During each wash, the pellet was resuspended by pipetting and centrifuged for 10 

minutes at 14,000xg at 4°C. After withdrawal of the final wash, pellets were 

incubated in a volume of syringe filter sterilized 10 mM Tris (pH 9), 9.5 M Urea, 1 

mM DTT, and 2 mM EDTA. Solution volume varied depending on number of 

embryos and desired approximate protein concentrate per μl, but at a minimum 

was large enough to mix within microfuge tubes on a vertical rotator. Samples were 

rotated at room temperature for 3 hours. Urea precipitated samples were pipette 

mixed with an equal volume of 2x Laemmli buffer with 5% -mercaptoethanol, 
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incubated on a 95°C heat block for five minutes, and loaded onto 12% SDS-PAGE 

polyacrylamide gels for electrophoresis. 

LC/MS-MS proteomic analysis 

All reagents used for proteomics were filtered and meticulous precautions were 

taken to avoid dust and other potential sources of keratin contamination. Prior to 

staining with Sypro Red dye (Invitrogen, S12000) SDS-PAGE gels were incubated 

twice in fixative solution consisting of 50% methanol and 7% glacial acetic acid for 

30 minutes per incubation. After decanting the second fixative solution, the gel was 

placed in a fresh dish and incubated in 60 ml of Sypro Red dye overnight. The 

staining solution was decanted and the gel was incubated in a wash solution of 

10% methanol and 7% glacial acetic acid for 30 minutes. Afterwards, the gel was 

washed three times in 100 ml of commercial ultrapure water before gel imaging 

and further preparation for LC/MS-MS. All incubations and washes were performed 

at room temperature on a flat rotator. 

LC/MS-MS was performed by the Center for Advanced Proteomics Research 

(CAPR) at the Rutgers New Jersey Medical School. Sypro Red-labeled SDS-

PAGE gel sections were excised at the facility and in-gel trypsin digestion was 

performed. The resulting peptides were C18 desalted and analyzed by LC/MS-MS 

on the Q Exactive instrument. The MS/MS spectra were searched against the 

NCBI Xenopus laevis database using MASCOT (v.2.3) search engines on the 

Proteome Discoverer (V1.4) platform. The protein false discovery rate is less than 

1%. The mass spectrometry data were obtained from an Orbitrap instrument 

funded in part by NIH grant NS046593, for the support of the UMDNJ 



69 
 

 
 

Neuroproteomics Core Facility. Information in tables was derived utilizing Scaffold 

4.7.3 with a protein and peptide false discovery rate of 1%. 

Mesendoderm dissection and dissociation 

Stage 10.5 embryos in 0.5x MBS were dissected at the animal cap surface to 

reveal the mesendodermal mantle. The dorsal side of the embryo was identified 

and the mesendoderm leading edge was excised from the rest of the tissue. These 

cells were pipette transferred into a solution of Ca2+/Mg2+ free 1x MBS on 1% 

Ca2+/Mg2+ free agarose and allowed to dissociate for 30 minutes at room 

temperature. Dissociated cells were transferred to fibronectin (Sigma-Aldrich, 

F4759) matrix (200 μl of 1:7.5 in water; incubated on MatTek glass bottom 

microwell dishes, P35G-1.5-14-C) and imaged. Fibronectin incubation was 

performed overnight at 4°C. 

Dorsal marginal zone explant preparation 

DMZ explants were excised and plated as described in (Davidson et al., 2004). 

Stage 10.5 embryos in 0.5x MBS were carefully dissected at the animal cap 

surface to reveal the mesendodermal mantle. The embryo was then bisected and 

the dorsal side of the embryo was used. The remaining animal cap cells and 

endodermal cells were trimmed away, leaving the mesoderm, mesendoderm, and 

bottle cells of the embryo. The explant was flattened on fibronectin (Sigma-Aldrich, 

F4759) matrix (100 μl of 1:7.5 in water; incubated on MatTek glass bottom 

microwell dishes, P35G-1.5-14-C) and silicone grease was used to mount a 

coverslip. Fibronectin incubation was performed overnight at 4°C. Explants were 

slightly compressed and allowed to attach and migrate for 2 hours (live imaging 
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and dissociation experiments) or 5 hours (samples to be fixed). In order to fix 

explants, the coverslip was removed just prior to incubation in 100% methanol. 

MDCK cell transfection and imaging 

MDCK cells were seeded to approximately 30% confluence in a 35 mm MatTek 

glass bottom microwell dish (P35G-1.5-14-C). Media (DMEM with 10% FBS and 

1x penstrep antibiotic) was removed and cells were washed with 4 mL of 1x PBS. 

PBS was removed and 2 mL media was introduced consisting of DMEM with no 

FBS or penstrep. Two microfuge tubes were prepared for each transfection 

reaction. One tube consisted of 125 μl of Optimem and 7.5 μl of Lipofectamine 

3000. The second tube consisted of 125 μl of Optimem, 5 μl of P3000, and 1.25 

μg of each DNA plasmid used. Reagents in each tube were pipette mixed and 

combined in a separate tube, followed by additional mixing. The transfection mix 

was incubated at room temperature for 20 minutes. Following incubation, mixes 

were introduced into 2 mL DMEM using a P1000 tip to slowly pipette the mixture 

into the media in drops. Afterward, dishes were gently pushed to provide additional 

mixing. Cells were incubated with transfection reagent for 4.5 to 6 hours at 37°C 

with 5% CO2. Afterward, the transfection media was replaced with 2 mL of standard 

cell media and cells were incubated at 37°C with 5% CO2 for 24 hours before live 

imaging using the SD Observer confocal microscope. During imaging, cells were 

kept at 37°C with 5% CO2 for the duration of the imaging course.  

Immunofluorescence 

Embryos and dorsal marginal zone explants were fixed in ice-cold 100% methanol, 

Dent’s fixative (80% methanol, 20% DMSO), or 4% PFA in 0.1x Modified Barth’s 



71 
 

 
 

Saline (MBS) and incubated at either -20°C overnight (Methanol and Dent’s 

fixation) or 4°C (4% PFA fixation). Embryos were rehydrated in partial changes of 

0.1x Modified Barth’s Saline (MBS). Embryos were either bisected using scalpels 

or prepared for sectioning using a cryostat. Embryos for sectioning were 

transferred into vinyl molds with dimensions of 15 mm x 15 mm x 5 mm (Electron 

Microscopy Sciences, 62534-15) containing tissue freezing medium (Electron 

Microscopy Sciences, 72592), and briefly immersed in liquid nitrogen to flash 

freeze. Frozen embryo blocks were stored at -80°C until sectioned (Leica 819, 

14035838925; 40 μm per slice) at -20°C using a temperature controlled cryostat 

and mounted on slides (VWR, 48311-703). Prior to blocking, embryo sections and 

explants were rehydrated in 1x TBS. Samples were permeablized in 1x TBS with 

0.25% Triton X-100 for 10 minutes before blocking in 5% goat serum for one hour 

at room temperature. Incubation in primary antibody (30 minutes at 37°C) was 

followed by three buffer exchanges with 1x TBS and incubation in Alexa Fluor 488 

or 555 conjugated goat anti-mouse (Invitrogen, A11029; A21424) and/or goat anti-

rabbit (Invitrogen, A11034; A21429) IgG (30 minutes at 37°C). Explants were 

imaged after three buffer exchanges with 1x TBS. Embryonic sections were serially 

dehydrated using 1x TBS with increasing percentages of methanol and cleared 

using benzyl benzoate/benzyl alcohol. Slides were coverslipped (Corning, 2980-

245), sealed with multiple coats of nail polish, and left for drying overnight (4°C) 

before imaging. Bisected embryo halves were pipette transferred into 4 mL of 1x 

TBS in 35 mm MatTek glass bottom microwell dishes (P35G-1.5-14-C) and 

imaged. 
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Linescan analysis and quantification 

Linescan measurements of fluorescence were conducted using the linescan tool 

in the profile tab of the Zen 2.3 lite software application. Two types of 

measurements were conducted to compare fluorescence of C-cadherin GFP and 

14-3-3 across cellular compartments. The compartments measured included the 

approximate center of the cell (called ‘center’), the area nearby but not at the cell-

cell adhesion (called ‘proximal’) and the cell-cell adhesion proper (called 

‘adhesion’). To measure change in fluorescence at the proximal and adhesion 

compartments, lines were drawn from the center and extended to the area just 

prior to C-cadherin GFP signal (proximal compartment) or to the C-cadherin GFP 

signal (adhesion compartment).  

Ratios were produced to analyze relative changes in fluorescence. These ratios 

were calculated using the average of the last five proximal or adhesion 

measurements versus the average of the first five center measurements. Five 

measurements in a linescan represented approximately 0.5 μm. This produced 

four ratios for each cell: proximal/center and adhesion/center for C-cadherin GFP, 

and proximal/center and adhesion/center for 14-3-3.  

To compare the ratios of change in fluorescence across compartments, two 

statistical comparisons were conducted. These included a comparison of the 

proximal/center ratios of C-cadherin GFP and 14-3-3, as well a comparison of the 

adhesion/center ratios of C-cadherin and 14-3-3. Ratios paired as described were 

compared statistically using a paired sample t-test (one-way) to determine if 

statistically significant differences were present. Scatterplots were generated of 
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each cell’s relative average C-cadherin intensity and corresponding 14-3-3 

intensity at regions proximal to the cortex and at the adhesion. The bold horizontal 

line indicates the median relative C-cadherin intensity across both proximal and 

adhesion ROIs. The bold vertical line indicates the mean relative 14-3-3 intensity 

in ROIs proximal to the cortex.  

This method was also utilized to compare change in fluorescence between C-

cadherin GFP and mCherry-Keratin 19 across compartments in different cellular 

planes. The compartments measured included the center and adhesion zones. To 

measure fluorescence in compartments in different cellular planes, lines were 

drawn from the center and extended to the adhesion on an image corresponding 

to the basal plane of the cell (called ‘basal plane’) and on an image corresponding 

to the plane that includes the cell-cell adhesion junction (called ‘junctional plane’). 

Using the aforementioned method, line measurements were utilized to produce 

ratios. Four ratios of adhesion/center intensities were derived: basal and junctional 

planes for both C-cadherin GFP and mCh-K19.  

To compare the ratios of change in fluorescence across compartments in different 

cellular planes, two statistical comparisons were conducted. These included a 

comparison of the C-cadherin GFP adhesion/center ratios from the basal plane 

and the junction plane and a comparison of the mCh-K19 adhesion/center ratios 

from the basal plane and the junction plane. Ratios paired as described were 

compared statistically using a paired sample t-test (one-way) to determine if 

statistically significant differences were present. Scatterplots were generated of 

each cell’s relative average C-cadherin intensity and corresponding mCh-K19 
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intensity at the adhesion in the imaged basal plane and the higher junctional plane. 

The bold horizontal line indicates the mean relative C-cadherin intensity in the 

basal plane. The bold vertical line indicates the mean relative mCh-K19 intensity 

in the basal plane. 

FRAP experiments 

Filaments chosen for photobleaching were imaged every fifteen seconds over the 

course of one minute to capture intensity of fluorescence prior to bleaching. The 

filament was then bleached using 100% power on the 488 channel for a duration 

of two minutes. The area of photobleaching was determined by a capture of the 

photobleaching mask acquired at the end of the two-minute bleach, along with the 

capture of the filament segment with reduced fluorescence at the start of the 

recovery period. Images of recovery of fluorescence within the bleach zone were 

captured in ten second intervals beginning after the conclusion of the bleach 

period. 

Recovery of fluorescence was measured using the Zen 2.3 lite application. A 

region of interest (ROI) was aligned to the bleached segment of the filament in 

each of the post-bleach time points to determine the mean value of fluorescent 

intensity (mFI). This ROI was also used to measure the intensity of the bleach zone 

before photobleaching. An ROI was similarly used to measure a non-bleached 

control area of the filament proximal to the bleach zone. Using the method 

described by (Zheng et al., 2011) with minor alterations, the rate of photobleaching 

(rate r) was first established by determining the ratio of the control ROI mFI in each 

post-bleach time point to the average mFI across pre-bleach control ROIs [𝑟 =
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𝑚𝐹𝐼𝑐 ÷𝑚𝐹𝐼𝑐0]. The normalized fluorescent intensity (NFI) was established by 

determining the ratio of the difference between the mFI of the initial experimental 

post-bleach time point and each subsequent experimental post-bleach time point 

to the rate established for that time point [𝑁𝐹𝐼 = (𝑚𝐹𝐼𝑏# −𝑚𝐹𝐼𝑏1) ÷ 𝑟]. The 

recovery percentage (rec) of each time point was established by determining the 

ratio of the NFI in each experimental post-bleach time point to the average mFI 

across experimental pre-bleach ROIs and multiplying that ratio by 100 [𝑟𝑒𝑐# =

𝑁𝐹𝐼# ÷ (𝑚𝐹𝐼𝑏0) × 100]. Time point series to be measured for recovery of 

fluorescence in this way were first scrutinized for clarity of measurement. Exclusion 

criteria for recovery of fluorescence experiments included unclear bleach zones, 

measurement zones that were obstructed during the series by crossing or merging 

filaments, gross reorganization of filaments that resulted in loss of the 

measurement zone, and readily apparent movement of the measurement zone 

and proximal regions such that they did not remain in the plane of focus. 

Analysis of fluorescent recovery was conducted by plotting the percentage of 

recovery for each post-bleach time point for a given series against time increments 

(seconds) and fitting a trendline to the data. Variation in time was controlled for by 

using the same time duration for each analysis (20 seconds to 330 seconds). The 

slope of the trendline was determined for each analysis and the mean slope was 

compared across R18 and R18M groups using a one-way t-test in which the 

sample variances were shown to be equal via an F-test. 
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Gap quantification 

Z-stacks of eGFP-K19 expressing mesendoderm cells after collision were 

observed for the presence of a filament depleted zone proximal to a cell-cell 

contact. These gaps were counted and a proportion of total gaps to total cells was 

calculated for cells expressing mCh-R18 and cells expressing mCh-R18M. In order 

to detect if a statistical difference in these ratios was present, a z-test for 

proportions from two samples was utilized. 99.9% confidence interval for each 

sample proportion was calculated assuming a normal distribution. The length of 

gaps from the adhesion to the first visible filaments was measured using the 

linescan tool in the profile tab of the Zen 2.3 lite software application. 

Image acquisition 

Images for live and fixed samples were taken using a Zeiss Observer spinning disk 

confocal microscope using a 40x 1.3 NA or 63x 1.4 NA Apochromat objective, 

unless specified otherwise. 
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CHAPTER 3 

CELLULAR-LOCALIZATION PROFILES AND TISSUE EXPRESSION 

PATTERNS OF 14-3-3 PROTEINS IMPLY A FUNCTIONAL INTERACTION 

WITH KERATIN 19 IN MIGRATORY TISSUES OF GASTRULATING 

EMBRYOS 

  

  

  

  

  

  

 

 

Some information from this chapter is accepted for publication in Mariani et 

al. (2019) MBoC. 
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14-3-3 proteins have been shown to interact with and modulate the activity 

of a wide variety of intermediate filaments (Ku et al. 1998; Tzivion et al. 2000; Li et 

al. 2006; Miao et al. 2013). Demonstrated to be highly expressed in Xenopus as 

early as the oocyte, transcripts for 14-3-3 isoforms are largely plentiful throughout 

early stages of development (Wu and Muslin 2002; Lau et al. 2006). While some 

evidence exists regarding the distribution of 14-3-3 proteins in post-differentiation 

developmental stages such as tailbud, the expression and localization patterns of 

these proteins during early stages are largely undescribed (Lau et al. 2006). 

Moreover, little is known about the subcellular distributions of these molecules 

across early embryonic cell and tissue types.  

 Simple epithelial keratins have been shown to be expressed as the first 

intermediate filament types in Xenopus embryos (Franz et al. 1983; Klymkowsky 

et al. 1987; Klymkowsky et al. 1992). These IFs are present throughout the cell 

types of gastrulating embryos and demonstrate contact-mediated reorganization 

to cell junctions in mixed mesoderm and endoderm populations (Weber et al. 

2012). Simple epithelial type II K8 is part of the recruited filament network, a keratin 

that forms filaments as an obligate heteropolymer with type I keratins (Steinert 

1990; Hatzfeld and Weber 1990). Of these, at least K18 has been shown to bind 

14-3-3 in cells and to be regulated by the interaction (Ku et al. 1998). Given the 

high conservation across eukaryotes that is characteristic of both 14-3-3 proteins 

and keratins, potential exists for a similar mechanism during morphogenetic 

movements of development. To determine whether 14-3-3 proteins could influence 
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keratin networks in mesendoderm, we investigated the interaction and subcellular 

association between these molecules.     

Results  

14-3-3 protein expression is ubiquitous throughout early embryonic stages  

Our previous work demonstrated reorganization of the keratin network in 

mesendoderm of the Xenopus frog embryo (Weber et al., 2012). If 14-3-3 is to be 

a potential regulator of keratin intermediate filaments in the collectively migrating 

mesendoderm, 14-3-3 must be present in this tissue during the particular period of 

development in which this tissue differentiates and migrates, namely gastrulation. 

Previous work by Lau, Wu and Muslin examined mRNA expression levels and 

patterns of six different 14-3-3 isoforms during stages 2-38 of Xenopus embryonic 

development (Lau et al., 2006). While mRNA expression was found to be abundant 

for 14-3-3 , , and  during stages 2-14, mRNA is not necessarily indicative of 

protein expression in the embryo, which could be translationally regulated and/or 

maternally derived. We first confirmed whether 14-3-3 protein expression in 

developmental stages leading up to late gastrulation paralleled previously 

published mRNA expression data. Lysates were collected at time points beginning 

at one-cell stage through late gastrula (NF Stage 12.5), and immunoblot was 

performed using an antibody reactive with all isoforms of 14-3-3 (Figure 1 A-C). 

While some variability was evident across clutches, expression of 14-3-3 was 

consistently detected throughout these early embryonic stages. Although 14-3-3 

protein levels increase slightly following mid-blastula transition (stage 7-9) when 

zygotic mRNA is transcriptionally upregulated (Figure 1 A and C), we saw relatively 
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high and persistent levels of 14-3-3 proteins present throughout early 

development.  

14-3-3 proteins are differentially expressed in different tissue types 

To further examine the extent to which 14-3-3 was present in various 

embryonic tissues, gastrulating embryos were dissected into several regions 

(Figure 2 B), and protein lysates were prepared. We examined the expression of 

14-3-3 proteins in the animal cap, marginal zone, vegetal hemisphere, and 

mesendoderm tissues compared to that of whole embryos (Figure 2 A). 14-3-3 

was found to be present in all tissues of Xenopus gastrula with varying expression 

levels. 14-3-3 expression was neither exclusive to nor absent from any one 

particular region, suggesting broadly ubiquitous functions for 14-3-3 across 

different tissue types. Expression levels of 14-3-3 were greater relative to actin in 

some tissues, including mesendoderm (Figure 2 A). 

Keratin filaments co-localize with 14-3-3 at cell boundaries 

Because 14-3-3 found to be expressed abundantly throughout the early 

embryo, we next sought to determine the subcellular localization of 14-3-3 in 

embryonic tissues. In order to assess the distribution of 14-3-3 proteins we 

performed immunofluorescence on fixed and bisected embryos. We found that 

several tissues showed compartmentalization of 14-3-3 rather than diffuse 

cytoplasmic distribution. Subcellular expression of 14-3-3 was confirmed in animal 

cap cells (Figure 3 A), in cells of the marginal zone (Figure 3 B), in vegetal 

hemisphere cells (Figure 3 C), and in mesendoderm (Figure 3 D). Interestingly, 

14-3-3 appeared to be distributed to cell borders in mesendoderm (Figure 3 D-D’’). 
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Given that bisected embryos include whole cells that are arranged in different 

angular orientations, we next sought to determine the extent to which the 

mesendoderm localization of 14-3-3 shown in Figure 3 was a result of protein 

distribution or alternatively cell orientation. Fixed and cryosectioned gastrulating 

embryos demonstrate clear and distinct localization of 14-3-3 proteins to the cell 

periphery in mesendoderm at lower magnifications (Figure 4 C, red arrows). At 

higher magnifications, we were able to more precisely assess the subcellular 

distribution of 14-3-3, especially in relation to keratin filaments.  

Due to the detected subcellular distribution of 14-3-3 proteins and known 

localization of keratin filament networks to peripheral cell contacts (Weber et al. 

2012), we investigated the localization of 14-3-3 proteins with respect to keratin 

filaments. Keratin filaments in the early Xenopus gastrula are comprised of obligate 

heterodimers of Keratin 8 (K8) with either K18 and/or K19 (Franz et al., 1983; 

Suzuki et al., 2017; Briggs et al., 2018). As seen previously (Weber et al., 2012), 

keratin filaments, as visualized using antibody to K8, were found localized to the 

posterior of migratory mesendoderm cells in bisected embryos, where they link to 

cell-cell contacts (Figure 5 A and D). In leading edge mesendoderm cells, 14-3-3 

immunofluorescence showed co-labeling of peripheral keratin densities at lower 

magnifications (Figure 5 C and F, white arrows). To determine whether 14-3-3 

signal simply overlapped with the area of keratin localization at the cell periphery 

or if 14-3-3 proteins associated with junctional keratin filaments, embryos were 

cryosectioned and imaged at higher magnification. 14-3-3 was found to show 

strong co-localization with densities of keratins present at points of cell-cell 
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adhesion (Figure 6 A-C, white and red arrows). Moreover, 14-3-3 immunolabels 

filamentous patterns that align with those of junctional keratin filaments, providing 

convincing evidence of subcellular association of these molecules in living 

embryos. 

The distribution, interaction, and activity of molecules in migrating 

mesendoderm can be studied ex vivo by preparing dorsal marginal zone (DMZ) 

explants (Davidson et al., 2004). Utilizing this strategy provides a different 

perspective of mesendoderm but might presumably induce changes in filament 

networks during explant preparation. To determine whether the association 

between 14-3-3 and keratin filaments could be observed and was not altered in 

DMZ explants, cells were fixed and immunolabeled using a pan-keratin antibody 

and pan-14-3-3. Explanted leader mesendoderm cells show co-localization of 

subsets of the keratin network and 14-3-3 proteins (Figure 7 A-C and F-H, white 

arrowheads) within the cellular keratin network at large (Figure 7 D-E and I-J). 

Close examination of the cell-cell contact between leader edge cells demonstrates 

decoration of keratin filament densities in this compartment by 14-3-3 (Figure 8). 

Furthermore, regions of signal overlap show filamentous immunolabeling of 14-3-

3 that aligns with the keratin filament shape (Figure 8 C, A’-C’). Rather than 

extending across the entire filament density, the co-labeling occurs specifically at 

the area proximal to the cell-cell adhesion. 14-3-3 also appears to exhibit 

concentrated intensity in lamellipodia of mesendoderm cells, where keratin 

filaments are notably absent. Interestingly, 14-3-3 labeling in lamellipodia lacks the 

filamentous pattern observed in the posterior of cells. 
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K19 associates with 14-3-3 in whole embryos and collectively migrating 

tissues 

We next sought to identify specifically which 14-3-3 protein isoforms were 

present in gastrula and examine whether association with keratin intermediate 

filament proteins could be detected. Rather than rely on antibody specificity for 14-

3-3 isoforms in Xenopus, we took a proteomics approach to determine which 14-

3-3 isoforms were expressed in the frog embryo and with which proteins 14-3-3 

associated. Co-immunoprecipitation was performed using pan-14-3-3 antibody 

with NP-40 solubilized protein lysates from whole embryos. Samples were then 

separated by gel electrophoresis and stained to visualize protein band pattern 

(Figure 9A). Several distinct protein bands were visible in 14-3-3 

immunoprecipitated lysates at the expected molecular weight for 14-3-3 proteins, 

between 28-30 kD. This molecular weight range for 14-3-3 is due to both the 

difference in amino acid sequences and post-translational modifications. In 

addition to the isolated 14-3-3 isoforms, an especially prominent band was 

detected at approximately 48 kD. These bands were selected for proteomic 

screening using LC/MS-MS.  

Analysis of peptides identified by mass spectrometry confirmed the 

presence of multiple 14-3-3 protein isoforms (Figure 9 C). Several unique peptides 

as well as substantial total protein sequence coverage were found for 14-3-3 

isoforms , , and  (Figure 9 C). Isoform 14-3-3 was detected with lower unique 

peptide and coverage spectra than other isoforms. Interestingly in the analysis of 

the 48 kD band, Keratin 19 (K19) was detected with many unique peptides and 
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substantial coverage in 14-3-3 co-immunoprecipitates from both Xenopus whole 

embryo lysates and mesendoderm (Figure 9 B and C). Only a single peptide was 

isolated that has identical conserved sequence with human K19, and the majority 

of peptide sequences correspond specifically to protein product of the Xenopus 

laevis krt19.L gene, not krt19.S. To our knowledge, this is the first time K19 has 

been shown to associate with 14-3-3. In order to determine whether the 

association between 14-3-3 and Keratin 19 occurs in mesendoderm, cells of this 

tissue were isolated and NP-40 solubilized protein lysates were prepared. Protein 

separation by gel electrophoresis was followed by band extraction and proteomic 

screening via LC/MS-MS. Keratin 19 was detected in mesendoderm specifically 

with multiple unique peptides (Figure 10 B and C). Several 14-3-3 isoforms were 

detected in mesendoderm, including isoforms , , and and lacking  (Figure 10 

C). This evidence demonstrates that K19 and 14-3-3 proteins associate in 

gastrulating embryos and that this interaction also occurs in mesendoderm.  

14-3-3 is known to bind protein substrates containing particular primary 

amino acid sequences. Notably the motif sequence RXXS/TP is a preferred target, 

but other variations do exist (Muslin et al., 1996; Yaffe et al., 1997; Johnson et al., 

2010). Several keratins, including Keratin 18 (K18), have been identified as 

phosphoserine-modified to become 14-3-3 substrates (Ku et al., 1998). Using 

three different bioinformatics analyses, we examined whether K19 might also 

contain similar binding phosphorylated sites and motifs that could provide 14-3-3 

docking sites (Figure 11).  Xenopus K19 contains three putative phosphorylated 

sites, S10, S33 and S52, which are highly conserved across phyla (Figure 9 and 
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10 B and Figure 11). S33 is of particular interest because it has previously been 

shown to be the primary phosphorylation site of K19 in several signaling and IF 

remodeling events (Zhou et al., 1999; Ju et al., 2015). We confirmed the 

association between 14-3-3 and K19 by immunoprecipitating 14-3-3 from whole 

embryo lysates and immunoblotting for K19 (Figure 12). Indeed, K19 was present 

in 14-3-3 immunoprecipitated samples by immunoblot analysis as well.  

The keratin intermediate filament network has been shown to be 

reorganized proximal to cell-cell adhesions in mesendoderm cells (Weber et al., 

2012). This reorganization of the keratin network occurs as a consequence of 

tugging forces on cell-cell interactions (Weber et al., 2012). In Xenopus gastrula, 

the classical cadherin protein C-cadherin provides the primary means of cell-cell 

adhesion (Heasman et al., 1994). Since keratin intermediate filaments are 

recruited to C-cadherin in mesendoderm cells as a function of applied force on the 

adhesions, we next investigated whether 14-3-3 was also associated with C-

cadherin. 14-3-3 co-immunoprecipitated lysates were positive when 

immunoblotted for C-cadherin (Figure 12). Interestingly, although vinculin has 

been implicated in mechanosensation in both cadherin cell-cell adhesions and 

focal adhesions by several reports (Riveline et al., 2001; le Duc et al., 2010), we 

did not find vinculin to be associated with 14-3-3 (Figure 12). 
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Discussion  

Prior to our study few and limited observations regarding the expression 

and distribution patterns of 14-3-3 proteins in Xenopus laevis embryos had been 

made. Identification of 14-3-3 had been accomplished through detection of mRNA 

for various 14-3-3 isoforms. These observations include the presence of transcripts 

for multiple 14-3-3 isoforms in Xenopus whole embryos across a variety of 

developmental stages (Lau et al. 2006). In addition, in situ hybridization assays 

demonstrated labeling of mRNA limited to 14-3-3 ε, ζ, and τ/θ in embryos across 

a variety of early stages (Bunney et al. 2003). Our findings demonstrate the 

presence of 14-3-3 proteins across a greater range of early developmental stages, 

focusing on the time points prior to and throughout Xenopus gastrulation. 

Furthermore, we demonstrate the expression of 14-3-3 proteins in all of the major 

tissues of embryos at gastrula relative to that of actin. We provide the subcellular 

distribution of 14-3-3 proteins in each of these tissues and devote particular 

attention to mesendoderm, demonstrating 14-3-3 localization in these cells across 

a variety of embryonic and tissue contexts. Our work shows a clear and consistent 

peripheral localization of 14-3-3 proteins of mesendoderm during in vivo and ex 

vivo migration. We speculate that this mesendoderm localization pattern implies a 

function for 14-3-3 proteins at this subcellular compartment during these migratory 

movements of gastrulation. 

 Observations by Weber and colleagues have demonstrated the presence 

of a junctional keratin network in Xenopus mesendoderm that is required for 

normal collective cell migration (Weber et al. 2012). In the current study, we show 
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that 14-3-3 proteins in mesendoderm are distributed to the same compartments as 

these keratin densities. We demonstrate that 14-3-3 proteins co-localize in 

filamentous spatial patterns that align with those of keratin filaments that are 

present at rearward and lateral cell-cell contacts in these cells during migration in 

the embryo. In addition, we show that the mesendoderm of DMZ explants that 

continues to collectively migrate outside of the embryo also displays association 

between 14-3-3 proteins and the keratin network that is specific to the junctions of 

cells. Through demonstrating that this association is readily apparent and 

consistent at cell-cell adhesions, we provide evidence that highlights the possibility 

for regulation of keratin activity at these sites through interaction with 14-3-3 

proteins. 

 Despite previous descriptions of 14-3-3 isoform expression in Xenopus 

embryos (Lau et al. 2006), the role of dynamic keratin activity in cell migration 

(Weber et al. 2012), and demonstration of association between keratins and 14-3-

3 proteins (Ku et al. 1998), the relationship between 14-3-3 and keratin 

intermediate filaments during mesendoderm migration has not been explored. In 

this study we utilized LC/MS-MS and detected 14-3-3 isoforms β, ζ, and τ/θ both 

in the whole embryo and specifically in mesendoderm. We find that 14-3-3 proteins 

associate with Keratin 19 in these analyses and biochemically confirm this 

interaction. Interestingly, K19 is a novel type I acidic keratin target of 14-3-3 

proteins, as characterized interactions between acidic keratins and 14-3-3 have 

previously included K18 (Ku et al. 1998) and K17 (Kim et al. 2006). Though the 

relationship between 14-3-3 and K19 has not been studied as a consequence, our 
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analyses show that Xenopus and human K19 share conservation of the key serine 

in human K18 that has been shown to be a functionally important 14-3-3 binding 

site. Indeed, when this serine was charge mutated in human K19, the filament 

network demonstrated a dramatic collapse (Zhou et al. 1999). We speculate that 

14-3-3 interaction with K19 in mesendoderm may be critically important for 

dynamic activity of keratin networks in these cells, particularly in regard to cell-cell 

proximal keratin filaments.  

 The evidence that 14-3-3 interacts with mesendodermal keratins and 

associates with filaments at the cell-cell junction is particularly interesting with 

regard to our identification of association between cadherin proteins and 14-3-3 in 

these cells. This identifies at least two possibilities for 14-3-3 regulation of keratin 

dynamics: firstly, that 14-3-3 modulates keratins directly through the demonstrated 

interaction, and/or that interactions between 14-3-3 bound keratins and molecules 

of the junctional adhesion complex augment keratin dynamics. In order to evaluate 

these hypotheses, we employ perturbation studies to interrogate the functional 

nature of the 14-3-3 relationship with K19 (shown in Chapter 5). 
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Figure 1. 14-3-3 proteins are expressed across early developmental stages. 

A-C) Xenopus laevis embryo lysates harvested across post-fertilization early 

embryonic stages were probed for presence of 14-3-3 molecules. Three repetitions 

derived from different embryonic clutches (A-C) are provided. Whole embryo 

lysates (1% Triton X-100) were immunoblotted for 14-3-3 using a pan antibody that 

detects multiple isoforms. Actin was immunoblotted as a loading control. Each lane 

represents approximately 50 μg or 1 embryo worth of protein. 
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Figure 2. 14-3-3 proteins are ubiquitously expressed across embryonic 

tissues. 

A) Embryos were dissected into separate tissues and corresponding lysates (1% 

Triton X-100) were immunoblotted using pan 14-3-3 antibody to examine 

expression across the gastrulating embryo. Each lane represents a portion of 

protein equivalent to approximately 1 embryo. Three repetitions are included to 

demonstrate consistency of expression. B) Colored schematic of a bisected 

Xenopus embryo at gastrula depicting major tissue divisions. The tissues include 

the animal cap (AC), mesendoderm (ME), marginal zone (MZ), vegetal 

hemisphere (VG), and whole embryo lysate (WEL). 
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Figure 3. Subcellular localization of 14-3-3 proteins differs across embryonic 

tissue types. 

Immunofluorescent labeling of 14-3-3 proteins in bisected stage 10.5 gastrulating 

embryo halves fixed in 80% Methanol and 20% DMSO. A) Cells of the animal cap. 

B) Mesendoderm migrating edge with marginal zone and vegetal tissues. C) 

Vegetal tissue. D) Mesendoderm migrating edge cells demonstrating a rearward 

and peripheral localization of 14-3-3 proteins. D’) Higher magnification inset of 

cells that are highlighted by the yellow box in D. (D’’) Single optical section of the 

cells in the yellow box. E) Embryo schematic rotated sideways to illustrate the 

relative positions of the tissues in the figure. Images are z-stacks (maximum 

intensity projection), except where stated otherwise. Images in A-D were taken 

using a 20x objective (0.8 NA) and 1.0 Tubelens. Images in D’ and D’’ were taken 

using a 20x objective (0.8 NA) and 1.6 Tubelens. Scalebars are 50 μm. 
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Figure 4. 14-3-3 signal is enriched at the periphery of mesendoderm cells. 

Low magnification of 14-3-3 immunofluorescence. A) Cartoon schematic depicting 

relative location of the mesendoderm tissue within the sagittally sectioned stage 

11 embryo. B) Whole Xenopus embryos fixed in 4% PFA (0.1x MBS) were 

cryosectioned at stage 10.5 (40 μm thick slices) and immunolabeled using an 

antibody that detects multiple 14-3-3 isoforms. Labels refer to the animal cap (AC), 

mesendoderm (ME), marginal zone (MZ), and vegetal hemisphere (VG) of the 

embryo. Image taken using 10x objective (0.25 NA).  C) Region labeled by the 

cyan box in panel A in increased magnification. Arrows indicate rear contacts of 

cells where 14-3-3 labeling is prominent. Image taken using 20x objective (0.75 

NA). Scale bars are 50 μm. 
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Figure 5. Gastrulating mesendoderm exhibits co-localization of 14-3-3 

proteins and the keratin intermediate filament network. 

Low magnification (20x) confocal images of stage 10.5 bisected embryos fixed in 

80% methanol and 20% DMSO. A-C) Antibody immunolabeling of type II basic 

Keratin 8 (A) and multiple 14-3-3 isoforms (B) within a dorsal section that includes 

the leading mesendoderm migratory edge as well as portion of the marginal zone 

and animal cap tissues. Arrows in the channel merge image (C) highlight 

fluorophore co-localization at the lateral border and peripheral contact of the 

leading cell in the image. D-F) Similar perspective of the dorsal leading edge cells 

of embryonic mesendoderm migrating during gastrulation. Arrows in F denote 

signal co-localization at points of cell-cell contact between several cells of the 

leading edge. Blue arrow in merge images indicates direction of tissue migration. 

Images are z-stacks (maximum intensity projection). Images were taken using a 

20x objective (0.8 NA) and 1.0 Tubelens. Scalebars are 50 μm. 
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Figure 6. Filaments recruited to cell-cell adhesions in migrating 

mesendoderm associate with 14-3-3 in vivo. 

A-C) Single plane confocal images showing a sagittal perspective of a 

cryosectioned gastrulating embryo (stage 10.5, 40 μm thick slices) labeled 

immunocytochemically for 14-3-3 proteins (red) and Keratin 8 (green). Areas 

where filamentous co-localization was detected in panel B are illustrated by arrows 

in all three panels. D) Cartoon schematic depicting three-dimensional orientation 

of cells in A-C relative to one another. Blue arrow in merge images indicates 

direction of tissue migration. E) Maximum intensity projection of confocal z-stack 

of cells shown in A-D to show more comprehensive filament distribution. Images 

were taken with a 63x objective (1.4 NA) and 1.0 Tubelens. Scale bars are 10 μm. 
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Figure 7. The mesendoderm leading edge of dorsal marginal zone explants 

demonstrates subcellular association of 14-3-3 and keratin filaments. 

A-C) Single plane confocal images (63x, 1.6 Tubelens) of a dorsal marginal zone 

(DMZ) explant leading edge. Collectively migrating mesendoderm cells are 

immunolabeled for type I and type II keratins (A) and multiple 14-3-3 isoforms (B). 

The arrowhead in the merged image (C) indicates a subset of the keratin filament 

network that colocalizes with 14-3-3 at the lateral border of two leading cells. D) 

Maximum intensity projection of the confocal z-stack of cells shown in A-C to 

demonstrate the broader labeled keratin network and 14-3-3 localization. E) Lower 

magnification (63x, 1.0 Tubelens) of the maximum intensity projection shown in D. 

F-H) Single plane confocal images (63x, 1.6 Tubelens) depicting a different 

perspective of migratory leading edge mesendoderm. A portion of the keratin 

network (F) and peripherally distributed 14-3-3 (G) in this optical section 

demonstrate association at the rear lateral contact of leading cells (arrowhead in 

H). I) Maximum intensity projection of the confocal z-stack of cells shown in F-H. 

J) Lower magnification (63x, 1.0 Tubelens) of the maximum intensity projection 

shown in I. Blue arrow in merge images indicates direction of explant migration. 

The 63x objective referenced in this figure has a 1.4 NA. Scale bars are 20 μm. 
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Figure 8. 14-3-3 proteins demonstrate filamentous immunolabeling of keratin 

densities at the cell-cell adhesion of ex vivo mesendoderm explants. 

A-C) Leading edge of a mesendoderm explant demonstrating association between 

14-3-3 and keratins. The keratin network is labeled with a pan-keratin antibody (A) 

and the distribution of multiple of 14-3-3 isoforms is depicted (C). The arrowheads 

in A-C highlight the cell-cell interface between two leading cells. A’-C’) Inset of a 

portion of the peripheral keratin network highlighted within the white box in A-C. 

Closer inspection of the keratin morphology at this area (red and white arrows) 

reveals filamentous 14-3-3 labeling. D) Cartoon explant schematic depicting the 

cell pair (A-C) relative to the rest of the tissue. Images are confocal z-stacks 

(maximum intensity projection). Images were taken using a 63x objective (1.4 NA) 

and 1.6 Tubelens. Scale bars are 10 μm. 
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Figure 9. Xenopus Type I Keratin 19 associates with 14-3-3 proteins in whole 

embryos. 

A) Pan 14-3-3 immunoprecipitates (1% Tergitol type NP-40) from whole embryo 

lysates prior to band extraction and processing using LC/MS-MS. Prominent bands 

at 48, 30, and 28 kD (red arrows) were processed. Heavy chain IgG from the 

antibody used for IP was not excised. Immunoprecipitation was performed using 

approximately 2000 μg of protein lysate. B) Summary schematic of Keratin 19 

peptides (red) detected in the 48 kD sample. Peptides are depicted within the 

context of the Keratin 19 primary structure and alongside described (green) and 

predicted (blue) possible 14-3-3 interaction sites. C) Table summary of relevant 

proteins detected in gel extracts processed using LC/MS-MS. Experiments were 

conducted using 14-3-3 immunoprecipitates from whole embryo lysates (WEL). 

Analysis was performed using Scaffold 4.7.3 
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Figure 10. Mesendoderm Xenopus Type I Keratin 19 associates with 14-3-3 

proteins. 

A) Mesendoderm tissue was isolated and processed into lysates (1% Tergitol type 

NP-40) for immunoprecipitation using Pan 14-3-3 antibody prior to gel 

electrophoresis, band extraction, and processing via LC/MS-MS. A 14-3-3 

immunoprecipitated sample from whole embryo lysates was utilized as a proxy for 

band separation to assist in extraction of less prominent bands in the 

mesendoderm only sample. Prominent bands at 55 and 48 kD (red arrows) were 

processed, as well as a range of bands from 25-30 kD (red line). 

Immunoprecipitation was performed using approximately 2000 μg of protein lysate. 

B) Summary schematic of mesendoderm Keratin 19 peptides (red) detected in the 

48 kD sample. Peptides are depicted within the context of the Keratin 19 primary 

structure and alongside described (green) and predicted (blue) possible 14-3-3 

interaction sites. C) Table summary of relevant proteins detected in gel extracts 

processed using LC/MS-MS. Experiments were conducted using 14-3-3 

immunoprecipitates from mesendoderm (ME) tissue lysates. Analysis was 

performed using Scaffold 4.7.3 
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Figure 11. 14-3-3 and Keratin 19 informatics. 

A) Sequence alignment of Xenopus laevis Keratin 18A and 19 with human Keratin 

18 and 19. The arrows indicate serine sites referenced in B and C. The sequence 

alignment was created using the San Diego Supercomputer (SDSC) Biology 

Workbench. B) Table reporting the likelihood that a given site is phosphorylated 

(NetPhos 3.1) (Blom et al., 1999) and is a 14-3-3 site (Scansite 4.0) (Obenauer et 

al., 2003). C) Table reporting the likelihood that a given site is a kinase site. 

Reported results were restricted to sites identified in both NetPhos3.1 (Blom et al., 

2004) and Scansite 4.0 analyses. NetPhos 3.1 proportions display the likelihood 

that a given site is a true site relative to how close the score is to 1. Lower Scansite 

4.0 percentiles (closer to 0%) represent greater likelihood that a given site is a true 

site. NetPhos 3.1 likelihoods in A are for unspecified kinases. Scansite 4.0 was 

utilized at the minimum stringency to report all predictions at the selected sites. 
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Figure 12. Xenopus Keratin 19 associates with 14-3-3 proteins and C-

cadherin. 

A) Co-IP of 14-3-3 proteins from whole embryo lysates immunoblotted for keratin 

network and cell-cell adhesion proteins. 5 μg of pan-14-3-3 antibody was 

preincubated with approximately 2000 μg of lysates (1% Tergitol type NP-40) from 

stage 10.5 gastrulating embryos and immunoprecipitated following incubation with 

protein-g conjugated agarose beads. Type I acidic Keratin 19 and cadherin 

proteins were immunolabeled using a monoclonal antibody and polyclonal pan-

antibody respectively. Vinculin was detected using a monoclonal antibody. An 

arrow highlights the cadherin band in the input lane while an asterisk highlights the 

embryonic yolk protein that migrates at approximately 100 kD. Input lanes include 

approximately 1 embryo worth of protein. 
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CHAPTER 4 

DEVELOPMENT OF GENETICALLY ENCODED PEPTIDE FUSION 

PROTEINS TO SEPARATELY INHIBIT 14-3-3 INTERACTIONS AND INDUCE 

BINDING OF 14-3-3 PROTEINS 

  

  

  

  

  

  

 

Some information from this chapter is accepted for publication in Mariani et 

al. (2019) MBoC. 
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14-3-3 proteins are a family of adapter proteins comprised of several 

isoforms that bind target molecules in a phosphorylation dependent manner and 

augment their activity (Obsil and Obsilova 2011). The vast interactome of 14-3-3 

proteins (>200 known molecular substrates) demonstrates the importance of these 

proteins but also highlights the challenge inherent in attempting to deduce specific 

roles for these proteins through knockdown or deletion (Pozuelo Rubio et al. 2004). 

The identification of roles for 14-3-3 proteins in many signaling pathways 

has led to the discovery and development of a variety of tools designed to 

investigate the function of these proteins. Among these are a variety of naturally 

occurring and synthetic chemical inhibitors that target the 14-3-3 binding groove 

as well as chemical stabilizers of interactions between 14-3-3 and other proteins 

(Bartel et al. 2014). In addition to chemical substrates, one of the most well-

described high affinity molecules that interacts with 14-3-3 is a 20-mer peptide 

named ‘R18’ (Wang et al. 1999). The ability to encode this sequence in DNA and 

RNA for targeted expression in specific cell populations of embryos has proven to 

be a useful method for studying 14-3-3 in Xenopus development (Wu and Muslin 

2002; Lau et al. 2006). 

 The R18 peptide was a viral phage derived peptide product identified via 

binding to immobilized 14-3-3 τ/θ protein (Wang et al. 1999). This peptide 

sequence, PHCVPRDLSWLDLEANMCLP, was converted into a corresponding 

DNA sequence to design a GST-R18 fusion protein for purification and biochemical 

study (Wang et al. 1999). The peptide demonstrated several qualities in vitro that 

confirmed its usefulness in the study of 14-3-3 protein-protein interactions; firstly, 
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it was shown to specifically bind and precipitate 14-3-3 proteins from NIH 3T3 

fibroblast lysates (Wang et al. 1999). Additionally, though the peptide was 

identified by binding assay with the τ isoform, GST-R18 demonstrated similar 

binding affinity for multiple 14-3-3 isoforms including β and ζ (Wang et al. 1999).  

The interaction between GST-R18 and 14-3-3 was shown to be inhibitory 

via the effect demonstrated with regard to other 14-3-3 substrates. Incubation of 

14-3-3 τ with both GST-R18 and R18 alone before Raf1 prevented the interaction 

between these proteins (Wang et al. 1999). Furthermore, R18 was demonstrated 

to disrupt the ability of 14-3-3 proteins to prevent Raf1 activation by phosphatase 

addition (Wang et al. 1999). While addition of more 14-3-3 τ was able to rescue 

this inhibitory effect, pre-incubation of the additional 14-3-3 with R18 prevented the 

rescue effect (Wang et al. 1999). Taken together, these data demonstrate that the 

R18 peptide sequence inhibits 14-3-3 proteins via a specific binding interaction 

that prevents 14-3-3 binding with other substrates and related functions of those 

interactions (Wang et al. 1999). 

 Co-crystal structures of 14-3-3 and R18 along with biochemical experiments 

have demonstrated that this peptide induces inhibition of 14-3-3 protein-protein 

interactions by associating with the 14-3-3 binding groove in an amphipathic 

manner (Wang et al. 1999; Petosa et al. 1998). Charge mutation of lysine 49 of the 

14-3-3 ‘basic pocket’ to glutamic acid prevented biochemical interaction between 

R18 and 14-3-3, while mutation of valine 176 of the ‘hydrophobic roof’ to aspartic 

acid greatly reduced the interaction (Wang et al. 1999). Predictions based on co-

crystal structure identify the WLDLE motif of the R18 peptide as the central 
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determinant for binding to 14-3-3 proteins (Petosa et al. 1998). The aspartic acid 

is predicted to be in proximity with lysine 49, while the glutamic acid is thought to 

be in proximity to the arginines of the site (Petosa et al. 1998). The two leucines of 

the WLDLE motif are predicted to be in proximity to a variety of hydrophobic 

residues of the 14-3-3 binding groove roof (Petosa et al. 1998). 

 Since the discovery and characterization of the R18 peptide, several studies 

have adapted it for the study of 14-3-3 in cellular contexts. The peptide was utilized 

as a GST-R18 fusion protein inhibitor in Xenopus laevis embryos, microinjected as 

RNA that translates into the fusion protein (Wu and Muslin 2002). Given that the 

WLDLE motif was identified as the R18 binding determinant, the authors designed 

a control ALALE mutant named ‘R18M’ that demonstrates inability to bind 14-3-3 

proteins (Wu and Muslin 2002). Utilizing this method, it was shown that at least 

when the RNA for GST-R18 was injected in relatively high amounts, 

developmental abnormalities emerged (Wu and Muslin 2002). Moreover, 

developmental roles for 14-3-3 proteins that were shown to be both tissue and 

isoform specific could be disrupted by targeted injection of this peptide (Lau et al. 

2006). This work demonstrates that expression of R18 can be spatially controlled, 

allowing for inhibition of specific tissue populations. Research has been conducted 

with fluorophore-fused trackable versions of R18 and R18M peptides, further 

demonstrating spatial control of these tools (Jin et al. 2004).  

We sought to determine whether the R18 peptide sequence could be 

applied to specifically interrogate the nature of the relationship between 14-3-3 

proteins and keratin filaments in distinct cell populations. In this study, we 
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developed 14-3-3-keratin binding loss-of-function and gain-of-function trackable 

R18 fusion proteins and examined their effect on keratin properties and networks.   

Results 

Design of a fluorophore and epitope fusion with a phage-derived ‘R18’ 14-3-

3 inhibitory peptide 

 Given that work by Muslin had demonstrated specific inhibition of 14-3-3 

proteins in Xenopus laevis (Wu and Muslin 2002; Lau et al. 2006), we utilized DNA 

sequences published by the authors to derive R18 and R18M sequences. 

Nucleotides encoding the R18 and R18M peptides were flanked by sequences for 

a number of restriction sites and binding epitopes in preparation for the design 

several possible fusion proteins (Figure 13). The sequences were synthesized by 

the company Genewiz and cloned into pUC57 vectors. The pUC57-R18 and R18M 

plasmids were digested using the BamHI and XhoI restriction enzymes to clone 

the sequences into the pCS2+ plasmid vector. The pCS2+ contains an SP6 

polymerase binding site that is utilized during in vitro transcription of RNA for 

cellular microinjection. In order to produce R18 and R18M fusion proteins that were 

trackable by light microscopy, the restriction enzymes AgeI and BglII were utilized 

to clone the sequence of mCherry in frame with the peptides (Figure 13). Further 

minor cloning was performed to remove an upstream out of frame kozak sequence 

and to introduce a second linker type. The protein sequences of the pCS2-

mCherry-R18/M plasmids are included for reference (Figure 14). 
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mCherry-R18 fusion proteins specifically bind 14-3-3 in Xenopus embryos 

 Although 14-3-3 proteins had been demonstrated to specifically bind to 

GST-R18 (Wang et al. 1999; Wu and Muslin 2002), we sought to determine 

whether mCherry-R18 was able to bind 14-3-3 proteins. RNA encoding either 

mCherry-R18 or R18M was co-injected into Xenopus embryos alongside RNA 

encoding FLAG-14-3-3 β (Figure 15). Immunoprecipitation of FLAG-14-3-3 β 

demonstrated interaction between 14-3-3 and mCherry-R18, but not between 14-

3-3 and mCherry-R18M (Figure 15 A). Given that mCherry-R18 retained the 

binding specificity characteristic of both R18 and GST-R18, we decided to 

investigate functional utilization of this peptide. Our tools and method for 

microinjection of Xenopus laevis embryos did not permit injection of more than 

approximately 2 ng of DNA or RNA, preventing ability to follow-up published 

experiments to broadly inhibit 14-3-3 in Xenopus via R18 (Wu and Muslin 2002). 

Instead, we opted to broadly investigate the effect of 14-3-3 inhibition via mCherry-

R18 in regard to establishment of keratin networks in cells.  

Expression of mCherry-R18 in subconfluent MDCK epithelial cells results in 

collapse of Xenopus cytokeratin networks 

Previous work has demonstrated that mutation of serine 33 to alanine in 

K18 results in collapse of the network to a peri-nuclear ring (Ku et al. 1998). In 

order to determine whether 14-3-3 inhibition could induce a similar effect on 

Xenopus keratin containing filament networks, mCherry-R18 was co-transfected 

into subconfluent MDCK epithelial cells alongside GFP-XCK8, the type I Xenopus 

analog of Keratin 8 (Figure 16 and Figure 17). Time lapse imaging over a 12 hour 
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period demonstrated a disruption of the GFP-XCK8 keratin network that is 

detectable approximately 4 hours after the onset of fluorescent signal (Figure 16). 

Inspection of MDCK cells co-expressing mCherry-R18M with GFP-XCK8 after the 

12 hour course demonstrated that these cells are able to produce a normal 

cytoplasmic and junctional GFP-XCK8 network (Figure 17 C and D). In contrast, 

mCherry-R18 expression results in formation of an abnormal and retracted GFP-

XCK8 network (Figure 17 A and B).  

Given that high GFP-XCK8 expression could potentially contribute to the 

abnormality of networks in the presence of 14-3-3 inhibition, mCherry-R18 and 

mCherry-R18M were transfected alone into MDCK cell stable expressors of GFP-

XCK8 (Figure 18 and Figure 19). Time lapse imaging demonstrated an obvious 

retraction of the keratin network to a thin ring shape that was concomitant with a 

cell morphological change to a circular shape (Figure 18). Investigation of MDCK 

cells expressing mCherry-R18M after the 12 hour time lapse demonstrated cells 

that were able to engage in contacts with cell clusters and express a normal GFP-

XCK8 network across cellular compartments, showing a normal morphology 

similar to that within MDCK cells expressing GFP-XCK8 alone (Figure 19 D-F). 

Cells that were 14-3-3 inhibited via mCherry-R18 expression showed a collapsed 

peri-nuclear network reminiscent of that formed by K18 S33A (Ku et al. 1998) and 

remained as single cells that appeared rounded and longer in height relative to 

mCherry R18M expressors (Figure 19 A-C). These findings present evidence that 

14-3-3 inhibition results in collapse of Xenopus cytokeratin 8 containing networks 

in subconfluent epithelia. 
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Design of a novel R18 peptide fusion with Keratin 19 to induce synthetic-

coupling in-vivo 

 Implementation of mCherry-R18 via DNA or RNA microinjection allows for 

tissue specific subcellular study of the roles of 14-3-3 in Xenopus embryos, but 

with a caveat; R18 peptide broadly inhibits 14-3-3 protein-protein interactions. This 

presents an issue when trying to study a particular interaction in a cellular context, 

such as the role of 14-3-3 and keratin interaction in regard to keratin network 

dynamics in mesendoderm. In addition, because prevention of 14-3-3 interaction 

via mutation of 14-3-3 sites in intermediate filaments has widespread 

consequences for the network, these methods do not easily allow us to interrogate 

how 14-3-3 proteins modulate filament activity. With these experimental limitations 

in mind, we designed a gain-of-function keratin protein utilizing the R18 sequence 

to induce binding of 14-3-3 proteins. This GFP-R18-K19 design represents a fusion 

protein where the R18 sequence becomes an additional high-affinity binding site 

for 14-3-3 proteins in frame with Keratin 19 (Figure 20). A series of cloning 

experiments were required to place R18 and R18M sequences in frame with both 

the sequence of K19 as well as with trackable epitopes. The plasmids produced 

included pCS2-GFP-R18-K19 and pCS2-GFP-R18M-K19 as well as pCS2-

3xFLAG-R18-K19 and pCS2-3xFLAG-R18-K19. The protein sequences for these 

fusions are provided (Figure 20). 

R18-K19 demonstrates robust high affinity for 14-3-3 proteins 

 In order to determine the extent to which inclusion of the R18 sequence in 

frame with K19 increases binding to 14-3-3 proteins, RNA encoding either GFP-
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R18-K19 or GFP-R18M-K19 was co-injected into Xenopus embryos alongside 

RNA encoding FLAG-14-3-3 β (Figure 21). Immunoprecipitation of FLAG-14-3-3 β 

demonstrated that 14-3-3 proteins interacted with GFP-R18-K19 in a highly 

increased manner when compared to the interaction between 14-3-3 and GFP-

R18M-K19 (Figure 21 C). This interaction proved to be robust and reliable, 

showing that fusion of the R18 sequence increased the affinity of the keratin with 

regard to 14-3-3 proteins (Figure 21 A-C). In addition, injection of RNA encoding 

3xFLAG-R18-K19 and 3xFLAG-R18M-K19 followed by FLAG immunoprecipitation 

demonstrated increased interaction between 3xFLAG-R18-K19 and endogenous 

14-3-3 proteins compared to that of 3xFLAG-R18M-K19 (Figure 22). Taken 

together, these results illustrate that fusion of the R18 sequence with keratin 

specifically increases binding of 14-3-3 to these proteins. This binding 

enhancement allows these constructs suitability in regard to experiments aimed at 

investigating the relationship between 14-3-3 and keratins in mesendoderm 

(Shown in Chapter 5). 
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Discussion 

Our data demonstrate that the phage derived R18 sequence (Wang et al. 1999) is 

phosphorylation independent 14-3-3 inhibitor that effectively binds 14-3-3 proteins 

across a variety of fusion protein types. With the addition of a fluorophore, the R18 

peptide sequence functions as trackable 14-3-3 inhibitor that allows for 

identification of inhibited cells and study in a multitude of contexts. When 

expressed mosaically in either cell culture by transfection or embryos via 

microinjection, this becomes an especially powerful tool for studying the function 

of 14-3-3 in both single cells and during adhesion with either non-inhibited or 

inhibited cells. 

 Utilization of the mCherry-R18 fusion protein demonstrated that 14-3-3 

inhibition in subconfluent MDCK cell epithelia results in abnormal contraction of 

the widespread GFP-XCK8 containing keratin network to a peri-nuclear restricted 

‘cage-like’ morphology. These results closely resemble those that result from 

mutation of the serine 33 site in Keratin 18 (Ku et al. 1998), providing evidence 

that both direct perturbation of 14-3-3 proteins and disruption of the inability of 

these proteins to bind are similarly important for formation of keratin networks. It is 

interesting to note that mutation of this conserved serine in Keratin 19 (shown in 

Chapter 3) also results in a similar peri-nuclear collapse of the keratin network 

(Zhou et al. 1999). Taken together, these data mark the possibility that Xenopus 

K19 may require 14-3-3 interaction for filament network integrity or activity 

dynamics. 
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 Although R18 protein fusions provide outstanding utility due to their ability 

to inhibit 14-3-3 proteins and disrupt interactions both in vitro and in vivo (Wang et 

al. 1999, Wu and Muslin 2002), the large interactome of 14-3-3 proteins creates 

difficulty in determining the specific effect of 14-3-3 disruption that is causal in any 

phenotype. While knockdown or deletion of particular isoforms allows specificity in 

the particular 14-3-3 protein that is perturbed, evidence that different isoforms can 

compensate for these deletions and even rescue phenotypes demonstrates that 

these methods do not abrogate the specificity issue. Another alternative strategy 

is to interrogate the function of a specific 14-3-3 interaction via gain-of-function. In 

this study we demonstrate that fusing the R18 peptide sequence to full length K19 

results in a mutant that binds a strongly increased amount of 14-3-3 proteins, both 

exogenous and endogenous. By employing this fusion within a trackable GFP-K19 

(GFP-R18-K19), we are able to study the effect of increasing association with 14-

3-3 on keratin network activity (shown in Chapter 5). Thus, we provide that 

utilization of R18 as a high-affinity site for 14-3-3 proteins via fusion with a trackable 

protein of interest provides a method to deduce the effect of 14-3-3 binding with 

regard to the molecule of choice, specifically.   
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Figure 13. DNA and amino acid sequences for R18 and R18M peptides. 

A) Nucleotide sequence designed to encode R18 peptide. Various binding 

epitopes, transcription elements, and restriction digest sequences are included to 

enable multiple cloning options. The restriction sites are highlighted in yellow and 

the epitopes are marked in purple, bronze and silver. The kozak sequence is 

highlighted in red. Key nucleotides particular to the R18 peptide sequence are 

included in blue text. B) Similar design sequence encoding R18M peptide. The 

nucleotides particular to the R18M sequence are included in red text. Sequences 

were prepared using the pDRAW32 program. 
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Figure 14. Design of mCherry-R18/R18M fusion peptides. 

A) Full sequence of mCherry-R18 and mCherry-R18M fusion proteins including 

the mCherry fluorophore, linker sequence, peptide sequence, and stop. The pre-

methionine kozak site is included for positional demonstration. Sequence for 

mCherry is highlighted in red, the linker sequence is highlighted in gray, and the 

R18/R18M peptide is highlighted in teal. The key amino acids for the R18 peptide 

are included in blue text and the key R18M amino acids are included in red text. 

B) mCherry-R18 and mCherry R18 protein sequences including an alternative 

linker. 
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Figure 15. mCherry-R18 specifically binds 14-3-3 expressed in Xenopus 

embryos. 

A) Immunoblot of FLAG-14-3-3 β immunoprecipitated embryonic lysates (1% 

Triton X-100) co-expressing mCherry R18 or mCherry R18M peptide. One-cell 

embryos were injected with RNA encoding mCherry-R18 or mCherry-R18M 

alongside RNA encoding FLAG-14-3-3 β. Lysates were prepared at embryonic 

stage 10.5 and immunoprecipitation for FLAG proteins was performed. FLAG 

immunoprecipitates were blotted for mCherry and FLAG. Non-injected lysate 

incubated with FLAG antibody conjugated agarose beads was immunoblotted as 

a negative control. B) Input lanes for non-injected whole embryo lysates (WEL) 

and lysates injected with mCherry-R18 and mCherry-R18M. 
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Figure 16. mCherry-R18 disrupts expressed Xenopus keratin. 

A) Live imaging time lapse of a single MDCK cell expressing GFP-XCK8 (Xenopus 

Keratin 8) and mCherry-R18. MDCK cells seeded to subconfluency on 35mm glass 

cover slipped dishes were double transfected with pCS2-GFP-XCK8 and either 

pCS2-mCherry R18 or pCS2-mCherry R18M. Single plane confocal optical 

sections were taken in 15-minute intervals over 12 hours to image GFP and 

mCherry signal. Images are single plane confocal optical sections. Images were 

taken using a 63x objective (1.4 NA) and 1.0 Tubelens. Scale bars are 20 μm. 
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Figure 17. 14-3-3 inhibition via mCherry-R18 expression perturbs Xenopus 

keratin containing filaments. 

Live images acquired after 12-hour time lapse. A-D) GFP-XCK8 filaments co-

expressed with either mCherry-R18 (A and B) or mCherry-R18M (C and D) in 

MDCK cells after 12 hour time course. E-H) Cellular expression of mCherry-R18 

(E and F) and mCherry-R18M (G and H). I-L) Brightfield images were taken to 

provide cellular context. M-P) Merge images of fluorescent channels with 

brightfield images. Images are single plane confocal optical sections. Images were 

taken using a 63x objective (1.4 NA) with a 1.0 Tubelens. Scale bars are 20 μm. 
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Figure 18. mCherry-R18 disrupts stably expressed Xenopus keratin. 

A) Live imaging time lapse of a single MDCK cell expressing GFP-XCK8 (Xenopus 

Keratin 8) and transfected to express mCherry-R18. MDCK cells stably expressing 

GFP-XCK8 were seeded to subconfluency on 35mm glass cover slipped dishes 

and transfected with either pCS2-mCherry R18 or pCS2-mCherry R18M. Single 

plane confocal optical sections were taken in 15-minute intervals over 12 hours to 

image GFP and mCherry signal. Images are single plane confocal optical sections 

taken using a 63x objective (1.4 NA) with a 1.0 Tubelens. Scale bars are 20 μm. 

MDCK cells stably expressing GFP-XCK8 were produced and provided by R.S. 

Shah. 
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Figure 19. Inhibition of 14-3-3 results in collapse of Xenopus keratin filament 

networks and abnormal MDCK cell morphology. 

Z stacks (maximum intensity projection) of live cells acquired after 12-hour time 

lapse. A-C) GFP-XCK8 filaments in cells co-expressing mCherry-R18 after 12 hour 

time lapse. D-F) GFP-XCK8 networks co-expressed with mCherry-R18M after 12 

hour time lapse. Orthogonal views for each Z-stack are included to provide cellular 

context. Images were taken using a 63x objective (1.4 NA) and 1.0 Tubelens. 

Scale bars are 20 μm. MDCK cells stably expressing GFP-XCK8 were produced 

and provided by R.S. Shah. 
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Figure 20. Design of R18-K19 and R18M-K19 fusion peptides. 

A) Full sequence of GFP-R18-K19 and GFP-R18M-K19 fusion proteins including 

the GFP fluorophore, linker sequences, peptide sequence, K19 protein, and stop. 

The pre-methionine kozak site is included for positional demonstration. Sequence 

for GFP is highlighted in light green, the linker sequences are highlighted in gray, 

the R18/R18M peptide is highlighted in teal, and the K19 sequence is highlighted 

in dark green. The key amino acids for the R18 peptide are included in blue text 

and the key R18M amino acids are included in red text. B) Full sequence of 

3xFLAG-R18-K19 and 3xFLAG-R18M-K19 fusion proteins. The additional 

epitopes including 6 histidine and the TAT motif are labeled in blue and bronze, 

respectively. The 3xFLAG sequence is highlighted in bright purple. Red highlight 

indicates residues encoded by nucleotides that function as key restriction sites. 

Additional highlights are as described in A. 
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Figure 21. GFP-R18-K19 reliably and robustly binds 14-3-3 expressed in 

Xenopus embryos. 

A-C) Immunoblots of FLAG-14-3-3 β immunoprecipitated embryonic lysates (1% 

Tergitol type NP-40) co-expressing GFP-R18-K19 or GFP-R18M-K19 fusion 

proteins. One-cell embryos were injected with RNA encoding GFP-R18-K19 or 

GFP-R18-K19 alongside RNA encoding FLAG-14-3-3 β. Lysates were prepared 

at embryonic stage 10.5 and immunoprecipitation for FLAG proteins was 

performed. FLAG immunoprecipitates were blotted for GFP, FLAG, and Actin. 

Non-injected lysate incubated with FLAG antibody conjugated agarose beads was 

immunoblotted as a negative control. High exposure in C is provided for relative 

comparison of R18-K19 and R18M-K19 binding of 14-3-3 proteins. 

Immunoprecipitation was performed using approximately 2000 μg of protein lysate. 

Input lanes include approximately 1 embryo worth of protein. 
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Figure 22. R18-K19 binds endogenous Xenopus 14-3-3 proteins. 

3xFLAG-R18-K19 and 3xFLAG-R18M-K19 immunoprecipitates blotted for 

interaction with 14-3-3 proteins in Xenopus embryos. A) Immunoblot of FLAG 

immunoprecipitated embryonic lysates (1% Tergitol type NP-40). One-cell 

embryos were injected with RNA encoding 3xFLAG-R18-K19 or 3xFLAG-R18M-

K19. Lysates were prepared at embryonic stage 10.5 and immunoprecipitation for 

FLAG proteins was performed. FLAG immunoprecipitates were blotted utilizing 

GFP antibody and pan-14-3-3 antibody. Actin was also immunolabeled. Non-

injected lysate incubated with FLAG antibody conjugated agarose beads was 

immunoblotted as a negative control. Immunoprecipitation was performed using 

approximately 2000 μg of protein lysate. Input lanes include approximately 1 

embryo worth of protein. 
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CHAPTER 5 

THE ROLE OF 14-3-3 IN TARGETING KERATIN 19 TO MECHANICALLY 

SENSITIVE CELL-CELL CONTACTS 

  

  

  

  

  

  

 

Some information from this chapter is accepted for publication in Mariani et 

al. (2019) MBoC. 
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Owing largely to early descriptions as ‘cellular integrators’ (Lazarides 1980) 

and characterizations of the extreme mechanical fragility that arise from loss of 

epidermal keratins (Letai et al. 1993; Chan et al. 1994; Peters et al. 2001), 

intermediate filaments are broadly appreciated as cellular stabilizers. In contrast, 

the dynamic nature of IFs and the networks they comprise has only recently been 

explored and represents an area that requires much more study to uncover both 

the mechanisms and roles of IF activity (Windoffer et al. 2004; Kolsch et al. 2010; 

Schwarz et al. 2015). The inherent compromise cells must manage between 

withstanding strains and adapting to environmental change necessitates an IF 

network that must be amenable to modification, highlighting a critical role for 

regulatory mechanisms and molecules. 

 14-3-3 proteins have been shown to modulate the activity of multiple 

intermediate filaments in different cellular contexts. The interaction between IF 

proteins and 14-3-3 has been shown to affect the properties of filaments, such as 

dynamic exchange, as well as the localization and activity of 14-3-3 proteins 

themselves (Ku et al. 1998; Tzivion et al. 2000; Li et al. 2006; Miao et al. 2013; 

Toivola et al. 2001; Kim et al. 2006). While the known relationship between these 

molecules implies a potentially important role for 14-3-3 with regard to IF dynamics, 

little is known about how these proteins facilitate changes in IF networks. Cells that 

reorganize IF networks in response to stresses, especially those that re-localize 

networks as a result of force transduction, likely require molecular facilitators to 

enable such activity (Sivaramakrishnan et al. 2009; Weber et al. 2012). To 

determine whether 14-3-3 could influence reorganization of keratin networks in 
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mesendoderm, we investigated the role of these molecules in IF protein dynamics 

during collective cell migration and establishment of cell-cell adhesion.     

Results 

14-3-3 inhibition induces decreases in keratin dynamics in ex-vivo migratory 

tissues 

The observation that 14-3-3 associates with keratins and co-localizes with 

filaments implies a shared functional relationship. Given that 14-3-3 proteins have 

been shown to have a role in disassembly of IFs (Li et al., 2006; Miao et al., 2013) 

and to associate with keratin filaments induced to remodel by okadaic acid 

treatment (Strnad et al., 2002), one possible function of this association is to 

facilitate modification of pre-existing filament networks. Modification of 

polymerized filaments involves addition or subtraction of IF proteins along the 

length of a filament polymer, known as lateral exchange or dynamic exchange 

(Vikstrom et al., 1992; Colakoğlu and Brown, 2009; Nöding et al., 2014). Keratin 

networks show filament remodeling and 14-3-3 dependent increases in dynamic 

exchange rate after exposure to shear stress (Sivaramakrishnan et al., 2009). 

Since changes in mechanical stress are continually transduced across junctions 

during collective cell migration and result in keratin reorganization (Weber et al., 

2012), we examined whether 14-3-3 might have a role in the keratin filament 

organization in mesendoderm explants. To functionally inhibit 14-3-3, we 

expressed a short peptide sequence (R18) previously shown to bind 14-3-3 with 

high affinity and block its binding to endogenous substrates (Petosa et al., 1998; 

Wang et al., 1999). A negative control peptide (R18M) containing two point 
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mutations was used for comparison. We created mCherry-tagged R18 and R18M 

constructs so that we could readily identify living cells in which R18 or R18M was 

expressed (Described in Chapter 4). No change in overall protein expression of C-

cadherin, acidic keratins, 14-3-3, or actin resulted from R18 expression (Figure 

23). The ability of mCherry-R18, but not mCherry-R18M, to bind 14-3-3 was 

confirmed by co-immunoprecipitation analyses (Figure 24). As mCherry-R18 

bound to 14-3-3, a corresponding decrease in the association of 14-3-3 with K19 

was observed (Figure 24). Thus, R18 functions as a competitive inhibitor of 14-3-

3 association with K19. 

To examine the role of 14-3-3, we co-expressed mCherry-R18 or R18M with 

eGFP-K19.  R18 expression did not initially result in any apparent changes to the 

keratin network detectable by fluorescent microscopy. Through early gastrulation 

and explant preparation, no gross morphological changes were observed in the 

overall keratin network or subcellular localization of filaments. We suspect that this 

may be because of a delayed onset of R18 expression until after mid-blastula 

transition. Nonetheless, subtler effects on the intermediate filament dynamics were 

observed in native mesendoderm explants. FRAP experiments of eGFP-K19 

revealed that 14-3-3 inhibition results in attenuation of dynamic exchange rate 

when compared to that of explants expressing control peptide R18M (Figure 25). 

Despite inherent differences in the width and subcellular location of filaments 

bleached across trials, the lower recovery rate in 14-3-3 inhibited samples 

persisted (Figure 25 C and D). Though additional reports provide evidence of 

different times of lateral exchange onset that range from within an hour to eight 
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hours (Colakoğlu and Brown, 2009; Nöding et al., 2014), we detect more rapid 

differences in recovery after 14-3-3 inhibition that occurs within minutes (Figure 

25). This finding demonstrates that the interaction between 14-3-3 and Keratin 19 

is required for modification of filaments that occurs on an appreciably fine 

timescale in motile tissues. 

14-3-3 is required for targeting of keratin to cell-cell adhesions 

Force transmitted through mesendoderm cell-cell contacts induces both 

changes in the keratin network throughout the cell and recruits filaments to sites 

of transduced tension (Weber et al., 2012). We were surprised to find that 

expression of R18 did not dramatically alter the distribution of keratin intermediate 

filaments in the mesendoderm given its association with keratin and role in 

dynamic exchange. We reasoned that this could be because expression of R18 

did not occur until after relatively stable cell-cell adhesions were formed. To 

determine whether 14-3-3 is required for localization of filaments to cell junctions, 

both DMZ explants and mesendoderm expressing mCherry-R18 or R18M and 

eGFP-K19 were dissociated into single cells via calcium switch (Ca2+ and Mg2+ for 

mesendoderm only) and imaged as cells collided and formed cell pairs. 

Mesendoderm cells co-expressing mCherry-R18M and GFP-K19 demonstrated 

localization of keratin filaments to the adhesion between the cell pair over the 

course of the time lapse (Figure 26 J-L). The GFP-K19 reorganization became 

more marked as the cells continued to protrude away from one another (Figure 26 

L, white arrowhead). In contrast, 14-3-3 inhibition due to expression of mCherry-

R18 perturbs reorganization of keratin filaments to the cell-cell adhesion between 
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cell pairs, resulting in failure of keratin localization to this compartment (Figure 26 

A-I). This failure of keratin localization to the junctional compartment persists 

despite evidence of cells protruding away from one another and an extended time 

of contact relative to the time sufficient to junctionally localize keratins in mCherry-

R18M post collision mesendoderm (Figure 26 A-F, white arrows in G-I).  

Our work and others’ have shown that many migratory cells polarize in 

opposite directions upon collision, resulting in substantial force at the cell-cell 

junction (Nelson and Chen, 2003; Maruthamuthu et al., 2011; Weber et al., 2012; 

Mertz et al., 2013).  We additionally showed that keratin intermediate filaments are 

recruited to cell-cell adhesions between mesendoderm cells as a function of force 

on C-cadherin (Weber et al., 2012). This is also the case in mesendoderm cells 

expressing the control construct mCherry-R18M (Figure 27 A-C). When 14-3-3 

was inhibited by expression of mCherry-R18, a distinct zone lacking fluorescent 

K19 filaments was observed at points of de novo cell-cell adhesion (Figure 27 D-

F). This K19-deplete zone was observed at a significantly higher frequency in 14-

3-3 inhibited cells after establishment of cell-cell contact relative to controls (Figure 

27). These regions lacking K19 IFs had a size range of 2 μm to 17 μm with an 

average of 7 μm when measured from the cell-cell contact to the onset of visible 

filament fluorescence. The zone was surprisingly uniform along the width of the 

cell-cell contact in these cells and very few R18-positive cells were found to have 

K19 targeted to cell-cell contacts (Figure 27 G).  
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14-3-3 proteins are distributed proximal to cell-cell adhesions. 

C-cadherin co-localizes with keratin filaments at points of cell-cell contact in 

mesendoderm and co-immunoprecipitates with keratin in lysates from Xenopus 

gastrula (Weber et al., 2012). Given that co-immunoprecipitation of 14-3-3 also 

shows association with C-cadherin, we examined how the subcellular localization 

of each relate to one another. Curiously, although 14-3-3 appears at the cell 

periphery at low magnification and resolution (Shown in Chapter 4), an appreciable 

separation between 14-3-3 and C-cadherin is observed at higher resolution (Figure 

28). 14-3-3 is increasingly concentrated nearer to cell-cell contacts (Figure 29 C) 

as compared to more centrally located regions of the cytoplasm. However, at the 

more precise point of cell-cell contact, indicated by C-cadherin-eGFP labeling, we 

noted a decrease in 14-3-3 signal intensity (Figure 29 D). Average mean 

fluorescence intensities for C-cadherin were high in adhesion ROIs, but this did 

not correspond with high 14-3-3 intensities (Figure 29 E). In contrast, K19 

colocalized with C-cadherin at the cell-cell contact (Figure 30 F-G) and 

coordinately increased in intensity at the cell-cell contact (Figure 30 H-I). Adhesion 

ROIs analyzed in the junctional plane exhibited high fluorescence intensity of both 

C-cadherin and K19 (Figure 30 J). This positioning of K19 mirrors the 

colocalization previously observed between C-cadherin, plakoglobin, and K8 in 

these cells (Weber et al., 2012). Taken together with evidence of biochemical 

association, these data suggest that the association between 14-3-3 and C-

cadherin is likely indirect. 14-3-3 appears to localize with keratin intermediate 
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filaments and concentrate near cell-cell contacts, but not exactly at the cell-cell 

contact itself. 

14-3-3 association with K19 is sufficient for cell-cell adhesion targeting. 

Since inhibition of 14-3-3 prevented keratin localization to cell-cell contacts, 

we wanted to see whether forced association of K19 with 14-3-3 would be sufficient 

to drive targeting to cell junctions.  14-3-3 endogenously binds to phosphorylated 

serine and threonine residues contained in motifs within certain substrates (Yaffe 

et al., 1997; Johnson et al., 2010).  Mutation of serine residues to non-

phosphorylatable alanines (e.g. S33A of hK18) eliminates binding between 

keratins and 14-3-3; however, mutation of serine to phosphomimetic amino acids 

(e.g. S33D of hK18) is similarly dysfunctional at promoting association between 

14-3-3 and keratins, presumably because of differences in the side chain 

compared to phosphate groups (Ku et al., 1998).  In order to promote the 

association of K19 with 14-3-3, we created an eGFP-R18-K19 fusion protein 

(Shown in Chapter 4; Figure 31 A). Immunoprecipitation analyses showed robust 

association of R18-K19 fusion proteins with FLAG-14-3-3 (Figure 31 B). Note that 

FLAG-14-3-3 also associated with eGFP-R18M-K19 (Figure 31 B), albeit at a 

much reduced level, likely via the normal intrinsic phosphorylation sites within K19. 

Since R18 is a high affinity peptide for 14-3-3, this fusion protein results in a 

traceable K19 protein with a constitutive signaling site for 14-3-3 binding that is 

phosphorylation-independent.  

Mosaic expression of these fusion constructs was established in 

mesendoderm tissue by injecting DNA, and the intermediate filament distribution 
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in live mesendoderm cells, ~4 rows back from the leading edge, was examined by 

confocal microscopy. Expressed eGFP-R18M-K19 in mesendoderm explants 

forms filaments spread throughout the cell body but absent from cell protrusions 

(Figure 32 A-C and G-I), typical of keratin networks described previously in 

unpolarized mesendoderm (Weber et al., 2012). In mesendoderm expressing 

eGFP-R18-K19, the fluorescence appeared as densities that preferentially localize 

to areas of cell-cell adhesion and lack widespread expression throughout the 

cytosol (Figure 32 D-F and J-L). In the most robust instances, eGFP-R18-K19 

localized as an intense aggregate exclusively at the cell-cell boundary (Figure 32 

F, red arrowhead). In other cases, distinct filaments could be seen and the 

population was limited to near the cell-cell adhesion (Figure 32 L, white 

arrowhead). The forced association of K19 with 14-3-3 through this fusion 

construct created a distribution that in many ways was the exact opposite of when 

14-3-3 was inhibited (compare Figure 32 F with Figure 27 D).  

14-3-3 does not induce K19-Cadherin coupling or junctional targeting of 

Plakoglobin in Xenopus mesendoderm. 

Our findings have demonstrated that 14-3-3 specifically binds to K19 and 

also associates with C-cadherin, the classical cadherin that mediates cell-cell 

adhesion in mesendoderm. In addition, inhibition of 14-3-3 resulted in abnormal 

filament dynamics and failures of keratin localization to newly formed cell-cell 

junctions. Given that the R18-K19 fusion preferentially localizes to cell junctions, 

we investigated the role of 14-3-3 proteins in linking K19 to C-cadherin adhesions. 

To examine the extent to which filament compartmentalization of R18-K19 was 
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related to association with adhesion molecules, C-cadherin GFP association with 

3xFLAG-R18-K19 was compared to that of 3xFLAG-R18M-K19 (Figure 33). 

Interestingly, the association of R18-K19 with C-cadherin GFP appeared to be 

roughly equivalent to that of R18M-K19. These data indicate that K19 association 

with 14-3-3 is important for targeting K19 populations to the cell-cell junctional 

region, but does not induce extended coupling of K19 with cadherins themselves. 

A previous study published by our group has shown that plakoglobin, a 

molecule that binds to the c-terminal of cadherins, is part of the cadherin-keratin 

complex in mesendoderm (Weber et al. 2012). It has also been observed that 14-

3-3 knockdown results in failures of plakoglobin to localize to cell-cell contacts and 

deficient cell-cell junction formation (Sehgal et al. 2014; Vishal et al. 2018). 

Because plakoglobin could potentially influence the association of K19 with the 

cell-cell adhesion, we sought to determine the affect of 14-3-3 inhibition on 

junctional recruit of plakoglobin. Dissociation of mesendoderm and subsequent 

cell collision demonstrated that mesendoderm cells expressing mCherry-R18 

localize GFP-PG to adhesions in a comparable manner to that of mCherry-R18M 

expressing cells (Figure 34). The adhesions formed between GFP-PG/mCherry-

R18 expressing cells and GFP-PG/mCherry-R18M expressing cells protruding 

away from one another also appear comparable (Figure 35, white arrowhead). 

Taken together, while 14-3-3 proteins are necessary and sufficient for targeting of 

K19 to the junctional compartment, these molecules do not appear to directly 

promote keratin linkage to cadherin or augment the junctional targeting of adhesion 

plaque protein plakoglobin in mesendoderm.  
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Discussion 

The finding that mCherry-R18 mediated inhibition of 14-3-3 did not result in 

obvious mesendoderm keratin network abnormalities compared to that of 

subconfluent MDCK cells (shown in Chapter 4) was unexpected but not 

unprecedented. Similarly, charge mutation of serine 33 in Keratin 18 to prevent 

binding of 14-3-3 proteins resulted in peri-nuclear collapse in NIH 3T3 fibroblasts, 

but not in mouse liver hepatocytes that express K8/K18 networks (Ku et al. 1998; 

Ku et al. 2002). In both cases, the differences between the cultured cells and those 

of the embryo are potentially marked enough to invoke different mechanisms of 

filament regulation as well as 14-3-3 expression or activity. Our data demonstrate 

that 14-3-3 inhibition disrupts interactions between K19 and 14-3-3 that are 

normally present in uninhibited cells and that such changes are not the result of 

alterations in protein expression. Moreover, mCherry-R18 inhibition of 14-3-3 in 

the mesendoderm of migrating DMZ explants results in a decrease in dynamic 

exchange within filaments, providing evidence of a role for 14-3-3 in mediating this 

activity. These findings suggest that 14-3-3 proteins in mesendoderm are involved 

in modulating the dynamic properties of the filament network rather than broadly 

ensuring its stability. 

Given that the endogenous keratin network is able to form in the absence 

of 14-3-3 inhibition prior to the blastula stage in mCherry-R18 microinjected 

embryos, it is possible that stable cell-cell adhesion allows the formation of GFP-

K19 incorporating or containing networks despite onset of mCherry-R18 

expression. We demonstrate that employing calcium switch to dissociate 14-3-3 
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inhibited mesendoderm and subsequently allow for cellular collision and de novo 

adhesion formation results in failed localization of GFP-K19 to the junction. This 

failure is stark in contrast to the rapid junctional filament localization that is 

observed in mCherry-R18M expressing cells. Remarkably, the loss of ability to 

junctionally localize K19 in mCherry-R18 expressing mesendoderm persists over 

the course of cell-cell contact despite obvious opposing protrusion and pulling 

activity of the cells within the pairs. 

We observe increases in the signal of immunolabeled 14-3-3 close to the 

junctions of mesendoderm, implying a role for 14-3-3 within this compartment. It is 

interesting that the 14-3-3 signal appears to peak just before the onset of C-

cadherin-GFP fluorescence at high magnification (63x with 1.6 Tubelens) and that 

no apparent co-localization between these two molecules is detected. In contrast, 

a subset of the keratin network co-localizes with C-cadherin proteins at the cell-

cell junction, with the fluorescent signal of both of these molecules concomitantly 

increasing at the adhesion site in the junctional plane. Presumably, this keratin 

portion is connected to the wider network that characterizes the basal plane. 

Evidence that 14-3-3 proteins convincingly label keratin populations at the 

junctions of mesendoderm and that these proteins immunoprecipitate with 

cadherins suggests that the 14-3-3 and cadherin relationship is mediated by 

indirect association.  

Fusion of the R18 sequence to full length K19 (GFP-R18-K19) to include a 

high affinity phosphorylation independent 14-3-3 binding site resulted in dramatic 

localization of keratin densities to the cellular periphery. This inclusion of the R18 
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sequence, which increased binding of exogenous and endogenous 14-3-3 

proteins, induced a rearrangement of keratin that was the inverse of that observed 

during inhibition and disruption of the K19 and 14-3-3 interaction via mCherry-R18. 

Expression of mem-RFP to demonstrate the broad morphology of explanted 

mesendoderm showed that GFP-R18-K19 densities preferentially localize at the 

contacts opposite to cellular protrusions, reminiscent of junctional recruit of keratin 

networks induced by mechanical force (Weber et al. 2012).   

Because the rapid reorganization of keratin filaments to cell-cell adhesions 

transducing stress is characteristic of mesendoderm keratin network dynamics, we 

were surprised that FLAG-R18-K19 did not result in increased biochemical 

interaction with C-cadherin-GFP. Previous evidence has demonstrated that cell-

cell adhesion plakoglobin is associated with keratin and C-cadherin in 

mesendoderm. In addition, 14-3-3 proteins have been shown to be required for 

transport of plakoglobin to desmosomal cell-cell adhesions in epithelial cell lines 

(Sehgal et al. 2014; Vishal et al. 2018). Plakoglobin localizes to cell-cell adhesions 

of mesendoderm pairs after calcium switch equally well in mCherry-R18 and 

mCherry-R18M expressing cells. This evidence supports a role for 14-3-3 in 

increasing solubility of K19 proteins and targeting these keratins to the 

mesendoderm junctional compartment through direct interaction with these 

proteins and independent of direct linkage to molecules of the cell-cell adhesion. 
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Figure 23. R18 and R18M peptides do not alter expression of molecules of 

the Xenopus mechanically sensitive cell-cell junction. 

A) Immunoblot analyses of protein extracts (1% Triton X-100) of stage 10.5 

Xenopus embryos expressing mCh-R18 or mCh-R18M. One-cell embryos were 

injected with RNA encoding either mCherry-R18 or mCherry-R18M. Whole embryo 

lysates were blotted for C-cadherin (6B6 ab), pan-acidic keratin (AE1 ab), multiple 

14-3-3 isoforms (pan 14-3-3 ab), mCherry, and actin. Non-injected whole embryo 

lysate was immunoblotted as a control comparison for expression of mCherry-R18 

and mCherry-R18M. Lanes include approximately 1 embryo worth of protein. 
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Figure 24. 14-3-3 inhibition disrupts binding of K19 to 14-3-3 proteins. 

A) Immunoblot of FLAG-14-3-3 β immunoprecipitated embryonic lysates (1% 

Tergitol type NP-40) co-expressing GFP-K19 and either mCherry R18 or mCherry 

R18M peptide. One-cell embryos were injected with RNA encoding mCherry-R18 

or mCherry-R18M alongside RNA encoding FLAG-14-3-3 β and GFP-K19. 

Lysates were prepared at embryonic stage 10.5 and immunoprecipitation for FLAG 

proteins was performed. FLAG immunoprecipitates were blotted for FLAG, 

mCherry, GFP, and actin. Non-injected lysate incubated with FLAG antibody 

conjugated agarose beads was immunoblotted as a negative control. 

Immunoprecipitation was performed using approximately 2000 μg of protein lysate. 

Input lanes include approximately 1 embryo worth of protein. 
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Figure 25. Mesendoderm keratin filament dynamic exchange is decreased by 

14-3-3 inhibition. 

A-B) Still images from photobleach and recovery time lapse movies. 

Mesendoderm explants expressing either 14-3-3 inhibitor peptide mCherry-R18 or 

control peptide mCherry-R18M (red) with eGFP-K19 (green) were exposed to GFP 

photobleaching and fluorescent recovery at the site was measured. A’-B’’) 

Enlarged view of the region of filament bleaching (white boxes) during recovery 

measurements. The time annotations in seconds refer to start of capture (t=0s) 

and end of capture (t=330s). C) Representative analysis plotting fluorescent 

recovery against time of image capture. D) Comparison of mean eGFP-K19 

recovery rate in explants expressing either mCherry-R18 or mCherry-R18M. 

Analysis was performed using a one tailed t-test, * = p<0.05. Error Bars are ± SEM. 

Photobleaching and imaging was performed using a 63x objective (1.4 NA) and 

1.0 Tubelens. Scale bars are 10 μm. 
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Figure 26. Inhibition of 14-3-3 perturbs keratin recruit during formation of de 

novo cell-cell adhesions. 

Migratory DMZ explants expressing GFP-K19 and either mCherry-R18 or 

mCherry-R18M were dissociated by introduction of Ca2+ deplete media to allow 

cadherins to disengage. After an hour, media with Ca2+ was reintroduced and 

mesendoderm cells were imaged after collision. A-F) Mesendoderm expressing 

GFP-K19 and mCherry-R18 was imaged from dissociation (A) to cell-cell contact 

(B) and through adhesion formation (C-E). G-I) GFP channel only perspective of 

images in C-E. Red arrowheads indicate the presence of a keratin lacking gap. 

White arrows highlight protrusions formed in the cells of the opposing pair. J-M) 

Mesendoderm expressing GFP-K19 and mCherry-R18M after dissociation and 

cell-cell contact establishment. The white arrowhead in M highlights localization of 

GFP-K19 at the cell-cell interface. Images were taken using a 40x objective (1.3 

NA) with a 1.0 Tubelens and are z-stacks (maximum intensity projection). Scale 

bars are 20 μm. 
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Figure 27. 14-3-3 is necessary for targeting of keratin to cell-cell contacts. 

A-C) Mesendoderm cell pair establishing de novo cell-cell contact after collision. 

Cells are expressing mCherry-R18M and eGFP-K19. The white arrows depict the 

cell-cell adhesion where keratin densities (asterisk) have localized. The yellow 

arrows highlight apparent protrusions. Image stack is 35 slices (10.54 μm). D-F) 

Post collision mesendoderm cell pair expressing mCherry-R18 and eGFP-K19. 

The bracket depicts the cell-cell adhesion that demonstrates a gap where keratin 

filaments have failed to reorganize. The yellow arrows mark apparent protrusions. 

Image stack is 40 slices (10.92 μm). G) Comparison of the number of keratin gaps 

at cell-cell adhesions in post collision pairs expressing either mCherry-R18M or 

mCherry-R18. Analysis was performed using a z-test for proportions from two 

samples, *** = p<0.001. Error bars represent the 99.9% CI for each sample 

proportion. Fluorescent images are z-stacks (maximum intensity projection). 

Brightfield images are single planes. Images were taken using a 40x objective (1.3 

NA) and 1.0 Tubelens. Scale bars are 20 μm. 
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Figure 28. 14-3-3 proteins are distributed proximally to cell-cell adhesions. 

DMZ explants expressing C-cadherin-GFP were fixed in 100% methanol and 

immunolabeled for GFP and multiple 14-3-3 proteins. A-B’) Immunofluorescent 

image of a leading edge mesendoderm cell labeled for 14-3-3 and expressing C-

cadherin (GFP label). Increased magnification was utilized to capture the rear 

contact of the cell (arrow, B and B’). The direction of migration in A-B’ is down. C-

D’) Image of a leading edge mesendoderm cell highlighting a rear-lateral contact 

(arrowheads), with D and D’ at higher magnification. The direction of migration in 

C-D’ is right. Images were taken using a 63x objective (1.4 NA) with a 1.0 Tubelens 

(A,A’,C,C’) and a 1.6 Tubelens (B,B’,D,D’). Scale bars are 10 μm (A,A’,C,C’) and 

5 μm (B,B’,D,D’). 
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Figure 29. 14-3-3 proteins increase in localization close to but not at cadherin 

mediated cell-cell adhesions. 

A) Representative linescan analysis of fluorescence across cellular compartments 

indicated in panel B. Lines extended from the approximate middle of the cell to the 

area just prior to C-cadherin signal and to the onset of C-cadherin signal. 

Measurements were taken from the cell center (purple rectangle), proximal to the 

adhesion (teal rectangle), and at the adhesion (yellow rectangle). Each rectangle 

represents 0.5 μm in length. B) Immunofluorescent image of a leading edge 

mesendoderm cell labeled for 14-3-3 and expressing C-cadherin (eGFP label). 

Colored arrows indicate regions represented by rectangles in A. C and D) 

Comparison of the mean increase in 14-3-3 signal and C-cadherin signal from the 

cell center to the area proximal to the cell-cell adhesion (in panel C) and at the cell-

cell adhesion (in panel D). Analysis was performed using paired sample t-tests, *** 

= p<0.001. Error Bars are ± SEM. E) Scatterplot of the mean relative fluorescence 

intensities of C-cadherin and 14-3-3 in 20 cells near and at the cell-cell contact 

zone. Percentages indicate the proportion of corresponding mean intensities in 

each quadrant. Images were taken using a 63x objective (1.4 NA) and 1.6 

Tubelens. Scale bars are 10 μm. 
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Figure 30. A subset of filaments in Keratin 19 networks interacts with cell-

cell adhesions. 

A-C) Immunofluorescent image of a cell-cell junction between cells within a DMZ 

explant. Provided images are maximum intensity projections. D) Representative 

linescan analysis of fluorescence across cellular compartments at the basal plane. 

E) Source image for linescan data provided in panel D. F) Representative linescan 

analysis of flourescence across cellular compartments at the junction plane. G) 

Source image for linescan data provided in panel F. Lines depicted in D-G 

extended from the approximate middle of the cell to the onset of C-cadherin signal. 

Measurements in D-G were taken from the cell center (purple rectangle) and the 

adhesion (yellow rectangle). Each rectangle represents 0.5 μm in length. Colored 

arrows in E and G indicate region represented by rectangles in D and F, 

respectively. H) Comparison of the mean increase in mCherry-Keratin 19 signal 

from the cell center to the cell-cell adhesion in the basal plane and the junction 

plane. I) Comparison of the mean increase in C-cadherin signal from the cell center 

to the cell-cell adhesion in the basal plane and the junction plane. Analysis was 

performed using paired sample t-tests, **p = 0.005 ; ***p = 0.0005. Error Bars are 

± SEM. Scale bars are 10 μm. J) Scatterplot of the mean relative fluorescence 

intensities of C-cadherin and Keratin 19 in 20 cells imaged by confocal in the basal 

plane and a higher junctional plane. Percentages indicate the proportion of 

corresponding mean intensities in each quadrant. Images were taken using a 63x 

objective (1.4 NA) with 1.6 Tubelens. Scale bars are 10 μm. 
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Figure 31. 14-3-3 binds R18-K19 fusion proteins. 

A) Schematic of fusion peptides created by the insertion of R18 or R18M (R18/M) 

into FLAG/eGFP-K19. B) Nonionic detergent soluble protein lysates (1% Tergitol 

type NP-40) from stage 10.5 Xenopus embryos expressing FLAG-14-3-3  and 

either eGFP-R18-K19 or eGFP-R18M-K19 were immunoprecipitated for FLAG 

proteins. One-cell embryos were injected with RNA encoding GFP-R18-K19 or 

GFP-R18-K19 alongside RNA encoding FLAG-14-3-3 β. Lysates were prepared 

and FLAG immunoprecipitation was performed. FLAG immunoprecipitates were 

blotted for GFP, FLAG, and Actin. Non-injected lysate incubated with FLAG 

antibody conjugated agarose beads was immunoblotted as a negative control. 

Immunoprecipitation was performed using approximately 2000 μg of protein lysate. 

Input lanes include approximately 1 embryo worth of protein. C) Immunoblot of 

Urea solubilized 1% Tergitol type NP-40 insoluble protein lysates from stage 10.5 

embryos expressing FLAG-14-3-3  and either eGFP-R18-K19 or eGFP-R18M-

K19. Urea soluble lysates were immunolabeled for FLAG, GFP, and actin. Lanes 

include approximately 6 embryos worth of 1% Tergitol type NP-40 detergent 

insoluble protein. 
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Figure 32. 14-3-3 proteins target keratins to cell-cell adhesions. 

Live imaging of DMZ explants mosaically expressing GFP-R18-K19 or GFP-

R18M-K19 with or without mem-RFP. A-C) Mesendoderm cells expressing GFP-

R18M-K19 filament networks. D-F) Mesendoderm expressing GFP-R18-K19. Red 

arrowheads indicate areas where filament densities have localized. G-I) GFP-

R18M-K19 co-expressed with mem-RFP in mesendoderm cells. J-L) GFP-R18-

K19 co-expressed with mem-RFP. White arrowheads indicate areas where 

filament densities have localized. Yellow arrows highlight apparent cellular 

protrusions. Images are z-stacks (maximum intensity projection) taken using a 63x 

objective (1.4 NA) with a 1.0 Tubelens (A, D, G-L) and a 1.6 Tubelens (B, C, E, F). 

Scale bars are 20 μm. 
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Figure 33. 14-3-3 binding to R18-K19 does not increase interaction with C-

cadherin. 

3xFLAG-R18-K19 and 3xFLAG-R18M-K19 immunoprecipitates blotted for 

interaction with 14-3-3 proteins and C-cadherin GFP. A) Immunoblot of FLAG 

immunoprecipitated embryonic lysates (1% Triton X-100). One-cell embryos were 

injected with RNA encoding C-cadherin GFP with either 3xFLAG-R18-K19 or 

3xFLAG-R18M-K19. Lysates were prepared at embryonic stage 10.5 and 

immunoprecipitation for FLAG proteins was performed. FLAG immunoprecipitates 

were immunoblotted for GFP, FLAG, pan 14-3-3, and actin. Non-injected lysate 

incubated with FLAG antibody conjugated agarose beads was immunoblotted as 

a negative control. Immunoprecipitation was performed using approximately 2000 

μg of protein lysate. Input lanes include approximately 1 embryo worth of protein. 
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Figure 34. 14-3-3 inhibition does not perturb junctional localization of 

Plakoglobin in Xenopus mesendoderm. 

Live imaging of mesendoderm cell pairs. Mesendoderm was dissected from stage 

10.5 embryos expressing GFP-PG with either mCherry-R18 or mCherry-R18M and 

incubated in Ca2+ and Mg2+ deplete media to allow cadherins to disengage. After 

25 minutes, Ca2+ and Mg2+ were reintroduced and mesendoderm cells were 

imaged after collision. A-D) GFP-PG distribution in post collision mesendoderm 

cell pairs expressing GFP-PG and mCherry-R18M. A’-D’) mCherry-R18M signal 

in pairs depicted in A-D. E-H) GFP-PG distribution in post collision cell pairs 

expressing mCherry-R18 alongside GFP-PG. E-H’) mCherry-R18 signal in pairs 

depicted in E-H. Images were taken using a 40x objective (1.3 NA) with a 1.0 

Tubelens. Images are confocal single plane optical sections. Scale bars are 20 

μm. 
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Figure 35. 14-3-3 is not required for Plakoglobin targeting to mesendoderm 

cell-cell contacts. 

Live imaging of stage 10.5 mesendoderm cell pairs expressing GFP-PG with either 

mCherry-R18 or mCherry R18M after dissociation and collision. A-C) 

Mesendoderm pair expressing GFP-PG with mCherry-R18M. The white 

arrowhead in C highlights the cell-cell adhesion, while the yellow arrows mark 

apparent cellular protrusions. D-F) Mesendoderm pair expressing mCherry-R18 

with GFP-PG. The white arrowhead in F denotes the cell-cell adhesion, while the 

yellow arrows mark apparent cellular protrusions. Images were taken using a 40x 

objective (1.3 NA) with a 1.0 Tubelens. Images are confocal single plane optical 

sections. Scale bars are 20 μm. 
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CHAPTER 6 

DISCUSSION AND FUTURE DIRECTIONS 

  

  

  

  

  

  

 

 

Some information from this chapter is accepted for publication in Mariani et 

al. (2019) MBoC. 
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Our findings in the current study lead us to propose that 14-3-3 proteins are 

responsible for targeting keratin intermediate filaments to sites of cell-cell adhesion 

that are transmitting tension. Expression of a fluorescent keratin fused to a high 

affinity 14-3-3 binding domain causes filaments assembled from these keratins to 

mobilize to cell-cell junctions. In reciprocal support, inhibition of 14-3-3 through 

expression of a peptide inhibitor results in the failed targeting of keratin filament to 

sites of de novo cell-cell adhesion. These observations provide evidence for the 

first time that 14-3-3 functions as a critical spatial determinant of the intermediate 

filament network in response to mechanical loading at cell contacts (Figure 36). 

Cytoskeletal structures must be able to efficiently sense tension and 

undergo remodeling in order to fortify cells against changes in the direction, 

magnitude, and nature of tension transmitted. Rapid changes in force application 

require concomitant responses by cytoskeletal proteins, necessitating mechanistic 

filament assembly strategies that are effective within a short time scale. Cellular 

mechanisms that induce changes within a shorter time-scale than that required for 

biosynthesis include pathways that make post-translational modifications to pre-

existing proteins. Intermediate filament proteins, which have no known intrinsic 

catalytic activity, are modified by other molecules that respond to changes in 

cellular tension, such as kinases (Loschke et al., 2015). It follows that accessory 

proteins recognize and bind these post-translational modifications and accordingly 

alter the filament dynamics and spatial localization of intermediate filament 

proteins. These interactions can reorganize filament populations to particular 

locales within the cell and change polymerization-depolymerization characteristics. 
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Our data support a functional role for 14-3-3 in mediating keratin intermediate 

filament dynamic exchange and reorganization in cells that are actively migrating 

and encountering changes in the direction and magnitude of loading forces. 

We show here an interaction between 14-3-3 and keratin proteins. Indeed, 

14-3-3 proteins have been demonstrated to interact with a variety of intermediate 

filaments (Tzivion et al., 2000; Li et al., 2006; Miao et al., 2013), including some 

keratin types (Ku et al., 1998; Kim et al., 2006; Margolis et al., 2006; 

Sivaramakrishnan et al., 2009; Boudreau et al., 2013). We show for the first time 

an interaction between K19 and 14-3-3. We do not yet know the specific 14-3-3 

isoform that binds endogenously. Our finding of particularly high expression of 14-

3-3  and  is in agreement with recent independent data from (Peshkin et al., 

2019). Previous work has shown that K18 directly binds to 14-3-3 when 

phosphorylated on serine 33, but an association between K19 and 14-3-3 was not 

observed (Ku et al., 1998). Nonetheless, this serine residue is conserved between 

K18 and K19, conserved across species, and is a putative phosphorylation target 

in K19 (Ku et al., 1998; Zhou et al., 1999; Ju et al., 2015). 14-3-3 associates with 

a number of Type I acidic keratins aside from K18 (Kim et al., 2006; Boudreau et 

al., 2013). Serine residues 10, 33 (S35 in human) and 52 (S54 in human) of K19 

are predicted to be phosphorylated by several kinases including protein kinase C 

and to be 14-3-3 binding sites by our bioinformatics analyses (Figure 11). 

Regardless of which specific phosphorylation site provides for interaction with 14-

3-3, an association is evident by our experimental observations and supported by 

numerous predictive computational analyses. While one might contend that K19 
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could be associating with 14-3-3 indirectly through other keratins, K19 was 

uniquely abundant in our 14-3-3 immunoprecipitation samples.  

Several separate points of evidence support the observation that K19 is 

target of 14-3-3 proteins and that this interaction modulates the activity of these 

proteins. While initial descriptions of interactions between simple epithelial keratins 

and 14-3-3 did not identify K19 as a binding partner of 14-3-3 (Ku et al. 1998), 

subsequent investigation demonstrated that mutation of the conserved serine in 

K19 that is essential for 14-3-3 binding to K18 (Ku et al. 1998) disrupts the K19 

filament network (Zhou et al. 1999). Moreover, phosphorylation of this site has 

been shown to reorganize the keratin network and induce peripheral membrane 

proximal localization of K19 proteins (Ju et al. 2015). This phosphorylation and 

subsequent localization is necessary to stabilize receptor HER2 in breast cancer 

cells and protect it from degradation (Ju et al. 2015). While this particular finding 

was not explored with regard to 14-3-3 activity, the above described protein 

translocation, stabilization, and protection from ubiquitylation are all well 

characterized functions of 14-3-3 proteins (Obsil and Obsilova 2011). The finding 

in the current study that synthetic coupling of K19 to 14-3-3 proteins induces a cell-

cell adhesion proximal targeting of this proteins both potentially illuminates and is 

illuminated by these previous studies of K19 activity. 

What is the interaction of 14-3-3 with K19 actually doing to the intermediate 

filaments? Generally, the binding of 14-3-3 proteins to keratins is known to induce 

IF solubility in detergent buffers (Liao and Omary 1996), an effect that we also 

demonstrate here. At a whole-cell level, association of keratins with 14-3-3 is 
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necessary for keratin network disassembly during mitosis (Liao and Omary, 1996). 

Knockdown of 14-3-3 has been shown to result in abnormal increases in keratin 

filament abundance and decreases in soluble filament precursors (Boudreau et al., 

2013). Fluid flow shear stress of alveolar cells results in phosphorylation of known 

14-3-3 sites in K18 along with increases in dynamic exchange that are 14-3-3 

dependent (Sivaramakrishnan et al., 2009). Similarly, we see decreased FRAP 

recovery when 14-3-3 is inhibited in eGFP-K19 expressing mesendoderm tissue, 

which is known to endure intrinsic mechanical stresses through the cell-cell 

contacts (Weber et al., 2012; Sonavane et al., 2017). We expect that expression 

of R18 peptide results in inhibition of 14-3-3 in multiple contexts throughout the cell 

rather than perturbation of the subset of 14-3-3 molecules that associate with the 

keratin-cadherin complex. Nonetheless, we find it remarkable that 14-3-3 inhibition 

still resulted in a distinct change in keratin subcellular distribution as a 

consequence of cell-cell adhesion signals.   

Though several functions of 14-3-3 proteins have been deduced via study 

of its interaction with many binding partners, we still lack direct evidence to 

demonstrate how 14-3-3 binding increases the rate of processes such as dynamic 

exchange. The same can be said of the targeting of GFP-R18-K19 filament 

densities to cell junctions, described in our report. A range of speculations may be 

worth consideration here (Figure 37). It is possible that 14-3-3 proteins behave as 

a molecular ‘anvil’, as proposed by Yaffe and colleagues, here functioning to 

disassemble K19 from filaments and change their conformation so they cannot 

reassemble until 14-3-3 dissociates (Yaffe et al. 2002). Likewise, 14-3-3 may 
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‘precapture’ filament subunits prior to assembly, allowing them to exist as a soluble 

pool that can resist assembly until removed from 14-3-3 (Windoffer et al. 2011). 

Neither of these propositions prevent the possibility that 14-3-3 proteins may 

localize bound K19 by transport via interactions with molecular motors (Ichimura 

et al. 2002; Sehgal et al. 2014). Future studies that continue to explore both the 

range of filament activities coordinated by 14-3-3 binding as well as the complex 

mechanisms that allow this regulatory activity will provide valuable information with 

regard to the dynamic activities of the IF network across cellular compartments.    

We find that 14-3-3 provides for targeting of K19 toward cadherin-mediated 

cell-cell contacts. While 14-3-3 inhibition resulted in the establishment of a keratin 

deplete zone proximal to the contact, forced association of K19 with 14-3-3 

conversely localized the filament population to the cell-cell contact compartment. 

14-3-3 is observed decorating the filamentous keratin population proximal to these 

adhesions. Despite finding biochemical association between 14-3-3 and C-

cadherin, we note that at high resolution these molecules do not precisely co-

localize. This suggests that there are additional components that may facilitate 

interaction between 14-3-3/keratin protein complexes and other molecules of the 

cell-cell junction, and which may play a role in the reorganization event.  14-3-3 

has been demonstrated to associate with a number of molecules important for 

establishment of cytoskeletal networks at the cell-cell adhesion (Acehan et al., 

2008) including plakoglobin (Sehgal et al., 2014; Vishal et al., 2018) and 

plakophilin (Jin et al., 2004; Roberts et al., 2013). The association and function of 

14-3-3 in relation to keratin intermediate filaments may provide an interface 
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between cytoskeletal networks and a host of scaffolding proteins and signal 

transduction pathways (Margolis et al., 2006; Loschke et al., 2016; Sonavane et 

al., 2017). In turn, the targeting of keratin to sites of tension due to local 

signaling/phosphorylation events could promote a positive feedback loop for 

keratin filament assembly dynamics (Ridge et al., 2005; Woll et al., 2007; Ju et al., 

2015; Sonavane et al., 2017). The enriched presence of 14-3-3 near both the cell-

cell adhesion and in the lamellipodia suggest either non-intermediate filament 

related functions in the latter region or a possible function in intermediate filament 

transport or formation (Windoffer et al., 2004, 2011). Further elucidation of these 

macromolecular complexes in polarized migratory cells will be the subject of 

ongoing studies. 

Our findings demonstrate distinct localization of 14-3-3 proteins to the 

peripheral and cell-junction proximal compartment of Xenopus mesendoderm 

cells. The nature of functional roles for molecules often correlates with their spatial 

distribution in cells, and we propose such is the case for 14-3-3 proteins in 

mesendoderm. Many observations of 14-3-3 distribution demonstrate presence of 

these proteins in the cytoplasmic and nuclear compartments of cells, two broad 

areas of cells where 14-3-3 proteins can interact with a large variety of targets 

(Sehnke et al. 2002; Cutler et al. 2000). Indeed, the interaction between 14-3-3 

and keratins has been shown to mediate between these two distributions. Both K8 

and K17 containing filaments bind and retain 14-3-3 proteins in the cytoplasm that 

localize to the nucleus in the absence of these keratins (Toivola et al. 2001; Kim 

et al. 2006). Studies directly focused on examining protein distribution have 
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demonstrated that 14-3-3 proteins can also localize to peripheral cell borders 

(Sehnke et al. 2002; Cutler et al. 2000). While the capacity for 14-3-3 proteins to 

localize to this compartment is not especially surprising given known interactions 

between 14-3-3 proteins and membrane associated proteins (Ottmann et al. 2007) 

as well as junctional adhesion proteins (Sehgal et al. 2014; Vishal et al. 2018; 

Roberts et al. 2013; Amaya et al. 2019), it is important to consider in the context 

of 14-3-3 activity. Evidence of 14-3-3 distribution in several cellular compartments 

including the cell periphery presents the likelihood that 14-3-3 is well positioned to 

influence relocalization of target proteins from one compartment to another. We 

observe this function in action when K19 is fused to the sequence of the R18 

peptide, which increases binding of these K19 fusions to 14-3-3 proteins.   

The functional importance of K19 is generally unexplored, with known roles 

in the mammal limited to spatial coordination of contractile structures in mouse 

muscle and protection against liver damage (Stone et al. 2007; Chen et al. 2015). 

Given the lack of knowledge regarding cell specific roles for K19 containing 

networks, evidence from which to draw insight about its function is mainly limited 

to examination of its structural features. It is notable that Xenopus K19 has only a 

single amino acid in the tail domain and human K19 has only 13 amino acids, 

making this keratin structurally deviant from other IF proteins (Herrmann et al., 

1996; Kirmse et al., 2007; Lee et al., 2012). The function of the IF tail region is a 

subject of ongoing debate, especially in regard to keratins. Studies have 

demonstrated that tailless keratins, including K19 and tail deleted K18, are able to 

form heteropolymers with tail deleted K8 (Hatzfeld and Weber, 1990; Bader et al. 
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1991). Similarly, desmin mutated to be tailless assembles into normal networks in 

assembly assays (Bar et al. 2010). When such networks are studied during 

application of forces, however, they demonstrate inability to stiffen (Bar et al. 

2010). This mechanical difference has been observed in networks comprised of 

tailless desmin, vimentin, and keratins 8 and 18 (Bar et al. 2010; Lin et al. 2010b; 

Pawelzyk et al. 2014). It has proposed that these changes in the properties of the 

IF network result from loss of tail domain residues thought to be important for 

crosslinking between filaments within networks (Lin et al. 2010a; Pawelyzk et al. 

2014). However, whether such features are at play with regard to K19 containing 

networks or how they may influence/impart function to keratin networks 

mechanically recruited to cell-cell adhesions is completely unknown. Thus, study 

of the role of K8/K19 networks compared to K8/18 networks with regard to 

mechanical and cellular features is an open and important area of investigation 

that will further inform knowledge of IF function. Lack of the K19 tail region has 

been speculated to result in keratin networks with greater dynamic potential 

(Hofmann and Franke, 1997; Fradette et al., 1998) which may afford these proteins 

particular suitability to a dynamic tissue such as collectively migrating 

mesendoderm. 

Our data describe a relationship between 14-3-3 activity and keratin 

localization that is apparently complex when considered in terms of mechanical 

recruit of keratin networks and formation of cell-cell adhesions. Evidence that 14-

3-3 binding of K19 is necessary and sufficient for targeting of K19 to the junctional 

compartment is especially interesting in light of the demonstration that it does not 
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additionally result in increases in K19 coupling to the adhesion complex. 

Furthermore, while we know that mechanical stimulation of cadherin proteins in 

mesendoderm results in recruit of keratin filaments to the site of force transduction, 

we are still unaware of the components of the adhesion complex that directly link 

to keratins in these cells (Weber et al. 2012). At least in the case of desmosomal 

adhesion formation the junctional complex can form in the absence of keratin 

filaments, with the consequence of the keratin loss (K5 and K14) manifesting in 

tissue fragility (Letai et al. 1993; Chan et al. 1994; Peters et al. 2001). Of the two 

adhesion scaffold proteins that are known to be junctionally localized via 

interaction with 14-3-3 proteins, plakophilin proteins were not detected as part of 

the mesendoderm c-cadherin complex, while plakoglobin only partially diminished 

junctional recruit of keratin (Weber et al. 2012). Additionally, plakoglobin 

localization to newly formed cell-cell adhesions appeared unaffected by inhibition 

of 14-3-3 in mesendoderm. We speculate that the binding between 14-3-3 and K19 

targets these proteins to the junction independent of direct coupling with the 

adhesion and believe that this this model of activity is substantiated by very recent 

research describing targeting of the tight junction protein ZO-2 to the cell-cell 

periphery (Amaya et al. 2019). Upon dissociation of cell-cell contacts during 

calcium switch, ZO-2 is demonstrated to interact with 14-3-3 proteins and co-

localize with 14-3-3 in the cytosol (Amaya et al. 2019). When Ca2+ is restored and 

adhesions are established, ZO-2 shows brief co-localization with 14-3-3 at the cell-

cell contact followed by distinct junctional localization of ZO-2 and concomitant 

with a decrease in interaction with 14-3-3 proteins (Amaya et al. 2019). The 
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authors suggest that ZO-2 is localized to the junction by 14-3-3 proteins that then 

must dissociate from these proteins prior to their association with the junctions 

(Amaya et al. 2019). Given our own distinct evidence of 14-3-3 binding of K19 and 

regulation of targeting to the cell-cell borders but not direct association with 

cadherin proteins, we believe it is a likely that a similar mechanism may be invoked 

with regard to junctional keratin recruit in mesendoderm. 

Although the findings of this study add to our understanding of the molecular 

consequences of the association between 14-3-3 proteins and intermediate 

filaments, the insights that can be gathered from the work are not limited to the 

study of IFs. 14-3-3 proteins both affect and are affected by IFs as a result of the 

association between these molecules. While the influence that each of these 

molecules exert on the compartmental localization of the other has direct 

implications for each of their respective functions, this information has broader 

application beyond these particular interactions. Indeed, even the junctional 

compartment targeting of Keratin 19 as a result of interaction with 14-3-3 that is 

described in this work shares similarity with reports describing junctional 

localization of non-IF proteins via 14-3-3 (Sehgal et al. 2014; Vishal et al. 2018; 

Amaya et al. 2019).  

The results of this study, when considered alongside many other pivotal 

contributions, offer a window into the bigger picture of 14-3-3 function within the 

cellular environment. Throughout this work 14-3-3 has been referred to as a 

‘regulator’. In this particular case, that description is based upon the change in 

Keratin 19 activity that can be observed as a consequence of both peptide 
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inhibition of 14-3-3 as well as induced interaction between Keratin 19 and 14-3-3. 

More stands to be considered with regard to the meaning of the term ‘regulator’ 

along with ramifications for general protein function.  

For any given protein, our current understanding of fundamental molecular 

biology lends the assumption that its properties endow it with a limited number of 

functions. These molecular properties include and stem from the primary 

sequence, as this feature influences secondary through quaternary structure. All 

interactions between a particular protein and any number of partners are a result 

of these features; additionally, interactions with other molecules can also further 

influence secondary through quaternary structure. It follows that a ‘regulator’ of 

any protein target that induces an effect via binding must both be able to interact 

with its target through these features and augment these features through the 

interaction. In doing so, the interacting regulator would then be able to prohibit 

functions of its target and/or permit new functions, as the properties of the molecule 

have been changed.   

This definition applies to 14-3-3 proteins as binding regulators that typically 

depend upon phosphorylation to exert an effect on targets. The specific effect that 

14-3-3 binding induces with regard to any particular protein target depends on the 

primary through quaternary features that the binding alters, the nature of these 

alterations, and the functional implications of such changes. Due to the great 

diversity of 14-3-3 targets and binding locations within targets, ‘regulation’ by 14-

3-3 binding can have a dramatically different effect in different contexts despite the 

simplicity of the mechanism through which this effect is achieved. Given this 
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complex picture of 14-3-3 activity, what can we understand about the essential 

functional nature of this protein?   

As stated in the preface of this document, had we complete knowledge of 

every molecule, ascribing a comprehensive definition of function to 14-3-3 proteins 

would likely be a simpler endeavor. Despite lacking such knowledge, we can gain 

a broad perspective of 14-3-3 function in light of cellular signaling from aspects of 

the current study that resound with a plethora of others. Taken together, our 

current knowledge allows us to widely appreciate 14-3-3 proteins as ‘inducers of 

complexity’ in cellular systems.  

While the array of functions that proteins can host are otherwise limited to 

intrinsic properties, interacting partners, and modifications, changes induced by 

14-3-3 binding alter function and thus serve to generally enhance the range of 

activities of a given molecule. As a result, interaction with 14-3-3 can serve as the 

mechanism to add complexity in the form of a ‘checkpoint’ step, a feedback loop, 

or a permissive signal in a signaling pathway, for example. In this manner 14-3-3 

proteins largely allow for additional change in the cellular environment, extending 

that which is present due to instrinsic features of proteins and further endowing a 

malleable and dynamic nature outside of that dictated solely by the structural 

properties of molecules. It is quite clear to this author that such functions of 14-3-

3 proteins provide a benefit to cells at large. Through providing a mechanism to 

enhance change, 14-3-3 proteins certainly confer advantages to cells that must 

adapt to any variety of challenges encountered in complex and constantly 

changing living environments.  
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The significance of K19 association with 14-3-3 to development of the early 

embryo remains uncertain. Previous work has shown important roles for 14-3-3 in 

Xenopus development through the targeted knockdown of different isoforms by 

morpholino oligonucleotides (Lau et al., 2006).  Knockdown of certain 14-3-3 

isoforms caused severe gastrulation defects including exogastrulation and failed 

mesodermal patterning (Lau et al., 2006). Knockdown or inhibition of K8, the lone 

Type II keratin in early embryogenesis, similarly induces exogastrulation 

(Klymkowsky et al., 1992; Torpey et al., 1992). The specific functions of K18 and 

K19 in early embryonic development have yet to be determined, but it is likely that 

there exists some functional redundancy as evidenced by murine knockouts 

(Magin et al., 1998). Our finding of K19 in the mesendoderm is in agreement with 

two recent –omics reports broadly examining mRNA and protein expression 

patterns in the Xenopus embryo (Briggs et al., 2018; Peshkin et al., 2019). Further 

investigation is required to examine the developmental roles for K19 proteins in 

both different cell types and stages. 

Molecular control of reorganization of filaments is a process that is as critical 

to cellular migration as it is to cellular and junctional integrity. The results of the 

current study lend insights into the mechanisms of active tissues ranging from 

cellular sheets in migration to three dimensional tissues that balance changes in 

loading (Winklbauer et al., 1992; Weber et al., 2012). These observations can also 

inform cancer models that detect roles for 14-3-3 proteins and keratins in 

promoting invasiveness of cells (Boudreau et al., 2013; Cheung et al., 2013; Deng 

et al., 2013; Ju et al., 2015). Decrease in the ability of IFs to form the networks that 
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fortify sealed junctions across cells, enable cells to form resistant tissues, and 

coordinate the activity of tissues has implications for essential processes including 

barrier function, embryonic tissue patterning, would healing, and cancer 

progression. 
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Figure 36. Reported effects of the interaction between 14-3-3 proteins and 

keratin. 

A) The interaction between 14-3-3 and keratin has been described to result in 

increases in solubility during phases of mitosis, and has been reported to be 

required to release Cdc25 from 14-3-3 and allow progression of mitosis. Multiple 

reports have demonstrated that keratin filaments are required to retain 14-3-3 in 

the cellular cytosol, as depletion of keratin filaments results in abnormal 14-3-3 

translocation to the nucleus. 14-3-3 is required for the increase in the rate of 

dynamic exchange that is stimulated via shear stress mediated keratin 

phosphorylation. In the current study, 14-3-3 has been shown to be necessary and 

sufficient to target keratin to the cellular junctional compartment. 
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Figure 37. Potential mechanism for 14-3-3 mediated junctional recruitment 

of Keratin 19. 

A) Junctional targeting of Keratin 19 is mediated by the binding of 14-3-3, either 

proximal to the cell-cell interface or at another cytosolic compartment. A number 

of basophilic kinases have been shown to act on 14-3-3 sites, and members of the 

PKC family have been shown to phosphorylate Keratin 18 within its known 14-3-3 

binding motif (Johnson et al. 2010; Sivaramakrishnan et al. 2009; Figure 11). The 

potential Keratin 19 binding pool may include keratins removed from filamentous 

networks or precursors that have yet to assemble into networks (1). K19 that is 

bound by 14-3-3 in a compartment distal to the adhesion could potentially be 

translocated to the junction through association with actin or microtubule 

associated motors, mediated either by 14-3-3 or through another method of 

interaction (2). 14-3-3 bound K19 that is proximal to the junction may associate 

with the adhesion complex either directly through 14-3-3 interaction with another 

intermediate, or after release from 14-3-3 through the activity of kinases or 

phosphatases that weaken the association of 14-3-3 with K19 (3). Keratins that 

associate with the junctional complex could potentially engage in interaction 

through association with filamentous actin and actin binding proteins, scaffold 

molecules of the adhesion complex, or both (4). B) Key defining descriptors used 

to depict the model of activity in A.  
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Conclusion 

 14-3-3 proteins show extensive subcellular association with keratin 

filaments in vivo and ex vivo at the cell-cell contacts of Xenopus mesendoderm. In 

Xenopus embryos, these proteins interact with K19, a novel type I keratin target, 

and cadherin proteins. Disruption of 14-3-3 binding of K19 decreases dynamic 

exchange within filaments of migrating mesendoderm mesendoderm. 14-3-3 is 

required for junctional recruit of K19 containing filament networks upon formation 

of cell-cell adhesion. Synthetic coupling of 14-3-3 proteins to K19 preferentially 

localizes these filaments to the cell-cell contact in a manner that does not involve 

increased linkage to the cell-cell contact. We believe that these results 

demonstrate an important novel role for regulation of keratin filament dynamics via 

14-3-3 binding; specifically, 14-3-3 dependent subcellular localization of keratins 

to mechanically sensitive cell-cell contacts. Our findings reveal an important 

component of junctional keratin recruit that has importance concerning both cell-

cohesiveness and migratory activity during collective cell migration of embryonic 

gastrula.  
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Appendix 1 

 

Xenopus Embryo Extraction Protocol 

1. Combine the following for 5ml of “extraction buffer with phosphatase inhibitors”: 

1) 4.1 ml diH2O 

2) 100ul 5M NaCl ([final]=100mM) 

3) 250ul 1M Tris-HCl, pH 7.5 ([final]=50mM) 

4) 50ul Triton X-100 (Sigma #T-9284) or Tergitol type NP-40 (Spectrum 

Biosciences, T1279) ([final]=1%) 

5) 50ul 0.1M Phenylmethylsulfonofluoride (PMSF) ([final]=1mM) 

6) 50ul Sigma mammalian protease inhibitor cocktail (#P2714) 

7) 50mg sodium -glycerophosphate (10mg/ml) 

8) 50ul 1M sodium fluoride ([final]=10mM) 

9) 50ul 100mM sodium orthovanadate ([final]=1mM) 

10) 50ul 20mM H2O2 (dilute 30%/9.79M stock immediately before use 20.5ul 

into 10ml H2O), ([final]=0.2mM) 

11) 250ul 60mM sodium pyrophosphate ([final]=3mM) 

 

Combine the following for 5ml of “extraction buffer without phosphatase inhibitors”: 

1) 4.5 ml diH2O 

2) 100ul 5M NaCl ([final]=100mM) 

3) 250ul 1M Tris-HCl, pH 7.5 ([final]=50mM) 
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4) 50ul Triton X-100, Sigma #T-9284 ([final]=1%) 

5) 50ul 0.1M Phenylmethylsulfonofluoride (PMSF) ([final]=1mM) 

6) 50ul Sigma mammalian protease inhibitor cocktail (#P2714) 

 

2. Vortex solution and chill extraction buffer on ice prior to use.  Pre-chill on ice 

microcentrifuge tubes that will receive protein extracts. 

3. Transfer embryos to fresh microfuge tube. 

4. Using a P200, remove as much 0.1x MBS from embryos as possible without 

lysing embryos. 

5. Add extraction buffer (10 ul per embryo).  Pipette embryos and extraction buffer 

to lyse and homogenize samples.  

6. Incubate “extraction with inhibitors” on ice for 15’.  OPTIONAL: Add 1ul Antarctic 

phosphatase (5000U/ul) to “extraction without inhibitors” and incubate at 37oC for 

15’. 

7. Pre-chill microfuge tubes on ice for final protein lysates. 

8. Centrifuge protein extracts for 10’ at 14000xg at 4oC.   

9. Aspirate yolk from upper layer. Transfer supernatants to fresh pre-chilled 

microfuge tubes. Be careful to avoid pipetting the pelleted insoluble material.  If 

necessary, centrifuge supernatant again to further purify fraction. 

10. Wash pellet with Extraction Buffer (above) 3 times, resuspending pellet and 

centrifuging 10’ at 14000xg at 4oC each time. 
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11.  OPTIONAL: Resuspend pellet in syringe filter sterilized 10mM Tris pH9, 9.5M 

Urea, 1mM DTT, 2mM EDTA (10 ul per 1-3 embryos). Incubate on rocker for 3 

hours. 

12.  OPTIONAL: Centrifuge 10’ at 20000xg at room temperature.  Transfer 

supernatant to fresh tube labeled as Urea fraction. 

13. Samples may be frozen at -80oC, assayed for protein concentration, aliquoted 

for SDS/PAGE, and/or immunoprecipitated. 
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Appendix 2 

 

Making mRNA for Xenopus Embryo Injection 

 

Preparation of Template 

1. Linearize Plasmid DNA Template.  

Do not use enzymes that generate a 3’ overhang. (Not I is the enzyme most 

commonly used with the pCS2 vector) 

6ug plasmid 

5ul 10x CutSmart Buffer 

2ul restriction enzyme 

H2O to 50 ul 

 

Digest at 37oC for 1 hour. 

Run 2ul of digest on 0.8-1.0% agarose gel to check for complete 

linearization of DNA template. Gel purify template if digestion is incomplete 

or multiple fragments are expected. 

2. Extract and precipitate linearized DNA template. 

Add 50ul H2O to digest. 

Add 100ul phenol:chloroform:IAA. Vortex vigorously. Centrifuge 5min at 14 

000xg. 

Remove upper aqueous phase (~100ul) to fresh tube. 
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Add 100ul chloroform. Vortex vigorously. Centrifuge 5min at 14000xg. 

Remove upper aqueous phase (~100ul) to fresh tube. 

Add 10ul 3M NaAcetate. Vortex. Add 275ul 100% EtOH. 

Precipitate on dry ice for 30min or overnight at -20oC. 

Centrifuge at 14000xg for 10 min at 4oC. Remove EtOH (to new tube if you 

do not see a pellet). 

Add 100ul 70% EtOH to pellet. Centrifuge 5 min, 14000xg at 4oC. 

Remove EtOH and let pellet dry, ~5min @37oC heat block. 

In Vitro Transcription 

3. Transcription Reaction 

Resuspend pellet in 6.5 ul nuclease-free H2O. 

Add the following reagents at room temperature in order: 

5ul 5x transcription reaction buffer 

5ul 10mM rATP 

5ul 10mM rCTP 

5ul 10mM rUTP 

5ul 1mM rGTP 

5ul 10mM RNA Cap  

1ul RNase Inhibitor 
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2.5ul SP6 RNA polymerase  

Incubate at 40oC for 30 minutes. 

Add 1.25ul 10mM rGTP. Incubate for addition 1 hour at 40oC. 

Add 0.5ul RNase Inhibitor and 2.5ul RQDNase1. Incubate 15 minutes at 

37oC. 

4. Remove free nucleotides (and digested DNA). 

Resuspend resin in column by vortexing. 

Snap bottom off column. 

Turn cap ¼ of turn. Place in capture tube. 

Centrifuge at 700xg for 1 minute. 

Transfer column to fresh microfuge tube. 

Transfer transcription reaction mix directly to resin column. (Do not apply to 

sides of tube.) 

Centrifuge at 700xg for 2 minutes. 

RNA sample is now in microfuge tube. 

 

5. Extract and precipitate RNA. 

Add 50ul H2O to RNA. 
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Add 100ul phenol:chloroform:IAA. Vortex vigorously. Centrifuge 5min at 

14000xg. 

Remove upper aqueous phase (~100ul) to fresh tube. 

Add 100ul chloroform. Vortex vigorously. Centrifuge 5min at 14000xg. 

Remove upper aqueous phase (~100ul) to fresh tube. 

Add 10ul 3M NaAcetate. Vortex. Add 275ul 100% EtOH. 

Precipitate on dry ice for 30min or overnight at -20oC. 

Centrifuge at 14000xg for 10 min at 4oC. Remove EtOH (to new tube if you 

do not see a pellet). 

Add 100ul 70% EtOH to pellet. Centrifuge 5 min, 14000xg at 4oC. 

Remove EtOH and let pellet air dry. 

 

Resuspend pellet in 28ul nuclease-free H2O. 

6. Analysis 

Dilute 1ul in 99ul H2O. Read OD260. 

1 OD = 40ug/ml 

OD260 x 100 x 40ug/ml = [RNA] 

Future dilutions will be easier if you dilute the RNA to a concentration that 

is easily divisible, such as 1ug/ml or 0.5ug/ml. 
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Mix 2ul of RNA with 6ul H2O, 1ul 10% SDS, 1ul 10x DNA loading buffer. 

Run on 1% agarose gel to confirm quality of transcript. It should appear as 

a single band, not a smear. 

 

Freeze RNA in small aliquots (2ul/tube) at -80oC. 
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Appendix 3 

 

Co-IP Protocol for Optimizing IP Efficiency 

Keep all lysates on ice or at 4oC for the duration of the experiment! Be careful not 

to warm lysates at any point. Make fresh lysis buffer daily. This method requires 3 

days. The following IP is based on an antibody that contains 5ug of IgG in 25ul; 

you must vary the amount of lysis buffer in the incubations to account for the 

volume of antibody you will need to include 5ug. 

 

DAY 1- ANTIBODY-ANTIGEN PRECAPTURE 

1. Create lysate for Co-IP using the standard lysis buffer (1% detergent of choice). 

The lysate should be derived using at least 60 embryos to ensure you will 

have enough protein. 

2. Remove vial of Roche-G agarose beads from 4oC and vortex well for 30 

seconds. After vortexing, pipette mix the bead slurry in the vial using a p200 

tip. This step is important to make sure that the beads mix into solution instead 

of clustering. 

3. Immediately after pipette mixing, remove 50ul of agarose beads and pipette 

into an autoclaved 1.5ml tube. Repeat this two more times for a total of three 

tubes (50ul beads in each). Avoid bead settling in the vial to pipette the same 

amount of beads consistently. 
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4. Centrifuge tubes at 3000g for 5 minutes (4oC). Withdraw solution above the 

bead pellet carefully, either with a 1ml syringe or 200ul pipette tip. Discard 

solution. Be careful not to disturb the pellet. 

5. Add 1ml of sterile MilliQ water to each tube. Centrifuge tubes at 3000g for 5 

minutes (4oC). 

6. Withdraw solution above the bead pellet carefully with either a 1ml syringe or 

p200 tip without disturbing the bead pellet. Discard solution. Make up each of 

the following solutions in the separate bead tubes: 

 I. 500ug Co-IP: 100ul Lysate (10 Embryos), 325ul fresh extraction buffer, 

50ul beads. 

 II. 2000ug Co-IP: 400ul Lysate (40 Embryos), 25ul fresh extraction buffer, 

50ul beads. 

 III. Lysis Buffer Only: 425ul fresh extraction buffer, 50ul beads. 

7. Store remaining lysate at -80oC. 

8. Parafilm seal the tube lids. Rotate each of these tubes on an end-over-end 

rotator for 1 hour at 4oC. 

9. Centrifuge tubes at 3000g for 5 minutes (4oC). Withdraw solution above the 

bead pellet carefully, either with a 1ml syringe or 200ul pipette tip. Keep each 

withdrawn solution on ice in preparation for antibody incubation. Be careful 

not to disturb the pellet during supernatant removal. 

10. Add 500ul fresh extraction buffer to each bead sample to wash beads. Rotate 

each of these tubes on an end-over-end rotator for 10 minutes at 4oC. 



214 
 

 
 

11. Centrifuge tubes at 3000g for 5 minutes (4oC). Withdraw solution above the 

bead pellet carefully, either with a 1ml syringe or 200ul pipette tip. Discard 

solution. Be careful not to disturb the pellet during solution removal. 

12. Repeat steps 9 and 10 two more times. 

13. Add 25ul 2x sample buffer with BME to each bead sample. Vortex briefly and 

incubate samples at 100oC for 5 minutes. Quickly vortex samples, spin briefly 

to pellet, and store the tubes at -80oC as your pre-clear samples. 

14. Add 5ug of your primary antibody for immunoprecipitation to the tubes on ice 

containing solutions I, II, and III.  

15. Parafilm seal the tube lids. Rotate each of these tubes on an end-over-end 

rotator overnight at 4oC to perform antibody-antigen capture in the lysate. 

 

DAY 2- SAMPLE Co-IP 

16. Repeat steps 2-5 to prepare three more fresh 50ul bead tubes for Co-IP.  

17. Withdraw the wash solution above the bead pellets carefully with either a 1ml 

syringe or p200 tip without disturbing the bead pellet. Discard wash solution.  

18. Remove solutions 1, II, and III from the rotator at 4oC. Spin solutions I, II, and 

III briefly to draw lysate off the tube lids and place them on ice. Add solutions 

I, II, and III to the fresh bead tubes to make up each of the following Co-IP 

solutions: 

 I. 500ug Co-IP: 100ul Lysate (10 Embryos), 325ul fresh extraction buffer, 

5ug antibody  (25ul), 50ul fresh beads. 
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 II. 2000ug Co-IP: 400ul Lysate (40 Embryos), 25ul fresh extraction buffer, 

5ug antibody  (25ul), 50ul fresh beads. 

 III. Lysis Buffer Only: 425ul fresh extraction buffer, 5ug antibody (25ul), 50ul 

fresh  beads. 

19. Parafilm seal the tube lids. Rotate each of these tubes on an end-over-end 

rotator overnight at 4oC to perform Co-IP. 

 

DAY 3- SAMPLE PREPARATION AND GEL RUNNING 

20. Remove Co-IP solutions 1, II, and III from the rotator at 4oC. Centrifuge 

solutions at 3000g for 5 minutes (4oC).  

21. Withdraw solution above the bead pellet carefully, either with a 1ml syringe or 

200ul pipette tip. Keep each withdrawn solution on ice in preparation for 

creation of supernatant samples. Be careful not to disturb the pellet during 

supernatant removal. 

22. Add 500ul fresh extraction buffer to each bead sample to wash beads. Rotate 

each of these tubes on an end-over-end rotator for 10 minutes at 4oC. 

23. Centrifuge tubes at 3000g for 5 minutes (4oC). Withdraw solution above the 

bead pellet carefully, either with a 1ml syringe or 200ul pipette tip. Discard 

solution. Be careful not to disturb the pellet during solution removal. 

24. Repeat steps 22 and 23 two more times. 

25. Add 25ul 2x sample buffer with BME to each bead sample. For your 500ug Co-

IP supernatant sample, add 10ul of supernatant to 10ul 2x sample buffer with 
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BME. For your 2000ug Co-IP supernatant sample, add 2.5ul of supernatant to 

2.5ul 2x sample buffer with BME. For your Lysate and Antibody only Co-IP 

supernatant sample, add 10ul of supernatant to 10ul 2x sample buffer with 

BME. 

26. Remove pre-clear samples from -80oC, thaw, and include with the rest of your 

samples. Vortex all samples briefly and incubate at 100oC for 5 minutes. 

Quickly vortex samples, spin briefly to pellet, and run on a gel or store the tubes 

at -80oC to run at a later time. 

27. Use the following gel loading order: 

 

Ladder - 500ug IP Preclear - 2000ug IP Preclear - Lysate Buffer Only IP Preclear 

- 500ug IP - 2000ug IP - Lysate 

 

Buffer with Antibody IP - Supernatant 500ug IP - Supernatant 2000ug IP - 

Supernatant Lysate Buffer with Antibody IP 
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