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Abstract

Pancreatic cancer is one of the most malignant tumors and most patients have unrespectable or
metastatic disease at the time of diagnosis. With the development of single-cell RNA-sequencing
(scRNA-seq) technology, we are able to explore the internal heterogeneity of the tumor microen-
vironment (TME) at a higher resolution, thereby revealing the key mechanisms underlying the
poor prognosis of pancreatic cancer progression. Previous studies have shown that hypoxia is an
intrinsic property of the TME in solid tumors and activates signaling pathways involved in angi-
ogenesis and metastasis, but the heterogeneity of the hypoxic TME remains to be further eluci-
dated. Pancreatic cancer scRNA-seq data were analyzed by gene set enrichment analysis, mimetic
temporal sequencing analysis and intercellular communication analysis to identify a subpopula-
tion of tumor s with distinct biological functions, in particular one closely related to hypoxia. This
hypoxic tumor subgroup was closely associated with poor prognosis, and the risk score model
constructed accordingly could effectively predict the overall survival of pancreatic cancer patients.
This study deepens the understanding of TME in pancreatic cancer and provides some guidance
for predicting the prognosis of pancreatic cancer.
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1. 518

JEE R e SRR E AR T E BRI, R RAETFIRIE ETF, M 1990 4EF] 2017 4E, 4BRERR
BN T — (52 [1]. [FINF, YRR — P B S IR, 5 A RMN 9% [2]. MReRs
(Tumor microenvironment, TME) & — MR < H4E&S R Y8, 2865 T R4 HMANER . 1. 4K
K7 MV 2 AN AR, 5 R e rtosg i) A= KRV R A 5 B U ) G BR[3] - B4t il /57 52 K (Singlle-cell
RNA-sequencing, SCRNA-seq) ] ©id & &, AR EA S a Fii it 7 a0 M . AT g At 2
FPHIAR, scRNA-seq BB ST HLA S HLFE S AL, AT LA B4 i 53 1% 20 48 7 Jofr g P9 30 A8 4% 572
PERHIE, A BT 008 BE TS [4] [5]

F T T8 240 A ) R 1 BRI 10 A ZH SR B SRS R 2 (RN FANSF 487, RS TME A2 SR P [ R i
[6]. TEGRECIRAST, MR4IMIEES /b — KA ML KE T, Shimfedt Fw g4, BrEmmsEsm
L AAERE IR B AR K S HERE[7]. RIRT, X PR A EEIE AT BE 2 25 0 s R 40 i (1 12 R A R, DL
K A& (A KIS [8]. RISt R B, B ME TME T B4 < 3L (] (hypoxia-related genes, HRGs) 2
SEUBE R E TG A R E R EK[9] [10]. 2R, XL FAEE 2 T BEE TME [R5 P, X Fh
JRPEAE R e A T R B EREI[11]. B, ABFARRIH scRNA-seq %t & HAH R ) 43
W7, R T MR R A R AL LA AR TME B It . bk, B T —ANBER SR, WL
WIS S S HT B TS IR AT TR ST, R TR AR O I A 2 T KU PR Y, W]
UK B3 A TS AT A 8T
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2. BRIASE
2.1. BIERKETALE

AP ST ASE FH IR s S R SR 1) sScRNA-seq £54i ol JiR i A IR SRR B EAT A 78, BRIER T Gene
Expression Omnibus (GEO)##f % (https://www.ncbi.nlm.nih.gov/geo/), N5y GSM6603325. ibUstE |
Cancer Genome Atlas (TCGA) ] PAAD ff] RNA-seq ik i ¥dis f12E 7745 8., $dsifiid GDC [12]
(https://portal.gdc.cancer.qov)#E4T 4. Ak, Wb T GEO ##i = urothelial cancer (UC) &2 ()% it
ITHE, NjE5 A GSE32894.

f# F R {1 Seurat [13] (version 4.1.0)% scRNA-seq Z¥s 1 R UA THEUE R AT TALEE . 15, RIELLTF
FRAEEAT AR, T E AR AR 1) DB AE R > 05% [N A A RIS IR DL R
KRR HU D T 5%4HM; 2) PREBZRRLIREE R RIA /N T 15%M4Hf0: 3) TREAZIEAFENRIE KT 3%
FIENAL; 4) TREE 4L RIE/NT 0.1%H. log10GenesPerUMI > 0.8 4Hf; 5) ¥ F DoubletFinder
ST AN AT A AL . Bt S, {8 NormalizeData R EUGHE4TFrifEALALEE F+FIH FindVariableFeatures
BR B H AT 2000 N AT AR SE K 9F R A ScaleData B A/ TIH—fbAb B, &k, FIF PCA (Principal
Component Analysis)it 1T %4 14 H FindNeighbors B %¢F1 t-SNE (t-Distributed Stochastic Neighbor Em-
bedding) 737X 40 B FEAT BB ARTAAL, AR TR 40 23 TF R AR QB SR AE — k2. bk, iR
B AR GBI AR A A FindMarkers eRECE E 1), 5558 bRtk & B R 28 & A5 308 4k (Fold change, FC) X
#7 logFC > 0.25 H. P < 0.05. RGN EHEAIARICIER I logFC (EEAT B HES, 3 BUAEAS b 7 40 i S 3
logFC {E /T 10 FIAREIE R 2 HI R IA B .

2.2. YARARBVERE

f# F SingleR [14]3% 54 AL AT H BFRiE, SingleR 1] LU T4 5 BRI FEARIE NS %
e, HME S HHARE AR MERFE R R M. BEf5, M CellMarker ¥k
(http://bio-bigdata.hrbmu.edu.cn/CellMarker/index.jsp) 3k B = L5 re 241 o S8 7Y (1 bm B JE AL, 4 B S Hobm 7 2
K439 4: T 41i(CD3D, CD3E, CDS8A, CD4); B 4iffi(CD79A, MS4A1); ENE4NfI(CD68, CD163,
CD14); Hi%ZMI(S100A9, S100A8); FZF4E4NHI(FGF7, MME, DCN); WUAEF4E4Hf(ACTA2); P R4
Jfi(PECAM1, VWF); I Z4Hi(EPCAM, KRT19, PROM1); JEKZHAI(MSAA2): #HZ4Hf(MAP2). 1
SingleR B ATIERE G, T IR FEEA R4 M fe b i I8 AT T3, oubiEReas &, wfk
T R P HE R

23 HMREMEE

CopyKAT [15]H F £ i i1 5 PR 2 38 5 oA i J2k DR 2H 9% DU S e 4 o 12059250 0 325 1 DL
W7 4 PR PP ) A DR AL AR B A5 1, AT X 73 A 44 (Diploid) AR 44 {4 (Aneuploidy) 4 i1,
FH Ja B AR AR o 5 b R AR AR R AT BRI I)S, ] CopyKAT (version 1.1.0) X 7y |- Bz 4
Lm0 R A B A A S R A

24. BEAEEKEROH

PR 45 5 220 M1 [16] (Gene set variation analysis, GSVA) LIS HUTC W B 4 E T, %o JE bR 45 B 3t
T EEDHT. GSVA 43 Hrid & | F MSigDB [17] (Molecular Signatures Database) %54 72
(https://www.gsea-msigdb.org/gsea/msigdb/index.jsp) i ki1 i PR SR £ 47, [ 0 S35 FH 7 E SRR 4R
MSigDB %4 22 H 1 & H F C1-C8 S /LM Tile AR 260, FRATE A H ZER AR HEAT 204, &Ko &
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A 50 MEEILE, T S DNA B . ) - MsRESE 2 M EY i . ] GSVA (version 1.42.0)%k
PRABHATE T, LU H SRR G L R A0 i) R FE R AR RN, TR B AE 50 N HER
PR EENE, FEEAT AR T .

2.5. WIS

LR % 3 A e — ol 3o B2 B s S AL B ASADLAN S Ui 4 o E I DB R R AR R g ik, AT DA R
HMITE R E A BOL A AR R R BN A AR A, HHEWT R T FR 40 M %) 7 AL e B e I 28 (1 v A 7
AR T R B R . S Monocle3 [18] (version 1.3.1) 4 B[ UMAP J5 77 k%t E 4
MEAT RIS, UMAP 2 —FhdR e IR 4N EEE v A B, 78 i R 1) T A R SR 2R A 45 31 1)
R el ORI S B ) SRR TN N e A R R B AR A (R], S 1 R A AT AT A
oo B, X5 b R 2 R D R 20 B AT A I 4 M AT AR P A0 AT . ARz AR, DR MEAN AR
AR R HHEWT S b AR R B R, A S 22 R B (e P T R PR SR AR A S 3 PR AR T H
TE R B s R AR A B 2 25 PR R A

2.6. HAMRENEIESHT

T R A CellChat [19] (version 1.6.1)3F4T 40 i [l {E 7341 FIAH scRNA-seq 4%, f#H CellChat &
SEHEWTRN AT A0 A A0 AE IR 2%, ik E SRS S W AR 2 0 BT A VR F B R, e R A
ANRME T p A R EAE R, FRARE AN EAE RS BT RS S, NN TR T RE S S
A5 50 2% DA S AR . A5 TRt . Beda, FE(E 5 IE /K- 14 Bl 40 i A e R =, DURAA
[ (1) 240 B A e B3 [) 23 5 A 22 A 5 i %

2.7. ETESH

i survival BT TCGA $di B 3R 15 19 172 4~ BLCA BHFEARIATEGF . B, AR
A5 & Cox ELI XU; [B1 U9 (Univariate Cox proportional hazards regression)3#T, ik i 5 S BB B3
KT HE R . B, ff /27485 Cox Hui XU [7] )5 (Multivariate Cox proportional hazards regression)
I3 B AE 2 XU B3 (Risk score) B 7Y, A 2 (1) Fw -

Risk score = Zﬂ, X exp, @))]

b, B AT Expy 3 AR EE A | 1 2 4% 8 Cox [A] 5 & %4 (Multivariate Cox regression coefficient) f1 A /K-,
n ARG ZE R B g . 365, A i r ek 8 40 v 2H (High-risk) A1 f 2H (Low-risk) , 5 A survival
ROC #Atfu2] 3218 % TAF451E (Receiver operating characteristic, ROC)#i£k, Jfit% ROC £k T e
(Area under ROC curve, AUC). b4, it 2zl T Kaplan-Meier (K-M)ZEAF M1 28, HE47 X 50K 58 (Log-rank
test), DAVPAGPHZH G 7R A B 2 .

3. ZEREIHL
3.1. BRERFEAO S LARERI

Ji 46 scRNA-seq HifE (45 11949 M40, Sl =453 5] 9013 MM, @I X scRNA-seq #i ikt
TSR, AR 7 FhaniAL, W 1) s, 45 661 AN R 40H. 940 AN T 4k 4 i .
6498 A I J4iff. 270 NSEMELNME. 547 S T 40f. 40 & 4iffa Rl 57 AN AE K40 .

P T PR b B B e A A A T SRR T B AR, BRI T B AN T IR T, b A
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MUBEAT R LER RIS, Wi 8 AN RE, il Lb)FiR. RIS, K bR guia i —20 0 2 e i 4 i
MIER bR, S5 RnE 1(c)fs: 1E 6498 A Lpzdufirh, 3 2816 AMMURI4HML. 2717 /N IEF 4
A1 965 MARERAE RAGMEAIAE, Ko b g S OUBHRAS . AREAN OB S e R, 8 AN B
YA ELRE 3 AN IR AIMR . 4 BN 1 AN RERG T BB, il 1(d)Fs: IEE
i 7% 455 1E H A 1 (normal subpopulation 1, norl). 1E# IEEE 2 (normal subpopulation 2, nor2) 1 iE 3 ¥ 7
3 (normal subpopulation 3, nor3); itz 4H i % G 45 iRE LA 1 (tumor subpopulation 1, tuml). e EHE 2
(tumor subpopulation 2, tum?2). 148 YF.# 3 (tumor subpopulation 3, tum3) A1 SIE#£ 4 (tumor subpopulation 4,
tum4); B E R 4 A% (not.defined) .
(a) A (b)

ﬂ?
3 Neqr.ons %%kgyr ..
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Figure 1. The single-cell landscape of pancreatic cancer, including. (a) The clustering results of all
cells after annotation. (b) The clustering results of epithelial cells. (c) The identification of benign
and malignant epithelial cells. (d) The clustering results of annotated epithelial cell subtypes

B 1 BRRENRMERN. Q) IAEMIERENRELR; b) ERMEMHRELER; () R
T ERAAERIRA; (d) ERBMTEERERREER

3.2. ERAAMMERNRSERRESR ST

N T A R AR A BRI, S 4 A R iR A B AT = i, e AN B
MR bR G, 45 s 2()fias. fE tuml oY, OLFM4 JEKF1 CRISP3 FEpK| ()21 K P8 e«
OLFM4 i[RI ™] DA 325 i Fi e 40 ffg (YU 189 56 [20]; - CRISP3 3t Al 540 i A= K AER A % [21]. 7E tum2 1,
EROI1A JE[H . FTHL JEFAN TIMP2 J& A 2015 /KP4 s EROLA Jk R B A WE R AR A0l 1k A= KA AR
I LA R AR S [22] FTHL JEBR 5AE S A5 52 [23]: TIMP2 JER 5 44 55 [24]. #£ tum3 1, STMN1
FEH . H2AFZ JERIAT TIMP2 3[R () 238 /K P48 . STMNT FE [ 5 fi s R 8 i RE % 45 95 [25]; H2AFZ
FE DRI AT DUARE JF e 9o 4 i ) 66 B RN AR A, 33k 17 4 3 Ji R 1R % A2 R L R 18] Joi %% 4k, (Epithelial-mesenchymal
transition, EMT) [26]. £ tum4 1, CCL4 FEFEI AN IL7R JE R 215 /K T 55 5. CCLA L [R5 40 M S 155 K
AT DA HE R (4 R R [27]; LR SERLEA IR SR S AT /E A, mT B H sl R 40 F - ige 4 e 28] -

TR F AT BT, BRI T L AR R A R TR, AR E 2()FR .
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5 A S 4 8 A O 1) P R S5 (HEDGEHOG_SIGNALING, BILE_ACID_METABOLISM)#E tuml iF.
BehEde, IR ERAIEES FT LOEE — RAUE S5 RN T RORE, (Eb MR8 as, 0] i 4 p i 2 [29]
[30]. tum2 WHFEHES S MR ML FE BRI 40510 Th g i J: K 55 (Angiogenesis) , I3 41 i (1)
A KA ZORE TR BRI A R 8B R, B BT IR SRR SRS 3%, fEMR Mt . RBMERE i
HEIE(EM[31]. A, %%%k(Hypoxm)i‘H?Qﬁlé%Yi tum?2 2 ERARAS, SR AT DU R SR I H B
HRFEVE ST R, T LB I S EEE SN T 1-a (HIF-1o) 2550 TOERER A AR R, DL @I £ Fhid
7w R R4 [32] . fE tum3 W HE T, 5 4 3G 5E AH O¢ () gk X 4R (MYC_TARGETS_V2,
MYC_TARGETS_V1)EILE£IRE, MYC Z—MiEsE 1, e /et & KEmEMmTH, hei
Wi £ ) 9 T I A2 [33] [34] 7E tumd SEFEH,  SORE AN S B AH DS 2L R 4R (TNFA_SIGNALING_VIA_NFK,
TGF_BETA_SIGNALING) 2 FIR% . # KT «B (Nuclear factor kappa B, NF«B) 2 i 4% Ji o 57 LA K 4
FLor Ak SETE AN S 0 B B TR T, R AR 0 U 389 0 DA B K 2 B S AR R S e 1 f A O

(@) (b)

OLFM4 HEDGEHOG_SIGNALING
CRISP3
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NDRSI = L} APICAL_JUNCTION
SN L 5 E2F_TARGETS
CENSE = -2 MYC_TARGETS_V2
%EMNGF;\IV\ZI = MYC_TARGETS_V1
fss2 = G2M_CHECKPOINT
TUBAIE = OXIDATIVE_PHOSPHORYLATION
ok HTNFA_SIGNALING_VIA_NFKB
Sy TGF_BETA_SIGNALING
oUSR UNFOLDED_PROTEIN_RESPONSE
Bl COMPLEMENT
couaLa IL2_STAT5_SIGNALING
tum1  tum2 tum3 tum4 tum1 tum2 tum3 tum4

Figure 2. Differential genes and enriched pathways for epithelial cell subpopulations. (a)
Top ten differential genes for each subpopulation. (b) Top five enriched pathways for each
subpopulation

2. TEMBTHNERERREEER. () SMEHNFTHINERER; ) 8
MR EEMET MR

3.3. LR 4ARapEAREI TR S 4

N IRNAE TR A R A I R, FRATTE b B AT I A, A5 R 3 B, SRRk
A, Wl 3@)FTR. MG TR I 28 40 0 E A I R, an ] 3(b) AT, AR
nor3, norl, nor2, not.defined, tum2, tuml, tum4, tum3 JXFiEAE.
BIURT 7 i85 R 5 GSVA i &l it AT 84 bt Ziﬁ'ﬂ*féﬂﬂﬁﬁf‘iﬁﬁﬁi‘_ﬁqﬂiﬂ'tlj}}\@%’fkﬁijf
(tum2) % e 4N B3 FECIRAS (tum),  3E 1T 5% D SORE IOV (tumd),  FF 8 28 A 40 LI A2 RS (tum3) T A2
RIS T b IRg A A v AR I A R D RE AR AL @,%U\ﬁ%ﬂﬁ(%}\ﬂ%ﬁkm#ésUﬁﬁﬂlﬁ’ﬁ’ﬁ*ﬂg?ﬁﬁ%ﬁ, 4
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T % JEE 3k A 240 PR 486 5 e A0 S R A G (R IR WU B o [RDRF, SR AT T PR 4 R AE T AL AR P AR A f o B
FZIHTHANFER, Q1 3(c) s, IX IR 4145 : CAMK2N1, CFTR, FXYD3, S100A6, SFRP5, CEACAMSG,
FXYD2, IFI27, S100P #1 SLCAA4. ixXH&HE[A AR 40 n] G S Bk 1 e 4B B e A R v () oo AR M 2
PR, W] REAR AT TR R AR R I AR R .

(a) (b)
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Figure 3. Results of the cell trajectory analysis of epithelial cells. (a) Distribution of epithelial cell subpo-
pulations. (b) Evolutionary trajectory of epithelial cells. (c) Expression of the top 10 genes with the greatest
change in expression during epithelial cell evolution

3. ERRUABINRTFF PATEER . (a) LRI RFRI T IEIR; (b) LR ZBRRAY LRI LA R ;
(c) ERMARNIEIZHREELTURARME 10 MEEPREE

3.4. YHRAELERIER

SRR TR A R A R AR B L, 1 T T sl SRR IR (tu2) ko e 240 6 S PR A A ) A
FRNGZM - 3TN [ 200 0 S AR P AR 52 AR R0 DU AT 240 0 PRI R A, DA e W i S e 88 A5 LA
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K, EAEE

VA 1] PRV B B A ELAE RS L. 72 BT 4 3R AT A MR TR A, 2R AN AP TR
(1 AR R AT I 4E A, 15 PR /N A0 B A P A M B (1 22 /b i Sk I 6 5 T A A P 2 £
—F, J7IAdR ARG, Sk R TR AR R L O A 5 S AR A R R TR . AR AR
B, BRAHAR . ST A BT P R A A S T A A AR L A A R PRGBS R, T AT KA R
T 240 B A g P A7 20 6 5 2 4 i STV ] D38 R P A R 455

T 3k SRR A 40 PR B T T T A 4 RN 57 4 4 R 4D A G TSR 5 (Outputting: commuunication
strength) A% A\ THE8 B (Inputting communication strength), 58 4= Tajith 1 fifds: A4 M S A 8 38 TR 48 Hh
frfh, RN AD) TR . T A A AR iR A B E SR TR 2% I T B A, AR R
GEKIEH, WREEMNGSENCE, BA RS @GR R R s TR RO AT, Ho
tumd AE @ TR B B, T RE S A BRI IRES A K
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Figure 4. Results of cell-communication analysis. (a) Communication network diagram between
cellular subpopulations. (b) Output/input communication strengths of all cellular subpopulations.
(c) Cell-cell communication correspondence, with ten output communication modes synergisti-
cally involved in 39 signalling pathways
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YR IADE TR VR R W 4. BCR-S S2ARIAI A TAR A 5 el R iS5l AT O, W] LASHEN
BRI YRR AA RIS AT REN AN RIS S ARSI RS, WIAA & A i o b 1 VR 45 5 i i,
B AL R R ek 5 2R . A7 Rl LB E TR A 2 5 39 26 f5 Sl SRR R
WS 5NMETEHR, W& 1R,

Table 1. Nine signaling pathways primarily participated by the hypoxic tumor subpopulation
1 REMBIHTESENAMESER

B9 [LGEEN HHEAEF 75 2
LAMININ LAMA3 ECM 34k
LAMININ LAMA4 ECM =4k
LAMININ LAMAS ECM =4k
LAMININ LAMC2 ECM 34k
LAMININ LAMB3 ECM 34k
MK MDK ECM %k
CDH CDH1 2 i [A] 45 fih
CDH1 CDH1 4 i [5] 42 fih
EPHA EFNA1 44 i [5] 42 fih
ANGPTL ANGPTL4 s
CD46 CD46 4 0 [a] 43 fih
AGRN AGRN 4 i [B] 45 ik
CALCR ADM IrUME T

3.5. FUEMXERMER KR ITSEE MR

T T A R TR AT A T BRI A 3 S S (S S R DA I AR, 1931 T 13 AME Sl
PRAR DGR, I DAEAE Ak SE IR, R SAR B Cox EL il KUK [B] U3 20 #7  k -5 28 2 1 s A A7 S A 55 1)
UG R, 53R 5)fn. kIl p <0.05 H X i (Hazard Ratio, HR) KT 1 3K, L1537 4
F K (LAMC2, LAMB3, LAMA3, AGRN, ANGPTL4, ADM, CDH1), X655 8 (1R B 15 A 5%

FIH 2 A& Cox LM RS [R1 A 404, Jd I THERH 7 AN FilS 2 (R 1) 2 48 & Cox 8] JH F 355 45 31 XU v
R, AR FTR:

Risk score = 0.4952 x eXP, avas 2
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Figure 5. (a) Results of univariate Cox proportional hazards regression analysis. (b) K-M sur-
vival curves of patients in the high- and low-risk groups. (c) Time-dependent ROC curves to
predict survival status of patients
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