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Research progress on the role of Menin in bone metabolism and related
diseases

CHEN Nan, GAO Hai-Ning’, ZHANG Shuang-Xing, YOU Xiang-Jie

(College of Sport and Health, Shenyang Sports University, Shenyang 110115, China)

Abstract: Bone metabolism is a dynamically balanced process regulated by osteoblast-mediated bone formation and
osteoclast-mediated bone resorption. Dysregulation of this balance leads to various bone disorders, including osteoporosis and
bone tumors. Menin, the protein product encoded by the multiple endocrine neoplasia type 1 (MENI) gene, has emerged as a
critical regulator of bone metabolism. This review aims to comprehensively summarize the molecular structure and biological
functions of Menin, systematically analyze its regulatory roles in bone cells and diseases, and explore its potential role in
exercise-mediated bone metabolism. Structurally, Menin is a ~67 kDa nuclear protein containing multiple functional domains,
including nuclear localization signals and interaction sites for transcription factors such as JunD, Smad3, and NF-«B.
Functionally, Menin participates in transcriptional regulation, DNA damage repair, and cell cycle control. In mesenchymal
stem cells, Menin promotes osteogenic lineage specification through BMP-2/Smad1/5 and Runx2 signaling pathways during
early differentiation, while inhibiting late-stage osteogenic gene expression via TGF-f/Smad3 signaling to maintain
osteoblast homeostasis. Notably, Menin exhibits stage-specific bidirectional regulatory effects: its deletion in osteoblast
precursors stimulates osteoclastogenesis and bone resorption, whereas its deletion in mature osteoblasts impairs osteogenic
capacity. Additionally, Menin indirectly modulates osteoclast activity through the RANKL/OPG axis and non-RANKL-
dependent mechanisms involving the CXCL10 pathway. In bone-related diseases, Menin dysfunction is closely associated
with MENI-related bone complications, osteoporosis, and bone tumors. In MEN1 syndrome, both PTH-dependent and PTH-
independent mechanisms contribute to bone loss, with circulating miRNAs emerging as potential biomarkers for early
screening. In osteoporosis, Menl deletion in osteoblasts induces cellular senescence via the inhibition of AMPK/
mTORCI pathway and promotes bone resorption through RANKL upregulation. In bone tumors, Menin regulates serine
biosynthetic pathway and oncogene expression through the Menin-KMT2A/KMT2B complex, rendering a promising
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therapeutic target. Furthermore, emerging evidence suggests that Menin may mediate the regulation of exercise on bone
metabolism through Wnt/B-catenin, BMP, AMPK/mTORCI1, and RANKL/OPG signaling pathways, as well as the
hypothalamus-bone axis. However, direct evidence in mammalian models remains limited. Future research should focus on

elucidating the role of Menin in mechanotransduction, developing cell-specific Men! knockout animal models coupled with

mechanical loading interventions, and exploring Menin-targeted therapeutic strategies for bone metabolic diseases. This

review provides a theoretical foundation for understanding the multifaceted roles of Menin in bone metabolism and offers new

perspectives for the precise prevention and treatment of bone-related disorders.
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Figure 1 Transcriptional regulatory role of Menin

(1) The TGF-f signaling pathway can activate Smad3 protein through phosphorylation, enabling Smad3 to bind to Smad4 and form a
Smad3/Smad4 complex. This complex then translocates into the nucleus and initiates the transcription of downstream genes.
However, Menin inactivation significantly inhibits the binding of Smad3/4 to DNA at specific transcriptional regulatory loci, thereby
suppressing the transcriptional activity induced by TGF-B and Smad3. (2) Menin can inhibit the p65-mediated transcriptional
activation of reporter genes at NF-kB binding sites, and also suppress the activation of NF-«B induced by PMA or TNFa. (3) Through
its SID domain, Menin can bind to the PAH2 domain of mSin3A, recruit HDAC complex to form a transcriptionally repressive
complex, and thus inhibit the transcriptional regulatory effect of JunD. Transforming growth factor-B (TGF-f); Nuclear factor kappa-
B (NF-«xB); p65 subunit of nuclear factor kappa-B (p65); Phorbol 12-myristate 13-acetate (PMA); Tumor necrosis factor a (TNFa);
Sin3 interaction domain (SID); Mammalian Sin3 homolog A (mSin3A); Paired amphipathic helix 2 (PAH2); Histone deacetylase
(HDAC). This figure is created with BioRender.com.
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Figure 2 Menin regulates cell proliferation

(1) Menin is mostly localized in the nucleus with a relatively high expression level during the Go/G; phase. At the G, phase, the
expression of Menin temporarily decreases, which promotes cell transition to the S phase; meanwhile, Menin translocates to the
cytoplasm. At the G,/M phase, Menin is re-enriched in the nucleus, accompanied by an increased proportion of cells arrested in the
G,/M phase. These findings suggest that Menin induces cell cycle arrest by activating the DNA damage checkpoint. (2) At the Go/
G, phase, Menin binds to DNA via its NLS domain, which can inhibit IGFBP-2 and thereby suppress cell proliferation. In addition,
Menin promotes the binding of Smad3/4 to DNA, enhances TGF-B-mediated transcription, and further inhibits cell proliferation.
(3) During the G2-to-M phase transition, Menin binds to DNA through its NLS domain to promote the expression of Caspase 8§,
which in turn inhibits cell proliferation. Abbreviations: insulin-like growth factor-binding protein 2 (IGFBP-2); cysteine aspartate
protease 8 (Caspase 8); transforming growth factor-f (TGF-B); nuclear localization signal (NLS). This figure is created with
BioRender.com.
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e T B L PR 2540130 BT Menin A Smad3 1 AH B4
FHRT A7 8 4 B 4 A 3% R 2 1] 5 I BMP-Runx 215
5 A RN HIBMP-215 519 Smad 1/5 FIRunx 2/ 5% 1%
P, NI OBA K k. 53— 7T , S TGF-B1##
PAIE B, Menin i) 395 Smad3 () #% S TG M, i — 241
M SCs [m] WL 534k, AT 25 1 B oA i 32 5
M%), 45 1T, Menin & MSCs[i OBk i 72
R B LR PR R 7, Menin Z T DL BEWS 7E A [R] i BE
RAFEAR AR, BV B3 734k By B s i 5 BMP-2/
Smad1/5FIRunx2AH BAFE R AR #E 1B 34k, T FE
153 AL W BGE i TGF-B1/Smad33 #% & FEMIVEH
X A] B 5 R B B AR A O, 1K 28R AT R AT
MSCsH7AE , T 58 Menin-Smad 1/SAH . A/E e
AN [E] 240 B A AN TRIVE 5 I A, Menin 3 227 41 Y
W RAEAE T, T e Ik 52 e sy s DYl At
TR AR SF SRR oA DGR R ) R385
X E A B 1Y) 2 S AR o 3R s RIS P R ORL
PEIREEHLEHE Menin BB 4 FFE R B S0
VA, R EHr i 9E R W], Menin 5 Z 50l &
&2 (polycomb repressive complex 2,PRC2) A%
L5y Zeste 12[A] I AN Kl (suppressor of zeste
12 protein homolog,SUZ12) BrE/EM , 1 4E 45 &
B E 3 KGR ICH3K 4me3 5 6l bric 41
HFH3SE 270 461 2 R — H 34k (tri-methylation of
histone H3 at lysine 27,H3K27me3) i) i e {f i

At~ , BRI 22 MR )Z 73 AL %R . Menindilt &
SR — A, FECH3KAme37E & B HE A 5%
UL, [RIBFPRC27235 T ), H3K27me3 4 5 (1 5% 5%
IS , B LN LR 40, S TFMSCsli OB
(1) 53 TRV RE & — > 32 B0 25 i e M i ok #2 B
MeninfE iz 2 v Je B B A 2 | I 353400 ) 7 3
AR AR, 00 5 i P BEAF7E— 1> i Menin 3
Y R T G B IR AR AT A 4R 1 43
A B ] B 1 R HIL I

AN, Menin#ik 2% 4 23 52 M SCs BB fLRE JT -
Ry G HASEAUL A B GO, A7 A BAR F A =
A U R VA B A R RSN R FEM S Cs 7K
M R Men 135 R 51 B OBW AL B 1 (5% .
W92 R, Prx1-Cre;Men 17 F Men 17195 20 41 L7 77
FIE5E BE 1AL, R AR ) Runx 23635 78T
2 5 H R b 5 AR DG ) JE R (18 D
al%% (collagen type I alpha 1 chain, Collal) AlpFl5y
AT 111 (secreted phosphoprotein 1,Sppl)%5 )32
Sr T (A = - Y iR R A 3 AR N 7 R T Al
/N, R OBH HLAE F1 328114 . X UESEMenin A4
FEMSCsHY 5 E 5 1], 3 5 H D RE AL
2.2 KB
2.2.1 Menin7Ef B 4R8P HIRIEER

Menin/EOB/HE A FZEFE R+, 4B 4
FEEAEANC FE L IR Men LB 24
FHILE TR G, I 30 Hh fi 25 787 it 563 ot 1] sl
S AR B TR A P R SR Men 11 2% .35
MCERI2Y ) dHHEN, Menin il 2 F 5540 15
G BIGE— IR R 2 b, TS BT OB THE IR
2.2.2 Menin7E R B AR E L ERHPEER

(1) MeninfE Sa AR A9/E -

Menin7EOBIP) 5] B B it 1 4EFp A7 G4
B TE U 20 RS R R (IR 55 R A 20 A R
B E S MeninFBFST R , Men IR™2C™ Men 195CT
/N S A, SR B/ N R D A gy
BRI IX RPN 23 BEAE S AR TR SR (B
N E b i B A (AIpl  Runx 245 ) mRN AR K M A
B2/ AR /NBUE R R R AR BT B AR Ak O CAl R
R T AR S 2 I, TR JiE C i 58 K K i Ik ( C-
telopeptide of type I collagen, CTX) KT, &
W AT 3% PR 3 B 3k 3R WA B 40 ML R R
Menin 3= %238 o {2 S F SO S2 410 B T8 Ok 52



534

Wik A, 55 : MeninfE B AU S AR G h A 4E BT 547

Mol B i, RSP C IS E—2DHIE S, MSCs M J= R OB Hr
EERMenin/ , BUH 73 RE 1 LA X BMP-2/TGF {55
BT PRI R & A A SRR AR R A
&b, Menin ] B8 I F BB 17 44 20 10 2316 S B I8 1
Ja S B T P N BRI R, B AR
Meninfil 2k 25 S EUETE R T B, HEN Menin X B
AR 28 JE %) 9845 PT BE R AR IR o kb, LT
R R SCBERZAT R ORI B B, fEC2C12F0
MC3T3-E14ifitd 4 MeninZe ik J5 , B 9K B-catenin
ST AR A A A SR PR L SRR, IR T
BMP-2Fl1B-catenint/p )i T AU Runx2 MIALPF ik , 2
7~"Menin 5 B-catenin i AH E.AE FH AT GE XS BUH 7L B
AWMU ST FROFSETE I o S 4
1 A AE 25, MeninfE B H B 40 A 0 1 U1 4E
FHRLHIAT 5 i — PR 5T

T B, Menin 1] 38 1 P miRN AR 1A 52
B RTARAI 0 orfe i AR . AE AR I eI fa] 72 i+
il (hADSCs) i B 7 AL B 1 miR-26an] L[] )
HISmad123k, FmPEE R /6. Menina] 4%
254y miR-26a)it 8T XS 1F [ 45 HLA s 00, 24
K HsiRNATTTERMenin#iA B}, miR-26a7/KF T %, 5
FHOLHEARSmad 18 12 3A_ 1, E e ik sl B oAb
AR SR A A AR %
WFFE P MeninXf miR-26af 42 A S0 B A% O
KA FRunx2UERIA . XA e 5 5290 ek 5=
IR ZRA K XY b ZEK A FhADSCs i H 41
b, MHEZ L BMP-2155 SR & | Ji5 25030 il B0
Runx2if i & FEVER . UL, 76 Hb ZER A5 T 24514
T, Runx2 n] fEAK i T Menin-miR-26a-Smad 115 i
AT . ZAE B KB 78 T Menin 5 miR-26aZ [H]
ONER S LEES Wb N = S A L E S 7 s
FLA oS FRNA T FUR IS VAT B s As 558
PR AL TR A

(2) Menin7E 848 i VR

TE R A E A0, Menin 2 45858 5 &
I Az SV A4 14 T B P . Ukon 2547 i Cre/
ERT2 R G4 S MEREBR Collal BHYE B il i Men
R Men IR /)N B IR B B o g /NG JEE i A
W/ N W B, 5 AR TG
AL, FEAF b OB % i sk 2 FBY - B8 1 T B, [RlAFOC
TR IR, RPN RANKL 5 b AR i &
(osteoprotegerin, OPG ) /KF-AAE , TF5TIR LB, Menl

1o 535 2 30 2 00 o R R 9 b B B (adenosine
monophosphate-activated protein kinase, AMPK) i
P, MG ARG REEALZGWI
(mammalian target of rapamycin complex 1,mTORCI)
{5738 I, B 275 s s 2, T — H SUDICA] 3
DL EAER . = HOBUNGH 53 0% AMPK, 7T DA 3K
i Men 170 R J5 3 B2 B0E I mTORC, I H 22
Men I bR 5 35000 50 22 0 I DD BB AS , 32 i AR
TR ER 3K R WITE U 40 A e R Men T B
HRES TR (S AT BIMS Cs HH RBR Men 11 41
PRIESC R AN AR AR AR J L 33X FT g 5 240 Bt A3 AL o B
K) BB IE VR , R B0 2 AN MR R B s A
BB R, i OSUICRT DAk DL REAR o [R]R,
KanazawaZs ¥ 0C-Cre;Men 1"/NRL, & B 5 87
AR LY, Men 1R /N U %558 B2 8 )RR % \OB
FOCHI U M AL TR 834 25 REAIR , - A 4
s, AR OBHS ZE R, (HOB /b A1k 1)
RESHL 240 (R BN ALPTE M B FIBERR LR DAY i
FRRAR) o FEHE TS R BN, Men 1RBR/IN UK
B EHEEL ] (BMP-2 . Runx2 . Osterix ) A 4 fitd & 417
Tl PRI 5 [ 24 e S0 2 AR P I 1) 590 2B ( ey clin-
dependent kinase inhibitor 2B, p15) 4 i A& K
H PRI 57 1A (cyclin-dependent kinase inhibitor
1A,p21) 1235 R, e T-hraE 4 [ Bel- 240 6 X
H (Bcl-2 associated X protein, Bax ) \Bcl-2AH5AET{iE
HERF- (Bcl-2 associated death promoter, Bad) ] F1-5 4
fubr &9 [ 18 H & (Sclerostin) A A i L i 4 H 1
(dentin matrix protein 1,DMP-1) i3 [, XEMH
Menindit 5 5 BOBIE K| #3051l o 25 722 , {1 4
FEI “ Dy RE BB (H 3G 8 0 ) S IR e
SE ) A AR R A PR T R A IS . T
FERHE /N OB H i FR A Menin 23 fifi B /NRARFH |
OBHC i AT M LA R B 0 AL O R 3 1, 52 91
OB 5 fg iy U I3 3R , [RIFE , i %35 Meninf)
T AR oS 4 PR R 3 B PR B AR, (R L BB b fig
J1 SR . X UESE T MeninfE WME OB 5H 5 43
A b g A 2 LB R, Meninfii £
SZIOBRY LI RE , i 23 OCHTE 1, kB Al 4
2 Jf H Men 1R SR AU 1 W SO i 20 A el iy
TE HGRE T B DU AS [, 3 T RE -5 40 A o3 Ak B B R 4
MIZEAIA G, HeAh , e BB BTAZEHE , Menin Pl fi2
TGRS OB 5 iy P EARAE
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FH 5 AR SCA AR, A PR G0 1) B 44 ) 20
L JE oA 2 O H SRR E A,
HBEE 73 AEiH 1T , Menin 0 5E R AT BERE 2 281k,
B AR Ry EAE R R DR 5 AT AR DG BE R (Y e £,
o] KM RN SR TEE . 25 b, Meninfift 2% W] (5 M
E AR S 808 Z 0Bk B 4, i AR 4
FROBIRAS LAA i 25001042 [k, MeninfE
OBK B WA Ay BLAEAE A 19 B SRS R A AL
il , X Fw 7 Menin & A GRS, dude
7 A [] £18) 5 P el B A5 280 R B 25 [ BUAN ) 19 43 1L
il 2 584, AR5 A] 3 — D IR ATR ST X 2 2%
SRR LS

TEOBZ AR 7L K {1k B B , Meninii i 5 AP-1
B s R - Jun D AR BLAR & 4% 6 I 45 4 1 sk
YA AL A . ARAMIFSE B R , JunDAEOB bt
rhZ TN, AR e eIk AT 3G 9 B o AR R )
Runx2,COL1 OCNZIA, Jf 1 3§ 5 ALP{R 14
W ALARE . Meninifid 5 JunDZ5 & BHIBT AP- 1% 5536
£, W0 JunD i 5 00 R 7016 bR 25 W) I8 FIALPIG
P, AT B7 1 72 OB A b KOs 480, 3,
W R AR ARSI S IR RSP SR A A ]
255 o JunD4: B R IR /DN SRR I Ry B8 B R /N
Bk WEER N, R RE SR ) X — R ik
HPSEYG rh JunDAEFE L LRSS R AH 5L, 7 A2 X F
22 5 W JEL R AT R A4S < AR AP 5256 32 2 I i Menin-
JunDHIFEOBIN Y B FME084 , iR N R AR fETE £
32 JunDTE RS 20 i 55 22 Fh 240 i 28 AL vh R Ge 1 Th g
(852 5 Jun DR 2R W] BE1F & AP-1 5 HoA A 5% [
2 g Jun )5 JRE FE K &5 H (cellular Jun proto-oncogene,
c-Jun) \Fos#Ho&Pi)ii 1 (Fos-related antigen 1,Fra-1) ]
RAZNE B, S BB 7 AS B B R TR P, DT T R
BB TR0 v 343 48 25 T Jun DA 8B 40 i v 1) S A 3
fE s Menind 5 (1954 55 45 D) RE 14 W] B K6 48 i 731k
W B SRS 5 L AR, R, AR5 R A
FH 2 AP SR R R /0N BRUBE AR (4 AEOBELOC H
R JunD ) K T AT Menin-JunDFl 745 7 240 i 26 51 F1
AR BT B DI RE -
2.3 TEMHAE

OCJ® T Z A% F 2L, vh S A% 4 0/ 155 s 200 L %
FARZAN B ST o A B 20 B/ 1 e 4 A % )
P H-F (macrophage colony-stimulating factor, M-
CSF) LA SZRANKLAYIE[FEHBC , Sz 2n i 22 70 Ak

HOCHO e L A0 PP BB Men 12318 HOR B RE
JIF B, OCTH P35, TN 7F 8 3 40 A (245 i 41
JiL) H R Men 11 /N B, LB /INGRARRR SRR Bt
Koy B B AR AR S5, B RN kAR I i AR
b, AE AR5 2 R 20 AN AT R 28 o0 g 2255 T
ST N i R ] 44 HLOBH Meninf ik
XFOCH: B M 2 (Al 4 Y o FE AR AL SR IR E M-
CSFHIRANKLIY 21T, OB Men It 2R I AN H 42
S B A B R 93 Ak oy 22 A L Y RE 5 T
TERLIAAR P BB A BE 1 L5 R IR R, Men 17
FrEECOBA b AR J1 855 , I H SR rOCAE iU fig
7188332, (HANEEM-CSF/RANK L AT 1 42 HA 1
TP XUE B Menindil 26 A B JF 452 ) il 48
PR R 73 ALV BE , T8 0 35 B A M e,
S B I R AR AR 5 (ITRANKL/OPG
191 ) , T2 0 T - 200 £ B R AT 42 g
Men IFFEAIOBY B A BIOCH A LG 72 & BLOC T
B S 38N, K Men 1R R 1B 41 M5 7 A= RIOCHip {4
RG] B EWMOCK = 5, F— o py B 4
AR S Men TRE % /)N B (Men 1P™P ™) i iiE 52 H O C
Bt M CTX B E T, iX KW Men IR 2% T 258 1+t F
M AEOBAFOCH: B, HAETHRF MeninfEOCH
VI SE GR35 /0, HAE HIAIL I WO 257 BEORS 240 1) R
BERY BRSNS 56 v i — 2L ik ; OCH Rk Bk Men 1 )5
o i) GE R BACEENLE , T — 2D AR AE B B A &5
S BEAR T i OC A Menin ) 3k 7K sl s 2 15 &
AR, B Men 15 25 IR B2 fif i R 5% T
HIREABFFEOC AT 45 ORI 13 K F Menini 2% 1)
OB {55 AR E % , i1 Menin#lt & ) OB A 4%
RANKL/OPGHIHLH] , J& 75 i A H Al Meninif 45 1Y
OBRIF M ¥ 75 5 X OCTE M i [l 3 458 , LA &
OC S HATARAE L EI K A Meninil 2 OB 54 15
FJE, NS NF -«B | 22 24 5 1 1k 2 (1 %
(mitogen-activated protein kinase, MAPK) ,i&fL T4
HfiAZ KB 2% 7 A 1 (nuclear factor of activated T-
cells cytoplasmic 1,NFATc1)%515 53 fS2 W fn] #
i SriNE

3 Meninfi B8 X%ER

3.1 Menin5PHPT/MEN1 (MEN1E&1E THIR %
4 R SEAR TN BE TTHEAE) HH X B R
MENIH:H %878 3 8 Menin g (130 RE R A5, i
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[ Menin | ] : Menin |
miR-26a ! Bax.

N.Oc BMP-2. x : Ll AMPK Bad Menin-JunD
.0c. . 4 :
0c.S/BS .~ \B-catenin i interaction

Smad1 : . DMP-1. \
CTX i ' /E’{Mpg\ Sclerostin v
ALP. ! TORC1 unx2. =
Runx2 ALP. OCN : OStefiX/‘ x
| Bl
/( l ALP
|
A i .
W

(Bone resorption>Bone formation )
I
osteoprogenitor cells| Mature osteoblasts

B3 Menin7E X BB 405 B 4Aa P A 1E A
(1)Menin7E H AT 40 H 26 T S 3O CH i MR T AL L CTXOK - 8 3 30 T, - MR S0yt P 438 e, T Bl R s i 2L R (A pl
Runx2%)mRNA ik K B R A AN B 5 EC2C12HIMC3T3-E 140 b A Menin 2 345 7] 411 BMP-2 1 B-catenin /3 7]
75 B Runx2 FTALP R 15 ; il il Menin 36 i85 & imiR-26a7K - T B, S B HIFRSmad 1 25 A 323k FRA i sl 8 40 A ik
FIB, TSR LB AR oAb . (2) TERUE A P R Bk Men 1 RANKLZ A IR TTOPGANAS ; i Bk Men 1 2338 ik 1 il AMPK
1EPEMIE mTORC U5 538 1, 1755 B Al B 52 3 s Men 1R FR /N UG S B2 3L Kl (BMP-2 \Runx2 , Osterix ) Az 41 ffd J&] 353 4901 il
B (p15.p21) KL T M, AL T-F5 59 (Bax .Bad ) ‘B AU AR &4 (Sclerostin [ DMP-1) .2 i, #EOBR I A “Y)
FE I (EL 39 B0 1) 55 RS, e 25 Rk o B A s A R T s FEAR S, Meninil i 5 TunD 45 A BH KT AP- 195 S
PE, M6 Tun D 2 0 B 3 A AR S W 23X MALPIE P, T 9 ) 8 45 O B 431k B2 i3 o 178 Je Jiet C g 32 BB SR 34 i ( C-
telopeptide of type I collagen,CTX) ;452 (osteocalcin, OCN) ; % K FxB3Z K 1k [ FHL K (receptor activator of NF-kB
ligand , RANKL ) ; I H 2 1% £k 25 19 i} (adenosine monophosphate-activated protein kinase, AMPK ) ; i zh 4 & A 25 K 40
HHAE A1 (mammalian target of rapamycin complex 1,mTORC1);H A% 4 H-2(bone morphogenetic protein-2,
BMP-2) ; F AR i35 & 1 (dentin matrix protein 1,DMP-1);#fifk % H (Sclerostin) ; Bel- 241 X & H (Bcl-2-associated X
protein, Bax) ; Bel-2AH EFE T #E 26 1 (Bcl-2-associated death promoter,Bad) . % [Ff# FiBioRender.com#: il .
Figure 3 The role of Menin in osteoprogenitor cells and osteoblasts

(1) Menin deficiency in osteoprogenitor cells leads to a significant increase in the number and surface area of osteoclasts
(OCs), as well as the level of CTX, with enhanced bone resorption activity. In contrast, the mRNA expression of osteogenic
marker genes (such as Alpl and Runx2) and the bone formation rate show no obvious changes. Knockdown of Menin in
C2C12 and MC3T3-El1 cells inhibits the BMP-2/B-catenin co-induced expression of Runx2 and ALP. Furthermore, inhibition
of Menin expression reduces the level of miR-26a, which results in the upregulation of its target protein Smadl, accelerates
the expression of osteogenic differentiation markers, and thereby enhances osteoblast differentiation. (2) Men! knockout in
osteoblasts causes the upregulation of RANKL without altering OPG levels. It also inhibits AMPK activity, activates the
mTORCI1 signaling pathway, and induces osteoblast senescence. In MenI-knockout mice, expression of the key osteogenic
genes (Bmp-2, Runx2, Osterix) and cell cycle inhibitors (p15, p21) is downregulated, while the expression of pro-apoptotic
markers (Bax, Bad) and osteocyte markers (Sclerostin, DMP-1) is significantly upregulated. These changes lead osteoblasts
(OBs) to exhibit an abnormal state characterized by functional deficiency but accelerated proliferation, and ultimately
predispose them to the abnormal fate of premature differentiation into osteocytes or apoptosis. /n vitro, Menin binds to JunD
to block the transcriptional activity of AP-1, which inhibits JunD-induced expression of osteogenic differentiation markers
and ALP activity, thereby negatively regulating osteoblast differentiation and maturation. C-telopeptide of type I collagen
(CTX); Osteocalcin (OCN); Receptor activator of NF-kB ligand (RANKL); Adenosine monophosphate-activated protein
kinase (AMPK); Mammalian target of rapamycin complex 1 (mTORC1); Bone morphogenetic protein-2 (BMP-2); Dentin
matrix protein 1 (DMP-1); Sclerostin; Bcl-2-associated X protein (Bax); Bcl-2-associated death promoter (Bad). This figure is
created with BioRender.com.

M5 EMENIZEGAE LB IE E LRI AZNN G IRFR I N I & M B AR 25 B D) g J0 #EE (primary
3 A R 7 A e, L Hp LR 55 M A8 o i L hyperparathyroidism,PHPT), PHPTR] & & &
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W I R R R G R ZAMRRE AT, Sk
PEPHPTAH LL , MEN14H5GPHPT (PHPT/MEN1) 3%
B s s 8 T g R O R EIESE, PHPT/
MEN 1 #H B 5% &4 R e Em Tk
PHPT, Ju H: 3l B % B A4 Burgess: >
5 1, MEN TR 9B BT 2k N304 A £ i S ik
TTPER R, 3354 B 244% BIMEN 1 4 1k 8 35 B A
FEE RS . TFMENLRE PHPT & %4
W B ME BB R AT 20~304F X Fi L & B EE HH
RAIRITIPHPT A 8 P BUR A LI IR B IEH A5
M . MariniZE PO BT B, 518 LT Y
MEN 1 8 # B ¥ BUAR 25 90 8 S5 1 el 2 95 1R il
(bone alkaline phosphatase ,BALP ) F1-& W W F8 b it
SN BEMK (deoxypyridinoline , DPD ) ¥ &1 , ‘i s
I 5512 Db 83 i B oA S 28 38 57. 1%
SR, HHR 5% A i 2 (parathyroid hormone, PTH ) it
B A IF AR S EMEN 18 & 110 2L AY ol — DR
I, Marini%E 7y 5 —#F5E %, 7EPHPT/MEN 1
AL NS o 8 A SIS O W VN e 1 )
43.4%H135.8%, M 7EAEPHPTHIMEN 1 523 | 24
FEEF WD =02 — AR, X—K&
MR, BN EA PHPT, Menin) fig i f A B s
A BEE 1 P BMP-215 538 [ Runx 2 5% 51 1445
LS 58 AL, AL, 4 EPTH 4y
WX B BORASA BT G IR E . CAFR
T PTHACPIRE IEH 5 —4FE N, B B % IE S
R

VAR FE 8 78 T miRNAZLJH/EMEN 1A 655
HIER . ZEMEN 1 (1 IS Fl Men 1R IR IR N
JER A 25 N 43 WA R A, miR-3156-5p ik 7K
VB AR T miR-3156-5p ] £ 45 He 2 [
FET- R[N F44£ 8 12 (mortality factor 4 like 2,
MORF4L2) , Men 15 K 6l 25 3 FmiR-3156-5plik
/> MORF4L2F BN, X A HEFmiR-3156-5p/
MORF4L2AH W MIMEN 185 348t 173 i A W br s
W0l AN A ST R BAEMEN 1 I35 FFrmiR -
1301-3pFik B 3 T, MimiR-24-3pA) ik B % [
P8, 523 TAERAE I 250 Hr 2 I X P FmiRNAZE
Y HIMENT B Sl AR T H A R A2
Aelo0) FIRBFSYHER , mIRNATT/E A MEN1Z:A1F
IR ARR A TEIZ WA P B8

2% I MENIZES R MEN 58728 515 , %

FRIE AR & H R E R PHPT, il B SR -5 g~ fir , &
BUEHETEH R AT E B RS . PTHRYEY
SL3L BE WA AT A 2R L, T AEPHP TR & rh s
TS &%, 78 MeninZ) BE BG4 B85 A H 1%
S, BRI, SO PTHAK: B2 8 S /NGy
99 AMEN 835 1 7 AR &R I miRNA S Hr
WA VE N Bie W FB . A B9 2 I PHPT
X EE% B G, (HMeninZ€ A% 41 n] 38 1o IR 45 R B/
B Y 7 5 TGF-B/BMP/5 538 i 19 A1 HAE
HE T B AT AN R I, AR R 45 A S 5
Il R A BN A5, 2R £ X Menin ) RE B A% (1 -+ 1 5
W, I AR B AR YT T %6 A RUES:
ANAT ) E A
3.2 Menin5&BH#R

‘B TR FAE (osteoporosis , OP ) J&=—Ff DL HH i
DR TS R R AL R IE B 2 PR R, &
AR NGB ITIY &4 MeninfEOPH & 5
SAE . A R IZAE/INR (247 %) BB 412
HiMenl mRNAJK-BFFEAK, R 2 BSR4
JBT G A (18 SERARF A, (] A il 48 P ) 303 2 1 Ao e
PN 79 2A (cyclin-dependent kinase inhibitor
2A,pl6) 2 JE Y A AR VR A A R 1A
(cyclin-dependent kinase inhibitor 1A ,p21) %55 E A
KR A K F A i/ -1a(interleukin-1 alpha, IL-
la) | FI40AEA -8 (interleukin-8, IL-8) JEJfi 4 JB &K
113 (matrix metalloproteinase 3, MMP3 )24 R4
TP T LI AR IR Men 1 3635 T FE 0T fEE
5 R B L AU M s S B M SRS BB K
J& . TEOBRESF m bR Men 119/ A, HEIRANKL 3
ik LI OPG/KF-A7E ,RANKL/OPG LB FH 5 , 3%
FECB AR R SRR, B/ N AR OBA R
FTFERCERE ) TR, T OCK S AR 1H AR 2%
T, S LR 5 85 BRI . i — 2D bt
FERIR, Men 125 F] 30 38 10 1] AMPK IR P T
mTORC L3l 175 FOBRE & , B H AU B B J7 5 1l 3
OB I MA B T EAH /M T (IL- 1 IL-6 , IL-8
FIMMP3) A] i i 55 7 Wi A2 it — & EIHRANKL,
EEOCH: AT Ak , Tl B i i A 25 2k 14762
- HOBUNCAT FR A R S SRR B B B /NG R
To i ZE 5, R HAE TR Bk w41k, i
S 3E 3V R AR A AR A R S A A 0T
2 AMPK/mTORC L% Se B FIRAFFE R T
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P 45 FH L 13 [7) 438 14 - RANKL/OPG i ¢ BL4E30%
B W AT, T 248 5 i % DO ) 553 B D B I S R i
BT, L S B > M A A
TR AR , B L 1) 4H 5 22 ] BB Men TR
AHOCH BTk o

SRS 20 ) A0 e S A S i — R T Men
B 20 M- B A M R PR T AP R R R
Men RS (Men 1™™M°) K, LA OB R Fr 5
PERR Men 109 /)N B 0B B 2% (B /N R A8 U
A TRIFERE R, HAR IR S B 84 . dE— Dt o)
25 Men I 5 (%) B 4 5 B A AR BB A0 AL 55, O
o 7B 20 R RS /0N B (Men 1P™P ) 2 B < Rt /DN B
LR A R A, OCHH CHE bR Tt = 1T OBAH G Hi
FRICAEAk, , 2 BH B WS % 14 3= 22 1l i i 4EOB
51 s Men 1785 1) B 20 i 38 it 3 R ANK L/OPGAK i
ML e HEOCH 1, 4 C-X-CHa L I T IE A 10
(C-X-C chemokine ligand 10,CXCL10) %k i 3 F
i AR HEOCH: K, 11 CXCL 10 H L (4 m] 1 i A
HMOCHE J B AR P B WL 5 3ok 238 Men 1) B 42 94
CXCL103k , UESE T Men 1-CXCL1 0% ) 17 ] 4%
SEZ W T B A A i M S T OC
S FCXCL105RANKLIE B AH B0 7 19 & B, HE )
CXCL10(fnHh ANy ) 2 i [a] AT HER ANKLYT 1
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ribose polymerase, cl-PARP) [k , NI il ZFh
OSHA A 2 AYHEFE ; (R N S2 56 /R , MI-503 ] FEARAS
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(1)PHPT/MEN1E4% i AR HL ] 47 : Menin e 5020 5% T R e A, 5 BP THIE Jin T A 23 WO 5 5 8imiR-3156-5pif 2>,
MORF4L2IEN ; if4: B2 T EmiR-1301-3pf ik, B3 FiHmiR-24-3phy2aik , N80, S SPHPT/MEN 15 . (2)
FE R AL (OB ) HH R S B Men IfERANKL 35 | 11 OPG/K P-4 745 ,RANKL/OPG HAH T , 2 3(BV/TV .\ Tb.Th .OB%L
R BE A0 (OC) Bt AR B St 2 0, ol WOACH 58 30 Ml 5 ] AMPKS P05 mTORC Ll 6 , 175 OB %
&, E M OBEAE I 0 F 1 (SASP) =ik , H it —# FIARANKL, R OCH AIEAL , T 308 BURAME (OP) . (3)7EH
20 REBR Men 12l CXCL10 W] Pk R 73R A Tt i , ELHAR HEOCH: i, s B IR,  (4) 78 T Frfii ke M bR SF- 14 20
R Menl , 2SI NF-xBAAEE I, 518 T FAAE 2 B s 38 4B a0 S5 LR 2245 , [ i i ik A i PHG DH % 5%
(HRBH3K 4me3 &1 ) BEIRD-22 E R A B, #1 FE VMH-16 D 2 3R BT aE , S BRI EaL, M4 E £ . (5)OFMSCsHr
Men IERIAEALPTEVE B8 fLAE ST . Tb.NFITb. Thitt & %, MIRANK . CtsKFIAcpS AN, I HI L 401k , S i Men 1703C
/N KPR TR A0 M 5, B AR AR A, S B0 T B AL £F 4898 (OF ) o (6)Menin'SKMT2BIE iLE &4, 18 i L H3K 4me3 & 1fi
I 5 T SSPId I OGP Y IR 21X, TFICHE (5 B 4548 AT SSPAE A (PHGDH \PSAT 1 PSPH ) % 5% , 1T 3K 5l 22 28 I A H
RN K, A8 20 MBS 58 s Meninid 0] 38 5 4 P ATFARY DI RE , B00E SSPIE FRI AR 44 IS 7 JiE PR, 455 v 4 M B4 2
I FBOUSCAIE (ES) o (7)Menindi il FHIMI-5033 2§ 1] Menin-KMT2 AR A4, M HIH3K4H 34k, Tz Mcl-1 c-
MycH)#iE, [t - iRp27 flcl-PARP , 41l i 40 ia 351 ; AIL AT B 380 R Menin-MLL1 & &4, 3755 H 2 A B WERER , 36
H3K4H FLAL LT P , BT SSPOCHRBE A5 5% , M5 YRS (OS ) 4 AL 5 AT AL , S 2 BHLIWT i PRSI A% it 7. AR
SEHRPLE (parathyroid hormone, PTH) ; JET R Kl F-44% £ 142 (mortality factor 4 like 2, MORF4L2) ; C-X-CHafL A FECAR10(C-X-
C chemokine ligand 10,CXCL10) ; #% X F«B (nuclear factor kappa-B,NF-«B) ; 41 75 [ H3 25 4/ 41 &2 — F 64k (trimethylation of
histone H3 at lysine 4, H3K4me3 ) ; B R H 702 Il &0 (phosphoglycerate dehydrogenase ,PHGDH ) ; ZH 25 [ #6122k F FL % R il 2B
(histone lysine methyltransferase 2B, KMT2B, [HFRMLL2 ) ; i #% 5 K F-4 (activating transcription factor 4, ATF4) ; BlR 22 &R
BI R 1 (phosphoserine aminotransferase 1,PSAT1) ; iR 22 % MR i AR (phosphoserine phosphohydrolase , PSPH) ; 2H 2 [
R F B4 A2 A (histone lysine methyltransferase 2A , KMT2A/MLL1 ) ; 247 7 58 ADPAZ W5 & W (cleaved poly ADP-ribose
polymerase, cl-PARP) . 1% &fii fiBioRender.com#: i .
Figure 4 Mechanisms of Menin in bone diseases

0y

(1) The pathogenesis of PHPT/MENI-associated bone disease is as follows: reduced expression or dysfunction of Menin leads to
elevated PTH levels that promote bone resorption; it also results in decreased miR-3156-5p and increased MORF4L2 expression.
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Additionally, Menin deficiency causes significant downregulation of miR-1301-3p and upregulation of miR-24-3p, which together
induce bone loss and contribute to the development of PHPT/MEN T -associated bone disease. (2) Osteoblast-specific Men! knockout
leads to upregulated RANKL expression without altering OPG levels, resulting in an increased RANKL/OPG ratio. This imbalance
causes marked reductions in BV/TV, Tb.Th, and osteoblast number, along with significant increases in osteoclast number and surface
area, thereby enhancing bone resorption. Furthermore, Men! knockout inhibits AMPK activity and activates the mTORCI pathway,
which induces osteoblast senescence. Senescent osteoblasts promote the expression of senescence-associated secretory phenotype
(SASP) factors and further upregulate RANKL, facilitating osteoclast formation and activation and ultimately contributing to
osteoporosis. (3) Osteocyte-specific Menl knockout increases the expression of the soluble factor CXCL10, which directly promotes
osteoclast generation and enhances bone resorption. (4) Hypothalamic SF-1 neuron-specific Menl knockout activates the NF-xB
inflammatory pathway, triggering hypothalamic inflammation and systemic premature aging phenotypes, including bone loss and
muscle atrophy. Meanwhile, it suppresses PHGDH transcription in an H3K4me3 modification-dependent manner, reducing D-serine
synthesis and impairing the function of the VMH-hippocampal neural circuit. This process induces metabolic disorders and indirectly
exacerbates bone loss. (5) Men! deficiency in OFMSCs leads to significant decreases in ALP activity, bone mineralization capacity,
Tb.N and Tb.Th, as well as increased expression of RANK, CtsK and Acp5, which inhibit osteogenic differentiation. In Men I®*™*C™
mice, these changes result in focal spindle cell proliferation and increased tumor volume, leading to ossifying fibroma (OF). (6)
Menin forms a complex with KMT2B, which catalyzes H3K4me3 modification and enriches at the promoters of key genes in the
serine synthesis pathway (SSP). This modification opens the chromatin structure to activate the transcription of SSP genes (PHGDH,
PSAT1, PSPH), thereby driving de novo serine and glycine synthesis to sustain tumor cell proliferation. In addition, Menin maintains
ATF4 function to activate SSP genes and regulate stress response genes, which also supports tumor cell proliferation and contributes
to the development of Ewing sarcoma (ES). (7) The Menin inhibitor MI-503 targets the Menin-KMT2A complex to inhibit
H3K4 methylation, downregulate the expression of oncogenes Mcl-1 and c-Myc, and upregulate p27 and cl-PARP, thereby
suppressing tumor cell proliferation in osteosarcoma (OS). AIL also directly targets the Menin-MLL1 complex and induces its
autophagic degradation, inhibiting H3K4 methyltransferase activity. This subsequently represses the transcription of key SSP genes,
inhibits osteosarcoma cell proliferation and migration, and ultimately blocks the process of osteosarcoma lung metastasis. Parathyroid
hormone (PTH); Mortality factor 4 like 2 (MORF4L2); C-X-C chemokine ligand 10 (CXCL10); Nuclear factor kappa-B (NF-kB);
Trimethylation of histone H3 at lysine 4 (H3K4me3); Phosphoglycerate dehydrogenase (PHGDH); Histone lysine methyltransferase
2B (KMT2B, formerly MLL2); Activating transcription factor 4 (ATF4); Phosphoserine aminotransferase 1 (PSAT1); Phosphoserine
phosphohydrolase (PSPH); Histone lysine methyltransferase 2A (KMT2A/MLL1); Cleaved poly ADP-ribose polymerase (cl-PARP).
This figure is created with BioRender.com.
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Table 1 Roles of Menin in different cell lineages and under various physiological/pathological conditions
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