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Abstract: APOBEC enzymes are strong mutagenic factors. In breast cancer, expression of APOBEC3B is increased 
and associated with mutation load and poor outcome. Other APOBEC3s can also mutate DNA but their clinical 
significance in breast cancer and its underpinnings have not been comprehensively studied. In our examination 
of 1,091 breast carcinoma cases, high expression of APOBEC3A or APOBEC3B genes was associated with greater 
tumor burden of mutations and other genomic aberrations. Expression of none of the five APOBEC3C-H genes had 
any correlation with these features, including T[C-T/G]W mutations, but their high expression levels indicated a ro-
bust anti-cancer immune response within tumors, with elevated CD8+ T cell abundance, T cell receptor diversity, and 
immune cytolytic activity. Concordantly, survival analyses of this and two other cohorts with > 3,000 patients each 
showed favorable prognostic benefit of high APOBEC3C-H expression for both cancer progression and mortality. A 
detrimental prognostic value was observed for APOBEC3A and APOBEC3B. Single-cell data revealed cancer epithe-
lial and stromal immune cells as major sources of APOBEC3B and APOBEC3C-H expression in tumors, respectively. 
These observations on opposing associations with breast cancer of different APOBEC3s highlight the contrasting 
roles of these enzymes, promoting cancer through mutagenesis while antagonizing it through immune response.
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Introduction

Analyses of the sequence context of mutations 
that arise in cancer show that single nucleotide 
C-to-T or -G mutations in the TCW trinucleotide 
context (W = A or T) comprise a significant frac-
tion of mutations in a number of solid tumors, 
especially those of bladder, breast, cervix, head 
& neck, and lung [1, 2]. These mutations are 
believed to arise from the activity of APO- 
lipoprotein B mRNA Editing Catalytic polypep-
tide-like (APOBEC) proteins. APOBECs are zinc-
coordinating enzymes with one or more cyti-
dine deaminase (CD) domains that can convert 
cytosine (C) bases in single-stranded DNA or 
RNA to uracil (U). Within cells, DNA deamination 
by APOBEC3s generates C-to-T as well as C-to-G 
mutations, the latter arising consequent to cel-

lular repair processes. Among the 11 human 
APOBEC proteins, expression of APOBEC1, 
APOBEC2, APOBEC4, and Activation-Induced 
Deaminase (AID) is tissue-specific, respectively 
restricted to liver, muscle, gonads, and lympho-
cytes [3], and APOBEC2 and APOBEC4 lack  
any known ability to deaminase C bases [4]. 
Thus, mutations with APOBEC signature occur-
ring in solid tumors likely originate from the 
activity of the remaining seven APOBECs, 
APOBEC3A-D and APOBEC3F-H (there is no 
APOBEC3E), which are encoded by a cluster of 
seven APOBEC3A-H genes on chromosome  
22. APOBEC3A, 3C, and 3H have a single CD 
domain, whereas APOBEC3B, 3D, 3F, and 3G 
have double CD domains. All seven APOBEC3s 
have the ability to convert C bases of DNA to U, 
especially in the TCW context [5-7]. However, 
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C-to-U conversion in RNA (RNA editing) has 
been reported for only APOBEC3A, 3B, and 3G 
[8]. DNA mutagenesis by APOBEC3s is wide-
spread in human cancers [1], and is believed to 
contribute to cancer progression and therapy 
resistance. Localized hyper-mutation in cancer 
cell genomes, termed kataegis, which is char-
acterized by clusters of C-to-U or -G mutations 
in preferential TCW context is also supposed to 
be a result of APOBEC activity [1, 9, 10].

Among the seven APOBEC3s, APOBEC3B has 
been studied the most in human cancer, espe-
cially that of breast. APOBEC3B has been 
described as a strong driver of breast cancer 
[2]. Expression of the APOBEC3B gene is upreg-
ulated in most primary breast cancer tumors 
and is associated with kataegis, aggressive 
clinical and pathological features like high 
nuclear grade and Ki67 index [11, 12], and 
poor prognosis [12-17]. Oddly, higher APO- 
BEC3B gene expression in breast cancer was 
significantly associated with achievement of 
pathological complete response to neoadju-
vant chemotherapy in a cohort of 274 patients 
who underwent tumor resection, though the 
gene expression level was not prognostic of 
relapse-free interval or disease-specific surviv-
al [12]. Unlike APOBEC3B, the significance of 
the five APOBEC3C-H proteins in breast cancer 
is unclear. APOBEC3C-H also possess the 
C-to-U DNA mutating ability, which is believed 
to underlie their known role in inhibiting infec-
tions by viruses such as human immune defi-
ciency virus type 1 (HIV-1), hepatitis B, and 
Epstein-Barr virus through deamination of viral 
cDNAs [3, 18-20]. Here, to investigate the rele-
vance of APOBEC3C-H in breast cancer, we per-
formed systematic cancer genomics and tran-
scriptomics association studies.

Materials and methods

Patient cohorts

Clinical and APOBEC3 gene expression data of 
three breast cancer patient cohorts are exam-
ined in this study (cohort characteristics in 
Table S1). The study focuses on the cohort of 
1,097 breast carcinoma cases (BRCA) of The 
Cancer Genome Atlas (TCGA) project that 
undertook molecular analyses of treatment-
naive tumors diagnosed during 1978-2013 
(median 2009) [21]. The Sweden Cancerome 
Analysis Network - Breast (SCAN-B) cohort of 

3,273 patients who were diagnosed during 
2010-2015 and had transcriptome profiling of 
resected tumors is from an on-going study. The 
latest publicly available clinical data of these 
patients was obtained from resources noted in 
a recent SCAN-B study [22]. The “Kaplan-Meier 
(KM) Plotter” set of 5,134 patients is a meta-
cohort of subjects and normalized tumor gene 
expression data that was developed for breast 
cancer research [23] and currently encompass-
es 35 studies (2016.10.13 update).

Gene expression data

For 1,091 fresh-frozen tumor and 112 normal 
tissues of the 1,092 subjects of the TCGA-
BRCA project for whom RNA sequencing data 
was available, gene-level read counts were 
obtained in April 2018 from National Cancer 
Institute (USA) Genome Data Commons portal 
with TCGAbiolinks Bioconductor package for R 
(version 2.5.9) [24], and used to generate tran-
scripts per million (TPM) values, with transcript 
lengths as per release 92 of Ensembl human 
gene annotations. Count data was also pro-
cessed with edgeR Bioconductor package (ver-
sion 3.20.9) [25] for normalization with the 
trimmed mean of M-values (TMM) method to 
generate gene expression data in counts per 
million (CPM), excluding genes without count of 
≥ 2 in > 56 tissues. Values for rowsum.filter and 
prior.df parameters in edgeR estimateCom-
monDisp and estimateTagwiseDisp functions 
were set at 224 and 0.25, respectively. Data 
without a Human Genome Organization (HUGO) 
gene symbol was removed from the final set of 
gene expression values. For log2-transforma-
tion, the expression values were padded with 
0.25. For the 523 fresh-frozen tumors for which 
mRNA transcriptome had also been profiled 
with Agilent microarrays, a log2-transformed, 
normalized, microarray-based gene expression 
dataset was obtained from Broad Institute’s 
Firebrowse (version 1.1.40) [26]. Log2-trans- 
formed RNA sequencing-based gene expres-
sion measurements of SCAN-B tumors, in terms 
of fragments per kb per million reads (FPKM), 
were obtained in July 2020 from Gene 
Expression Omnibus (dataset GSE96058). RNA 
sequencing-based gene expression measure-
ments in TPM units for 55 human breast can-
cer cell-lines of the Cancer Cell Line Ency- 
clopedia [27], 16 human tissues of the Illumina 
Body Map [28], and 27 types of human periph-
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eral blood cells of the BLUEPRINT Epigenome 
[29] projects were obtained from the European 
Bioinformatics Institute Expression Atlas [30] 
in June 2018. Normalized single-cell gene 
expression and cell identity data of dissociated 
cells of six human breast cancer tumors exam-
ined by Karaayvaz et al. [31] were obtained 
from Gene Expression Omnibus in June 2020 
(GSE118389).

Single nucleotide mutation data

Counts of somatic single nucleotide substitu-
tions in exomes of TCGA-BRCA tumors (n = 
1,014) were estimated from publicly available 
mutation annotation format (MAF) files of the 
TCGA project [32]. Helmsman software (version 
1.1.0) [33] was used to derive the trinucleotide 
contexts of the mutations, and deconstructSigs 
Bioconductor package (version 1.8.0) [34] was 
used for context-based mutational signature 
analysis. C-to-G or -T mutations in TCW trinucle-
otide context were considered to be APOBEC-
mediated. For breast cancer cell-lines, APOBEC-
mediated mutation counts were obtained from 
the Jarvis et al [35].

Other TCGA-BRCA data

Nottingham histological scores were manually 
collated from pathology reports by us for a 
recently published study [36]. Scores could be 
retrieved for 588 subjects. Relative abundanc-
es of 22 types of tumor-infiltrating immune 
cells were conjectured from tumor gene expres-
sion data using the CIBERSORT deconvolution 
method (online version 1.06) [37] with TPM 
gene expression values, the LM22 signature 
matrix, and 100 permutations. Samples (n = 
176) with p value > 0.05 in the CIBERSORT 
examination were excluded from downstream 
analyses. Abundances for supersets of cell 
types were generated by adding abundance 
values of their constituents [38]. Immune cyto-
lytic activity in tumors was quantified from TPM 
data of GZMB and PRF1 genes as the CYT score 
[39]. Quantifications of other tumor immune 
features such as T cell receptor (TCR) diversity 
and leukocyte infiltration were from Thorsson 
et al [38]. Clinical outcome data was obtained 
from the Pan-Cancer Clinical Data Resource 
[21], a standardized, curated, and filtered data-
set for survival endpoints for TCGA cases. 
Prediction Analysis of Microarray (PAM50) sub-
type data was from Berger et al [40]. Information 
for other clinical and pathologic variables such 

as age, tumor stage, and status for estrogen 
receptor (ER) expression or human epidermal 
growth factor receptor 2 (HER2) overexpres-
sion was obtained through the cBio Cancer 
Genomics Portal [41]. Measurements of tumor 
genome characteristics like aneuploidy, copy 
number alterations (CNA), clonal heterogeneity 
quantified by ABSOLUTE method, and homolo-
gous recombination defects were from the 
study of Ellrott et al [38].

Comparisons of groups identified by APOBEC3 
gene expression in tumors

Using within-cohort tertiles, patients were 
grouped by their tumor APOBEC3 gene expres-
sion into high (top tertile) and low (bottom ter-
tile) expressors. Comparisons of these groups 
of patients for survival outcomes was per-
formed with the survival package (version 3.1-
12) in R; Kaplan-Meier method with log-rank 
test was used. Survival analyses of the KM 
Plotter cohort for similar comparison of within-
cohort tertile groups using log-rank test was 
performed with the KM Plotter online tool at 
http://kmplot.com in August 2020. Enrichment 
of genesets in tumors of high relative to low 
expressors was analyzed with GSEA desktop 
software (version 4.0.2) using the 50-geneset 
Hallmark [42] collection of the Molecular 
Signatures Database (MSigDB; version 7.1). 
Genesets with normalized enrichment score > 
1.5 and false discovery rate (FDR) q value < 
0.05 were considered significant in the enrich-
ment analyses.

Other

For the TCGA cohort, TPM values of APOBEC3 
gene expression were used for inter-APOBEC3 
comparisons, and in comparison of tumor and 
adjacent normal tissues; CPM values were 
used in other analyses. Statistical analyses 
and data plotting were performed using R (ver-
sion 3.6.2) and Prism (version 8.4.3; GraphPad 
Software®, San Diego, USA). Unless noted oth-
erwise, software options were default ones, 
and a threshold of 0.05 was used to deem sig-
nificance from p values of statistical tests.

Results

All seven APOBEC3 genes are expressed in 
breast cancer tumors

Data of the Illumina Body Map project [28], in 
which transcriptomes of 16 healthy human tis-
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sues were profiled by RNA sequencing, shows 
that all seven APOBEC3 genes are expressed in 
breast, with APOBEC3C expressed the most 
compared to other APOBEC3s (Figure S1A). 
Expression of all APOBEC3 genes, and the  
highest expression for APOBEC3C, are also 
observed among the 1,091 treatment-naive 
breast carcinoma tumors of The Cancer 
Genome Atlas project (TCGA-BRCA) for whom 
RNA sequencing data was available (Figure 
1A). There is good correlation among the  
six APOBEC3A and APOBEC3C-H genes for 
their expression levels in the tumors (Spearman 
ρ = 0.38-0.75), but their correlations with 
APOBEC3B levels are poor, with ρ of 0.09-0.29. 
Comparison of tumors with their matched nor-
mal adjacent tissues, for the 112 subjects with 
available data, shows that expression of 
APOBEC3A, 3B, and 3H is significantly higher in 
tumors compared to normal, by 1.5-, 3.9-, and 
1.3-fold on average, with paired t test p values 
of 0.002, < 0.0001, and 0.005, respectively 
(Figure 1B). On the other hand, significantly 
reduced expression in tumor compared to nor-
mal tissue is observed for APOBEC3C, 3D, and 

~2,000 patients [11]. In the TCGA cohort too, 
APOBEC3B expression was higher among 
tumors that lack expression of ER or progester-
one receptor (PR), are triple negative (TNBC) for 
ER, PR, and HER2 status, or are of elevated 
Nottingham histological grade (Welch t test  
p < 0.001, after adjustment for multiple test- 
ing with Benjamini-Hochberg method, for all 
comparisons; Figure 2). However, unlike for 
METABRIC, APOBEC3B gene expression did not 
differ by status for HER2 or lymph node metas-
tasis in TCGA (Figure 2). Associations of 
APOBEC3A with tumor pathological features 
were like those of APOBEC3B. While each of 
the five APOBEC3C-H genes had higher expres-
sion in ER-negative (except for APOBEC3F) or 
TNBC tumors, similar to APOBEC3B, they had 
no association with histological grade (except 
for APOBEC3H) or node involvement. For 
APOBEC3C only, expression was significantly 
higher among HER2-negative tumors. These 
assessments of gene expression and tumor 
pathological features show a separation of 
APOBEC3C-H from APOBEC3A and 3B, with the 

Figure 1. APOBEC3 gene expression in breast cancer tissues of TCGA. A. Vio-
lin plots of gene expression in 1,091 tumors with median and inter-quartile 
range (IQR) are shown for the seven APOBEC3 genes (3A-3H). Underneath is 
a heatmap of Spearman coefficients (ρ) of correlations between the various 
APOBEC3s. TPM, transcripts per million. B. Ratio of APOBEC3 gene expres-
sion of tumors and their matched adjacent normal breast tissue is plotted 
along with median and IQR values for 112 patients with data available for 
both tissues. Significant p values in paired tumor vs. normal comparison by 
Welch t test are indicated (*, < 0.05; ***, < 0.001).

3G, with fold-changes of 0.5, 
0.8, and 0.8 (P < 0.0001, 
0.02, and 0.001), respective-
ly. It should be noted, though, 
that the 112 patients varied 
widely for APOBEC3 gene 
expression differences bet- 
ween their tumor and normal 
tissues, and similar tumor-nor-
mal gene expression changes 
in > 75% of subjects were 
seen for only APOBEC3B and 
3C (Figure 1B).

Unlike APOBEC3A and 3B, 
APOBEC3C-H gene expression 
is not strongly associated with 
adverse cancer pathological 
features

The positive association of 
high APOBEC3B gene expres-
sion in breast cancer with 
adverse pathological features 
has been demonstrated previ-
ously, with data of the Mo- 
lecular Taxonomy of Breast 
Cancer International Consor- 
tium (METABRIC) cohort of 
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former lacking a strong association with fea-
tures that are prognostically adverse.

Expression of APOBEC3A and 3B but not 
APOBEC3C-H in breast cancer associates with 
genomic aberrations

To investigate the extent to which different 
APOBEC3s may reflect cancer-associated 
genomic changes in breast cancer, we exam-
ined the association of their gene expression 
with various genome features. APOBEC3A and 
3B are believed to be the main drivers of 
APOBEC signature-bearing single nucleotide 
mutations (C-to-G or -T in the TCW trinucleotide 
context) [9, 13, 15, 43, 44]. Consistent with 
this, APOBEC3A and 3B gene expression of 
tumors correlated positively with their load of 
all exonic single nucleotide mutations, with 
Spearman ρ of 0.33 and 0.35 respectively (P < 
0.001 for both; Figure 3A). Similarly, positive 
correlations were observed for the subset of 

APOBEC signature mutations (i.e., likely to be 
APOBEC-mediated), with ρ values of 0.33 and 
0.31 respectively (both P < 0.01). On the other 
hand, Spearman coefficients were poor (0.10-
0.21) for APOBEC3C-H in analyses of all and 
APOBEC-mediated mutations. In examination 
of the 55 human breast cancer cell-lines that 
have been characterized in the Cancer Cell Line 
Encyclopedia (CCLE) project, APOBEC3C-H 
expression levels of the cell-lines had similarly 
poor correlation with their load of APOBEC-
mediated mutations (ρ = -0.28-0.03), whereas 
correlations for APOBEC3A and 3B were 0.52 
and -0.11 respectively. As might be expected 
from their correlations with mutation burden, 
both APOBEC3A and 3B gene expression had 
good correlation with neoantigen load. Copy 
number alteration, aneuploidy, homologous 
recombination defects, and clonal heterogene-
ity of tumors too correlated positively with 
APOBEC3B level (ρ = 0.18-0.41), whereas such 

Figure 2. Association of APOBEC3 gene expression with pathological features of TCGA breast cancer. Tukey boxplots 
of APOBEC3 gene expression are shown for tumors of different histological grade (data available for 77, 268, and 
235 tumors for grades I, II, and III, respectively), and status for estrogen receptor (ER; 237 negative, 802 positive), 
progesterone receptor (PR; 342 negative, 694 positive), human epidermal growth factor receptor 2 (HER2; 764 
negative, 185 positive), triple-negativity for the three receptors (TN; 858 false, 160 true), and pathologic lymph 
node metastasis (pN; 513 negative, 556 positive). Significant p values, adjusted for multiple testing with Benjamini-
Hochberg method, are noted and were calculated with one-way Welch ANOVA test (*, < 0.05; **, < 0.005; ***, < 
0.0005).
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correlations were weak or absent for 
APOBEC3C-H (ρ = -0.15-0.12; Figure 3A).

Immune activity is increased in tumors with 
high APOBEC3C-H expression

For each of APOBEC3C-H, tumor gene expres-
sion correlated positively with infiltration of the 
tumors with leukocytes (ρ = 0.32-0.68) and 
their lymphocyte subset (ρ = 0.21-0.49), where-
as the correlations were poor for APOBEC3B (ρ 
= 0.11 and -0.06, respectively) (Figure 3B). 
Correlations of APOBEC3C-H levels with rela-
tive abundances of many major tumor-infiltrat-
ing immune cell subsets, such as B cells, mac-
rophages, natural killer cells, and neutrophils 
were poor (Figure S2), positive associations of 
APOBEC3C-H expression, though modest, were 
observed for relative abundance of CD8+ T cells 
(ρ = 0.19-0.52). Concordantly, expression of 
each of these genes correlated positively with 
estimates of TCR diversity (ρ = 0.31-0.70) as 
well as immune cytolytic activity [39] within 
tumors (ρ = 0.38-0.78). For APOBEC3B, the 
correlations of gene expression with these fea-
tures were much weaker (Figure 3B). Evidence 
of the positive association of APOBEC3C-H 
gene expression with increased anti-cancer 
immune activity within tumors was also noted 
in examination of the global tumor transcrip-
tome with geneset enrichment analysis. For 

this, we scrutinized the 50 genesets of the 
mSigDB Hallmark collection [42] for enriched 
expression among tumors with high relative to 
tumors with low APOBEC3 gene expression, 
respectively identified as those in the top and 
bottom tertiles. With significance thresholds of 
0.05 for FDR (q value) and 1.5 for normalized 
enrichment score, between 7 and 15 genesets 
were associated with each of the seven 
APOBEC3s. Six genesets were common to the 
five APOBEC3C-H genes as well as APOBEC3A. 
All of these genesets are related to immune 
activity (allograft rejection, complement, IL2-
STAT5 and IL6-JAK-STAT3 signaling pathways, 
inflammatory response, and interferon gamma 
response). On the other hand, six of the 14 
enriched genesets for APOBEC3B are associ-
ated with cell proliferation (E2F targets, G2M 
checkpoint, mitotic spindle, mTORC1 signaling, 
and Myc targets v1 and v2). None of those 14 
genesets is for immune-related processes. 
Figure 4 depicts the functional enrichment of 
immune and proliferative pathways respective-
ly in tumors with high APOBEC3C-H and 
APOBEC3B levels.

Breast cancer patients with high tumor 
APOBEC3C-3H expression have better survival

Consistent with its activity as a DNA mutator, 
high expression of APOBEC3B gene in breast 

Figure 3. Association of APOBEC3 gene expression of breast tumors of The Cancer Genome Atlas with their cancer 
genome and immune characteristics. Shown are Spearman coefficient (ρ) values in analyses of correlation of gene 
expression of tumors with various features. A. For genome features, total and APOBEC-mediated single-nucleotide 
exonic mutation counts (n = 1,014 tumors with available data), counts of neoantigens predicted to arise from 
single-nucleotide mutations and indels (856), segments affected by copy number alteration (1,062), scorings for 
aneuploidy (1,034) and homologous recombination defects (1,035), and clonal heterogeneity (1,016) are analyzed. 
B. For immune features, coefficients are shown for infiltrating leukocyte fraction (n = 1,064 tumors with available 
data) and relative abundance of lymphocytes, CD4+, and CD8+ T cells among infiltrating immune cells (915), T cell 
receptor (TCR) Shannon diversity (1,038), and immune cytolytic activity measured as the CYT score (1,091).



Relevance of APOBEC3 gene expression in breast cancer

5117	 Am J Cancer Res 2021;11(10):5111-5125

cancer tumors has been associated with worse 
disease-free survival in the METABRIC cohort 
[11]. Because the other six APOBEC3s are 
capable of mutating DNA [3], we had hypothe-
sized that their tumor gene expression too will 
have a negative impact on disease outcome. 
On the other hand, the positive associations of 
APOBEC3C-H with favorable tumor genome 
and immune features that we observed sug-
gest a good prognosis for patients with high 
tumor APOBEC3C-H expression. To clarify this, 
we examined overall (OS) and disease-specific 
(DSS) survivals of the TCGA breast cancer 
patients, comparing the top and bottom one-
thirds of patients defined by their tumor gene 
expression for each APOBEC3. Uniformly curat-
ed and filtered TCGA data for survival endpoints 
was used for this analysis [21]. In univariate 

patients of 35 studies [23]. These two cohorts 
significantly differ from TCGA for certain char-
acteristics such as age at diagnosis and tumor 
ER status (Table S1). Nevertheless, compari-
son of OS between within-cohort APOBEC3 
gene expression-based top and bottom tertiles 
of patients showed a survival benefit of high 
APOBEC3C-G expression in one or both of the 
KM Plotter and SCAN-B cohorts, with HR values 
for comparisons with log-rank test p values < 
0.05 associated with high gene expression 
ranging from 0.64 to 0.96 (Figure 6). For 
APOBEC3H, there was no association with OS 
in SCAN-B (P = 0.97); measurements of this 
gene are unavailable in the KM Plotter dataset. 
Both datasets lack DSS information. Unlike for 
TCGA, a significantly (P < 0.05) unfavorable 
association of high expression was noted for 

Figure 4. Breast cancer tumors with high APOBEC3C-H transcript levels have 
enriched expression of genesets for immune but not cell proliferation pro-
cesses. Subjects (n = 1,091) were binned into high and low groups (top and 
bottom tertiles) by their tumor APOBEC3 gene expression to compare the 
two groups in geneset enrichment analysis. Normalized enrichment score 
and q values, generated from nominal p values after correction for false dis-
covery, are plotted for each APOBEC3 gene for three each of immune- and 
cell proliferation-related mSigDB Hallmark genesets.

analyses, though both OS and 
DSS were worse for high 
APOBEC3B expressors com-
pared to low expressors, with 
hazard ratios (HR) of 1.32 and 
1.57 respectively, the differ-
ences were not statistically 
significant (log-rank test p > 
0.05) (Figure 5). Similarly, no 
significant association bet- 
ween APOBEC3A expression 
and survival was observed. 
However, for each of APO- 
BEC3C-H, both OS and DSS 
were significantly better am- 
ong high expressors, with haz-
ard ratios of 0.43 to 0.66 
(Figure 5).

We analyzed two indepen- 
dent and large breast cancer 
cohorts to validate the prog-
nostic benefit of high APO- 
BEC3C-H expression that was 
observed for TCGA. The SC- 
AN-B cohort was comprised of 
3,273 patients of the on-going 
Swedish initiative [45] for 
whom clinical and RNA se- 
quencing-based gene expres-
sion data is currently publicly 
available. The other cohort, 
KM Plotter, is an integrated 
clinical and hybridization mi- 
croarray-based tumor gene 
expression dataset of 5,134 
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Figure 5. High APOBEC3C-H gene expression in breast tumors of The Cancer Genome Atlas is associated with improved survival. The 1,091 subjects with available 
tumor gene expression data were binned into high and low groups (top and bottom tertiles) by their APOBEC3 gene expression. Survival plots comparing the high 
and low groups along with hazard ratio (HR) with its 95% confidence interval and p values in log-rank tests are shown for association of APOBEC3 gene expression 
with overall and disease-specific survival of patients. The axis for time since cancer diagnosis is truncated at 10 years. Group-sizes in these analyses vary from 346 
to 362 because of unavailability of accurate survival data for some subjects.
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APOBEC3A and 3B in OS analysis of both KM 
Plotter and SCAN-B data, with HR values of 
1.35 to 2.35. In these survival analyses, we 
ignored patient treatment because detailed 
data for this aspect was unavailable for all 
three cohorts. Besides surgery, a majority of 
patients receive neoadjuvant and/or adjuvant 
treatments of various types and variable effica-
cies (chemotherapy, hormonal therapy, radia-
tion, etc.; Table S1).

We also compared high and low APOBEC3C-H 
gene expressors for disease outcomes other 
than survival. For two of the three patient 
cohorts, time data was available for cancer pro-
gression - time to disease recurrence for KM 
Plotter, and disease progression-free interval 
for TCGA. For four of the five APOBEC3C-H 
genes, a protective benefit of high expression 
against cancer progression was observed in 
these cohorts, with HR values from 0.46 to 

value as prognostic biomarkers in breast 
cancer.

APOBEC3C-H expression primarily occurs in 
immune cells of tumors

To obtain an insight on the source of 
APOBEC3C-H gene expression associated with 
survival benefit in breast cancer patients, we 
evaluated data from a number of previous stud-
ies. APOBEC3 gene expression is well-known to 
be high in peripheral blood leukocytes [14]. 
Illumina Body Map data shows that expression 
of all seven APOBEC3s is higher in these cells 
compared to normal breast (Figure S1A). Data 
of the BLUEPRINT Epigenome project [29] 
shows that APOBEC3C-G are expressed in both 
myeloid and lymphoid leukocyte subsets in 
peripheral blood (Figure S1B). On the other 
hand, expression of APOBEC3B is stronger 
than APOBEC3C-H in the CCLE data for 55 

Figure 6. Favorable prognostic value of high tumor APOBEC3C-H gene ex-
pression in multiple breast cancer cohorts. For three independent cohorts, 
Kaplan-Meier (KM) Plotter (n = 5,134), Sweden Cancerome Analysis Net-
work-Breast (SCAN-B; 3,273), and The Cancer Genome Atlas (TCGA; 1,091), 
subjects were binned into high and low groups by their APOBEC3 gene ex-
pression (within-cohort top and bottom tertiles). The groups were compared 
for mortality (overall survival) and cancer progression (disease recurrence or 
progression for KM Plotter and TCGA, respectively) in Kaplan-Meier analysis. 
Shown are hazard ratios and their 95% confidence intervals, with indicators 
of p values in log-rank tests (* < 0.05; ** < 0.01; *** < 0.001). The KM 
Plotter dataset lacks APOBEC3H values.

0.84 (Figure 6). In the KM 
Plotter but not the TCGA 
cohort, high APOBEC3B ex- 
pression was had significant 
association with likelihood  
of disease progression. Taken 
together, these analyses dem-
onstrate the favorable prog-
nostic value of tumor APO- 
BEC3C-H and the opposing 
detrimental value of APO- 
BEC3A and 3B levels. In joint 
analyses of tumor APOBEC3 
expression levels with various 
patient demographic and tu- 
mor pathological features 
using multivariable Cox pro-
portional-hazards regression 
models, none of the seven 
APOBEC3s was associated 
with cancer mortality or pro-
gression independently of his-
tological grade, and node, ER, 
and PR status, which are rou-
tinely evaluated in patients (all 
Wald test P > 0.05; Table S2). 
Thus, while the associations 
of tumor APOBEC3 gene ex- 
pression with disease out-
come are of biological inter-
est, tumor APOBEC3 gene 
expression does not appear to 
be of practical translational 
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breast cancer cell-lines (Figure S1C). These 
observations suggest that cancer epithelial 
and immune cells largely account for tumor 
APOBEC3B and APOBEC3C-H gene expression, 
respectively. To further explore the cellular ori-
gin of APOBEC3C-H expression within breast 
cancer tumors, we examined publicly available 
single-cell RNA sequencing data of breast can-
cer tumors. There is only one such study in 
which all cells were profiled without selection of 
specific cell-types [31]. Six triple-negative 
tumors were profiled in the study and cellular 
identities were established through their 
expression of canonical markers of cell-types, 
including VWF, EPCAM, LUM, and PTPRC (CD45) 
genes, respectively, for endothelial, epithelial, 
fibroblastic, or immune cells. As has been 
reported with immunohistochemical analysis of 
tumors [46], the study’s data also shows can-

relative to normal breast epithelial cell-lines, 
artificial overexpression of the gene in cell-lines 
generates mutations with APOBEC pattern,  
and there is a positive association between 
APOBEC3B gene expression of tumors and 
mutation and kataegis burdens [15, 44]. In line 
with this, APOBEC3B gene expression in breast 
cancer is elevated in tumors with adverse path-
ological features and worse clinical outcome 
[11, 16]. Unlike for APOBEC3B, the significance 
in breast cancer of the other APOBEC3s, which 
too are capable DNA mutators, has remained 
unclear, and we sought to address this with our 
study.

We find that in most breast cancer tumors of 
the TCGA cohort, and in many breast cancer 
cell-lines, all APOBEC3 genes are expressed, 
and among these genes, the RNA levels of 

Figure 7. APOBEC3 gene expression in various components of breast cancer 
tumors. Gene expression in endothelial (n = 14), epithelial (868), fibroblastic 
(94), and immune (136) cells of six triple-negative breast cancer tumors are 
shown for the APOBEC3 genes, and for well-known gene markers of these 
types of cells. Mean and its 95% confidence interval are plotted for nor-
malized gene expression data from the single-cell RNA sequencing study 
of Karaayvaz et al. APOBEC3H data was not captured for any of the cells. 
EPCAM, epithelial cell adhesion molecule; LUM, lumican; PTPRC, protein ty-
rosine phosphatase, receptor type, C (CD45); VWF, von Willebrand factor.

cer epithelial cells to be the 
main source of APOBEC3B in 
breast cancer tumors (Figure 
7). On the other hand, expres-
sion levels of APOBEC3C and 
3G were much higher in im- 
mune compared to cancer 
cells. APOBEC3H was not 
detected in any type of cell 
and levels of APOBEC3D and 
3F, though low, were higher in 
immune compared to cancer 
cells.

Discussion

In contrast to the other APO- 
BECs, the seven human APO- 
BEC3 proteins have demon-
strable cytidine deamination 
activity and less restrictive tis-
sue specificity of expression. 
These APOBEC3s are there-
fore likely to be the source  
of the APOBEC pattern of 
mutations that are prevalent 
in cancers of multiple organs 
[1, 2]. A number of observa-
tions indicate that among the 
APOBEC3s, APOBEC3B is the 
cause of these mutations in 
breast cancer. Expression of 
APOBEC3B is higher in tumors 
relative to adjacent normal 
breast tissue, and in cancer 
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APOBEC3C and not APOBEC3B are the highest 
(Figures 1A, S1C). However, unlike APOBEC3A 
and APOBEC3B, for which expression is on 
average > 3x higher in tumor compared to nor-
mal breast, APOBEC3C-H expression is either 
lower in tumors (APOBEC3C) or not significantly 
altered (Figure 1B). Similarity of APOBEC3A 
and APOBEC3B, and their dissimilarity from 
APOBEC3C-H are also seen in the associations 
of gene expression with tumor pathological  
features. We observed strong associations  
with prognostically adverse features like ER, 
PR, or triple negativity, and high tumor grade 
only for APOBEC3A and APOBEC3B and not 
APOBEC3C-H. However, contradicting what has 
been described for the METABRIC cohort [11], 
APOBEC3B expression was not associated  
with node involvement or positive HER2 status 
in the TCGA cohort. Consistent with their  
associations with pathological features, high 
APOBEC3C-H expression in tumors generally 
correlated with improved disease outcome for 
both progression and mortality while high 
expression of either APOBEC3A or APOBEC3B 
prognosticated worse outcomes (Figures 5, 6). 
We conclude so from survival analyses of three 
large and independent breast cancer patient 
cohorts. There was variation among the cohorts 
for some results of these analyses, such as the 
OS hazard reduction of high APOBEC3D or 
APOBEC3F expression reaching significance 
threshold (P < 0.05) for the SCAN-B and TCGA 
but not KM Plotter cohorts (Figure 6). This 
could be reflective of not only systemic differ-
ences between the cohorts, but also the plat-
forms that were used for measuring gene 
expression (Table S1). Sequence similarity is 
high among APOBEC3 genes [47], which can 
reduce precision of measurement made using 
microarrays that rely on oligonucleotide probe 
hybridization, as is the case of KM Plotter and 
METABRIC cohorts. Indeed, an analysis of 523 
TCGA-BRCA tumors whose transcriptomes 
were profiled using both RNA sequencing and 
microarray shows that correlation between the 
methods is either poor or modest for four of the 
seven APOBEC3s, with Spearman ρ of 0.80, 
0.21, 0.46, and 0.81 for APOBEC3A, 3D, 3F, 
and 3H, respectively (Figure S3).

The clinical benefit that we observe for high 
tumor APOBEC3C-H expression is supported 
from its association with markers of height-
ened anti-cancer immune response within 

tumors, especially elevated abundance of CD8+ 
T cells, TCR diversity, immune cytolytic activity, 
and expression of genesets of immune pro-
cesses (Figures 3B, 4). For APOBEC3B, these 
associations were absent or weak, and enriched 
expression of genesets for cell proliferation 
processes was observed, as has been reported 
for METABRIC [11] and in concordance with 
association of high APOBEC3B expression with 
tumor grade (Figure 2) and Ki67 level [17].

As expected, in both breast cancer cell-lines 
and TCGA tumors, correlations of gene expres-
sion of tumors with their mutation burden and 
other facets of cancer genome aberrations, 
including neoantigenicity, were strongest for 
APOBEC3B, and 3A, and weak or absent for 
APOBEC3C-H (Figure 3A). The same was seen 
for the tumor load of mutations of APOBEC pat-
tern. Although APOBEC3C-H have the ability to 
act as DNA mutators [5, 6], association of 
APOBEC3C-H gene expression with mutations 
of APOBEC pattern was not observed in either 
the tumors (Figure 3A) or cell-lines. This does 
not necessarily indicate that APOBEC3B is the 
major cause of APOBEC signature mutations in 
breast cancer because the mutations arose in 
the past, when gene expression levels may 
have been different. Mutations can drive can-
cer forward, for instance, by dysregulating 
checkpoints for cell proliferation, but they can 
also generate antigens that stimulate anti-can-
cer immune responses. Cancer mutagenesis 
occurs over long periods of time, and while it is 
accumulative, clonally generated mutations are 
also lost to selection pressure, including that 
from the anti-cancer immune response. This 
and the fact that immune cells also express 
APOBEC3s can complicate the examination of 
the biological and clinical relevance of tumor 
APOBEC3 activity. Indeed, our examination of 
gene expression of individual cells of breast 
cancer tumors suggests that epithelial cancer 
and immune cells are respectively the major 
sources of APOBEC3B and APOBEC3C-H 
expression in these tumors (Figure 7).

A comprehensive examination of all APOBEC3s 
covering multiple aspects of cancer biology 
such as immune features and patient outcome 
has not been previously described. Though we 
did not generate new data with experiment 
work, we utilized multiple large patient cohorts 
in our examination to strengthen the conclu-
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sions that may be drawn from its observations. 
Our study did not examine the APOBEC3 mem-
bers at a finer level. For instance, haplotype I of 
APOBEC3H protein has increased nuclear local-
ization and may therefore be more mutagenic 
compared to haplotype II [48], and a germline 
variation with deletion of the APOBEC3B coding 
region generates an APOBEC3A-3B hybrid that 
may be hypermutagenic [49]. It also remains 
possible that levels of APOBEC3s at the protein 
or enzyme activity level do not correlate with 
that at the RNA level, which is used for all analy-
ses of this study. Clearly, additional experimen-
tal work is necessary to confirm some of the 
observations that we have presented here 
(such as immunohistochemistry or RNA in situ 
hybridization to identify cellular sources of 
APOBEC3s). We hope that our analyses of exist-
ing data guides such future work. Observations 
similar to those that we have made about 
APOBEC3s for breast cancer have been noted 
for other cancers. For instance, a survival ben-
efit of high tumor APOBEC3G expression, asso-
ciating with high levels of tumor-infiltrating T 
cells, has been made for ovarian cancer [50].

In conclusion, we show that while the associa-
tions of each of the seven APOBEC3s in breast 
cancer tumors with their genomic, immune, 
clinical features are concordant, the associa-
tions for APOBEC3C-H are favorably prognostic 
and opposite to the detrimental values of 
APOBEC3A and APOBEC3B. The underlying 
basis for the prognostic benefit of high 
APOBEC3C-H levels in tumors remains 
unknown. It is possible that this merely reflects 
the infiltration of tumors by immune cells that 
appear to be the major tumor source of expres-
sion for these genes. On the other hand, func-
tional activities of the APOBEC3C-H proteins 
within immune cells may be important for anti-
cancer immune response. Besides mutating 
DNA, many APOBEC3 enzymes can also cause 
C-to-U RNA editing to affect activity and level of 
proteins, and we have shown that APOBEC3-
mediated C-to-U RNA editing occurs in breast 
cancer tumors and is associated with improved 
disease outcome [8]. APOBEC3s may also have 
molecular activities other than cytidine deami-
nation [51]. Identification of these activities will 
help us understand the sharply contrasting 
roles of these enzymes, promoting cancer 
through mutagenesis while antagonizing it 
through immune response.
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Table S1. Characteristics of examined breast cancer patient cohortsa

KM Plotter SCAN-B TCGA-BRCA
Patients 5,134 3,273 1,097
Country of patient care Sweden USA (> 90%)
Period of diagnoses 2010-2015 1978-2013b

Age (years) at diagnosis (mean ± SD) 62.7 ± 13.1 48.4 ± 13.2
Racec (%)
    African 18.1
    Asian 6.2
    Caucasian 75.3
Non-surgical treatment (%)
    Chemotherapy 42.2 39.8 77.4d

    Hormone therapy 44.6 78.2
    Radiation 44.2
Follow-up (months) from diagnosis (mean ± SD) 86.6 ± 47.3 73.0 ± 20.1 41.6 ± 39.9
Deaths (%) 24.2 14.5 13.9
Estrogen receptor-positive (%) 67.9 92.2 77.2
Progesterone receptor-positive (%) 48.1 86.9 67.0
HER2-positive (%) 22.2 13.2 19.5
Lymph node-positivee (%) 39.2 36.6 52.9
Nottingham histological grade (%)
    1 14.9 15.3 13.3
    2 42.3 47.9 46.3
    3 42.8 36.8 40.4
PAM50 subtype (%)
    Basal 17.1 9.9 17.7
    HER2-enriched 6.5 8.7 7.6
    Luminal A 48.7 48.0 51.8
    Luminal B 27.7 27.9 19.3
    Normal-like 3.5 3.7
Platform for tumor gene expression profiling Affymetrix microarray Illumina RNA sequencing Illumina RNA sequencing
aData for some characteristics or molecular assays is unavailable or incomplete for some cohorts. HER2, human epidermal growth factor recep-
tor 2; KM Plotter, Kaplan-Meier Plotter meta-cohort of 35 patient and tumor transcriptome datasets (2016.10.13 update); PAM50, Prediction 
Analysis of Microarray 50; SCAN-B, Sweden Cancerome Analysis Network-Breast; TCGA-BRCA, The Cancer Genome Atlas, Breast Carcinoma. bFor 
all TCGA patients including non-BRCA ones. cAfrican and Asian designations include mixed races with these components. dChemotherapy and/or 
hormone therapy. eN stage > 0.
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Figure S1. APOBEC3 gene expression in normal human tissues and breast cancer cell-lines. Heatmaps, with the 
same color scale, are shown for average gene expression in (A) 16 human tissues of the Illumina Human Body Map, 
(B) 14 peripheral leukocyte subsets of the Blueprint Epigenome, and (C) 55 human breast cancer cell-lines of the 
Cancer Cell Line Encyclopedia projects. TPM, transcripts per million.
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Figure S2. Correlations of TCGA breast cancer tumor APOBEC3 gene expression with relative abundances of tumor-
infiltrating immune cell types. Heatmap of Spearman correlation coefficients (r) is shown for the 915 tumors for 
which abundance values were determined for 22 types of cells by CIBERSORT method with p < 0.05. Abundance of 
CD4+ naive T cells was 0 for all tumors. Correlations for supersets of cell types are also plotted.

Table S2. Multivariable Cox proportional-hazards regression analyses of TCGA breast cancer tumor 
APOBEC3 gene expression and cancer progression and mortalitya

Variable Value
Disease-specific survival Progression-free survival

LRTb p Wald p HR (95% CI) LRT p Wald p HR (95% CI)
Demographic and pathologic variables-Univariable analyses
    Age at diagnosisc 0.165 0.163 1.01 (1.00-1.03) 0.635 0.635 1.00 (0.99-1.02)
    Race (vs. Caucasian) African 0.709 0.450 1.23 (0.72-2.11) 0.730 0.463 1.17 (0.77-1.78)

Asian 0.647 1.31 (0.41-4.21) 0.690 1.20 (0.49-2.96)
    Tumor grade (vs. I) II 0.045 0.385 1.95 (0.43-8.81) 0.026 0.291 1.78 (0.61-5.19)

III 0.068 3.88 (0.9-16.71) 0.035 3.06 (1.08-8.69)
    pN (vs. negative) Positive 2.52E-07 2.79E-06 3.63 (2.12-6.21) 5.73E-06 1.27E-05 2.26 (1.57-3.26)
    ER (vs. negative) Positive 0.011 0.008 0.53 (0.33-0.85) 0.007 0.005 0.60 (0.42-0.86)
    PR (vs. negative) Positive 0.004 0.004 0.51 (0.33-0.80) 0.001 0.001 0.55 (0.40-0.78)
    HER2 (vs. negative) Positive 0.887 0.888 0.95 (0.46-1.94) 0.741 0.743 0.92 (0.55-1.54)
Tumor APOBEC3 gene expression-Multivariable analysesd

    APOBEC3A (vs. low) High 0.001 0.894 0.93 (0.35-2.52) 0.020 0.970 0.99 (0.46-2.12)
    APOBEC3B (vs. low) High 0.007 0.831 0.90 (0.35-2.34) 0.015 0.866 0.94 (0.44-2.01)
    APOBEC3C (vs. low) High 0.011 0.336 0.65 (0.26-1.58) 0.016 0.257 0.67 (0.34-1.33)
    APOBEC3D (vs. low) High 0.010 0.355 0.63 (0.23-1.69) 0.090 0.383 0.73 (0.36-1.49)
    APOBEC3F (vs. low) High 0.143 0.424 0.71 (0.31-1.64) 0.261 0.432 0.78 (0.41-1.46)
    APOBEC3G (vs. low) High 0.086 0.347 0.61 (0.22-1.69) 0.118 0.189 0.62 (0.30-1.27)
    APOBEC3H (vs. low) High 0.182 0.565 0.76 (0.30-1.94) 0.205 0.743 0.89 (0.45-1.78)
aP values below 0.05 are italicized. CI, confidence interval; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; HR, hazard 
ratio; LRT, likelihood ratio test; pN, pathologic lymph node status; PR, progesterone receptor. bFull model’s p value. cContinuous value. dSingle 
APOBEC3 gene expression categorized as high or low based on within-cohort tertile grouping (top or bottom) in a model with tumor Nottingham 
histological grade, and pN, ER, and PR status (with LRT p < 0.05 in univariable analyses) as other variables. Proportional hazard assumptions 
hold true (p > 0.05) for all variables except for PR in analyses of disease-specific survival in cases of APOBEC3C, 3F, and 3G (p = 0.01-0.04).
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Figure S3. Correlation between RNA sequencing- and Agilent microarray-based APOBEC3 gene expression mea-
surements of TCGA breast cancer tumors. Log2-transformed normalized measurements are plotted for the 523 
tumors whose RNAs (from fresh-frozen samples) were assayed by both sequencing and microarray. Spearman cor-
relation coefficient values (r) are shown. Measurements for microarray are from Broad Institute Firebrowse (version 
1.1.40), while generation of the RNA sequencing-based measurements are described elsewhere in this publication. 
CPM, count per million.


