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ABSTRACT 

 

Signal transduction by transforming growth factor β (TGF-β) cytokines is mediated by an 

evolutionarily conserved mechanism that depends on the Smad proteins to transduce an 

extracellular stimulus into the nucleus. In the unstimulated state, Smads spontaneously 

shuttle across the nuclear envelope and distribute throughout the cell. Upon TGF-β or 

bone morphogenetic protein (BMP) stimulation, the receptor-activated Smads are 

phosphorylated, assemble into complexes with Smad4, and become mostly localized in 

the nucleus. Such signal-induced nuclear translocation of activated Smads is essential for 

TGF-β–dependent gene regulation that is critical for embryonic development and 

homeostasis. The molecular machinery responsible for this process, especially how the 

activated Smads are imported as complexes, is not entirely clear. Thus, I became 

interested in investigating the molecular requirements for nuclear targeting of Smads 

upon stimulation.  

 

Recently, whole-genome RNAi screening offers a complementary cell-based approach to 

functionally identify molecules that mediate nuclear accumulation of Smads in response 

to TGF-β. In the first part of this dissertation, I performed a genome-wide RNAi screen 

that uncovered the importin moleskin (Msk) required in nuclear import of Dpp-activated 

MAD. Both genetic and biochemical studies further confirmed this finding. I also 

investigated Smad interactions with the Msk mammalian orthologues, Importin7 and 8 

and validated that Smads are bona fide cargos of Imp7/8.  
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Besides the importin Msk, the screen also uncovered a subset of nucleoporins as required 

factors in signal-induced nuclear accumulation of MAD. Thus in the second part of this 

thesis, I focused on how the NPC mediates this Msk-dependent nuclear import of 

activated MAD. Most of these nucleoporins, including Sec13, Nup75, Nup93 and 

Nup205, were thought to be structural nucleoporins without known cargo-specific 

functions. We, however, demonstrated that this subset of nucleoporins was specifically 

used in the Msk-dependent nuclear import of activated MAD but not the constitutive 

import of cargos containing a classic nuclear localization signal (cNLS). I also uncovered 

novel pathway-specific functions of Sec13 and Nup93.  

 

Regulation of TGF-β signaling can be achieved not only by modulating Smad nuclear 

translocation but also by modifying Smad phosphorylation status. Previously we 

identified a kinase, Misshapen (Msn), that caused the linker phosphorylation of MAD, 

resulting in negative regulation of Dpp signaling (Drosophila BMP). In the third part of 

this thesis, I investigated the biological relevance of Msn kinase to Dpp signaling in 

Drosophila wings. Both over-expression and RNAi studies suggest that Msn is a negative 

regulator of the Dpp/MAD pathway in vivo.  

 

As a whole, my findings delineated two critical requirements for MAD nuclear import: 

the importin Msk and a unique subset of nucleoporins. For the first time, structural Nups 

are implicated in the direct involvement of cargo import, providing a unique trans-NPC 

mechanism. 
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CHAPTER I: INTRODUCTION 

 

1. 1 TGF-β Signal Transduction 

First identified in the early 1980s, transforming growth factor β (TGF-β) has been 

shown to regulate a wide range of biological functions, including cellular 

proliferation, differentiation, adhesion, migration and death as well as 

developmental processes, in species ranging from Drosophila, 

Caenorhabditis elegans to mammals (Massagué 2000; Ten Dijke et al. 2002). The 

TGF-β superfamily is comprised of many secreted dimeric ligands, categorized as 

TGF-βs, bone morphogenetic proteins (BMPs), growth and differentiation factors 

(GDFs), activins and nodal. These ligands signal through a rather simple and 

evolutionarily conserved pathway, involving trans-membrane receptor 

serine/threonine kinases, intracellular Smad effectors as well as other signaling 

proteins.  

 

A TGF-β ligand initiates signaling by binding to and bringing together type I and 

type II receptors in a heterotetrameric complex (Shi and Massague 2003) (Fig. 

1.1). The constitutively active type II receptors then phosphorylate and activate 

their cognate type I receptors. Activation of the type I receptor results in 

phosphorylation of the Smad proteins, which then form complexes and translocate 

into the nucleus, functioning as transcription factors.  
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1.1.1 The Smad proteins 

Smad proteins contain three domains: an N-terminal MAD-homology 1 (MH1) 

domain that harbors a nuclear localization signals (NLS) and a DNA-binding 

motif; a C-terminal MH2 domain that binds to type I receptors and mediate Smad 

homo- or hetero-oligomerization; and a linker region that connects the MH1 and 

MH2 domains. The linker region is enriched with prolines and phosphorylatable 

serines and threonines, providing interaction sites for ubiquitin ligases and other 

proteins (Fig. 1.2) (Moustakas and Heldin 2009).  

 

In mammals, there are eight distinct Smads, classed into three functional groups: 

the receptor-activated Smad (R-Smad), the Co-mediator Smad (Co-Smad) and the 

inhibitory Smad (I-Smad) (Shi and Massague 2003; Xu 2006). R-Smads 

(Smad1,2,3,5,and 8) contain an C-terminal SXS motif which is phosphorylated by 

ligand-activated TGF-β receptor kinases. TGF-β/activin signals through Smad2 

and Smad3 while BMP/GDF pathways signal via Smad1, Smad5 and Smad8. 

Co-Smad lacks the SXS motif at its C-terminus and is not phosphorylated by 

TGF-β receptor kinases. The C-terminal phosphorylation of the R-Smads allows 

them to associate with the Co-Smad, Smad4. The resulting Smad complexes 

consists of two R-Smad molecules and a single Smad4 and are translocated into 

the nucleus. Together with other cofactors, the R-Smad/Smad4 complexes regulate 
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the transcription of target genes. The expression of I-Smads is induced by TGF-β- 

or BMP-specific Smad complexes. I-Smad negatively regulates TGF-β signaling 

by competing with R-Smads for receptor or Co-Smad interaction and by targeting 

the receptors for ubiquitylation and degradation (Fig. 1.2).  

 

1.1.2 TGF-β signaling in Drosophila 

The TGF-β family is conserved throughout metazoan evolution (Fig. 1.1). 

Forward genetic screens in Drosophila have been identified core components of 

the TGF-β family members. Drosophila melanogaster has seven TGF-β family 

members and five receptors. The BMP-like ligands Decapentaplegic (Dpp), Screw 

(Scw) and Glass bottom boat (Gbb), bind the type II receptors Punt (Put) and 

Wishful thinking (Wit), which form complexes with the type I receptors 

Thickveins (Tkv) and Saxophone (Sax), and signal via a single R-Smad (MAD, 

Mothers against decapentaplegic) and a single Co-Smad (Medea) (Affolter and 

Basler 2007). The TGF-β/activin-like ligands dActivin and Daw bind the same 

type II receptors Put and Wit but pair with the type I receptor Baboon (Babo), and 

signal through dSmad2 (Smox) (an R-Smad) and Medea (Zhu et al. 2008). A 

single I-Smad, daughters against decapentaplegic (DAD), was described in wing 

imaginal disc development. DAD inhibits BMP-like signaling but not the 

activin-like signaling (Kamiya, et al. 2008).  
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1.1.3 Smad nuclear transport 

At unstimulated states, R-Smads and Smad4 are present mostly in the cytoplasm 

or evenly throughout the cell (Xu et al. 2002; Inman et al. 2002). Upon TGF-β 

stimulation, R-Smads and Smad4 form oligomeric complexes that concentrate in 

the nucleus, which allows Smads to function as transcription factors in a 

signal-dependent manner. Moreover, the amount and duration of Smad association 

with their target promoters in the nucleus determines the strength and time span of 

transcriptional outcomes (Xu 2006). Therefore, effective regulation of TGF-β 

signal transduction is essentially achieved by spatial and temporal control of 

intracellular trafficking of Smads.  

 

The subcellular localization of Smads revealed by immunofluorescent staining 

only showed a static moment of constantly moving Smads. In fact, R-Smad and 

Smad4 all undergo spontaneous bi-directional shuttling across the nuclear 

envelope as revealed in two previous studies using in vitro nuclear transport 

assays (Xu et al. 2002; Inman et al. 2002). Additional live cell analyses further 

validated this conclusion (Nicolás et al. 2004; Schmierer and Hill 2005). Using 

photoactivation technology, the dynamics of a particular pool of photo-activatable 

GFP-fused Smad2 (PAGFP-Smad2) can be visualized in live cells. After 

photoactivation, either the cytoplasmic or nuclear pool of PAGFP-Smad2 was 

shown to continuously shuttle between the cytoplasm and the nucleus in 
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unstimulated cells. Likewise, in Fluorescence Loss in Photobleaching (FLIP) 

analysis, after photobleaching of either the cytoplasmic or nuclear pools of 

GFP-fused Smad2 or Smad4, the remaining GFP-Smads in the other subcellular 

compartment quickly redistributed and refilled the bleached region. These 

live-cell analyses suggest the constant import and export of R-Smads as well as 

Smad4 in establishing R-Smads and Smad4 subcellular localization.  

 

From cell membrane to the nucleus, the cytoplasmic trafficking of Smads is often 

mediated by motor proteins that are associated with microtubules. Kinesin1 

interacts with Smads and recruits Smad2 to the receptor complexes for its 

phosphorylation and activation in Xenopus and mammalian cells (Batut and Hill 

2007). Other motor proteins, such as Dynein light chain km23-1 (DYNLRB1), 

facilitate Smad traffic towards the nucleus of mammalian cells (Jin and Mulder 

2007; Jin et al. 2009).  

 

Smad Nuclear Import 

For translocation across the nuclear envelope, Smad nuclear import requires both 

Nuclear Pore Complexes (NPCs) and importins. Smad2 and Smad3 can interact 

with nucleoporins Nup214 and Nup153 directly through a hydrophobic region in 

the C-terminus of Smad2 and Smad3 (Xu et al. 2002). Point mutations in this 

nucleoporin-binding region resulted in impaired nuclear import of 
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unphosphorylated Smad2, confirming the requirement of nucleoporins in Smad2 

nuclear shuttling in the basal state. All Smads have a conserved nuclear 

localization signal (NLS) in their MH1 domain, which interacts with specific 

importins, such as importin β, importin α and Msk. Importin β has been shown to 

interact directly with the NLS motif in the MH1 domain of activated Smad3, but 

not Smad2 (Kurisaki et al. 2001), as Smad2 contains two unique inserts flanking 

the NLS motif, which impairs Smad2 interaction with Importin β (Fig. 1.2). 

Recently, we identified Msk (Imp7 and Imp8 in mammals) as the importin for 

C-terminal phosphorylated Smads in Drosophila MAD and in mammalian cells 

Smad1, Smad2 and Smad3 (Xu et al. 2007). These findings suggest R-Smads 

employ different import routes for nuclear import with or without TGF-β 

stimulation. Smad4 may also enter the nucleus through multiple pathways. In 

mammalian cells, Imp 7/8 are required for the nuclear import of Smad4 in 

response to TGF-β (Yao et al. 2008). Overexpression of Imp8 is sufficient to drive 

the nuclear import of Smad4 without TGF-β stimulation. Smad4 can also directly 

interact with Nup214 and enter the nucleus without importins in the nuclear 

import assay reconstituted in vitro (Xu 2003). In Drosophila cells, it remains 

unclear which importin is responsible for the signal-independent nuclear import of 

Medea (Smad4 homolog in Drosophila), as it does not require Msk or importin β 

(Yao et al. 2008).  
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Smad Nuclear Export  

Smad nuclear export requires exportin and NPCs. Smad proteins contain 

characterized nuclear export signals (NESs) in their MH2 (Smad1, Smad3) or 

linker domains (Smad4) (Fig. 1.2). The NESs interact with specific exportins for 

Smads export. Smad3 nuclear export is mediated by exportin 4 (Kurisaki et al. 

2006) while Smad1 and Smad4 nuclear export depends on exportin 1, also known 

as CRM1. Recently, a new exportin, RanBP3 was described for Smad2 and 

Smad3 nuclear export (Dai et al. 2009).  

 

Signal-induced phosphorylation of Smads triggers the assembly of R-Smads and 

Smad4 oligomeric complexes, which creates a completely different cargo for 

nuclear import, compared to Smad monomers in the unstimulated state. How does 

TGF-β target Smads into the nucleus? Given that the dynamic shuttling of Smads 

in and out of the nucleus, it can be proposed that upon TGF-β stimulation, either 

an increase in nuclear import or a decrease in nuclear export causes the 

concentration of Smads in the nucleus. An increased nuclear import rate can be 

due to enhanced Smads affinity to nucleoporins or the recruitment of new import 

factors whereas the export rate can be affected by Smads affinity to exportins and 

nucleoporins, C-terminal dephosphorylation of Smads as well as sumoylation and 

ubiquitylation in the nucleus. In fact, phosphorylation of R-Smads did not affect 

its affinity to nucleoporins (Xu et al. 2002). Whether the nuclear import rates for 
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activated Smads increases is under debate. Faster import of pseudophosphorylated 

R-Smads was observed when compared with wild-type unphosphorylated 

R-Smads in vitro (Kurisaki et al. 2001). In a live cell analysis, the initial import 

rate of Smad2 (first 3 minutes) did not change significantly in response to TGF-β. 

However, at later time points, the import of phosphorylated Smad2 sustained 

while the import of unphosphorylated Smad2 plateaued (Schmierer and Hill 2005). 

A following study by the same group found that a mathematical model allowing 

faster import of Smad complexes better fitted the experimental data from live cell 

analyses than the model assuming identical import rates between Smad complexes 

and monomeric Smads (Schmierer et al. 2008). This finding strongly suggests that 

TGF-β-induced nuclear accumulation of activated Smads requires their enhanced 

nuclear import. Furthermore, the same in vivo study reported that TGF-β signaling 

significantly decreased the export rate of Smad2, indicating that an inhibition of 

nuclear export of Smad2 is also required for its signal-dependent nuclear 

accumulation (Schmierer and Hill 2005). Indeed, phosphorylation of R-Smads 

was shown to cause some decrease in binding to exportin 4 (Kurisaki et al. 2006). 

But it is not sufficient to target R-Smads to the nucleus by only blocking the 

export by depletion of exportin 4 using siRNA, which did not cause much change 

in R-Smads localization at basal state. Other elements, such as dephosphorylation, 

sumoylation and ubiquitylation of Smads in the nucleus, also contribute to the 

TGF-β induced nuclear accumulation of Smads (Fig. 1.3). For example, Smad3 is 
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sumoylated by the Sumo ligase protein inhibitor of activated Stat y (PIASy) and 

sumoylation promotes Smad3 nuclear export in mammalian cells (Imoto 2003). 

Sumoylation of Medea in early Drosophila embryonic cells also promotes its 

nuclear export, leading to the negative regulation of dpp signaling (Miles et al. 

2008). It has been described that monoubiquitylation of Smad4 by the nuclear 

ubiquitin ligase TIF1γ also promoted its nuclear export and inhibited its 

association with Smad2 and Smad3 (Dupont et al. 2009). It is possible that in vivo 

dephosphorylation, sumoylation and ubiquitylation of Smads ensure the 

continuous Smad shuttling and that TGF-β might inhibit these post-translational 

modifications of Smads to shift the shuttling equilibrium favoring the nuclear 

accumulation of Smads.  

 

In addition, nuclear retention factors can also control Smad compartmentalization 

by regulating how long Smad complexes reside in the nucleus. An exclusively 

nuclear protein, FoxH1, when it is over-expressed, is capable of retaining Smad2 

mostly in the nucleus in the absence of a TGF-β signal (Xu et al. 2002). Several 

other Smad interacting proteins, such as ATF2 (Kang et al. 2003) and TAZ 

(Varelas et al. 2008), also target Smads to the nucleus. FoxH1 and ATF2 both bind 

to the MH2 region of Smad2, shielding the NES in the MH2 region from exposure 

to export factors and therefore sequester Smads in the nucleus.  
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1.2. Nuclear Pore Complexes and Nuclear Transport 

1.2.1 Structure of Nuclear Pore Complexes 

In eukaryotic cells, the exchange of macromolecules between the nucleus and 

cytoplasm is mediated by nuclear pore complexes (NPCs) embedded in the 

nuclear envelope, providing a size-selective gate for bidirectional transport 

(Strambio-De-Castillia and Rout 2010; Wente and Rout 2010). Analysis of 

electron microscope images revealed the NPC as a cylindrical pore structure with 

strong octagonal symmetry. Embedded in the plane of the nuclear envelope is a 

core structure, a central hole surrounded by eight spokes in a radially symmetrical 

manner. Attached to the central core are peripheral filaments emanating into the 

cytoplasm and nucleoplasm. On the cytoplasmic side, filaments extend from NPC 

and associate with the protein synthesis machinery and the cytoskeleton. On the 

nuclear side, emanating fibrils converge at their distal ends to form a cage-like 

structure referred to as the nuclear basket. Proteomic analyses of the composition 

of the NPC have revealed that each NPC is composed of multiple copies of ~30 

unique proteins, called nucleoporins (Nups) (Cronshaw et al. 2002). It is estimated 

that each NPC in eukaryote contains around 400 individual proteins.  

 

A recent work using a computational approach that combined proteomic, 

biophysical and imaging data suggested a detailed molecular architecture of the 
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NPC, assigning each Nup to particular subcomplexes in the NPC (Alber et al. 

2007). Nups can thus be grouped into three classes (Fig. 1.4): transmembrane 

Nups, FG-Nups and non-FG Nups. Three transmembrane Nups in both yeast and 

vertebrates constitute a lumenal ring that anchored the central core to the nuclear 

envelope. FG-Nups containing phenylalanine-glycine repeats (FG-repeats) are 

largely unfolded proteins that constitute the peripheral filaments lining the surface 

of central channel from the nuclear to the cytoplasmic face. Non-FG Nups 

assembled into four spoke rings, two outer rings sandwiching two inner rings, 

with eight-fold symmetry to form the central core. The inner rings include the 

Nup170 subcomplex (yeast) or Nup155 (vertebrates) subcomplex, while the outer 

rings contain the Nup84 subcomplex (yeast) or Nup107-160 subcomplex 

(vertebrates, Fig. 1.4).  

 

Non-FG Nups are evolutionarily conserved across all eukaryotes. Structurally, 

non-FG Nups are composed entirely of either a β-propeller fold, an α-solenoid 

(helix-turn-helix) fold, or a distinctive combination of both—a combination that is 

characteristic of a particular family of membrane coating complexes such as 

clathrin, COPI and COPII (Devos et al. 2004; Devos et al. 2006). The similarity 

between non-FG Nups and the COP complex proteins supports the 

“proto-coatomer hypothesis”, indicating the common evolutionary origin of these 

two groups. Analogous to the curved membrane of a vesicle being stabilized by a 
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clathrin or COP coat, the non-FG Nups hug and stabilize the curved surface of the 

pore membrane. Particularly, Sec13 is a shared component between the NPC and 

COPII complex. Sec13 contains six WD40 repeats that fold into an open 

six-bladed β-propeller, which is complemented by a seventh blade from 

β-stranded region of Nup145C or Sec31, forming Sec13-Nup145C pair in the 

NPC or Sec13-Sec31 pair in the COPII complex respectively (Hsia et al. 2007; 

Brohawn et al. 2008).  

 

The Nup84 subcomplex that forms the outer rings in yeast is a well-characterized 

heptameric complex consisting of Nup84, Nup85, Nup120, Nup133, Nup145C, 

Sec13, and Seh1 (Siniossoglou et al. 2000; Allen 2001; Lutzmann 2004). A 

negative-stain electron microscopy study on the heptamer assembled from 

recombinant proteins revealed a 400Å long Y-shaped complex and established the 

relative position of its members.  The arrangement of the seven Nups is linear 

with Nup133 and Nup84 at the base, the Sec13-Nup145C pair in the center, and 

the Seh1-Nup85 pair and Nup120 as two arms of the Y respectively. Four crystal 

forms of Seh1-Nup85 pair and two crystal forms of Sec13-Nup145C pair were 

unveiled in crystallographic analyses (Hsia et al. 2007; Brohawn et al. 2008). 

High structural similarity exists between Seh1-Nup85 pair and Sec13-Nup145C 

pair as revealed by superimposition, despite low sequence identity between 

protein pairs.  
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The inner rings consist of the Nup170 subcomplex which is less well 

characterized (Lusk et al. 2002). It appears to contain Nup157/Nup170, Nup188, 

Nup192/Nup205, Nup53, Nup59 and Nic96/Nup93. Among these Nups, only 

Nic96 structure was solved by x-ray crystallography (Jeudy and Schwartz 2007).  

 

Several putative models have been generated for the central core assembly. As 

mentioned previously, Alber et al., integrated proteomic, cryo-EM, and 

biochemical data in computational reconstitution of the NPC core structure and 

proposed the central core as two outer rings sandwiching two inner rings (Fig. 

1.4). This model has a 16-fold symmetry due to the 8-fold rotational symmetry of 

the spoke and the 2-fold rotational symmetry between the nucleoplasmic and 

cytosolic halves of the NPC. A relative different “lattice like” model with the same 

symmetry was postulated by Schwartz group (Fig. 1.5 A). Nup84 and Nic96 

complexes still assembled into outer rings and inner rings respectively, but the 

extended arm of the Y-shape Nup84 complex was positioned facing outward and 

the two arms of the Y facing inward formed a triskelion that conceptually 

resembled the lattice cages in vesicle coats. Hsia et al. observed both 

Sec13-Nup145C and Seh1-Nup85 hetero-octameric crystals and proposed that 

these two hetero-octamers formed alternating vertical poles that connected four 

horizontally arranged rings, each composed of eight heptamers (Fig. 1.5 B). Given 
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the determined length of heptamer (400Å), the resulting diameter of the ring 

would be about 1000Å, consistent with the outer dimension requirement 

established in cryoelectron microscopy (Yang et al. 1998). The resulting cylinder 

coat had 32 heptamers. The NPC core was therefore depicted as a series of 

concentric cylinders consisting of pore membrane proteins, coat nups (Nup84 

complexes), adaptor nups (Nic96 complexes) and channel nups.  

 

1.2.2. Nuclear Transport 

The NPC is permeable to small metabolites, ions and molecules less than 40 kDa 

in mass or 5nm in diameter. To translocate through the NPC, macromolecules 

need to interact with the NPC directly or indirectly through soluble nuclear 

transport factors (NTFs) (Feldherr and Akin 1997). Most NTFs belong to the 

family of proteins known as the karyopherins (Kap). There are 14 Kaps in yeast 

and at least 20 in metazoans. In general, a Kap has a cargo-binding domain, an 

NPC-binding domain(s) and an N-terminal binding domain for Ran, a small 

Ras-like GTPase required for active transport (Vetter et al. 1999). High-resolution 

structural information obtained from importin studies suggested a common 

folding feature for Kaps. These proteins are comprised of tandem HEAT-repeats 

(helix-turn-helix), folding into a super-spiral structure. Interestingly, this structural 

feature resembles that found in non-FG Nups, indicating their common root in 

evolution. Most Kaps specialize to facilitate transport in only one direction, but 
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there are a few exceptional Kaps that can mediate both import and export. Not 

only can Kaps transport proteins, they can also mediate RNA transport.  

 

In addition to the NTFs, another requirement for any facilitated transport is a 

transport ‘signal’, which can be recognized by either NTFs or adapter molecules. 

Different transport signals target different cargos to their specific transport routes. 

Many of these signals do not fit a well-defined consensus. In protein transport, 

specific amino acid residues serving for transport signal purpose are termed as 

nuclear localization sequences (NLSs) for import or nuclear export sequences 

(NESs) for export. A classical NLS is the simple five amino acid peptide KKKRK, 

necessary and sufficient for targeting its attached protein to the nucleus (Goldfarb 

et al. 1986). Additional nuclear import signals may exist for proteins lacking a 

classical NLS. Recently, a 3 amino acid domain SPS in ERK2 was identified as a 

general nuclear import signal. Phosphorylated SPS interacts with Imp7 and directs 

nuclear translocation of ERK2 (Chuderland et al. 2008). Smad3 contains an SPS 

domain in its MH2 region. Phosphorylation of SPS also results in Smad3 nuclear 

localization while nonphosphorylatable Smad3 with the SPS replaced by AAA 

remains cytoplasmic (Chuderland et al. 2008). However, the role of Imp7 and 

Imp8 in the SPS-directed nuclear import of Smad3 has not been characterized in 

this study. 
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Nuclear transport can be formulated as three conservative steps (Akey and 

Goldfarb 1989). First, NTFs recognize their cognate substrates through transport 

signals and assemble into a NTF-cargo complex. Second, the NTF-cargo complex 

binds to the NPC and translocates through the NPC. Third, once the NTF-cargo 

complex reaches its target compartment (either the nucleoplasm or cytoplasm), the 

complex dissembles. In Kap-mediated transport, Kap-cargo interactions and 

transport directionality are regulated by the small GTPase Ran. Ran has either 

GTP- or GDP-bound state. Conversion between these two states is regulated by 

two Ran-specific proteins: A cytosolic GTPase-activating protein (GAP) that 

converts Ran-GTP to Ran-GDP, and a nuclear guanine exchange factor (GEF) that 

converts Ran-GDP to Ran-GTP. Because Ran-GAP is located exclusively in the 

cytosol and Ran-GEF is located only in the nucleus, cytoplasmic Ran is primarily 

in the GDP-bound state whereas the nucleus primarily contains Ran-GTP. Such a 

Ran-GTP gradient, across the two faces of the NPC, is essential for the 

directionality of Kap-mediated transport (Kuersten et al. 2001). Overall, Ran-GTP 

decreases the affinity of importins for their import cargos while in export cases, 

Ran-GTP binding increases the affinity of exportins for their export cargos. For 

nuclear import, a specific cargo is loaded onto its cognate importin in the 

cytoplasm where Ran-GTP levels are low and released from the importin in the 

nucleus where Ran-GTP levels are high. The released importin is now bound to 

Ran-GTP and then recycled back to the cytoplasm. GTP hydrolysis of Ran on the 
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cytoplasmic side frees the importin for further cycles of nuclear import. For 

nuclear export, exportin-cargo complexes are formed via Ran-GTP association in 

the nucleus and dissembled in the cytosol through GTP hydrolysis of Ran by GAP.  

 

Exactly how the NPC facilitates transport is controversial. A favorable transport 

model should fit the following observations. First, selectivity of the transport 

should be explained. Second, the model should explain the fast transport rate 

which is in a range of milliseconds. Third, the model should provide the physical 

path taken by transport complexes. Lining along both the nucleoplasmic and 

cytoplasmic faces of the central tunnel of the NPC, FG-Nups were thought to 

function as an entity, providing docking sites for cargo-free or cargo-loaded NTFs. 

Many NTFs, such as NTF2, Tap/NXF1 and Impβ, were found to bind to FG-Nups.  

 

From a thermodynamic point of view, entry from the large volume of the cell 

compartment into the small volume of the NPC channel is a non-spontaneous 

process that requires energy, in other words an entropy-loss process. Analogous to 

an enzyme that catalyzes a reaction, the milieu formed by the FG Nups interacts 

with the transport complex, whose binding energy compensates for the loss in 

entropy, and allows the entry of specific molecules into the narrow pore. 

Conversely, molecules that cannot bind FG milieu are repelled as there is no gain 

of energy to overcome the diffusion barrier. Thereby, the NPC ensures the 
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selectivity as a virtual or entropic gate without the need for individual structural 

elements to move with respect to each other (Rout 2003). Molecular organization 

of the FG milieu is still a matter of vigorous debate. At physiological 

concentrations, recombinant FG-Nups were shown to form a hydrogel in vitro 

under certain conditions (Frey and Görlich 2007). Such a hydrogel is the result of 

intra- and intermolecular interactions of cohesive hydrophobic clusters within 

FG-Nups. Therefore, the selective phase/hydrogel model was postulated as the 

FG-Nups form “a hydrogel-based” three-dimensional sieve that allows 

translocation of small molecules but restricts that of large ones (Fig. 1.6 A ). 

Indeed, the constructive hydrogel in vitro recapitulated some of the transport 

characteristics of the NPC, allowing rapid diffusion of only NTF-containing 

transport complexes at a comparable rate as in vivo transport (Frey and Görlich 

2009).  

 

When FG-regions of Nup153 were attached to gold nanodots, extended brush-like 

polymer filaments were observed by atomic force microscopy (Lim et al. 2006). 

Molecular dynamics simulations also suggested that FG-Nups would form 

brush-like structures when tethered to a surface at a physiological density (Miao 

and Schulten 2009). These observations suggest that FG-Nups may exhibit a 

polymer brush-like behavior, pushing away non-specific macromolecules. A 

transient passage through the meshwork is created when FG-Nups are bound by 
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NTFs and collapsed (Lim et al. 2007) (Fig. 1.6 B).  

 

All the above models cannot explain the observation that cargo-free or 

cargo-bound importin β mostly travels at the periphery of the nuclear pore rather 

than the axial NPC channel (Ma and Yang 2010). Other features should be 

implemented in order to better explain such observations. A recent reduction of 

dimension (ROD) model contends that FG-Nups are essentially saturated with 

NTFs and therefore a coherent FG Nup-NTF bilyer is coating the inner wall of the 

central channel (Peters 2009) (Fig. 1.6 C). The diameter of the middle free space 

of the central channel thus determines the size of molecules that can diffuse 

through. While in the case of facilitated transport, NTFs or NTF-containing 

transport complexes might interact with FG-Nups that already collapsed to the 

inner wall of the central tube, competing away cargo-free NTFs from their binding 

sites and finally walk through the channel. This periphery path has been described 

to be the preferred transport area in a recent single molecule study (Ma and Yang 

2010). In contrast to phase selective and polymer brush model, increasing NTF 

concentration will collapse more FG-Nups and thus widen the inner tube of the 

central channel.  

 

In the hydrodynamic study, Rexach and colleagues described two distinct 

conformations that can be adopted by FG-domains: a globular collapsed-coil 
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conformation and an extended-coil conformation (Yamada et al. 2010). As a result, 

FG-Nups can be divided into two groups: ‘shrubs’, those FG-Nups that are  

completely collapsed  and  anchored to the inner wall of the central channel; or 

‘trees’, those FG-Nups that contain an attached extended-coil domain which 

supports a collapsed-coil domain (Fig. 1.6 D). Several collapsed-coil domains of 

trees converge at the center of the NPC, forming a tunnel transporter structure 

serving as a primary transport route (zone1). The space between ‘shrubs’ and 

‘trees’ provides an alternative peripheral transport route (zone2). Transport 

through these two routes can then occur according to principles described above. 

Large cargos were postulated to be preferred substrate of zone1 while cargo-free 

NTFs or NTFs loaded with small cargos might preferentially translocate through 

zone2. The forest model combines features of previous described models, as the 

FG-domains in zone1 allow for sieving effects whereas the FG-domains in zone2 

functioning as entropic brushes for virtual gating. However, to distinguish 

between the presented models, biophysical properties of FG-Nups in situ have to 

be further determined.  

 

There still remains an unresolved issue: how do NPCs distinguish different cargos 

resulting in different transport capacities? As FG-Nups can be categorized into 

several classes, one explanation to the specificity of the NPC is that each class of 

FG-Nup recognizes only certain kinds of NTF-cargo complexes. Differential 
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expression among FG-Nups subclasses causes differences in transport capacities. 

Supporting evidence for this has been found from in vivo studies using target 

combination of different FG region deletions. Certain deletion combinations affect 

passage of one transport factor through the NPC without affecting another (Strawn 

et al. 2004). However, in the same study, the FG-regions of asymmetric Nups 

could be deleted without major effects on transport and viability. This redundancy 

among FG-Nups suggests that other players might be more crucial in determining 

specificity of the NPC. The discovery of the peripheral transport route in the NPC 

raises the possibility that non-FG Nups in the vicinity may regulate the transport 

specificity (Ma and Yang 2010). In fact, emerging evidence has supported this 

idea. Mice with the deletion of the non-FG nucleoporin, Nup133 or Nup155 

developed distinct phenotypes, arguing for specific functions of these non-FG 

Nups (Lupu et al. 2008; Zhang et al. 2008).  

 

1.2.3 Specific Functions of Nucleoporins 

In addition to transport function, FG-Nups and non-FG Nups participate in several 

regulatory events that occur on either side of the nuclear envelope, such as 

releasing cargo from the NTF-cargo complex, directing cargo to the NPC, and 

modification of cargo for further processing. On the cytoplasmic side, yeast 

Nup159 (homologous to mammalian Nup214/CAN) and Nup42 (homologous to 

mammalian NupL2) on cytoplasmic filaments are engage in the dissociation of 
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mRNP-Mex62-Nab2 export complexes as they leave the NPC transport channel 

and enter the cytoplasm (Stewart 2007b). One critical factor in this process is the 

RNA helicase DEAD box protein Dbp5, whose function involves alteration of 

RNA structure and aiding the dissociation of RNA-binding proteins. To release 

Mex62 and Nab2 from mRNP, Dbp5 ATPase needs to be activated by Gle1 and its 

cofactor inositol hexkisphosphate (IP6). Structurally juxtaposed Nup159 and 

Nup42 interact with Dbp5 and Gle1, respectively, allowing for the activation of 

Dbp5. Activated Dbp5 then triggers the release of Mex62 and Nab2, which in turn 

terminates mRNP export and prepares the mRNA for translational initiation in the 

cytoplasm.  

 

Nup358 also plays a role in the release of nuclear export cargo from exportins. 

The high affinity docking sites provided by Nup358 also promote the recruitment 

of import cargo to the NPC (Hutten et al. 2009). For example, the regulator of 

virion expression (Rev) protein of HIV-1 uses Nup358 for NPC docking. 

Additionally, Nup358 has a domain with small ubiquitin-related modifier (SUMO) 

ligase activity, capable of binding to the sumolylation cofactor enzyme Ubc9 to 

facilitate the addition of SUMO to nuclear transport cargoes, thus modifying their 

protein-protein interaction properties (Pichler et al. 2002;Reverter and Lima 2005). 

Nup358 also harbors a cyclophilin A homologous domain that might regulate 26S 

proteasome function (Yi, Friedman, and Ferreira 2007). Moreover, the N-terminal 
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domain of Nup358 binds to microtubules during interphase as well as 

kinetochores in mitosis, indicating its role in regulating microtubule assembly, 

stability and dynamics (Joseph et al. 2004;Joseph and Dasso 2008).  

 

On the nuclear side of the NPC, fibrils emanating from the nuclear basket 

interconnect to form a meshwork, extending both in parallel and perpendicularly 

to the nuclear envelope plane. This basket-associated meshwork is involved in the 

post-transcriptional control of gene expression, the epigenetic control of gene 

expression as well as chromatin maintenance and repair. Before a mature mRNA 

reaches the cytoplasm through the NPC, its quality is controlled by several 

surveillance factors in the vicinity of the NPC, whose function can lead to the 

retention and subsequent degradation of aberrant mRNA. These factors, including 

Esc1, Pml1, Pml39, Swt1 and Nab2, have been either genetically or functionally 

linked to the basket, indicating a platform function of the basket meshwork in 

recruiting factors for post-transcriptional mRNA surveillance (Dziembowski et al. 

2004; Galy et al. 2004; Lewis et al. 2007; Peters 2009).  

 

The basket-associated protein network can also recruit active genes to the vicinity 

of the NPC and retain them for subsequent transcriptional reactivation. This 

phenomenon was described in studies of chromatin boundaries and the rapid 

reactivation of inducible yeast genes, such as INO1 and GAL1 (Brickner and 
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Walter 2004; Casolari 2005; Kundu et al. 2007; Schmid et al. 2006). The 

interaction of the NPC with the 3’ untranslated region and promoter of specific 

genes allows the organization of an optimal microenvironment for the modulation 

of gene expression, which is dependent on the SWI-SNF complex and 

non-canonical histone variant H2A.Z. A subset of Nups, sec13 and Nup50, is 

capable of interacting with active gene loci in the nuclear interior, apart from the 

nuclear periphery and NPCs, and facilitate transcriptional activation during 

development and cell cycle progression (Capelson et al. 2010;Kalverda et al. 

2010). 

 

Nups also have a role in DNA repair and telomere integrity (Towbin, Meister, and 

Gasser 2009). Mutations of Mlp, the main molecular component of the basket, 

increase the occurrence of DNA damage and aberrations of telomere length. The 

NPC has been shown to physically associate with stalled DNA replication fork 

and several factors in SUMO-dependent DNA repair pathway (Therizols et al. 

2006).  

 

1.3 Crosstalk pathways that modulate Smad Signaling 

Smad signaling is subject to additional regulation from other extracellular signals. 

The linker regions of R-Smads are phosphorylated by mitogen-activated protein 

kinases (MAPK), GSK3 kinase or cyclin-dependent kinases (CDK2/4/8/9). 
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Kretzschmar et al. (1997) first showed that Smad1 undergoes phosphorylation by 

MAPK in the central linker region in human tissue cultured cell lines 

(Kretzschmar, Doody, and Massague 1997). Such phosphorylations activated by 

Epidermal Growth Factor Receptor (EGFR) occur at four specific MAPK/Erk 

recognition consensus sites (PXS[PO3]P) within the linker region of Smad1. 

Smad1 linker phosphorylation, as opposed to the C-terminal phosphorylation of 

R-Smads, causes cytoplasmic localization of Smad1 and inhibition of Smad1 

transcriptional activity. In addition, linker phosphorylation of Smad1 leads to 

Smad1 association with the E3 ubiquitin ligases Smurf1 or Nedd4L and 

subsequent proteasomal degradation of Smad1 in perinuclear centrosomes 

(Sapkota et al. 2007;Gao et al. 2009). In Xenopus, fibroblast growth factor 8 

(FGF8) and insulin-like growth factor 2 (IGF2) induce phosphorylation of the 

linker region of Smad1 via mitogen-activated protein kinase (MAPK), ensuring 

the normal neural induction by inhibition of BMP signaling. Thus, FGF/IGF 

signaling provides negative feedback to BMP signaling in the developing nervous 

system. The regulatory cross-talk between the BMP and MAPK pathways was 

also demonstrated in knock-in mouse model. Knock-in mice were generated 

which contain Smad1 forms that lack all four MAPK phosphorylation sites. 

Embryonic fibroblasts from these knock-in mice were used for a BMP reporter 

assay. While FGF inhibited BMP signaling in Smad1 wildtype knock-in cells, 

FGF failed to inhibit BMP signaling in Smad1 linker phosphorylation-resistant 
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knock-in mutant mouse embryonic fibroblasts (Sapkota et al. 2007). MAPKs can 

also antagonize the growth inhibitory function of TGF-β in epithelial cells via 

linker phosphorylation of Smad2 and 3 (Kretzschmar et al. 1999).  

 

Phosphorylation by MAPK has been shown not to be solely restricted to the linker 

domain. Drosophila MAD is phosphorylated by a MAPK-related kinase called 

Nlk (Nemo-like kinase) (Zeng et al. 2007). Nlk, an enzyme known to be involved 

in the Wingless/Wnt pathway, phosphorylates MAD at a conserved serine residue 

in its MH1 DNA binding domain. This phosphorylation inhibits Dpp/BMP 

signaling by preventing nuclear accumulation of C-terminal phosphorylated MAD, 

thus inhibiting the activation of Dpp/BMP-responsive genes. 

 

The Wnt pathway component GSK3 also phosphorylates R-Smads in the linker 

region. GSK3 phosphorylation requires a phosphorylated Ser/Thr residue located 

four amino acids downstream (S/TXXXS/T[PO3]). In Smad1, GSK3 

phosphorylation can be primed by phosphorylation of the MAPK sites. Linker 

phosphorylation by GSK3 negatively regualtes BMP signal transduction because 

mutation of the GSK3 sites into Alanines resulted in strongly ventralized 

phenotypes (high BMP signaling) in injected Xenopus embryos (Fuentealba et al. 

2007). Wnt signaling induces GSK3 degradation, leading to decreased Smad1 

linker phosphorylation by GSK3. Therefore, at high Wnt levels the BMP signal is 
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of longer duration. GSK3 also directly phosphorylates basal state Smad3 in its 

MH1 domain in mammalian cells and target basal state Smad3 to ubiquitylation 

and proteasomal degradation, providing inhibitory controls of TGF-β signaling 

(Guo et al. 2008).  

 

As demonstrated in pulse-chase experiment, C-terminal phosphorylation of 

Smad1 driven by BMP precedes linker phosphorylations by MAPK and GSK3 

(Fuentealba et al. 2007). Thus, the MAPK/GSK3-mediated phosphorylations 

provide a negative feedback for TGF-β and BMP signaling by regulating the 

protein level of Smads. However, recent research suggested that linker 

phosphorylation could enhance Smad signaling before terminating the signal by 

Smad turnover (Alarcón et al. 2009). In this study, CDK8/9 phosphorylate 

activated Smads in their linker regions and promote Smad interaction with the 

transcription factor YAP, resulting an enhanced Smad target gene expression while 

ultimately this linker phosphorylation event leads to eventual degradation of 

activated Smad proteins. These findings seem paradoxical in terms of integrating 

both activation and inhibition functions in the same phosphorylation event. The 

following study from the same group revealed a mechanism that switches Smad 

proteins from binding transcriptional cofactors to binding ubiquitin ligases 

(Aragon et al. 2011). In the BMP pahway, Smad1 linker phosphorylation by 

CDK8/9 induces the binding to YAP but also primes subsequent phosphorylation 
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by GSK3, which in turn switches Smad1 binding from YAP to the ubiquitin ligase 

Smurf1. Similarly in the TGF-β pathway, Smad3 phosphorylation by CDK8/9 

enables enhanced transcriptional activity through Pin1 binding while this 

phosphorylation also primes subsequent phosphorylation by GSK3 and thus 

binding to ubiquitin ligase Nedd4L. This swich mechanism allows efficient 

regulation of TGF-β signaling by coupling TGF-β signal delivery to turnover of 

the signal transducer, Smad proteins.  

 

Thesis Objective 

Signal-induced nuclear translocation of activated Smad is essential for the TGF-β 

signaling. The mechanisms by which activated Smads are imported across nuclear 

membrane into the nucleus are not fully understood.  So far, most studies 

employed in vitro reconstituted nuclear import assay to investigate nuclear import 

of Smads. However, conclusions from such assay are limited when apply to 

phosphorylated Smads in intact cells. These observations led to the major aim of 

my thesis: to obtain a systemic overview of the molecules that are involved in 

transporting activated Smad from cell surface to the nucleus.  

 

To achieve this aim, I performed a gemone-wide RNAi screen in Drosophila to 

comprehensively identify molecules that mediate nuclear import of activated 

Smad in intact cells. Specifically, I pursued the following: 
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 Aim 1:   To identify and characterize the importin for nuclear import of  

          activated Smad 

 Aim2:   To identify and characterize the nucleoporins for nuclear 

             import of activated Smad 

These two aims covered two critical elements in nuclear import, the transport 

receptors (importins) and the nuclear pore complex. Overall, this thesis was to 

increase our comprehension of the molecular mechanism of nuclear translocation 

of activated Smad in TGF-β signaling.  
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Fig. 1.1 T GF-β and BMP signaling in mammals and Drosophila (A) 

Components of the TGF-β pathway (B) Comparison of TGF -β pathway 

components in mammals and Drosophila. 
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Fig. 1.2 The family of Smad proteins. Schemetic drawing of the eight human 

Smad proteins classified into (A) Receptor-activated Smads (R-Smads); (B) 

common-mediator Smad (Co-Smad); and (C) inhibitory Smads (I-Smads). The 

conserved N-terminal MAD-homology 1 (MH1) (blue) and C-terminal MH2 

(green) domains are shown. SMS or SVS: the C-terminal serines that are 

phosphorylated by the type I receptor kinases; NLS: nuclear localization signal 

(striped box); the two unique inserts in SMAD2 (yellow triangles); β-h: the 

β-hairpin domain that binds to DNA (black box); PY: the proline-tyrosine motif in 

the linker domain that is recognized by the WW domain of Smurf family proteins; 

NES: the nuclear export signal (dotted box); Sumo: Sumoylation (blue arrows); 

Ub: ubiquitylation (pink arrows). 

  



Fig 1.3 Regulation of TGF-β-induced nuclear accumulation of Smads
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Fig. 1.3 Regulation of TGF-β-induced nuclear accumulation of Smads. Smad 

protein complex dissociates and R-Smads are de-phosphorylated by nuclear 

phosphatases (like PPM1A) and exported into the cytosol. SUMO ligases (PIAS 

and Ubc9) sumoylate (S) Smad3 and Smad4, promoting their nuclear export. 

Nuclear Smad4 can also be mono-ubiquitinated (U) b y an  E3 ligase TIF1 γ,  

leading to its enhanced nuclear export and reduced affinity to R-Smads. SCF/Roc1 

target receptor-phosphorylated R-Smads for ubiquitylation (U), resulting in 

nuclear export followed by degradation. Above are all negative regulations of 

TGF-β signaling. Nuclear retention factors, such as FoxH1, ATF2 and TAZ, 

sequester Smads in the nucleus and thus positively regulate TGF-β signaling. 

  



Fig 1.4 NPC structure
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Fig. 1.4 Structure of Nuclear Pore Complexes. Each nuclear pore complex 

(NPC) is a cylindrical structure comprised of eight spokes surrounding a central 

tube that connects the nucleoplasm and cytoplasm. NPC-associated peripheral 

structures consist of cytoplasmic filaments, the basket and a distal ring. The NPC 

components called nucleoporins can be grouped into transmembrane Nups, 

Phe-Gly (FG) Nups and non-FG Nups.FG Nups line and fill the central tube. The 

NPC is anchored to the nuclear envelope by transmembrane nucleoporins (Nup) 

that connect to inner rings and outer rings formed by Non-FG Nups. The Nups 

that are known to constitute each NPC substructure are listed, with yeast and 

vertebrate homologues indicated. Both inner and outer ring Nups form 

biochemically stable NPC subcomplexes. The inner rings consist of the Nup170 

subcomplexes. The outer rings consist of the Nup84 subcomplexes (yeast) or the 

Nup107-160 subcomplexes (vertebrate). GP210, glycoprotein 210; Mlp, 

myosin-like protein; Ndc1, nuclear division cycle protein 1; Nic96, 

Nup-interacting component of 76 kDa; NLP1, Nup-like protein 1; Pom, pore 

membrane protein; Seh1, SEC13 homologue 1; TPR, translocated promoter 

region. 

  



Fig 1.5 Different models of NPC
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Fig. 1.5 Different models of NPC (A) The lattice model for the Nup84 complex 

and the structural scaffold of the NPC. The entire scaffold (eight spokes) is 

illustrated unwrapped and laid flat in two dimensions. The Nup84 complex 

comprises the nuclear and cytoplasmic rings, whereas the Nic96-containing 

complex makes up the inner ring. The relative position and interactions between 

the seven proteins in the Nup84 complex are shown with Sec13, Seh1, Nup133, 

and Nup120 colored in gray. The remainder of the Nic96 complex (Nup157/170, 

Nup188, and Nup192) is illustrated in gray. (Figures from Brohawn et al. 2008) (B) 

Eight heptamers are circumferentially arranged in a head-to-tail fashion in four 

stacked rings. The Sec13-Nup145C and Seh1-Nup85 hetero-octamers serve as 

vertical poles connecting the four rings, thereby forming a scaffold. The poles are 

connected through their interaction with the remaining nups of the heptameric 

complex. Based on the two-fold axes of symmetry in the Sec13-Nup145C 

hetero-octamer, the heptameric complex rings are stacked with opposite 

directionality.(Figures from Hsia et al. 2007) 

  



Fig 1.6 Nuclear Transport models
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Fig. 1.6 N uclear transport models. (A) The selective phase/hydrogel model 

(Frey and Görlich 2009). FG-nucleoporins (pink) form a sieve-like structure that 

functions as a physical permeability barrier. FG–FG contacts (blue dots) form the 

meshes of the sieve. Transport receptors (green triangles) can bind to FG domains 

and partition into the barrier. Having multiple FG-binding sites, transport 

receptors might also add extra meshes to the sieve, increasing the permeability 

barrier. (B) The virtual gate/polymer brush models (Rout 2003; Lim et al. 2006). 

Largely non-cohesive FG-Nups arrange as ‘repulsive bristles’ or ‘polymer brushes’ 

(pink) forming an entropic barrier to repel large molecules. A transient passage 

through the meshwork is created when FG-Nups are bound by NTFs. (C) The 

reduction of dimensionality model (Peters 2009). Transport receptors (green) coat 

interact with FG-Nups to form a coherent FG Nup-NTF bilayer coating the wall of 

the transport channel. Passive diffusion of small molecules can occur through the 

inner tube of the channel. Transport complexes move by a random, 

two-dimensional walk on the inner wall of the channel. (D) The forest model 

(Yamada et al. 2010). FG-Nups that adapt a completely collapsed conformation 

are designated as shrubs (light blue dots). FG-Nups that contain FG-regions in 

both collapsed (dark blue dots) and extended-coil conformation (pink lines) are 

designated as trees. Together, these two groups of FG-Nups form a forest-like 

landscape. The globular domains of trees (dark blue dots) form the transporter in 

the middle of the channel, harboring transport zone 1. The peripheral zone 2 
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locates at the extended-coil regions of trees (pink lines). Transport receptors 

(green) can pass through zone 1 or 2, depending, for example, on the size of the 

transport complex. From (A-D) both side views (left) and top views (right) of the 

NPC are shown. (Figures from Wälde & Kehlenbach 2010).  
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CHAPTER II: MSK IS THE IMPORTIN FOR NUCLEAR IMPORT OF 

TGF-β/BMP-ACTIVATED SMADS 

 

Disclaimer: The following chapter is a collaborative effort. Experiments for 

Figure 1 (A and C panel), 3 (C, D and E panel), 4 (in collaboration with Yao, X.), 

and table 2.1 were done by the author. Experiments for the remaining figures were 

done by Yao, X. (Figure 1B, 2, 3A and B).  

 

Summary: 

Cytoplasm-to-nucleus translocation of Smad is a fundamental step in transforming 

growth factor β (TGF-β) signal transduction. Using nuclear accumulation of the 

Drosophila Smad Mother against Decapentaplegic (MAD) as the readout, I 

carried out a whole-genome RNAi screen in Drosophila cells. The screen 

identified Moleskin (Msk) as a required factor for the nuclear import of 

dpp-activated MAD. Msk genetically and biochemically interacted with dpp 

signaling components. Biochemical interaction studies further confirmed that 

Smads are bona fide cargos of Imp7 and Imp8, the mammalian orthologues of 

Msk. Both MH1 and linker regions of Smad3 are required for the Smad 

interaction with Imp7/8. Moreover, such interaction was regulated by GTP-bound 

Ran, a hallmark that a substrate was the direct cargo of the importins.  
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Introduction: 

Nuclear translocation of Smad proteins is a critical step in signal transduction of 

TGF-β cytokines. However, little is known regarding the molecular mechanism 

responsible for nuclear transloction of Smads, especially the activated Smads. 

Previous studies on this subject used mostly in vitro methods, including 

reconsitituted nuclear import assay which suggested either an 

importin-independent or importin β-mediated mechanism for nuclear import of 

Smads. Such conclusions are limited in answering whether phosphorylated Smads 

depend on the same mechanisms to enter the nucleus in an intact cell.  

 

The development of RNAi techonology allows us to study gene functions in intact 

cells. Recently, a dsRNA library targeting the entire annotated Drosophila genome 

became available. Moreover, critical components of Decapentaplegic (Dpp; 

Drosophila BMP) signaling have been well characterized in Drosophila tissue 

culture cells. Therefore, it is feasible to perform a whole-genome RNAi screen in 

Drosophila tissue culture cells to genetically dissect the Dpp pathway and 

investigating molecular requirements for nuclear targeting of Smads upon 

stimulation.  

 

Here, in a genome-wide RNAi screen, I identified Moleskin (Msk) as a required 

component in nuclear import of Dpp-activated Mad. Msk is a member of 
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importin-β superfamily of nuclear importers that can directly interact with NPC 

and the small GTPase Ran (Görlich et al. 1997). Genetic experiments with 

Drosophila embryos demonstrate that Msk is largely responsible for the nuclear 

import of activated ERK (Lorenzen et al. 2001). Msk has two orthologues in 

mammals, Imp7 and Imp8. Based on in vitro assays Imp7 has been suggested to 

import ribosomal proteins, histone H1, HIV reverse transcription complexes and 

glucocorticoid receptor into the nucleus (Jäkel et al. 1999a; Fassati et al. 2003; 

Freedman & Yamamoto 2004). Imp8 was recently shown to support nuclear 

import of the signal recognition particle 19 (SRP19) protein in vitro (Dean et al. 

2001). However, it is unclear whether in intact cells Imp7 or 8 are required for 

nuclear import of these cargos.  

 

Results: 

Whole-genome RNAi screening identified molecular requirements for nuclear 

accumulation of activated MAD  

I used nuclear translocation of MAD as the readout in our RNAi screen because 

this is an early event in Dpp signaling. Using a Drosophila S2R+ cell line 

inducibly coexpressing GFP-MAD and the receptor kinases Punt and Tkv, I 

established a robust assay to recapitulate phosphorylation/activation-dependent 

nuclear accumulation of MAD (Fig 2.1.A). When GFP-MAD was conditionally 

expressed in S2R+ cells, it was detected diffusively throughout the cell (Fig 
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2.1.A). In contrast, when the Dpp receptor kinases Punt and Thickvein (Tkv) were 

coexpressed, which caused MAD phosphorylation, the bulk of GFP-MAD became 

predominantly localized to the nucleus 1 hour after CuSO4 induction (Fig. 2.1.A). 

With this cell line (MAD+R), I performed an RNAi screening in which the cells 

were treated with a library of ∼21,300 dsRNAs individually, which was 

pre-dispensed into 62 of 384-well screen plates, targeting over 95% of the 

annotated Drosophila genome (Perrimon and Mathey-Prevot 2006). dsRNAs 

against the GFP and the Punt/Tkv receptors combination were used as negative 

and positive controls. The subcellular location of GFP-MAD was recorded by 

high-throughput automated confocal microscopy. From each screen plate, top 20 

candidates were selected based on the nuclear/cytoplasmic signal ratio measured 

using computer algorithms, followed by visual inspections to produce a list of 

primary hits. Among the primary hits (see Appendix), Msk was uncovered as a 

top one that was required in MAD nuclear translocation (Fig. 2.1.C). The block of 

MAD nuclear translocation was not due to off-target effects of the dsRNA as the 

same result were observed when we designed and tested a second non-overlapping 

dsRNA against msk. In contrast to RNAi against Punt and Tkv, RNAi of msk did 

not affect C-terminal phosphorylation of MAD (Fig. 2.1.B), suggesting that Msk 

functions downstream of MAD phosphorylation, perhaps in transporting MAD 

into the nucleus.  
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Since the screen was performed using a S2R+ cell line over-expressing exogenous 

GFP-MAD, it would be necessary to determine whether endogenous MAD 

nuclear import is regulated by Msk in the same manner. Dpp treatment of 

Drosophila S2 cells resulted in exclusive nuclear distribution of phosphorylated 

MAD, as revealed by immunofluorescent staining using a phospho-MAD-specific 

antibody PS1 (Fig. 2.2.A). Depletion of Msk by RNAi clearly inhibited nuclear 

concentration of phospho-MAD, while not affecting the level of phosphorylation 

of MAD at the carboxy-terminus. 

 

Msk has been previously suggested to cooperate with the Drosophila importin β 

homologue Ketel in nuclear import of dERK, as mutations in either Msk or Ketel 

inhibited nuclear accumulation of dERK (Lorenzen et al. 2001). Moreover, the 

mammalian orthologs of Msk have been shown to associate with and function in 

conjunction with importin β (Görlich et al. 1997). Therefore we wanted to test 

whether Ketel might also be involved in nuclear translocation of MAD. After the 

depletion of Ketel by RNAi, endogenous phosphor-MAD was still detected 

predominantly in the nucleus, even the RNAi of Ketel resulted in reduced 

phosphorylation of endogenous MAD through an unknown mechanism. The 

nuclear to cytoplasmic ratio of phosphor-MAD signal intensity confirmed that 

RNAi against Ketel did not affect nuclear accumulation of phosphor-MAD (Fig. 

2.2.A). Consistent with such finding, Western blot analysis of cytoplasmic and 
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nuclear fractions of S2 cells shown that depletion of Msk, but not Ketel, resulted 

in reduced amount of phosphor-MAD in the nuclear fraction and enhanced 

amount of phosphor-MAD in the cytoplasmic fraction (Fig. 2.2.B). The RNAi 

against Ketel effectively impaired nuclear import of classic NLS-fused GFP, the 

well known substrate of Ketel, while depletion of Msk had no effect (Fig. 2.2.E). 

From these results, we can conclude that the nuclear import of Dpp-activated 

MAD is independent of the importin β homologue Ketel.  

 

In both S2R+ and S2 cells, treatment with Dpp results in transcriptional activation 

of dad (daughters against decapentaplegic), a known Smad target gene in 

mammalian cells as well (Nakao et al. 1996; Tsuneizumi et al. 1997). When Msk 

was depleted by RNAi, the Dpp-induced increase in dad expression was 

completely abolished (Fig. 2.2.C). The blocking effect of msk RNAi on dad 

expression was as strong as that caused by punt/tkv RNAi (Fig. 2.2.C). Thus, as 

expected for a factor mediating nuclear import of MAD, Msk is critical for 

MAD-mediated transcriptional output of Dpp. 

 

Physical Interaction between Msk and MAD 

To address the question if Msk is directly involved in transporting phospho-MAD 

into the nucleus, we tested interaction between endogenous Msk and Flag-tagged 

MAD. Indeed, endogenous Msk was co-immunoprecipitated with Flag-MAD in 
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S2 cell extract (Fig. 2.2.D). Under our experimental conditions, both basal state 

and phosphorylated MAD displayed comparable affinity with Msk (Fig. 2.2.D). 

This suggests that binding of Msk is not unique to phospho-MAD and Msk alone 

may not account for why only phospho-MAD accumulate in the nucleus. 

Therefore while Msk is crucial for phospho-MAD to enter the nucleus, additional 

factors are involved to retain only phospho-MAD in the nucleus.  

 

A msk mutant allele genetically interacted with the dpphr4 mutant allele 

In a forward deficiency screen, the Drosophila chromosomal deficiency of region 

66B-66C was found to genetically interact with dpp mutant alleles (Nicholls and 

Gelbart 1998). At the early embryonic stage, Dpp signaling activity specifies the 

dorsal-ventral patterning. While dpp expression is strictly zygotic at this stage, 

other factors in the Dpp dorsal-ventral patterning pathway are expressed 

maternally. The screen used the mutant dpphr4 allele, a recessive embryonic lethal 

allele which provided barely sufficient dpp function for the flies to survive 

(Raftery et al. 1995) and was therefore very sensitive to levels of the maternal 

factors that affected dpp activity. The screen was designed to identify the 

deficiencies that reduced dpp function by depleting a maternally provided factor 

required for the dpp dorsal-ventral patterning pathway. When such a deficiency 

mutation was placed in combination with the dpphr4 mutation, lethality occurred. 

The screen identified two novel deficiency regions, 54F-55A and 66B-66C, that 
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are required for dpp function but the genes were never identified (Nicholls and 

Gelbart 1998). Interestingly, msk maps to the 66B-66C region. Therefore I decided 

to test the genetic interaction between msk and dpphr4 allele. I performed a similar 

experiment in which I crossed +/+; msk5/TM3sb females to dpphr4/CyO; +/+ males. 

The maternal msk5 mutation allele substantially reduced the number of dpphr4 

progeny relative to their dppwt siblings in such a cross (33 progeny vs 463 progeny, 

Table 2.1). Note that there was a reduction in both classes of dpphr4 mutant 

progeny (dpphr4/+; TM3sb/+ and dpphr4/+; msk5/+), indicating that it was not the 

msk5 in the progeny (progeny allele) but rather the msk5 in parental female flies 

(maternal allele) that caused the reduction. This result suggested that msk5 acted 

maternally to reduce dpp function in these heterozygous progeny. 

 

Smads are direct nuclear transport substrates of Imp7 and Imp8 

Msk closely relates to verterbrate orthologues Importin 7 and 8, each sharing over 

50% identity in amino acid sequences with Msk. Imp7 and Imp8 (~60% identical 

between the two) belong to the family of Ran-binding proteins which share little 

sequence similarity but a common ability to bind the small GTPase Ran. 

 

We investigated Smads interactions with Imp7 and 8 by coimmunoprecipitation 

experiments. Flag-tagged Smad1 or Smad2 were overexpressed in 293T cells and 

immunoprecipitated with anti-Flag antibody. In both cases, HA-tagged Imp7 or 
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Imp8 coimmunoprecipitated with either Smad1 or Smad2 (Fig. 2.3.A and B). 

Constitutively active BMP receptor (ALK3-QD) or TGF-β receptor kinase 

(ALK5-TD) was cotransfected to induce C-terminal phosphorylation of Smad1 

and Smad2, respectively. Such phosphorylation of Smads did not affect their 

interaction with Imp7 or 8 (Fig. 2.3.A and B). Because phosphorylated Smad1, 2, 

and 3 readily assemble into complexes, our results suggest that monomeric and 

multimeric forms of Smads have similar interactions with Imp7 or 8 (Wu et al. 

2001;Chacko et al. 2004). 

 

For detailed analysis of Smad-Imp7/8 interaction, we focused on Smad3. We 

produced GST-fusions of the MH1, MH2, and linker plus MH2 domains of Smad3 

in Escherichia coli and tested their ability to pull down endogenous Imp7 and 8 in 

HeLa cells. When comparable amount of GST fusion proteins were used, both the 

MH1 (aa 1–155) and the linker plus MH2 (aa 146–425) domains were able to bind 

endogenous Imp7/8, with the MH1 domain exhibiting stronger interaction (Fig. 

2.3.C). The same assay barely detected any interaction between the Smad3 MH2 

(aa 231–425) domain and Imp7/8 (Fig. 2.3.C). Therefore, interaction with Imp7/8 

appears to involve multiple interfaces in the MH1 and linker regions of Smad3. 

The MH1 domains of Smad2 (aa 1–185) and Smad3 are highly similar except for 

two insertions in Smad2 that prevent Smad2 from binding to DNA (Zawel et al. 

1998). But apparently such differences did not affect Smad2 binding to Imp7/8 
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through the MH1 domain (Fig. 2.3.C). Bacterially produced GST-Imp8 was able 

to pull down purified recombinant Smad1 or Smad3, suggesting that Imp8 could 

directly interact with Smad1 or Smad3 (Fig. 2.3.D) 

 

One characteristic among importins is that the interaction with their cargos is 

regulated by Ran in its GTP-bound form (Gorlich et al. 1996; Mattaj and 

Englmeier 1998). To test if this is true between Smad3 and Imp8, we first pulled 

down HA-Imp8 using GST fusion of full-length Smad3. After washing off the 

unbound proteins, the constitutive active mutant RanQ69L-GTP or BSA was 

added to the GST beads for further incubation (Fig. 2.3.E). Indeed we found that 

compared to the BSA control, RanQ69L-GTP caused more release of Imp8 into 

the supernatant and correspondingly resulted in a decrease of Imp8 remaining 

bound to GST-Smad3 on the beads (Fig. 2.3.E). This suggested that association of 

Smad3 with Imp8 was disrupted upon binding of Ran-GTP, supporting the notion 

that Smad3 is a nuclear import cargo of Imp8. 

 

A Lys-rich motif required for Imp8-mediated nuclear import of Smad3 

In unstimulated cells, Smad4 mostly resided in the cytoplasm, presumably 

because the CRM-1 mediated nuclear export of Smad4 dominated over the Imp8 

mediated nuclear import of Smad4. When export is inhibited by blocking the 

exportin CRM-1 by Leptomycin B (LMB) or import is enhanced by 
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overexpressing the importin Imp8, Smad4 became predominately nuclear without 

TGF-β signaling (Pierreux, Nicolas, and Hill 2000; Yao et al. 2008). A Lys-rich 

motif KKLK in MH1 domain of Smad4 has been identified as a required element 

for Smad4 nuclear accumulation in LMB treatment as well as Imp8 

overexpression assays. Because R-Smads and Smad4 have highly homologous 

MH1 domains, including the KKLK motif at relatively the same positions (Fig 

2.4.A), it is interesting to determine whether the KKLK motif also plays a role in 

R-Smads nuclear import. Similar to Smad4, changing the KKLK sequence to 

AALA in Smad3 also prevented Imp8 from importing this mutant Smad3 into the 

nucleus (Fig 2.4.B). Although the KKLK motif also presents in Smad2, 

overexpression of Imp8 has little effect in mediating nuclear import of Smad2 at 

the basal state, indicating that there are additional structural requirements in 

Smads that enable nuclear import via Imp8 and such structural elements are 

probably not present in Smad2. These results suggest that the KKLK motif is 

required but not sufficient for nuclear import of Smads. 

 

Materials and methods 

Plasmids 

GFP-MAD, FLAG-MAD were cloned into pSH vector under the control of a 

metallothionein promoter that responses to CuSO4 induction. Punt and Tkv were 

cloned into pMK33 vector also with a metallothionein promoter for expression in 
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Drosophila S2 and S2R+ cells. FLAG-tagged Smad1, Smad2 and Smad3, 

HA-Imp7, HA-Imp8, ALK3-QD, ALK5-TD were cloned into pCDNA3.1 vector 

for expression in HEK293T and HeLa cells while full-length Smad1, Smad2, 

Smad3, Smad3 deletions MH1, Imp8 were cloned into pGEX4T1 vector for 

cellular expression in E. coli. The constitutive active GTPase RanQ69L was 

cloned into pET32a for cellular expression in E. coli. FLAG-tagged mutant 

Smad3 3KA (40KKLK to 40AALA) was generated by PCR-based site directed 

mutagenesis.  

 

Whole-genome RNAi screening 

The dsRNA library targeting the whole Drosophila genome and the format for 

screening have been described previously (Armknecht et al. 2005). dsRNAs were 

deposited in 384-well plates, and in each plate one well is reserved for gfp dsRNA 

(negative control) and one for combined punt and tkv dsRNA (positive control). 

104 S2R+ cells in 10 μl serum-free media were seeded in each well and incubated 

for 1 h, after which 30 μl of serum-containing media was added. After incubation 

for 3 d, the cells were induced with 0.5 mM CuSO4 for 3 h followed by fixation 

with 4% paraformaldehyde in PBS (10 min) Automated microscopy was 

performed using the Opera system, the confocal microplate imaging reader system 

(Evo Techonology). The wells containing selected hits were reported to the 

Drosophila RNAi Screening Center (DRSC) at Harvard Medical School, which in 
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turn revealed the identities of the dsRNAs contained in those wells. The complete 

dataset including strong and weak hits in the screen is listing in the Appendix.  

 

Cell culture, transfection, and immunofluorescent staining 

Drosophila S2 and S2R+ cells were cultured in Schneider medium with 10% fetal 

bovine serum (Invitrogen) and transfected with Effectene (QIAGEN). HeLa and 

293T cells were cultured in DME with 10% fetal bovine serum and transfected 

with Lipofectamine 2000 (Invitrogen). Cells with or without treatment (1 nM Dpp, 

100 pM TGF-β, or 100 ng/ml BMP2 as indicated; all from R&D Systems) were 

processed for immunofluorescence staining as described previously (Xu et al., 

2002). PS1 was a gift from P. ten Dijke (Leids University, Netherlands). Alexa 

488– or Alexa 633–conjugated anti–rabbit secondary antibodies (Invitrogen) were 

used as indicated, and cells were mounted in Vectorshield (Vector Laboratories). 

Immunofluorescence microscopy and image acquisition were done with an 

inverted microscope (20×/0.45, 40×/0.6, 60×/1.40; Eclipse TE2000-S; Nikon) and 

digital camera (SPOT RT-KE; Diagnostic Instruments, Inc.) using 

vendor-provided software. For confocal microscopy, a DMIRE2 inverted 

microscope and the TCS scanning system from Leica were used. The images were 

captured with lasers at: UV (DAPI), 488 nm (Alexa 488 or GFP), and 633 nm 

(Alexa 633) wavelengths at room temperature using vendor-provided software. 

20×/0.70, 40×/(1.25–0.75), and 63×/1.40 oil immersion objectives were used for 
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low and high magnification images. Final figures were assembled using Adobe 

Photoshop. For quantitation purposes, confocal sections with the strongest signal 

were selected, and the staining intensity in the nucleus and cytoplasm was 

measured using NIH ImageJ. Only cells with unsaturated signals were chosen for 

such analysis. 

 

RNAi in Drosophila cells 

General procedures for generating dsRNA and RNAi in Drosophila S2 and S2R+ 

cells were as described previously (Clemens et al. 2000). Two amplicons 

corresponding to different coding regions of msk, DRSC11340 and DRSC23929, 

were used to generate nonoverlapping dsRNA targeting msk. Amplicons 

DRSC17039, DRSC00861 and DRSC03328 were used to generate the long 

dsRNAs against punt, tkv and ketel respectively. Sequence information for the 

long dsRNA amplicons can be found at the DRSC website 

(http://www.flyrnai.org).  

 

S2 cell fractionation 

S2 cells were suspended in 20 mM Hepes, pH 7.6, 5 mM MgCl2, 10 mM KCl, 1 

mM EGTA, 1 mM EDTA, 250 mM sucrose, and 0.025% digitonin (EMD 

Biosciences). Cells were passed through 18 ½ G syringes three times and 

incubated on ice for 5 min. The homogenate was centrifuged at 800 g for 10 min. 
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The supernatant was collected as the cytoplasmic fraction. The pellet was further 

extracted with 20 mM TrisCl, pH 7.5, 250 mM NaCl, and 0.5% NP-40 to yield the 

nuclear fraction. 

 

Fly strains and crosses 

The Drosophila lines dpphr4/CyO and msk5/TM3sb were from Dr. Stuart Newfeld. 

Male flies with genotype dpphr4/CyO; +/+ were cross with female flies with 

genotype +/+; msk5/TM3sb. All progenies were collected and sorted into four 

groups according to the phenotypes: with or without curly wings (the CyO 

phenotype) in combination of with or without stubbly hairs (the TM3 phenotype). 

The number of flies in each group was compared to the total number of flies to 

calculate the percentage.  

 

 

Protein–protein interaction assay 

For coimmunoprecipitation experiments, Drosophila or 293T cells were lysed in 

20 mM Tris Cl, pH 7.4, 200 mM NaCl, 5 mM Mg2Cl, 20 mM NaF, 20 mM 

Na4P2O7, 2 0 mM β-glycerolphosphate, 0.5% NP-40, and 2 mM DTT 

supplemented with protease inhibitors. Cell extracts were incubated with anti-Flag 

conjugated to agarose beads (Sigma-Aldrich) at 4°C for 4–16 h, followed by 3× 

wash in the lysis buffer before immunoblotting. Anti-Msk was a gift from L. 
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Perkins (Harvard Medical School, Boston, MA). For GST pull-down experiments, 

HeLa or 293T cells were lysed as above and incubated with 10 μg purified GST 

fusion protein on glutathione beads at 4°C for 4–16 h. The beads were then 

washed 3× in the lysis buffer. For RanQ69L-GTP elution, GTP-loaded 

His-RanQ69L or BSA as the control (both at 0.4 μg/μl) were added to the washed 

beads and further incubated at room temperature for 45 min. At indicated time 

points, an aliquot of the supernatant was taken for immunoblotting. At the end 

point, the beads were washed once in the lysis buffer and the bound proteins were 

analyzed by anti-HA or anti-Imp7 (Imgenex). Full-length human Imp8, Smad1, 

and Smad3 were produced in E. coli and purified as GST fusions. GST-Smad1 (a 

gift from F. Liu, Rutgers University, NJ) and GST-Smad3 were digested with 

thrombin to remove the GST moiety (Novagen). 10 μg of GST-Imp8 on beads was 

incubated with Smad1 or Smad3 (0.5–1 μg/μl) at 4°C with ro tation for 4 h.  The 

buffer contained 20 mM TrisCl, pH 7.5, 200 mM NaCl, 0.05% NP-40, 5% 

glycerol, and PMSF. The beads were washed 3× in the same buffer and the bound 

proteins were analyzed by immunoblotting. 

 

Quantitative real-time RT PCR 

Total RNA was isolated by RNasy spin columns (Qiagen) and was reverse 

transcribed using the iScript cDNA synthesis kit (Bio-Rad). Real-time PCR was 

conducted using the iQ SYBR green kit (Bio-Rad). The mRNA level of dad was 
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measured as well as the ribosomal protein rp49, which was used as the internal 

standard for quantification.  

Forward primer for dad: GAAGCGACTGCCCACTTG;  

Reverse primer for dad: CGGTGTTGGGGATTCTGT;  

Forward primer for rp49: CGGATCGATATGCTAAGCTGT;  

Reverse primer for rp49: GCGCTTGTTCGATCCGTA;  
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Fig 2.1 Wh ole-genome RNAi screening in S2R+ cells uncovered new 

components in the Dpp–MAD pathway. (A) Phosphorylation-dependent nuclear 

accumulation of GFP-MAD. S2R+ cells stably transfected with plasmids for 

GFP-MAD only, or GFP-MAD with receptors punt and tkv were induced to 

express these proteins with CuSO4 for 1h. The nuclei were marked with DAPI. (B) 

In S2R+ cells induced to express GFP-MAD and Punt/Tkv, RNAi targeting either 

punt plus tkv or msk (with dsRNA different from that in A) blocked nuclear 

concentration of GFP-MAD. The cells and experimental procedure were as in A. 

(C) Same RNAi experiment as in B, and proteins were extracted from the cells 

and analyzed by immunoblotting with antibodies against phospho-MAD (MAD-P) 

or  GFP.  
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Fig 2.2 M sk is required for nuclear accumulation of endogenous MAD in 

Dpp-treated Drosophila S2 cells and co-immunoprecipitated with MAD. (A) 

S2 cells were treated with indicated dsRNA and then subject to Dpp stimulation (1 

nM for 1 h). Distribution of phospho-MAD (MAD-P) was detected by 

immunofluorescence staining using the PS1 antibody. The phospho-MAD signal 

per unit area in the nucleus and cytoplasm was measured using NIH ImageJ, and 

the nucleus/cytoplasm (N/C) ratios are shown (>50 cells were counted per sample). 

Bar, 10 μm. (B) S2 cells treated with indicated dsRNA were stimulated with Dpp 

as in A. Subcellular fractions were prepared and examined for phospho-MAD 

(MAD-P) and lamin levels (C: cytoplasm; N: nucleus). (C) S2R+cells were 

subject to indicated RNAi. The cells were then stimulated with Dpp (1 nM) for 2 h 

and the mRNA level of dad was measured by real-time RT-PCR. The expression 

level of Rp49 was used as the internal standard for quantitation. The plotted data 

are derived from multiple experiments. Error bars indicate SD. (D) 

Co-immunoprecipitation of endogenous Msk with Flag-MAD. Whole-cell extract 

(WCE) was prepared from S2 cells transfected with Flag-MAD and Punt/Tkv as 

indicated and subject to immunoprecipitation using anti-Flag antibody conjugated 

to agarose beads. The bound proteins as well as input extract were analyzed by 

immunoblotting with indicated antibodies. (E) Expression vector encoding two 

copies of GFP fused to a cNLS (cNLS-GFP) was transfected into Drosophila 

S2R+ cells. After indicated RNAi, cNLS-GFP was expressed by CuSO4 induction.  



Table 2.1

 dpphr4/Cyo (male) × msk5/ TM3sb  (female) 
 

Progeny 
Genotype Number Percentage  

Cyo; msk5 253 51.0% 
Cyo; TM3sb 210 42.3% 
dpphr4; msk5   25   5.0% 
dpphr4; TM3sb     8   1.6% 

 496 
 

Table 2.1 msk genetically interacts with dpp. Male flies with genotype dpphr4/CyO; +/+ 

were cross with female flies with genotype +/+; msk5/TM3sb. All progenies were collected and 

sorted into four groups according to the phenotypes: with or without curly wings (the CyO 

phenotype) in combination of with or without stubbly hairs (the TM3 phenotype). The number 

of flies in each group was compared to the total number of flies to calculate the percentage. 
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Fig 2.3 Interaction of Smads with Imp7 and Imp8, and the regulation by 

Ran-GTP. (A) Co-immunoprecipitation of Smad1 with Imp7 and Imp8. 293T 

cells were transfected with indicated expression plasmids and the whole-cell 

extract (WCE) was immunoprecipitated with anti-Flag antibody. Protein A/G bead 

was used as the control (c). The bound proteins and the input extract (WCE) were 

analyzed by immunoblotting as indicated. (B) Co-immunoprecipitation of Smad2 

with Imp7 and Imp8. Same experimental design as in A, but with different 

expression plasmids transfected as indicated. (C) Mapping of Smad3 domains 

involved in interaction with Imp7/8. Recombinant GST fusions of indicated 

Smad3 or Smad2 fragments were used to pull down endogenous Imp7/8 in HeLa 

cells. The bound proteins were analyzed by an antibody that recognized both Imp7 

and 8. Comparable amount of GST proteins was used in the pull down as judged 

by the Coomassie stain intensity. The arrowheads mark GST fusion proteins on 

the SDS-PAGE gel. S3MH1: aa 1–155;S2MH1: aa 1–185; S3MH2: aa 231–425; 

S3(L+MH2): aa 145–425; S3FL: full-length. Schematic drawing of Smad3 is also 

shown. (D) Purified GSTImp8 on glutathione beads was used to pull down 

purified recombinant Smad1 and Smad3. The bound proteins were examined by 

immunoblotting using indicated antibodies. GST was used as the control. (E) 

Ran-GTP interrupts association between Smad3 and Imp8. GST-fusion of 

full-length Smad3 (GSTS3FL) was used in a pull-down experiment as in C. The 

bound proteins were further incubated with RanQ69L-GTP or BSA, and proteins 
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released into the supernatant were collected and analyzed at indicated time points 

(15 min and 45 min elution). At the 45-min time point, the beads were washed 

again and proteins remaining bound to GST-S3FL (bound) were also examined by 

anti-HA immunoblotting. 

  



Fig 2.4
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Fig 2.4 The KKLK motif is required for Importin 8-mediated nuclear import 

of Smad3 (A) alignment of the KKLK motifs in Smads, and the 3KA mutations. 

(B) FLAG-tagged wild type or 3KA mutant Smad3 (40KKLK to 40AALA) was 

transfected into HeLa cells with or without Imp8. Cells were stained with 

anti-FLAG, and the percentages of cells exhibiting different staining patterns are 

shown (n>200). 
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CHAPTER III SPECIFIC NUCLEOPORIN REQUIREMENT FOR SMAD 

NUCLEAR TRANSLOCATION 

 

Summary: 

Here I identify a subset of nucleoporins that, in conjunction with Msk (Drosophila 

Imp7/8), specifically mediate activation-induced nuclear translocation of MAD 

(Drosophila Smad1) but not the constitutive import of proteins harboring a classic 

nuclear localization signal (cNLS) or the spontaneous nuclear import of Medea 

(Drosophila Smad4). Surprisingly, many of these nucleoporins, including Sec13, 

Nup75, Nup93, and Nup205, are scaffold nucleoporins considered important for 

the overall integrity of the nuclear pore complex (NPC) but not known to have 

cargo-specific functions. I demonstrate that the roles of these nucleoporins in 

supporting Smad nuclear import are separate from their previously assigned 

functions in NPC assembly. Furthermore, I uncovered novel pathway-specific 

functions of Sec13 and Nup93; both Sec13 and Nup93 are able to preferentially 

interact with the phosphorylated/activated form of MAD, and Nup93 acts to 

recruit the importin Msk to the nuclear periphery. These findings, together with 

the observation that Sec13 and Nup93 could interact directly with Msk, suggest 

their direct involvement in the nuclear import of MAD. Thus, I have delineated 

the nucleoporin requirement of MAD nuclear import, reflecting a unique 

trans-NPC mechanism. 
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Introduction: 

Two critical elements in nuclear import are the transport receptors and the NPC. In 

the previous chapter, I described Msk (Drosophila Imp7/8) as the importin for 

Dpp activated MAD, but how the Msk-MAD complex translocates through the 

NPC has yet to be elucidated. How importins and the NPC function in a concerted 

manner in nuclear import is still highly debatable. Importins are capable of direct 

interaction with FG-nucleoporins, and this provides the foundation for current 

models of nuclear import (Radu et al., 1995; Pemberton and Paschal 2005; Terry 

et al., 2007). However, whether non-FG nucleoporins participate directly in the 

nuclear translocation process remained unknown. 

 

Emerging evidence suggests specificity in NPC function. Genetic studies of yeast 

revealed redundancy among FG-nucleoporins but also showed that a subset of 

FG-nucleoporins are differentially employed by different importins (Strawn et al. 

2004; Terry and Wente 2007). Mice with a deletion in the non-FG nucleoporin 

gene nup133 or nup155 developed distinct phenotypes affecting specific cell 

lineages, arguing for specific functions of these scaffold nucleoporins, although it 

is unclear whether the phenotypes were due to defects in the nuclear transport of 

particular cargoes or to something else (Lupu et al. 2008; Zhang et al. 2008). 

 

In this chapter, I will characterize the nucleoporin requirements for Smad nuclear 
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translocation which were revealed in the same RNAi screen of the Drosophila 

gemone that uncovered importin Msk.  

 

Results: 

Identification of nucleoporins required for Msk-mediated nuclear import of 

MAD. Besides Msk, I further evaluated all the other potential hits from the RNAi 

screening by testing two non-overlapping dsRNAs to eliminate false-positive hits 

due to off-target RNAi. Among the confirmed hits were nucleoporins Nup75, 

Nup93, Sec13, Nup205, and Nup50 (Fig. 3.1.A and B). Moreover, the deficiency 

in MAD nuclear import caused by sec13 or nup93 RNAi was fully rescued 

by sec13 or nup93 cDNA, respectively, further confirming the specificity of our 

RNAi experiments (Fig. 3.1.C). As controls, we determined that RNAi of these 

nucleoporins did not affect the phosphorylation of MAD, which is a prerequisite 

for MAD nuclear import, or the expression level of Msk, so the decreased 

concentration of MAD in the nucleus was directly due to impaired nuclear import 

(Fig. 3.1.D and E). Sec13 is also a component of the COPII coat, but knockdown 

of other key players in COPII coat assembly, such as the GTPase Sar-1, did not 

affect the nuclear import of MAD, arguing that vesicle transport in general is not a 

requirement for the nuclear targeting of MAD (Haucke 2003) . 

 

Nup75 and Sec13 are part of the vertebrate Nup107-160 subcomplex in the NPC 
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(Siniossoglou et al. 2000; Allen 2001; Lutzmann 2004), whereas Nup93 and 

Nup205 are components of the Nup53-93 complex (part of the Nup170 complex) 

(Lusk et al. 2002) (Fig. 1.4); both subcomplexes are evolutionarily conserved 

and are believed to serve general structural roles in NPC assembly (Siniossoglou 

et al. 2000;Walther et al. 2003). Thus, the requirement for these non-FG 

nucleoporins in the nuclear transport of a particular cargo is intriguing. We 

therefore focused on Sec13 and Nup93 as representatives for further analyses. 

Available antibodies could barely detect endogenous MAD in S2 or S2R+ cells in 

immunofluorescence experiments. Fortuitously, in an S2 cell line transfected with 

MAD driven by an inducible metallothionein promoter (Bunch, Grinblat, and 

Goldstein 1988), without induction, the leaky expression of MAD was sufficient 

for a phospho-Smad-specific antibody to detect a predominantly nuclear signal 

only in cells treated with Dpp (a Drosophila TGF-β family cytokine) (Fig.  3.2). In 

this setting, where there is only limited overexpression of MAD, knockdown 

of sec13, nup93, and nup75 also significantly reduced nuclear versus cytoplasmic 

concentrations of phospho-MAD (Fig. 3.2, right). These data further support 

important roles for Sec13, Nup93, and Nup75 in MAD nuclear import in 

response to Dpp stimulation. 

 

The dependence on Sec13 and Nup93 for MAD nuclear import raised the question 

of whether these nucleoporins function in concert with Msk or whether they 
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represent a separate mechanism. We previously found that overexpression of Msk 

could force the nuclear accumulation of MAD without the need for Dpp activation 

(Yao et al. 2008). Since such nuclear import is entirely Msk driven, we 

could directly test the nucleoporin requirement for Msk. RNAi 

against sec13, nup93, or Nup75 inhibited the Msk-driven nuclear import of MAD 

(Fig. 3.3; see quantification on the right). Therefore, these non-FG nucleoporins 

are likely part of the same pathway as Msk, which imports MAD into the nucleus. 

 

Sec13/Nup75/Nup93 are specifically utilized for the nuclear import of 

MAD. One important question is whether Sec13, Nup93, and Nup75 are uniquely 

required for MAD or are rather broadly involved in the nuclear import of many 

cargos. We tested the nuclear import of cNLS-GFP (two copies of GFP fused to a 

classic NLS). As expected, the nuclear import of cNLS-GFP was critically 

dependent on Impβ (Ketel in Drosophila) (Fig. 3.4.A; see Fig. 3.4.B for 

quantification). Depletion of Sec13, Nup93, or Nup75 had no effect on the nuclear 

localization of cNLS-GFP, while, in contrast, it strongly impaired the nuclear 

import of MAD (Fig. 3.4.A; see Fig. 3.4.B for quantification). The same 

conclusion was reached when we examined a cell line coexpressing GFP-MAD, 

Punt/Tkv, and RFP-cNLS so that we could monitor the localizations of GFP-MAD 

and RFP-cNLS concurrently (Fig 3.5). In contrast, knockdown of nup54 (an 

FG-nucleoporin) significantly reduced the nuclear import of cNLS-GFP, as 
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previously reported, but had no adverse effect on the nuclear accumulation of 

MAD (Fig. 3A and B) (Sabri et al. 2007). These observations are not likely due to 

differences in RNAi efficiency, since quantitative real-time PCR confirmed that 

knockdowns of sec13, nup75, nup93, and nup54 were equally efficient in the  two 

cell lines expressing GFP-MAD/Punt/Tkv (GFP-MAD+R) or cNLS-GFP (Fig 

3.4.D). More interestingly, when GFP-MAD was fused to a cNLS, it became 

constitutively nuclear and was completely independent of Sec13, Nup93, or 

Nup75 for nuclear import but instead relied on Nup54 and Impβ (Fig. 3.4.A;see 

Fig. 3.4.C for quantification). Again, RNAi efficiencies in cells expressing 

cNLS-GFP-MAD or GFP-MAD+R were comparable (Fig 3.4.E). Thus, the cNLS 

was sufficient to switch MAD to a completely different route across the NPC. 

cNLS-cargoes are imported by Impα/Impβ independently of Msk/Imp7/8; thus, 

our results suggest that importins may dictate which nucleoporins to engage, and 

their modes of translocation through the NPC are likely different (Adam & Gerace 

1991; Gorlich et al. 1994) 

 

We further investigated the nucleoporin requirement of Medea, 

the Drosophila ortholog of Smad4, whose nuclear import is independent of either 

Msk or Impβ (Yao et al. 2008). Medea spontaneously undergoes nuclear 

accumulation upon inhibition of CRM-1 by Leptomycin B (LMB), without the 

need for Dpp stimulation (Fig. 3.6.A). RNAi of sec13, nup75, nup93, 
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or nup54 had little effect on LMB-induced nuclear translocation of Medea 

(Fig. 3.6.A; see quantification on the right). Real-time PCR showed similar or 

more efficient knockdown of these nucleoporins in the FLAG-Medea-expressing 

cell line than in the GFP-MAD+R line (Fig. 3.6.B). Thus, the nucleoporin 

requirement for the basal-state Medea nuclear import is different from that for 

either MAD or cNLS-cargoes. Therefore, the results from three types of cargos 

strongly suggest that different import pathways utilize different sets of 

nucleoporins and that non-FG nucleoporins, such as Sec13, Nup93, and Nup75, 

are specific for Msk-mediated nuclear import. 

 

Physical interactions of non-FG nucleoporins with MAD. In 

coimmunoprecipitation experiments, we readily detected an interaction of MAD 

with Sec13 in S2 cells (Fig. 3.7.A). More importantly, when the TGF-β receptor 

kinases Punt and Tkv were cotransfected to induce MAD phosphorylation, the 

binding of MAD to Sec13 was markedly enhanced (Fig. 3.7.A). Earlier studies of 

live cells indicated that TGF-β treatment accelerates the rate of Smad nuclear 

import, yet we previously found that the interaction between the transport factor 

Msk/Imp7/8 and Smads was rather constitutive (Schmierer et al. 2008; Xu et al. 

2007). Our observations here thus suggest that perhaps association with Sec13 is a 

rate-limiting step favoring the translocation of activated/phosphorylated MAD into 

the nucleus. To further test whether a Sec13-MAD interaction could be detected 
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with endogenous proteins, we used anti-MAD and anti-Sec13 antibodies but found 

that neither could immunoprecipitate. However, when only Sec13 was 

overexpressed, we detected its interaction with endogenous MAD in Dpp-treated 

cells (Fig. 3.7.B). Likewise, when only MAD was overexpressed with the receptor 

kinases, we again readily detected the coimmunoprecipitation of MAD with 

endogenous Sec13 (Fig. 3.7.C). 

 

We also observed an interaction between MAD and Nup93 in 

coimmunoprecipitation experiments, and phosphorylation of MAD also appeared 

to enhance its binding to Nup93, although the effect was not as strong as in the 

case of Sec13 (Fig. 3.7.D; compare to Fig. 3.7.A). Moreover, using purified 

recombinant proteins, we determined that MAD could interact directly with Sec13 

or Nup93 (Fig. 3.8.A and 3.8.B). In such direct binding assays, an excess of 

Sec13 did not compete away the Nup93 interaction with MAD, suggesting that 

their association with MAD is not mutually exclusive (Fig 3.8.C). We also 

investigated whether Nup75 could contribute to the interaction between MAD and 

Sec13 or Nup93. After knocking down Nup75 (to less than 30% of its normal level, 

as measured by real-time reverse transcription-PCR (RT-PCR), we still detected 

similar levels of interaction between MAD and Sec13 or Nup93 in 

coimmunoprecipitation experiments (Fig. 3.9.A and B). Therefore, Nup75 does 

not appear to regulate the interaction of MAD with Sec13 or Nup93. 
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Physical interactions of non-FG nucleoporins with Msk. Importins are believed 

to interact mostly with FG-nucleoporins in mediating nuclear transport. Our 

observations thus raised an interesting question: whether importins such as Msk 

could also interact with non-FG structural nucleoporins. Indeed, we found that 

Sec13 interacted with endogenous Msk in coimmunoprecipitation experiments 

(Fig. 3.10.A). But Dpp treatment had no discernible effect on this interaction. 

Moreover, overexpression of Sec13 had a marginal impact on the interaction 

between Msk and MAD, so Sec13 is not likely to regulate the loading of 

phospho-MAD onto Msk (Fig. 3.10.B). We also detected coimmunoprecipitation 

between endogenous Msk and overexpressed Nup93 in a Dpp-independent manner 

(Fig. 3.10.C). Msk could bind directly to Sec13 or Nup93, as indicated by GST 

pulldown experiments (Fig. 3.10.D) using purified recombinant proteins. 

Interestingly, when Nup75 was knocked down to below 30% of its normal level 

(judging by real-time RT-PCR analysis), the coimmunoprecipitation between Msk 

and Sec13 or Nup93 was significantly decreased (Fig. 3.10.E). Therefore, even 

though Msk is capable of direct interaction with Sec13 and Nup93, in the context 

of the whole NPC, Nup75 may further facilitate such association. 

 

These biochemical observations reinforced the RNAi data and suggest that Sec13 

and Nup93 are directly involved in the nuclear import of MAD. The currently 

prevailing model is that importins interact mainly with the FG-nucleoporins to 
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transport cargoes through the NPC (Pemberton & Paschal 2005; Stewart 2007a;  

Terry et al. 2007). Our finding here that Msk binds directly to structural non-FG 

nucleoporins suggests a new mode of importin-NPC interaction that is important 

for the nuclear import of MAD. 

 

Functional distinction between Sec13/Nup75 and other components of the 

Nup107-160 subcomplex. Nup75 and Sec13 are part of the Nup107-160 

subcomplex (Walther et al. 2003). Non-FG nucleoporins of the Nup107-160 

complex have been suggested to be critical for NPC assembly and integrity from 

yeast to mammals; thus, it is surprising that Sec13 and Nup75 are required for the 

nuclear import of specific cargos. A comprehensive analysis of the Nup107-160 

complex showed that Nup107, Nup145, and Nup160, but not Seh1 or Nup133, 

were also required for MAD nuclear import (Fig. 3.11.A). The lack of effect on 

MAD nuclear import was not likely due to inefficient Seh1 or Nup133 depletion, 

since we tested two different RNAi constructs with similar results, and at least 

for nup133 RNAi there was a strong phenotype in NPC assembly, as expected 

(Fig. 3.11.B). 

 

The integrity of the NPC is commonly analyzed with the monoclonal antibody 

MAb414, which recognizes a subset of FG-nucleoporins and exhibits a 

predominantly nuclear rim pattern in yeast and vertebrate cells (7) (Fig. 3.11.B). 
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Somewhat surprisingly, the MAb414 staining pattern was unchanged after 

knockdown of sec13 or nup75, but in the same cells, the nuclear translocation of 

MAD was clearly impaired (Fig. 3.11.B). In contrast, knockdown of other 

Nup107-160 members, including nup107, nup133, nup145, and nup160, resulted 

in a diffuse MAb414 pattern throughout the nuclei, indicating defects in NPC 

assembly, as expected (Fig. 3.11.C). It is known that RNAi 

against nup107 or nup133 results in concomitant loss of several other nucleoporins 

in the Nup107-160 complex, which might have contributed to the more severe 

defects in NPC integrity (Walther et al. 2003; Boehmer et al. 2003). Immunoblot 

analysis confirmed that sec13 RNAi was highly robust, and knockdown of other 

Nup107-160 complex components did not cause concomitant loss of Sec13 (Fig 

3.11.D). A normal MAb414 pattern does not necessarily indicate intact NPC 

assembly, so roles for Sec13 and Nup75 in NPC structure cannot be ruled out. 

However, our observations did distinguish Sec13/Nup75 from 

Nup107/Nup145/Nup160 in terms of their requirement in maintaining a normal 

MAb414 pattern. 

 

Nup133 knockdown clearly affected the MAb414 pattern, as expected for a core 

component of Nup107-160, but remarkably, in the same cells, nuclear 

accumulation of GFP-MAD was largely intact (Fig. 3.11.B). This is compelling 

evidence that components of the Nup107-160 subcomplex individually serve 
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different functions in the process of MAD nuclear transport and NPC assembly. 

These observations strongly argue that Sec13 and Nup75 are important for the 

nuclear import of MAD not because they are part of the Nup107-160 complex but 

because they have unique individual functions. 

 

The Nup53-93 complex is critically involved in the anchoring of the NPC to the 

nuclear envelope (Hawryluk-Gara, Shibuya, and Wozniak 2005). Previous studies 

of mammalian cells showed aberrant MAb414 staining upon nup93 RNAi 

(Hawryluk-Gara et al. 2008). However, MAb414 staining seemed normal in S2R+ 

cells after nup93 RNAi, even though the nuclear import of MAD was clearly 

inhibited in the same cells (Fig. 3.11.B). Even when we simultaneously knocked 

down nup93 and nup205, the MAb414 staining pattern still remained normal 

(Fig. 3.11.C). Interestingly, depletion of Nup93 or Nup205 also failed to affect 

NPC formation in Caenorhabditis elegans (Galy, Mattaj, and Askjaer 2003). 

Therefore, we again observed differential dependence on Nup93 in the nuclear 

import of MAD and the assembly of the NPC. 

 

Impact of RNAi against non-FG nucleoporins on nuclear envelope 

permeability. MAb414 is limited in its ability to detect changes in the NPC. We 

therefore used a dextran exclusion assay to examine the permeability of the 

nuclear envelope. We found that RNAi against sec13 or nup75 had only a minor 
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effect, whereas knockdown of nup133 or nup107 resulted in a significantly higher 

number of leaky nuclei (Fig. 3.12.B) (see Fig 3.12.A and Materials and Methods 

for scoring criteria). This again indicated functional differences between 

Sec13/Nup75 and other members of the Nup107-160 complex. Knockdown 

of nup93 increased the leakiness of the nuclear envelope, in agreement with 

previous reports (Fig. 3.12.B) (Galy, Mattaj, and Askjaer 2003). But a leaky 

nuclear envelope per se does not necessarily lead to impaired MAD nuclear 

import, since RNAi against nup133 did not affect the nuclear concentration of 

MAD. Although it is in the same subcomplex with Nup93, Nup205 did not appear 

to be critical for maintaining the permeability barrier (Fig. 3.12.B). Therefore, the 

defect in MAD nuclear import after RNAi against Sec13, Nup75, Nup93, or 

Nup205 was not due to a compromised NPC permeability barrier. 

 

Nup93 regulates the subcellular localization of Msk. We further investigated 

how non-FG nucleoporins functionally interact with Msk. Confirming an earlier 

report, we found endogenous Msk concentrated around the nuclear rim, with some 

overlap with MAb414 staining (Fig. 3.13.A) (James et al. 2007). The 

immunofluorescence staining was highly specific, since msk RNAi abolished the 

signals (Fig 3.13.B). Activation of the Dpp pathway by Punt/Tkv did not change 

the distribution pattern of Msk (Fig 3.13.C). Interestingly, we detected a 

completely different Msk pattern after nup93 knockdown: the prominent nuclear 
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rim pattern was absent, and Msk was distributed evenly in both the nucleus and 

the cytoplasm (Fig. 3.13.D). In contrast, RNAi against nup75 or sec13 did not 

alter Msk distribution, although nuclear import of MAD was inhibited just as 

strongly as in the case of nup93 RNAi (Fig. 3.13.D). We found that even though 

knockdown of Nup133 disrupted the MAb414 pattern (Fig. 3.11.B), the 

distribution of Nup93 appeared to be unaffected, and indeed, Msk was still 

localized to the nuclear periphery after Nup133 knockdown (Fig. 3.13.D). 

Interestingly, even though Nup205 is part of the same subcomplex as Nup93, its 

knockdown did not affect Msk distribution but did cause much-reduced MAD 

nuclear import (Fig. 3.13.D). Thus, clearly the role of Nup93 in MAD nuclear 

import is very different from those of Sec13, Nup75, and Nup205. This again 

illustrates the distinct functional roles that non-FG nucleoporins play in MAD 

nuclear transport. The fact that knockdown of these non-FG nucleoporins affects 

different aspects of MAD nuclear translocation is also a strong argument against 

the possibility that the defect in MAD nuclear transport is due to general 

disruption of the NPC. 

 

Mutational analysis of Msk further supported the idea that perinuclear localization 

of Msk is essential for its function as a Smad nuclear import factor. Removal of 

the C-terminal 290 amino acids of Msk abolished its function, since it could no 

longer rescue the msk RNAi phenotype, although the deletion mutant was still 
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capable of interacting with MAD (Fig. 3.14.B). In agreement with the inability to 

import MAD, this deletion mutant (Msk-dC; aa 1 to 761) was diffusely distributed 

and was no longer concentrated in the perinuclear space, in contrast to full-length 

Msk (Fig. 3.14.A). Thus, our data suggest that the localization of Msk to the 

perinuclear space is important for its ability to transport MAD into the nucleus. 

 

Interestingly, when we examined the direct interaction between purified 

recombinant Msk and Nup93, we found that Msk-dC failed to interact with Nup93 

(Fig. 3.14.C). Therefore, combining the RNAi and protein interaction data, we 

arrived at the hypothesis that Nup93 may recruit Msk to the nuclear periphery by 

binding to the C-terminal 290 amino acids of Msk. However, one caveat is that we 

cannot rule out the possibility that the Msk C terminus is required for interaction 

with another factor that directly anchors Msk to the nuclear periphery. 

 

Distinct roles of FG-nucleoporins in the nuclear import of MAD. 

False-negative results due to cell lethality, RNAi inefficiency, or functional 

redundancy are potential pitfalls in RNAi screening. Our previous studies have 

suggested that the FG-nucleoporins Nup153 and Nup214 play roles in the nuclear 

import of Smads, but they were not scored as positive hits in our screening (Xu et 

al. 2007). However, upon close examination, we noticed that both nup153 

and nup358 RNAi resulted in cell lethality. Therefore, we decided to revisit the 
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issue of whether FG-nucleoporins Nup153, Nup214, and Nup358 are important 

for the nuclear import of Smads. By moderating the RNAi efficiency (i.e., 

reducing the dsRNA concentration by half and shortening the duration of RNAi 

from 4 days to 3 days), we considerably improved the viability of the cells treated 

with nup153 or nup358 RNAi and found that, indeed, Nup153, Nup358, and also 

Nup214 were required for the nuclear import of MAD (Fig. 3.15.A; quantification 

in Fig. 3.15.B). Importantly, by immunoblotting, we detected little change in the 

Nup358 level upon RNAi against sec13, nup75, or nup93, ruling out the 

possibility that the impaired MAD nuclear import observed earlier after RNAi 

against these non-FG nucleoporins was caused by co-depletion of Nup358 

(Fig. 3.15.C). Although there was a slight decrease in the level of Nup153 upon 

RNAi against sec13, nup75, or nup93, it was not likely significant enough to 

affect the nuclear import of MAD, since nup133 RNAi also caused a similar 

change in the Nup153 level (Fig. 3.15.C), with no impact on MAD nuclear 

transport (Fig.3.15.B). Therefore, the requirements for Nup153 and Nup358 in 

MAD nuclear import are separate from those for the non-FG nucleoporins Sec13, 

Nup75, and Nup93. 

 

When MAD was fused to a cNLS, its nuclear import became independent of 

Nup214 and Nup153 but, interestingly, still required Nup358 (Fig. 3.15.D). These 

observations agree with the findings of a previous study on the requirement of 
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Nup358 for cNLS-dependent nuclear import (Sabri et al. 2007). The same study 

also found that Nup153 was important for cNLS-mediated nuclear import, but this 

was not confirmed here, probably because we had to knock down Nup153 only 

partially (Sabri et al. 2007). Thus, the notion of pathway-specific utilization of 

nucleoporins applies to FG-nucleoporins as well: Nup358 is involved broadly in 

the nuclear import of both MAD and the cNLS, while Nup214 may serve more 

specifically in the nuclear import of MAD. Again, we confirmed that the 

efficiencies of RNAi were similar in cells expressing cNLS-GFP-MAD and those 

expressing GFP-MAD+R. Furthermore, by double immunofluorescence staining, 

we found that nup358 knockdown affected the perinuclear localization of Msk but 

RNAi against nup153 or nup214 had little effect (Fig. 13.15.E). In terms of 

disrupting the MAb414 pattern, nup153 knockdown had a very severe effect, 

whereas RNAi against nup358 or nup214 had a weaker impact, consistent with a 

previous report (Fig. 13.15.E) (Sabri et al. 2007). These data suggest that different 

FG-nucleoporins play different roles in the nuclear import of MAD, in agreement 

with our observations with non-FG nucleoporins. 

 

Materials and Methods 

Plasmids 

GFP-MAD, NLS-GFP-Mad, FLAG-MAD, FLAG-Sec13, FLAG-Nup93 and 

Msk-v5 were cloned into pSH vector under the control of metallothionein 
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promoter. Punt, Tkv, HA-Sec13 and HA-Nup93, Msk (full length)-HA and 

Msk(1-761aa)-HA were cloned into pMK33 vector with the metallothionein 

promoter. Sec13, Nup93 and Msk were cloned into pGEX4T1 for expression in E. 

coli.  

 

Tissue culture, transfection, and conditional expression of cDNAs 

Drosophila S2 and S2R+ cells were maintained in Schneider's Drosophila medium 

(Invitrogen) supplemented with 10% fetal bovine serum, penicillin (100 U/ml), 

and streptomycin (100 U/ml). Transient transfection was carried out using the 

Effectene reagent according to the manufacturer's protocol (Qiagen). All 

expression vectors are under the control of a metallothionein promoter, and 

expression was induced by CuSO4 (at 0.5 mM for 3 h) (Bunch, Grinblat, and 

Goldstein 1988). 

 

Immunofluorescence staining, confocal microscopy and image quantification.  

Cells were seeded onto coverslips and were induced with CuSO4
 (0.5 mM, 3 h) to 

express various green fluorescent protein (GFP)- or FLAG-tagged proteins for 

evaluation of their subcellular localizations. Cells were fixed with 4% 

paraformaldehyde in phosphate-buffered saline (PBS), followed by 

permeabilization with 0.2% Triton X-100-PBS, and were stained with appropriate 

antibodies and 4',6-diamidino-2-phenylindole (DAPI) according to previously 
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published procedures (Xu et al. 2007). Prolong Gold (Invitrogen) was used for 

mounting, and the samples were analyzed by confocal microscopy. All confocal 

images were collected with a laser-scanning microscope (Leica DMIRE2) at the 

following wavelengths: UV (DAPI), 488 nm (Alexa Fluor 488 or GFP), 543 nm 

(Alexa Fluor 546 or red fluorescent protein [RFP]/DsRed2), and 633 nm (Alexa 

Fluor 633). For low- and high-magnification images, 63x/1.40-numerical-aperture 

and 100x/1.40-numerical-aperture oil immersion objectives were used. The 

captured images were processed with Leica confocal microscope software.  

 

Confocal images collected at identical settings were analyzed by NIH ImageJ to 

measure signal intensities from the nucleus and the cytoplasm. The ratio of the 

nuclear signal intensities to the cytoplasmic signal intensities was calculated. In 

each case, at least three separate fields (magnification, x60) were quantified. 

Provided that stable cell lines were used, usually there were more than 50 

GFP-positive cells in each field. The standard error (SE) was calculated based on 

the average of the nuclear/cytoplasmic signal ratios from at least three different 

fields. 

 

RNAi and rescue experiments. 

The whole-genome RNAi screening was carried out at the Drosophila RNAi 

Screening Center (DRSC) at Harvard Medical School (www.flyrnai.org) by 
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following the format described in the Chapter II. The images were acquired and 

analyzed by automated confocal microscopy (Evotech Opera high-content 

screening system; Perkin-Elmer). The nuclear/cytoplasmic signal ratio was 

measured using algorithms accompanying the Opera system (Acapella). The 

design of RNAi constructs was based on recommendations by DRSC, and the 

sequence information is available through the DRSC web page (www.flyrnai.org) 

by specific amplicon numbers: DRSC23929 and DRSC11340 for msk; 

DRSC06947 and DRSC28056 for nup75; DRSC14144 and DRSC36009 for sec13; 

DRSC19344 and DRSC39780 for nup93; DRSC19432 and DRSC32816 for 

nup205; DRSC06827 and DRSC26470 for nup50; DRSC17039 for punt; 

DRSC00861 for tkv; DRSC03328 for ketel; DRSC07282 for nup54; DRSC16150 

for nup133; DRSC01999 for nup107; DRSC14209 for nup145; DRSC1997 for 

nup160; DRSC19904 for nup153; DRSC04421 for nup214; DRSC14410 for 

nup358. DNA amplicons corresponding to different regions of targeted genes were 

generated by PCR and were used for in vitro transcription (MEGAscript; Applied 

Biosystems) to synthesize double-stranded RNA (dsRNA). RNAi in S2R+ cells 

using the soaking method has been described previously (Xu et al. 2007). In 

general, 5 µg of dsRNA was used for each well in a 24-well plate, and incubated 

with cells for 4 days. But for Nup153 and Nup358 RNAi, 2.5 µg of dsRNA was 

used for 3 days in order to minimize cell lethality. 
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In RNAi rescue experiments, S2R+ cells (0.2 x 106/well in a 24-well plate) were 

first treated with 5 µg dsRNA targeting the 3' UTR of either sec13 or nup93 for 2 

days and were then transfected with the rescue plasmids (HA-Sec13 and 

HA-Nup93, driven by the inducible metallothionein promoter) using Effectene. 

After another 2 days, the cells were induced by CuSO4 (0.5 mM, 3 h) to express 

GFP-MAD/Punt/Tkv and the rescue constructs and were then processed for 

immunostaining and imaging. 

 

Nuclear envelope permeability assay 

S2R+ cells were resuspended at 2 x 106 to 4 x 106 cells/ml in ice-cold hypotonic 

buffer (10 mM HEPES [pH 7.5], 2 mM MgCl2, 25 mM KCl, 2 mM dithiothreitol 

[DTT], and 200 mM sucrose) supplemented with protease inhibitors. After a 

10-min incubation on ice, the cell membrane was disrupted by a Dounce 

homogenizer (60 strokes, type A pestle). Broken and intact cells were pelleted by 

centrifugation (1,000 x g, 5 min) and resuspended in transport buffer (20 mM 

HEPES [pH 7.5], 110 mM potassium acetate [KOAc], 2 mM magnesium acetate 

[Mg(OAc)2], 5 mM sodium acetate [NaOAc], 0.5 mM EGTA, 250 mM sucrose, 2 

mM DTT) containing 0.2 mg/ml 70-kDa Texas red-labeled dextran (Invitrogen), 

0.25 mg/ml 500-kDa fluorescein isothiocyanate (FITC)-labeled dextran (Sigma), 

and 0.2 mg/ml Cascade blue-labeled 3-kDa dextran (Invitrogen). After incubation 

at room temperature for 5 min, the nuclei were directly imaged without being 
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fixed by confocal microscopy. Only nuclei that were permeable to the 3-kDa 

dextran (indicating a lysed cell membrane) but not the 500-kDa dextran 

(suggesting no gross damage to the nuclear envelope during Dounce 

homogenization) were scored for leakiness toward the 70-kDa dextran. 

 

Protein-protein interactions 

For co-immunoprecipitation, S2 or S2R+ cells were lysed in 50 mM Tris-Cl (pH 

7.4), 150 mM NaCl, 1 mM EDTA, 0.5% NP-40, and 2 mM DTT supplemented 

with protease inhibitors. Cell extracts were incubated with an anti-FLAG or 

antihemagglutinin (anti-HA) antibody conjugated to agarose beads (Sigma) at 4°C 

for 16 h, and the beads were washed in the lysis buffer three times before 

immunoblot analysis. 

 

Recombinant Drosophila Sec13, Nup93, and Msk were produced in Escherichia 

coli as glutathione S-transferase (GST) fusion proteins and were purified using 

glutathione-Sepharose 4B beads (GE Healthcare). GST-Msk was digested by 

thrombin (Novagen) to remove the GST moiety. GST-Sec13 (10 µg) or 

GST-Nup93 (1 µg) on beads was incubated with recombinant Msk (0.1 µg/µl) at 

4°C for 16 h in 20 mM Tris Cl (pH 7.5)-200 mM NaCl-5% glycerol. The beads 

were washed in the same buffer three times, and the bound proteins were analyzed 

by immunoblotting. For interaction with MAD, phosphorylated FLAG-MAD was 
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first affinity purified by anti-FLAG agarose beads (Sigma) from stable S2 

cells expressing FLAG-MAD and Punt/Tkv. FLAG-MAD was eluted from 

the anti-FLAG beads by a 3x FLAG peptide in a buffer containing 25 mM Tris Cl 

(pH 8.0), 250 mM NaCl, 0.05% NP-40, 5% glycerol, and 1 mM DTT. The purified 

recombinant FLAG-MAD (0.2 µg/µl) in this buffer was incubated at 4°C for 16 h 

with GST-Sec13 (10 µg) or GST-Nup93 (1 µg) bound to the 

glutathione-Sepharose beads. The beads were washed 3 times with 20 mM Tris Cl 

(pH 8.0), 250 mM NaCl, 0.05% NP-40, and 5% glycerol, and the bound proteins 

were subjected to immunoblot analysis. 

 

For testing of the Nup93-Msk interaction, S2 cells ( 8 x 106) expressing Msk-HA 

or HA-tagged Msk with a C-terminal deletion (Msk-dC-HA) were purified by an 

anti-HA affinity matrix (Roche) in 25 mM Tris Cl (pH 8.0), 250 mM NaCl, 0.05% 

NP-40, 5% glycerol, and 1 mM DTT with protease inhibitors and phosphatase 

inhibitors. Bound Msk-HA or Msk-dC-HA was then eluted from the beads 

with HA peptides and was incubated with purified GST-Nup93 (1 µg) on 

glutathione-Sepharose beads at 4°C for 16 h. The beads were washed three times 

in the same buffer before immunoblot analysis. 

 

For testing of the effect of nup75 RNAi on the Msk-nucleoporin interaction, S2 

cells were transfected with 4 µg dsRNA targeting nup75 using Dharmafect 4 
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(Thermo Fisher Scientific) and were incubated for 2 days. The same cells were 

then transfected with the expression vectors using Effectene (Qiagen). 

Forty-eight hours later, cells were induced with CuSO4 (0.5 mM, 3 h) to express 

the constructs and were lysed in 20 mM Tris Cl (pH 8.0), 150 mM NaCl, 0.5% 

NP-40, 5% glycerol, 2 mM DTT, protease inhibitors, and phosphatase inhibitors. 

The cell extracts were incubated with anti-FLAG-agarose beads (Sigma) at 4°C 

for 16 h, and the beads were washed in the lysis buffer three times 

before immunoblot analysis. 

 

Antibodies 

The polyclonal anti-MAD antibody was raised against the N-terminal 

160-amino-acid (160-aa) fragment. Rabbit anti-Msk was a gift from L. Perkins 

(Harvard Medical School), and anti-Sec13 was a gift from B. Fontoura (University 

of Texas Southwestern Medical School) and W. Hong (IMCB, Singapore). The 

other antibodies used in the study were anti-phospho-Smad1/5/8 (also recognizing 

phospho-MAD) (Cell Signaling), MAb414 (Covance), anti-GFP (Zymed), 

anti-FLAG, and anti-HA (Sigma). 

 

Quantitative real-time RT PCR 

Total RNA was isolated by RNeasy spin columns (Qiagen) and was reverse 

transcribed using the iScript cDNA synthesis kit (Bio-Rad). Real-time PCR was 
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conducted using the iQ SYBR green kit (Bio-Rad), and the threshold values for 

Rp49 were used as internal standards for quantification. dad forward primer: 

GAAGCGACTGCCCACTTG, reverse primer: CGGTGTTGGGGATTCTGT; 

rp49 forward primer: CGGATCGATATGCTAAGCTGT, reverse primer GC 

GCTTGTTCGATCCGTA; nup75 forward primer: TGCTGGACAGGTTCCGG 

TGCT, reverse primer: TGGCCCGCGAACCCAACT; sec13 forward primer: GG 

GCCAATGGATCCGCATCAAC, reverse primer: GCGCCTGTTGTTGGTGCT 

GTTG; nup93 forward primer: CCAGCGCCTGACGAACGAGAC, reverse 

primer: CACGCCCTTAGAGCCGAGCAG; nup54 forward primer: TTGGA 

GCCGCCACAGGAACTTC, reverse primer: GCTGCTCCAAATCCGCCGAA 

AC; ketel forward primer: CATCGAAAGCCAGGAGGCCACTG, reverse primer: 

GGCTCCAGGTGTCCTCGTCATCG. 
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Fig 3.1 Nucleoporin requirement for nuclear accumulation of activated MAD. 

(A) S2R+ cells inducibly expressing GFP-MAD and Punt/Tkv (GFP-MAD+R) 

were treated with the indicated RNAi, and the distribution patterns of GFP-MAD 

are shown. Nuclei were stained with DAPI. Bar, 10 μM. (B) Two different dsRNA 

constructs against each nucleoporin hit were tested as described for panel A. The 

GFP-MAD signals in the nucleus and cytoplasm were quantified, and the ratios 

were plotted. Data are means ±SEs from ≥3 fields. (C) GFP-MAD+R cells were 

treated with dsRNAs targeting the 3’ UTR of sec13 or nup93, followed by 

transfection of HA-Sec13 or HA-Nup93 cDNAs. The distributions of GFP-MAD 

(green) and the rescue constructs (red) are shown. (D and E) GFP-MAD+R cells 

were subjected to the indicated RNAi, and the cell extracts were analyzed by 

immunoblotting with the indicated antibodies. 
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Fig 3.2 Sec13, Nup75 and Nup93 are required for nuclear import of 

endogenous MAD upon Dpp stimulation. (Left) S2 cells were treated with the 

indicated RNAi, and the phospho-MAD distribution pattern after Dpp treatment 

(10-9 M, 1 h) was detected by a phospho-MAD-specific antibody. Bar, 10 μM. 

(Right) Nuclear/cytoplasmic ratios of phospho-MAD signals are plotted; data are 

means ±SEs for ≥3 fields (P < 0.05 in all cases). 
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Fig 3.3 S ec13, Nup75 and Nup93 are part of the Msk-dependent nuclear 

import machinery for activated MAD. (Left) S2R+ cells transfected with 

GFP-MAD and Msk were subjected to the indicated RNAi, and the distribution 

patterns of GFP-MAD are shown. Bar, 10 μM. (Right) Nuclear and cytoplasmic 

GFP signals were quantified, and the ratios are plotted; data are means ±SEs for 

≥3 fields (P < 0.005 in all cases). 
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Fig 3.4 Sec13, Nup93, and Nup75 are required specifically for the nuclear 

import of MAD but not for cNLS-dependent nuclear import. (A) The 

indicated RNAi experiments were carried out in three S2R+ cell lines inducibly 

expressing cNLS-GFP (2 copies of GFP fused with a cNLS[PKKKRKVED]), 

GFP-MAD+R, or cNLS-GFP-MAD. Only images for cNLS-GFP or 

cNLS-GFP-MAD are shown. Bar, 10 μM. (B and C) The nuclear/cytoplasmic 

ratio of the GFP signal was quantified and plotted. Data are means ±SEs for ≥3 

fields. Compared to activation-induced nuclear translocation of GFP-MAD, 

constitutive nuclear import of cNLS-GFP-MAD depended on different 

nucleoporins. (D) S2R+ stable cell lines inducibly expressing GFP-MAD and 

Punt/Tkv (GFPMAD+R) or NLS-GFP were harvested after indicated RNAi. Total 

RNA was extracted and analyzed for nucleoporin mRNA levels using quantitative 

real-time RT-PCR. Shown are the levels of nucleoporin mRNA relative to that in 

control knockdown cells (mean ± S.E.). Rp45 (ribosomal protein) was used as the 

standard for normalization. (E) Similar experiments as in (D) comparing stable 

cell lines inducibly expressing GFP-MAD+R or NLS-GFP-MAD mean ± S.E.). 
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Fig 3.5 Sec13, Nup93, and Nup75 are not required for cNLS-dependent 

nuclear import in cell lines concurrently expressing activated GFP-MAD and 

RFP-cNLS. GFP-MAD+R cells were subjuected to indicated RNAi for 2 days, 

followed by transfection of RFP-cNLS and incubation for another 2 days. All 

proteins were inducibly expressed in media containing 0.5 mM CuSO4 for 3 h. 

Green signal indicates the GFP-MAD localization, red signal indicates the 

RFP-cNLS localization. Nuclei were marked using DAPI (blue). 
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Fig 3.6 Sec13, Nup93, and Nup75 are not required for Medea nuclear import 

driven by LMB treatment. (A) S2R+ cells inducibly expressing FLAG-Medea 

were subjected to the indicated RNAi, and after treatment with leptomycin B 

(LMB) (10 ng/ml for 1 h), the distribution pattern of FLAG-Medea was detected 

by immunofluorescence staining with an anti-FLAG antibody. Bar, 10 μM. (B) 

The nuclear/cytoplasmic ratio of the FLAG-Medea signal was quantified. Data are 

means ±SEs for ≥3 fields. (C) Comparable RNAi efficiencies in GFP -MAD+R 

and FLAG-Medea cell lines shown in quantitative real-time PCR. 
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Fig 3.7 S ec13 and Nup93 co-immunoprecipitated with MAD. (A) Sec13 

preferentially interacts with phosphorylated MAD. The indicated expression 

vectors were transfected into S2 cells, together with Punt/Tkv to phosphorylate 

MAD. The whole-cell extracts (WCE) were immunoprecipitated (IP) with 

anti-FLAG, and the bound proteins were analyzed by immunoblotting (IB) with 

the indicated antibodies. The asterisk marks a protein comigrating with Sec13 that 

cross-reacts with the anti-FLAG antibody. (B) S2 cells transfected with HA-Sec13 

only were treated with Dpp, and the cell lysate was subjected to 

immunoprecipitation with anti-HA. The bound proteins were examined by IB 

using anti-MAD. The arrow points to endogenous MAD. (C) Cell extracts from 

S2 cells transfected with FLAG-MAD and Punt/Tkv only were 

immunoprecipitated with anti-FLAG, and the bound proteins were examined by 

IB with anti-Sec13. (D) Experiments similar to those described for panel A were 

carried out to examine the Nup93-MAD interaction. 
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Fig 3.8 Sec13 and Nup93 directly interact with activated MAD.  (A and B) 

GST pulldown assays to test direct protein interactions using purified recombinant 

FLAG-MAD (after phosphorylation by Punt/Tkv) and GST-Sec13 or GST-Nup93, 

with GST serving as the control. The bound proteins were analyzed by IB with 

anti-FLAG antibodies (upper panels). The input proteins were stained with 

Commassie Blue (lower panels). (C) Sec13 did not compete away the Nup93 

binding to MAD. FLAG-MAD were loaded to GST-Nup93 prior to the addition of 

Sec13 at indicated amout. The GST part of Sec13 was removed by Thrombin 

digestion before incubation with FLAG-MAD bound GST-Nup93 beads. The 

bound proteins were analyzed by IB with anti-FLAG and anti-Sec13 antibodies.  
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Fig 3.9 Nup75 depletion does not affect the interaction of MAD with Sec13 or 

Nup93. (A and B) S2 cells were treated with the indicated RNAi and were 

transfected with the indicated plasmids. The cell extracts were subjected to IP with 

anti-FLAG in order to test interactions between MAD and Sec13 or Nup93. 

Quantitative real-time PCR confirmed that Nup75 knockdown was 70%. The 

asterisks indicate a band cross-reacting with anti-FLAG. 
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Fig 3.10 Physical interaction between Msk and Sec13 or Nup93. (A) S2 cells 

were transfected with FLAG-Sec13, and the lysate was used for 

immunoprecipitation (IP) with anti-FLAG. The endogenous Msk was detected by 

immunoblotting (IB). (B) Sec13 overexpression did not significantly affect the 

Msk-MAD interaction. S2 cells were transfected with the indicated expression 

vectors. The whole-cell extracts (WCE) were immunoprecipitated with 

anti-FLAG, and the bound proteins were analyzed by IB as indicated. (C) 

FLAG-Nup93 was expressed in S2 cells, and anti-FLAG immunoprecipitation 

was used to detect its interaction with endogenous Msk. (D) GST pulldown 

experiment testing direct interactions between purified recombinant Msk and 

GST-Sec13 or GST-Nup93, with GST as the control. Proteins bound to GST beads 

were analyzed by IB with anti-Msk. (E) S2 cells were subject to the indicated 

RNAi and were then transfected with the indicated expression vectors. IP was 

carried out to test for interactions between Msk-V5 and FLAG-Sec13 or 

FLAG-Nup93. RNAi knockdown of Nup75 resulted in decreased Sec13-Msk and 

Nup93-Msk interactions. Quantitative real-time PCR confirmed that Nup75 

knockdown was 70%. The asterisk indicates a band cross-reacting with 

anti-FLAG. 
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Fig 3.11 Impact of RNAi against non-FG nucleoporins on MAb414 pattern (A) 

GFP-MAD+R cells were treated with the indicated RNAi, and the quantification 

of the nuclear/cytoplasmic concentration of GFP-MAD is plotted. Data are means 

±SEs for ≥3 fields. (B) GFP -MAD+R cells were treated with the indicated RNAi 

and were then induced to express GFP-MAD and Punt/Tkv. The cells were stained 

with MAb414, and the images for GFP-MAD (green), MAb414 (red), and DAPI 

(blue) were captured by confocal microscopy. The percentages of cells exhibiting 

a normal MAb414 staining pattern (50 cells scored) are shown. Bar, 5 μM. (C) 

GFP-MAD+R cells were treated with the indicated RNAi and were 

immunostained with MAb414 (red). The percentages of cells exhibiting a normal 

MAb414 staining pattern (50 cells scored) are shown. (D) GFP-MAD+R cells 

were subjected to indicated RNAi and were immuneblotted with  anti-Sec13 and 

anti-Tubulin. 
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Fig 3.12 Impact of RNAi against non-FG nucleoporins on nuclear envelope 

permeability. (A) Permeability scales: 1) intact cell and nuclear membrane, 2) 

permeabilized cell membrane but intact nuclear envelope, 3) leaky nuclear 

envelope, 4) complete permeablized nuclear envelope. 500-kDa dextran in green, 

70-kDa dextran in red, 3-kDa dextran in blue. (B) GFP-MAD+R cells were 

treated with the indicated RNAi, and the permeability of the nuclear envelope was 

tested by dextran exclusion assays. The percentages of nuclei permeable to the 

70-kDa but not the 500-kDa dextran are plotted. 
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Fig 3.13 The perinuclear localization of Msk depends on Nup93. (A) Double 

immunofluorescence staining of endogenous Msk (red) and NPC (green; by 

MAb414) in S2R+ cells. (B) S2R+ cells treated with indicated RNAi were 

immunostained with anti-Msk (Red). The anti-Msk staining was highly specific. 

The nuclei were marked with DAPI (blue). (C) GFP-MAD+R cells with or 

without CuSO4 induction to express GFP-MAD and Punt/Tkv were 

immunostained with anti-Msk (red). The Msk pattern did not change noticeably 

after GFP-MAD phosphorylation by Punt/Tkv and nuclear accumulation. (D) 

GFP-MAD+R cells were treated with the indicated RNAi, and after induction of 

GFP-MAD/Punt/Tkv expression, the cells were stained with anti-Msk (red). 

Shown are confocal images of GFP-MAD (green), endogenous Msk (red), and 

DAPI (blue). The percentages of cells exhibiting a nuclear rim pattern of Msk 

staining (50cells scored) are shown. 
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Fig 3.14 The perinuclear localization of Msk is dependent on its C-terminal 

region and correlates with its ability to import MAD into the nucleus. (A) 

GFP-MAD+R cells were subjected to RNAi targeting the 5’ UTR of Msk and 

were then transfected with rescue vectors (arrows) expressing HA-tagged 

full-length Msk or HA-tagged Msk with a C-terminal deletion (Msk-dC; aa 1 to 

761). Confocal images of GFP-MAD (green), Msk-HA or Msk-dC-HA (red), and 

DAPI (blue) are shown. The percentages of cells with normal GFP-MAD nuclear 

import (green) (50 cells scored) or exhibiting a nuclear rim pattern of Msk 

staining (red) (50 cells scored) are shown. Bars, 5 μM. (B) MAD interaction with 

full length and Msk truncation mutants. S2 cells were transiently transfected with 

indicated vectors (all inducibly expressed). Upon expression, the cell extracts 

were subject to immunoprecipitation (IP) using anti-FLAG-conjugated agarose 

beads. The bound proteins were examined by indicated immunoblottings (IB). The 

positions of full length, Msk-dC (aa1-761) andMsk-dC1 (aa1-600) are marked (*). 

Msk-dC interacted more strongly with MAD in comparison to full length Msk, 

while Msk-dC1 interacted much more weakly. (C) Recombinant full-length 

Msk-HA (FL) and Msk-dC-HA (dC) were purified and tested for direct interaction 

with GST-Nup93. 
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Fig 3.15 FG-nucleoporins Nup153, Nup214, and Nup358 serve different 

functions for the transport of MAD into the nucleus. (A) GFPMAD+R cells 

were treated with the indicated RNAi and were induced to express GFP-MAD and 

Punt/Tkv. The distribution patterns of GFP-MAD (green) and DAPI (blue) are 

shown. Bar, 10 μM. (B) Quantification of the nuclear/cytoplasmic ratio of 

GFP-MAD signals in panelA. Data are means ±SEs for ≥3 fields. (C) 

GFP-MAD+R cells were treated with the indicated RNAi, and the cell extracts 

were analyzed by immunoblotting with MAb414 and antitubulin. (D) 

Quantification of the nuclear/cytoplasmic ratio of cNLS-GFP-MAD in cells 

treated with the indicated RNAi. Data are means ±SEs for ≥3 fields. (E) S2R+ 

cells were treated with the indicated RNAi, and the cells were double stained with 

MAb414 (green) and anti-Msk (red). Bar, 5 μM. 
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CHAPTER IV: GENETIC INTERACTION BETWEEN MISSHAPEN AND MAD 

 

Summary 

The level of TGF-β/BMP signaling through Smad is tightly regulated to ensure 

proper embryonic patterning and homeostasis. Previously, we showed that Smad 

activation by TGF-β/BMP is blocked by a highly conserved novel 

phosphorylation event in the α-helix 1 region of Smad (T312 in Drosophila MAD). 

Through RNAi screening of the kinome, we also uncovered Misshapen (Msn), a 

member of the Ste20 family of MAP kinase kinase kinase kinase (MAP4K) that is 

required for T312 phosphorylation of MAD. Here, we describe that targeted 

expression of an active form of Msn in the wing imaginal disc abrogated MAD 

activation by Dpp (Drosophila BMP). More importantly, reducing the function of 

endogenous Msn by RNAi in the developing wing resulted in extra vein tissues 

and this phenotype was suppressed by the loss of one copy of either mad or dpp. 

All these data suggest that Msn is a negative regulator of the Dpp/MAD pathway 

in vivo. Therefore, we have uncovered a novel Smad inhibition mechanism that is 

likely to have important implications in development and diseases. 
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Introduction: 

To identify cross-talk signals that control TGF-β/BMP signaling through 

regulating phosphorylation status of R-Smads, we systematically searched for 

novel phosphorylation sites within Smads in Drosophila S2 cells. Indeed, we 

identified a single phosphorylation event in the α-helix 1 region of Smad (T312 in 

Drosophila MAD) that effectively blocks TGF-β/BMP-induced R-Smad 

phosphorylation at the C-terminus (Kaneko et al. 2011). We also identified the 

kinase Msn that directly phosphorylates this conserved site in Smads (Kaneko et 

al. 2011). Here I will address the biological relevance of Msn kinase to Dpp 

signaling in vivo. 

 

A well-established model for studying Dpp signaling in vivo is Drosophila wing 

disc (Garcia-Bellido 2009). Drosophila wing disc is the precursor organ for the 

adult wing and arises as an epithelial, sac-like structure at the end of 

embryogenesis. Key players for patterning the disc are the morphogens Wingless 

(Wg, along the Dorsal Ventral axis) and Dpp (along the Anterior Posterior axis). 

Dpp is expressed in the developing wing disc in a narrow stripe of cells in the 

anterior compartment along the AP compartment boundary. Because it is a 

secreted ligand, Dpp moves from its source of production into the more lateral 

areas, forming a concentration gradient and exerting a long-range organizing 

effect in both compartments. Dpp negatively regulates the expression of the 
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transcriptional repressor Brinker (Brk), creating a gradient of brk expression that 

is reciprocal to the Dpp gradient. Brk regulates in a concentration dependent 

manner the nested expression domains of the genes sal and omb, which position 

the longitudinal veins L2 and L5 along the AP axis of the wing. 

 

Dpp/MAD promotes vein differentiation during larval and pupal stages of wing 

development, as well as wing growth (Martín-Castellanos and Edgar 2002). 

Loss-of-function mutations at the ligand, receptor or transcription factor of the 

Dpp signaling pathway resulted in vein deformation and reduced wing size. 

Conversely, overexpression of Dpp, activated Tkv receptor or 

degradation-resistant MAD caused increased vein formation (Eivers et al. 2009; 

Sander et al. 2010). These observations made Drosophila wing an excellent model 

system to study Dpp signaling in vivo. 

 

Results: 

Ectopic Msn Activity Suppresses MAD Activation in vivo 

Dpp signaling plays critical roles in development of the imaginal discs in 

Drosophila. Using this model, we tested whether ectopically activated Msn could 

disrupt Dpp activation of MAD in vivo. A constitutively active kinase can be 

generated by engineering a myristoylation sequence (MGNCLT, derived from the 

Drosophila Src kinase Src42A) to the N-terminus of Msn (myr-Msn). We 
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therefore generated transgenic flies containing UAS-driven myr-Msn (HA-tagged) 

and targeted its expression specifically to the wing imaginal disc using the 

A9-Gal4 driver. Myr-HA-Msn expression was greatest in the dorsal compartment 

of the wing discs, so we quantified the pC-ter-MAD signal in this segment to 

evaluate the level of MAD activation by Dpp (Fig.4.1.A; anti-HA staining). In the 

positive control experiment, A9-driven in vivo RNAi against mad strongly 

reduced pC-ter-MAD signal in the third instar wing disc (Fig. 4.1.B and Fig. 

4.2.A). Expression of myr-Msn also resulted in a greatly diminished pC-ter-MAD 

immunostaining signal compared with the negative control (Fig. 4.1.A and Fig 

4.2.A). As expected from the diminished pC-ter-MAD signal, the endogenous 

mRNA level of dad was significantly reduced in the wing discs with ectopic 

myr-Msn expression (Fig. 4.2.B). These results are consistent with the 

observations in S2 cells and demonstrate in vivo that activated Msn is an inhibitor 

of MAD function. 

 

Many A9-Gal4; UAS-myr-msn flies developed to adulthood, but with severe 

morphological defects in the wing (Fig. 4.3, 8 out of 10 adult wings scored). Most 

notably these wings lost cross vein structure and were grossly deformed (Fig. 4.3). 

The overall phenotypes in the wing somewhat resemble those of an 

A9-Gal4-driven mad RNAi transgenic line (Fig. 4.3). These experiments 

demonstrated in vivo that activated Msn is a potent inhibitor of MAD function. 
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Depletion of Msn by RNAi enhanced MAD C-terminal phosphorylation in 

vivo 

To more rigorously investigate functional interactions between Msn and 

MAD/Dpp in vivo, we studied two Drosophila lines carrying UAS-msn RNAi 

constructs. We investigated whether depleting endogenous Msn had specific effect 

on the pattern of C-terminal phosphorylated MAD in the wing imaginal disc. In 

third instar wing discs, the stripes of cells with peak pC-ter-MAD signal in the 

dorsal and ventral compartments of the wing pouch are typically equal in length 

(Fig. 4.4.A). However, upon A9-Gal4-driven RNAi against msn, the dorsal 

segment of cells with peak pC-ter-MAD expanded significantly in length along 

the D/V axis (Fig. 4.4.A). The expansion was only obvious in the dorsal 

compartment, which correlates with the knowledge that the A9 promoter drives 

expression more strongly to the dorsal compartment (Fig. 4.1.A) (Haerry et al. 

1998). The results are consistent in both msn RNAi lines and the conclusion was 

confirmed by counting the pixel numbers and calculating the dorsal/ventral ratio 

of the length (Fig. 4.2.B). 

 

Depletion of Msn by RNAi induces extra vein formation 

We also investigated whether depleting endogenous Msn had specific effect on 
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vein formation of the adult wings. Again we used the A9-Gal4 driver to target msn 

RNAi to the wing. In the UAS-sh-msn-1 line we frequently observed extra vein 

tissues in the adult wing (Fig. 4.5.A, 80%, n = 40). These extra veins are mostly in 

parallel to and confined between the L2-L5 veins in the adult wings (Fig. 4.5.A). 

This phenotype was also observed in the second line UAS-sh-msn-2 although with 

a lower penetrance (47%, n=30), probably due to weaker RNAi efficiency. 

Interestingly, extra vein is a phenotype observed in transgenic flies with MAD or 

Dpp overexpression, suggesting that msn RNAi may result in ectopic activation of 

the MAD/Dpp pathway which would be consistent with our model (Eivers et al. 

2009; Sander et al. 2010; Sotillos & De Celis 2005). 

 

Extra vein formation caused by Msn RNAi was rescued by mad and dpp 

hypomorphic alleles 

We further investigated whether weakening MAD/Dpp pathway activity could 

suppress the msn RNAi phenotype. We first examined the hypomorphic madk00237 

allele and verified that flies with the madk00237/+ genotype by itself had no 

abnormality in the adult wings. When we crossed A9-Gal4; UAS-sh-msn-1 into 

the madk00237/+ background, the loss of one copy of mad suppressed the “extra 

vein” phenotype (from 80% down to 35%, n = 48, Fig. 4.5.B). We also examined 

a recessive lethal allele dpphr4 (Wharton, Ray, and Gelbart 1993). The dpphr4/+ 

line exhibited some abnormalities in the posterior cross-vein and other parts of the 
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wing, but the vein phenotype is very different from that in the msn RNAi lines 

(Fig. 4.5.B). Again, when we crossed A9-Gal4; UAS-sh-msn-1 into the dpphr4/+ 

background, the extra vein phenotype was strongly suppressed (from 80% down 

to 7%, n = 60, Fig. 4.5.B). The vein phenotype associated with the dpphr4/+ 

genotype itself was still present (Fig. 4.5.B). These observations from the genetic 

rescue experiments strongly argue that the msn RNAi phenotype in the wing is 

attributable to enhanced MAD/Dpp activity. 

 

Therefore, from both the vein phenotype and the change in pattern of C-terminal 

phosphorylated MAD, our experimental evidence is consistent with the notion that 

Msn is indeed a negative regulator of MAD/Dpp signaling in vivo. 

 

Experimental Procedures 

Antibodies 

The pT312-MAD antibody was raised against the peptide 

CNRNS[pT]IENTRRHIG. The sera were first absorbed by beads conjugated with 

the non-phospho peptide, and then affinity purified using the phospho-peptide. 

pC-ter-Smad1, pC-ter-Smad2 and HA antibodies were from Cell Signaling. 

Anti-FLAG was purchased from Sigma-Aldrich. 

 

Drosophila transgenic studies 
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cDNA encoding HA-tagged myr-Msn was cloned into the UASp-pPW vector at its 

attR1 and attR2 sites through recombination and used to generate the transgenic 

line UAS-myr-msn (Genetic Services). The following UAS-driven RNAi strains 

were acquired from the Vienna Drosophila RNAi Center: mad shRNA 

(transformant# 12635), UAS-sh-msn-1 (transformant# 101517), UAS-pp2a-1 and 

-2 (transformant# 4971 and 4972). UAS-sh-msn-2 was obtained from the 

Drosophila RNAi Screening Center (DRSC) at Harvard Medical School (Trip# 

JF03219). The A9-Gal4 (Bloomington Drosophila Stock Center) was used for 

driving transgene expression in the wing disc. 

 

In msn RNAi rescue experiments, A9-GAL4 male flies were crossed with 

FM7a;TW24/TW1; DTS91/CyO (Bloomington Stock Center) female flies. The 

female progenies with the genotype A9-GAL4/FM7a,TWZ4; +/CyO were crossed 

with UAS-sh-msn-1 (on the 2nd chromosome) male flies. The male progenies 

with the genotype A9-GAL4/Y; UAS-sh-msn-1/CyO were crossed with female 

madk00237/CyO; hs-mad/TM3,dpphr4/CyO (from Dr. Stuart Newfeld, Arizona State 

Univ.), or w1118, respectively. Straight wing female progenies were collected for 

wing vein pattern imaging. The dissected wings were mounted in halocarbon oil 

and imaged by a Nikon Eclipes E600 microscope. 

 

Immunofluorescence staining of third instar larvae imaginal discs 



133 
 

The third instar larvae wing discs were dissected and fixed directly in 4% 

paraformaldehyde/PBS at RT for 30 minutes. The discs were permeabilized in 0.1% 

Triton X-100/PBS 2 times, 30 minutes each, followed by incubation in 0.1% 

Triton X-100/PBS/0.5%BSA/2% normal horse serum for 2h. 

Anti-phospho-SMAD1/5/8 (Cell Signaling, also recognizes phosphor-MAD) was 

used at 1:300 dilution and anti-HA (Sigma, clone 6E2) was used at 1:200 dilution 

for overnight incubation at 4 °C. After washing 4 times in 0.1% Triton X-100/PBS, 

discs were incubated with secondary antibodies: Alex488 anti-rabbit and Alex633 

anti-mouse at dilution of 1:1000 for 2h, followed by washing in 0.1% Triton 

X-100/PBS and mounting in PBS/vectorshield (DAPI included) 1:1. Confocal 

images of the discs were obtained using Leica DMIRE2. For measuring the length 

of stripes with peak pC-ter-MAD signal, pixel counts were taken at 16 different 

locations for each strip along the D/V axis. The ratio of dorsal/ventral stripe length 

was calculated and statistical significance was determined by t test 
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Fig 4.1 E ctopically activated Msn suppresses Dpp/MAD signaling in wing 

imaginal discs. (A) Third instar wing imaginal discs were double-immunostained 

with pC-ter-MAD (green) and HA (red). The nuclei were stained by DAPI (blue). 

The orientation of the wing disc is marked as “A”: anterior; “P”: posterior, and the 

brackets indicate the dorsal compartment of the wing pouch. (B) Wing imaginal 

discs from indicated transgenic lines were immunostained with the pC-ter-MAD 

antibody, and the nuclei were marked by DAPI. 
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Fig 4.2 Q uantification of the effect of Msn overexpression on Dpp/MAD 

signaling in wing imaginal discs. (A) Confocal images of wing discs 

immunostained with pC-ter-MAD were analyzed by line scan along the 

anteroposterior axis to measure the level of pC-ter-MAD staining. The mean ± SD 

of the values are plotted for the indicated transgenic lines. (B) The mRNA levels 

of dad in the wing discs from the indicated transgenic lines were measured by 

qPCR, using rp49 as the internal standard (mean ± SD. ***P < 0.001; **P < 0.01.) 
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Fig 4.3 E ctopic activated Msn causes morphological defects in the wing. 

Images of adult wings from indicated control and transgenic flies. 
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Fig 4.4 Depletion of Msn by RNAi enhanced MAD C-terminal 

phosphorylation in vivo (A) Third instar wing discs from the indicated transgenic 

lines were immunostained with pC-ter-MAD (green) and DAPI (blue). The 

brackets mark the dorsal and ventral segments of cells with the peak pC-ter-MAD 

signal. A: anterior; P: posterior; D: dorsal and V: ventral. (B) The dorsal (D) and 

ventral (V) segments of cells exhibiting the peak pC-ter-MAD signal were 

measured along the D-V axis by pixel counting. Plotted are the ratios of 

dorsal/ventral segment length in control and the two msn RNAi lines. *** : p < 

0.001, n>22 in each case. 
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Fig 4.5 Endogenous Msn negatively regulates Dpp/MAD signaling in vivo. (A) 

The adult wing vein patterns in control and msn RNAi transgenic lines. The 

arrows point to the extra vein tissues observed upon msn RNAi in the developing 

wing. (B) The extra vein phenotype was suppressed by the loss of one copy of 

either mad or dpp. The percentages of wings exhibiting normal or extra veins are 

shown in each case. The arrows point to the extra vein and the stars indicate the 

vein abnormalities found in the dpphr4/+ line. 
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CHAPTER V: GENERAL DISCUSSION 

 

5.1 Msk and nuclear import of activated R-Smads 

Genome-wide RNAi screening in this study offers a genetic approach to uncover 

new elements in TGF-β signal transduction. Here we identify and validate with in 

vivo evidence that Msk and its mammalian orthologues Imp7 and 8 are critical 

components in transporting TGF-β–activated Smads into the nucleus. Biochemical 

evidence further suggests that Msk/Imp7/8 directly import activated R-Smads as 

cargoes. 

 

Although there appears to be some discrepancy between these new findings and 

our previous reports that importins are dispensable for the nuclear import of 

Smads, these observations can be reconciled (Xu et al. 2002; Xu 2003). Our 

present and previous studies, based on different approaches, may have revealed 

different nuclear import mechanisms used by basal and activated Smads to enter 

the nucleus. There are important differences comparing Smad import with or 

without TGF-β stimulation. Unphosphorylated Smads are monomers, but 

phosphorylated Smads are assembled into complexes with Smad4 and are thus 

much larger in size (Wu et al. 2001; Chacko et al. 2004). Moreover, as 

phospho-Smads accumulate in the nucleus they have to move across the nuclear 

pore against an ascending concentration gradient of Smads already in the nucleus, 



145 
 

whereas unphosphorylated Smads never reach a higher concentration in the 

nucleus than in the cytoplasm. Thus, importing phospho-Smad complexes and 

unphosphorylated Smad monomers may entail different mechanisms, with or 

without the participation of importins. Indeed, our RNAi data in both Drosophila 

and mammalian cells suggest that nuclear import of the two forms of Smads is 

very different regarding the requirement of Msk/Imp7/8. This type of differential 

requirement for import factors is not unique to Smads. In fact, STATs (signal 

transducers and activators of transcription) in the interferon pathway are another 

example in which the latent STATs are imported by an importin-independent 

mechanism, whereas the phosphorylated STATs depend on importins to 

accumulate in the nucleus (Meyer et al. 2002). It is also interesting to note that 

phospho-Smads were still detected in the nucleus upon RNAi-mediated 

knockdown of Msk/Imp7/8. Although we cannot rule out the trivial explanation 

that this may be due to incomplete depletion of the targeted proteins, this 

observation may also suggest additional import mechanisms for activated Smads. 

We recognize that our previous finding of importin-independent nuclear import of 

Smads was largely based on an in vitro reconstituted nuclear import assay (Xu et 

al. 2002; Xu 2003). Although this in vitro system is widely accepted, it may not 

fully recapitulate nuclear import of activated Smads in cells (Adam et al. 1992). 

Based on our RNAi data, regarding the requirement of importins, the conclusion 

drawn from the in vitro import assay may not apply to phospho-Smads in intact 
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cells. 

 

However, the current study does not necessarily contradict the previous 

suggestions that direct Smad–nucleoporin interaction is critical for nuclear import 

of Smads (Xu et al. 2002; Sapkota et al. 2007). Our data showed that Msk/Imp7/8 

interact with Smads regardless of their phosphorylation status; thus, additional 

factors must be involved to explain why only TGF-β/BMP–activated Smads can 

accumulate in the nucleus. Because basal state Smads are actively exported out of 

the nucleus (Inman et al. 2002; Xu et al. 2002; Kurisaki et al. 2006), it is possible 

that retaining only phospho-Smads in the nucleus requires blocking Smad nuclear 

export, a scenario that has been demonstrated for Smad4 (Chen et al. 2005). This 

hypothesis would be consistent with findings in live cells, in which TGF-β 

signaling led to reduced mobility of Smad2 in the nucleus (Schmierer and Hill 

2005). Because Msk, Imp7, and Imp8 are shown to be critical for targeting 

phospho-Smads into the nucleus, it is conceivable that regulatory inputs to this 

nuclear import factor would impact TGF-β signaling. Although we did not notice 

any changes in subcellular localization of Msk or Imp7/8 in response to TGF-β in 

cultured cells (Xu et al. 2007), during Drosophila embryonic development, Msk 

distribution changed between cytoplasm and nucleus in a dynamic fashion 

(Lorenzen et al. 2001). Moreover, Msk is phosphorylated on tyrosine residues 

with yet-unknown functional consequences (Lorenzen et al. 2001). If and how 
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Msk localization is regulated and by what signals are completely open questions at 

present. A number of mitogen-induced phosphorylation events in the linker region 

of Smad have been suggested to inhibit TGF-β–induced nuclear translocation of 

Smads in Xenopus and mammalian cells (Kretzschmar et al. 1997; Kretzschmar et 

al. 1999; Grimm and Gurdon 2002;Sapkota et al. 2007). Because part of the 

Imp7/8 binding was mapped to the linker region of Smad3, it will be interesting to 

determine if linker phosphorylation would affect the interaction between Smads 

and Imp7/8 and hence the rate of nuclear import. It is also worth noting that Msk 

has been genetically implicated in the nuclear import of activated ERK in 

Drosophila. Such convergence on the same molecule for nuclear import raises the 

possibility of cross-talk between MAP kinase and TGF-β pathways at the level of 

nuclear translocation of key signal transducers. 

 

We demonstrated that R-Smads interaction with Imp7/8 involved the MH1 and 

linker region. Consistent with this observation, we identified a Lys-rich KKLK 

motif in MH1 domain that was required for Imp8-driven nuclear import of Smad3. 

Such a structural element is conserved in R-Smads and Smad4 and indeed is 

required for nuclear import of Smad4 (Yao et al. 2008). However, the KKLK 

motif is not sufficient to facilitate nuclear import of a heterologous protein (Yao et 

al. 2008). In addition, while the KKLK motif is present in Smad2 and Medea, 

these two Smads are not directly imported by Imp8/Msk (Yao et al. 2008). These 
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findings indicate the requirement of other structural elements in nuclear import of 

Smads. These structural elements are likely to reside within the MH1 and the 

linker region since the C-terminal MH2 domains of Smad2 and Smad3 are almost 

identical. Smad2 interaction with Imp8 was also significantly weaker when 

compared with Smad3 (Yao et al. 2008), indicating that other structural elements 

but not the KKLK motif are more critical in mediating the Smads interaction with 

Imp8. Indeed, mutating KKLK to AALA did not affect Smad4 interaction with 

Imp8. Then what is the function of the KKLK motif in the Imp8-mediated nuclear 

import of Smads? One possibility is that the KKLK motif is critical for Smad 

import at the steps after Imp8 association. Alternatively, the Imp8-Smad 

interaction involves the KKLK and other domains, but the KKLK sequence is 

required for an interaction with Imp8 that would generate an import-competent 

configuration. It is also possible that another factor binding the KKLK motif is 

crucial for nuclear import of Smads.  

 

5.2 Nucleoporins and nuclear transport of activated Smads 

In this study we also identified a distinct nucleoporin cohort, including both 

non-FG nucleoporins and FG-nucleoporins, that represents a unique trans-NPC 

mechanism for signal-activated MAD. Such specificity in nucleoporin utilization 

may reflect different demands of constitutive and signal-induced nuclear import 

events. Most unexpectedly, several non-FG nucleoporins, including Sec13, Nup93, 
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Nup75, and Nup205, appear to act in concert with Msk to selectively transport 

MAD, but not the cNLS-cargo or basal-state Medea, into the nucleus (Chen and 

Xu 2010). This is the first indication that beyond their involvement in the general 

assembly of the NPC, non-FG nucleoporins could play discrete roles in specific 

nuclear transport pathways. We further identified the distinct functions served by 

two non-FG scaffold nucleoporins, Sec13 and Nup93, that are critical and specific 

for the nuclear import of MAD. Our findings suggest a novel functional interplay 

between the MAD nuclear import machinery and the NPC. 

 

Sec13 is part of the Nup107-160 complex, and Nup93 is part of the Nup53-93 

complex; both are scaffolds of the NPC. We emphasize that our findings are not in 

conflict with the established roles of Sec13 and Nup93 in general NPC assembly 

but broaden the functions of these non-FG nucleoporins to specific nuclear import 

pathways. It was somewhat surprising that depletion of Nup75 and Sec13 had little 

impact on MAb414 staining and nuclear envelope permeability, in contrast to the 

more severe phenotypes exhibited by the knockdown of other components in the 

Nup107-160 complex (i.e., nup145, nup107, and nup160). We could hardly detect 

Sec13 after RNAi, so the lack of impact on MAb414 staining could not be 

attributed to incomplete depletion of Sec13. Therefore, our observations suggest 

that knocking down individual components of the Nup107-160 complex could 

lead to different phenotypes regarding MAD nuclear import, the MAb414 staining 
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pattern, and the permeability of the NPC, arguing that each nucleoporin in the 

Nup107-160 complex serves distinct functions. 

 

The challenging question ahead is how these non-FG nucleoporins mediate the 

nuclear import of MAD. Interestingly, Sec13 has been shown to dynamically 

transit between the cytoplasm and the nucleus, and endogenous Sec13 is 

partitioned among the NPC, the intranuclear space, and the endoplasmic reticulum 

(ER) (Enninga, Levay, and Fontoura 2003). With our observation that Sec13 

preferentially interacts with phosphorylated/activated MAD, it is possible that 

Sec13 could act as an active trafficker rather than as a stationary component of the 

NPC to mediate the nuclear import of MAD. Whether phosphorylated MAD 

reaches the NPC via random diffusion or is guided by particular factors remains an 

open question and it will be interesting to investigate whether Sec13 might be 

involved. 

 

Msk has a characteristic nuclear rim localization pattern that we show here is 

important for its ability to transport MAD into the nucleus. Two of the 

nucleoporins that are required for MAD nuclear import, Nup93 and Nup358, 

appear to be responsible for targeting Msk to the nuclear periphery. Deletion of the 

C-terminal region of Msk disrupted its nuclear rim distribution and 

also significantly weakened the Msk-Nup93 interaction. It is unclear whether the 
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same C-terminal deletion of Msk would affect the Msk-Nup358 interaction as well. 

Thus, the question remains, between Nup93 and Nup358, which one is more 

directly responsible for recruiting Msk to the nuclear periphery. Interestingly, Impβ 

is also concentrated to the nuclear periphery, like Msk, but such localization has 

been shown to depend on Nup153 instead of Nup93 and Nup358 (Sabri et al. 

2007). Therefore, different importins are apparently recruited to the NPC through 

distinct nucleoporins, another direct indication that various nuclear import 

pathways operate through different modes of interaction with the NPC. 

 

As exemplified by Sec13, Nup93, and Nup358, the nucleoporins implicated in 

MAD nuclear import serve distinct functions at different stages of the import 

process. While our data clearly suggest that Sec13 and Nup93 play roles distinct 

from those of the other components of the Nup107-160 or Nup53-93 complex, we 

do not suggest that they function in isolation from the other nucleoporins. Nor can 

we at this point rule out a possible requirement for other nucleoporins in the 

nuclear import of MAD. Nevertheless, the direct physical interaction between 

Sec13/Nup93 and MAD or Msk, as well as the very selective impact of Sec13 and 

Nup93 RNAi on the nuclear import of MAD, but not other cargoes, is consistent 

with our interpretation that Sec13 and Nup93 are directly involved in the nuclear 

import of MAD. 
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Our genetic dissection of the Smad nuclear import pathway has important 

implications for the model of NPC structure and function. The findings in this 

study depart from the current dogma that puts only FG-nucleoporins at the center 

of the NPC-importin interplay. The diversity in trans-NPC routes and the 

pathway-specific involvement of non-FG nucleoporins need to be incorporated 

into models of NPC function in nuclear transport. It is increasingly clear that there 

are multiple distinct routes through the NPC that are taken by different 

importin/cargo complexes. The question, then, is how the NPC can accommodate 

these different passages. X-ray crystal structure analysis and electron microscopy 

have suggested that the Nup107-160 complex assumes a Y-shaped topography, 

raising speculations that such a porous assembly may leave room for additional 

trans-NPC passages besides the central tunnel, which is densely populated by 

FG-nucleoporins (Boehmer et al. 2003). It is also plausible that non-FG 

nucleoporins regulate the transport when cargoes are translocated through the 

peripheral transport route in the central tunnel that has recently been identified 

(Fig 1.6 D) (Ma and Yang 2010; Yamada et al. 2010). One could also speculate 

that maybe the NPC can assume different configurations upon receiving different 

importin/cargo complexes to enable the translocation process. 

 

5.3 Biological Implications of Smad Inhibition by Msn Kinases 

The Smad inhibition mechanism uncovered here identifies Msn kinases as new 
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modulators controlling the magnitude of TGF-β/BMP signaling. The physiological 

importance of Msn in developmental processes such as dorsal closure and planar 

polarity has been documented in Drosophila and vertebrates, but the direct Msn 

targets relevant to these processes remain unclear (Paricio et al. 1999; Su et al. 

1998; Xue et al. 2001). Our finding that Smad is a substrate of Msn may help 

understand phenotypes exhibited by animals with Msn loss-of-function mutations. 

For example, Dpp is also a major regulator of dorsal closure in Drosophila 

embryonic development, so the dorsal closure defects observed in msn mutant 

animals may be partly attributable to dysregulation of Dpp signaling (Su et al. 

1998; Xue et al. 2001; Harden 2002). Msn has been suggested to be an upstream 

activator of the MAP kinase JNK, by activating the intermediate MAP3Ks and 

MAP2Ks, although the direct target of Msn in this case was not clear (Su et al. 

1997; Su et al. 1998; Garlena et al. 2010). In mammalian cells, a recent RNAi 

screen has identified MAP4K4 as an inhibitor of adipogenesis, mTOR signaling 

and insulin responses (Tang et al. 2006; Tesz et al. 2007; Guntur et al. 2009). In 

separate RNAi screens, MAP4K4 was found to promote tumor cell motility 

(Collins et al. 2006) and MINK1 was identified as a mediator of Ras induced cell 

growth arrest (Nicke et al. 2005). More recently, TNIK was reported to be an 

activator of Wnt target genes by interacting with and phosphorylating the 

transcription factor TCF4 (Mahmoudi et al. 2009; Shitashige et al. 2010). 

Therefore, the Msn kinases are critical signaling nodes that in parallel to 
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repressing Smad may impact multiple pathways, giving rise to complex 

pathophysiological outcomes. 

 

The underlying molecular mechanism that activates Msn catalytic function 

remains largely unknown. Addressing this question is critical for understanding 

the physiological context that stimulates Msn-mediated Smad inhibition. 

Interestingly we found that Msn is activated when targeted to the cell membrane 

by a myristoylation sequence (Kaneko et al. 2011). Perhaps membrane association 

facilitates phosphorylation/activation of Msn kinases by a membrane-bound 

kinase or interaction with certain membrane-bound proteins that turn on the Msn 

kinase activity. Our observations present a stepping-stone to further dissect the 

upstream regulatory inputs that are imposed on Msn. The biological outcomes of 

TGF-β/BMP are critically dependent on the cellular contexts. 

 

This current study uncovered a negative impact on Smad from the Msn kinases. 

Understanding the molecular control of this Smad inhibition pathway will advance 

our knowledge on TGF-β/BMP integration with other signals during embryonic 

patterning as well as in diseases such as cancer. 

 

5.4 Conclusions and Remaining Questions: 

Using nuclear translocation of MAD as the readout in a systemic RNAi screen in 
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Drosophila, I have identified two critical elements required in nuclear import of 

Dpp-activated MAD: the importin Msk and a unique subset of nucleoporins, 

including Nup75, Sec13, Nup93, Nup205 and Nup50 (Xu et al. 2007; Chen and 

Xu 2010). While this systemic approach is powerful in gene function studies and 

gene discovery, the RNAi screening associates with inherent limitations. In 

particular, off-target effects with the use of long dsRNAs in Drosophila cells can 

contribute to a higher rate of false positives. Fortunately, the long dsRNA library 

DRSC 2.0 collection that we used for the screen has improved dsRNA designs to 

minimize the prevalence of OTEs. We also used a second independent dsRNA to 

eliminate OTEs in validation of a potential hit. Moreover, random errors that 

cannot be prevented lead to non-specific phenotypes in particular wells and 

contribute to a higher rate of false positives or false negatives. They arise through 

occasional malfunctions of liquid-handling robotics, random loss of cells during 

the processing steps or changes in concentrations due to evaporation in certain 

wells and occasional defects in tissue-culture plates.  

 

Until recently, systemic RNAi screening in Drosophila has been limited to a cell 

culture approach, even though transgenic RNAi libraries had been assembled in 

Vienna Drosophila RNAi Center and Drosophila RNAi Screening Center at 

Harvard Medical School. These libraries contain transgenic fly strains with an 

RNAi hairpin under UAS-Gal4 control. Although genome-wide screens in vivo 
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with these libraries will be far more labor-intensive and time-consuming than the 

cell-based approaches, they will provide the opportunity to examine a wide of 

complex phenotypes in the whole animal or in a particular development stage in a 

particular tissue. Additionally, these transgenic RNAi lines can be used in rapid 

validating in vivo the involvement of candidate genes identified in cell-based 

RNAi screens. For example, in the Chapter IV, I examined the in vivo function of 

Msn kinase in Dpp signaling in Drosophila wings by using UAS-msn RNAi 

transgenic flies. Similar experiments can be applied to the nucleoporins that I 

identified in the screen to further investigate their biological relevance to Dpp 

signaling. Specific functions of both FG and non-FG nucleoporins have been 

implicated in cancers and cell differentiation (Xu and Powers 2009; Lupu et al. 

2008; Xianqin Zhang et al. 2008). Whether this unique subset of nucleoporins that 

regulate activated MAD nuclear import will impact Dpp signaling in Drosophila 

development, oncogenesis or cell differentiation is currently an open question.  

 

Collectively, my findings delineated unique importin and nucleoprins for Smad 

nuclear import pathway, suggesting a novel trans-NPC route (Xu et al. 2007; Chen 

and Xu 2010). One appealing model is that Msk is positioned by Nup93 and 

Nup358 to the vicinity of NPC, and perhaps Sec13 engages phosphorylated MAD 

and, through its own trafficking ability, delivers MAD to Msk. The MAD-Msk 

import complex then translocate across the NPC by taking the peripheral transport 
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route where the MAD-Msk import complex interact with both non-FG 

nucleoporins and FG nucleoprins. This new knowledge has revealed novel 

molecular mechanisms involved with nuclear transport and TGF-β signaling and 

in the future, will broaden our understanding of the role of TGF-β in development 

as well as in disease such as cancer.  
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Appendix: Primary hits of the RNAi screen.  

Candidates are listed ascendingly according to the score given by visual inspection. Hits 

that are characterized in this thesis are highlighted in grey.  
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CG3898 CG3898   1.963377 2 DRSC18330 363 19 
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snoRNA:U31:54Ec, 
snoRNA:snR38:54Eb, 
snoRNA:U27:54Eb, 

snoRNA:snR38:54Ec, 
snoRNA:U27:54Ec, 

snoRNA:snR38:54Ea, 
snoRNA:U31:54Ed, 

Uhg1, 
snoRNA:U31:54Eb, 
snoRNA:U29:54Ed, 
snoRNA:U27:54Ea 

Uhg1: 
CG14486   2.287774 5.4 DRSC06458 2394 4 

CG40282, 
CG17706 CG40282   2.427413 5.4 DRSC07814 464 3 

CG5491 CG5491 2.083407 INTS12 5.4 DRSC15818 495 0 

CG6619 CG6619   2.465679 5.5 DRSC08791 519 3 

CG11100 Mes2   2.520626 5.5 DRSC11593 278 0 

CG6619 CG6619   2.397858 5.5 DRSC08791 519 3 

CG13779 CG13779   2.50665 5.5 DRSC30061 229 2 

CG30151 CG30151   2.80161 5.5 DRSC24759 286 0 

CG15269 CG15269   2.769486 5.5 DRSC24737 303 0 

CG9235 CG9235   2.98227 5.5 DRSC26087 350 0 

CG15263 CG15263   2.44419 5.5 DRSC27309 330 0 

CG15374 CG15374   2.438166 5.5 DRSC27325 216 0 

CG8008 CG8008   2.290436 5.5 DRSC27395 370 0 

CG7415 DppIII 2.55619 DPP3 5.5 DRSC27801 451 0 

CG17292 CG17292   2.614519 5.5 DRSC27746 301 0 

CG32353, 
CG6239 CG32353   2.542148 5.5 DRSC27481 329 0 

CG34123, 
CG30079, 
CG30078, 
CG16805 CG34123   2.588073 5.5 DRSC27597 512 0 

CG14477, 
CG10941, 
CG33197 mbl 2.737744 MBNL1 5.5 DRSC28319 321 0 

CG1100 Rpn5 2.699169 PSMD12 5.5 DRSC28279 544 0 

CG1782 Uba1 2.563883 UBE1 5.5 DRSC28350 419 0 

CG1063 Itp-r83A 2.529816 ITPR1 5.5 DRSC28770 300 0 
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CG12932 CG12932   2.354414 5.5 DRSC29170 303 0 

CG18102 shi 2.422113 DNM1 5.5 DRSC29498 305 0 

CG14026 tkv 2.510634 BMPR1A 5.5 DRSC03623 509 2 

CG9314 CG9314   2.553812 5.5 DRSC03194 517 1 

CG3975 CG3975   2.519396 5.5 DRSC01961 515 1 

CG10531 CG10531   2.193149 5.5 DRSC04079 562 1 

CG30281, 
CG6676 CG30281 2.193796 FCN1 5.5 DRSC04528 501 0 

CG14471 CG14471   2.281233 5.5 DRSC04865 506 1 

CG2331 TER94 2.327177 VCP 5.5 DRSC07560 513 1 

CG4282 CG4282   2.289546 5.5 DRSC06865 508 0 

CG5859 CG5859 2.253403 INTS8 5.5 DRSC07417 484 0 

CG16807 CG16807 2.121173 RC3H1 5.5 DRSC10227 490 0 

CG1322 zfh1 2.449715 ZEB1 5.5 DRSC17098 516 6 

CG2116 CG2116   2.257611 5.5 DRSC18206 509 4 

CG6506 CG6506   2.254038 5.5 DRSC19997 488 3 

CG12113 l(1)G0095 2.323491 INTS4 5.5 DRSC17810 485 0 

CG6392 cmet 2.449095 CENPE 5.5 DRSC03511 513 0 

CG33554, 
CG2905, 
CG10549 Nipped-A 2.400973 TRRAP 5.5 DRSC04883 236 0 

CG30169, 
CG13584, 
CG13583 CG30169   2.420928 5.5 DRSC04219 518 0 

CG17048 CG17048   2.263541 5.5 DRSC06649 273 0 

CG8156 Arf51F 2.240902 ARF6 5.5 DRSC05921 285 0 

CG13335, 
CG6183 CG13335   2.287998 5.5 DRSC06966 575 0 

CG13340 CG13340   2.221772 5.5 DRSC06374 514 2 

CG13443 CG13443   2.415307 5.5 DRSC06403 520 0 

CG18775 Lcp65APsi   2.18599 5.5 DRSC10342 226 1 

CG7972 mus301 2.162939 HEL308 5.5 DRSC10939 491 0 

CG5679, 
CG17155, 
CG32096, 
CG12277 rols 2.196289 TANC2 5.5 DRSC10536 505 0 

CG18265 CG18265   2.070831 5.5 DRSC10310 509 0 
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CG18667, 
CG18484, 
CG18668, 
CG33208, 
CG11687, 
CG33190, 
CG11685, 
CG33186 MICAL 2.101503 LOC729269 5.5 DRSC14351 242 0 

CG13658 CG13658   2.2555 5.5 DRSC14659 499 2 

CG31156, 
CG5253, 
CG5257 CG31156 2.193412 SRBD1 5.5 DRSC15755 221 0 

CG15786 CG15786   2.220728 5.5 DRSC18092 477 0 

  
HDC20619 ('+' in Hild 

et al)   2.149558 5.5 DRSC21237 300 0 

CG5659 ari-1 2.203919 ARIH1 5.5 DRSC21603 500 1 

CG30049 CG30049   1.973251 5.5 DRSC21345 311 0 

CG2005, 
CG11517, 
CG11516, 
CG11515 Ptp99A 2.200032 PTPRG 5.5 DRSC22125 148 0 

CG31137, 
CG17741, 
CG5534 twin 2.199761 CNOT6 5.5 DRSC21363 500 1 
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