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[ Abstract] Objective Infertility affects approximately one-sixth of the people of childbearing age worldwide,
causing not only economic burdens of treatment for families with fertility problems but also psychological stress for
patients and presenting challenges to societal and economic development. Premature ovarian insufficiency (POI) refers to
the loss of ovarian function in women before the age of 40 due to the depletion of follicles or decreased quality of
remaining follicles, constituting a significant cause of female infertility. In recent years, with the help of the rapid
development in genetic sequencing technology, it has been demonstrated that genetic factors play a crucial role in the
onset of POL. Among the population suffering from POI, genetic studies have revealed that genes involved in processes
such as meiosis, DNA damage repair, and mitosis account for approximately 37.4% of all pathogenic and potentially
pathogenic genes identified. FA complementation group M (FANCM) is a group of genes involved in the damage repair of
DNA interstrand crosslinks (ICLs), including FANCA-FANCW. Abnormalities in the FANCM genes are associated with
female infertility and FANCM gene knockout mice also exhibit phenotypes similar to those of POIL During the genetic
screening of POI patients, this study identified a suspicious variant in FANCM. This study aims to explore the pathogenic
mechanisms of the FANCM genes of the FA pathway and their variants in the development of POI. We hope to help shed
light on potential diagnostic and therapeutic strategies for the affected individuals. Methods One POI patient was

included in the study. The inclusion criteria for POI patients were as follows: women under 40 years old exhibiting two or
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more instances of basal serum follicle-stimulating hormone levels>25 IU/L (with a minimum interval of 4 weeks
inbetween tests), alongside clinical symptoms of menstrual disorders, normal chromosomal karyotype analysis results,
and exclusion of other known diseases that can lead to ovarian dysfunction. We conducted whole-exome sequencing for
the POI patient and identified pathogenic genes by classifying variants according to the standards and guidelines
established by the American College of Medical Genetics and Genomics (ACMG). Subsequently, the identified variants
were validated through Sanger sequencing and subjected to bioinformatics analysis. Plasmids containing wild-type and
mutant FANCM genes were constructed and introduced into 293T cells. The 293T cells transfected with wild-type and
mutant human FANCM plasmids and pEGFP-C1 empty vector plasmids were designated as the EGFP FANCM-WT
group, the EGFP FANCM-MUT group, and the EGFP group, respectively. To validate the production of truncated
proteins, cell proteins were extracted 48 hours post-transfection from the three groups and confirmed using GFP
antibody. In order to investigate the impact on DNA damage repair, immunofluorescence experiments were conducted 48
hours post-transfection in the EGFP FANCM-WT group and the EGFP FANCM-MUT group to examine whether the
variant affected FANCM's ability to localize on chromatin. Mitomycin C was used to induce ICLs damage in vitro in both
the EGFP FANCM-WT group and the EGFP FANCM-MUT group, which was followed by verification of its effect on ICLs
damage repair using y-H2AX antibody. Results In a POI patient from a consanguineous family, we identified a
homozygous variant in the FANCM gene, c.1152-1155del:p.Leu386Valfs*10. The patient presented with primary
infertility, experiencing irregular menstruation since menarche at the age of 16. Hormonal evaluation revealed an FSH
level of 26.79 IU/L and an anti-Miillerian hormone (AMH) level of 0.07 ng/mL. Vaginal ultrasound indicated
unsatisfactory visualization of the ovaries on both sides and uterine dysplasia. The patient's parents were a
consanguineous couple, with the mother having regular menstrual cycles. The patient had two sisters, one of whom
passed away due to osteosarcoma, while the other exhibited irregular menstruation, had been diagnosed with ovarian
insufficiency, and remained childless. Bioinformatics analysis revealed a deletion of four nucleotides (c.1152-1155del) in
the exon 6 of the patient's FANCM gene. This variant resulted in a frameshift at codon 386, introducing a premature stop
codon at codon 396, which ultimately led to the production of a truncated protein consisting of 395 amino acids. In vitro
experiments demonstrated that this variant led to the production of a truncated FANCM protein of approximately 43 kDa
and caused a defect in its nuclear localization, with the protein being present only in the cytoplasm. Following treatment
with mitomycin C, there was a significant increase in y-H2AX levels in 293T cells transfected with the mutant plasmid
(P<0.01), indicating a statistically significant impairment of DNA damage repair capability caused by this variant.
Conclusions The homozygous variant in the FANCM gene, c.1152-1155del:p.Leu386Valfs*10, results in the production
of a truncated FANCM protein. This truncation leads to the loss of its interaction site with the MHF1-MHF2 complex,
preventing its entry into the nucleus and the subsequent recognition of DNA damage. Consequently, the localization of
the FA core complex on chromatin is disrupted, impeding the normal activation of the FA pathway and reducing the cell’s
ability to repair damaged ICLs. By disrupting the rapid proliferation and meiotic division processes of primordial germ

cells, the reserve of oocytes is depleted, thereby triggering premature ovarian insufficiency in females.
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Fig 1 Identification of the FANCM variant

A, The pedigree of the patient. B, Sanger sequencing of the patient. C, Gene and protein structure schematic diagram of the FANCM ¢.1152-1155del variant. The

variant caused a frameshift at codon 386, and a stop codon was introduced at codon 396, resulting in a predicted truncated protein of 395aa.
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Fig 2 Effect of the FANCM variant on the function of the protein

293T cells transfected with EGFP FANCM-W'T, EGFP FANCM-MUT, and EGFP plasmid were named EGFP FANCM-WT group (WT group), EGFP FANCM-MUT

group (MUT group), and EGFP group, respectively. A, EGFP FANCM-MUT produces a fusion protein of 70x10%, the size of which corresponds to the predicted size of

truncated FANCM (43x10°) fusing into EGFP (27x10%). B, Immunofluorescence localization of FANCM. FANCM was observed in the nuclei of the WT group, but was

absent in the nuclei of MUT group. The scale bar represents 10 um. C, Quantification of y-H2AX in the WT group and the MUT group after MMC treatment.

n=3."P<0.01. Statistical analysis was performed using t-test in SPSS. Error bars denote SD.

2.3 FANCMZEZEXIDNAGEE 8L B84 0E

G JE A I 25 5t 7 B 7 R FANCMZR [ £ 28
LTI, 1128728 RIFANCMAE L 7E 40 A% h i 26 ik 2
FZm, EZMAEAMTTH (E12B) . Western blotha il
G5 RN 5 1 F RBP4 IFANCM B AR MOAR Fe, i ik %8
AR FIFANCM A 41 il /e MM CAL #8124 h 7R H B = 7K
FIDNA$, 26 A Geit2 5 L (E2C), R AE L
fdr 4t A XA DN AF P IS B 1 32461 .

3 it

Y7 i A oA A B, — SR R
S (primordial germ cells, PGCs) B PRI FEIH, ) —
AT O REANAE A B LA 27 PGy PRy
B2 7 A e S R R e 578, v O A DR A e S-S T o
% (transcription-replication conflicts, TRCs), /= /[
TRCE BTG A H . — FFAEHE I, Je M A A R
LS HE N, HETRE 0 B AR AR A AR A LR SR — YO

St e, HAA Y FEE G AR ERHES I AR EAR LA, B
TIARRIES /3B S T LB AP HES ), [R] U5 e o fA 2 2
i 4 32 X (crossovers, CO) AT, AR IEH,
FANCMA ) T~ BRI i 2L 3 i 45 73 2400 58 SUEC T 1,
el A A A — SRS BT, LAk, FANCMIY
[R5 A AE DB oy At i vl 2 5 Mus8 LUK 1 pro-COi%
a2 TR [A] i FANCMERBE /N R
PENR T PGCs 1B TR I8 /D, I H K 73 2L DSB ULk By
%L, double strand break) &5 54, 1M 5 BUE MR V) fig
AR,

FANCMZ & T DNAS#BEM/ by B i L b,
TEXTFARZ OB G W HEAT B 53 B i i 008 — oA X 43
T 250 10°H 2 Ik ', B 5 A 1 Hef LA & B BT
BIMphl 1, 7EA0 3R TP A &2 i SORTER 21 P AR e &
FEAE I, X S0 1 W) & T 88 S 2 A e (superfamily 2
helicase, SF2) ZZ ML 51", 5 HA GG L 74 AN [R) 2 4k
7£F, FANCMBR/D Cofis 1 ERCCARE R R BlF 45 H 4ok, (158 T



564 PR (BE2E R

5 554

— AN R A R - & e BB (HhH ) 245 ¥4 35K, B/ DA M %
TRV HIDNARBE ), (BB T SFAMH G FIFAAP24
TE LS ot — AR RE S

ARG, AT — NG L RIS R R P &
W TFANCMIN A G R 5E7AE: c.1152-1155del,
p.Leu386Valfs*10, % JEF B H ML, HA — (i kik
PRI A IR 25t 59— R Rt A7 A2 B SE T RE G T 1
500, FRATTHE I £ 2 0 A TT RE R i AR 1 % A B
o HHEIETFANCMEER 58728 5| e £ AR A2 0E I IF 5T
/0, AU 158 K244 oA POTIYZE 22 BRIk, WA 15 Y
FANCM# 4 5878 80 T B8 8 Fp.Gln170 1* iy = £
R TS UEATFFE T K R 58 R A 43 AU B (T Y
A, FATH FANCM-MUT ) CDSJ¥5l4fi AEGFPI# i,
EGFPIL I/ A AHXT 43 BT 290 70 10° (4 0 2 1
WEM Iz R g RS E A, ARV
FANCM 2 FAR L G W€ A T G 8 5 fr w7 1Y, 78
FANCMERZE I A0HE T, FAAP24FI HALFARLO B & W&
FFEGL 5T 8 RLAAAEBIG U S TR R A R
S FANCME AL T YT RE 7, FRATIX 5 e i AR 7
FNGEAR T FANCMITORL I A0 M A T G SR, 45 4
N B AR RIFANCM AR [ 32 258 A F 40 Ml A%, 1 28 A% Y
FANCMZ [ ) 3 B4R b 2 40 5, 7 4t Az b ik, i
B9 AE I FANCME o T Y4 (A5t 1 e 1 320, 3 nl fig e
5 | REFAAH DGR 1R A A% 2 o7 it 1) S A

FANCMEBAR /N M A PEPOLE 1 S B AR D g
KT AR, X L5732 R AR T A A 2 2 R e
PR X MMC I U, A A58 XS ICLsH i &2
WIS . A T WX FANCMZE S X ICLs P A3 16 52 1) 5% 1,
FATE FHMMCRH A S 4 i 375 ICLs i 7, 38 325 A6 T 48
Hy-H2AXK R DAL 4 1 DNAB & Z Dy e 2 5
ZEIF, SCHLE R, FANCMZEASHI S5 1 40 M v Xt
DNA# i & E e 1. BEAEA BEFE %W, MHF1-
MHF2E AR FIFANCM-FH B (FANCM 661 ~ 800) Z [f]
22 I IRDNAZE &7 5, MHE-FANCM-F45 ) (e 28 23 5%
M FANCMAE R Y I 7 Al X — & SR ATT 46 DU
FANCMZE [ Y il H 2k 5 MHF1-MHF252 S AR 1 A1
HAERRROL, ok A A, O IR IDNABM . X%
HEAR O B YITES T 11 (A2 B 520, FAGE 0
P AEH O, A ICLs 405 18 B BE 1855 . IR
0 B A R BB, TS & Lo PEPOL. IR, 384T
HEM A58 I FANCM S8 S A BF9E H POTAE 5 1Y) P g
ORI L SR, AWFFALAEAE SR B, P4 S 3N
A E AR P FR 8, #5714 [F] FANC M8 1) /) BRUASE A

i T AT M PR BRI AR R BUR AL, S AE R 220 TAE
—L It

25 Lk, FAHRE T 5 — G0k M FANCMZE
255 [FEPOIRYE B . Jehl i oE C 245 H DN A i 15 2
B S5 POLZ MIAEEBHAL IR R, X TFANCME M 5,
HAEIIRRANAE & B i TR PGCs R 14 5, DNAB 1655
DL ISy 2 ) R . B FRAER R G I g R
FEERHE T, IR NI 5y Bk, X FARE R 848 5|
EPOLEH KRV WA TN EE . OA 2 FAMHX
B PR R /IS BB AU 2 R B SR ) BEAS 4 1 3 Y, [ ol
Z U AHGE 5 F AR ) 3 R 5845 5 R POTY R 4], DX G e
Il R T4 Fp 7 2 58 oA FASRE [R 2878 5 PO LI AT BE G HK
X FFAFL R 9785 L A POTAE & B 1 HEA TR E XU g
B, AU ST, O 2R R E A R T R
AR P SRR AR B s 4T U0 ST AR T R 1 B
FERUR ATl B AR B R 52 2 S IR 4R

pussipy
oY

N

N

* * *

FEETREH  HERASTE SO, BT AR BRI
. TR S 1, SRS T ST 4 . RSO AR, KA
FSTINANIT  AFTE I MIIE, 4RSI T T r ik WFEoi H 4 5
P BEGEIR, Bk R 2 AT AR SR AL, MR R
PSR, PRSI0 5T 2 SR BT A, SRR B
FHH RS RESE. PraEE CER B SRS AT, B
R RA AT ZRE R, FE R R TAEB T A i 3

Author Contribution WEN Xingxing is responsible for
conceptualization, formal analysis, investigation, methodology,
visualization, and writing--original draft. CHAI Menghan is responsible for
data curation, formal analysis, and validation. ZHANG Qiannan is
responsible for investigation, methodology, and validation. ZOU Huijuan is
responsible for methodology, project administration, and resources.
ZHANG Zhiguo and CAO Yunxia are responsible for funding acquisition,
resources, supervision, and writing--review and editing. CHEN Beili is
responsible for funding acquisition, project administration, resources,
supervision, and writing--review and editing. All authors consented to the
submission of the article to the Journal. All authors approved the final
version to be published and agreed to take responsibility for all aspects of

the work.
FZRIRE P MEH IR I A TE R £ 0o
Declaration of Conflicting Interests All authors declare no competing

interests.

£ % x W

[1] ISHIZUKA B. Current understanding of the etiology, symptomatology,
and treatment options in premature ovarian insufficiency (POI). Front
Endocrinol (Lausanne), 2021, 12: 626924. doi: 10.3389/fendo0.2021.
626924.

[2] KEH, TANGS, GUOT, et al. Landscape of pathogenic mutations in


https://doi.org/10.3389/fendo.2021.626924
https://doi.org/10.3389/fendo.2021.626924
https://doi.org/10.3389/fendo.2021.626924
https://doi.org/10.3389/fendo.2021.626924

E R

I R A5 YURHE SUMLIE B FANCMEE R 26 & %78 5 8 R NE R ST REAS 2 I BUw LA 565

(3]

(4]

(5]

(6]

(7]

(8]

[9]

[10]

premature ovarian insufficiency. Nat Med, 2023. doi:10.1038/s41591-022-
02194-3.

HEDDAR A, OGUR C, DA C S, et al. Genetic landscape of a large cohort
of primary ovarian insufficiency: new genes and pathways and
implications for personalized medicine. Ebiomedicine, 2022, 84: 104246.
doi: 10.1016/j.ebiom.2022.104246.

PEAKE ] D, NOGUCHI E. Fanconi anemia: current insights regarding
epidemiology, cancer, and dna repair. Hum Genet, 2022, 141(12):
1811-1836. doi: 10.1007/s00439-022-02462-9.

AUERBACH A D. Fanconi anemia and its diagnosis. Mutat Res, 2009,
668(1/2): 4-10. doi: 10.1016/j.mrfmmm.2009.01.013.

MEETEI A R, MEDHURST A L, LING G, et al. A human ortholog of
archaeal DNA repair protein HEF is defective in Fanconi anemia
complementation group M. Nat Genet, 2005, 37(9): 958-963. doi: 10.
1038/ng1626.

LA, SEAIS, W50, A, YT R AR AR DG DR R & PRI SO REAS
MBI HE . B BRI B2 A58, 2023, 50(4): 450-455.
doi:10.12280/gjfckx.20230003.

WEN X X, CHAI M H, YANG N, et al. Research progress of Fanconi
anemia related genes and premature ovarian insufficiency. J Int Obstet
Gynecol, 2023, 50(4): 450-455. doi:10.12280/gjfckx.20230003.

YANG Y, XU W, GAO F, et al. Transcription-replication conflicts in
primordial germ cells necessitate the Fanconi anemia pathway to
safeguard genome stability. Proc Natl Acad Sci U S A, 2022, 119(34):
€2091759177. doi: 10.1073/pnas.2203208119.

TSUI V, LYU R, NOVAKOVIC S, et al. Fancm has dual roles in the
limiting of meiotic crossovers and germ cell maintenance in mammals.
Cell Genom, 2023, 3(8): 100349. doi: 10.1016/j.xgen.2023.100349.
LORENZ A, OSMAN F, SUN W, et al. The fission yeast fancm ortholog

directs non-crossover recombination during meiosis. Science, 2012,

336(6088): 1585-1588. doi: 10.1126/science.1220111.

[11] LUOY, HARTFORD S A, ZENG R, et al. Hypersensitivity of primordial
germ cells to compromised replication-associated dna repair involves
atm-p53-p21 signaling. Plos Genet, 2014, 10(7): €1004471. doi: 10.1371/
journal.pgen.1004471.

[12] WHITBY M C. The fancm family of dna helicases/translocases. DNA
Repair (Amst), 2010, 9(3): 224-236. doi: 10.1016/j.dnarep.2009.12.012.

[13] BYRD A K, RANEY K D. Superfamily 2 helicases. Front Biosci
(Landmark Ed), 2012, 17(6): 2070-2088. doi: 10.2741/4038.

[14] YANGH, ZHANG T, TAOY, et al. Structural insights into the functions
of the FANCM-FAAP24 complex in dna repair. Nucleic Acids Res, 2013,
41(22): 10573-10583. doi: 10.1093/nar/gkt788.

[15] FOUQUET B, PAWLIKOWSKA P, CABURET S, et al. A homozygous
fancm mutation underlies a familial case of non-syndromic primary
ovarian insufficiency. eLife, 2017, 6: €30490. doi: 10.7554/eLife.30490.

[16] KIM ] M, KEEY, GURTAN A, et al. Cell cycle-dependent chromatin
loading of the fanconi anemia core complex by FANCM/FAAP24. Blood,
2008, 111(10): 5215-5222. doi: 10.1182/blood-2007-09-113092.

[17] TAOY,JIN C, LI X, et al. The structure of the FANCM-MHF complex
reveals physical features for functional assembly. Nat Commun, 2012, 3:
782. doi: 10.1038/ncomms1779.

(2024 - 01 — 231, 2024 — 04 - 28f&11)

HifE B OB
FFRRE AU FHRE RIS 528 2 AR R R
4.0 PR YF AT B (CC BY-NC 4.0), PEAIfS K IF IR

https://creativecommons.org/licenses/by/4.0/
OPEN ACCESS This article is licensed for use under Creative Commons
Attribution-NonCommercial 4.0 International license (CC BY-NC 4.0). For more

information, visit https://creativecommons.org/licenses/by/4.0/.

© 2024 (PUJIRAEAEAR (BE2A RO YAias WU A

Editorial Office of Journal of Sichuan University (Medical Science)


https://doi.org/10.1038/s41591-022-02194-3
https://doi.org/10.1038/s41591-022-02194-3
https://doi.org/10.1038/s41591-022-02194-3
https://doi.org/10.1038/s41591-022-02194-3
https://doi.org/10.1038/s41591-022-02194-3
https://doi.org/10.1038/s41591-022-02194-3
https://doi.org/10.1038/s41591-022-02194-3
https://doi.org/10.1016/j.ebiom.2022.104246
https://doi.org/10.1016/j.ebiom.2022.104246
https://doi.org/10.1007/s00439-022-02462-9
https://doi.org/10.1007/s00439-022-02462-9
https://doi.org/10.1007/s00439-022-02462-9
https://doi.org/10.1007/s00439-022-02462-9
https://doi.org/10.1007/s00439-022-02462-9
https://doi.org/10.1007/s00439-022-02462-9
https://doi.org/10.1007/s00439-022-02462-9
https://doi.org/10.1007/s00439-022-02462-9
https://doi.org/10.1016/j.mrfmmm.2009.01.013
https://doi.org/10.1016/j.mrfmmm.2009.01.013
https://doi.org/10.1038/ng1626
https://doi.org/10.1038/ng1626
https://doi.org/10.1038/ng1626
https://doi.org/10.12280/gjfckx.20230003
https://doi.org/10.12280/gjfckx.20230003
https://doi.org/10.1073/pnas.2203208119
https://doi.org/10.1073/pnas.2203208119
https://doi.org/10.1016/j.xgen.2023.100349
https://doi.org/10.1016/j.xgen.2023.100349
https://doi.org/10.1126/science.1220111
https://doi.org/10.1126/science.1220111
https://doi.org/10.1371/journal.pgen.1004471
https://doi.org/10.1371/journal.pgen.1004471
https://doi.org/10.1371/journal.pgen.1004471
https://doi.org/10.1016/j.dnarep.2009.12.012
https://doi.org/10.1016/j.dnarep.2009.12.012
https://doi.org/10.1016/j.dnarep.2009.12.012
https://doi.org/10.2741/4038
https://doi.org/10.2741/4038
https://doi.org/10.2741/4038
https://doi.org/10.1093/nar/gkt788
https://doi.org/10.1093/nar/gkt788
https://doi.org/10.7554/eLife.30490
https://doi.org/10.7554/eLife.30490
https://doi.org/10.1182/blood-2007-09-113092
https://doi.org/10.1182/blood-2007-09-113092
https://doi.org/10.1182/blood-2007-09-113092
https://doi.org/10.1182/blood-2007-09-113092
https://doi.org/10.1182/blood-2007-09-113092
https://doi.org/10.1182/blood-2007-09-113092
https://doi.org/10.1182/blood-2007-09-113092
https://doi.org/10.1182/blood-2007-09-113092
https://doi.org/10.1038/ncomms1779
https://doi.org/10.1038/ncomms1779
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	1 资料与方法
	1.1 对象资料、材料和主要仪器
	1.1.1 临床样本
	1.1.2 细胞系
	1.1.3 主要试剂与仪器

	1.2 方法
	1.2.1 全外显子测序和Sanger测序
	1.2.2 细胞培养
	1.2.3 重组质粒构建
	1.2.4 质粒提取和转染
	1.2.5 Western blot
	1.2.6 FANCM突变对DNA损伤修复能力的影响的检测


	2 结果
	2.1 POI患者的临床信息
	2.2 FANCM突变对蛋白表达的影响
	2.3 FANCM突变对DNA损伤修复能力的影响

	3 讨论
	参考文献

