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Abstract

RBM4, an RNA binding protein, is recognized for its role as a splicing regulator in
various tissues, contributing to the diversity of proteins. In our study, we conducted a
comprehensive examination of alternative splicing events potentially governed by RBM4,
leveraging predictive RNA sequencing data including Rbfox2, Prpf40b and Add3. Notably,
we identified differences in these splicing events across various time points and tissues. In
addition to this, histological sections subjected to HE and Nissl staining revealed distinct
phenotypes in plenty of tissues. In our observations, the Rbm4 knockout cerebellum
exhibited a distinct foliation defect, particularly notable between lobules VI and VII. Moving
to the cardiovascular system, we observed noteworthy disparities between the wildtype and
Rbm4 double knockout mice. Specifically, there were marked differences in ventricular area
and interventricular septum thickness. Shifting focus to skeletal muscle, the knockout mice
displayed a notably lower average fiber count. Examining the brown adipose tissue, we
found that the distance between each brown adipose tissue was noticeably reduced in the
knockout mice. Lastly, in the pancreas, a significant reduction in the number of islets was
observed in the knockout mice.

Furthermore, our investigation unveiled a significant downregulation of Bdnf mRNA
expression levels in both skeletal muscle and pancreas in Rbm4 double knockout mice. This
downregulation was accompanied by reduced expression levels of several key molecular
markers. Surprisingly, the intraperitoneal injection of DHF, an agonist of TrkB, had the
remarkable ability to fully restore Bdnf expression in RBM4 double knockout mice. These
findings collectively underscore the critical role of RBM4 in the regulation of Bdnf and
demonstrate the efficacy of DHF as a potential therapeutic intervention.

By expanding our understanding of the biological functions of RBM4 and its associated
pathological mechanisms, our study paves the way for innovative pharmaceutical
development strategies. These findings not only shed light on the molecular and cellular
functions of RBM4 but also hold clinical relevance with the potential to impact future medical

treatments.
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RBM4 ¢ 7 = B N =3 RNA 2% 5 7](RNA recognition motifs, RRMs){r- # CCHC 7] <>

4+ 44(CCHC-Zn finger)irg z pp *=pk 7 C =4 (Lai et al., 2003; Markus and Morris, 2006) -
#¢ RRMs § #75u mRNA g 8 2 £ 38 (5 A Flen 7 1 CCHC-Zn finger fim® @ e

Fow A ARRRL AT N E A%k ¢ & RRM2 i e Frdl g ehie 7 (Markus et al.,

2006). ; C=4 Rl 2 _RBM4 & H s 3-v < 3 £ % hf 42(McNeil et al., 2001). » # ¢ FTes #

IR =3 wre 5@ (Lai et al., 2003; Markus et al., 2006). - +f 5t &+ :7 RBM4 3

i £ 431 ——RBM4a {v RBM4b © ien & g4 fr i 7 b 2L¥ 4p iz o 2 Ao > ¢ P gn i

A MIQI3 F o A R R4 F19A L o

© o 3 8 8 alanine-rich stretches 3
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RRM1 RRM2 CCHC- C-terminus
Zn finger

# 1-1 RBM4 =% 4 (Markus and Morris, 2006)
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ME R Gl ib iRt T L & 4§ (McNeil et al.,1998) 0 - 3 7 # R
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2% ¢ MY RILApRE Y | H ¥ S 2 & 1 i £ & (Diederichs et al., 2004) - @
RBM4 4% iz B %2 7 RNA &t (Hock et al., 2007) ~ 4= miRNA (Hock et al., 2007)
BRI OFY X F % 2 G % R4 o F Lin et al, 2007): &
R4 A e mMRNA B30 & %3 o Kf LIS U W B I S SR LIV S A A= I sV A

AL AL
+ o

()M AR

RBM4 7 i o5 fh s @ S 4L167 » & 354 50t B ~ 0 L B2 Rk % - RBMA &

BANERERE 2 s e P A i (Bernertetal., 2002) 4 g 31 RBM4 < 55 ¢ <
ANz v tau T RSP F v T RS tau T M 8 tau R B
Fode e A AT F AR R WTT g% kit & ¥ & 4 E(Yang et al,,
2007) ¥ RBM4 &%= 4 v s ine h K562 ¢ 4 § # 8 ¢ 2 e d(Jin et
al, 2007) » RIS F 2 FOM B 2 § LRI ARER S 7 0 RBMA & o

A FILT A }%,]?‘5/(3,97"’ l[%ﬂ’ﬁ,’]”ﬁ}?”m“ "k’.@fy(YongH et al. 2019)
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(=) A %14 3l(genotyping)
p— EREIR DNALR

p (protein P (DNA
precipitation) precipitation)

A1b Ep

(cell lysis) > (purification) ’(resuspension)

1 &R E DB Bk B3 5% 1.5ml ik E 4w ¢ (Eppendorf)

2. BF 2 mre B3 4~ 304 Ul thE Bk (7 proteinase K) o 4 f3HE P oehd-
B EFF R THEIIO6S  BEFRVERFE A 65 R AuCEH

3. Fvd F & DNA ik : 4~ 100 ul 7 KOAc > & # 2 & (vortex) e 3| d1 3w
¢mhkteFE 4 R 30 A4k d2F A F R T 12000 rpm e 5 5] 15 &
& o P~ 300 ul ih} R IIATHE F X4 » B 4 PR 3 AR (isopropanol) -
ERHGERFE 420 & o ¥ 2 12000 rpm 3 T A48 T B0 L R 0 F
T o Uk DNA

4. ¥iv 4o » 400Ul 70%2 FE 0 v 7500 rpm B T A48 0 BH D gRRe )

5. w34~ 30 ul gk

6. * 1ul shDNA:& (7R & s 44 F &

(=) # RNA(RNA extraction)

Ml ] —
] A ] ]
"\ | RNAIn // |
L TRizol | Chloroform aqueous /f' / | ‘ Isopropanol [ Water
[ phase / / / ‘
) ‘ , |
\\ \ } \ \ \ \\ \ \\
\ / v f N\, v
- - ~— “\47:‘
— — —. — —
| Homogenize Incubate & ‘ Transfer aqueous - Centrifuge & | ‘
\ centrifuge phase to new tube \ J/  remove supernatant \
" #— cerebellum V ‘\‘»\_~— RNA pellet \l
Tissue lysis and Addition of Isolation of the RNA- Precipitation Drying of Resuspension
sample preparation chloroform containing aqueous phase of RNA RNA pellet of RNA pellet

1. 3B R % A B s g P 4o » # A TRIZOL(# 50 3] 100mg e »



ek

Tml) » &% Beg jF g 5 fered > i 23 TRIZOL ¢ = 544 4 o

2. % 4p 4 TRIZOL & (0.2ml per 1ml TRIZOIl)*x » ¥t & %8 # % i (chloroform) -
#-HEZe R E(vortex)15F) - R AR RS D= 4480 2 13200rpm £ 4 & & 15

A g ek R B

2

3. RNAJH : #-H{cS M4 B 5 5 T 44400 & %2 6 %45 & (12 12000rpm g o

4. 7% RNA: 4 » 400ul 70% e fif (ethanol) » & H i & » i £4F 4 % 2 2 = -

(=) Répd 4 F R(PCR):
f1% DNA R Epst$t % DNA B7lx £ 42 e 7R - Bend g7 > %7

-

DNA % Blic % o 8¢ 5134 £ e B B gk FIA 760 GC 1 b5 48 &
r; El%ﬂikr_]ﬁ?‘]] l:rLE\)—‘i(bp)j—{k iﬁ'g”&:g(?l l;/k)iﬂa]"r‘:%f{, Q-_]LL1*£ ]ﬁ%r}’]r}’]
7 ek Flm R oo

1. s o)

ul per reaction tube (total of 20 ul)

2x DNA polymerase Mastermix 10
Autoclaved water 8

Primer (forward) 0.5

Primer (reverse) 0.5
gDNA/cDNA template 1

2. FhiEAREpER

denature annealing extention

95°C 95°C  60/55°C  72°C 72°C 4°C

2 min 0: 30 0: 30 1minf30s 5 min o

repeat 33-36 times
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Genotyping

Rbm4a

Forward: TTCTTGTGAGAAATAGAAGC
Reverse: GCACAAAGCCATAATTCTTA

Rbm4b

Forward: CGTCTTGTCCTCTATGTGC
Reverse: GCTAACCTTGTAGAGTCAATGTGC

Rbm4dKO

Forward (EGFP): GCGGCCGCGACTCTAGATC
Reverse (GT3): TTTGGGGCCACTCATCTTCT

mRNA expression

mRbm4a

Forward: ATGGTGAAGCTGTTCATTGG
Reverse: CTGCTGCTGCTGCAGCTCCTGAAGG

mRbm4b

Forward: ATGGTGAAGCTGTTCATTGG
Reverse: CGGGAAGCACAGCCGCATTC

Gapdh

Forward: GTCGTGGAGTCTACTGGTGT
Reverse: TACTTGGCAGGTTTCTCCAG

Bdnf

Forward: TGGCTGACACTTTTGAGCAC
Reverse: CCAGCCAATTCTCTTTTTGC

Myogenin

Forward: GCTGCCTAAAGTGGAGATC
Reverse: GGAAGGCAACAGACATATC

MyoD

Forward: GAGACAGCAGACGACTTCTATG
Reverse: CGCTGTAATCCATCATGCCATC

Insulinl

Forward: TAACCCCCAGCCCTTAGTGACCAGCTATAA
Reverse: AAAGTTTTATTCATTGCAGAGGGGTGGGGC

Ngn3

Forward: AAGAGCGAGTTGGCACTGAGCAAG
Reverse: GCTGTGGTCCGCTATGCGCAG

NeuroD1

Forward: CTTGGCCAAGAACTACATCTGG
Reverse: GGAGTAGGGATGCACCGGGAA

MafA

Forward: GCTTCAGCAAGGAGGAGGTCATC
Reverse: GCCCGCCAACTTCTCGTATTTC

Splicing profile

Rbfox?2

Forward: AGCTGCTTTCCGAGGAGC
Reverse (B40): CCGTCCTGGTAAACCACA
Reverse (M43): GCATATCCACCCTGAGGTATT

Prpf40b

Forward: ACGTTCGCTTTGCCAACAT
Reverse: ATCGAGCCTTCAACTCCTCC

Add3

Forward: ATCGAGAGAAAGCAGCAAGG
Reverse: CAAGCTCGTCTTCGACATCA

Ntrk2

Forward: GCCAACTGACATTGGGGATA
Reverse (FL): CCTCCGAAGAAGATGGAGTG
Reverse (T1): TACCCATCCAGTGGGATCTT

10




(=) RNA F $#&4%= cDNA (reverse transcription)

T 7 4NTPs Reverse
) transcriptase
g < RNase ry DNA
< OligodTs (/" inhibitor s ONIES polymerase
" DTT <<‘ Gene-specific primers
ﬁ\\\
RNA cDNA Amplified
template template cDNA
ligo(dT) 5x buff dNTP DTT RNase RT
oligo X burrer . .y s
go(dT) inhibitor
1ul 4ul 4ul 1ul 0.6ul 0.5ul

1. # * Nanodrop /% RNA ik & 6 -

B 1ug 57 RNA +c » 1ul 10uM #oligo(dT) » &4 -k T 9.9ul » £ #-H 2% » F_& fvid 44
FREMT8CFK ki » 4 -

BRAr RRY P TSRE  REAFFRYF BEN 42CTF - [ FRERFE

ik £ L T0CF RPF-L T 4450t F #4f (reverse transcriptase, RT)% 2 #14

(T) % A-o fas7% T 4 (agarose gel electrophoresis)

P~ 1.5%agarose #s 4r » 0.5xTAE /3 7% » s £ % HFREF S 3%~ T A F F 20-30 » 45

T A% & {83~ EtBr(Ethidium Bromide)ig (74 ¢ » #3i3% 30 » 4518 #-H B~ d1 2 »

DNA "2 88 B2 (o L A 45 & » 1817 & ff o

(%) RA-RP F=BH T A (polyacrylamide gel electrophoresis)
Volume of Reagents Used to Cast polyacrylamide Gels

30%
Gel% . H20 5xTBE 10% APS TEMED
Acrylamide

8% 3.2ml 8.4ml 2.4ml 200ul 10ul

11



Bder 2P P R EFLETN 15 A4 2 r A 100 (T R E F 60-
80 4 4 7 A& = = {42 » EtBr(Ethidium Bromide)it 74 ¢ » 4i94 10 4 4518 -4

Bediao r DNAB R ¥ L 247k » &7 =0 T o
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é‘s F?‘E %-ﬁ'ﬂﬁﬁ
F%- ~ HFH RBMA S omu AFe F ¥ Rp - SREE 3 F Epap

i g E Tk OF - 30
(=) A& F14 3l(genotyping)

fip=§ % ¥ E * 7L RBM4-dKO /| & (RBM4a fr RBM4b 7 i & F1 14 §I°% ) » ]
# KO /| &% ¢ 513 RBM4a fv RBM4b 3-% - # % 4] * CRISPR/Cas9 = ;* # it ¢
RBM4 & F15% £ &4 ¢ 45 » EGFP e 7] » Flt & A TS Y hR %2 £ § KO} &4 7 11
BRI KR DB 7] > dod B F B 4 A B2 ¢ B o GAPDH iF 3 internal control
Pl 227 2 3){c RBM4-dKO | 81485 £ 3R » & RNA # cDNA eiif2i2 § g5 » 7 1A

KO /| ;2% RBM4 4 7] -

E13.5 E18.5 P7
WT dKO WT dKO WT dKO

Rbm4a

Rbm4b

EGFP-GT3

Bl 3-1 2 %14~ 3]

E11.5 E13.5 E18.5 P7

WT dKO WT dKO WT dKO WT dKO

Rbm4a

Rbm4b

Gapdh

B 3-2 Robm4 mRNA %] *oehd IE
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(Z) 2 FERBAERET R
d RNA ZAchid% > F35 5 7 CUSBRRB LA > $E 0 = B3 7 i £ 3] Rbmé 3 160

# F)(» ) & Rbfox2 » Prpf40b # Add3)x B~7 F p& i 2:(E11.5 » E13.5 » E18.5 fv P7)% &

o

JIFQEFERE T A A RN EAA TR A ERE - L E R AP R REE oL
FWT o KO | 8¢ § vt AFenvh B3 8 ph 33 4 T4aeni B
1.

Rbfox2

Rbfox2

® 3-3 Rbfox2 % #& isoform

E11.5 E13.5 E18.5 P7
WT dKO WT dKO WT dKO WT dKO

Rbfox2
B40
B 3-4 Rbfox2 &% PR RLE B BT &
Rbfox2
10_ *kk
_g 0.8 ns. T =3 Rbm4dKO
(0] T
S 0.6 =
<t &k *kk
m |
—_— 0.4_
¥, L T
= 0.2
-
0.0 | | IJ;II 1
E11.5 E13.5 E18.5 P7

B 3-5 Rbfox2 .7 o p& B BLeng 48 4 1 Fensest
14



AHE B ERAATERE A b - BT EG S 0 KO 5 MAS 4 (M43/(M43+B40))

FHEWT 7 5+ 4 & KO ¢ BT i) M43 ervisoform « 3=t + e Jb WT 3 b crops 9

Beh 5 4R MA3 st GIE BT A 98 BAO it BIEEE 2 o Bfl o 30 H b KO 597

=3

a3 o

2.

’f\'."WTq}s #Epﬁdj:*@%lb ’ ?:r—ﬁ vﬁga‘ﬁ;msifiﬁyf& .

Prpf40b

E13.5 E18.5 P7

WT dKO WT dKO WT dKO

Prp40b

Bl 3-6 Prpf40b %7 P BEuEH BT 5

Prpf40b

’é" 0.6 n.s.
£ 0 WT
) T T T e
E ] [ — | m
047 | T ns
: 1
S 0.2- I
O
Q
oL
% 0.0 , | |

E13.5 E18.5 P7

B 3-7 Prpf40b % e P R Bheig 5 4 0 3 4t

5\-;[2?\5 i &&A}*%‘\E%‘E@ ’ ’Fl‘i s 1A H?vpf}—’éﬂ"ﬂ’zé-ﬂﬁr, —;?II'JF]:;{"J]{LWT B % A g;ﬁﬁg_
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7 (intron retention)fi > > & & P7(M 4 6= X )P 2 F g b GlFrdg4e 5 H=x s i]&i};f%ﬁ

e g A WT e KO g B TR LR »v5 & E13.5(1L%: 135 2 )3 ¥ h4L 2 >
7o P KO € EApdst WT £ &5 T jp 73 R L4 P7T s FdmER K

wAple o o b3 2R p) RBMA fc] BU2Pe T 5 B 4 Prof40b cndi e B £ A BB

FRl% -

3. Add3:
E13.5 E18.5 P7

WT dKO WT dKO WT dKO
Add3

B 3-8 Add3 &7 lp PFRF BEerE B M T 2

Add3
0.8-
n.s. = WT
*kk n.s. I

= Rbm4dKO

o
(2]
|
|_|
|_|

PSI (percent spliced in)
=] =]
N =
| |

=
(=)

1 1 |
E13.5 E18.5 P7

B 3-9 Add3 &7 b R BLaRE M T 3 St
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AIES B AR ATIEERE - ﬁ‘ﬁffé"l FenpF FBEm 2 0 B S ;"J%ﬁﬂfg_gz;ﬁrr L 2
;i?;% foopE R EEE Jb 0 ¥ o T Prpf40b -tk 0 rE G B

KO - &fpist WT £ &5 1§ ensh B3 g - b

GenBiEm 2o f %

E13.5(1 %> 13.5 = )3 ¥ hL & >
BRI TR o Fl4ap RBM4 s 7 5 8 5 -

Aap I e L L

_“,‘,S_Kz!o

(2) *PefehiRELER
LR RERAR S A

1

N
St
I

ﬁj—%?%ﬁjﬁ%ﬁﬁéﬁ’ﬁﬂéﬁﬁﬂv

RBM4 figilesd 5 b qpenv gy > Bt BEd REAF bl o gy i RE R F
RBM4 $fis e iy o 5 5L > L2 Gapdh Z $#H ergiasrit * o (P10 0 2 8 oht X )h

Rbm4a = Rbm4b § 7R g 5%
skeletal
cere heart muscle BAT
WT dKO WT dKO WT dKO WT dKO

Rbmda

Rbm4b

Gapdh
® 3-10 Rom4 mRNA %] g ~ 58~ F 823vfoiz & pip e siand

s

3
\¥
o
—e
-
N

1. Rbfox2
skeletal
cere heart muscle BAT
WT dKO WT dKO WT dKO WT dKO
Rbfox2 a3
B40

Bl 3-11 7 F % % Rbfox2 & 4% 121 »
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= WT
= Rbm4dKO

- N

3] o

1 |
5
Hm

I-|j

M43 / B40 ratio
o -
(3, ] o
| |
3
w
_H
H
*
il

0-0";';";._;' | | |

B 3-12 % ETE& 1 Rbfox2 :E & M5 27 Lt B

AL L LT 2 IE P

1)

(2)
3)

% Rbfox2 4y ¥ %67 €& i Qs feiksrts cnig 4F 0 e a FaA g2
# o Rbfox2 4741 7 e 7 Az o 418 Rbfox1 £ #4140 5 end oy g+

i MBS 4 o

{1
B AFEH A P30 /) PP e Rbfox2 iE #4252 & WT fr KO e &¢ ¢ 5
A3 5 x(n=4)nd S E BT - Ko %P RBM4A iz B 8 (P30)4 ¢ B
Frl) e h Rbfox2 EE BT o A EH P 5 H B OFF KR & adF
Rbfox2 - %g® £ ME fE e o
R Bt 3 WT 4o KO % Bl e M43 v BA0 et 15 » 24 B E ehi B
i

FREVC D AT v FEAE K B s P R REPR K ALETIE A Fov SRR K R 2 e

TT\'

v g g ﬁ*mfrvsg—lgfﬁlr‘ﬁ BiF g ’Fﬁ’—g o % EH;Z;}% e

% 8¢ 5 Rbfox1 fr Rbfox2 4 1 #-¢ 3 4 B ewop FRiEL -
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4

Al GRS TS DA KO ik RY EE MAB % 5 T 0 fo WT § @
HZE > FUNEP 1 RBMA € #74] Rbfox2 trcp ehd s s B850

' adF oo
4) %4 7y ’17%.393#«(BAT) 3 4pdt RBM4 ¢ 24 425% § % < 4 (insulin receptor) %
Z wuln e 3 5 7]+ (myocyte enhancer factor 2C) » & @ #8584z ¢ #q ke
(BAT):rA 1+ » & % RNA %A A 514 # WT f- Rbm4aKO i ¢ #3954 B E >

#HRF L7k RBMAa - F R erdliz ¢ 7q B8 T 0 & I E H 4

dAHEETUF N A KO hE RY P MA3 chiR g BT Fp T @ e

RBM4 itz 4 g @ 435° Rbfox2 cgd 3y » 3+ a0 B33 5 4 " s e

H

1 BE o
Prp40b :
skeletal
cere heart muscle BAT
WT dKO WT dKO WT dKO WT dKO

Prp40b
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Prpf40b

S 0.8-
= i = WT
S 1 .
g 3 Rbm4dKO
® 0.6 1
S L T
£ 0.4 us
€
0]
O 0.2+
Q
2
g 0
E 0.0 | | 1 |
& N \@ S
o & & r
5 &
cf"} &
e\@
oF
Bl 3-14 Prp40b %7 I & “*‘ FREFE BT SRR
d AeE%w J'I"ﬁ 7] KO /] & e B miEgE P2 o A F iz ¢ Fg ik F‘« LA

FHR= - CRRAFFG LRI FERATT o BARL oW L IR R
(=) b
7 AL Ap I RBM4 ¢ F255) Mo ¥ o granule cells @ 4 &2 it KO o] &g 2842 -
Fl#t granule cells d * f & p & 845 ciE & KO WT kel - B8 A 5 7 0 g ELKO )

| t‘L’J‘ L T RN |3 ﬂmﬁ‘

Re | d TR ARWT & @R > a &t

\-31

Ef 4p e 2w Y

"‘_"’ll“\

s 4 (fissure) & KO -8 Bl 72 P &g -

(=)
dRY T LFF A WT ¢ s R BRKO ¢ ket 0 A s et

W
E 4
=0
oo
F_&

% f& genotype fFF 7 5 #7% fo o
(=) F e
d B¢ v s A KO | &Y > B ik $7 7»41rWTJé£i'«f.‘%

(%) 3¢ g :
20



The Distance Between _E._ /?'J‘l“ % ’J‘ Ef\"’]i;’,“— g HEI 85 4 2k ),‘_Ev B 2R+ 2 ¥

Each Part of Brown Adipose Tissue “=F
* ok ok . . Ry - . -
50- - 0T FEex £ v > ¥ g I 4 3] Rz 4
__ 404 =m Rbm4-dKO
g ke SRR > @ Rbnd-dKO | Rtz d 5y
s -
e
g - RE S BN B RER]
e 10
(n=2 for each group)
u_

WT Rbm4-dKO

41 FEAVNEFIRBM4-dKO /NELZ iR &G E S &

SR FHORGEE(EE Welch' s t iESTR p value -

*44%3% p value < 0.0001)¢

g &1 RBM4 %ﬁé REEFEOE T ESTFF ER P TRPEL) FARDERE

14
=1
g
=
-
P
g
'

g
T
s

v IR A WT o KO & &8¢ 384 % § g 15 2L 7] (04 K m 72
A g F S ) A RE T P AT % o (Lin JC et al., 2012)

B B i d R AR (islet) s P 2 AWT % § BB P AR o)
KO % A b B T3 vad a2 A RETE Ea R BEZTE B

2

3 ’J%’?ﬁmﬁ [
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Nissl staining

HE staining

HE sta

P30

4-3 LERTIR



ining

HE sta

ining

HE sta

4-5 tREBEHEST R

HE sta

4-6 BREETIA

Bt B A-L B s erdy a2 L) rehn Er e 2 Mo o
Bl 4-5 4 5 T s o ¢ RHAL G

23



RSz FIRYRAPUARTAREFT G LR RERESH 3y

# Feeht e
F A% 4p VACEL8.5 11 i RbmAKO e 8] %o ¥ chBdnf £ R o> o Flpt St v g
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