
Am J Cancer Res 2023;13(7):2790-2813
www.ajcr.us /ISSN:2156-6976/ajcr0150876

Original Article
Autotaxin production in the human  
breast cancer tumor microenvironment  
mitigates tumor progression in early breast cancers

Matthew GK Benesch1*, Rongrong Wu1,2*, Xiaoyun Tang3, David N Brindley3, Takashi Ishikawa2, Kazuaki 
Takabe1,2,4,5,6,7

1Department of Surgical Oncology, Roswell Park Comprehensive Cancer Center, Buffalo, New York 14263, USA; 
2Department of Breast Surgery and Oncology, Tokyo Medical University, Tokyo 160-8402, Japan; 3Cancer Re-
search Institute of Northern Alberta, Department of Biochemistry, University of Alberta, Edmonton, Alberta T6G 
2H7, Canada; 4Department of Gastroenterological Surgery, Yokohama City University Graduate School of Medi-
cine, Yokohama 236-0004, Japan; 5Division of Digestive and General Surgery, Niigata University Graduate School 
of Medical and Dental Sciences, Niigata 951-8520, Japan; 6Department of Breast Surgery, Fukushima Medical 
University School of Medicine, Fukushima 960-1295, Japan; 7Department of Surgery, University at Buffalo Jacobs 
School of Medicine and Biomedical Sciences, State University of New York, Buffalo, New York 14263, USA. *Equal 
contributors.

Received April 23, 2023; Accepted June 14, 2023; Epub July 15, 2023; Published July 30, 2023

Abstract: Autotaxin (ATX) is a secreted enzyme that produces extracellular lysophosphatidate in physiological wound 
healing. ATX is overexpressed in many cancers to promote growth, metastasis, and treatment resistance. However, 
ATX expression is very low in breast cancer cells, and is instead secreted by the tumor microenvironment (TME). 
Paracrine ATX expression, and its effects on tumor progression, has not been robustly studied in human breast tu-
mors. In this study, ATX expression was analyzed in over 5000 non-metastatic breast cancers from databases TCGA, 
METABRIC and GSE96058, dichotomized by the median. Gene set enrichment analysis (GSEA) and the xCell algo-
rithm investigated biological functions of ATX and correlation to TME cell populations. TME ATX production was veri-
fied by single cell RNA sequencing. The highest ATX expression occurred in endothelial cells and cancer-associated 
fibroblasts (P<0.0001). High tumor ATX expression correlated to increased adipocyte, fibroblast, and endothelial cell 
fractions (P<0.01), and GSEA demonstrated enriched immune system, tumor suppressor, pro-survival, stemness, 
and pro-inflammatory signaling in multiple gene sets. Tumor mutational burden was decreased, Ki67 scores were 
decreased, tumor infiltrating immune cell populations increased, and immune cytolytic activity scores increased (all 
P<0.01) for ATX-high tumors. Overall survival trends favored ATX-high tumors (hazard ratios 0.75-0.80). In summary, 
in human breast cancers, ATX is produced by the TME, and in non-metastatic tumors, high levels correlate with an 
anti-tumor phenotype. Because pre-clinical models use aggressive pro-metastatic cell lines where ATX-mediated 
signaling promotes tumorigenesis, further research is required to verify an anti-to-pro-tumor phenotype switch with 
breast cancer progression and/or treatment resistance. 
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Introduction

Breast cancer is the most common cancer in 
women with a 1 in 8 lifetime risk, accounting 
for just over 25% of all cancer diagnoses [1]. 
Five-year survival rates are about 99% when 
detected and treated as localized disease [2]. 
However, nearly 30% of breast cancers present 
with lymph node involvement and 6% with met-

astatic disease where the 5-year survival rates 
drop to 86% and 30%, respectively [2]. Nearly 
300,000 women are diagnosed annually with 
breast cancer in the United States, and yet 
despite screening efforts and standard of care 
therapies, about 43,000 patients still die [3]. 
The majority of these deaths occur in women 
with relapsed disease that ultimately becomes 
resistant to treatment [4]. Understanding and 
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overcoming mechanisms of relapse and treat-
ment failure are key areas of most modern 
breast cancer research [5].

Lysophosphatidate (LPA) is a potent extracellu-
lar bioactive signaling molecule that has been 
studied in pre-clinical cancer models for nearly 
30 years [6, 7]. This lipid has multiple physio-
logical roles related to proper embryogenesis 
and wound healing; however it can also act as a 
pathological mediator of chronic inflammation 
to promote cancer growth, survival against 
treatment, and metastasis [4, 7]. The majority 
of extracellular LPA is produced from biologi-
cally inert lysophosphatidylcholine (LPC) by the 
lysophospholipase D activity of the enzyme, 
ATX (gene name ENPP2) [8]. LPA signals th- 
rough six G-protein coupled receptors to medi-
ate its cellular effects [9]. LPA is broken down 
by the ecto-activity of the lipid phosphate phos-
phatases (LPPs) to monoacylglycerols (MAGs), 
which are mostly inactive signaling molecules 
[10]. Many cancer types, such as melanomas, 
thyroid cancers, and glioblastomas, overex-
press ATX relative to normal tissue [7, 11]. In 
this setting, LPA signaling promotes chronic 
inflammation and decreased acquired immune 
responses, both of which are “hallmarks” of 
cancer [12, 13]. Chronic LPA signaling enables 
cancer cells to evade the immune system [11, 
14], and increases vascular endothelial growth 
factor (VEGF) production and angiogenesis that 
is needed for tumor growth [15]. ATX expres-
sion correlates with tumor invasiveness [7, 16, 
17], and in metastatic tumors, ENPP2 is one of 
the 40-50 most up-regulated genes [18-20]. 
Breast cancer cells, however, express little ATX 
compared to tumor stroma and surrounding 
adipose tissue [4, 6]. Instead, tumor-promoting 
inflammation leads to increased ATX produc-
tion in breast tissue by cytokine-induced mech-
anisms, and the subsequently increased para-
crine ATX production increases the overall LPA 
concentrations in the tumor microenvironment 
[21, 22] (Figure 1). The overall effect is the 
establishment of a feedforward cycle that pro-
motes a pro-cancer phenotype that upregu-
lates resistance mechanisms against chemo-
therapy and radiotherapy regimens [6].

Inhibitors of LPA signaling, particularly ATX 
inhibitors, have been in pre-clinical and clinical 
trials for just over 10 years [23, 24]. As mitiga-
tors of chronic inflammation, the ATX inhibitor 
GLPG1690 (ziritaxestat) has progressed to 
Phase III clinical trials for the treatment of idio-
pathic pulmonary fibrosis [25, 26]. The ATX 

inhibitor, IOA-289, is now in a Phase 1b trial  
for pancreatic cancer (https://clinicaltrials.gov/
ct2/show/NCT05586516). These, and other 
similar compounds, are synergistic in increas-
ing the efficacy of chemotherapy and radiother-
apy regimens against tumor growth and metas-
tasis in immunocompetent models of murine 
triple negative breast cancer [21, 27-30]. How- 
ever, while there are primarily immunohisto-
chemical studies on human breast cancers 
that support the translation of our understand-
ing of ATX signaling paradigms from pre-clinical 
models to patients [22, 31], the role of ATX in 
the human breast cancer tumor microenviron-
ment has received relatively little attention.

In this study, we explore the role of ATX mRNA 
expression within the human breast cancer 
tumor microenvironment using in silico resear- 
ch methodologies. We examined the location  
of ATX expression by tumor cell populations 
using large databases of three independent 
cohorts. These were used to examine the eff- 
ects of ATX expression in the tumor immune 
microenvironment and to survey ATX expres-
sion with respect to treatment effects and 
patient survival. We develop novel insights into 
the role of ATX signaling within human breast 
tumors, which will facilitate meaningful com-
parative analyses for pre-clinical studies to tai-
lor the design of future pharmacological clinical 
studies.

Methods

Data acquisition

Clinical and mRNA expression breast cancer 
data from female patients were obtained from 
three databases: the Cancer Genome Atlas 
Program (TCGA) (whole database n = 1090, 
estrogen-receptor positive and human epider-
mal growth factor receptor negative tumors 
(ER+ HER2-) n = 593, HER2+ n = 184, triple 
negative breast cancer (TNBC) n = 160), the 
Molecular Taxonomy of Breast Cancer Inter- 
national Consortium (METABRIC) (whole data-
base n = 1904, ER+ HER2- n = 1355, HER2+ n 
= 236, TNBC n = 313), and GSE96058 (whole 
database n = 3069, ER+ HER2- n = 2277, 
HER2+ n = 392, TNBC n = 155). TCGA and 
METABRIC results were obtained via the cBio-
Portal (https://www.cbioportal.org), and the 
expression data for TCGA was log-transformed 
using “data_mrna_seq_v2_rsem”, while the 
METABRIC data was used as is with the “data_
expression_median”. GES96058 results were 
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Figure 1. Overview of autotaxin (ATX) signaling in the breast cancer tumor microenvironment from pre-clinical stud-
ies. ATX is produced primarily by the breast cancer tumor stroma and surrounding inflamed adipose tissue in re-
sponse to cytokines produced by the growing tumor. These cytokines in turn increase further production of ATX. The 
signaling effects of ATX are mediated by its production of extracellular lysophosphatidate (LPA) from lysophosphati-
dylcholine (LPC), which signals through six G-protein coupled receptors within the tumor to elicit pro-cancer effects. 
LPA is turned over to biologically inactive monoacylglycerol (MAG) by the ecto-activity of three enzymes known as the 
lipid phosphate phosphatases (LPPs).

downloaded from the Gene Expression Om- 
nibus (GEO) repository of the United States 
National Institutes of Health (https://www.ncbi.
nlm.nih.gov/geo), as described, and the provid-
ed normalized expression data from the data-
base was used without any further processing 
[32, 33]. Gene expression data from 114 sam-
ples of normal breast tissue from female pa- 
tients was obtained from the Genotype-Tissue 
Expression (GTex) Portal (https://gtexportal.
org) [34]. 

Results from databases examining breast ATX 
expression from metastatic sites and in tumors 
before neoadjuvant therapy were also obtain- 
ed from GEO. Several of these cohorts under-
went annotation using the specified GPL for 
microarray datasets: GSE2034 (GPL96), GSE- 
26388.1 (GPL1390), GSE26388.6 (GPL887), 
GSE25066 (GPL96), GSE20194 (GPL96), GSE- 

20271 (GPL96), GSE22358 (GPL5325), GSE- 
50948 (GPL570), GSE22226 (GPL1708), GSE- 
34138 (GPL6884), GSE16446 (GPL570). In 
cases where multiple probes were assigned  
to ENPP2, the average value was employed. For 
the RNA sequencing datasets (GSE110590, 
GSE173661, GSE163882), the provided nor-
malized expression data from the database 
was used without any further processing.

Single cell RNA sequencing breast cancer atlas 
data from female patients was also obtained 
for ATX expression from two large publish- 
ed cohorts [35, 36] via the Broad Institute 
Single Cell Portal (https://singlecell.broadinsti-
tute.org/single_cell), using the accession num-
bers SCP1039 [35] and SCP1106 [36]. The 
downloaded features, matrix, and barcode data 
were integrated using the ReadMtx function in 
the Seurat package of R-4.2.1 (https://www.R-
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project.org). Since the matrix data was already 
normalized at the time of download, no addi-
tional preprocessing or normalization steps 
were applied.

The total list of R packages used in data acqui-
sition and processing is as follows: Seurat- 
Object_4.1.3, Seurat_4.3.0, lubridate_1.9.2, 
forcats_1.0.0, dplyr_1.1.0, purrr_1.0.1, tidyr_ 
1.3.0, tibble_3.1.8, tidyverse_2.0.0, Sum- 
marizedExperiment_1.28.0, GenomicRanges_ 
1.49.0, GenomeInfoDb_1.34.3, IRanges_ 
2.32.0, S4Vectors_0.36.0, MatrixGenerics_ 
1.10.0, matrixStats_0.63.0, GEOquery_2.64.2, 
openxlsx_4.2.5.2, stringr_1.5.0, readxl_1.4.2, 
readr_2.1.4, Biobase_2.58.0, BiocGenerics_ 
0.44.0, data.table_1.14.8, survminer_0.4.9, 
ggpubr_0.6.0, ggplot2_3.4.1, gtsummary_ 
1.7.0, MASS_7.3-57, quantreg_5.94, SparseM_ 
1.81, RcmdrMisc_2.7-2, sandwich_3.0-2, car_ 
3.1-1, carData_3.0-5, backports_1.4.1, and 
survival_3.3-1. 

Given that 99.4 percent of all breast cancer 
cases occur in females [37], and all databases 
used in the study contain only female patients, 
male breast cancer was not examined in this 
study. All data was downloaded in August 2022. 
Because all data was obtained from deidenti-
fied public databases or cohorts, ethics approv-
al requirements were waived by the Roswell 
Park Institutional Review Board. 

Gene set enrichment analysis (GSEA)

Functional enrichment analysis of ENPP2 was 
performed by GSEA [38] on the Molecular Sig- 
natures Database Hallmark collection (http://
www.gsea-msigdb.org) [39]. Gene sets with a 
false discovery rate (FDR) <0.25 specified en- 
riched signaling [38]. High and low ATX expres-
sion groups were dichotomized by median gene 
expression. Positive NES scores indicate en- 
riched signaling in the ATX-high expression 
group and negative NES scores indicate en- 
riched signaling in the ATX-low expression 
group.

Other scores

The xCell algorithm (https://xcell.ucsf.edu) [40] 
was used to correlate ATX gene expression to 
the infiltrating fraction of TME stromal cells 
(adipocytes, preadipocytes, fibroblasts, endo-
thelial cells, and pericytes), and immune cells 
(CD8+, T helper cell (Th)1 and Th2 cells, T-re- 

gulator cells, M1 and M2 macrophages, and 
dendritic cells) as described [41-44]. The muta-
tional landscape of breast cancers (intratumor 
heterogeneity, homologous recombination de- 
fects, fraction genome altered, silent mutation 
rate, non-silent mutation rate, single-nucleo-
tide neoantigens, and indel mutations), prolif-
eration score, stromal fraction, TGF-β score, 
and immune scores (leukocyte fraction, lym-
phocyte infiltration, tumor infiltration lympho-
cyte fraction, macrophage regulation, and 
wound healing) were obtained from Thorsson 
et al. [45]. Immune cytolytic activity (CYT) in the 
TME was calculated as the geometric mean of 
the expression of perforin (PRF1) and granzyme 
A (GZMA) mRNA expression, which measures 
the anti-cancer ability of cytotoxic T cells [46].

Statistical analyses

Statistical analyses were conducted with 
R-4.2.1. Graphics were produced with the R 
software package and Origin Pro 2022 
(OriginLab Corporation, Northampton, MA, 
USA). mRNA levels for ENPP2 was dichotomized 
into low and high groups based on the median 
expression level. All results are plotted as box 
plots, with the lower and upper bounds repre-
senting the maximum and minimum values, the 
upper and lower ends of box representing the 
25th and 75th percentile values and the bolded 
bar within the box representing the median 
value. For TCGA results (RNA sequencing data), 
units of expression are log2 transformed RSEM, 
METABRIC (microarray data), units of expres-
sion are log intensity levels, and all GSE results 
(RNA sequencing data) are log2 transformed 
CPM. Two group comparisons were performed 
using the Mann-Whitney U test and multiple 
group comparisons by the Kruskal-Wallis test. 
The R survival software package was used to 
analyze disease-free survival (DFS), disease-
specific survival (DSS), and overall survival (OS) 
based on high or low ATX expression via Cox-
proportional hazards regression. P<0.05 was 
set for statistical significance.

Results

High ATX expression may correlate to a more 
favorable breast cancer phenotype for non-
metastatic tumors

We examined ATX expression levels by breast 
cancer characteristics. ATX expression tended 



Autotaxin and breast cancer

2794 Am J Cancer Res 2023;13(7):2790-2813

to be slightly higher for TNBCs than ER+ HER2- 
and HER2+ tumors, but this was not statisti-
cally significant in the GSE96058 cohort (Figure 
2). There was no consistent trend across  
stages I-III (Figure 2). ATX expression negatively 
correlated with increasing grade in all three 
cohorts but was significant only in the TCGA 
and GSE96058 cohorts (Figure 2). There were 
no differences in ATX expression based on 
nodal status (Figure 2). There were only 29 
metastatic tumors in both the TCGA and 
METABRIC cohorts, but overall, ATX levels were 
not different compared to non-metastatic 
tumors (Figure 2). In all three cohorts, increa- 
sed ATX expression was negatively correlated 
to increasing Ki67 levels (Figure 2).

We additionally surveyed multiple other smaller 
cohorts reporting patient matched primary and 
metastatic breast tumors, however, ATX expres-
sion did not show any consistent trends across 
these studies (Figure 3). We also looked at the 
correlation between ATX expression before 
neoadjuvant chemotherapy and subsequent 
tumor response (pathological complete res- 
ponse or residual disease), but there were no 
significant differences (Figure 4).

We next examined survival trends based on 
median dichotomization between low and high 
ATX expression. Results are expressed as dis-
ease-free survival (DFS), disease-specific sur-
vival (DSS), and overall survival (OS). Overall, 
trends favored better survival for the high ATX 
expression tumors, but statistical significance 
was not achieved in all three cohorts. When 
examined by the entire cohort, high ATX 
expressing tumors had an OS hazard ratio (HR) 
of 0.75-0.80, and this result was statistically 
significant for the METABRIC and GSE96058 
cohorts (Figure 5). These results were sub-ana-
lyzed by hormone type in Figures 6-8. 

In many cancer subtypes, tumor mutational 
burden is a marker of cancer aggressiveness 
[47]. While intratumor heterogeneity was statis-
tically similar, it trended lower in the high ATX 
expression group (Figure 9). Homologous 
recombination defects, fraction genome al- 
tered, silent mutation rates, and non-silent 
mutation rates were all significantly lower in the 
high ATX expression group (P<0.001) (Figure 
9). Additionally, SNV neoantigen rates were sig-
nificantly lower in high ATX expression tumors 
(P = 0.013), while indel mutations trended 
lower in this group (P = 0.29) (Figure 9).

ATX-mediated gene set enrichment patterns 
favor a pro-inflammatory and pro-survival 
phenotype

We next used gene set enrichment analysis 
(GSEA) on Hallmark pathways to investigate 
correlations to ATX gene expression [39]. Gene 
sets were selected that had significance across 
all three cohorts. The complete GSEA output is 
tabulated in Supplementary Table 1. Among 
the most enriched gene sets were the adipo-
genesis set with a normalized enrichment score 
(NES) between 1.5-2.2 (Figure 10). All other 
enriched gene sets can be grouped into five 
categories: immune system, tumor suppressor, 
survival, inflammatory, and stemness. Immune 
system gene sets were linked to allograft re- 
jection, complement, and interferon-α and -γ 
responses (Figure 10). Tumor suppressor gene 
sets included apical surface and junction main-
tenance, apoptosis, and p53-mediated signal-
ing. Survival gene sets included angiogenesis, 
hypoxia, reactive oxygen species (ROS) path-
ways, and xenobiotic metabolism. Inflammatory 
gene sets included the inflammatory response 
gene set, IL2-STAT5 and IL6-JAK-STAT3 signal-
ing, TNF-α, and TGF-β. Stemness gene sets 
included the epithelial mesenchymal transition 
(EMT), Hedgehog signaling pathway, and KRAS. 
Most NES clustered between 1.4-1.9 for these 
gene sets (Figure 10).

ATX expression in human breast tumors is 
primarily in the tumor stroma

We examined ATX expression levels in breast 
tumors compared to normal breast tissue. ATX 
expression was about 1.16-fold higher in nor-
mal breast tissues compared to breast cancer 
tumors (P<0.001) (Figure 11A). We then exam-
ined two cohorts for which single cell RNA 
sequencing was performed on breast tumors. 
These both demonstrated that most ATX 
expression arose from endothelial cells and 
cancer-associated fibroblasts, followed by 
myeloid cell populations (Figure 11B, 11C). 

Additionally, we looked at scores by Thorsson  
et al. [45] related to tumor composition. ATX 
high tumors had lower proliferation scores 
(P<0.001), consistent with lower Ki67 scores in 
Figure 2D (Figure 12A). Instead, scores related 
to TGF-β response, a marker of stromal fibrosis, 
were significantly elevated (P<0.001, Figure 
12A), and the overall stromal fraction increased 
from about 30 to 45% when comparing ATX  
low expression tumors to ATX high expression 

http://www.ajcr.us/files/ajcr0150876suppltab1.xlsx
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Figure 2. ATX (ENPP2) gene expression by breast cancer characteristics. Breast cancer subtype. ER+ HER2- (estrogen receptor positive, human epidermal growth 
factor receptor negative tumors), HER2+, TNBC (triple negative breast cancer). Staging according to the American Joint Committee on Cancer (AJCC). Stage is not 
available for the GSE96058 cohort. Grading according to AJCC. Tumor nodal status (negative or positive). Tumor metastasis (negative or positive). Because stage 
is not available for the GSE96058 cohort, metastasis data is also unavailable for this cohort. Ki67 box plots based on median ENPP2 expression. Counts for non-
median box plot groupings are displayed in brackets. Units of ENPP2 expression: TCGA - log2 transformed RSEM, METABRIC - log intensity levels, and GSE96058 
- log2 transformed CPM. The bolded center bar within the box plots represents the median, the lower and upper box bounds represent the 25th and 75th percentiles, 
respectively, and the lower and upper tails represent the minimum and maximum values, respectively.
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Figure 3. ATX (ENPP2) expression and survival trends for locally advanced or metastatic breast cancer tumors. A. 
Results from 17 primary tumors (Primary) and 66 metastatic (Meta) tumors from matched patients (left), and com-
parison between 10 brain metastases (Brain) and 56 other non-brain specimens (Others) (right). B. Results from 
217 primary tumors without bone metastasis (BM-) and 69 primary tumors with bone metastasis (BM+). C. Results 
from 45 primary tumors with patient matched brain metastasis tumors. D. Results from 204 primary tumors, from 
which patients a total of 29 metastasis occurred (left). ATX expression comparison among the 204 primary tumors, 
8 brain metastatic tumors, and 21 metastatic tumors from non-brain sites (middle). Direct comparison between 
the 8 brain metastatic tumors and 21 metastatic tumors from non-brain sites (right). E. Results from 104 primary 
tumors without lymph node (LN) involvement, and 75 with LN involvement (left). Recurrence free survival (middle) 
and overall survival (right) dichotomized by medial ATX expression for this cohort. F. Results from 5 normal breast 
tissues (Normal), 71 primary tumors (Primary), 4 central nervous system (CNS) metastatic tumors, and 20 meta-
static tumors at other sites (Other) (right). Comparison between the CNS and other sites (left). G. Results from 36 
primary tumors without LN involvement, and 33 with LN involvement (left). Recurrence free survival (middle) and 
overall survival (right) dichotomized by medial ATX expression for this cohort. All units of ENPP2 expression are log2 
transformed CPM.
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Figure 4. Association between neoadjuvant chemotherapy (NAC) response (pathological complete response (pCR) 
and residual disease (RD)) and ATX (ENPP2) expression levels from pre-treatment biopsies. A. NAC regimen: AC-T 
(doxorubicin and cyclophosphamide followed by paclitaxel); ER+ HER2- n = 274, HER2 n = 29, TNBC n = 199. Dis-
ease recurrence free survival plots for the entire cohort dichotomized into low and high ATX expression by the mean 
are shown for each hormonal subtype. B. NAC regimen: anthracycline and taxane (± trastuzumab); ER+ HER2- n = 
69, HER2 n = 63, TNBC n = 90. C. NAC regimen: TFAC (paclitaxel, 5-fluorouracil, doxorubicin, cyclophosphamide); 
ER+ HER2- n = 140, HER2 n = 59, TNBC n = 79. D. NAC regimen: FAC/TFAC; ER+ HER2- n = 89, HER2 n = 26, TNBC 
n = 63. E. NAC regimen: Docetaxel and capecitabine; ER+ HER2- n = 67, HER2 n = 34, TNBC n = 52. F. NAC regimen: 
AT followed by CMF (cyclophosphamide, methotrexate, 5-fluorouracil), or the same regimen in combination with 
trastuzumab for 1 year; ER+ HER2- n = 25, HER2 n = 114, TNBC n = 17. G. NAC regimen: AC-T; ER+ HER2- n = 41, 
HER2 n = 39, TNBC n = 31. H. NAC regimen: dose-dense doxorubicin and cyclophosphamide; ER+ HER2- n = 119, 
TNBC n = 57. I. NAC regimen: Anthracycline (epirubicin) monotherapy; HER2 n = 31, TNBC n = 62. The bolded center 
bar within the box plots represents the median, the lower and upper box bounds represent the 25th and 75th percen-
tiles, respectively, and the lower and upper tails represent the 1 percentile and 99 percentile values, respectively, 
with black dots representing values outside these percentiles. All units of ENPP2 expression are log2 transformed 
CPM. ER, estrogen receptor; HER2, human epidermal growth factor receptor; NAC, neoadjuvant chemotherapy; NS, 
not significant; TNBC, triple negative breast cancer.

tumors (P<0.001, Figure 12A). We then used 
the xCell algorithm to examine estimates of 
tumor cell populations based on dichotomized 

ATX expression. Epithelial cells, representative 
of cancer cells, did not demonstrate consis- 
tent differences between high and low ATX 
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Figure 5. Survival plots for low and high ATX (ENPP2) gene expression in breast tumors for the whole cohort for each 
dataset. Patients at risk for each time point are listed along the x-axis. ENPP2 expression is dichotomized into low 
and high groups by the median. The hazard ratio (HR) compares the high group against the low group. 

expression groups, but tended to have lower 
epithelial cell composition in ATX-high tumors 
in the METABRIC and GSE96058 cohorts  
(both P<0.001, Figure 12B). This is consistent 
with decreased ATX in tumors in Figure 11A, 
and decreased proliferation scores in Figure 
12A. Conversely, fibroblasts, adipocytes, and 
preadipocyte compositions were all significant-
ly increased in all three cohorts in ATX-high 
tumors compared to ATX-low tumors (all 
P<0.001, Figure 12B).

Because endothelial cells were high expressors 
of ATX in single cell RNA sequencing (Figure 
11B, 11C), we also examined endothelial cells 
via the xCell platform. Across all three cohorts, 

endothelial cells, microvascular endothelial 
cells, and lymphatic endothelial cells were sig-
nificantly enriched in ATX-high tumors com-
pared to ATX-low tumors (all P<0.01, Figure 13). 
Pericyte populations were additionally exam-
ined; however, there was not a consistent trend 
across the three cohorts for the ATX-high 
tumors (elevated in TCGA, decreased in MET- 
ABRIC, and no difference in GSE96058) (Figure 
13).

High ATX expression in breast tumors cor-
relates to an overall increased immune cell 
population in the tumor microenvironment

We next examined the correlation between 
immune cell populations and ATX expression 
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Figure 6. Survival plots for low and high ATX (ENPP2) gene expression in breast tumors for the estrogen receptor 
(ER)-positive, human epidermal growth factor receptor (HER2)-negative cohort for each dataset. Patients at risk 
for each time point are listed along the x-axis. ENPP2 expression is dichotomized into low and high groups by the 
median. The hazard ratio (HR) compares the high group against the low group. 

levels. Among the anti-cancerous immune 
cells, CD8+ T cells and dendritic cells were  
significantly elevated in high ATX expression 
tumors over low ATX expression tumors in all 
three cohorts (all P<0.001, Figure 14A). 
However, Th1 cells were decreased in all three 
cohorts in the high ATX expression tumors (all 
P<0.001), and there was no consistent trend 
for M1 macrophages (Figure 14A). For the pro-
cancerous immune cell populations examined 
(Tregs, Th2 cells, and M2 macrophages), there 
was a lack of both significance and/or trend 

across the three cohorts, such that no conclu-
sion could be made on their correlation to ATX 
expression levels (Figure 14B). On examination 
of immune related scores by Thorsson et al. 
[45], leukocyte fraction, lymphocyte infiltration, 
and macrophage regulation scores were all  
significantly increased in ATX-high tumors 
(Figure 15A). There was no difference in the 
tumor infiltrating lymphocyte (TIL) fraction 
between the two groups, while the wound heal-
ing score was decreased in the ATX-high tumor 
group (P<0.001, Figure 15A). Cytolytic (CYT) 
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Figure 7. Survival plots for low and high ATX (ENPP2) gene expression in breast tumors for the human epidermal 
growth factor receptor (HER2)-positive cohort for each dataset. Patients at risk for each time point are listed along 
the x-axis. ENPP2 expression is dichotomized into low and high groups by the median. The hazard ratio (HR) com-
pares the high group against the low group. 

scores were also significantly increased in all 
cohorts in the ATX-high tumor group (P<0.001, 
Figure 15B). 

Correlation patterns between ATX and LPA 
receptors (LPARs) and the lipid phosphate 
phosphatases (LPPs)

Lastly, we examined the correlation between 
ATX expression and the LPARs and LPPs. High 
ATX expression tumors also had increased 
LPAR1, 3, 4, 6 expression compared to low ATX 
expression tumors in all three cohorts (all 
P<0.001, Figure 16A). LPAR2 expression was 

slightly decreased in high ATX expression 
tumors (P≤0.05), and no consistent trends 
were seen for LPAR5 (Figure 16A). For the 
LPPs, LPP1 and 3 gene expression was signifi-
cantly increased and LPP2 gene expression 
was decreased in all three cohorts in high ATX 
expression tumors (all P<0.001, Figure 16B). 

Discussion

ATX was first identified in melanoma cell culture 
in 1992 as an “autocrine motility factor”, but it 
would take another ten years before it was real-
ized that ATX exerted its effects through its 
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Figure 8. Survival plots for low and high ATX (ENPP2) gene expression in breast tumors for the triple negative breast 
cancer (TNBC) cohort for each dataset. Patients at risk for each time point are listed along the x-axis. ENPP2 ex-
pression is dichotomized into low and high groups by the median. The hazard ratio (HR) compares the high group 
against the low group. 

plasma lysophosphatase D activity via conver-
sion of LPC to LPA [48-50]. Shortly thereafter, 
initial breast cancer studies in vitro showed 
transfection of ATX into breast cancer cells 
increased motility and invasiveness [51, 52], 
and LPA signaling protected breast cancer cell 
lines from chemotherapy-induced apoptosis 
[53, 54]. A seminal paper in 2009 then demon-
strated that mammary mouse tumor virus 
(MMTV) mice, which overexpressed ATX or 
LPAR1, 2, or 3 had higher rates of breast tumor-
igenesis and metastasis [55]. Around this same 
time in the late 2000s/early 2010s, ATX was 
shown to be physiologically vital for proper 

embryogenesis because ATX knockout in mice 
was embryonically lethal at day 9.5 secondary 
to vascular and neural tube defects [56, 57]. In 
the post-natal organism, ATX/LPA signaling is 
vital for wound healing and tissue remodeling 
via platelet aggregation, and the growth and 
migration of fibroblasts, vascular smooth mus-
cle cells, endothelial cells, and keratinocytes 
[7, 58]. From these discoveries, the ATX field 
naturally translated to chronic inflammation as 
a promoter of the cancer phenotype [59, 60].

Nearly ten years ago, we showed that breast 
cancer cells are very poor expressers of ATX 
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Figure 9. ATX (ENPP2) gene expression association with breast cancer mutations. Box plots of intratumor heterogeneity, homologous recombination defects, frac-
tion genome altered, silent mutation rate, non-silent mutation rate, single-nucleotide variant (SNV) neoantigens, and indel mutations. Data is based on the scores by 
Thorsson et al. [45]. ENPP2 expression is dichotomized into low and high groups by the median (total counts by cohort: TCGA - 1090, METABRIC - 1094, GSE96058 
- 3609). Units of ENPP2 expression: TCGA - log2 transformed RSEM, METABRIC - log intensity levels, and GSE96058 - log2 transformed CPM. The bolded center bar 
represents the median, the lower and upper box bounds represent the 25th and 75th percentiles, respectively, and the lower and upper tails represent the minimum 
and maximum values, respectively.
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Figure 10. Gene set enrichment analysis (GSEA) for ATX (ENPP2) in breast cancer. Gene sets are grouped into com-
mon themes. All gene sets displayed were significantly increased in all three datasets examined. A false discovery 
rate (FDR) of less than 0.25 was considered statistically significant. Dot size represents the FDR value, and they are 
colored according to the normalized enrichment score (NES).

Figure 11. ATX gene expression (ENPP2) is increased in normal breast tissue compared to breast cancer tumors 
and is primarily produced by tumor stromal cells. (A) mRNA expression from 114 normal breast tissues is compared 
to 1090 breast cancer tumors from the TCGA database. Results are plotted as box plots. The bolded center bar rep-
resents the median, the lower and upper box bounds represent the 25th and 75th percentiles, respectively, and the 
lower and upper tails represent the minimum and maximum values, respectively. (B) Results from cohort described 
in [36], comprised of 26 tumors (11 ER+ HER2-, 5 HER2+, and 10 TNBC), with a total of 130,246 single cells. (C) 
Results from cohort described in [35], comprised of 5 TNBC tumors, with a total of 24,271 single cells. For results 
in (B, C), violin plot results are shown following t-test for each type compared with the base mean (****P≤0.0001). 
The summary chart shows the overall percentage of the total ATX expression by cell type and the average expression 
within each cell type for each cohort.

relative to normal breast tissue. We demon-
strated using an immunocompetent orthotopic 
Balb/c/4T1 mouse model of triple negative 
breast cancer, that the growing breast tumor 
induces ATX expression and enzyme produc-
tion in surrounding breast adipose tissue 
through the secretion of multiple inflammatory 
cytokines [21, 22]. This increased ATX/LPA sig-
naling in turn increased cancer cell cytokine 
production, establishing a feedforward inflam-
matory cycle [21, 22]. Treatment with an oral 
ATX inhibitor slowed tumor growth and metas-
tasis [21], and was synergistic with both con-

ventional chemotherapy [27-29], and radiother-
apy [30, 61, 62]. We also showed that LPA, 
through feedback inhibition, can inhibit ATX 
transcription, but this inhibition can be over-
come with cancer-induced cytokine production, 
particularly in advanced pre-clinical models of 
breast tumors [63]. We further demonstrated 
that this pattern of cytokine-induced ATX pro-
duction also occurs in human breast tumors 
through immunohistochemical studies where 
cytokines increase ATX staining in tumor adja-
cent stroma compared to more distant stroma 
[4, 22].
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Figure 12. Proliferation and stromal related scores, and epithelial, fibroblast, adipocyte, and preadipocyte compo-
sition correlation with ATX (ENPP2) expression in breast cancer. A. Box plots of calculated scores for proliferation, 
TGF-β response, and stromal fraction based on Thorsson et al. [45]. B. Box plots of epithelial cell, fibroblast, adipo-
cyte, and preadipocyte composition based on the xCell algorithm for the TCGA, METABRIC, and GSE96058 cohorts. 
ENPP2 expression is dichotomized into low and high groups by the median (total counts by cohort: TCGA - 1090, 
METABRIC - 1094, GSE96058 - 3609). The bolded center bar represents the median, the lower and upper box 
bounds represent the 25th and 75th percentiles, respectively, and the lower and upper tails represent the minimum 
and maximum values, respectively.

In recent years, there is growing interest in 
exploring the effects of DNA methylation on ATX 

expression in breast tissue, and its influence 
on tumor biology [64]. ENPP2 has been found 
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Figure 13. Endothelial cell, microvascular endothelial cell, lymphatic endothelial cell, and pericyte composition cor-
relation with ATX (ENPP2) expression in breast cancer. Box plots of endothelial cell, microvascular endothelial cell, 
lymphatic endothelial cell, and pericyte composition based on the xCell algorithm for the TCGA, METABRIC, and 
GSE96058 cohorts. ENPP2 expression is dichotomized into low and high groups by the median (total counts by co-
hort: TCGA - 1090, METABRIC - 1094, GSE96058 - 3609). The bolded center bar represents the median, the lower 
and upper box bounds represent the 25th and 75th percentiles, respectively, and the lower and upper tails represent 
the minimum and maximum values, respectively.

to be highly methylated in breast cancer tis-
sues, and some work has shown ENPP2 hyper-
methylation to correlate to disease progression 
[65]. Studies though that have examined ATX 
expression and subsequent protein expression 
in human breast tumors have been few to date. 
Among the first was an immunohistochemical 
study that showed stromal ATX was upregulat-
ed in 50% of stage III and IV breast cancers 
(6/12 specimens), as opposed to 17.6% of 
stage II cancers (3/17 specimens), and 0% of 
stage I cancers (0/15 specimens) [31]. Another 
study comparing serum ATX levels in 112 
patients with breast cancer compared to 50 

healthy patients showed that ATX levels were 
higher in breast cancer patients, and increased 
significantly in a stepwise fashion with increas-
ing clinical stage of disease [66]. However, 
because ATX is a soluble ecto-enzyme, immu-
nohistochemistry results do not indicate which 
cells in the tumor microenvironment produce 
the ATX. When trying to correlate these immu-
nohistochemistry findings to those that demon-
strate hypermethylation with disease progres-
sion, the logical conclusion is that as tumors 
progress, they rely increasingly heavily on the 
ATX produced by tumor surrounding stroma or 
host tissues including platelets [4, 66]. 
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Figure 14. Anti-cancerous and pro-cancerous immune cell correlation with ATX (ENPP2) expression in breast cancer tumors. A. Populations of anti-cancerous im-
mune cells. B. Populations of pro-cancerous immune cells. Box plots are based on the xCell algorithm for the TCGA, METABRIC, and GSE96058 cohorts. ENPP2 
expression is dichotomized into low and high groups by the median (total counts by cohort: TCGA - 1090, METABRIC - 1094, GSE96058 - 3609). The bolded center 
bar represents the median, the lower and upper box bounds represent the 25th and 75th percentiles, respectively, and the lower and upper tails represent the mini-
mum and maximum values, respectively.
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Figure 15. Immune scores for markers of tumor immune cell populations and cytolytic (CYT) score correlation with 
ATX (ENPP2) expression in breast cancer tumors. A. Immune score results are based on score by Thorsson et al. 
[45]. B. CYT scores are calculated using the xCell algorithm. ENPP2 expression is dichotomized into low and high 
groups by the median (total counts by cohort: TCGA - 1090, METABRIC - 1094, GSE96058 - 3609). The bolded 
center bar represents the median, the lower and upper box bounds represent the 25th and 75th percentiles, respec-
tively, and the lower and upper tails represent the minimum and maximum values, respectively.

However, until this publication, there has been 
no systematic analysis of large cohort level of 
breast cancer data to verify if models of ATX 
expression largely derived from pre-clinical 
studies are robustly relatable to human breast 
tumors.

In this work, we demonstrate that ATX in human 
breast tumors is mainly produced by TME cell 
populations, predominantly endothelial cells, 
fibroblasts and adipose tissue. We did not 
observe a difference in ATX expression for dif-
ferent stages and grades, however this is not 
unexpected because very little ATX is produced 
by breast cancer cells, and stromal composi-
tion correlates poorly with subtype or grade 
[67]. Virtually all tumors in these three cohorts 
are early and/or non-metastatic tumors. As 
such, these tumors can be considered as “early 
wounds” within the surrounding breast paren-
chyma [68]. Under such circumstances, ATX 
produced by the breast stroma is more likely to 
act in a physiological wound healing capacity to 
increase infiltration of immune cells into the 
TME. To support this, we observed decreased 

Ki67 scores, decreased tumor mutational bur-
den, increased anti-tumor immune cell popula-
tions and CYT scores, and trends towards bet-
ter overall survival with increased tumor ATX 
expression. High ATX tumor expression in these 
early tumors was also correlated to increased 
LPP1/3 and decreased LPP2 expression, which 
is a phenotype well established to encourage 
LPA turnover and modulate LPA signaling to 
within parameters consistent to physiological 
signaling [10, 69]. Aggressive breast cancers 
have suppressed LPP1/3 activity leading to 
decreased turnover of extracellular LPA. This is 
accompanied by increased LPP2 expression, 
which promotes the entry of cancer cells into 
S-phase of the cell cycle through increased 
c-myc expression [10, 70-72]. 

Additionally, on GSEA, immune cell, tumor sup-
pressor, and inflammatory related gene sets 
were upregulated. However, gene sets related 
to tumor survival and stemness were also 
enriched, suggesting that breast tumors readi- 
ly express the signaling ingredients necessary 
to subvert early pro-healing ATX/LPA signal- 
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Figure 16. LPA receptor (LPAR) and lipid phosphate 
phosphatase (LPP) expression correlation to low 
and high ATX (ENPP2) expression breast tumors. 
A. ENPP2 expression by LPARs. B. ENPP2 expres-
sion by LPPs. ENPP2 expression is dichotomized 
into low and high groups by the median (total 
counts by cohort: TCGA - 1090, METABRIC - 1094, 
GSE96058 - 3609). Units of gene expression: 
TCGA - log2 transformed RSEM, METABRIC - log 
intensity levels, and GSE96058 - log2 transformed 
CPM. The bolded center bar represents the me-
dian, the lower and upper box bounds represent 
the 25th and 75th percentiles, respectively, and the 
lower and upper tails represent the minimum and 
maximum values, respectively. LPAR5 expression 
data is not available in the METABRIC cohort.

ing mechanisms into a pro-carcinogenesis  
and treatment-survival arsenal. Therefore, the 
results of this study do not contradict pre-clini-
cal models showing ATX as a promoter of a pro-
cancer phenotype, because the vast majority of 
tumors in the cohorts analyzed in this study are 
early and treatment naive tumors. By contrast, 
pre-clinical studies use aggressive, highly met-
astatic and/or treatment resistant cell lines to 
demonstrate proof-of-concept ideas. In such 
tumors, high ATX expression combined with low 
expression of LPP1 and LPP3 with high LPP2 

activities lead to a metastatic phenotype [4, 
10].

ATX/LPA signaling inhibitors have tremendous 
prospects as adjuvants to reduce treatment 
resistance and treatment side-effects such  
as radiation-induced fibrosis, and to sensitize 
tumors to conventional chemotherapy and ra- 
diotherapy regimens [4, 11, 73]. However, it is 
not clear if these inhibitors should be used in 
early tumors that are treatment naive, in resid-
ual tumors following neoadjuvant therapy, and 
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in cases of disease recurrence. In this study, 
we were unable to show a correlation between 
pre-treatment ATX expression and tumor clini-
cal response status to neoadjuvant treatment. 
Instead, what will be required are serial mea-
surements of ATX mRNA and/or activity, either 
from tumor tissue, plasma ATX activity, or circu-
lating tumor-free DNA to uncover the temporal 
nature of ATX signaling in clinical settings. 

As a retrospective analysis, our study has sev-
eral limitations. Despite using three indepen-
dent cohorts to validate our key findings, 
patient populations and treatments were het-
erogeneous with varied outcomes. We cannot 
necessarily imply mechanisms of action with 
bioinformatic data, but they can provide insight-
ful support and comparative analysis to exist-
ing experimental pre-clinical models. Our study 
demonstrates that ATX can act as a physiologi-
cal mediator of wound healing with the immune 
system attempting to suppress tumorigenesis 
in early breast tumor growth.

The overarching finding of this study is that ATX 
is clearly produced by the TME in human breast 
cancers across all subtypes. This is consistent 
with the paracrine production model of ATX 
expression in pre-clinical investigations. How- 
ever, ATX in patients with early breast cancers 
appears to mitigate tumor growth: breast tu- 
mors with high ATX expression have increased 
expression of gene sets that also drive tumor 
stemness and survival against treatment. 
Therefore, breast cancers appear to have the 
propensity to hijack ATX signaling for eventual 
tumorigenesis and treatment resistance as the 
tumors progress. This finding is already sup-
ported by pre-clinical research. Additional 
research is needed to support this proposed 
temporal switch in human breast cancer 
patients. This could support the initiation of 
clinical trials for oral ATX inhibitors as therapy 
adjuncts for breast cancer in the setting of 
advanced tumors or developing treatment 
resistance.
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