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[Abstract] Objective-To identify the gene expression program (GEP) of cancer-testis genes (CTGs) during spermatogenesis based
on single-cell transcriptome data from the testis and investigate their association with the prognosis of cancer patients. Methods*
Expression profiles of normal and tumor tissues were obtained from the GTEx and TCGA databases to screen CTGs. The GEP of
CTGs during spermatogenesis was identified by applying the leiden clustering algorithm to testicular single-cell transcriptome data.
DecoupleR was used to evaluate the activity levels of GEP and determine the cell types and stages of spermatogenesis where each
GEP was active. Subsequently, DecoupleR was used to evaluate the activity levels of GEP in tumor tissues and analyze the
correlation between GEP and cancer patient survival. Results:Based on the expression profiles of normal and tumor tissues from
the GTEx and TCGA databases, 917 CTGs were identified. By using the expression patterns of CTGs in the testicular single-cell
transcriptome data, seven GEPs were identified through the clustering algorithm. Activity level analysis revealed that GEP5 was
active in the early stages of spermatogenesis, including spermatogonia stem cells, differentiating spermatogonia, and early primary
spermatocytes. The distribution of GEP5-associated genes was predominantly found on the X chromosome. Additionally, survival
analysis demonstrated a statistically significant negative correlation between GEPS activity levels and patient survival in various
tumors. Conclusion - During spermatogenesis, GEPS5 is active in early stages, and its associated genes are primarily located on the X
chromosome. In multiple tumor types, the activity level of GEPS5 is closely related to patient prognosis.
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FE S I (cancer-testis gene, CTG) ™, et A
AR E BRI SRR U B 5 B e ik, o st
BEPREIF Z H i CTA 578 CTG, 7E20094F, I
SR T B E R CTG, # HAF B % 3 p £
CTdatabase ¥, CTdatabase {57 A WA # 2t T
AHOCSTIR N & R, AR A PR . FERA &
4 IKAh, WS EARYE CTG R FE X Yeaik I, ¥
CTGM 22 MATEXRLEIR LR CTG (CT-X) Flor
FtER YLtk ECTG (Non CT-X) 5,

o6 A O T PR AR S M R A 5, (AT 1 )
F AR X 2 Fh A B S B E AR R R AH A, H
K AR AT REARAEARMLZ Ab 7 RS AR, B
t CTG 1Y 57 %35, AT RE S 144 4t f b A T BR
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expression program, GEP) #f ff ¥, Jf Hix e
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1 HE5RE

1.1 CTG ik

1.1.1  GTEx ¥ kB3 GTEx (Genotpye-
Tissue Expression) i H 8 /7 T4 ik 45 #ff 5% & H T 0F
FLL A S R B B . ARl R
JER BRI B B R ek Bl B IE 4
AU 5 S 41 BUPE (https ://www. gtexportal. org/home/
datasets) . HoRAAAFEIE 2019 4E8 H 20 H, WA
JE V8, LA SAFP IR, SIS,

1.1.2  HBM %% % 2 5035 19 35 B
Body Map (HBM) Tl H {5 16 R4 ISR 154 S L 5L
Wi KT 5 GTEX SSRGS AHICEL, HBM
B LA I Y R B (reads) 4R (FASTQ
WAk, I GTEX Bl M it A2 HBM AY%L
HEHEAT X AL R i . HBM Y FASTQ J i B A4
FEMBL-EBIEEE, iS5 ) E-MTAB-315.

1.1.3  TCGA 483K EL i3 TCGAbiolink™

Illumina Human
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K 2 TCGA B0 e v 33 i i 28 BUARE A (0 5 S 4L
FF 4 H T gde-client T 219 R 51 - 17 & gdc_manifest.
txt 3P, Z S5, H gde-client T3 33 R ie 2 AUAE
A BYEE S AW TR EOE UA R v33.1, K
ATIFE] A 20224FE5 7 31 H

114 JERRBRE T 8 AR R R e v
(specific measure, SPM) i 3 K 7F 52 AL 41 21 Yy
RSk Y Bk CInr . R AE R R 418
HIRIBERE R R I X e R, IEm AR, n
ANFERHL . BB TEARR AL iy Rk 1 Al DLRR
FinHx, e R", 1x1:
xi:(x,-pxiz,"',xij,""xm) (1).

Horpr, iR IR, x, R R AR A
Ry RIA R, A DARIRHZIEARL,

HE KRR S 1 e R IR A8 FE A SE N H b 3R 8
MATEHAB A L Rk . PRI BE D 7 R S b AE 20 2
IR, IR LB i FE A Rl 4 2 b e 8 5 1 1 £ A LA
FRn A2

x0=(0,0, 5, x, -+, 0) (2),

AR A2, WTLUE SO AR AU R
SEFRIAFERE, HPFEDR AR [F] 20 b ) LS SRR N
x, FIE DR 5 57 360K T2 L ¢ B FE S [R] 4L 40 () AR 36
KA B ) Z [ cos AHABLEE , SPMYY, Mo L an= 3
B :

SPM{") = — =

= —t (3).
Z’l ot
1.1.5 i CTG CTG ) F B AFAEZ7E 1IE 5 Y 22 AL
YUk, JFAEME P m s, Wik, mTR
O3 G A S T Ak SR ALK SRR BE I (testis
specific gene, TSG), 3T TSGs 7E g o () £ ik
LI E H C TG
fifi FH IE % S L 500E  (GTEx %4 4 Al HBM %X
W) IO B ok 2 BUHE (TCGA B4 P2 ) i ik
CTG. %, Wik TSG, AL BT T . Oi®
GTEx B4 g v 35 P 76 S [R] 2 U8 00 o 1) S 3 36
ki, @THE GTEx Bdi i v A~ SE A 75 22 L2 241
(RS, BRI SPMTets 6T ()57 HBM %l J4
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TSP AEA R AL R EE . @5
HBM $U4R g3 6 26 S LA S R S B
SPM{ei M. () 1 L SPM, e T > 0.9 il
SPM{ S MW > 0.9, I HLAE S LA 9L P 2 ek
T 1 TPM &R AR IN . Hk, CTG i iy %
TSG i & 72 MR s 2k (ZEAE 1RR IR Y 1% 4
ARk, FIEHBIEN 5 TPM).

1.2 GEPI% &

K1 K A i FE v B9 GEP & — 21 e ik B = AR LAY
SENM R SE N AE 0 NIk, N TSR T R T
b CTG i f & 1 GEP, XF CTG 7E 52 JL B4 it 1Y)
KTE VAT R0 . BRAE T LU M CTG 164G T
KA R ) ek
1.2 BRI MRS SEALUR AR B (AR A S OL
N B S AR K B 2018—2019 4 R R 11 3 i 2L
2l i s ZH 9SGk, LB F GEO 8548 12 b i i
5 4 Bk GSE109037 ' | GSE112013 1 i
GSE124263 . iX 3 52U A 4l i S 4 H 2 10X
-G A B RS . BTk R S 2 SR AL O R
], SE3EBIETEILH A RS AIE, AFF
JRE . B, IR MY reads %, EHTAb
PRI 3 BRI W R RO, X RIS — S LR A
T, ARIT RS 3 4B
1.2.2  SESUMANMEL sS4l F o0 b OB T R R iR
I 17 reads % 4 ) FASTQ #% X, JF¥G SCE & v &l
cellranger AJ DA% 2 4% 2, 5 J5 fifi H cellranger X 2
5 1) 2235 KPR 7 28 it . R0 Hr i Python 15 5
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() scanpy EBEAT Y. ERIEMBEE, £ . it
e HIF, ffH scvi-tools #E 4T Z<HH YR BN A i I XL
A BESE, f leiden [ SRS AA 1 R0 M A T
KW leiden B LI RARM SR EE R
resolution, K T i E mILM R LS, £ — RV
resolution F1di i leiden %f 40 0 gEAT RS, FFEHIR &R
% (silhouette score) I fli B KA ZR . Silhouette
score J&— M ML TIPAE RS R A L, Bl
AR B SR A0 45 B, Silhouette score f& &~ FF
AT, B2 DA o RoRHEA SR —
HKrh HAh gL Z BRI F IR RS, b RFEAR SRS H
53 Z 18] (9 7 Y BE B . BRSAEZR 1Y silhouette score
(s), AIAZRR R 4.
b-a

S=m (4)0

SPME R s e[ -1, +1], -1 FREEARDS
B, 1 ROREFEARSGERL, s T 0MhE RN X
FEAR TR . T =8 E (KDHEAR) 1
ARG, AR5 B FEAS 1Y silhouette
score Y F-¥1E, iCh S, Fom LS.

K
s=z}“ (5).

SRR, R BHE G P RARAEAS Y 73 S8 15 B i
I BEFE— FR 5 resolution ZEL, MRIGEASE R
RIS BRAERE S BRI resolution
TERRERZH, JELISE e 202 . Bl
3 3t A ) SCHR AR B m g 1 SR SUR [
MR PRSI (R D), JFREX e ST A
() 248 L IS v ) SRR A 0 T Pl A A B A A T R

Tab 1 Testicular cell types, abbreviations, and their corresponding marker genes and cell numbers

Cell type
Spermatogonia stem cell SSC
Differentiating spermatogonia Differentiating SPG
Early primary spermatocyte Early primary SPC
Late primary spermatocyte Late primary SPC
Round spermatid Round ST

Elongating spermatid Elongating ST

Elongated spermatid Elongated ST
Sertoli cell SC
Peritubular cell PC

Leydig cell LC

Smooth muscle cell SMC
Epithelial cell EC

Testis macrophage ™

http://xuebao.shsmu.edu.cn

Abbreviation

Marker gene Cell number/n

UTF1, DMRTI 5822
DMRTI 2006
DMCI 2085
ZPBP, SPAG6 4484
ZPBP, SPAG6, ACR 5653
TNPI 3541
TNP2 2511
S0X9 1368
MYHII 3740
DLK] 4485
MYHI1, NOTCH3 672
VWF 1792
CD14 1442
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123 GEP¥EWE N TEEMTAELES
CTG L% I GEP, H e B A CTG 1 S AL L 40 i
Mgk RGO, BT CTG R RIKTAHE R
YR (WEEERIRST), BEIS VR4 5 2 40 ) e 3k 0%
HF %2 CTG & 1 GEP, BAAETRINT . O
CTGTEA 58 R AN i R M . Qi leiden K2R
KX CTGHATRIE, OXRMTHMELE, e
— Z % resolution, FF FH silhouette score BF-fifi 2 35 &%
W, RN resolution, @l I F LA RS K
XFCTG#EAT RIS, 1R FRBBAAMLA CTG 4 ALY
L, O HAREER CTG I FRIAELR, MWEAN
[7i) e PR B R A AR =LA e ) o

XL PR AR AL B AN [A] B SR PR SRR X, A JE
XK —> GEP, Jf HiXLt GEP Z [A| HAEH 5.
A GEP KRN G, HAFHEENBN N, 7E GEP N
BB, DA BE R 5 R R A v i 3 B IR A O R AL
TR 1Y FRIRE G T8 GEP (I AH AR B2
TN pg, W p, iR A 6:

Pe= spearmanr(xg,xg),ge G (6)

K61, spearmanr F/m it K2R 2AH OC R BT
PREL, Hh SciPy PEFRAL . x, IR GEP Pl — A3 [ 72
P AR ) BRI Tl v FORFEI R
O, SR

_ 1 geCG
xg_ﬁzg xg (7)0

1.3 GEP MR IKFLE B AL 5 58 8 fil e 1 G 2

1.3.1 GEPIHMEMT O 172 %78 GEP {414
i (scRNA-seq) & A (Bulk RNA-seq) Y&
BRARRE, fiFH DecoupleR £ 7111 wmean pRECTT 321
GEP IR IRAREE 'Y, FR N ago 1t wmean JEit 5
tH GEP P 2 A 3R 3k i AL V- 241, FRAR H6 AR -
B R Z 53 A A AR T T8 SR AP YME .
HEAL IS AR -3 (E 2 R GEP RI& BRAR i, Horp
AU Ay i S SRR Rk 82X 5 i 8 GEP (1)
AAMIFREE, B p,o GEP PA K 3235 & 1 AL E P 24 {8
JE N8, y, TR — D EERTE— DA/ AEA T 3R

ik

il

me:%zZEGygpg (8),

X — A~ 2 B v A IR, i BR S GEP X Y
SEPIBCE S AR 1000 0K, IR RHACE FI1E, 15
#i% GEP FLHE V- IME I T o3 A o 504 i X (A1 )5
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1.3.2 AAForr A4 5 TR R GEP 1915 BR 2
ESBERENER, FHRIES T survival (352
B, B4, i id DecoupleR U A wmean PR X 11 55
TCGA T 537 i GEP (& SRR ;. PRI - 7ok
GEP I BRFEJE R 20 R GEP TR BRFRFEAIRAH , B2 414
fEhge; Wey, JEFEEN GEP IGIREE 5 BED
AR OL, UEAT Cox M43 o

2 ER

2.1 CTG ik

e h e 1 2714 TSG,  HE— 4 0 ik HH 917 4
CTG. Hrf, %3 CTG 5 WANG % 4 SE 5
CTGH 705 M H A, HAGE T CTdatabase #ii
A 1174 B % #2124 CTG, i s F
CTdatabase 55 A 164 (KI1A).

& 1B LL# T CTG MIFE CTG 7E S LA 4L b i 2 ik
oL, 45 R KW CTG #k FiyFR kK F-m THE CTG
2REKF. E1C, DS T CTG Y @ik 4y
fifsol, Hp CTGTEX Yk F R E w4, KI1CE
W CTG 78 X Yefa ik LAY 5 i KT HiAh e a8
1t Fisher's K 460 158 CTG 78 4 & YL (o ik b i 5 S5
(K 1D), %598 88 CTG1E X P ik F iy 1
(odds ratio, OR) & FHAY M, HHE R E K
F1 (P=0.000), i CTG WEEET XYk |-,

2.2 GEPMH%E

J TS B SEAUAA S R R, G i 3B
it 1) D I P sl L O R AT B A g . R A sevi-
tools FYRE G IE R 3 LB e &, L4531 39 601 14
Jlo XA S A S AL S B2 2 S A R AT A L SR 2k
ot (K2). 588K, 7E—F 5 resolution 24,
4 silhouette score Bz KAH W, XJ B [ resolution
0.8 (E2A). 3T It resolution {ELK: 20 It S 25 Hy 22 4~
¥ K2C. DArolos 1 52 U2 21 rb (A 20 Jf Fn A Bl
R AR SRR RN O . T AR I R
SIS, S5 245 21 52 20 2 A S 4 i A s 20 %]
W% (E12B). A 13FhAHAESEAY, fgfh 40 M 28 7Y 1 4
PR Ao bR B R LR 1
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Note: A. Comparison between CTGs identified in this study and previous studies. B. Distribution of CTGs and non-CTGs in testis. C. The proportion of CTGs
identified in different chromosomes. D. Odds ratio of CTGs on chromosomes. “P=0.000, compared with other chromosomes.
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Fig1 Screening of CTGs
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Note: A. Relationship between resolution parameters in cell clustering and the silhouette score. The red dotted line in the panel indicates the optimal resolution
parameter in clustering. B. Single-cell transcriptome map of the testis. C. Expression of marker genes of somatic cell types (SOX9, CDI4, VWF, DLKI,
NOTCH3 and MYH11) in testis. D. Expression of marker genes of germline cell types (UTF1, DMRTI, DMCI, ZPBP, SPAG6, ACR, TNPI and PRM?) in testis.
The intensity of color in the C/D panels represents the level of gene expression after normalization.
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Fig 2 Cluster analysis of testicular single-cell transcriptome and cell types labeling
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Note: A. Expression of CTGs in the entire testicular single-cell transcriptome. B. The relationship between resolution and silhouette score in CTGs clustering.
The red dotted line in the panel indicates the optimal position of resolution. C. Expression of CTGs in testicular germ line cells after clustering. D. The
proportion of CTGs contained in each GEP on the chromosomes. The values in the heat map of A/B panels were converted to z-scores by the gene. The closer

the color is to yellow, the higher the gene expression is; the closer the color is to purple, the lower the gene expression is.
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Fig 3 Identification of GEP contained in CTGs during spermatogenesis
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Note: A. Single-cell map of testis germ line cells. B. The activity of GEP in testis germ line cells. The colors in the panel represent the degree of activity of
each GEP. The closer the GEP is to red, the more active it is, and the closer the GEP is to blue, the more inhibited it is. C. Relationship between GEPS5 activity
and prognosis in different cancer types. OS—overall survival, PFI—progression free interval, DFI—disease free interval. The colors represent the hazard ratio

(HR) of Kaplan-Meier (KM) survival analysis and Cox regression analysis. White means HR=1; pink means HR=2; light blue means HR=0; gray indicates

missing data. (DP<0.001; @P<0.01; BP<0.05; @P<0.10.
4 GEPHIERBERUEGEPS ElERELEENER

Fig4 Activity of GEP and the relationship between GEP5 and the survival of cancer patients
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