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Genetic Manipulation of Rad21 Gene Locus Compromises Differentiation
of Skeletal Muscle Stem Cells
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Abstract Eukaryotic genome is dynamically organized to three-dimensional structure through hierarchical
folding, which is important for regulating cell lineage differentiation during development. The cohesin complex is
an essential regulator for chromatin looping and topological associated domain formation and consists of 4 subunits,
one of which is the kleisin protein RAD21. To investigate whether cohesin-mediated high order chromatin structure

regulates adult stem cell differentiation, an inducible Rad?/ degron knockin mouse line was generated using AID
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(auxin-inducible degron) (Rad21-Loxp-Stop-Loxp-AID-EGFP-P2A-OsTIR1, Rad21*%"). By crossing the Rad2 1"
mice with skeletal muscle stem cell specific Cre mice (Pax7-Cre), the RAD21 protein would be specifically de-
graded in skeletal muscle stem cells once treated with auxin. However, protein levels of RAD21 were significantly
decreased in skeletal muscle stem cells from the both homozygotes (Hom) of Rad2 1Y~ and Pax7-Cre; Rad2 1Y
Aid even in absence of auxin, compared to wild-type littermates (WT), suggesting genetic manipulation of the Rad21
gene locus leads to dysregulation of its expression. Phenotypically, the homozygous mice had lower birth rate, less
body weight and muscle mass, and smaller myofiber diameters, compared with WT littermates. Moreover, the sig-
nificant reduction of RAD21 protein in skeletal muscle stem cells of the homozygous mice lead to compromised

myogenic cell differentiation, which might account for their abnormal muscle growth and development. Together,

the findings suggest RAD?21 is critical regulator of development and stem cell differentiation in mice.

Keywords

FUAZ A ML R 20 DNATE i — 4= a1 4hib, =
A F A B BN 10 pm 4Rz h 0, i 58 3%
HH, MR F 0 ) — 4ESRE R 413D genome) £ 4050 &K
B A o 2 B R AN G 2R A 2 S R,
[ i, 3DJ: PR 2H 45 44 7 JE PR i 5. DNAE il 48
M4y 3. DA . YR BE DR 2H Fa e 04 i
(A s s R R E R

DA I A 7, KT & 17 = 4%
BT ARG BRI X RIS M
/RN Z NP G i o’ (RS 21 A A< 1 s w1 | K
2 H 1 0% B8 [ (cohesin) & & W FICCCTCAS & A 1
(CTCR)/™F B BT Y eohesindl AR 3 44
i b, BRI S, I H QY A5, cohe-
sinif 20 i F%2 A 18 B 45 4 76 3 K ZHDNA I [FJCTCFHiY,
TE B AT RE R, AT T RS €0 B FR ) F 0

Cohesing — MR E A E AWM, B 03I Je
R LR LZFEEIRE . B T YIRS,
BB T A Ik G 0 AR R 2, B DR A i o) R 7R
et AR 1) IE R 2 B804, 2 5 DNAXUEE BT 24 (1) [7] 5 =
5119, Cohesin®& A W% O B kAL AR 5F
(14 7. 255 2 P BRSO SRR o A e £ 1k &5 g 24
Fr B FISMCIFISMC3!®, kleisinds HIRAD211, J
JREHTHESTAGIBLSTAG2 H 12—, SMCE /2 —
B KBEZ Ik, BRAD21E %, TKR—ANFRR
4it. STAGI1E(STAG24 & fERAD21 I, Sy At iff
PR AR A A

A SZG = H AR 7 A B, BELAH AR R A
(1% 3% K 7 MyoDAE Jy 3DFE K 4H “ZH 21 ) S s
JULZH Ff vl 25 4R S 1) G € 028, i B L4 B o fh ot
FEH MyoD & S 17 42 0 )5 34 15 S cohesint g £727,

cohesin; Rad21; AID (auxin-inducible degron); skeletal muscle stem cells; cell differentiation

TR cohesin ™5 [ G €4 i BRCFR 5B i UL 48 g
I IR, ASHIT 7T 3% $Ecohesin & A W 1) — ANV 3
RAD21, #il & T 2 F A (knockin) /R . %)
BB AE Rad2 17 s\ T —~ AID(auxin-inducible
degron)br %5 17 2 % #MEOSTIR 1. 1E A auxinff-/E
I, 72 R OsTIR 1 P4 &5 AIDFRZ5 [ RAD21
E . FEREFIN /N Rad21-Loxp-Stop-Loxp-AID-
EGFP-P2A-OsTIR1(Rad2 1) 5 15 8% LT 4 it 45 5=
[]Cre(Pax7-Cre)C %, auxinifs T 7& & 8% WL T 40 i
KR PR ERAD21E . W 045 R R BL: Rad21%%
RS B AEAE 1 5 BRAD21 & [ F 1A KT 8 % &
%, dEmsem /N Ok B M E R4 ot . AHE
FAEN T RAD2 X T/MAE R & FIA L 5 5010 R 15
+ o EEIEIE IR .

1 Rk %
1.1 LI

AW AT HIRAD21 8 A BT 3 R RN /I
B, VLR ERZEZ A IR ARGl & . Fra shdE
27 303K A6 1 Wi 0 2 27 o L it 23 B sh A6 B % 51 4
HEHE(ACUC-A01-2022-017). AT 5 5256 FH /N BRI 7E
SPFZENP TR BAH, = WIREIEHI7E19~24 °C,
T8 N50%~60%, 12 hIIRE 22 & . /N IARE, #op]
BI% E iR A AL, POK & E iR S R K A, 1A
FRLFEH, BUI LN RAEKAG N, Rkl H H—
U, ARV K E H AN FE
1.2 R EHBNMES EER

2~3JE I CSTBLI6J/IN KR, ST 1 AL Bt - i
UL, PBSIEVEETHE . IO GBS BC I 40 (12.8 mg 1T
R R KA1 20 mg 23 HUEA 110 mL PBS), HAL1 h, it



1060 WETT I L
®1 314955

Table 1 Primer sequences
ElEZ B2 Hig JFHI(5'—3")
Primer name Application Sequences (5'—3")
Cre-F Genotyping TGC TGT TTC ACT GGT TAT GCG G
Cre-R Genotyping TTG CCC CTG TTT CAC TAT CCA G
Rad21-F1 Genotyping TTG CGT CAAAGA TGC CGA TG
Rad21-F2 Genotyping AGC TCA CTT TGA CCA GTG CCA A
Rad21-R Genotyping AAA GTC TTC TGG GTT CTT GGG C
GAPDH-F RT-PCR AAT GTG TCC GTC GTG GAT CTG
GAPDH-R RT-PCR TAG CCC AAG ATG CCC TTC AGT
MyoG-F RT-PCR CCATTC ACATAA GGC TAA CAC
MyoG-R RT-PCR CCCTTC CCT GCC TGT TCC
Myod-F RT-PCR CAA CGC CAT CCG CTA CAT
Myod-R RT-PCR GGT CTG GGTTCC CTGTTC T
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TE, 400 xgZ E B 08 min, £ bk, W sREE
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Mro SLEeH R B3N HE fL, LLGAPDHE:E R ik K
FERNANZ, S FI AR .
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I AMyoGHU /A (DSHB, 1:200), 4 °Cit . =i P17
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*P<0.05, **P<0.01, ***P<0.001.
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F1+R WT: 0 bp; Target: 412 bp
F2+R WT: 531 bp; Target: 0 bp

A: Rad2 IFERAT SAS MRS NE » B 16 RN BESH 3L R % 2 51 . FURIE2 APCRIE [ 514, RAYPCRE 514, C: 0.8%5 I Al B ik
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TERRE N A4S 57 251 o

A: the genetically modified Rad21 gene locus showing the knock-in fragment. B: the primers designed for genotyping of the knock-in mice. F1 and F2 are

forward primers. R is reverse primer. C: representative imaging of 0.8% agarose gel electrophoresis showing the genotypes of the indicated mice (1-9) by
PCR. M is DNA marker; B6 is C57BL/6J as WT control. Purple arrow marks the interested bands, and blue triangle indicates non-specific bands.
El1l Rad21EZBEREHRNRERRITS5EE
Fig.1 Design and genotyping of the RAD21-degron mice
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Table 2 The homozygous mice with lower birth rate

brid ErYispitl Kokt

Label Genotype Number

WT Rad21*"* 164
Pax7-Cre;Rad21"*

Het Rad21%9* 203
Pax7-Cre;Rad21%"

Hom Rad2] A 84

Pax7-Cre;Rad2149Ad
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A: HomFIWT/IN3 A B, 4155 1 i e R G o PE, 46 G s (oot . B: HomFFDWTf’E&/J\ 4R, S %34 . C: Hom
AW THEPE /S B4 4 AR AR R A B

A: body weight of 3-week-old homozygous and wild-type littermates. 7=5 mice in each genotype. Male: blue and green. Female: purple and yellow. B:
body weight of 4-week-old male homozygous and wild-type littermates. 7=3 mice in each genotype. C: representative mouse photo of 4-week-old male

homozygous and wild-type littermates.
B2 @E&F/IRERN FRER

Fig.2 The homozygous knock-in mice with a smaller size and less body weight than wild-type littermates
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(C)
DAPI Laminin DAPI Laminin Merge
Hom Hom
100 um

A: AR WTHIHom/N R E B ULHFRKIEIR R . GastREMEBML, QuAMR ISk, TAKIEEHINL. B: 3R WTHHom/ R AL 1Y
SRV B AT LA & . Cy D: 3AEWTHHom/N BUHEIZILNC) B IU SWLD) B UK U0 Fr laminin G5 5 ' Gy (40 ) AR M I, DAPIA (2
LR g (E ).
A representative photo of skeletal muscle tissues from 3-week-old Hom mice and their WT littermates. Gas: gastrocnemius, Qu: quadriceps, TA: tibialis
anterior. B: muscle mass from 3-week-old Hom mice and their WT littermates. **P<0.01. C,D: representative immunostaining of laminin (red) on cryo-
section of skeletal muscle Gas (C) and Qu (D) from 3-week-old Hom mice and their WT littermates. DAPI staining (blue) served to visualize nuclei.

E3 @d&F ) RERNESRK. BERNFEERR)

Fig.3 Reduced skeletal muscle mass and decreased myofiber size in Hom mice compared with WT littermates
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A: Western blotfi. 7rauxinib#3. 6. 12 hffyHet/)s it flauxinZbFL12 hiyWT/N BLEF HE UL T4 M HRAD21 5 (17K, AN JHauxindb FEAE A% # . B:
X Western blot/) i f 45 R (4K HE). C: Western blotfi /rauxinZb 26 hf{THom M WT ) iH 8% L4 il FRAD21 8 FH/KF, AN flauxinkb3AE Ay
. D: X Western blotff) & 45 @K EH). NS: B EE . *P<0.05, #¥P<0.01, ***P<0.001 .

A: Western blot showing protein level of RAD21 in skeletal muscle stem cells (from Het or WT littermates) treated with auxin for the indicated times.

The group in absence of auxin— served as a control. B: quantified signal intensity of RAD21 detected by Western blot, described in panel A. n=4. C:

Western blot showing protein level of RAD21 in skeletal muscle stem cells (from the Hom or WT littermates) treated with auxin for 6 h. The group in

absence of auxin— served as a control. D: quantified signal intensity of RAD21 detected by Western blot, described in panel C. n=4. NS: not significant.

*P<0.05, **P<0.01, ***P<0.001.

E4 daF/ I REEEITHEBPRAD2IZEBKTFEERR

Fig.4 Protein level of RAD21 is significantly reduced in skeletal muscle stem cells of the homozygous mice

compared with wild-type littermates
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A. B: RT-PCRA&MIFE S /31624 hifTHomMIWT /s B E B WL T-41 i Myod(A)FIMyoG(B) mRNAKTF(BIRE ). C: HiZ 5 e Ye ik i S 4014,

24 hiTHom AW T/ BB #E L T-40 i HMyoG 5 11, DAPIZL 4 W /R 4R A%

A,B: relative mRNA levels of Myod (A) and MyoG (B) in the 24 h differentiated skeletal muscle stem cells of the homozygous (Hom) and wild-type

littermates (WT), determined by RT-PCR. n=3. C: representative immunofluorescence staining of MyoG in the 24 h differentiated skeletal muscle stem

cells of the homozygous and wild-type littermates. DAPI staining served to visualize nuclei.
Es @&/ Rl TaMmFRAD21E QR EZEHIHI 421t

Fig.5 Differentiation of skeletal muscle stem cells is compromised in the homozygous mice compared to wild type littermates

L EE IR, ARG, BEEUAN M B RNARE AT S2 5% 56
JE HEPCR, B0 B € 40 Mgk 4T S e ge o, Kl &
BALT 40 2 A b EMyoGHI H ik, 4R ER, 5
WT/INEUAH EE, Hom/)s B 8% L4 i 25 A AH DG 5
Myod#Fl MyoG ] mRNAZK-F- & 3 PRI (K SAFN
5B), H:MyoGZR ik FHE 1) 4H i £ & I 32 )k (K1 50)
DA b 45 R, Hom s i H B8 UL+ 41 iid HRAD21 4
R/ 2 T A o 4k, X 0T g2 Hom ) BRUE
BIAEKEERERRREZ —.

3 iTig

%1% % 1 (cohesin) 5 &4/ G e (5 IR 4
ok e B PR 2 . DNA UG 7 22 1) 7 95 54016
TE AN P3G B R A R B L AR p R I B .
5t T K Fauxinih S0 E SR RS, M

&7 E A AIDFRZE I Rad2 IE R N A0 i 22, 75 40
KV S EL AT 5 S AIRAD21 25 A PR AR &2, IEW] T
cohesin X G 24 )i AR 2 78 40 L EL [P, 20174ERAO
GRUFE N B 45 E W 20 il RHCT-116H i AAIDFR
Z(Rad21, [% fRRAD21EE H S Bt A k.
F4b, 2022-GABRIELEZSPI7E /)N B3R iR T 41 il &=
T SZIIRAD2 18R A 1R . (H 2, FFH AIDAR
ZE (P Rad 2 IHE RN /S R Y, T T 7E A4 KPRl AR
4 g P RAD2 125 [ [ i B X 448 i A PR 52 1 o AL
fiH .

AW R H % T AIDFRZE ) Rad2 135 R il
NN RAETY | I 5 B % LT 40 B 4 5 1) Cre/ BREC
B, BRI B % e R BN SR A5 ). Rad21%: R f
BRI A T/, STRAD21E R iE KT %H
SO, 3F ot — 4 SR Fauxin b 3 AT DL SZILE B 54 L



XUENRESE: Rad2 1% AL s ARSI BT 40 1k

1065

T4 4 S PR ARRAD21 2R . AR, ASHIF 58 % TR
Rad2 I R piAB MG 205 1/ B AR K (AR
R R i 2 VA W e i A N = 3
J R D BT B R R I A K,
B VLT ek FT R A Al 6 70N BRI SR8 11
HZ—. RAD2IA T 4L ta i IR, A =4 SE N4
SERRISE R, s LA ot dnis, 3kl
AT/NREBIUR BB ST AR % .

584 RN A EE, 7R R auxiniE 4T 15 5 5,
afi & /NI BT 40 P RAD2 1R K 3%
A%, MLZ5 LW, Rad2 IRDRARL S B F48 7
FEHRIE. KHRT-PCRAEMRad2] mRNAKF, K
L4l & T R Rad2 11 2 K % 5. 8 Ik, RAD21
T KA B2 PR T BE I R R N (1) Rad2 147 15
AMIDNA J BORK, 2048 17 H3'UTR, 0 | RAD21
HABIERCE; (2) E3 12 R EH M OsTIR1 AJ GEAF
TE“leaky” % 1, 78 % Hauxinis S K4 T, B8
RAD21ER I HIFE o PR MR . ASHIT 7045 S N4 Ja il 4 /1
SRS T B AL g Y SR TT DA R A A /N B
Z, Hp— AN R, fERad213: R A7 55 A f AmAID
PR (RAZIAID, 2.3 % fiKleaky & 1), A2t T
FINE K IDNATGAF R 3R IE; 5 — AN &R, il
R E3Z %% B MEOSTIR L(F74G) H 2% A1 1 8 PR filg A\
INFR(F74G5EAS [F1OsTIR1, 2 3 W AR leaky R 35 145) o
PLEPRAS N A4, 45 A 43R St I Cre, SEBLALE
TN P 2L 2P/ 4 P R R S B AR RAD2 1B 1 o

S, Rad2 I FE PRI SAB A 1) 206 17N BRI &
BEVLT-40 M 7 b B8 ) 2 25 k55, B IRAD21& [, B
cohesin& &4, &R IE 4 Kk B A4 74k b
AR R .l D & DL BRI R
/IR, 456 A R L0/ 240 s 5 [ Cre /N B, BHIRN
5 7~ cohesin I3 [ 4 €8 )57 /5 44 45 R 7E AN [F) 4 1 3%
S T RE K 3L o AL .

Sk (References)

[1]  MISTELI T. The self-organizing genome: principles of genome
architecture and function [J]. Cell, 2020, 183(1): 28-45.

[2]  ZHENG H, XIE W. The role of 3D genome organization in de-
velopment and cell differentiation [J]. Nat Rev Mol Cell Biol,
2019, 20(9): 535-50.

[3]

(4]

[3]

(6]

(7

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

ROWLEY M J, CORCES V G. Organizational principles of 3D
genome architecture [J]. Nat Rev Genet, 2018, 19(12): 789-800.
WATRIN E, KAISER F J, WENDT K S. Gene regulation and
chromatin organization: relevance of cohesin mutations to human
disease [J]. Curr Opin Genet Dev, 2016, 37: 59-66.

ZHU Z, WANG X. Roles of cohesin in chromosome architecture
and gene expression [J]. Semin Cell Dev Biol, 2019, 90: 187-93.
SZALAJ P, PLEWCZYNSKI D. Three-dimensional organization
and dynamics of the genome [J]. Cell Biol Toxicol, 2018, 34(5):
381-404.

DAVIDSON I F, PETERS J M. Genome folding through loop
extrusion by SMC complexes [J]. Nat Rev Mol Cell Biol, 2021,
22(7): 445-64.

SONG S H, KIM TY. CTCF, Cohesin, and Chromatin in Human
Cancer [J]. Genomics Inform, 2017, 15(4): 114-22.
NISHIYAMA T. Cohesion and cohesin-dependent chromatin or-
ganization [J]. Curr Opin Cell Biol, 2019, 58: 8-14.

BANIGAN E J, MIRNY L A. Loop extrusion: theory meets
single-molecule experiments [J]. Curr Opin Cell Biol, 2020, 64:
124-38.

DI GIAMMARTINO D C, POLYZOS A, APOSTOLOU E. Tran-
scription factors: building hubs in the 3D space [J]. Cell Cycle,
2020, 19(19): 2395-410.

MATITYAHU A, ONN 1. Hit the brakes—a new perspective on
the loop extrusion mechanism of cohesin and other SMC com-
plexes [J]. J Cell Sci, 2021, 134(1): jcs247577.

SHI Z B, GAO H S, BAI X C, et al. Cryo-EM structure of
the human cohesin-NIPBL-DNA complex [J]. Science, 2020,
368(6498): 1454-9.

KRANTZ I D. Cohesin embraces new phenotypes [J]. Nat Genet,
2014, 46(11): 1157-8.

HORSFIELD J A. Full circle: a brief history of cohesin and the
regulation of gene expression [J]. FEBS J, 2023, 290(7): 1670-87.
CHENG H, ZHANG N, PATI D. Cohesin subunit RAD21: from
biology to disease [J]. Gene, 2020, 758: 144966.

ISHIGURO K I. The cohesin complex in mammalian meiosis [J].
Genes Cells, 2019, 24(1): 6-30.

YATSKEVICH S, RHODES J, NASMYTH K. Organization of
chromosomal DNA by SMC complexes [J]. Annu Rev Genet,
2019, 53: 445-82.

PEREA-RESA C, WATTENDORF L, MARZOUK 8, et al. Co-
hesin: behind dynamic genome topology and gene expression
reprogramming [J]. Trends Cell Biol, 2021, 31(9): 760-73.
WANG R, CHEN F, CHEN Q, et al. MyoD is a 3D genome
structure organizer for muscle cell identity [J]. Nat Commun,
2022, 13(1): 205.

RAO S S P, HUANG S C, GLENN S T HILAIRE B, et al. Cohe-
sin loss eliminates all loop domains [J]. Cell, 2017, 171(2): 305-
20.

GABRIELE M, BRANDAO H, GROSSE-HOLZ S, et al. Dynam-
ics of CTCF- and cohesin-mediated chromatin looping revealed by
live-cell imaging [J]. Science, 2022, 376(6592): 496-501.



