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Identifying the Function of Nasal Embryonic LHRH factor (NELF) in Immortalized GnRH 

Neurons (Under the direction of LAWRENCE C.LAYMAN) 

 

         Hypothalamic gonadotropin releasing hormone (GnRH) is crucial for the proper 

function of the hypothalamic-pituitary-gonadal (HPG) axis, puberty, and reproduction. When 

GnRH neuron migration or GnRH regulation is impaired, hypogonadotropic hypogonadism 

results.  Mutations in the gene for nasal embryonic LHRH factor (NELF) have been identified 

in GnRH-deficient humans.  NELF is a predominantly nuclear protein that may participate in 

gene transcription, but it is unlikely to be a transcription factor. Thus, our hypothesis is that 

NELF may indirectly regulate transcription via protein-protein interaction within a 

transcription complex.  To address this question, RNA was extracted from NLT GnRH 

neuronal cells following either stable Nelf knockdown or scrambled control and subjected to 

cDNA arrays.  Expression of transcription factors and cell migration gene expression was 

most commonly altered.  Members of the Janus kinase/signal transducers and activators of 

transcription (JAK/STAT) pathway, including Stat1, Stat2, Stat5a, Jak2, Irf7 and Irf9, were 

significantly down-regulated as assessed by RT-qPCR.  Protein levels of STAT1, phospho-

STAT1, and JAK2 were reduced, but the levels of phospho-JAK2 were not.  These findings 

suggest a role for NELF in the regulation of the JAK/STAT signaling pathway, which has 

important functions in GnRH neurons.   

 Jacob, the rat orthologue of NELF, is phosphorylated at the serine 180 residue by 

phosphorylated Erk1/2 which is activated by synaptic NMDA receptor activation and then 

translocates to the nucleus.  Phosphorylated Jacob in the nucleus interacts with CREB and 



regulates the expression of BDNF, which is associated with synaptic plasticity in the brain. 

Proteins, such as caldendrin, importin-α and α-interxin, have been identified as binding 

proteins with Jacob.  However, binding proteins, phosphorylation sites and/or kinases for 

NELF have not yet been reported.  To demonstrate novel and putative functions of NELF in 

the nucleus, identification of binding proteins and phosphorylation sites is required.  To 

address this question, co-immunoprecipitation (Co-IP), mass spectrometry and in vitro kinase 

assays were performed.  We found six putative binding proteins that could interact with 

NELF, including 14-3-3ε. We also identified phosphorylation sites on NELF, including serine 

288, which could be phosphorylated by AKT1 kinase.  These new findings will be helpful to 

understand the function of NELF in the nucleus.   

 

KEY WORDS: GnRH neurons, Nelf knockdown, JAK/STAT signaling pathway, shRNA 
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I. INTRODUCTION 

A. Statement of the Problem  

           Hypothalamic gonadotropin releasing hormone (GnRH) is crucial for the proper 

function of the hypothalamic-pituitary-gonadal (HPG) axis, subsequent puberty, and 

reproduction.  When GnRH neuron migration or GnRH regulation is impaired, 

hypogonadotropic hypogonadism (HH) results.  Mutations in the gene for nasal embryonic 

luteinizing hormone-releasing factor (NELF) have been identified in GnRH-deficient humans.  

NELF is a predominantly nuclear protein that may participate in gene transcription since it 

has two atypical zinc finger domains and is co-localized with RNA polymerase II in   the 

nucleus.  However, the genes that NELF regulates are unknown.  In addition, Jacob protein, 

which is the rat orthologue of NELF, has been shown to interact with RNA polymerase II and 

to regulate Bdnf, a target gene of CREB in the nucleus, following phosphorylation by ERK1/2 

and translocation to the nucleus.   

            The aim of this project was to use NLT cells, which are a mouse GnRH neuronal 

migratory cell line, as an in vitro model system in which to characterize the function of 

NELF.  We have performed cDNA arrays following knockdown experiments with Nelf 

shRNA lentiviral particles.  We found that genes which are members of the JAK/STAT 

signaling pathway (Stat1, Stat 2, Stat5a, Jak2, Irf7, or Irf9) were down-regulated upon 

Nelf knockdown. Also, target genes Nos2, cdkn1a, Mmp3, Saa3, Isgl5, Jun associated 

with Stat 1 were also down-regulated.  These data suggest that Nelf may be involved in 

the regulation of the JAK/STAT signaling pathway (NELF is unlikely to be a 
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transcription factor itself).  To investigate binding proteins in terms of the function of 

NELF in transcription, we performed co-IP and mass spectrometry.  Six putative binding 

proteins, including 14-3-3ε that could interact with NELF and phosphorylation sites 

including serine 288, a target for 14-3-3ε AKT 1 kinase, were discovered.  These new 

findings will be important to elucidate the function of NELF in the nucleus.  

       We propose to examine the in vivo function of Nelf using Nelf knockout mice (Nelf 

KO).  We found that Nelf KO mice manifest subfertility in both sexes.  Also, adult female 

Nelf KO mice had delayed puberty compared to wild-type mice. These phenotypes, 

however, were not as severe as we expected.  We hypothesized that Nelf may affect 

migration of GnRH neurons during the pre-pubertal stage (at 30 days of age).  To address 

this hypothesis, the levels of gonadotropic hormones and sex steroid hormones were 

measured and the number of GnRH neurons were counted.  However, the levels of 

gonadotropic hormones and sex steroid hormones did not differ between genotypes and 

also the number of GnRH neurons did not show a difference between Nelf KO and wild-

type.  These data suggest that NELF may show an effect right after puberty. It is possible 

that the expression level of Gnrh1 is reduced in the Nelf KO compared to wild type, even 

though the number of GnRH neurons did not differ.  
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B. Review of the literature 

1. Characteristics of NELF  

Importance of the migration of GnRH neurons in reproduction 

       The hypothalamic-pituitary-gonadal (HPG) axis is necessary for pubertal development 

and fertility, and is regulated by gonadotropin releasing hormone (GnRH).  Proper migration 

of GnRH neurons from the olfactory placode to the hypothalamus is crucial for the normal 

function of the HPG axis.  GnRH neurons in the hypothalamus release GnRH which 

stimulates release of two gonadotropin hormones: follicle-stimulating hormone (FSH) and 

luteinizing hormone (LH) from the anterior pituitary gland.  Gonadotropins stimulate the 

production of estrogen from ovaries and testosterone from the testes.  A deficiency of GnRH 

is manifested by at least two human disorders— normosmic hypogonadotropic hypogonadism 

(nHH) and Kallmann syndrome (KS), which pairs hypogonadotropic hypogonadism with 

anosmia/hyposmia1.   

 

Nelf is involved in the migration of GnRH neurons 

        The Nelf gene, also known as NMDA receptor synaptonuclear signaling and 

neuronal migration factor (Nsmf), was differentially isolated from migratory GnRH 

neurons in mice and was found to be diffusely expressed in the brain, most highly in the 

cortex anlage 2,3.  It is also expressed in many different tissues outside the central nervous 

system, such as in the kidney, liver, heart, spleen, skeletal smooth muscle, thymus, colon, 

placenta, and white blood cells 4.  GnRH neuronal migration can be divided into four 

specific stages: 1: initiation, promoting the adherence of GnRH neurons to axons of the 

vomeronasal nerve (VNN), 2: crossing the cribriform plate with branching that guides the 
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GnRH neurons to turn caudally into the forebrain, 3: movement towards the 

hypothalamus which promotes the extension of long processes through the basal 

forebrain toward the median eminence and 4: detaching of the neurons from their axonal 

guides to disperse further into the hypothalamus and terminate migration5.   It has been 

reported that NELF is involved in GnRH neuron migration2,6,7.  Silencing Nelf transcripts 

using antisense oligomers in mouse nasal explants resulted in a two-thirds reduction in 

the number of GnRH neurons, as well as a decrease in the length and complexity of 

olfactory nerve fibers2.  Knockdown of nelf in zebrafish8 and knock down of  Nelf in 

immortalized mouse GnRH neurons led to impaired GnRH neuron migration 4.  

 

Mutations of Nelf in nHH/KS patients 

          Mutations in at least 30 genes have been identified in human nHH/KS patients1,9,10.  

The first NELF variant was identified in a nHH patient who had a missense variant 

(p.Thr480Ala) in Exon 15, which was likely a polymorphism 11. The second report was an 8 

bp deletion of the NELF gene along with FGFR1 mutation in a KS patient suggesting possible 

digenic inheritance12.  Additional NELF mutations were subsequently reported.  One 

idiopathic hypogonadotropic hypogonadism (IHH) patient had a compound heterozygous Nelf 

mutation (c.629-21 C>G& c.629-23 G>C) and two KS patients had heterozygous NELF 

mutations with mutations in a second gene: NELF/KAL or NELF/TACR3 7 (Table 1).  

Therefore, NELF mutations may occur in either nHH or KS.   
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NELF is a nuclear protein.  

        NELF was first thought to be a membrane protein by immunocytochemistry2.  

However, it has been subsequently demonstrated that NELF is a nuclear protein using 

immunoblotting with NELF primary antibody following subcellular fractionation from 

NLT, mouse GnRH-expressing neuronal migratory cells4.  Further, NELF has been 

shown to be colocalized with RNA-polymerase II in the nucleus using 

immunofluorescence staining13.  Mouse NELF has at least five splice variants, the most 

abundant splice variant of which is predominantly localized in the nucleus14.  This splice 

variant contains a functional nuclear localization signal (NLS), residues 248 to 265, in 

both migratory and postmigratory GnRH neuron cells (Figure 1)4.    

          The human NELF gene (NELF, MIM 608137) encodes a protein with two 

predicted putative atypical zinc finger domains, but NELF is unlikely to directly bind 

DNA4 because both zinc fingers are atypical.  One zinc finger, the H2C2 type, was seen 

in amino acids 131 to 170, while the other, a CHHC form, was located at residues 411 to 

463.  Both zinc fingers are completely conserved across species including human, mouse, 

rat, chicken and zebrafish. In addition, NELF has a myristoylation signal 

GAASRRRALRSEAMSS at positions 2-18 and an IQ motif, calmodulin-binding motif, 

at position 229 to 256 (Figure 1).   

 

Jacob is the protein messenger which is a mediator of Synapto-nuclear signaling.  

         Jacob protein, the rat ortholog of NELF, was identified as a synapto-nuclear messenger 

protein of NMDA receptor signaling to the nucleus15.   Jacob was also identified as a 

caldendrin binding partner, which is known as a neuronal calcium sensor15.   Caldendrin binds 
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to Jacob's nuclear localization signal in a Ca2+ dependent manner.  Calcium is one of the 

major mediators of synapto-nuclear signaling.  Calcium influx through synaptic NMDA 

receptors triggers the nuclear cAMP response element-binding protein (CREB) 

phosphorylation ERK-dependent pathway.  Calcium influx through extrasynaptic NMDA 

receptors leads via an ERK independent pathway to dephosphorylation of CREB, termed 

CREB shut-off 16.   

       Jacob protein in the nucleus has an opposite effect on phosphorylation of CREB 

depending on the source of activation.  Jacob is phosphorylated at serine 180 by activated 

extracellular signal-regulated kinase 1/2 (ERK1/2), which is phosphorylated by synaptic N-

methyl-D-aspartate (NMDA) receptor activation.  Phosphorylated Jacob translocates to the 

nucleus via importin-α and then enhances phosphorylation of CREB, which is a transcription 

factor in the nucleus.  This enhanced CREB phosphorylation increases the expression level of 

brain-derived neurotrophic factor (Bdnf) and the Arc/Arg 3.1 genes, which are target genes of 

CREB associated with synaptic plasticity17.  In contrast, non-phosphorylated Jacob activation 

by extrasynaptic NMDA receptor induces a sustained dephosphorylation of CREB in the 

nucleus.  In addition, Jacob protein has been identified in complexes that contain DNA and 

RNA polymerase II containing euchromatin in the nucleus18.   Taken together these data 

support that NELF may play an important role in controlling transcription within transcription 

complexes through interacting with other proteins. 

 

2. Phosphorylation sites and kinases for NELF  

          The phosphorylation sites and kinases for mouse NELF have not yet been reported. 

Jacob protein has been postulated to undergo posttranslational modifications since the  
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No Report AA change 
DNA 

change 

Type of 

mutation 
Location 

Mutation in 

other genes 
Comments 

1 
Miura et al, 

2004 
p.Thr480Ala c.1438A>G Missense Exon 15 None Polymorphism 

2 
Pitteloud et 

al, 2007 

8bp  

deletion  

c.1159-14_-

22 del  
Deletion  

Before  

exon 10 

p.Leu342Ser 

in exon 7 of 

FGFR1 

 

3 
Xu et al, 

2011 
p.Ala253Thr c.757G>A Missense  Exon 5 

p.Cys163del 

of KAL1 
 

4 
Xu et al, 

2011 
NA 

c.629-21 

C>G  

& c.629-23 

G>C  

Intronic  Intron 2 None 

Heterozygous 

intronic 

mutation  

5 
Xu et al, 

2011 
NA 

c.1160-13 

C>T 
Intronic  Intron 10 

p.Trp275X of 

TAC3R 

(nonsense 

mutation ) 

Heterozygous 

splice  

mutation  

 

 Table 1: Mutations of Nelf in nHH/KS patients 
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                   Figure 1. Schematic structure of NELF protein. NLS: Nuclear localization signal.  
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band in SDS-PAGE occurred in the range of 62-70 kDa, whereas the major bands 

detected in postsynaptic density fraction (PSD) preparations migrated at 72-80 kDa.  This 

difference most likely reflects posttranslational modification(s)15.  Karpova et al17 

showed that serine 180 is the one phosphorylation site in the Jacob protein.  They 

demonstrated that serine 180 is phosphorylated by ERK1/2, using an in vitro kinase assay 

with active ERK1/2 and mass spectrometry following trypsin digestion.  Interestingly, 

amino acids of NELF are highly conserved in many different mammalian species but 

neighboring residues of serine 180 are not.  In the rat, residues 180 and 181 are serine- 

proline (SP); in mouse, residues 180 and 181are serine-serine (SS); and in human, 

residues 180 and 181 are threonine-proline (TP) (Figure 2)17.  

 

3. Nelf knockout (KO) mouse  

         Female Nelf knockout (KO) adult mice manifest delayed puberty, expressed by a delay 

in vaginal opening compared to wild type (WT).  However, male KO adult mice did  

not exhibit delayed puberty.  Interestingly, both male and female KO mice exhibit 

subfertility.  Female KO mice had significantly smaller mean litter sizes and numbers of 

litters /90 days compared to WT females.  In addition, the number of GnRH neurons was 

significantly reduced by 40% in female KO adult mice, but not in males.   Male KO mice 

also showed a significantly decreased mean litter size when KO males mated with WT 

females.  19.  Jacob/Nsmf (the new name of Nelf) KO mice showed a significant 

difference in metestrus and diestrus cycles compared to WT mice.  The duration of the 

metestrus phase was prolonged, while the diestrus phase was shortened in KO mice, 

despite showing normal fertility in both genotypes20.   
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                   Figure 2. Comparison of NELF amino acid sequences between rat, mouse and human. Upper line 

                   represents amino acid sequence (NP_476538.2) for rat NELF, middle line represents amino acid 

                   sequence (NP_001034475.1) for mouse NELF and human NELF (NP_001124441.1) is 

                   represented in the bottom line. Residue 180 and 181 are marked with red for each species, and the  

                   putative binding site for ERK1/2 is marked with green 

 

 

 

 

 



 

11 

 

        In Jacob/Nsmf KO mice, hippocampal dysplasia, expresses as shorter dendrites, less 

dendritic branching, fewer synapses and increased catecholaminergic innervation, was 

observed.  In addition, Jacob/Nsmf KO showed behavioral deficits in contextual fear 

conditioning, object recognition memory, low hippocampus-dependent hearing tasks and 

impairments of synaptic plasticity in classical NMDAR-dependent CA1 LTP (long term 

potentiation).  Jacob/Nsmf KO mice show significantly reduced BDNF mRNA and 

protein levels during dendritogenesis, and BDNF promoter activity is attenuated 

compared to wild type 20 which is consistent with previous results18.  BDNF itself can 

drive Jacob into the nucleus, since nuclear phosphorylated Jacob (pJacob) and 

phosphorylated CREB (pCREB) immunofluorescence in the nucleus was prominently 

increased in response to acute BDNF application. 

 

4.  Role of the JAK/STAT signaling pathway in the GnRH neuron 

        The JAK/STAT signaling pathway is initiated upon the activation of a receptor by 

polypeptides such as hormones, growth factors or cytokines, leading to the activation of Janus 

Kinase (JAK).  Activated JAK phosphorylates signal transducers and activators of 

transcriptions (STATs). The phosphorylated STATs form a STAT dimer and then this dimer 

translocates to the nucleus. The STAT dimer in the nucleus binds to DNA and regulates 

transcription. It has been reported that JAK2, STAT3 and STAT5 are expressed in GnRH 

neurons, such as GN11 and GT1-7 cells.  JAK2 mediates the effect of the cytokine signaling 

such as leukemia inhibitory factor (LIF) and ciliary neurotrophic factor (CNTF) through 

cytokine receptors on GnRH neurons21.  In addition, the mRNA expression level of GnRH via 

Jak2 is increased in GT1-7 cells following treatment with CNTF22.  These data suggest that 
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interleukin-1, tumor necrosis factor (TNF), LIF, and CNTF are candidates for direct 

regulators (inhibition or activation) of GnRH neurons, possibly through the JAK/STAT 

signaling pathway.  Cytokine-mediated signaling plays an important role in the reproductive 

development of both males and females. From in vivo studies, GnRH neuron-specific 

conditional JAK2 KO mice (Jak2 G-/-) showed a reduced level of GnRH secretion and, as a 

consequence, exhibited impaired reproductive function and fertility in female mice23. 

Interestingly, reduced mRNA levels of GnRH in Jak2 G-/- mice, despite having the same 

number of neurons, suggests that JAK/STAT signaling regulates GnRH gene expression and 

plays an important role in GnRH neuronal function 23.      

 

5. Role of the JAK/STAT signaling pathway in the CNS  

        The first evidence of JAK-family members in CNS was obtained from mouse retina.  

JAK1 expression pattern analyzed during development and in adult retinal ganglion cell layer, 

olfactory bulb, and hypothalamus.  Expression and regulation of JAK/STAT proteins during 

mammalian forebrain development was reported as further evidence.  Also, high levels of 

JAK2 was present in rat brain at early embryonic stages and modulates STATs protein 

(STAT1, STAT 6 and STAT 5) at various developmental stages24.  

        JAK2 by AG 490 has been shown to impair spatial memory25.  In addition, it has been 

reported that there is an involvement of the JAK/STAT signaling pathway in NMDA 

receptor-dependent synaptic plasticity26.  JAK2 is activated by NMDAR-LTD (long term 

depression), but not by NMDAR-LTP (long term potentiation), and then phosphorylates 

STAT3.  The phosphorylated STAT3 translocates to the nucleus from the cytoplasm. Thus, 

the JAK/STAT signaling pathway is thought to be involved in synaptic plasticity.  
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6. Characteristics of the 14-3-3 protein family 

         The 14-3-3 protein is a family of highly homologous proteins encoded by separate 

genes.  By reversed phase high-performance liquid chromatography, seven 14-3-3 isoforms 

(β,ε,ɣ,σ,ƞ,τ,ζ) have been identified 27,28.  It has been demonstrated that there are over 100 

binding proteins with the 14-3-3 protein family.  Based on their interaction with various 

proteins, 14-3-3 proteins have been proposed to be important in controlling intracellular 

signaling pathways 29 and to regulate intracellular localization of their binding partners 30.  

Two alternative consensus 14-3-3 recognition motifs have been identified.  The first 

identified, Mode I, is closely related to R-S-X-pS-X-P.  The second identified, Mode 2, uses 

the optimal sequence R-X1-2-pS-X2-3-P, where X represents any amino acid and pS stands for 

phosphorylated serine.  Defined 14-3-3 consensus motifs can have predictive value indicating 

where proteins of interest are anticipated to bind to 14-3-3 based on these recognition 

sequences. 

            It has been reported that 14-3-3 proteins may affect the subcellular localization of their 

numerous binding partners 31.  The primary function of 14-3-3 was thought to be to promote 

the cytoplasmic localization of its binding partners, such as inhibiting the nuclear import of 

Cdc25C by interfering with a nuclear localization sequence (NLS)30.   In cells lacking 14-3-

3σ, localization of cdc2/cyclin B1 in the nucleus is increased32.  However, this general notion 

was contradicted by the observation that 14-3-3 proteins promote the nuclear localization of 

binding proteins as well.  As examples, 14-3-3 eta binds Tlx-2, and overexpression of 14-3-

3eta promotes the nuclear localization of Tlx-233.   

In another example, 14-3-3 enhances nuclear localization of hTERT (telomerase catalytic 

subunit gene) by inhibiting CRM 1 (chromosome region maintenance 1) binding to the 
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hTERT NES-like motif which is present only 50 residues away from the 14-3-3 binding site.  

Otherwise in mutant h-TERT cells is localized in the cytoplasm34.  Taken together, this 

suggests that the 14-3-3 protein family regulates the subcellular localization of its binding 

proteins, either increasing or decreasing nuclear or cytoplasmic localization.  

 

7. The NMDAR- PI3K-AKT 1- CREB pathway  

        NMDA receptors are a subclass of glutamate receptors that are activated by L-glutamate, 

which is released from presynaptic terminals.  Phosphatidylinositol 3-kinase (PI3K) is 

strongly activated by NMDA receptors in many neuronal cell types35,36.  PI3Ks convert 

phosphatidylinositol-4,5-bisphosphate (PIP2) into phosphatidylinositol-3,4,5-trisphosphate 

(PIP3), and PIP3 recruits AKT to interact with phosphoinositide-dependent kinase 1 (PDK-1).  

The activated PDK-1 phosphorylates AKT.  In addition, AKT is activated by the mammalian 

target of rapamycin complexes (mTORCs).  Ser and Thr kinase AKT, also known as protein 

kinase B (PKB), has been well studied relating to the upstream signaling that leads to AKT 

activation and also downstream substrates that exert the effects of AKT 37.  Akt is activated 

through receptor tyrosine kinase pathways, such as those of platelet-derived growth factor 

(PDGF), insulin, epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), and 

insulin-like growth factor I (IGF-1).  Growth factor stimulation activates AKT through PI3K-

dependent processes 38.  More than 100 downstream substrates for AKT, including the 14-3-3 

protein family, have been identified39.  AKT phosphorylates these targets on Ser and Thr 

residues, primarily within a minimal consensus recognition motif of R-X-R-X-X-S/T-ɸ 

(where X is any amino acid and ɸ denotes a preference for large hydrophobic residues)40.  It 

has been determined that the transcription factor CREB is one of the key downstream 
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effectors of the PI3K/AKT signaling pathway41 and that AKT/PKB promotes phosphorylation 

of CREB, stimulates recruitment of CBP (CREB binding protein) to the promoter of target 

genes and activates cellular gene expression via a CRE-dependent mechanism42. 

 

8. Transcription factors  

       A transcription factor (TF) is a protein that controls transcription of a gene by binding to 

a specific DNA sequence43.  Transcription factors work alone or together with other proteins 

in a complex, by promoting as an activator or blocking as a repressor the recruitment of RNA 

polymerase that transcribe specific genes44,45.  To be a transcription factor itself, a protein 

should contain at least a DNA-binding domain (DBD), which attaches to a specific sequence 

of DNA in the genes that it regulates.  Coactivators, chromatin remodelers, histone 

acetyltransferases, histone deacetylases, kinase and methylase are also essential to gene 

regulation.  

       Zinc finger (Znf) domains are relatively small protein motifs that contain multiple finger-

like structures that make tandem contacts with their target molecules. They were first 

identified as a DNA-binding motif in transcription factor TFIIIA from xenoupus laevis; 

however, they are now recognized to bind DNA, RNA, protein, and/or lipid substrate46-49.  

Initially, the term zinc finger was used to describe a DNA-binding motif; however, it is now 

used to refer to any number of structures related by their coordination of a zinc ion.  In 

general, zinc fingers coordinate zinc ions with a combination of cysteine and histidine 

residues.  Different types of zinc fingers (e.g., Cys2His2, Cys4, and Cys6) are classified by the 

number and order of these residues.  Their binding properties depend on the amino acid 

sequence of the finger domains and on the linker between fingers. Znf-containing proteins 
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have shown many different functions, such as gene transcription, translation, mRNA 

trafficking, cytoskeleton organization, epithelial development, cell adhesion, protein folding, 

chromatin remodeling and zinc sensing.  NELF has atypical zinc finger domains, H2C2 and 

CHHC, instead of typical zinc finger domains, C2H2 and CCHC, indicating it is very unlikely 

to bind DNA directly.  

9. Identification methods of unknown binding proteins  

          Many different methods are used for identifying unknown binding proteins, such as 

mass spectrometry (MS), affinity chromatography, coimmunoprecipitation (co-IP), protein 

microarrays, X-ray crystallography and yeast 2 hybridization (Y2H)50.  Mass spectrometry is 

a sensitive technique used to detect, identify and quantitate molecules based on their mass-to-

charge (m/z) ratio.  When a new protein is studied, usually the first step is to perform affinity 

purification, followed by mass spectrometry, with the goal of isolating and identifying 

binding partners of proteins of interest, thus revealing the biochemical pathways in which the 

protein is involved 51,52.   The two choices for protein identification using mass spectroscopy 

are peptide fingerprinting and shotgun proteomics. For peptide fingerprinting, the eluted 

complex is separated using SDS-PAGE.  Unique bands from the test sample containing a 

single protein are excised following either Coomassie or silver-staining and then analyzed by 

mass spectrometry.  The mass of these peptides is determined and matched to a peptide 

(PSM) database to determine the source protein.  The gel also provides a rough estimate of the 

molecular weight of the protein.  The advantage of this technique is clean data since only 

unique bands are analyzed.  A disadvantage is that less abundant proteins may fall below the 

limits of detection by staining. This method works well with purified samples containing only 
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a handful of proteins.  For shotgun proteomics, the entire eluate, containing many proteins, is 

analyzed.  This method is useful for analyzing complicated mixtures50.  Several in silico 

methods have been developed for the prediction of potential protein-protein interactions 

(PPI), such as sequence-based, structure-based, or gene expression-based approaches, as well 

as chromosome proximity, gene fusion, or gene ontology.  Prediction coverage and accuracy 

will vary for each method under different standards.  Also, high-throughput methods like 

yeast-two hybrid or MS have experienced high rates of noise and false positives.  Results 

from these methods should be verified by other methods to obtain reliable data.  Protein-

protein complex identification is a crucial step in finding signal transduction pathways 

involved in the function of a protein of interest.  The complete analysis of PPIs can enable 

better understanding of cellular organization, processes and functions. 
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Term Description 

Score  The sum of the ion scores of all peptides that were identified.   

Coverage  The percentage of the protein sequence covered by identified peptides.  

       # PSM’s  

The number of peptide spectrum matches.   The number of PSMs is the total 

number of identified peptides spectra matched for the protein. The PSM value 

may be higher than the number of peptides identified for high –scoring 

proteins because peptides may be identified repeatedly.  

# Peptides  The total number of distinct peptide sequences identified in the protein group.  

#  

Unique Peptides  

The number of peptide sequences that are unique to a protein group.  These are 

the peptides that are common to the proteins of a protein group, and which do 

not occur in the proteins of any other group.  

# Proteins The number of identified proteins in a protein group.  

  

  Table 2. Definition of terms related to mass spectrometry (Obtained from the proteomics and mass  

  spectrometry core at Princeton University) 
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II.    MATERIALS AND METHODS  

                  

2.1 Cell culture and RT-PCR for Gnrh1 Expression     

        NLT cells are immortalized GnRH expressing neuronal migratory cells, which were 

generously supplied by Sally Radovick53.  NLT cells were generated from transgenic mice 

with an olfactory tumor of migration-arrested GnRH neurons by injecting a construct 

containing the human GNRH1 promoter upstream of the Simian Virus 40 T antigen (SV40-

Tag) into fertilized one-cell embryos. The resultant immortalized cells were identified along 

the migratory pathway and maintained this function, as well as Gnrh1 expression53,54.   

        To validate the identity of NLT cells, immunofluorescence using a neuronal marker 

(MAP2) and RT-PCR for Gnrh1 expression were used in NLT, GT1-7, and COS-7 cells. 

GT1-7 cells, which are GnRH expressing postmigratory neuronal cells, were created similarly 

to NLT, except that the rat Grnrh1 promoter was used to drive SV40 expression. The 

resulting immortalized cells resided in the hypothalamus, and so were postmigratory and 

secreted more Gnrh155.  GT1-7 cells were generously supplied by Pamela Mellon. NLT, GT1-

7, and COS-7 cells were grown to ~80% confluency in Dulbecco’s Modified Eagle’s Medium 

(DMEM) with 10% fetal calf serum, 1% glutamine, and 1% antibiotic/antimycotic as 

described previously4.    

 To determine the expression of Gnrh1 in each of the three cell types, RNA from these 

cell lines was extracted using the RNeasy Plus Mini kit (74134, Qiagen, Valencia, CA).  

Reverse-transcription-PCR (RT-PCR) was performed with 100ng of RNA using 

pSuperScript™ III One-Step RT-PCR with Platinum®Taq (12574-026, Invitrogen, Carlsbad). 
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Primers for Gnrh1 (NM: 008145.3) were designed to amplify exons 1-4; primer sequences 

were: 5’-CTCAACCTACCAACGGAAGC-3’ (forward) and 5’- 

GGGCCAGTGCATCTACATCT-3’ (reverse).  RT-PCR without RNA was a negative 

control. The RT-PCR product, which was expected to be 344 bp, was resolved by 1.2% 

agarose gel electrophoresis.  

         

2.2 Stable Nelf gene knockdown using shRNA lentiviral particles   

          Nelf knockdown was performed using Nelf shRNA (sc-149907V, Santa Cruz, Dallas) 

or scrambled shRNA (sc-108084, Santa Cruz, Dallas)56  lentiviral particles. Transduction 

efficiency was monitored using copGFP, which is a novel natural green monomeric green 

fluorescent protein (GFP) like protein cloned from the plankton copepod Pontellina plumata.  

The copGFP was selected for monitoring delivery of the construct because it is a non-toxic, 

non-aggregating protein with fast protein maturation and is 30% brighter than EGFP57.  The 

multiplicity of infection (MOI), the ratio of transfer vector transducing particles to cells, was 

calculated following the manufacturer’s instructions and optimized at a MOI = 2.  Briefly, 

(the total number of cells per well) X (the desired MOI) = the total transducing units needed 

(TU).  To calculate the total volume of lentiviral transducing particles, we divided the total 

TU needed by the provided lentiviral transducing particles (5 X 106 particles/ml).  Thus, for 2 

MOI, 10ul of the lentiviral particles were added to 25,000 cells in a 12 well plate.  A 

concentration of 5ug/ul polybrene (sc-134220, SantaCruz, Dallas) was used to increase 

transduction efficiency.  Prior to transduction, NLT cells were grown to 40-50% confluency 

in DMEM media with 10% fetal calf serum. Transduced cells were incubated for 48 hours at 

37  and then 4ug/ml of puromycin was added.  All final concentrations in this study were 
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optimized for NLT cells.  Media containing puromycin was replaced every 3 days until the 

non-transduced cells were no longer viable.  Single clones were selected, and inoculated onto 

a new plate to grow in the presence of puromycin.  The single clones were expanded and 

passaged.  

 

2.3 Primer design and RT-qPCR  

       RNA SuperScript R III First –Strand kit (Invitrogen, Carlsbad, CA) was used to 

synthesize cDNA from 2ug of total RNA from NLT cells.  Then 12.5 ul of 2X FastStart 

Essential DNA Green master mix (Roche, IN), 0.45uM of each primer, and 20ng of cDNA 

were mixed, and RT-qPCR was performed using the Roche Light Cycler®96.  The melting 

curve verified the lack of primer-dimer complexes and the specificity of amplification 

products.  Six different Nelf primer pairs, were obtained from either the Harvard Primer Bank 

or designed using Primer 3 to determine the percentage of mRNA knockdown for each of six 

Nelf fragments (Nelf 1-6) (Table1).  Likewise, sixteen primer pairs were obtained for 

validation of 16 genes altered by cDNA array (Supplemental Table 1).  The ΔΔCt, cycle 

threshold, method was used to calculate relative gene expression of Nelf knockdown vs. that 

of scrambled control58.  Each Ct for Nelf in the knockdown and the scrambled control was 

normalized to the mouse Gapdh Ct.  

 

2.4 Immunoblots   

         We performed immunoblots using the polyclonal NELF primary antibody that was 

generated from the C-terminus of NELF 4 to compare the protein level in the knockdown 

sample versus the scrambled control.  Attached NLT cells were washed twice with 1X cold 
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phosphate buffered saline (PBS) (SH30256.01, Hyclone, Logan, Utah), and RIPA buffer 

(89900S, Thermo Scientific, Waltham, MA) with complete protease inhibitor cocktail 

(04693159001, Roche, Germany), was added to the cells on ice.  The cells were scraped, 

centrifuged at 13,000 g for 20 minutes at 4 , and the supernatant was collected and stored at -

80  for immunoblot analysis.  The protein concentration was quantified by the Pierce BCA 

Protein Assay (#23225, Thermo Scientific, Waltham, MA).  Twenty micrograms of protein 

were resolved on 7.5% SDS-polyacrylamide gels and transferred to nitrocellulose membranes.  

Membranes were blocked using 5% non-fat dry milk and incubated with the following 

antibodies: primary rabbit polyclonal anti-NELF (1: 250 dilution), mouse monoclonal anti-

STAT1 (1:200, 610115, BD Bioscience, Franklin Lakes, NJ), rabbit polyclonal anti-phospho-

STAT1 (1:500, #9167, Cell Signaling, Danvers, MA), rabbit polyclonal anti-JAK2 (1:500, 

#3230, Cell Signaling), rabbit polyclonal anti-phospho-JAK2 (1:500, #3776S, Cell Signaling), 

mouse monoclonal anti-STAT5a (1:100, sc-166479, Santa Cruz, Dallas, TX) or rabbit 

polyclonal anti-β actin (1:5000, #4970S, Cell Signaling).  Blotted membranes were washed 

with 1X TBST and incubated with secondary peroxidase-conjugated goat anti-rabbit IgG 

(1:500, sc-2004, Santa Cruz, Dallas, TX) for anti-NELF, anti-JAK2, anti-phospho STAT1, 

anti-phospho JAK2, and anti-β actin.  Secondary peroxidase–conjugated goat anti-mouse IgG 

(1:500, sc-2005) was used for anti-STAT1 and anti-STAT5a.  ECL-based detection reagents 

(RPN2109, Amersham Biosciences, NJ) were used for immunoblot analysis.  Quantification 

of band intensity by densitometry was performed using NIH Image J Software.  The 

expression value was calculated as: (band intensity of protein of interest/ band intensity of β-

actin) NELF knockdown / (band intensity of protein of interest/ band intensity of β-actin) 
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scrambled control. Immunoblots were performed three times for each protein studied, which 

gives sufficient power to detect a 50% difference in protein expression.    

 

2.5 RNA extraction and cDNA array for gene expression profiling    

        RNA from scrambled-shRNA or Nelf-shRNA transduced cells as extracted using the 

RNeasy plus Mini kit (Qiagen, Valencia, CA) to eliminate genomic DNA contamination.  The 

quality of RNA integrity was determined using the Bio-analyzer 2100 (Agilent Technologies, 

Santa Clara, CA).  Samples showed an RNA integrity number (RIN) of 9.6 for the Nelf 

knockdown and scrambled control (Supplemental Figure 1).  Expression array analysis was 

conducted by the Integrated Genomics Core at the Georgia Cancer Center, Augusta 

University.  Each sample was analyzed in duplicate on the Mouse Gene 2.0 ST array 

(Affymetrix, Santa Clara, CA), which covers 26,191 coding transcripts.  Total RNA was 

processed using the GeneChip WT Expression Kit and GeneChip WT Terminal Labeling kit 

(Affymetrix, Santa Clara, CA) according to the manufacturer’s instructions.  Briefly, poly-A 

RNA control was added to the RNA sample (Total RNA/poly-A RNA control mixture) to 

monitor the labeling process.  Complementary RNA (cRNA) was generated using 250ng of 

total RNA and 2ul of diluted poly-A RNA control.  The cRNAs underwent second–cycle 

cDNA synthesis after purification. The synthesized sense strand cDNAs were fragmented, 

labeled, and hybridized to the Mouse Gene 2.0 ST arrays.  The arrays were washed and 

stained on the Affymetrix GeneChip Fluidics Station 450 system after being incubated at 45  

for 16 hours at 60 rpm (0.32 g) in the GeneChip Hybridization Oven 640.  Finally, the arrays 

were scanned on the GeneChip® Scanner 3000.  The expression data were obtained in the 

form of .CEL files, which were imported into Partek Genomics Suite, Version 6.6, using a 
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standard import tool with robust multiarray average (RMA) normalization. Differential 

expression was calculated using ANOVA of the Partek package.   

 

2.6 Immunofluorescence staining and confocal microscopy  

           Immunofluorescence staining was performed to validate NLT cells as neurons and to 

determine co-localization between NELF and RNA polymerase II.  NLT cells were seeded at 

4.0 X 103/ml in 2-well culture slides (354102, BD, Logan, Utah) and incubated overnight at 

37 .  The cells were fixed with 4% paraformaldehyde (PFA) for 20 mins at room 

temperature and incubated with rabbit polyclonal anti-NELF and mouse monoclonal anti-

phospho-RNA polymerase II antibodies (1:500, Covance, MMS-129R, San Diego, CA) 

overnight at 4   Distribution of antibodies was visualized using Alexa Fluor® 488 goat anti-

rabbit IgG (1:500, A11034, Invitrogen, Carlsbad, CA) and Alexa Fluor® 594 goat anti-mouse 

IgG (1:500, A11032, Invitrogen, Carlsbad, CA).  In addition, NLT cells were stained with 

mouse monoclonal anti-MAP 2 (microtubule associated protein 2) primary antibody (1:500, 

MAB-3418, Millipore, Billerica, MA) to validate NLT cells as neuronal cells.  Alexa Fluor® 

488 goat anti-mouse IgG (1:500, A11029, Invitrogen, Carlsbad, CA) was used to visualize the 

MAP-2 staining and TO-PROTM -3 iodide (1:500, T-3605, Carlsbad, CA) was used for 

nuclear staining.  Images were acquired on a confocal laser scanning microscope (LSM 510 

meta, Carl Zeiss Inc), and were assembled using Photoshop (Adobe). 

 

2.7 PANTHER classification system and Canonical pathways analysis   

       We used the PANTHER (protein annotation through evolutionary relationship) 

classification system to classify all altered genes following Nelf knockdown based upon their 
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biological processes and functions, as determined by Gene Ontology59.  In addition, Ingenuity 

Pathway Analysis (IPA) (Qiagen) was performed 60 to select canonical pathways using the 

following criteria: 1) all genes that were differentially expressed between the knockdown vs. 

control groups with at least a 2 fold change up or down (P ≤0.05) (Supplemental Table 2A); 

and 2) genes with a transcription function having at least a 2-fold change in either direction (P 

≤0.05).  

 

2.8 Statistical analyses   

         A nonparametric one-tailed Mann-Whitney U test was used to compare two groups, in 

which the data were not normally distributed. A P<0.05 was considered to be significant for 

the analysis of protein expression.  For RT-qPCR analysis, Bonferroni correction was done 

after a nonparametric one-tailed Mann-Whitney U test to control for multiple comparisons.  

The critical p value (P=0.05) for each Mann-Whitney U test was divided by the total number 

of tests to adjust the P value for Bonferroni correction61.  The delta Ct (ΔCt) of Nelf 

knockdown subtracted from the Ct cycle of the scrambled control was used for statistical 

analysis58.  NCSS 2004/PASS2002 (McGraw-Hill, NY) software was used for statistical 

performance. 

 

2.9 Transfection and cell lysate preparation  

          The plasmid containing the C-Myc and Nelf sequences14 was transfected into NLT cells 

by the following procedure.  Briefly, 10ug of plasmid DNA was added to the suspended NLT 

cells in the transfection solution with a pH =7.4 (80ul of Solution I: 363 mM ATP-disodium 

salt, 1.2g MgCl2-6H2O + 4ml of Solution II: 88mM KH2PO4, 0.6g NaHCO3, 0.2g glucose).  
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The COS program in the AMAXA Nucleofector machine was performed for transfection, and 

then the cells were incubated for 24 hours at 37℃.  Cells were lysed using IP lysis buffer 

(Thermo Scientific, Prod # 87787), following treatment with 8nM of Calyculin A (Santa 

Cruz, sc-24000) for 30 minutes at 37℃.    

    

2.10 Co-immunoprecipitation (Co-IP) 

         Co-IP was performed with mouse monoclonal c-Myc (Santa Cruz, sc-40) or rabbit 

polyclonal NELF antibody4,19.   Normal mouse IgG antibody (Santa Cruz, sc-2025) or normal 

rabbit IgG antibody was used as a negative control for c-Myc or NELF, respectively, during 

the Co-IP process.   Briefly, one mg of cell lysate was incubated with 30μl of protein A/G 

agarose beads (Santa Cruz, sc-2003) on a rotator for 2 hours at 4℃.  The protein A/G agarose 

beads were discarded after centrifugation for 3 minutes at 5800 rpm at 4℃.  The pre-cleared 

cell lysate supernatant was incubated with 5μg of c-Myc or NELF antibody and then 

incubated on a rotator overnight at 4℃.  Also, an equal concentration of normal mouse IgG, 

5ug, was used as a negative control.  The following day, 50μl of protein A/G agarose beads 

were added to the cell lysate containing either c-Myc or NELF primary antibody and 

incubated on the rotator for 5 hours at 4℃.  The protein A/G agarose beads remaining after 

centrifugation at 5800 rpm for 3 minutes at 4℃ were washed 3 times with washing buffer 

(50mM Tris, 200mM NaCl, 1% NP40, pH7.5).  Fifty μl of 2X SDS Sample buffer (Sigma, 

S3401) were added to the washed beads and incubated at 95℃ for 5 minutes.  The resulting 

supernatant after centrifugation at 10,000 rpm for 3 minutes was resolved by SDS-PAGE gel.  
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2.11 Mass spectrometry (MS)  

       Bands differing between the test sample, the precipitated from the co-IP with the c-Myc 

primary antibody, and the control sample, which was co-IPed with normal mouse IgG, were 

excised from the SDS-PAGE gel for mass spectrometry following Commassie Blue staining 

(Thermo scientific, P1-24594).  Briefly, protein gel slices of interest were excised from the 

SDS-PAGE gel and destained, reduced and alkylated followed by trypsin digestion overnight 

and peptide extraction.  Peptide digests were analyzed on an Orbitrap Fusion tribrid mass 

spectrometer (Thermo Scientific) coupled with an Ultimate 3000 nano-UPLC system 

(Thermo Scientific). Two microliters of reconstituted peptides was first trapped and washed 

on a Pepmap 100 C18 trap (5um, 0.3X5mm) at 20μl/min using 2% acetonitrile in water (with 

0.1% formic acid) for 10 minutes and then separated on a Pepman 100 RSLC C18 column 

(2.0μm, 75μm X150mm) using a gradient of 2 to 40% acetonitrile with 0.1% formic acid over 

40 min at a flow rate of 300nL/min and a column temperature of 40℃.  Samples were 

analyzed by data-dependent acquisition in positive mode using Orbitrap MS analyzer for 

precursor scan at 120,000 FWHM from 300 to 1500 m/z and ion-trap MS analyzer for 

MS/MS scans at top speed mode (3-second cycle time).  Collision-induced dissociation (CID) 

was used as the fragmentation method.  Raw data were processed using Proteome Discover 

(v1.4, Thermo Scientific) and submitted for SequestHT search against the Uniprot mouse 

database.  The percolator peptide spectrum matching (PSM) validator algorithm was used for 

PSM validation.   To determine potential binding proteins with the NELF, three criteria were 

applied: the number of PSM, the number of unique peptides, and molecular weight.  First, 

proteins were selected which were present in the test sample only or proteins which showed a 

greater difference between test and control samples in terms of PSM.  The PSM should be 
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more than 10 in the test sample, and the unique peptide number should be more than 2.  

Lastly, the molecular weight from mass spectrometry was used for confirmation of the protein 

size.   

 

2.12 In vitro kinase assay     

       Immunoprecipitated purified NELF or c-Myc-Nelf (mouse sequence) by was washed 

twice with cold 1X kinase buffer (Cell Signaling, #9802) containing 25 mM Tris-HCl (pH 

7.5), 5mM β-glycerophosphate, 2mM dithiothreitol (DTT), 0.1mM Na3VO4 and 10mM 

MgCl2.  The washed immunopurified sample was incubated with 400 ng of recombinant 

active AKT1 (Sigma-Aldrich, SRP5001) and 800nM of ATP (Cell Signaling, #9804) for 1 

hour at 30°C in 40μl of 1X kinase buffer.   The assay was carried out either incubation with 

ATP only or neither ATP nor active AKT 1 as controls.  Reactions were terminated by the 

addition of 4X SDS sample buffer (BioRad, #161-0747).  The efficiency of NELF 

phosphorylation by AKT1 was verified by immunoblotting using the anti-phospho-AKT 

substrate antibodies, RXX S*/T (Cell Signaling, # 9614) and RXRXXS*/T (Cell Signaling # 

10001).  

 

2.13 Phosphatase treatment for dephosphorylation  

        Blots from an in vitro kinase assay were treated with calf intestinal alkaline phosphatase 

(CIP) for 3 hours at 37°C (100 U/mL, New England Lab, M0290S) in 1X NEB buffer. A 

control blot was performed identically but without CIP treatment in 1X NEB buffer.  The two 

blots were incubated with anti-phospho-AKT substrate antibody, RXX S*/T, overnight at 4 

°C on a rotator.  
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2.14 Insulin treatment  

       Insulin (Sigma, 15500) was dissolved in 1% of acetic acid.  The NLT cells were treated 

with 5μM of insulin and incubated for 30 mins following transfection with c-Myc-Nelf 

construct.  The transfected cells were also treated with the same volume of 1% acetic acid as a 

negative control.  Cells were lysed with IP lysis buffer and immunoblotting with phospho-

AKT (Cell Signaling, #9271S) primary antibody. Lastly, Immunoblotting with anti-phospho 

AKT substrate antibody, RXXS*/T, was performed with samples from with insulin treatment 

and without insulin.  

 

2.15 AKT 1 inhibitor treatment 

         AKT1/2 inhibitor (Sigma, A6730) was dissolved in DMSO.  The NLT cells were treated 

with 10 nM of AKT1/2 inhibitor and incubated for 16 hours following transfection with the 

C-Myc-Nelf construct.  The transfected cells were also treated with DMSO alone as a negative 

control.  Cells were lysed with IP lysis buffer and immunoblotted with either AKT (Cell 

signaling, #9272) or phospho-AKT (Cell signaling, #9271S) primary antibody.  An in vitro 

kinase assay was performed with both active AKT1 and ATP following Co-IP.  

Immunoblotting with anti-phospho AKT substrate antibody, RXXS*/T, was performed on the 

samples from the in vitro kinase assay.  

                 

2.16 Site-directed mutagenesis (SDM) and sequencing  

         Primers for generating a mutation from serine 288 (AGC) to alanine 288 (GCC), the 

S288A mutant, were designed using Quickchange primer software, which is provided by 

Agilent Technologies. The primers were PAGE-purified and the sequences are: forward: 5’-
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GCGGAGCTTCGCCCGGTCCTGGGCCGACCCCACC-3’ and reverse: 5’-

GGTGGGGTCGGCCCAGGACCGGGGCGAAGCTCCGC-3’.  Site-directed mutagenesis 

was performed using a QuickChange II kit (Agilent Technologies, 200523-5) according to the 

manufacturer’s instructions.  Briefly, 25ng of plasmid DNA, 125ng of forward primer, 125ng 

of reverse primer and 2.5 units of pfu Ultra polymerase were subjected to the following 

reaction: 30 seconds at 95℃, 1 minute at 55℃ and 6 minutes 30 seconds at 68℃ (x16 cycles).  

One μl of DpnI restriction enzyme was added to the reaction sample and then incubated for 1 

hr at 37℃.   The restricted sample was transformed into XL-1 competent cells which were 

then incubated in LB broth containing 50ug/ml of ampicillin in a shaker at 250 rpm for 1 hour 

at 37℃ .   200μl of the transformation reaction were plated on an LB agar plate containing 

50μg/mL of ampicillin, 80μg/mL of X-gal and 20mM IPTG and then incubated overnight at 

37℃.  Ten colonies were picked to perform colony PCR for confirming whether the target 

sequences were mutated in Nelf.  A colony with a verified mutation was grown overnight in 

LB broth with ampicillin, and then the plasmid DNA containing S288A and S292A was 

extracted using the Qiagen Endofree® Plasmid Maxi Kit (Qiagen, Cat No 12362).  

 

2.17. Subcellular fractionation using REAP  

       Cells were cultured either DMEM medium containing 10% FCS, 1% antibiotics (100 

I.U/ml penicillin, 100ug/ml streptomycin, and 0.25ug/ml Amphotericin), and 0.2mM 

glutamate, or the same medium without glutamate.  The cells were incubated for 24 hours and 

then both immunofluorescence staining (IF) with NELF primary antibody and cell 

fractionation were performed using the Rapid Efficient And Practical (REAP) 

nuclear/cytoplasmic separation protocol 62.  The intensity of NELF was measured by the 
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Image J program following IF.  To calculate the ratio of NELF in the nucleus, the intensity of 

NELF in the nucleus was divided by the total intensity of NELF.  Briefly for cell 

fractionation, the cultured cells were washed in ice-cold PBS and then scraped in 1mL of cold 

PBS.  The cells were transferred to 1.5 mL micro-centrifuge tubes and were centrifuged in a 

table top microcentrifuge for 10 seconds.  The supernatant was removed, and cell pellets were 

re-suspended in 900 μl of ice-cold 0.1% NP40 in PBS.  The re-suspended cell lysate was 

triturated 5 times using a P1000 micropipette and centrifuged in a table top microcentrifuge 

for 10 seconds.  The supernatant was removed as the “cytosolic fraction”.  The pellet was 

resuspended in 1mL of ice-cold 0.1% NP40 in PBS, and the supernatant was discarded after 

table top centrifugation for 10 seconds.  The pellet was re-suspended in 90μl of 2X Laemmli 

sample buffer (Sigma, S3401-10VL) and designated as the “nuclear fraction”.  This nuclear 

fraction was then sonicated using microprobes at level 1, twice for 5 seconds each, followed 

by boiling for 3 minutes.  Cytoplasmic and nuclear fractions were loaded on a SDS-PAGE gel 

and immunoblotted either with lamin B1 (Abcam, ab20396) which is a nuclear fraction 

indicator, or with GAPDH (Santa Cruz, SC-47724) which is a cytoplasmic fraction marker.  

The immunoreactivity of NELF in the nucleus was normalized with lamin B1 and the 

immunoreactivity of NELF in the cytoplasm was normalized with GAPDH.  To calculate the 

ratio of immunoreactivity of NELF in the nucleus, the immunoreactivity of NELF in the 

nucleus was divided by the total immunoreactivity (nuclear plus cytoplasmic fraction). 

 

  2.18 Genotyping mice and brain sectioning 

       Genotyping was performed with genomic DNA from a piece of the tail from either wild 

type (WT) or Nelf knock out (KO) mice.  Primers were obtained from the Wellcome Trust 
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Sanger Institute and the sequences are: forward: 5’-GGCCCTGAGGTTATTGATGC-3’, 

reverse: 5’GCTTGGCTTGAGGTGGTCTC-3’ and CAS R1: 5’-

TCGTGGTATCGTTATGCGCC-3’.  PCR products were run on a 2% agarose gel with a 

molecular weight marker appropriate for genotype determination.  The band size for WT is 

343 bp and the size for KO is 292 bp.   Twenty eight to 30 day old mice were anesthetized 

with isofluorane and perfused with 4% paraformaldehyde (PFA).  The whole brain was 

extracted and immersed in 4% PFA overnight and then washed sequentially with 100mM 

sodium phosphate buffer, 12% sucrose in 100mM sodium phosphate, 16% sucrose in 100mM 

sodium phosphate buffer and finally in 18% sucrose in 100mM sodium phosphate, each for 24 

hours.  The whole brains were frozen and sectioned from the optic chiasma to the posterior 

cerebrum using the Electron Microscopy and Histology Core at Augusta University.  Frozen 

serial sections of 10 microns were coronally sectioned using a cryostat onto GOLD Superfrost 

Plus Slides (Thermo Fisher Scientific) with 4 sections/slide.  Approximately 60 slides were 

processed per mouse and every other slide was stained.  

 

2.19 Immunofluorescence staining and counting of GnRH neurons  

        The frozen section slides were incubated with 50 mM ammonium chloride/50mM Tris, 

pH 7.4, for 30 minutes at room temperature, then with 0.2% TX-100 in 20 mM sodium 

phosphate/150 mM NaCl, pH=7.4, for 10 minutes at room temperature.  Slides were washed 

in alternating high (20 mM sodium phosphate/500 mM NaCl, pH=7.4) and low 

phosphate/NaCl (10 mM sodium phosphate/150 mM NaCl, pH=7.4) PBS solutions.  The 

slides were blocked with 7.5% goat serum in high PBS for 1 hour at room temperature. A 

concentration of 0.2μg/μL mouse monoclonal anti-GnRH-1 primary antibody (Santa Cruz, 
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SC-32292) was applied to the slides and then incubated at 4℃ overnight.  The next day, the 

slides were washed in alternating high and low PBS solutions and then incubated with 2 

mg/mL Alexa-568 goat anti-mouse (Invitrogen Molecular Probes, Carlsbad CA, A11031) for 

2 hours at room temperature in the dark.  Following washing again with alternating high and 

low PBS, the slides were mounted with 1 mg/mL p-phenylenediamine in 40mM sodium 

phosphate, pH=7.4, 150mM NaCl, and 70% glycerol.  Images were acquired with a confocal 

laser scanning microscope (LSM 510 meta Carl Zeiss Inc).  Sequential images of sections 

80uM apart were taken at 10X and 20X magnification for assembly to determine the number 

of GnRH neurons in the brain.  The total number of GnRH neurons were counted on all slides 

from the first slide in which GnRH positive neurons were observed to the last slide when 

GnRH positive neurons disappeared in the arcuate nucleus region of the brain. Also, the total 

distribution distance of GnRH neurons is calculated by subtracting the number of the slide 

where neurons are last seen from the number of the slide where they are first seen, multiplied 

by 40 microns.  

 

2.20 Measurement of sex steroid hormones and gonadotropins. 

        Blood was drawn by heart puncture from male and female mice ranging from 28-30 days 

of age. Mice were anesthetized with ketamine/xylazine and blood was collected around 4 PM.  

Blood samples were centrifuged at 3000 rpm for 10 minutes and the serum samples were 

transferred to fresh tubes and stored at -80℃.  Levels of LH, FSH, estradiol (females), and 

testosterone (males) were measured in these samples by the University of Virginia Center for 

Research in Reproduction Ligand Assay and Analysis Core (Charlottesville, VA).  The 

reportable range for the assay for the LH/FSH multiplex results was 0.24-30 ng/mL for LH 
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and 2.40-300ng/mL for FSH.  The reportable range for estradiol in the mouse was 3-300 

pg/mL and for testosterone was 10-1000ng/dL.  
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III.    RESULTS 

3.1 Validation of NLT cells as Neuronal GnRH Expressing Cells 

         NLT cells are migratory and GT1-7 cells are postmigratory GnRH neurons that 

secrete GnRH and express neuron-specific proteins53-55,63,64.   As expected, NLT cells 

expressed Gnrh1, but at a lower mRNA expression level compared to GT1-7 cells, as has 

been shown previously64.  In contrast, monkey COS-7 kidney cells, which were used as a 

non-GnRH secreting control cell line, did not exhibit Gnrh1 expression 55 (Figure 3A).  

By immunofluorescence staining, NLT cells also expressed microtubule-associated 

protein 2 (MAP2), which is a neuronal marker (Figure 3B).  These data validate that NLT 

cells are GnRH-secreting neuronal cells.  

 

3.2 Determination of transduction efficiency and confirmation of stable Nelf 

knockdown 

        Transduction efficiency was assessed using a copGFP marker, a novel natural green 

monomeric GFP-like protein, tagging the scrambled shRNA since the Nelf lentiviral 

shRNA construct does not contain GFP (Figure 4A).  When the number of cells showing 

a green color was divided by the total number of cells, the transduction efficiency was 

found to be greater than 70%.  Nelf RNA expression was reduced by 75-83% (Table 1), 

while NELF protein expression was reduced by 72% in Nelf knockdown compared to the 

scrambled control, P=0.02 (Figure 4B and 4C). 
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A.  

 

 

 

 

B.  

 

 

 

 

 

 

 

 

      Figure 3. Confirmation that NLT cells secrete GnRH and express a neuron-specific marker.  

      (A). mRNA expression levels of Gnrh1 from NLT cells (lane 1) and GT1-7 cells (lane 2). COS-7 cells 

      were included as a negative control in lane 3. Lane 4 was a negative control without RNA. All  

      samples were resolved on an agarose gel with a 123bp ladder (lane 5). The expected size of the Gnrh1 

      amplicon was 344 bp. (B). NLT cells were stained with anti-MAP2 primary antibody and were 

      visualized as green with Alexa Fluor® 488 goat anti-mouse IgG secondary antibody.  TO-PRO-3 was 

      used to stain nuclei red. Scale bar, 20µm.   
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TO-PRO-3                      MAP2                       Merged  

a. b.                             c. 



 

37 

 

 

 

     Figure 4. Confirmation of stable Nelf knockdown. (A). Transduction efficiency was determined  by 

     immunofluorescence using copGFP, a green fluorescent protein (GFP) like protein in scrambled  

     shRNA plasmid 24hr after transduction with an MOI (Multiplicity of infection) of 2, which is the  

     ratio of transfer vector transducing particles to NLT cells. Scale bar, 50µm. (B). Validation of protein 

     expression levels of NELF is shown by immunoblot in a stable knockdown clone compared to the 

     scrambled control.  Similar results were obtained in three independent experiments and representative 

     data are shown. (C). Quantitation of NELFband intensity of NELF using Image J is shown with a 

     P<0.05(*) by Mann-Whitney U analysis; n=3 separate experiments.  The Error bars represent ±  

     standard deviation of the mean. 
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Fragment 

Forward Primer 

(5’3’) 

Reverse Primer 

(5’3’) 

Location 

% Nelf KD 

by RT-qPCR 

F1 

CCGAGCGTTTGG

AGAGTACC 

GCCCTCATATCGGC

CATTGG 

Exon1-2 77% 

F2 

CGTTGATGGAGT

GTCTGATGAT 

CCGAGATGGCTTGC

ATAGTT 

Exon 2-5 75% 

F3 

TATGCAAGCGGT

ATTCAGGGGGC 

GAAGCTCCGTTCGC

TACGCT 

Exon 3-7 79% 

F4 

ACCTGGACTGGG

ACACAGAG 

AATGATGGCAGGGG

TCATCTC 

Exon 8-10 83% 

F5 

TACCTTTGAGTC

GCCTCTCG 

AATGGCCTGGGTGG

TTCCT 

Exon 13-14 76% 

F6 

CCCTCCATGGGG

TTCATAG 

TGGGCTGGTTGTCT

ACACTG 

Exon 15 79% 

Gapdh 

CCATCACCCATC

TTCCAGGAG 

TCTCCATGGTGGTG

AAGACA 

  

 

Table 3. Shown are the sequences for the six Nelf and Gapdh primer pairs used to confirming the 

percentage of Nelf knock down using RT-qPCR. 
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 3.3 cDNA Array Findings with Nelf Knockdown  

        Upon Nelf knockdown cDNA arrays demonstrated down-regulation of 869 genes 

and up-regulation of 636 genes with at least a 2 fold change and p<0.05.  PANTHER 

classification was performed to classify all altered genes according to their molecular 

function (Figure 5).  According to this classification system, the most relevant protein 

class of these 1505 altered genes upon Nelf knockdown was nucleic acid binding 

(17.2%), either DNA or RNA binding proteins (DRBPs)65.  Other notable classes of 

altered genes were transcription factors (5.9%), signaling molecules (7.2%), receptors 

(6.5%), calcium-binding proteins (2.2%), cell adhesion molecules (2.2%), cell junction 

proteins (0.3%), cytoskeletal proteins (5.2%), and extracellular matrix proteins (3.0%) 

(Figure 6).  Of the 74 (5.9%) genes encoding transcription factors, the JAK/STAT 

signaling pathway ranked as the most relevant pathway with a fold enrichment of 49.24 

(P<0.05) (Figure 7B).  

       When IPA analysis was performed using all 1505 genes that were significantly 

altered on the cDNA array, the aryl hydrocarbon receptor (Ahr) signaling pathway was 

the top canonical pathway involved.  When just the 74 genes classified as transcription 

factors were analyzed by IPA, the JAK/STAT signaling pathway was again the top 

canonical pathway (Figure 7A).  The JAK/STAT signaling pathway was a consistent 

result of PANTHER pathway analysis.  

         Because NELF plays a role in GnRH neuron migration, the 1505 altered genes were 

evaluated to see which could have a role in cell migration. Four hundred forty of the 1505 

(29.2%) genes have a role in cell migration.  These included the following categories: cell  
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      Figure 5. Analysis procedure with results from cDNA array.  
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      Figure 6. PANTHER classification system.  Classification of all altered genes by cDNA array analysis 

      following Nelf knockdown in NLT cells based on molecular function.  74 genes which are classified 

      as transcription factor are underscored with red and genes in the categories which are known for  

      involving cell migration are marked with green.  
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     Figure 7. (A). JAK/STAT signaling pathway was the most relevant pathway by ingenuity pathway  

     analysis (IPA).  (B). The JAK/STAT signaling pathway showed a fold enrichment of 49.24 by  

     PANTHER pathway analysis.  
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adhesion (n =27), extracellular matrix proteins (n = 38), signaling molecules (n = 90), cell 

junction (n =4), cytoskeletal protein (n=65), and nucleic acid binding (n = 216). 

Of these 440 genes, 26 have been reported to be involved in either GnRH neuron 

migration (n = 1, Gas6) or neuronal migration in general (n = 25: Sema3b, Dcn, Hdac5, 

Hoxa1, Dlx5, Sepp1, Cdh11, Lama5, Cx3cl1, ZFR,TLR3, Gata,2 Stat5a, Hmgb1, Vcan, 

Flnb, Mtap1b, SEMA3E, Alcam, BRCA2, Lmnb1, Nes, Lrp8, Cdh2, and Fgf2).   In 

addition, 7 other genes (Hgf, POMT2, FKRP, SRPX2, RAB3GAP2, Col4A1 and Cxcl12) 

which are not in these six categories by PANTHER are involved in neuronal migration.  

Therefore, a total of 33 (or ~2%) of the genes up-regulated or down-regulated by Nelf 

knockdown are involved in neuronal migration and are shown in a volcano plot (Figure 

8).  Two genes Hgf and Gas6 have been reported to play a role specifically in GnRH 

neuron migration 5. 

 

3.4 Validation of cDNA array findings by RT-qPCR 

                 To validate cDNA array findings, we selected the 25 most down and up-regulated genes   

          (Figure 9).  From these 50 genes, we chose 5 down-regulated and 5 up-regulated genes based 

          upon function (asterisks in Figure 9), and determined expression levels by RT- qPCR (Figure  

          10). All five down regulated genes by microarray analysis showed significantly reduced  

          expression by RT-qPCR (ranging from 85.6-99.7%; P=0.004); whereas, four of five up- 

          regulated genes by microarray analysis demonstrated increased expression by RT-qPCR  

          (ranging from 91- 99.2%; P=0.004) (Figure 10).  The single exception was Tafld, which  

          demonstrated a 98% increase in expression by microarray, but showed no change by RT-qPCR  

           (P=0.22).  
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             Figure 8. Volcano plot with 33 altered genes involved in neuronal migration with Nelf  

             knockdown. Numbering with blue represents downregulated genes: 1. Gas6, 2. Sema3b, 3. Dcn, 4.  

             Hgf, 5. Hdac5, 6. Hoxa1, 7. Dlx5, 8. SRPX2, 9. Sepp1, 10. Cdh11, 11. Cxcl12, 12. Lama5, 13.  

             RAB3GAP2, 14. Cx3c11, 15. ZFR2, 16. TLR3, 17. Gata2, 18. Stat5a.  Numbering with red  

             represents upregulated genes: 1. Hmgb1, 2. Vcan, 3. Flnb, 4. POMT2, 5. Mtap1b, 6.SEMA3E, 7.  

            Alcam, 8. BRCA2, 9. Lmnb1, 10. Nes, 11.Lrp8, 12.FKRP, 13. COL4A1, 14. Cdh2, 15. Fgf2.  The  

            Y-axis represents the p-value and the X-axis represents fold change.  
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                 Figure 9. (A) Fold changes for the 25 most highly down-regulated genes. (B) Fold changes for the  

                 25 most highly up-regulated genes. An asterisk (*) shows genes selected for validation.  
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3.5 Cell signaling pathways altered following Nelf knockdown  

   The aryl hydrocarbon receptor and the JAK/STAT signaling pathways were the top 

canonical pathways identified by PANTHER analysis following Nelf knockdown.  By 

cDNA array, both Ahr and Arnt (ary hydrocarbon receptor nuclear translocator) gene 

expression was reduced by 75% and 25%, respectively with Nelf knockdown compared 

to scrambled control. By RT-qPCR, neither Ahr nor Arnt gene expression was 

significantly reduced, and by western blot, the protein level of AHR was unchanged (data 

not shown). Therefore, this pathway was not considered further.  

        Evidence suggests that NELF has a role in transcription and is involved in GnRH 

neuron migration.  However, our principal interest was in transcription, so we chose to 

validate the findings of the six altered genes in the JAK/STAT signaling pathway by RT-

qPCR.  Stat2 (P=0.004), Jak2 (P=0.004), Irf7 (P=0.004), Irf 9 (P=0.004), Stat1 (P= 0.02) 

and Stat5a (P=0.05) showed significantly reduced expression in Nelf knockdown 

compared to scrambled control cells (Figure 11A) by the Mann-Whitney U test.  Using 

Bonferroni correction to adjust the overall false-positive rate for 6 genes 66, four of six 

genes, Stat2, Jak2, Irf7 and Irf9 remained significantly reduced (P<0.005) with Nelf 

knockdown, but Stat1 (P = 0.02) and Stat 5a (P = 0.05) did not (Figure 11A).  We next 

wanted to determine if protein levels were altered by Nelf knockdown.  Even though the 

transcripts of STAT1 and STAT5a proteins were not significantly decreased in Nelf 

knockdown cells (after Bonferroni correction), because of biological plausibility, the 

protein expression was analyzed.  By western blot, protein expression of STAT1 and 

STAT5a was reduced by 84% (P=0.02) and 73% (p=0.02), respectively, compared to the 

scrambled control (Figure 12A, B and C).   
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                           Figure 10. Validation of the cDNA array by RT-qPCR.   Five highly down-regulated and five highly 

                           up-regulated genes following Nelf knockdown vs scrambled control were selected from the cDNA  

                           array data.  RT-qPCR was conducted in five separate experiments (n=5), each in triplicate. 

                           The error bars represent standard deviation of the mean (** Bonferroni adjusted P<0.005, N=5).   
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       Figure 11. Decreased mRNA expression levels of 6 genes which are relevant to the JAK/STAT 

       Signaling pathway after Nelf knockdown. (A). By RT-qPCR, all 6 genes, Stat1, Stat5a, Stat2, Jak2,  

       Irf7 or Irf9, showed a significant reduction after Nelf knockdown. P<0.05 (*), P< 0.05 (**).  With 

       Bonferroni adjusted P-value, P<0.008, 4 genes have shown a significant reduction.  The significance 

       with the Bonferroni adjusted P-value are represented with a black dot over the gene name (•).  (B). 

       Heat map image and fold change for 6 genes based on the intensity of the cDNA array.  Five  

       independently isolated novel clones (N=5) were measured in triplicate in each.  S: Scrambled sample, 

       ND: Nelf  knockdown sample, F: Fold change.  The error bars represent ± standard deviation of the 

       mean. 
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        In addition, phosphorylated STAT1, a key protein in the JAK/STAT signaling 

pathway, demonstrated significantly reduced levels (P=0.02) with Nelf knockdown in 

GnRH neuronal cells (Figure 12A and D).  The protein expression level of total JAK2 

was decreased by 66% (P=0.02), but phosphorylated JAK2 was not reduced in Nelf 

knockdown cells (Figure 12A, E and F).  By cDNA array, target genes for JAK/STAT 

signaling were also reduced following Nelf knockdown, including Nos2 (-10.78), Cdkn1a 

(-3.2), Mmp3 (-12.2), Saa3 (-3.47), Isg15 (-5.0) and Jun (-2.5) fold change.   

   Lastly, immunofluorescence imaging confirmed that NELF is localized to the 

nucleus and co-localizes with phosphorylated RNA polymerase II (Figure 13), which has 

been implicated in critical steps in mRNA synthesis and is essential for transcription67,68.  
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            Figure 12. Decreased protein expression levels of STAT 5a, STAT1, phospho-STAT 1 and JAK 2 

            and increased phospho-JAK2 following Nelf knock down.  (A) Immunoblots for all proteins. (B-F). 

            Quantification of protein expression levels of STAT5a, STAT1, p-STAT1, JAK2 and p-JAK2,  

            respectively, using Image J software.  Three novel clones (N=3), which are 3 of the 5 same clones  

            that were used for RT-qPCR, were measured in triplicate and representative data are 

            shown.  The error bars represent ± standard deviation of the mean. P<0.05(*), Mann-Whitney U  

            analysis. S: Scramble cells, N: Nelf knockdown.  
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                 Figure 13. Co-localization of NELF and phospho-RNA polymerase II was demonstrated by  

                 immunofluorescence staining. (A) NELF localization was green by Alexa Fluor® 488 goat anti-rabbit 

     IgG secondary antibody after staining with anti-NELF primary antibody.  

     (B) Phospho-RNA polymerase II localization was red with Alexa Fluor® 594 secondary antibody  

     after staining with anti-phospho-RNA polymerase II antibody. (C). Colocalization (yellow) of NELF 

     and RNA polymerase II is shown in the nucleus. Scale bar, 5µm.  
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3.6 Six potential novel binding proteins for NELF suggested by mass spectrometry.  

          The sequence of the Nelf variant 2 was cloned into a plasmid containing a c-Myc tag, and 

this showed NELF localization in the nucleus of NLT cells14.  The NLS sequence of Nelf, 

ACTTACCTCCA, was confirmed in this study using Sanger sequencing (data not shown).  The 

plasmid mentioned above was transfected into NLT cells, which were then lysed in lysis buffer.  

We performed Co-immunoprecipitation (Co-IP) with a c-Myc antibody followed by 

immunoblotting to validate the presence of c-Myc-NELF protein using c-Myc antibody or 

NELF antibody.  We confirmed the presence of both c-Myc-NELF fusion protein and NELF 

protein and their absence in the negative control co-IP with normal mouse IgG antibody.  Also, 

we confirmed there was no c-Myc-NELF or NELF protein in the supernatants from both the 

Co-IP with c-Myc and the co-IP with IgG, which indicated a co-IP efficiency of 100% (Figure 

14).   

          Protein lysate from the co-IP with c-Myc and the co-IP with IgG was resolved on SDS-

PAGE gels (Figure 15A), and then Commassie blue staining was performed (Figure 15B).  

From this, we selected five different band sizes in the co-IP with c-Myc that were greater than 

the co-IP with IgG.  Mass spectrometry was performed on a total of 10 bands, five bands from 

the co-IP with C-Myc and the corresponding five bands from the co-IP with IgG.  In the mass 

spectrometry analysis, we considered three criteria, the number of peptide spectrum matches 

(PSM), the number of unique peptides, and the molecular weight, to determine potential 

interacting proteins with NELF.  The number of PSM should be greater than 10, and the 

number of unique peptides should be more than 2 in the co-IP with c-Myc.  Six potential 

proteins interacting with NELF were determined from mass spectrometry (Table2).  
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          Figure 14.  Confirmation of the presence of the c-Myc-NELF fusion protein or the NELF protein 

          following co-IP with c-Myc primary antibody. (A). The presence of c-Myc-NELF fusion protein 

          was confirmed using immunoblotting with c-Myc primary antibody.  No immunoreactivity showed  

          in the control, normal mouse IgG.  (B). The presence of NELF protein was confirmed using  

          immunoblotting with NELF primary antibody. No immunoreactivity was present in the control,  

          normal mouse IgG, and supernatant samples. H.C: heavy chain, L.C: light chain, IB:immunoblotting, 

          Sup:supernatant.  
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      Figure 15. Coomassie Blue staining following SDS–PAGE in the co-IP with either c-Myc (test) or 

       mouse IgG antibody (control).  (A). Confirmation of the presence of c-Myc-NELF fusion protein or  

       NELF protein using immunoblotting with either c-Myc or NELF antibody.  (B). 5 unique bands were 

       detected in the test sample compared to the control. A total of 10 bands, 5 tests and 5 controls which  

       corresponded to the tests, were excised from SDS-PAGE for mass spectrometry.  

 

  



 

55 

 

No 
Accession  

No 
Description  Score 

Cover 

age 

# 

proteins 

# 

Unique 

proteins  

# 

pep 

tides 

# 

PSM 
# AA 

MW 

[kDa] 
calc. 

pI 

1 Q91WK0 

Leucine-rich repeat 

flightless-interacting 

protein 2 

[LRRF2_MOUSE] 

32.78 19.28 1 5 5 12 415 47.1 5.68 

2 P62259 
14-3-3 protein 

epsilon  

[1433E_MOUSE] 
144.50 51.37 6 9 11 40 255 29.2 4.74 

3 P19324 
Serpin H1 

[SERPH_MOUSE] 
81.66 34.29 1 10 10 24 417 46.5 8.82 

4 Q6NZC7 

SEC23-interacting 

protein OS=Mus 

musculus 

[S23IP_MOUSE] 

215.38 27.35 1 20 20 54 998 110.7 5.94 

5 Q9JJ28 
Protein flightless-1 

homolog 

[FLII_MOUSE] 
41.30 13.06 1 11 11 13 1271 144.7 6.06 

6 Q8CI94 

Glycogen 

phosphorylase, 

brain form 

[PYGB_MOUSE] 

35.83 13.40 3 9 9 10 843 96.7 6.73 

     Table 4. Potential binding proteins with NELF resulting from mass spectrometric analysis  
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3.7 NELF has seven specific binding motifs for 14-3-3ε. 

          The 14-3-3 protein family binds to specific motifs in its interacting proteins.  The R-S-X-

pS-X-P motif for mode I and R-X1-2-pS-X2-3-S motif for mode II have been reported as 

specific motifs for the 14-3-3 protein family 31.  From bioinformatic analysis using a motif 

scansite (https://scansite4.mit.edu/), the mouse NELF (NCBI REFSEQ: NP_001034476.1) 

sequence revealed two conserved consensus 14-3-3 mode I binding motifs: phosphoserine S288 

or S292, with medium stringency (Figure16).  In addition, five 14-3-3 consensus mode II 

binding motifs: S72, S144, 286 or 445 were found by referencing manually.  Therefore, a total 

of seven potential binding sites for 14-3-3 protein in the NELF amino acid sequence were 

identified (Figure 17). 

3.8 NELF may interact with 14-3-3ε.  

           We first conducted co-IP using c-Myc primary antibody with whole cell lysate after 

transfection of the plasmid construct containing c-Myc and Nelf coding sequences into NLT 

cells.  The presence of Nelf protein after co-IP was confirmed using both anti-c-Myc and anti- 

NELF primary antibodies.  We confirmed that the c-Myc-NELF fusion protein or NELF 

protein was present in the co-IP with c-Myc alone, but not in the control Co-IP with IgG  

(Figure 18).  The same membrane was used for immunoblotting with anti-14-3-3ε primary 

antibody, and in the co-IP with c-Myc only, the presence of 14-3-3ε protein was confirmed.  

The 14-3-3ε protein was not detected in the control co-IP with IgG (Figure 18).  These data 

suggest an interaction between NELF and 14-3-3ε.  

https://scansite4.mit.edu/
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     Figure 16. In the NELF amino acid sequence, two potential binding sites, serine 288 and serine 292, 

     were revealed with medium stringency for mode I, R-S-X-pS-X-P, by bioinformatic analysis. S288  

     was located in the R-S-F-pS-R-S motif and S292 was located in R-S-W-pS-D-P motif. 
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    Figure 17.  Seven potential binding sites in the NELF amino acid sequence for 14-3-3ε 

    were revealed, including both Mode I and Mode II.  Mode I is represented by red (serine 288 or serine 

    292) and Mode II is represented by green (serines 72, 144, 286, 309 or 445).    
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        Figure 18. NELF interaction with 14-3-3ε. (A). Confirmation of the presence of the c-Myc-NELF 

        fusion protein or NELF protein following co-IP with c-Myc primary antibody.  (B). Validation of the   

        interaction between NELF and 14-3-3ε using immunoblotting with the 14-3-3ε primary antibody on 

        the same memberane that confirmed the presence of either c-Myc-NELF fusion protein or NELF 

        protein. Expected size: NELF is 62KDa, c-Myc-NELF is 63.2 KDa and 14-3-3ε is 29 KDa.  
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3.9 14-3-3ε may regulate subcellular localization of NELF.  

        To determine the specific binding site(s) for 14-3-3ε in NELF, we made a mutant by site-

directed mutagenesis in which two serines were mutated to alanines (S288A and S292A, and 

named the 2A mutant). These two serine residues were predicted by bioinformatics analysis 

with medium stringency to be highly likely potential binding sites for 14-3-3 among the seven 

putative binding sites.  Sanger sequencing was used for validation of the 2A mutant (Figure 

19).  The wild-type or the 2A mutant was transfected into NLT cells.  Using immunofluorences 

staining, we confirmed that wild-type NELF is principally localized to the nucleus, while the 

2A mutant showed subcellular localization in both the nucleus and cytoplasm (Figure 20).  

Interestingly, the 2A NELF mutant still showed interaction with 14-3-3ε (Figure 21).  These 

data suggest that serine 288 site is crucial for subcellular localization of NELF by binding with 

14-3-3ε even if serine 288 is not the only specific binding site interacting with 14-3-3ε. We 

hypothesize that NELF has more than one binding site for 14-3-3ε, and serine 288, among these 

binding sites, plays an important role in the subcellular localization of NELF.  

3.10 NELF is predicted to be a downstream substrate for AKT 1.   

         We found that NELF could associate with 14-3-3ε through several specific motifs in the 

NELF protein sequence. Interestingly, several specific motifs for 14-3-3ε show similarities to 

motifs that are predicted to be phosphorylation sites for AKT1 by the bioinformatic analysis 

motif scan software.  NELF has 4 AKT consensus motifs with RXXS*/T at greater than 

medium stringency (serine 206, 286, 288 or 292) and 1 AKT consensus motif with  
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                       Figure 19. Validation of the mutation of both serine 288 and serine 292 using Sanger  

                       sequencing. Serine 288 (AGC) and 292 (AGC) in the wild type were changed to alanine 288  

                      (GCC) and 292 (GCC) in the 2A mutant.  

.  
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          Figure 20. Immunofluorescene staining. NLT cells were transfected with NELF wild-type (WT)  or 

          the 2A mutant construct (Ser288Ala/Ser292Ala). Localization of WT (nucleus) and the 2A mutant  

          (nucleus and cytoplasm) using confocal microscopy.  Cells are shown using TO-PRO-3 (nuclear 

          expression marker), c-Myc (NELF expression), and merged images at X20. 
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          Figure 21. Serines 288 and serine 292 in NELF are binding sites for 14-3-3ε but are not sole binding 

          sites for 14-3-3ε 
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RXRXXS*/T having high stringency (serine 288).  Serine 288 is the only potential 

phosphorylation site which is located in both the AKT consensus motif, RXXS*/T or 

RXRXXS*/T, and has shown high stringency (Figure 22 A). Serine 290 does not match to 

either RXXS*/T or RXRXXS*/T even though the site was predicted (Figure 22 A).  

Interestingly, three of four predicted phosphorylation sites were the same amino acids as 

identified as binding sites (serine 286, 288 and 292) for 14-3-3ε (Figure 22B).  In addition, 

these phosphorylation sites were highly conserved across species, including human, mouse and 

rat (Figure 23).  Based on bioinformatics analysis, NELF may be a new substrate for AKT 1. 

3.11 NELF is phosphorylated by AKT1  

           We sought to determine if AKT1 mediated reversible phosphorylation of NELF using an 

in vitro kinase assay.  Immunopurified c-Myc-NELF fusion protein was incubated with active 

AKT1 and ATP and then immunoblotted with the phospho-AKT substrate (RXXS*/T) 

antibody.  We confirmed that the c-Myc-NELF fusion protein incubated with both active AKT1 

and ATP was detected by the phospho-AKT substrate antibody (RXXS*/T).   Control assays 

were carried out either in the absence of ATP or in the absence of active AKT1.  In these 

controls, no immunoreactive bands were present when immunoblotting with RXXS*/T (Figure 

24B).  These data suggest that NELF is phosphorylated by AKT1 in vitro at either S206, S286, 

S288 and /or S292.  To confirm with endogenous protein, we performed an in vitro kinase 

assay with immunopurified endogenous NELF isolated by IP with anti-NELF primary antibody 

and then immunoblotted using RXXS*/T.  When purified endogenous NELF showed 

immunoreactivity with phospho-AKT substrate antibody which can detect phosphoserine 

residue in the RXXS*/T motif after incubation both AKT and active AKT1 only. In the control  
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       Figure 22. Five potential phosphorylation sites for AKT1 are predicted in NELF by bioinformatic 

       analysis.   (A). One phosphorylation site, serine 288, showed high stringency and 4 phosphorylation 

       sites, serine 206, 286, 288 and 292 showed medium stringency.  (B). Serines 286, 288 and 292 are the  

       same consensus sites to which 14-3-3 binds.  
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       Figure 23. Predicted potential sites are highly conserved across species.  NELF has 4 AKT consensus 

       motifs with RXXS*/T and 1 AKT consensus motif with RXRXXS*/T.  Serine 290 does not match  

       either RXXS*/T or RXRXXS*/T even though the site was predicted bioinformatically.  
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     Figure 24. NELF is phosphorylated by AKT1.  (A). Endogenous NELF purified by IP with NELF  

     antiobdy was incubated either with both active AKT1 (rAKT1) and ATP or without active AKT1 and 

     with ATP alone, and the reaction products were immunoblotted with a phospho-Akt substrate antibody, 

     RXXS*/T.  (B). c-Myc-NELF fusion protein purified by IP with c-Myc antibody was incubated with 

     both active Akt1 and ATP (marked green arterisk).  Reactions were incubated with either ATP alone  

     or in controls, neither ATP nor active AKT1.  The reactions were immunoblotted with either NELF 

     antibody or a phospho-Akt substrate antibody, RXXS*/T.  Normal rabbit IgG or normal mouse IgG  

     was used as a control for IP.   H.C: heavy chain. L.C: light chain. 
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IP, using normal rabbit IgG with both active AKT1 and ATP, no immunoreactivity was 

detected (Figure 24A).  The results from the in vitro kinase assay with purified endogenous 

NELF were consistent with these exogenous c-Myc-NELF fusion protein results, despite the 

higher background on the immunoblotting image. This may be reflective of the quality of 

antibody that was used for IP.  Taken together, our findings indicate that NELF is a newly 

identified substrate for AKT1 phosphorylated by AKT1.   

3.12 NELF was dephosphorylated upon phosphatase treatment.  

        To confirm the phosphorylation of NELF, membranes possessing phosphorylated NELF 

were treated with calf intestinal alkaline phosphatase (CIP).  We confirmed that the amounts of 

NELF immunopurified by IP were similar whether immunoblotting with either NELF or c-Myc 

antibody (Figure 24).  The sample in the first lane was treated with buffer alone (no CIP), while 

the other sample (in the second lane) was treated in the buffer with CIP.  In addition, the same 

levels of immunoreactivity with RXXS*/T were observed for the lanes following an in vitro 

kinase assay.  Immunoreactivity with RXXS*/T phospho AKT substrate antibody disappeared 

on CIP-treated membranes, whereas immunoreactivity still remained on CIP-untreated 

membranes (Figure 25). 

3.13 Phosphorylation of NELF is increased by insulin 

        NLT cells expressing c-Myc-Nelf were treated with insulin for 30 mins or with 1% of 

acetic acid alone for 30 mins as a control. First we confirmed that the expression level of 

phospho-AKT was increased in the cells with insulin compared to cells with 1% acetic acid 

alone (Figure 26A).  
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                Figure 25. Akt-NELF is dephosphorylated with CIP treatment. NELF showed immunoreactivity 

                with the phospho-AKT substrate antibody, RXXS*/T, following the in vitro kinase assay. The 

                immunoreactivity was reduced with CIP treatment compared to the control which was not treated 

                with CIP.  CIP(100U/ml): calf intestinal alkaline phophatase.  
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Subsequently, NELF immunopurified by IP from cells with insulin showed immunoreactivity 

with RXXS*/T phospho AKT substrate antibody was increased compared to control cells 

which are treated 1% acetic acid alone (Figure 26B).  This data suggest that NELF 

phosphorylation was increased by insulin which is activator of AKT.  

3.14 Phosphorylation of NELF is attenuated by an AKT 1 inhibitor.  

          A kinase inhibitor study was performed to confirm whether AKT1 is involved in NELF 

phosphorylation.  NLT cells expressing c-Myc-Nelf were treated with AKT1/2 inhibitor for 16 

hours or with DMSO alone for 16 hours as a control.  First, we confirmed that the expression 

levels of AKT in both cells were not affected by the AKT1/2 inhibitor, but the levels of 

phospho-AKT were completely eliminated in the cells treated with AKT1/2 inhibitor compared 

to cells treated with DMSO alone (Figure 27A).  Subsequently, NELF immuopurified by IP 

from cells treated with the AKT1/2 inhibitor showed that immunoreactivity recognized by 

RXXS*/T phospho AKT substrate antibody disappeared compared to control cells which were 

treated with DMSO alone (Figure 27B).  These data strongly support the idea that AKT1 is a 

newly identified Kinase for NELF phosphorylation.   

3.15 NELF is phosphorylated at serine 288, and this reaction is mediated by AKT1.   

        From the bioinformatic analysis, NELF has four putative phosphorylation sites for AKT1 

with the RXXS*/T motif (S206, S 286, S288 and S292) and one putative phosphorylation site 

with the RXRXXS*/T motif (S288).  We generated in which the serine were changed to alanine 

at both S288 and S292 (S288A and S292A—the 2A mutant), using site-directed mutagenesis.  

Of note, S288 overlaps the two motifs at high stringency for AKT1 mentioned above (Figure  
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        Figure 26. Insulin increases NELF phosphorylation. (A). Phospho-AKT was increased in the cells  

        with insulin comapred to cells without insulin.  (B). Immunoreactivity with phospho-AKT subustrate  

        antibody (RXXS*/T) was increaed in the cells with insulin treatment compared to control cells 

        without insulin. 
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       Figure 27. An AKT1/2 inihibitor decreases NELF phosphorylation. (A). Phospho-AKT levels were  

       reduced by 10nM AKT 1/2 inhibitor whereas AKT  immunoreactivity was still observed. (B).  

       Immunoreactivity with phospho-AKT substrate antibody was decreased after treatemnnt with  

       the AKT1/2 inhibitor compared to control cells treated with DMSO.    
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23). Then co-IP and the in vitro kinase assay were performed sequentially.  To investigate 

whether S288 is the phosphorylation site, we immunoblotted the WT and 2A mutant from the 

in vitro kinase assay using NELF or phospho-AKT substrate antibodies, RXXS*/T or 

RXRXXS*/T.  In the wild type, an immunoreactive band was observed with both phospho-

AKT substrate antibodies, but no immunoreactive band was observed with the RXRXXS*/T 

antibody in the 2A mutant (Figure 28A).  Also, immunoreactivity with RXXS/T was reduced in 

the 2A mutant compared to WT (Figure 28A and B).  These data suggest that NELF has more 

than one phosphorylation site and that S288 is one of the sites phosphorylated byAKT1.  

3.16 Glutamate alters the subcellular localization of NELF. 

         Several publications indicate that NELF is principally localized to the nucleus of NLT 

cells 4 13 grown in normal growth medium, DMEM, containing 10% FCS, 1% antibiotics and 

0.2mM glutamate. Using immunofluorescence staining with NELF primary antibody, our 

studies confirmed that 90 % of NELF is localized in the nucleus and 10 % is localized in the 

cytoplasm under normal growth conditions that included glutamate (Figure 29).  Interestingly, 

subcellular localization of NELF in growth conditions, without glutamate was different. The 

intensity of NELF in the nucleus was significantly reduced from 0.90 ±0.04 to 0.69 ± 0.12 in 

the absence of glutamate (Figure 29 A and B).   To confirm if subcellular localization of NELF 

is affected by glutamate and not by serum (10% FCS) in the normal growth medium, we 

replaced the FCS with 0.8% bovine serum albumin (BSA).  The intensity of NELF remained 

mainly localized in the nucleus compared to the cytoplasm in the presence of glutamate with 

0.8 % BSA (Figure 29).   However, the intensity of NELF in the nucleus was significantly 

reduced from 0.90 ±0.04 to 0.71 ± 0.12 without glutamate (Figure 30A and B).   
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       Figure 28. Serine 288 is one of the phosphorylation sites in NELF. (A). The 2A mutant showed no 

       immunoreactivity with the p-AKT substrate antibody (RXRXXS*/T), but WT showed  

       immunoreactivity following the in vitro kinase assay.  In addition, the 2A mutant 

       shows reduced immunoreactivity with another p-AKT substrate antibody (RXXS*/T) compared  

       to the immunoreactivity observed with WT.  (B). Quantitation of the expression levels: RXXS*/T 

       divided by NELF.  
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          Figure 29. NELF showed different subcellular localization depending on the presence or absence of 

          glutamate.  NELF is mainly localized in the nucleus under normal growth conditions with the  

          medium containing 10% FCS, 0.2mM glutamate and 1% antibiotics; however, the ratio of NELF in 

          the nucleus was decreased in the absence 0.2mM glutamate.  In addition, NELF showed the same 

          subcellular localization in the presence of bovine serum albumin (BSA) (with 1% antibiotics and  

          0.2mM glutamate) compared to 10% FCS.  Without 0.2mM glutamate, NELF  immunofluorescence 

          in the nucleus was reduced compared to NELF with glutamate.  Controls stained with 488 goat anti- 

          rabbit IgG only did not show green fluorescence. DAPI: nuclear staining. Scale bar: 20μm.  
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      Figure 30. The intensity of NELF in the nucleus was increased with glutamate.  (A). Box plot image of 

      the percentage of NELF in the nucleus from 50 cells (10% FCS with glutamate vs without glutamate)  

      or 28 cells ( 0.8% BSA with glutamate vs without glutamate). (B). Quantification of the ratio of NELF 

      intensity in the nucleus was calculated by ImageJ.  The nucleus intensity was divdied by total intensity. 

      NELF intensity in the nuclues showed a significant increase in the presence of glutamate ( P<0.005).  
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These data suggest that the distribution of NELF is affected by glutamate regardless of growth 

factors.  To confirm the change in NELF localization with glutamate, subcellular fractionation 

was performed using the REAP method and the ratio of NELF in the nucleus was determined 

either with glutamate or without glutamate in the presence of 10% FCS.  Interestingly, the 

morphology of cells in 0.8% BSA compared to 10% FCS was altered regardless of the presence 

of glutamate.  Cells were adherent to each other, and thus it was difficult to separate the 

nucleus and cytoplasm for immunoblotting.  The ratio of NELF in the nucleus was significantly 

decreased from 85% to 65% in the absence of glutamate (Figure 30A and B).  We confirmed 

that the immunoreactivity of NELF in the nucleus was decreased, and NELF immunoreactivity 

in the cytoplasm was increased without glutamate following subcellular fractionation by the 

REAP method (Figure 31A).  The ratio of NELF in the cytoplasm increased from 12% to 26% 

without glutamate (Figure 31B). These data strongly suggest that glutamate plays a role in the 

subcellular localization of NELF. 
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      Figure 31. The ratio of NELF expression was increased in nuclear fraction with glutamate.  (A). The 

      ratio of NELF in the nuclear fraction was greater in the presence of glutamate compared to that in the 

      absence of  gluatmate.  (B). Quantification of the ratio of NELF in the nucleus. The nuclear fraction 

      was normalized by lamin B1 and cytoplamic fraction was normalized by GAPDH.  
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IV. Nelf knockout mice   

 4.1 Sex steroid hormones and FSH did not differ in either Nelf KO sexes.  

      We performed genotyping in mice with genomic DNA from the tail using PCR (Figure 32). 

Serum levels of gonadotropin hormones (LH and FSH) in both sexes and sex steroid hormones 

(estradiol in females and testosterone in males) were measured to determine if Nelf KO affects 

the function of GnRH neurons around the time of puberty (30 days). Neither sex steroid 

hormone was significantly different in either Nelf KO sexes compared to wild type animals, 

8.9±4.9 vs 10±4.7 for estradiol and 22.6±15.7 vs 21.8±8.9 for testosterone (Figure 33A).  Also, 

the serum levels of FSH did not significantly differ in either sex or genotypes, 13.7±5.2 vs 

14.4±6.1 for female WT and KO mice and 69.9±16.1 vs 71.1±9.8 for male WT and KO mice.  

Interestingly, the serum level of LH was significantly increased in male Nelf KO mice 

compared to wild type, 0.16±0.09 vs 0.29±0.12 (Figure 33B), but there was no difference in 

females, 0.27±0.15 vs 0.22 ±0.19.  

4.2 GnRH neuron numbers were not reduced in either sex.  

           Adult female Nelf KO mice showed a significantly reduced number of GnRH neurons 

compared to wild type19.   However, the critical time for GnRH neuron reduction in Nelf KO 

mice is unclear, but could be prior to puberty, at puberty, or during adulthood. We counted the 

number of GnRH neurons and measured the distribution of GnRH neurons following 

immunofluorescence staining with an anti-GnRH primary antibody (Figure 34A and B) at 30 

days of age.  There was no difference in the number of GnRH neurons between Nelf KO and  
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            Figure 32: Genotyping with genomic DNA from Nelf knockout (KO), heterozygous (HTZ) or  

            wild type (WT) mice.  The size of the PCR product for WT is 343bp and KO is 292bp. M: 123bp  

            marker, N: negative control. 
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                 Figure 33. Sex steroid hormones and FSH did not differ in either Nelf KO sexes compared to  

                 Wild-type. (A). Sex steroid hormones, estadiol in female and testosterone in male and FSH in  

                 either sex did not differ between Nelf KO and wild-type. (B) The level of LH was significantly  

                 decreased in male wild-type compared to Nelf KO at 30 days.  
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A.                                                                   B.  

 

 

 

 

 

 

 

 

      C. 

 

 

 

 

 

 

 

        Figure 34: (A and B). Immunofluorescence images of GnRH neurons in the arcuate nucleus of the 

         hypothalamus. Scale bar; 50um in X10 and 25um in X20. (C). The number of GnRH neurons did not   

         differ between WT and HMZ in both sexes. N.S: Not significant, WT female (N=6),  

         HMZ (N=5), WT male (N=3) and HMZ (N=5).  

 

 

 

3rd	ventricle		
Arcuate		

GnRH	neuron	

X10	 X20	

Female  Male   

N. S  
N. S  



 

83 

 

wild-type in either sex (Figure 34C).  Also, the distribution distance of GnRH neurons did not 

differ in female Nelf KO versus wild type. Interestingly, in males the distribution distance of 

GnRH neurons was significantly reduced in Nelf KO compared to wild-type at 30 days of age 

(Figure 35).The significance of this finding is unclear since the number of GnRH positive 

neurons Nelf KO and wild-type male mice did not differ.  
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                Figure 35: Distribution distance of GnRH neurons.  (A). Starting from the first slide where the 

                GnRH neurons are seen to the last slide where GnRH neurons disappeared.  Each slide is 40um  

                apart.  (B). Distribution distance did not differ between WT and KO in females, however in 30 day 

                old males Nelf KO showed significantly shorter distribution distance than wild type. *P<0.05 
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V. Discussion  

5.1 Project introduction  

          Current evidence indicates a role for NELF in GnRH neuron migration in the 

mouse, zebrafish, and human, but its mechanism of action is unknown.  NELF 

localization to the nucleus appears to be regulated—an example being the synaptonuclear 

trafficking subsequent to glutamate signaling15.  However, NELF has no DNA binding 

motifs or sequences predicted to bind DNA, suggesting that it may participate in protein-

protein interactions to regulate transcription. Further support for a role in transcription 

comes from our finding of the co-localization of NELF with RNA polymerase II, which 

is confirmed by co-immunoprecipitation observations of the rat ortholog15.  The goal of 

these studies was to determine the function of NELF in the nucleus.  We hypothesized 

that Nelf may regulate transcriptional activity of other genes in the transcription complex 

through a protein-protein interaction.  

 

5.2 Nelf may be involved in the JAK/STAT signaling pathway.  

             The first aim of this project was to determine what specific downstream genes are 

affected by Nelf knockdown in immortalized, migratory, NLT GnRH neuronal cells.  

Transduction with Nelf shRNA lentiviral particles was used to create a stable Nelf 

knockdown clone that demonstrated reductions in both gene expression and protein 

expression by more than 70%.  Mouse cDNA arrays, using RNA extracted from NLT 

cells, showed that there were 869 genes down-regulated and 636 up-regulated with at 
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least a 2 fold change in Nelf knockdown vs. scrambled controls.  By RT-qPCR, we 

validated that 9 out of the 10 examined for verification of the array results.  

         Using PANTHER analysis, we examined the type of functions of the genes altered 

by Nelf knockdown. Nearly one quarter of all altered genes are involved in 

transcription—either as nucleic acid binding proteins or transcription factors.  This 

finding was expected given our previous evidence that NELF is predominantly nuclear 

and plays a role in transcription 4,17.  Nearly 30% of the altered genes following Nelf 

knockdown were identified as proteins which are known to be involved in cell migration, 

such as cell adhesion, extracellular matrix proteins, signaling molecules, cell junction, 

cytoskeletal proteins, and nucleic acid binding 69-71.  Approximately 2% of the genes 

affected are involved in neuronal migration. Two of these genes—Gas6 and Hgf—are 

known to be involved in GnRH neuron migration5. 

   It is not feasible to study all of the altered genes identified in cDNA arrays following 

the knockdown of a gene of interest.  We chose to focus our attention on altered 

transcription factors following Nelf knockdown.  Predicted by PANTHER pathway 

analysis, the JAK/STAT pathway was most significantly altered with regard to both gene 

and protein expression.  We showed consistent down-regulation of Stat2, Jak2, Irf7 and 

Irf9 gene expression following Nelf knockdown.  Although mRNA expression of Stat1 

and Stat5a was not significantly reduced after Bonferroni correction, protein levels of 

total STAT1, phospho-STAT1 and STAT5a, as well as JAK2 were significantly 

decreased in Nelf knockdown compared to the scrambled control. Target genes for 

JAK/STAT signaling, including Nos2, Cdkn1a, Mmp3, Saa3, Isg15, and Jun, were also 

reduced by ‒2.5 to ‒12.2 fold with Nelf knockdown, further corroborating a role for 



 

87 

 

NELF in this pathway72-77.  These findings strongly suggest that NELF plays some 

functional role in the JAK/STAT signaling pathway, which is critical in transcription.  

        Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling 

is activated by the binding of interferon to interferon receptors.  Activated receptors cause 

JAK2 autophosphorylation, which then activates STATs.  Of interest, JAK2 is 

phosphorylated with NMDA receptor, activation which is the principal activator of Jacob 

protein; STATS are subsequently phosphorylated, which then translocate to the nucleus 

78.  Phosphorylated STAT1 either binds STAT2 and interacts with interferon-regulatory 

factor (IRF9) to form interferon stimulated gene factor 3 (ISGF3) or binds another 

STAT1.  ISGF3 complex (STAT1, STAT2, and IRF9) or STAT1 homodimer translocates 

to the nucleus where it acts as a transcription factor complex to regulate the expression of 

interferon-stimulated genes (ISG)22,79.  Expression levels of JAK2, STAT3, and STAT5 

proteins have been validated in mouse migratory GN11 and post migratory GT1-7 GnRH 

neuron cells21.  We have confirmed that JAK2 and STAT5a are expressed in the 

immortalized, migratory NLT GnRH neuronal cells.  

       Other investigators have suggested that activation of JAK2 may mediate the effects 

of cytokines through their receptors on GnRH neurons21,80.  Therefore, JAK/STAT 

signaling has been considered important in GnRH neuron function. Further support 

comes from the female GnRH neuron-specific Jak2 conditional knockout mouse (Jak2 G-

/-), which exhibits delayed puberty and impaired fertility23.  Both Gnrh1 mRNA and 

serum LH levels were significantly reduced in this KO animal, suggesting that the 

reproductive dysfunction is due to attenuated GnRH gene expression23.  Decreased Gnrh1 

mRNA indicates that JAK/STAT signaling regulates Gnrh1 gene expression, while 
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decreased serum LH is thought to be due to impaired GnRH secretion and/or pulsatility 

23.  Decreased litter size and reduced numbers of litters in the Jak2 G-/- female mice are 

likely due to an attenuated LH surge, which was temporally associated with reduced 

activation of GnRH neuron activation, as assessed by c-Fos labeling 23. 

 There is evidence that neurokinin B (NKB) and NELF could interact in related 

pathways. Neurokinin B is known to be highly expressed in hypothalamic neurons and is 

identified as an essential element in the maintenance of pulsatile GnRH81,82.  Mutations of 

either TAC3 (encoding NKB) or TACR3 (encoding its receptor—NK3R) have been 

characterized in patients with normosmic hypogonadotropic hypogonadism 83,84. The 

NK3R agonist senktide induces c-fos expression in and GnRH secretion from GT1-7 

cells85.  The c-fos promoter contains a STAT1 binding site that is required for c-fos 

induction.  Therefore, it appears that NKB regulates the secretion of GnRH through the 

induction of c-fos and STAT by a PKC-dependent mechanism86.  Since members of 

JAK/STAT, including STAT1, JAK2, and STAT5a, demonstrated reduced protein 

expression following Nelf knockdown, perhaps NELF and neurokinin B may regulate 

GnRH secretion through a common pathway, namely, c-fos expression. 

 When the GnRH ligand binds its receptor (GNRHR) in the pituitary, c-Fos protein 

dimerizes with Jun to form the transcription factor complex AP-1, activator protein.  AP-

1 (Fos/Jun) binds to the target element (GRAS/SBE) of the GnRH receptor (Gnrhr1) 

gene and facilitates transcriptional activity of the Gnrhr187.  It is interesting that in our 

cDNA array, Fos (-1.68) and Jun (-2.5) both showed reduced expression levels following 

Nelf knockdown.  Since Nelf knockdown disrupts JAK/STAT signaling, our findings 

support a role for JAK/STAT signaling in GnRH neuronal function, which could possibly 
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extend to the pituitary. We have previously shown that Nelf gene expression increased 3-

fold in LT2 pituitary cells following GnRH agonist administration4.                                                                                                                                              

        Several reports suggest that STAT1 may recruit RNA polymerase II to the promoter 

of IFN-responsive genes and activate transcription 88.  Specifically, STAT1 recruits RNA 

polymerase II to bind CREB-binding protein, which then increases transcriptional 

activity of the Cxcl9 gene 89.  Additionally, IRF9 in the ISGF3 complex may recruit the 

RNA polymerase II complex to the promoter of target genes 90.  We demonstrated 

reduced mRNA expression levels of Stat2, Irf9 and Jak2 with Nelf knockdown in GnRH 

neurons, as well as reductions in total protein levels of STAT1, phosphorylated STAT1, 

and STAT5a.  Interestingly, the protein level of phosphorylated JAK2 showed a 

discrepancy with the protein level of total JAK2, which is presumably due to a feedback 

regulatory system91.  Phosphorylated JAK 2 is critical for the phosphorylation of STATs 

for movement to the nucleus.   

  NELF was identified as a protein that translocates from the synapse to the nucleus 

upon NMDA receptor activation17.  Many of these types of proteins, such as CREB2, NF-

kB, amyloid precursor protein intracellular domain associated protein-1(AIDA-1) and 

Abelson interacting protein (Abi-1), act as transcription factors in the nucleus 92.  

However, other proteins belonging to synapse to nucleus signaling pathway are not 

transcription factors, but instead participate in the formation of multimeric complexes 

that indirectly regulate transcription. One such example is pCAM-associated protein 

(CAMAP), which is a transcriptional coactivator of CRE-driving gene expression after 

translocating to the nucleus of neurons93.  In the notch signaling pathway, notch 

intracellular domain (NICD) is cleaved, translocates to the nucleus, and then activates 
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transcriptional activity of  notch target genes by recruiting co-activators and other protein 

through protein-protein interactions94.  

       In summary, our findings indicate that Nelf knockdown is associated with a reduction 

in cell migration proteins and proteins involved in transcription. In particular, Nelf 

knockdown impaired the expression of multiple members of the JAK/STAT signaling 

pathway.  NELF was also found to bind RNA polymerase II. NELF does not appear to be 

a transcription factor, but could be part of a transcriptional complex regulating 

transcription factors or other coactivators or corepressors. These findings support the idea 

that NELF’s role in transcriptional regulation is likely to be indirect by participating in 

protein-protein interactions rather than directly binding DNA.  

 

5.3 Potential NELF binding proteins 

            The second aim of my project was to examine binding proteins that could interact with 

NELF.  Six putative binding proteins were revealed from mass spectrometry, one of which 

was 14-3-3ε.  We were the able to demonstrate an interaction between NELF and 14-3-3ε.  

Since our aim was to identify the function of NELF as a transcription factor in the nucleus, we 

became interested in the 14-3-3 protein family.  Members of the 14-3-3 protein family are 

thought be adaptor proteins which bind to specific motifs in target proteins and alter the 

activity of target proteins through, for example, re-localization and conformational 

alternation.  Also, 14-3-3 proteins have been proposed to be important in controlling 

intracellular signaling pathways.   

Five additional potential binding proteins reported from mass spectrometry remain to 

be validated.  SEC 23- interacting protein (S23IP) encodes a member of the phosphatidic acid 
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preferring-phospholipase A1 family. The encoded protein is localized to the endoplasmic 

reticulum exit sites and plays a critical role in ER-Golgi transport as part of the multimeric 

coat protein II complex95. This protein specifically binds to PIP3, PIP4, or PIP5.  Interestingly, 

it has been reported that Sec23IP is involved in craniofacial development in xenopus96.  

However, Sec23ip KO mice showed subfertility in males due to abnormal spermatogenesis 

rather than craniofacial abnormalities95.  In addition, this protein showed the highest peptide 

spectrum number of 54 compared to that of the other putative binding proteins (Table 2).   

Leucine-rich repeat flightless-interacting protein 2 (LRRFIP2) is a protein reported to 

be an interacting protein with the LRR domain.  LRRFIP2 is a negative regulator of NF-kB 

activity by interfering with myeloid differentiation factor 88 (MyD88) and toll-like receptor 4 

(TLR 4) interaction97.  LRRFIP 2 has been revealed as an activator of Wnt by interacting with 

Dvl to activate β-catenin/LEF/TCF-dependent transcriptional activity98. Additionally, it has 

been reported that LRRFIP2 negatively regulates NLRP3 inflammasome activity by 

promoting inhibition of caspase-1 via Flightless-I (FLII)98.  Interestingly, FLII is putative 

NELF binding protein.  FLII is an identified member of the gelsolin family.  It contains 16 

tandem 23 amino acid leucine-rich repeat motifs99.  Gelsolin is an actin-binding protein that 

has multiple actin regulatory activities, as well as cytoskeletal remodeling and ion channel 

regulation100-102. In addition, gelsolin has both anti-apoptotic and pro-apoptotic 

functions101,102.   

A serine proteinase inhibitor (Serpin) family proteins inhibit mainly serine proteinases 

of the chymotrypsin family, but some serpins exhibit functions unrelated to the inhibition of 

catalytic activity, such as hormone transport and other mechanisms. The current classification 

of serpins involves a division into clades that are based on phylogenetic relationships with 16 
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clades labeled A-P103.  Serpin H1, also known as 47 kDa heat shock protein (HSP 47), does 

not act as a proteinase inhibitor, but rather as a chaperone of collagen104.   Knockout of 

Serpinh1 are lethal, and missense mutations are associated with osteogenesis imperfecta105.  

Lastly, glycogen phosphorylase brain form (PYGB) is one type of glycogen phosphorylase 

(GP).  There are three types of GP depending on the organ in which they predominate: liver 

(lGP), muscle (mGP), and brain (bGP).  IGP is mostly regulated through phosphorylation, 

allowing the use of liver glycogen in response to hypo- and hyperglycermic hormones.  On 

the other hand, mGP and bGP respond to the binding of allosteric effectors to control 

glycogenolysis according to local energy needs.  In the brain, the inhibition of glycogen 

mobilization leads to impaired cognitive functions. Glycogen accumulation has been shown to 

be a direct cause of neurodegenerative diseases including Alzheimer’s disease106. NELF has 

been demonstrated to be involved in GnRH neuron migration and the synapto-nuclear 

messenger protein of NMDA receptor to the nucleus.  However, other functions and 

mechanisms of NELF are not yet clear.   Understanding the role of the remaining putative 

NELF binding proteins will be helpful for determining the function of NELF in the nucleus.  

 

5.4 Specific binding sites for 14-3-3ε in NELF  

           We found that NELF has at least 7 specific binding motifs for the 14-3-3 protein 

family based on references and bioinformatics analysis.  The interaction between two 

proteins, NELF and 14-3-3ε, was confirmed using primary antibodies and co-IP.   Next, we 

generated a NELF mutant, changing both serine 288 and serine 292 to alanine (2A mutant) in 

the same construct, to identify a specific binding site for 14-3-3ε.  The reason that we chose to 

mutate these two serine sites among the 7 possible binding sites was because these two 
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binding sites showed the highest stringency in prediction and they were in close proximity to 

each other.  We document evidence that both binding sites are involved in 14-3-3 binding. 

Interestingly, the 2A mutant still showed some residual interaction with 14-3-3ε.  These data 

suggest that serines 288 and 292 are binding sites, but these sites are likely not the sole 

binding sites.  However, the 2A mutant showed different subcellular localization, namely a 

reduction in nuclear localization, compared to the wild-type protein.  Thus, these data indicate 

that serine 288 is a binding site, but it is not the only binding site for 14-3-3ε. In addition, this 

binding site appears to modulate subcellular localization of NELF.  

 

5.5  Specific AKT1 phosphorylation sites in NELF  

       Four AKT1 phosphorylation sites, serine 206, 286, 288 and/or 292, in NELF protein were 

predicted by bioinformatic analysis.  We demonstrated that NELF is phosphorylated by AKT1 

using an in vitro kinase assay.  In addition, serine 288 was identified as a specific 

phosphorylation site using an in vitro kinase assay with a mutant construct.   It was predicted 

that NELF also can also be phosphorylated at different sites by other kinases such as 

AURKA, CLK2, CDK or CAMK2G (calcium/calmodulin-dependent protein kinase II 

gamma).  Interestingly, serine 180 is phosphorylated by ERK1/2 of the NELF ortholog in the 

rat, but this specific site and kinase were not predicted to be involved in our bioinformatics 

analysis of mouse NELF.  

 

5.6  Glutamate signaling alters subcellular localization of NELF.  

         The new name of NELF (NMDA receptor synaptosignaling migration factor—NSMF) 

is based upon the demonstration in the rat that NMDA receptor activation results in synapse to 
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nucleus localization in hippocampal cells17.  We wanted to determine if glutamate 

administration affects subcellular localization of NELF in mouse migratory NLT cells. 

Following glutamate administration, we demonstrated a 20% increase in nuclear localization 

of NELF vs. vehicle by immunofluorescence staining with NELF. It should be noted, 

however, that even without glutamate administration, NELF was predominantly localized to 

the nucleus.  Nevertheless, our findings confirm that NMDA receptor activation, at least 

partially, regulates the subcellular localization of NELF.  

 

5.7 Phosphorylation sites and kinase for NELF  

      Serine 180 in rat NELF (Jacob) is the only phosphorylation site identified to date17.  

Phosphorylation at serine 180 was demonstrated by an in vitro kinase assay with active 

Erk1/2 and mass spectrometry using purified Jacob NELF protein by immunoprecipitation.  

Serine 180 is located in the sequence RQGSKECPGCAQLVPGPSPRAFGLEQP and was 

covered by mass spectrometry following digestion with trypsin (serine 180 highlighted red in 

yellow).  Fortunately, there were no target sites for trypsin in neighboring residues (green) of 

serine 180 in rat NELF, which enabled their identification of this residue. These investigators 

then generated a phospho-NELF (serine 180) antibody, which could be used to study 

phosphorylation of rat NELF.  

         In our study of mouse NELF, we demonstrated that serine 288 is phosphorylated by 

AKT 1 using an in vitro kinase assay with active AKT1.  We also used trypsin to digest 

purified NELF protein prior to mass spectrometry.  However, with trypsin digestion, predicted 

phosphorylation sites for AKT1, serine 286, 288 and 292 located within  

FAERRERSFSRSWSDPTPMKA, were not covered by mass spectrometry, as there are many 
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trypsin target sites (green) in neighboring amino acids (red in yellow highlight). This would 

have precluded our analysis of these residues. The peptide including serine 206 (red in yellow 

highlight), KLERMYSVDGVSDDVPIRTW, was covered by mass spectrometry, but the site 

was not detected as phosphorylation site (Figure 36).    

          Prior to performing mass spectrometry, immunopurified protein must be digested by 

proteases such as trypsin, chymotrypsin, Lys-C or Asp-N.  These proteases have different 

target sites— trypsin cleaves lysine (K) or arginine (R) residue; chymotrypsin cleaves 

tyrosine (Y), phenylalanine (F), tryptophan (W) or leucine (L) residue; Lys-C cleaves lysine 

(K) residue; and Asp-N cleaves aspartate (D) or cysteine (C) residue.  To confirm specific 

phosphorylation sites in mouse NELF, either Lys-C or ASP-N will be more appropriate 

protease compared to trypsin107.   Also, to increase coverage of peptide in terms of detecting 

phosphorylation sites, phosphorylated NELF showed be enriched using TiO-spheres 108 before 

mass spectrometry since the  amount of phosphorylated protein is relatively low compared to 

nonphosphorylated protein. 

 

5.8 Measurement of hormones and counting of GnRH neurons 

            It is well known that the HPG axis is regulated by hypothalamic GnRH, which 

stimulates the production of pituitary gonadotropins FSH and LH, which in turn, result in the 

production of gonadal steroid hormones (testosterone and estradiol) and gametes.   Thus, 

measurement of the levels of FSH and LH in both sexes, estradiol in females, and testosterone 

in males is extremely important. It has been shown that knockdown of Nelf led to impairment 

of GnRH neuron migration4,8.   Also, in adult female Nelf  knockout mice, the total number of 
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GnRH neurons was significantly reduced by 40% compared to wild type and subfertility was 

present 19.  Female KO mice had delayed puberty, manifested as delayed vaginal opening, but  

 

 

        Figure 36. Nine peptides in the NELF amino acid sequence were covered by mass spectrometry following  

          treatment with trypsin. Green and yellow represent covered peptides. Carbamidomethyl (C) and  

          oxidation (O) were found in 37.59 % of coverage. No phosphorylation (P) site was detected in NELF.  

     

 

 

 

 

 

 

 



 

97 

 

males had normal pubertal development19.  Yet, adult male Nelf knock out mice also 

manifested subfertility, even though the number of GnRH neurons did not differ vs. wild type 

mice.  Sex steroids did not differ between Nelf KO and wild type in both sexes.  

Unfortunately, there was insufficient serum in these adult KO mice to measure gonadotropins, 

but since sex steroids were normal, it is likely that FSH and LH were also normal in both 

sexes. These findings suggested that NELF had a detrimental effect upon fertility, but perhaps 

the insult occurred prior to adulthood 9.  

         We hypothesized that perhaps the reduction in the number of GnRH neurons occurred 

prior to puberty, and that both male and female Nelf KO mice at 30 days would have reduced 

numbers of GnRH neurons.  Similar to humans, there are differences in the onset of puberty 

in both male and female mice.  Pubertal onset in female mice is determined based upon the 

time of vaginal opening, ranging from 28.9 ± 0.9 to 31.4 ± 0.5 days (4 to 5 weeks, 28 days to 

35 days) 109,110,111.  Another marker for female puberty is the occurrence of the first day of 

estrus at 39.6 ± 1.2 days111.  Sexual maturation following puberty in female mice typically 

occurs by 6-8 weeks, while males reached sexual maturation at 7-8 weeks109.  Our ultimate 

goal was to determine a certain age window in which NELF affects the migration of GnRH 

neurons.  Our data showed that in ~30 day old mice, there were no differences between Nelf 

KO versus wild type mice in terms of gonadotropins, sex steroid hormones, or the number of 

GnRH neurons.  GnRH neuron counting was performed prepubertally, as documented by our 

low levels of sex steroids in both sexes of 30 day old KO mice.  These data suggested that 

although males and females had normal numbers of GnRH neurons just before entering 

puberty, females had subsequent loss, but males did not. It is also possible that our previously 

reported reduced number of GnRH neurons in female mice occurred by chance alone. In  
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either case, there is clear evidence for subfertility in both male and female Nelf KO mice, 

manifested as reduced litter size, which could be due to other mechanisms such as decreased 

Gnrh1 expression, GnRH secretion, pituitary dysfunction (Nelf is expressed in LbT2 pituitary 

cells), or even gonadal effects (Nelf is expressed in gonads).   

 There is certainly precedence for delayed puberty when GnRH neuron number is not 

compromised but there is decreased expression of Gnrh123. It is not always easy to predict the 

phenotype with regard to fertility even when GnRH neuron number is reduced.  Both male 

and female Gnr23 KO mice manifest delayed puberty showed markedly reduced number of 

GnRH neurons, but only female Gnr23 KO mice showed subfertility.  It has been reported 

that that male mice require only about 12% and female mice need 12-34% of the GnRH 

neuron population for normal activation of the HPG axis112.  

 

5.9 Future plans 

         We demonstrated that NELF is predominantly localized to the nucleus and is enhanced 

by glutamate in NLT cells.  We have also gathered more evidence regarding the function of 

NELF—we have shown it binds 14-3-3e; it is phosphorylated by AKT1; and blocking two 

AKT1 consensus sites alters cell localization. However, additional studies need to be 

performed to build upon this base of evidence. First, the location where NELF and 14-3-3ε 

interact should be tested to demonstrate the exact function of 14-3-3ε on NELF.  Second, all 

seven potential binding sites in NELF for 14-3-3ε need to be individually mutated, to 

determine specific binding site(s) and to demonstrate interaction with NELF.  Third, we found 

new phosphorylation sites and kinases of NELF and that NELF has several putative binding 

proteins.  However, there is no commercially available phosphor-NELF antibody, which is 
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needed to clearly demonstrate the exact function of NELF in the nucleus.  Transcriptional 

activity of target genes for STAT 1, the 14-3-3 protein family, or other potential binding 

proteins could be quantitated regarding NELF phosphorylation.  Lastly, the prediction of six 

putative binding proteins from mass spectrometry is interesting, but other analytic methods 

such as the proximity-dependent biotin identification (BioID) could be used to detect more 

proteins having weaker interactions with NELF.  Briefly, the cell lysate, containing an 

overexpressed protein of interest, is incubated overnight with biotin.  Proteins biotinylated by 

BirA can be recovered by affinity purification using streptavidin beads and identified by mass 

spectrometry113,114.  The identification of additional binding proteins will give a better 

understanding of the function of NELF depending on the characteristics of the binding 

proteins.  
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VI. SUMMARY 

            The hypothalamic–pituitary-gonadal (HPG) axis is regulated by GnRH, which is 

released from GnRH neurons in the hypothalamus.  Proper migration of GnRH neurons from 

the olfactory placode to the hypothalamus is important for normal human reproduction.  

When GnRH neuron migration or GnRH regulation is impaired, hypogonadotropic 

hypogonadism (HH) results. Mutations of the NELF gene have been identified in HH and 

Kallmann syndrome (KS) patients.  The major recognized function of Nelf, since this gene 

was identified in 1990 by Dr. Susan Wray’s group, is involvement in the migration of GnRH 

neurons2.  Later, NELF was identified as a nuclear protein which interacts with RNA 

polymerase II in the nucleus by several groups including Dr. Layman’s group4,13,15.  There is 

no evidence to suggest it directly binds DNA.  

         Recently, a new function of NELF, discovered by Dr. Kreutz’s group in the rat ortholog 

(Jacob), is that NELF is a synapto-nuclear messenger protein of NMDA receptor signaling to 

the nucleus17.  Jacob protein in the nucleus has opposite effects depending upon 

phosphorylation by ERK1/2.  Phosphorylated Jacob by activation of synaptic NMDA receptor 

enhances expression of the Bdnf gene, which is associated with synaptic plasticity through 

phosphorylation of CREB, an upstream gene of BDNF.  On the other hand, non-

phosphorylated Jacob, by activation of an extrasynaptic NMDA receptors, induces a sustained 

dephosphorylation of CREB in the nucleus17.  These functions were described in hippocampal 

neurons, but this remains to be seen for other types of neurons and non-neuronal cells.  

         We hypothesized that NELF may affect transcriptional activity, not directly but by 

indirect protein-protein interactions.  Our goal was to determine what specific downstream 
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genes and/or which signaling pathways involving gene transcription were altered following 

NELF knockdown.  We found that genes involved in the JAK/STAT signaling pathway were 

altered following Nelf knockdown.  However, the interaction mechanism between genes in the 

JAK/STAT signaling pathway and NELF needs to be determined.  Several interacting 

proteins and one phosphorylation site have been reported in the rat ortholog, but little was 

known for mouse NELF.     

In our studies, we discovered 6 putative binding proteins with NELF using Co-IP and 

mass spectrometry, and we demonstrated that 14-3-3ε is a new binding protein with NELF 

(Figure 34).  In addition, we found that NELF is phosphorylated at serine 288 by AKT1 using 

an in vitro kinase assay (Figure 34).  We also showed that glutamate plays a role in the 

subcellular localization of NELF in NLT cells, and enhances nuclear localization.  This data 

was consistent with previous data from the rat ortholog that immunofluorescence in the 

nucleus was significantly increased following the application of bicuculline, an antagonist of 

GABA receptor, to increase glutamate release17.  Taken together, in figure 37, our data 

suggested that NELF interacts with 14-3-3ε and is phosphorylated at serine 288 by AKT1.  

Serine 288 is a residue that is involved in both the binding of 14-3-3ε and the phosphorylation 

by AKT 1. Moreover, serine 288 affects subcellular localization of NELF. These findings 

increase our understanding of the function of NELF in the nucleus.   

         Lastly, using an in vivo model, we sought to determine when NELF could affect GnRH 

neuron migration.  We measured gonadotropins, sex steroid hormones, the number of GnRH 

neurons, and the distribution distance at a pre-pubertal age of mice in both sexes in Nelf KO 

vs wild type. There were no differences between Nelf KO vs wild type. These data indicated 

NELF could affect puberty and reproduction by other mechanisms in the hypothalamus (such 
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as Gnrh1 expression and/or GnRH secretion), the pituitary, and/or the gonad. However, these 

mechanisms need to be tested in future experiments. 
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         Figure 37: A schematic of potential NELF Functions 
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