BRat signaling principles unveiled by large-
scale human mutation analysis with a rapid
lentivirus-based gene replacement method
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Rapid advances in genetics are linking mutations on genes to diseases at an exponential rate, yet characterizing the
gene-mutation-cell-behavior relationships essential for precision medicine remains a daunting task. More than 350
mutations on BRaf are associated with various tumors, and ~40 mutations are associated with the neurodevelop-
mental disorder cardio—facio—cutaneous syndrome (CFC). We developed a fast cost-effective lentivirus-based rapid
gene replacement method to interrogate the physiopathology of BRaf and ~50 disease-linked BRaf mutants,
including all CFC-linked mutants. Analysis of simultaneous multiple patch-clamp recordings from 6068 pairs of
rat neurons with validation in additional mouse and human neurons and multiple learning tests from 1486 rats
identified BRaf as the key missing signaling effector in the common synaptic NMDA-R-CaMKII-SynGap-Ras—
BRaf-MEK-ERK transduction cascade. Moreover, the analysis creates the original big data unveiling three general
features of BRaf signaling. This study establishes the first efficient procedure that permits large-scale functional
analysis of human disease-linked mutations essential for precision medicine.
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Precision medicine requires an understanding of gene-mu-
tation-cell-behavior relationships on an individual basis.
Rapid advances in genetics have identified large numbers
of putative disease-linked mutations on numerous genes
(Govek et al. 2005; Schubbert et al. 2007; Pavlowsky et
al. 2012; Rauen 2013; Mei and Nave 2014; Siegert et al.
2015; Volk et al. 2015). However, how the disease-linked
genes and mutations may differentially affect cellular
functions and behavioral outputs remains poorly under-
stood, primarily due to the time- and cost-prohibitive ap-
proaches for generating the large numbers of transgenic
animal models required to understand the physiopatholo-
gy of genes and their mutations (Govek et al. 2005; Siegert
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etal. 2015; Volk et al. 2015). For example, geneticists have
linked ~40 mutations on the BRaf gene that encodes a ser-
ine/threonine protein kinase to cardio-facio—cutaneous
syndrome (CFC) (Supplemental Fig. S1; Supplemental Ta-
ble S1), a neurodevelopmental disorder with a 100% prev-
alence of learning impairment. CFC patients harboring
these BRaf mutations exhibit a widely varied degree of
cognitive impairment ranging from mild learning disabil-
ity to profound mental retardation (Schubbert et al. 2007;
Rauen 2013). What is still unclear is how the BRaf muta-
tions lead to the different behavioral outcomes, which is
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essential for developing personalized medicine for indi-
vidual patients.

The sustained interest in Ras signaling stems from
demonstrations of the essential role of Ras signaling in
synaptic plasticity and identification of a large number
of genetic mutations on various Ras signaling relaying
and modulating molecules linked to mental, neurological,
and psychiatric disorders (Costa and Silva 2003; Thomas
and Huganir 2004; Stornetta and Zhu 2011). Accumulat-
ing evidence indicates that, in neuronal cells, activation
of NMDA-sensitive glutamate receptors (NMDA-Rs) in-
duces Ca?* influx that can stimulate CaMKII-SynGap-
Ras signaling, and downstream signaling of Ras is mediat-
ed by the MEK-ERK pathway that regulates AMPA-R-me-
diated synaptic transmission (English and Sweatt 1997;
Zhu et al. 2002; Man et al. 2003; Kim et al. 2005; Qin
et al. 2005; Lee et al. 2009; Patterson et al. 2010; Ozkan
et al. 2014; Araki et al. 2015; Zeng et al. 2016). However,
the signaling effector that links Ras to MEK-ERK at syn-
apses remains elusive. In nonneuronal cells, canonical
Ras signaling is relayed to the MEK-ERK pathway via
the homodimerized CRaf (also called Raf-1) or heterodi-
merized CRaf and BRaf (Rauen 2013; Holderfield et al.
2014). Interestingly, we found previously that Ras signal-
ing stimulated the activity of BRaf, but not CRaf, in CA1
neurons (Qin et al. 2005). This finding is supported by a
knockout study that established a link between BRaf sig-
naling and long-term potentiation (Chen et al. 2006) and is
consistent with the earlier reports that BRaf was the sole
Raf kinase expressed—and expressed at a high level—at
synapses (Morice et al. 1999; Husi et al. 2000). These find-
ings, which implicate a possible involvement of BRaf in
canonical Ras signaling at synapses, underscore the im-
portance of defining the precise synaptic function of
BRaf (Nishiyama and Yasuda 2015; Volk et al. 2015).

We developed a fast cost-effective lentiviral tactic
that allows for replacement of endogenous proteins with
quantitatively and functionally equivalent amounts of re-
combinant mutant proteins, which is propitious for pro-
duction of large numbers of animal models. Combining
this method with high-throughput high-resolution multi-
ple patch-clamp recordings and robust fear conditioning
and Y-maze learning behavioral tests, we carried out a
large-scale interrogation of the physiology and pathology
of disease-linked BRaf and their mutations in rat, mouse,
and human neurons. Our analysis identified BRaf to be the
universal signaling effector relaying canonical NMDA-R~
CaMKII-SynGap-Ras signaling to the MEK-ERK cascade
at synapses. The big data created in the analysis also un-
veiled three general principles governing BRaf signaling.
First, loss-of-function and gain-of-function BRaf muta-
tions induce a wide range of increases or decreases in
AMPA-R-mediated transmission at synapses. Second,
the level of BRaf mutation-induced alterations in trans-
mission correlates with the degree of learning deficits in
animals and the extent of cognitive impairments in hu-
man patients. Finally, all BRaf mutations impair its sig-
naling, yet only those at sites crucial for interaction
with ATP and substrate proteins can cause predominant
deficits in BRaf signaling and cognition.
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Results

To explore the synaptic function of BRaf, we first acutely
overexpressed wild-type and mutant forms of BRaf in
CAl neurons in cultured rat hippocampal slices for ~18
h using the established Sindbis viral expression system
(Fig. 1A; see Lim et al. 2014; Wang et al. 2015a for the
method). Neurons expressing the GFP-tagged wild-type
BRaf [GFP-BRaf(WT)] or a GFP-tagged constitutively ac-
tive mutant BRaf(T599E/S602D) [GFP-BRaf(CA)] showed
increased (by ~30%) AMPA-R-mediated responses com-
pared with nearby control nonexpressing neurons. There
was no difference in NMDA-R-mediated responses
between GFP-BRaf(WT)-expressing or GFP-BRaf(CAJ-ex-
pressing and control nonexpressing neurons (Fig. 1B,C;
Supplemental Table S2), indicating a postsynaptic mecha-
nism. To test whether endogenous BRaf activity potenti-
ates transmission, we expressed a GFP-tagged dominant-
negative mutant BRaf(K482M) [GFP-BRaf(DNJ] or a GFP-
tagged kinase-impaired mutant BRaf(G469E) [GFP-BRaf
(G469E)]. Neurons expressing GFP-BRaf(DN) or GFP-
BRaf(G469E) showed depressed (by ~30%) AMPA respons-
es compared with nearby control nonexpressing neurons
(Fig. 1B,C; Supplemental Table S2), suggesting that block-
ing endogenous BRaf activity depressed synaptic transmis-
sion. These results suggest that endogenous BRaf activity
contributes to a tonic potentiation of transmission. To
determine whether activation of BRaf signaling requires
synaptic activity, we included 12 mM MgCl,, which de-
presses synaptic transmission (Zhu et al. 2000), or APV, a
pharmacological blocker of NMDA-Rs, in culture medium
during expression of GFP-BRaf(WT) or GFP-BRaf(DN).
High Mg>* and APV blocked the effects of GFP-BRaf(WT)
and GFP-BRaf(DN) on AMPA responses (Fig. 1C; Supple-
mental Table S2). These results suggest that the BRaf-me-
diated potentiation of synaptic transmission requires
synaptic activity and activation of NMDA-Rs.

To determine whether BRaf may relay canonical CaM-
KII-SynGap-Ras signaling downstream to the MEK-ERK
pathway at synapses, we cotransfected constitutively
active tCaMKII (Zhu et al. 2002), SynGap(AA) (Araki
et al. 2015), or Ras(CA) (Zhu et al. 2002; Qin et al. 2005)
with BRaf(CA) or BRaf(DN) in rat hippocampal CAl
neurons in cultured slices (Fig. 2A). Neurons cotrans-
fected with tCaMKII-GFP and RFP-BRaf(CA) and neurons
cotransfected with RFP-Ras(CA) and GFP-BRaf(CA)
showed ~80% potentiations in AMPA responses com-
pared with nearby control nontransfected neurons (Fig.
2B-E; Supplemental Table S3), the same as neurons ex-
pressing constitutively active tCaMKII or Ras alone
(Zhu et al. 2002; Qin et al. 2005), suggesting an occlusion
effect. In contrast, neurons cotransfected with tCaMKII-
GFP and RFP-BRaf(DN) and neurons cotransfected with
RFP-Ras(CA) and GFP-BRaf(DN) had reduced (by ~30%)
AMPA responses (Fig. 2B-E; Supplemental Table S3), in-
dicating a blockade of the tCaMKII-GFP-Ras(CA)-induced
and RFP-Ras(CAJ-induced synaptic potentiations by GFP-
BRaf(DN). CaMKII phosphorylates SynGap and drives
synaptic removal of SynGap and thus up-regulates synap-
tic Ras signaling via a disinhibitory mechanism (Araki
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et al. 2015; Zeng et al. 2016). We found that neurons ex-
pressing phospho-deficient SynGap(AA)-GFP had reduced
(~30%) AMPA responses compared with nearby control
neurons and that neurons cotransfected with SynGap
(AA)-GFP and RFP-BRaf(DN) showed reduced (by ~30%)
AMPA responses (Fig. 2F,G; Supplemental Table S3), sug-
gesting an occlusion effect. Moreover, neurons cotrans-
fected with SynGap(AA)-GFP and RFP-BRaf(CA) had
potentiated (by ~50%) AMPA responses (Fig. 2F,G; Sup-
plemental Table S3), indicating a blockade of the Syn-
Gap(AA)-GFP-induced synaptic depression by RFP-BRaf
(CA). No difference in NMDA responses was found in
these experiments (Fig. 2; Supplemental Table S3). To-
gether, these results indicate that BRaf is necessary and
sufficient for relaying CaMKII, SynGap, and Ras signal-
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Figure 1. BRaf signaling controls NMDA-
R-regulated synaptic transmission. (A) Sche-
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experiments using cultured rat hippocampal
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ing. We then investigated whether BRaf signals through
the MEK-ERK pathway. Western blots showed increased
phosphorylated p42/44 MAPK (also called ERK1/2) in
CAL cells of cultured rat hippocampal slices expressing
GFP-BRaf(CA) and decreased phosphorylated p42/44
MAPK in CA1 cells of cultured rat hippocampal slices ex-
pressing GFP-BRaf(DN) (Supplemental Fig. S2A,B; Sup-
plemental Table S4). Moreover, in the presence of
PD98059 or U0126, both of which inhibit MEK, the
p42/44 MAPK-activating enzyme, the GFP-BRaf(CA)-in-
duced potentiation of AMPA responses was blocked,
while the GFP-BRaf(DNJ-induced depression of AMPA re-
sponses was occluded (Supplemental Fig. S2C; Supple-
mental Table S5). Collectively, these results support the
existence of an NMDA-R-CaMKII-SynGap-Ras-BRaf-
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Figure 2. BRaf relays tCaMKII-SynGap-Ras signaling. (A) Schematic drawing outlining the design of coexpression experiments using
cultured rat hippocampal slices. The images at the right show simultaneous whole-cell recordings from a pair of nonexpressing (Ctrl)
and coexpressing CA1 neurons under transmitted light (bottom) and fluorescence microscopy with a GFP (top) or RFP (middle) filter.
(B) Evoked AMPA-R-mediated (—60 mV) and NMDA-R-mediated (+40 mV) responses recorded from nonexpressing neurons (Ctrl) and neu-
rons coexpressing tCaMKII-GFP and RFP-BRaf(CA) or RFP-BRaf(DN). (C) AMPA and NMDA responses in neurons coexpressing tCaMKII-
GFP and RFP-BRaf(CA) or RFP-BRaf(DN) are plotted against those obtained from neighboring control nonexpressing neurons. The large
red dots with error bars indicate the averages and standard errors. See Supplemental Table S3 for values of AMPA and NMDA responses.
(D) Evoked AMPA-R-mediated (—60 mV) and NMDA-R-mediated (+40 mV) responses recorded from nonexpressing neurons (Ctrl) and
neurons coexpressing RFP-Ras(CA) and GFP-BRaf(CA) or GFP-BRaf(DN). (E) AMPA and NMDA responses in neurons coexpressing
RFP-Ras(CA) and GFP-BRaf(CA) or GFP-BRaf(DN) are plotted against those obtained from neighboring control nonexpressing neurons.
The large red dots with error bars indicate the averages and standard errors. See Supplemental Table S3 for values of AMPA and
NMDA responses. (F) Evoked AMPA-R-mediated (—60 mV) and NMDA-R-mediated (+40 mV) responses recorded from nonexpressing
neurons (Ctrl) and neurons coexpressing SynGap(AA)-GFP and RFP-BRaf(CA) or RFP-BRaf(DN). (G) AMPA and NMDA responses in neu-
rons coexpressing SynGap(AA)-GFP and RFP-BRaf(CA) or RFP-BRaf(DN) are plotted against those obtained from neighboring control non-
expressing neurons. The large red dots with error bars indicate the averages and standard errors. See Supplemental Table S3 for values of
AMPA and NMDA responses.

MEK-ERK signaling pathway that controls AMPA-R-me- (IRES) sequence before GFP-hBRaf to reduce its expression
diated transmission at synapses. and also express an additional copy of GFP (typically
linked to a short membrane target sequence) (see below),
which resulted in the total BRaf expression at similar lev-
els of the endogenous protein (~90%-110%) during a 7-d
expression period (Fig. 3B). However, nonoverexpressed
To further validate the physiological BRaf signaling at GFP-hBRaf and an additional copy of GFP did not provide

Development of a lentivirus-based rapid gene
replacement method

synapses and, more importantly, analyze the pathology sufficient fluorescence required for detecting expressing
of human disease-linked BRaf mutations, we developed cells in light-scattering tissues, such as living brain slices.
a lentivirus-based replacement approach (Fig. 3A). Our To identify expressing cells, we fused a short palmitoyla-
lentiviral constructs used an H1 promoter to drive the tion signal sequence of GAP43 to GFP (PalGFP), which
shRNA-mediated knockdown of endogenous rat BRaf concentrated PalGFP in the plasma membrane, forming
and an EFla promoter to express the replacement GFP- conspicuous fluorescent rings encircling the somata of ex-
tagged human BRaf (GFP-hBRaf). Because the EFla pro- pressing neurons (Fig. 3C, inset).

moter drove overexpression of GFP-hBRaf by ~200%-— We then examined whether the lentiviral construct
400%, we inserted an internal ribosomal entry site could achieve the replacement with functionally
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55.8% +5.1%; n=15 from 15 animals), 5 d
(BRaf, 35.3% + 7.3%; hBRaf, 82.4% + 4.8%;
n=15 from 15 animals), 6 d (BRaf, 23.1% =
5.0%; hBRaf, 98.8% +5.0%; n =15 from 15
animals), and 7 d (BRaf, 12.3% +3.6%;
hBRaf, 107.4% + 7.8%; n =8 from eight ani-
mals) of expression of shRNA-PalGFP-
e IRES-GFP-hBRaf compared with control
PalmCherry+WT nonexpressing neurons (BRaf: 100.0% =
i, 4.7%; hBRaf: 2.6% +1.1%; n=15 from 15

+40my _F" o animals). The relative values and standard
-60 mv -'\_/ |§ errors were normalized to average amounts
160 40 ms of BRaf in control nonexpressing neurons.

(C) Schematic drawing outlining the design
of in vitro experiments in cultured rat hip-
pocampal slices. The inset fluorescence
and transmitted light images show a simul-
taneously recorded expressing neuron, iden-

INMDA (%)

Time (Day)

tified by the characteristic ring-like plasma
membrane expression of PalGFP at its
soma, and a neighboring control nonex-

pressing neuron. (D, top) Evoked AMPA-R-mediated (—-60 mV) and NMDA-R-mediated (+40 mV) responses recorded from neighboring
nonexpressing (Ctrl) and shRNA-Pal GFP-IRES-GFP-hBRaf(WT)-expressing cells after 3.5 d and 6 d of expression. (Bottom) Plots of ampli-
tudes of synaptic AMPA and NMDA responses of expressing cells against expression time reveal no change in transmission after replace-
ment of endogenous rat BRaf with recombinant hBRaf for up to 7 d. See Supplemental Table S6 for values of AMPA and NMDA responses.
(E, Ieft) Camera lucida reconstruction of control nonexpressing and expressing CA1 cells filled with biocytin. (Top right) Evoked AMPA-R-
mediated (-60 mV) and NMDA-R-mediated (+40 mV) responses recorded from neighboring nonexpressing (Ctrl), shRNA-PalGFP-IRES—
GFP-hBRaf(WT)-expressing, shRNA-PalCFP-expressing, and scrambled shRNA (S-shRNAJ-PalmCherry-IRES-mCherry-hBRaf(WT)-ex-
pressing cells after 3.5 d of expression. (Bottom right) Values for AMPA responses in shRNA-PalGFP-IRES-GFP-hBRaf(WT)-expressing,
shRNA-PalCFP-expressing, and S-shRNA-PalmCherry-IRES-mCherry-hBRaf(WT)-expressing cells (PalGFP, —23.2 pA+2.0 pA, Z=
0.638, P=0.52; PalCFP, —-17.4 pA = 1.8 pA, Z =-2.108, P <0.05; PalmCherry, —27.1 pA + 1.7 pA, Z =2.173, P < 0.05) compared with control
nonexpressing cells (Ctrl, —21.8 pA = 1.7 pA; n = 29 from 24 animals) and NMDA responses in shRNA-PalGFP-IRES-GFP-hBRaf(WT)-ex-
pressing, shRNA-PalCFP-expressing, and S-shRNA-PalmCherry-IRES-mCherry-hBRaf(WT)-expressing cells (PalGFP, 65.1 pA + 5.4 pA, Z
=0.497, P=0.62; PalCFP, 57.1 pA £ 4.9 pA, Z =-1.330, P=0.18; PalmCherry, 62.8 pA = 6.0 pA, Z=0.227, P = 0.82) compared with control
nonexpressing cells (Ctrl, 62.6 pA = 5.6 pA; n = 29 from 24 animals). The large black dots with error bars indicate the averages and standard

errors. (*) P <0.05, Wilcoxon tests.

equivalent amounts of hBRaf(WT) by comparing synaptic
transmission between expressing and nearby nonexpress-
ing CAl neurons in cultured rat hippocampal slices (Fig.
3C). During the 2- to 7-d expression period, shRNA-
PalGFP-IRES-GFP-hBRaf(WT)-expressing neurons had
the same AMPA responses as nearby nonexpressing neu-
rons (Fig. 3D; Supplemental Table S6), suggesting a func-
tionally equivalent replacement. Moreover, neurons
expressing sShRNA-PalCFP, which had no replacement
hBRaf(WT) sequence, had decreased AMPA responses,
whereas neurons expressing a scrambled shRNA [S-
shRNA; S-shRNA-PalmCherry-IRES-mCherry-hBRaf

(WT)] had increased AMPA responses (Fig. 3E). There was
no significant difference in NMDA responses between ex-
pressingand nonexpressing neurons (Fig. 3D, E). Finally, ex-
pression of ShRNA-PalGFP-IRES-GFP-hBRaf had no effect
on intrinsic membrane properties (i.e., the resting mem-
brane potential, input resistance, and membrane time
constant), paired pulse facilitation of AMPA responses,
and GABA-R-mediated responses (Supplemental Fig. S3).
Collectively, these results suggest that the lentiviral con-
structs make simultaneous knockdown of endogenous
BRaf proteins and replacement with a quantitatively and
functionally equivalent amount of recombinant hBRaf
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proteins without causing any nonspecific effect on the ba-
sic membrane and synaptic properties.

BRaf signals in neurons of various species

We wished to know whether BRaf is a general signaling
molecule that controls synaptic transmission in neurons.
We first validated that BRaf signals synaptic transmission
in CAl neurons in cultured rat hippocampal slices by ex-
pressing the replacement constructs, including kinase-ac-
tive mutants hBRaf(V600E) and hBRaf(K499E), kinase-
impaired mutant hBRaf(G469E), and dominant-negative
mutant hBRaf(K482M). During the first 3.5-d expres-
sion period, sShARNA-PalGFP-IRES-GFP-hBRaf(V600E)-ex-
pressing and shRNA-PalGFP-IRES-GFP-hBRaf(K499E)-
expressing rat CA1 neurons had increased AMPA respons-
es, whereas shRNA-PalGFP-IRES-GFP-hBRaf(G469E)-ex-

A 3.5d
Ctrl K499E

"

5 day
Cirl K499E

40 ms

Ctrl

- s o~
+40my < - /
-BOmV Pl | o '(; s

o
w

pressing and shRNA-PalGFP-IRES-GFP-hBRaf(K482M)-
expressing rat CA1 neurons had decreased AMPA respons-
es (Fig. 4A,B; Supplemental Tables S7-S10). Interestingly,
all expressing neurons had reduced AMPA responses at
days 5-7 (Fig. 4A,B; Supplemental Tables S7-S10). There
was no significant change in NMDA responses in all ex-
pressing neurons during the entire 7-d expression period
(Fig. 4A,B; Supplemental Tables S7-S10). These results
confirm that BRaf replacement constructs up-regulate
and down-regulate BRaf signaling to control AMPA-R-me-
diated synaptic transmission in rat CA1 neurons. We then
repeated the experiments using CAl neurons in cultured
hippocampal slices prepared from mice (Supplemental
Fig. S4A). As with rat CAl neurons, after 3.5 d of expres-
sion, mouse CAIl neurons expressing shRNA-PalGFP-
IRES-GFP-hBRaf(V600E) and shRNA-PalGFP-IRES-GFP-
hBRaf(K499E) had increased AMPA responses, whereas

35d 5 day
G469E Ctrl G469E
. P
+ 40 mv _JJ -
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Figure 4. hBRaf mutants induce a wide range of changes in synaptic transmission. (A) Evoked AMPA-R-mediated (—-60 mV) and NMDA-
R-mediated (+40 mV) responses recorded from neighboring nonexpressing (Ctrl) and shRNA-PalGFP-IRES-GFP-hBRaf(K499E)-expressing
or shRNA-PalGFP-IRES-GFP-hBRaf(G469E)-expressing CAl neurons in cultured rat hippocampal slices after 3.5 d and 5 d of expression.
(B) Plots of amplitudes of synaptic AMPA and NMDA responses of cells expressing shRNA-PalGFP-IRES-GFP-hBRaf(V600E), shRNA-
PalGFP-IRES-GFP-hBRaf(K499E), shRNA-PalGFP-IRES-GFP-hBRaf(G469E), and shRNA-PalGFP-IRES-GFP-hBRaf(K482M) against ex-
pression time. See Supplemental Tables S7-S10 for values of AMPA and NMDA responses. (C) Plots of amplitudes of synaptic AMPA
and NMDA responses of rat CAl neurons expressing ~50 disease-linked hBRaf mutant replacement constructs against expression
time. See Supplemental Tables S15-S17 for values of AMPA and NMDA responses. AMPA-R-mediated and NMDA-R-mediated current
amplitudes and standard errors were normalized to average values from control neurons. Note the mutants grouped and color-coded based

on their effects on AMPA responses at day 3.5.
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those expressing shRNA-PalGFP-IRES-GFP-hBRaf(G469E)
and shRNA-PalGFP-IRES-GFP-hBRaf(K482M) had de-
creased AMPA responses (Supplemental Fig. S4B,C; Sup-
plemental Table S11). Moreover, mouse CAl cells
expressing shRNA-PalGFP-IRES-GFP-hBRaf(V600E) and
shRNA-PalGFP-IRES-GFP-hBRaf(K499E) had increased
levels of phosphorylated p42/44 MAPK, while those ex-
pressing shRNA-PalGFP-IRES-GFP-hBRaf(G469E) and
shRNA-PalGFP-IRES-GFP-hBRaf(K482M) had decreased
levels of phosphorylated p42/44 MAPK (Supplemental
Fig. S4D,E; Supplemental Table S12). Together, these re-
sults suggest that BRaf signaling controls AMPA-R-medi-
ated synaptic transmission via the MEK-ERK pathway in
rodent neurons.

Given the very large number of BRaf mutations associat-
ed with human diseases, we wanted to know whether the
finding may be extended to human neurons. Hence, we
used human embryonic stem cells (ESCs) to induce human
neuron cultures, which formed a functional neuronal net-
work after ~3-5 wk in culture (Supplemental Fig. S5A,B;
cf. Yietal. 2016). We found that, in human ESC (hESC)-in-
duced neurons, expression of shRNA-PalGFP-IRES-
GFP-hBRaf(V600E) and shRNA-PalGFP-IRES-GFP-hBRaf
(K499E) increased the levels of phosphorylated p42/44
MAPK, whereas expression of shRNA-PalGFP-IRES-
GFP-hBRaf(G469E) and shRNA-PalGFP-IRES—GFP-hBRaf
(K482M) decreased the levels of phosphorylated p42/44
MAPK (Supplemental Fig. S5C,D; Supplemental Table
S13). Moreover, we generated induced pluripotent stem
cell (iPSC)-derived neurons with human GM-1 cells. In hu-
man iPSC-derived neurons, expression of shRNA-PalGFP-
IRES-GFP-hBRaf(V600E) and shRNA-PalGFP-IRES-GFP-
hBRaf(K499E) increased the levels of phosphorylated
p42/44 MAPK, whereas expression of shRNA-PalGFP-
IRES-GFP-hBRaf(G469E) and shRNA-PalGFP-IRES-GFP-
hBRaf(K482M) decreased the levels of phosphorylated
p42/44 MAPK (Supplemental Fig. S6A-C; Supplemental
Table S14). Collectively, these data establish the notion
that BRaf is a general effector linking Ras signaling to the
MEK-ERK pathway at synapses.

Interrogation of the pathology of disease-linked human
BRaf mutants

Next, we systematically analyzed ~50 disease-linked
hBRaf mutants (including all ~40 CFC-linked mutants)
in rat CAl neurons. Expression of these hBRaf mutants
for 3.5 d had either increased or decreased AMPA respons-
es, resulting in a wide range of changes in synaptic AMPA
responses, and, by days 5-7, all expressing neurons had
depressed AMPA responses compared with nearby nonex-
pressing neurons (Fig. 4C; Supplemental Tables S15-S17).
The majority of mutant hBRaf proteins had no significant
effect on NMDA responses (Fig. 4C; Supplemental Tables
S15-S17). There were significant correlations between the
depressions or potentiations at day 3.5 and depression at
days 5-7 for hBRaf mutants (Supplemental Fig. S7), sug-
gesting the later depressions to be secondary to the initial
potentiations. Both the potentiations and depressions
were blocked during the period when the MEK inhibitor

Oncogenic BRaf signaling and CFC syndrome

PD98059 was included in culture medium (Supplemental
Fig. S8; Supplemental Tables S18-S21), indicating the in-
volvement of MEK-ERK signaling in the potentiations
and depressions. Finally, the initial potentiations were
prolonged, and the secondary depressions were delayed
during the period when an IGFBP7 antibody, a-BP7, was
included in culture medium (Supplemental Fig. S9; Sup-
plemental Tables S22, S23), suggesting that the sustained
Ras signaling-induced autocrine secretion of protein
IGFBP7, which can stimulate apoptosis signaling (Waja-
peyee et al. 2008) to depress AMPA responses (Li et al.
2010), may be responsible for the secondary depressions.

To examine whether BRaf controls synaptic transmis-
sion in intact brains, we combined an in vivo viral delivery
technique and an acute slice preparation (McCormack
et al. 2006; Lim et al. 2014). Specifically, we expressed
shRNA-PalGFP-IRES-GFP-hBRaf mutant constructs in
principal neurons in the lateral amygdala (LA) of intact
rats for 3.5 d. Subsequently, we made simultaneous re-
cordings from paired control nonexpressing and express-
ing LA neurons in the acutely prepared amygdala slices
(Fig. 5A). We compared synaptic responses evoked by elec-
trical stimulation of LA-projecting fibers in the ventral
striatum that originate from the auditory thalamus. LA
neurons replaced with hBRaf(K499E) had enhanced
AMPA responses, whereas LA neurons replaced with
hBRaf(G469E) had reduced AMPA responses compared
with nearby nonexpressing neurons (Fig. 5B,C; Supple-
mental Table S24). As a control, LA neurons replaced
with hBRaf(WT) had the same AMPA responses (Fig. 5C;
Supplemental Table S24). A systematic analysis revealed
that replacement with the kinase active hBRaf(V600E),
dominant-negative hBRaf(K482M), and ~50 disease-
linked hBRaf mutants in rat LA neurons for 3.5 d had ei-
ther increased or decreased AMPA responses, resulting
in a wide range of changes in AMPA responses (Fig. 5C;
Supplemental Table S24). There was no change in
NMDA responses (Fig. 5C; Supplemental Table S24). In-
terestingly, the relative AMPA responses in BRaf mu-
tant-expressing CAl and LA neurons matched closely
(Fig. 5C). These results indicate that hBRaf controls synap-
tic transmission both in vitro and in vivo.

To study whether BRaf signaling controls learning, we
first investigated the effects of hBRaf signaling on learning
behavior using the fear conditioning paradigm (Fig. 6A).
We made bilateral massive lentiviral expression of
shRNA-PalGFP-IRES-GFP-hBRaf mutant constructs in
LAs of rats, which resulted in expression of ~35% of LA
neurons (Fig. 6A, inset). During the fear conditioning train-
ing, rats expressing hBRaf(K499E) and hBRaf(G469E) mu-
tants had the same responses to a tone presentation and
electrical foot shock and exhibited the same amount of
freezing compared with control nonexpressing rats or
rats expressing hBRaf(WT) (Fig. 6B). During the testing
24 h after fear conditioning, rats expressing hBRaf
(K499E) or hBRaf(G469E) mutants displayed reduced
amounts of freezing in both contextual and cued fear con-
ditioning tests (Fig. 6B), indicating impairments of con-
textual and cued fear memory by hBRaf(K499E) and
hBRaf(G469E) mutants. As a control, rats expressing
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Figure 5. hBRaf mutants induce a wide
range of changes in synaptic transmission
in vivo. (A) Schematic drawing outlining
the design of experiments using in vivo viral
expression and in vitro acute rat LA slice
preparation. (B) Evoked AMPA-R-mediated
(—60 mV) and NMDA-R-mediated (+40 mV)
responses recorded from neighboring nonex-
pressing (Ctrl) and shRNA-PalGFP-IRES-
GFP-hBRaf(K499E)-expressing or shRNA-
PalGFP-IRES-GFP-hBRaf(G469E)-express-

ing LA neurons in acutely prepared LA slices
after 3.5 d of in vivo expression. (C) Plots
show strong correlationbetween therelative

amplitudes of synaptic AMPA responses (n
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¢ of synaptic NMDA responses (11 =46; nor-
mality test, P =0.25; constant variance, P =
0.40; r=0.336, P <0.05; linear regression, t-
test) of hBRaf mutant-expressing LA neu-
rons and CAl neurons. See Supplemental
Table S24 for values of AMPA and NMDA
responses of LA neurons expressing ~50 dis-
ease-linked hBRaf mutant replacement con-
structs. AMPA-R-mediated and NMDA-R-
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hBRaf(WT) exhibited the same amount of freezing
compared with nonexpressing rats (Fig. 6B). Expressing
constitutively active hBRaf(V600E), dominant-negative
hBRaf(K482M), and ~50 disease-linked hBRaf mutants
showed a wide range of changes in the amount of freezing
in both contextual and cued fear conditioning tests, and
the amount of freezing in expressing animals correlated
with the altered AMPA responses in expressing LA neu-
rons (Fig. 6B; Supplemental Table S25).

To determine how the loss and gain of function of hBRaf
mutations led to learning defects, we examined synaptic
responses in paired control nonexpressing and control ex-
pressing LA neurons in the amygdala slices acutely pre-
pared after fear conditioning (Supplemental Fig. S10A).
We found that LA neurons expressing hBRaf(G469E) or
hBRaf(K482M) had more reduced AMPA responses com-
pared with nearby nonexpressing neurons (Supplemental
Fig. S10B,C; Supplemental Table S26), suggesting a block-
ade of the fear conditioning-induced synaptic potentiation
by the loss of function of hBRaf mutations (cf. Takahashi
et al. 2003; McCormack et al. 2006; Kielland et al. 2009).
Moreover, LA neurons expressing hBRaf(K499E) or hBRaf
(V600E) had the same AMPA responses compared with
nearby nonexpressing neurons (Supplemental Fig. S10B,
C; Supplemental Table S26), suggesting an occlusion of
the fear conditioning-induced synaptic potentiation by
the gain of function of hBRaf mutations (cf. McCormack
et al. 2006; Kielland et al. 2009). These results suggest
that down-regulation and up-regulation of BRaf signaling
block and occlude synaptic potentiation, respectively,
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mediated current amplitudes and standard
errors were normalized to average values
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both of which may thus reduce the capacity of synaptic
plasticity critical for learning (cf. McCormack et al. 2006).

To validate the effects of hBRaf mutations on learning,
we repeated the experiments using the elevated Y-maze
learning task, a hippocampus-dependent learning para-
digm (Schmitt et al. 2005; Lim et al. 2014). We used the re-
placement constructs to express hBRaf(WT), hBRaf
(K499E), and hBRaf(G469E) in both sides of the hippocam-
pus (Fig. 7A). Multiple injections of high-titer viral solu-
tion in the hippocampi in both hemispheres resulted in
~35% of CAl neurons expressing replacement hBRaf
(Fig. 7A, inset). Rats expressing hBRaf(K499E) or hBRaf
(G469E) had impaired Y-maze learning compared with
nonexpressing rats or rats expressing hBRaf(WT) (Fig.
7B). The control experiments showed that rats expressing
hBRaf(WT) learned the Y-maze task as efficiently as non-
expressing rats (Fig. 7B). A full analysis of the kinase-ac-
tive hBRaf(V600E), dominant-negative hBRaf(K482M),
and ~50 disease-linked hBRaf mutants revealed that
learning impairments in hBRaf-expressing animals corre-
lated with the amounts of change in AMPA responses
in hBRaf-expressing CA1 neurons (Fig. 7B; Supplemental
Table S27). Together, these results validate that BRaf
signaling controls learning behavior.

Cognitive impairment of human subjects has been ex-
amined in only a small population of CFC patients due
in part to the difficulty in patient recruitment, and, fre-
quently, the clinical studies were only able to link BRaf
mutations to rough measurements of cognitive impair-
ment (i.e.,, mild, moderate, severe, or profound mental
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Figure 6. hBRaf mutants induce varied de-
grees of learning deficits in fear condition-
ing tasks. (A) Schematic drawing outlining
the design of fear conditioning tasks for
rats. The inset fluorescence images show
the massive expression of shRNA-PalGFP-
IRES-GFP-hBRaf in the LA. (B, Ieft) Dis-
tances traveled during the initial exposure
for animals expressing shRNA-PalGFP-
IRES-GFP-hBRaf(WT),  shRNA-PalGEP-
IRES-GFP-hBRaf(K499E), or shRNA-
PalGFP-IRES-GFP-hBRaf(G469E)  [hBRaf
(WTJ, 331.7 cm +22.3 cm, n =20, U=300.5,
P=0.84; hBRaf(K499E), 328.0 cm=25.1
cm, n=14, U=221.0, P=0.65; hBRaf
(G469E), 319.3 cm=+27.8 cm, n-=14,
U=228.5, P=0.52] compared with control
nonexpressing animals (Ctrl, 340.4 cm =
24.0 cm, n=29). (Middle) Moving speeds
for animals expressing shRNA-PalGFP-
IRES-GFP-hBRaf(WT),  shRNA-PalGEP-
IRES-GFP-hBRaf(K499E), or  shRNA-
PalGFP-IRES-GFP-hBRaf(G469E)  during
the tone presentation [hBRaf(WT), 1.86
cm/sec +0.19 cm/sec, n =20, U=258.0, P=
0.52; hBRaf(K499E), 1.83 cm/sec=0.23
cm/sec, n=14, U=191.0, P=0.77; hBRaf
(G469E), 1.69 cm/sec +0.18 cm/sec, n =14,
U=206.0, P=0.95] compared with control
nonexpressing animals (Ctrl, 1.73 cm/sec =
0.16 cm/sec, n =29) and those during elec-
tric foot shock [hBRaf(WT), 11.6 cm/sec =
1.3 cm/sec, n=20, U=288.5, P=0.98;
hBRaf(K499E), 12.2+1.3 cm/sec, n=14,
U=182.0, P=0.60; hBRaf(G469E), 11.9 cm/
sec+ 1.3 cm/sec, n=14, U=190.0, P=0.75]
compared with control nonexpressing ani-
mals (Ctrl, 11.7 em/sec+ 1.2 cm/sec, n=

29). (Right) Amounts of freezing for animals expressing shRNA-PalGFP-IRES-GFP-hBRaf(WT), shRNA-PalGFP-IRES-GFP-hBRaf
(K499E), or shRNA-PalGFP-IRES-GFP-hBRaf(G469E) during training [hBRaf(WT), 21.7% +2.8%, n=20, U=238.0, P=0.30; hBRaf

(K499E), 20.0% +2.3%, n= 14, U=174.0, P = 0.46; hBRaf(G469E), 20.2% +2.3%, n

=14; U=162.5, P=0.30] compared with control nonex-

pressing animals (Ctrl, 17.5% + 1.3%, n =29); during a contextual fear conditioning test [hnBRaf(WT), 48.1% +4.6%,n=20; U=297.0, P =
0.90; hBRaf(K499E), 16.3% +2.7%, 1= 14, U=372.0, P < 0.001; hBRaf(G469E), 18.5% +2.7%, n = 14, U =369.0, P < 0.001] compared with
control nonexpressing animals (Ctrl, 48.8% + 4.0%, n = 29); and during cued fear conditioning tests [hBRaf(WT), 50.1% +5.5%,n=20, U =

278.5, P =0.82; hBRaf(K499E|, 18.3% +4.6%, n =14, U =344.0, P <0.001; hBRaf(G469E), 17.5% +2.8%, n

- 14, U=361.0, P <0.001] com-

pared with control nonexpressing animals (Ctrl, 48.9% = 4.6%, n = 29). The large green dots with error bars indicate the averages and stan-
dard errors. (*) P<0.05, Mann-Whitney rank sum test. (C) Plots show correlations between the amounts of freezing of hBRaf mutant-
expressing animals in contextual (n = 51; normality test, P = 0.60; constant variance, P=0.62; r=0.842, P <0.001) and cued (n=51; nor-
mality test, P = 0.85; constant variance, P=0.07; r=0.856, P <0.001; linear regression t-test) fear conditioning tests and altered syn-
aptic AMPA responses of corresponding hBRaf mutant-expressing LA neurons. See Supplemental Table S25 for values of the amount
of freezing of animals expressing ~50 disease-linked hBRaf mutant replacement constructs.

retardation) (Yoon et al. 2007; Demir et al. 2010; Pierpont
et al. 2010; Alfieri et al. 2014). Nevertheless, while scruti-
nizing these clinical reports, we noted that CFC patients
carrying the same BRaf mutations exhibit similar intellec-

tual disabilities (Supplemental Table S28). Thus, we com-
pared these clinical results with our animal data. The

extent of cognitive impairment of CFC patients correlated

Discussion

well with the degree of alteration in AMPA responses in

hBRaf mutant-expressing neurons in rats and the level of
deficit in learning in hBRaf mutant-expressing animals

(Fig. 8A). These results suggest that the effects of CFC-
linked hBRaf mutations on synaptic transmission and
learning predict the severity of cognitive impairment in
human patients.

In this study, we developed and validated a simple and rap-
id gene replacement method that allows us to carry out a
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A Lentivirus Y maze leaming tests Figure 7. hBRaf mutants induce varied degrees
of learning deficits in Y-maze tasks. (A) Schemat-

) ic drawing outlining the design of Y-maze tasks

72 3.5 d in vivo for rats. The inset fluorescence images show the

S E— massive expression of shRNA-PalGFP-IRES-
— expression GFP-hBRaf in the hippocampal CA1 region. (B,

top left) During the elevated Y-maze learning
test, animals expressing shRNA-PalGFP-IRES-

® hBRaf(V1571, D179E, A246P, Q257R, G464R, W531C & T599R) GFP-hBRaf(K499E| or shRNA-PalGFP-IRES-GFP-

hBRaf{D211G, $323L, K499N, E501V, G596V & Q709R)
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hBRaf(G469E) exhibited a significant reduction in
the percentage of correct choices compared with
control nonexpressing animals and animals ex-
pressing shRNA-PalGFP-IRES-GFP-hBRaf(WT).
(Bottom Ieft) The percentages of correct choices

gzg 8 in animals expressing shRNA-PalGFP-IRES-GFP-
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0246 810121416 8 o o +21%, n=18, U=343.0, P<0.001) compared
Training-testing session gs5 . a . with control nonexpressing animals (80.6% =

T 2 2.1%, n=20). The large green dots with error

=100 5 . . bars indicate the averages and standard errors.
Eg 85 2 55 - ] . (*) P<0.05, Mann-Whitney rank sum tests.
2 o . * (Right) The plot shows correlation between cor-
3 rect choices of hBRaf mutant-expressing animals
e S5 ae and altered synaptic AMPA responses of corre-
8 40! W e 0 10 20 30 40 sponding hBRaf mutant-expressing CA1 neurons
Average testing sessions 11-14 Alataea In GAT neurons (%) (n=>51; normality test, P=0.51; constant vari-

ance, P=0.12; r=0.900, P<0.001; linear regres-
sion t-test). See Supplemental Table S27 for

values of the correct choices of animals expressing ~50 disease-linked hBRaf mutant replacement constructs.

large-scale analysis of physiological and pathological BRaf
signaling in vitro and in intact brains. The analysis creates
more than one order of magnitude of more data that unveil
a general role of BRaf in relaying canonical Ras signaling
to the MEK-ERK pathway in neurons of multiple species
(i.e., rats, mice, and humans); the data identify BRaf as
the key missing relay effector, and thus this study com-
pletes the synaptic NMDA-R-CaMKII-SynGap-Ras—
BRaf-MEK-ERK signal transduction cascade that controls
synaptic AMPA-R-mediated transmission (Fig. 8B). More-
over, the big data permit one to decipher the general prin-
ciples that govern BRaf signaling (Fig. 8B), opening cell
signaling research to a new dimension. Particularly, our
analysis of ~50 BRaf mutations reveals that CFC- and/or
cancer-linked BRaf mutants induce either an increase or
a decrease in signaling that leads to a wide range of chang-
es in synaptic transmission and learning impairment.
While mutations in various BRaf domains all cause
alterations in BRaf signaling, at several sites crucial for in-
teraction with ATP and substrate proteins, they can lead
to predominant BRaf signaling deficits. The degree of
BRaf mutation-induced alterations in transmission and
deficits in learning in animals correlate with the extent
of cognitive impairment seen in CFC patients, which
ranges from a mild learning disability to profound mental
retardation.

The Ras family GTPases (i.e., Ras, Rapl, and Rap2) in-
dependently control distinct forms of synaptic plasticity
via their downstream protein kinase signaling cascades
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(Costa and Silva 2003; Thomas and Huganir 2004; Stor-
netta and Zhu 2011). Specifically, the Ras-MEK-ERK
and Ras-PI3K-AKT pathways signal phosphorylation
and synaptic delivery of AMPA-Rs containing subunits
with long cytoplasmic termini during long-term potentia-
tion, and the Rap1-p38 MAPK pathway signals phosphor-
ylation and synaptic removal of AMPA-Rs containing
subunits with only short cytoplasmic termini during
long-term depression (Zhu et al. 2002; Qin et al. 2005; Mc-
Cormack et al. 2006; Kielland et al. 2009), whereas the
Rap2-JNK-PP2B pathway signals dephosphorylation and
synaptic removal of AMPA-Rs containing subunits with
long cytoplasmic termini during depotentiation (Zhu
et al. 2005; Sheng et al. 2016). The canonical Ras-MEK-
ERK pathway is one of the best-studied signaling path-
ways because of its involvement in several key cellular
processes, including cell proliferation, differentiation, sur-
vival and cell motility, and because of its potential in be-
ing a drug target (Samatar and Poulikakos 2014; Caunt
etal. 2015). In neuronal cells, the Ras-MEK-ERK pathway
also controls synaptic transmission and plasticity. Accu-
mulating data have linked synaptic NMDA-R activation
to Ca®" influx, then CaMKII-SynGap-Ras signaling, and
finally downstream MEK-ERK signaling that controls
synaptic AMPA-R phosphorylation and trafficking (Zhu
et al. 2002; Man et al. 2003; Kim et al. 2005; Qin et al.
2005; Yasuda et al. 2006; Lee et al. 2009; Patterson et al.
2010; Araki et al. 2015; Zeng et al. 2016). However, how
Ras signaling is relayed to the MEK-ERK pathway at
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Figure 8. hBRaf mutants predict cognitive impairments in CFC patients. (A) The two plots at the left show correlations between cogni-
tive impairments of CFC patients and altered synaptic AMPA responses of corresponding hBRaf mutant-expressing CAl (n=21; normal-
ity test, P=0.30; constant variance, P=0.14; r=0.812, P <0.001) or LA (n=21; normality test, P =0.25; constant variance, P=0.77; r=
0.700, P <0.001) neurons in rats. The three plots at the right show correlations between cognitive impairments of CFC patients and altered
amounts of freezing in contextual (n=21; normality test, P =0.70; constant variance, P = 0.53; r=0.923, P <0.001) and cued (n=21; nor-
mality test, P = 0.34; constant variance, P = 0.96; r = 0.940, P <0.001) fear conditioning tests and altered amounts of correct choices in Y-
maze tests (n =21; normality test, P = 0.83; constant variance, P=0.92; r = 0.848, P <0.001; linear regression t-test) in rats. (B) The sche-
matic drawing shows that CFC- and/or cancer-linked mutations in the cysteine-rich domain, G loop, nucleotide-binding pocket (NBP),
C loop, DFG motif, A loop, and C terminus cause a wide range of increases or decreases in BRaf signaling. Note the predominant BRaf
signaling deficits caused by a few mutations at sites around the G loop, NBP, C loop, and A loop potentially involved in interaction of
ATP, some of which may also affect the turnover of BRaf mutants (cf. Min et al. 2015).
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synapses remains unclear. We show here that BRaf relays
Ras activity to MEK-ERK, completing this neuronal sig-
nal transduction cascade. Because genetic defects have
been identified in almost every signaling molecule in
the Ras family GTPase signaling pathways and linked to
a large number of cognitive disorders (Costa and Silva
2003; Thomas and Huganir 2004; Stornetta and Zhu
2011), understanding the architecture of the NMDA-R-
CaMKII-SynGap-Ras-BRaf-MEK-ERK signal transduc-
tion cascade should help one to portray the pathogenesis
and guide the future development of treatments for these
insidious diseases.

Here, we report the development of a fast cost-efficient
lentivirus-based gene replacement method that permits
large-scale interrogation of genes and their mutations.
The method seems to be generally applicable to other
genes, since the same biochemical and functional replace-
ments have been achieved with several other molecules
sized from ~15 to 120 KDa (our unpublished data). While
lentiviral constructs with proper shRNAs efficiently
knocked down these molecules by ~70%-95%, its generic
EFla promoter invariably overexpressed recombinant pro-
teins (by ~200%-1200%). Including an additional IRES se-
quence added another gene copy of fluorescence proteins
and reduced the expression of recombinant proteins to
levels comparable (~50%-200%) with endogenous pro-
teins. Fine-tuning the promoter and/or knockdown effi-
ciencies (i.e., using other promoters, such as CMV, Thy,
CaMKII, and Synapsin [Dittgen et al. 2004], and other
shRNA sequences) could bring functional expression of
recombinant proteins to levels similar to those of endoge-
nous proteins during the 7-d expression period, paving the
way for large-scale analysis. As shown in this study, ana-
lyzing a large number of mutations can not only provide
more rigorous results but also shed light on the general
properties and functions of genes of interest.

The lentivirus-based gene replacement method is ideal
for defining the signaling defects responsible for a variety
of human diseases. Our analysis of ~40 CFC-linked BRaf
mutations provides undisputed evidence supporting the
notion that loss and gain of functions of the same signal-
ing molecules lead to the same cognitive phenotypes
(Costa and Silva 2003; Thomas and Huganir 2004; Stor-
netta and Zhu 2011). In particular, our results indicate
that loss-of-function and gain-of-function BRaf mutations
block and occlude synaptic potentiation, respectively.
These findings validate the long-standing hypothesis
that both down-regulation and up-regulation of synaptic
Ras signaling may force it to deviate from its “happy me-
dium” point and thus shrink its signaling dynamic range
(i.e., being either too weak to achieve proper activation or
too strong to stay away from saturation at synapses),
which reduces the capacity for synaptic plasticity (Mc-
Cormack et al. 2006). Therefore, the results provide a
mechanistic explanation for the observations that loss
and gain of functions of synaptic signaling molecules im-
pair cognition (Costa and Silva 2003; Thomas and Huga-
nir 2004; Stornetta and Zhu 2011). The findings may
account for the clinical conundrum that off-label medica-
tions with FDA-approved Ras signaling modulators fre-
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quently failed to produce the desired improvement in
cognitive performance in patients; at times, the treat-
ments worsen the prognosis, presumably due to modulat-
ing Ras signaling in the wrong direction or to the wrong
degree. This study also verifies the effectiveness of our
new method for building up the scientific foundation
necessary for designing effective therapeutic treatments
for CFC syndrome because it defines the precise signaling
effect of all ~40 CFC-linked BRaf mutations with multi-
ple simultaneous patch-clamp recordings that compare
synaptic transmission of neighboring neurons in the
same animals. With this method, we expect that it
should be feasible to carry out large-scale interrogation
of many other genes and mutations associated with vari-
ous mental, neurological, and psychiatric disorders;
e.g., ~20 sporadic autism spectrum disorder-associated
mutations on PTEN, ~20 Costello syndrome-associated
mutations on Ras, ~60 Noonan syndrome-associated mu-
tations on PTPN11, ~40 schizophrenia-associated muta-
tions on NRGI, and ~50 frontotemporal dementia-
associated mutations on MAPT (Schubbert et al. 2007;
Aoki et al. 2008; Hobert and Eng 2009; Zhou and Parada
2012; Lee et al. 2014; Mei and Nave 2014; Ghetti et al.
2015). Interestingly, among the ~20 cancer-linked BRaf
mutations examined in this study, about one-third of
them actually depressed BRaf signaling (Fig. 8B), suggest-
ing an alternative oncogenesis mechanism presumably
involved in the secondary enhancement of CRaf signal-
ing. This idea can be verified by systematically analyzing
~350 cancer-linked BRaf mutations in nonneuronal cells
with the same gene replacement method. Precisely defin-
ing how each of the disease-linked human mutations al-
ters Ras signaling (both the direction and degree) is
central to using the right drug at the right dose at the
right time to rescue widely varied deficits in synaptic
transmission, cognitive behavior, and other medical con-
ditions or developing precision medications for individu-
al patients.

Materials and methods

Animal preparation

Totals of 3725 male and female Sprague Dawley rats and 90 male
and female C57BL/6 mice were used to prepare cultured neurons,
cultured slices, intact brain expression, and behavior experiments
in this study. Animals were maintained in the animal facility at
the University of Virginia and family- or pair-housed in the tem-
perature-controlled animal room with a 12-h/12-h light/dark cy-
cle. All procedures for animal surgery and maintenance were
performed following protocols approved by the Animal Care
and Use Committee of the University of Virginia and in accor-
dance with US National Institutes of Health guidelines.

Cultured neuron preparation

Hippocampal cultured neurons were prepared from rat embryos
at embryonic day 18 (E18; n =15 pregnant females) as described
previously (Zhang and Macara 2006) with minor modifications.
Cells were dissociated mechanically after trypsin treatment and
plated onto poly-D-lysine-coated (Sigma, P1149) plastic culture



dishes at a density of ~5 x 10* cells per square centimeter. Plated
cells were recovered in the plating medium (DMEM with 2 mM
glutamine, 10% FBS, 0.45% glucose, 0.11 mg/mL sodium pyru-
vate) for 3—4 h and then maintained in the neurobasal medium
(Invitrogen, 21103-049) supplemented with B27 (Invitrogen,
17504-044) and glutamax (Invitrogen, 35050-061) before use.

Human neuron preparation

Human neurons were prepared from H1 ESCs and GM-1 cells us-
ing protocols modified from previous studies (Pang et al. 2011;
Williams et al. 2014; Du et al. 2015; Yi et al. 2016). Briefly, to pre-
pare hESC-induced neurons, H1 ESCs were cultured feeder-free on
Corning Matrigel membrane matrix-coated (Thermo Fisher)
plates and fed daily with mTeSR1 medium (Stem Cell Technolo-
gies). Cells were passaged by dissociating the cell cultures into sin-
gle cells using Accutase (Stem Cell Technologies) and replated in
mTeSR1 medium containing 5 1M ROCK inhibitor (Stemolecule
Y27632, Stemgent) every 4-6 d. To induce neuronal differentia-
tion, ESCs were dissociated, collected, and centrifuged to a pellet;
resuspended in a lentiviral cocktail consisting of mTeSR1, 5 uM
ROCK inhibitor, and lentiviral-Ngn2 and -rtTA supernatant;
and then seeded onto Matrigel-coated six-well plates at a density
of 8 x 10° cells per well. The lentiviral cocktail was removed and
replaced with neurobasal (ThermoFisher) medium containing
Gem21 supplement (Gemini), L-glutamine, and 2 ng/mL doxycy-
cline (MP Biomedicals) 8 h later. Neuron selection with 1 png/mL
puromycin was performed on days 3—4 after neuronal induction
with doxycycline. On day 4.5, cells were dissociated and replated
into 24-well dishes at a density of 2 x 10° (Western blotting) or 1 x
10° (electrophysiology) neurons and 1.5 x 10° glia per well in neu-
ronal culture medium containing neurobasal, L-glutamine,
Gem21, 2 pg/mL doxycycline, 10 ng/mL BDNF, 10 ng/mL
GDNEF, 10 ng/mL NT3, and 0.2 pg/mL Laminin-1, and the cul-
tures were half-fed every 2-3 d. AraC was added to the culture me-
dium 48 h later to inhibit glial overgrowth. On day 31.5, lentiviral
replacement constructs harboring hBRaf mutants of G469E,
K482M, K499E, and V600E were added in refreshing culture medi-
um. On day 35, cells were detached with Accutase, centrifuged,
washed in DPBS, and then lysed for biochemical analysis.

To prepare human iPSC-derived neurons, GM-1 cells were pas-
saged onto the irradiated mouse embryonic fibroblast plates using
1 mg/mL dispase and cultured in hESC medium for 7 d until
~90% confluence. GM-1 cells were then differentiated into neu-
roepithelial progenitors by replacing hESC medium with a chem-
ically defined neural medium (CDM) containing DMEM/F12,
neurobasal medium at 1:1, 1x N2, 0.5x B27, 0.5x glutamax,
1x NEAA (all from Invitrogen), and an additional 2 uM DMH1
(Torcris) and 2 uM SB 431542 (Stemgent), which was replaced
daily for 8 d. Neuroepithelial progenitors were dissociated with
1 mg/mL dispase and cultured in the neuronal induction medium
(NIM) containing DMEM/F12, 1x N2, and 1x NEAA for 10 d to
induce neuronal progenitors. Neuronal progenitors were dissoci-
ated with TrypLE enzyme into single cells at a density of 4 x 10°
cells per well, plated on terminally differentiated H9 astrocytes
differentiated from late astroglial progentitors at a density of
8 x 10* cells per well, and fed with the neuronal differentiation
medium (NDM) containing neurobasal medium, 1x N2, 1x B27,
0.5x glutamax, 1x NEAA, 0.1 pM compound E (Calbiochem),
and 0.5 pM ROCK inhibitor. AraC (2 pM) was included in the
NDM to inhibit proliferation, and the NDM was refreshed every
4 d. Thirty-five days later, lentiviral replacement constructs
harboring hBRaf mutants of G469E, K482M, K499E, and V600E
were added in refreshing culture medium. On day 38.5, cells
were detached with 0.25% Trypsin-EDTA (Invitrogen), washed
twice in DPBS, and then lysed for biochemical analysis.

Oncogenic BRaf signaling and CFC syndrome

Cultured slice preparation

Cultured slices were prepared from postnatal 6- to 7-d-old rats or
mice (postnatal day 6-7 [P6-P7]; n=1,851 for rats; n = 30 for mice)
following our previous studies (Lim et al. 2014; Wang et al.
2015a). In brief, the hippocampi were dissected out in ice-cold
HEPES-buffered Hanks’ solution (pH 7.35) under sterile condi-
tions, sectioned into 400-um slices on a tissue chopper, and ex-
planted onto a MillicellCM membrane (0.4-uym pore size;
Millipore). The membranes were then placed in 750 pL of MEM
culture medium containing 30 mM HEPES, 20% heat-inactivated
horse serum, 1.4 mM glutamine, 16.25 mM D-glucose, 5 mM
NaHCOz;, 1 mM CaCl,, 2 mM MgSO,, 1 mg/mL insulin,
0.012% ascorbic acid (pH 7.28), and 320 mM osmolarity. Cul-
tured slices were maintained at 35°C in a humidified incubator
(ambient air enriched with 5% CO,).

Constructs of recombinant proteins and expression

The human BRaf(WT) ¢cDNA (Open Biosystems, clone ID
8327547; accession no. BC112079) was subcloned into pEGFP-
C1 (enhanced GFP; Clontech Laboratories) to produce GFP-
hBRaf, which was then used as the template for GFP-hBRaf(CA)
(T599 - E/S602 — D) (Zhang and Guan 2000), GFP-hBRaf(DN)
(K482 — M), and various GFP-tagged CFC- and/or cancer-linked
hBRaf mutant constructs using QuikChange XL site-directed mu-
tagenesis kit (Stratagene). GFP-BRaf was subsequently subcloned
in Sindbis viral vector. To generate lentiviral replacement con-
structs, a palmitoylation signal sequence of GAP43 (Pal) was
fused to the N terminus of GFP to generate PalGFP. PalGFP and
GFP-hBRaf were subcloned before and after an IRES sequence of
the pCITE vector to produce PalGFP-IRES-GFP-hBRaf. PalGFP-
IRES-GFP-hBRaf and rat BRaf targeting or shRNA or S-shRNA
were then subcloned into lentiviral vector pLVTHM after EFla
and H1 promoters, respectively, to generate (S-)JshRNA-PalGFP-
IRES-GFP-hBRaf. In some experiments, GFP was replaced with
mCherry or CFP (gifts from Dr. Roger Tsien) in the construct.
The recombinant hBRaf expression efficiencies of several pro-
moters (e.g.,, CMV, Thy, CaMKII, and Synapsin) and knockdown
efficiencies of four shRNAs that target different BRaf sequences
were assessed. We found that combination of EFla and one
shRNA produced the most rapid and equivalent replacement.
Thus, the EFla, shRNA, and its control scrambled construct
were chosen for use in this study.

The intellectual impairment of CFC syndrome first appears in
~1.5- to 2.5-yr-old children, who are developmentally equivalent
to ~2- to 4-wk-old rodents. This matches the timing when CaM-
KII-Ras signaling starts to functionally replace the neonatal PKA
signaling and take control of synaptic plasticity (Yasuda et al.
2003; Stornetta and Zhu 2011). Thus, for in vitro expression,
CA1 pyramidal neurons in hippocampal cultured slices were in-
fected after 8-18 d in vitro with lentivirus or Sindbis virus or
transfected with a Bio-Rad Helios gene gun and then incubated
on culture medium and 5% CO, before experiments. For in
vivo expression, P18-P28 rats were initially anesthetized by an
intraperitoneal injection of 10 mg/kg ketamine and 2 mg/kg xyla-
zine. Animals were then placed in a stereotaxic frame, and one or
multiple ~1 x I mm holes were opened above the right or both
sides of the somatosensory cortex. A glass pipette was used to
make pressure injections of lentiviral solution in the hippocam-
pal CA1 region or LA according to stereotaxic coordinates. For
electrophysiology recordings, one injection of ~100 nL of diluted
viral solution was made into the right hippocampus or amygdala
to create sparse expression in neurons in 314 animals. For behav-
ioral tests, multiple injections of ~6 uL of viral solution were de-
livered along the entire hippocampal CA1 (10-12 injections) or
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LA (two injections) of both sides to achieve massive expression in
about one third of CA1(34.1+0.7%;n=53)or LA (37.7 1.0 %; n
=44) neurons in 1483 animals (Figs. 6A, 7A). After injection, ani-
mals were allowed to recover from the anesthesia and returned to
their cages. Experiments were typically performed within 18 h = 2
h after Sindbis viral infection and biolistic transfection or within
2-7 d after lentiviral infection unless stated otherwise.

Biochemical analysis

Hippocampal extracts were prepared by homogenizing hippo-
campal CALl regions isolated from cultured rat or mouse hippo-
campal slices (Zhu et al. 2002; Qin et al. 2005). Human
neuronal extracts were prepared by homogenizing ESC-induced
or iPSC-derived neuron cultures. Membranes were blotted with
anti-BRaf (1:1000; BD Transduction Laboratories) or anti-phos-
pho-ERK (1:10,000; Cell Signaling Technology), stripped, and
reblotted with anti-ERK (1:1000; Cell Signaling). Western blots
were quantified by chemiluminescence and densitometric scan-
ning of the films under linear exposure conditions.

Electrophysiology

Simultaneous multiple whole-cell recordings were obtained from
nearby infected/transfected and noninfected/nontransfected
CA1 pyramidal neurons or LA large pyramidal-like neurons under
visual guidance with fluorescence and transmitted light illumi-
nation (Lim et al. 2014; Wang et al. 2015b) using up to four Axo-
patch-200B or Axoclamp 2B amplifiers (Axon Instruments). Bath
solution (29°C = 1.5°C), unless otherwise stated, contained 119
mM NaCl, 2.5 mM KCl, 4 mM CaCl,, 4 mM MgCl,, 26 mM
NaHCOj3;, 1 mM NaH,PO,, 11 mM glucose, 0.1 mM picrotoxin
(PTX), and 0.002 mM 2-chloroadenosine (pH 7.4) and was gassed
with 5% C0,/95% O,. 2-chloroadenosine was included to pre-
vent bursting, and PTX was excluded when GABA responses
were examined. For experiments in which slices were maintained
in culture with an additional 10 mM Mg?* (to suppress synaptic
activity), 100 uM DL-APV, 25 uM PD98059, 10 uM U0126, or 5
pg/mL a-BP7 (Abcam), these reagents were included at the time
of Mg**, DL-APV, PD98059, and U0126 1.5 d (PD98059) or 3.5 d
(a-BP7) after viral infection and removed during recordings. Patch
recording pipettes (3—-6 MQ) for current (voltage-clamp) record-
ings contained 115 mM cesium methanesulfonate, 20 mM
CsCl, 10 mM HEPES, 2.5 mM MgCl,, 4 mM Na,ATP, 0.4 mM
Na3;GTP, 10 mM sodium phosphocreatine, 0.6 mM EGTA, and
0.1 mM spermine (at pH 7.25), and those for voltage (current-
clamp) recordings contained 115 mM potassium gluconate,
10 mM HEPES, 2 mM MgCl,, 2 mM MgATP, 2 mM Na,ATP,
0.3 mM NazGTP, and 20 mM KCl (pH 7.25). Synaptic responses
were evoked by bipolar electrodes with single voltage pulses
(200 psec, up to 20 V) placed in the stratum radiatum ~300-500
um from CA1 neurons or in the ventral striatum ~200-400 pm
from LA neurons. Synaptic AMPA and NMDA responses at —60
mV and +40 mV were averaged over 90 trials. To minimize the ef-
fect from AMPA responses, the peak NMDA responses at +40 mV
were measured after digital subtraction of the estimated AMPA
responses at +40 mV.

Behavioral analysis

Fear conditioning tests and Y-maze tests, started at approximate-
1y 5:00 pm, followed the previous reports (Schmitt et al. 2005; Lim
et al. 2014). Briefly, fear conditioning was performed in an isolat-
ed shock chamber (Coulbourn Instruments). The fear condition-
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ing training consisted of a 3-min exposure of rats to the
conditioning box (context) followed by a foot shock (2 sec at 0.8
mA) after a preceding tone (30 sec at 3 kHz and 75 dB). The mem-
ory test was performed 24 h later by re-exposing the animals for 5
min to the conditioning context and, 1 h later, to a novel context
for 3 min followed by a tone (3 min at 3 kHz and 75 dB). All data
were recorded using a video-based FreezeFrame system (Coul-
bourn Instruments). Freezing, defined as a lack of movement ex-
cept for heartbeat and respiration associated with a crouching
posture, and locomotor activity were analyzed offline with the
FreezeFrame software (Coulbourn Instruments).

Y-maze learning tests were carried out using an elevated Y-
maze with one start arm and two goal arms (56.5 x 12 cm each)
surrounded by an opaque 26-cm-high wall (San Diego Instru-
ments). A food well, located 5 cm from the end of each goal
arm, was filled with 0.1 mL of sucrose-sweetened nonfat dry
milk (12.5%) as a reward. Animals were initially habituated to
the Y-maze and milk reward. Once all of the animals were run-
ning freely on the Y-maze and readily consuming the milk re-
wards, testing began. Animals were trained and tested on a
conditional learning task, in which interchangeable floor inserts,
either plain white or black wire mesh, covering the whole of the
start arm, were used as a conditional cue. The presence of the
plain white insert in the start arm indicated that the 0.1-mL
milk reward was available in the right goal arm, whereas the pres-
ence of the black wire mesh insert was associated with the reward
in the left arm. Animals received 14 training-testing sessions
consisting of 10 trials per session with an ITI of 5 min. Each ses-
sion consisted of five trials with each of the two floor inserts, and
no more than three consecutive trials with the same floor insert,
according to a pseudorandom sequence. The percentage of correct
responses—or entering the floor-matching goal arm and consum-
ing the milk reward—was calculated for each session.

Correlation analysis with the clinical data

Although variance exists due to medical, environmental, and oth-
er genetic factors, CFC patients carrying the same BRaf muta-
tions exhibit roughly similar intellectual disabilities (see
Supplemental Table S28; Yoon et al. 2007; Demir et al. 2010; Pier-
pont et al. 2010; Alfieri et al. 2014). We averaged the published
cognitive measurements of CFC patients, arbitrarily converting
the mild, moderate, severe, and profound mental impairments
into the scores of 0.5, 1.5, 2.5, and 3.5, respectively (Supplemental
Table S28). Next, we compared the average cognitive impairment
scores of human patients with the alterations in synaptic trans-
mission in hBRaf mutant-expressing neurons or deficits in learn-
ing in hBRaf mutant-expressing animals.

Statistical analysis

Statistical results were reported as mean + SEM. Animals or cells
were randomly assigned into control or experimental groups, and
investigators were blinded to experiment treatments in cultured
slices and animals. Given the negative correlation between the
variation and square root of sample number (n), the group sample
size was typically set to be ~16-36 to optimize the efficiency and
power of statistical tests. The statistical significances of the
means (P <0.05; two sides) were determined using Wilcoxon
and Mann-Whitney rank sum nonparametric tests for paired
and unpaired samples, respectively, and statistical significances
of the linear relationships of two data groups were determined us-
ing linear regression t-tests, which provided the normality and
constant variance tests that were passed.
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