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Abstract: Our understanding on transcriptional regulation of tumour cells responding to ionizing radiation (IR) has 
mostly come from bulk sequencing. However, due to the heterogeneity of tumour, how each individual cell responds 
to IR differently is unclear. We report here a heterogeneous cellular response to IR by single cell transcriptome se-
quencing. We utilized the barcoded Smart-seq2 single cell transcriptome sequencing technology in breast cancer 
cell line MDA-MB-231 both without and with IR treatment. To further understand how ATM, a major hub protein re-
quired for an optimal DNA damage response, affected the heterogeneous IR response, we also knocked down ATM 
gene for single cell transcriptome sequencing. Single cell t-SNE analysis showed four clusters of cells responding to 
IR in distinctive ways: Cluster 1 changed the least; Cluster 2 responded to IR by upregulating ribosome associated 
genes, while Cluster 4 upregulated both ribosome and G1/S phase associated genes; Cluster 3 was a new cluster, 
which appeared only in irradiated cells. In the absence of ATM kinase, cells displayed much less transcriptional 
changes after IR. And Cluster 4 in wild-type cells, which had the greatest change in response to IR, was not present 
in the ATM knock-down cells. We also selected three IR-induced genes for functional validation in both MDA-MB-231 
and an additional breast cancer cell line to demonstrate their importance in radiation sensitivity. Taken together, 
our single cell transcriptome analysis has revealed a heterogeneous cellular response to DNA damage induced by 
IR and identified potential biomarkers of radiation sensitivity. 
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Introduction

Radiotherapy is one of the most effective treat-
ments for malignant cancers [1, 2]. By inducing 
DNA double strand breaks, ionizing radiation 
(IR) takes advantage of tumour cells having a 
comprised DNA damage repair system to con-
trol tumour growth [3-6]. Histo-pathological 
features (such as differentiation, proliferation 
and tissue specific pathology) and tumour 
micro-environmental factors (such as hypoxia 
and inflammation) typically determine sensitiv-
ity to radiation [7, 8]. In addition, intrinsic cellu-
lar radiation sensitivity is defined by genetic 
factors [9, 10]. Our understanding of the molec-
ular mechanism regulating radiation sensitivity 
has been greatly improved due to extensive 
studies on signalling pathways of the DNA dam-
age response (DDR) and DNA repair [11-13]. As 
intra-tumoral heterogeneity exists in the major-

ity of tumour tissues [14-16], the extent of het-
erogeneous responses to IR that might deter-
mine the eventual fate of tumour cells has yet 
to be discovered. 

Studying the cellular response to IR at the tran-
scriptome level has identified key components 
in the DDR network, highlighting that these 
components might serve as potential biomark-
ers for radiation sensitivity [17]. Using next gen-
eration RNA sequencing, researchers have 
extensively studied gene expression alterations 
in response to IR and the biological processes 
that may be affected by these changes in a cell 
population as a whole [18-21]. Differentially 
expressed genes (DEGs) of tumours pre- and 
post- radiation therapy have also been identi-
fied in patient samples [22, 23]. However, most 
of these studies are based on bulk RNA 
sequencing and we can only get the average 
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expression level of each gene among a large 
number of cells. A significant amount of hetero-
geneity information will be missed.

Development of single cell transcriptome se- 
quencing has made it possible to look at tran-
scriptional alterations at the single cell level 
[24]. Since the first single cell transcriptome 
sequencing method in 2009, several methods 
based on distinct mechanisms have been de- 
veloped [25-28]. Among these methods, Smart-
seq based on a template-switching mechanism 
to ensure acquiring of information for full-length 
transcripts, is the most commonly used one 
[26]. Taking advantage of its simple manipula-
tion and satisfactory performance, Smart-seq 
has been extensively used in cancer research 
[29, 30]. In 2012, to improve the sensitivity, 
accuracy and coverage, researchers developed 
Smart-seq2 [31]. A recent study used Smart-
seq2 to perform single cell RNA sequencing of 
218 cells from the established radiation-resis-
tant oesophageal cancer cell line KYSE-180 
[21]. Subpopulation changes and aberrant 
expression of genes in five signalling pathways 
were found in radiation-resistant cells. 

In our study, we used a barcoded Smart-seq2 
to further improve the accuracy and reduce the 
cost [32]. We analysed 3’ mRNA libraries for 
334 single cells using breast cancer cell line 
MDA-MB-231 (the overall workflow was shown 
in Figure S1A) and identified unique clusters of 
cells that responded to IR in a distinctive way. 
We also investigated the role of the ataxia tel-
angiectasia mutated (ATM) kinase, which plays 
a critical role in IR-induced DDR, in cellular 
composition changes during DDR. We selected 
significant, IR-induced genes (MCM3, MCM4 
and SLBP) for validation in both MDA-MB-231 
and an additional breast cancer cell line 
BT-483. Our study demonstrated the heteroge-
neous cellular response to IR-induced DNA 
damage at single cell level in a relatively homog-
enous population, offering in-depth information 
regarding heterogeneity of radiation sensitivity.  

Materials and methods

Cell line construction and IR treatment

Breast cancer cell line MDA-MB-231 was 
obtained from cell bank of Chinese Academy of 
Sciences (the cell line certification and myco-
plasma testing results were shown in Figure 

S1B, S1C). Cells were cultured in DMEM medi-
um with 10% fetal bovine serum (Hyclone, 
Waltham, MA, USA) and 100 units/mL penicil-
lin-streptomycin solution (Hyclone) at 37°C with 
5% CO2. To construct the ATM knock-down 
MDA-MB-231 cell line, we synthesized the ATM 
siRNA oligonucleotides in GenePharma Biotech 
Company (Shanghai, China). Sequences of 
siRNA were shown below: AAUGUCUUUGAGU- 
AGUAUGUUTT (5’-3’), AACAUACUACUCAAAGAC- 
AUUTT (5’-3’).

Lipofectamine 3000 Transfection Reagent 
(Invitrogen, Waltham, MA, USA) was used in the 
cell transfection according to the manufactur-
er’s protocol. Quantitative real-time PCR and 
western blot (ATM antibody: Cell Signalling 
Technology, Danvers, MA, USA) were used to 
validate the effects of ATM knock-down. 

IR treatment was performed at a dose of 5Gy/
min with the machine of Precise (Elekta, 
Stockholm, Sweden). For both wild-type and 
ATM knock-down MDA-MB-231 cell lines, half 
of the cell plates which were subcultured from 
the same cell plate were treated by 5Gy IR and 
continued culturing for 4 hours after that. The 
time point and IR dosage were chosen following 
the previous study, which showed an induction 
gene peak at 4 hours after 5Gy IR treatment 
[18]. One plate of cells from each group (Ctrl, 
IR, ATM-KD, ATM-KD-IR groups) was harvested 
at the same time point for single cell isolation 
and sequencing. 

Single cell transcriptome sequencing

96 single cells from each group (Ctrl, IR, ATM-
KD and ATM-KD-IR groups) were isolated by 
mouth pipetting. Single cell lysis was performed 
in 2.5 ul lysis buffer containing Triton X-100 
(Sigma, Louis, MO, USA) and RNase inhibitor 
(Invitrogen). Reverse transcription and amplifi-
cation of single cell mRNA were performed by 
barcoded Smart-seq2, which introduced unique 
molecular identifiers (UMIs) and barcodes into 
the reverse transcription primer as described in 
the published paper [32]. 48 single cells with 
different barcodes were pooled together and 
biotin modified primer was used for another 4 
cycle PCR to enrich the 3’ end of mRNA. 3’ 
mRNA libraries were constructed using KAPA 
Hyper Prep Kit (KAPA, Boston, MA, USA) and 
NEBNext Multiplex Oligos for Illumina (NEB, 
Ipswich, MA, USA). The quality of the libraries 
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was detected by qPCR and fragment analysis 
with LabChip GX Touch 24 Nucleic Acid Analyzer 
(PerkinElmer, Waltham, MA, USA). Qualified 
libraries were sequenced by Illumina Hiseq X 
Ten 2×150 bp. The sequencing data has been 
submitted to NCBI GEO under accession num-
ber GSE145700.

Quality control and mapping of single cell tran-
scriptome sequencing data

Raw sequencing reads were first separated into 
each single cell according to the barcodes. 
Then quality control (removal of reads with low-
quality bases or contaminated by adapters) 
and removal of template switching oligonucle-
otide (TSO) and reverse transcription primer 
sequences were performed by Trimmomatic- 
0.36 software [33]. Sequences in read 2 were 
used for extraction of barcode and UMI infor-
mation. And sequences in read 1 were mapped 
to hg38 human reference genome by hisat2-
2.1.0 software [34]. The expression of each 
gene was counted by using HTSeq-0.9.1 soft-
ware [35]. During this process, UMIs were used 
to overcome the bias introduced by PCR 
amplification.

Detected gene numbers, UMI numbers and 
percentages of mitochondrial RNA were calcu-
lated for further quality control of single cells. 
Cells with two-fold standard deviation from 
mean distribution of each feature were remo- 
ved. Expression data were then normalized and 
scaled using Seurat by setting scale factor as 
10,000 considering sequencing depth [36].

Single cell clustering and DEG calling

For single cell clustering, we first performed 
dimension reduction by using principal compo-
nent analysis (PCA) to select highly variable 
genes. Then ‘RunPCA’ and ‘FindClusters’ were 
used to determine the numbers of dimensions 
and clusters. After that we applied t-distributed 
stochastic neighbour embedding (t-SNE)-based 
clustering to visualize the results. 

The DEGs were called by using ‘FindMarkers’ in 
Seurat for expression comparison between two 
groups of cells. The area under the curve (AUC) 
score was also calculated by using R package 
‘pROC’ to help estimate the expression speci-
ficity for each group.

GO, STRING network analysis and GSEA

Gene ontology (GO) analysis of significant DEGs 
between two groups or markers of each cluster 
was performed by using R package ‘enrichR’ 
[37]. Significant DEGs were defined as DEGs 
with adjusted P value ≤ 0.05 and logFC > 0.33 
or < -0.33 between the IR and Ctrl, or ATM-KD 
and Ctrl groups by combined analysis. Markers 
of each cluster were defined as upregulated 
genes compared with other clusters with 
adjusted P value ≤ 0.05 and logFC > 0.33. Only 
enriched terms with adjusted P value less than 
0.05 were retained. Top 10 GO terms (sorted by 
adjusted P value) were shown (if less than 10, 
all GO terms were shown).

STRING network analysis of significant DEGs 
was performed in https://string-db.org/. Sign- 
ificant DEGs were defined as DEGs with adjust-
ed P value ≤ 0.05 and logFC > 0.33 or < -0.33 
between the IR and Ctrl groups by combined 
analysis. Genes without connections with any 
other genes were removed from the figures. 

Gene set enrichment analysis (GSEA) between 
different cell subgroups was performed using 
GSEA 4.0.0 software [38], based on the top 10 
enriched GO terms of significant upregulated or 
downregulated genes in the IR group compared 
with Ctrl by combined analysis (a total of 20 GO 
terms). 

Cell cycle assignment

To estimate the cell cycle phase each single cell 
belonged to, we used function ‘cyclone’ in R 
package ‘scran’ [39]. Briefly, the expression of 
human cell cycle related genes was first used 
to build a model by cyclone, and a cell cycle 
phase score was calculated for each single cell 
according to the expression of these genes. 
Then cells were classified into either G1, S or 
G2/M phase based on the score. In each group 
(Ctrl, IR, ATM-KD or ATM-KD-IR group), cell num-
bers of different cell cycle phases from Ctrl or 
IR cells in each cluster divided by the total cell 
numbers of Ctrl or IR group was calculated to 
draw the histogram. 

Calculation of radiation resistance score

To calculate the radiation resistance score, we 
used 147 genes that were reported to be posi-
tively or negatively correlated with radioresis-
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tance [40]. We first normalized the expression 
of each gene by defining the medium expres-
sion among all single cells in the Ctrl group as 
0. Besides 25 genes that were not detected by 
our single cell sequencing data, we used a total 
of 122 genes at last (including 60 genes posi-
tively correlated with radioresistance and 62 
genes negatively correlated with radioresis-
tance). The sum of normalized expression for 
all genes positively correlated with radioresis-
tance was divided by 60, and the sum of nor-
malized expression for all genes negatively cor-
related with radioresistance was divided by 62 
then take the opposite. The two numbers were 
added up to get the final radiation resistance 
score for each single cell in the Ctrl group.

Functional experiments of MCM3, MCM4 and 
SLBP genes

To confirm if MCM3, MCM4 and SLBP genes 
were correlated with radiation sensitivity, we 
performed functional experiments at the cell 
line level. We first constructed the certain gene 
knock-down MDA-MB-231 and BT-483 cell 
lines by shRNA. MCM3 shRNA, SLBP shRNA 
and MCM4 shRNA were synthesized by 
Vigenebio Company (Shandong, China). Se- 
quences of shRNA were shown below: MCM3:  
GCTGATTGTCAATGTGAATGATTCAAGAGATCATT- 
CACATTGACAATCAGCTTTTTT, MCM4: GGAATT- 
GCTTAAGGAACTTTCTTCAAGAGAGAAAGTTC- 
CTTAAGCAATTCCTTTTTT, SLBP: GGAAGCTTG- 
TTTAACTGAACCTTCAAGAGAGGTTCAGTTAAA- 
CAAGCTTCCTTTTTT.

Plasmid transfection in 293T cells and viral 
fluid infection in MDA-MB-231 and BT-483 cells 
were carried out according to manufacturer’s 
protocols. Western blot (MCM3 antibody: 
GeneTex, Irvine, CA, USA; MCM4 antibody: 
Abcam, Cambridge, UK; SLBP antibody: Abcam) 
was used to validate the effects of certain gene 
knock-down.

2,000 cells were seeded into each well of 
96-well plates and different doses (0, 2, 4, 6Gy) 
of IR treatment were given the next day. After 
48 h, MTS solution was added to the well 
according to manufacturer’s protocol. After 
incubation for 3 hours at 37°C without light,  
the absorbance was measured at 490 nm. All 
experiments were repeated three times. 
Comparisons between two treatments were 

evaluated using the statistical package for the 
social sciences (SPSS) 22.0 software and P 
value < 0.05 was considered as statistically 
significant. 

Results

IR-induced transcriptome changes based on 
single cell sequencing

To study the heterogeneity of the cellular 
response to IR, we initially isolated 96 single 
cells from the breast cancer cell line MDA-
MB-231 both without (Ctrl group) and with IR 
treatment (IR group). And in order to improve 
the detection accuracy and reduce the cost of 
single cell transcriptome sequencing, we used 
the barcoded Smart-seq2 by adding the UMI 
and barcode sequences to the reverse tran-
scription primer. 88 and 93 single cells in the 
Ctrl and IR groups passed quality control (Figure 
S2). An average of 6,937 and 6,488 genes, and 
381,112 and 272,438 UMIs were detected in 
single cells from the Ctrl and IR groups, 
respectively. 

We first combined all the single cell data in 
each group and compared gene expression 
profiles between the Ctrl and IR groups. A total 
of 142 significant DEGs (with adjusted P value ≤ 
0.05 and logFC > 0.25 or < -0.25) were detect-
ed, including 71 upregulated and 71 downregu-
lated genes in the IR group compared with Ctrl. 
The heatmap in Figure 1A showed the expres-
sion of the top 20 significantly upregulated and 
downregulated genes in every single cell. 
Obvious expression differences between the 
Ctrl and IR groups were observed.

To identify which biological processes these 
DEGs might affect, we performed GO analysis 
of significantly upregulated and downregulated 
genes in the IR group (Figure 1B, 1C). As shown 
in Figure 1B, the upregulated genes were highly 
enriched in GO terms associated with G1/S 
phase (including GO terms: G1/S transition of 
mitotic cell cycle, cell cycle G1/S phase transi-
tion, etc.) and ribosome (including GO terms: 
ribosome assembly, ribosome biogenesis, etc.). 
While as shown in Figure 1C, the downregulat-
ed genes were highly enriched in GO terms 
associated with antibiotic metabolism (includ-
ing GO terms: aminoglycoside antibiotic meta-
bolic process, daunorubicin metabolic process, 
doxorubicin metabolic process, etc.). We then 
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conducted the STRING network analysis to fur-
ther understand the molecular interactions 
among these DEGs. Figure 1D, 1E showed two 
major sets (related to G1/S phase and ribo-
some) and one major set (related to antibiotic 
metabolism) of upregulated and downregulated 
genes, respectively. This further confirmed the 
results of GO analysis.

Heterogeneous cellular responses to IR

Taking advantage of single cell transcriptome 
sequencing, we performed t-SNE clustering 
analysis to reveal the subpopulation composi-
tion of the Ctrl and IR groups (Figure 2A). 
Among four clusters identified, most of the cells 
in Cluster 3 belonged to the IR group (92.9%), 
which implied that Cluster 3 might be a new 
subpopulation of cells appearing after IR 
treatment. 

To further understand the results of the cluster-
ing analysis, we tried to identify markers and 
characteristics of each cluster. Heatmap in 
Figure 2B showed the expression of the top 20 
upregulated genes in each cluster compared 
with other clusters. By using GO analysis, we 
found that markers of Cluster 1 and Cluster 2 
were highly enriched in GO terms associated 
with antibiotic metabolism (including GO terms: 
aminoglycoside antibiotic metabolic process, 
daunorubicin metabolic process, doxorubicin 
metabolic process, etc.) and M phase (includ-
ing GO terms: mitotic sister chromatid segrega-
tion, mitotic spindle organization, mitotic nucle-
ar division, etc.), respectively (Figure 2C, 2D). 
GO analysis of markers of Cluster 4 did not 
show any relevant terms. Then we analysed the 
average expression of genes associated with 
ribosome (genes in GO term: ribosome assem-
bly), and found that Cluster 4 exhibited the 
highest expression level compared with other 
clusters in both groups (Figure 2E). For Cluster 
3, we performed cell cycle analysis and found 

that most of cells belonged to G1 or S phase 
(96.4%) (Figure 2F). Considering that Cluster 3 
represented a new subpopulation of cells 
appearing after IR as described above, cells in 
Cluster 3 might have undergone G1/S phase 
arrest induced by IR [41, 42]. At gene expres-
sion level, Cluster 1 and Cluster 2 were similar 
to Cluster 3 (Figure 2A), indicating that cells in 
Cluster 3 might be from Ctrl cells in Cluster 1 
and Cluster 2. Further cell cycle analysis 
showed that in Cluster 1 the proportion of cells 
from G2/M phase decreased significantly after 
IR (from 23.8% to 0%), but not so significantly in 
Cluster 2 (from 65.4% to 55%), which suggests 
that majority cells in Cluster 3 were more likely 
from Cluster 1. 

It is noted that, unlike Cluster 3, other clusters 
contained both Ctrl and IR cells. By comparing 
gene expressions of Ctrl and IR cells in each 
cluster, we found that all three clusters (Cluster 
1, 2 and 4) showed upregulation of genes asso-
ciated with ribosome (Figure 2E) and down- 
regulation of genes associated with antibiotic 
metabolism (genes in GO term: aminoglycoside 
antibiotic metabolic process) (Figure S3A) in IR 
cells to some extent. Among them, Cluster 1 
had the least change and was identified as a 
subpopulation of cells less-responsive or non-
responsive to IR. We noted that Cluster 4 had 
the most significant change, and GSEA of top 
20 enriched GO terms in combined analysis 
showed upregulation of ribosome and G1/S 
phase associated gene sets in IR cells com-
pared with Ctrl cells from Cluster 4 (Figure 3A, 
3B). Upregulation of ribosome associated 
genes was also detected in IR cells from Cluster 
2 by GSEA (Figure 3C). 

To further confirm if this heterogeneous IR 
response resulted from differential radiation 
resistances of cells before IR treatment, we 
used the expression of 147 genes positively or 
negatively correlated with radioresistance pub-

Figure 1. Gene expression changes after IR in MDA-MB-231 cell line. A. Heatmap shows the expression of the top 
20 significant DEGs (with adjusted P value ≤ 0.05, sorted by logFC) between the Ctrl and IR groups by combined 
analysis. X axis represents different single cells from the Ctrl and IR groups. Y axis represents different genes. B. GO 
analysis of significantly upregulated genes (with adjusted P value ≤ 0.05, logFC > 0.33) in the IR group compared 
with Ctrl. C. GO analysis of significantly downregulated genes (with adjusted P value ≤ 0.05, logFC < -0.33) in the IR 
group compared with Ctrl. D. STRING network analysis confirms two major sets of significantly upregulated genes 
in the IR group compared with Ctrl: ribosome and G1/S phase associated genes. Genes in red are associated with 
ribosome, and genes in green are associated with G1/S phase. E. STRING network analysis confirms one major set 
of significantly downregulated genes in the IR group compared with Ctrl: antibiotic metabolism associated genes 
(genes in blue).
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Figure 2. t-SNE clustering analysis of single cells with and without IR treatment. A. t-SNE clustering analysis exhibits four clusters of single cells (Cluster 1, 2, 3 and 4) 
in the Ctrl and IR groups. B. Heatmap shows the expression of markers in each cluster (the top 20 upregulated genes compared with other clusters, sorted by logFC). 
X axis represents different genes. Y axis represents single cells from different clusters. Text on the right describes the characteristics and representative markers 
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lished before [40] to calculate the radiation 
resistance score of each single cell in the Ctrl 
group. As shown in Figure 3D, besides Cluster 
3 (with few cells without IR treatment), Cluster 
1 showed the highest radiation resistance, 
while Cluster 2 and 4 were comparable. As 
shown above, after IR part of Cluster 1 cells 
changed little and others transferred to Cluster 
3 through G1/S phase arrest, indicating that 
Cluster 1 may survive the IR-induced stress by 
maintaining or transferring into G1/S phase.  

In vitro functional experiments to validate rep-
resentative IR-induced genes 

Interestingly single cell t-SNE clustering analy-
sis highlighted that the markers of Cluster 3 (a 
new cluster appearing after IR treatment) and 
the DEGs between Ctrl and IR cells in Cluster 2 
and Cluster 4 represented IR-induced genes 
presenting in only some of the cells. However, 
whether these genes were associated with 
radiation sensitivity still needed validation. 

of each cluster. C. GO analysis of significantly upregulated genes (with adjusted P value ≤ 0.05, logFC > 0.33) in 
Cluster 1 compared with other clusters in the Ctrl and IR groups. D. GO analysis of significantly upregulated genes 
(with adjusted P value ≤ 0.05, logFC > 0.33) in Cluster 2 compared with other clusters in the Ctrl and IR groups. E. 
Average expression of genes from GO term: ribosome assembly in Ctrl and IR cells from each cluster is shown in 
box plot. The median, upper and lower quartiles, and maximum and minimum are displayed in the bars. F. Cell cycle 
analysis of Ctrl and IR cells from each cluster. X axis represents different cell cycle phases of Ctrl and IR cells from 
each cluster. Y axis represents percentages of cells from each subgroup within the Ctrl or IR group. 

Figure 3. GSEA between Ctrl and IR cells in each cluster. A. GSEA of GO term: ribosome assembly in Ctrl cells com-
pared with IR cells in Cluster 4, revealing upregulation of ribosome associated genes in IR cells from Cluster 4. B. 
GSEA of GO term: G1/S transition of mitotic cell cycle in Ctrl cells compared with IR cells in Cluster 4, revealing 
upregulation of G1/S phase associated genes in IR cells from Cluster 4. C. GSEA of GO term: ribosome assembly in 
Ctrl cells compared with IR cells in Cluster 2, revealing upregulation of ribosome associated genes in IR cells from 
Cluster 2. D. Box plot shows the radiation resistance scores of single cells from different clusters in the Ctrl group.
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To achieve this goal, we selected three of the 
genes detectable by both combined and single 
cell analysis, MCM3, MCM4 and SLBP, for vali-
dation. MCM3 and MCM4 gene encoding pro-
teins were key components of the pre-replica-
tion complex and involved in formation of repli-
cation forks and recruitment of other DNA repli-
cation related proteins [43]. The SLBP gene 
encoded a protein binding to the stem-loop 
structure in replication-dependent histone 
mRNAs [44]. Figure 4A showed the expression 
of these genes in each single cell from the Ctrl 
and IR groups. To confirm whether these three 
genes regulated radiation sensitivity, we first 
knocked down these genes separately in MDA-
MB-231 cells (knock-down efficacy was shown 
by western blot in Figure S4A), and then detect-
ed the survival rates of cells after IR treatment. 
As shown in Figure 4B, for all three genes, the 
knock-down cells exhibited significantly lower 
survival rates in response to IR (P value ≤ 0.05), 
indicating that these genes were important reg-
ulators of radiation sensitivity. Then to further 
extrapolate these results to other breast can-
cers, we performed the same validation experi-
ments of the three genes in an additional 
breast cancer cell line BT-483 (knock-down 
efficacy was shown by western blot in Figure 
S4B), and confirmed their importance in radia-
tion sensitivity again as shown in Figure 4C.

Next, we tried to identify significant DEGs that 
can only be detected by single cell analysis (not 
by combined analysis). Figure 4D showed the 
expression of three of these genes: DTL, HSPA8 
and PSME3 genes. Among all cells in the IR 
group, these three genes did not get significant-
ly upregulated compared with Ctrl, but DTL was 
upregulated significantly in Cluster 3 compared 
with other clusters. HSPA8 and PSME3 were 
upregulated significantly in IR cells compared 
with Ctrl cells in Cluster 2. These genes might 
also be associated with radiation sensitivity. 

ATM knock-down severely weakened gene ex-
pression changes after IR

ATM plays a critical role in IR-induced DDR [11-
13]. Previous studies mostly focused on its 
functions at protein modification level. If and 
how ATM affected heterogenous cellular 
response to IR at transcriptome level were still 
unknown. To further understand it, we knocked 
down the ATM gene in MDA-MB-231 cells (ATM-
KD group) (knock-down efficacy was shown by 

qPCR, western blot and ATM gene expression in 
each single cell in Figure S4C-E) and performed 
single cell transcriptome sequencing. 96 single 
cells from each group were isolated and 
sequenced, and 73 and 80 single cells in the 
ATM-KD and ATM-KD-IR (ATM knock-down cells 
with IR treatment) groups passed the quality 
control (Figure S2). An average of 6,124 and 
6,904 genes, and 389,100 and 392,388 UMIs 
were detected in single cells from the ATM-KD 
and ATM-KD-IR groups, respectively.

To illustrate how ATM knock-down affected 
gene expression, we compared the ATM-KD 
and Ctrl groups through combined analysis. A 
total of 410 significant DEGs (with adjusted P 
value ≤ 0.05 and logFC > 0.25 or < -0.25) were 
detected, including 162 upregulated and 248 
downregulated genes in the ATM-KD group 
compared with Ctrl. The expression of the top 
20 significant upregulated and downregulated 
genes in every single cell was shown in Figure 
5A. We observed distinctive patterns of gene 
expression profiles in the Ctrl and ATM-KD 
groups. GO analysis of significant upregulated 
and downregulated genes in the ATM-KD group 
was performed to enable further understand-
ing of the functions of these DEGs (Figure 5B, 
5C). The upregulated genes were highly 
enriched in GO terms associated with ribosome 
(including GO terms: ribosome biogenesis, 
rRNA processing, rRNA metabolic process, etc.) 
(Figure 5B), while the downregulated genes 
were highly enriched in GO terms associated 
with antibiotic metabolism (including GO terms: 
aminoglycoside antibiotic metabolic process, 
daunorubicin metabolic process, doxorubicin 
metabolic process, etc.) (Figure 5C). These 
results suggest that ATM knock-down might 
lead to upregulation of ribosome associated 
genes and downregulation of antibiotic metab-
olism associated genes.

To find how ATM knock-down affected the cel-
lular response to IR, we analysed the DEGs 
between the ATM-KD-IR and ATM-KD groups by 
using combined data and compared them with 
DEGs between the IR and Ctrl groups. The num-
bers of DEGs and significant DEGs after IR were 
much fewer in ATM knock-down cells compared 
with the wild-type cells. For DEGs with logFC > 
0.33 or < -0.33, in ATM knock-down cells the 
number was 214 (including 55 upregulated 
genes and 159 downregulated genes in the 
ATM-KD-IR group), while in wild-type cells the 
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Figure 4. In vitro functional experiments to verify representative IR-induced genes. A. Violin plots show the expres-
sion of three significant upregulated genes after IR (MCM3, MCM4 and SLBP genes) that can be detected by both 
combined and single cell analyses. B. Functional experiments of MCM3 (left), MCM4 (middle) and SLBP (right) 
genes in MDA-MB-231 cell line by MTS experiments. X axis represents different doses of IR treatment. Y axis rep-
resents survival rates. All experiments have been repeated three times and data are shown as mean ± s.e.m. *P 
value < 0.05, **P value < 0.01. The survival curves reveal increased radiation sensitivity after knock-down of 
certain genes. C. Functional experiments of MCM3 (left), MCM4 (middle) and SLBP (right) genes in another breast 
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number was 337 (including 168 upregulated 
genes and 169 downregulated genes in the IR 
group). And in ATM knock-down cells, a total of 
29 significant DEGs (including 12 upregulated 
genes and 17 downregulated genes in the ATM-
KD-IR group) (with adjusted P value ≤ 0.05 and 
logFC > 0.33 or < -0.33) were detected, while in 
wild-type cells a total of 84 significant DEGs 
(including 38 upregulated genes and 46 down-
regulated genes in the IR group) were detected, 
as shown in volcano plots in Figure 5D, 5E. This 
meant that ATM knock-down severely weak-
ened IR-induced gene expression changes.

ATM knock-down changed subpopulation com-
position after IR

To further illustrate how ATM knock-down 
affected the heterogeneous cellular response 
at the single cell level, t-SNE clustering analysis 
was performed for the ATM-KD and ATM-KD-IR 
groups (Figure 6A). A total of three clusters 
were discovered. Expression of ATM gene in 
single cells showed comparability across all 
three clusters (Figure S4F), confirming the clus-
tering is not due to differential efficiencies of 
ATM knock-down. Markers of each cluster were 
exhibited in Figure 6B as a heatmap showing 
the expression of the top 20 upregulated genes 
in each cluster compared with other clusters. 
By GO analysis, we found that markers of 
Cluster 2 were highly enriched in GO terms 
associated with M phase (including GO terms: 
mitotic sister chromatid segregation, mitotic 
spindle organization, mitotic nuclear division, 
etc.) (Figure S5A), the same as Cluster 2 in wild-
type cells. GO analysis of Cluster 1 did not show 
any relevant terms. But the same antibiotic 
metabolism associated genes as in wild-type 
Cluster 1 were also upregulated in Cluster 1, 
such as AKR1C3, CYP1B1, etc. For Cluster 3, 
we performed GSEA and found upregulation of 
G1/S phase associated genes compared with 
other clusters (Figure S5B), having the same 
characteristics as wild-type Cluster 3. There- 
fore, only wild-type Cluster 4 did not exist in the 
ATM knock-down cell line. As shown above, this 
cluster was associated with ribosome and had 
the most DEGs after IR in the wild-type cells. 

We also analysed the average expression of 
ribosome or antibiotic metabolism associated 
genes in the ATM knock-down cells (Figure S3B, 
S3C). Unlike the wild-type cells, none of the 
three clusters in ATM knock-down cells changed 
markedly after IR treatment. These results 
were consistent with the combined analysis 
above that ATM knock-down weakened gene 
expression changes after IR. 

Then we performed cell cycle analysis of cells 
from each cluster, which showed differences 
between the ATM knock-down and wild-type 
cells (Figure 6C). Unlike the wild-type cells, 
Cluster 3 in ATM knock-down cells included 
cells both with and without IR treatment. While 
in wild-type cells, almost all cells in Cluster 3 
were with IR treatment. This phenomenon indi-
cates that ATM knock-down itself may induce 
G1/S phase arrest to some extent. And in the 
ATM knock-down cells, a minority of cells may 
also undergo G1/S phase arrest after IR, put-
ting them into Cluster 3, but the number was 
much less than in wild-type cells. This was con-
sistent with previous studies that ATM-deficient 
cells were defective in the G1/S checkpoint 
[45]. We also noticed that Cluster 1 in ATM 
knock-down cells all belonged to G1 or S phase. 
It suggests that in ATM knock-down cells, 
Cluster 3 can only come from cells without IR 
treatment in Cluster 2. Unlike in wild-type cells, 
majority cells of Cluster 3 were more likely from 
Cluster 1, which indicated that G1/S phase 
arrest of Cluster 1 responding to IR might be 
dependent on expression of ATM gene. These 
cells, which were responsive to IR, only repre-
sented a minority of ATM knock-down cells. 

Discussion

As radiation therapy is a major curative method 
for cancer treatment [1, 2], it is critical to under-
stand how tumour cells might respond hetero-
geneously to IR, as it provides crucial informa-
tion for the heterogeneous response to radio-
therapy in cancer patients. Furthermore, these 
findings can also provide a new angle on infor-
mation regarding potential biomarkers for radi-
ation sensitivity. Taking advantage of single cell 

cancer cell line BT-483 by MTS experiments. All experiments have been repeated three times and data are shown 
as mean ± s.e.m. *P value < 0.05. The survival curves reveal increased radiation sensitivity after knock-down of 
certain genes. D. Violin plots show the expression of three significant upregulated genes after IR (DTL, HSPA8 and 
PSME3 genes) that can be detected only by single cell analysis (not by combined analysis) in the Ctrl and IR groups 
(up), and also in different subgroups defined by t-SNE clustering analysis (down).
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Figure 5. Effects of ATM knock-down on gene expression changes after IR. A. Heatmap shows the expression of the top 20 significant DEGs (with adjusted P 
value ≤ 0.05, sorted by logFC) between the Ctrl and ATM-KD groups by combined analysis. X axis represents different single cells from the Ctrl and ATM-KD 
groups. Y axis represents different genes. B. GO analysis of significantly upregulated genes (with adjusted P value ≤ 0.05, logFC > 0.33) in the ATM-KD group 
compared with Ctrl. C. GO analysis of significantly downregulated genes (with adjusted P value ≤ 0.05, logFC < -0.33) in the ATM-KD group compared with Ctrl. 
D. Volcano plot shows DEGs and significant DEGs after IR treatment in wild-type cells. The dashed lines mark standards for significant DEGs (adjusted P value 
≤ 0.05, logFC > 0.33 or < -0.33). E. Volcano plot shows DEGs and significant DEGs after IR treatment in ATM knock-down cells.
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transcriptome sequencing, we have clearly 
demonstrated how different cell subpopula-
tions responded to IR heterogeneously in a rel-
atively homogenous population, cultured MDA-
MB-231 cells. As shown in Figure 6D, in wild-
type cells, the majority of the cells responded 
to IR. Partial cells in Cluster 1 were less-respon-
sive or non-responsive to IR, and the remaining 
cells would transfer into Cluster 3 after IR 
through IR induced G1/S phase arrest. The 
cells in Cluster 2 would upregulate ribosome 
associated genes, and cells in Cluster 4 would 
upregulate both ribosome and G1/S phase 
associated genes after IR. This process is heav-
ily dependent on ATM kinase. In ATM knock-
down cells, only a minority of cells responded to 
IR. A portion of the cells from Cluster 2 would 
convert into Cluster 3 through IR-induced G1/S 
phase arrest. The majority of cells would be 
less-responsive or non-responsive to IR with 
only few significant upregulated or downregu-
lated genes. 

As the functional role of ATM is well established 
in the IR response [46-48], we further show 
that ATM also plays a critical role in the hetero-
geneous response to IR. In ATM knock-down 
cells, only a minority of cells responded to IR. 
Furthermore, ATM knock-down have severely 
weakened transcriptome changes with much 
fewer DEGs and significant DEGs. These obser-
vations highlight the importance of ATM in radi-
ation sensitivity at the single cell level.

Using a cultured cell line to study the heteroge-
neity of radiation sensitivity has several advan-
tages: 1) These cells are relatively homoge-
neous compared to tissues, therefore they 
have less variables to start with. 2) These cells 
are well documented for IR responses and can 
easily be used for genetic manipulation and 
treatment optimization. In patient tissues as 
well as transplanted tumour models in mice, 
however, the heterogeneous response might 
also rely on the microenvironment (such as 

immunocytes, normal stroma cells, etc.), and 
their interactions may affect the responses to 
IR [8]. In cancer patients it would become more 
complicated due to the heterogeneity of the 
cancer itself [14-16]. In the cell line system, we 
can identify key genes and biological process-
es much more easily and clearly without too 
much interference by background noises. 
However, the time and dosage of IR treatment 
that might impact on the heterogeneity of 
response needs to be studied further. Owing to 
the relative homogeneity of cell line, a limited 
number of cells sequenced are enough to 
exhibit the cell subpopulation composition 
clearly. And although using this manual single 
cell RNA amplification method is difficult for us 
to handle a large number of cells, the quality of 
single cells can be guaranteed (more genes 
and UMIs detected) compared with the widely 
used high throughput single cell RNA sequenc-
ing platforms.

It is interesting that the representing genes 
associated with the heterogeneity of IR are rel-
atively less known genes in the DDR pathway. 
The DEGs that can be detected by only single 
cell analysis include DTL, HSPA8 and PSME3. 
Whether and how these genes are determining 
factor of heterogeneity deserves further inves- 
tigation. 

Taken together, our study demonstrates a het-
erogeneous IR response showing four clusters 
of cells responding to IR in distinctive ways. We 
also find critical factors involved in the process 
and validate representative genes (MCM3, 
MCM4 and SLBP) by in vitro functional experi-
ments. These genes have the potential to 
become biomarkers of radiation sensitivity.
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Figure S1. Workflow of this project. A. Overall workflow of this project. Four groups of single cells have been isolated 
for single cell transcriptome sequencing: Ctrl (without IR treatment), IR (4 hours after 5Gy IR treatment), ATM-KD 
(knock-down of ATM gene) and ATM-KD-IR (4 hours after 5Gy IR treatment in ATM knock-down cells) groups. Com-
parison between the Ctrl and IR groups or ATM-KD and ATM-KD-IR groups is done to find DEGs and perform t-SNE 
clustering analysis. B. Cell line certification result of MDA-MB-231 is consistent with the DNA profiles reported by 
ATCC and DSMZ, and indicates no other human cell line contamination. C. Mycoplasma testing result of MDA-
MB-231 shows no mycoplasma contamination.
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Figure S2. Quality control of single cells from each group. (A) Gene numbers (B) UMI numbers (C) Percentage of mitochondrial RNA of single cells from the Ctrl, IR, 
ATM-KD and ATM-KD-IR groups. Single cells within two-fold standard deviation from mean distribution of each feature pass the quality control.

Figure S3. Average expression of genes associated with ribosome or antibiotic metabolism in single cells. Average expression of genes in (A) GO term: aminoglyco-
side antibiotic metabolic process in Ctrl and IR cells (B) GO term: aminoglycoside antibiotic metabolic process in ATM-KD and ATM-KD-IR cells (C) GO term: ribosome 
assembly in ATM-KD and ATM-KD-IR cells from each cluster is shown in box plot.  
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Figure S4. Knock-down of MCM3, MCM4, SLBP and ATM genes in MDA-MB-231 or BT-483 cell lines. (A) Validation 
of MCM3 (left), MCM4 (middle) and SLBP (right) gene knock-down effects in MDA-MB-231 cell line at protein level 
by western blot. (B) Validation of MCM3 (left), MCM4 (middle) and SLBP (right) gene knock-down effects in BT-483 
cell line at protein level by western blot. Validation of the ATM gene knock-down effects at (C) RNA (by qPCR) and (D) 
protein (by western blot) level. (E) Box plot of ATM gene expression in single cells from each group shows significant 
downregulation of ATM gene in the ATM-KD and ATM-KD-IR groups compared with Ctrl and IR groups. (F) Box plot of 
ATM gene expression in single cells from each cluster in ATM knock-down cells shows no obvious divergence among 
different clusters.
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Figure S5. GO analysis and GSEA in ATM-KD and ATM-KD-IR groups. A. GO analysis of significantly upregulated genes (with adjusted P value ≤ 0.05, logFC > 0.33) 
in Cluster 2 compared with other clusters in the ATM-KD and ATM-KD-IR groups. B. GSEA of GO term: G1/S transition of mitotic cell cycle in Cluster 3 compared with 
other clusters from the ATM-KD and ATM-KD-IR groups, revealing upregulation of G1/S phase associated genes in Cluster 3.


