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Abstract Thymus is the central organ for T cell development and the establishment of central tolerance.

Its structure and function critically depend on the microenvironment provided by TEC (thymic epithelial cell). With
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aging, the thymus undergoes progressive involution, characterized by disorganized cortical-medullary architecture,
adipose infiltration. Aging of the thymus leads to reduced immune function. Epigenetic dysregulation is recognized
as a key driver of thymic involution. ZNHIT1 (zinc finger HIT domain-containing protein 1) is a core subunit of
the SRCAP chromatin remodeling complex, mediating the deposition of the histone variant H2A.Z and influencing
target gene transcription. However, its role in thymic homeostasis remains poorly defined. This study employed a
mouse model with Zrhitl conditionally knocked out in TECs to systematically investigate the function of ZNHIT1
in maintaining thymic structure and function. Results demonstrated that ZNHIT1 deficiency in thymic epithelium
led to significant thymic atrophy and disruption of cortical-medullary compartmentalization. Flow cytometric
analysis revealed a reduction in total TEC numbers, an imbalance in the mTEC/cTEC value, and a marked decrease
in the proportion of the stem-like MHCII mTEC subpopulation. Mechanistically, ZNHIT1 ablation inhibited TEC
proliferation and promoted apoptosis specifically in cTECs. This functional impairment of TECs subsequently dis-
rupted T cell development, causing a block at the DN1 stage, a dramatic reduction in CD4"'CD8" DP (double-positive)
thymocytes, and ultimately, insufficient output of naive T cells to the periphery. Consequently, mice exhibited exac-
erbated inflammatory responses in a DNFB-induced contact hypersensitivity. Collectively, these findings establish
that ZNHIT1 is essential for maintaining the TEC compartment and thymic microenvironment homeostasis. Its de-
ficiency triggers thymic involution and leads to peripheral immune dysregulation. This work elucidates the role of
a chromatin remodeler in regulating thymic homeostasis, providing novel mechanistic insights into the epigenetic
underpinnings of thymic involution.

Keywords  Znhitl; TEC (thymic epithelial cell); thymic involution; epigenetics; T cell development
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AR B /BAPEIEEEIE o0 A Dy Th REVE IR EL 4 e 17
il A b )2 40 B (thymic epithelial cell, TEC)#&#4) piiX
— IR O PR . e, R R B e 2
Jid (cortical thymic epithelial cell, cTEC)F % 5 K.
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FHUT200 BRM, ZNHIT1E R A 5 AR 05 ThRE v &
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RN BT RGUER 5T ZNHIT UG iR s f fa s
TEC/Mb KX T4RM R B HISZIR, & 7N g i iR 4k
() 2 I ABAE AL 52 BT A0 A
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POV 43 0 SPRA R, SEEG CL 3R H K22
SIS B L VLI 4y A O SEBG B ) A BRAN A % 5
SHEHE(R A S e It 552021J50079) .

112 22KA g2 p-EIANEEEE A O &
(525 1 40754ES60)IA T LB AR B8 5 TR
NFE . IARE L (H&E) R (185 : G1120)WT
TG R YR AR AR o BRI S RNATEEL
AR (DT Y1423) J s il R & (085 KR118)
M RIRAEARHE (L) AR AT K90 E &
PCRIRF (175 : B21202)14F Bimake A 7 . [ii] &
JiE3RA 57 Transcription Factor Buffer Set(7%'5: 562574)
5 FBDA A .

KRTS5(%%5 : A11396)0 T % {8 42 w A=V R}
HAR AR . KRTS(TROMA-I)JET DHSBA A .
DAPI(#: %5 : D9542)I T SigmaA ). APC/Cya-
nine7FRIC PR CD45(52 %5 : 103115). APCHRic T
BLCD3e($% 5 : 100311). FITCHRiCHL B CD4( T
: 100405). PerCP/Cyanine5.5Fric Pt il CD8a(
: 100733). Brilliant Violet 421F5iC#1 i CD44( %
: 103039). PE/Cyanine7bric #iL il CD25( %%
: 102015). PE/Cyanine7#5ic i il CD62L (1%
: 104417). PE/Cyanine7#5ic Pt il I-A/I-E(F5 5 :
107629). PEFRCHLRCDIN(HE 5 : 115507). APChx
ICHIE CD326(1% 5 : 107629). PEFRICHLR Ki67(H
51 151209). PerCP/Cyanine5.5Hric BT Ly51(5t 5 :
108315)3 04 T IR T IE AR E AN AR A PR A
H]. Biotinylated UEA-I(#%'5: B-1065-2)1 T-IRYII ik
MR AR A . Alexa Fluor 4884719 Pt
HulgG(H¢5: SA00013-6). Alexa Fluor 59445129 #1
N IgG(H25 1 SA00013-7)I 0T BRI =18 AW Fe
ARA R 27 . Alexa Fluor 647hRCH HiA RIgG(He 5
A78947)EF ThermoFisher Scientific/A &) o
1.2 753k
1.2.1 EAERMESES K p63-CreERT2/)
5 Znhit]VUINER AR AL, W BRI YR Znhit1V7;p63-
CreERT2[1) 525 41 (cKO) S K ALKy Znhit IV ;p63-
CreERT2[ % G 41(CTRL). EHL6~8 A HE /N, IS fiE
TSR S 25 (A T 1K, K100 me/kg), HELLE
UFS dUAE AL R R bR . TEAB B IR B e UG 267
14, 2R3 T HCH 7N BRI kA T S 58
1.2.2 S8 % %% & PCR(RT-qPCR)H AN Znhitl
mRNAE XAl F o IR SRS IR R

pzi

do Jdo Jdf Jff Jfo

4H il (CD45 EpCAM), FIl F RNA$Z Bt & 1 B e
RNA, FFA8 i il R) &% RNA 3% 5% 08 ¢cDNA.
bt J5 K H RT-qPCRIERT M Znhit] ) mRNA L K
Vo Znhitl M1 S 3R Gapdh i 510 7553 510K -
Znhitl-F(5'-CAG ACG GCG AGA CAA GTT C-3'),
Znhitl-R(5'-CAA ACT GAG GTA GCC TCT TGC-3"),
Gapdh-F(5'-AGG TCG GTG TGA ACG GAT TTG-
3", Gapdh-R(5'-TGT AGA CCA TGT AGT TGA GGT
CA-3"). BAMFEARBEINER, H22 5 E B
FERAMXRIEE .

123 ARFFEE HARRKPLH&KE) R . i
HREA LA 4% % B8 WIS 4 °CHBEGE E 12 h, FKIRE
i130%. 50%. 70%-. 80%. 90%. 95%-. 100%1f/&
PR BKA W B R a N A AT A K
W —HZEBE | 100%. 95%. 90%-. 80%- 70%
BEEE CBESEK, FRHT AR R AL et U)FoerE
IR TG F IR AT N G403 min, BE S RGE BT
SRR R, ffa iR AR AL R = iR G443 min.
VIR et b Ja R s vl ge .

TMZLO(oil red O)Jett K B- - FLBEF B 4 1. UK
URU) R ST S, A3 40 O TARMAE = IRk AT
WEG G, DIASIN AR 7 A O B8 F B~ LB
Pt e € X S A WU 20 P 3 2 1

T2 . VI FAT IR 35 5% P gk AT Pt SR
&5, M5 A4 1% [ 25 1 (bovine serum albumin,
BSA)EJ FHE M2 h, &R )54 CHERBEE —ht
(KRTS. KRTS, #FtLL 1:200). 5 K H PBSTZE
MR 30, MNTOE = H (FBEEE 1:1 000), =
IR E 1 h, )5 DAPIE Je gl i i It 5 A T4 .
Y17t Olympus 2> &) B30 HL 5 £ B4 FV3000
B4 -

124 AX@meAR B0 ETE R RH LU
TE A B (R VS AL (FERPMIL 16403535 3L i A 25 U/mL
Liberase™#1100 U/mL DNasel)"+ 37 °CyH 4t 30 min,
THALEE SRS N 20% FBSZR L, [ Ja 41 i 2 il
it 40 pmPER, A3 AN M R . AT AR T bR &
Vgt T R IR EES °C R Yett30 min, SR )5 57
R & 1% BSAIBERR £ 2% 1K (phosphate-buffered
saline, PBS)JEi I EHLA I . X F Kio74 2, 4
&A% ] Transcription Factor Buffer Setik 47 [#] & A%
JIE, ELARSERAE G - 40 A FH (] e B M 2 e v T = L
H4YAM30 min, 4595 % 1% BSARI PBSY R HEA
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A 25 TR /RO =4 DA T BB . BUBUS 5 d
FE/IN AT BWRAK 10 pl 0.3% DNFBIA L K 20
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Krtl8. Krt5H Krel 4 SR AAL s b R RFAE
o, TR REA S BT 707 T /T 20% 1) 25 (8147
RN SO F R E AL . $RH ZnhitITE FIR
ERE SN AR B — R A, R 2 -
¥ JE UK S (Mann-Whitney U test, MWU)FIF5 /R &5 ¢
K56 (Welch ¢ test, Welch £) LU R A 5 ZFEHRIER
K75t RIS Znhit] 3358 KT O 25 A1 s L
JNBATHE, SR Fisher s ko 46 A1 - 77 ko 56 LA 20
BH AL 55 LA 1) 2 225 1 22 5 . B A% Seaborn il
Matplotlib T E L2l .
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BEMTE . G B R RN B SR E AN
SEREAS , s DA B bR UE 22 (oks) B B B bR 1R 1R
(mean+SEM)Z KR, K FH GraphPad Prism 9.3.03E 17 ¢4
555 Two-Way ANOVA T P<0.05% 40y 2 7 F
FERTE

2 R
2.1 MBS _E R ZNHIT1E 5 S iR B = 245
S5£EmiR 1k
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W b B 2 B AN I 40 A AR A 4 RE 1720 (R AE
Ho B R R T R AT T . FRATT A D SCHR I, Znhit]
SR/ R R L b Rk AR E =, AR T %
FUEHZA, IR AR B Ji AT R R A DGR P U 3R
AT W) ImmGenZU 4 & K I Znhit I1E 0 Jig 2 F 41 g
KA R RIE, AR ER IR bR Rk =
e (B 1A). IR T ZNHIT L I i b Rz 20 b i)
YER, FATTFIH Cre-Loxp RSt e 1 Znhit1";p63-
CreERT2 & MF iR 2l 7 Znhit]1"";p63-CreERT2
BT, AR Znhit] " B AE TN o EELES AN 6~8 )
W PR /0N BROBE AT B s R S Ath 228 55 (Tamoxifen, Tam),
DAL 5 5 2 R i b . EAHE R IR, BT B E
NRIFRRIH R, 46T/ R
R B2 R RR4E /N, AR J5 Se i o,
AE I R 88 2% & 7/ Bl (CTRL)E 4l & 1 fic bk 20,
(cKO) IR . Oy 7 Al 36 PR e /K ~F , AT 3TN
mTmG% e /N R 5 L IR RN R AT 2452,
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/N B i R 4D R GEFPIH I 4 i e g, % TR
7N, £ EpCAM'CD45 i i b 5z 8 f A 4 o s 0 381
70%~80% 1) GFPFH 40 f S5 (K1 1B). [, 43 ik
TECH) RT-qPCR4E i 7% Znhit1 3% 7K FAE cKOZH
W R B (B 1C), 2RI Z AR R R] A 230 AR i i
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R RN, EMEEFIHFEFIEE 14K
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B DL VU R Je Ik A ot J2 e W 3G 5 (BT 1D) o i 5 K
I KON B 1 i i B il s, oA J5t B AN 3 CTRL)
B 1/3(BEFE LF), 1 AR B B .
B AN AT 2H 24 %5 5 CTRL/D SR B A I B 5 4 41 2
Z 5 (B 1H). 4020 i R, KO/ B i
T L ) AN i 2R B i AR 4 I S 2 4 CTRLAL R F% T
99%LA_E(P<0.000 1, FEI1E). [AI, 15 A4NE R Pk
L B BT, S g Rt L T 50%~60% 1) i
# T (P<0.000 1, E1G). HFERENLZ, 5555

RN, 28 &
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Az BT ImmGen$ i 2 73 Mt Znhit 1156 5 B A2 7Y /N BRI fi o A R R 3 K0 IE 7K1 B AR AR R Imm Gen i 4fs e vh 42 DESeq2 b AE AL 4b 2 /5 (14
FIKAE; B: p63-CreERT2;mTmGH & /) RAEAR 538 557175 5 5 S8 7R, W aU4H AR 25 B i Ji b e 40 i b (R GFPERIA L g, 7 AR MR A, 454
CTRLAICKO/NRI\GFP” TECELTT; C: e S Aih 2L 8 25175 558 7 K e KO/ R AICTRL /N SRR _F R (19 Znhit] mRNAREX 235 KF; D: J it
MFEHETFF 5 5514 R KON M ACTRL/N B IR UAR AL, B: S E IR /5507 14 21K/ R B ST AR AL AR R B A8 4L Fe A 5555515
3 )5 KON AMICTRL/ D BRAE M BEH 5515 S R 557 140 2URHIAR MR R AEAL; G B E 25 R 207 144 21/ RUBE BT AZ (L AN
YHAECE 1 He 2 SO 228 55715 5 552 LR I CTRLUAICKO/N SR /N BEIE fils, 6 HdE AT 95 AR AP LL e € n=3, ™P>0.05, *P<0.05,
**P<0.01, ***P<0.001, ****P<0.000 1.

A: expression profile of Znhit! in different thymic cell populations of 6 weeks WT mouse based on the ImmGen database. The x-axis represents expres-
sion values normalized by DESeq2 from the ImmGen database; B: representative flow cytometry plot (left) and statistical analysis (right) showing GFP
expression in EpCAM*CD45" thymic epithelial cells from p63-CreERT2;mTmG reporter mice at 7 days post tamoxifen induction; C: relative level of
Znhit] mRNA in the thymic epithelium of ¢cKO mice and CTRL mice at 7 days post tamoxifen induction; D: phenotypic comparison between cKO and
CTRL mice at 14 days post tamoxifen induction by intraperitoneal injection; E: phenotypic changes in thymus mass and total cell number at 7, 14, and
21 days post tamoxifen induction; F: phenotypic alterations in thymus and spleen of cKO mice relative to CTRL mice at 7, 14, and 21 days post tamoxi-
fen induction; G: phenotypic changes in spleen mass and total cell number at 7, 14, and 21 days post tamoxifen induction; H: bladder, small intestine,
kidney, and lung tissues from CTRL and cKO mice at 21 days posttamoxifen induction were subjected to H&E staining. n =3, “P>0.05, *P<0.05,
**P<0.01, ***P<0.001, ****P<0.000 1.

El1 BYAR LR e Znhit IR f5 /)N SR B BR 48 /)N
Fig.1 Thymic atrophy in mice after Znhitl deletion in thymic epithelium
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RYHEBRA K. B 25 K ITE AR =P 5
WIEHAE TR 14 d2 8. E5 14 R}, Credi 315
DA| E 2 R S A P 5 SRS BV, T B 1 BB 210K, Bl
A N ZDIR B (R S8, L 2H RO R, 45 I iR gm
v P ) A BRI R, 0 0 o R AR EE AH ) AT i T
Re R AEAEE, FEAMECE T B LU A P4k 229
K(EIEFE1TF).

N T AL SR T 2R GE VA I AR 4 /S 097
REAE, FRATTWCEE 7 AN RIS 8] et 1 Bl R 4H 2 384T H&E
e, ZEREOR, IEH CTRL/N BRI M iR 2 AT 20 1
B 0T DX A C e PR ol X, 2 W 0T A8 G . A8
1M, cKO/INFRTE Tam 1405, 57 J5 5588 5 1 3 B A JES 31
&, SR R ERELIRES, i R 2 e S
W RE2A) . Gy o0 JE A bR ic g5 Rt — RSk,
£ CTRLA H 2 28 B 4173 X HEAT (1) 5 s i Jig b R
(cTEC, KRT8PFHH:) s 57 i ik |- f (mTEC, KRT5FH
PE), 75 cKO/NR A RIS A 8L S5 1)
REE20).

(EAFER R, PR ZEYE. R 2L 2 2
IREERSAR S IR HIAR &, B R AR IR i 2123
MNP Nk, AT Tam2 10 B B vk 4 V) A
BEAT T AL OG% t FN 38 2 A0 O B-F- FLBE 1 I (SA-B-
ga) et Gritah RE IR, KO/ AR P fi i K=
2, MR WAL X I AR ZE YK AR, S0 A S A-
B-Gal PH 4 % 22 20 ffd b 1 ¢ CTRLA B T —F5 LA B
(K2BHIEI2D). RS EW], Znhit] (R RALEAS
H6 i b B e iR R IR SN 4, ST /N R
Ji R A P B ) A R R IR A R B . Dt — PR Ag
Znhit] 54 BRI IR EE 20 R, FATHT T A5
T 2 T i I s TR SR A B . SRR, 7R B
BRI A, Znhit] B 2 1047 45 0 EL ) 45 18 A %
/IN BB iR R 2 ) RS /0 SRR T B4 (18.5% vs 11.5%),
HIHBAR SRR K 2T B ss (K 2EMNE 2F), $7R
ZnhitI] 55 4 WA OG0 IR AL O
2.2 ZNHIT14R AR £ R AR T B RS 51

YT p63-CreERT2 3= L5 [ i Jlit b 5z 40, 3%
AT 978 A0 LA 6 Tam2 1 #9024 4 B 2 v 247
SERHT, ARF TECHINERF AR . 765 40 i 2 1
b, BAR KO/ B IR A 20 BN A, (B el T ibk e
ST ) 7 2 T S R R AN P, 5 B iR R 4 g

(CD45 EpCAM ) {E A7 ¥t 40 H Hh (1) AH x0T Bb 451 i 22 7
= (E3A), (HH A HE S CTRLA O IR 3 T F%
(EI3B).

JREHIE ER SR A M 1 A, FATIIA T Ro-
sa26-mTmGHR 5 /N, 7E GFPRH ME R 40 i e A o Ay
¢TEC(EpCAM*UEA-1")#1 mTEC(EpCAM'UEA-1%)
AR A 240, g IR OR ) ZNHIT TR AT R T 1E
W BRSP4« cKOZN B mTECAH X L)
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A: H&E staining of thymic tissues from CTRL and cKO mice harvested at 7, 14 and 21 days posttamoxifen induction; B: thymuses were collected from
CTRL and cKO mice at 21 days posttamoxifen induction (Tam21), and then stained with -galactosidase (blue, left) and Oil red O (red, right); C: immu-
nofluorescence staining of thymic tissues from CTRL and cKO mice harvested at 7 and 14 days posttamoxifen induction. Immunofluorescence character-
ization of thymic epithelial subpopulations. M is medullary region of the thymus; C is cortical region of the thymus. DAPI (blue): nuclear counterstain;
KRTS5 (green): mTEC (medullary thymic epithelial cell); KRT8 (red): cTEC (cortical thymic epithelial cell); D: statistical analysis of the area of SA-B-gal
region and lipid region in B. n=3, *P<0.05, ***P<0.001; E: comparison of the proportion of Znhit!-positive spots in thymic epithelium between 2-month-
old and 18-month-old mice based on spatial transcriptomic data; F: comparison of Znhit! expression in epithelial-enriched spots between 2-month-old and
18-month-old mice. Each dot represents the normalized log-transformed expression value of an individual spot, and bars indicate mean+SEM.
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Fig.2 Znhitl ablation disrupts thymic epithelial architecture and cortico-medullary zonation
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Hn=3 /M. *P<0.05, **P<0.01, ***P<0.001.

A: flow cytometric gating strategy for TEC (CD45 EPCAM") in CTRL and cKO; B: quantification of total TEC frequency (left) and absolute count (right)
from A; C: subset analysis of medullary TEC (mTEC, UEA1"Ly51") and cortical TEC (¢cTEC, UEA1 Ly51%); D: statistical analysis of the proportion
of thymic epithelial cell subsets in C (left) and the ratio of mTEC/cTEC subsets (right); E: high-resolution profiling of mTEC populations, MHCII" and
MHCII"; F: statistical comparison of mTEC subset frequencies. 7=3 mice per group. *P<0.05, **P<0.01, ***P<0.001.
B3 Znhitl BFFFRAA T TECIL B AZRAALA AK
Fig.3 Znhitl ablation disrupts TEC subpopulation composition
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*P<0.05, ****P<0.000 1.

A: flow cytometry analysis of Ki67 positive proliferating cells in cTEC and mTEC (UEA-1 staining for subset identification); B: flow cytometry analy-
sis of apoptosis in cortical (cTEC) and medullary (mTEC) thymic epithelial cells, gated based on Annexin V (early apoptosis) and PI (late apoptosis)
staining; C: percentage of Ki67 positive cells in total TEC, cTECs, and mTEC; D: statistical analysis of apoptosis in cortical (¢cTEC) and medullary
(mTEC) thymic epithelial cells; E: immunofluorescence staining of thymic tissues from CTRL and cKO mice harvested at 21 days posttamoxifen induc-
tion. Immunofluorescence characterization of thymic epithelial subpopulations, DAPI (blue): nuclear counterstain; Caspase3 (green): apoptotic cells;
KRTS (red): cTEC; M is medullary region of the thymus; C is cortical region of the thymus; F: quantification of apoptotic cells in Fig.4E. n=3 mice per
group. "“P>0.05, *P<0.05, ****P<(.000 I.

B4 Znhit IR R3S BL FRANEE BB AR L By 20 R T R 3B TE R #20
Fig.4 Effect of Znhitl ablation on apoptosis and proliferation of cTEC and mTEC
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A: CD4/CD8W Z K i X/ M B AR TR & B B B, CD4 CDS8 (DNJJ]). CD4'CD8'(DPIl). CD4'CDS8 (4SPil). CD4 CD8'(8SPI)4H T #E/ 1T ; B.
C: Tam7(B) I Tam14(C)f it "DN. DP. 4SPHISSPIALH L L] Jz 45 £ & i1t D: CDA4/CD25 M S K s/ HTDNIATAH UK &, CD44'CD25°
(DN1), CD44'CD25'(DN2). CD44 CD25'(DN3). CD44 CD25 (DN44HMIHE5 AT ; Ev F: Tam7(E)F Tam14(F) i Jiit -F DN 1~4 HI4H fa L) f 26 %6

BES. BHn=3 3/ . “P>0.05, **P<0.01, ****P<0.000 1.

A: flow cytometric analysis of thymocyte development by CD4/CDS staining. Populations: CD4 CD8™ (DN), CD4'CD8" (DP), CD4'CD8 (4SP), CD4~
CDB8' (8SP); B,C: statistical analysis of proportions and absolute counts of DN, DP, 4SP, and 8SP stage cells in the thymus at Tam7 (B) and Tam14 (C); D:
flow cytometric analysis of DN subsets by CD44/CD25 staining. Populations: CD44'CD25 (DN1), CD44'CD25" (DN2), CD44 CD25" (DN3), CD44"
CD25  (DN4); E,F: statistical analysis of proportions and absolute counts of DN1-4 subsets in the thymus at Tam7 (E) and Tam14 (F). n=3 mice per

group. “P>0.05, **P<0.01, ****P<(0.000 1.
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Fig.5 Znhitl knockout blocks thymic T-cell development at DN1 stage
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A: 13244, CD4 NICDS 4l it /3 I AA R CD4” TAIfLNICDS® TR, 83 CD44/CD62L ¥ [ 1 2/ Hr T4/ AR 45, CD44 CD62L": HIHGT
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A: gating logic, CD4" and CD8" cell populations represent CD4" T cells and CD8" T cells, respectively; the differentiation status of T cells was analyzed
by flow cytometry with dual gating on CD44/CD62L: CD44 CD62L" (naive T cells), CD44"CD62L" (central memory T cells, CM), CD44"CD62L" (ef-
fector T cells, EM); B-D: flow cytometric analysis (B) and quantification (C,D) of CD4" and CD8" T cells in the spleen; E,G: flow cytometric analysis
(E) and quantification (G) of CD4" T cells at each differentiation stage; F,H: flow cytometric analysis (F) and quantification (H) of CD8" T cells at each
differentiation stage. n=3 mice per group. “P>0.05, ****P<(.000 1.
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Fig.6 Conditional knockout of Znhitl has no significant impact on peripheral T-cell differentiation
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A: experimental workflow. 6-8 week-old mice were treated with tamoxifen five times, followed by sensitization with 0.5% DNFB on the back on day

15. The ears were challenged with 0.3% DNFB on day 21, and the mice were sacrificed on day 35; B: ear thickness dynamics; C,D: flow cytometry

of ear neutrophils (C) and statistics (D), Ly6G" population indicates neutrophils. #=3 mice per group. n=3 mice per group. **P<0.01, ***P<(.001,

**E%P<0.000 1.
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Fig.7 Znhitl conditional knockout potentiates neutrophilic inflammation in contact hypersensitivity
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