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Neurofibromatosis Type 1 Alternative Splicing Is a Key Regulator of

Ras Signaling in Neurons
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Department of Genetics and Genome Sciences,? Center for RNA Molecular Biology,® and Case Comprehensive Cancer Center,® School of Medicine, Case Western Reserve

University, Cleveland, Ohio, USA

Neurofibromatosis type I (Nfl) is a GTPase-activating protein (GAP) that inactivates the oncoprotein Ras and plays important
roles in nervous system development and learning. Alternative exon 23a falls within the NfI GAP domain coding sequence and is
tightly regulated in favor of skipping in neurons; however, its biological function is not fully understood. Here we generated
mouse embryonic stem (ES) cells with a constitutive endogenous NfI exon 23a inclusion, termed NfI 23aIN/23alN cells, by mu-
tating the splicing signals surrounding the exon to better match consensus sequences. We also made NfI 23aA/23aA cells lack-
ing the exon. Active Ras levels are high in wild-type (WT) and NfI 23aIN/23alN ES cells, where the NfI exon 23a inclusion level
is high, and low in NfI 23aA/23aA cells. Upon neuronal differentiation, active Ras levels are high in NfI 23aIN/23alN cells,
where the exon inclusion level remains high, but Ras activation is low in the other two genotypes, where the exon is skipped. Sig-
naling downstream of Ras is significantly elevated in NfI 23aIN/23aIN neurons. These results suggest that exon 23a suppresses
the Ras-GAP activity of Nfl. Therefore, regulation of NfI exon 23a inclusion serves as a mechanism for providing appropriate
levels of Ras signaling and may be important in modulating Ras-related neuronal functions.

N eurofibromatosis type I (Nfl), caused by mutation of one
copy of the NfI gene, is a common human genetic disorder
affecting primarily the nervous system. The hallmark of Nfl
disease is increased susceptibility to several tumor types, in-
cluding neurofibromas, malignant peripheral nerve sheath tu-
mors (MPNSTs), and astrocytomas. However, individuals with
Nfl mutations often also exhibit other phenotypes, including
mild to moderate learning disabilities (1).

Nfl is a Ras GTPase-activating protein (Ras-GAP) that en-
hances the rate at which the active, GTP-bound form of Ras is
converted into the inactive, GDP-bound form (Fig. 1A) (2-5).
Ras-GTP signals through two main molecular pathways, namely,
the Raf/MEK/extracellular signal-regulated kinase 1/2 (ERK1/2)
pathway and the phosphatidylinositol 3-kinase (PI3K)/Akt/
mTOR pathway, and regulates a number of cellular functions,
including proliferation, death, migration, and differentiation (6—
8). By attenuating the signaling of the Ras oncogene, Nfl acts as a
tumor suppressor (9). The Ras-regulatory activity of Nfl is medi-
ated by its GAP domain, located in the middle of the large, 2,818-
amino-acid Nfl protein (2, 3, 10). Nfl also increases the genera-
tion of cyclic AMP (cAMP) through mechanisms that are not well
understood (Fig. 1A) (11-13).

Though NfI is widely expressed, it is most abundant in neu-
rons, Schwann cells, and oligodendrocytes, and it plays important
roles in the nervous system (14-19). The phenotypes of mouse
models suggest that mouse Nfl, whose amino acid sequence is
>98% conserved with that of human Nf1, has important func-
tions in nervous system development (20). For example, although
Nf1~'~ mice die at midgestation due to cardiovascular abnormal-
ities, they also exhibit nervous system abnormalities, including
enlarged sympathetic ganglia that contain increased numbers of
neurons (21, 22). Also, mice with neuron-specific knockout of NfI
exhibit abnormal cortex development, with reduced cortical
thickness, increased cell density, and increased astrocyte prolifer-
ation (23). Nf1 plays a positive role in neurite extension in central
nervous system (CNS) neurons. For example, primary NfI ™/~
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dopaminergic neurons, retinal ganglion cells, and hippocampal
neurons all show decreased neurite outgrowth and growth cone
areas in culture compared to those of wild-type (WT) neurons
(24-26). However, Nfl does not appear to play the same role in
the peripheral nervous system, as NfI "/~ neurons from the dorsal
root ganglion exhibit a normal neurite length (25).

Nfl also plays roles in the functioning of the adult nervous
system. For example, adult NfI ™/~ mice show learning deficits
that resemble those seen in Nf1 patients. Specifically, NfI "/~ mice
perform poorly on the Morris water maze, a test of hippocampus-
based spatial learning and memory, and have increased GABA-
mediated inhibition that leads to decreased long-term potentia-
tion (LTP) (27, 28). In addition, nociceptive sensory neurons
from adult NfI ™~ mice show increased excitability compared to
WT neurons, suggesting that Nfl may regulate excitability, at least
of specific neuron types (29, 30).

Alterations in Ras and cAMP signaling both appear to play
roles in different nervous system-related phenotypes of NfI mu-
tant mice. For example, the decrease in neurite growth cone area
observed in CNS neurons can be rescued by pharmacologic ma-
nipulations to increase cAMP levels but not by treatments to de-
crease Ras signaling. This suggests that the regulation of cAMP by
Nfl is important for neurite outgrowth (25). On the other hand,
the spatial learning deficits of NfI ™/~ mice appear to be due at
least partially to increased Ras signaling. Genetic and pharmaco-
logic manipulations to decrease Ras signaling rescue spatial learn-
ing and LTP deficits in NfI ™/~ mice, and pharmacologic inhibi-
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FIG 1 Overview of molecular functions and alternative splicing of NfI. (A)
Nfl downregulates Ras signaling by enhancing the rate at which Ras-GTP is
converted into Ras-GDP. Nfl also promotes the generation of cAMP. GEF,
guanosine nucleotide exchange factor. (B) Diagram depicting the cell-type-
specific alternative splicing of NfI exon 23a. The alternative exon lies within
the Ras-GAP domain of NfI.

Other cell types

tion of the farnesylation of Ras by treatment with lovastatin results
in improvements in synaptic plasticity in human Nf1 patients (31,
32). However, cAMP and dopamine signaling also appears to play
roles in at least one mouse model of Nfl neurocognitive deficits
(24, 33).

The expression of NfI is modulated by the regulated inclusion
of three alternative exons (34—41). One of these, the 63-nucleotide
(nt) in-frame cassette exon 23a (chromosome nt 79463233 to
79463295 on the mouse December 2011 GRCm38/mm10 assem-
bly), falls within the GAP domain coding sequence of NfI. The
inclusion of NfI exon 23a is regulated in a developmental stage-
and tissue-specific manner and is conserved across vertebrates,
suggesting that the exon may be biologically important (18, 41—
45). In neurons, most NfI mRNAs lack exon 23a and express the
type 1 Nfl protein isoform, whereas other cell types have higher
levels of exon 23a inclusion and express the larger, type 2 Nfl
protein isoform (Fig. 1B) (18, 44, 46). Complex molecular mech-
anisms regulate NfI exon 23a inclusion, involving many RNA-
binding proteins, including members of the Hu/ELAVL, CELF,
Muscleblind, and TIA-1/TIAR protein families (47-51).

Studies in cells and mice have hinted at a possible biological
role for NfI exon 23a. When the two isoforms of the GAP portion
of Nfl are overexpressed as truncated proteins in either mamma-
lian or yeast cells, the Nfl GAP domain lacking exon 23a has up to
10-fold higher Ras-GAP activity than the isoform containing exon
23a (41, 52). These findings suggest that the inclusion of exon 23a
decreases the GAP activity of Nf1, but they remain to be confirmed
using endogenous, full-length Nfl. In mice, deletion of NfI exon
23a does not increase tumor susceptibility but does result in spe-
cific learning impairments, including deficits in spatial learning,
impaired contextual discrimination, and delayed acquisition of
motor skills (53). The impact of deleting NfI exon 23a on Ras-
GAP activity in mice was not reported, but based on Nfl GAP
domain cellular overexpression studies, these mice are predicted
to have more Nfl molecular activity than that of wild-type mice
(41, 52, 53).

In the present study, we examined the biological importance of
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regulated NfI exon 23a inclusion in cells. Using a splicing reporter
system, we identified mutations that abolish NfI exon 23a skip-
ping. We then used gene targeting to create mouse embryonic
stem (ES) cells with constitutive NfI exon 23a inclusion and with
deletion of NfI exon 23a. Both in ES cells and in neurons derived
from them, the level of active Ras increased with increased endog-
enous NfI exon 23a inclusion, but cAMP levels were unaffected. In
ES cell-derived neurons, Raf/MEK/ERK1/2 signaling downstream
of Ras was also elevated with increased NfI exon 23a inclusion. We
conclude that the tight regulation of NfI exon 23a inclusion serves
as a mechanism for controlling Ras signaling in cells.

MATERIALS AND METHODS

Plasmids. The WT NfI splicing reporter (HMT-Nf1 863/499 WT) and the
HuC expression vector were described previously (51). The CELFI ex-
pression vector was a gift from Thomas Cooper at Baylor College of Med-
icine. The 5'SS, Py, and 23alN splicing reporters were generated from the
WT Nf1 splicing reporter by PCR mutagenesis.

Cell culture. HeLa cells were grown in accordance with instructions
from the American Type Culture Collection (Manassas, VA). CA77 cells
were maintained as described previously (51). Mouse R1 ES cells were
obtained from the Case Transgenic and Targeting Facility and were grown
on 0.1% gelatin-coated plates in Iscove’s modified Dulbecco’s medium
(Invitrogen) containing 20% fetal bovine serum (FBS), 50 U/ml Pen-
Strep (Invitrogen), 1X minimum essential medium with nonessential
amino acids (Invitrogen), 0.001% 2-mercaptoethanol, and 10°> U/ml
ESGRO leukemia inhibitory factor (LIF) (Millipore). ES cells were differ-
entiated into glutamatergic neurons by retinoic acid treatment following
an established protocol (54). Primary mouse cerebellar neurons were ob-
tained and cultured as described previously (50). The Institutional Ani-
mal Care and Use Committee at Case Western Reserve University ap-
proved the mouse experiments and confirmed that they conformed to
regulatory standards.

Cell transfections. HeLa cell transfections were carried out as de-
scribed previously (51), using 2 wg of splicing reporter and 1 g of vector
(pcDNA3.1HisC; Invitrogen), HuC expression plasmid, or CELF1 ex-
pression plasmid. CA77 cell transfections were carried out as described
previously (51), using 2 pg of splicing reporter. Mouse cerebellar neuron
transfections were carried out as described previously (50), using 2 pg of
splicing reporter per transfection.

RT-PCR. RNA was harvested from cells by use of TRIzol (Invitrogen),
and reverse transcription-PCR (RT-PCR) was performed as described
previously (55). RT-PCR analysis of NfI splicing reporter RNA was per-
formed using the DS8 and HMT3 primers (48) and 18 to 20 PCR cycles
(HeLa cells), 20 to 22 PCR cycles (CA77 cells), or 22 to 24 PCR cycles
(neurons). Endogenous NfI RT-PCR was performed using the mouse NfI
forward (5'-GAACCAGAGGAACCTCCTTCAGATG-3") and mouse Nfl
reverse (5'-CATACGGCGAGACAATGGCAGGATT-3’) primers and 21
to 24 PCR cycles. Percent exon inclusion {[amount of exon included/
(amount of exon included + amount of exon skipped)] X 100} was mea-
sured with a Typhoon Trio variable-mode imager (GE Healthcare), and
results represent averages for at least three independent experiments.

Western blot analysis. Western blot analyses were performed using 20
to 100 g of total protein from HeLa cells, ES cells, or ES cell-derived
neurons. Anti-Xpress (1:3,500; Invitrogen), anti-U1l 70K (1:250; a gift
from Susan Berget, Baylor College of Medicine), anti-y-tubulin (1:10,000;
Sigma), anti-Ras (1:200; Thermo Scientific), anti-phospho-ERK1+2
(Thr202/Tyr204) (1:250; Invitrogen), anti-phospho-Akt (pS473) (1:250;
Invitrogen), anti-Akt (1:2,000; Cell Signaling), anti-p44/42 mitogen-acti-
vated protein kinases (MAPKs) (ERK1/2) (1:2,000; Cell Signaling), anti-
B-tubulin isotype III (1:3,000; Sigma), anti-S6 ribosomal protein (5G10)
(1:1,000; Cell Signaling), anti-phospho-S6 ribosomal protein (Ser240/
244) (D68F8) XP (1:1,000; Cell Signaling), anti-neurofibromin (D) (1:
200; Santa Cruz Biotechnology), anti-Nf1(1:200; gift from Nancy Ratner),
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FIG 2 Mutating splicing signals to consensus sequences increases reporter NfI exon 23a inclusion. (A) A splicing reporter plasmid containing NfI exon 23a and
surrounding intronic sequences was mutated so that the 5’ splice site (5’SS), polypyrimidine tract (Py), or both (23aIN) more closely match consensus sequences.
Boxes indicate exons, lines represent introns, and horizontal arrows show the locations of RT-PCR primers. The RT-PCR band size was 309 bp when exon 23a
was included and 246 bp when exon 23a was skipped. (B) (Top) RT-PCR showing reporter NfI exon 23a inclusion (Avg. % inc.) in HeLa cells. (Bottom) Western
blot analysis (WB) showing expression of Xpress-tagged HuC and CELF1, with U1 70K as a loading control. ¥, P = 5.0 X 10 %**, P =73 X 10" % ***, P =51 X
10" *. (C) Reporter NfI exon 23a inclusion in primary mouse neurons as measured by RT-PCR. *, P = 1.1 X 10" % **, P =22 X 10" %**, P=1.1 X 10 * (D)
Reporter NfI exon 23a inclusion in a rat neuron-like cell line, CA77, as measured by RT-PCR. *, P = 1.3 X 10™ % **, P = 2.2 X 10~ % ***, P = 2.4 X 10~ * Error

bars represent standard errors.

anti-VGLUT1 (1:250; Synaptic Systems), and anti-HuC (1:500; Milli-
pore) were used as primary antibodies. Goat anti-mouse IgG (1:2,000;
Thermo Scientific) and goat anti-rabbit antibodies (1:5,000; Thermo Sci-
entific) were used as secondary antibodies.

Detection of active Ras. Active Ras (Ras-GTP) was pulled down from
ES cell and ES cell-derived neuron lysates based on affinity for the gluta-
thione S-transferase (GST)-tagged Rafl Ras binding domain (RBD), us-
ing an active Ras pulldown and detection kit from Thermo Scientific, and
Ras was detected by Western blot analysis. Mock pulldown assays were
also performed using GST alone.

Immunofluorescence. ES cells were differentiated into neurons (54),
and cells were plated onto Deckglaser cover glasses. Immunofluorescence
was performed as described previously (56). The primary antibody used
was mouse anti--tubulin isotype IIT (1:200; Sigma), and the secondary
antibody was a fluorescein isothiocyanate (FITC)-conjugated anti-mouse
antibody (1:500). Images were taken using a Leica DM6000 microscope,
and the number of B-tubulin III-positive cells was compared to the total
number of DAPI (4',6-diamidino-2-phenylindole)-stained cells.

Measurement of neurite length. ES cells were differentiated into neu-
rons (54), and cells were plated onto 6-well dishes. One day after plating,
cells in each well were transfected at low efficiency with 400 ng of
pmaxGFP (Lonza), using Lipofectamine 2000. On days 3 to 6 after plating,
GFP-expressing live cells were imaged using a Leica DM6000 microscope,
and the longest neurites, excluding the cell body, of 20 to 30 cells of each
genotype were measured using Adobe Illustrator. The experiment was
repeated three times.

cAMP measurement. A Parameter cAMP assay kit (R&D Systems)
was used to measure the cAMP levels of ES cell and ES cell-derived neuron
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lysates. Data were analyzed using ReaderFit software and were normalized
to the total protein concentration in cell lysates.

Gene targeting. Gene targeting was used to introduce mutations into
the endogenous NfI locus in R1 ES cells that were obtained from the Case
Transgenic and Targeting Facility and originally derived from the Rossant
laboratory (57). The gene-targeting strategy is detailed in Fig. 3. The Case
Transgenic and Targeting Facility performed the first round of gene tar-
geting, and subsequent targeting and Cre-loxP recombination were per-
formed in the Lou laboratory. Chromosomes were counted to ensure that
there was no change in karyotype.

RESULTS

Identification of mutations that increase reporter NfI exon 23a
inclusion. In light of in vitro studies suggesting that NfI exon 23a
inclusion can affect the molecular activity of the exogenously ex-
pressed Nfl Ras-GAP domain, we sought to understand the func-
tion of this tightly regulated alternative splicing event in the con-
text of the endogenous, full-length gene in cells (41, 52). We first
developed a method for manipulating NfI exon 23a inclusion by
using a splicing reporter system that was generated in our earlier
studies (51). The NfI splicing reporter plasmid contains human
exon 23a along with portions of the surrounding introns cloned
into the first intron of the human metallothionein II gene, driven
by a Rous sarcoma virus promoter (Fig. 2A) (51). Human NfI
exon 23a and mouse NfI exon 23a, as well as the intronic se-
quences immediately surrounding them, are highly conserved, as
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FIG 3 Summary of the gene-targeting strategy used to make NfI exon 23a mutant ES cell lines. (A) Targeting vector used to mutate endogenous NfI exon 23a.
It contains the 23aIN mutations (Fig. 2A), indicated in bold, a neomycin (neo) selectable marker, three loxP sites (triangles), EcoRV (RV) and EcoRI (RI)
restriction sites, and sequences homologous to the endogenous NfI gene. (B to E) Outline of the gene-targeting and Cre-loxP recombination steps used to
generate NfI exon 23a mutant ES cells and representative Southern blots showing mutant clones. Dotted lines represent Southern blot probes, RI and RV show
the restriction enzymes used for Southern blotting, and X’s represent the 23aIN mutations. RI Southern blot band sizes are as follows: WT, 15.0 kb; 23a4, 14.5
kb; 23alNneo, 12.4 kb; and 23alN, 10 kb. RV Southern blot band sizes are as follows: WT, 11.1 kb; and 23alNneo, 8.6 kb.

are their tissue-specific splicing patterns (37, 41, 44). Exon 23a
inclusion in RNA transcribed from the reporter closely mimics
that of endogenous NfI (51). The splicing signals surrounding NfI
exon 23a, including the 5’ splice site (5’SS) and polypyrimidine
tract (Py), deviate from the consensus sequences for optimal rec-
ognition of the exon by the spliceosome, allowing for regulation of
exon inclusion. To increase inclusion, we mutated the 5’SS, Py, or
both (23aIN) in the NfI splicing reporter to match the consensus
sequences more closely (Fig. 2A). In order to avoid changing the
encoded amino acid, serine, the final three nucleotides of exon 23a
were mutated from TCA to TCG, even though this does not match
perfectly with the consensus sequence, CAG. The polypyrimidine
tract was mutated to all Us because functional studies suggest that
Us may be preferred over Cs for enhancing interaction of the
splicing factor U2AF65 and usage of the 3’ splice site (58-62).

To examine the molecular consequences of altering the splic-
ing signals, we first transfected the NfI splicing reporters into
HeLa cells and measured exon inclusion by RT-PCR. Exon 23a
inclusion increased from ~88% in the WT reporter to >99% in
each of the 5'SS, Py, and 23aIN mutants (Fig. 2B, lanes 1, 5,9, and
13). This suggests that the 23aIN mutations are effective at pre-
venting exon skipping. We then tested whether the 23aIN muta-
tions could block the action of members of the Hu/ELAVL and
CELF protein families, which suppress NfI exon 23a inclusion (48,
51). In the WT reporter, exon 23a inclusion decreased dramati-
cally upon expression of HuC or CELF1 (Fig. 2B, lanes 1 to 4).
Suppression of exon 23a inclusion by HuC and CELFI was de-
creased in the 5'SS and Py mutant reporters and was nearly com-
pletely abolished in the 23aIN reporter (Fig. 2B, lanes 7, 8, 11, 12,
15, and 16). Therefore, the 23aIN mutations effectively block the
action of at least some negative splicing regulators.
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We next transfected the NfI splicing reporters into primary
mouse neurons, where the level of endogenous NfI exon 23a in-
clusion is very low (50). Inclusion of exon 23a was very low from
the WT Nfl reporter, while the 5'SS and Py mutant reporters
showed greatly increased inclusion, and the 23aIN reporter
showed almost no skipping of exon 23a (Fig. 2C). We also asked
whether the mutations in the 23alN splicing reporter are effective
at increasing exon inclusion in another cell type with low levels of
endogenous NfI exon 23a inclusion. All three mutant reporters
showed close to 100% exon 23a inclusion in CA77 cells, a rat cell
line with neuron-like features in which endogenous NfI exon 23a
is mainly skipped (Fig. 2D) (51). Therefore, the 23aIN mutations
are effective at abolishing skipping of exon 23a in cell types in
which there is strong negative regulation of inclusion. From these
experiments, we concluded that the mutations in the 23alN splic-
ing reporter had the desired characteristics: they abolished exon
23a skipping and prevented the action of known negative splicing
regulator proteins.

Splicing signal mutations increase endogenous NfI exon 23a
inclusion. In order to study the biological consequences of ma-
nipulating NfI exon 23a inclusion, we constructed a targeting vec-
tor and used it to introduce the 23aIN mutations into the endog-
enous NfI locus in mouse ES cells (Fig. 3A). We first introduced
mutations into one copy of the NfI gene and then used Cre-loxP
recombination to remove a neomycin selectable marker (Fig. 3B
and C). We then repeated gene targeting to mutate the second
copy of the NfI gene, followed by a second round of Cre-loxP
recombination (Fig. 3D and E). The placement of the loxP sites
allowed for removal of either just the neomycin selectable marker
or the entire NfI exon 23a (Fig. 3E). The end result was the cre-
ation of two ES cell lines: NfI 23aA/23aA, in which both copies of
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FIG 4 Manipulation of endogenous NfI exon 23a inclusion in mouse ES cells.
(A) Depiction of the relevant portions of the NfI mutant genes in ES cell lines.
See the legend to Fig. 3 for details. The NfI 23aIN/23alN cell line contains the
23aIN mutations depicted in Fig. 2A. In the NfI 23aA/23aA mutant, exon 23a
is replaced by a loxP site, but the remainder of the NfI gene remains intact.
Arrows indicate locations of RT-PCR primers. The RT-PCR band size was 266
bp if exon 23a was included and 203 bp if exon 23a was skipped. (B) RT-PCR
showing endogenous NfI exon 23a inclusion in ES cell mutants. Error bars
represent standard errors. *, P = 4.5 X 10~ %;**, P = 2.4 X 10?2, (C) Western
blot analysis showing total Nfl protein (~250 kDa) expression in ES cells
(lanes 1 to 3) and ES cell-derived neurons (lane 4). Ul 70K (~70 kDa) was
used as a loading control.

exon 23a are deleted, and NfI 23aIN/23IN, in which the splicing
signals surrounding exon 23a are mutated to more closely match
consensus sequences (Fig. 4A).

If our strategy for manipulating exon 23a was effective, we
predicted that endogenous NfI exon 23a inclusion would switch
from ~55% in WT cells to 0% for NfI 23aA/23aA mutants and
close to 100% for NfI 23aIN/23aIN mutants. This is exactly what
we saw when we performed RT-PCR using RNAs from the ES cell
mutants (Fig. 4B). Importantly, the expression of Nfl protein in
the ES cell mutants (Fig. 4C) was the same as that in the wild type
(compare lanes 2 and 3 with lane 1), indicating that we specifically
altered the Nf1 isoform made without interfering with overall pro-
tein levels, which remained much lower than those in ES cell-
derived neurons (lane 4). Therefore, we successfully created ES
cells with manipulated endogenous NfI exon 23a inclusion that
can be used to study the biological consequences of NfI alternative
splicing.

Ras activity increases with increased NfI exon 23a inclusion
in ES cells. We next asked whether inclusion of exon 23a affects
the molecular function of endogenous Nf1 in ES cells. To deter-
mine whether the inclusion of exon 23a diminishes the ability of
Nfl to inactivate Ras, we used a well-established, commercially
available active Ras pulldown and detection kit (Thermo Scien-
tific). In this assay, the GST-tagged Rafl Ras binding domain
(RBD) is used to pull down Ras-GTP, the active form of Ras, from
ES cell lysates. The level of active Ras was much lower in Nfl
23aA/23aA ES cells, in which the exon was deleted, than in WT or
NfI 23aIN/23alN cells, in which the exon was mainly included
(Fig. 5A). The correlation between the level of active Ras and the
level of exon 23a inclusion suggests that the inclusion of exon 23a
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FIG 5 NfI exon 23a inclusion correlates with Ras activity in ES cells. (A)
GST-Rafl RBD was used to pull down Ras-GTP (active Ras) from ES cell
lysates (lanes 3, 6, and 9), followed by Western blot analysis using anti-Ras
(~21 kDa) antibody. Mock pulldowns were performed using GST (lanes 2, 5,
and 8). Samples (3%) of total ES cell lysate were loaded in lanes 1, 4, and 7. U1
70K (~70 kDa) was used as a loading control. (B) ES cell intracellular cAMP
levels were measured by enzyme-linked immunosorbent assay (ELISA). Error
bars represent standard errors. ¥, P = 0.88; **, P = 0.43.

decreases the Ras-GAP activity of endogenous Nfl protein in ES
cells.

In addition, we measured cAMP levels in the mutant ES cells, as
Nf1 is known to play a role in regulating cAMP levels (11-13). We
did not observe a significant difference in intracellular cAMP lev-
els in ES cells when NfI exon 23a inclusion was manipulated (Fig.
5B). These results suggest that NfI exon 23a inclusion specifically
inhibits the Ras-GAP activity of Nfl in ES cells without influenc-
ing its ability to regulate cAMP levels.

23aIN mutations increase NfI exon 23a inclusion in ES cell-
derived neurons. After our initial experiments with ES cells, we
investigated the role of NfI alternative splicing in neurons, a cell
type in which endogenous Nf1 protein expression is much higher
than in ES cells (Fig. 4C), and in which WT NfI exon 23a is almost
exclusively skipped (Fig. 6A). Using an established protocol, we
differentiated the NfI mutant ES cell lines into CNS-like neurons
to investigate how NfI exon 23a inclusion affects the neuronal
phenotype (54). Upon neuronal differentiation, NfI exon 23a in-
clusion decreased in WT cells, from ~55% to ~9% (Fig. 4B and
6A). In contrast, NfI exon 23a inclusion remained near 100% in
Nfl 23aIN/23aIN ES cell-derived neurons, indicating that the
23aIN mutations are effective at increasing exon 23a inclusion
even in a cell type in which the exon is normally skipped (Fig. 6A).
As expected, NfI 23aA/23aA ES cell-derived neurons showed no
NflI exon 23a inclusion (Fig. 6A). Exon 23a inclusion in ES cell-
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B-tubulin III (~55 kDa), the glutamatergic neuron marker VGLUT1 (~61 kDa), and the neuron-enriched protein HuC (~39 kDa) in ES cell-derived neurons.
U1 70K (~70 kDa) was used as a loading control. (D) Immunofluorescence images demonstrating that ES cell-derived neurons express the neuronal marker

-tubulin IIT and show neuron-like morphology.

derived neurons did not influence the total Nfl protein level
(Fig. 6B).

Nf1 exon 23a skipping is not required for neuronal differen-
tiation. As previous reports showed that NfI exon 23a switches
from inclusion to skipping upon neuronal differentiation (44, 46,
50), we asked if this switch is necessary for neuronal differentia-
tion. We examined the expression of a neuronal marker, 3-tubu-
lin I11, in the NfI mutant ES cell-derived neurons by both Western
blotting and immunofluorescence assay. We found that there was
no difference in B-tubulin III expression between the three geno-
types of ES cell-derived neurons and that the cells of all genotypes
acquired a neuron-like morphology (Fig. 6C and D). In addition,
cells of all three genotypes expressed HuC, a neuron-enriched
protein, and VGLUT1, a marker of glutamatergic neurons (Fig.
6C). Therefore, NfI exon 23a skipping does not appear to be re-
quired for neuronal differentiation on a gross level.

Ras activity correlates with NfI exon 23a inclusion in ES cell-
derived neurons. To further explore the biological impact of exon
23ainclusion, we measured active Ras-GTP levels in WT and mu-
tant ES cell-derived neurons. The NfI 23aIN/23aIN ES cell-de-
rived neurons, in which exon 23a was included, showed greatly
increased Ras-GTP levels compared with those in WT cells (Fig.
7A, compare lanes 3 and 6). The NfI 23aA/23aA ES cell-derived
neurons, which had a level of NfI exon 23a inclusion similar to
thatin WT cells (Fig. 6A), also had levels of active Ras-GTP similar
to those in WT cells (Fig. 7A, compare lanes 3 and 9). This is in
contrast to the undifferentiated state, in which both NfI 23aIN/
23aIN and WT ES cells had high levels of NfI exon 23a inclusion
and high Ras-GTP levels, and NfI 23aA/23aA cells had lower Ras-
GTP levels (Fig. 4B and 5A). Therefore, NfI exon 23a inclusion
correlates with Ras-GTP levels in both ES cells and ES cell-derived
neurons, providing compelling evidence that exon 23a inclusion
decreases the Ras-GAP activity of Nfl.
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signaling in ES cell-derived neurons. (A) GST-Rafl RBD was used to pull down
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FIG 8 NfI exon 23a inclusion does not affect cAMP levels or neurite length in
ES cell-derived neurons. (A) ES cell-derived neuron intracellular cAMP levels
were measured by ELISA. Error bars represent standard errors. *, P = 0.38; **,
P = 0.74. (B) Average longest neurite lengths for ES cell-derived neurons at
different time points during differentiation. Error bars represent standard er-
rors. A total of =20 neurites of each genotype were measured for each exper-
imental repeat. For day 3, P = 0.43 (*) and P = 0.25 (**); for day 4, P = 0.74 (*)
and P = 0.76 (**); for day 5, P = 0.55 (*) and P = 0.26 (**); and for day 6, P =
0.76 (*) and P = 0.83 (**).

Signaling downstream of Ras increases with NfI exon 23a
inclusion. We next asked whether increased Ras-GTP levels in
NfI 23aIN/23aIN ES cell-derived neurons translated into a phe-
notype of elevated signaling downstream of Ras. As the Raf/MEK/
ERK1/2 and PI3K/Akt/mTOR pathways are the most prominent
pathways that are activated by Ras, we measured the levels of
phospho-ERK1/2 and phospho-Akt as indicators of activation of
these pathways in our cells (6-8). The level of phospho-ERK1/2
was greatly elevated in NfI 23aIN/23aIN ES cell-derived neurons
compared to that in WT and NfI 23aA/23aA cells (Fig. 7B), indi-
cating that NfI exon 23a inclusion elevates Raf/MEK/ERK1/2 sig-
naling downstream of Ras. However, phospho-Akt levels did not
change in NfI 23aIN/23alN cells, nor did phosphorylation of S6
downstream of mTOR (Fig. 7B and C). These results are consis-
tent with other studies showing activation of the Raf/MEK/
ERK1/2 pathway but not the PI3K/Akt/mTOR pathway in Nfl
mutant mouse brains (63, 64).

Two other pathways we investigated yielded negative results.
First, there was no significant difference in intracellular cAMP
level among ES cell-derived neurons with different levels of Nfl
exon 23a inclusion (Fig. 8A). Second, previous studies indicated
that primary mouse NfI "/~ CNS neurons exhibit shorter neurite
lengths than those of WT neurons, and this phenotype was attrib-
uted to decreased cAMP signaling rather than increased Ras sig-
naling in these cells (24-26). Consistent with this finding, we did
not observe any change in neurite length in the NfI 23aIN/23aIN
ES cell-derived neurons, which showed elevated Ras signaling but
no change in cAMP levels (Fig. 8B). These results suggest that NfI
exon 23a inclusion regulates Ras signaling but not cAMP signaling
in neurons.

DISCUSSION

Taken together, the results in this study support a model in which
Nf1 exon 23a alternative splicing plays an important role in mod-
ulating Ras signaling in vivo (Fig. 9). When NfI exon 23a is
skipped, as occurs in neurons, the Nfl protein has high Ras-GAP
activity, leading to low levels of active Ras-GTP and signaling
downstream of Ras in cells (Fig. 9A). When NfI exon 23a is in-
cluded, the Nf1 protein has low Ras-GAP activity, leading to high
levels of Ras signaling in cells (Fig. 9B). The cAMP-regulatory
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tive splicing. (A) When exon 23a is excluded, the Nfl protein has high Ras-
GAP activity, leading to low levels of active Ras-GTP and low levels of signaling
downstream of Ras in cells. Nfl also promotes the generation of cAMP. (B)
When exon 23a is included, the Nf1 protein has low Ras-GAP activity, leading
to increased Ras-GTP and Ras signaling. The regulation of cAMP by Nfl is
unaffected by exon 23a inclusion.

activity of Nfl is unaffected by NfI exon 23a inclusion (Fig. 9A and
B). Therefore, the tightly regulated suppression of NfI exon 23a in
neurons serves as a specific mechanism for increasing Ras-GAP
activity in this cell type.

In this study, we showed that strengthening the splicing signals
surrounding endogenous NfI exon 23a prevents its skipping while
leaving the amino acid sequence encoded by the exon intact (Fig.
4B and 6A). In addition to shedding light on the biological role of
NfI exon 23a alternative splicing, the approach used here could be
applied to the study of other alternative exons. The functions of
many alternative exons, including NfI exon 23a, have traditionally
been studied by deleting the exon (53, 65). While these studies
provide information about the functions for which the alternative
exon is required, they do not provide information on why the
exons have evolved to be regulated rather than constitutively in-
cluded.

Using cells with altered levels of endogenous NfI exon 23a
inclusion, we showed that NfI exon 23a inclusion increases active
Ras-GTP levels in both ES cells and ES cell-derived neurons and
also increases phospho-ERK1/2 levels downstream of Ras in neu-
rons (Fig. 5A and 7A and B). Earlier studies suggested that the
GAP domain of Nfl containing exon 23a has less Ras-GAP activity
than the same domain lacking the exon, but these studies had
some limitations (41, 52). First, they were performed in exoge-
nous expression systems in yeast and mammalian cells, where the
expression of the GAP domain was likely not at physiological lev-
els. In addition, they used only the GAP domain of Nf1, which is a
small portion of the entire protein. Therefore, it was possible that
in the context of the larger protein, NfI exon 23a behaves differ-
ently with regard to Ras inactivation, or it could affect other func-
tions of Nfl, such as cAMP regulation. Our system allowed us to
expand upon these studies and to show for the first time that exon
23a inclusion decreases the regulation of Ras activity by the en-
dogenous, full-length Nfl protein in cells. Thus, NfI exon 23a
inclusion is regulated to provide appropriate levels of Ras signal-
ing in cells.

Precisely how NfI exon 23a inclusion decreases the Ras-GAP
activity of Nfl is an interesting topic for future studies. An early
structural study of the type 1 isoform of the Nfl GAP domain,
which lacks exon 23a, indicated that the GAP domain consists of a
series of a-helices (66). Exon 23a is located within the C-terminal
portion of one of these helices, a5, and, if unable to form an
alpha-helical structure, would interrupt its continuity. It was spec-
ulated that since exon 23a is in a relatively exposed portion of the
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GAP domain and contains many charged residues (six lysines and
two glutamates), it might function in interactions with other pro-
teins or with other portions of the large Nf1 protein. These inter-
actions could disrupt the function of the GAP domain, although
these predictions remain to be tested.

Interestingly, the inclusion of exon 23a did not influence the
regulation of cAMP levels by Nfl (Fig. 5B and 8A). Consistent
with this finding, we also did not observe changes in neurite
length, which is mediated by cAMP signaling in other NfI mutant
models (24-26), in NfI 23aIN/23aIN ES cell-derived neurons
(Fig. 8B). It appears that NfI exon 23a alternative splicing func-
tions in specifically inhibiting the Ras-GAP function of Nfl with-
out affecting its regulation of cAMP. Perhaps the suppression of
Ras signaling is particularly important in certain cell types, and the
skipping of NfI exon 23a has evolved as a mechanism for specifi-
cally increasing Ras regulation without affecting the other molec-
ular functions of Nfl. Since they appear to affect only Ras signal-
ing in cells, our 23aIN mutations could serve as useful tools for
teasing apart the Ras- and cAMP-related biological functions
of Nfl.

In NfI™'~ mice, spatial learning and LTP deficits have been
attributed in part to Ras hyperactivation and elevated ERK1/2
signaling (28, 31, 64, 67). We likewise found that both Ras activa-
tion and downstream ERK1/2 phosphorylation were increased in
NfI 23aIN/23aIN ES cell-derived neurons (Fig. 7). Therefore, it is
tempting to speculate that the alternative splicing of NfI could be
a mechanism for providing appropriate Ras signaling that is nec-
essary for learning.

In a previous study, NfI 23aA/23aA mice were found to exhibit
a spatial learning phenotype that closely resembles that of Nf1 ™/~
mice (27, 53). This result is somewhat surprising, as NfI exon 23a
is already overwhelmingly skipped in the WT whole brain, and the
isoform lacking the exon has increased rather than decreased mo-
lecular activity (Fig. 5A and 7A) (41, 44, 52). One possible expla-
nation for this finding is that the inclusion of NfI exon 23a is
important for the function of a specific population of neurons or
for the function of glia, where there is evidence that WT NfI exon
23a is predominantly included (18). Alterations in cAMP signal-
ing could also contribute to the learning phenotypes of NfI 23aA/
23aA mice, although we do not favor this explanation, as our data
suggest that NfI exon 23a inclusion does not affect cAMP levels
(Fig. 5B and 8A). The explanation we favor is that there is a narrow
window of appropriate Ras signaling for learning and that the
regulation of NfI exon 23a inclusion is in place to fine-tune Ras
signaling for optimal learning. Supporting this idea is the finding
in various mouse models that Ras signaling that is either elevated
or diminished can lead to learning phenotypes (68).

In summary, we found that the inclusion of exon 23a decreases
the Ras-regulatory activity of Nfl and leads to increased ERK1/2
activation in neurons. Thus, the tight regulation of NfI exon 23a
alternative splicing is likely in place as a mechanism for modulat-
ing Ras signaling in cells. This finding could have important im-
plications for biological processes in which appropriate Ras sig-
naling is particularly important, such as learning and long-term
potentiation.
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