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ABSTRACT OF THE DISSERTATION 
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Autism Spectrum Disorders (ASD) are heritable neurodevelopmental disorders, affecting 

one in 88 children and involving hundreds of genes.  The study of convergent biological 

pathways and simpler, monogenic forms of ASD are useful tools in understanding ASD.  Fragile 

X syndrome (FXS) meets both criteria, as FMRP, the protein disrupted in FXS, regulates 

neuronal translation, a biological convergence point in autism, and is caused by a single gene 

mutation.  Our group recently identified JAKMIP1 as downstream of both FMRP and CYFIP1, a 

regulator of FMRP-dependent translation at the synapse, in patient, in vitro and in vivo studies.  

However, little is known about JAKMIP1’s developmental function in the CNS, and more 

specifically its relationship with FMRP. 

To ascertain JAKMIP1’s function, we determined when and where JAKMIP1 was 

expressed during brain development and used a gel free mass spectrometry, Multidimensional 

Protein Identification Technology (MudPIT), to uncover JAKMIP1’s developmental protein 

interactome.  We conducted gene ontology analysis of high confidence interactors to determine 
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JAKMIP1 function via guilt-by association and validated top targets by co-immunoprecipitation.  

These studies predicted a role for JAKMIP1 in FMRP translational control during postnatal brain 

development.  We confirmed this by showing that JAKMIP1 binds to FMRP protein and 

associates with and regulates well-established FMRP mRNA targets, including PSD95, which 

showed decreased expression at synaptosomal membranes and unloading from translational 

complexes in Jakmip1 KO mice.  Gene expression profiling of postnatal Jakmip1 KO mouse 

brains implicates JAKMIP1 in regulating FMRP mRNA targets, as Jakmip1 KO brain expression 

profiles show statistical overlap with high confidence FMRP RNA binding partners.  

We validated JAKMIP1’s role in translation and membership in translational complexes 

through in vivo polyribosome fractionation in mice administered puromycin or with Jakmip1 

knockout, JAKMIP1 co-immunoprecipitation with eGFP-tagged polyribosomes, and 

colocalization of JAKMIP1 with translational complexes in neurons.  We found that JAKMIP1 is 

expressed in polyribosomes in vivo and in vitro, contributes to the protein makeup of 

translational complexes in vivo, and regulates neuronal translation.  To test if disruptions in 

JAKMIP1 function translate into FXS and ASD related behaviors, we generated a Jakmip1 

knockout mouse.  We found that loss of Jakmip1 leads to behavioral abnormalities overlapping 

those of Fmr1 knockout mice and mouse models of ASD, including restrictive and repetitive 

behaviors, impaired social behavior and altered anxiety profiles.    

Taken together, these studies demonstrate a major role for JAKMIP1 in neurological 

development involving FMRP-related translational control critical for establishing and/or 

maintaining normal social, repetitive, and anxiety-associated behavior. 
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Chapter 1: Introduction 
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1.1 ASD Background and Features 

Autism Spectrum Disorders (ASD) are a group of neuropsychiatric disorders that include 

autism, pervasive developmental disorder not otherwise specified (PDD-NOS), and Asperger’s 

syndrome (Bill and Geschwind, 2009).  First described in 1943, its diagnostic features continue 

to evolve based on an expanding clinical and biological understanding (Kanner, 1943).  A child 

is diagnosed with ASD if he or she exhibits early childhood deficits in social communication and 

interaction, involving social reciprocity, non verbal communication, and maintenance of 

relationships, language development (such as delay of language onset and maintenance of 

conversation), as well as restrictive and repetitive behaviors, including speech, motor 

movements, routines, and interests (DSM-IV, American Psychiatric Association).  Classic 

autism, formally known as autistic disorder is the most severe of the ASDs, with patients 

showing impairments in social, communication, and restrictive and repetitive domains before the 

age of three.  Additional features often comorbid with ASD include sensory and motor 

abnormalities, ADHD, epilepsy, and developmental regression (Bill and Geschwind, 2009; 

Tuchman and Rapin, 2002).  Those with ASD can range from being mentally disabled to having 

above average intelligence (Chakrabarti and Fombonne, 2005).  ASDs are extremely prevalent in 

our society, with males being affected more than females, especially in high-functioning cases, 

including what is currently known as Asperger’s syndrome.  Currently, it is estimated that 1 out 

of 88 children has ASD, representing a 78% increase over the last 6 years (CDC, ADDM 

network, 2012).  This drastic increase is most likely due to sociocultural factors rather than 

biological factors, including age at diagnosis, changing diagnostic criteria and broader inclusion 

rates, although genetic as well as environmental factors cannot be ruled out (Cantor et al., 2007; 

Hertz-Picciotto and Delwiche, 2009; King and Bearman, 2009; Volk et al., 2011). 
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ASD has a large genetic component.  Concordance rates among monozygotic twins, 

dizygotic twins, and siblings range between 50-90%, 0-30%, and 3-26%, respectively, 

supporting a major genetic contribution (Hallmayer et al., 2011; Ozonoff et al., 2011; Rosenberg 

et al., 2009).  Interestingly, the risk is 3-fold in second born male siblings versus females, 

supporting models of reduced penetrance in females (Ozonoff et al., 2011; Zhao et al., 2007).  

Moreover, a recent study found a roughly two fold increase in ASD concordance among full 

versus half siblings, additionally supporting a genetic contribution and heritability of greater than 

50% (Constantino et al., 2012).  Multiple converging research strategies to account for ASD 

genetic liability have identified a variety of genetic causes that account for roughly 20% of ASD 

cases.  These include genetic copy number variation (CNV; duplicated or deleted regions of the 

genome greater than 1 kb (Abrahams and Geschwind, 2008)), syndromic forms of autism (ASD 

which occurs within a defined syndrome, such as Fragile X syndrome), and single gene and 

metabolic disorders (Bourgeron, 2007; Schaaf et al., 2011).  Recent studies based on CNV and 

single nucleotide variant (SNV) data put the number of ASD-implicated genes between 200 and 

1000 (Iossifov et al., 2012; Levy et al., 2011; Neale et al., 2012; O'Roak et al., 2012; Sanders et 

al., 2011; Sanders et al., 2012) and multiple modes of inheritance have been proposed (Girirajan 

et al., 2011; Leblond et al., 2012; State and Levitt, 2011).  Additionally, many ASD-implicated 

genes are also associated with other neuropsychiatric disorders including schizophrenia, 

attention-deficit disorder, epilepsy, and intellectual disability (Alarcon et al., 2008; Arguello and 

Gogos, 2012; Arking et al., 2008; Bakkaloglu et al., 2008; Elia et al., 2010; Friedman et al., 

2008; Geschwind, 2011; Girirajan et al., 2011; Guilmatre et al., 2009; Malhotra and Sebat, 2012; 

Niklasson et al., 2009; O'Roak et al., 2012; Zahir et al., 2008) and none are specific for autism, 
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suggesting that additional modifying factors dictate the clinical outcome of having disruptions in 

a specific gene.  

 The genetic complexity of ASD mirrors its phenotypic complexity.  The core domains 

within ASD phenotypes- social, language and restrictive and repetitive- also exist as a spectrum, 

with a distribution intersecting normally defined behavior at their most extreme end (Geschwind, 

2008).  These subclasses of impairments, or endophenotypes, are also observed at some degree 

in unaffected family members, but are below threshold for clinical diagnosis (Gottesman and 

Gould, 2003).  

1.2 ASD genetics 

 ASD-associated variants have been identified over the past 3 decades using various 

techniques; currently, next-generation sequencing on large cohorts has ushered in a wave of gene 

discovery that has greatly enhanced our understanding of the inheritance of ASD.  Prior work 

involved the cataloging of ASD-associated major gene disorders, such as Fragile X syndrome 

and Tuberous Sclerosis (Hatton et al., 2006; Hunt and Shepherd, 1993), cytogenetic analysis, 

which identified large structural genomic rearrangements, and genetic linkage studies (Abrahams 

and Geschwind, 2010).  Over the last several years, genome wide association studies (GWAS) 

have revealed a handful of common alleles of modest effect size likely to contribute ASD 

(Anney et al., 2010; Wang et al., 2009; Weiss et al., 2009).  Analysis of copy number variation 

(CNV) has additionally implicated rare genomic structural changes, both de novo and inherited, 

of large effect size (Levy et al., 2011; Marshall et al., 2008; Pinto et al., 2010; Sanders et al., 

2011; Sebat et al., 2007; Szatmari et al., 2007).  Most recently, exome sequencing has lent 

insight into the contribution of de novo single nucleotide variants (Iossifov et al., 2012; Neale et 

al., 2012; O'Roak et al., 2012; Sanders et al., 2012).  This section will review the major studies 
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that have identified both common and rare variants associated with ASD and will discuss models 

for how these variants may contribute to ASD pathology. 

The contribution of common alleles vs. rare alleles 

The contribution of both common and rare alleles to ASD has been assessed using 

GWAS and CNV/exome sequencing studies.  Given that ASD is highly prevalent, it was initially 

thought (consistent with the prevailing common variant-common disease model (CVCD)(Risch 

and Merikangas, 1996)) that common genetic SNP variants, (those occurring in at least 5% 

(Voineagu, 2012) of the population) would lead to this common disorder.   

 An alternative model is that rare variants (RVs) with moderate to large effect size lead to 

ASD (the rare variant common disease model (RVCD) (Bodmer and Bonilla, 2008)).  This is 

supported by mathematical modeling based on recurrence in multiplex families, which posits a 

relatively large contribution from spontaneous, de novo mutations with lower penetrance in 

females (Zhao et al., 2007). The contribution of RVs has been tested by measuring the frequency 

of rare copy number variation and single nucleotide variants (SNV) in cases and controls and is 

emerging as an exciting area in ASD genetics.  Both types of studies have been aided by the 

availability of large cohorts of ASD and control subjects, specifically the Autism Genetic 

Resource Exchange (AGRE), Simons Simplex Collection (SSC), Autism Center of Excellence 

(ACE), and the Autism Genome Project Consortium (AGPC).  Findings from these studies are 

discussed below.  

 Three large-scale GWAS studies have been conducted to date (Anney et al., 2010; Wang 

et al., 2009; Weiss et al., 2009) that are adequately powered to detect CVs of modest effect size.  

Only two variants reached genome wide significance: an intergenic variant, rs4307059, between 

cadherin 9 (CDH9) and cadherin 10  (CDH10) (Wang et al., 2009) and rs4141463 in an intronic 
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region of MACRO domain containing 2 (MACROD2) (Anney et al., 2010).  An additional 

intergenic variant, rs10513025, between SEMA5A and TAS2R1 was suggestive of genome-wide 

significance (p=2.1 E-7) (Weiss et al., 2009).  

 What conclusions can be made from these GWAS studies?  First, the effect size for any 

single common variant (CV) is quite small, as studies have had the power to detect odds ratios 

(OR) of greater than 1.5, but have not found such variants.  This suggests either widespread 

epistasis or multiple common variants of small effect size are needed for disease or, alternatively, 

that the role for CVs in limited.  Second, using unaffected relatives as controls, who under some 

models may harbor a sub-threshold genetic load of associated variants, would decrease the 

association signal.  Studies of endophenotypes or intermediate phenotypes are one strategy that 

may help in this regard (Geschwind, 2011).  Third, the epistatic interaction of combinations of 

CVs, rather than single variants, may confer disease risk, prompting the need for bioinformatic 

tools capable of testing combinatorial models.  In sum, GWAS studies have not provided 

evidence that single CVs ranging from modest to large effect contribute significantly to ASD 

risk.  However, at the same time, the cohorts tested have been relatively small compared with the 

tens of thousands of patients tested in other common diseases (Harold et al., 2009; Ripke et al., 

2011) 

 This has led many to a model whereby RVs (either CNVs or rare SNVs) of moderate to 

large effect explain a large proportion of ASD heritability (Zhao et al., 2007).  Over the past 5 

years, six major studies have conducted refined screens of the genome to identify rare copy 

number variations, both inherited and de novo, in ASD subjects and matched controls.  These 

studies have shed light on the contribution of rare CNVs to ASD pathophysiology, with several 

themes emerging.  First, in all five studies that examined inherited CNVs, inherited CNVs were 
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equally prevalent in ASD cases versus controls (Levy et al., 2011; Marshall et al., 2008; Sanders 

et al., 2011; Szatmari et al., 2007).  Although one study reports a 1.19 fold increase of CNVs (de 

novo and inherited) in cases versus controls, this signal is driven by the contribution of rare de 

novo CNVs, as removing these CNVs from the analysis results in an equal distribution of CNVs 

between cases and controls (Pinto et al., 2010).  Second, the emerging consensus from multiple 

studies is that larger CNVs, containing more genes, are observed in probands versus controls 

(Levy et al., 2011; Marshall et al., 2008; Pinto et al., 2010; Sanders et al., 2011).  Third, these 

studies do not consistently find simplex families to harbor many more de novo mutations relative 

to multiplex families.  For example, while two studies report an increased number of de novo 

events in simplex versus multiplex families (10% simplex versus 3%multiplex (Sebat et al., 

2007) and 7% simplex versus 2% multiplex (Marshall et al., 2008)), another reports an even 

distribution of de novo events across the two types of families (5.6% simplex/5.5% multiplex 

(Pinto et al., 2010)).  Lastly, many CNVs are multigenic, especially in ASD cases, making it 

difficult to determine the putative causative gene. Determination of pathogenicity of specific 

genes or pathways may be aided by modeling in animals (Golzio et al., 2012), intersection with 

other functional data such as gene expression (Luo et al., 2012), and systems biology approaches, 

as will be discussed below.  In any case, these large scale CNV studies have generated the 

following list of intriguing ASD candidate genes disrupted by rare de novo CNVs in ASD 

subjects: A2BP1, ANKRD11, C16orf72, CDH13, CDH18, DDX53, DLGAP2 (Marshall et al., 

2008; Pinto et al., 2010), DPP6, DPYD, FHIT, FLJ16237, NLGN4, NRXN1, SHANK2, SHANK3, 

SLC4A10, SYNGAP1, USP7 (Levy et al., 2011; Sanders et al., 2011).  

 Advances in next-generation sequencing now permit the most powerful approach to 

finding de novo RVs.  Four independent groups have recently conducted whole exome 



	   8 

sequencing projects using non-overlapping samples (Iossifov et al., 2012; Neale et al., 2012; 

O'Roak et al., 2012; Sanderson, 2012).  Strikingly, across all four studies, the frequency of de 

novo mutation was equal between ASD and control subjects.  Another commonality across 

studies was the correlation between older fathers and increased number of de novo point 

mutations, which could help explain the paternal-age dependent risk for ASD (Gabis et al., 2010; 

Lauritsen et al., 2005; Lundstrom et al., 2010; Reichenberg et al., 2006).  Additionally, two 

studies report an increase in gene-disrupting SNVs in cases versus unaffected siblings, although 

the overall SNV mutation rate is equal between probands and siblings (Iossifov et al., 2012; 

Sanders et al., 2012).  In one study, there is a significant increase in the number of non-

synonymous and nonsense de novo SNVs in cases compared to unaffected sibs when looking 

across all genes [OR of 1.93 (all non-synonymous to silent SNVs); OR of 4.03 (nonsense/splice 

site to silent SNVs)] and brain-expressed genes only [OR of 2.22 (all non-synonymous to silent 

SNVs); OR of 5.65 (nonsense/splice site mutations to silent SNVs)], with silent SNVs showing 

an equal mutation rate between cases and controls (Sanders et al., 2012).  The other study reports 

a two-fold increase in frame shift, splice site, and nonsense de novo mutations in cases versus 

controls, although there is an equal distribution of de novo missense mutations in this study 

(Iossifov et al., 2012).  By combining genes that harbor frame shift, splice site or nonsense de 

novo variants in cases across all four studies, five high-priority genes were identified that were 

disrupted in two independent probands: DYRK1A, POGZ, SCN2A, KATNAL2 and CHD8.  There 

are several interesting lessons from these studies, including the utility of having data from other 

family members, which can help prioritize variants.  One example is that the Wnt/b-catenin 

signaling pathway was implicated in one study (O'Roak et al., 2012), but another that included a 

larger cohort of unaffected siblings (Sanders et al., 2012) found that this pathway was over-
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represented in the unaffected siblings. These data suggest that more detailed pathway analysis is 

needed to understand the precise balance of signaling in this complex pathway (Wexler et al., 

2011) and its relationship to disease. 

 The study of rare variants as ASD risk factors poses some challenges. Rareness does not 

indicate pathogenicity; rare events are seen in controls in addition to ASD subjects, and inherited 

CNVs, by nature, will be present in the transmitting unaffected parent.  Additionally, a variant 

may be rare to the point of uniqueness for the sample sizes currently being studied, making 

causation difficult to establish and increasing the number of false negatives.  Given these 

challenges, it is hard to determine which rare variants are risk factors, which modulate risk, and 

which are unrelated to phenotype.  The rarity of these events may preclude using traditional 

statistical techniques given that these techniques require a much larger sample to prove statistical 

association with disease (Freimer and Sabatti, 2004).  Some reasonable statistical solutions are 

being developed (Sanders et al., 2012). 

 One approach to elucidate the intersection of large candidate gene lists is to use system 

biology techniques to leverage our knowledge of protein interactomes.  Toward this end, one 

group conducted network based analysis of genetic associations (NETBAG) from a list of genes 

found to harbor de novo CNVs in ASD cases (Levy et al., 2011) and found a preponderance of 

network genes involved in neuronal motility, targeting of axons, and synapse development 

(Gilman et al., 2011).  Additionally, exome sequencing studies have found that proteins encoded 

by genes harboring de novo missense or nonsense mutations have a significantly enriched 

number of protein interactions (Neale et al., 2012) and form protein networks enriched for ASD 

candidate genes that have specific molecular functions (O'Roak et al., 2012).  Another approach 

is to integrate genetic data with gene expression to identify CNVs that perturb gene expression, 
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thus validating a functional effect.  Such a study recently demonstrated the power of this method 

and identified several new potential ASD risk CNV (Luo et al., 2012).  Moving forward, to fully 

understand the wealth of genomics data currently being generated, we will need both appropriate 

statistical techniques and bioinformatics approaches to identify significant points of convergence 

among candidate genes.  

Integrating genetic findings into a notion of ASD genetic architecture  

How do these findings inform our genetic models of disease?  Several models have been 

put forth to explain the inheritance of ASD.  We discuss here the ‘major effect model’ and 

several polygenic models: A combination of CVs (1), a major effect RV in a background of CVs 

(2), a combination of rare and common variants (3), and an oligogenic ‘two hit’ model (4).  None 

of these are truly absolute and we expect that a wide range of genetic models will explain ASD 

in the individual (Geschwind, 2008). 

     The ‘major effect’ model proposes that one major insult to the genome is sufficient for the 

disorder.  This scenario is supported by the observation that disruptions of single genes can lead 

to ASD in an apparently Mendelian fashion with reduced penetrance, as is seen in several 

syndromic forms of ASD.  For example, mutations in FMR1 (Fragile X syndrome (Hatton et al., 

2006)), MECP2 (Rett Syndrome (Khwaja and Sahin, 2011)),  TSC1 and TSC2 (Tuberous 

sclerosis (Khwaja and Sahin, 2011)), CNTNAP2 (Cortical dysplasia-focal epilepsy syndrome 

(Strauss et al., 2006)), DHCR7 (Smith–Lemli–Optiz syndrome (Tierney et al., 2001)), 

CACNA1C (Timothy syndrome (Splawski et al., 2004)) and PTEN (Butler et al., 2005) all result 

in syndromes with phenotypes overlapping those of ASD (Abrahams and Geschwind, 2008).  

However, each of these syndromes exhibit incomplete penetrance for ASD and variable 

expressivity.  For example, 10% of subjects with FMR1 mutations do not show any ASD 
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phenotypes (Iossifov et al., 2012), and those that do express a wide range of phenotypes, with no 

more than 30% crossing a threshold for clinical diagnosis of ASD (Harris et al., 2008).  This 

incomplete penetrance and variable expressivity suggest that additional factors -genetic, 

epigenetic, and environmental-modulate the presence of ASD in a subject with a major genetic 

disruption (Geschwind, 2008). This pattern of highly variable expressivity should not be 

unexpected even with major effect alleles, as it has been observed frequently in dominantly 

inherited neurologic diseases, including a wide range of neurodegenerative diseases (Kertesz, 

2011).  Additional examples of ‘major hits’ come from early cytogenetic studies.  Examples are 

maternally inherited duplications of 15q11–15q13, deletions of 22q13, deletions of 2q37, and 

disruptions in 5p15, 17p11 and Xp22 (Vorstman et al., 2006).   

       An alternative to the ‘major effect model’ is the polygenic model, in which various 

combinations of genetic variants in an individual lead to disease.  Here, we highlight four, non-

exclusive, polygenic models to illustrate the range of likely possibilities.  In the first model, ASD 

results from a combination of CVs that exceed a tolerance threshold.  In this model, relatives of 

ASD subjects carry a subclinical genetic load of ASD associated CVs.  Evidence to support this 

model is that ASD endophenotypes are sometimes observed in relatives, suggesting that subsets 

of CV combinations are sufficient for endophenotypes (Abrahams and Geschwind, 2008).  

Additionally, several ASD endophenotypes have a normal distribution in the population, which 

would be predicted by multiple contributory factors of modest to low effect (Geschwind, 2008).  

The second and third polygenic models are (1) a RV in a genetic milieu of CVs that results in 

ASD when the load of CVs is sufficient to exceed an arbitrary threshold and (2) A combination 

of rare and common variants of various effect sizes that exceed a threshold of tolerance.  Shared 

lines of support for both models are that 1) ASD risk factors, such as 15q11–15q13 (Bucan et al., 
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2009) and 16p11.2 (Kumar et al., 2008), that are rare inherited disruptions, are present in both 

the unaffected parent and the affected offspring.  This phenomenon suggests that additional 

genetic modifiers are needed to confer disease risk 2) De novo CNVs are found in both cases and 

unaffected controls, again suggesting that additional genetic modifiers are needed for disease 

state or that some of these variants do not contribute to disease state 3) Neuronal networks 

identified by bioinformatic analysis of transcriptome data are enriched for ASD associated 

common and rare variants (Ben-David and Shifman, 2012)  4) ASD-related component 

phenotypes are present in relatives due to sub-threshold loading of common and rare variants.  

Additional support for the polygenic models comes from the observation that even rare, de novo 

nonsense and splice site mutation increase the odds for ASD by an average of only six fold 

(Iossifov et al., 2012; Sanders et al., 2012).  This likely represents a large range of genotype-risk, 

but suggests that many rare deleterious mutations are not alone sufficient to cause ASD.  Another 

form of the polygenic model involves ‘two hits’, wherein one RV is tolerated, but two hits leads 

to a disease state, similar to cancer (Berger et al., 2011).  Some examples of this model have 

been presented (Leblond et al., 2012; O'Roak et al., 2011), and the model is consistent with 

inherited RVs being present in the transmitting parent (discussed above), de novo CNVs found in 

unaffected controls, and relatives manifesting subthreshold ASD traits.  However, a ‘two hit’ 

model is not likely the predominant cause based on recent exome data (Iossifov et al., 2012; 

Neale et al., 2012; O'Roak et al., 2012; Sanders et al., 2012) and even in cancer, where this 

model originated, a more continuous model of genetic contribution is now supported (Berger et 

al., 2011).  Taken together, there is the greatest support for a more continuous, and highly 

heterogeneous, polygenic model in which ASD results from a combination of rare and common 

variants that build to exceed a clinical threshold in many different combinations  
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1.3 Emerging biological themes in ASD 

ASD genes fall into many potential functional classes; this heterogeneity begs the 

question, ‘How do such diverse mechanisms lead to ASD?’  To answer this question, it is critical 

to identify the points of potential convergence among autism candidate genes in developmental 

and anatomical terms.  Toward this end, expression patterns of ASD genes have been annotated 

using whole genome transcriptome profiling in blood and brain from ASD versus control 

subjects (Voineagu, 2012).  At the same time, large efforts have been made to build proteomic 

interactomes of autism candidate genes (Neale et al., 2012; O'Roak et al., 2012; Sakai et al., 

2011) to understand how these molecules functionally intersect.  These efforts have been 

concurrent with the development of large protein and RNA expression databases that provide 

genome-wide spatial and temporal expression information (The Allen Brain Atlas, 

http://www.brain-map.org/, Gene Paint, http://www.genepaint.org/, The Cerebellar Development 

Transcriptome Database, http://www.cdtdb.neuroinf.jp/CDT/Top.jsp, Ref-Seq Atlas, 

http://medicalgenomics.org/rna_seq_atlas, The Human Protein Reference Database (Prasad et al., 

2009) http://www.hprd.org/, NIA mouse protein-protein interaction database 

http://lgsun.grc.nia.nih.gov/mppi/, and the Genes to Cognition database, 

http://www.g2conline.org).   

Effective drug design would be facilitated by convergence at the level of molecular 

pathways.  However, convergence at higher levels is also plausible.  In fact, some of the most 

reproducible clinical signatures have been at the level of brain structure and function.  For 

example, the trajectory of head growth, which corresponds to brain size, seems to be 

reproducibly abnormal in ASD subjects, who exhibit smaller head circumferences (HC) at birth 

followed by a burst in HC postnatally, eventually reaching normal size around adolescence 
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(Courchesne et al., 2003; Redcay and Courchesne, 2005; Sacco et al., 2007).  Studies have also 

repeatedly shown decreases in white matter tracts in autism (Alexander et al., 2007; Barnea-

Goraly et al., 2004).  Specifically, long-range connections seem to be weakened, while local 

connections are strengthened (Courchesne and Pierce, 2005; Geschwind and Levitt, 2007).  

Cortical structure abnormalities, specifically denser and narrower cortical columns, have also 

been reported (Casanova, 2006), and functional MRI neural signatures in autism are being 

defined (Kaiser et al., 2010; Pierce, 2011; Scott-Van Zeeland et al., 2010).   

Neuronal Cell Adhesion 

  ASD associated mutations in several proteins involved in cell adhesion include 

CNTNAP2, CNTN4, CNTN6, NLGN1-4, NRXN1, PCDH9, and CHL1.   Multiple converging 

lines of evidence implicate CNTNAP2 in ASD pathology, including its role in a syndromic form 

of autism (Strauss et al., 2006), variants found in linkage and association studies (Alarcon et al., 

2008; Arking et al., 2008; Bakkaloglu et al., 2008), presence of RVs (O'Roak et al., 2011), its 

impact in functional MRI readouts in humans (Scott-Van Zeeland et al., 2010), and molecular 

evidence that its knockout leads to the behavioral manifestation of all three core domains of 

autism as well as neuronal migration abnormalities (Penagarikano et al., 2011). A member of the 

neurexin super family, CNTNAP2 is involved in cell-cell adhesion, clustering of potassium 

channels at the juxtaparanode (Poliak et al., 1999), neuronal migration and regulation of 

GABAergic interneuron numbers (Penagarikano et al., 2011).  Data supports an additional 

contactin family member, CNTN4, in autism pathophysiology (Fernandez et al., 2008; Glessner 

et al., 2009; Roohi et al., 2009), although this has been recently challenged (Cottrell et al., 2011).  

CNTN6 has also been implicated by CNV studies (Bucan et al., 2009; Glessner et al., 2009; 

Itsara et al., 2010; Levy et al., 2011; Marshall et al., 2008; Pinto et al., 2010; Sebat et al., 2007; 
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Szatmari et al., 2007).  Both neurexins and neuroligins have been heavily implicated in ASD 

pathophysiology.  Neurexins are located presynaptically and bind to post-synaptically localized 

neuroligins.  These molecules modulate both excitatory and inhibitory synaptic function (Hines 

et al., 2008).  NRXN1 has been identified as an ASD risk factor by cytogenic analysis (Kim et al., 

2008), large scale CNV studies (Glessner et al., 2009; Sanders et al., 2011; Szatmari et al., 2007), 

and case reports (Zahir et al., 2008).  NLGN1, 3 and 4 have also been identified in several studies 

(Glessner et al., 2009; Jamain et al., 2003; Laumonnier et al., 2004; O'Roak et al., 2012; Sanders 

et al., 2011), and CNTNAP2 is homologous to drosophila Neurexin 4 (Zweier et al., 2009).  

Additional evidence for the role of NLGNs and NRXN1 in ASD involves introduction of ASD-

associated variants, knockout, or overexpression of these proteins in mouse models.  These 

studies have recapitulated various aspects of the ASD phenotype (Etherton et al., 2009; Hines et 

al., 2008; Tabuchi et al., 2007) and have additionally implicated NLGN2.  PCDH9 and CHL1 

may also contribute to ASD based on CNV studies (Bucan et al., 2009; Glessner et al., 2009; 

Itsara et al., 2010; Levy et al., 2011; Marshall et al., 2008; Pinto et al., 2010; Sebat et al., 2007; 

Szatmari et al., 2007).  

Balancing excitation and inhibition 

 Functional studies in mouse models have suggested that some of the ASD candidates 

contribute to network dynamics by altering the balance of excitation and inhibition.  For 

example, a slight increase in NLGN2 in mouse reduces the excitation to inhibition ratio by 

decreasing the ratio of excitatory to inhibitory synapses, increasing inhibitory synaptic contacts, 

and increasing the frequency of miniature inhibitory PSCs in the frontal cortex (Hines et al., 

2008).   Additionally, introducing the ASD associated NLGN3 missense mutation into a mouse 

increases inhibitory function in cortex (Tabuchi et al., 2007).  Similarly, Nrxn1 alpha knockout 
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mice exhibit a decrease in hippocampal excitatory function (Etherton et al., 2009).  Knocking out 

Cntnap2 in a mouse reduces cortical GABAergic interneuron numbers, potentially altering the 

balance of excitation and inhibition (Penagarikano et al., 2011).  Additionally, Shank3 knockout 

decreases cortical excitatory transmission (Peca et al., 2011).  Fmr1 knockout mice show several 

excitatory/inhibitory imbalances, including impaired inhibitory transmission in the amygdala 

(Olmos-Serrano et al., 2010), decreased excitatory inputs into inhibitory neurons in the cortex 

(Gibson et al., 2008), and an increased inhibitory transmission in the striatum (Centonze et al., 

2008).   

 There is corroborating data for the role of excitation and inhibition in autism from whole 

transcriptome studies of human postmortem brain. One recent study used a sophisticated systems 

biology approach, weighted gene co-expression network analysis (WGCNA), to build 

transcriptome networks from human postmortem brain samples in ASD and control cases 

(Voineagu et al., 2011).  The top autism associated WGNCA network, enriched for ASD 

associated GWAS targets, showed high overlap with a previously identified interneuron-related 

module (Oldham et al., 2008).  Understanding how perturbations in this delicate balance of 

excitation and inhibition lead to disease will be key in understanding ASD pathophysiology.  

Considerations in this endeavor will include a clear understanding of how deficits affect both 

microcircuits and more long distance connectivity.   

Neuronal Activity and ASD 

One potential point of convergence developing from gene finding studies is that autism 

pathophysiology involves proteins that both modulate neuronal activity and exhibit activity-

dependent expression.  Of the handful of proteins identified by whole exome sequencing 

reviewed above, SCN2A, SCN1A, and GRIN2B all code for subunits of synaptic ion channels, 
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with SCN2A and SCN1A coding for the alpha subunits of voltage gated sodium channels (O'Roak 

et al., 2012; Sanders et al., 2012).  GRIN2A, an NMDA receptor subunit mapping within the 

16p11-13 region, was additionally identified in a large scale ASD association study (Barnby et 

al., 2005).  NMDA receptors are ionotropic ion channels that are critical regulators of activity-

dependent synaptic plasticity.  Other notable ASD candidate genes that code for ion channels are 

the ionotropic glutatmate receptors, GRIK2 (Jamain et al., 2002) and GRIA3 (Jacquemont et al., 

2006), and subunits of voltage-dependent calcium channels, CACNA1C (Splawski et al., 2004) 

and CACNA1H (Splawski et al., 2006).  

 ASD candidate genes are also enriched in sets of transcripts regulated by neuronal 

activity.  For example, UBE3A (Glessner et al., 2009; Sanders et al., 2011), DIA1 (Morrow et al., 

2008) and PCDH10 (Morrow et al., 2008), are all regulated by MEF2A/D, a transcription factor 

that plays a major role in activity dependent development of the synapse (Flavell et al., 2008).  

Moreover, the autism candidate gene NHE9 is regulated by NPAS4, a transcription factor 

regulated by neuronal activity (Morrow et al., 2008).  Lastly, a recent study identified ASD 

candidate genes UBE3B, CLTCL1, NCKAP5L, and ZNF18 by whole exome sequencing and 

found their expression to be regulated by neuronal depolarization (Chahrour et al., 2012).  In 

sum, these results point to a potential contribution of genes regulated by or regulating neuronal 

activity to autism pathophysiology.  

Translation regulation at the postsynaptic density 

Another potential point of molecular convergence in autism genetics is activity-

dependent protein metabolism at the postsynaptic density, a protein rich specialization at the 

postsynaptic membrane critical for effective neural transmission.  Single gene disorders that 

intersect with ASD gave us first clues that this process is important in the pathophysiology of 
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autism.  Mutations in FMR1, the leading inherited cause of ASD (De Rubeis and Bagni, 2011), 

results in the absence of FMRP, a key regulator of activity-dependent protein synthesis at the 

synapse (Bassell and Warren, 2008).  FMRP-mediated translation is regulated in an activity 

dependent manner by the autism candidate gene, CYFIP1, located within the 15q11-13 

duplication region (Napoli et al., 2008).  Recently, whole exome studies have reported an 

enrichment of FMRP associated genes in the lists of genes disrupted by rare variants in ASD 

subjects (Iossifov et al., 2012).  FMRP is associated with the autism candidate genes MET 

(Campbell et al., 2006), PTEN, TSC1, TSC2 and NF1 (Williams and Hersh, 1998), which are 

also located within the postsynaptic density (Kelleher and Bear, 2008; Waung and Huber, 2009; 

Zoghbi and Bear, 2012). These genes are part of the PI3K-AKT-mTOR pathway which is 

activated by mGluR signaling (Hou and Klann, 2004; Waung and Huber, 2009), is an upstream 

effector of translation regulation, and is involved in cellular proliferation (Sarbassov et al., 

2005).  Probands with RVs in several of these genes have been found in the large gene finding 

studies outlined above (PTEN (O'Roak et al., 2012), TSC (O'Roak et al., 2012), MET (Sanders et 

al., 2011), NF1 (Sanders et al., 2011)). 

 Ubiquitination pathways, which regulate protein metabolism at the postsynaptic density, 

are also associated with autism.  Most notably, UBE3A, a gene implicated in the ASD associated 

disorder, Angelman’s syndrome (Abrahams and Geschwind, 2008), is involved in ubiquitination 

of its target proteins, such as the FMRP translational target ARC (Scheiffele and Beg, 2010), 

which leads to their degradation at excitatory postsynaptic densities.  RVs in UBE3A and 

associated proteins have been found in recent large-scale CNV studies (UBE3A, PARK2, 

RFWD2, FBXO40 (Glessner et al., 2009); USP7, UBE3A (Sanders et al., 2011)).   

 Although not directly involved in protein metabolism, another large group of ASD 
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proteins converge at excitatory postsynaptic densities.  The most notable are the synaptic 

scaffolding proteins, SHANK2 and 3, identified as ASD risk factors in several studies (Berkel et 

al., 2010; Durand et al., 2007; Leblond et al., 2012; Pinto et al., 2010).   Recently, an autism 

protein interactome built using a human yeast two hybrid screen and 35 ASD implicated proteins 

as bait, found that a large group of PSD localized ASD-associated proteins interact.  This study 

additionally confirmed the SHANK3-PSD95 interaction, added nine additional protein binding 

partners to this interaction, and identified novel PSD interactions such as the SHANK3-TSC1-

ACTN1-HOMER3 interaction (Sakai et al., 2011).  In sum, these data point to the excitatory post 

synaptic density as a hot spot for ASD associated molecules, making it a potential target for drug 

discovery.    

1.4 Using mouse models to understand ASD 

Definitive demonstration of convergence will require experiments testing causality in 

model systems. Currently, there are several vertebrate and invertebrate systems including 

drosphila (Ishizuka et al., 2002; Zhang et al., 2001; Zweier et al., 2009), zebrafish (Golzio et al., 

2012), and the mouse which provide a tractable genetic and neurobiological systems for 

understanding the biological impact of specific susceptibility from the molecular to the complex 

behavioral level.  Most modeling has been done in the mouse, in which many of the complex 

behaviors involved in autism can be tested, including social responsiveness (Silverman et al., 

2010).  However, since the common ancestor of mouse and human is separated by 60 million 

years of evolution, it must be realized that it is not a forgone conclusion that disruption of a gene 

or genes that cause ASD in humans will lead to similar behaviors in mouse.  There is little 

known about the parallels between neural systems serving social cognition and communication 

in mouse and human. So, it is reasonable to start without many preconceived assumptions and 
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view the mouse, similar to the fly or zebrafish, as a genetically sensitized system for exploring 

the molecular, cellular and circuit level mechanisms of ASD-related genetic variation.   

Crawley and colleagues have elegantly outlined three basic levels of model validity: 1) 

construct validity (contain the same biological perturbation as the human disorder, for instance 

genetic or anatomical); 2) face validity (display endophenotypes/phenotypes that mirror the 

human disorder); and 3) predictive validity (similar response to treatments effective in humans) 

(Silverman et al., 2010). Using this construct, it is remarkable that several ASD associated 

genetic variants have recapitulated many human ASD endophenotypes when modeled in a mouse 

including Cntnap2 knockout (altered vocalization, restrictive/repetitive, social) (Penagarikano et 

al., 2011), Nlgn4 knockout (altered vocalization and social) (Jamain et al., 2008), En2 knockout 

(restrictive/repetitive, social) (Cheh et al., 2006; Moy et al., 2009), 15q11-13 duplication; 

chromosome 7 in mouse (altered vocalization, restrictive/repetitive, social) (Nakatani et al., 

2009), Gabrb3 knockout (restrictive/repetitive, social) (DeLorey et al., 2008), Oxt knockout 

(altered vocalization, social) (Crawley et al., 2007; Ferguson et al., 2000; Winslow et al., 2000), 

Avpr1b knockout (altered vocalization, social) (Scattoni et al., 2008; Wersinger et al., 2002) and 

Fgf17 knockout (altered vocalization, social) (Scearce-Levie et al., 2008).  Inbred strains of 

mice, such as BTBR, BALB, and C58/J also display ASD endophenotypes (Silverman et al., 

2010).  However, it is unclear exactly how a behavior in mouse, such as deficits in ultrasonic 

vocalization, translates into a human phenotype, such as language delay.  Indeed, disparity in the 

molecular, anatomical and neuronal circuitry between mouse and humans is likely and must be 

interpreted with caution.  Keeping these caveats in mind, modeling of ASD variants in mouse is 

proving to be an exceptionally useful tool in understanding potential ASD mechanisms. It is 

hoped that combining mouse models and in vitro models will facilitate finding convergence 
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points, especially at the molecular level, and will provide a tractable avenue for pharmaceutical 

intervention.  

1.5 Fragile X Syndrome and ASD 

Fragile X mental retardation syndrome (FXS) is the leading monogenic cause of autism 

spectrum disorders (Hatton et al., 2006) and mental retardation (Jacquemont et al., 2007).  FXS 

is an X-linked disorder which results from FMR1 gene silencing due to methylation of a 

trinucleotide CGG repeat expansion in the 5’ UTR region of the FMR1 gene.  Up to half of those 

with FXS are diagnosed with ASD, exhibiting repetitive behaviors, impaired communication and 

social deficits (Moss and Howlin, 2009).  The grand majority of FXS subjects that do not meet 

DSMIV criteria for ASD exhibit ASD-associated behaviors (Bassell and Warren, 2008).    

Although discovered over 20 years ago, progress has been slow in developing a clear 

picture of FMRP biology.  Here, we highlight consistent findings regarding FMRP function.  

FMRP binds 3% of brain mRNAs and is involved in mRNA stability, translation, and transport, 

shuttling between the nucleus and cytoplasm in RNA granules (Bassell and Warren, 2008; De 

Rubeis and Bagni, 2011).  FMRP protein is present in stress granules and P bodies in addition to 

transport granules (Anderson and Kedersha, 2006; Kanai et al., 2004; Zalfa et al., 2006).  Protein 

profiling experiments show FMRP expression restricted to messenger ribonuclear protein 

complexes (mRNPs), polyribsomes, or distributed in both, likely reflecting heterogeneous FMRP 

function (Brown et al., 2001; Napoli et al., 2008; Stefani et al., 2004; Zalfa et al., 2003).  FMRP 

plays a role in both basal (Gross and Bassell, 2011; Osterweil et al., 2010; Qin et al., 2005) and 

activity dependent general translation (Greenough et al., 2001; Muddashetty et al., 2007), 

although the direction of its effect on translation is nuanced, with FMRP knockout causing 

increases in basal translation, decreases in activity-dependent translation, and increases and 
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decreases in the translation of specific targets (Brown et al., 2001; Muddashetty et al., 2007) .  

FMRP regulates a subset of well-validated mRNA targets (De Rubeis and Bagni, 2011).  

FMRP both stabilizes (Zalfa et al., 2007) and affects the translation of PSD-95 (Muddashetty et 

al., 2007; Todd et al., 2003), transports and regulates the translation of both Map1b and Camk2a 

(Dictenberg et al., 2008; Hou et al., 2006; Zalfa et al., 2003), transports Sapap4 (Dictenberg et 

al., 2008) and Rgs5 (Miyashiro et al., 2003), and regulates the translation of Arc and App (Lee et 

al., 2010; Zalfa et al., 2003).  The most consistent histological result of FMRP loss is an increase 

in the density, length and immature structure of dendritic spines, which is observed in both 

mouse and human (Cruz-Martin et al., 2010; Galvez and Greenough, 2005; Irwin et al., 2001; 

McKinney et al., 2005).  

 FMRP ablation in mouse leads to various behavioral abnormalities, although results are 

highly dependent on genetic background (Spencer et al., 2011).  Behavioral phenotypes include 

disrupted social behavior (Spencer et al., 2005; Spencer et al., 2008), audiogenic seizures 

(Musumeci et al., 2000), decreased acoustic startle response at high decibels (Nielsen et al., 

2002), increased or decreased prepulse inhibition (Nielsen et al., 2002; Spencer et al., 2006), 

increased repetitive behavior as measured by increased digging in the marble burying test and 

repetitive behavior in the open field (Spencer et al., 2011), decreased anxiety (Peier et al., 2000; 

Yan et al., 2004), and impaired fear memory (Zhao et al., 2005).  Interestingly, a Knock-in 

mouse model of FXS, I304N, which replicates a single FXS patient in which an isoleucine to 

asparagine substitution is made, disallows association of FMRP with polyribosomes and RNA 

and recapitulates the grand majority of the behavioral deficits reported in Fmr1 null mice (Zang 

et al., 2009).    
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1.6 JAKMIP1 as an FMRP-related ASD candidate gene 

Fragile X mental retardation syndrome (FXS) and maternally inherited dup (15q11-13) are 

known highly penetrant mutations with clear association with ASD (Cook et al., 1997; Hatton et 

al., 2006; Rogers et al., 2001; Schroer et al., 1998).  The 15q11-13 duplicated region often 

contains CYFIP1, which regulates FMRP-dependent translation at the synapse (Napoli et al., 

2008) and is also over-expressed in patients with (dup) 15q11-13 (Nishimura et al., 2007).   

Integrating expression profiling in lymphoblastoid cell lines from patients with two forms of 

ASD, FXS and (dup) 15q11-13, with in vitro and in vivo studies in neural tissue, JAKMIP1 was 

found to be dysregulated in both of these monogenic forms of ASD (Nishimura et al., 2007).  

Moreover, JAKMIP1 RNA is reduced in the frontal cortex of postmortem brains of patients with 

autism and 15q duplications that include CYFIP1 (Oguro-Ando and Geschwind, unpublished), 

extending these observations to brain.  Additional genetic evidence supporting a role for 

JAKMIP1 in ASD pathophysiology comes from recent observations that JAKMIP1 is contained 

within de novo CNVs in two subjects with ASD (Sebat et al., 2007; Szatmari et al., 2007), and a 

4 kb deletion removing two exons of JAKMIP1 was recently found in a female autistic 

individual, although a JAKMIP1 CNV was also found in a control subject (Hedges et al., 2012).  

JAKMIP1 may also play a more global role in neurodevelopmental and neuropsychiatric 

disorders, as one study found that JAKMIP1 was hypermethylated in the frontal cortex of post 

mortem tissue from bipolar, schizophrenic, and major-psychosis female subjects (Mill et al., 

2008).  However, JAKMIP1 function in the CNS, and more specifically the molecular 

relationship between JAKMIP1 and FMRP, remains elusive. 

 JAKMIP1 is a member of a family of three JAKMIPs that are expressed primarily in 

neural and lymphoid tissues and are conserved across vertebrates (Steindler et al., 2004).  The 
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JAKMIPs contain coiled coils that facilitate dimerization, but these proteins do not contain other 

known functional domains (Steindler et al., 2004).  In some non-neural systems, JAKMIP1 binds 

to the FERM domain of janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2), both janus kinases, 

at its C-terminal (C-ter) region and interacts with microtubules, most likely through kinesin-1 

(Vidal et al., 2007), at its N-terminal (N-ter) region (Steindler et al., 2004).  Additionally, 

JAKMIP1 appears to be bidirectionally mobile in the dendrites of cultured hippocampal neurons 

(Vidal et al., 2007) and shows high expression in dendritic shafts (Vidal et al., 2009).  One study 

also suggests that JAKMIP1 transports and regulates the expression of GABAB receptor mRNA 

and protein (Vidal et al., 2007).  Other data support an RNA-binding role for JAKMIP1, as it 

binds to synthetic RNA polymers (Couve et al., 2004).  However, other than GABABR1, 

GABABR2, and kinesin-1, none of its protein or RNA interactors have been identified in a 

neural system (Couve et al., 2004; Vidal et al., 2008; Vidal et al., 2007).  Although some recent 

progress has been made to uncover JAKMIP1’s neural function (Vidal et al., 2012), its role in 

central nervous system development and its relationship to FMRP function remains essentially 

unknown. 

1.7 Outline of This Study 

Given JAKMIP1’s strong relationship to the ASD-associated disorders, FXS and 

maternally inherited dup (15q11-13), as well as other neuropsychiatric illnesses, establishing its 

role in CNS development would increase our understanding of ASD pathophysiology and 

facilitate drug discovery.  Here, I took an unbiased, multilevel approach to elucidate the 

developmental role of JAKMIP1. 

I used Multidimensional Protein Identification Technology (MudPIT) to ascertain 

JAKMIP1’s proteomic interactome at a time and place where JAKMIP1 is prominently 
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expressed during mammalian brain development.  Identification and validation of high 

confidence interactors along with gene ontology analysis directed us toward JAKMIP1’s 

involvement in translation and association with an FMRP RNP complex.  

I took a multifaceted approach to test JAKMIP1’s relationship to an FMRP RNP complex 

and its regulation of translation.  To test JAKMIP1’s role in neuronal translation, we assayed 

JAKMIP1’s contribution to nascent translation in differentiated neurons, determined JAKMIP1’s 

association with polyribosomes in vivo and in an engineered cell culture system, tested 

JAKMIP1’s membership in puromycin-disrupted polyribosomes, and conducted 

immunocytochemistry experiments to determine if JAKMIP1 colocalizes with the translational 

machinery.  To ascertain JAKMIP1’s involvement with an FMRP RNP complex, we performed 

JAKMIP1-FMRP co-immunoprecipitation in postnatal neocortices, tested JAKMIP1’s ability to 

bind and transport FMRP’s mRNA translational targets, and determined JAKMIP1’s affect on 

these targets’ protein expression in whole cortex and at the synapse.  To understand JAKMIP1’s 

role in FMRP and ASD-related behavior, we characterized the behavior of a novel Jakmip1 

knockout mouse.  We, additionally, surveyed the cortical, striatum, hippocampal, and cerebellar 

transcriptome of these mice and compared them to transcriptome signatures of models of Fragile 

X syndrome.   

By testing JAKMIP1 function from multiple angles and levels, a clear picture of 

JAKMIP1’s role in FMRP translational regulation has emerged.  This work introduces JAKMIP1 

as a novel FMRP interactor and opens the door for JAKMIP1-related targeted therapeutics for 

FXS, maternally inherited dup (15q11-13), and ASD subjects.    
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Chapter 2: JAKMIP1 expression: when and where 
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2.1 Introduction 

Although aspects of JAKMIP1 function have been studied, little is known about its 

developmental expression or regulation.  Because autism is a neurodevelopmental disorder, it is 

critical to understand the developmental context under which an ASD candidate gene is 

operating, as cellular and anatomical localization as well as expression levels are critical 

variables in central nervous system function.  This first step is descriptive, but foundational in 

nature.  

We determined JAKMIP1’s protein expression pattern during development and 

adulthood in the cortex and cerebellum.  We chose cortex, as JAKMIP1 protein is decreased in 

the neocortex of Fmr1 KO mice (Nishimura et al., 2007) and cortical dendritic spine 

abnormalities are one of the most reproducible and robust phenotypes in both Fmr1 KO mice 

and FXS patients (Bagni and Greenough, 2005; Cruz-Martin et al., 2010; Galvez and Greenough, 

2005; Irwin et al., 2001; McKinney et al., 2005).   We examined JAKMIP1’s cerebellum 

expression as FMRP is highly expressed in cerebellar Purkinje cells (Tamanini et al., 1997), both 

Fmr1 knockout mice and FXS patients show cerebellum-mediated associative learning 

impairments (Koekkoek et al., 2005), and loss of FMRP leads to Purkinje cell dendritic spine 

abnormalities (Koekkoek et al., 2005).  

In both the cortex and the cerebellum, we determined JAKMIP1’s neuronal sub-type 

expression and the cortical or cerebellar layer(s) that JAKMIP1 is expressed in.  Understanding 

JAKMIP1’s cellular context orients us its function as different neuronal subtypes, such as 

GABAergic and glutamatergic cells, have specific roles and well-defined connections.  We, 

additionally, determined JAKMIP1’s protein and RNA expression during mammalian neural cell 
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differentiation, as timing of gene expression during cell fate informs function, and genes 

involved in differentiation have recently been implicated in ASD (Konopka et al., 2012). 

We conducted the majority of our studies using mouse brain tissue, with notable 

exceptions including differentiation and protein expression studies in which human brain was 

also used.  We chose to use mouse because it is a tractable model system and many pathways 

involved in brain development (Monuki and Walsh, 2001) and JAKMIP1 itself are conserved 

between mouse and human (Costa et al., 2007).  Additionally, mouse models are frequently used 

to study autism etiology, both from a behavioral and biological standpoint (Chapter 1: 1.4).    

To study JAKMIP1, we obtained two published antibodies, anti-JAKMIP1, J1269-286 and 

anti-JAKMIP1, J1609-626 (Steindler et al., 2004), henceforth referred to as JAKMIP1 #1 and #3, 

respectively.  Both are specific to JAKMIP1 and do not recognize JAKMIP1 family members, 

JAKMIP2 and JAKMIP3.  JAKMIP1 #1 successfully recognizes JAKMIP1 in multiple cell types 

including Jurkat cells, T cell blasts, B lymphoblasts, a natural killer cell line, rat 

pheochromocytoma P12 cells, and adult mouse brain extract (Steindler et al. 2004).  Moreover, 

we have found that JAKMIP1 #1 immunoprecipitates JAKMIP1 more robustly than any other 

protein by mass spectrometry and recognizes human JAKMIP1 overexpressed in a cell system.  

For protein expression profiling, we have additionally used a commercial antibody (Rabbit anti 

JAKMIP1, Proteintech group, Chicago, IL), henceforth referred to as JAKMIP1 #2.  We found 

that JAKMIP1 #2 successfully recognizes JAKMIP1 protein immunoprecipitated by 

JAKMIP1#1 and shows an absence of JAKMIP1 protein signal in Jakmip1 knockout mice brains 

compared with wild-type littermate controls.  

 We focused our protein expression studies on canonical JAKMIP1 isoform A.   This 

isoform is highly conserved between mouse and human, having the same length (626 amino 
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acids), 95% protein sequence homology, an 83% homologous mRNA transcript, and containing 

the same protein and RNA binding domains (Costa et al., 2007; Steindler et al., 2004).  All 

antibodies successfully recognize this isoform.   

 In this Chapter, we demonstrate the following points.  JAKMIP1 protein shows a 

decrease of expression from development to adulthood in mouse and human cortex and 

cerebellum, with a postnatal burst of expression in the mouse neocortex concomitant with neurite 

outgrowth and synapse development.  During this postnatal burst of expression, JAKMIP1 is 

expressed in the nuclei and large debris, synapses, and light membranes.  JAKMIP1 is expressed 

across neocortical layers, where it is predominantly present in glutamatergic projection neurons, 

rarely colocalizing with GABAergic interneurons both during development and adulthood.  In 

the cerebellum, JAKMIP1 is expressed in the Purkinje cell layer, and broadly in Purkinje cell 

soma and dendrites.  Lastly, JAKMIP1 shows a large increase in expression during cell 

differentiation.   These findings provide a neurological context for JAKMIP1, critical for 

understanding its function. 

2.2 JAKMIP1’s mammalian cortical expression  

        Jakmip1 is expressed in neural tissue and is enriched in neurons (Cahoy et al., 2008).   

Jakmip1 mRNA transcript is present and shows neural-specificity at embryonic day 14.5 in 

mouse (http://www.genepaint.org) and is expressed pan neuronally in the adult mouse brain 

(http://www.brain-map.org).  Moreover, northern blot analysis shows that Jakmip1’s mRNA 

transcript is expressed much more highly in human and mouse brain tissue than in peripheral 

tissues (Steindler et al., 2004).  We extended these findings by conducting an in depth 

characterization of the time and place of JAKMIP1 expression in the mammalian neocortex.  We 

determined when JAKMIP1 protein is expressed most highly in human and mouse neocortex 
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during development.  During its time of greatest expression, we ascertained JAKMIP1’s 

subcellular expression pattern using fractionation.   Finally, we conducted an 

immunohistochemical analysis of JAKMIP1’s cortical expression during its developmental 

expression peak and in adulthood.   

 To characterize the developmental expression pattern of JAKMIP1, we harvested 

neocortices from wild-type mice in triplicate throughout postnatal development into late 

adulthood.  We started from postnatal day one (p1), which, based on our preliminary data, is 

early enough to capture JAKMIP1’s expression peak, which we estimated to be near the end of 

the first postnatal week.  We sampled more densely from p8 to p14 to capture transient bursts of 

JAKMIP1 during this critical developmental window when processes such as neurite outgrowth 

and synapse development are occurring (Judson et al., 2009).  Protein fraction S2 was 

interrogated by western blotting (Methods), as JAKMIP1 is enriched in this fraction (Vidal et al., 

2007).  We additionally tested JAKMIP1 expression in neocortical tissue from human fetal and 

adult subjects using two independent antibodies against JAKMIP1.  Paucity of human tissue 

precluded conducting a time series analysis as was done in the mouse.  We found that JAKMIP1 

bursts in expression from p8 to p14, after which its abundance diminishes (Figure 2-1, A).   We 

observed scarce levels of JAKMIP1 into late adulthood (p60-p120, data not shown).  JAKMIP1 

demonstrated a similar attenuation from development to adulthood in human neocortical tissue 

(Figure 2-1, B).  
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JAKMIP1’s subcellular location during its time of peak expression provides a cellular 

context for JAKMIP1 function.  To ascertain this, we conducted subcellular fractionation in 

mouse neocortices during JAKMIP1’s postnatal burst of expression (Figure 2-1, A) using 

established protocols (Hallett et al., 2008).  We immunoblotted fractions for JAKMIP1 and 

DDX5, a novel interactor which we identified by mass spectrometry (Table 3-1).  We 

additionally probed for PSD95, a marker of synaptosomal membranes and an experimental 

positive control, as well as βtubulin and GAPDH, which serve as loading controls.  We found 

that JAKMIP1 is expressed in the nuclei (P1), synapses (P2, LP1, LS1), and light membranes 

(P3) as well as intermediate fractions S1 and S2 (Figure 2-2).  JAKMIP1’s subcellular 

expression profile is nearly identical to that of its protein binding partner, DDX5 (Figure 2-2).   
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Figure 2-1.  JAKMIP1 expression during neocortical development.  (A) JAKMIP1 bursts in 

expression during the second postnatal week in mouse neocortex.  Upper graph displays relative 

JAKMIP1 protein levels between p1 and p46.  The Y axis represents normalized values from 

Image J densitometry analysis of JAKMIP1 protein levels.  Signal is normalized to corresponding 

GADPH signal and the highest value of the series is set to 1.  A representative western blot is 

shown below.  There is a significant increase in JAKMIP1 expression between p8 and p10 (65% 

increase, two sample, two-tailed t test) followed by a significant decrease in expression from p12 

to p14  (36% decrease, two sample, two tailed t test). Error bars are +/- SEM.  (B)  JAKMIP1 

decreases in expression during neocortical development in human.  Protein from human fetal 

cortex (20 gestational weeks) or adult cortex (47 years) was immunoblotted for JAKMIP1 or 

GAPDH (loading control).  
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PSD95 was expressed most highly in synaptosomal membrane fractions, P2 and LP1, confirming 

the efficacy of the fractionation.     

  

 

  

 

 

 

 

 

 

 

 

Inspection of microarray data from sorted neurons indicates that Jakmip1 mRNA is 

enriched in neurons postnatally (Cahoy et al., 2008), but the particular subset of neurons and 

cortical layers in which JAKMIP1 is expressed is not well known.  To determine JAKMIP1’s 

cortical layer expression, we conducted double label immunohistochemistry during JAKMIP1’s 

postnatal burst of expression and in adult brains.  Two cortical layer markers, cut-like homeobox 

1 (CUX1) and forkhead box P2 (FOXP2), were used to determine if JAKMIP1 shows layer-

specific expression or is distributed across layers.  FOXP2 expression is restricted to layer VI, 

while CUX1 is expressed in layers II through IV in mouse neocortex (Molyneaux et al., 2007).  
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Figure 2-2.  JAKMIP1 is expressed across subcellular fractions in mouse 
postnatal neocortex.  Subcellular fractionation was conducted using C57BL/6 

mouse postnatal neocortices.  Subcellular fractions were immmunoblotted (IB) 

for JAKMIP1, DDX5 (a JAKMIP1 protein interactor), PSD95 (positive control) 

and `TUB and GAPDH (loading controls).   Fractions are: P1 (nuclei and large 

debris), P2 (crude synaptosomal membranes), P3 (light membranes), S3 

(cytosol), LP1 (synaptosomal membranes), LS1 (synapses minus membranes), 

LS2 (cytosol of synapes).  All other fractions are obtained from intermediate 

fractionation steps. 
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We found that JAKMIP1 is expressed across cortical layers in both postnatal (Figure 2-3, A) and 

adult (Figure 2-3, B) animals.  

 

 To test JAKMIP1’s presence in glutamatergic projection neurons of the cortex we 

conducted double label immunohistochemistry using the markers forkhead box P1 (FOXP1) and 

neurofilament H non-phosphorylated protein (SMI-32) both in postnatal and adult tissue.  

FOXP1 is a transcription factor that is expressed postnatally in corticocortical projection neurons 

of layers layers III-V that are SATB2-positive/CTIP2-negative and in layerVIa corticothalamic 

projection neurons that are TBR1-positive (Hisaoka et al., 2010).  SMI-32 is a neurofilament 

protein that labels the dendrites and cell body of cortical pyramidal neurons in layers III, V, and 

VI (van der Gucht et al., 2001).  We additionally conducted double label immunohistochemistry 

with a marker of GABAergic interneurons, calretinin, in adult tissue, as sub-type specific 

Figure 2-3.  JAKMIP1 is expressed broadly throughout the cortex.  (A) JAKMIP1 and FOXP2, a cortical layer 

VI marker, colocalize in postnatal C57BL/6 mouse neocortex. (B) JAKMIP1 and CUX1, a cortical layer II-IV 

marker, colocalize in adult mouse neocortex.  Immunohistochemistry was performed using JAKMIP1#1 on coronal 

brain sections. Representative stainings are shown. Right-most images depict level of brain section, with region 

displayed outlined in red.  Coronal mouse atlas images are from Allen Mouse Brain Atlas [Internet]. Seattle (WA): 

Allen Institute for Brain Science. ©2009. Available from: http://mouse.brain-map.org.    
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expression of GABAergic interneuron markers occurs after several weeks of postnatal 

development (Wonders and Anderson, 2006).  We found that JAKMIP1 is largely localized to 

glutamatergic projection neurons in postnatal (Figure 2-4, A) and adult (Figure 2-4, B) mouse 

neocortex, and rarely localizes with GABAergic interneurons (Figure 2-4, C).  
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Figure 2-4.  JAKMIP1 is expressed predominantly in glutamatergic projection neurons of mouse cortex.

(A) JAKMIP1 and FOXP1, a glutamatergic projection neuron marker, colocalize in postnatal C57BL/6 mouse 

neocortex. (B) JAKMIP1 and SMI-32, a glutamatergic projection neuron marker, colocalize in adult C57BL/6 

mouse neocortex. (C) JAKMIP1 rarely colocalizes with calretinin, a GABAergic interneuron marker, in adult 

C57BL/6 mouse neocortex. Immunohistochemistry was performed using JAKMIP1#1 . Representative stainings 

are shown. Right-most graphs depict the amount of cells double (black bars) or singly labeled (gray bars).  JK is 

JAKMIP1, FX is FOXP1, SM is SMI-32, and CR is calretinin.  
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2.3 JAKMIP1’s mammalian cerebellar expression  

FMRP has high expression in the cerebellum.  As such, we tested JAKMIP1’s protein 

expression during human and mouse cerebellum development and its cerebellar layer and 

neuronal subtype expression in the developing and adult mouse.   

 To characterize the developmental expression pattern of JAKMIP1, we harvested 

cerebellar tissue from wild-type mice collected in triplicate throughout postnatal development.  

Protein fraction S2 was interrogated by western blotting, as above (Section 2.2).  We additionally 

tested JAKMIP1’s expression in cerebellar tissue from human fetal and adult subjects using two 

independent antibodies against JAKMIP1.  We found that JAKMIP1 shows a gradual and 

significant decrease in expression over the course of mouse cerebellar development (Figure 2-5, 

A).  JAKMIP1 continues to decrease in expression into late adulthood (p60-p120, data not 

shown).  Similarly, human cerebellar tissue exhibits decreases in JAKMIP1 expression from 

development to adulthood (Figure 2-5, B).  
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The cerebellar cortex is composed of three layers, the granular layer, the Purkinje cell 

layer and the molecular layer, containing distinct neuronal subtypes, most prominently Purkinje 

and granule cells (Llinas RR, 2004).  We determined in which cerebellar layer (s) JAKMIP1 is 

expressed during postnatal development, a time concurrent with high JAKMIP1 expression in 

this brain structure (Figure 2-5, A).  To do this, we conducted double label 

immunohistochemistry for JAKMIP1 and vesicular glutamate transporter 1 (VGLUT1).  

VGLUT1 associates predominantly with synaptic vesicle membranes and aids in the transport of 

glutamate (Aihara et al., 2000).  In the cerebellum, VGLUT1 is expressed in glutamatergic 

granule cells, whose cell bodies are located in the granular cell layer and whose axons are the 

parallel fibers of the molecular layer (Llinas RR, 2004).   We found that JAKMIP1 is expressed 
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Figure 2-5.  JAKMIP1 expression during cerebellar development. (A)  JAKMIP1 decreases in 

expression during cerebellar development.  Upper graph displays relative JAKMIP1 protein levels 

between p1 and p46.  The Y axis represents normalized values from Image J densitometry analy-

sis of JAKMIP1 protein levels.  Signal is normalized to corresponding GADPH signal and the 

highest value of the series is set to 1.  A representative western blot is shown below.  Significant 

decreases between consecutive timepoints are shown (two sample, two tailed t test). Error bars are 

+/- SEM. (B)  JAKMIP1 decreases in expression during cerebellar development in human.  Pro-

tein from human fetal cerebellum (19 gestational weeks) or adult cerebellum was immunoblotted 

for JAKMIP1 or GAPDH (loading control).  
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largely in the Purkinje cell layer as well as the molecular layer, where the dendrites of Purkinje 

cells project and receive inputs from the parallel fibers (Figure 2-6).        

           

 

We further explored JAKMIP1’s expression in Purkinje cells by conducting double label 

immunohistochemistry in both postnatal and adult mouse tissue for JAKMIP1 and Calbindin-

D28k.   Calbindin is a calcium binding protein that is reliably expressed in Purkinje cells 

(Whitney et al., 2008).  We found that JAKMIP1 colocalizes with Calbindin, and therefore 

Purkinje cells, during both postnatal development (Figure 2-7, A) and adulthood (Figure 2-7, B).   

Figure 2-6.  JAKMIP1 is expressed in the Purkinje and molecular cell layer of the 
cerebellar cortex.  Postnatal C57BL/6 mouse cerebellar tissue was immunostained with 
JAKMIP1 (left) and VGLUT1 (middle).  Immunohistochemistry was performed using 
JAKMIP1 #1 on coronal brain sections.  Representative stainings are shown.  Cerebellar 
cell layers are denoted on the merged image (right) as follows: 1 is the granular layer, 2 is 
the Purkinje cell layer, 3 is the molecular layer. 
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2.4 JAKMIP1’s expression during differentiation  

We ascertained JAKMIP1’s expression profile during neural cell differentiation using 

differentiated mouse and human neural progenitor cells as well as transcriptional profiles from 

midgestation human brain.  We determined JAKMIP1 protein expression throughout the first 

week and after three weeks of wild-type mouse neural cell differentiation by western blotting.  

We found that JAKMIP1 protein is not expressed in undifferentiated cells, but begins to show 

expression at the end of the first week of differentiation.  JAKMIP1 demonstrates its highest 

expression after three weeks of differentiation (Figure 2-8, A).  In a separate experiment, we 

determined Jakmip1 RNA levels in undifferentiated (week 0) and differentiated (week 3-4) 

mouse neural progenitor cells infected with non-Jakmip1 targeting shRNAmir hairpins using 

quantitative RTPCR.  Jakmip1 RNA is expressed in differentiated, but not undifferentiated cells 

(Figure 2-8, B). 

                    

 

Figure 2-8.  JAKMIP1 increases in expression during mouse neural cell differentiation.  

(A) JAKMIP1 protein increases in expression during differentiation of mouse neural 

progenitor cells, with highest expression after 3 weeks differentiation.  (B) Jakmip1 RNA is 

expressed at 3 and 4 weeks of mouse neural cell differentiation, but not in undifferentiated 

cells (week 0, N=3; week 3/4, N=4).  RNA signal is measured by quantitative RTPCR.  

Values are mean +/- SEM.  RNA expression is displayed as fold change from undifferenti-

ated cells, with undetected RNA levels set at a CT value of 40.  
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To determine if JAKMIP1 is also increased over the course of human neural cell 

differentiation, we collected JAKMIP1 RNA from normal human neural progenitor cells 

(NHNP) differentiated for two weeks, four weeks, eight weeks or undifferentiated, and analyzed 

JAKMIP1 RNA levels by quantitative RTPCR.  JAKMIP1 shows a statistically significant 

increase in expression from two to four weeks of differentiation and from four to eight weeks of 

differentiation (Figure 2-9).   

 

                         

 

Figure 2-9.  JAKMIP1 increases in expression during human 
neural cell differentiation.  RNA levels of human JAKMIP1 isoform 

A in 2, 4, or 8 week differentiated NHNP cells (week 0, N=2; week 2, 

N=3; week 4, N=3; week 8, N=2, Samples with high technical repli-

cate variation were removed).  RNA signal is measured by quantitative 

RTPCR.  Values are mean +/- SEM.  RNA expression is displayed as a 

fold change from undifferentiated cells.  P-values are calculated from a 
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As JAKMIP1 is expressed in differentiated rather than undifferentiated cells, I 

hypothesized that JAKMIP1 would be more highly expressed in structures comprised of 

differentiated cells than in regions composed of progenitor cells.  Neural progenitor cells reside 

in the subventricular zone (SZ), which contains intermediate progenitor cells, and the ventricular 

zone (VZ), which contains radial glial cells, while differentiated neurons reside in the cerebral 

cortical plate (CP) (Noctor et al., 2007).  I hypothesized that JAKMIP1 is strongly expressed in 

the cortical plate, consistent with its expression in glutamatergic projection neurons, and weakly 

expressed in the subventricular and ventricular zones.  To test this, we used public data from the 

Allen Brain Atlas BRAINSPAN Prenatal LMD microarray project.  We found JAKMIP1 to be 

highly expressed in the CP and weakly expressed in the SZ, VZ and ganglionic eminence (GE).  

JAKMIP1 shows a 13.3 fold increase in expression in the CP versus the SZ, and a 23.3 fold 

increase in expression in the CP versus the SZ and the VZ combined (Figure 2-10), confirming 

our hypothesis. 

 

 

 

 

 

Figure 2-10. JAKMIP1 is differentially expressed in differentiated versus undifferentiated cells in the developing 
human brain.  BRAINSPAN Prenatal LMD Microarray transcriptional profiling of JAKMIP1 RNA from midgestational 

prenatal human brain (N=4) shows high expression of JAKMIP1 RNA in cortical plate (CP) and low expression in 

subventricular zone (SZ), ventricular zone (VZ), and ganglionic eminence (GE).  Differential search with CP as target 

structure and SZ as contrast structure shows a 13.3 fold increase of JAKMIP1 expression in CP over SZ.  Figure was 

created using an image from the BrainSpan Atlas of the Developing Human Brain [Internet]. Seattle (WA): Allen Institute 

for Brain Science. http://brainspan.org/

Donor

Brain structure

JAKMIP1

SZ VZ and GECP

13.3X increase, p=7.76E-78
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2.5 Discussion  

Elucidating gene function involves gaining a comprehensive understanding of the 

biological context under which that gene operates.  To do this, we took a multifaceted approach, 

conducting developmental protein expression profiling and immunohistochemical analysis 

during peak JAKMIP1 expression in two brain structures implicated in FMRP biology. We, 

additionally, determined the timing of JAKMIP1 expression during neural cell differentiation in 

vivo and in vitro in mouse and human.   

 We found that JAKMIP1 shows peak expression in the postnatal neocortex during 

synaptogenesis and neurite outgrowth.  A recent study confirmed JAKMIP1’s high postnatal 

expression in mouse cerebral cortex, but, due to sparse time sampling, missed JAKMIP1’s tight 

burst of expression from p8 to p14 (Vidal et al., 2012).  During this window of peak expression, 

we found that JAKMIP1 protein is expressed throughout the cortex, consistent with its RNA 

expression in adult mouse (http://mouse.brain-map.org/) and predominantly in glutamatergic 

projection neurons.  JAKMIP1’s expression in glutamatergic neurons is congruous with its 

potential role in regulating the migration of pyramidal neurons in the neocortex (Vidal et al., 

2012).  Our finding that JAKMIP1 has sporadic expression in GABAergic neurons of the 

neocortex agrees with one study that reported partial colocalization of JAKMIP1 with a marker 

of GABAergic interneurons, glutamic acid decarboxylase (GAD), in a field of primary rat 

hippocampal cells (Vidal et al., 2009).  We, additionally, discovered that JAKMIP1 is located 

across subcellular fractions, with notable exclusion from the cytosolic fractions, in the postnatal 

mouse cortex.  JAKMIP1’s cortical subcellular localization mirrors that of its localization in 

adult rat CA1 hippocampus to the Golgi apparatus, endoplasmic reticulum, dendritic spines, and 

partially to the nucleus (Vidal et al., 2009).  
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 In the cerebellum, we found that JAKMIP1 protein decreases in expression throughout 

development.  This finding is consistent with mouse cerebellar transcriptome profiles from The 

Cerebellar Development Transcriptome Database, which show a decrease in Jakmip1 RNA over 

cerebellar development (embryonic day 18 to p56, http://www.cdtdb.neuroinf.jp/CDT/Top.jsp).  

During postnatal development and adulthood, we found JAKMIP1 to be expressed in the 

Purkinje cells of the cerebellum by double label immunohistochemistry.  This agrees with reports 

of JAKMIP1 colocalizing with Purkinje cells in adult mouse brain, by morphological assessment 

of cells stained with a single antibody against JAKMIP1 (Vidal et al 2009).  JAKMIP1’s role in 

Purkinje cell function during development may be an interesting area of further study as Purkinje 

cell involvement in autism is gaining appreciation (Tsai et al., 2012).   

 Lastly, we demonstrate that JAKMIP1 is expressed in differentiated neurons.  We found 

JAKMIP1 protein and RNA to be expressed in differentiated, but not in undifferentiated, mouse 

neural progenitor cells.  Similarly, JAKMIP1 RNA increases in expression during human neural 

cell differentiation.  Moreover, JAKMIP1 is enriched in human mid-gestation brain structures 

that contain differentiated cells over brain regions that contain progenitor cells.  A recent study 

using weighted gene coexpression analysis reports that a significant number of ASD candidate 

genes show coordinated regulation during human neural cell differentiation (Konopka et al., 

2012), making JAKMIP1’s potential involvement in neural cell differentiation intriguing in the 

context of ASD pathophysiology.  These characterization studies provide a critical biological 

framework in which to carry out further developmental studies of JAKMIP1 function. 
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2.6 Methods  

Western Blotting 

Protein was prepared as previously described from tissue lysed in a Tris-based hypotonic 

solution (10 mM Tris-CL, 10mM KCl, 0.1mM EDTA) with protease inhibitor (Vidal et al., 

2007).  A Bradford assay (Bio-Rad, Hercules, CA) was used to determine protein concentration.  

Equal ug of protein were mixed with an SDS based loading buffer containing a final 

concentration of dithiothreitol at 10mM.  Samples were boiled at 94 °C for 4 minutes and then 

run out on a SDS-polyacrylamide gel to undergo separation by gel electrophoresis.  Proteins 

were transferred in a 20% methanol-containing transfer buffer onto a PVDF membrane, which 

was then blocked in a milk block solution containing TBST and 5% milk.  After blocking, 

membranes were incubated in primary antibody diluted in milk block overnight at 4 °C.  Blots 

were then incubated in a secondary antibody diluted in milk block for 1 to 2 hours followed by 

detection with Supersignal West Pico chemiluminescent substrate (Pierce, Rockford, IL).  For 

protein quantification, experimental bands were normalized to their corresponding GAPDH 

bands using the web-based Image J program (http://rsbweb.nih.gov/ij/).  For developmental 

characterization experiments, each blot’s GAPDH-normalized protein signals were normalized to 

1 for between blot comparisons.  Three values from each time point were used to calculate a 

mean and standard error of the mean.  Two-tailed t-tests were conducted to test for significant 

increases or decreases in JAKMIP1 expression between time points.   

Subcellular fractionation 

Subcellular fractionation was conducted as previously described (Hallett et al., 2008).  50 ug of 

protein was compared between conditions.  Fractions were immunoblotted for βtubulin and 

GAPDH to control for loading and PSD95 to determine efficacy of fractionation. 
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Immunohistochemistry 

Postnatal and adult mice were anesthetized with isoflurane and perfused transcardially with ice-

cold 4% paraformaldehyde (PFA) in 100 mM phosphate buffered saline (PBS).  Brains were 

extracted and incubated in this same fixative for 24 hours at 4°C.  Brains were then 

cryoprotected in 30% sucrose dissolved in 4% PFA/100mM PBS for an additional 48 hours at 

4°C followed by cryosectioning in Tissue Tek embedding medium (Sakura, Torrance, CA).  

Immunohistochemistry was conducted using free-floating 20 micron coronal brain sections.   

Brain sections were blocked for 1 hour at room temperature in 1% bovine serum albumin, 0.2% 

fish skin gelatin, and 0.1% Triton X-100 in 100mM Tris Buffered Saline.  Primary and 

secondary antibodies were diluted in blocking buffer.  Primary antibody incubations took place 

overnight at 4°C or for 2 hours at room temperature, while secondary antibody incubations were 

2 hours at room temperature.   Fluoromount G (SouthernBiotech, Birmingham, AL) was used to 

mount coverslips to glass slides.   For double label experiments with SMI-32, FOXP1, and 

calretinin, 40X confocal images were taken using an LSM5 Pascal Confocal Laser scanning 

microscope (Zeiss, Thornwood, NY).  Random cortical fields were imaged until 100 calretinin-

positive cells or at least 200 FOXP1 or SMI-32-positive cells were obtained, as many more 

glutamatergic-positive cells in the cortex are present than GABAergic interneurons.  

Colocalization was determined using LSM5 software and Adobe Photoshop.  For each field, the 

following cells were counted: JAKMIP1+/marker+, JAKMIP1+/marker-, and JAKMIP1-

/marker+.  To determine JAKMIP1’s expression in cortical layers, we tested both rabbit and 

mouse antibodies against cut-like homeobox 1 (CUX1) and forkhead box P2 (FOXP2).  For 

each, only the antibodies raised in rabbit give appropriate signal.  As our JAKMIP1 antibodies 
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are also raised in rabbit, merged JAKMIP1/CUX1 and JAKMIP1/FOXP2 images between 

consecutive coronal brain sections were used to determine layer expression.   

 
Antibodies used for Western Blotting and Immunohisochemistry 

 
Name Antigen/Peptide 

wording from company website  
when appropriate 

Species/Clonality Source/Catalogue 
number 

JAKMIP1 #1  
J1269-286 

JAKMIP1, amino acids 269-
286 of human isoform A 

Rabbit polyclonal Sandra Pellegrini, 
Ph.D. (Steindler et 
al., 2004) 

JAKMIP1 #2 JAKMIP1, amino acids 277-
626 of human isoform A 

Rabbit polyclonal Proteintech group 
13846-1-AP 

JAKMIP1 #3 
J1609-626   

JAKMIP1, amino acids 609-
626 of human isoform A 

Rabbit polyclonal Sandra Pellegrini, 
Ph.D. (Steindler et 
al., 2004) 

GAPDH Glyceraldehyde-3-phosphate 
dehydrogenase from rabbit 
muscle. 

Mouse monoclonal Millipore  
MAB374 

DDX5 amino acids 471-614 at the C 
terminus region of human 
DDX5 

Mouse monoclonal Santa Cruz  
sc-166167 

PSD95 recombinant full length 
protein (rat) 

Mouse monoclonal Abcam  
ab13552 

BTUB Synthetic peptide conjugated 
to KLH derived from within 
residues 1 - 100 of Human 
beta Tubulin.  

Rabbit polyclonal Abcam  
ab6046 

FOXP2 
 

Synthetic peptide conjugated 
to KLH derived from within 
residues 700 to the C-
terminus of Human FOXP2 

Rabbit polyclonal Abcam 
ab16046 
 

CUX1 amino acids 1111-1332 of 
CDP (Cutl1, mouse; CUX1, 
human) of mouse. 

Rabbit  Santa Cruz 
sc-13024 

FOXP1 Full length native protein 
(purified) of Mouse FOXP1 

Mouse monoclonal Abcam  
ab32010 

SMI-32 recognizes an epitope in 
neurofilament H 
(nonphosphorylated) 

Mouse monoclonal  Covance  
SMI32R 

Calretinin recombinant, full length 
mouse protein 

Mouse monoclonal Thermo 
ScientificMA1-
26601 
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VGLUT1 rat VGLUT1 Synthetic 
peptide does not have 
sequence overlap with 
VGLUT2 
 

Guinea Pig polyclonal  Millipore 
AB5905 

Calbindin bovine kidney calbindin-D Mouse monoclonal Sigma  
C9848 

 
 
Quantitative RTPCR  

For human neural cell differentiation experiments, lonza normal human neural progenitor cells 

(NHNP) from a 17 gestation week female brain were differentiated.  Three plates of cells for 

each of the following differentiation time points were collected: 0, 2, 4, and 8 weeks.  RNA was 

extracted using Qiagen’s RNeasy kit (Germantown, MD) and quantitative RTPCR was 

conducted using Oligo(dt)-18 primers (Invitrogen, Carlsbad, CA), Superscript III (Invitrogen, 

Carlsbad, CA), Applied Biosystems 7900HT instrument, iTaq SyBR green supermix with ROX 

(Bio-Rad, Hercules, CA) and specific primer sets for JAKMIP1A, and human βactin to control 

for loading.  Transcript levels were calculated using the SDS2.1 software (Applied Biosystems, 

Carlsbad, California).  For mouse neural cell differentiation experiments, cells were 

differentiated for 3 or 4 weeks or kept undifferentiated.  Cells previously underwent lentiviral 

infection with shRNAmir hairpins not targeting Jakmip1 (Human GIPZ lentiviral shRNAmirs, 

clone IDs V3LHS-642754, V3LHS-642756, or a GIPZ shRNAmir against GFP, 

Thermoscientific, Waltham, MA) and were puromycin-selected for infected cells.  RNA was 

extracted from the cells using Qiagen’s miRNeasy kit (Germantown, MD).  Quantitative RTPCR 

was conducted using random hexamers (Invitrogen, Carlsbad, CA), Superscript III (Invitrogen, 

Carlsbad, CA), Light Cycler 480 II (Roche Applied Science, Indianapolis, IN), SensiFAST 

SYBR No-Rox mix (Bioline, Taunton, MA) and a specific primer sets for Jakmip1 
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(Jakmip1_exons 3-4) and βactin to control for loading.  Transcript levels were calculated using 

the LightCycler 480 SW 1.5 software (Roche Applied Science, Indianapolis, IN).      

Primers used:  

Primers Forward 5’-3’ Reverse 5’-3’ 

Mouse βactin AGAGGGAAATCGTGCGTGAC CAATAGTGATGACCTGGCCGT 

Human βactin AGCACAGAGCCTCGCCTTT CACGATGGAGGGGAAGAC 
Mouse 
Jakmip1_exons 3-4 

GCGGAAGAGGCACTCAGTAA GTTTGCACACCAAGCTCCTT 

Human JAKMIP1_A GCAGCTGCTCATCAGAACAA TCCCCTTTACACATGCTTGA 

 

Harvesting mouse neural progenitor cells and differentiation 

Whole brains from postnatal day 0-2 mice were dissected in DMEM-F12 (Invitrogen, Carlsbad, 

CA) with removal of the cerebellum and brainstem.  Tissue was mechanically dissociated and 

digested in Papain (Worthington, Lakewood, NJ) or Trypsin (Invitrogen, Carlsbad, CA) for 30 

minutes at 37 C with 5% CO2.  Bovine serum albumin (Invitrogen, Carlsbad, CA) in DMEM was 

added to stop digestion.  Brains were triturated in media and centrifuged at 1,500 rpm.  The 

pellet was reconstituted in DMEM-F12 with 1XB27 without retinoic acid (Invitrogen, Carlsbad, 

CA).  A mixture of epidermal growth factor and fibroblast growth factor was added at 1:5000 

(PeproTech, Rocky Hill, NJ) and cells were propagated on polyornithine/fibronectin.  Cells were 

differentiated on polyornithine/laminin in media containing brain derived neurotrophic factor 

(10ng/ml, PeproTech, Rocky Hill, NJ), NT3 (10ng/ml, PeproTech, Rocky Hill, NJ), retinoic acid 

(500ng/ml, Sigma, St. Louis, MO), Forskalin (10uM, Sigma, St. Louis, MO) and 10mM KCL.    
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Chapter 3: JAKMIP1 is a novel component of an  

                    FMRP-associated RNP complex 
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3.1 Introduction   

 Here, we take a first step to determine JAKMIP1’s developmental role by ascertaining 

JAKMIP1’s in vivo proteomic interactome during its postnatal burst of expression in mouse 

neocortex.  We use the gene ontology of this interactome as a biological compass to orient us to 

JAKMIP1’s own function via guilt by association (Oldham et al., 2008).  These data generate 

specific hypotheses regarding JAKMIP1 function, which we test in subsequent chapters.  

To date, very little is known about JAKMIP1’s neural protein binding partners.  In non-

neural systems, JAKMIP1 has been shown to associate with the FERM domain of janus kinase 1 

(JAK1) and tyrosine kinase 2 (TYK2).  In rodent brain, JAKMIP1 has been reported to bind 

GABABR1 [adult rat brain, (Vidal et al., 2008)] and kinesin 1 [adult mouse brain (Vidal et al., 

2007)].  No additional JAKMIP1 protein interactors have been identified in a neural system.  

 We use Multidimensional Protein Identification Technology  (MudPIT) to perform 

functional annotation via an unbiased assessment of the JAKMIP1 protein interactome.  We find 

that JAKMIP1 binds FMRP and many of FMRP’s known interactors, as well as validated FMRP 

mRNA translational targets in vivo during postnatal cortical development.  Bioinformatic 

analysis of the JAKMIP1 interactome shows a significant enrichment for proteins involved in 

translation, which we experimentally confirm.  These data provide the first functional link 

between JAKMIP1 and FMRP, implicating JAKMIP1 in translational regulation during 

development, an emerging theme in the pathophysiology of ASD and related 

neurodevelopmental disorders (Kelleher and Bear, 2008; Morrow et al., 2008; Santini et al., 

2013). 
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3.2 Defining JAKMIP1’s protein interactome during neocortical development in vivo 

To identify JAKMIP1's in vivo interactome at the peak of JAKMIP1 protein expression, 

we performed a shotgun proteomic analysis using Multidimensional Protein Identification 

technology (MudPIT) of immunoprecipitated JAKMIP1 complexes isolated from postnatal 

mouse neocortex using JAKMIP1 #1 and rabbit pre immune serum as a control.   JAKMIP1 was 

immunoprecipitated from cellular fraction S2, in which it is enriched (Vidal et al., 2007).  We 

next conducted a replication experiment using additional postnatal mouse neocortices (Figure 3-

1).  Analysis by mass spectrometry was carried out as previously described (Wohlschlegel, 

2009).  

 

MudPIT 1
10% IP: rb pre   JAKMIP1

10% IP: rb pre   JAKMIP1

              Spectra:        0        177
              NSAfe5:       0       4454.9
           Coverage:        0        47.1%
Unique Peptides:        0          38

              Spectra:        0          129
              NSAfe5:       0          854.9
           Coverage:        0          45.8%
Unique Peptides:        0           39

IB: JAKMIP1

MudPIT 2

 10% IP       rb pre  JAKMIP1#1

10% IP      rb pre   JAKMIP1#1

IB: JAKMIP1 #2

75kD

75kD

Figure 3-1.  JAKMIP1 was successfully immunoprecipitated from mouse 
postnatal cortex.  JAKMIP1 was immunoprecipitated from two pools of postna-
tal wild-type mouse neocortices.  Protein was imunoprecipitated with rabbit pre 
immune serum (rb pre) as a negative control.  MudPIT 1 (top panel) denotes the 
first experimental round, while MudPIT 2 (bottom panel) denotes the replication 
round.  Effectiveness of JAKMIP1 pull down was tested by immunoblotting (IB) 
with JAKMIP1 #2.  10% of the protein used for immunoprecipitation was run in 
the far left lane.  MudPIT readouts are listed below.  NSAfe5 is normalized 
spectra abundance factor.  

IB: JAKMIP1 #2
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We defined a JAKMIP1 interactor as: a) being identified in both the initial and the 

replication MudPIT runs b) having both its normalized spectra abundance factor (NSAfe5), 

which controls for the size and abundance of the protein (Florens et al., 2006), and its spectral 

counts above preset conservative threshold values in the JAKMIP1 IP versus control IP for one 

of the runs and c) both its NSAfe5 and spectral counts enriched in the JAKMIP1 IP over the 

control IP in the remaining run.  PatternLab ACFold analysis (Carvalho et al., 2008) was 

additionally conducted to identify statistically significantly enriched proteins in the JAKMIP1 

immunoprecipitated versus control conditions at a false discovery rate of 15%.  Using these 

criteria, we identified a core set of 33 JAKMIP1 interactors (Table 3-1).  Additional proteins, 

MYO5A, PABPC1, and PURA, met two of the three screening criteria and were also considered 

potential binding partners to take forward for further validation.  The identification of JAKMIP1, 

which achieved the lowest p-value of all proteins, and YWHAG as a JAKMIP1-interactor both 

serve as positive controls, as YWHAG was previously identified as a JAKMIP1 human protein 

interactor in embryonic kidney cells (Jin et al., 2004).  

  Pattern Lab ACFold 
Entrez Gene Name Symbol p-value 

janus kinase and microtubule 
interacting protein 1 

JAKMIP1 4.42 E-26 

actin, alpha, cardiac muscle 1 ACTC1  
calcium/calmodulin-dependent 

protein kinase II alpha 
CAMK2A  

calcium/calmodulin-dependent 
protein kinase II gamma 

CAMK2G 0.028 

cytoplasmic linker associated 
protein 1 

CLASP1 2.65 E-09 

cytoplasmic linker associated 
protein 2 

CLASP2 2.028 E-06 

CAP-GLY domain containing 
linker protein family, member 

4 

CLIP4 2.56 E-06 

doublecortin-like kinase 1 DCLK1  
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DEAD (Asp-Glu-Ala-Asp) 
box polypeptide 5 

DDX5 0.023 

eukaryotic translation 
elongation factor 1 alpha 1 

EEF1A1  

eukaryotic translation 
elongation factor 2 

EEF2  

glutamate dehydrogenase 1 GLUD1  
guanine nucleotide binding 

protein (G protein), beta 
polypeptide 2-like 1 

GNB2L1  

glycogen synthase 1 (muscle) GYS1 0.012 
heterogeneous nuclear 
ribonucleoprotein K 

HNRNPK  

heterogeneous nuclear 
ribonucleoprotein M 

HNRNPM  

myosin VA (heavy chain 12, 
myoxin) 

MYO5A  

poly(A) binding protein, 
cytoplasmic 1 

PABPC1  

plectin PLEC 3.99 E-04 
purine-rich element binding 

protein A 
PURA  

purine-rich element binding 
protein B 

PURB  

ribosomal protein L14 RPL14  
ribosomal protein L5 RPL5 0.023 
ribosomal protein L6 RPL6  
ribosomal protein L7a RPL7A  

ribosomal protein, large, P0 RPLP0 0.020 
ribosomal protein S17 RPS17 0.046 
ribosomal protein S3 RPS3  
ribosomal protein S8 RPS8  
ribosomal protein SA RPSA  

RUN and FYVE domain 
containing 3 

RUFY3  

synaptotagmin binding, 
cytoplasmic RNA interacting 

protein 

SYNCRIP  

tubulin, alpha 4a TUBA4A  
tyrosine 3-

monooxygenase/tryptophan 5-
monooxygenase activation 

protein, gamma polypeptide 

YWHAG  

tyrosine 3-
monooxygenase/tryptophan 5-

YWHAH  
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monooxygenase activation 
protein, eta polypeptide 

 1810049H19Rik 2.56 E-06 
 Igkv1-117  

 

Table 3-1. Members of JAKMIP1’s postnatal in vivo proteomic interactome.  GOLGA1 
(P=0.046) and NME2 (P=0.012) were also identified by Pattern Lab AC Fold analysis, but were 
only present in one MudPIT run and, therefore, did not meet the inclusion criteria.  

 

The binding of several of these identified protein interactors to JAKMIP1 is consistent 

with what previous studies suggest about JAKMIP1’s function.  For example, three of 

JAKMIP1’s identified interactors, CLASP2, CLASP1, and CLIP4, are microtubule plus-end-

tracking proteins (+TIPs) (Akhmanova and Hoogenraad, 2005) which gather at the distal end of 

growing microtubules to increase microtubule stability.  JAKMIP1’s binding to these TIPS and 

motor proteins, such as MYO5A, is consistent with JAKMIP1’s previously identified 

microtubule interactions and possible transport function (Steindler et al., 2004; Vidal et al., 

2007).  These data provide a set of targets that likely mediate some of these functions.  

3.3 Experimental validation of JAKMIP1’s protein binding partners  

 To provide more direct experimental validation of specific JAKMIP1 protein 

interactions, we confirmed several MudPIT-identified JAKMIP1 interactions by co-

immunoprecipitation from mouse postnatal neocortices followed by western blotting.  We tested 

the following proteins from network 1 (Figure 3-5, A) that were significantly enriched in 

JAKMIP1 immunoprecipitates based on PatternLab AC fold analysis of the proteomic data 

(denoted here by ‘1’) (Table 3-1) and/or had an antibody available that was potentially suitable 

for immunoprecipitation (denoted here by ‘2’): DDX5 (1, 2), CLASP2 (1, 2), CAMK2G (1, 2), 

RPLPO (1, 2), PABPC1 (2), CAMK2A (2), and EEF2 (2).  To increase the independence of 

these experiments, we used a different antibody to JAKMIP1 (JAKMIP1 #2) than the antibody 
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used for MudPIT (JAKMIP1 #1).  DDX5, CLASP2, CAMK2G and PABPC1 were all validated 

by this method (Figure 3-2, A-D).  Three of the four (DDX5, CLASP2, and PABPC1) confirmed 

in both immunoprecipitation directions, while CAMK2G was confirmed in one direction.  Three 

of the proteins, RPLP0, CAMK2A, and EEF2, were interpretable in only one direction, but we 

were unable to confirm their binding to JAKMIP1 by this assay, suggesting potentially indirect 

interactions via other protein intermediates.  The JAKMIP1-PABPC1 interaction was 

additionally confirmed in differentiated mouse neural progenitor cells (Figure 3-2, E).   

 

       

IB: CAMK2G
    

IB: JAKMIP1 #2

IB: JAKMIP1 #2

IB: CAMK2G

IB: PABPC1

IB: JAKMIP1 #2

IB: JAKMIP1 #2

IB: PABPC1

          input       rbIgG  JK#1 

IP

          input      rbIgG   rbCM 

          input     rbPIS     JK#1 
IP
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Figure 3-2.  Confirmation of JAKMIP1 binding partners by co-immunoprecipitation.  (A) JAKMIP1 (top 
two panels) or DDX5 (bottom two panels) was immunoprecipitated from mouse postnatal neocortices followed by 
immunoblotting with DDX5 and JAKMIP1. (B) JAKMIP1 (top two panels) or CLASP2 (bottom two panels) was 
immunoprecipitated from mouse postnatal neocortices followed by immunoblotting with CLASP2 and JAKMIP1. 
(C) JAKMIP1 (top two panels) or CAMK2G (bottom two panels) was immunoprecipitated from mouse postnatal 
neocortices followed by immunoblotting with CAMK2G and JAKMIP1. (D) JAKMIP1 (top two panels) or 
PABPC1 (bottom two panels) was immunoprecipitated from mouse postnatal neocortices followed by immunob-
lotting with PABPC1 and JAKMIP1.  (E) JAKMIP1 was immunoprecipitated from two week differentiated 
C57Bl/6J mouse neural progenitor cells followed by immunoblotting with PABPC1.  Each panel represents a 
biological replicate.  Abbreviations are: JK#1, JAKMIP1 #1; msD, mouse anti DDX5; rbCL, rabbit anti CLASP2 ; 
rbCM, rabbit anti CAMK2G ; rbP, rabbit anti PABPC1; rbIgG, rabbit IgG; msIgG, mouse IgG ; rbPIS, rabbit 
pre-immune serum.
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3.4 JAKMIP1 associates with an FMRP-containing translational complex 

 Notably, within the group of 36 proteins identified by the initial analyses, we noticed that 

ten were known to exist in FMRP containing protein complexes:  HNRNPK (Angenstein et al., 

2002), PABPC1 (Napoli et al., 2008; Villace et al., 2004), MYO5A (Ohashi et al., 2002; Villace 

et al., 2004), PURA (Kanai et al., 2004; Ohashi et al., 2002), PURAB (Kanai et al., 2004), 

EEF1A (Kanai et al., 2004), SYNCRIP (Kanai et al., 2004), DDX5 (Kanai et al., 2004), RPLPO 

(Villace et al., 2004), and RPL6 (Villace et al., 2004).  Moreover, thirteen of FMRP’s thirty-three 

known protein interactors (39%) listed in the Human Protein Reference Database (HPRD) 

(Prasad et al., 2009) were identified as JAKMIP1 interactors in one (denoted by ‘1’) or both 

(denoted by ‘2’) MudPIT runs: CYFIP2 (1), FXR1 (1), HNRNPD (1), HNRNPK (2), HNRNPR 

(1), HNRNPU (2), HNRNPF (1), MYO5A (2), SYNCRIP (2), Nucleolin (1), PABPC1 (2), 

PURA (2), and YBX1 (1).  JAKMIP1’s proteomic interactome identified here also shows a 

significant overlap with other FMRP-associated RNP complexes (Table 3-2) identified by 

kinesin-1 immunoprecipitation from adult mouse brain (Kanai et al., 2004; hypergeometric 

probability, P=9.68 E-08) and hStaufen immunoprecipitation from embryonic human kidney 

cells (Villace et al. 2004; P=1.33 E-11).   

 

A 

Functional Category Protein name JAKMIP1 binder MudPIT 
RNA transport FMR1 co-IP evidence  
RNA transport FXR1 X 1 
RNA transport FXR2 -  
RNA transport PURA* X 2 
RNA transport PURB* X 2 
RNA transport Staufen -  

Protein Synthesis EF-1a X 2 
Protein Synthesis eIF2a -  
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Protein Synthesis eIF2b -  
Protein Synthesis eIF2y -  
Protein Synthesis Hsp70 -  
Protein Synthesis RPL3 X 1 

RNA helicase DDX1* X 1 
RNA helicase DDX3* X 1 
RNA helicase DDX5 X 2 

hnRNP hnRNPA/B -  
hnRNP hnRNPA0 -  
hnRNP hnRNPA1 -  
hnRNP hnRNPD X 1 
hnRNP hnRNPU* X 2 

Other RNA associated ARF-
GEP100/BRAG2 

-  

Other RNA associated ALY* -  
Other RNA associated CIRBP -  
Other RNA associated EWS -  
Other RNA associated NONO* X 1 
Other RNA associated Nucleolin X 1 
Other RNA associated PSPC1 -  
Other RNA associated PSF* -  
Other RNA associated RTCD1 -  
Other RNA associated RNA binding motif 

protein 3 
-  

Other RNA associated SYNCRIP* X 2 
Other RNA associated TLS* -  
Other known protein Ser/Thr kinase 

receptor associated 
protein 

-  

Other known protein TRIM2 -  
Other known protein TRIM3 X 1 

 
* Most conservative granule members (Kanai et al., 2004) 
Hypothetical proteins from Kanai 2004 complex excluded from table 
 

B 

Functional Category Protein name JAKMIP1 binder MudPIT 
cytoskeleton b-5 Tubulin -  
cytoskeleton a-Tubulin X 2 
cytoskeleton Tau -  

RNA transport hStaufen isoform 2 -  
cytoskeleton ACTB -  
motor protein Myosin heavy chain X 2 



	   58 

RNA helicase RNA-dependent RNA 
helicase A 

-  

Other RNA associated Nucleolin X 1 
hnRNP hnRNPU X 2 

Protein Synthesis PABP1 X 2 
cytoskeleton a-Internexin X 1 
motor protein Dynein intermediate 

chain 
X 1 

motor protein Kinesin X 1 
protein kinase p-Associated protein 

kinase II 
-  

GTPase-activating Ras GAP -  
cytoskeleton control Rac1 -  
cytoskeleton control Cdc42 -  
cytoskeleton control IQGAP1 -  

Protein Synthesis FMRP co-IP evidence  
Protein Synthesis RPLP0 X 2 
Protein Synthesis RPS4 X 2 
Protein Synthesis RPS6 X 1 
Protein Synthesis RPL6 X 2 
Protein Synthesis RPL28 -  

 

Table 3-2. MudPIT-identified JAKMIP1 protein interactors show a statistically-significant 
overlap with previously identified FMRP-associated translational RNP complexes.  (A) 
Modified from Kanai et al. 2004. (B) List of RNP components from Villace et al. 2004.  Proteins 
listed under ‘Protein name’ are part of the RNP complex.  X denotes a MudPIT-identified 
JAKMIP1 interactor.  Numbers listed under ‘MudPIT’ denote the number of MudPIT runs that 
identified the protein of interest.  ‘Identification’ denotes positive values for both spectral and 
NSAfe5 counts in the JAKMIP1 immunoprecipitated versus control condition.  
 

Although FMRP itself was not identified under conditions used for MudPIT experiments 

(200mM NaCl, 0.1% NP40), under less stringent conditions (50mM NaCl, 0.1% NP40) which 

are more permissive for indirect protein interactions, FMRP co-immunoprecipitated with 

JAKMIP1 bi-directionally in mouse postnatal neocortex (Figure 3-3, A).  We found that this 

interaction is not dependent on the presence of single or double stranded RNA (Figure 3-3, B). 
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Previously, the drosophila homologue of DDX5, dmp68, was reported to bind FMRP in a 

RISC complex (Ishizuka et al., 2002) and was found to associate with an FMRP-associated RNP 

complex in adult mouse brain (Kanai et al., 2004) (Table 3-2, A).  Consistent with this, we found 

that DDX5 co-immunoprecipitates with FMRP in mouse postnatal neocortex, mouse N2A cells, 

and in human SY5Y cells (Figure 3-4, A-B), demonstrating this DDX5–FMRP relationship is 

conserved in mammalian neural systems.  DDX5 also interacts with JAKMIP1 in these systems 

as well as in differentiated mouse neural progenitor cells (Figure 3-4, A-C).  DDX5 interacts 

with JAKMIP1 and FMRP, and PABCP1 interacts with JAKMIP1 (Table 3-1) and FMRP 

(Napoli et al., 2008; Villace et al., 2004).  Thus, we asked if DDX5 and PABPC1 interact.  

Indeed, we found that DDX5 and PABPC1 co-immunoprecipitate in vitro and in vivo in mouse 

cortex (Figure 3-4, D).  

  Since several members of the JAKMIP1 interactome, including PABPC1, bind single 

stranded RNA as part of their role in translational control in the RNP complex, we tested 

whether DDX5’s relationship with JAKMIP1 and FMRP is dependent on single stranded RNA.  

75 kD

          input   msIgG  msFMRP#2 

IP

IB: JAKMIP1 #2

75 kD IB: FMRP #2

         input   rbIgG  rbJAKMIP1 #1 

IB: JAKMIP1 #2

input   rbIgG  rbFMRP #1

75kD

 
75 kD

Input  space

rbJAKMIP1 #1 

        I       V1, I        V1 
double
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stranded
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RNase 
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 rbIgG

75 kD IB: JAKMIP1 #2

IB: FMRP #2

IP

Figure 3-3.  JAKMIP1 and FMRP associate in mouse postnatal neocortices. (A) FMRP and JAKMIP1 were 

immunoprecipitated from mouse postnatal neocortices and immunoblotted for JAKMIP1 and FMRP, respectively.  

(B) JAKMIP1’s association with FMRP does not depend on RNA.  JAKMIP1 immunoprecipitation reactions were 

conducted in the presence of RNases and immunoblotted for FMRP (top panel) and JAKMIP1 (bottom panel).  

Lanes labeled ‘single stranded’, ‘mix’, and ‘double stranded’ are immunoprecipitations conducted in the presence of 

RNase I, RNase I and V1, and RNaseV1, respectively.  Lanes denoted by (-) represent immunoprecipitations 

conducted without RNases.  rbIgG is rabbit IgG, and msIgG is mouse IgG.  Antibody designations are the follow-

ing: FMRP#1 is rabbit anti FMRP (H-120), and FMRP#2 is mouse anti FMRP (MAB2160).  

A B
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DDX5 failed to co-immunoprecipitate with FMRP and JAKMIP1 when single, but not double, 

stranded RNA was digested (Figure 3-4, A and C), indicating that these protein interactions are 

single stranded RNA dependent.  In sum, these data provide multiple lines of evidence that 

JAKMIP1 is part of a translational RNP complex containing DDX5, PABPC1, and FMRP.  

  

3.5 Pathway analysis suggests JAKMIP1 is involved in protein translation  

We next conducted pathway analysis of JAKMIP1’s top binding partners (Table 3-1) 

using Ingenuity Network Analysis software.  JAKMIP1 was not included in the analysis, to 

          input   msIgG  msDDX5
IB: JAKMIP1 #2

IB: DDX5

IB: FMRP #2

IP

75 kD

75 kD

75 kD

IB:JAKMIP1 #2 

IB: DDX5

IB: FMRP #275 kD

75 kD

75 kD

Input msIgG
RNase 

treatment
       V1           I       V1, I

double
stranded

single
stranded 

IB: FMRP #2 

IB: DDX5

mix

75 kD
75 kD

Input msIgG  

       I       V1, I       V1 
double 

stranded 
single 

stranded 

IB: DDX5

IB: JAKMIP1#2 

mix 
RNase 

treatment

75 kD

75 kD

msDDX5  

             input  msIgG msDDX5 
75 kD IB: JAKMIP1 #2

IB: DDX5
75 kD
          input   rbIgG  JAKMIP1 #1 

IP

diff
mNPCs

msDDX5

input   rbIgG  rbPABPC1
            IB: DDX5

IB: PABPC1
N2A
cells

75 kD 

75 kD 

IB: DDX5

IB: PABPC175 kD 

75 kD 

IP

IP IP

input  msIgG msDDX5
            

 

A B

C D

N2A
cells

SY5Y
Cells

Figure 3-4.  JAKMIP1, FMRP, DDX5, and PABPC1 co-immunoprecipitate in vitro and in vivo.  (A) DDX5’s 
association with FMRP is dependent on single-stranded, but not double-stranded, RNA.  DDX5 immunoprecipitation 
reactions were conducted in the presence of RNases as described in Figure 3-3, B and immunoblotted for FMRP (top 
panel) and DDX5 (bottom panel) to confirm the immunoprecipitation reaction.  Bottom panels: DDX5 and JAKMIP1 
associate in differentiated mouse neural progenitor cells.  DDX5 or JAKMIP1 was immunoprecipitated from two week 
differentiated mNPCs and immunoblotted with JAKMIP1 and DDX5, respectively. (B)  DDX5, JAKMIP1, and FMRP 
co-immunoprecipitate in N2A and SY5Y cells.  DDX5 was immunoprecipitated from mouse N2A cells (top panels) or 
human SY5Y cells (bottom panels) and immunoblotted for JAKMIP1, FMRP, and DDX5. (C) DDX5’s association with 
JAKMIP1 is dependent on single-stranded, but not double-stranded, RNA.  DDX5 immunoprecipitation reactions were 
conducted in the presence of RNases as described in Figure 3-3, B and immunoblotted for JAKMIP1 (top panel) and 
DDX5 (bottom panel). (D)  DDX5 interacts with PABPC1 by immunoprecipitation in mouse N2A cells and postnatal 
neocortices.  Top panels for each experiment demonstrate the PABPC1-DDX5 interaction, while the bottom panels 
shows specific PABPC1 or DDX5 pull down.  
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provide an unbiased view of the protein network interactions irrespective of JAKMIP1.   The 

JAKMIP1 protein interactions identified by MudPIT exist in two Ingenuity networks: Network 1 

(Figure 3-5, A), ‘cell to cell signaling and interaction, nervous system development and function, 

protein synthesis,’ which contains a remarkable 20 of the JAKMIP1 protein binders identified 

here out of its 34 network members, and network 2 (Figure 3-5, B), ‘protein synthesis, RNA 

post-transcriptional modification, cell death,’ which contains the remaining 11 JAKMIP1 

interactors.  ‘Protein synthesis’ was the common denominator between both of these networks 

and the most significant molecular and cellular function (p=3.73 E-16 – 2.8 E-3) (Figure 3-5, C).  

These bioinformatic results suggest that JAKMIP1 is involved in translational control because a 

significant preponderance of its close network neighbors are involved in that specific biological 

function (Oldham et al., 2008).  Table 3-3 below denotes the network membership and MudPIT 

parameter readouts for each JAKMIP1 protein interactor.  
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Name p-value # Molecules
Protein synthesis 3.73E-16 -2.80E-03 12
RNA Post-Trascriptional Modification 2.62E-06 -4.79E-02 8
Cell Cycle 8.10E-05 -3.77E-02 6
Cell-to-Cell Signaling and Interaction 1.22E-04 -3.35E-02 6
Cellular Function and Maintenance 3.38E-04 -1.69E-02 3

Figure 3-5. Ingenuity Network Analysis of JAKMIP1’s top interactors highlights protein translational 
regulation. (A) Top scoring Ingenuity network 1, ‘cell to cell signaling and interaction, nervous system develop-
ment and function, protein synthesis,’ from Ingenuity Pathway analysis of MudPIT-identified JAKMIP1 protein 
associates. (B) Second ranked gene ontology network, ‘protein synthesis, RNA post- transcriptional modification, 
cell death.’ (C) Most significant molecular and cellular functions of JAKMIP1 interactors. (D) Ingenuity Pathway 
Analysis Network Legend. Proteins highlighted in blue are JAKMIP1 protein interactors. Red lines indicate known 
protein-protein interactions. 

A B

C D
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It is notable that Ingenuity network 1 is built on protein-protein interactions, rather than 

on other relationships used to assemble Ingenuity networks, consistent with this network 

representing a true proteomic interactome.  To further explore known protein-protein 

interactions, we used the Human Protein Reference Database (Prasad et al., 2009) and identified 

a statistically significant enrichment of known protein-protein interactions (PPIs), direct or 

complex, in network 1.  This analysis identifies protein interactions conserved between mouse 

and human, as the MudPIT experiments were conducted in mouse, while the protein reference 

database is based on human protein-protein interactions.  Filtering out self-interactions, we 

identified seventeen protein associations within the list of HPRD protein interactions: 

CAMK2G/CAMK2A, HNRNPK/DDX5, HNRNPK/GNB2L1, PABPC1/GNB2L1, 

PABPC1/HNRNPK, PURA/MYO5A, PLEC1/ACTC1, PLEC1/GNB2L1, PURB/PURA, 

RPS3/DDX5, RPLP0/DDX5, RPLP0/EEF2, RPLP0/RPS3, YWHAG/CLASP1, 

YWHAG/EEF1A1, YWHAG/PABPC1, YWHAH/YWHAG.  Of note, 8 of the 17 protein-

protein interactions (47%) identified by HPRD analysis were not reported by Ingenuity 

(HNRNPK/DDX5, HNRNPK/GNB2L1, PABPC1/HNRNPK, RPS3/DDX5, RPLP0/DDX5, 

RPLP0/EEF2, RPLP0/RPS3, YWHAG/EEF1A1), suggesting that network 1 is even more tightly 

connected than reflected by Ingenuity.  A permutation analysis to test the statistical significance 

of seventeen interactions occurring within a list of 20 proteins versus random chance yielded a p 

value of p=3.36 E-12, confirming the pathway-based enrichment analysis. 

3.6 JAKMIP1 binds FMRP mRNA targets independently of FMRP 

Given that JAKMIP1 associates with FMRP and the translational machinery, we next 

asked whether JAKMIP1 binds to mRNAs whose translation is regulated by FMRP.  To test this, 

we conducted RNA immunoprecipitation (RIP) reactions.  We immunoprecipitated JAKMIP1 
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from developing mouse cortex under RNase-free conditions at a stringency where FMRP is not 

bound to JAKMIP1 based on our MudPIT analysis and tested for associated RNA using RTPCR 

for nine known FMRP mRNA targets (Dictenberg et al., 2008; Napoli et al., 2008; Santoro et al.; 

Zalfa et al., 2007): Sapap4, Dag1, Map1b, αCaMKII, App, PSD95, Ef1a, BC1, Fmr1.  As a 

positive control, we immunoprecipitated FMRP from the same protein lysate and tested for the 

association of the same mRNA targets.  Of the nine mRNAs tested, we found that Sapap4, Dag1, 

App, PSD95, Ef1a, BC1, and Fmr1 all demonstrated enrichment in the JAKMIP1 IP condition 

over the rabbit IgG control condition (Figure 3-6, A).  Map1b and αCaMKII were also enriched 

in the JAKMIP1 IP over the control IP, but to a lesser degree than what was observed in the 

FMRP positive control (Figure 3-6, A).   To test if JAKMIP1 is able to bind FMRP mRNA 

targets in the absence of FMRP, we repeated this experiment in Fmr1 KO postnatal mouse 

neocortex.  JAKMIP1 retained association with FMRP’s mRNA targets independent of FMRP 

(Figure 3-6, B).   We conducted JAKMIP1 immunoblotting of JAKMIP1 immunoprecipitation 

reactions as well as FMRP immunoblotting of Fmr1 wild-type (WT) and KO mouse cortical 

tissue to validate immunoprecipitation and knockout, respectively (Figure 3-6, A and B bottom 

panels).   
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To further validate the binding of FMRP’s mRNA targets with JAKMIP1, we conducted 

quantitative RTPCR from RNA immunoprecipitating with JAKMIP1 or rabbit IgG in 

independent mouse postnatal neocortices from both WT and Jakmip1 KO mice (negative 

control), which we generated in collaboration with the UC Davis KOMP Repository Knockout 

Mouse Project (Figure 5-1).  As a positive control, we repeated these experiments by 

Figure 3-6.  JAKMIP1 immunoprecipitates with validated FMRP mRNA targets. 

(A) JAKMIP1 immunoprecipitates with FMRP mRNA targets in mouse postnatal neocortices. Left column: RNA 

immunoprecipitating with FMRP (positive control) or mouse IgG (negative control). Middle column, RNA immu-

noprecipitating with JAKMIP1 or rabbit IgG (control). Right column, all tested mRNA targets are present in p1 

cortex. D2DR, not regulated by FMRP, serves as a negative control while 18S, a highly abundant RNA species, 

serves as a loading control.  Bottom panel shows corresponding JAKMIP1 IP reaction.  (B) JAKMIP1 immunopre-

cipitates with FMRP mRNA targets in the absence of FMRP.  From left to right: RNA immunoprecipitating with 

JAKMIP1 (lane 1) or rabbit IgG (lane 2) in FMRP KO mouse neocortex, and JAKMIP1 (lane 3) or rabbit IgG 

(lane 4) in WT mouse neocortex. Bottom leftmost panel show corresponding JAKMIP1 IP reactions.  Bottom 

rightmost panel shows loss of FMRP protein in the Fmr1 KO mouse brain used for RIP experiments.  RTPCR 

targets analyzed at 30 cycles are in black and at 35 cycles in grey. Abbreviations are: rJK1, JAKMIP1 #1; mFP, 

FMRP #2; rIgG, rabbit IgG; mIgG, mouse IgG; FP, FMRP.
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immunoprecipitating FMRP or IgG from an additional set of postnatal neocortices from WT 

mice and analyzed bound RNA by quantitative RTPCR.  Sapap4, App, Dag1, PSD95 and 

Camk2a all showed statistically significant enrichment in JAKMIP1 immunoprecipitation 

conditions in WT versus Jakmip1 KO postnatal mouse brains (Figure 3-7, A).    Map1b and 

Jakmip1, itself, showed a trend toward enrichment as well.  D2DR, not regulated by FMRP, 

served as a negative control in these experiments and did not demonstrate binding in any of the 

conditions tested (Figure 3-7, B).  Interestingly, FMRP showed statistically significant binding to 

Jakmip1 RNA (Figure 3-7, A). This is consistent with the fact that both human and mouse 

JAKMIP1 RNA contain two G-quadruplex motifs (Nishimura et al., 2007), which FMRP is 

known to associate with.  We validated JAKMIP1 immunoprecipitations and confirmed 

knockout of JAKMIP1 in the Jakmip1 KO mouse used (Figure 3-7, B).   
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Figure 3-7.  JAKMIP1 immunoprecipitates with validated FMRP mRNA targets by quantitative RTPCR. 

(A) Quantitative RTPCR of FMRP mRNA targets extracted from JAKMIP1 (J IP) or rabbit IgG (IgG IP) immuno-

precipitations from wild-type (WT, N=3) and Jakmip1 knockout (KO, N=3) postnatal brains.  FMRP IP (F IP) and 

control IPs (IgG IP) were conducted as a positive control and shown to the right of each graph (WT, N=4).  Number 

sign denotes data from an additional experiment using modified immunoprecipitation conditions (WT, N=5).  (B) 

D2DR, not regulated by FMRP, serves as a negative control and shows no signal by qRTPCR.  Western blots to the 

right show JAKMIP1 (rJK1, JAKMIP1 #1) and rb IgG IP reactions in (A).  Fold change values were transformed 

linearly.  Statistical significance determined using a two sampled, one tailed t test with unequal variance.  *p < 0.05, 

** p<0.01.  
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3.7 Discussion 

 In this chapter, we identified translational control as JAKMIP1’s overarching biological 

function through gene ontology analysis of its developmental protein interactome by mass 

spectrometry.  We further found JAKMIP1 to be a novel member of an FMRP translational RNP 

complex by demonstrating that FMRP and JAKMIP1 share protein and RNA high confidence 

interactors and by showing significant overlap of JAKMIP1’s proteomic interactome with known 

FMRP RNP complexes.  Additionally, we identified single-stranded RNA dependent interactions 

within the JAKMIP1 protein complex, consistent with this complex being involved in 

translational regulation.  

  The relationships within the JAKMIP1-FMRP RNP complex are not only consistent with 

other proteomic interactomes (Prasad et al., 2009; Sakai et al., 2011), but also show a statistically 

significant overlap with known FMRP-associated translational mRNP complexes (Kanai et al., 

2004; Villace et al., 2004).  However, it is striking that JAKMIP1 was not previously identified 

in these complexes.  One possibility is that these complexes were in adult mouse brain (Kanai et 

al., 2004) and human embryonic kidney cells (Villace et al., 2004).  As we show here, JAKMIP1 

levels peak during the second postnatal week in mouse brain, coincident with the height of 

synaptogenesis, while its levels are low in adult brain.  Therefore, it is plausible that low 

JAKMIP1 levels in the adult previously challenged its detection in these complexes, or that its 

binding to FMRP-associated RNP complexes is a more transient developmental phenomenon.  

Its absence in kidney cell RNA complexes is most certainly due to its undetectable expression in 

this tissue (Steindler et al., 2004).  

 We show here that the JAKMIP1-FMRP relationship does not depend on RNA.  Given 

this and the lack of JAKMIP1-FMRP binding at the high salt conditions used for MudPIT, this 



	   70 

association is likely mediated by a protein intermediate.  One candidate, FXR1, one of three 

‘FMRPs’ (Kanai et al., 2004), sits at a point of convergence between our study and a recently 

reported human yeast two hybrid screen (Sakai et al., 2011).  FXR1 was identified as a 

JAKMIP1 interactor in one of our MudPIT trials and was found to directly bind human 

JAKMIP1 in vitro (Sakai et al., 2011).  Notably, CAMK2A, CAMK2G, and HNRNPM, 

JAKMIP1 MudPIT interactors, were also found to be FXR1 binders in this study, bolstering the 

validity of the protein complex identified here. Testing the dependency of the JAKMIP1-FMRP 

relationship on FXR1 will be an interesting area of future study.    

 Taken together, these data implicate JAKMIP1 as a novel component of an FMRP 

translational complex.  The subsequent chapter will present functional analyses that test 

JAKMIP1’s role in FMRP-related translational control.      

3.8 Methods 

Mass Spectrometry 

JAKMIP1 was immunoprecipitated from the S2 fraction (Vidal et al., 2007) from duplicate pools 

of independent C57BL/6 mouse neocortices (N=8) during the height of JAKMIP1 protein 

expression, p8-p12, using protein A Dynabeads (Invitrogen) and JAKMIP1 #1 (Steindler et al., 

2004) (JAKMIP1 IP) or rabbit preimmune serum (control IP).  Analysis by mass spectrometry 

was conducted as previously described (Wohlschlegel, 2009).  

Gene ontology analysis.  

GO analysis was conducted using Ingenuity Pathway Analysis software 

(http://www.ingenuity.com).  MudPIT-identified JAKMIP1 protein interactors listed in Table 3-1 

were analyzed after removing JAKMIP1 and two proteins not recognized by Ingenuity, 

1810049H19Rik and Igkv1-117. 
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Permutation analysis  

The R programming language was used to identify JAKMIP1 protein interactors from gene 

ontology network 1 that are listed in HPRD (http://www.hprd.org/query; release 9) with at least 

one protein-protein interaction (PPI).  All 20 Network 1 JAKMIP1 interactors met this criteria 

(ACTC1, CAMK2A, CAMK2G, CLASP1, CLASP2, DDX5, EEF2, EEF1A1, GNB2L1, 

HNRNPK, MYO5A, PABPC1, PURA, PLEC, PURB, RPS3, GLUD1, RPLP0, YWHAG, 

YWHAH).  A permutation analysis was conducted by sampling 20 proteins 10,000 times from 

the pool of proteins in HPRD with at least one interaction (N=9819), where interactions include 

protein pairs with known direct interactions as well as protein pairs that are part of known 

protein complexes.  Since we never saw more than six PPIs in any permutation, significance was 

estimated by first fitting the PPI counts with a logarithmic distribution, and then estimating the 

expected number of permutations required to obtain the 17 PPIs observed in network 1 by 

chance.  

Hypergeometric Probability Calculations 

JAKMIP1 interactors were defined being present in both MudPIT runs, having NSAfe5 and 

spectral counts positive for JAKMIP1 IP versus rabbit preimmune serum IP in both runs and 

NSAfe5 differentials greater than 50 in at least one run (N=72).  There were 4 and 7 JAKMIP1 

interactors, respectively, also belonging to previously defined FMRP-RNP complexes each 

containing 10 (Kanai et al., 2004) or 24 (Villace et al., 2004) members, respectively (Table 3-2). 

Hypergeometric probability was calculated using R code 1-phyper (k-1, j, m-j, n) with the 

following definitions: ‘m’ is the universe of proteins defined as all brain expressed genes 

(15,132) (Kang et al., 2011), k is number of overlapping proteins, j is the number of FMRP 

complex members, and ‘n’ is the number of JAKMIP1 interactors.  
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Immunoprecipitation 

Immunoprecipitations were conducted using Dynabead protein A (for rabbit antibodies) or 

protein G (for mouse antibodies) according to manufacturer’s instructions (Invitrogen) in a ratio 

of 60:4:1 [lysate (ug): Dynabeads (ul): antibody (ug)].  For RIP experiments, JAKMIP1 IPs and 

FMRP IPs were conducted at a ratio of 60:4:0.2 [lysate (ug): Dynabeads (ul): antibody (ug)].  

FMRP IPs denoted by # were conducted at a ratio of 60:4:2 (Figure 3-7, A).   Proteins were 

precipitated with an equal or greater ug amount of rabbit or mouse IgG (Millipore) in control 

conditions.  

Antibodies 

Additional antibodies used in this chapter are the following: 

Name Antigen/Peptide 
wording from company website  

when appropriate 

Species/Clonality Source/Catalogue 
number 

PABPC1 synthetic peptide conjugated 
to KLH derived from within 
residues 600 to the C terminus 
of hu PABP 
 

Rabbit polyclonal Abcam 
ab21060 
 

CAMK2G Cter of Camk2g immunogen 
ID ag3348 
 

Rabbit polyclonal Proteintech Group 
12666-2-AP 
 

CLASP2 Amino acids 21-60 mapping 
near the Nter of human 
Clasp2 
 

Rabbit polyclonal Santa Cruz 
sc-98440 
 

BACTIN   slightly modified β-
cytoplasmic actin N-terminal 
peptide, Ac-Asp-Asp-Asp-Ile-
Ala-Ala-Leu-Val-Ile-Asp-
Asn-Gly-Ser-Gly-Lys, 
conjugated to KLH. 
 

Mouse monoclonal Sigma 
A1978 

FMRP #1 Amino acids 513-632 at the C 
terminus of human FMRP 
 

Rabbit polyclonal Santa Cruz 
sc-28739 

FMRP #2 the N-terminal half of human Mouse monoclonal Millipore 
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FMRP 
 

MAB2160 
 

 

IP followed by RT-PCR and RT-Quantitative PCR analysis 

Immunoprecipitation followed by RTPCR and quantitative RTPCR reactions were conducted as 

previously described (Napoli et al., 2008) with the following modifications.  For 

immunoprecipitation reactions, Protein A Dynabeads (Invitrogen, Carlsbad, CA) were used with 

JAKMIP1 #1, and rabbit IgG control, while Protein G Dynabeads (Invitrogen, Carlsbad, CA) 

were used with mouse anti FMRP (Millipore) and mouse IgG control.  RNA was extracted using 

a miRNeasy kit (Qiagen, Germantown, MD) and reverse transcriptase reactions were carried out 

using Superscript III and random hexamers (Invitrogen, Carlsbad, CA) according to 

manufacture’s instructions.  The following primer sets were used for Reverse Transcriptase PCR 

reactions: Sapap4_set2, a-CaMKII, PSD95_3’, Map1b, Fmr1, Ef1a1, Dag1_set1, Dag1_set2, 

D2DR, BC1, App, and 18S.  PCR Thermocycler conditions were the following: 94°C for 2 

minutes, 30 or 35 cycles of 94°C for 30 seconds, 60°C for 30 seconds, and 72°C for 1 minute, 

then 72°C for 2 minutes and hold at 4°C.  Quantitative RTPCR was carried out using Light 

Cycler 480 II (Roche Applied Science, Indianapolis, IN) and SensiFAST SYBR No-Rox mix 

(Bioline, Taunton, MA).  Transcript levels were calculated using the LightCycler 480 SW 1.5 

software (Roche Applied Science, Indianapolis, IN).      

Primer Sets Used  

Primers Forward 5’-3’ Reverse 5’-3’ reference 
α-CaMKII AGCCATCCTCACCACTATGCTGG ACCCTGGCCTGGTCCTTCAATG Napoli et 

al. 2008 
Sapap4_set2 CATCGGGATTCAGGTAGAGG ATAGGAGAGGTTGCGCTTGA 

 
 

PSD-95_3’ GGCTTCATTCCCAGCAAACG CATCAAGGATGCAGTGCTTC Zalfa et al. 
2007 

Map1b GGCAAGATGGGGTATAGAGA CCCACCTGCTTTGGTATTTG Napoli et 
al. 2008 
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Jakmip1_exons 
3-4 

GCGGAAGAGGCACTCAGTAA GTTTGCACACCAAGCTCCTT  

Fmr1 GTGGTTAGCTAAAGTGAGGATGAT CAGGTTTGTTGGGATTAACAGATC Napoli et 
al. 2008 

Ef1a1 CCAATGGAAGCAGCTGGCTT CCGTTCTTCCACCACTGATTA Zalfa et al. 
2007 

Dag1_set2 GTGAGCATTCCAACGGATTT TGGCTCATTGTGGTCTTCAG  
Dag1_set1 CTGGAAGAACCAGCTTGAGG GGACAGTCACTGGCTCATCA  
D2DR GGCCATGCCTATGTTGTATAA CCCATTCTTTTCTGGTTTGG Napoli et 

al. 2008 
BC1 GTTGGGGATTTAGCTCAGTGG AGGTTGTGTGTGCCAGTTACC Napoli et 

al. 2008 
App GGTGGCTGAGGAGATTCAAG TCACGGTTGCTATGACAACGC Napoli et 

al. 2008 
 

18S CATTAAATCAGTTATGGTTCCTTTGG TCGGCATGTATTAGCTCTAGAATTACC  
bactin AGAGGGAAATCGTGCGTGAC CAATAGTGATGACCTGGCCGT  
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Chapter 4: JAKMIP1 regulates neuronal translation  
                   and FMRP mRNA targets 
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4.1 Introduction  

 We previously demonstrated JAKMIP1’s membership in an FMRP RNP complex and its 

involvement in translation by relationship to proteins involved in this process.  Here, we conduct 

several complementary experiments to further test JAKMIP1’s membership in the translational 

machinery and its role in regulating neuronal translation. 

Because JAKMIP1 likely influences translation in concert with its binding partner, 

FMRP, whose predominant function is translational control (De Rubeis and Bagni, 2011; 

Rousseau et al., 2011; Santoro et al., 2012), we asked if JAKMIP1 affects the translational 

regulation and synaptic localization of mRNA targets shared with FMRP.  I hypothesized that 

JAKMIP1 would be involved in transporting its RNA to the synapse as it is bidirectionally 

mobile in the dendrites of cultured hippocampal neurons (Vidal et al., 2007) and shows high 

expression in dendritic shafts (Vidal et al., 2009).  Moreover, one study also suggests that 

JAKMIP1 transports and regulates the expression of GABAB receptor mRNA and protein (Vidal 

et al., 2007).  Other data support an RNA-binding role for JAKMIP1, as it binds to synthetic 

RNA polymers (Couve et al., 2004).   

  We find that JAKMIP1 shows clear association with the translational machinery in vitro 

and in postnatal mammalian cortex.  Furthermore, we demonstrate that loss of JAKMIP1 leads to 

decreased neuronal translation.  Additionally, absence of JAKMIP1 decreases PSD95 protein, 

but not RNA levels, in postnatal neocortices, suggesting a role for JAKMIP1 in PSD95 

translational regulation.  We support this result by showing attenuated loading of PSD95 RNA 

on polyribosomes in vivo.  Our data also support a role for JAKMIP1 in transport of its targets, 

as ablation of Jakmip1 in postnatal mouse neocortices results in a significant reduction of FMRP 

mRNA targets at the synapse.  These results identify JAKMIP1 as a functional component of an 



	   77 

FMRP RNP translational complex.   

4.2 JAKMIP1 and its protein interactome associate strongly with the translational 

machinery 

  Gene ontology assessment of JAKMIP1’s postnatal, neocortical proteomic interactome 

suggest JAKMIP binding to the translational machinery.  To confirm that JAKMIP1 co-

fractionates with the translational machinery in vivo, we conducted polyribosome fractionation 

from WT mouse postnatal neocortices in independent mice (N=3).  We found that JAKMIP1 

shows strong expression in polyribosome fractions (Figure 4-1, A).  We tested two additional 

JAKMIP1 binding partners identified here and known FMRP protein binding partners, DDX5 

(Ishizuka et al., 2002; Kanai et al., 2004) and PABPC1 (Napoli et al., 2008), for polyribosome 

expression.  Both were expressed in polyribosomes (Figure 4-1, A, B).   PABPC1 serves as a 

polyribosome-positive control; it is critical for polyribosome formation, as it circularizes the 

mRNA to be translated (Gebauer and Hentze, 2004; Napoli et al., 2008).  Importantly, other top 

JAKMIP1 interactors identified here (Table 3-3) are known to be enriched in polyribosomes, 

such as EEF2, EEF1A (Kanai et al., 2004), PURA (Ohashi et al., 2002), MYO5A (Ohashi et al., 

2002) and ribosomal subunits proteins. 

We next tested JAKMIP1’s association with the polyribosome complex by in vivo 

intraperitoneal administration of puromycin, which causes premature release of the growing 

peptide chain and disrupts the translational machinery (Stefani et al., 2004).  Intraperitoneal 

injection of puromycin in mouse has been shown to effectively reduce cortical translation 

(Flexner et al., 1962).  Puromycin treated postnatal neocortices showed less JAKMIP1 in 

polyribosome fractions than phosphate buffered saline injected controls, consistent with 

JAKMIP1 being a member of the translational machinery (Figure 4-1, A).  PABPC1 and DDX5, 
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JAKMIP1 protein interactors identified here, also shifted to lighter fractions upon puromycin 

treatment (Figure 4-1, A).  We found that PABCP1 and DDX5 polyribosome profiles were also 

disrupted in Jakmip1 KO mice (N=3), both showing shifts to lighter fractions compared to WT 

controls resembling the changes seen with in vivo puromycin injection (Figure 4-1, A-B). 
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In a complementary test of JAKMIP1’s association with the translational machinery, we 

determined if JAKMIP1 binds to eGFP fused polyribosomes in mouse N2A cells by co-

immunoprecipitation.  We took advantage of a BacTRAP cell line in which RPL10A, an integral 

part of the 60S ribosome subunit, is fused to an enhanced green fluorescent protein tag (Heiman 

et al., 2008).  We used anti eGFP antibodies to isolate the translational machinery by 

immunoprecipitation and immunoblotted the reaction for PABPC1, DDX5, JAKMIP1, and eGFP 

(positive control).  JAKMIP1, DDX5, and PABPC1 all immunoprecipitated with the 

translational machinery (Figure 4-2, A).    Non specific binding of eGFP to polyribosomes was 

discounted as a possible interpretation of this result (Figure 4-2, B). 

  

                       

A

B

Figure 4-2.  JAKMIP1 associates with the translational machinery in vitro. 
(A)  JAKMIP1, DDX5 and PABCP1 coimmunoprecipitate with EGFP-L10a polyribo-
somes in BacTRAP N2A cells. Polysomes were immunoprecipitated using anti-eGFP 
antibody followed by immunoblotting for JAKMIP1, DDX5, PABPC1, and eGFP. (B)  
The eGFP protein of the BacTRAP fusion protein does not bind non specifically to 
polyribosomes. PABPC1, a component of the polyribosome and JAKMIP1 interactor, 
associates with BacTRAP eGFP-RPLP0 fusion proteins (lane 4, top panel) but not eGFP 
alone (lane 6, top panel). GFP is effectively immunoprecipitated from BacTRAP cell 
lines (lane 4, bottom panel) and cell lines expressing eGFP alone (lane 6, bottom panel).  
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Lastly, we tested if JAKMIP1 colabels with PABPC1-containing RNP granules.  RNP 

granules are dynamic structures with heterogeneous members and functions (Kiebler and 

DesGroseillers, 2000).  We reasoned that JAKMIP1 is a likely member of a transport RNP, as 

these structures are involved in translation (Kiebler and DesGroseillers, 2000) and, like 

JAKMIP1(Vidal et al., 2007), are motile.  Additionally, known transport RNPs contain several 

JAKMIP1 binding partners identified by MudPIT (Table 3-2), including PABPC1, which is a 

component of an FMRP containing RNP (Villace et al., 2004).  To test if JAKMIP1 co-labels 

with PABPC1 positive granules, we overexpressed human JAKMIP1 and human PABPC1 in 

differentiated mouse neural progenitor cells lacking Jakmip1 and assessed localization by 

immunocytochemistry.  We observed that JAKMIP1 co-localizes with PABPC1-positive RNP 

granules, providing another independent line of evidence for its membership in these complexes 

(Figure 4-3).  

 

 

 

 

 

Figure 4-3.  JAKMIP1 colocalizes with PABPC1 in vitro.  
JAKMIP1 is present in PABPC1-positive granules (arrows). A human 

PABPC1-dsRED fusion protein and human JAKMIP1 N-ter construct 

were coexpressed in differentiated mouse neurons of Jakmip1 KO 

mice and immunolabled using an anti RFP antibody (middle panel) or 

an anti V5 antibody (left panel).  Scale bar is 20 um.

JAKMIP1 PABPC1 MERGE

20uM

JAKMIP1 PABPC1 MERGE
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4. 3 JAKMIP1 regulates FMRP shared mRNA targets  

Since our data show that JAKMIP1 binds several known FMRP RNA targets, I 

hypothesized that JAKMIP1 might regulate the expression of these targets, as FMRP is heavily 

involved in translational control.  We tested this by analyzing the protein and RNA expression of 

the aforementioned targets, Sapap4, App, Dag1, PSD95, and Camk2a, both in the total postnatal 

neocortex and in synaptosomal fractions, where FMRP translational control is known to occur.  

Map1b was also included in this study, as it showed a trend toward binding to JAKMIP1 protein 

in RIP-RTPCR experiments.  PSD95 showed a statistically significant decrease in protein 

expression, both in total cortical protein and in protein from synaptosomal membranes (Figure 4-

4, A).  PSD95 RNA levels from total cortex, however, did not change (Figure 4-4, C left), 

suggestive of a role for JAKMIP1 in translation of this target.   

To determine if the reduction of PSD95 protein in postnatal neocortex of Jakmip1 KO 

mice is due to a disruption of translation, we tested if PSD95 mRNA showed reduced loading in 

the polyribosome fraction of Jakmip1 KO mice (N=3) compared to sex-matched littermate 

controls.  We found that PSD95 mRNA is reduced in the monosome and polyribosome fractions 

of Jakmip1 KO mice (Figure 4-4, B).  This further implicates JAKMIP1 in PSD95 translational 

control. 

Interestingly, JAKMIP1 mRNA targets, Sapap4, App, Dag1, PSD95, and Camk2a, 

combined showed a significant reduction in expression in synaptosomal fractions from Jakmip1 

KO postnatal neocortices versus WT controls (Figure 4-4, C right), potentially implicating 

JAKMIP1 in the transport of these targets to the synapse.    
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Figure 4-4. Loss of JAKMIP1 in mouse postnatal neocortices decreases PSD95 protein and target RNA expression in 

synaptosomal fractions.

(A) Reduction of PSD95 protein in total cortex and synaptosomal membranes of Jakmip1 KO mice shown as a percentage 

of WT littermate protein levels measured by image densitometry.  Values are mean +/- SEM (WT, N=3; KO, N=4, as one 

litter contains two KOs).  Statistical significance for total cortex protein levels is determined using a linear mixed-effects 

model controlling for random effects of litter (P=0.005).  For synaptosomal membranes, the fixed effects of blot and 

random effects of litter was controlled for (P=0.03).  A representative western blot is shown to the right. (B)  PSD95 mRNA 

is reduced in the monosome and polyribosome fractions of Jakmip1 KO mice (N= 4; Monosomes, p=0.0020; Polyribo-

some, p=0.0015; one-tailed unpaired Student's t-tests).  Values are mean +/- SEM.  ** p< 0.01 (C)  RNA levels of PSD95 in 

total cortex (left) or of JAKMIP1/FMRP shared RNA targets in synaptosomal fractions (right).  Expression of PSD95 RNA 

in total cortex is displayed as fold change from WT littermate control and is measured by quantitative RTPCR.  Values are 

mean +/- SEM (WT, N=3; KO, N=4).   P-values were calculated from a two sample, two tailed t-test of delta CT values 
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mixed-effects model controlling for the random effects of litter and fixed effects of gene (WT, N=6; KO, N=7, litter or 

cagemates: LPI, P=0.046; LS1, P=0.0006). 
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Other shared JAKMIP1/FMRP mRNA targets did not show changes in protein or RNA in 

total cortex (Figure 4-5, A) or in synaptosomal fractions (Figure 4-5, B).  Notable exceptions are 

that the DAG1 precursor protein showed a statistically significant increase in protein expression 

in total cortex (Figure 4-5, A) and Dag1 demonstrated a statistically significant decrease in RNA 

levels at synapses (Figure 4-5, B).   JAKMIP1 protein loss was confirmed in all protein fractions 

analyzed (Figure 4-5, C).    

                      

Figure 4-5.  Expression of JAKMIP1/FMRP shared mRNA targets in postnatal neocortices of Jakmip1 KO mice.

 (A) Protein (left) and RNA (right) levels of mRNA targets in total cortex of Jakmip1 KO mice. Protein is shown as a percent-

age of WT levels, measured by image densitometry.  Statistical significance for protein level changes is determined using a 

linear mixed-effects model controlling for random effects of litter.  Expression of RNA is displayed as fold change from WT 

littermate control, measured by qRTPCR.  P-values are calculated from a two sample, two tailed t-test of delta CT values 

�7DUJHW�ơDFWLQ����9DOXHV�DUH�PHDQ�����6(0��:7��1 ���.2��1 ������%���3URWHLQ��WRS��DQG�51$��ERWWRP��OHYHOV�RI�P51$�
targets in synaptosomal fractions of Jakmip1 KO mice and WT controls.  Top row: Protein expression of mRNA targets in P1 
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Synaptosomal RNA levels in Jakmip1 KO and WT controls.  RNA expression is determined by qRTPCR and normalized to 

the P1 fraction signal.  `actin is used as a control.  9DOXHV�DUH�PHDQ�IROG�FKDQJH�����6(0���6WDWLVWLFDO�VLJQLILFDQFH�LV�deter-

mined using a linear mixed-effects model controlling for the random effects of litter.  P2 is crude synaptosomal membranes 
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4. 4 JAKMIP1 is involved in neuronal translational control 

 To determine if JAKMIP1 plays a more general role in translational control, we measured 

new translation in neurons from Jakmip1 KO versus WT littermate animals using Fluorescent 

Non–Canonical Amino Acid Tagging [FUNCAT, commercially ClickIT (Invitrogen, Carlsbad, 

CA)] (Dieterich et al., 2010).  Differentiated mouse neuroprogenitor cells were depleted of 

methionine followed by incorporation of a nonradioactive reagent, L-homopropargylglycine 

(HPG), an analog of methionine, into newly synthesized proteins, which is then detected by a 

fluorescent azide molecule.  We quantified the level of nascent protein synthesis by measuring 

fluorescent signal within neurons identified by TUJ1 immunocytochemical staining (Figure 4-6, 

boxes 1-3).   To do this, we developed a computer program using the R software environment 

(http://www.r-project.org/) and the packages rimage and pixmap (downloaded via CRAN) 

(Figure 4-6, box 4).  Images were subsequently manually curated to remove overlapping glial 

signal and to divide the neuron into cell body and neurite compartments (Figure 4-6, boxes 5-7).  

 

 

 

 

 

 

 

 

 

 

Program 
output

new translation TUJ1

Curated 
image

neurites soma

merge
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background

Figure 4-6.  Methodology for quantification of nascent translation. 
Merged TUJ1/new translation images from Click-IT translational analysis (box 1).  New translation is 
determined by red pixels units (box 2) within the TUJ1-positive space (box 3).  Representative mask 
images from our customized computer analysis (box 4).  Images were curated to exclude artifacts and 
overlapping glia signal (box 5), soma (box 6), or neurites (box 7). Background fluorescence was calcu-
lated from a manually placed 19 pixel diameter circle adjacent to the neuronal space and not overlap-
ping glia occupied space (box 8).  Brightness and contrast on top row box 2 was slightly adjusted to 
highlight neuronal and glial translation.  
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We found a significant reduction in nascent neurite, soma, and whole cell translation in 

neurons from Jakmip1 KO mouse brains compared to neurons from matched WT littermates 

(Figure 4-7).   This finding implicates JAKMIP1 in global, basal neuronal translation.   
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Figure 4-7.  Jakmip1 knockout decreases protein translation in TUJ1-positive neurons.

(A) Representative images used for FUNCAT analysis, where greater pixel intensity (red, Azide 555) demonstrates 

increased translation.  To facilitate visualization of translation, brightness of the red image was increased equally for both 

genotypes.  Two brightness levels are shown to highlight soma (brightness 1) and neurites (brightness 2).  Brightness was 

adjusted slightly for TUJ1 images.  Panel descriptions: upper left, TUJ1 (white scale bar is 20uM) ; upper right, Azide 555 

(new translation, cell soma); lower left, neurite mask (space analyzed); lower right (new translation, cell neurite, analysis 

space shown).  White arrows indicate cell soma translation, while black arrows indicate neurite translation.  (B) Nascent 

protein synthesis, defined as the mean signal intensity (total pixel intensity/area measured) is decreased in neurites (WT, 

N=227; KO, N=264 images, P=0.00125) and soma and whole cell (WT, N=199, KO, N= 224 images, P=0.049 and 0.045, 

respectively) of neurons lacking JAKMIP1. Significance across three trials was estimated using mixed effects regression 

with a fixed effect covariate for date and a random intercept for litter.  Residual intensity after correction for date and 

littermate set is displayed.  * p <= 0.05, ** p<= 0.01, *** p <= 0.001.
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4.5 Discussion  

In this chapter, we conducted functional testing of JAKMIP1’s association with the 

translational machinery, its regulation of FMRP shared mRNA targets, and its role in global 

basal translation.    

JAKMIP1’s membership in the translational machinery was determined using 

polyribosome profiling in vivo, BacTRAP in vitro experiments, and double label 

immunocytochemistry.  JAKMIP1’s polyribosome profile suggests that it is robustly expressed 

in polyribosomes, but demonstrates greatest expression in mRNP fractions.  mRNPs are involved 

in the transport of the translational machinery to the synapse (Bassell and Warren, 2008).  

JAKMIP1 expression in mRNPs is consistent with it binding to an FMRP complex, as FMRP 

shows high, and sometimes exclusive, expression in mRNPs (Dictenberg et al., 2008; Papoulas 

et al., 2010; Siomi et al., 1996; Zalfa et al., 2003).  JAKMIP1 expression in mRNPs is also 

consistent with its bidirectional movement along microtubules (Vidal et al., 2007).  We further 

identify JAKMIP1 as an integral component of the translational machinery as its polyribosome 

profile is disrupted in postnatal neocortices of puromycin-treated mice and Jakmip1 KO mice 

show disruptions in the polyribosome profiles of translational machinery components PABPC1 

and DDX5 that mirror those of puromycin-injected mice.  

JAKMIP1 binds the FMRP mRNA targets, Sapap4, App, Dag1, PSD95 and Camk2a.  

We show here that JAKMIP1 regulates the expression and subcellular distribution of these 

targets.  JAKMIP1’s role in transporting these targets is suggested by their decreased 

synaptosomal expression in postnatal neocortices from Jakmip1 KO mice.  We further 

demonstrate that JAKMIP1 exerts translational control over PSD95, which shows protein, but 

not RNA, reduction in postnatal neocortices of Jakmip1 KO mice.  This is additionally supported 



	   87 

by loss of PSD95 mRNA from the translational machinery in postnatal neocortices of Jakmip1 

KO mice.   

PSD95 protein reduction occurs with Jakmip1 ablation and with Fmr1 KO (Muddashetty 

et al., 2007; Zalfa et al., 2007).  PSD95 is a major component of the postsynaptic density and a 

critical mediator of neuronal plasticity (Beique and Andrade, 2003; Steiner et al., 2008; Yao et 

al., 2004).  Therefore, loss of JAKMIP1 leading to decreased PSD95 could have large behavioral 

ramifications.  Importantly, deletion of mouse PSD95, Dlg4, leads to autistic like behaviors, such 

as communication and social abnormalities and repetitive behaviors (Feyder et al., 2010).    

   We, finally, demonstrate that JAKMIP1 loss reduces basal neuronal translation.  This is 

consistent with Jakmip1 KO mice showing decreased PSD95 protein and a trend toward reduced 

APP, CAMK2A, and SAPAP4 at the synapse (Figure 4-5, B).  However, global translation 

reduction with Jakmip1 loss suggests that JAKMIP1 regulates many additional targets, which 

could be identified using an ‘omics’ approach, such as in vivo BacTRAP technology (Heiman et 

al., 2008).   

Another area of further research is to determine why absence of Jakmip1 decreases 

translation, while loss of FMRP leads to a general increase in translation, seen in Fmr1 knockout 

out mice (Osterweil et al., 2010; Qin et al., 2005) and in lymphoblastoid cell lines of FXS 

patients (Gross and Bassell, 2011).  It is important to note here that the direction of FMRP’s 

translational regulation is highly nuanced and dependent on neuronal activity (De Rubeis and 

Bagni, 2011; Greenough et al., 2001; Muddashetty et al., 2007; Todd et al., 2003).  In fact, loss 

of Fmr1 ablates activity–dependent increases in translation (Muddashetty et al., 2007). 

 Data further suggests that JAKMIP1 is downstream of FMRP.  Loss of JAKMIP1 does 

not change FMRP protein or RNA levels (data not shown).  However FMR1 reduction leads to 
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decreased JAKMIP1 protein and RNA in mouse and human neural systems (Nishimura et al., 

2007).  Additionally, FMRP binds Jakmip1 mRNA (Figure 3-7, A), but JAKMIP1 does not bind 

Fmr1 mRNA (data not shown).  The JAKMIP1-FMRP relationship will be an exciting area for 

future exploration.    

In sum, these data show that JAKMIP1 not only associates with the translational 

machinery and binds to FMRP translational targets, but also regulates a major component of the 

synapse, PSD95, and affects translation globally.  These data indicate that JAKMIP1 is involved 

synaptic function.  In Chapter 5, we will test if these molecular disruptions result in behavioral 

abnormalities in a novel Jakmip1 knockout mouse.   

4.6 Methods 

Polyribosome fractionation: 

Polyribosome fractionation was conducted as described (del Prete et al., 2007) with 

modifications using postnatal day 8-14 C57BL/6 mouse neocortices.  Fractionation experiments 

were repeated three times from independent mice.  Protein fractions were separated through 8-

50% sucrose gradient by ultracentrifugation and profiled at 254 nm using a UV Isco Fractionator 

(Teledyne Isco).  Fractions were immunoblotted for PABPC1, DDX5, and JAKMIP1 at equal 

volumes and were additionally analyzed for presence of RPS6 and EIF4E, polyribosome-positive 

controls.   

To conduct fractionation experiments, mouse neocortices were preincubated at 4 ℃ for 

10 minutes after brief homogenization in 250ul lysis buffer (10mM Tris-HCl at pH 8.5, 150mM 

NaCl, 50mM MgCl2, 1% Nonidet-P40, 0.1U/ul RNase OUT, 40mM dithiothreitol, 1% Sodium 

deoxycholate, and 1.73mg/ml cycloheximide).  After further homogenization for 50 seconds at 4 

℃, we added 720 ul lysis buffer and centrifuged it for 30 minutes at 12,000 g at 4 ℃ to remove 
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the nuclei.  After taking the supernatant, we repeated centrifugation.  The supernatant was, then, 

supplemented with 500ul of 2X extraction buffer (200mM Tris-HCl at pH 7.5, 300mM NaCl), 

1mg/ml heparin, and 10mM phenyl-methyl-sulfonyl fluoride.  It was centrifuged at 12,000 g for 

5 minutes at 4 ℃ to remove mitochondria and membranous debris.  Its supernatant was 

centrifuged one more time, and its supernatant was layered onto a linear sucrose gradient (8% – 

50% sucrose [w/v], supplemented with 10mM Tris-HCl at pH 7.5, 140mM NaCl, 1.5mM MgCl2, 

10mM dithiothreitol, 0.1mg/ml cycloheximide, 0.5mg/ml heparin) and centrifuged in a SW41 

rotor for 120 minutes at 38,000 rpm at 4 ℃.  Fractions were collected in 18 fractions.  Equal 

volume from each faction was analyzed by western blotting. 

RNA extraction from polyribosome fractions for quantitative RT-PCR 

To extract RNA from polyribosomes fractions, fractions were combined for each mRNP, 

monosome, and polyribosome fraction based on polyribosome fraction UV profiles.  For control 

RNA, 1ul of pAW109 RNA (Applied Biosystems, Foster City, CA) was added into 100ul of the 

combined fractions.  Fractions were digested in 0.2mg/ml proteinase K in 1% SDS and 10mM 

EDTA for 60 minutes at 50 ℃. Using acid phenol chloroform, RNA was extracted.  To remove 

the high concentration of heparin, 2.5M LiCl was used for precipitation followed by 70% 

ethanol. 

BacTRAP IPs 

Immunoprecipitation reactions from BacTRAP N2A cell lines were carried out using the S2 

protein fraction and an equal amount of bioreactor supernatants of mouse anti eGFP antibodies 

clones 19C8 and 19F7 from the Monoclonal Antibody Core Facility at Memorial Sloan-

Kettering (New York, NY).  Immunoprecipitations for BacTRAP experiments were performed in 

0.15M KCl IP wash buffer [20mM HEPES-KOH (pH 7.4), 5mM MgCl2, 150mM KCl, 



	   90 

1%NP40].  Protein was precleared for two hours in mouse IgG bound Protein G Dynabeads 

(Invitrogen, Carlsbad, CA) prior to 4°C overnight immunoprecipitation reactions.  Final washes 

were conducted in 0.35M KCl IP wash buffer [20mM HEPES-KOH (pH 7.4), 5mM MgCl2, 

350mM KCl, 1% NP40], and protein was eluted in eluted in 100mM Tris-HCl, 8M Urea for 30 

minutes at room temperature. 

Immunocytochemistry 

Mouse neural progenitor cells (mNPCs) were grown and differentiated as described in section 

2.6.  Confluent cells were transfected with 10 μg each of JAKMIP1 and PABPC1 containing 

expression plasmids using Lipofectamine LTX and PLUS Reagents (Invitrogen, Carlsbad, CA) 

according to manufacturer's instructions.  We used a previously published (Steindler et al., 2004) 

human JAKMIP1 expression plasmid in which N-ter human JAKMIP1 (amino acids 1-365) is 

cloned into pcDNA4/V5-His/zeo (Invitrogen, Carlsbad, CA).  We fully sequenced the JAKMIP1 

construct and conducted site-directed mutagenesis (QuikChange Multi Site-Directed 

Mutagenesis Kit, Stratagene, La Jolla, California) to correct erroneous base pair substitutions.  

PABPC1-dsRED expression constructs were created using Gateway clonase technology 

(Invitrogen, Carlsbad, CA) with plasmids pENTR PABPC1 (Open BioSystems/Thermo 

Scientific, Waltham, MA) and pLVU/dsRED destination vector, Addgene 24178 (Krupka et al., 

2010).  To test these constructs, we conducted immunoblotting for JAKMIP1 and PABPC1 from 

protein lysates of 293T cells 24 hours post transfection with JAKMIP1 and PABPC1 

overexpression constructs.  Correct protein expression was observed.  We conducted 

fluorescence immunostaining for PABPC1 and JAKMIP1 24 hours post-transfection of 

differentiated mNPCS to test for colocalization using anti-RFP and anti-V5 antibodies.  Image 

acquisition was performed using Zeiss AxioCam and all images were taken at 40X/ .75 NA 
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magnification. 

Western Blotting 

Conducted as described in section 2.6.  

Quantitative RTPCR 

Conducted as described in section 3.8  

Antibodies 

Additional antibodies used in this chapter are the following: 

 
Name Antigen/Peptide 

wording from company website  
when appropriate 

Species/Clonality Source/Catalogue 
number 

TUJ1 (anti 
Neuronal Class 
III β-Tubulin) 

microtubules derived  
from rat brain.  Does not 
identify b-tubulin found in 
glial cells. 

Mouse monoclonal  Covance 
MMS-435P 

PSD95 Synthetic peptide 
corresponding to residues in 
the N terminal of human 
PSD95 

Rabbit monoclonal  Abcam 
Ab76115 

DAG1 Amino acids 831-895 
mapping at the Cter of Dag1 
precursor of human origin 

Mouse monoclonal Santa Cruz 
SC165997 
 

CAMK2A Synthetic peptide: 
KWQIVHFHRSGAPSVLPH 
conjugated to KLH, 
corresponding to C terminal 
amino acids 461-478 of Rat 
CaMKII alpha  

Rabbit polyclonal Abcam 
ab50202 

MAP1B MAP1B fusion protein 
ag16255 

Rabbit polyclonal  Proteintech Group 
216331AP 

APP amino acids of human 
amyloid A4 protein precursor 
(APP) corresponding to the 
amino terminus of the 4K Ab 
peptide generated by b- and g-
secretases . 

Rabbit polyclonal Sigma 
SAB3500274 
 

SAPAP4 internal region of SAPAP4 
human origin 

Rabbit polyclonal  Santa Cruz 
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sc86852 

 
V5 synthetic peptide based on the 

V5 epitope 
Mouse monoclonal Invitrogen 

 37-7500 
GFP highly purified recombinant 

full length protein made in 
Ecoli. The antibody is 
directed against the entire 
GFP molecule 

Rabbit polyclonal Abcam 
ab290 

RFP Recombinant RFP expressed 
in E. coli 

Rabbit polyclonal  Abcam 
ab62341 
 

 

Subcellular fractionation 

Subcellular fractionation was conducted as previously described (Hallett et al., 2008).  

Nascent synthesis of proteins 

ClickIT (FUNCAT) analysis was performed on TUJ1 immunostained two week differentiated 

mouse neural progenitor cells using L-homopropargylglycine (HPG) and a 555-fluorophore 

tagged azide molecule (Invitrogen, Carlsbad, CA).  For methods regarding harvesting of mouse 

progenitor cells and differentiation conditions see section 2.6.  Click-iT® L-

homopropargylglycine (HPG) was incorporated into newly translated proteins for two hours, as 

recommended by the manufacturer, followed by conversion to a fluorescently labeled stable 

triazole conjugate using a 555-fluorophore tagged azide molecule in the presence of copper.  The 

two hour time pulse-chase application of HPG was chosen as this allows translation visualization 

in distal dendritic segments (Dieterich et al., 2010).  To determine background fluorescence, a 

subset of cells were not given HPG or 555-azide.  WT and KO cells were analyzed from same-

day images.  A baseline exposure time for the red channel (translation) was calculated by 

sampling random cells.  This time interval of exposure was used for all experiments for red 
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channel images.  Background fluorescence for each image was calculated from a manually 

placed 19 pixel diameter circle adjacent but not overlapping with the neuron and glia occupied 

space.  Translation was assessed across imaging days, which represent independent experiments.  

Individual coverslips, representing distinct reactions were analyzed and outliers within coverslips 

were manually checked.  A strong relationship between day of imaging and 555 fluorescence 

was observed, so a covariate was used to control for day of imaging.  For FUNCAT analysis, 

three trials were performed: two trials from one littermate mouse set (trial 1: WT, N=74; KO, 

N=80: trial 2: WT, N=91; KO, N=92) and one trial from an additional littermate set (trial 3: WT, 

N=62; KO, N=92).  Fluorescent images were acquired using a Zeiss Axio Imager, D1 camera 

and AxioVison software. 
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Chapter 5: Determination of JAKMIP1’s in vivo role:  
                    Jakmip1 KO mouse 
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5.1 Introduction  

I hypothesized that absence of Jakmip1 in vivo would result in ASD-associated behaviors 

for the following reasons.  First, JAKMIP1 regulates FMRP function by binding to its 

translational complex (Figure 3-3, Table 3-2), associates with FMRP mRNA targets (Figure 3-6, 

Figure 3-7), and regulates the synaptic distribution of these targets (Figure 4-4).  As mutations in 

FMR1 are the leading inherited cause of ASD (De Rubeis and Bagni, 2011), disrupting FMRP 

function by loss of a key regulator would likely lead to ASD-related behaviors.  Second, loss of 

JAKMIP1 in vivo reduces the expression of PSD95 at the synapse (Figure 4-4).  PSD95 is 

critical for proper synaptic function (Beique and Andrade, 2003; Steiner et al., 2008; Yao et al., 

2004), and loss of PSD95 in vivo leads to deficits in ASD core behavioral domains (Feyder et al., 

2010).  Thus, it follows that disrupted PSD95 levels resulting from Jakmip1 ablation would lead 

to similar deficits in ASD associated behaviors.  Lastly, JAKMIP1 regulates basal translation 

(Figure 4-7).  Perturbations in the translational machinery have recently been found to result in 

ASD behaviors (Santini et al., 2013).  Therefore, I hypothesized that Jakmip1-related disruptions 

in translation would cause impairments in ASD behavioral domains.   

To test this hypothesis, we generated a Jakmip1 KO mouse with the UC Davis KOMP 

Repository Knockout Mouse Project.  This mouse has construct validity [contains the same 

biological perturbation as the human disorder (Silverman et al., 2010)] for the following reasons.  

JAKMIP1 RNA is reduced in postmortem brains of autism patients with 15q duplications that 

include CYFIP1 (Oguro-Ando and Geschwind, unpublished), JAKMIP1 is decreased in the 

cortex of Fmr1 KO mice and human neural cells with FMRP reduction (Nishimura et al., 2007), 

and a deletion of JAKMIP1 exons was found in an autistic individual (Hedges et al., 2012).   
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We conducted an extensive battery of tests to characterize this mouse, including 

behavioral paradigms centered on ASD related behaviors.  We found that Jakmip1 KO mice 

weight less and have shorter brains than WT mice.  Additionally, Jakmip1 KO mice have 

impaired motor coordination, with significant deficits in the rotorod and wire hang test.  Jakmip1 

KO also results in an attenuated acoustic startle response not related to hearing loss.    

Jakmip1 KO mice show significant deficits in two core domains of ASD, restrictive and 

repetitive behavior and social abnormalities, confirming our hypothesis.  Additionally, Jakmip1 

mice show anxiety and learning deficits, phenotypes associated with both ASD and Fragile X 

syndrome (De Rubeis and Bagni, 2011).  Based on the data reported here, we present the 

Jakmip1 KO mouse as a new in vivo model of ASD, a valuable resource for gene discovery and 

drug development.   

5.2 Generation of a novel mouse model of ASD 

We developed a novel Jakmip1 KO mouse in collaboration with the trans-NIH Knock-

Out Mouse Project (KOMP).  We obtained C57BL/6 embryonic stem cells from the KOMP 

Repository (Jakmip1tm1(KOMP)Vlcg ; Jakmip1 coding exons 2-8 replaced with a LacZ-Neo cassette by 

homologous recombination; Velocigene, Regeneron Pharmaceuticals, Tarrytown, NY) and bred 

chimeras with C57/BL6 mice (Jackson Laboratories, Bar Harbor, ME) to obtain heterozygote 

mice, which were then crossed to produce WT, heterozygous (HET), and KO mice.  We 

determined genotypes by performing polymerase chain reaction on the 5 and 3 prime ends of the 

cassette-gene juncture and sequenced the resulting PCR amplicons for verification of the 

insertion site (Figure 5-1, A).  The observed ratio of genotypes showed a trend toward deviation 

from expected Mendelian ratios after postnatal day eight, suggesting that loss of Jakmip1 confers 

lethality with incomplete penetrance during a time of peak JAKMIP1 expression in WT mice [P 
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values generated from a Chi-square analysis with 2 degrees of freedom.  Category 1; all mice, 

N=190 (WT=42, HET=110 KO=38), Chi squared = 4.91, P= 0.086: Category 2; mice > p8, 

N=145 (WT=35 HET=85 KO=25), Chi squared = 5.69, P= 0.058: Category 3; mice < p8, N=45 

(WT=7 HET= 25 KO=13), Chi-squared = 2.16, P= 0.34].   

We confirmed absence of JAKMIP1 protein in KO mice and a reduction of protein in 

HET mice in C57BL/6 postnatal mouse neocortices and differentiated mouse neural progenitor 

cells (Figure 5-1, C and D).  Quantitative RTPCR analysis of Jakmip1 RNA from postnatal brain 

hemispheres of WT, HET, and KO mice showed a lack of Jakmip1 RNA in KO brains and a 1.67 

+/- 0.054 (SEM) fold increase of Jakmip1 transcript in WT mice compared to HET mice 

(P=0.0011, two tailed t test; Figure 5-1, B).  β-galactosidase staining was conducted in coronal 

sections of postnatal Jakmip1 HET and WT (control) mouse brains to test for proper Jakmip1 

promoter activity.  Staining recapitulated known Jakmip1 RNA expression (Figure 5-1, E).  
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Figure 5-1.  Generation of the Jakmip1 knockout mouse. (A)  Schematic representation of gene 
ablation strategy.  Jakmip1 exons 2 through 8 were replaced with a LacZ/neo cassette.  Genotyping 
strategy is outlined along with representative PCR amplicons from KO, HET, and WT mice.  Depic-
tion of Jakmip1 is from http://www.genome.ucsc.edu. (B) Jakmip1 RNA is absent from KO, but not 
HET or WT, mouse postnatal brain by quantitative RTPCR.  Signal from the plateau phase (45 PCR 
cycles) is shown. (C-D)  JAKMIP1 protein is absent from KO and is reduced in HET compared to 
WT mouse in postnatal day 12 neocortex and 3 week differentiated mouse neural progenitor cells by 
western blotting. (E) LacZ is expressed in Jakmip1 heterozygote but not wild-type littermate by 
X-gal staining. (B-D) Dashed line below immunoblots denotes littermates.  Coronal image in ‘E’ is 
used to show region of imaging and is from Allen Mouse Brain Atlas [Internet]. Seattle (WA): Allen 
Institute for Brain Science. ©2009. Available from: http://mouse.brain-map.org.
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We found that Jakmip1 KO mice weigh significantly less than WT littermates (Figure 5-

2, A).  Additionally, Jakmip1 KO mice have significantly shorter brains and a trending decrease 

in brain width as compared to WT littermates (Figure 5-2, B).  Jakmip1 HET mice do not show 

differences in weight or brain width and length (Appendix Figure 1-1).  To test for changes in 

individual brain structures and neuronal numbers, we conducted histology on Jakmip1 KO, HET 

and WT brains at p30, time-matched for the observed decrease in brain length.  We did not 

detect any gross morphological abnormalities in the cortex, hippocampus, or cerebellum of 

Jakmip1 KO or HET mice compared to WT controls by DAPI and NeuroTrace staining.  To test 

for differences in neuronal number, we conducted NeuN immunohistochemistry in the 

somatosensory cortex of Jakmip1 KO and WT controls.  We found no change in the number of 

NeuN positive neurons in Jakmip1 KO mice compared to WT controls in both total cortex and in 

individual layers.   
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Figure 5-2.  Somatic characteristics of the Jakmip1 KO mouse. (A) Jakmip1 KO mice 

weigh signficantly less than WT mice.  Mice were weighed between p44 and p47.  Female 

mice: WT, N=11; KO, N=7; P=0.029, two sample, two tailed t-test.  Male mice: WT, N=10; 

KO, N=8; P=0.049, two sample, two tailed t-test. (B)  Jakmip1 KO mice have signficantly 

shorter brains than WT mice.  Brain length and width was measured at p30.  Length: WT, 

N=3; KO, N=5; P=0.003, two sample, two tailed t-test.  Width: WT, N=3; KO, N=5. Values 

are mean +/- SEM.  * p <= 0.05, ** p<= 0.01, *** p <= 0.001.
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5.3 General Behavioral Characteristics 

 We examined the general behavioral characteristics of Jakmip1 KO mice in order to 

determine if any gross behavioral abnormalities are present that would interfere with additional 

testing.  We conducted a previously published ‘Neurological and Neuropsychological Test 

Battery’(Crawley and Paylor, 1997; Irwin, 1968) and assessed fur, whisker integrity, presence of 

bald patches, general activity, conducted a cotton tip approach test of the eye, ear and whisker, 

analyzed postural reflex, and carried out a visual cliff test.  Jakmip1 KO and HET mice did not 

show signs of abnormality.  To conduct a more thorough and quantitative assessment of activity, 

we performed an open field test and conducted home cage behavior analysis (section 5.4).  

Jakmip1 KO and HET mice did not differ from WT controls in either distance traveled or in 

average velocity in the open field test (Figure 5-3, A). To determine if JAKMIP1 loss affects 

response to thermal sensory stimuli, we conducted a hot plate startle test in which latency to paw 

withdrawl from a hot plate is measured.  Jakmip1 KO and HET mice perform normally on this 

task (Figure 5-3, B).  To assess perseverative behavior related to digging, we conducted a 

marble-burying test and determined the number of marbles buried over a 30 minute period 

(Thomas et al., 2009).  We additionally conducted a nesting test, which pertains to social 

behaviors in the home cage and involves the dopaminergic system (Szczypka et al., 2001).  

Jakmip1 KO and HET mice did not show deficits in nesting or in the marble burying task (Figure 

5-3, C and D).  However, Jakmip1 KO mice show a trend toward decreased marble burying 

(P=0.098, two sample, two tailed t test: WT, N=9; KO, N=7), which is consistent with their 

decreased digging observed in the home cage behavior test (section 5.4, Figure 5-6, A). 
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Figure 5-3.  Jakmip1 KO and HET mice do not exhibit behavioral abnormalities on tests of general 
                     behavior.  
(A) Open field test. Distance traveled and average velocity over a 20 minute recording period (WT, N=15, HET, 
N=11, KO, N=13). 
(B) Hot plate startle.  Time before paw is withdrawn from a 55 degrees hot plate (max time is 15 s) (WT, N=8, 
HET, N=11, KO, N=7).
(C) Nesting behavior. The nesting score represents the nest architecture and amount of material used after an 
overnight period (1, poor; 5, good). (WT, N=9, HET, N=11, KO, N=7).
(D) Marble Burying Test.  The number of marbles buried during a 30 minute trial (12 marbles maximum).  
(WT, N=9, HET, N=11, KO, N=7).
Values are mean +/- SEM.    
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To test if JAKMIP1 loss affects motor coordination, we conducted the rotorod test, wire 

hang test, and hind paw footprint test (Crawley and Paylor, 1997).  The rotorod test measures the 

ability of a mouse to remain on a constantly rotating or accelerating rod.  In a complementary 

test of coordination, we measured the amount of time it took for the mouse to fall from an 

inverted wire cage top.  Jakmip1 KO mice had significant deficits in both the accelerating 

rotorod test and the wire hang test, suggestive of a motor coordination abnormality (Figure 5-4, 

A and B).  Jakmip1 HET mice do not show rotorod deficits, but show reduced latency to fall on 

the wire hang test (Appendix Figure 1-2, A and B).  In the hind paw footprint test, gait 

architecture is analyzed from colored footprints generated from walking trials of mice with 

painted front and back paws.  We measured stride length, stride difference, stride variation, gait 

width and linearity, parameters reported to be abnormal in ataxic mice (Barlow et al., 1996).  In 

general, Jakmip1 KO mice performed normally on this task, with a notable exception of a 

significantly decreased left mean stride length  (Figure 5-4, C).  Jakmip1 HET mice show 

significant increases in left stride difference and average linearity (Appendix Figure 1-2, C).   
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Figure 5-4. Jakmip1 KO mice show impaired motor coordination. 

(A)  Rotorod.  Constant and accelerating speed tests shown.  Y axis is latency to fall from the 
rotorod.  Maximum time of trial is 180 s.  P value calculated using the non-parametric Mann-
Whitney test (constant test), and a two sample, two tailed t-test (accelerating test, WT, N=15; 
KO, N=13: P=0.011).  
(B)  Wire Hang Test.  Y axis is latency to fall from an inverted wire cage lid.  Maximum time of 
trial is 60 seconds.  P value calculated using the non-parametric Mann-Whitney test (WT, N=9; 
KO, N=7: P=0.002). 
(C)  Gait test.  Average stride length, stride difference, stride variation, gait width and linearity 
are shown.  P value calculated using a two sample, two tailed t-test (WT, N=9; KO, N=7, mean 
stride length (left): P=0.0042).  
Values are mean +/- SEM.  * p <= 0.05, ** p<= 0.01, *** p <= 0.001.
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We lastly tested if Jakmip1 KO mice showed deficits in auditory reflexes by performing 

an auditory click test and an acoustic startle response test.  To assess the hearing of Jakmip1 KO 

and HET mice we conducted an auditory click test, in which mice were subjected to an auditory 

burst from 10 cm away.  Orientation to the sound was indicative of an intact auditory reflex.  

JAKMIP1 reduction did not adversely affect auditory reflexes as measured by this test.  We 

additionally measured auditory startle response by administering an auditory stimulus of 120 

decibels (dB) and recording startle.  Jakmip1 KO mice showed a severely attenuated startle 

response (Figure 5-5, A).  In conjunction with the auditory startle response test, we examined 

sensorimotor gaiting with a prepulse inhibition (PPI) test.  In this test, prepulses of 70 dB, 75 dB 

or 80 dB stimuli precede the startling stimulus of 120 dB, which, in normal mice, decreases the 

amplitude of startle (Paylor and Crawley, 1997).  Jakmip1 KO mice show a large reduction in 

PPI compared to WT mice for all prepulses tested (Figure 5-5, B).  Jakmip1 HET mice showed 

normal acoustic startle response and prepulse inhibition (Appendix Figure 1-3).   
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5.4 Behavioral characterization with emphasis on ASD 

 Mice have been effectively used to model the core behavioral domains of ASD [Section 

1.4, (DeLorey et al., 2008; Moy et al., 2009; Nakatani et al., 2009; Penagarikano et al., 2011)].  

Given JAKMIP1’s strong relationship to FMRP and ASD, we performed a battery of tests to 

determine how loss of Jakmip1 influences behaviors disrupted in Fragile X syndrome and ASD, 

including restrictive and repetitive behavior, social behavior, anxiety, and learning (De Rubeis 

and Bagni, 2011; Silverman et al., 2010). 

 To assess restrictive and repetitive behaviors, we observed the home cage behavior of 

Jakmip1 KO, HET, and WT mice.  Jakmip1 KO mice exhibited two striking motor stereotypies.  

First, Jakmip1 KO mice showed a statistically significant increase in grooming and decrease in 

digging compared to WT mice (Figure 5-6, A).  Secondly, all Jakmip1 KO mice repetitively 

jumped, which persisted for roughly 30% of the recording period (Figure 5-6, B).  Jakmip1 HET 

Figure 5-5. Jakmip1 KO mice show attenuated acoustic startle response.

(A)  Startle response.  Amplitude of startle following a 120 dB sound.  P value calculated using a two 

sample, two tailed t-test (WT, N=9; KO, N=6: P=0.00097).   

(B) Prepulse inhibition.  Percentage of inhibition when a 70 dB, 75 dB and 80 dB sound is given prior to a 

120 dB tone.  P value calculated using a two sample, two tailed t-test (70db, P=1.45 E -05: 75 db, P= 2.14 

E-07: 80db, P= 8.35 E-07: WT, N=9; KO, N=6 ). 

Values are mean +/- SEM.  * p <= 0.05, ** p<= 0.01, *** p <= 0.001.  
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mice did not show deficits in digging or grooming (Appendix Figure 1-4, A) and only a small 

subset exhibited repetitive jumping.  

 

To test for neurological perseveration, we conducted a spontaneous alteration T maze 

test.  In this test, mice are given the choice to explore right or left arms of a T maze over 10 

trials.  Jakmip1 KO mice displayed significantly less alterations than WT mice (Figure 5-6, C), 

Figure 5-6.  Jakmip1 KO mice show repetitive and perseverative behavior.

(A) Home Cage Behavior.  Time spent digging (left) or grooming (right) within a 10 minute 
period.  P value calculated using a two sample, two tailed unpaired t-test (Time spent digging, 
P=0.0063, Time spent grooming, P=0.025, WT, N=15; KO, N=13). 
(B) Home Cage Behavior.  Characteristics of repetitive jumping stereotypie in Jakmip1 KO 
mice. *Mouse that did not jump showed repetitive jumping in the open field test. 
(C) T maze spontaneous alternation test.  Number of alterations shown. P value calculated using 
a two sample, two tailed unpaired t-test (WT, N=15; KO, N=13, P=0.015).   
Values are mean +/- SEM.  * p <= 0.05, ** p<= 0.01, *** p <= 0.001.

A

**

T
im

e
s
 s

p
e
n

t 
d

ig
g
in

g
 (

s
)

B

T
im

e
 G

r
o
o
m

in
g
 (

s
)

WT   KO

C

WT   KO

*

                                                            WT                   KO

Number of mice with                                            
jumping stereotypie                            0/15                  12/13*
 
Average jumping episodes                   0               11.38 +/-  2.51
over 10 minutes

Average jumps per episode                  0              24.72 +/- 5.54
over 10 minutes

Average time per episode (s)               0               13.85 +/- 2.95

Average percentage of                         0                      26%
time spent jumping
 

  

n
o
 a

lt
e
r
a
ti

o
n

s

WT   KO

*



	   108 

indicating that Jakmip1 loss affects both motor and neurological stereotypies.  Jakmip1 HET 

mice showed normal alternations on the T maze test (Appendix Figure 1-4, B).   

To test if the Jakmip1 KO mice exhibit predictive validity [similar response to 

therapeutics that are effectively used to treat the human disease (Silverman et al., 2010)], we 

administered Risperidone and tested perseverative behavior in the home cage behavior test.  

Risperidone is approved by the United Stated Food and Drug Administration to improve ASD 

symptoms, including repetitive behavior, hyperactivity, self-injury, and aggression (McDougle et 

al., 2000; McDougle et al., 2008).  Risperidone is not sedating to WT mice in the dosage given 

as tested by the open field test (Penagarikano et al., 2011).  Jakmip1 KO and WT mice were 

administered Risperidone or phosphate buffered saline (PBS) acutely and home cage behavior 

was analyzed over a 10 minute period.  Mice were then given PBS or Risperidone in a cross over 

treatment three weeks later and retested.  Treatment with Risperidone showed a trend toward 

decreasing repetitive grooming behavior, decreased the number of KO mice that displayed 

repetitive jumping, and significantly decreased the number of jumping episodes and percentage 

of time spent jumping in the Jakmip1 KO mice (Appendix Figure 1-5, A-C).     

Jakmip1 loss also affects social behavior.  We performed a three chamber social test to 

determine the preference of Jakmip1 KO mice toward interacting with a novel mouse versus an 

empty cup.  We found that Jakmip1 KO mice spend an equal amount of time interacting with a 

novel mouse compared to an empty cup, as indicated by sniffing time (Figure 5-7, A) and time in 

chamber (Figure 5-7, B), while WT mice spend significantly more time exploring the novel 

mouse (Figure 5-7, A and B).  Jakmip1 HET mice showed social impairments in the time spent 

in the social chamber, but not in the time spent sniffing the novel mouse (Appendix Figure 1-6).      
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 Both ASD and Fragile X patients often exhibit anxiety, and impairments in anxiety is one 

of the most consistent phenotypes across various mouse models of Fragile X syndrome.  To test 

if Jakmip1 KO mice display abnormalities in anxiety, we performed the light dark exploration 

test.  In this test, anxiety is determined by the amount of time a mouse spends in a light versus a 

dark compartment, the time it takes for the mouse to first enter the light compartment (latency), 

and the number of border crossings between light and dark compartments.  Jakmip1 KO mice 

showed a trend toward spending more time in the light compartment compared to the dark 

compartment than WT mice (Figure 5-8, A), a significant reduction of latency to enter the light 

compartment (Figure 5-8, B), and a significant increase in border crossings (Figure 5-8, C).  This 

is suggestive of reduced anxiety and possibly increased impulsivity (Zaichenko et al., 2011).  

Jakmip1 HET mice make significantly less border crossings, but spend an equal amount of time 

Figure 5-7.  Jakmip1 KO mice show impaired social behavior.

Three-chamber social interaction test.  

(A) Time spent sniffing a sex-matched novel mouse or an empty cup over a 10 minute period.

 P value calculated using a two sample, two tailed, paired t-test [WT, N=15; KO, N=13 : WT, 

 P=0.00051; KO, P=0.51] 

(B) Time spent in the social chamber containing a novel mouse or in the chamber containing an empty 

cup.  P value calculated using a two sample, two tailed, paired t-test [WT, N=15; KO, N=13 : WT, 

P=0.00064; KO, P=0.73] 

Values are mean +/- SEM.  * p <= 0.05, ** p<= 0.01, *** p <= 0.001.  
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in the light compartment and latency to enter the light compartment as WT mice (Appendix 

Figure 1-7).   

 

 

Mental Retardation is feature of autism and Fragile X syndrome.  To test if loss of 

Jakmip1 impairs spatial learning and memory, we first performed a Morris Water Maze (MWM) 

Test.  Jakmip1 KO mice were unable to learn the location of the hidden platform during the 

training phase of this test and showed impaired swimming.  Thus, probe trials were not 

performed, and we discontinued this test.  As an alternative test for learning impairments, we 

conducted an auditory fear conditioning test, which measures hippocampal and amygdala-

dependent learning.  Jakmip1 KO mice were able to learn to freeze to a tone after tone-shock 

pairings during the acquisition phase of fear conditioning (Figure 5-9, A).  Interestingly, Jakmip1 

KO mice showed significant decreases in freezing during the second and third intertone intervals 

Figure 5-8.  Jakmip1 KO mice show reduced anxiety.

Light-dark box test. 

(A) Time spent in the bright compartment over a 10 min period (WT, N=15; KO, N=13 : P=0.075).

(B) Time before the mouse first enters the bright compartment (WT, N=15; KO, N=13 : P=0.029).

(C) Number of times the mouse crosses compartments over a 10 minute period   

      (WT, N=15; KO, N=13: P=0.034).

P  values calculated using a two sample, two tailed unpaired t-test. 

Values are mean +/- SEM.  * p <= 0.05, ** p<= 0.01, *** p <= 0.001.  
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as compared to WT mice (Figure 5-9, A) not due to impaired sensitivity to shock stimuli (Figure 

5-9, B).  Jakmip1 KO mice showed normal context dependent fear conditioning when placed in 

the same context in which fear conditioning was conducted, indicative of preserved hippocampal 

dependent learning (Figure 5-9, C).  Additionally, they performed normally in a test of 

generalized fear assessment when placed in a new context (Figure 5-9, C).  However, Jakmip1 

KO mice displayed decreased noise cued fear response (Figure 5-9, D).  Performance on this test 

relies on intact amygdala/auditory pathway function.  As such, Jakmip1 KO mice may have 

amygdala or central nervous system auditory pathway disruptions.  Extinction of tone-shock 

learning was preserved in Jakmip1 KO mice (Figure 5-9, E).   
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5.5 Discussion 

 JAKMIP1 is dysregulated in ASD subjects with both FXS and maternally inherited dup 

(15q11-13).  Moreover, JAKMIP1 has a developmental role in regulating translation.  Abnormal 

translation leads to ASD related behaviors (Santini et al., 2013).  Lastly, loss of Jakmip1 reduces 

PSD95, which also results in ASD associated phenotypes (Feyder et al., 2010).  Therefore, we 

reasoned that disruptions in Jakmip1 would lead to ASD associated behaviors.  We found that in 

Figure 5-9.  Jakmip1 KO mice show deficits in fear conditioning.
Auditory Fear Conditioning.  

(A)  Acquisition of Fear Conditioning, Day 1, context A.  Percent freezing to tone/foot shock pairing and intertone interval  

(ITI).  (WT vs. KO:  ITI2 ; P=0.027; IT3, P=0.001 :  Tone 1 vs. Tone 3; WT learning, P=0.00054; KO learning, P=0.0051). 

(B)  Reaction to foot shock, Day 1, context A.  Jakmip1 KO mice do not show impared shock response.  A motion index was 

calculated after each shock to measure shock response.  

(C)  Contextual Fear and Generalized Fear assessment.  Mice were placed in Context A one day after aquisition of fear 

conditioning or context B two days after conditioning.  Jakmip1 KO mice showed normal context-dependent fear condition-

ing.    

(D)  Noise cued fear response.  Jakmip1 KO mice display impaired noise cued fear conditioning.  Mice were placed in a 

context B three days after acquisition of fear conditioning and percent freezing was measured after a tone was given.  

(P=0.049). 

(E)  Extinction of fear conditioning.  Jakmip1 KO mice show normal decrease of freezing after several trials of a tone given  

without a corresponding foot shock.  

P values were calculated using a two sample, two tailed t-test  (WT, N=9; KO, N=7).  

Values are mean +/- SEM.  * p <= 0.05, ** p<= 0.01, *** p <= 0.001.  
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vivo ablation of Jakmip1 results in behaviors that overlap several of the most consistent 

phenotypes reported in mouse models of Fragile X syndrome and ASD as well as mice lacking 

PSD95 and having disrupted translation. 

First, we found that Jakmip1 KO mice exhibit social impairments, one of the core deficits in 

ASD (Silverman et al., 2010), as they do not show a preference to interact with a novel mouse 

over an empty cup in the three chamber social test (Figure 5-7).  Likewise, mouse models of 

Fragile X syndrome display social abnormalities (Spencer et al., 2005; Spencer et al., 2008).  

Moreover, several mouse models of ASD show impaired sociability (Cheh et al., 2006; Crawley 

et al., 2007; DeLorey et al., 2008; Ferguson et al., 2000; Jamain et al., 2008; Moy et al., 2009; 

Nakatani et al., 2009; Penagarikano et al., 2011; Scattoni et al., 2008; Scearce-Levie et al., 2008; 

Wersinger et al., 2002; Winslow et al., 2000).  A recent mouse model of ASD, which exhibits 

disrupted translation through overexpression of the eukaryotic translation initiation factor 4E 

(eIF4E), a gene disrupted in ASD, also shows social interaction deficits.  Specifically, this 

mouse, like the Jakmip1 KO mouse, displays loss of preference for a stranger mouse over an 

object (Santini et al., 2013).  Importantly, deletion of mouse PSD95, Dlg4, also leads to social 

abnormalities (Feyder et al., 2010).     

Jakmip1 KO mice display a second core ASD deficit, restrictive and repetitive behavior 

(Silverman et al., 2010).  Jakmip1 KO mice exhibit both motor and neurological stereotypies.  

Jakmip1 KO mice groom more than their WT counterparts (Figure 5-6, A) and show repetitive 

stereotyped jumping (Figure 5-6, B).  Jakmip1 KO mice also show neurological stereotypies, 

having less spontaneous alternations on the T maze test than WT mice (Figure 5-6, C).  Fmr1 

KO mice also show repetitive behavior in the open field (Spencer et al., 2011).  Several mouse 

models of ASD display restrictive and repetitive behaviors that mirror those of the Jakmip1 KO 
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mouse.  The Cntnap2 KO mouse shows increased grooming and reduced T maze alternations 

(Penagarikano et al., 2011), and the Shank2 KO mouse exhibits increased grooming, decreased 

digging and repetitive jumping (Won et al., 2012).  Other notable mouse models of ASD that 

display restrictive and repetitive behaviors are the En2 knockout mouse (Cheh et al., 2006; Moy 

et al., 2009), a mouse with a chromosome 7 duplication (15q11-13 duplication in human) 

(Nakatani et al., 2009), and a Gabrb3 knockout mouse (DeLorey et al., 2008).  Dlg4 KO mice 

also show decreased spontaneous alterations and increased grooming (Feyder et al., 2010). 

Moreover, eIF4E overexpressing mice show increased grooming and neurological inflexibility in 

the Y-maze task (Santini et al., 2013).  It is interesting that some mouse models of ASD exhibit 

grooming stereotypies, while others groom and jump repetitively.  Study of Jakmip1 KO mice 

may prove useful in clarifying the underlying circuitry dictating these behaviors.       

We additionally found that Jakmip1 loss leads to decreased anxiety (Figure 5-8).  Disruptions 

in anxiety are one of the most consistent phenotypes in mouse models of Fragile X syndrome 

(Peier et al., 2000; Yan et al., 2004), and anxiety is a hallmark behavior of patients with Fragile 

X syndrome.  Interestingly, mice with translational deficits due to a knock in of I304N, a 

missense mutation found in a single FXS patient, exhibit decreased anxiety as measured by the 

light/dark box test, just as we found with Jakmip1 KO mice (Zang et al., 2009).  Jakmip1 and 

Fmr1 KO mice also both show decreased acoustic startle response at high decibels (Nielsen et 

al., 2002) and impaired fear memory (Zhao et al., 2005) (Figure 5-5, A; Figure 5-9, D). 

Taken together, our results show that loss of JAKMIP1 recapitulates the behavioral profiles 

of other mouse models of ASD and those of Fragile X syndrome.  This mouse serves as an 

important tool in understanding JAKMIP1 function in the context of ASD and will be helpful in 

therapeutic development.   
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5.6 Methods 

Mice 

Jakmip1 KO, HET, and WT mice were generated from crossing heterozygous mice.  Mice had 

ad-lib access to food and water and were housed in a 12 hour light/12 hour dark cycle.  

Experiments were carried out in accordance with UCLA’s animal research committee.    

Quantitative RTPCR 

RNA was extracted using a miRNeasy kit (Qiagen, Germantown, MD) according to 

manufacturer’s instructions.  RT–PCR was performed as described (Spiteri et al., 2007) with the 

exception that random hexamers were used to synthesize cDNA.  Expression fold changes from 

Jakmip1 KO, WT, and HET mice were calculated using primer sets to Jakmip1 exons 3-4 and 6-

7, a location within the LacZ-neo cassette, and loading control primer sets to Hprt and bactin.   

The HET to WT transcript fold change was calculated by averaging four fold changes values 

generated from the two Jakmip1 primer sets, each with two loading controls.   

Western blotting 

Immunoblotting was carried out according to section 2.6 

β-galactosidase staining  

Mouse brains were dissected and sectioned at 10uM onto Superfrost+ glass slides (Fisher 

Scientific, Waltham, MA) and were post-fixed in 4% paraformaldehyde.  Sections were 

incubated in a LacZ staining solution containing 2mM MgCl2, 0.01% Deoxycholic acid, 0.02% 

IGEPAL CA-630, 0.1% X-Gal in dimethylformamide, 5mM Potassium Ferrocyanide, 5mM 

Potassium Ferricyanide in 1X PBS overnight at 37 C.  Sections were fixed for 1 hour in 10% 

neutral buffered formalin and dehydrated in an ethanol gradient followed by incubation in 
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Xylene.  Permount (Fisher Scientific, Waltham, MA) was used to mount slides onto coverslips.     

Immunohistochemical Staining 

To detect changes in gross morphology, we perfused p30 mouse brains (WT, N=3; HET, N=3; 

KO, N=3) and cryosectioned coronally at 40uM.  We immunostained the brains using the 

chemical stains DAPI, to detect nuclear staining, and NeuroTrace to identify neurons (Brain 

Stain Imaging Kit, Invitrogen, Carlsbad, CA) and analyzed the stained sections by microscopy.  

To determine changes in neuronal number, we perfused p30 mouse brains, cryosectioned 

coronally at 20uM, and immunostained sections with an anti NeuN antibody (Catalogue number 

MAB377, Millipore, Billerica, MA) [WT; N=4, 29 sections, 38 images: KO; N=3, 23 sections, 

45 images].  Microscopy images were taken and analyzed using Image J software (National 

Institutes of Heath, Bethesda, Maryland) to determine positively stained cells.   

Behavioral Tests 

Experiments were conducted using C57BL/6 Jakmip1 WT, HET, and KO mice greater than p40. 

Open field test  

General activity of mice inside of a 27.5cm x 27.5cm clear plexiglass arena was recorded by the 

automated system, Top Scan (Clever Sys, Inc., Reston, VA) over a 20 minute period. 

Hot plate startle   

Mice were placed on a 55 C hot plate and time was recorded from time of placement to the first 

sign of pain, which included licking or kicking of the paws. The mouse was allowed to stay on 

the plate for a maximum of 15 seconds.  The experiment was performed blinded to genotype.   

Nesting behavior 

On day 1, each mouse was placed into a new, individual cage and provided with one unit of 

tightly packed nesting material.  Cages with mice were then mounted into the wall bracket and 
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left undisturbed overnight.  On the second day, mice were first prodded away from nesting site 

and then extracted out from the cage and placed back into their respective home cages.  Two 

images of the nesting were taken, one at a close distance and one at a further distance.  Nests 

were scored blinded to genotype according to previously published criteria (Deacon, 2006). 

Marble Burying Test 

Approximately two inches of extra bedding was placed in two testing cages in a sterile hood. 

Bedding was then compacted using disinfected and gloved hand.  12 marbles were placed 

equidistantly in a 3x4 grid.  Mice were then placed in the middle of the cage.  Lids were placed 

on the cages shortly after to prevent escape of jumping mice.  After a 30 minute trial, mice were 

extracted and placed back into home cage.  The number of marbles that were buried more than 

two thirds into the bedding were counted and one photograph was taken for each cage to verify 

results.  In between trials, bedding was re-compacted and marbles were cleaned with 1% 

VIRKON disinfectant spray, dried, and rearranged in a 3x4 grid.  This test was run blinded to 

genotype. 

Rotorod  

Mice were acclimated to rotorod testing room for 15 minutes before testing.  Each mouse was 

then subjected to two tests, each lasting up to 180 seconds.  The first test was the "constant" test, 

and had an initial rotation rate of 5 rpm and accelerated to 20 rpm in 10 seconds.  The second test 

was the "accelerating" test, and had an initial rotation rate of 5 rpm and accelerated to 60 rpm in 

10 seconds.  Latency to fall or to rotate for four times on the bar was recorded.  Before each test, 

each mouse was acclimated to the rotorod's initial 5 rpm rotation rate for two minutes before 

beginning the acceleration.  Mice were run in the same order through the ‘constant’ and 

‘accelerating’ trials.  This test was run blinded to genotype. 
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Wire Hang Test  

Mice were acclimated to wire cage lid for 30 seconds.  The lid was then shaken for 10 seconds 

for the mice to obtain a grip and then swiftly inverted.  Latency to fall was measured over a 60 

second maximum session.  Mice that fell in less than 10 seconds were given up to two retries.  

This test was run blinded to genotype. 

Gait test  

Mice were handled two times before the trial to acclimate to handling.  Mice were given two 

practice runs down a rectangular runway in which one side was brightly lit and the other 

contained a dark box with home cage bedding.  The mouse's front paws were painted red and the 

back paws were painted green with nontoxic paint.  Two test runs were conducted.  Experiment 

was run blinded to genotype.  The data from each test run was collapsed.  Average mean stride 

length (number of strides divided by total distance traveled), average stride length difference 

(longest stride minus shortest stride), and average stride length variation were calculated for both 

the left and right sides of the mouse and analyzed across genotypes.  Average gait width and 

average linearity were additionally analyzed.  Linearity is a measurement of path directionality 

and was calculated using the angles between each stride and the parallel line representing the 

mouse’s overall direction of path.    

Acoustic Startle Response and prepulse inhibition 

Tests were run blinded to genotype and performed as previously described (Penagarikano et al., 

2011).   
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Home Cage Behavior  

Mice were placed in juxtaposed cages containing fresh bedding.  Opaque panels were placed in 

between cages to prevent mice from observing each other.  Mice were allowed to acclimate to 

the new cage for 10 minutes.  Behavior was recorded by the automated system, Top Scan (Clever 

Sys, Inc., Reston, VA) over a following 10 minute period.  Videos were scored blinded to 

genotype for repetitive hindlimb jumping, digging, and grooming.  Repetitive jumping was 

defined by a bout in which the mouse reared against the cage, and then jumped consecutively 

three times or more.  The bout ended when the mouse unreared.  

T maze spontaneous alternation test   

The T maze spontaneous alternation test was performed as previously described (Penagarikano et 

al., 2011).  A Chi-squared test was performed on the number of overall choices of left or right.  

No bias in arm choice was observed.  For drug treaments, Risperidone (Sigma, St. Louis, 

Missouri) was administered intraperitoneally at 0.2 mg/kg between 30 minutes and one hour 

prior to testing.  100ul was given per 10 grams of mouse in a 20ug/ml concentrated solution.  

Three-Chamber Social Interaction Test 

This test was conducted as previously described (Silverman et al., 2010).  Briefly, each mouse 

was placed in the center of an interconnected three-chambered box after habituation.  The center 

chamber was empty, while left and right chambers contained an empty wire cup or a sex-

matched, novel wild-type mouse in a similar wire cup.  Behavior was recorded by the automated 

system, Top Scan (Clever Sys, Inc., Reston, VA) over a following 10 minute period.  Time spent 

sniffing the mouse-containing cup or the empty cup and time in each chamber was scored 

manually, blinded to genotype.     

 



	   120 

 

Light Dark Exploration Test 

This test was conducted as previously described (Penagarikano et al., 2011).  The latency to enter 

the illuminated compartment, time in the dark and light chambers, and number of cross overs 

between light and dark chambers was recorded by the automated system, Top Scan (Clever Sys, 

Inc., Reston, VA) over a 10 minute period.  

Morris Water Maze 

The training phase of the MWM test was conducted as previously described (Vorhees and 

Williams, 2006).  

Auditory Fear Conditioning   

Mice were pre handled four days before the day 1 acquisition trial by being removed from the 

cage and placed in sterilized beaker for 30 seconds.  On day 1, mice were taught the tone-shock 

pairing.  Mice are placed in context A and subjected to the following protocol: two minute wait, 

30-second tone with two second shock during the last two seconds of tone, one minute wait, 30-

second tone with two second shock during the last two seconds of tone, 1 minute wait, 30-second 

tone with two second shock during the last two seconds of tone, two minute wait.  Freezing was 

recorded.  On the second day (day 2), mice were tested for contextual fear by being placed in 

context A.  Freezing was recorded over an eight minute period with no shock or tone 

administered.  On day 3, mice were tested for generalized contextual fear by being placed in a 

novel context B.  Freezing was recorded over an eight minute period with no shock or tone 

administered.  On day 4, long term memory acquisition of the tone-shock pairing was tested.  

Mice were placed in context B and subjected to the following protocol: two minute wait, 30-

second tone, one minute wait, 30-second tone, one minute wait, 30-second tone, two minute 
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wait.  Freezing was recorded.  On day five, extinction of the learning of tone/shock pairing was 

conducted in context B by the following protocol: two minute wait, 20 times of 30 second tones 

separated by one minute wait, two minute wait.  Freezing was recorded.  The shock intensity 

used was 0.5 mA, and the shock duration was two seconds.  The tone intensity was 80dB, tone 

length was 30 seconds, and tone frequency was 2000 hertz (Hz).  Mice were allowed 30 minutes 

to habituate to the room before trials.   
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Chapter 6: Transcriptome profiling of the Jakmip1  

                    KO mouse brain   
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6.1 Introduction  
 

We have defined a clear role for JAKMIP1 in FMRP-associated translation important for 

ASD and FXS behavioral profiles through proteomic-based molecular studies and mouse 

behavioral studies.  We next investigated how JAKMIP1 loss in vivo affects the brain’s 

transcriptome.  I hypothesized that Jakmip1 ablation would elicit changes in the transcriptome 

because JAKMIP1 binds RNA [Figure 3-7, (Couve et al., 2004)], and gene ontology analysis of 

JAKMIP1’s top protein binders indicate its role in RNA post transcriptional modification (Figure 

3-5, C).  Thus, loss of JAKMIP1 could result in differential RNA expression by destabilization 

or stabilization of RNA (De Rubeis and Bagni, 2010) and/or aberrant transcript processing.  

JAKMIP1’s role in the makeup of the translated transcriptome could, additionally, be analyzed 

using in vivo BacTRAP technology (Heiman et al., 2008), but was not addressed here as it was 

resource and time prohibitive.  Using brain transcriptome profiling, I hypothesized that Jakmip1 

ablation would lead to transcriptional changes mirroring those found in Fmr1 KO brains and 

would destabilize mRNA targets shared with FMRP (Figure 3-7).   

To test this, we carried out differential expression analysis using microarray technology 

in the brains of Jakmip1 KO and WT postnatal mice.  We chose to conduct our studies in 

developing brain at a time when JAKMIP1 protein peaks in expression (Figure 2-1).  We 

reasoned that the most dramatic transcriptional changes would occur concomitantly with highest 

JAKMIP1 expression in WT brain.  Furthermore, this allows for a more exact comparison with 

our previous molecular studies, which were conducted using postnatal brain.   

We chose to examine mouse necortex, hippocampus, cerebellum, and striatum as 

Jakmip1 is highly expressed in all of these tissues and these regions have distinct transcriptome 

profiles and anatomical functions.  Furthermore, it is important to examine multiple structures, as 
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FMRP studies have revealed region-specific translational changes with Fmr1 loss (D'Hulst et al., 

2006; Miyashiro et al., 2003).  We chose to study neocortex, as our previous studies were carried 

out in this tissue, facilitating comparisons between our transcriptome and proteomics data.  We 

interrogated striatum, as Jakmip1 loss leads to perseverative motor stereotypies, such as 

repetitive hindlimb jumping, that are mediated by cortico-striatal dopaminergic pathways (Presti 

et al., 2004).  We additionally tested cerebellum as JAKMIP1 is expressed highly in postnatal 

cerebellum (Figure 2-5) and in Purkinje cells (Figure 2-6, Figure 2-7), a shared location with 

FMRP (Tamanini et al., 1997).  Their coexpression here may influence Jakmip1 KO mouse 

behavioral profiles if JAKMIP1 is important for FMRP function in this region, as both Fmr1 

knockout mice and FXS patients exhibit behavioral and morphological impairments involving 

the cerebellum (Koekkoek et al., 2005).  Lastly, we examined hippocampal transcriptional 

profiles as this structure is involved in metabotropic glutamate receptor mediated synaptic 

plasticity in Fmr1 knockout mice (Huber et al., 2002).   

Differential gene expression analysis can generate thousands of genes.  To narrow our 

focus, we conducted gene ontology analysis of the most significantly changed genes for each 

brain structure.  We, additionally, compared our top changed genes with transcripts that are 

known to change with Fmr1 knockout and with FMRP/JAKMIP1 shared mRNA targets.  We 

found that Jakmip1 ablation leads to differential expression of mRNA targets disrupted with 

Fmr1 loss: GABA-A receptor subunits, Rgs4, and Nxf1.  Moreover, all six of FMRP/JAKMIP1 

shared mRNA targets are reduced in Jakmip1 KO brains, with four showing highly significant 

changes.  Lastly, we found gene ontology categories involving the structural formation of 

neurons to be most predominant across brain regions.  We tested JAKMIP1’s involvement in this 

biological process functionally by quantifying structural changes in differentiated neurons from 
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Jakmip1 KO and WT littermate pairs.  We found that loss of Jakmip1 reduces the longest branch 

length of neurons.  Integrating these data with our previous findings clarify our results and open 

up new avenues of exploration for future work.   

6.2 Characteristics of transcriptome signatures from Jakmip1 KO postnatal brain regions 

Differential expression analysis was conducted using cortex, hippocampus striatum, and 

cerebellum from postnatal brains of the same mice used for protein and RNA analysis in Chapter 

4 (Figures 4-4 and 4-5).  These mice represented three sex-matched litters, containing four 

Jakmip1 KO mice and WT littermates.  To determine the parameter that predominantly drives 

the data clustering, we generated a multidimensional scaling plot.  In this analysis, anatomical 

region was the primary driver of expression differences and, as such, samples were normalized 

within region (Figure 6-1).   
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Figure 6-1.  Multidimensional scaling plot shows gene expression clusters by brain region.
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We conducted differential expression analysis, rather than Weighted Gene Co-Expression 

Network Analysis (WGCNA), as anatomical region drove expression differences and there were 

not enough samples within region to conduct WGCNA.  To identify differentially expressed 

genes, we used a stringent p-value cut off of 0.005 (paired student’s t-test; paired by littermate).  

Significantly changed genes showed a consistent expression pattern across independent Jakmip1 

KO samples for each region (Appendix Figure 2-1).  We found the greatest number of genes 

changes in cerebellum (793) and striatum (573), with less genes changed in cortex (117) and 

hippocampus (216).  The directionality of gene changes (up or down regulated) was roughly 

equal within and across brain regions (Figure 6-2).    

 

                          

Cerebellum, Gene Changes, p<0.005 (793)

�400 �200 0 200 400�400 �200 0 200 400

cerebellum.KO_vs_cerebellum.WT 357436

Cortex, Gene Changes, p<0.005 (117)
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cortex.KO__vs__cortex.WT 5265

Hippocampus, Gene Changes, p<0.005 (216)
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hippocampus.KO_vs_hippocampus.WT 81135

Striatum, Gene Changes, p<0.005 (573)

�300 �200 �100 0 100 200 300�300 �200 �100 0 100 200 300

striatum.KO__vs__striatum.WT 318255

Figure 6-2.  Gene expression profiles in Jakmip1 KO versus WT brains stratified by region.  
Red boxes denote upregulated genes, while green boxes denote downregulated genes.  
The size of the boxes correspond to the number of genes changed.
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We, additionally, identified the number of genes that were differentially expressed across 

tissues or showed regional differential expression.  We found very few genes that were 

commonly dysregulated across anatomical regions (Figure 6-3).  A few notable exceptions were 

Map1b, which was commonly down regulated in the cerebellum, hippocampus and striatum of 

Jakmip1 KO mice versus sex matched wild-type littermates (Figure 6-3, C), Protocadherin-17 

(PCDH17), which was also commonly dysregulated in these tissues although showed region-

dependent directionality (Figure 6-3, C), and Huntingtin-associated protein 1 (Hap1) (Figure 6-3, 

B), which was decreased in cerebellum, cortex, and hippocampal tissue of Jakmip1 KO mice.  
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Figure 6-3.  Gene expression changes show regional specificity. (A)  Overlap of differentially expressed genes
in the cerebellum, cortex and striatum. (B)  Overlap of differentially expressed genes in the cerebellum, cortex and
hippocampus. (C)  Overlap of differentially expressed genes in the cerebellum, hippocampus and striatum.  PCDH17
was upregulated in striatum, but downregulated in hippocampus and cerebellum. (D)  Overlap of differentially 
expressed genes in the cortex, striatum, and hippocampus.  Red numbers denote the number of genes that are 
overexpressed, while green numbers represent the number of genes that are underexpressed in Jakmip1 KO compared 
to WT control brains.  When less than three genes are dysregulated in all three anatomical regions, their names are listed, 
unless it is Jakmip1.  Differentially expressed genes are defined as those with P < 0.005.  
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6.3 Gene ontology analysis of differentially expressed genes in Jakmip1 KO postnatal brain 

Our transcriptome analysis generated hundreds of differentially expressed genes.  In 

order to organize these differentially expressed genes into functional categories, we conducted 

gene ontology analysis on the list of significantly changed genes (P <0.005) for each brain region 

using The Database for Annotation, Visualization and Integrated Discovery (DAVID v6.7, 

http://david.abcc.ncifcrf.gov/).  We examined gene ontology categories at P<0.05 falling under 

the umbrella terms ‘Biological Processes’ (Figure 6-4) and ‘Molecular Functions’ (Figure 6-5).  
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Figure 6-4.  Gene ontology of most significantly changed genes in Jakmip1 KO brain regions: Biological 
Processes.  Biological processes of significantly changed genes in the hippocampus (A), cortex (B), striatum (C), 
and cerebellum (D).  X axis is the negative log of the p-value of the gene ontology category.  Numbers in 
parentheses are the number of genes in each category.  Red space denotes the proportion of upregulated genes, while 
green space represents the proportion of down regulated genes.  Differentially expressed genes are defined as those 
with P < 0.005.  Level 3 categories from DAVID are shown.   
 

There were three common gene ontology category themes across tissues.  The first was 

gene ontology categories involving neuronal structure formation.  In the cortex, ‘anatomical 

structure formation involved in morphogenesis’ was the most significant gene ontology category, 

and ‘anatomical structure morphogenesis’ was an additional significant category in this brain 

region.  In the striatum, ‘neuron projection development’ was the most significant category, and 

‘dendrite development’ was the fifth most significant category.  Likewise, in the cerebellum, 

‘neuron projection development’ was the third most significant category.  The second common 

theme was transport.  ‘Establishment of organelle localization’, ‘transport’, and ‘vesicle-

mediated transport’ were among the top three most significant categories in cortex, striatum and 

cerebellum, respectively.  Lastly, differentiation was a recurring gene ontology category across 

brain regions.  In cortex, ‘Negative regulation of cell differentiation’ was the fourth most 

significant gene ontology category.  ‘Cell differentiation’ was among the top eight most 

significant categories in cerebellum (Figure 6-4).   

Differentially expressed genes in striatum and cerebellum generated significant 

‘Molecular Function’ gene ontology categories.  Protein binding was the most consistent theme 

among molecular function gene ontology categories.  ‘Cytoskeletal protein binding’, ‘protein 

domain specific binding’, and ‘protein complex binding’ were significant categories for both 

striatum and cerebellum (Figure 6-5).  ‘Ribonucleotide binding’ was also significant for the 

striatum.  
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6.4 Comparison of differentially expressed genes from Jakmip1 KO postnatal brain with    

       genes changed in Fmr1 knockout mouse brains 

JAKMIP1 is a component of the FMRP translational machinery.  As such, I hypothesized 

that loss of JAKMIP1 would lead to transcriptional changes that would partially mimic those 

caused by Fmr1 loss.  A recent transcriptome-wide study of hippocampal tissue from Fmr1 KO 

mice found only a handful of genes changed, one of which being a GABA-A receptor subunit 

(Gantois et al., 2006).  A follow up study, using quantitative real time PCR, found significant 

reduction of GABA-A receptor subunits alpha 1, 3, 4, beta 1 and 2, gamma 1 and 2, and delta in 

Fmr1 KO cortex, but not in cerebellum (D'Hulst et al., 2006).  We compared the gene changes in 

GABA-A receptor subunits from our study with this previous study (Table 6-1).  We found that 

 Figure 6-5.  Gene ontology (Molecular Function) of most significantly changed genes in Jakmip1 KO brain regions.  
 (A)  Biological processes of significantly changed genes in the striatum. 
 (B)  Biological processes of significantly changed genes in the cerebellum. 
  X axis is the negative log of the p-value of the gene ontology category.  Numbers in parentheses are the number of genes 
  in each category.  Red space denotes the proportion of upregulated genes, while green space represents the proportion of 
  downregulated genes.  Differentially expressed genes are defined as those with P < 0.005.   
  Level 3 categories from DAVID are shown.  There were no significant gene ontology categories in cortex or hippocampus.   
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of these eight receptor subunits, five were also significantly changed with Jakmip1 KO, three 

having corresponding p-values of 0.0005.   

Rgs4 is reduced in the CA1 region of the hippocampus and the cortex of Fmr1 KO mice 

(Tervonen et al., 2005).  We also found this gene to be significantly changed in the hippocampus 

(P=0.002) and in the cerebellum (P=0.002), but not in the cortex or striatum of Jakmip1 KO mice 

(Table 6-1).  Lastly, in vitro studies suggest that FMRP destabilizes Nxf1 mRNA and leads to an 

increase in this transcript with Fmr1 loss (Zhang et al., 2007).  In line with this, we found that 

loss of Jakmip1 results in a significant increase in Nxf1 (P=0.002) in the cerebellum (Table 6-1).   

   

 

 

 
 
Table 6-1.  Genes changed in the Jakmip1 KO mouse brain overlap with those changed in models of Fragile X 
syndrome.  Gene expression changes from Jakmip1 KO brains versus WT controls are shown for cerebellum (CB), 
cortex (CX), hippocampus (HP), and striatum (ST).  Log Ratios of expression changes are listed in columns with 
green headings, while the corresponding p values of these changes are listed in columns with blue headings.  P 
values less than or equal to 0.005 are highlighted yellow, while those less than or equal to 0.05 are colored light 
orange.  The corresponding expression changes are colored green for decreased expression or red for increased 
expression.  Genes are colored green in the Gene column when decreased or red when increased in Fragile X 
knockout systems (D'Hulst et al., 2006; Tervonen et al., 2005; Zhang et al., 2007).  Genes that are commonly 
changed in Jakmip1 KO and FXS models are boxed.  Thin boxes represent p values less than or equal to 0.05 in the 
Jakmip1 KO brain, while thick boxes represent p values less than or equal to 0.005 in Jakmip1 KO brains.  Genes 
with repeated names represent independent microarray probes.   
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We have previously shown that JAKMIP1 binds to the FMRP mRNA targets, Sapap4, 

App, Dag1, PSD95, Camk2a, and Map1b (Figure 3-6 and Figure 3-7).  As such, I hypothesized 

that Jakmip1 loss would cause a destabilization and subsequent reduction of these targets.  

Congruous with our hypothesis, we found significant reductions of Sapap4 in striatum, App in 

cerebellum, Dag1 in cerebellum, PSD95 in cerebellum, Camk2a in cerebellum and striatum, and 

Map1b in cerebellum, hippocampus, and striatum (Table 6-2).  Interestingly, we found slight 

increases in expression of Sapap4 and PSD95 in the cortex and of Map1b in the hippocampus, 

although the corresponding p values were marginally significant. 

In order to determine if genes changed with Jakmip1 loss show a statistically significant 

overlap with FMRP RNA binding partners, I compared the list of differentially expressed genes 

in Jakmip1 KO brain (p < 0.005, N=1446) with high confidence FMRP RNA binding partners 

isolated by cross-linking immunoprecipitation (false discovery rate < 0.01, N=842) (Darnell et 

al., 2011), defining the population as all brain expressed genes (N=15,132) (Kang et al., 2011).   

106 FMRP RNA binding partners were significantly changed in the Jakmip1 KO mouse brain.  

The hypergeometic probability of the overlap was statistically significant (P=0.0018, calculated 

as described in section 3.8).    

 

 

 

 



	   135 

 
 
Table 6-2.  Shared JAKMIP1/FMRP mRNA targets show differential gene expression in Jakmip1 KO brains 
compared to WT controls.  Gene expression changes from Jakmip1 KO brains versus WT controls are shown for 
cerebellum (CB), cortex (CX), hippocampus (HP), and striatum (ST).  Log Ratios of expression changes are listed in 
columns with green headings, while the corresponding p values of these changes are listed in columns with blue 
headings.  P values less than or equal to 0.005 are highlighted yellow, while those less than 0.05 are colored light 
orange.  The corresponding expression changes are colored green for decreased expression or red for increased 
expression.  Genes that are significantly changed in Jakmip1 KO brains are boxed.  Thin boxes represent p values 
less than 0.05, while thick boxes represent p values less than or equal to 0.005.  Genes with repeated names 
represent independent microarray probes.   
 

6.5 Morphological characteristics of neurons with Jakmip1 loss 

Based on the transcriptome signature in the Jakmip1 KO brain, I hypothesized that loss of 

Jakmip1 would lead to morphological changes in neurons.  Significant gene ontology categories 

across brain structures converge on formation of neuronal structure (Figure 6-4).   Moreover, two 

of the three genes that were commonly dysregulated across antamomical brain regions both bind 

to cytoskeletal elements.  Map1b, which was commonly downregulated in the cerebellum, 

hippocampus and striatum of Jakmip1 KO mice (Figure 6-3, C, Table 6-2) associates with 

microtubules.  Hap1, which was decreased in cerebellum, cortex, and hippocampal tissue of 

Jakmip1 KO mice (Figure 6-3, B) interacts with the cytoskeletal proteins, pericentriolar 

autoantigen protein 1 and dynactin.  

To determine the effects of JAKMIP1 loss on neuronal morphology, we conducted Sholl 

analysis on two week differentiated WT and Jakmip1 KO neurons using Neuromath software.  

We quantified cell size, total neurite length, number of branches and longest branch length in 

TUJ1-stained neurons in a preliminary study.  We repeated this analysis on MAP2 positive, two 
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week differentiated neurons from three independent WT/KO littermate pairs.  Consistent with 

our hypothesis, in both studies, we found a significant decrease in the longest branch length of 

neurons (Figure 6-6), however modest, most likely a factor of sample size.      

 

 

 

 

 

Figure 6-6.  Loss of JAKMIP1 results in decreased longest branch length in neurons.

(A)  Jakmip1 loss leads to a significant decrease in the longest branch length of TUJ1 positive neurons 

(Preliminary experiment).  Y axis is arbitrary units.  (WT, N=43 neurons; KO, N=120 neurons; one littermate 

pair: P=0.0011).

(B)  Jakmip1 loss leads to a significant decrease in the longest branch length of MAP2 positive neurons (WT, 

N=238 neurons ; KO, N=295 neurons; three littermate pairs: P=0.038).

Y axis lists neuronal characteristics analyzed.

P  values calculated using a two sample, two tailed unpaired t-test. 

Values are mean +/- SEM.  * p <= 0.05, ** p<= 0.01, *** p <= 0.001.  
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6.6 Discussion 

We found JAKMIP1 to be a novel member of an FMRP containing translational 

complex.  As such, I hypothesized that loss of JAKMIP1 would result in transcriptional brain 

changes mirroring those seen in Fmr1 KO brains and that JAKMIP1 ablation would destabilize, 

and thus decrease, the expression of JAKMIP1 mRNA binding partners.  To test these 

hypotheses, we used microarray transcriptome profiling, an inherently hypothesis neutral 

approach, which additionally allowed for identification of JAKMIP1-associated biological 

processes. 

 GABA-A receptor subunits are among the few genes whose expression changes with 

Fmr1 loss (D'Hulst et al., 2006; Gantois et al., 2006).  We found that GABA receptor alpha 3, 

beta 1, and delta also showed significant changes (P=0.005) in Jakmip1 KO mouse brains.  In 

Fmr1 KO mice, decreases in these transcripts are found in cortex, but not in cerebellum (D'Hulst 

et al., 2006).  Interestingly, we observed gene expression changes in other brain regions (alpha 3 

in cerebellum, beta 1 in striatum, and delta in hippocampus), and in some cases with opposite 

direction of change (beta 1 and delta showed increased expression).  Like Fmr1 loss, Jakmip1 

loss also resulted in differential expression of gamma 1 and 2, although with less significance.  

Jakmip1 ablation also led to the differential expression of the GABA-A receptors subunit gamma 

3 in striatum, which may have been missed by previous studies of Fmr1 loss that did not 

examine striatal tissue (D'Hulst et al., 2006; Gantois et al., 2006).  

These results suggest that neuroanatomical context is important for direction and/or 

presence of differential expression.  For instance, if JAKMIP1 and FMRP have redundant 

functions in the cortex, than loss of JAKMIP1 would not result in FMRP-related gene changes 

there.  However, if JAKMIP1 is necessary for proper FMRP functioning in other brain regions, 
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than its loss may result in FMRP-related gene expression changes.  Importantly, loss of Jakmip1 

led to differential expression of both Rgs4 and Nxf1, two additional genes known to change with 

Fmr1 loss (Tervonen et al., 2005; Zhang et al., 2007).  Based on these results, further exploration 

of JAKMIP1’s role in GABAergic synaptic transmission would be a promising avenue of study.   

We previously found that JAKMIP1 binds to a subset FMRP mRNA targets  (Figure 3-

7).  I, thus, hypothesized that absence of JAKMIP1 would destabilize these targets, resulting in 

their decreased expression (De Rubeis and Bagni, 2010).  Consistent with our hypothesis, we 

found significant reductions of Sapap4 in striatum, PSD95 in cerebellum, Camk2a in cerebellum, 

and Map1b in cerebellum, hippocampus, and striatum (Table 6-2).  All p-values less than 0.005 

corresponded to reduced mRNA levels, in line with our hypothesis that JAKMIP1 is involved in 

stabilizing its RNA binding partners.  Notably, PSD95’s decrease in the cerebellum, but not 

cortex, is a pattern seen in both Jakmip1 and Fmr1 KO mouse brains (Zalfa et al., 2007).  I 

additionally found a statistically significant overlap of genes differentially expressed in the 

Jakmip1 KO brain with a list of high-confidence FMRP RNA interactors identified using 

stringent methodology (Darnell et al., 2011).  

Functional organization of our data into statistically significant gene ontology categories 

revealed neuronal anatomical structure formation as a convergent theme, implicating JAKMIP1 

in this process (Figure 6-4).  Moreover, both cytoskeleton-associated proteins, Map1b and Hap1, 

were among the few genes commonly dysregulated across multiple tissue types (Figure 6-3).  To 

functionally test JAKMIP1’s role in neuronal structure, we quantified four aspects of 

morphology, longest branch length, total neurite length, cell size, and number of branches, in 

differentiated neurons from Jakmip1 KO versus WT littermate pairs.  We found a significant 

decrease in the longest branch length of neurons with loss of Jakmip1, both in a preliminary 
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study of TUJ1 immunostained neurons and in a study of MAP2 stained neurons.  This is 

consistent with a recent study that found a decreased number of projections in primary 

embryonic mouse cortical neurons with shRNA-mediated reduction of JAKMIP1 (Vidal et al., 

2012).  Moreover, JAKMIP1’s involvement in cell structure is congruent with its role as a 

microtubule binder (Steindler et al., 2004; Vidal et al., 2007).  To note, the second most 

predominant gene ontology category, ‘transport’, is consistent with JAKMIP1’s role in 

bidirectional transport along the dendrites of microtubules (Vidal et al., 2007).  Additionally, the 

recurring gene ontology theme ‘differentiation’ complements our initial findings that JAKMIP1 

is expressed in differentiated neurons (Figure 2-8, Figure 2-9, Figure 2-10).  

Taken together, differential expression profiling in the Jakmip1 knockout brain 

implicates JAKMIP1 in FMRP related GABAergic pathways, stability of FMRP shared mRNA 

binding partners, and in proper formation of neuronal structure.  These studies further support a 

major role for JAKMIP1 in the development of the central nervous system. 

6.7 Methods 

Microarray transcriptome profiling 

Differential gene expression profiling was conducted using Illumina Mouse Chip Mouse ref 8 

chips at the UCLA Neuroscience Genomic Core.  To control for batch effects between chips, one 

sex-matched littermate pair (WT, KO) was run per chip, with all four structures represented for 

each mouse.  The fourth chip contained a technical replicate of the third litter’s WT mouse, as 

this litter contained two KO mice.  RNA quality was determined using an Agilent Bioanalyzer 

(Santa Clara, California) prior to microarray analysis, and a detection score analysis was 

conducted after analysis to ensure the quality of each sample.  Sample outliers were identified in 

the following way.  We first plotted the Z score distributions of all samples, and removed any 
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sample that was two or more standard deviations from the mean.  By this analysis, one striatal 

sample was excluded from further analysis along with its corresponding littermate sample.   

Secondly, gene expression array clustering analysis was conducted.  By this analysis, one 

cortical sample was a clear outlier, and was excluded from further analysis along with its 

matched littermate sample.  No cerebellar or hippocampal samples were removed from the 

analysis.   

Morphological analysis of Jakmip1 KO neurons 

Cell culture, differentiation, and immunocytochemistry was conducted as described in sections 

2.6 and 4.6.  Microscopy images were taken at 40X magnification.  Neuronal signal was retraced 

in Adobe Photoshop to eliminate background noise.  Sholl analysis was then conducted on the 

retraced image using Neuromath software (Weizmann Institute of Science). 
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Chapter 7: Conclusions 
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7.1 Significance of these Discoveries and Future Directions 

In this dissertation, I took a comprehensive approach to understand the developmental 

role of JAKMIP1, a newly identified autism candidate gene dysregulated in idiopathic ASD and 

in ASD subjects with Fragile X syndrome and 15 q duplication patients (Nishimura et al., 2007).  

After defining the time and place of JAKMIP1 expression during CNS development, I identified 

JAKMIP1 as a novel interactor of the FMRP translational complex, regulating both FMRP-

related translation and global neuronal translation.  To determine the behavioral ramifications of 

Jakmip1 loss during neural development, I generated and characterized a novel Jakmip1 KO 

mouse.  I found that loss of Jakmip1 results in impairments in the core phenotypes of ASD as 

well as those associated with Fragile X syndrome.  I, finally, annotated the transcriptome 

signatures of various brain regions from Jakmip1 KO mice.  Transcriptome profiling from 

postnatal Jakmip1 KO mice supported the intersection of JAKMIP1 and FMRP biology.  Gene 

expression profiles from Jakmip1 KO mouse brain both recapitulate that of models of Fragile X 

syndrome and are consonant with JAKMIP1’s binding to FMRP mRNA translational targets.  

We made four main discoveries pertaining to the molecular function of JAKMIP1 during 

development.  First, using an unbiased proteomics approach, we discovered that JAKMIP1 is a 

novel component of an FMRP-containing RNP granule during brain development.  Second, we 

found that JAKMIP1 binds FMRP mRNA targets including PSD95 mRNA, and affects their 

expression at the synapse.  Third, we showed that JAKMIP1 regulates PSD95 protein levels at 

synaptosomal membranes, likely through translation, as PSD95 mRNA is unloaded off of the 

translational machinery in postnatal brains of Jakmip1 KO mice.  Lastly, we found that 

JAKMIP1 associates with polyribosomes and regulates neuronal translation. 
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Consistent with our hypothesis that JAKMIP1 is involved in ASD and FXS, we found 

that loss of Jakmip1 in vivo leads to behavioral impairments observed in both disorders.  Jakmip1 

KO mice display repetitive and restrictive behaviors, including motor stereotypies such as 

increased grooming and myoclonic hindlimb jumping, as well as perseverative neurological 

stereotypies.  Jakmip1 KO mice also display impairments in social behavior and show decreased 

anxiety.  Interestingly, loss of Jakmip1 results in postnatal loss of prepulse inhibition and 

learning impairments, behaviors seen in the Fmr1 KO mouse.  Jakmip1 KO mice additionally 

show abnormalities in motor coordination, which is gaining appreciation as a phenotype 

comorbid with ASD (Fournier et al., 2010).  Intriguingly, several of the behaviors exhibited by 

Jakmip1 KO mice mirror those of mice with PSD95 loss and those having disrupted translation.  

This work provides another piece of evidence linking translational control to major disturbances 

in behavior. 

Gene expression profiling of the Jakmip1 KO brain further supports JAKMIP1 binding to 

FMRP RNP complexes and regulating mRNA targets shared with FMRP.  Both Jakmip1 KO and 

Fmr1 KO cause changes in the expression of GABA-A receptor subunits.  Moreover, both Rgs4 

and Nxf1, two genes from a short list changed with Fmr1 loss, are differentially expressed in 

Jakmip1 KO brains.  Additionally, mRNA that binds to both JAKMIP1 and FMRP protein, 

PSD95, Map1b, Camk2a, Sapap4, App, and Dag 1, were all significantly decreased in Jakmip1 

KO brains, in line with JAKMIP1 binding to and stabilizing these RNAs.  Lastly, significantly 

changed genes in Jakmip1 KO mouse brain show statistically significant overlap with a high 

confidence list of FMRP RNA interactors.  Organization of the differential gene expression 

profiles by gene ontology analysis additionally revealed JAKMIP1’s contribution to neuronal 
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structure, which we confirmed functionally by demonstrating a morphological change in neurons 

from Jakmip1 KO mice compared to WT controls.   

Although progress has been made in understanding FMRP biology since its discovery 20 

years ago, there is a paucity of known FMRP interactors that influence its function (Bear et al., 

2004; Darnell et al.; Darnell et al., 2011; De Rubeis and Bagni, 2011; Huber et al., 2002; Napoli 

et al., 2008; Santoro et al., 2012).  Therefore, identification of an ASD candidate gene that is not 

only a molecular regulator of FMRP, but is also involved in behaviors and gene expression 

profiles related to Fragile X syndrome is a significant contribution to the field.  

 Understanding the dynamic relationship between JAKMIP1 and FMRP and how this 

influences synapse function and morphology is an important area of future work.  One aspect of 

this research will be to determine if JAKMIP1 and FMRP regulate translation in series or in 

parallel.  We found that loss of JAKMIP1 leads to a reduction in global translation, a decrease in 

PSD95 translation, and a disruption in the components of the translational machinery.  Although 

FMRP reduction is known to increase basal translation (Gross and Bassell, 2011; Osterweil et 

al., 2010; Qin et al., 2005), its loss reduces activity dependent increases in general translation and 

of specific targets (De Rubeis and Bagni, 2011; Greenough et al., 2001; Muddashetty et al., 

2007; Todd et al., 2003).  Given the fact that JAKMIP1 and FMRP belong to the same 

translational complex, their loss reduces translation, and JAKMIP1 is likely downstream of 

FMRP, JAKMIP1 and FMRP likely regulate translation in series.  Testing this specifically using 

double KO systems will be of great value, as the relation between JAKMIP1 and FMRP has 

potential clinical implications.  For instance, it is tempting to speculate that our identification of 

the functional intersection of FMRP and JAKMIP1 provides a potential mechanism for the 

variable penetrance of ASD (De Rubeis and Bagni, 2011), as JAKMIP1 is decreased in ASD 
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patient brains with increased levels of CYFIP1 and changed in the lymphoblastoid cell lines of 

FXS patients.  For example, JAKMIP1 may serve as a modifier, which could exacerbate or 

attenuate the functional impact of FMRP loss.  JAKMIP1 may also provide a balancing 

translational function related to FMRP, given the similar biology shared by the two proteins - 

both bind to kinesin 1 and are bidirectionally mobile along dendritic microtubules (Dictenberg et 

al., 2008; Vidal et al., 2007). 

Elucidation of the precise molecular interactions within the JAKMIP1 and FMRP-

associated complex, its relationship to neuronal activity, as well as the interaction of JAKMIP1 

with the transport and translational machinery are exciting new directions that now can be 

explored.  This work opens up a field of research centered on the detailed mechanisms by which 

loss of JAKMIP1 leads to behaviors associated with ASD and Fragile X syndrome, research that 

will be important for generating novel therapeutics for these disorders.    
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Appendix I: Characteristics of the Jakmip1 heterozygous mouse 

 

 

 

            

	  
	  
	  
	  
	  
	  
	  
	  

Appendix Figure 1-1, related to Figure 5-2.  Somatic characteristics of the Jakmip1 HET 

mouse. (A)  Jakmip1 HET mice do not differ in weight from WT mice.  Mice were weighed 

between p44 and p47.  Female mice: WT, N=11; HET, N=12.  Male mice: WT, N=10; HET, 

N=10. (B)  Jakmip1 HET mice do not differ in brain length or width from WT mice.  Length: 

WT, N=3; HET, N=4.  Width: WT, N=3; HET, N=4.  Values are mean +/- SEM.  
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Appendix Figure 1-2, related to Figure 5-4.  Jakmip1 HET mice show slightly impaired motor 

coordination. 

(A)  Rotorod.  Constant and accelerating speed tests shown.  Y axis is latency to fall from the 

rotorod.  Maxium time of trial is 180 s.  (WT, N=15; HET, N=11).  

(B)  Wire Hang Test.  Y axis is latency to fall from an inverted wire cage top.  Maximum time of 

trial is 60 seconds.  P value calculated using the non-parametric Mann-Whitney test (WT, N=9; 

HET, N=11: P=0.033). 

(C)  Gait test.  Average stride length, stride difference, stride variation, gait width and linearity are 

shown.  P value calculated using a two sample, two tailed t-test (WT, N=9; HET, N=11, mean stride 

difference (left), P=0.0088; average linearty, P=0.00079).

Values are mean +/- SEM.  * p <= 0.05, ** p<= 0.01, *** p <= 0.001. 
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Appendix Figure 1-4, related to Figure 5-6.  Jakmip1 HET mice do not show repetitive and 

perseverative behavior.

(A)  Home cage Behavior.  Time spent digging (left) or grooming (right) within a 10 minute 

period (WT, N=15; HET, N=11). 

(B)  T maze spontaneous alternation test.  Number of alterations shown (WT, N=15; HET, 

N=11). 
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Appendix Figure 1-3, related to Figure 5-5.  Jakmip1 HET mice show normal acoustic startle response 

and prepulse inhibition.

(A)  Starle response.  Amplitude of startle following a 120 dB sound. (WT, N=9; HET, N=11).   

(B)  Prepulse inhibition.  Percentage of inhibition when a 70 dB, 75 dB and 80 dB sound is given prior to a 

120 dB tone.  (WT, N=9; HET, N=11).

     

A B
WT

     

HET    

S
ta

r
tl

e
 a

t 
1

2
0

 d
B

 (
V

)

      WT   HET
%

 P
P

I
 

70 dB                                  75 dB                                 80 dB



	   149 

	  
	  
	  
	  
	  
	  
	  
	  

	  

Appendix Figure 1-5.  Risperidone rescues repetitive behavior in Jakmip1 KO mice.

(A)  Risperidone shows a trend toward rescuing perseverative grooming behavior (left), but not digging behavior (right) in 
       Jakmip1 KO mice.  P values calculated using a two sample, two tailed unpaired (WT vs. KO) or paired (KO drug vs KO  
        PBS) t-test. 
(B)  Risperidone decreases the number of Jakmip1 KO mice that display jumping stereotypies.  *Mouse that did not jump 
       showed repetitive jumping in the open field test. 
(C)  Risperidone rescues jumping architecture in the Jakmip1 KO mouse.  P values calculated using a two sample, two tailed 
        paired t-test.

Home cage behavior was assessed in over 10 minutes.  WT, N=14; KO, N=12 for both PBS and Risperdione in a cross over 
design.  Two age groups of mice were combined [3 months (N=11); 16-18.5 months (N=15)]. 
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Appendix Figure 1-6, related to Figure 5-7.  Jakmip1 HET mice show slightly impaired social behavior.

Three-chamber social interaction test.  

(A)  Time spent sniffing a sex-matched novel mouse or an empty cup over a 10 minute period.

     P value calculated using a two sample, two tailed, paired t-test [WT, N=15; HET, N=11 : WT, P=0.00051 ; 

    HET, P= 0.052] 

(B)  Time spent in the social chamber containing a novel mouse or in the chamber containing an empty cup.  

P value calculated using a two sample, two tailed, paired t-test [WT, N=15; HET, N=11 : WT,  P=0.00064 ; 

HET, P= 0.12] 

Values are mean +/- SEM.  * p <= 0.05, ** p<= 0.01, *** p <= 0.001.  
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Appendix Figure 1-7, related to Figure 5-8.  Jakmip1 HET mice make less border crossings than WT mice. 

Light-dark box test. 

(A)  Time spent in the bright compartment over a 10 min period (WT, N=15; HET, N=11).

(B)  Time before the mouse first enters the bright compartment (WT, N=15; HET, N=11).

(C)  Number of times the mouse crosses from the light to the dark compartment over a 10 minute period   

       (WT, N=15; HET, N=11 : P=0.0038).    

P  values calculated using a two sample, two tailed unpaired t-test. 

Values are mean +/- SEM.  * p <= 0.05, ** p<= 0.01, *** p <= 0.001. 
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Appendix II:  Differential expression profiling in Jakmip1 KO mouse brains  
 
	  

 

The following are the top 50 differentially expressed genes by p value in the cortex ��� (CX), 
cerebellum (CB), striatum (ST), and hippocampus (HP) of Jakmip1 KO brains versus WT 
controls.  Log Ratios of expression changes (green, decreased; red, increased) are listed in 
columns with green headings, while p values of these changes are listed in columns with blue 
headings.  

Appendix 2-1.  Significantly changed genes demonstrate consistent expression patterns across Jakmip1 KO samples.  
Red color denotes upregulate genes, while green color denotes downregulated genes. 
X axis are samples, while Y axis are genes.  Gene clustering is shown to the far left on the Y -axis.
Significantly changed genes are defined at P <0.005 . 
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Transcript ILMN_Gene CX KO vs. CX WT CX KO vs. CX WT
ILMN_218013 GABABRBP -1.904 0.00001
ILMN_209408 LIG1 0.427 0.00024
ILMN_218680 5330410G16RIK 0.368 0.00037
ILMN_186007 LSAMP -0.39 0.00039
ILMN_218085 LSP1 0.47 0.00041
ILMN_219791 SLC23A3 -0.408 0.00041
ILMN_213620 HSPD1 -0.348 0.00049
ILMN_223756 ACOT1 -0.321 0.00058
ILMN_186128 FHL2 0.329 0.00062
ILMN_216862 HAP1 -0.431 0.00079
ILMN_223370 RESP18 -0.505 0.0008
ILMN_221348 RTN1 -0.476 0.00086
ILMN_219998 KCTD6 -0.305 0.0009
ILMN_216432 CCL27 0.454 0.0009
ILMN_215167 MAS1 -0.334 0.00092
ILMN_219936 SLC8A2 0.369 0.00095
ILMN_223923 DIO3 -0.568 0.00095
ILMN_191066 AI851790 -0.357 0.00097
ILMN_190343 GALT 0.323 0.00098
ILMN_216122 IFIT2 0.312 0.00111
ILMN_220251 CART 0.552 0.00113
ILMN_214278 TCFCP2L2 -0.359 0.00114
ILMN_212208 RERG -0.329 0.00116
ILMN_244720 GPR17 -0.301 0.00119
ILMN_216466 SLC29A4 -0.478 0.00127
ILMN_207470 KIF1B -0.349 0.00127
ILMN_212382 RHOBTB2 0.311 0.00129
ILMN_223572 1810057C19RIK -0.351 0.00133
ILMN_216522 RTN4 0.313 0.00135
ILMN_216236 LRRTM1 0.329 0.00138
ILMN_223702 PDYN 0.367 0.00138
ILMN_209796 CABP7 -0.292 0.00142
ILMN_213142 AP1S1 -0.312 0.00143
ILMN_215264 SLC17A8 0.483 0.00143
ILMN_255747 COBL 0.298 0.00149
ILMN_254951 BRSK1 0.29 0.00161
ILMN_222091 NPY2R -0.4 0.00167
ILMN_210028 CCND1 -0.474 0.00168
ILMN_223471 ALDH3A1 -0.265 0.00178
ILMN_210171 SMPDL3B -0.47 0.00179
ILMN_217576 HNRPH1 -0.289 0.00183
ILMN_210028 CCND1 -0.27 0.00188
ILMN_209293 PEX5 -0.317 0.00192
ILMN_243060 RNU6 -0.264 0.00193
ILMN_184733 TPP2 0.263 0.00207
ILMN_189581 SYN2 -0.305 0.00209
ILMN_213307 HAP1 -1.073 0.0021
ILMN_219763 RBM21 0.257 0.00214
ILMN_215395 IRF6 0.317 0.0022
ILMN_220489 ATP1A2 -0.275 0.00223
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Transcript ILMN_Gene CB KO vs. CB WT CB KO vs. CB WT
ILMN_212337 GRB14 -0.419 0.00001
ILMN_220861 KCNA2 -0.442 0.00001
ILMN_215366 DNM -0.37 0.00002
ILMN_223331 ENPP6 -0.5 0.00002
ILMN_220448 MTAP1B -0.53 0.00002
ILMN_209116 SORCS1 -0.346 0.00003
ILMN_236878 PCDH17 -0.488 0.00003
ILMN_192134 TRF -0.637 0.00003
ILMN_209546 MAPK13 0.377 0.00006
ILMN_214652 MAMDC1 -0.508 0.00006
ILMN_261337 ANKRD6 -0.325 0.00007
ILMN_198297 LOC232680 0.354 0.00007
ILMN_208863 2610528E23RIK 0.331 0.00007
ILMN_209126 C530050O22RIK -0.396 0.00007
ILMN_221976 GM1012 -0.328 0.00007
ILMN_216217 CADM2 -0.424 0.00007
ILMN_218013 GABABRBP -1.21 0.00009
ILMN_219885 CORO1A 0.342 0.0001
ILMN_214746 MUS81 0.343 0.00011
ILMN_219316 SEPM 0.315 0.00011
ILMN_195053 SORL1 -0.38 0.00011
ILMN_209605 SPNB2 -0.335 0.00012
ILMN_219987 HSP105 -0.282 0.00012
ILMN_216052 E430034L04RIK -0.404 0.00013
ILMN_211515 PPP1R1A 0.288 0.00013
ILMN_230689 TYMS-PS 0.329 0.00013
ILMN_217024 9130210N20RIK 0.309 0.00013
ILMN_218677 SLC35F3 -0.282 0.00013
ILMN_209126 C530050O22RIK -0.296 0.00013
ILMN_223315 ENPP4 -0.373 0.00013
ILMN_212062 ANK3 -0.367 0.00014
ILMN_233534 BANF1 0.267 0.00015
ILMN_213894 EGR4 -0.352 0.00015
ILMN_219259 MBNL1 -0.293 0.00015
ILMN_209000 BC049806 -0.32 0.00016
ILMN_194814 ODZ4 -0.443 0.00016
ILMN_218459 2900041A09RIK -0.441 0.00016
ILMN_214117 ADAMTS4 -0.486 0.00016
ILMN_208626 NOSIP 0.326 0.00017
ILMN_227724 SMAD3 0.362 0.00017
ILMN_186566 GLG1 -0.361 0.00017
ILMN_194550 WFS1 -0.279 0.00019
ILMN_216580 RAB6 -0.325 0.00019
ILMN_222572 PBK 0.481 0.00019
ILMN_193337 TXNL4B 0.268 0.00019
ILMN_260117 MIA1 0.406 0.0002
ILMN_212743 PCSK4 0.297 0.0002
ILMN_188343 PEG3 -0.279 0.00022
ILMN_217274 CNTNAP2 -0.322 0.00022
ILMN_188259 TOLLIP -0.334 0.00022
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Transcript ILMN_Gene ST KO vs. ST WT ST KO vs. ST WT
ILMN_218013 GABABRBP -1.988 0
ILMN_219824 LOC328644 -0.552 0.00003
ILMN_253543 GALNT9 -1.448 0.00003
ILMN_219653 1300010A20RIK -0.577 0.00003
ILMN_251569 CDH8 0.549 0.00003
ILMN_209647 ARC -1.057 0.00004
ILMN_216280 DAPK2 -0.613 0.00005
ILMN_222329 CRYM 0.855 0.00005
ILMN_218696 NRN1 -1.911 0.00005
ILMN_215330 GPR123 -0.734 0.00005
ILMN_243519 PPM1E -0.67 0.00005
ILMN_215684 SUMO3 0.507 0.00006
ILMN_217284 DOK3 -0.482 0.00007
ILMN_223365 GLUD1 0.599 0.00007
ILMN_193235 TMEM25 -0.871 0.00009
ILMN_214764 PPP1R1B 0.589 0.00009
ILMN_223365 GLUD1 0.58 0.0001
ILMN_212740 BTG1 0.453 0.0001
ILMN_215853 CLK1 -0.46 0.00011
ILMN_215684 SUMO3 0.515 0.00011
ILMN_188426 TRIM9 -0.473 0.00011
ILMN_210734 E130309F12RIK 0.442 0.00011
ILMN_193234 TNFRSF25 -0.527 0.00014
ILMN_217740 A830036E02RIK -0.717 0.00015
ILMN_214933 CD63 0.462 0.00015
ILMN_210734 E130309F12RIK 0.455 0.00016
ILMN_218070 CACNA1G -0.931 0.00016
ILMN_231589 BEX4 0.459 0.00016
ILMN_211000 IFT172 -0.411 0.00017
ILMN_184996 RBMX 0.428 0.00018
ILMN_215622 SSBP2 0.416 0.00018
ILMN_215586 PPM1A 0.406 0.0002
ILMN_218832 GPR162 -0.476 0.00022
ILMN_219410 ELMO2 -0.425 0.00022
ILMN_192520 EPB4.1L2 0.495 0.00023
ILMN_208673 TITF1 0.412 0.00023
ILMN_237878 RASGRF1 0.459 0.00023
ILMN_212926 BC003885 0.462 0.00023
ILMN_212812 NME7 0.411 0.00023
ILMN_194839 ADHFE1 0.398 0.00024
ILMN_218559 HR -0.531 0.00025
ILMN_218767 1110019L22RIK -0.481 0.00026
ILMN_218559 HR -0.519 0.00032
ILMN_212121 DUSP1 -0.603 0.00032
ILMN_222514 F630022B06RIK -0.427 0.00033
ILMN_220142 ADAM15 -0.399 0.00033
ILMN_212725 COX6A2 -0.504 0.00036
ILMN_196067 GFAP 0.579 0.00036
ILMN_220109 PFC -0.699 0.00036
ILMN_210734 E130309F12RIK 0.483 0.00036
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Transcript ILMN_Gene HP KO vs. HP WT HP KO vs. HP WT
ILMN_218013 GABABRBP -2.025 0
ILMN_244182 MOBP -0.436 0.00001
ILMN_220427 SRPR -0.33 0.00003
ILMN_211935 MAL -0.4 0.00005
ILMN_216145 PRKCQ -0.294 0.00006
ILMN_210908 MYT1L 0.312 0.00007
ILMN_191708 MOBP -0.287 0.00008
ILMN_194359 UGT8 -0.402 0.00009
ILMN_255417 CITED4 0.299 0.00011
ILMN_222241 FA2H -0.335 0.00012
ILMN_217710 MKKS -0.301 0.00013
ILMN_216865 HIST1H2BE -0.274 0.00013
ILMN_211357 MOG -0.415 0.00015
ILMN_223263 CIRBP 0.262 0.00016
ILMN_209625 GJA12 -0.292 0.00017
ILMN_190343 GALT 0.263 0.00018
ILMN_220415 GJA9 -0.302 0.00019
ILMN_193482 UQCRB -0.273 0.0002
ILMN_187678 VPS29 -0.339 0.0002
ILMN_191561 UBE2Q -0.272 0.00021
ILMN_244182 MOBP -0.378 0.00021
ILMN_211617 PDLIM2 -0.291 0.00022
ILMN_193699 TMEM10 -0.326 0.00023
ILMN_212337 GRB14 -0.376 0.00025
ILMN_212011 GAD1 -0.268 0.00026
ILMN_220756 KCNH3 0.246 0.00026
ILMN_217624 TES3 -0.261 0.00027
ILMN_212610 NEFH -0.242 0.00028
ILMN_219015 6330530A05RIK -0.274 0.00028
ILMN_216940 HIST1H2BC -0.31 0.0003
ILMN_222844 PTMA -0.286 0.0003
ILMN_229041 POGZ 0.261 0.00034
ILMN_213412 LASS2 -0.261 0.00037
ILMN_194436 ZFP537 0.46 0.00038
ILMN_210655 0710001E13RIK 0.357 0.00039
ILMN_185695 TPD52L1 -0.289 0.0004
ILMN_220923 9630019K15RIK -0.241 0.00043
ILMN_252169 ELOVL1 -0.257 0.00046
ILMN_218789 CCNG2 -0.243 0.0005
ILMN_215725 SLN -0.564 0.0005
ILMN_222768 LDB2 0.303 0.00056
ILMN_187925 CCND2 -0.279 0.0006
ILMN_218089 CCKBR 0.264 0.00062
ILMN_213620 HSPD1 -0.228 0.00064
ILMN_218088 NDUFA5 -0.238 0.00066
ILMN_213619 CAV2 0.224 0.00067
ILMN_196288 PPM1B 0.229 0.00067
ILMN_216306 PHR1 0.211 0.00069
ILMN_197005 LOC381297 -0.284 0.00073
ILMN_245994 RPS25 0.23 0.00074
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