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Abstract: The apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like (APOBEC) causes a point mutation 
from cytidine to uracil in DNA and/or RNA. The role of APOBEC3A and APOBEC3B in breast cancer has been well 
described, whereas that of APOBEC3F remains unknown. To investigate the clinical relevance of APOBEC3F expres-
sion, we analyzed a total of 3000 breast cancer cases from multiple independent large patient cohorts includ-
ing METABRIC, TCGA, GSE75688, and GSE114725. High expression of APOBEC3F was associated with improved 
disease-specific and overall survival in triple negative breast cancer (TNBC). APOBEC3F is not usually a reflection of 
cancer cell biology in TNBC or luminal breast cancer, except for homologous recombination deficiency in TNBC. In 
the TNBC homologous recombination deficiency group, APOBEC3F expression was not consistently associated with 
intratumor heterogeneity, mutation rates, or neoantigens. APOBEC3F expression did not correlate with response 
to any of the drugs tested in breast cancer cell lines in vitro. However, high APOBEC3F expression was associated 
with enrichment of several immune-related gene sets and immune activity. High APOBEC3F expression also ac-
companied higher infiltration of anti-cancer immune cell infiltration in TNBC. However, in luminal breast cancer, high 
APOBEC3F tumor significantly enriched not only immune-related gene sets, but also cell proliferation-, metastasis-, 
and apoptosis-related gene sets. Analysis of single-cell transcriptomes showed APOBEC3F exclusively expressed in 
immune cells and significantly associated with cytolytic activity of the immune cells, immune response, and immune 
cell proliferation. Expression of immune checkpoint genes was uniformly elevated in APOBEC3F-high tumors. We 
conclude that APOBEC3F is exclusively expressed in immune cells and this expression is associated with enhanced 
anti-cancer immune response as well as improved survival in TNBC.
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Introduction

The apolipoprotein B mRNA-editing enzyme 
catalytic polypeptide-like 3 (APOBEC3) subfam-
ily of cytidine deaminases has been highlighted 
as a cause of somatic mutations in many types 
of cancer including breast. Human APOBEC3s 

are encoded by seven structurally related genes 
on chromosome 22 (3A, 3B, 3C, 3DE, 3F, 3G, 
and 3H) [1]. APOEBC3s preferentially deami-
nate the central cytidine (C) between thymine 
(T) and adenine (A) or T (referred to as TCW 
motif), resulting in many C to T and C to G sub-
stitutions within the TCW motif. This character-
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istic APOBEC signature has been reported in 
approximately 75% of cancer types and >50% 
of all tumors analyzed [2]. This overall muta-
tional load particularly contributes to breast, 
lung, esophagus, bladder, head and neck, and 
cervix cancers [3-5]. Nik-Zainal et al. reported 
the presence of clustered mutations called 
“kataegis” identified through genome sequenc-
ing of 21 breast cancer tumors in 2012, which 
are believed to be caused by APOBEC3s [6].

Increased somatic mutations in tumors may 
induce a more aggressive tumor phenotype as 
well as a greater opportunity for neoantigen 
presentation on cancer cells to evoke immune 
responses against the cancer cell [7-9]. Triple 
negative breast cancer (TNBC), characterized 
by estrogen receptor (ER)-negative, progester-
one receptor (PgR)-negative, and epidermal 
growth factor receptor 2 (HER2)-negative, is 
known to have a high mutational burden. 
Among various breast cancer subtypes, TNBC 
is the most proliferative with a generally poor 
prognosis. However, TNBC patients with high 
tumor neoantigen presentation are known to 
have better survival [10].

In vitro cell line experiments and even synge-
neic animal experiments may not fully model 
the interaction between cancer cells and 
immune cells in the tumor microenvironment 
(TME) of human TNBC patients. Our group has 
been utilizing an in silico translational research 
approach to overcome this challenge by analyz-
ing clinical and molecular data from large 
breast cancer patient cohorts to objectively 
quantify immune cell infiltration and function in 
tumors, thereby elucidating cancer biology 
[11-19].

In breast cancer, APOBEC3A and APOBEC3B 
have been considered the key mutagenic driv-
ers promoting mutation associated with poor 
prognosis [20, 21]. However, APOBEC3-related 
mutational signatures have been positively  
correlated with neoantigen production and im- 
mune cell infiltration [22, 23]. Although all 
APOBEC3 family members have deaminating 
activity causing nucleotide changes in DNA or 
RNA [24], their relevance in breast cancer 
remains largely unknown except for APOBEC3A 
and APOBEC3B.

Human APOBEC3F was discovered with APO- 
BEC3D and APOBEC3G as a host factor that 
inhibits human immunodeficiency virus type 1 

(HIV-1) replication by inducing hypermutation of 
HIV-1 DNA [25-27]. Since the viral infectivity 
factor (Vif) eliminates the activity of APOBEC3 
and renders HIV-1 resistant to these antiviral 
effects, the interaction of HIV-1 with Vif has 
become a new HIV-1 drug target [28]. APOBEC3F 
was shown to partially inhibit Vif degradation 
[25]. The only reported role of APOBEC3F in 
cancer has been its high expression in hepato-
cellular carcinoma (HCC) tumors and associa-
tion with poor recurrence-free survival [29]. To 
the best of our knowledge, no study demon-
strates APOBEC3F’s clinical importance in 
breast cancer.

Given the above-mentioned roles of APOBEC3 
in breast cancer, we hypothesized that 
APOBEC3F gene expression may increase 
breast cancer tumor mutation by affecting 
immune cell infiltration, thus impacting anti-
cancer immune response and patient survival.

Materials and methods

Breast cancer patient cohorts

Overall, 3000 breast cancer patients’ informa-
tion was obtained for analyses from the Mo- 
lecular Taxonomy of Breast Cancer Interna- 
tional Consortium (METABRIC) and The Cancer 
Genome Atlas (TCGA) projects. We obtained 
annotated transcriptome and clinicopathologi-
cal outcome data from cBioPortal, utilizing the 
same methodology as previously reported [30-
32]. The discovery cohort included 1904 
patients of METABRIC, and the validation 
cohort included 1077 patients of TCGA. Within 
each cohort, the top and bottom tertiles of 
patients as per tumor gene expression were 
assigned to high and low gene expressor 
groups respectively. 21253 single-cell tran-
scriptomes of eight patients from GSE114725 
[33] and 515 single-cell transcriptomics of 11 
patients from GSE75688 [34] were used as pri-
mary breast cancer single-cell sequencing 
cohorts. Institutional review board approval 
was not required for this study because the four 
noted datasets are de-identified and publicly 
available. Gene expression data from all four 
cohorts we used were normalized by the time of 
the original publication [30, 33-35].

Gene set enrichment analysis

For investigation of gene function, we used pre-
ranked gene set enrichment analysis (GSEA) as 
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previously described [15, 36, 37]. False discov-
ery rate (FDR) was calculated using multiple 
hypothesis tests comparing gene expression 
with Hallmark collection gene sets from the 
Molecular Signatures Database (MSigDB). 
GSEA recommended a false discovery rate 
(FDR) of 0.25 for statistical significance [38].

Composition of immune cells and cancer im-
munity score estimation

xCell algorithm [39] was used to estimate tumor 
composition of infiltrating immune cells from 
whole tumor transcriptomic data [16, 18, 40]. 
Expression levels of Perforin 1 (PRF1) and 
Granzyme A (GZMA) were used to measure 
immune cytolytic activity as the CYT score [41, 
42], which we have previously associated with 
reduced intratumor heterogeneity and better 
clinical outcomes in TNBC [43]. Tumor tran-
scriptome-based estimates of tumor-infiltrating 
lymphocyte (TIL) fraction, leukocyte fraction, 
Interferon (IFN)-γ Response, Lymphocyte In- 
filtration Signature, and B and T cell receptor 
(BCR/TCR) richness were all obtained from the 
published study by Thorsson et al. [44].

Others

For statistical analysis and data plotting, R (ver-
sion 4.0.1) with Bioconductor (version 3.13) 
and Microsoft Excel (version 16 for Windows) 
were used. All P-value cut-offs for statistical sig-
nificance were set at 0.05. Overall survival (OS) 
was defined as the time from treatment com-
pletion to all-cause related death, and disease-
specific survival (DSS) was defined as the time 
from treatment completion to disease-specific 
death. Kaplan-Meier method with log rank test 
was used for survival analysis. Statistical com-
parisons between groups were made using 
Mann-Whitney U test for two groups or Kruskal-
Wallis test for multiple groups. Median and 
interquartile level values are shown in Tukey 
boxplots. Transcriptomics and drug sensitivity 
data for each breast cancer cell line were from 
the cancer cell line encyclopedia (https://dep-
map.org/portal/).

Results

High tumor APOBEC3F expression indicates 
better prognosis in triple negative breast can-
cer (TNBC)

First, we investigated the relationship between 
tumor APOBEC3F expression and clinical fea-

tures in different breast cancer subtypes-lumi-
nal (estrogen receptor [ER]-positive/human 
epidermal growth factor receptor 2 [HER2]-
negative), HER2-positive, and TNBC. APOBEC3F 
expression was highest in TNBC compared to 
other subtypes in both METABRIC and TCGA 
cohorts (all P<0.001, Figure 1A). Compared to 
normal tissues in TCGA, APOBEC3F expression 
was only higher in TNBC than in normal tissues, 
and conversely lower in luminal and HER2-
positive types (All P<0.001, Figure 1A, right). 
Expression of the gene, however, did not show 
any consistent association with Nottingham 
histological grade (grade I-III) or American Joint 
Committee on Cancer (AJCC) pathological 
stage (stage I-III) of tumors in the two cohorts 
(Figure S1). We defined the top two-thirds of 
cohorts by their tumor APOBEC3F expression 
as high expressors and the rest as low expres-
sors. This cohort grouping led to the observa-
tion that APOBEC3F expression was significant-
ly associated with better disease-specific sur-
vival (DSS) and overall survival (OS) consistent-
ly in both METABRIC and TCGA TNBC cohorts 
(all P<0.05), but not for other cancer subtypes 
(Figure 1B). Thus TNBC, which has the highest 
APOBEC3F expression among breast cancer 
subtypes, is associated with better outcomes.

Tumor APOBEC3F expression is associated 
with homologous recombination deficiency 
(HRD) in TNBC and mutation rates in luminal 
subtype

Because mutations can generate neoantigens 
that prime an anti-tumor T cell immune attack 
[45], we investigated the relationship between 
tumor APOBEC3F expression and tumor homol-
ogous recombination deficiency (HRD), intratu-
mor heterogeneity, mutation- and neoantigen-
related scores, previously established by 
Thorsson et al. [44] for the TCGA cohort. As 
shown in Figure 2A, HRD alone was associated 
with high APOBEC3F in TNBC. Conversely, in 
luminal subtype, low APOBEC3F was associat-
ed with a fraction altered score and both silent 
and non-silent mutation rate. These results 
suggest that although the APOBEC3 family, 
especially APOBEC3B, has been identified as 
enzymes that generate mutations, high expres-
sion of APOBEC3F is not associated with tumor 
mutation or neoantigen burden. 

We also examined the association of drug sen-
sitivity of various human breast cancer cell 
lines and their APOBEC3F expression to investi-
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gate the role of APOBEC3F and treatment 
response in cancer cells. We did not find a clear 
association for cell-lines of either TNBC or lumi-
nal subtypes (Figures 2B, S2).

High tumor APOBEC3F expression is associ-
ated with elevated immune response, immune 
cytolytic activity (CYT), and anti-cancer im-
mune cell infiltration

Since APOBEC3F expression was not associat-
ed with tumor mutation rate, it was of interest 

to investigate whether it associates with infil-
tration of non-cancer immune cells in the 
breast cancer tumor microenvironment (TME). 
For this, we utilized xCell algorithm to estimate 
the composition of immune cell infiltrations 
from bulk tumor transcriptomes of the 
METABRIC and TCGA cohorts. Anti-cancer and 
pro-cancer immune cell infiltration were posi-
tively associated with high APOBEC3F expres-
sion in TNBC, including CD8+ T cells, B cells, 
dendritic cells, and M1 and M2 macrophages, 

Figure 1. Tumor APOBEC3F expression by breast cancer subtype is shown in the (A) Boxplots show APOBEC3F 
expression between TNBC, ER or PR positive/HER2 negative (luminal), and HER2 positive (HER2+) subtypes in 
METABRIC, and normal tissue in TCGA. The P-values were derived by Kruskal-Wallis test for multi-group comparison 
and Mann-Whitney U test for two-group comparison. (B) Kaplan-Meier curves for DSS and OS by APOBEC3F gene 
expression in METABRIC and TCGA cohorts are shown for the luminal, TNBC, and HER2+ subtypes. High and low 
APOBEC3F expressors are defined using the intra-cohort bottom tertile as a cut-off. A log-rank test was used to 
calculate P-values. DSS; disease-specific survival, ER; estrogen receptor, HER2; human epidermal growth factor 
receptor 2, OS; overall survival, PR; progesterone receptor, TNBC; triple negative breast cancer.
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Figure 2. Association of APOBEC3F expres-
sion with tumor HRD, intratumor heteroge-
neity, mutation rates, and neoantigens in 
the TCGA cohort, and with drug sensitivity 
of human breast cancer cell lines. A. Box-
plots according to low and high APOBEC3F 
breast cancer in the TCGA cohort of mutation 
scores; HRD, intratumor heterogeneity, silent 
mutation, non-silent mutation rate, altered 
fraction, SNV neoantigen, and indel neoanti-
gen. High and low APOBEC3F expressors are 
defined using the intra-cohort bottom tertile 
as cut-off. Mann-Whitney U test was used to 
calculate all P-values. B. Correlation plots of 
APOBEC3F expression and drug sensitivity 
AUC; docetaxel, 5-fluorouracil, tamoxifen, ful-
vestrant in TNBC and luminal breast cancer 
cell lines. Cell line data was downloaded from 
the Depmap portal. The PRISM Repurpos-
ing 19Q4 was used for each drug sensitivity. 
Correlation coefficients were derived from 
the Spearman rank test. HRD; homologous 
recombination deficiency, SNV; single nucleo-
tide variant, AUC; area under the curve.
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consistently in both TCGA and METABRIC 
cohorts (Figure 3A, 3B; all P<0.05). Immune 
cell killing activity, calculated as Cytolytic 
Activity score (CYT), was consistently and sig-
nificantly elevated in both cohorts for high 
APOBEC3F expressors (Figure 3C, both P< 
0.001). Similarly, high APOBEC3F expressors 
among patients with luminal subtype had 
greater tumor infiltration by both anti-cancer 
and pro-cancer immune cells (Figure S3).

High APOBEC3F expressors of TNBC subtype 
have enriched immune-related gene expres-
sion

Given that infiltrations of immune cells were 
very similar among breast cancer subtypes, to 
explain TNBC significantly better survival we 
hypothesized that high APOBEC3F expression 
is associated with enhanced immune response. 
To this end, gene set enrichment analysis 
(GSEA) using Hallmark gene set collection was 
performed to compare high and low APOBEC3F 
expressors of TNBC subtype in the METABRIC 
and TCGA cohorts. As expected, high expres-
sors had enriched expression of a few immune-
related gene sets consistently in both cohorts, 
including inflammatory response, IL-2/STAT5 
signaling, interferon (IFN)-γ response, IFN-α 
response, IL-6/Jak/SSTAT3 signaling, and com-
plement (Figure 4A, all FDR<0.25).

A high level of cancer immunity scores provided 
by Thorsson et al., such as IFN-γ response, lym-
phocyte infiltration signature, leukocyte frac-
tion, tumor infiltrating lymphocytes (TIL) region-
al fraction, and T cell receptor (TCR) richness in 
TCGA cohort were significantly associated with 
high APOBEC3F TNBC (Figure 4B, all P<0.05). 
Hence, activation of multiple immune respons-
es was associated with high APOBEC3F expres-
sion in TNBC.

High APOBEC3F expression in luminal sub-
type is associated with enriched expression 
of cancer aggravating pathways in addition to 
immune-related gene sets

We also examined tumors of luminal subtype of 
the METABRIC and TCGA cohorts to compare 
high and low APOBEC3F expressors for enrich-
ment of gene pathways. Like TNBC, high 
APOBEC3F expressors of luminal subtype also 
showed enrichment for several immune-related 
gene sets consistently in both cohorts, includ-

ing inflammatory response, IL-2/STAT5 IFN-γ 
response, IFN-α response, IL6/Jak/STAT3 sig-
naling, TNF-α signaling via NFkB, coagulation, 
and allograft rejection (Figure 5A). However, 
unlike TNBC, for the luminal subtype several 
other gene sets were also consistently enriched 
in both cohorts, such as apoptosis-related 
gene sets, tumor p53 pathway, hypoxia, reac-
tive oxygen species (ROS) pathway, Kirsten rat 
sarcoma (KRAS) signaling up, phosphatidylino-
sitol-4,5-bisphosphate 3-kinase (PI3K)/threo-
nine protein kinase B (AKT)/mammalian target 
of rapamycin (mTOR) signaling, angiogenesis, 
fatty acid metabolism, bile acid metabolism, 
heme metabolism, apical surface, and UV 
response up (Figure 5B-E).

Regarding cancer immunity scores provided by 
Thorsson et al. for the TCGA cohort, high-APO-
BEC3F luminal cancer, like TNBC, had higher 
scores for IFN-γ response, lymphocyte infiltra-
tion signature, leukocyte fraction, tumor infil-
trating lymphocytes (TIL) regional fraction, B 
cell receptor (BCR) and T cell receptor (TCR) 
richness (all P<0.05, Figure 5F). Taken togeth-
er, high tumor APOBEC3F expression is signifi-
cantly linked with cancer immunity, regardless 
of cancer subtype, while simultaneously pro-
moting cancer aggressiveness in luminal 
breast cancer.

In both TNBC and luminal cancers, APOBEC3F 
is exclusively expressed in tumor immune cells 
at levels associated with heightened immune 
activity

Given the strong association of APOBEC3F 
expression with immune cell infiltration and 
immune response in the breast cancer TME, it 
was of interest whether APOBEC3F is a mere 
marker of immune cells or has function within 
immune cells. In the GSE75688 breast cancer 
tumor single-cell transcriptome dataset, we 
observed that APOBEC3F gene was exclusively 
expressed in immune cells compared with 
myeloid, stromal, and cancer cells (Figure 6A, 
P<0.001). Furthermore, among immune cells in 
the GSE114725 breast cancer tumor single-
cell transcriptome dataset, APOBEC3F was 
expressed highly in CD4+ T cells, CD8+ T cells, 
natural killer cells, neutrophils, and B-cells, and 
at a relatively lower level in regulatory T cells 
(T-regs), dendritic cells (DC), macrophages 
(MΦ), and monocytes (Mono) (Figure 6A, 
P<0.001).



APOBEC3F is associated with cancer immunity and better survival in TNBC

750 Am J Cancer Res 2022;12(2):744-762



APOBEC3F is associated with cancer immunity and better survival in TNBC

751 Am J Cancer Res 2022;12(2):744-762

Figure 3. Association of tumor APOBEC3F expression with tumor immune composition and cytolytic activity (CYT). Boxplots for low and high APOBEC3F expressors 
of TNBC subtype in METABRIC and TCGA cohorts are shown for (A) anti-cancer immune cells: CD8+ T cells, CD4+ T cells, Th1, M1 macrophages, DC, NK; (B) pro-
cancer immune cells: Treg, Th2, M2 macrophages, and B cells; (C) CYT score. High and low APOBEC3F expressors are defined using the intra-cohort bottom tertile 
as cut-off. Mann-Whitney U test was used to calculate all P-values. DC; dendritic cells, NK; natural killer T-cells, Th1; T helper type 1 cells, Th2; T helper type 2 cells, 
Treg; regulatory T cells.
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Figure 4. Enriched expression of immune response gene sets among high APOBEC3F expressors of TNBC subtype. A. Enrichment plots for Hallmark gene sets with 
significantly enriched expression in both METABRIC and TCGA cohorts are shown. FDR<0.25 was set as a significance threshold. B. Boxplots for various immune 
response-related scores among high and low APOBEC3F expressors of TNBC subtype in the TCGA cohort. High and low APOBEC3F expressors are defined using the 
intra-cohort bottom tertile as cut-off. BCR; B cell receptor, FDR; false discovery rate, GSEA; gene set enrichment analysis, IFN; interferon, NES; normalized enrich-
ment score, TCR; T cell receptor, TIL; tumor infiltrating lymphocytes.
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Figure 5. Enriched expression of immune response gene sets among high APOBEC3F expressors of luminal subtype. Enrichment plots for Hallmark gene sets with 
significantly enriched expression in both METABRIC and TCGA cohorts are shown for (A) immune-related gene sets, (B) apoptosis-related gene sets, (C) cancer 
progression-related gene sets, (D) metabolism-related gene sets, and (E) others. FDR<0.25 was set as significance threshold. (F) Boxplots for various immune 
response-related scores among high and low APOBEC3F expressors of the luminal subtype in the TCGA cohort. High and low APOBEC3F expressors are defined us-
ing the intra-cohort bottom tertile as cut-off. BCR; B cell receptor, FDR; false discovery rate, IFN; interferon, NES; normalized enrichment score, TCR; T cell receptor, 
TIL; tumor infiltrating lymphocytes.
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Figure 6. APOBEC3F expression in different cells of breast cancer tumors and immune function. Single-cell tumor transcriptome datasets of two breast cancer co-
horts were analyzed. (A) Boxplots of APOBEC3F gene expression levels of immune, myeloid, stromal, and cancer cells in the GSE75688 cohort, and of immune cell 
subsets of the GSE114725 dataset. (B) Boxplots showing gene expression in immune cells from the GSE114725 cohort and (C) immune checkpoint gene expres-
sions in TNBC with the low and high APOBEC3F groups of the METABRIC cohort. Kruskal-Wallis test and Mann-Whitney U test were used to compare multiple and two 
factors to calculate P-values. CTLA4; cytotoxic T-lymphocyte-associated protein 4, DC; dendritic cells, GZMB; Granzyme B, HLA-A; human leukocyte antigens-A, IDO1; 
indoleamine 2,3-dioxygenase 1, INFG; Interferon γ, LAG3; lymphocyte-activation gene 3, Mono; monocytes, Mφ; macrophage, Neutro; Neutrophils, NK; Natural killer 
cells, PD-1; programmed death protein-1, PD-L1; programmed death-ligand 1, PD-L2; programmed death-ligand 2, PRF1; Perforin 1, TIGIT; T cell immunoreceptor 
with Ig and ITIM domains, Treg; regulatory T-cells.
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To investigate the association of APOBEC3F 
expression with immune function in immune 
cells, we analyzed the GSE75688 dataset and 
found that immune cells with high APOBEC3F 
expression also had higher expression of 
Perforin 1 (PRF1) and Granzyme A (GZMA), the 
two genes that determine cytolytic activity 
score (CYT). Interferon-γ (IFN-γ), reflecting 
immune response, and MKI67, reflecting cell 
proliferation, were also elevated in high-APO-
BEC3F expressing cells (Figure 6B, P<0.001). 
Our results suggest that APOBEC3F is ex- 
pressed in immune cells, especially effector 
cells. Furthermore, its expression is also asso-
ciated with immune function, including cytolytic 
activity, as well as proliferation in the human 
breast cancer TME.

Given the increased infiltration of immune cells 
and its strong correlation with immune 
response, we expected APOBEC3F expression 
to correspond with immune checkpoint genes. 
Indeed, various immune checkpoint genes that 
we investigated were highly expressed in high-
APOBEC3F groups for both TNBC and luminal 
subtypes in the METABRIC cohort, including 
programmed death protein-1 (PD-1), cytotoxic 
T-lymphocyte-associated protein 4 (CTLA4), 
programmed death-ligand 1 (PD-L1), PD-L2, 
lymphocyte-activation gene 3 (LAG3), indole-
amine 2,3-dioxygenase 1 (IDO1), human leuko-
cyte antigens-A (HLA-A), T cell immunoreceptor 
with Ig and ITIM domains (TIGIT) (Figure 6C). 
The TCGA cohort mirrored this observation 
(Figure S4). Thus, these results imply an asso-
ciation between global expression of immune 
check point molecules and high APOBEC3F 
expression in breast cancer.

Discussion

In this study, we demonstrate that in the human 
breast cancer tumor microenvironment, 
APOBEC3F is exclusively expressed in immune 
cells that enhance the anti-cancer immune 
response, including immune cell-mediated 
cytolysis of cancer cells. High expression of 
APOBEC3F is significantly associated with 
immune cell infiltration in tumor and anti-can-
cer immune activity, as well as improved patient 
survival in TNBC. These observations were 
obtained using two large independent primary 
breast cancer cohorts, METABRIC and TCGA. 
APOBEC3F expression was significantly high in 
TNBC, which among all breast cancer subtypes 

is the subtype with the most abundant immune 
cell infiltration. Patient survival (DSS and OS) 
was consistently better in high-APOBEC3F TN- 
BC, which led us to hypothesize that APOBEC3F 
may enhance cancer immunity. In both TNBC 
and luminal breast cancer, APOBEC3F expres-
sion did not show association with cancer cell 
parameters such as tumor clonal heterogene-
ity, mutation burden, or neoantigen load (except 
for HRD in TNBC). APOBEC3F expression did 
not correlate with sensitivity to any of the anti-
cancer drugs in any of the cancer cell lines that 
we investigated. However, APOBEC3F expres-
sion was associated with tumor infiltration by 
multiple types of immune cells and with high 
immune cytolytic activity regardless of cancer 
subtype. High APOBEC3F tumor significantly 
enriched immune-related gene sets including 
IL-2/STAT5 signaling, IFN γ response, inflamma-
tory response, TNF-α signaling, and was associ-
ated with high levels of immune activity scores 
in TNBC. However, in luminal breast cancer, not 
only immune-related gene sets but also a vari-
ety of gene sets were enriched including apop-
tosis-related, metabolism-related, cell prolifer-
ation-related, apical surface, and UV response. 
Using the breast cancer single-cell transcrip-
tome cohorts we found that compared to can-
cer and stromal cells, APOBEC3F was exclu-
sively expressed in immune cells. High-APO- 
BEC3F immune cells had significantly higher 
expression of immune response, including 
tumoricidal genes, as well as MKI67. Finally, 
high-APOBEC3F tumors expressed significantly 
higher immune checkpoint genes reflecting T 
cell infiltration in both TNBC and luminal 
subtypes.

Although members of the APOBEC3 family have 
high homology in their structures, their func-
tions differ individually and may even be oppo-
site [46]. These enzymes may activate onco-
genes or inactivate tumor suppressors by DNA/
RNA deamination to promote tumor heteroge-
neity and cancer cell growth [47]. In breast can-
cer hallmark trinucleotide contexts, excessive 
expression of APOBEC3A and APOBEC3B 
induces chromosomal mutations and DNA 
damage responses leading to those enzymes 
being regarded as the key mutagenic drivers 
[48]. APOBEC3B is associated with specific 
somatic mutations such as TP53 and PIK3CA 
[49, 50] as well as other subclonal mutations 
that cause immune evasion [51]. Thus, 
APOBEC3B has been suggested to play a role 
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in the accumulation of somatic genomic chang-
es during carcinogenesis. APOBEC3B expres-
sion has been reported to be associated with 
Nottingham histological grade and worse sur-
vival [52]. APOBEC3A, the most catalytically 
active of the APOBEC3 family, has also been 
suggested to be a powerful mutation promoter 
[53].

Conversely, mutations caused by APOBECs and 
other factors are also known to induce high 
immunogenicity and activate cancer immunity 
[24, 54]. Recent studies have reported that 
tumor gene expression of APOBEC3B corre-
lates with that of PD-1 in multiple cancer types 
[55-57]. Kataegis, a specific mutation pattern 
generated by APOBEC3s, is also associated 
with PD-1/PD-2 expression [58]. In non-small 
cell lung cancer (NSCLC), high expression of 
APOBEC3B has been reported in patients with 
persistent response to immunotherapy [55]. 
There is a trade-off between these two effects 
since each APOBEC3 is linked to immunological 
and cell proliferative processes in cancer to 
varying degrees. Indeed, we have previously 
observed that increased mutational load in 
breast cancer counterbalances the heightened 
anti-cancer immunity and aggressive pheno-
type [59]. Our group has also shown that breast 
cancers with elevated levels of RNA editing by 
APOBEC3 have increased aneuploidy and copy 
number abnormalities, and enriched expres-
sion of immune-related, but not cell-related 
gene sets [60]. We have also found higher 
immune cells than epithelial cells in higher 
gene expressing APOBEC3. In the current study, 
we found that APOBEC3F activates cancer 
immunity strong enough to affect survival dif-
ferences in TNBC as evident from single cell 
sequence dataset, enrichment of immune-
related gene sets, immune cell infiltrations, 
enhanced immune response, and immune cell 
killing. Among breast cancer subtypes TNBC is 
known to be the most aggressive, however, 
some TNBC with high immunogenicity and 
abundant TILs reportedly respond well to che-
motherapy and have a good prognosis [15-17, 
61-64]. Our result that high tumor APOBEC3F 
expression level is associated with better sur-
vival may imply that these are the immune-acti-
vated TNBC patients, which is consistent with 
previous reports.

Interestingly, while more immune-related gene 
sets were enriched in TNBC, immune cell infil-
tration according to APOBEC3F expression lev-

els did not differ significantly between TNBC 
and luminal breast cancer. In TNBC, high 
APOBEC3F tumor enriched immune-related 
gene sets, whereas it enriched a wide range of 
gene sets, along with cancer proliferation gene 
sets, in luminal subtype. To this end, APOBEC3F 
expression seems to be heavily tilted toward 
killing cancer cells in TNBC. Using the single-
cell transcriptome datasets, we found that 
APOBEC3F was exclusively expressed in 
immune cells and significantly related to its 
immune activity, as well as immune cell prolif-
eration. This suggests that the improved sur-
vival prognosis in TNBC patients with high 
tumor expression of APOBEC3F does not sim-
ply reflect the neoantigen activity of cancer 
accompanied by abundant immune cell infiltra-
tion, but APOBEC3F may have the ability to acti-
vate immune cells.

APOBEC3F gene expression was higher in 
TNBC, but lower in ER+HER2 and HER2+ sub-
types compared to normal tissue in TCGA. 
However, all three subtypes had significantly 
less APOBEC3F protein when compared to nor-
mal tissue in the Clinical Proteomic Tumor 
Analysis Consortium (CPTAC) Confirmatory/
Discovery dataset (personal communication). 
This further emphasizes the necessity for pro-
tein analysis at the tissue and/or cell level in 
the laboratory.

However, APOBEC3F expression was complete-
ly unrelated to drug sensitivity in breast cancer 
cell lines, which agrees with the notion that 
APOBEC3F functions in immune cells and not 
in cancer cells. Our results further suggest that 
studies of genes that work on non-cancer cells 
in the TME require analyses of human patient 
samples, since cancer cell culture cannot repli-
cate the interactions that occur in vivo, and ani-
mal models may not replicate human tumors. 
We found that immune checkpoint molecules 
were uniformly elevated in high APOBEC3F 
breast cancers, which further demonstrates 
that APOBEC3F is involved in cancer immunity 
given that immune checkpoint molecules are 
known to be markers of lymphocyte exhaus-
tion. Whether APOBEC3F expression has the 
utility as a biomarker for the response to 
immune checkpoint inhibitors is yet to be deter-
mined through future study.

Naturally, we are aware of several limitations in 
this study. First, this is a retrospective study 
using a previously collected cohort of patients. 
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Despite utilizing large dataset cohorts, selec-
tion bias exists in patient background and clini-
copathological information. Secondly, entire 
analyses of our study were based on mRNA 
expression data, which may not be in sync with 
the APOBEC3F protein expression. Additionally, 
immune cell infiltration analyzed in this study 
were all fractions calculated using an algorithm 
from bulk tumor transcriptome, which were not 
validated by histology nor single cell isolation of 
immune cells. Reasons for the opposite or 
invalidated results for some immune cells 
between 2 cohorts may be due to differences 
in the platform used to measure mRNA expres-
sion, with METABRIC using gene expression 
microarray and TCGA using RNA-sequence, as 
well as TCGA having approximately half the 
sample size as METABRIC. Moreover, the RNA 
sequencing in the two single-cell transcriptome 
datasets that we utilized is not free from cover-
age bias with low overall gene expression. 
Finally, since we are incapable of conducting in 
vitro experiments at this time, we do not know 
how APOBEC3F specifically modifies DNA or 
RNA in the immune cells, and further studies 
are needed to determine its specific functions.

In conclusion, our study demonstrates that in 
breast cancer tumors, the APOBEC3F gene is 
exclusively expressed in immune cells. APO- 
BEC3F expression in these tumors is positively 
associated with enhanced anti-cancer immune 
response, immune cell proliferation, and 
immune cell-mediated cytolytic activity in the 
tumor microenvironment, and with favorable 
survival in triple-negative breast cancer.
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Figure S1. Association between clinical features in the groups with low and high APOBEC3F expression. Boxplots 
show APOBEC3F expression by Nottingham histological grade (Grade I, II and III) and the American Joint Committee 
on Cancer (AJCC) cancer staging (Stage I-III) in the METABRIC and TCGA cancer cohort. Kruskal-Wallis test was used 
to calculate P-values.
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Figure S2. Correlation plots of APOBEC3F expression in cell lines and drug sensitivity AUC from different experimental results; docetaxel, 5-fluorouracil, tamoxifen, 
fulvestrant in TNBC and luminal breast cancer cell lines. Cell line data are the same as in Figure 2 and were downloaded from the Depmap portal. The following 
experimental data for each drug were all downloaded from the Depmap portal, PRISM1; PRISM Repurposing 19Q3, PRISM2; PRISM Repurposing 19Q4, GDSC1; 
Sanger GDSC1, GDSC2; Sanger GDSC2. Correlation coefficients were derived from the Spearman rank test.
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Figure S3. Association of tumor APOBEC3F expression with tumor immune composition and cytolytic activity (CYT). Boxplots for low and high APOBEC3F expressors 
of luminal breast cancer subtype in METABRIC and TCGA cohorts are shown for (A) anti-cancer immune cells: CD8+ T cells, CD4+ T cells, Th1, M1 macrophages, DC, 
NK; (B) pro-cancer immune cells: Treg, Th2, M2 macrophages, and B cells; (C) CYT score. High and low APOBEC3F expressors are defined using the intra-cohort bot-
tom tertile as cut-off. Mann-Whitney U test was used to calculate all P-values. DC; dendritic cells, NK; natural killer T-cells, Th1; T helper type 1 cells, Th2; T helper 
type 2 cells, Treg; regulatory T cells.

Figure S4. Immune checkpoint gene expressions in TNBC with the low and high APOBEC3F groups of the TCGA cohort. Mann-Whitney U test was used to calculate P-
values. CTLA4; cytotoxic T-lymphocyte-associated protein 4, HLA-A; human leukocyte antigens-A, IDO1; indoleamine 2,3-dioxygenase 1, LAG3; lymphocyte-activation 
gene 3, PD-1; programmed death protein-1, PD-L1; programmed death-ligand 1, PD-L2; programmed death-ligand 2, TIGIT; T cell immunoreceptor with Ig and ITIM 
domains.


