Xiong et al. BMC Cancer (2025) 25:25 BMC Cancer
https://doi.org/10.1186/s12885-024-13308-0

Check for
updates

Highly proliferating cancer cells function
as novel prognostic biomarkers for lung
adenocarcinoma with particular usefulness
for stage IA risk stratification
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Abstract

Background The refinement of risk stratification in lung adenocarcinoma (LUAD) plays a pivotal role in advancing
precision medicine; however, the current staging classification falls short of comprehensiveness, particularly in the
case of stage IA patients. We aimed to molecularly stratify LUAD patients especially for stage IA.

Methods We analysed tumour heterogeneity and identified highly proliferating cancer cells (HPCs) in LUAD by
performing single-cell RNA sequencing (scRNA-seq) analysis, immunohistochemical (IHC) staining using a tissue
microarray, flow cytometry and biological experiments. Then, we quantified the content of HPCs in nine LUAD
datasets by single-sample gene set enrichment analysis and evaluated the relationship between the percentage of
HPCs and overall survival (OS). Next, we analysed the OS predictive effect of HPCs at different LUAD stages, especially
for stage | risk stratification. Furthermore, we established a prognostic prediction model based on HPC-associated
genes for clinical application. The above findings were validated in another five LUAD datasets. Finally, we explored
the relationship between HPCs and the progressive pathological evolution of early-stage LUAD and the driving
mutations by scRNA-seq, bulk RNA-seq and IHC staining.

Results LUAD tissues carry a small proportion of HPCs, which show potential for malignant proliferation and
intense interactions with the microenvironment. A high HPC content is an independent risk factor for OS in LUAD
patients, even in stage IA patients. HPCs can be used to establish a cut-off point for the prognosis of stage IA disease,
with patients with a higher risk showing a prognosis similar to that of patients with stage IB disease. We built an R
package (HSurADs) based on HPC-associated genes, which exhibited good efficacy for the prognostic prediction of
LUAD. HPCs gradually increase with the pathological evolution of early-stage LUAD, which may be affected by TP53
mutations.
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Conclusion The HPC content can be used as a novel prognostic factor for LUAD, especially for stage IA risk

stratification.
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Introduction

Lung cancer is an important disease that endangers
human health. According to global statistics, in 2020,
there were approximately 2.21 million new cases of lung
cancer worldwide and approximately 1.8 million deaths
[1]. Approximately 40% of lung cancer cases are lung
adenocarcinoma (LUAD), which is the main pathologi-
cal subtype of lung cancer, and thus, LUAD is the focus
of lung cancer prevention and treatment approaches
[2]. LUAD is highly heterogeneous, and accurate clas-
sification of subtypes with different biological and clini-
cal characteristics is the key to the precise treatment of
LUAD [3]. TNM staging, in which tumour size, lymph
node invasion and distant metastasis are the main cri-
teria, is the cornerstone for LUAD classification and
determination of the subsequent treatment (surgery, sys-
tematic treatment, etc.) [4]. Histological typing (such as
atypical adenomatous hyperplasia (AAH), adenocarci-
noma in situ (AIS), minimally invasive adenocarcinoma
(MIA), invasive adenocarcinoma (IAC) and its vari-
ous subtypes) and radiological characteristics (such as
ground glass/solid components) are also important for
the risk stratification of LUAD and accurate treatment,
especially in very early-stage LUAD (stage IA LUAD
characterized by small nodules) [5, 6].However, LUADs
with the same TNM stage and the same pathological
subtype or radiological characteristics still exhibit high
heterogeneity, and new typing parameters need to be fol-
lowed up [6-10].

Tumour biological characteristics have strong implica-
tions for risk stratification and clinical management for
LUAD patients. For example, driver mutation status and
immune characteristics provide indications for screening
targeted and immunotherapy-sensitive populations, and
minimal residual disease (MRD) with circulating tumour
DNA (ctDNA) as its main content effectively predicts
relapse and chemotherapy sensitivity [11-13]. Moreover,
the infiltration of macrophages or fibroblasts also reflects
the ability to predict the prognosis of LUAD patients [14,
15]. In fact, for the third phase of the International Asso-
ciation for the Study of Lung Cancer (IASLC) Staging
Project for the forthcoming (Ninth) Edition of the TNM
Classification of Lung Cancer, molecular information has
been collected to evaluate both its prognostic value and
the feasibility of incorporating this information into the
TNM classification [16, 17]. However, at the level of stage
IA LUAD, the above classification is still inadequate,
and large gaps remain in the biological classification of
IA LUAD. By performing single-cell RNA sequencing

(scRNA-seq), we identified a subset of highly proliferat-
ing cancer cells (HPCs) in LUAD tissues, and we dem-
onstrated the strong prognostic significance of HPCs
in multi-institutional LUAD datasets, especially for risk
stratification of stage IA patients.

Materials and methods

Study design

The design process of this study is presented in Fig. 1.
First, we identified a subset of HPCs from four LUAD
cases from the scRNA-seq datasets (E-MTAB-6149:
patient 1 and patient 2; GSE171145: patient 3 and patient
4) and explored their function by bioinformatics analysis.
Then, we screened the characteristic gene sets and identi-
fied marker genes of HPCs (differentially expressed gene
(DEG) screening: TCGA-LUAD, GSE10072, GS30219,
GSE31210, GSE32863, GSE43458, and GSE63459; sur-
vival-related gene screening: TCGA-LUAD, GS30219,
GSE31210, GSE41217, GSE42127, GSE50081, and
GSE72094). Then, HPCs were detected by immunohis-
tochemistry (IHC) and flow cytometry (FCM) in a tissue
microarray (TMA) and in fresh LUAD tissues, respec-
tively. In addition, gene intervention technology targeting
marker genes in cell lines and subsequent in vitro experi-
ments were used to investigate the function of HPCs.
Furthermore, we used single-sample gene set enrichment
analysis (ssGSEA) to quantify the relative content of
HPCs in nine LUAD datasets of the bulk transcriptome
(GSE13213, GS30219, GSE31210, GSE41217, GSE42127,
GSE50081, GSE68465, GSE72094, and TCGA-LUAD)
(n=2194) and explored the relationships between HPCs
and prognosis and clinical stage. Subsequently, we exam-
ined the risk stratification effect of HPC content on
stage I LUAD, especially stage IA LUAD. In addition, we
screened the key genes from the characteristic gene set
of HPCs through machine learning algorithms (random
forest (RF) and extreme gradient boosting (XGBoost)) to
establish risk scores and corresponding R packages (HSu-
rADs) for clinical application. Furthermore, we validated
these results on four independent LUAD bulk transcrip-
tome datasets (GSE11969, GSE14814, GSE81089, and our
dataset: GSE282774) (n=327) and a LUAD clinical data-
set from our centre (#=729). The SEER-LUAD dataset
(n=18620) was used to analyse the clinical significance
of existing IA classifications. Finally, we explored the
relationship between HPCs and the progression of early-
stage LUAD through scRNA-seq, bulk transcriptome
sequencing and IHC staining of samples from different
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Fig. 1 Study design. Workflow of this study. LUAD, lung adenocarcinoma; scRNA-seq, single-cell RNA sequencing; ssGSEA, single-sample gene set en-
richment analysis; SEER, Surveillance Epidemiology and End Results; KEGG, Encyclopedia of Genes and Genomes; GO, Gene Ontology; GSEA, Gene Set
Enrichment Analysis; TMA, Tissue Microarray; IHC, Immunohistochemistry; FCM, flow cytometry; HPCs, highly proliferating cancer cells; rf, Random Forest;
XGBoost, eXtreme Gradient Boosting

pathological stages of early-stage LUAD (AIS, MIA and GSE14814, GS30219, GSE31210, GSE32863, GSE41217,

IAC (IA)). GSE42127, GSE43458, GSE50081, GSE63459, GSE68465,
GSE72094, and GSE81089), scRNA-seq datasets
Datasets (E-MTAB-6149 and GSE171145), and LUAD clini-

Public datasets, such as bulk transcriptome datas- cal datasets (SEER-LUAD), were downloaded from the
ets (TCGA-LUAD, GSE10072, GSE11969, GSE13213, TCGA [18-20], ArrayExpress [21], GEO [22] and SEER
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databases [23]. Datasets and LUAD specimens from our
centre, including scRNA-seq (GSE189357), bulk tran-
scriptome data (GSE282617 and GSE282774), TMA,
and a clinical dataset (Ki-67 index), were collected from
Tangdu Hospital, the Fourth Military Medical Univer-
sity (Xi'an, China), in accordance with ethics authority
approval. Detailed information on the public datasets
and procedures used for IHC, FCM, scRNA-seq and bulk
RNA-seq are provided in the Supplementary Material 1.

Biological experiment

Human LUAD cell lines (PC-9) were purchased from the
Cell Bank of the Chinese Academy of Sciences (Shanghai,
China). For transient transfection, siRNAs (Sangon Bio-
tech, Shanghai, China) were transfected into cells using
Lipofectamine 2000 (Invitrogen, CA, USA) according
to the manufacturer’s instructions. Quantitative reverse
transcription-polymerase chain reaction (qRT-PCR)
and Western blotting (WB) were used to measure mRNA
and protein expression, respectively. CCK8 prolifera-
tion assays were used to examine the proliferation rate of
cells. Detailed information is provided in the Supplemen-
tary Material 1.

Bioinformatics and statistical analysis

R language was used for bioinformatics and statistical
analysis, and a two-sided p value<0.05 was considered
to indicate statistical significance. Detailed information is
provided in the Supplementary Material 1. The research
is being reported in line with the relevant guideline of
Reporting Recommendations for Tumor Marker Prog-
nostic Studies (REMARK) [24].

Results

LUAD possesses HPCs in a minor proportion

We analysed the scRNA-seq data of four LUAD tissue
samples (E-MTAB-6149: Patients 1 and 2; GSE171145:
Patients 3 and 4) and identified immune cells (T/NK
cells: TRBC1/GNLY; myeloid cells: AIF1/LYZ; B cells:
CD79A/MS4A1), stromal cells (endothelial cells: PLVAP/
VWFE; fibroblasts: COL1A1/DCN), and epithelial cells
(EPCAM/KRT?7)) (Supplemental Fig. 1A, 1B). Cancer
cells were further identified by subdividing epithelial cells
and performing CNV analysis (all stroma and immune
cells were used as references) (Supplemental Fig. 1C,
1D). Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis revealed a typical subpopulation: HPCs (Fig. 2A),
and Gene Ontology (GO) and Reactome analyses also
demonstrated a high level of division and proliferation
processes in this subpopulation (Supplemental Fig. 2A,
2B). Gene set enrichment analysis (GSEA) based on the
Hallmark database also confirmed that the subpopula-
tion had high malignant proliferation ability (Supplemen-
tal Fig. 2C). Cell communication analysis demonstrated
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close communication between HPCs and other cells in
the microenvironment, especially through the MDK
pathway and ANXA1 pathway (Supplemental Fig. 2D
2E). These pathways can not only promote the self-pro-
liferation of tumour cells, resistance to apoptosis, and
metastasis but also regulate other cells in the microen-
vironment, promote immunosuppression and angiogen-
esis, and support other microenvironments conducive to
tumour occurrence and progression [25-30]. Through
intersection analysis, we determined the characteristic
gene sets of HPCs (Fig. 2B, Supplemental Table 2). We
considered the abnormal spindle-like microcephaly asso-
ciated (ASPM) gene as a possible marker gene for identi-
fying HPCs and characterized its biological function by
DEG screening (cancer-normal tissue) in 7 LUAD data-
sets and prognostic gene screening (Surv) in 7 LUAD
datasets (Fig. 2C-E). ASPM was first recognized as a
spindle tubulin-related protein, and an increasing num-
ber of studies have suggested that it plays an important
regulatory role in malignant tumours by regulating the
functional activities of various proteins through its mac-
romolecular structure [31]. Some databases have also
shown that ASPM is distributed in the nucleus, cyto-
plasm and membrane (https://www.genecards.org/) [32].
We also selected Ki-67, a classic proliferative marker, as a
marker of HPCs. Ki-67 is commonly expressed in prolif-
erating cells, except for cells in the GO phase, and is often
used as a marker to evaluate the proliferative activity of
cancer cells [33, 34]. We demonstrated a strong correla-
tion between HPCs and Ki-67 and ASPM in multiple
datasets (Fig. 2F). We demonstrated the presence of a
hyperproliferative cell subpopulation in the TMA via
IHC staining of Ki-67 and ASPM (Fig. 2H). In addition,
in the LUAD cell line PC-9, after small interfering RNA
(siRNA) was used to silence ASPM, the proliferation rate
significantly decreased, and the content of cyclic-related
molecules also decreased (Supplemental Fig. 2F-H). We
also demonstrated the presence of HPCs in fresh LUAD
tissues by flow cytometric measurement of carboxyfluo-
rescein diacetate succinimidyl ester (CFSE) dye dilution
(Supplemental Fig. 2I). Both scRNA-seq, TMA IHC and
FCM revealed a small proportion of hyperprolifera-
tive cell subsets in LUAD (Fig. 2G and I; Supplemental
Fig. 2I).

The HPC content is clearly correlated with the prognosis of

LUAD

We evaluated the clinical significance of the HPC content
in LUAD. First, based on the characteristic gene set (Sup-
plemental Table 2) of the gene expression signatures of
HPC, we used ssGSEA to quantify the relative content of
the HPCs in the LUAD samples using 9 different LUAD
datasets. A higher HPC content predicted shorter overall
survival (OS) in all 9 LUAD datasets, and a meta-analysis


https://www.genecards.org/

Xiong et al. BMC Cancer (2025) 25:25

A

Patient 1 Patient 2
Ribosome: . [] Huntington disease:
Coronavirus clsessa - COVID-19 . ® Pardneon disesse
PI3K-Akt signaling pathway{ @ Amyotrophic lateral sclerosis:
‘Axon guidance | L4 ‘Alzheimer disease
HIF-1 signaling patiway{ @ Oxidative phosphorylation
ECM-rocoptor Intoraction{ ~ ® GeneRatio Pathways of neurodegeneration - multiple diseases padiust
Insulin signaling pathway{ @ ® o1 HIF-1 signaling pathway{ ~ @,
Human papilomavirus infoction] @ @0z T ]
meiosis o001
Adipocytokine signaling pathway{ @ [ XX Progesterone-mediated oocyte maturation { o
Glutathions metabolism{ . @0t Pyrimidine mataboiism{ @
Protein processing inendoplasmic reticulum: . @05 One carbon pool by olate . 0002
FoxO signaling pathway { o P53 signaling pathway o
peping 5 lular sanescenc o
i H padjust Antigen processing and presentation | °
Splceosome 3 Coronavirus disease - COVID-15 ® | oneratio
Oocyte meiosis: ‘e 001 Allograft rejection { . ® 010
Progestarone-medisted oocyts maturation . Grafi-vorsus-host diseaso .
Pyrimidine metabolism{ Y 002 Type | diabetes mellitus { . ® o5
ONA replcation ‘e 003 Vil myocardte | o | 8=
Nuclaotido metabolism e o004 alKillr coll modiated cytotoricity o @0
Antigen processing and presentation . T colrecoptor signaling pathway { °
Parkinson disease { L] Primary immunodeficiency 1 i
Type I diabotes mallus ™t s iz ifrn H
Salmonella infection { . Hematopoletic cell lineage |
Biosynthesis o amino acds | . VIPI;I- :.;mu. Interaction with cytokine and cytokine receptor :
ISEIXX] ®
REEREN Ay e
FEEFS ST
i daddd
g o !?\

Highly proliferating
cancer cells

cancer cells

C

Patients3

Patients4

Patients1 Patients2

133

410

Patient 3

Page 5 of 17

Patient 4

Protoi procossing insndoplasmic retiulu bosome
17 ignaing patwey |® Goronavirs discase - COVID15
Antigen processing and jon{® Lipid and atherosclerosis {
it and theroscioos  siomlig patwey
1L-17 signaling pathway { °
Glutathions metabolism| | e
necom o Gonetatio g pathwey |
Goronavirs discase - COVID15 o o oo Protein processing n ngopmic ricom] @ @ | GonoRatio
Parkinson disease ® o1 NF-kappa B signaling pathway| @ ® o1
Oxidative phosphorylation o GeotsGluconsogonesis] @ @02
- o] ots 5 st ]
e § e Lo o
nogonesis - ] Cor .
Chemial o o] @ @ Gontt b et s cavcr] i
DNA reg " 4 p-adjust Fructose and mannose metabolism |
plction moon disease °
Progesarne-msdandcoormaeon] '@ oaes Prion disaase . o
e s coremrion] @ oot Lomey o ey -t s o | g
pS3 signaling pathway { (33 oos Antigen processing and presontation . o008
Gocyi meion . oo esirogen sgnatng pathwy | o | Mo
Advarons Juncton o oazs atcyee °
Focalsdnesion . oA replction ol
Arrhythmogenic right ventricular cardiomyopathy 1 . Fanconi anemia s
Cellular senescence | (3 Nucleotide metabolism 0
‘Salmonella infection { [ ] Drug metabolism - other enzymes: {3
‘Small cell lung cancer | b Pyrimidine metabolism o
Endocyions ol o
COCEES €S ”S
S SR
888 FEFEES
fifif é é n.ed" CELT A
SESSE FESEE S wigny prolferating

cancer cells

ASPM
cDC20

ASPM
¢ 75

50

25

Rate of Ki67(100%)

Ki-67
ASPM 085 S
MKI67 0.75
® ® ® 7] ® A
o o © o 8 8 2 & o 5
m m m m m m m m @ 8
- © © B B o -3 N » 3
w o == = N =3 © n d
® 2 R 3§ 3 8 &5 8 €
) © =3 - =N = a E~
G )
Patient 4 .
Patient 3
Patient 2
Patient 1 .
0.00 0.02 0.04 0.06

Highly proliferating cancer cells (100%)

a ~
o a

Rate of ASPM(100%)
»
a

Fig. 2 HPCs in LUAD. (A) Biological pathway enrichment (KEGG) of malignant epithelial cell subtypes in four LUAD tissue samples. (B) Common DEGs
of the HPCs in four LUAD tissue samples. (C) Survival prediction ability of 103 genes comprising the HPC gene signature in 7 LUAD datasets was evalu-
ated (Surv). (D) Analysis of the common DEGs between cancer tissue and normal tissue in 7 LUAD datasets. (E) Intersection analysis of survival predictor
genes (Surv) and DEGs to identify possible functional marker genes of HPCs: ASPM. (F) High correlation between APSM/MKI67 and HPCs across multiple
datasets. (G) Proportion of HPCs in four LUAD tissue samples. (H) IHC staining for Ki-67 (left) and ASPM (right) protein levels in LUAD tissues (up, low resolu-
tion; down, high resolution). (I) Expression intensity of Ki-67 (up) and ASPM (down) protein in LUAD-TMA. In the LUAD tissue samples used for scRNA-seq,
Patient 1 and Patient 2 were from E-MTAB-6149, and Patient 3 and Patient 4 were from GSE171145. KEGG, Encyclopedia of Genes and Genomes; LUAD,
lung adenocarcinoma; scRNA-seq, single-cell RNA sequencing; DEGs, differentially expressed genes; HPCs, highly proliferating cancer cells; TMA, Tissue
Microarray; IHC, Immunohistochemistry; ASPM, abnormal spindle-like microcephaly associated

showed an overall risk prediction function (common
effect: HR=1.42, 95% CI=1.32-1.52; random effect:
HR=1.45, 95% CI=1.33-1.59) (Fig. 3A). Using four data-
sets with complete clinical information, we demonstrated

the independent predictive effect of HPC content on OS
(Supplemental Fig. 3A). We integrated the gene expres-
sion data of 9 datasets through z-transformation. The
datasets that were not integrated showed an obvious
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batch effect (Supplemental Fig. 3B), but the batch effect
after integration was not obvious (Supplemental Fig. 3C).
We assessed the HPC content in the integrated popula-
tion via ssGSEA. We found that a higher HPC content
was closely associated with worse prognosis (Fig. 3B)
and may be an independent prognostic factor after
accounting for age, sex, smoking history, and TNM stage
(Fig. 3C). Through decision curve analysis, we found that
HPCs exerted a stronger prognostic effect than age, sex,
or smoking history but were still inferior to TNM stage
(Supplemental Fig. 3D).

The relationship between the content of HPCs and the
clinical stage of LUAD

We found a significant correlation between HPCs con-
tent and the clinical stage of LUAD and a significant

increasing relationship in stages I and II, especially for
LUAD IA/IB (Fig. 4A). By analysing the integrated data,
we found that the HPC content negatively predicted OS
in all stages (stage I, II, and III-1V), with greater signifi-
cance in stage I (Supplemental Fig. 4A). Moreover, mul-
tivariate analysis revealed that a higher HPC content was
an independent prognostic risk factor for stage I, II and
III-IV LUAD (Supplemental Fig. 4B). By further divid-
ing stage I tumours into stage IA and IB tumours, we
found that a higher HPC content in both stage IA and
IB tumours was still clearly associated with prognosis
(Fig. 4B). A multivariate analysis revealed that a higher
HPC content was an independent risk factor for stage IA
and IB LUAD (Fig. 4C). For each dataset, the meta-analy-
sis also demonstrated that the content of HPCs was posi-
tively correlated with prognosis at each stage, especially
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Fig. 4 Relationships between HPCs and the clinical stage of LUAD. (A) Content of HPCs in different clinical stages of LUAD in the integrated cohort of 9
LUAD datasets. (B) OS curves for two categories of LUAD patients according to the level of HPC (median value as the cut-off) in stage IA (left) and IB (right)
in the integrated cohort of 9 LUAD datasets. (C) Independent OS predictive efficacy curves of HPCs in stage IA (left) and IB (right) in the integrated cohort
of 9 LUAD datasets. (D) OS predictive efficacy of HPCs in stage IA (left) and IB (right) in 9 LUAD datasets. HPCs, highly proliferating cancer cells; LUAD, lung
adenocarcinoma; OS, overall survival
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at stage IA, where 7 of the 9 datasets demonstrated a
significant prognostic impact (Fig. 4D) (Supplemental
Fig. 4C).

The level of HPCs stratified the risk for stage IA LUAD
Based on the median HPCs, we divided stage IA LUAD
patients into a high HPC content group (IA-H) and a
low HPC content group (IA-L) according to the inte-
grated data. The prognosis of IA-H patients was signifi-
cantly worse than that of IA-L patients but similar to that
of stage IB patients, suggesting that HPCs can be used
for prognostic stratification of stage IA LUAD patients
(Fig. 5A). However, the currently used eighth edition of
the TNM staging recommendations for IAs, which are
based on tumour size, is not sufficient, and the progno-
sis of the highest risk type (IA3) is still better than that
of stage IB (Fig. 5B). We further classified stage IB LUAD
by HPC content, and the IB-L subsets showed a lower
degree of malignancy, similar to that of stage IA LUAD
(Fig. 5C). However, the higher risk type of IB (IB-H) still
did not overlap with that of IIA (Fig. 5C). Furthermore,
we evaluated the effect of HPC content on the risk strati-
fication of stage IA and IB LUAD patients in each of the 9
datasets. The meta-analysis revealed that the prognosis of
low-risk IA (IA-L) was significantly lower than that of IB
(common effect: HR=0.54, 95% CI=0.40-0.73; random
effect: HR=0.46, 95% CI=0.30-0.70) (Fig. 5D), while the
prognosis of higher-risk IA (IA-H) was similar to that of
IB (common effect: HR=0.91, 95% CI=0.71-1.17; ran-
dom effect: HR=0.91, 95% CI=0.71-1.17) (Fig. 5D). The
prognosis of IB with a lower risk (IB-L) was similar to
that of IA (common effect: HR=1.15, 95% CI1=0.87-1.51;
random effect: HR=1.15, 95% CI=0.87-1.51) (Supple-
mental Fig. 5A). The prognosis of IB with a higher risk
(IB-H) was much greater than that of IA (common effect:
HR=1.84, 95% CI=1.44-2.35; random effect: HR=1.84,
95% CI=1.44-2.35) (Supplemental Fig. 5B). However,
the prognosis of IB with a lower risk (IB-L) or higher risk
(IB-H) was still significantly better than that of stage IIA
(Supplemental Fig. 5C, 5D). These results suggest that the
HPC content can be used for risk stratification of stage
IA LUAD for screening high-risk subtypes.

LUAD prognostic prediction and stage IA risk stratification
based on HPC-associated genes

We aimed to establish a risk score based on HPC-
associated genes to clinically evaluate the prognosis
of LUAD. After integrating the nine datasets, we ran-
domly divided them into a training set (#=1329) and
a test set (n=865) (6:4). The random forest (rf) and
eXtreme Gradient Boosting (XGBoost) algorithms
were used to screen the feature genes from the char-
acteristic gene set of HPCs closely related to prog-
nosis (Fig. 6A). Through intersection analysis of the
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most important genes (top 20), we identified 7 char-
acteristic genes (Fig. 6B). Subsequently, the prognos-
tic risk score was established by Cox regression (risk
score=ECT2 *(0.1456) + PRC1%(0.2635) + CCNB2*(-
0.0683)+PTTG1#(0.0381)+ UBE2C*(0.1426) + ASF1B*(-
0.1772)+ ASPM*(0.0323)). In both the training set and
test sets, the risk score consistently predicted the prog-
nosis of LUAD (Fig. 6C) and stage IA LUAD (Fig. 6D).
We established a risk score-based prognostic prediction
model in the training set (Fig. 6E). Finally, based on the
risk score, we developed the R package (HSurADs) and
function (HpSurADs) for predicting the survival prob-
ability of LUAD patients for clinical application (Fig. 6F).

Validation of the clinical significance of HPCs

To further clarify the clinical significance of HPCs, we
validated the above findings. First, we used the Ki-67
index to represent HPCs and evaluated the relationship
between Ki-67 expression and the prognosis of LUAD
and risk stratification of stage IA LUAD in 729 patients
from our centre. We found that the Ki-67 index was
associated with a worse prognosis of LUAD (HR=2.46,
95% CI=1.27-4.76) and stage IA LUAD (HR=3.83, 95%
CI=1.34-10.99) (Fig. 7A and B). Based on the median
Ki-67, we divided stage IA LUAD patients into a high
Ki-67 content group (IA-H) and a low Ki-67 content
group (IA-L). The prognosis of IA-H was significantly
worse than that of IA-L but similar to that of stage IB,
suggesting that Ki-67 can be used for prognostic strati-
fication of stage IA LUAD (Fig. 7C). We then collected
four independent bulk transcriptome datasets of LUAD
(GSE11969, GSE14814, GSE81089, and our dataset:
GSE282774) (n=327). We integrated the gene expression
data of 4 datasets through z-transformation. The datas-
ets that were not integrated showed an obvious batch
effect, but the batch effect after integration was not obvi-
ous (Supplemental Fig. 6A). We assessed the content of
HPCs in the integrated population via ssGSEA based on
the gene expression signatures of HPCs. We found that
a higher HPC content was clearly associated with worse
prognosis (Fig. 7D) and may be an independent prog-
nostic factor after accounting for age, sex, smoking his-
tory, and TNM stage (Supplemental Fig. 6B). Moreover, a
higher HPC content was also closely related to the prog-
nosis of stage IA LUAD (Fig. 7E) and was an independent
risk factor (Supplemental Fig. 6C). Based on the median
HPCs, we divided stage IA LUAD patients into a high-
HPC group (IA-H) and a low-HPC group (IA-L) accord-
ing to the integrated data. The prognosis of IA-H was
significantly worse than that of IA-L but similar to that
of stage IB, suggesting that HPCs can be used for prog-
nostic stratification of stage IA LUAD patients (Fig. 7F).
Finally, we further evaluated the value of the risk score
in the validation datasets. Similarly, the above risk score
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Fig. 5 Significance of HPCs in risk stratification of stage | LUAD. (A) OS curves of two risk types of stage IA LUAD patients divided by the median level of
HPCs (IAHand IA L) and stage IB LUAD patients in the integrated cohort of 9 LUAD datasets. (B) OS curves of IA1,1A2, A3 and IB LUAD patients in the SEER
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Fig. 7 Validation of the clinical significance of HPCs in LUAD. (A) OS curves for two categories of LUAD patients according to the level of Ki-67 (median
value as the cut-off). (B) OS curves for two categories of stage IA LUAD patients according to the level of Ki-67 (median value as the cut-off). (C) OS curves
of two risk types of stage IA LUAD patients divided by the median of Ki-67 (IA H and IA L) and stage IB LUAD patients. (D) OS curves for two categories of
LUAD patients according to the level of HPCs (median value as the cut-off). (E) OS curves for two categories of stage IA LUAD patients according to the
level of HPCs (median value as the cut-off). (F) OS curves of two risk types of stage IA LUAD patients divided by the median of HPCs (IA Hand IA L) and
stage IB LUAD patients. HPCs, highly proliferating cancer cells; LUAD, lung adenocarcinoma; OS, overall survival

had a significant negative prognostic effect on LUAD and
stage IA LUAD (Supplemental Fig. 6D).

The HPC content significantly correlates with the
pathological evolution of stage IA LUAD

Why do HPCs have a profound prognostic effect on
IA LUAD? We analysed the relationship between the
HPC content and the degree of malignancy of stage IA
LUAD, which gradually increased during the gradual
evolution of AIS-MIA-IAC. We collected early-stage
LUAD samples (AIS: 20, MIA: 17, IAC (IA): 23) and con-
ducted bulk RNA-seq. We found that the HPC content
increased gradually through the AIS-MIA-IAC progres-
sion, as determined by ssGSEA (Fig. 8A). IHC staining of
Ki-67 indicated that the HPC content increased gradu-
ally through the AIS-MIA-IAC progression (Fig. 8B).
Furthermore, we collected early-stage LUAD samples
(AIS: 3, MIA: 3, IAC (IA): 3) from our department and
performed scRNA-seq. Immune cells (T/NK cells:

TRBC1/GNLY, myeloid cells: AIF1/LYZ, B cells: CD79A/
MS4A1), stromal cells (endothelial cells: PLVAP/VWE,
fibroblasts: COL1A1/DCN) and epithelial cells (EPCAM/
KRT7) were identified according to typical marker genes
(Fig. 8C) (Supplemental Fig. 7A). The cancer cells were
further identified by subdividing epithelial cells and per-
forming CNV analysis (all the stroma and immune cells
were the reference cells) (Fig. 8D) (Supplemental Fig. 7B).
HPCs were found in early-stage LUAD by KEGG analy-
sis, GO analysis, Reactome analysis and GSEA based on
hallmarks (Supplemental Fig. 7C-F). We found that the
proportion of HPCs gradually increased with the evolu-
tion of AIS-MIA-IAC (Fig. 8E). We further analysed the
reasons for the high abundance of HPCs in LUAD. First,
the TCGA-LUAD cohort containing mutation records
was divided into two groups based on HPC content
(Supplemental Fig. 7G). We found that TP53 mutations
were the most significant genomic changes in the high-
HPC group compared to the low-HPC group (Fig. 8F). A
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Fig. 8 Relationships between HPCs and the malignant evolution of stage IA LUAD. (A) Levels of HPCs in AIS, MIA and IAC (IA) tissues (RNA-seq) quanti-
fied by ssGSEA. (B) IHC staining for Ki-67 protein levels in AIS, MIA and IAC (IA) tissues. (C) tSNE was used to determine the distribution of total micro-
environmental cells, including immune cells (T/NK cells, myeloid cells and B cells), stromal cells (endothelial cells and fibroblasts) and epithelial cells, in
9 early-stage LUAD tissues (scRNA-seq). (D) tSNE was used to determine the distribution of all epithelial cell subtypes, including normal and malignant
epithelial cells, in 9 early-stage LUAD tissues (scRNA-seq). (E) Levels of HPCs in AIS, MIA and IAC in 9 early-stage LUAD tissues (scRNA-seq). (F) Driver mu-
tation comparison analysis of patients with high and low expression of HPCs in the TCGA-LUAD database. HPCs, highly proliferating cancer cells; LUAD,
lung adenocarcinoma; ssGSEA, single-sample gene set enrichment analysis; IHC, Immunohistochemistry; AlS, adenocarcinoma in situ; MIA, microinvasive
carcinoma; IAC, invasive adenocarcinoma; scRNA-seq, single-cell RNA sequencing

greater HPC content in the TP53 mutant group was fur-
ther demonstrated in three LUAD transcription datasets
(GSE72094, GSE26939 and GSE13213) (Supplemental
Fig. 7H-]). In conclusion, we believe that TP53 mutations
promote the accumulation of HPCs and thus promote
the progressive progression of early-stage LUAD.

Discussion

Previous studies have focused on the risk stratification
of stage IA patients based on radiological and pathologi-
cal features. For patients with stage IA LUAD, the com-
position and proportion of ground glass opacities, small
tumour size and lepidic growth in pathological manifes-
tations are gradually becoming stratification markers of
low-risk subtypes [6, 10, 35, 36]. The prognosis of these
tumours is excellent, and reducing the scope of surgery
can also result in survival benefits. However, stage IA
patients with pathological manifestations such as micro-
papilla, solid components, lymphovascular invasion,
and spread through air spaces often have a worsened
prognosis, and active adjuvant therapy may be needed
after radical lobectomy [8, 35, 37, 38]. However, there
are still defects in the previous classification of stage IA

LUAD patients. The first problem is that the screening of
high-risk subtypes is relatively insufficient, especially for
patients with stage IA disease. The JCOG series of clinical
trials has gradually identified low-risk patients who can
benefit from sublobular treatment [36, 39]. The National
Comprehensive Cancer Network (NCCN) guidelines
and the World Health Organization (WHO) classifica-
tion confirmed the pathological characteristics of low-
risk subtypes, such as AIS and MIA [40]. However, the
5-year survival rate of stage IA LUAD patients is only
approximately 80% (a considerable number of patients
are still at risk of postoperative recurrence), and screen-
ing of these patients remains largely unsuccessful [41].
Stage IA3, the most severe subtype in the current stag-
ing system, is still associated with a better prognosis than
stage IB; therefore, current staging methods cannot pro-
vide definite criteria for postoperative adjuvant chemo-
therapy. Moreover, clinical application based on current
staging or risk stratification methods remains controver-
sial and is not sufficiently convenient. For example, for
part-solid tumours, subsolid nodules in TNM staging
(8th) can be subdivided according to the size of the solid
components, but some researchers believe that ground
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glass composition can be classified as a good prognostic
sign, regardless of the composition [6, 9, 42]. Although
the pathological subtype criteria in the 5th WHO classi-
fication play an important role in determining prognosis,
the extent of infiltration and the relationships between
different subtypes in terms of composition proportions
and clinical characteristics still lack rigorous evidence.
Furthermore, the accurate pathological diagnosis of stage
IA LUAD is extremely challenging due to both specimen
quality and the ability of pathologists, which to some
extent reduces the convenience of clinical applications.
The mechanism of carcinogenesis shows good potential
for the risk classification of cancer. The biological charac-
teristics of tumours have also become a potential basis for
the clinical evaluation and treatment of LUAD. Molecular
typing, represented by driver mutations, enables molecu-
lar targeted therapy, especially for epidermal growth fac-
tor receptor (EGFR) mutations and anaplastic lymphoma
kinase (ALK) rearrangements. These targeted therapies
have shown good results in patients with specific genetic
backgrounds, as they significantly improved the survival
status of patients compared with traditional chemother-
apy [43]. Immunotyping based on the tumour immune
background has also led to breakthroughs in immuno-
therapy. For example, immune checkpoint therapy based
on the tumour mutation load and expression level of pro-
grammed cell death 1 ligand 1 (PD-L1) also shows supe-
rior effects to traditional chemotherapy. Moreover, its
combination with platinum-containing dual drugs can
significantly improve the prognosis of LUAD and even
increase the likelihood of long-term survival [11]. Liquid
biopsy, such as ctDNA detection, can be used to effec-
tively evaluate the survival, recurrence and treatment
sensitivity of LUAD patients [12, 13]. Malignant tumours
are complex ecosystems in which a variety of noncancer
cells and cancer cells communicate with each other and
promote the occurrence and development of tumours. In
particular, the rapid development of single-cell sequenc-
ing, spatial omics and other technologies has effectively
evaluated the biological and clinical significance of differ-
ent cells in the tumour microenvironment. For example,
the levels of different types of fibroblasts can effectively
predict the prognosis of LUAD and the risk of LUAD can
be classified by the distribution of different types of fibro-
blasts [15, 44]. The infiltration of different types of mac-
rophages is closely related to the prognosis of LUAD [14].
Risk scores based on tumour neutrophil differentiation-
related genes can predict prognosis and immunotherapy
outcomes in NSCLC [45]. In fact, molecular information
has been collected to evaluate both its prognostic value
and the feasibility of incorporating this information into
the forthcoming (Ninth) Edition of the TNM Classifica-
tion of Lung Cancer [16, 17]. However, clinical evaluation
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methods based on tumour biological characteristics are
inadequate for stage IA LUAD.

Through scRNA-seq technology, we found that a
small number of malignant cell populations with high
proliferation-related gene expression were indeed pres-
ent in LUAD (multiple biological enrichment methods
revealed that this group of cells was a highly proliferative
subpopulation, and cell communication analysis revealed
that this subpopulation was fully in communication
with the remaining microenvironment), and they were
also found in LUAD tissues according to proliferation-
specific molecular staining and FCM. We also validated
the malignant proliferation characteristics of these cells
in vitro. These cells are likely to function as stem cells
or tumor-initiating cells (possessing higher proliferation
rates, higher metastasis rates and other highly malignant
features), which are critical to malignant initiation and
progression [46, 47]. What is the relationship between
HPCs and the malignant features of LUAD? We deter-
mined the gene expression characteristics of HPCs in
LUAD via intersection analysis and quantified their con-
tent in multi-institution-acquired LUAD cohort tran-
scriptome data via ssGSEA, which is a good method for
estimating the whole-gene expression profile or func-
tional status of cells. Regardless of the training set, test
set, or validation set, HPCs showed significant prognostic
value for LUAD. We found that the relative HPC content
was an independent prognostic factor for LUAD. How-
ever, although the prognostic effect of the HPC content
was significantly better than that of classic clinical fac-
tors such as age, sex, and smoking history, it was weaker
than that of tumour TNM stage, suggesting that it may be
used as a supplement to the existing stage.

So can HPCs be used as a basis for further classifica-
tion of TNM stages? We first demonstrated a significant
relationship between the level of HPCs and cancer stage,
with a significant increasing relationship at stage I. The
level of HPCs was an independent prognostic risk factor
at different stages. However, it was more evident in stage
I, even in stage IA. Since HPCs can be used as prognostic
markers for stage IA LUAD, can they be used as a basis
for high- to low-risk classification of stage IA LUAD?
We classified stage IA via the HPC content. IA-H (with
a higher level of HPCs) led to a significantly worse prog-
nosis than IA-L (with a lower level of HPCs) but led to a
prognosis similar to that of stage IB. When we performed
the same stratification at the IB stage, we found that the
prognosis of IB-L (with a lower level of HPCs), similar
to that of stage IA, was better than that of IB-H (with a
higher level of HPCs), but the prognosis of IB-H was bet-
ter than that of stage IIA. These results suggest that the
relative HPC content can be used as a basis for the clas-
sification of high-risk patients with stage IA disease. To
facilitate clinical application, we used machine learning
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algorithms to screen characteristic genes (HPC-associ-
ated genes) and established an R package (HSurADs) for
predicting LUAD OS, which exhibited good efficacy. All
the above results were verified in the validation set.

Why are HPCs capable of risk typing for stage IA
LUAD? Moreover, what is the role of HPCs in the malig-
nant progression of stage IA LUAD? Understanding the
law of transformation from precursor glandular lesions
to invasive lesions (AAH-AIS-MIA-IAC) is the key to
exploring the malignant mechanisms of stage IA LUAD.
In 2019, Hu et al. performed whole-exon sequencing of
pathological specimens of early-stage LUAD. The authors
found that AIS/MIA/IAC had more single nucleotide
variations, copy number variations and subclonal varia-
tions than did AAH, and a gradient increase in driver
gene variation existed during the evolution of AAH-AIS-
MIA-IAC [48]. In 2019, through whole-exon sequencing
of tissue samples, Zhang et al. reported that the tumour
mutation load increased during the progression of AIS-
MIA-IAC, and IAC showed more driver mutations,
especially mutations in TP53 and other genes related to
tumour DNA repair [49]. In 2019, Chen et al.,, through
whole-exon sequencing and transcriptome sequencing
of tissue samples, reported that TP53 mutations, arm-
level chromosome copy number changes and HLA het-
erozygosity deletions increased during the progression of
early-stage LUAD, and IAC also exhibited more genetic
variation than did AIS/MIA [50]. In 2020, Li et al. con-
firmed the accumulation of TP53 and other driver genes
during the evolution of AAH-AIS-MIA-IAC by organiz-
ing multiregional whole-exome sequencing [51]. In 2020,
Lu et al. compared single-cell differences between ground
glass nodules (MIAs) and solid nodules (IACs). The
authors reported that both tumour cells and stromal cells
differed and that tumour cell proliferation was relatively
weaker in MIA at earlier stages [52]. Xing et al. revealed
changes in the cell microenvironment, pathway mol-
ecules and other events among subsolid nodules (corre-
sponding to MIA and IAC in early-stage LUAD), normal
lung tissue and advanced LUAD and reported that NK
cells and the toxic immune fraction in subsolid nodules
were decreased (but still higher than those in advanced
LUAD) [53]. In 2021, Wang et al. also demonstrated that
increased energy metabolism, ribosome synthesis and
stem-like tumour cells might promote the pathological
evolution of early-stage LUAD [54]. In general, the lit-
erature suggests that with the progression of early-stage
LUAD, tumour cells show more genetic variation, tumour
biological behaviour becomes more malignant, and
immunosuppression becomes more obvious. Through
sc-RNA-seq, IHC staining and bulk RNA-seq of early-
stage LUAD samples, we found that as stage IA LUAD
progressed, the content of HPCs continuously increased.
Considering the strong malignant proliferation potential
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of HPCs and their ability to communicate strongly with
the microenvironment, we believe that HPCs may be
involved in the malignant evolution of stage IA LUAD,
which may partially explain the biological reasons for the
classification of stage IA risk. In addition, we found that
TP53 mutations promote the accumulation of HPCs in
LUAD, and TP53 mutations are not only high-frequency
mutations in LUAD but also key molecular events in the
progression of glandular precursor disease to invasive
adenocarcinoma [50, 51, 55, 56].

This study has several limitations. First, a retrospec-
tive cohort design (analysis of the retrospective database)
was adopted in this study, and some bias is difficult to
avoid. Second, RNA-seq, which is relatively expensive,
is needed to determine the HPC content and risk score,
and corresponding economic methods must be devel-
oped to increase the affordability of clinical application.
Third, whether HPCs and the risk score can be combined
with current IA risk classification parameters (radio-
logical and pathological features) needs further verifica-
tion. Fourth, whether HPCs can guide the treatment of
stage IA LUAD, such as surgical methods and adjuvant
therapy, needs to be rigorously explored in clinical tri-
als. Fifth, the biological significance of HPCs needs to be
studied in vitro and in vivo.

Conclusion

In conclusion, we provide a basis for HPC-based prog-
nostic prediction and risk classification of early-stage
LUAD, which may aid in accurate diagnosis and treat-
ment in clinical practice.
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