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Abstract

An In Vivo Model to Study the Regulation of FMRP
By Michael R. Santoro

Fragile X syndrome (FXS) is the most common inherited form of intellectual disability.
The syndrome results from the lack of fragile X mental retardation protein (FMRP), an
MRNA-binding protein which plays a key role in learning and memory. FMRP’s activity
seems to be regulated by the phosphorylation of a key serine (Ser499 in the mouse).
Previous work in cell culture and fruit flies suggests that when FMRP is phosphorylated
at this residue it represses the translation of its target mRNAs and that dephosphorylation
of the protein releases this repression, allowing the synthesis of new proteins. In this
project | created a line of phosphomutant mice to further study the regulation of FMRP.
Specifically, I mutated Ser499 to alanine, creating a constitutively unphoshporylated
form of the protein. Surprisingly, these mice did not resemble either WT or KO mice in
an assay of new protein synthesis. They were indistinguishable from WT mice in terms of
susceptibility to audiogenic seizures, macroorchidism, and behavioral assays. These
results suggest that the current view of FMRP regulation may be incomplete. The protein
may be phosphorylated differently in vivo or alternative isoforms of FMRP may play a
more important role than has previously been appreciated.



An In Vivo Model to Study the Regulation of FMRP

By

Michael R. Santoro
B.S.E., Duke University, 1997

Advisor: Stephen Warren, Ph.D.

A dissertation submitted to the Faculty of the
James T. Laney School of Graduate Studies of Emory University
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy
in Graduate Division of Biological and Biomedical Science
Genetics and Molecular Biology
2016



Acknowledgements

In addition to my mentor and committee members, 1 would like to acknowledge
the contributions to this project of the following members of the Emory community.

Current Warren Lab Members

Pankaj Chopra, Ph.D.
Georgette Gafford, Ph.D.
Helena Gong

Tamika Malone

Yaran Wen, Ph.D.

Previous Warren Lab Members

Reid Alisch, Ph.D.
Steven Bray, Ph.D.
Stephen Collins, Ph.D.
Anne Dodd

Morna Ikeda

Krayton Keith

Mika Kinoshita, M.D., Ph.D.
Brian Lynch

Julie Mowrey
Jennifer Mulle, Ph.D.
Leila Myrick, Ph.D.
Joshua Suhl, Ph.D.
Tao Wang, Ph.D.

Bassell Lab Members

Christina Gross, Ph.D.
Anwesha Banerjee, Ph.D.

Emory Mouse Behavioral Core Facility
Jason Schreoder, Ph.D.

Emory Mouse Transgenic and Targeting Core Facility
Helen Zhang

I would also like to thank the NIH for funding my training and research through
the GMB Training Grant and the Fragile X Center Grant.



Table of Contents

CHAPTER 1 INTRODUCTION ...ttt sttt 1
Identification of FXS as a DistinCt SYNArOME ..........cccviiiiieiece e 1
Identification Of the FIMRL GENE ..ottt ettt et 2
ANIMAL MOAEIS OF FXS ..ot a bbbt et ene e 4
FMRP Expression and Functional Protein DOMAINS ..........ccccoveriierinennieninennessesese s es 5
FMRP is an MRNA-DINAING PrOEIN ........oviiiiiiiciieee e 8
FMRP is @ Translational REPIESSON........cviueviueiiriririiisereseestesestesestesessesessesessesessessssessssesassesessessases 10
Mechanisms of Translational REPIESSION .......c..ccvvevreiiieiire e seene s 11
MGIUR Theory of Fragile X SYNAIrOME .......cccvieieeieece e 13
Phosphorylation Regulates FMRP-Mediated Translation Inhibition ...........cc.cccceveveiciiiicvsceiennn 15

CHAPTER 2 PHOSPHOMUTANT FMRP ......ooiiiieiece e 18
Creation OF IMHICE.......iitiieec ettt et sttt se et e s b e e besbe st e st et esseneebeebearens 20
PhENOLYPE OF IMICE. .. vttt ettt et et e aene e te e enas 33
DHSCUSSION. ...ttt etttk ekt b ket b b b et bbbt e bbbt st b et b ettt 41

CHAPTER 3 POLYRIBOSOME PROFILES........c.cooiiiiiie et 47
2 T2 Tod (o o] Vo PRSP 47
Polyribosome Profiles 0n Brain LYSALE ........ccccceiueiiiieieiieie et 51
Polyribosome Profiles in Cortical NEUIONS ..........ccoceiieiireiieise e 54
Polyribosome ProfileS in MEFS ........coiiiiiiiiiiie et 55
IN ViItr0 RUN-OFF ASSAYS ... vttt bbbt bbbt bbbt et e 56
DIISCUSSION. ...ttt etttk ekt e kbbb bbbtk e b ek bbb bt e bbbt bbb bt n b e bt b b e et 57

CHAPTER 4 WESTERN BLOTS ..ottt 61
(o= To 0o @] 01 0] (S RSOSSN 61
DARPP32 and SHANKZI LeVels in Crude SNS .......cccoiiiii e 70
MAPILB LeVels in HIPPOCAMPI ...c.veuiiiriiieiiieierise ettt 74
DISCUSSION. .....tiveitei ettt ettt sttt ettt e b e st et et et ese e s e ebesbeebe st e b et esseseebeebeebesbesbe b e sseseeseebesbesbesbense e 75

CHAPTER 5 PERSPECTIVES ... .ottt s 77
MEASUING FXS PRENOLYPES ....veveieeieieeiesie sttt e ettt e et sse st saesaesaesaesessessesseseenennens 77
Alternative 1S0fOrms OF FIMRL ..o 78
Further Uses 0f SErA99AIE IMIICE.......c.ciuiiieiiiesee ettt et 79
CONCIUSIONS ...ttt bbb bbb bbbt bbb e bt s b bt sb e bt b e st b ne b e e ne s 80

CHAPTER 6 MATERIALS AND METHODS ........oooiiiice et 82
MOUSE HUSDANAIY......eciiiiiiiiie ettt st sbesae st sae s e e esesreneeneenne e 82
L0 (o] o T a0 ] =T o RSSO 82
O 0 1] = el P 84
Site DIreCted MULAGENESIS. .. ..veveieeeceiese ettt e b e et eseeseerearesresreneeneens 84
Insertion of Neomycin ReSIStANCE CaSSELE .......cviveiiiierisericeee e 86
Creation Of Probes for SOUINEINS ..ot 87
Digestion of ES Cell DNA for SOUthern BIOtS ........ccccoiieiiieiieriee e 89
Digestion of Tail-Snip DNA for SOUthern BIOLS ..., 89
DINA Gel Or SOULNEINS........cuiiiiiiteiiirete ettt ettt e 89
Probe Labeling by NIiCK TransIation ..........cccccoeiieisinnisieieiesesesess e 90

o 1011 1T 1 = o) TR 90



Mouse Genotyping by PCR/Digest Of EXON 15......ccooiiiiiiiinceiee e 91

Genotyping Phosphomutant Mice DY PCR .......ccciiiiiiiiie e 92
Western BIot Of PFMRP/FMRP ..ot 92
Reverse Transcription 0f FMIL MRNA. ..o 94
PCR OF FIMIL CDNA ...t bbbt b et b et btk et e et et e b 95
JPCR Of FMIL ISOTOIMS ....c.vcvieeiceccce e ettt nesnenrenae e 95
AUTIOGENIC SBIZUIES. ...ttt ettt e et e b b e bt s b e b e e et e e et ese et e sbebesbe st seenennetens 96
SIS Protein SYNTNESIS. .....ceiuiieiiieteete et b et b et e b e s 96
MADIE BUFYING ..o.vciieeiieeee ettt bbbttt sttt e st s et ne st e st e nbeneas 97
NESHEE SHIEATING ....evceeeeete bbbttt b 97
TOSEIS IMIASS ...ttt ettt sttt b et ebeebeebe s b et et e b esseseebeebeebesbe st e st eneeneereebeebeebenrerens 98
R3] LS o8 J TSSO 98
Polyribosome ProfileS WIth TTiS.......c.civiiiiiiiiieeecee e 98
Polyribosome Profiles With HEPES..........cccco it 99
Polyribosome Profiles Using IVTegp MEethod .......cc.cveviiiiiiic e 100
Polyribosome ProfilesS 0N MEFS ..ot 101
Polyribosome Profiles 0N NEUFONS..........ooiiiiiiiiieeese ettt 102
Western Blot Of SUCTOSE FIaCtIONS........ccciriiirieiriee et 103
cDNA Synthesis from Polyribosome Profile Fractions............cccveoviiiinineiieicce e 104
gPCR of Polyribosome Profile FraCtions..........cccoevieireiincieieie st 104
Standard CUrVES 0N FIlIM ..o 105
Total Protein Stain USING PONCEAU S ........c.oooviiiiiere e s 106
Standard Curve Using FIUOreSCeNt WESTEIMNS.........c.cvieieriirieieeseie s ste et neenas 106
Western BIOtS OF Crude SINS..........ci et 107
Western Blots of MAPLB in HIPPOCAMPI ..ot 109

REFERENCES. ...ttt bttt b bbbt b et sneenene s 110



Table of Figures

Figure 1. Alternative Splicing 0f FIMIRL. .......ooiiiiiiie e e 6
Figure 2. Major domains Of FIMIRP. ........ccoiiiiiiiiiiie e 7
Figure 3. 1S0TOrmMS OF FIMIRP. .......cooiiiiii e ree e nnes 8
Figure 4. Phosphorylation 0f FMRP. ... 16
Figure 5. AMIN0 aCId SITUCTUIE. ......cvee it e e e nre e s te e s ree e enree e 18
Figure 6. Alternative SplCing OF FMIL.........coooiiiiiiii e 20
Figure 7. PIasmid PSTArt-K..........cooiiiiiiccic ettt sttt ettt s esree st sne e 21
Figure 8. Plasmid pStart-FMIL-EXLS. .....ccooiiiiiiiiiiiee e 22
Figure 9. SpPlICING CONSENSUS SEQUENCE. ..ecuvveireeiieeaieeiteestreasteesseesssseasesssessnsssansessnsessnsesansessnns 23
Figure 10. Possible ways to remove alternative splice acCeptor Sites. .........cccvvvevereririeiienieninn 24
Figure 11, PIasmid FNFLL. ..ottt ettt 25
Figure 12. P1asmid pSTArt-SAZ2-NEO. .......cceiiriiieiiiieiee st 26
Figure 13. Recombination of the targeting VECIOIS..........cciviiieie e 28
Figure 14. SCreening ESC CIONES. .......ocviiiiiiiieic e 29
Figure 15. Removal of NE0OMYCIN CASSELE. .....cuviiiiiiiiie ettt 30
Figure 16. PCR/digestion strategy t0 genotyPe MICE. ........cccviirierriniiiieiese s 31
Figure 17. Verifying mutations in MICE. .......ccceiiiiiiiiiiiiie st 32
Figure 18. PCR for routine genotyping Of MICE. .........ccooiiiiiiiiiiie e 33
Figure 19. Identification of cryptic spice aCCeptor SItES. .......ccvveveeiieii et 34
Figure 20. Distribution of isoforms in mouse cerebral COMeX. ........ccovvveriirieiiieeie e 36
Figure 21. pFMRP/FMRP €XPIESSION. .....veivieiiieiiieiieeitie st st este st steeste e sre e sve e e e sraesne e 37
Figure 22. New protein SYNThESIS. .........oiiiiie e 38
Figure 23. Marble DUIYING. .....oovoiii e 40
FIGUIE 24, TESHIS IMIBSS. ©.euvveiieeiieeeitee st e e ite e s tee s te e st e s te e s te e sste e s te e e te e enteesnbeesnteeanteesnteeanteeanreennns 41
Figure 25. Representative polyribosome profile tracing.........ccccovvvveiieii i 48
Figure 26. Polyribosome profile traces from a run-off experiment. ...........cccooeeiiiiiiivinnn i 50
Figure 27. mRNA distributions from a run-off exXperiment. ...........cccooeiereiinieien e 50
Figure 28. Polyribosome profiles on whole brain lysate. ..........cccocviviiiiiiiie e 52
Figure 29. Traces of polyribosome profiles using Zang et al. protocol. ...........ccccceviviiiiienennen 53
Figure 30. mMRNA distribution in polyribosome profiles using Zang et al. protocol..................... 53
Figure 31. Polyribosome profiles from primary cortical NEUroNS. ............cccoovvveenene e 55
Figure 32. Polyribosome profiles in MEFS. ..o 56



Figure 33.
Figure 34.
Figure 35.
Figure 36.
Figure 37.
Figure 38.
Figure 39.
Figure 40.
Figure 41.
Figure 42.
Figure 43.
Figure 44.
Figure 45.
Figure 46.
Figure 47.
Figure 48.
Figure 49.
Figure 50.
Figure 51.
Figure 52.

Traces for IVT-EBP Profiles. ......cooiiiiiiiic e 57
Polyribosome profiles using IVT-EBP protocol. ..........cccoovviiiiiiiiiiicnieee 57
Standard curve for BETA-ACTIN. ...c.oiiiiieieieeieere e 63
Standard curve FOr EIFAE. ..........oooo ittt 64
Standard curve for BETA-TUBULIN. .......cccoiiiiiiiiiieseee e 65
Standard curve For GAPDH. ..ot 65
Standard curve for GAPDH using fluorescent Western technology. .........c.ccccccveneee. 66
Standard curve FOr MAPLB.........oo et 67
Standard CUrVe FOr PSD-095. ......couiiiieiiiieie e 67
Standard curve for PONceau S StaiNiNG. ........cccereriiieiieieiieeese e 68
Standard curve for a stain-free polyacrylamide gel. .........ccccovve i, 69
Standard curve for a stain-free Membrane. ........ccccceeii i 69
DARPP32 WESEEIN DIOTS. ..ot 71
DARPP32 Western blot without control lysate. ...........ccooviiiiiiiiii e 72
DARPP32 levels in cortical [YSate. ........cccvevieiiiiice e 72
SHANKIL WESEEIN DIOTS. ...eieiieieeeee e 73
SHANK1 Western blot without control lysate. ............ccocevviiiiiiiniiie 73
SHANKUL levels in cortical IYSate. ......c.cccvviiieiiriiiie e 73
MAPLB WESLEIN DIOS. ....vviivieiie ettt sae e 74
MAPLB levels in hiPPOCAMPI. c..coviiicicceece e e 75

Table of Tables

Table 1. AUIOQENIC SBIZUIES. .....oiueeiiieiieeiee sttt ettt e st e st e sreestaesteesteesteenteeseeaneeaneeas 39



Chapter 1

Introduction

Inherited intellectual disability (ID) comprises a broad, heterogeneous group of
disorders, and with an incidence of 1 in 5,000 in males [1], fragile X syndrome (FXS)
represents one of the most common forms of inherited ID. Since the cloning of the
underlying gene in 1991 there has been tremendous progress in our understanding of the
neurological deficits that contribute to FXS. As would be expected, research into FXS
has revealed many of the pathways critical to learning and memory formation.
Knowledge of these pathways has enabled the rational design of potential therapeutics for
FXS. Additionally, it has opened new avenues of investigation into the molecular

mechanisms behind other forms of ID and autism.

Identification of FXS as a Distinct Syndrome

In 1969, Lubs identified a family with four male members diagnosed with ID,
each of whom had an unusual chromosomal gap on his X chromosome long arm [2]. This
observation that had limited clinical utility until 1977, when Sutherland showed specific
culture conditions were necessary to visualize the gap consistently [3]. These
chromosomal gaps or constrictions in metaphase spreads were termed “fragile sites” due
to their propensity to break under certain conditions [4]. It soon became clear that this
cytogenetic marker was diagnostic for a distinct X-linked form of ID, designated fragile

X syndrome, after the fragile site found in patients.



Individuals with FXS have mild to severe 1D, often with autistic-like behaviors
[5]. Other neurological symptoms include developmental delay and increased
susceptibility to seizures [5]. Upon post-mortem examination, the neurons of FXS
patients are found to have dense, immature dendritic spines [5]. The most prominent
physical symptom is macroorchidism in males, which usually develops just before
puberty [5]. More subtle physical symptoms can include a long, narrow face with
prominent ears, joint laxity, and flat feet [5]. These point to a potential connective tissue
disorder that has yet to be elucidated in any detail.

With the analysis of more FXS pedigrees, it became apparent that the syndrome
did not follow a typical pattern of inheritance for an X-linked disease. Most prominently,
pedigrees contained male obligate carriers with no symptoms of FXS [6, 7]. Furthermore,
the grandchildren of these healthy male carriers developed FXS at much higher rates than
did the siblings of the carriers [6]. This example of genetic anticipation was named the
Sherman paradox and remained a mystery until the mutation underlying FXS was

identified.

Identification of the FMR1 Gene

The gene for FXS was cloned in 1991 and named fragile X mental retardation
gene 1 (FMR1) [8]. FMRL1 is located at cytogenetic position Xq27.3, the exact location of
the diagnostic fragile site [9]. In almost all cases, the causative mutation is the expansion
of a CGG repeat located in the 5°-UTR of FMRL1. Although this was a novel mutational
mechanism at the time of its discovery, such trinucleotide repeat expansions have since

been found in other disease genes. In FMR1, the length of the CGG repeat is polymorphic



in the healthy population, ranging from 6 to 54 repeats [10]. When the number of repeats
exceeds 200, it is referred to as a full mutation allele and results in FXS [10]. At the
molecular level, the large number of CGG repeats in the full mutation leads to
hypermethylation both of the CGG repeats and the FMR1 promoter, hypoacetylation of
associated histones, and chromatin condensation; these epigentic changes result in
transcriptional silencing of FMR1 and subsequent loss of its protein product, fragile X
mental retardation protein (FMRP) [11-14]. Alleles with an intermediate number of
repeats, 55-200, are referred to as premutation alleles [10]. Premutation alleles do not
cause an FXS phenotype, but are prone to large increases in repeat length during meiosis,
especially female meiosis [10]. The observation that premutation alleles are more
vulnerable to expansion during meiosis also helped resolve the Sherman paradox; we
now understand that males with a premutation allele will transmit it intact to their healthy
daughters [10]. The premutation alleles in the daughters often expand to full mutation
alleles during oogenesis, resulting in the higher incidence of FXS seen in the next
generation [10].

It is now standard of care to measure the FMR1 CGG repeat size in all children
presenting with developmental delay, intellectual disability, or autism [5]. Given the
broad heterogeneity of such patients, only 1-3% of such children tested are typically
found to have the full mutation, resulting in a diagnosis of FXS [15]. The full mutation is
almost completely penetrant in males, but only 50% of females with a full mutation show
FXS symptoms, likely due to random X inactivation. While most known FXS cases are
caused by the expansion of the CGG repeat to a full mutation, a small number of

deletions and missense mutations in the FMR1 gene have also been reported [16-18].



Recent studies suggest that more comprehensive screening for such mutations may
increase the diagnostic yield by 30% compared to screening for repeat length alone [17].
In particular, there remains an unexplained deficit of FMR1 missense mutations, with

only a small number reported thus far [17-19].

Animal Models of FXS

FMRL1 is highly conserved across species [8], making the development of several
animal models of FXS possible. The most widely used models have been generated in the
mouse and fruit fly. The FMR1 ortholog in the mouse, Fmr1, is located on the murine X
chromosome, and its amino acid sequence has 97% homology to FMRP [20].
Unfortunately, there is no relevant animal model of the full CGG expansion, as mice
engineered with an expanded number of repeats fail to recapitulate the epigenetic changes
and transcriptional silencing seen in humans [21]. However, a targeted deletion of exon 5
created a knockout (KO) mouse lacking FMRP, the functional equivalent of the human
full mutation [22]. These mice recapitulate many of the phenotypes seen in FXS patients,
including disrupted learning and memory, increased susceptibility to seizures, and large
testes[22] . They also show an abundance of dense, immature dendritic spines, as seen in
FXS patients [23]. More recently, a mouse line was engineered with loxP sites flanking
the promoter and exon 1 of Fmr1, allowing for conditional KO of the gene [24]. This will
enable the creation of null alleles in specific cell types and at specific stages of
development, providing new ways to explore FMRP’s function in vivo.

D. melanogaster models of FXS have also been created by making null mutations

in the fly ortholog of FMR1, dFmrl. These flies have abnormal neuronal architecture and



synaptic function [25-27], impairment of long-term memory [28], and reduced courtship
interest (a model of behavioral abnormalities) [29]. These defects can be rescued by a
transgene containing human FMR1 [30]. This makes D. melanogaster a convenient

system for modeling mutations in FMRP.

FMRP Expression and Functional Protein Domains

FMRP is widely expressed in mammalian tissues [31], but it is especially
abundant in the brain and testes [31, 32], consistent with the predominant phenotypes (ID
and macroorchidism) observed in patients with FXS. In the brain, FMRP is expressed
primarily in neurons, where it is found in the cell body, dendrites, and synapses [31, 33,
34]. A small amount of FMRP can be detected in the nucleus. The timing of FMRP
expression seems to begin early in development and continue throughout life [32].
Because of the focus on patients’ cognitive deficits, the function of FMRP in nonneuronal
cells has received little attention.

Multiple alternatively spliced isoforms of FMRP exist in humans [20, 35], mice
[20], and fruit flies [36], with some evidence that individual isoforms may have important
differences in expression and function. An example of this would be the long and short
isoforms of the D. melanogaster dFMR1. The short dFMR1 lacks a glutamine/asparagine
(QN)-rich protein interaction domain in the C-terminus of the protein; deleting the long
isoform revealed that the short isoform, without the QN domain, is insufficient to
properly form short- or long-term memories [36]. The corresponding C-terminal region in
human FMRP mediates interaction with kinesin and dendritic transport [37], suggesting it

is also important in humans.



Despite this, most research in FXS has used isoform 1 of the human or murine
genes. Isoform 1 is the full-length form of the gene and has been designated as the
canonical isoform. However, in Brackett et al. the authors showed that, at the mRNA
level, isoform 7 is typically the most abundant isoform [38]. It is currently unclear what

function individual isoforms might have in mice or humans.

CGG Repeat

-
1 ]

Figure 1. Alternative splicing of FMR1.

FMR1 contains 17 exons. The alternative splicing at the 3’-end of the gene results in 12 isoforms
(all possible combinations of including/excluding exon 12, including/excluding exon 14, and
using the three different splice acceptor sites in exon 15). The CGG repeat expansion in the 5°-
UTR is prone to expansion, particularly during oogenesis. When it expands above 200 repeats,
epigenetic changes result in the silencing of the gene. Boxes: exons; straight lines: introns; angled
lines: alternative splicing; grey boxes: UTRs.

In mammals, the main isoform of FMRP is a 71-kDa protein composed of several
conserved functional domains. FMRP has four RNA-binding motifs, including three K
homology domains (KHO, KH1 and KH2) and the arginine-glycine-glycine (RGG) box
[39]. FMRP binds RNAs in a sequence-specific manner mediated by these domains. In
particular, the methylation status of the arginines in the RGG box seems to regulate
FMRP’s affinity for certain RNASs [40]. FMRP also contains nuclear localization and
export signals (NLS and NES) [41], which facilitate its shuttling in and out of the nucleus
[33]. A recent study identified a patient with developmental delay harboring a novel
R138Q mutation in the NLS [17]. Although the functional significance of this mutation is
unclear, it does point to the importance of the domain [42].

Though not fully appreciated until recently, FMRP also contains two tandem



Agenet domains at its N-terminus [43]. The Agenet domain is part of a proposed “Royal
Family” of protein domains that also includes the Tudor, MBT, and Chromo domains
[43]. Agenet domains have been shown to bind trimethylated lysine residues and are
structurally similar to the UHFR1 protein, which is believed to interact with methylated

histone H3K9 [44].

Agel Age2 KHO KH1 KH2 RGG
[rrrrrrrrefrrrrrrrrr e rrrrrreref e e e
0 100 200 300 400 500 600

Figure 2. Major domains of FMRP.

The amino acid sequences of human and mouse forms of FMRP have 97% homology. The KHO,
KH1, KH2, and RGG domains mediate RNA-binding. The Agenet domains are similar to other
protein domains known to interact with histones and trimethylated peptides. FMRP also contains
an NES and NLS.
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Figure 3. Isoforms of FMRP.

Shown are four of the 12 known isoforms of FMRP. The skipping of exon 12 results in an in-
frame deletion of 21 amino acids in the KH2 domain, as seen in isoforms 7 and 10. The skipping
of exon 14 results in a frameshift and truncated protein, as seen in isoforms 4 and 10. For each
isoform shown, there are two more isoforms resulting from two alternative splice acceptor sites in
exon 15.

FMRP is an mRNA-binding Protein

FMRP is a selective RNA-binding protein, binding to as much as 4% of the
MRNA in the mammalian brain [45]. Microarray and yeast 3-hybrid assays have
identified over 400 putative mRNAs that associate with FMRP [46-49], although only 14
of these have been validated by showing direct biochemical interaction.

Direct binding of FMRP with its target RNAs is mediated by the presence of

RNA secondary structures, the best studied of which is called the G-quadruplex. A G-



quadruplex consists of two to four G-quartets/tetrads stacked on top of each other, with
each G-quartet made of four guanines in a planar conformation interacting via cyclic
hydrogen bonds [50]. FMRP’s C-terminal RGG box recognizes the G-quadruplex in vitro
[51], and several of FMRP’s target mRNAs possess putative G-quadruplex structures.
Biochemical assays confirmed that G-quadruplexes mediate the interaction of FMRP
with Fmrl, MAP1b, and Sema3F mRNAs [52-54].

Other RNA secondary motifs have also been identified in FMRP targets. Multiple
U-rich pentamers were found in both coding and 3’-UTR regions of some FMRP target
MRNAs [55], and a study used UV crosslinking and mutagenesis assays to show FMRP
binds to a U-rich region in the 5’-UTR of hASH1 [56]. In addition, another secondary
structure referred to as the “kissing complex” has been reported to bind FMRP’s KH2
domain in vitro [57]. Finally, a recent study also showed that FMRP binds to superoxide
dismutase 1 (Sod1) mRNA through a novel RNA structure termed Sodl Stem Loops
Interacting with FMRP (SoSLIP) [58]. SoSLIP consists of three stem-loop structures
separated by short stretches of single-stranded RNA and acts as a translational activator
[58]. SoSLIP interacts with FMRP’s C-terminal region, which includes the RGG box,
and competes for binding with the G-quadruplex structure [58].

The cognitive deficits suffered by FXS patients along with the dense, immature
dendritic spines observed in the brains of both FXS patients and Fmrl KO mice indicated
that FMRP plays a role in dendritic development and function. Indeed, many of the
MRNAs identified as targets of FMRP have since been shown to localize to dendrites. In
situ hybridization demonstrated the dendritic localization of RGS5, GABA-AS, SAPAP3/4,

and eEF1A mRNAs [47, 59, 60]. Maplb mRNA was proven to be dendritically localized
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through FISH [61]; it and Arc/Arg3.1 mRNA both coprecipitate with FMRP in brain
extracts [62]. In addition, Arc/Arg3.1 and CamKIlo. mMRNAS have been reported to be
present in dendrites [63]. Finally, PSD-95 mRNA has been shown to directly associate
with FMRP in dendrites both in vitro and in vivo [64, 65]. Together, these findings

support a model in which FMRP binds and regulates a subset of dendritic mMRNAs.

FMRP is a Translational Repressor

In subcellular fractionation experiments, FMRP was found to cosediment with
polyribosomes in both neuronal and nonneuronal cells [66-68]. FMRP’s association with
polyribosomes supports the hypothesis that FMRP acts as a translational regulator of its
MRNA targets. This association is disrupted by puromycin, which disrupts actively
translating polyribosomes, indicating that FMRP is associated with actively translating
polyribosomes [68]. In an FXS patient with an 1304N missense mutation, FMRP’s
interaction with actively translating polyribosomes was abolished[66], showing this
association is crucial to its normal function. In addition to interacting with
polyribosomes, FMRP is also found in stress granules, which are believed to sequester
MRNAs whose translation is being suppressed, in mRNP complexes [69]. Together, these
observations implicate FMRP in dynamic translational regulation of its mMRNA partners.

The majority of evidence is consistent with FMRP inhibiting translation of most
of its target mMRNAs. FMRP has been shown to reduce translation of various mRNAS in
rabbit reticulocyte lysate, Xenopus laevis oocytes [70], and immortalized cells from an
Fmrl KO mouse [71]. In the reticulocyte assay, removal of the FMRP binding site from

MBP mRNA abolished FMRP’s ability to repress its translation, confirming that FMRP
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binding was necessary for translation regulation [72]. Biochemical and genetic assays
also indicate that D. melanogaster dFmrl represses translation of the Map1B ortholog
futsch [26]. In vivo assays further demonstrated that the target proteins Map1B,
Arc/Arg3.1, and CamKlla are overexpressed in the brains of Fmrl KO mice, consistent
with the loss of FMRP-mediated repression [62, 73]. To specifically interrogate FMRP’s
effect on translation at synapses, synaptoneurosomes (SNS) from Fmrl KO mice were
examined and showed increased levels of Map1B, CamKlla, and Arc/Arg3.1 proteins
[62]. Subcellular fractionation of Fmrl KO SNS also revealed a shift of CamKlla, PSD-
95, and GIuR1/2 mRNA s to actively translating polyribosomes, consistent with these
MRNAS being de-repressed [64]. Surprisingly, FMRP seems to upregulate the translation
of Sod1 mRNA by strengthening SoSLIP’s ability to activate translation [58] and to
increase translation of hASH1 through an unknown mechanism [56], signifying that

FMRP may also activate translation of some transcripts.

Mechanisms of Translational Repression

One model of how FMRP regulates the translation of mMRNAs proposes that it
inhibits the initiation of translation. In cap-dependent translation, which is known to be
important in neurons, initiation requires the elF4A-elF4G-elF4E (elF4F) complex to
associate with the 5°-m’ cap of the mRNA template. 4E binding proteins (4E-BP)
interfere with the elF4E-elF4G interaction, thereby regulating the formation of the elF4F
complex. Recently, cytoplasmic FMRP-interacting protein (CYFIP1), a known protein-
binding partner of FMRP, was discovered to be a 4E-BP [74]. Coimmunoprecipitation

confirmed that both CYFIP1 and elF4E are associated with FMRP in vivo; however, the
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FMRP/CYFIP1 association is independent of elF4E binding [74]. Interestingly, the
formation of the FMRP/CYFIP1/elFAE complex was increased by the presence of
capped-Arc mRNA, a known FMRP target, but not capped-luciferase mRNA [74]. These
data have led to a model in which FMRP recruits CYFIP1 to specific mMRNAs,
subsequently associates with elFAE, and blocks recruitment of the translation initiation
machinery.

An alternate model for how FMRP inhibits translation posits that FMRP causes
ribosomes to stall during the elongation phase of translation. This model is supported by
data showing that some FMRP cosediments with polyribosomes, even after treatment
with puromycin, meaning these polyribosomes likely represent stalled ribosomes [68].
Ribosome run-off experiments in which cells were treated with sodium azide, a non-
specific inhibitor of translation initiation that does not affect elongation, also revealed
that a portion of FMRP was associated with stalled ribosomes [75]. Ribosome stalling has
not been thoroughly characterized, but is presumed to be influenced by tRNA
availability, subcellular localization, folding dynamics of the nascent protein, and RNA
secondary structure [76].

Data also indicate that FMRP represses translation of its target mRNASs through
the RNAI pathway. Both the D. melanogaster dFMR1 and mammalian FMRP associate
with Argonaute 2 (AGO2) and Dicer, critical components of the RNA-induced silencing
complex (RISC) [77-79], as well as associating with specific microRNAs (miRNAS)
[80]. Experiments in D. melanogaster further demonstrated that AGO2 is necessary for
dFmrl-dependent synaptic plasticity [80]. In vitro, FMRP can help assemble miRNAs on

target RNAs, an activity directed by its KH domains [79]. In addition, a recent study
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showed that FMRP selectively associates with several miRNAs in the mouse brain [81].
Overexpression of two of these miRNAs, miR-125b and miR-132, in cultured rat
hippocampal neurons resulted in longer and thinner dendritic spines or stubby and
mushroom spines, respectively [81]. Knockdown of FMRP in these cells rescued both
phenotypes [81]. Taken together, the genetic and biochemical data support a mechanism
in which FMRP binds to the 3’-UTR of target mMRNAS, where it then mediates or
stabilizes the binding of the complementary miRNA-RISC complex in order to block
translation. Whether the miRNA-RISC/FMRP complex blocks translation initiation or
elongation is unknown, and both mechanisms have been implicated for miRNASs in

general [82].

MGIUR Theory of Fragile X Syndrome

Deficits in synaptic plasticity are known to correlate with learning and memory
impairment in the brain, so it was expected that such deficiencies might be at the core of
FXS. One form of synaptic plasticity, groupl metabotropic glutamate receptor (mGIuR)-
dependent long-term depression (mGIuR-LTD), is dependent on the local protein
synthesis of postsynaptic, dendritically-localized mRNAs in response to synaptic
stimulation. This local protein synthesis results in a-amino-3-hydroxy-5-methyl-
isoxazoleproprionic acide receptor (AMPAR) internalization, a key step of mGIUR-LTD.
The mGIuR theory of FXS proposes that FMRP acts in this pathway downstream of
mGIuRs and upstream of local protein synthesis. As such, the mGIuR theory predicts that
FMRP represses translation of its mMRNA targets in the normal basal state, but upon

mMGIuR activation, FMRP repression is released, allowing the burst of local protein
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synthesis necessary for AMPAR internalization and LTD [83]. When FMRP is absent,
such as happens in FXS, protein synthesis should be constitutively elevated, leading to
overactive AMPAR internalization and exaggerated LTD, even in the absence of mGIuR
activation.

In support of this theory, mGIuR-LTD is enhanced in the hippocampus of Fmrl
KO mice and does not require new protein synthesis [84, 85]. In agreement with this, the
level of several FMRP target mRNAs associated with actively translating polyribosomes
is increased in response to DHPG, an mGIuR agonist, in wild type (WT) mouse SNS, but
not in Fmrl KO SNS [64]. Furthermore, metabolic labeling with [3°S] methionine shows
that the DHPG-induced synthesis of PSD-95 and CamKIlla proteins seen in WT SNS is
absent in Fmrl KO SNS [64]. Both the persistently enhanced mGIuR-LTD as well as the
inability to further increase protein synthesis in response to new synaptic stimuli are the
likely culprits behind ID in FXS.

The mGIuR theory also predicts that antagonizing the mGIuR pathway may lead
to a reduction of FXS phenotypes. The mGIuR antagonist MPEP is indeed able to rescue
behavioral and cognitive deficits in the fruit fly, zebrafish, and mouse models of FXS
[86-89]. MPEP also rescues the altered dendritic spine morphology seen in Fmrl KO
neurons and restores proper AMPAR internalization [90]. Furthermore, genetic reduction
of mGIuRS5 in Fmrl KO mice rescues many of the disease-related phenotypes [91, 92].
Pharmacological rescue of FXS phenotypes has now opened many new avenues for
potential therapeutic intervention in FXS and has spawned several clinical trials of drugs

that target the mGIuR pathway.
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Phosphorylation Regulates FMRP-Mediated Translation

Inhibition

In vivo, FMRP exists in both phosphorylated and unphosphorylated forms,
although phosphorylated FMRP is the predominant form in dendritic granules [93].
FMRP contains a serine residue that is conserved from Drosophila to humans (human
Ser500, murine Ser499, Drosophila Ser406) and is the primary phosphorylated residue in
FMRP [75]. Phosphorylation is hierarchical, with phosphorylation of this key residue
triggering phosphorylation of other nearby Serines [75]. The belief is that the
phosphorylation status of this key serine controls the functionality of FMRP. Though
phosphorylation of FMRP does not affect its ability to bind RNA, it does affect its
association with polyribosomes and its ability to inhibit translation [75, 94].

Using constitutively phosphorylated and unphosphorylated mimics of murine
FMRP containing the S499D and S499A mutations, respectively, Ceman et al. showed
that only the S499D-FMREP is still associated with polyribosomes after sodium azide-
induced polyribosome run-off [75]. This suggests that phosphorylated FMRP is
associated with stalled ribosomes, whereas unphosphorylated FMRP allows translation to
proceed. In Coffee et al., the authors showed that a phospho-mimic form of human
FMRP rescued defects in synaptic architecture, protein levels, and learning in dfmrl null
flies. In contrast, a constitutively unphosphorylated form of the protein was unable to
rescue any of the defects [30].

This is consistent with the observation by Mudashetty et al. that overexpression of
S499D-FMRP, but not S499A-FMRP, could inhibit translation of a PSD-95 UTR

construct [94]. Furthermore, they showed that S499D-FMRP shifted PSD-95 UTR into
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MRNP fractions on sucrose gradients [94], arguing that the phosphorylation of FMRP
suppresses the translation initiation of PSD-95. In another experiment, the same group
showed dephosphorylation of FMRP following mGIuR activation coincides closely with
the release of translation inhibition of FMRP target mRNAs, such as PSD-95 [93].
Interestingly, Dicer associates with unphosphorylated but not phosphorylated FMRP
[95], indicating that phosphorylation of FMRP may also regulate the RNAI pathway by
blocking the processing of pre-miRNAs by Dicer. These data support a model in which
phosphorylated FMRP inhibits translation of its target mMRNAs, while unphosphorylated
FMRP allows translation to proceed.

All the previous work examining the effects of phosphorylation of FMRP has
relied on overexpressing the protein in mammalian cell culture or expressing a human
transgene in fruit flies. While it all supports the conclusion that FMRP is regulated by the
phosphorylation of the key serine, we wished to confirm this in a more physiologically
representative system. To that end, we created knockin mouse models to study the effects

of phosphorylation in vivo.
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Figure 4. Phosphorylation of FMRP.
Arrows denote the four possible sites of phosphorylation as identified by mass spectrometry.




Ser499 (Ser500 in humans, Ser406 in flies) is the primary phosphorylated serine in FMRP.
Phosphorylation of Ser499 casues one or more of these sites to be phosphorylated in a
hierarchical fashion. Serines are in bold. Numbers refer to amino acid position in mouse.
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Chapter 2
Phosphomutant FMRP

In order to study the effects of phosphorylation of FMRP we created two knockin
mouse models, mutating serine residue 499 to either alanine or aspartic acid. The R group
on alanine does not contain a hydroxyl group and therefore cannot be phosphorylated. In
contrast, the charge and structure of aspartic acid is similar to that on a phosphorylated
serine. A protein with the serine mutated to aspartic acid often acts like a constitutively
phosphorylated protein. These mutations parallel the work previously done using cell
culture and fruit flies [30, 75]. However, our models would allow us to study the effects

of these mutations in the context of a WT promoter and regulatory elements.
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Figure 5. Amino acid structure.
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The role of phosphorylated serine can be studied by mutating the serine residue to either alanine
or aspartic acid. Serine contains a hydroxyl group that acts as a substrate for phosphorylation by
kinases. The lack of a hydroxyl group on alanine prevents its phosphorylation. The charge and
structure of aspartic acid mimic those of phosphoserine.

The codon for Ser499 is in exon 15 of the Fmrl gene and the alternative splicing
of this exon presented a problem. Exon 15 contains two alternative splice acceptor sites,
both of which are located 3' of the codon for Ser499. This results in isoforms of FMRP
that lack the Ser499 residue. We wanted to focus our study on the effects of
phosphorylation at Ser499, and therefore decided to remove these two alternative splice
acceptor sites. However, this meant that in order to isolate the effects of the Ser499
mutations we needed to also create a control line of mice. This control line (referred to as
SA2) would have both alternative splice acceptor sites removed but still contain the WT
Ser499. The other two lines would also have the alternative splice acceptor sites removed
but have Ser499 mutated to alanine or aspartic acid (referred to as Ser499Ala and

Ser499Asp, respectively).
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Figure 6. Alternative splicing of Fmr1.

The C-terminal region of the Fmr1 gene is subject to alternative splicing. The skipping of exon
12 results in an in-frame deletion of 21 amino acids. The skipping of exon 14 results in a
frameshift and a truncated protein. There are two alternative splice acceptor sites in exon 15. The
use of either alternative splice acceptor site results in an in-frame deletion and the absence of
Ser499. mRNA from all 12 possible isoforms can be detected in mice.

Creation of Mice

In order to construct the required targeting vectors, | followed the protocol
described in Wu et al. [96]. This protocol uses recombineering, as opposed to traditional
cloning techniques, to create the targeting vectors and the Capecchi lab has made
available several plasmids which make the process easier. First, | cloned the desired
section of genomic DNA using red-recombination. | then introduced the desired
mutations in exon 15 using site directed mutagenesis. Finally, | cloned a neomycin
resistance cassette, flanked by FRT sites, into intron 15.

| chose to have my targeting vector span from intron 12 to intron 16 of the murine
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Fmrl gene. I cloned this region of genomic DNA from the bacterial artificial
chromosome (BAC) RP23-397L15. This BAC was derived from a five-week old
C57BI/6J female mouse and contains a 195 kb insert which includes the entire Fmrl
gene. | used red-recombination to clone the desired section of the Fmr1 gene into the
plasmid pStart-K, a low copy plasmid designed by the Capecchi lab for this purpose. To
this end, I designed primers to amplify the pStart-K backbone. The forward primer
(pStart_Fmrl_5") contained 50 nucleotides homologous to intron 12 of Fmrl followed by
24 nucleotides homologous to pStart-K. Similarly, the reverse primer (pStart_Fmrl 3"
contained 50 nucleotides homologous to intron 16 of Fmrl followed by 25 nucleotides

homologous to pStart-K.

pStart-K

3144 bp

Figure 7. Plasmid pStart-K.
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Plasmid pStart-K is a low copy plasmid provided by the Capecchi lab to help clone genomic
DNA using the red-recombination system. The origin of replication and kanamycin resistance
gene were amplified by PCR and used as a vector to clone the desired genomic DNA.

| used these primers and plasmid pStart-K to produce a linear fragment of DNA
that contains the replication of origin and kanamycin resistance gene from pStart-K
flanked by sequences homologous to Fmrl introns 12 and 16. | combined this DNA
fragment, BAC RP23-397L15, and the components of the red-recombination system to
create a low copy plasmid, with a kanamycin resistance gene, that contains 7.5 kb of
genomic DNA spanning intron 12 to intron 16 of Fmrl (referred to as pStart-Fmr1-

Ex15).

pStart-Fmr1-Ex15

10,078 bp

Figure 8. Plasmid pStart-Fmr1-Ex15.
Plasmid pStart-Fmr1-Ex15 is the basis for all the targeting vectors | created for this project. It
contains the origin of replication and kanamycin resistance gene from plasmid pStart-K. It also
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contains 7.5 kb of genomic DNA spanning from intron 12 to intron 16 of the murine Fmrl gene.

In order to destroy the two alternative splice acceptor sites in exon 15, | relied on
the fact that splice acceptor sites invariably end in an "AG" dinucleotide. Mutating either
of these nucleotides results in the destruction of the splice acceptor site. In both
alternative splice acceptor sites, the A of the "AG" sequence is in the wobble position of a
codon. This allowed me to introduce mutations to remove the splice acceptor sites
without changing the amino acid sequence of the final protein. Specifically, | mutated the
first site from "AG" to "TG," preserving the threonine residue at position 501. Similarly, |
mutated the second site from "AG" to "GG," which keeps the lysine residue at position
514. Starting with pStart-Fmr1-Ex15, | sequentially introduced these two mutations using

site directed mutagenesis to produce plasmid pStart-Fmr1-SA2.

Exon 1 AG|GT A (Y)PAG | G Exon 2

Figure 9. Splicing consensus sequence.

Most intronic sequences are not well conserved, but certain signals important to the spliceosome
are nearly invariant. The 5’-end of the intron begins with a GT. The 3’-end of the intron ends with
an AG,; it is this invariant AG which I relied on to remove the alternative splice acceptor sites in
exon 15. Upstream of the AG dinucleotide is a polypyrimidine tract (cytosine and thymidine
nucleotides). Further upstream of that is the adenine nucleotide involved in lariat formation.
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First Alternative Splice Acceptor Site

Residue Glu500 Thr501 Glu502 Ser503

Codon GAA ACA GAA TCT
Alternative ACC GAG
Codons ACG
ACT

Second Alternative Splice Acceptor Site

Residue Ser513 Leu514 Ala515 Pro516
Codon TCA TTA GCT CCA
Alternative TTG GCC
Codons CTA GCA
CTC GCG
CTG
CTT

Figure 10. Possible ways to remove alternative splice acceptor sites.

The AG sequence for the first alternative splice acceptor site consists of the third nucleotide in
residue Thr501 and the first nucleotide residue Glu502. The A could be changed to any other
nucleotide without affecting the threonine at residue 501. The G could not be altered without
changing Glu502 to a different amino acid. Similarly, the AG sequence for the second alternative
splice acceptor site consists of the third nucleotide in residue Leu514 and the first nucleotide in
residue Ala515. The A could be changed to a G without affecting the leucine at residue 514. The
G could not be altered without changing Ala515 to a different amino acid. Residue numbers refer
to the mouse protein.

| also used site directed mutagenesis to change residue 499 from serine to either
alanine or aspartic acid. The codon for Ser499 is "TCT." | altered this to "GCT" for
alanine and "GAC" for aspartic acid. | chose these codons because the same mutations
were made in the Fmrl cDNA used in earlier cell culture-based experiments studying the
phosphorylation of Ser499 [75]. | mutated the Ser499 in pStart-Fmr1-SA2 to either
alanine or aspartic acid, to create pStart-Fmr1-S499A and pStart-Fmr1-S499D
respectively.

Having created three plasmids with the mutations | wanted to introduce into mice,
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| next added a selectable marker to the plasmids. I chose plasmid FnF11 as the DNA
donor for this. FnF11 carries a neomycin resistance gene driven by a Pollll promoter,
allowing for selection of this DNA in embryonic stem cells treated with neomycin. This
cassette is flanked by two FRT sites, so the cassette can be removed post integration.
Furthermore, the cassette also carries the FLPe gene driven by the testis specific Prm1
promoter. This is designed to make the whole cassette self-excise when the DNA passes

through the male germline, thereby removing the need to breed founder mice to FLP-

expressing mice.

FnF11

7615 bp

Figure 11. Plasmid FnF11.
This plasmid was made available by the Capecchi lab. It contains a neomycin resistance cassette

flanked by FRT sites. The FLPe gene driven by the testis-specific Prm1 promoter is intended to
allow the cassette to self-excise when passed through the male germline.
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The above cassette consists of 4.7 kb of DNA. Traditionally this would be cloned
using restriction enzymes but | used in vitro recombination technology. This allowed me
wide choice in where to place the cassette. | placed it in intron 15, less than 900 bp from
the mutations in exon 15. Since a single FRT site would be left behind after excision of
the cassette, | chose a specific location that does not show strong conservation between
species. This was intended to minimize the risk that the remaining FRT site would have
any physiological effects. I introduced this cassette into pStart-Fmr1-SA2, pStart-Fmr1-
S499A, and pStart-Fmr1-S499D to create pStart-SA2-Neo, pStart-S499A-Neo, and

pStart-S499D-Neo, respectively.

pStart-SA2-Neo

14,659 bp

Figure 12. Plasmid pStart-SA2-Neo.
Plasmid pStart-SA2-Neo contains the mutations that destroy the two alternative splice acceptor
sites in exon 15. It also contains the neomycin cassette from plasmid FnF11. Plasmids pStart-
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S499A-Neo and pStart-S499D-Neo are identical to plasmid pStart-SA2-Neo except for the
engineered missense mutations in exon 15.

The Emory mouse transgenic and gene targeting core linearized the three
plasmids and electroporated them into embryonic stem cells (ESC) derived from strain
129 mice using standard protocols. Cells were grown in the presence of neomycin to
select for cells that had incorporated the exogenous DNA. DNA was extracted from the
cells in 96-well plate format and I screened the samples by Southern blot to identify
clones that had incorporated the DNA through homologous recombination.

The screening strategy relied on a Scal/Bgll double digestion. Scal cuts in intron
9 and exon 17 of the Fmrl gene; there is no other Scal cut site nor a Bgll cut site in the
intervening DNA sequences. Both Scal sites are outside the region of homology to my
targeting vectors. The neomycin cassette contains a single Bgll cut site but no Scal sites.
Therefore, digesting WT DNA with Scal/Bgll produces a 14 kb fragment in this region.
Digesting DNA that has successfully recombined with the targeting vector produces two
fragments from this region — a 12.4 kb 5'-fragment and a 6.1 kb 3'-fragment. For my
screening strategy, | designed two probes which lay outside the regions homologous to
my targeting vectors, one each for the 5" and 3" arms of the targeted region. These are

designated probe M5 and probe M2, respectively.
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Figure 13. Recombination of the targeting vectors.

The neomycin cassette in the recombinant DNA contains a Bgll restriction enzyme site which is
used to detect the presence or absence of the cassette in a Southern blot. Breeding recombinant
mice to FLPe expressing mice results in the removal of the neomycin cassette in offspring; a
single FRT site remains in the genomic DNA. FRT sites are denoted by solid black triangles.
Engineered mutations in exon 15 are denoted by an asterisk. Probes M2 and M5 for Southern
blotting are denoted by black bars.

| screened potential recombinant clones by probing Southern blots for the 6.1 kb
3'-fragment. | screened 239 potential SA2 clones, 360 potential Ser499Ala clones, and
569 potential Ser499Asp clones. | identified two recombinant clones for the SA2 line (A3
and C2), one recombinant clone for the Ser499Ala line (2F1), but no recombinant clones
for the Ser499Asp line. This represents a targeting efficiency of 0.84% for the SA2
construct and 0.28% for the Ser499Ala construct. For each potential recombinant clone,
the targeting core cultured additional cells and provided me DNA from half those cells. |
performed additional Southern blots on those samples to confirm the DNA had
successfully recombined into the endogenous Fmrl locus. The targeting core injected

those clones into blastocysts to produce chimeras, and | bred the chimeras to WT
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C57BL/6J mice from the Warren lab mouse colony. All SA2 mice were derived from

clone C2.
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Figure 14. Screening ESC clones.

Putative ESC clones were screened by Southern blot using probe M2. The majority of clones
contained WT DNA sequence, as indicated by the 14 kb bands seen in most lanes. The two
recombinant SA2 clones and one recombinant Ser499Ala clone that were identified are indicated
by red arrows. These clones contain a recombinant 6.1 kb band. Since Fmrl is an X-linked gene
and the ES cells are male, recombinant clones contain only one allele and therefore do not have
the 14 kb band. | never identified a recombinant Ser499Asp clone.

The neomycin cassette contained in the recombinant DNA was intended to be
self-excising when it passed through the male germline. Therefore, any litters sired by
male mice containing the recombinant DNA should have contained pups in which the
neomycin cassette had been removed from the recombinant DNA, leaving behind a single

FRT site. However, despite screening over 150 offspring from these matings by PCR |
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was unable to detect any in which the neomycin cassette had been removed. Therefore, |
bred my recombinant mice to Cre-FLPe mice. Resulting offspring should express FLPe
recombinase in all cells. As expected, these crossings produced recombinant mice in
which the neomycin cassette had been removed. The removal of the cassette was
confirmed by both PCR and Southern blotting and the presence of the desired mutations
in exon 15 was confirmed by amplifying the region by PCR and digesting the PCR

product with restriction enzymes.

Wt F1 N2 W F1 o
2dkb— Wk = T : ok !
- R ,*- - e 4
10kb — Wi ey —
Skh — w» : '. ) ele ; SKkb —
6kb — o o - &> 6kb—‘ R
' : ; 5kb — |
. 4kbh —
5kb — = : ?
SA2 Mice Ser499Ala Mice

Figure 15. Removal of neomycin cassette.

Founder mice (F1) contain the neomycin cassette in intron 15 of the Fmrl gene. This results in
the presence of a 6.1 kb band in the above Southern blots probed with probe M2. The offspring of
the founder mice and FLPe expressing mice (N2) have had the neomycin cassette removed as
shown by the 14 kb band. Note that this Southern blot strategy cannot distinguish between WT
DNA and recombinant DNA that has had the neomycin cassette removed.
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Figure 16. PCR/digestion strategy to genotype mice.
The removal of the first alternative splice acceptor site removes the AIwNI restriction digest site
at position 266. The removal of the second alternative splice acceptor site creates the NlalV
restriction digest site at position 303. The Ser499Ala mutation creates the Bbvl restriction digest
site at position 237. | amplified the DNA in this region from WT, SA2, and Ser499Ala mice and
used the presence or absence of these sites to verify the mice carried the desired mutations.

600
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Figure 17. Verifying mutations in mice.

The region around exon 15 was amplified by PCR using water, WT DNA, SA2 DNA, and
Ser499Ala DNA as templates. The products were either left intact (upper panel, left), digested by
AIWNI (upper panel, right), digested by NlalV (lower panel, left), or digested by Bbvl (lower
panel, right). All digests produced the expected results.

Genotyping the phosphomutant mice using the above method is not practical for
routine genotyping. In particular, despite several attempts at optimization | was never
able to develop a protocol that generated a large amount of PCR product. So genotyping
requires performing 5-10 PCR reactions per sample, pooling and purifying the products,
and finally digesting the products. Therefore, for routine genotyping I relied on a PCR
protocol that detected the presence of the FRT site left behind in intron 15 after excision
of the neomycin cassette. This site is less than 900 bp away from the relevant mutations

in exon 15. It is unlikely that recombination will separate these two pieces of DNA.
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Figure 18. PCR for routine genotyping of mice.

The PCR typically used to genotype phosphomutant mice detects the presence of the FRT scar
left behind after excision of the neomycin cassette. The WT PCR product is 235 bp. The SA2 and
Ser499Ala PCR products are 275 bp. This genotyping method cannot distinguish between SA2
and Ser499Ala mice.

Phenotype of Mice

Since | introduced mutations to remove the two alternative splice acceptor sites in
exon 15, I first verified the knockin mice were in fact not using these alternative splice
acceptor sites. I reverse transcribed Fmrl mRNA and amplified the C-terminal region by
PCR. | did not detect any isoforms which used the alternative splice acceptor sites.
However, both the SA2 and Ser499Ala mice expressed novel isoforms. In all cases, the
new isoforms were slightly smaller than isoforms that exist in the WT mice. | purified
these novel PCR products from an agarose gel and sequenced them. This revealed that
deletion of the two alternative splice acceptor sites resulted in the use of two cryptic
splice acceptor sites in exon 15. The use of the first cryptic splice acceptor site results in a
frameshift and premature stop codon. However, the use of the second cryptic splice
acceptor site results in the deletion of 84 base pairs as compared to isoform 1. This in-
frame deletion results in a protein missing 28 amino acids as compared protein isoform 1.

However, this represents a deletion of only three extra amino acids compared to isoforms



using the second alternative splice acceptor site (i.e. isoforms 3, 6, 9, and 12).
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To make discussion of the isoforms easier, | will refer to isoforms that use the

first cryptic splice acceptor site with the name of the most similar WT isoform that uses

the first alternative splice acceptor site. For example, | will refer to the isoform in SA2

and Ser499Ala mice that includes exons 12 and 14 but uses the first cryptic splice

acceptor site as isoform 2. Similarly, 1 will refer to isoforms that use the second cryptic

splice acceptor site with the name of the most similar WT isoform that uses the second

alternative splice acceptor.

H2ZO0 NTC WT SA2 Ala

4 5 6ar

500 bp 10, 11,12 Serddd
400 bp :
300 bp Exon Exaon Exon
13 14 15
200 bp 1,2 3or
7,89
Fmr1 Isofarm PCR Product Size
7 353 bp
2/8 317 bp
3/9 278 bp
4/10 157 bp
100 bp 51 121 bp
612 82 bp

Figure 19. Identification of cryptic spice acceptor sites.

I amplified the region spanning exon 13 to exon 15 of Fmrl cDNA by PCR (right panel, top).
Note that this PCR cannot distinuguish between isoforms that only differ by the inclusion or
exclusion of exon 12. SA2 and Ser499Ala mice did not use either alternative splice acceptor sites,
as shown by the lack of bands at 317 bp and 278 bp (left panel). However, both mutant mice have
novel bands which were slightly smaller than WT isoforms (white arrowheads, left panel).

In order to determine what effect the use of the cryptic splice acceptor sites had

on isoform abundance, | measured the levels of all 12 isoforms by gPCR. | extracted

MRNA from cortices from adult male mice, reverse transcribed the mRNA to cDNA, and
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measured the isoform levels by gPCR. | normalized the isoform levels to the
housekeeping gene MuPO. | combined data for isoforms that differ only in the inclusion
or exclusion of exon 12 (i.e. isoforms 1 and 7). As expected, in SA2 and Ser499Ala mice
the isoforms with a frameshift mutation were detected at substantially lower levels than
the corresponding isoforms in WT mice (isoforms 2/8 p < 0.0001 for both SA2 and
Ser499Ala; isoforms 5/11 p < 0.05 for both SA2 and Ser499Ala). Unexpectedly, isoforms
3 and 9 were present at lower levels in Ser499Ala mice as compared to SA2 mice (p <
0.05). Similarly, isoforms 5 and 11 were present at lower levels in Ser499Ala mice as
compared to SA2 mice (p < 0.01). Although not statistically significant, there was a trend
of higher levels of isoforms 1 and 7 and isoforms 4 and 10 in Ser499Ala mice as

compared to SA2 mice.
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Figure 20. Distribution of isoforms in mouse cerebral cortex.

| extracted cortical MRNA from adult male mice, reverse transcribed it into cONA, and measured
the levels of all 12 isoforms by qPCR. Levels were normalized to the levels of MuPO mRNA.
The values for isoforms that differ only in the inclusion or exclusion of exon 12 (i.e. isoforms 1
and 7) were combined. Isoforms that used the first cryptic splice acceptor site, which introduces a
premature stop codon, were reduced in SA2 and Ser499Ala mice (isoforms 2/8 p < 0.0001 for
both SA2 and Ser499Ala; isoforms 5/11 p < 0.05 for both SA2 and Ser499Ala). Isoforms 1 and 7,
which include residue 499, show a trend towards higher levels in Ser499Ala mice as compared to
SA2 mice. Isoforms that use the second cryptic splice acceptor site were reduced in Ser499Ala
mice as compared to SA2 mice (isoforms 3/9 p < 0.05; isoforms 6/12 p < 0.01). Each group of
three genotypes was analyzed by one-way ANOVA, with multiple tests comparing each mean to
the other two means in the group.

I measured FMRP levels in cortices from adult male mice using Western blot
analysis. I also examined if the mice expressed phospho-FMRP using an antibody
specific for FMRP phosphorylated at Ser499. All samples were treated in parallel with
lambda phosphatase to verify that the antibody used to detect pFMRP was specific to the
phosphorylated form of the protein. Both SA2 and Ser499Ala expressed FMRP in the
cerebral cortex. As expected, phospho-FMRP was present in SA2 mice but was

undetectable in Ser499Ala mice.
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Figure 21. pFMRP/FMRP expression.

Western blot of cortical lysate from adult male mice. SA2 mice, but not Ser499Ala mice, express
FMRP phosphorylated at Ser499. Both lines of mice express FMRP. The absence of pFMRP
bands in WT and SA2 lysate treated with phosphatase shows that the antibody used is specific to
phospho-FMRP.

We measured total protein synthesis in SNS from WT, KO, SA2, and Ser499Ala
mice, both at basal levels and after 5 minutes of simulation with 100 uM (S)-3,5-
Dihydroxyphenylglycine (DHPG). WT mice showed the expected increase in total
protein synthesis after stimulation (p < 0.0001). As has been reported previously, protein
synthesis levels in KO mice decreased upon stimulation with DHPG (p < 0.0001). KO
mice typically have higher basal levels of protein synthesis, similar to levels seen in WT
mice with stimulation. In our experiment, basal levels of protein synthesis were higher in
KO mice than WT mice, but this difference was not statistically significant.

As predicted, SA2 mice showed increased levels of protein synthesis upon
stimulation with DHPG (p < 0.001), similar to the WT phenotype. Unexpectedly,
Ser499Ala mice did not show a phenotype similar to KO mice. In fact, protein synthesis
levels in Ser499Ala mice did not significantly change in either direction upon stimulation
with DHPG, meaning Ser499Ala mice responded differently than either WT or KO mice.
Basal protein synthesis levels in Ser499Ala mice were slightly higher than basal levels in

WT mice, but this was not statistically significant.
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Figure 22. New protein synthesis.

Protein synthesis was measured in SNS from WT, KO, SA2, and Ser499Ala mice using
radioactive labeling. As expected, levels of protein synthesis increased in SNS from WT mice
when stimulated with DHPG (p < 0.0001). In addition, levels of protein synthesis decreased in
SNS from KO mice when stimulated with DHPG (p < 0.0001). SNS from SA2 mice recapitulated
the increase seen in WT mice when stimulated by DHPG (p < 0.001). Unexpectedly, SNS from
Ser499Ala mice did not show a significant change in protein synthesis when stimulated with
DHPG. Data was analyzed by two-way ANOVA, matching treated and untreated samples. This
experiment was performed by Christina Gross, Ph.D.
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We tested P21 WT, KO, SA2, and Ser499Ala male mice for susceptibility to
audiogenic seizures. 30.8% of KO mice experienced audiogenic seizures when subjected
to a loud alarm, substantially more than the 2.8% of wild type mice that experienced
audiogenic seizures (p < 0.0029). This is consistent with previous reports in the

literature[88]. In contrast, neither SA2 nor Ser499Ala mice showed any difference from

WT mice.
Genotype Mice displaying seizures Differs from WT
WT 1/36 (2.8%) -
KO 8/26 (30.8%) Yes (p < 0.0029)
SA2 1/21 (4.8%) No
Ser499Ala 1/20 (5.0%) No

Table 1. Audiogenic seizures.

Mice were exposed to a personal alarm for 1 minute and monitored for seizures. As expected, WT
mice were resistant to audiogenic seizures, with only 2.8% of WT mice experiencing seizures.
Consistent with previous reports, KO mice experienced substantially higher frequency of seizures
than WT mice (30.8% of KO mice, p < 0.0029). SA2 and Ser499Ala mice experienced
frequencies of seizures indistinguishable from WT mice (4.8% and 5.0%, respectively). P-values
for each WT/mutant comparison were calculated using a contingency table. This experiment was
performed by Jason Schroeder, Ph.D. at the Emory Mouse Behavioral Core.

We tested adult male mice in a standard marble burying assay to asses their
repetitive behavior. In this assay, mice are placed in a clean cage with standard bedding
and 20 marbles. After 10 minutes they are removed and the number of marbles buried is
counted. Previous reports indicate that Fmrl KO mice bury a greater number of marbles
than WT mice[97], indicating they are more prone to repetitive behavior. In our assay
Fmrl KO mice did bury a larger number of marbles than WT mice. This result is not
statistically significant, but this experiment is still ongoing. | expect that at its completion
there will be a statistically significant difference between WT and KO mice. SA2 and

Ser499Ala seem to be indistinguishable from WT mice.
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Figure 23. Marble burying.

Mice were placed in a clean cage with marbles for 10 minutes. The number of marbles buried
more than 50% percent were counted. Fmrl KO (n = 15) mice bury more marbles than WT (n =
16) mice (not statistically significant, experiment still in progress). SA2 (n = 5) and Ser499Ala (n
= 19) mice show no difference compared to WT. Error bars represent SEM. This experiment was
performed by Anwesha Banerjee, Ph.D.

Both human FXS patients and Fmrl KO mice display macroorchidism[22, 98,
99]. We measured testis size in adult male mice. We normalized testis mass to body mass
to control for any differences in mouse size. As expected, Fmrl KO mice had larger
testes thatn WT mice. Ser499Ala mice did not differ from WT mice. This experiment is

still ongoing.
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Figure 24. Testis Mass.
Testis mass was measured in adult male mice and normalized to body mass. Testes from Fmrl

KO (n = 17) mice were larger than those from WT (n = 18) mice (p < 0.0001). SA2 (n = 11) and
Ser499Ala (n = 13) mice were indistinguishable from WT mice. Error bars represent SEM. This

experiment was performed by Tamika Malone.

Discussion

In this project, | attempted to target three different mutations to the Fmrl locus. In
the two successful attempts | achieved a targeting efficiency of 0.84% and 0.28%. Given
this low targeting efficiency, the lack of any correct Ser499Asp clones may be due to
chance. However, it might indicate that this allele is lethal in ES cells. At the molecular
level, we predict that the Ser499Asp allele constitutively represses translation of its
protein targets. Since Fmrl is an X-linked gene and male ES cells are used in targeting,
the Ser499Asp allele would be the only one present in correctly targeted cells. If any
FMRP targets are an essential protein in ES cells then the constitutive repression by

Ser499Asp-FMRP would be lethal to the cell. Other researchers in the Warren lab are
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currently working to create a knockin mouse model that expresses the WT Ser499 residue
but which, when exposed to Cre recombinase, can be switched to aspartic acid. We hope
to use this system to examine the effects of the Ser499Asp allele at both the cellular and
whole organism levels.

Previous work has shown that the phosphorylation status of Ser499 is a key
regulator of FMRP's function. In particular, mutating the serine to alanine in fruit flies
resulted in null phenotypes[30]. I successfully mutated Ser499 to alanine in a knockin
mouse model. Unexpectedly, this mouse did not recapitulate the KO phenotype. It was
indistinguishable from WT mice in terms of audiogenic seizures and macroorchidism. In
contrast, the rate of new protein synthesis in Ser499Ala SNS did not show a consistent
response to DHPG treatment. This is different from both the WT and KO behavior. |
propose that, in vivo, the Ser499Ala allele is a hypormorph. At the molecular level it
cannot fully respond to DHPG-induced signaling. However, it retains enough
functionality that it does not have a KO phenotype. This reduced functionality is
sufficient to result in WT phenotypes in the audiogenic seizure and macroorchidism
assays.

| propose two possible mechanisms that could explain why previous work showed
that the Ser499Ala allele is functionally a KO allele but in my mice the Ser499Ala allele
is hypomorphic. First, Ser499Ala-FMRP may be regulated by the phosphorylation of
alternate serines. Second, alternative isoforms of FMRP may be rescuing the null
phenotype.

The original cell culture work on phospho-FMRP indicated that no other serines

between residues 483 and 521 (in mouse) are phosphorylated in Ser499Ala FMRP [75].
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This work was done by overexpressing the relevant proteins in L-M(TK-) cells, which do
express endogenous WT FMRP. It is possible that Ser499Ala FMRP is phosphorylated
differently in vivo than in this cell-based model. This could be examined by performing
phosphoamino acid analysis on brain lysate from the relevant mouse models. Mass
spectrometry-based analysis would allow mapping the location of any phosphorylated
residues to narrow regions of FMRP [100].

Both the previous work in cell culture and fruit flies used cDNA of Fmrl isoform
1[30, 75]. It is still possible that when Ser499 is mutated to alanine in isoform 1 in vivo,
that isoform does in fact become nonfunctional. If isoform 1 is the only isoform of FMRP
present, as it was in the previous research, the Ser499Ala mutation would result in a null
phenotype. However, one or more of the alternative isoforms of FMRP present in my
mice could be rescuing the null phenotype.

It may also be that none of the alternative WT isoforms can rescue the null
phenotype. Instead, in revealing the two cryptic acceptor sites in exon 15, | may have
created novel isoforms of FMRP that rescue the null phenotype. I have no data to
disprove this possibility, but I believe it is unlikely for two reasons. First, the use of the
first cryptic acceptor site results in a frameshift mutation and low levels of mRNA for all
the isoforms using that acceptor site (isoforms 2, 5, 8, and 11). It seems unlikely that such
low levels of a truncated protein would have any effect on the mouse's phenotype.
Second, the use of the second cryptic acceptor site results in an in-frame deletion of three
amino acids. | predict this deletion would either make those isoforms nonfunctional or
have no effect on their function. However, it is formally possible that deletion of those

residues converted a nonfunctional isoform to one capable of rescuing the null
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phenotype. This seems unlikely, but if true would indicate that this small region of exon
15 is critical to the function of the protein.

Even if the alternative WT isoforms of FMRP rescue the null phenotype, I could
not say which individual isoforms are responsible for this. In fact, certain isoforms may
only contain a subset of FMRP's full functions. Investigating this issue would require
studying each alternative isoform in isolation. The cDNA of isoform 1 of human FMRP
rescues the null phenotype flies. Alternative isoforms of FMRP could be introduced into
this model system, which would provide a way to determine if an individual isoform of
FMRP rescues any of the null phenotype in flies. Alternatively, transgenic mice
expressing individual isoforms of FMRP could be created and bred to Fmrl KO mice.
This would allow the study of individual isoforms in a mammalian system.

Even in transgenic models, testing all 11 alternative isoforms of FMRP would be
a substantial amount of work. | recommend first investigating the functions of isoform 7.
Isoform 7 is expressed at higher levels than isoform 1, and is only missing a small region
of the KH2 domain. It therefore seems likely that isoform 7 contains most or all WT
functions of FMRP. If isoform 7 is a functional form of FMRP, it most likely is regulated
by the phosphorylation status of Ser499. But it is possible that it is regulated by a
different mechanism. To address this question, Ser499 could be mutated to alanine or
aspartic acid specifically in the context of isoform 7.

There are also several reasons to prioritize studying FMRP isoforms in which
Ser499 is skipped (isoforms 2, 3, 8, and 9). The fact that the removal of the two
alternative splice acceptor sites in exon 15 resulted in the use of two cryptic splice

acceptor sites suggests that isoforms which do not contain Ser499 play important
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physiological roles.

This idea is supported by the distribution of various Fmr1l isoforms in WT, SA2,
and Ser499Ala mice. Ser499Ala mice expressed lower levels of MRNA of isoforms that
do not contain residue 499 (i.e. isoforms 3 and 9). Although not statistically significant,
Ser499Ala mice showed a trend of higher levels of mMRNA of isoforms that contain
residue 499 (i.e. isoforms 1 and 7). This is consistent with the idea that cells require a
certain level of unphosphorylatable FMRP. In WT and SA2 mice isoforms 1 and 7
produce proteins that can be phosphorylated at Ser499. Therefore, these mice would
require a certain level of the isoforms lacking residue 499. However, in Ser499Ala mice
isoforms 1 and 7 produce proteins that cannot be phosphorylated at residue 499.
Therefore, these mice can express higher levels of isoforms 1 and 7 and lower levels of
the other isoforms and still produce the necessary amount of unphosphorylatable FMRP.

The distribution of isoforms raises another interesting point. Isoforms are
expressed at different levels in SA2 mice as compared to Ser499Ala mice. However, the
DNA sequence differences between these mice would not be expected to signal the
spliceosome to produce different levels of isoforms. Therefore, there seems to be a
mechanism for the cells to determine the levels of unphosphorylatable FMRP present and
then signal to the spliceosome to produce different levels of various isoforms.

Finally, SNS from Ser499Ala mice do not recapitulate the Fmrl KO phenotype.
However, the data raise the possibility that basal protein synthesis in Ser499Ala mice is
slightly elevated as compared to WT mice. If true, this might mean that Ser499Ala mice
synthesize a subset of FMRP targets at higher rates. If so, that would mean the

phosphorylation status of Ser499 does control the function of FMRP, but only for a
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fraction of the protein's targets. This would need to be investigated by, first, conducting
an appropriately powered study to determine if protein synthesis levels in Ser499Ala
mice are in fact elevated. If so, a proteomic approach could then be used to determine
which proteins are elevated in Fmrl KO mice but not Ser499Ala mice. One method,
BONCAT, allows the measurement of newly synthesized proteins in cell culture or SNS
[101]. This makes it possible to identify individual proteins that are synthesized at

different rates in mice with different genotypes.
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Chapter 3

Polyribosome Profiles

In the FXS literature, polyribosome profiles are often used to study the effects of
mutations in FMRP. However, there are many variations of the basic assay. It can be used
on cultured cells expressing exogenous protein, cultured cells expressing endogenous
protein, tissue lysate, and reconstructed in vitro systems. Also, the assay can be modified
to examine different aspects of a given system. In this section, I'll give a brief overview
of this assay, describe the different protocols I've used and the results I've seen, and make

suggestions for how it can best be used in the future.

Background

In eukaryotic organisms, the 5’ and 3’ ends of an mRNA molecule associate with
each other, causing the mRNA to form a loop. This allows the subunits of a ribosome that
has finished translating and disassociated from the mRNA to quickly reassociate with the
5’ end of the mRNA and begin a new round of translation. Furthermore, multiple
ribosomes can be translating on a single strand of mRNA at the same time. These
complexes of looped MRNA and multiple ribosomes are referred to as polyribosomes. In
general, higher numbers of ribosomes in a polyribosome imply higher rates of translation
of that mRNA.

Polyribosome profiles are one method of measuring the translation activity in a



given system. In this assay, translation is stopped by the addition of cycloheximide

(CHX), which prevents ribosomes from moving any farther along a strand of mRNA.
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Then, polyribosomes, monosomes, and ribosomal subunits are separated by density using

a continuous sucrose gradient. The 80S monosomes migrate to heavier fractions than the

40S and 60S ribosomal subunits. Similarly, polyribosomes migrate to heavier fractions
than monosomes, with polyribosomes containing more ribosomes migrating to heavier
fractions. A profile can be generated by passing the gradient through a UV reader and

measuring the amount of mMRNA present at each point of the gradient.
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Figure 25. Representative polyribosome profile tracing.

Tracings of polyribosome profiles are generated by measuring the absorbance at OD254 as the
gradient passes through the reader. Individual peaks for the 40S and 60S subunits and 80S
monosomes are often visible, although they sometimes merge together. The different peaks for

the polyribosomes represent polyribosomes with steadily increasing numbers of monosomes. The
lightest fractions of the gradient are on the left of the graph, the heaviest fractions of the gradient

are on the right of the graph.
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Typically, mutations in FMRP do not cause any differences in the profiles
themselves. However, the gradient can be divided into fractions. The amounts of
particular proteins in each fraction can be measured by Western blot. Similarly, mMRNA
can be extracted from each fraction and the amounts of particular mMRNAs measured by
gPCR. This can be informative as different alleles of FMRP can themselves be
distributed differently and can also change the distributions of target mMRNAs. For
instance, in polyribosome profiles on brain lysate from 1304N mice, little to no FMRP is
in fractions with polyribosomes [102]. This is consistent with the belief that the 1304N
mutation removes FMRP's ability to bind to mRNA. Investigators have also reported that
the mRNAs of several FMRP targets are shifted to heavier fractions in neurons [73] and
MEFs [103] lacking FMRP. This indicates that in the absence of FMRP these mRNAs
associate with heavier polyribosomes and are therefore being more actively translated.

One limitation of this method is that some of the ribosomes on a strand of mMRNA
may be stalled and not actively translating protein. Therefore, the system at steady-state
may not accurately reflect its level of translation. A refinement that addresses this
problem is referred to as a run-off assay. In this version of the experiment, before being
fractionated or exposed to cycloheximide, the sample is incubated with puromycin.
Puromycin blocks initiation of new rounds of synthesis while allowing actively
translating ribosomes to complete translation and disassociate from the mRNA (e.g. "run-
off"). This has the effect of depleting the pool of actively translating ribosomes, leaving
behind only ribosomes that were stalled. The tracings in a run-off assay show a

characteristic loss of most polyribosomes.
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Figure 26. Polyribosome profile traces from a run-off experiment.

At steady-state, multiple distinct polyribosome peaks are visible (left panel). After run-off, only
two small polyribosome peaks are visible (right panel). These represent polyribosomes with
stalled ribosomes.

The difference between a system in steady-state and after run-off indicates how
many polyribosomes were actively translating. Investigators have reported that in run-off
assays certain mRNAs undergo larger shifts toward toward lighter fractions in the
absence of FMRP [104]. This indicates that in the absence of FMRP these mMRNAs are

associated with a greater number of actively translating ribosomes.
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Figure 27. mRNA distributions from a run-off experiment.
The distributions of MRNA are typically shifted to lighter fractions in run-off experiments. The
more actively translated an mRNA is, the bigger the shift in its distribution.
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In previous work in L-M(TK-) cells, the distribution of exogenous FMRP was
measured in run-off assays [75]. Ser499Ala FMRP showed a larger shift toward lighter
fractions than did WT FMRP. This indicated that the mutant protein associated with more
actively translating polyribosomes. In order to examine this phenotype in my knockin
mice, | undertook polyribosome profile experiments. Since my goal was to examine the
effects of my mutations in vivo, | could not simply repeat the experiments previously
done in cell lines. I tried various version of the assay without ever satisfactorily

answering how the Ser499Ala mutation affected translation in vivo.

Polyribosome Profiles on Brain Lysate

To start, | used a modified version of the protocol typically used in the Warren
lab. The original version measures the steady-state distribution of FMRP in polyribosome
profiles on cells transfected with various alleles of FMRP. | performed the experiment on
polyribosomes in whole brain lysate from mice. This protocol produced clear separation
of polyribosome peaks. As expected, the pattern of peaks showed no noticeable
difference between WT and Ser499Ala mice. However, upon examining the distribution
of FMRP, I discovered that the bulk of FMRP in both genotypes was located in the
lighter fractions. Very little FMRP was present in the fractions that contained
polyribosomes. This result agrees with previously published work that uses this protocol
[105]. Given | was trying to investigate the association of FMRP with polyribosomes, I

looked for a protocol that resulted in a better distribution of FMRP.



Figure 28. Polyribosome profiles on whole brain lysate.

Profiles do not show any gross differences in polyribosome distribution between WT and
Ser499Ala mice (upper panel). Lower panel shows the distribution of FMRP in the fractions
collected from each profile. In both cases, the majority of FMRP is located in the lighter
fractions, with little FMRP located in the polyribosomal fractions. This makes it difficult to
interpret results from experiments using this protocol.

The next protocol | tried has been used by the Darnell lab to examine the
association of FMRP with polyribosomes [102]. This protocol modifies the lysis buffer
and sucrose gradients to have a lower pH (7.3 instead of 7.5), different buffering agent
(HEPES instead of Tris), and lower salt concentration (150 mM KCI instead of 200 mM).
It also adds a gentler spin to pellet cellular debris before the addition of detergent. In
Zang et al., the authors used this protocol to show that FMRP with the 1304N mutation
does not associate with polyribosomes [102]. Using this protocol on whole brain lysate
from WT mice, | was again able to achieve clear separation of polyribosomes.
Furthermore, FMRP was more evenly distributed throughout the gradient. Treatment with
EDTA, which disrupts ribosomes, showed a shift of FMRP to the lighter fractions and a
clear loss of monosomes and polyribosomes. However, as reported in the Zang et al.

paper, using this protocol produced no difference in the distribution of FMRP target
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mMRNAs in KO mice [102].
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Figure 29. Traces of polyribosome profiles using Zang et al. protocol.

In traces with cycloheximide, FMRP is located in the fractions representing ribosomal subunits,
monosomes, and polyribosomes (left panel). Upon disruption of the monosomes and
polyribosomes with EDTA, FMRP substantially shifts towards the lighter fractions (right panel).
This indicates that FMRP associates with polyribosomes. This is more consistent with the
majority of published polyribosome profiles and seems to represent physiological conditions.
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Figure 30. mRNA distribution in polyribosome profiles using Zang et al. protocol.
There is no difference in the distribution of Maplb mRNA in polyribosome profiles from WT and
Ser499Ala mice. This is consistent with published data using this protocol that show no
difference in the distribution of FMRP target mMRNAs between WT and KO mice. As expected,
there is also no difference in the distribution of GAPDH mRNA between WT and Ser499Ala
mice.
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Polyribosome Profiles in Cortical Neurons

Lu et al. performed polyribosome profiles on primary cortical neurons from Fmrl
WT and KO mice [73]. The authors measured the distribution of the known FMRP target
MRNA Maplb. They reported that at steady-state Map1lb mRNA is found in heavier
polyribosomes in KO neurons as compared to WT neurons. This would indicate that this
MRNA is being translated at higher rates in KO neurons than in WT neurons, as would be
expected for a target of FMRP. | repeated this assay, measuring both the distribution of
Maplb and the FMRP target mRNA Kifla. However, | was unable to show any
consistent differences in the distributions of Maplb and Kifla mRNA between WT and
KO neurons. | measured the distribution of GAPDH mRNA as a control. GAPDH is not a

target of FMRP and therefore its distribution should be the same in WT and KO samples.
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Figure 31. Polyribosome profiles from primary cortical neurons.
The distribution of Maplb and Kifla mRNA showed no consistent differences between WT and
KO neurons. The distribution of GAPDH mRNA was the same in WT and KO samples.

Polyribosome Profiles in MEFs

Nolze et al. performed polyribosome profiles on MEFs derived from Fmrl WT
and KO mice [103]. They measured the distribution of three known targets of FMRP at
steady-state. FMRP has been reported to suppress translation of the first two mRNAs,
p0071 and Arc. As expected, these mMRNAs were shifted toward heavier polyribosomes in
MEFs from KO mice. Unusually, FMRP has been reported to enhance translation of the
third mRNA, Sodl. In KO MEFs Sod1 was shown to be shifted toward lighter
polyribosomes. However, when | repeated this protocol and examined the distribution of

Maplb mRNA | was unable to detect any difference between WT and KO MEFs. The
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distribution of GAPDH, which is not a target of FRMP, showed a small shift to lighter
polyribosomes.

GAPDH

30~
- WT

251
- WT
-m- KO

-m- KO

Percentage
of MRNA
Percentage
of mRNA

Fraction Fraction

Figure 32. Polyribosome profiles in MEFs.
The distribution of Maplb mRNA showed no major differences between WT and KO MEFs. The

non-FMRP target GAPDH did show minor differences between WT and KO MEFs.

In Vitro Run-Off Assays

Since none of the steady-state assays | tried were informative, | switched to a run-
off assays. The Darnell lab published a protocol they named “in vitro translation system
programmed with endogenous brain polyribosomes” (IVTegp) [104]. This protocol uses
cortical lysate from mice combined with puromycin, rabbit reticulocyte lysate, ATP, and
amino acids to run-off actively translating polyribosomes in the test tube. In published
reports, this assay produces a small but distinct shift in the distribution of FMRP target
MRNAs to lighter fractions in KO mice [104]. | was able to replicate the loss of

polyribosomes in tracings of the profiles. However, | was unable to consistently replicate

the shift in the distribution of mMRNAs from KO mice.



Figure 33. Traces for IVT-EBP profiles.
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Traces from the IV Tegp protocol treating lysate with cycloheximide show a good separation of
polyribosomes (left panel). Treating the samples with puromycin in vitro causes the active

polyribosomes to run-off (right panel).
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Figure 34. Polyribosome profiles using IVT-EBP protocol.
The distribution of Map1lb mRNA in IV Tege samples from WT mice showed no consistent

difference to that from KO mice.

Discussion

Polyribosome profiles have proven to be a useful technique to study many aspects

of FMRP. The most straightforward use of polyribosome profiles is to determine if a

given form of FMRP associates with polyribosomes at steady-state. This represents some

of the earliest uses of this assay in the FXS literature and continues to be informative

o WT
-m- KO
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concerning the effects of certain mutations. For instance, FMRP has been found to
associate with polyribosomes in lymphoblastoid cell lysate, SNS from rat cortices,
oligodendrocyte cells, brain lysate from mice, transfected cells, and lysate from an
immortalized neuronal cell line. But different labs use different versions of the protocol
and some of the differences are known to have large effects on the results. For example,
the ionic detergent deoxycholate disrupts the association of FMRP with polyribosomes.

Although it is not widely appreciated, | believe other differences can also change
the distribution of FMRP in sucrose gradients. When | fractionated whole brain lysate
using a Tris-based protocol, only low levels of FMRP were present in polyribosomal
fractions. In contrast, using a HEPES-based protocol | found FMRP more evenly
distributed throughout the gradients. Both these protocols used the nonionic detergent
IgePal.

| believe that the Tris-based protocol recently used in the Warren and Bassell labs
disrupts the association of FMRP with polyribosomes. This protocol has been used in
published research. In one report, cells expressing transfected FMRP had substantial
amounts of the protein in polyribosomal fractions. Conversely, in neurons expressing
physiologically typical levels of FMRP the majority of FMRP was present in lighter
fractions. In this case, only low levels of FMRP were detected in polyribosomal fractions.

I cannot explain the reason for the differences seen in the Tris-based protocol |
used compared to the HEPES-based protocol. Nor can | explain the differences seen in
more recent uses of the Tris-based protocol as compared to older uses of a similar
protocol. However, | can make several recommendations. First, anyone conducting

polyribosome profiles should follow the HEPES-based protocols as closely as possible.
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They have been used repeatedly and consistently produce the expected association of
FMRP with polyribosomes. Second, anyone publishing data from polyribosome profiles
should show the distribution of FMRP in the gradients. This is not consistently done in
the literature, presumably because the results are so expected. But for the reason given
above, I consider it an important control. Finally, the exact compositions of the buffers
and gradients should be reported in Materials and Methods.

Polyribosome profiles can also be used to examine if a mutation in FMRP affects
the translational state of a system. In mouse models this is more difficult in practice than
the impression given in the literature. The simplest way to do this is to measure the
distribution of FMRP target mRNAs at steady-sate. The results achieved this way are
either uninformative or inconsistent. In brain lysate, the distribution of FMRP target
MRNAs does not differ between WT and KO mice. There are reports in the literature of
differences between WT and KO cells in culture. However, | could not replicate these
results. I do not think the phenotypes seen in mRNA distributions at steady-state are
robust and do not recommend relying on them to phenotype mutant mice.

Run-off assays are a more promising method of examing the level of translational
activity in a system. The I\VVTegp protocol is well documented and was validated in three
distinct loss-of-fuction systems (Fmrl KO, Fmrl 1304N, and disruption of the FMRP-
polyribosome association with kissing complex RNA). Unfortunately, | was unable to
replicate these results in KO mice. Despite this, | am still optimistic concerning this
protocol. | think it is most likely just a technically challenging protocol. | recommend that
anyone wanting to use this assay receive training in the Darnell lab. If that is not

practical, it would be necessary to invest time optimizing the protocol on WT and KO
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samples before attempting to study the effects of a given mutation. Particular attention
should be given to incubation times and drug concentrations. Also, using digital PCR
rather than gPCR may result in more precise measurements, making it easier to detect
small shifts.

One alternative to the IV Tegp protocol is to perform run-off assays in neurons,
MEFs, or SNS from mutant mice. | have not personally done this nor have | seen any
reports of it in the literature. It should be straightforward to attempt this on samples from
WT and KO mice. If successful, this may be an easier and more robust method than the
IVTegp protocol.

One final alternative is to follow the polyribosome profiles conducted in the
original Ser499Ala research. Ceman et al. examined the distribution of FMRP itself,
rather than target mRNAs, in run-off assays. This seems to be the only example of this
specific technique in the literature. Most likely this is because it cannot be used in KO
mice, nor is it useful with the 1304N and R138Q mutations. But for forms of FMRP that
are well distributed at steady-state, it may be productive to examine the distribution of the

protein in a run-off assay.
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Chapter 4

Western Blots

One phenotype often measured in the FXS literature is the steady-state levels of
FMRP target proteins. Several proteins have been reported to be elevated in knockout
mice as compared to wild type mice in brain lysate, synaptoneurosomes, and cell culture.
The primary method of measuring this is by Western blotting. | attempted to replicate
some of these results, hoping to use the assays to phenotype my SA2 and Ser499Ala
mice. However, | was unable to replicate the KO phenotypes reported in the literature and
did not see any differences between WT and Ser499Ala mice. In this chapter | will
discuss some of those attempts plus some of the technical limitations of Western blotting

| have learned.

Loading Controls

Traditionally, housekeeping genes have been used as loading controls for Western
blots. In qualitative Western blots, the loading controls verify that protein has been
loaded into a given lane of a protein gel. In quantitative Western blots the loading
controls are used to adjust for any differences in the amount of protein loaded into
different lanes of the gel. Typically, the value for the protein of interest is divided by the
value of the loading control in the same lane to produce normalized data. In this method
it is critical that the values for the loading controls accurately reflect the amount of
protein loaded into lanes.

The best way to assess the accuracy of loading controls is to perform a standard
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curve. ldeally, this is done using the same sample preparation and blotting methods as
will be used in a given experiment. In order to test this for myself, I undertook a series of
experiments to see if the loading controls typically used in the Warren lab were in the
linear range in my Western blot experiments. | harvested cortical lysate from mice,
loaded protein samples ranging from 1 to 40 pg of total protein per lane of a gel, and
probed the resulting blot for the levels of various housekeeping genes. Since | was doing
this on film, | exposed the films for various times to see what effect that would have.
The standard Western blotting protocol that I follow calls for loading 20 to 40 ug
of total protein into a given lane of the gel. None of the housekeeping genes I tested were
acceptable in this range. Beta-actin was in the linear range up to 10 pg of total protein,
but only at the shortest exposure times. elF4e showed a linear response between 5 and 15
Mg, but again only at the lightest exposures. At the 5 second exposure, beta-tubulin had a
linear response over the entire range tested. However, in any of the other exposures the
beta-tubulin signal was in the linear range only up to 10 pg of total protein. GAPDH
showed a similar pattern, with a linear response over the whole range of protein levels at
the lightest exposures but only up to 10 g of total protein at longer exposures. All the
housekeeping genes | tested were insensitive to the amount of protein loaded into a lane

at any but the shortest exposure times.
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Figure 35. Standard curve for BETA-ACTIN.
The 1 second exposure of BETA-ACTIN was in the linear range up to 10 pg of total protein. The
5 second exposure of BETA-ACTIN was in the linear range up to 5 pg of total protein.
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Figure 36. Standard curve for EIF4E.

The 5 and 10 second exposures of EIFAE showed a linear response between 5 and 15 ug of total
protein. At those exposure times, amounts less than 5 pg were undetectable. The 20 second
exposure was not in the linear range at any of the protein amounts tested.
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Figure 37. Standard curve for BETA-TUBULIN.
The 5 second exposure of BETA-TUBULIN was in the linear range up to 10 ug of total protein.
The 10 second exposure was in the linear range up to 5 g of total protein. The 20 and 30 second
exposures were not in the linear range at any of the protein levels tested.
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Figure 38. Standard curve for GAPDH.
The 1 second exposure of GAPDH was in the linear range for all amounts of total protein tested.
The 5 second exposure was in the linear range up to 20 ug of total protein. The other exposures
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were in the linear range up to 10 ug of total protein.

Fluorescent Westerns have been reported to have greater linear ranges than ECL-
based ones. It is also easier to tell if a given signal is saturated when using fluorescent
technologies than when using film. To examine these factors, | repeated the above test for
GAPDH using fluorescent techniques. GAPDH had a linear response up to 20 ug of total
protein. However, this limit is still lower than the total protein often loaded into a well of

a protein gel.
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Figure 39. Standard curve for GAPDH using fluorescent Western technology.
GAPDH was in the linear range up to 20 g of total protein. Note that the software used can
detect if the signal for a given band is saturated. The signals for 30 and 40 pg of total protein
were not saturated.

| also performed standard curves for two FMRP target proteins often studied in
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the Warren lab: MAP1B and PSD-95. In contrast to the housekeeping genes, these two
genes were linear over the whole range examined. It is important to note that both these
proteins were effectively undetectable in samples of less than 10 pg. Therefore, it is
difficult to find an amount of total protein that is both in the linear range of the
housekeeping genes and also produces a useful signal for the target proteins. And even
then exposure times need to be tightly controlled to get a reliable signal for the

housekeeping gene.
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Figure 40. Standard curve for MAP1B.
At the exposure times used MAP1B was undetectable below 10 pg of total protein. All
measurable signals were in the linear range across all protein levels tested.
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Figure 41. Standard curve for PSD-95.
At the exposure times used PSD-95 was undetectable below 5 pg of total protein. All measurable
signals were in the linear range across all protein levels tested.

Several reports have discussed the use of total protein stains as loading controls.
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Not only do total protein stains often have a wider linear range than housekeeping genes,
total protein levels are rarely affected by drug treatments or other experimental
manipulations To test this technique, I ran a series of four blots each with 1 to 40 pg of
protein loaded in the lanes. | measured total protein levels on these blots using Ponceau S
staining. The Ponceau stain was in the linear range for all amounts tested. After these

results, | adopted total protein levels as my loading control in Western blots.
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Figure 42. Standard curve for Ponceau S staining.
Ponceau staining was linear over all protein levels tested. Valid measurements could reliably be
obtained down to 2 pg of total protein, and sometimes 1 pg of total protein.

The Warren lab now uses Bio-Rad stain-free technology to measure total protein
levels in Western Blots. Bio-Rad claims this technology works over a wide range of
protein levels. | tested this myself by again loading a standard curve of 1 to 40 pg of total
protein in a gel, running the gel, and transferring the proteins to a PVDF membrane using
Bio-Rad’s Trans-Blot Turbo Transfer System. | used the stain-free technology to measure
total protein levels in both the gel and on the membrane. In both cases, the measurements

were in the linear range across all protein levels tested.
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Figure 43. Standard curve for a stain-free polyacrylamide gel.
The stain-free technology was in the linear range over all protein levels tested in the gel.
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Figure 44. Standard curve for a stain-free membrane.

I transferred the proteins in figure 4-9 to a PVDF membrane. The stain-free technology was in the
linear range over all protein levels tested on the membrane. The data points do not fit the line as
well on the membrane as they do on the gel. It is unclear if this reflects different transfer
efficiencies in different lanes or some limitation of measuring the signal on the membrane. My
personal experience is that the imager consistently produces better images from gels than from

membranes.
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DARPP32 and SHANK1 Levels in Crude SNS

DARPP32 and SHANKZ1 have been reported to be elevated in crude SNS
preparations in Fmrl KO mice as compared to WT mice[106]. | therefore undertook to
measure the levels of these proteins in my Ser499Ala mice, while at the same time
replicating the reports from the literature. But neither my Ser499Ala mice nor KO mice
showed any differences compared to WT mice.

| harvested samples from WT/KO littermates and WT/Ser499Ala littermates. To
control for blot-to-blot variation, before | began my experiments I collected a large
volume of samples, pooled them, aliquoted them into separate tubes, and stored them at
-80°C. For each blot, I thawed one of these control tubes and included it in the gel.
Control samples were discarded after a single use.

| analyzed my data in two different ways. For the first method, | normalized every
signal to the signal of the control sample on the same blot. Then, I averaged together all
mice of a given genotype in a given litter. The results did not replicate the data in the
literature. Levels of SHANKZ1 protein were the same in WT, KO, and Ser499Ala mice.
Steady-state levels of DARPP32 did appear to be different in KO mice and WT mice,
although too few litters were tested to draw any statistical conclusions. But the levels of
DARPP32 were lower in KO mice, the opposite of what was reported in the literature.
DARPP32 also appeared to be lower in Ser499Ala mice, but given the unexpected results
for KO mice | was reluctant to consider this a reliable phenotype.

| also analyzed the data in a way that did not rely on the control samples. For each
litter tested, | averaged all the WT values and all the mutant values. I then normalized the

mutant average to the WT average. | was able to include an extra litter in this analysis, as
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I had conducted one Western Blot without including control lysate. These results broadly

matched my results above.
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Figure 45. DARPP32 Western blots.
| tested two litters of WT/KO littermates and three litters of WT/Ala littermates. | included a lane

of control lysate in each blot. Total protein levels were measured using stain-free technology One
blot contained samples from two different litters (bottom right) All other blots contained samples

from a single litter.
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Figure 46. DARPP32 Western blot without control lysate.
This litter was included in the analysis which normalized to WT, but not in the analysis that
normalized to control lysate.
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Figure 47. DARPP32 levels in cortical lysate.

I analyzed samples both by normalizing to control lysate and normalizing to WT littermates. Each
point represents the average signal from all mice of a given genotype from a single litter. Using
either method of analysis, DARPP32 levels in both KO and Ser499Ala mice were lower than
levels in WT mice. The levels measured in Ser499Ala mice seemed lower when analyzed the
second way.
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Figure 48. SHANK1 Western blots.

| tested one litter of WT/KO littermates and two litters of WT/Ala littermates. I included a lane of
control lysate in each blot. Total protein levels were measured using stain-free technology. All
blots contained samples from a single litter.

WT KO KO WT KO WT KO
SHANK1 [ S

Figure 49. SHANK1 Western blot without control lysate.
This litter was included in the analysis which normalized to WT, but not in the analysis that
normalized to control lysate.
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Figure 50. SHANKZ1 levels in cortical lysate.
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I analyzed samples both by normalizing to control lysate and normalizing to WT littermates. Each
point represents the average signal from all mice of a given genotype from a single litter. The
results were broadly the same using either method of analysis.

MAP1B Levels in Hippocampi

MAP1B has been reported to be elevated in the hippocampi of juvenile mice,
particularly at P10[73]. | measured MAP1B levels in the hippocampi of a single pair of
WT/KO littermates and also in a larger litter of WT/Ala mice. Steady-state MAP1B

levels were not different in either genotype as compared to WT.
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Figure 51. MAP1B Western blots.
| tested a litter of WT/Ala littermates and a single WT/KO littermate pair. This blot was analyzed
using fluorescent blotting techniques. Total protein levels were measured using SYPRO Ruby

stain.
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Figure 52. MAP1B levels in hippocampi.
MAP1B levels in KO and Ser499Ala mice were comparable to levels in WT mice.

Discussion

After examining the FXS literature, | chose three phenotypes to examine in my
knockin mice: DARPP32 levels in crude SNS fractions, SHANK1 levels in crude SNS
levels, and MAPL1B levels in hippocampal lysate from juvenile mice. | found no evidence
that steady-state levels of these proteins were elevated in my Ser499Ala mice.
Furthermore, 1 was unable to reliably replicate the original results in Fmrl KO mice. |
believe there are multiple possible causes for this.

First, quantitative Western Blots are hard. Although they are commonly used for
measuring differences in protein expression, getting reliable data from Western Blots is
harder than is commonly appreciated. These issues have been discussed elsewhere[107-
110], and I have described my personal experiences concerning loading controls and
exposure times. For these reasons, | recommend the use of ELISAs for any assays that

measure steady-state protein levels. Although developing assays for all the proteins
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commonly studied in the FXS field would be time-consuming, once developed and
validated ELISAs are faster, cheaper, and more reliable than Western Blots for the
purposes of measuring differences in protein expression.

Second, there seem to be inherent limitations in using steady-state protein levels
as a phenotype. Changes in the rates of protein synthesis do not necessarily result in
commensurate changes in protein levels. And protein levels seem to be inherently noisy.
In my crude SNS experiments | saw large variation in the levels of protein even in mice
of the same genotype from the same litter. Examples of this can be seen in the Shank1
levels in WT mice normalized to control lysate and Shank1 levels in KO mice normalized
to WT littermates (see figure 4-16). Yue Feng saw similar mouse-to-mouse variation in
the original MAP1B experiment (personal communication). I don’t believe these
variations are technical artifiacts — | think they reflect large variations in the underlying
biology.

I think measuring rates of new protein synthesis for individual FMRP target
proteins would provide more reliable data. Total protein synthesis in SNS is a robust
assay that consistently shows elevated rates of protein synthesis in SNS from KO mice.
Until recently, this assay had to be done using radioactively labeled amino acids. This
made it difficult to measure synthesis levels for specific proteins. But the introduction of
AHA-labeling of newly synthesized proteins combined with IP now makes this
easier[111]. I recommend using this assay to examine the rates of synthesis for specific

proteins as opposed to their steady-state levels.
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Chapter 5

Perspectives

Since the cloning of the FMRL1 gene, the fragile X field has learned a great deal
about the function of FMRP. To date, research has mostly relied on Fmrl KO models
developed in mice, cell culture, and fruit flies. Although productive, this limits
opportunities to study the effects of other mutations on the gene. Very few patients have
been identified with missense mutations in FMRL. This is reflected in the fact that few
models of other mutations have been developed. One of the few missense mouse models,
the 1I304N mouse, is functionally a null allele[102]. Therefore, there's been little progress
in identifying which molecular functions of FMRP are responsible for specific
phenotypes.

This is slowly changing. Recent cell culture work on the R138Q mutation has
identified some specific functions of FMRP disrupted by that mutation[42]. The Warren
lab is developing BAC transgenic mice with truncated alleles of FMR1 to study the
functions of the N-terminus of the protein. I believe my my thesis work suggests two
ways to further disentangle the many functions of FMRP. First, the functions of
alternative isoforms of FMRP should be examined. Second, the effects of my Ser499Ala
mutation can be examined further. These goals will require new assays and the

refinement of others.

Measuring FXS Phenotypes

The Fmrl KO mouse model was created in 1995. Since then, many research
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groups have used it to investigate a large number of phenotypes in the mice. However,
there has been little incentive for other groups to replicate established phenotypes.
Because of this, it is not immediately obvious which assays are robust. If new mutation
models are to be created in mice or the functions of isoforms are to be investigated, |
believe that researchers need a reliable set of assays to determine if a given mutation
recapitulates the FXS phenotypes.

Several molecular assays have been shown to be robust. In particular, AMPAR
internalization and protein synthesis are not only reliable but can be performed in cell
culture without having to create a whole new mouse model. Electrophysiology assays
consistently show phenotypes in FXS mice. | think a reliable form of polyribosome
profiles is necessary, but for reasons discussed in chapter 3 I’m not able to recommend a
specific version of this assay. In mice, audiogenic seizures, macroorchidism, and
dendritic spine maturation assays seem to be robust. Furthermore, several behavioral
assays, including marble burying and the open field assays, have been successfully
repeated by multiple research groups. This set of molecular and behavioral assays

represent a reliable method to assess FXS phenotypes in different mouse models.

Alternative Isoforms of FMR1

This suite of tests could be used to identify specific FXS phenotypes rescued by
individual isoforms of FMRP. Although 12 alternative isoforms of FMR1 were identified
twenty years ago, very little research into the functions of these isoforms has been
published. Isoform 1, which is the full-length isoform, has been used almost exclusively

in research involving cDNA. More recently, it has been reported that isoform 7 mRNA is
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expressed at higher steady-state levels than isoform 1 mRNA[38], suggesting isoform 7
may be playing an important physiological role. | believe my research adds weight to the
idea that many of the other isoforms should be studied more closely.

This conclusion follows from the fact that my mice do not recapitulate the
phenotypes predicted from research using isoform 1. It may be that alternative isoforms
of FMRP are able to rescue most null phenotypes. It is important to note that the original
work which established Ser499 as the key residue in regulation of FMRP did not examine
the phosphorylation status of any isoform other than isoform 1. These other isoforms may
therefore be regulated by the phosphorylation of different residues.

The most straightforward way to test the function of the alternative isoforms is to
use cDNA to express these other isoforms in Fmrl KO cells. New protein synthesis can
be measured in MEF cells and AMPAR internalization can be measured in primary
neurons. These assays could provide a quick readout of the ability of alternative isoforms
to rescue the major FXS phenotypes. Later, certain isoforms could be tested in fly or

mouse transgenic models.

Further Uses of Ser499Ala Mice

I think the Ser499Ala phenotype in the protein synthesis assay suggests that there
might be multiple pools of FMRP involved in local protein synthesis. In this model, the
Ser499Ala mutation has inactivated a subset of FMRP but allowed a different subset to
function normally. Measuring total levels of protein synthesis only allows us to see the
combined effects from these two subsets of protein.

Specifically, | favor the idea that these two distinct pools of FMRP are regulating
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distinct sets of target mMRNAs. This would mean that one subset of mMRNAS is
dysregulated in my Ser499Ala mice, but another subset is being regulated normally. Until
recently, this would be difficult to investigate. But using the BONCAT method it is now
possible to measure rates of protein synthesis for individual proteins at a proteomic
level[101]. This would allow a researcher to identify specific proteins that are being
synthesized at higher rates in Fmrl KO cells. Furthermore, it would be possible to test if
a subset of these proteins are being overexpressed in the Ser499Ala mice. Since the
signaling pathways that control the phosphorylation and dephosphorylation of FMRP at
Ser499 have been identified, this would indicate which specific mRNA targets are
downstream of those pathways.

The Ser499Ala mice may also be useful in studying how FMRP regulates its
target MRNAs. At least three different mechanisms have been proposed for this function,
although the mechanisms are not necessarily mutually exclusive. Again, it's possible
there are distinct pools of FMRP, with the proteins in different pools using different
mechanisms to regulate translation of target mRNAs. If the FMRP in only one of these
pools is regulated by the phosphorylation of Ser499, then it may be possible to identify

the specific mechanism that is disrupted in Ser499Ala mice.

Conclusions

To date, most of the focus in the FXS literature has been on determining the many
functions of FMRP. | think the time has come to focus on mapping known functions of

FMRP to specific domains of the protein and to specific phenotypes seen in patients and
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mice. Much of this work can begin with existing reagents, such as my Ser499Ala mice.
Other reagents, such as plasmids expressing cDNA of alternative isoforms of Fmr1, can

be easily created.
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Chapter 6
Materials and Methods

Mouse Husbandry

All mice were housed in the Warren lab mouse colony at Emory University.
Knockin mice were backcrossed to C57BL/6J strain mice for more than 10 generations
before being used in assays. All mice used in experiments were male unless otherwise
stated. All mouse work followed accepted standards for the ethical treatment of mice.

Protocol 2003350 was approved by Emory University IACUC.

Cloning Fmrl Gene

BAC RP23-397L15 was obtained from the BACPAC Resources Center at the
Children's Hospital Oakland Research Institute and used as the source of DNA for
cloning of the Fmr1 sequence. This BAC is from a library generated using kidney and
brain DNA from a 3.5 week old female C57BL/6J mouse. It is 195kb long and contains
the entire murine Fmr1 gene.

DNA was cloned from BAC RP23-397L15 using red-recombination, as described
previously [96]. Bacterial cells containing the BAC were made electrocompetent by
growing in 5 mL of SOB media at 37°C for 5 hours. The cells were transferred to a 15
mL conical tube and centrifuged at 2000 x g for five minutes at 4°C. Cells were
resuspended in 1 mL ice cold 10% glycerol by pipetting, transferred to an Eppendorf

tube, centrifuged at 8000 x g for 10 seconds at 4°C, and the supernatant removed. Cells
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were then washed one more time with 1 mL ice cold 10% glycerol, centrifuged at 8000 x
g for 10 seconds at 4°C, and the pellet resuspended in 100 pL ice cold 10% glycerol.

1 pL of 10 ng/pL of plasmid pKD46 was added to 50 pL of cellsina 0.1 cm
cuvette and electroporated using a Bio-Rad Gene Pulser Xcell set to 1.8 kV, 25 uF, and
200 ohms. After electroporation, 300 pL of SOC media was added to the cells and the
cells were plated on an LB plate containing 100 pg/mL ampicillin and 20 pg/mL
chloramphenicol. The plate was incubated at 30°C for 24 to 30 hours. A colony was
picked from the plate and used to inoculate a 5 mL starter culture in SOB media
supplemented with 100 pg/mL ampicillin and 20 pg/mL chloramphenicol. The starter
culture was incubated at 30°C with shaking overnight. The starter culture was used to
inoculate a 250 mL culture of SOB media to an OD 600 reading of 0.1 to 0.2.

L—arabinose was added to a final concentration of 0.1% and the culture was
incubated at 30°C with shaking until it achieved an OD 600 reading of 0.3 (3 hours).
Additional L-arabinose was added to a final concentration of 0.2% and the culture was
incubated at 37°C with shaking for an additional hour. The culture was then transferred to
50 ml conical tubes and placed on ice for 10 minutes, swirling occasionally. The culture
was centrifuged at 2000 x g for 15 minutes at 4°C, the supernatant removed, and the
pellet was resuspended in 50 mL of ice cold 10% glycerol. The cells were washed two
more times with 25 mL of ice cold 10% glycerol, centrifuged at 2000 x g for 15 minutes
at 4°C after each wash, and resuspended in 100 pL ice cold 10% glycerol.

Fresh PCR product from the amplification of pStart-K was produced as described
below and 10 pL of 146 ng/uL PCR product was electroporated into 50 pL of the above

cells using the settings above. After electroporation, 1 mL of SOB media was added to
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the cells. Cells were transferred to an Eppendorf tube, incubated at 37°C for one hour,

plated on LB plates containing 50 pg/mL kanamycin, and incubated at 37°C overnight.

PCR of pStart-K

The required regions of pStart-K were amplified by PCR (125 pL reaction; 1X
Invitrogen Buffer A, 100 uM dNTPs, 400 nM primer pStart_Fmrl_5', 400 nM primer
pStart_Fmrl_3', 250 ng plasmid pStart-K, 5 units Invitrogen Platinum Tag polymerase;
thermocycler program: 2 minutes at 94°C, 32 x [30 seconds at 94°C, 2 minutes at 68°C],
7 minutes at 68°C). PCR products were purified using the Qiagen PCR Purification Kit
and eluted with 100 pL of water. 2 pL of 20 units/uL of Dpnl and 25 pL of 10X NEB
Buffer 4 were added to the eluate. The digestion mix was incubated at 37°C for two
hours, purified using the Qiagen PCR Purification Kit, and eluted with 30 pL of water.
Concentration of the final product was measured on a Nanodrop ND-1000

spectrophotometer.

Site Directed Mutagenesis

Site directed mutagenesis was carried out using the Stratagene QuikChange XL
Kit. The following primers were used:
e Removing splice acceptor site 1: SAL S, SA1_AS
e Removing splice acceptor site 2: SA2_S, SA2_AS
e Serd499Ala mutation: S499A S, S499A AS

e Ser499Asp mutation: S499D S, S499D AS
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For each mutation, the PCR reaction was carried out following the manufacturer's
directions, with 10 ng of plasmid and 125 ng each of the sense and antisense primers. The
thermocycler program was 1 minute at 95°C, 18 x [50 seconds at 95°C, 50 seconds at
60°C, 10:30 at 68°C], and 7 minutes at 60°C. 1 pL of 10 units/uL Dpnl enzyme was
added to the PCR product and the mixture was incubated at 37°C for 1 hour. One tube of
XL10-Gold ultra competent cells were thawed on ice, 45 pL of cells were aliquoted into
a 14 mL BD Falcon tube, and 2 pL of beta-mercaptoethanol was added to the tube. The
mixture was incubated on ice for 10 minutes, being swirled by hand every two minutes. 2
pL of the Dpnl-treated PCR product was added to the tube. The mixture was incubated
on ice for 30 minutes, heat pulsed for 30 seconds in a 42°C water bath, and incubated on
ice for 2 minutes. 500 pL of pre-warmed NYZ+ media was added to the tube and the
mixture was incubated at 37°C with shaking for 1 hour. This culture was plated on LB
plates with 100 pg/mL ampicillin, 20 pg/mL X—gal, and 20 mM IPTG and incubated
overnight at 37°C. The resulting colonies were grown in LB media containing 100 pg/mL
ampicillin and DNA was extracted using the Qiagen MIDI Prep Kit.

Mutated DNA was sequenced by Sanger sequencing using the Int14_S and
Int15_AS primers to verify the correct mutation was introduced. Key sequences (exons,
vector/insert junctions, region chosen for insertion of neomycin cassette) in candidate
plasmids were verified by Sanger sequencing using the following primers: 5'_Junc_AS,
3' Junc_S, Fmrl_Neo_S, Fmrl_Neo_AS, Int12_S, Int13_AS, Int13_S, Int14_AS,
Intl4_S, Intl5_AS, Int15_S, Int1l6_AS, ws275, and ws276. Plasmids were further
verified by digesting with Nhel (1X NEB Buffer 2, 100 pg/mL BSA, 1 ug plasmid, 20

units Nhel), Asel (1X NEB Buffer 3, 1 pug plasmid, 20 units Asel), Hincll (1X NEB
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Buffer 3, 100 pg/mL BSA, 1 ug plasmid, 20 units Hincll), and Sacl (1X NEB Buffer 1,
100 pg/mL BSA, 1 pg plasmid, 20 units Sacl). All four digests were incubated at 37°C
overnight and the results were visualized in a 1X TBE, 0.7% agarose gel stained with 400

ng/mL ethidium bromide.

Insertion of Neomycin Resistance Cassette

The neomycin selection cassette was inserted with in vitro recombination using
the "Choo-Choo cloning™ Kit. The vector was linearized by digestion with Mfel (50 pL
reaction; 1X NEB Buffer 4, 10 pg plasmid, 20 units Mfel) at 37°C for 3 hours, and the
enzyme was heat inactivated by incubating at 65°C for 20 minutes. The neomycin
cassette was amplified by PCR (5 x 50 uL reactions; each reaction: 1X Invitrogen Pfx
Buffer, 1X Invitrogen Enhancer Solution, 300 uM dNTPs, 1 mM magnesium sulfate, 400
nM primer FnF11_Fmrl_chool, 400 nM primerFnF11_Fmrl_choo2, 10 ng plasmid
FnF11, 2.5 units Invitrogen Platinum Pfx DNA polymerase). PCR products were
combined, purified using the Qiagen PCR Purification Kit, and eluted with 30 pL of
water. Concentration of the final product was measured on a Nanodrop ND-1000
spectrophotometer.

The recombination reaction was carried out following manufacturer's directions
using a 5:1 molar ratio of vector:insert. The reaction was incubated on ice for 45 minutes
and then added to a tube of Choo-Choo Golden competent cells thawed on ice. The
mixture was incubated on ice for 15 minutes, heat shocked for 45 seconds in a 42°C
water bath, and incubated on ice for an additional 2 minutes. 300 pL of room temperature

SOC media was added and the mixture was incubated at 37°C for 1 hour with shaking.
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The culture was spread on LB plates containing 50 pg/mL kanamycin and incubated at
37°C overnight.

The resulting colonies were screened by PCR (20 pL reaction; 1X Invitrogen
Buffer C, 125 uM dNTPs, 500 nM primer FnF11 5721 S, 500 nM primer Fmrl_Neo_S,
500 nM primer Fmrl_Mfe_AS, 5 units Invitrogen Platinum Taq polymerase;
thermocycler program: 5 minutes at 95°C, 30 x [1 minute at 95°C, 1 minute at 60°C, 1
minute at 68°C], 5 minutes at 68°C). This PCR produces a 312 base pair band if the
neomycin cassette has inserted in the desired orientation. The vector/insert junctions in
candidate plasmids were sequenced by Sanger sequencing using the following primers:
Fmrl_Mfe_S, Fmrl_Mfe_AS, FnF11 1453 AS, and FnF11 5721 S. The plasmids were
also sequenced using the same primers listed in the site directed mutagenesis section and

were digested with Asel and Sacl as described in the site directed mutagenesis section.

Creation of Probes for Southerns

Probes for Southern blotting were created by PCR using BAC RP23-397L15 as a
template (25 pL reaction; 1X Invitrogen Buffer C, 100 uM dNTPs, 400 nM forward
primer, 400 nM reverse primer, 5 units Invitrogen Platinum Taq polymerase, 72 ng BAC
DNA; thermocycler program: 2 minutes at 94°C, 30 X [30 seconds at 94°C, 30 seconds at
55°C, 1 minute at 68°C], 10 minutes at 68°C). Primers used for probe M2 were 5' 478 F
and 5'_478_R; primers used for probe M5 were 3' 971 Fand 3' 971 R. 2 uL of each
PCR product was visualized in a 1% agarose gel stained with 400 ng/mL ethidium
bromide to verify the correct sizes of the PCR products. The remaining PCR products

were purified with the Qiagen PCR Purification Kit and cloned into vector pCR2.1-
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TOPO-TA using Invitrogen's TOPO TA Cloning Kit. Potential recombinants were spread
on LB plates containing 100 pg/mL ampicillin and 20 pg/mL X-gal. For each probe five
white colonies were picked from the plate, each colony was used to inoculate a5 mL LB
plus 100 pg/mL ampicillin culture, and the cultures were incubated at 37°C with shaking
overnight. Plasmid DNA was prepared from the cultures using the Qiagen Plasmid
Miniprep Kit.

Plasmids containing putative M2 clones were digested by Hindlll (25 pl reaction;
1X NEB Buffer 2, 40 units Hindlll, 4 pL plasmid); plasmids containing putative M5
clones were digested by Pcil (25 ul reaction; 1X NEB Buffer 3, 10 units Pcil, 4 pL
plasmid). All digests were incubated at 37°C for 3 hours and the results were visualized
in a 1X TBE, 1% agarose gel stained with 400 ng/mL ethidium bromide. For each probe,
one plasmid with the correct digestion pattern was chosen and 200 pL of that plasmid's
starter culture was used to inoculate a 100 mL LB culture containing 100 pg/mL
ampicillin. These cultures were incubated at 37°C with shaking overnight, and plasmid
DNA was prepared using the Qiagen Maxiprep Kit. The inserts were verified by Sanger
sequencing the plasmids with primers M13_F and M13_R.

Probe template DNA was produced by digesting the plasmids with EcoRI (50 puL
reaction; 1X NEB Buffer 3, 40 units EcoRlI, 25 to 40 pg plasmid) at 37°C for 4 hours,
running the product in an agarose gel, excising the bands corresponding to the
appropriate insert, and extracting the DNA using the Qiagen Gel Extraction Kit.

Template DNA was stored at 4°C.
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Digestion of ES Cell DNA for Southern Blots

Embryonic stem cell DNA was received from the Emory Mouse Transgenic and
Gene Targeting Core in 95% ethanol in 96-well format. The ethanol was poured off and
the plate was allowed to dry at room temperature for 30 to 90 minutes. DNA was
digested with enzymes from New England Biolabs (25 units Scal, 15 units Bgll, 1X NEB
Buffer 3, 100 pg/mL BSA, 1 mM spermidine) or Fast Digest enzymes from Life
Technologies (1X Fast Digest Buffer, 1.5 pL FD—Scal, 1.5 uL FD-Bgll). 30 pL of digest
mix was added to each well, the plate was wrapped in plastic wrap with two damp paper

towels and incubated at 37°C overnight in a hybridization oven.

Digestion of Tail-Snip DNA for Southern Blots

5-10 pg of tail-snip DNA was digested with Fast Digest enzymes from Life
technologies (40 pl reaction, 1X Fast Digest Buffer, 1.75 ul FD-Scal, 1.75 pl FD-Bgll) at

37°C overnight.

DNA Gel for Southerns

Digested DNA was run in a 0.8% agarose, 1X TBE gel at 40 V for 20 to 24 hours.
The gels were stained with 400 ng/mL ethidium bromide, visualized, rinsed with dH20
three times, rocked in 0.25 N HCL on an orbit shaker for 15 minutes, rinsed with dH20
three times, and rocked in 0.4 N NaOH on an orbit shaker for 30 minutes. DNA was
transferred to a positively charged nylon membrane overnight using the downward

capillary method, with 0.4 N NaOH as the transfer buffer. The membrane was rinsed in
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2X SSC, dried at room temperature for 30 minutes, and cross-linked with ultraviolet light

in a Stratagene UV Stratalinker 1800 set to "auto cross-link".

Probe Labeling by Nick Translation

2 UL of DNase I (10 units/puL) was diluted in 200 pL of activation mix (10 mM
Tris-HCI pH 7.5, 5 mM MgCI2, 1 mg/mL BSA) and incubated on ice for 20 minutes. 1
pL of diluted DNase was combined with 250 ng of template DNA, 5 pL of 5X NT Buffer
(0.2 M Tris—HCI pH 7.5, 50 mM MgCl2, 250 pug/ml BSA, 0.625% beta-
mercaptoethanol), 5 pL of dGAT mix (11 um dGTP, 11 um dATP, 11 um dTTP), and 7
uL of a32P-dCTP. The mixture was adjusted to 23 pL with dH20 and incubated at room
temperature for 2 minutes. 1.5 uL of DNA polymerase | (1000 units/0.22 mL) was added
and the mixture was incubated at 15°C for 30 minutes. The reaction was stopped by
adding 5 pL of stop buffer (0.25 M EDTA, 0.05% SDS, 10 pg /mL tRNA, 0.0008%
phenol red), the mixture was incubated at 65°C for 10 minutes, placed on ice, and
purified by pipetting the probe onto a Sephadex column and centrifuging the column at

355 x g for 2 minutes at room temperature.

Southern Blot

Pre-hybridization buffer was made by boiling 1 mL of 10 mg/mL sheared salmon
sperm DNA at 95°C for 10 minutes and adding 600 pL of the boiled DNA to 14 mL of
prewarmed hybridization buffer (7% SDS, 1.5 X SSC, 10% PEG 8000, .025% heparin).

The membrane was placed in a hybridization tube, the pre-hybridization buffer was
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added, and the tube was rotated at 65°C for 4 hours. The labeled probe was added to 400
ML of sheared salmon sperm DNA and boiled at 95°C for 10 minutes. The 14 mL of pre-
hybridization buffer was poured out of the hybridization tube, 10 mL of prewarmed
hybridization buffer was added to the tube, and the boiled probe/sperm DNA was added.
The membrane was hybridized at 65°C with rotation overnight. The next day, the
hybridization buffer/probe mixture was poured out of the tube, the membrane was rinsed
twice with room temperature Wash Buffer | (0.1% SDS, 2X SSC), washed with Buffer |
at 65°C with rotation for 15 minutes, and washed twice with Buffer 11 (0.5% SDS, 0.1 X
SSC) at 65°C with rotation for 30 minutes. The membrane was removed from the
hybridization tube, rinsed in 2X SSC, wrapped in plastic wrap, and placed on a phosphor
storage screen overnight. The screen was imaged on a GE Healthcare Typhoon 9400

scanner.

Mouse Genotyping by PCR/Digest of Exon 15

Genomic DNA was amplified by PCR (5x50 pL reactions; each reaction: 1X
Invitrogen AccuPrime Buffer A, 2 mM magnesium sulfate, 2 units Invitrogen AccuPrime
GC-rich DNA polymerase, 200 nM primer Int14_S, 200 nM primer Int15_AS, 2 uL
genomic DNA,; thermocycler program: 3 minutes at 95°C, 30 x [30 seconds at 95°C, 30
seconds at 55°C, 90 seconds at 72°C], 10 minutes at 72°C). The 5 reactions for a given
template were combined and purified using the Qiagen PCR Purification Kit.

For each reaction, 400 ng of PCR product was digested by AIwNI (25 pL
reaction, 1X NEB CutSmart Buffer, 10 units AlwNI), NlalV (25 ul reaction, 1X NEB

CutSmart Buffer, 2 units NlalV), and Bbvl (25 uL reaction, 1X NEB Buffer 2, 4 units
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Bbvl). The reactions were incubated at 37°C overnight and the results were visualized in

a 1X SB, 1.5% agarose gel stained with 400 ng/mL ethidium bromide.

Genotyping Phosphomutant Mice by PCR

Genomic DNA was amplified by PCR (25 uL reaction; 1X Invitrogen PCR
Buffer, 1.25 mM MgCI2, 100 uM dNTPs, 40 nM primer Int15 528 S, 40 nM primer
Intl5_762_AS, 2.5 units Invitrogen Platinum Taqg Polymerase, 1 pL genomic DNA;
thermocycler program: 5 minutes at 95°C, 30 x [1 minute at 95°C, 1 minute at 55°C, 30
seconds at 68°C], 5 minutes at 68°C). The results were visualized in a 1X SB, 2%

agarose gel stained with 400 ng/ml ethidium bromide.

Western Blot of pFMRP/FMRP

12 to 13 week old mice were euthanized by cervical dislocation, their brains
dissected, and both cortices removed. Each pair of cortices was homogenized in 500 pL
of lysis buffer (50 mM Tris, 300 mM NaCl, 30 mM EDTA, 0.5% Triton X-100, pH 7.6)
supplemented with protease inhibitors (Roche Complete Ultra Mini EDTA-free tablets)
in an Eppendorf tube on ice with a sterile pestle for 90 seconds. Samples were
centrifuged at 20000 x g for 5 minutes at 4°C. The supernatant was transferred to a new
Eppendorf tube and total protein concentration was measured by Bradford assay.

For each sample, 50 pg protein was incubated in a dephosphorylation reaction (50
ML reaction, 1X NEB Buffer for PMP, 1 mM manganese chloride, 300 units lambda

phosphatase) and a mock reaction (same as dephosphorylation reaction except without
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phosphatase). Samples were incubated at 30°C for 30 minutes, 12.5 pL of 5X Laemmli
buffer was added, and samples were boiled at 95°C for 5 minutes. 40 pL of each sample
was run in a 4-15% polyacrylamide gel in 1X running buffer (192 mM glycine, 25 mM
Tris, 3.5 mM SDS) at 200 V for 35 minutes. Proteins were transferred to a PVDF
membrane in 1X transfer buffer (192 mM glycine, 25 mM Tris, 20% methanol) at 90 V
for 1 hour at 4°C. The membrane was blocked with PBS StartingBlock buffer for 15
minutes at room temperature and then incubated with anti-pFMRP antibody (Abcam,
ab48127) diluted 1:200 in PBS StartingBlock buffer at 4°C with rocking overnight. The
membrane was washed 3x10 minutes with wash buffer (1X PBS, 1% nonfat dry milk,
0.2% Tween-20), incubated with anti-rabbit HRP-conjugated secondary antibody (Cell
Signaling, 7074) diluted 1:2000 in dilution buffer (1:1 Wash Buffer:RIPA) at room
temperature for 45 minutes, washed 3x10 minutes with wash buffer, incubated in HyGlo
ECL substrate at room temperature for 5 minutes, and imaged on film.

The membrane was then washed in 1X PBS for 5 minutes at room temperature,
incubated in Thermo Scientific Stripping Buffer at room temperature for 15 minutes,
washed in 1X PBS for 5 minutes at room temperature, and blocked in PBS StartingBlock
buffer for 15 minutes at room temperature. The membrane was incubated in anti-FMRP
antibody (EMD Muillipore, clone 1C3, MAB2160) diluted 1:1000 in PBS StartingBlock
buffer at 4°C with rocking overnight. The membrane was washed 3x10 minutes with
wash buffer, incubated with anti-mouse HRP-conjugated secondary antibody diluted
1:10000 in dilution buffer at room temperature for 45 minutes, washed 3x10 minutes
with wash buffer, incubated in ECL substrate at room temperature for 5 minutes, and

imaged on film.
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Reverse Transcription of Fmrl mRNA

7 to 8 week old male mice were enthanized by cervical dislocation, their brains
dissected, and cortices removed. Cortices were homogenized in 3 mL of Trizol in a
dounce homogenizor with 12 to 14 strokes. Samples were split into 3x1 mL aliquots in
Eppendorf tubes and RNA was extracted according to the manufacturer's instructions.
RNA in each tube was resuspended in 33 puL of RNase-free water and the 3 aliquots for a
given sample were recombined. The concentration of RNA was measured on a Nanodrop
ND-1000 spectrophotometer and samples were adjusted to 1 pg/pl with RNase-free
water.

RNA was reverse transcribed to cDNA using the Invitrogen Superscript 111 First-

Strand Supermix Kit. For each sample, 3 reactions were performed:

1. Sample: 5 pL water, 1 puL of 2 uM primer Fmrl_RT, 1 pL of Invitrogen
Annealing Buffer, 1 pL of 1 pg/ul RNA

2. No Template Control (NTC): 6 puL water, 1 pL of 2 uM primer Fmrl_RT,
1 pL of Invitrogen Annealing Buffer

3. No Reverse Transcriptase (NRT): 5 pL water, 1 pL of 2 uM primer

Fmrl_RT, 1 pL of Invitrogen Annealing Buffer, 1 uL of 1 pug/pul RNA

The mixtures were incubated at 65°C for 5 minutes and then put on ice for 1

minute. The following was added to each mixture:

1. Sample: 10 pL of 2X Invitrogen First-Strand Reaction Mix, 2 uL of
Invitrogen SuperScriptllI/RNase OUT Enzyme Mix

2. NTC: 10 pL of 2X Invitrogen First-Strand Reaction Mix, 2 pL of
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Invitrogen SuperScriptllI/RNase OUT Enzyme Mix

3. NRT: 10 pL of 2X Invitrogen First-Strand Reaction Mix, 2 pL water

The mixtures were incubated at 50°C for 50 minutes, 85°C for 5 minutes, and the

cDNA was stored at -20°C.

PCR of Fmrl cDNA

Fmrl cDNA was amplified by PCR (50 pl reaction; 1X Invitrogen Tag DNA
Polymerase PCR Buffer, 2.5 mM MgCl2, 100 uM dNTPs, 400 nM primer Ex13_39_S,
400 nM primer Ex15_108_AS, 5 units Invitrogen Platinum Taq polymerase, 2 pl cDNA,
thermocycler program: 5 minutes at 95°C, 30 x [30 seconds at 95°C, 30 seconds at 61°C,
45 seconds at 68°C], 5 minutes at 68°C). PCR products were visualized in a 1X SB, 3%

agarose gel stained with 400 ng/mL Ethidium Bromide.

gPCR of Fmrl Isoforms

RNA was extracted from 7-8 week old male mice and cDNA prepared as
described above. MuPO cDNA was transcribed in a similar fashion, using the primer
MuPO_RT. For each isoform, g°PCR samples were run in triplicate, as well as NTC and
NRT controls using the same primer combinations. For each sample, all 12 isoforms were
processed on a single plate, and a MuPO loading control was run on the same plate. The
samples were run in 10 ul reactions, with 1X Bio-Rad SYBR Green mix, 1 pl 10x
forward/reverse primer combination, and 1 pl cDNA product. The reaction was run on a

Bio-Rad CFX 96 Real-Time System, and Cq values were calculated using Bio-Rad CFX
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Manager 2.1 software. The raw value for each replicate was calculated as 2(40-Cq).
Each replicate was normalized to the raw value of MuPO on the same plate, and the three
normalized values for a given isoform were averaged for a single data point. Each group
of three genotypes was analyzed by one-way ANOVA, with post tests comparing each

mean to the other two means in the group.

Audiogenic Seizures

The audiogenic seizure testing chamber consisted of a standard mouse cage
containing a RadioShack personal alarm modified to run-off of 120 V AC power. The
alarm was mounted inside the cage in the center of one of the cage' s shorter walls. P21
male mice were placed in the chamber, the lid was replaced, and the alarm was turned on.
The alarm was turned off after one minute or if the mouse displayed a seizure. Mice
displaying a seizure were immediately euthanized. Any wild running behavior was noted
but was not considered by itself to be a seizure. All experiments were performed between
3:00 and 6:00 PM. P-values for each wild type/mutant comparison were calculated using

a contingency table.

SNS Protein Synthesis

Cortical SNS were prepared as described previously [64] and treated with solvent
for 5 min at 37°C, followed by DHPG (100 uM) for 15 min at 37°C. Metabolic labeling
was performed with 100 puCi Pro-Mix, L-(35S) in vitro cell labeling mix (GE Healthcare)

for 5 min. Triplicate samples from time point 0 and 5 min were washed once in



97

homogenization buffer, followed by lysis (100 mM Tris-HCI, pH 7.4, 150 mm Nacl,
0.5% deoxycholate, and 1% Triton X-100, supplemented with protease inhibitors) and
TCA precipitation. 35S-incorporation levels were estimated by scintillation counting.

Data was analyzed by two-way ANOVA, matching treated and untreated samples.

Marble Burying

Small cages (approx 26 x 20 x 14 cm) were filled with approximately twice the
normal amout of standard mouse bedding (~5 cm deep) and 20 marbles were equally
distributed on top of the bedding. A single adult male mouse (8-10 weeks old) was placed
in each chage. The mice were left and videotaped for 30 minutes. An observer blind to
the genotype counted the number of marbles more than 50% visible at the 10 minute, 20
minute, and 30 minute time points. Marbles were cleaned with water, cleaned with 70%

ethanol, and dried completely between experiments.

Nestlet Shredding

3.0g of standard nesting material was placed in a cage. A single adult male mouse
(8-10 weeks) was placed in the cage for 30 minutes. After 30 minutes, the mouse was
removed from the cage. The amount of nesting material not shredded was weighed. Data

was recorded as the percentage of nestlet material shredded.
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Testis Mass

Adult male mice (8-10 weeks old) were euthanized by cervical dislocation. The
mouse was weighed before any other procedure was performed. Both testes were
dissected out and weighed. Testis mass was normalized to body weight for each

individual mouse.

Statistics

All statistical tests were performed in GraphPad Prism version 6.05. Individual

tests are described in the relevant Materials and Methods sections.

Polyribosome Profiles with Tris

15% - 45% continuous sucrose gradients were made by layering 6ml of 15%
sucrose (50mM Tris-HCI pH 7.5, 200mM KCI, 5mM MgClI2, 100 pg/ml cycloheximide,
20 units/ml SuperAse) on top of 5.4 ml of 45% sucrose (50mM Tris-HCI pH 7.5, 200mM
KCI, 5mM MgCI2, 100 pg/ml cycloheximide, 20 units/ml SuperAse) in Beckman
Coulter 9/16” x 3.5 centrifuge tubes. The gradients were formed in a Biocomp Gradient
Master 108 gradient former, using the built in “Long Sucrose 15-45% ww” program. The
gradients were stored at 4°C until they were used.

2 to 3 week old male mice were euthanized by cervical dislocation, their brains
were removed, and their cortices dissected out. The tissue was homogenized in 1 ml of
lysis buffer (50mM Tris-HCI pH 7.5, 200mM KCI, 5mM MgCl2, 1% IgePal, 100 pg/ml

cycloheximide, 100 units/ml SuperAse) supplemented with protease inhibitors (Roche
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Complete Ultra Mini EDTA-free tablets) in a dounce homogenizer with 12 strokes on ice.
Samples were transferred to Eppendorf tubes and centrifuged at 20000 x g for 30 minutes
at 4°C. The supernatant was removed and transferred to a new Eppendorf tube. Samples
for EDTA runs were adjusted to 30mM EDTA. RNA concentration was measured with a
Nanodrop ND-1000 spectrophotometer, and samples were adjusted to equal
concentrations with lysis buffer.

700 pul of each sample was loaded on to a 15% - 45% continuous sucrose gradient.
The gradients were placed in a SW41 Ti bucket rotor and centrifuged at 38000 x g for 2
hours at 4°C in a Beckman Coulter Optima XPN-100 ultracentrifuge.

The gradients were placed in a Teledyne Isco Tube Piercer and displaced from
below with 60% sucrose. Tracings were recorded by sending the gradients through a UA-
6 Absorbance Detector which measured absorbance at 254 nm. The gradients were
fractionated into 10 x 1.1ml fractions using a Teledyne Isco Foxy R1 fractionator.

Fractions were stored at -80°C until ready for further processing.

Polyribosome Profiles with HEPES

15% - 45% sucrose gradients were formed as above, except with the following
composition: 10mM HEPES pH 7.3, 150mM KCI, 5mM MgClI2, 100 pg/mi
cycloheximide, 20 units/ml SuperAse.

2 to 3 week old male mice were euthanized by cervical dislocation, their brains
were removed, and their cortices and cerebellum dissected out. The tissue was
homogenized in 1 ml of lysis buffer (10mM HEPES pH 7.3, 150mM KCI, 5mM MgCI2,

100 pg/ml cycloheximide, 100 units/ml SuperAse) supplemented with protease inhibitors
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(Roche Complete Ultra Mini EDTA-free tablets) in a dounce homogenizer with 12
strokes on ice. Samples were transferred to Eppendorf tubes and centrifuged at 2000 x g
for 10 minutes at 4°C. The supernatant was removed and transferred to a new Eppendorf
tube. IgePal was added to a final concentration of 1%, then samples were mixed by
inversion and incubated on ice for 5 minutes. Samples were centrifuged at 20000 x g for
10 minutes at 4°C. The supernatant was removed and transferred to a new Eppendorf
tube. RNA concentration was measured with a Nanodrop ND-1000 spectrophotometer,
and samples were adjusted to equal concentrations with lysis buffer.

700 pul of each sample was loaded on to a 15% - 45% continuous sucrose gradient.
Gradients were centrifuged, processed, and fractionated as above, with the exception that
the gradient was fractionated into 16 x 750 pl fractions. For each fraction, 295 pl of
sample was combined with 5 pl of 10 pg/ul of luciferase RNA and 900 pl of Trizol-LS,
mixed by inversion, and stored at -80°C. The remaining samples were also stored at -

80°C.

Polyribosome Profiles Using IVTesr Method

15% - 45% sucrose gradients were formed as above, except with the following
composition: 10mM HEPES pH 7.3, 150mM NaCl, 5mM MgCl2, 100 pg/ml
cycloheximide, 20 units/ml SuperAse.

2 to 3 week old male mice were euthanized by cervical dislocation, their brains
were removed, and their cortices and cerebellum dissected out. The tissue was
homogenized in 500 pl of lysis buffer (L0mM HEPES pH 7.3, 150mM NaCl, 5mM

MgClI2, 100 units/ml SuperAse) supplemented with protease inhibitors (Roche Complete
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Ultra Mini EDTA-free tablets) in a dounce homogenizer with 12 strokes on ice. Samples
were transferred to Eppendorf tubes and centrifuged at 2000 x g for 10 minutes at 4°C.
300 pl of supernatant was removed and transferred to a new Eppendorf tube. The
following was added to each sample: 9.6 pl 100mM ATP, 15 pl of —~Met amino acid
mixture from the Promega RRL Kit (catalog number L4960), 15 pul of —Leu amino acid
mixture from the Promega RRL Kit, and 150 pl nuclease-treated rabbit reticulocyte lysate
from the Promega RRL Kit. Samples were split into 2 x 220 pl samples. 2.2 ul of 10
mg/ml of cycloheximide was added to the first sample; 2.2 pl of 720 pg/ml puromycin
was added to the second sample. Samples were incubated at 30°C for 20 minutes. The
reactions were stopped by adding 1 ml of stop buffer (lysis buffer with 100 pg/ml
cycloheximide, 1% IgePal) and mixed by inverting the tube 8 times. Samples were
incubated on ice for 10 minutes and centrifuged at 20000 x g at 4°C.

1 ml of the supernatant from each sample was loaded on to a 15% - 45%
continuous sucrose gradient. Gradients were centrifuged, processed, and fractionated as

described in the “Polyribosome Profiles with HEPES” section.

Polyribosome Profiles on MEFs

15% - 45% sucrose gradients were formed as above, except with the following
composition: 20mM Tris-HCI pH 8.0, 100mM KCI, 5mM MgClI2, 100 pg/ml
cycloheximide, 20 units/ml SuperAse.

MEF cells were incubated with either 100 pg/mL cycloheximide for 15 minutes
or 1 mM puromycin for 30 minutes. Cells were washed with cold PBS and detached by

incubating with 0.25% Trypsin-EDTA for 5 minutes at room temperature. Cold media
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was added, cells were resuspended by pipetting, and cells were centrifuged at 375 x g for
5 minutes at 4°C. The supernatant was removed, the cells were washed with cold PBS,
and cells were centrifuged at 375 x g for 5 minutes at 4°C. Cells were resuspended in 900
pl of lysis buffer (20mM Tris-HCI pH 8.0, 100mM KCI, 5mM MgCl2, 0.3% IgePal, 100
pg/ml cycloheximide, 100 units/ml SuperAse), transferred to an Eppendorf tube, and
incubated on ice for 10 minutes. Samples were centrifuged at 13000 x g for 10 minutes at
4°C. The supernatant was removed and transferred to a new Eppendorf tube. Samples for
EDTA runs were adjusted to 30mM EDTA. RNA concentration was measured with a
Nanodrop ND-1000 spectrophotometer, and samples were adjusted to equal
concentrations with lysis buffer.

700 pl of the supernatant from each sample was loaded on to a 15% - 45%
continuous sucrose gradient. Gradients were centrifuged, processed, and fractionated as

described in the “Polyribosome Profiles with HEPES” section.

Polyribosome Profiles on Neurons

Embryonic cortical neurons were plated at high density (1x1077 cells per 10 cm
plate). Neurons were fed at days in vitro (DIV) 5 and 10 by replacing half the media with
fresh media.

15% - 45% sucrose gradients were formed as above, except with the following
composition: 20mM Tris-HCI pH 8.0, 100mM KCI, 5mM MgCl2, 100 pg/ml
cycloheximide, 20 units/ml SuperAse.

At DIV 14, 1 mL of lysis buffer (20mM Tris-HCI pH 8.0, 100mM KCI, 5mM

MgCl2, 0.3% IgePal, 100 pg/ml cycloheximide, 100 units/ml SuperAse) was added to
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each 10 cm plate, the plates were scraped with a cell scraper, and the plates were rocked
for 5 minutes at 4°C. Lysate was removed from each plate, transferred to an Eppendorf
tube, and incubated on ice for 10 minutes. Samples were centrifuged at 13,000 x g for 10
minutes at 4°C. The supernatant was removed and transferred to a new Eppendorf tube.
Samples for EDTA runs were adjusted to 30mM EDTA. RNA concentration was
measured with a Nanodrop ND-1000 spectrophotometer, and samples were adjusted to
equal concentrations with lysis buffer.

700 pl of the supernatant from each sample was loaded on to a 15% - 45%
continuous sucrose gradient. Gradients were centrifuged, processed, and fractionated as

described in the “Polyribosome Profiles with HEPES” section.

Western Blot of Sucrose Fractions

Sucrose fractions were thawed on ice and 500ml of each fraction was aliquoted
into an Amicon Ultra 0.5 ml 30K filter. Samples were concentrated by centrifuging filters
at 14000 x g for 10 minutes, placing filters upside down in a new Eppendorf tube, and
centrifuging them at 1000 x g for 2 minutes. 48 pl of each concentrated sample was
combined with 12 pl of 5X Laemmli buffer, boiled at 95°C for 5 minutes, and loaded into
a 4% — 15% polyacrylamide gel. The gel was run at 200V for 37 minutes and transferred
to a nitrocellulose membrane. The membrane was incubated with anti-FMRP antibody
(EMD Millipore, clone 1C3, MAB2160) at 1:2000 dilution and anti-S6 antibody (Cell
Signaling 2317) at 1:1000 dilution overnight at 4°C. HRP-conjugated anti-mouse
secondary antibody was used at a 1:50000 dilution and the membrane was incubated in

SuperSignal West Femto ECL substrate for 4 minutes. The results were visualized on



104

photographic film.

cDNA Synthesis from Polyribosome Profile Fractions

RNA samples were thawed at room temperature and RNA was extracted
following manufacturer’s directions, with the exception that 2 ul of glycoBlue was added
to each sample immediately before isopropanol precipitation. Samples were resuspended
in 8 pl of RNase-free water and incubated at 55°C for 20 minutes.

cDNA was synthesized using the Thermo Scientific SuperScript 111 Supermix. For
each fraction, 6 pl of RNA was combined with 1 pl of oligo(dT) primers and 1 pl of
Annealing Buffer in a well of a 96-well plate. NTC, NRT, and H20 controls were run for
each set of fractions. The plate was incubated at 65°C for 5 minutes and placed on ice for
1 minute. 10 pl of 2X First-Strand Mix and 2 pl of SuperScript 1l Enzyme Mix were
added to each sample. The plate was incubated at 50°C for 50 minutes plus 85°C for 5

minutes to stop the reaction. cDNA samples were stored at -20°C.

gPCR of Polyribosome Profile Fractions

For each gradient, all fractions were processed on a single plate. Map1b, Kifla,
GAPDH, and luciferase reactions were run for each fraction (primer combinations are
listed in attached spreadsheet). The samples were run in 10 pl reactions, with 1X Bio-
Rad SYBR Green mix, 1 ul 10x forward/reverse primer combination, and 1 pul cDNA
product. The reaction was run on a Bio-Rad CFX 96 Real-Time System, and Cq values

were calculated using Bio-Rad CFX Manager 2.1 software. Each data point was
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normalized to the amount of luciferase RNA in that fraction using the Pfaffl method

[112].

Standard Curves on Film

A single adult male mouse was euthanized by cervical dislocation, the brain
removed, and both cortices dissected out. Cortices were homogenized in 1 ml of lysis
buffer (50 mM Tris pH 7.6, 30 mM EDTA, 0.5% Triton X-100) supplemented with
protease inhibitors (Roche Complete Ultra Mini tablets) in a dounce homogenizer with 8-
12 strokes on ice. Samples were centrifuged at 20000 x g for 5 minutes at 4°C. The
supernatant was transferred to a new Eppendorf tube and total protein concentration was
measured by Bradford assay. The sample was boiled in 1X Laemmli buffer for 5 minutes
at 95°C. Serial dilutions of the sample were made in 1X Laemmli buffer such that 40 pL
of sample contained the specified amount of total protein.

40 pL of each dilution was run in a 4-15% polyacrylamide gel in 1X running
buffer (192 mM glycine, 25 mM Tris, 3.5 mM SDS) at 200 V for 35 minutes. Proteins
were transferred to a PVDF membrane in 1X transfer buffer (192 mM glycine, 25 mM
Tris, 20% methanol) at 90 V for 1 hour at 4°C. The membrane was blocked with PBS
StartingBlock buffer for 15 minutes at room temperature and then incubated with
appropriate antibodies diluted in PBS StartingBlock buffer (dilutions listed below) at 4°C
with rocking overnight. The membrane was washed 3x10 minutes with wash buffer (1X
PBS, 1% nonfat dry milk, 0.2% Tween), incubated with anti-mouse or anti-rabbit HRP-
conjugated secondary antibody diluted 1:10000 in dilution buffer (1:1 Wash

Buffer:RIPA) at room temperature for 45 minutes, washed 3x10 minutes with wash
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buffer, incubated in HyGlo ECL substrate at room temperature for 5 minutes, and imaged
on film. The films were scanned on an Epson office scanner and the intensity of bands

were measured in ImageJ version 1.47.

Antibody Host Vendor Catalog # Dilution

Anti-BETA-ACTIN Mouse | Abcam ADb125248 1:4000

Anti-EIF4E Mouse | BD Transduction | 610270 1:2000
Laboratories

Anti-GAPDH Rabbit | Cell Signaling 5174 1:4000

Anti-MAP1B Mouse | BD Transduction | 612678 1:200000
Laboratories

Anti-PSD95 Mouse | Millipore MAB1596 1:400

Anti-BETA-TUBULIN | Rabbit | Cell Signaling 5666 1:32000

Total Protein Stain Using Ponceau S

Membranes were stained for total protein levels by incubating in Ponceau S stain
(0.1% Ponceaus S in 5% acetic acid) for 10 minutes. Background stain was removed by
incubating membranes in H20 for 2 minutes followed by multiple 2 minute incubations
in destain buffer (25% methanol and 7% acetic acid). The incubations in destain buffer
were repeated until suitable amount of background stain was removed. The stained
membranes were scanned on an Epson office scanner. Signal intensities were measured

in ImageJ version 1.47.

Standard Curve Using Fluorescent Westerns

A single adult male mouse was euthanized by cervical dislocation and the sample
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was processed as in the “Standard Curves on Film” section.

40 pL of each dilution was run in a 4-15% polyacrylamide gel in 1X running
buffer (192 mM glycine, 25 mM Tris, 3.5 mM SDS) at 200 V for 35 minutes. Proteins
were transferred to a PVDF-LF membrane in 1X transfer buffer (192 mM glycine, 25
mM Tris, 20% methanol) at 25 V for 2.5 hours at 4°C. The membrane was incubated in
blocking buffer (2% Amersham ECL Prime blocking agent in 1X PBS with 0.1% Tween)
for 1 hour at room temperature and washed 2 x 5 minutes in wash buffer (1X PBS with
0.1% Tween) at room temperature. The membrane was incubated with anti-GAPDH
antibody (described above) diluted 1:4000 in blocking buffer at 4°C overnight.

The membrane was washed 2 x 5 minutes with wash buffer at room temperature
and incubated with secondary antibody (anti-rabbit conjugated to Cy5) diluted 1:2500 in
wash buffer for 1 hour at room temperature. The membrane was washed 4 x 5 minutes in
wash buffer at room temperature, rinsed 3 times in 1X PBS, and incubated at 37°C for 1
hour to dry. During the incubation with secondary antibody and all subsequent steps the
membrane was protected from light. The fluorescent signal was measured on a GE
Healthcare Typhoon laser scanner. Signal intensities were calculated in GE Healthcare

ImageQuant TL version 7.0.

Western Blots of Crude SNS

P15-17 male mice were euthanized by cervical dislocation, brains removed, and
cortices dissected out. Cortices were homogenized in 2 ml of homogenization buffer (320
mM sucrose, 4 mM HEPES) supplemented with protease inhibitors (Roche Complete

Ultra Mini tablets) in a dounce homogenizer with 8 strokes on ice. Lysate was transferred
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to a 15 ml conical tube and centrifuged at 700 x g for 15 minutes at 4°C. The supernatant
was transferred to an Eppendorf tube and centrifuged at 10000 x g for 15 minutes at 4°C.
The supernatant was removed and the pellet was resuspended in 400 pl of
homogenization buffer by pipetting. The sample was sonicated on ice at power = 2.0 for
15 seconds. Protein concentration was measured by BCA assay. 40 pg of sample was
boiled in 1X Laemmli buffer for 5 minutes.

40 pg of each sample was run in a 4-15% polyacrylamide gel in 1X running
buffer (192 mM glycine, 25 mM Tris, 3.5 mM SDS) at 200 V for 35 minutes. Proteins
were transferred to a PVDF membrane in a Bio-Rad Trans-Blot Turbo Transfer System
using the built in “HMW?” program. The membrane was blocked with PBS StartingBlock
buffer for 15 minutes at room temperature and then incubated with appropriate antibodies
diluted in PBS StartingBlock buffer (dilutions listed below) at 4°C with rocking
overnight. The membrane was washed 3x10 minutes with wash buffer (1X PBS, 1%
nonfat dry milk, 0.2% Tween), incubated with anti-mouse or anti-rabbit HRP-conjugated
secondary antibody diluted 1:10000 in dilution buffer (1:1 Wash Buffer:RIPA) at room
temperature for 45 minutes, washed 3x10 minutes with wash buffer, incubated in Bio-
Rad Clarity ECL substrate at room temperature for 5 minutes, and imaged on a Bio-Rad
ChemiDoc Touch CCD camera. Signal intensities were measured using Bio-Rad Image

Lab version 5.2.1.

Antibody Host Vendor Catalog # Dilution

Anti-DARPP32 Rabbit | Cell Signaling 2302 1:1000

Anti-SHANK1 Rabbit | Abcam ab154224 1:1000
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Western Blots of MAP1B in Hippocampi

P10 male mice were euthanuized by cervical dislocation, brains removed, and
hippocampi dissected out. Hippocampi were minced with a clean scalpel and placed in
200 pl of 1X Laemmli buffer supplemented with 8M urea. Samples were sonicated with a
probe sonicator at power = 2.0 for 15 seconds. Total protein levels were measured by
Bradford assay.

4 ug of each sample was run in a 4-15% polyacrylamide gel in 1X running buffer
(192 mM glycine, 25 mM Tris, 3.5 mM SDS) at 200 V for 35 minutes. Proteins were
transferred to a PVDF-LF membrane in 1X transfer buffer (192 mM glycine, 25 mM
Tris, 20% methanol) at 25 V for 2.5 hours at 4°C. The membrane was incubated in
blocking buffer (2% Amersham ECL Prime blocking agent in 1X PBS with 0.1% Tween)
for 1 hour at room temperature and washed 2 x 5 minutes in wash buffer (1X PBS with
0.1% Tween) at room temperature. The membrane was incubated with anti-MAP1B
antibody (BD Transduction Laboratories, #612678) diluted 1:100000 in blocking buffer
at 4°C overnight.

The membrane was washed 2 x 5 minutes with wash buffer at room temperature
and incubated with secondary antibody (anti-mouse conjugated to Cy3) diluted 1:2500 in
wash buffer for 1 hour at room temperature. The membrane was washed 4 x 5 minutes in
wash buffer at room temperature, rinsed 3 times in 1X PBS, and incubated at 37°C for 1
hour to dry. During the incubation with secondary antibody and all subsequent steps the
membrane was protected from light. The fluorescent signal was measured on a GE
Healthcare Typhoon laser scanner. Signal intensities were calculated in GE Healthcare

ImageQuant TL version 7.0.
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