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PRECLINICAL STUDY
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Abstract
Purpose Triple-negative breast cancer (TNBC) is an aggressive subtype most prevalent among women of Western SubSaharan African ancestry. It accounts for 15–25% of African American (AA) breast cancers (BC) and up to 80% of Ghanaian
breast cancers, thus contributing to outcome disparities in BC for black women. The aggressive biology of TNBC has been
shown to be regulated partially by breast cancer stem cells (BCSC) which mediate tumor recurrence and metastasis and are
more abundant in African breast tumors.
Methods We studied the biological differences between TNBC in women with African ancestry and those of Caucasian
women by comparing the gene expression of the BCSC. From low-passage patient derived xenografts (PDX) from Ghanaian
(GH), AA, and Caucasian American (CA) TNBCs, we sorted for and sequenced the stem cell populations and analyzed for
differential gene enrichment.
Results In our cohort of TNBC tumors, we observed that the ALDH expressing stem cells display distinct ethnic specific
gene expression patterns, with the largest difference existing between the GH and AA ALDH+ cells. Furthermore, the tumors
from the women of African ancestry [GH/AA] had ALDH stem cell (SC) enrichment for expression of immune related genes
and processes. Among the significantly upregulated genes were CD274 (PD-L1), CXCR9, CXCR10 and IFI27, which could
serve as potential drug targets.
Conclusions Further exploration of the role of immune regulated genes and biological processes in BCSC may offer insight
into developing novel approaches to treating TNBC to help ameliorate survival disparities in women with African ancestry.
Keywords Triple-negative breast cancer · Breast cancer stem cells · African ancestry · Gene expression
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H&E	Hematoxylin and eosin
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KEGG	Kyoto Encyclopedia of Genes and Genomes
PCA	Principal component analysis
TNBC	Triple-negative breast cancer
UM	The University of Michigan
WSSA	Western sub-Saharan Africans

Introduction
An abundance of data shows that triple-negative breast
cancer (TNBC) is more prevalent among populations of
African ancestry compared to those of European ancestry [1–3]. We have shown previously that breast cancer
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(BC) in Africa, especially in Western Sub-Saharan Africa
(WSSA), shares similar characteristics to BC in AA
[4–6]. Beyond socioeconomic factors, there are significant genetic and biological differences in the TNBC of
women of African ancestry compared to other ethnicities
[1]. This alludes to possible genetic or ancestral predisposition since diasporan AA have predominant WSSA ancestry through the trans-Atlantic slave trade [7]. Indeed, our
recent work found a correlation between WSSA ancestry
and TNBC risk [8]. TNBC is an aggressive form of BC
with poor prognosis, largely lacking targeted therapies.
Thus, these factors may contribute to poor outcomes for
BC in women of African ancestry [9, 10].
Strong evidence supports the existence in BC of tumor
initiating cells with self-renewing potential, termed
breast cancer stem cells (BCSC), which play a major role
in tumor recurrence and metastasis [11, 12]. These cells
have been shown to be abundant in TNBC [3, 13, 14]
especially in tumors of African ancestry [1, 5]. BCSCs
mediate resistance to chemotherapy and radiotherapy [15,
16] and contribute to the genotypic and phenotypic diversity of TNBC. BCSC populations are diverse and can be
isolated from the tumor mass via two groups of markers:
CD44+/CD24−/EPCAM+ [17, 18] and ALDH+ cells
[13]. ALDH+ BCSC are more abundant in TNBC, especially of WSSA and AA women [3, 5]. Since most stem
cell research in humans has been based on specimens from
CA populations [1], little is known about BCSC patterns in
women of African ancestry. The pathways that contribute
to the maintenance of BCSC have not been clearly defined
in diverse ethnicities. This study sought to identify the
gene expression pathways regulating BCSC in TNBC of
African ancestry to identify candidate drug targets.

Methods
Patient‑derived xenograft (PDX) generation
At KATH, excess patient tumor tissue was taken from the
operating room, cut into small pieces, and slow- frozen to
− 80 °C in 10% DMSO/90% FBS. The samples were then
transported overnight on dry ice in a commercial flight
to UM. For samples obtained from patients undergoing
breast cancer treatment at the UM, excess patient biopsy
sample was obtained, and directly transported to the lab.
For tumor implantation, the tumor pieces were either
implanted freshly, or rapidly thawed and rinsed off with
HBSS or PBS, cut into smaller fragments (approximately
1–2 mm in diameter), mixed with matrigel (BD), and
injected into the mammary fat pad of female NOD/scid/
IL2R (NSG) mice with an 18-gauge needle, with 25 µL of
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matrigel per injection site. The mammary fat pad was not
cleared. We also used PDX tumors that were developed at
Van Andel Institute and Baylor College of Medicine by a
similar procedure.
All tumors from Ghana were implanted within 48 h
of tumor removal. This was a systematically coordinated
method with Delta airlines to ensure that tumors survived.
There was no system for long term cold storage of samples at the Ghanaian institutions thus, surgeries were performed during the last 24 h of each visit to Ghana so that
the tumors could be immediately transported. The samples
are implanted immediately on arrival. For tumors that were
received at the University of Michigan (UM), were also
implanted within 48 h of tumor removal. Thus, there was
no difference in the time that elapsed between the various
locations.

Immunohistochemistry
Histopathology and Immunohistochemistry assessment of
all samples was performed at the UM and Henry Ford Health
System (HFHS). Immunohistochemistry for ER and PR was
performed with monoclonal mouse antibodies to human
ER (Cell Marque, Cat # 249R, rabbit, clone Sp1) and to
human PR (Sigma, Cat# SAB55001, rabbit, clone Sp3) and
HER2/neu labeling was performed using the (Cell Marque,
Cat# 237R-16, Rabbit, clone Sp3). Tumors were scored as
ER/PR/HER2-positive based on the recommendations of the
Allred scoring system as described in the American College of Pathologists “Template for Reporting Results of Biomarker Testing of Specimens from Patients with Carcinoma
of the Breast” by Fitzgibbons et al. [19].
For specimens with a score of 2, follow-up fluorescent
in situ hybridization (FISH) was used to assess amplification of the HER2/neu gene. FISH for the HER2/neu gene
amplification was interpreted in accordance with ASCO/
CAP guidelines. Immunohistochemistry for ALDH1 was
performed with a mouse monoclonal antibody (BD Transduction, Cat# 61195, clone 44). Expression of ALDH1 was
scored as positive if more than 5% of cells showed cytoplasmic stain. EGFR labeling (Invitrogen, Cat# 28-0005, mouse,
clone 31G7) was scored as positive when ≥ 10% of tumor
cells showed membrane labeling, and negative when < 10%
of cells were labeled. For TP53 labeling (Cell Marque, Cat#
453R-16, Rabbit, clone Sp5), tumors were graded as positive
if any tumor cells showed positive nuclear immunoreactivity
to TP53.

Tissue dissociation and flow cytometry
Xenograft tumors were dissociated using the Tumor Dissociation Kit (Miltenyi # 130-095-929) and the gentleMACS
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Octo Dissociator with the Human Tissue dissociation protocol, running the “gentleMACS Octo Dissociator program
37C_h_TDK_1” (Miltenyi). Mouse cells were removed
using the Mouse Cell Depletion Kit (Miltenyi # 130-104694) and MultiMACS Cell24 Separator Plus (Miltenyi). The
cells were then stained with: LIVE/DEAD Near-IR Fixable
Dead Cell Stain (Invitrogen, Catalog #L10119), anti-mouse
MHC Class I (H-2Kd) eFluor 450 (eBiosciences, Catalog
#48-5957-80), Aldefluor (Stem Cell Technology, Catalog
#01700), CD44-APC (Clone G44-26; BD), CD24-PECy7
(Clone ML5; Biolegend), and EpCAM-PE (Clone EBA-1;
BD). Half of the stained cells were incubated with DEAB
(Stem Cell Technology, Catalog #01700), an inhibitor of
ALDH. Single color controls were used for compensation.
Cell sorting was done on a MoFlo Astrios flow cytometer.

Sequencing and transcriptomic data processing
Whole transcriptome libraries were constructed from flow
sorted PDX-derived cell lines using Ovation RNASeq V2
(NuGEN) for cDNA generation and Kapa LTP Library preparation kit (Roche). The libraries were sequenced on the
Illumina HiSeq4000 platform (Ilumina) with paired 87 bp
read lengths. Reads were adapter-trimmed and aligned to the
human hg19/GRCh37 reference genome, with reads preferentially mapping to mouse mm10 removed. Data were
processed using a workflow based on the TopHap2/Bowtie2 alignment tools and the DESeq2 differential expression
modeler with read counts generated using HTSeq (v0.6.0).
Ethnicity and SC type (ALDH+, CD44+, or bulk) were
specified as main factors in the DESeq2 design formula,
generating differentially expressed datasets between each
ethnicity and SC type with each sorted cell line sample considered a biological replicate (n = 5 each condition).

Enrichment analysis
Pathway and term enrichment/impact analysis were performed against the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database release 84.0+/10–26 and the
Gene Ontology Consortium (GO) database version 2017Nov6 utilizing the iPathwayGuide platform [20, 21]. Differentially expressed genes were selected from gene expression differences using p-value < 0.01 and an absolute
fold-change ≥ 1.5. FDR adjusted p-value of 0.05 was used
as threshold for pathway enrichment terms. To accommodate
the hierarchical nature of the GO ontology terms, the Elim
and weight pruning methods were used to rank hits [22]. The
STRING database of protein interactions v11.0 was utilized
for functional enrichment analysis of gene lists [23].

Tumorsphere formation assay
Cells obtained from FACS sorting of PDX samples were
plated in 96-well ultralow attachment flat bottom plates
(Corning) at 5000 cells/well in 100 µL of serum-free
media. Serum-free media (SFM) contains: DMEM, 1X B27
(Gibco), 50 µg/mL insulin, 1X non-essential amino acids,
10 ng/mL EGF, 10 ng/mL bFGF, and antibiotics. Tumorspheres formed after 3–5 days and each experiment was performed in triplicate. Tumorspheres were counted as follows:
all spheres greater than 30 µm were counted on day 4 after
plating. The average number of spheres in five wells was
used for the plot in Supplemental Fig. 1.

Results
Establishing and characterizing PDX of GH tumors
For this work, we utilized PDXs created from GH, AA, and
CA tumors at UM, Baylor College of Medicine, and Van
Andel Institute. PDXs from GH tumors were established
from 2012 to 2017 from fresh tumor samples of GH patients
Table 1. To establish the GH. PDXs, the research team
from UM travelled to Ghana, operated on the patients with
informed consent, and flew to the US with samples on dry
ice to implant in mice within 48 h of tumor removal. There
was no difference in the time elapsed before implantation
between US and GH samples. All PDXs were stained for
CK7 to determine breast origin (Table 1). We successfully
developed 12 PDX lines from 18 GH. TNBC tumors (67%
success rate) and have characterized nine of them with their
corresponding primary tumors (Table 2).

Comparison of primary tumor
and the corresponding PDX
To ascertain the degree of concordance between the primary
tumor and the corresponding PDXs, we compared the histology and selected marker expression (H&E, TP53, EGFR,
BRCA1, and ALDH1) [24, 25] (Table 2). We observed variable expression of these markers, with over 90% concordance in the histology between the paired tumor of origin
and its PDX (Fig. 1a). All but one of the tumors were classified as high grade. Figure 1 illustrates examples of the
histological similarities of representative tumor/PDX pairs.
Figure 1b specifically depicts the spectrum of changes
observed for ALDH1 in select samples. The expression of
p53 [26, 27] (Table 2, Fig. 1c) was concordant between primary tumor and PDX in the GH samples, with one exception
(MUM_12). In contrast, only half of the AA and CA samples had concordant p53 expression. Using 10% expression
as the cut-off for positive EGFR [28], 7 of 15 samples (47%)
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VARI-037
Van Andel
TNBC
58
IDC G3
100
VARI-006
3887
4664
Van Andel
Baylor
Baylor
TNBC
TNBC
TNBC
50
n/a
n/a
PD IDC LN CR IDC IDC
100
70
90
2147
Baylor
TNBC
n/a
IDC
100
GUM-17
Ghana-UM
TNBC
50
IDC G3
100
GUM-13
Ghana-UM
TNBC
47
IDC G3
90
Sample
GUM-07
Source
Ghana-UM
Sub-type
TNBC
Patient age 74
Histology IDC G2
CK7%
100

Ghanaian
Ethnicity

Table 1  PDX samples sorted by ethnicity

GUM- 28
Ghana-UM
TNBC
46
IDC G3
100

MUM- 12
UM
TNBC
54
IDC G3
–

African American

4913
Baylor
TNBC
n/a
IDC
100

Caucasian

VARI-068
Van Andel
TNBC
53
IDC G3
90

VARI-004
Van Andel
TNBC
55
IDC G3
–

MUM-02
UM
TNBC
27
IDC G3
–

MC1
UM
TNBC
n/a

Breast Cancer Research and Treatment

had concordant EGFR expression in the primary/PDX pairs
(Fig. 1d), with loss and/or gain in expression in the others.

ALDH+, but not CD44+/C24−, cells exhibit stem‑like
cell characteristics in primary TNBCs
For subsequent experiments, we utilized the 15 invasive
ductal carcinoma PDXs in Table 1, 5 each of AA, GH, and
CA ethnicity. Previous reports have indicated that ALDH
expressing SC are important for the stem-like phenotype
observed in TNBC, especially those of African ancestry
[14], which can be assessed using the sphere formation
assay. We compared the sphere formation assay of sorted
stem and bulk cell subpopulations from three of the PDXsVARI-068, VARI-004, and GUM_17 (Supplemental Fig. 1).
We observed that the ALDH+ cells formed a significantly
higher number of spheres than the bulk cells and the
CD44+/CD24− cells. In the second passage, the ALDH+
cells maintained a significantly higher sphere formation over
the bulk cells, with the CD44+/CD24− forming none (data
not shown).

RNASeq of PDX models show that ALDH+ cells
exhibit ethnic specific gene expression
To better understand the biology of BCSCs in our group of
ethnically diverse tumors, we performed RNA-seq on the
isolated SC and bulk populations. Data profiles for each
sample are provided (Supplemental Table 2). In total, 45
samples were analyzed: five sorted samples each for the
ALDH+, CD44+/CD24−/EPCAM+ and bulk populations
for each of the three ethnicities (Table 1). Three samples
with very low RIN values were present: one of these was
removed (VARI006/CD44+/AA), but the other two retained
as they appeared to cluster normally under principal component analysis (PCA) (Supplemental Fig. 2). PCA indicated that samples cluster largely by tumor, such that the
ALDH+, CD44+/CD24−/EPCAM+, and bulk populations
for a given tumor cluster together, rather than segregating by
groups corresponding to SC type or ethnicity (Supplemental Fig. 2B). Further PCA analysis of the ALDH+-enriched
SC subset of samples (Supplemental Fig. 3) indicates that
samples are largely mixed based on ethnicity in the first two
components (Supplemental Fig. 3A), but with a segregation
between the GH and AA populations in the third principal
component (Supplemental Fig. 3B), implying that a discriminatory signal may be present in these two populations.
Supplemental Table 3 shows the number of differentially
expressed genes detected for both bulk and ALDH+ samples. We elected an unadjusted p-value threshold of 0.01
for the main analysis. Indeed, more gene differences for
ALDH+ samples were identified in GH vs AA comparisons
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Table 2  Histologic and immunohistochemical analyses of primary/PDX pairs
ALDH
(Prim/
PDX)

P53 (Prim/PDX) EGFR
(Prim/
PDX)

2/3
2/2
3/3
2/3
3/3
3/3
3/3
3/2
3/3
2/3
2/2
1/3

−/−
−/−
+/+
−/+
−/−
−/−
−/−
−/−
−/−
−/−
−/−
−/−

+/+
+/+
−/−
−/−
+/+
+/+
+/+
−/−
−/−
−/+
NA/+
+/+

±
−/−
−/−
NA/−
±
+/+
±
+/+
−/+
−/−
NA/−
±

3+

3/3

−/−

±

−/+

3

2/2

−/−

+/+

−/−

3
3+
3+
3+
3+
4+
3

3/3
3/3
3/3
3/3
3/3
2/2
2/2

−/NA
−/−
±
+/+
−/−
NA/−
NA/−

+/NA
NA/−
±
±
+/+
NA/+
NA/+

−/NA
NA/+
−/+
−/+
−/−
NA/−
NA/−

PDX name

Patient ethnicity

Patient age Histology

Primary tumor
IHC

GUM-07
GUM-08
GUM-13
GUM-14
GUM-17
GUM-28
GUM-28LN
GUM-30
GUM-36
MUM-12
24106250
MUM25

Ghanaian
Ghanaian
Ghanaian
Ghanaian
Ghanaian
Ghanaian
Ghanaian
Ghanaian
Ghanaian
Ghanaian
Ghanaian
African American
African American
African American
Caucasian
Caucasian
Caucasian
Caucasian
Caucasian
Caucasian
Caucasian

74
60
47
35
50
46
46
44
44
54
51
53

IDC
IDC
IDC
IDC
IDC
IDC
LN Met (IDC)
IDC
IDC
IDC
IDC
Inflammatory

TNBC
TNBC
TNBC
ER+
TNBC
TNBC
TNBC
TNBC
Her2+
TNBC
TNBC
TNBC

4+
3+
4+
4+
4+
4+
2
3+
3+
3+
2
3+

79

Metaplastic

TNBC

45

IDC

MUM28
MUM-50
MUM-02
MUM-21
MUM-22
MUM-23
MUM-51
MUM-30
MUM-52

27
44
58
31
72
53
70

TNBC (BRCA
MU)
IDC
TNBC
IDC (Brain met) TNBC
IDC
TNBC
IDC
ER+
Metaplastic
TNBC
IDC
TNBC
IDC
ER+

than in GH vs CA or AA vs CA comparisons. A larger number of differentially expressed genes were detectable in the
ALDH+ samples vs bulk samples, for all ethnicities. A list
of all gene expression measurements is provided in Supplemental File 1.
The top five KEGG pathways identified via overrepresentation and impact analyses [20, 21] of both up- and
down-regulated genes in the ALDH+ SC are indicated in
Table 3A (Supplemental Table 4A). Under this analysis only
the GH vs CA pathway terms are significant under FDR
adjustment, as well as one GH vs AA comparison. Overall,
pathways shown are indicative of immune response with
terms related to infection, antigen presentation, and graft
disease and rejection. GO Ontology yielded a higher number
of significant terms. Figure 2a, b plots the response of genes
associated with the GO ‘immune system processing’ term
(GO 0002376), indicating significant upregulation in the GH
samples vs both AA and CA. The other top GO term listed
in Supplemental Table 4A, the ‘Type I interferon signaling
pathway’ (GO: 0060337), is shown in Fig. 2c. This pathway
is important in both the innate and adaptive immune system. Of the 211 genes that were annotated as differentially
expressed in the immune system process for GH.ALDH+

# of PDX Grade
passages (Prim/
PDX)

vs AA.ALDH+, we highlight the specific expression of key
regulators of potential candidate biomarkers for immune
therapy in Fig. 3: CD274 (PDL-1), CXCL10, CXCL9, IFI27,
and OAS1 [29–32].
We generated three-by-three intersection tables between
the ethnic comparison datasets of ALDH+ cells to additionally refine and validate differentially expressed genes
(Supplemental Table 5).
Next, we measured differential gene expression between
the three ethnic groups in the bulk cell samples (Table 3B).
As in the ALDH+ populations, pathway terms in the GH
vs CA comparison showed greater significance than the
GH comparisons with the other two populations. We found
the carcinogenesis pathways such as PI3k-AKT and Rap1
signaling as well as other inflammatory pathways to be
upregulated in the GH and CA comparison. Antigen presentation genes B2M and PSMB9 were upregulated in GH
vs both CA and AA, as well as interferon-gamma-mediated
signaling genes GBP2, NLRC5, and CIITA. In bulk, features such as extracellular matrix and structure associated
genes were significantly downregulated in GH samples
with respect to both AA and CA: LAMA2, LAMC2, FN1,
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Fig. 1  Similarities and differences between primary tumor and the
corresponding PDX. A selection of tumor samples depicting the
degree of concordance between the primary tumor and corresponding PDX is shown in a, indicating that histology is largely maintained. b The expression of ALDH1 in GUM08 and 2160 is concordant. Its expression in MUM23 is much increased in the PDX though
they are both considered positive for ALDH expression. c GUM28
and 0380 shows a concordant expression of p53 while GUM07 and
GUM28_LN show increased expression in the PDX. MUM25 pri-

mary was largely negative with a small portion expressing p53
(shown enlarged) but the PDX is entirely p53 positive. d The expression of EGFR is concordant in GUM28 and 0380; it is increased in
GUM30 and decreased in MUM25. While MUM23 had no expression of EGFR in the primary tumor, the PDX expressed it strongly.
‘GUM’ indicates a Ghanaian tumor with the PDX developed at the
UM; ‘MUM’ indicates the tumor was from UM and the PDX was
developed in UM. GUM-28_LN is the PDX that developed from the
lymph node metastasis of GUM28

ADAMTS2/15, HAS2, COL9A1/3, ICAM5, GPM6B,
ITGA10, VWF, and FGF2.

could also be due to de novo EGFR alterations arising in the
PDXs. Considering the importance of EGFR as a clinical
target, PDXs may be weak models for testing anti-EGFR
therapies, unless the PDX EGFR expression is similar to
the original tumor.
In contrast to work on CA tumors that showed the
CD44+/CD24− population to be more mesenchymal [33]
we found that only the ALDH [1, 3, 33] expressing SC
exhibited sphere formation [12, 17], demonstrating that
BCSC may exhibit different phenotypes in ethnically diverse
populations.
Based on previous work, we hypothesized that BCSC
would have unique gene expression signatures that may
enable their specific targeting [11, 12, 15, 16, 34], a critical
problem in therapeutics. Here, in a unique African sample
set, we saw more statistically significant pathway and GO
terms associated with GH vs AA than GH vs CA. This finding may be due to a high admixture with other diverse ethnic groups (such as native Americans and Asians) in AA
populations [34].
We have found a strong inflammatory/immune signature in ALDH+ SC, also detectable in the bulk fractions
of TNBC tumors. Specifically, there was significant upregulation of genes involved in immune processes in the
GH ALDH+ cells. These included CD274 (PD-L1), which
has been shown to allow for evasion of the immune system

PD‑L1 staining
All PDXs were stained for PD-1 and PD-L1 using FDAapproved 22C3 IHC assay3 (Supplemental Table 6). A score
of 1% or greater is considered positive. The Ghanaian PDXs
had the highest expression of PD-L1.

Discussion
Using GH breast tumors, we have established a stable collection of PDXs which largely maintain the histology of the
primary tumors thus providing a rare and renewable resource
for studying the biology of African BC. Comparing the
expression of selected markers between each PDX and its
primary tumor, we showed that the expression of ALDH1 is
mostly concordant, and thus, low passage PDXs are a good
model for comparative studies of BCSC across ethnicities.
Other markers, TP53 and EGFR, experienced some
degree of variability between primary and PDX. EGFR was
50% discordant between primary and PDXs, possibly due to
high EGFR expressing clones having a growth advantage or
to intra-tumor heterogeneity. Alternatively, this discrepancy
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Table 3  (A) Pathway
enrichment analysis by ethnic
comparison for ALDH+ stem
cells: (B) pathway enrichment
analysis by ethnic comparison
for bulk cells

Comparison
(A)
GH vs CA
GH vs CA
GH vs CA
GH vs CA
GH vs CA
GH vs AA
GH vs AA
GH vs AA
GH vs AA
GH vs AA
AA vs CA
AA vs CA
AA vs CA
AA vs CA
AA vs CA
(B)
GH vs CA
GH vs CA
GH vs CA
GH vs CA
GH vs CA
GH vs AA
GH vs AA
GH vs AA
GH vs AA
GH vs AA
AA vs CA
AA vs CA
AA vs CA
AA vs CA
AA vs CA

Pathway name

p-value

False discovery rate

Herpes simplex infection
Graft-versus-host disease*
Antigen processing and presentation
Allograft rejection
Type I diabetes mellitus*
Herpes simplex infection
Graft-versus-host disease*
Cellular senescence
Antigen processing and presentation
Vasopressin-regulated water reabsorption
Amyotrophic lateral sclerosis (ALS)
HTLV-I infection
Other glycan degradation*
IL-17 signaling pathway
Amino sugar and nucleotide sugar metabolism*

3.19E−07
2.48E−06
7.50E−06
2.45E−05
2.72E−05
1.67E−04
0.001
0.001
0.002
0.004
0.003
0.006
0.008
0.010
0.026

7.84E−05
3.05E−04
6.15E−04
0.001
0.001
0.048
0.143
0.143
0.148
0.233
0.561
0.561
0.561
0.561
0.561

ECM-receptor interaction
Nitrogen metabolism*
Antigen processing and presentation
PI3K-Akt signaling pathway
Primary immunodeficiency*
Natural killer cell mediated cytotoxicity
Viral myocarditis
Regulation of actin cytoskeleton
Fc gamma R-mediated phagocytosis
Antigen processing and presentation
Rap1 signaling pathway
Regulation of actin cytoskeleton
PI3K-Akt signaling pathway
Drug metabolism—other enzymes*
HTLV-I infection

1.94E−06
4.32E−05
5.88E−05
9.78E−05
4.71E−04
9.30E−05
0.001
0.001
0.001
0.002
0.003
0.005
0.010
0.013
0.014

3.65E−04
4.00E−03
4.00E−03
0.005
0.018
0.019
0.066
0.066
0.066
0.091
0.467
0.467
0.478
0.478
0.478

*The p-value corresponding to the pathway was computed using only over-representation analysis rather
than both enrichment techniques available in the iPG software

by tumors; CXCL9, which exhibits a tumor suppressive or
tumor promoting effect in the tumor microenvironment [35,
36]; and CXCL10, which is important in BC progression and
metastasis, via the induction of signaling pathways involving
survivin, β-catenin, MKP-1, and MMP-1 [37].
PD-1 and PD-L1, are markers of a critical checkpoint
in the cellular immune response, hypothesized as amongst
a repertoire of molecules that enable tumors to suppress
immune response [38]. Positivity of PD-1 and PD-L1 in the
breast tumor microenvironment has been associated with
significantly higher tumor stage, grade, and correlates to a
larger number of metastatic lymph nodes, and worse outcome [39]. Our work suggests further study of the relationship between PD-L1 expression and the immune microenvironment breast tumors of African ancestry.

The Interferon alpha-inducible protein 27 gene, IFI27,
was among the most upregulated genes in the GH populations vs both AA and CA, in both the ALDH+ and bulk
datasets, and is associated with poor prognosis. It will be
important to determine if it is also a robust target in TNBCs
of African extraction, since inhibition of IFI27 has been
shown to inhibit proliferation and invasion in ovarian cancer.
Interestingly, we detected upregulation of TLR9 [40], which
is induced, amongst others, by malaria pigment hemozoin,
in ALDH+ and bulk cells of GH tumors, as this population incurs chronic malarial infections. Overall, immune
processes broadly involved in tumor-immune system interactions were the most significantly enriched GO terms
between the ALDH+ cells of GH and AA, and in the AA
vs CA comparisons. Included in this category are “antigen
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Fig. 2  Immune processes are significantly differentially expressed in
the ALDH+ stem cell populations of Ghanaian patients. The differentially expressed genes that are annotated to the GO immune system process term (GO 0002376) are sorted left to right based on the
significance of their measured fold change. a Genes differentially
expressed in Ghanaian (GH) vs African American (AA) tumors. The
plot displays the top 20 out of a total of 211 differentially expressed
genes mapping to the pathway term (total 2295 genes, FDR-adjusted
p-value 7.54e−4). Upregulated genes are shown in red, downregulated genes in blue. The box and whisker plot on the left summa-

rizes the distribution of all the differentially expressed genes that are
annotated to this GO term. The box represents the 1st quartile, the
median and the 3rd quartile, while the outliers are represented by circles. b Top 20 immune system process genes out of 132 differentially
expressed in GH vs Caucasian (CA) tumors (FDR-adjusted p-value
6.18e−7). The immune system process GO term was not significant
for the AA vs CA comparison. c Type 1 interferon signaling pathway
(GO: 0060337) signals are upregulated in GH as well vs both CA and
AA (FDR-adjusted p-values of 7.41e−10 and 0.064, respectively); all
significantly differentially expressed genes are shown

presentation”, “interferon signaling”, “defense response to
virus”, “negative regulation of cytokine secretion”, and “regulation of NFkappaB”, amongst others. This suggests the
potential importance of immune alterations in the initiation
and progression of TNBC in women with African ancestry.
This study suggests investigating these specific immune signature differences between TNBCs of African extraction and
CA tumors, to search for novel targets that may help bridge
the survival gap between populations.

supporting 92.1% accuracy of self-reported ethnicity in
breast cancer patients [42]. Genotyping confirmation is
desirable in future studies of larger sets of diverse samples.
The sample size in this study is small due to funding
limitations associated with developing PDXs, thus we are
unable to draw definitive conclusions of gene signatures
for each ethnic group. Travel cost obstacles would be overcome by enhancing African based research resources, thus
enabling the study of African tumors on a large scale.

Study limitations
Although theoretically PDX generation may select for more
aggressive subclones, breast tumor PDXs are overall biologically stable, renewable, and thus valuable tools for research
[41]. For this work we utilized only passage 1–3 PDXs in an
effort to minimize potential genetic drift.
In this study, all ancestry was self-reported and not
validated using genotyping. However, there is research
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Conclusion
It is important to study TNBC in diverse geographical
locations that span a range of prevalence and environments to understand the differences in biology between
population groups in order to stratify personalized treatment options.

Breast Cancer Research and Treatment

Fig. 3  Expression of selected immune markers in the bulk and stem
cell sub-populations. Panels a–f show the average expression (red
dash) of selected genes between the three different sorted cell popula-

tions for each ethnicity. GH Ghanaian, CA Caucasian American, AA
African American. The respective p values are provided in the table
below
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