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ABSTRACT
Human cell lines are an important resource for research, and are often used as in vitro models of human
diseases. In response to the mandate that all cells should be authenticated, we discovered that the MDA-
MB-231 cells that were in use in our lab, did not validate based on the alleles of 9 different markers (STR
Profile). We had been using this line as a model of triple negative breast cancer (TNBC) that has the ability
to form tumors in immuno-compromised mice. Based on marker analysis, these cells most closely
resembled the MCF10A line, which are a near diploid and normal mammary epithelial line. Yet, the
original cells express carbonic anhydrase IX (CAIX) both constitutively and in response to hypoxia and are
features that likely drive the aggressive nature of these cells. Thus, we sought to sub-purify CAIX-
expressing cells using Fluorescence Activated Cell Sorting (FACS). These studies have revealed a new line
of cells that we have name UFH-001, which have the TNBC phenotype, are positive for CAIX expression,
both constitutively and in response to hypoxia, and behave aggressively in vivo. These cells may be useful
for exploring mechanisms that underlie progression, migration, and metastasis of this phenotype. In
addition, constitutive expression of CAIX allows its evaluation as a therapeutic target, both in vivo and in
vitro.
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Introduction

Mammalian carbonic anhydrases (CAs) belong to the a-CA
family of metalloenzymes and catalyze the reversible hydra-
tion of CO2. There are 13 catalytically active members in
this group that differ in their kinetic, inhibitory properties,
cell and tissue distribution, and function.1 Carbonic anhy-
drase IX (CAIX) is one of the membrane-bound CA iso-
forms.2-4 CAIX is normally expressed in gut epithelial
tissue,5 but is upregulated in several forms of cancer,
including breast cancer. Indeed, CAIX is a marker for hyp-
oxic regions of breast tumors6,7 and is associated with poor
prognosis8-10 and high-grade, ER-negative breast tumors.8

Its role in tumor growth and disease progression has been
attributed to its ability to reduce pericellular pH in response
to hypoxia,11-13 creating a toxic environment for normal
cells.14 Acidic environments also facilitate the breakdown of
extracellular matrix15 and enhance metastatic activity.16,17

Triple negative breast cancer (TNBC) is a subtype of breast
cancer that is diagnosed by the absence of the estrogen receptor
(ER), progesterone receptor (PR), and the human epidermal
growth factor receptor 2 (HER2). In the United States, approxi-
mately 15 – 20% of all breast cancers are TNBC18,19 which is
particularly aggressive,20. Compared to other subtypes of breast
cancer, TNBC is more likely to spread beyond the breast,21,22 as
well as to recur after surgical23 and/or chemotherapeutic

treatment.24 There are no targeted therapies for triple negative
breast cancers25 which makes it more difficult to treat. CAIX
expression is associated with the TNBC phenotype26,27 and also
found in hormone-resistant breast cancers.9 This suggests that
CAIX may serve as a therapeutic target for the treatment of
TNBC and has attracted the attention of the scientific and
pharmaceutical community.

Human cell lines are an important resource for research, and
are often used in reverse genetic approaches or as in vitro mod-
els of human diseases. Using cell lines in breast cancer research
has provided mechanistic insight into the regulation of cell
growth, differentiation, tumorigenesis, and metastasis. Due to
transcriptional drift in cell culture,28 it is important to continu-
ally validate the cell lines that are used in these types of studies.
Indeed, many journals and funding agencies now demand this.

In response to this new mandate, we discovered that the
MDA-MB-231 cells that we have been using as a cell model for
TNBC, and that also show strong expression of CAIX, did not
validate based on the alleles of 9 different markers (STR Pro-
file). Because of our interest in CAIX and the strong expression
of CAIX in this population, we sought to identify the CAIX-
positive cells by flow cytometry. This led to the identification of
a new cell line, which derives from MCF10A cells. However,
the new line has numerous differences in their transcriptomes
when compared against authenticated MCF10A cells. CAIX,
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specifically, is constitutively expressed (unlike authenticated
MCF10A cells) in addition to induction by hypoxia. Further,
these cells support tumor growth in a xenograft model. Because
these cells lack ER, PR, and HER2 expression, these potentially
represent a new TNBC line that we have named UFH-001 (UF
Health-001). Herein, we describe its characteristics.

Results

Establishing the UFH-001 cell line

The cells commonly used in the lab include MCF10A (an
immortalized breast cancer line), T47D (an ER-positive breast
cancer line), and the triple negative MDA-MB-231. We use
these to study membrane-bound carbonic anhydrases. We have
previously shown that the MCF10A line expresses CAIX only
under hypoxic conditions.29 The T47D cells express only car-
bonic anhydrase XII (CAXII), the expression of which is insen-
sitive to hypoxia.29 In the MDA-MB-231 cell line, CAIX is
expressed in a density-dependent manner and induced by hyp-
oxic conditions29. These latter cells also form tumors in SCID
mice (Gutwein, Grobmeyer, and Frost, unpublished data).
CAIX was originally discovered in HeLa cells30 where it’s
expression was regulated by cell density31 and later by hypoxia6.
Other investigators have shown this same regulation in the
MDA-MB-231 cell line.32 That the “MDA-MB-231” cell line in
our lab did the same was consistent with these earlier studies.
Because of an ongoing collaboration with investigators as the
Moffitt Cancer Center in Tampa, FL, we used their Molecular
Genomics Core to validate the T47D and the MDA-MB-231
cells. The report revealed that the T47D cells matched with
100% accuracy the unique loci used for STR identification.
However, the “MDA-MB-231” cell line did not match the
ATCC STR profile for MDA-MB-231 cells, sharing only 25% of
the markers. Rather, the presumed MDA-MB-231 cells were a
94% match to the STR profile of MCF10A cells with only a sin-
gle mis-match. That markers for both lines were identified by
this report is somewhat misleading because with a 94% match
to the MCF10A line reveals that the presumed MDA-MB-231
cells are from that origin. It is also unlikely that the population
is a mixture of MDA-MB-231 cells and MCF10A, because the
STR markers that are unique to the MDA-MB-231 cells were
not found in the presumed MDA-MB-231 cells (see Fig. 2).
Yet, these presumed MDA-MB-231 cells certainly did not
express a phenotype that matches the MCF10A cells, because
they express CAIX in response to growth, which contrasts to
that of MCF10A cells,29 and form tumors in immuno-compro-
mised mice (data not show). Because of the strong expression
of CAIX in the presumed MDA-MB-231 cells, we decided to
isolate the CAIX-positive cells under normoxic conditions
from the CAIX-negative cells using flow cytometry. As a posi-
tive control for CAIX-negative cells, we used authenticated
MCF10A cells exposed to normoxic conditions. Fig. 1A dem-
onstrates that the normoxic MCF10A cells do not bind the
CAIX-specific (M75) monoclonal antibody. In Fig. 1B, our flow
cytometry analysis of the “original”, presumed MDA-MB-231
cells, showed that there were two populations: one that was
CAIX negative, and one that was CAIX positive. We gated that
latter population, 65% of which were CAIX-positive cells (1st

sorting). We collected and expanded that gated population and
then re-sorted. Fig. 1C shows that we still had two populations
of cells: one CAIX negative and the other CAIX positive. Once
again, we gated this latter group, 86% of which were now CAIX
positive (2nd sorting). That population was collected and
expanded for re-evaluation by flow cytometry (Fig. 1D). This
population now represented 98% of the CAIX-positive cells.
We submitted both the first and second cell-sorted populations
for authentication by different companies (Fig. 2). The cells
were confirmed to contain only X-chromosomes and were of
human origin. But, once again, the genetic profile of the STR
markers matched closely that of the 10A line. The sorted cells
have one difference compared to the original presumed MDA-
MB-231 cells: an additional microsatellite expansion was
detected in the vWA gene. This could result from a somatic
mutation, trisomy, or gene duplication. Why this was not
detected in the original validation protocol is not known.
Importantly, the sorted cells appear to be a unique line, with no
contamination by another human cell line. From here on, we
will refer to these cells as the UFH-001 line.

Morphology and spheroid formation of the UFH-001
cell line

UFH-001 cells exhibit distinct morphologies from their cell of ori-
gin, the MCF10A cells (Fig. 3). At low density, UFH-001 cells dis-
play cobblestone morphology and form colonies (Fig. 3A). As
they grow, these cells become even more colonized while retaining
the cobblestone morphology (Fig. 3B). In contrast, MCF10A cells
present as elongated and spindle-like, and do not form colonies at
either low (Fig. 3C) or high density (Fig. 3D). Both UFH-001 and
MCF10A cells form spheroids (Fig. 3E and 3F). UFH-001 cells
form spheroids as early as 24 h after plating (even when the plating
density is low) (images not shown). At these lower densities,
spheroid size increases every 24 h. At 48 h (Fig. 3E), the size of
UFH-001 spheroids depends on the initial cell density. The sphe-
roids appear dense and rounded. In contract, MCF10A cells do
not form spheroids at low cell density (40, 200, 1000 cells/well) at
any time point (24 h-96 h). At 48 h (Fig. 3F), MCF10A spheroids
are in a loose and irregular shape, observed only in wells where the
starting cell number was either 5,000 or 10,000 cells.

Microarray data

Principal component analysis (PCA) is a dimensional reduction
and visualization technique that is used here to project the mul-
tivariate data vector of each array into a two-dimensional plot,
such that the spatial arrangement of the points in the plot
reflects the overall data similarity (or dissimilarity) between
arrays. Fig. 4A shows a scatterplot of the triplicate microarray
data sets of MCF10A and UFH-001 along the first two principal
components. These data show that the UFH-001 transcrip-
tomes clusters away from the MCF10A transcriptomes, predict-
ing that the transcriptomes of UFH-001 and MCF10A cells are
unique (Fig. 4A). The heatmap of the top 100 differentially
expressed genes (DEG) in UFH-001 vs MCF10A cells show dis-
tinct and opposite patterns of regulation (Fig. 4B). Figs 4C and
4D show up- and down-regulated genes, respectively, for the
top 30 differentially DEGs. The DEGs were associated with GO

CANCER BIOLOGY & THERAPY 599



terms that suggest extensive extracellular matrix remodeling, in
addition to enhancement of exosomal transport and calcium
dependent signaling (Table 1). The complete data set for these
microarray data has been deposited in the GEO repository
(accession number: GSE107209).

TNBC characterization

CAIX is a marker for the triple negative phenotype in breast cancer
([26, 27]). Fig. 5A demonstrates that the UFH-001 line expresses

CAIX both constitutively and in response to hypoxia. MCF10A
cells also expressed CAIX but only in response to hypoxia. It is
thought that the MCF10A line is of basal cell origin even though it
does not support tumor growth in nude mice.33 Microarray data
collected from normoxic UFH-001 and MCF10A cells (Fig. 5B)
show elevated expression of CAIX (3.7 fold) and CAII (7.5 fold) in
UFH-001 cells relative to MCF10A cells. Interestingly, CAXII
mRNA levels are reasonably high in both MCF10A and UFH-001
but no CAXII protein was detected in either cell type (Fig. 5A).
T47D cells were used as a positive control.

Amelogenin: X
CSF1PO: 10, 12
D13S317: 8, 9
D16S539: 11, 12
D5S818: 10, 13
D7S820: 10, 11
THO1: 8, 9.3
TPOX: 9, 11
vWA: 15, 17

MCF10A
Amelogenin: X
CSF1PO:  12, 13
D13S317: 13, 13
D16S539: 12, 12
D5S818: 12, 12
D7S820: 8, 9
THO1: 7, 9.3
TPOX: 8, 9
vWA: 15, 18

MDA-MB-231Original Cells
Amelogenin: X
CSF1PO:  10, 12
D13S317: 8, 9
D16S539: 11, 12
D5S818: 10, 13
D7S820: 10, 11
THO1: 8, 9.3
TPOX: 11, 11
vWA: 15, 17

“UFH-001”
Amelogenin: X
CSF1PO:  10, 12
D13S317: 8, 9
D16S539: 11, 12
D5S818: 10, 13
D7S820: 10, 11
THO1: 8, 9.3
TPOX: 11, 11
vWA: 15, 16, 17

Figure 2. STR analysis of original and UFH-001 cells compared to the ATCC STR marker profile of MCF10A and MDA-MB-231 cells. The Molecular Genomics Core at the
Moffitt Cancer Center analyzed the original cells. The UFH-001 cells were analyzed by bioSYNTHESIS (first sorting) and by IDEXX BioResearch (second sorting) with identi-
cal results.

Figure 1. Isolation of CAIX-positive cells using flow cytometry. Panel A. Normoxic MCF10A cells served to identify CAIX-negative cells. The black line represents MCF10A
cells that were not exposed to either primary antibody (the M75 monoclonal antibody) or the secondary mouse-specific IgG. The red line represents cells that were
exposed to secondary antibody, only. The blue line represents cells that were exposed to both primary and secondary antibodies. Panel B. Separation of CAIX-positive
from CAIX-negative cells in the original line. Color coding is the same as described in Panel A. CAIX-positive cells were gated and collected for expansion, representing
the 1st sorting. Panel C. The expanded cells (from Panel B) were reanalyzed by flow cytometry for a 2nd sorting. Color coding is the same as described in Panel A. Panel
D. Post-sorting analysis. Cells collected at the 2nd sorting were re-analyzed by flow cytometry for a final time and superimposed (blue line) on the gated cells from the
2nd sorting (red line) and CAIX-negative MCF10A cells (black line). Panel E. The table shows the % of gated cells at each step that are CAIX-positive.
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Figure 3. Morphology and spheroid formation of the UFH-001 and MCF10A cells. UFH-001 cells showed a cohesive cobblestone morphology and formed colonies at low
(Panel A) and high (Panel B) density (see Methods and Material for details). MCF10A cells displayed an elongated and spindle-like appearance at low (Panel C) and high
(Panel D) density. Magnification: 10X, scale bar: 400mM. UFH-001 cells formed circular and dense spheroids across all starting concentrations at 48 h (Panel E). MCF10A
cells formed irregular spheroids and only at starting densities of 5,000 and 10,000 cells/well at 48 h (Panel F). The scale bar represents 1 mm. Magnification is 4X.

Figure 4. Microarray data. Panel A. Principal component analysis (PCA) of the microarray data. Panel B. Heat-map comparing microarray data of differentially expressed
genes between UFH-001 and MCF10A cells (top 100 differentially- expressed genes are shown). Panel C. Top 30 up-regulated mRNA species (fold-change) in UFH-001 cells
relative to MCF10A. Panel D. Top 30 down-regulated mRNA species (fold-change) in UFH-001 cells relative to MCF10A.
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TNBC breast cancers express neither the estrogen or proges-
terone receptors (ER, PR), nor overexpress the human isoform
of ERBB2 (HER2). Our microarray data (Fig. 5D) show that
UFH-001 cells have the same ER and PR expression as
MCF10A cells, and a small but significant increase in HER2
expression when compared with MCF10A cells. Despite this,
neither cell type expressed ER, PR nor HER2 protein (Fig. 5C).
T47D and SUM225 cells served as the positive control for ER
and PR, and HER2 expression, respectively.

Epidermal growth factor receptor (EGFR), E-cadherin,
TP53, and caveolin 1 (CAV1) expression are associated with
TNBC breast cancer.34-36 In UFH-001 cells, we observed both
EGFR and E-cadherin expression (Fig. 5E). Neither of these
proteins was expressed in MCF10A cells. No TP53 was

observed in UFH-001 cells (nor in MCF10A cells), and CAV1
was significantly decreased when compared with MCF10A
cells. At the mRNA level (Fig. 5F), EGFR was lower in UFH-
001 cells relative to MCF10A, as was CAV1. E-cadherin was
increased by 42-fold relative to MCF10A cells while TP53 was
only slightly elevated.

Proliferation, migration, and invasion of UFH-001 cells

The malignant cell is characterized by its rapid proliferative
activity. In order to determine the proliferative ability of UFH-
001 cells, we examined cell growth in culture (Fig. 6A). Equal
cell number (15,000 cells) was plated for both UFH-001 and
MCF10A cells. By day 3, there was a clear difference in

Table 1. Microarray pathway analysis in UFH-001 cells relative to MCF10A cells.

Accession # Pathway Identifier Number Enrichment p-value

Up-Regulated GO:0098742 cell adhesion via PM 7/30 22.6 1.72 £ 10–4
GO:0005509 calcium ion binding 9/30 9.3 8.63 £ 10–4
GO:0009888 tissue development 13/30 5.7 8.05 £ 10–4
GO:0070062 exosome and vesicular transport 16/30 4.2 1.28 £ 10–4

Down-Regulated GO:0030198 extracellular matrix organization 9/30 21.1 2.44 £ 10–6
GO:0005539 glycosaminoglycan binding 6/30 20.4 1.33 £ 10–3
GO:0031012 extracellular matrix 10/30 13.3 2.41 £ 10–6
GO:0007155 cell adhesion 10/30 8.3 1.23 £ 10–3

Figure 5. Selected markers for the TNBC phenotype. Panels A, C, and E are representative western blots. Panels B, D, and F show comparative mRNA expression based on
Log2 scores of microarray data. T47D and Sum225 cells were used as positive controls in the western blots, where appropriate. The number of asterisks denotes the statis-
tical significance between mRNA levels in UFH-001 and MCF10A cells: � p < 0.05, �� p<0.01, ��� p< 0.001, ���� p < 0.0001)
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proliferative capacity of the UFH-001 cells relative to the
MCF10A cells, which became significantly different at later
time points. The UFH-001 cells divide in less that 24 h, while
the MCF10A cells divide once during a 48 h period.

The ability to migrate and invade are key factors responsible
for metastasis. To metastasize, cancer cells must migrate from
the original growth site, invade surrounding tissues, and relo-
cate to distal sites through the circulation or lymphatic system.
To examine the migration and invasion abilities of UFH-001
cells, we used the trans-well assay to quantify the migratory
and invasive potential of UFH-001 cell (Fig. 6B, C). After
24 hours of incubation, about 19 times more UFH-001 cells
migrated as compared to MCF10A cells (Fig. 6B). For invasion,
we increased the time frame to 48 h because the cells were less
invasive than migratory. At that time point, UFH-001 cells had
a greater invasion rate (5x) than MCF10A cells (Fig. 6C).

Tumorigenicity of UFH-001 cells

Finally, we assessed the ability of the UFH-001 cells to form
tumors in NOD/SCID mice. To monitor xenograft tumor
growth, we planned to use Luciferase-transfected UFH-001
cells (UFH-Luc). First, we compared the growth of non-trans-
fected UFH-001 cells and UFH-Luc cells in cell culture. These

data show that there is no difference in the rate of cell growth
between the parental and transfected lines (Fig. 7A). Lucifer-
ase-transfected UFH-001 cells (3 £ 105) then were injected into
the 4th mammary gland of replicate mice. Fig. 7B shows tumor
formation over time. At each time point, luciferase activity was
detected after injection of luciferin (150 mg/kg body weight)
into the peritoneum. As early as 1.5 weeks after injection, small
tumors could be observed. Growth increased substantially over
the 4 weeks that we continued to observe the animals. At the
end-point, the center of the tumors showed significant necrosis
(data not shown). Western blot analysis showed that xenograft
tumors retain the expression pattern of UFH-001 cells with
respect to carbonic anhydrases and E-cadherin.

Discussion

The cancer research community relies heavily on cells isolated
from original tumors and metastatic sites, to understand altera-
tions in signal transduction, to define differential gene expres-
sion, and to identify drug targets for therapeutic intervention.
These cells often undergo minor changes in genotype and phe-
notype, especially across different labs. There is also the risk
that lines get mixed or mislabeled when shared across labs.
One striking example of this was the misidentification of the

Figure 6. Proliferation, migration, and invasion of UFH-001 and MCF10A cells. Panel A. Cell growth curves of UFH-001 and MCF10A, plated at 15,000 cells/plate in 35 mm
plates, were cultured over 5 days. Panel B. Representative images show the migration of UFH-001 and MCF10A cells in transwell plates. Panel C. Representative images
show the invasive capacity of UFH-001 and MCF10A cells in transwell plates. � p < 0.05, �� p < 0.01, ���� p < 0.0001).
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MDA-MB-435 cells as breast cancer cells.37 These cells origi-
nally may have been breast cancer cells, but some time before
1982 they became contaminated with M14 (melanoma cells)
that essentially overgrew and replaced the breast cancer cells.

For over a decade, our lab has been using a line identified
originally as MDA-MB-231 breast cancer cells. They exhibited
all of the typical attributes described in the literature: they dis-
played the triple negative phenotype, were responsive to hyp-
oxia, expressed CAIX, and grew orthotopic tumors in nude
mice. Yet, upon subjecting these cells to microsatellite screen-
ing (STR), it was revealed that they exhibit an STR profile that
was strikingly more similar to the MCF10A line than MDA
MB 231 cells. Because our lab has a strong interest in under-
standing the role of CAIX in cancer cell progression, we pur-
sued the isolation of the CAIX-positive cells from the original
line, thinking that these cells may have been a mixed popula-
tion. When authenticated, the purified cells exhibited an STR
profile identical to that of the original line, with the exception
of an additional marker in the vWA microsatellite. We have
interpreted this to mean that neither the original cells nor the
CAIX-purified cells were/are a mixed population of cells.
Rather, they represent a new line. Overall, the STR profile of
the CAIX-purified line is more than 80% identical to MCF10A
cells, which strongly implies that the MCF10A is the line of ori-
gin of the purified cells. We have named this new line, UFH-
001, to distinguish them from the parental line (MCF10A).

There are multiple lines that have arisen from MCF10A line,
either by oncogenic overexpression (pre-malignant MCF-10AT
cells) or repeated selection from the MCF10AT line for increas-
ingly tumorigenic behavior (MCF-10CA1a cells).38 Because the
expression of H-ras does not differ between MCF10A and the
UFH-001 cells, it is unlikely that the UFH-001 cells originated
from the MCF10AT or MCF-10CA1a lines.

Despite the near identity in microsatellite markers for MCF10A
and UFH-001 cells, principle component analysis (PCA) of the
comparative microarray data demonstrates a significant difference
in the RNA population of the UFH-001 cells compared to that of
the MCF10A cells. This includes changes in the expression of 1272
coding RNA species and 458 non-coding RNAs. UFH-001 cells
also grow faster than the MCF10A cells, show in vitro migratory
and metastatic behavior and exhibit a tumorigenic phenotype
when inoculated orthotopically in the mammary fat pad, clearly
different from the MCF10A line. While genetic drift is often
blamed for changes to cells in extended culture, the transforming
event must have been significant to alter such a large population of
the RNA pool.

While there does not seem to be a single alteration that has
caused this change from a non-tumorigenic to a tumorigenic line,
there are a few changes in RNA expression that could significantly
alter phenotype. Recently, it has been shown that CAIX ablation
blocks hypoxia-induced expression of STC1 (stanniocalcin-1).39

This protein has been linked to poor survival in breast cancer

Figure 7. Tumorigenicity of UFH-001 cells in NOD/SCID mice. Panel A. UFH-001 and UFH-Luc cells were grown in culture for four days. At each day an MTT assay was per-
formed to evaluate cell proliferation. Panel B. UF-Luc cells were orthotopically implanted (3 £ 105 cells) into the first mammary gland of NOD/SCID mice, and evaluated
by in vivo (see Materials and Methods). Panel C. Tumor size was quantified by calculating tumor volume twice a week after the injection of UFH-Luc cells. Luminescence
followed similar trends as tumor volume except at 4 weeks where there was central necrosis that reduced luminescent readings (data not shown). Panel D. Samples of
UFH-001 cells and tissue from UFH-Luc generated tumors were compared by western blotting.
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patients with the basal B phenotype, and shown to stimulate inva-
siveness and tumor progression in TNBC.40,41 The expression of
STC1 mRNA is 32 times higher in UFH-001 compared to the
MCF parental line. E-cadherin, which is normally lost in the epi-
thelial to mesenchymal transition. One anomaly that we noticed is
the lack of expression of E-cadherin in the MCF10A line. This line
is of basal origin42 but several investigators have shown that E-cad-
herin is expressed in this line33,42,43). One difference that we noted
was the medium in which the MCF10A line is maintained. In other
labs, cholera toxin is included, among other reagents, in
the DMEM/Ham’s F-12 medium. We found that the MCF10A
line did not require this for growth, so for lab safety we removed
the toxin, but because this toxin perpetually activates adenylate
cyclase this could have an effect on E-cadherin expression. Qu
et al. showed that E-cadherin was expressed in only 70% of
MCF10A spheroids.42 So another possibility is that the MCF10A
line we are using selected against it’s expression. Also of note is
that our line was specifically validated. In the other studies, they
were not although purchased directly from ATCC. The other
anomaly is the overexpression of E-cadherin in UFH-001 cells
compared to the MCF10A line. One explanation for this phenome-
non comes from a study in which E-cadherin protein re-appears in
clumps of metastatic breast cancer cells associated with bone.44

This reversion to an epithelial state (MET) is not uncommon dur-
ing the growth of carcinoma metastases.45,46 The high frequency of
E-cadherin expression at metastatic sites may play a role in the
intercellular adhesion of metastatic cells at these sites. UFH-001
cells may represent such cells, supported by their epithelial
phenotype.

TNBC accounts for approximately 10–15% of breast cancers
and has a poorer prognosis relative to ER-positive patients.47

The former type of breast cancer also shows aggressiveness,
invasiveness, and early metastases in vivo. CAIX is a transmem-
brane zinc metalloenzyme functioning as the catalyst for the
reversible hydration of carbon dioxide to bicarbonate with the
release of a proton.48 CAIX expression is a marker for hypoxia,
poor prognosis, and the triple negative phenotype.8-10 It is also
a therapeutic target because loss of function leads to reduced
cell growth in culture and tumor growth in animal models.49,50

That the UFH-001 cells constitutively express CAIX both in
vitro and in established tumors, along with their ability for
form spheroids, make this line useful for further investigating
the role of CAIX in breast cancer progression.

Materials and methods

Cell culture

Cells originally designated as MDA-MB-231 were a gift from Dr.
Kevin Brown (University of Florida). MCF10A and T47D cells
were gifts from Dr. Brian Law (University of Florida). The pre-
sumed MDA-MB-231 cells and the new line isolated from these
cells, UFH-001, were maintained in Dulbecco’s Modified Eagle’s
medium (DMEM), supplemented with 10% fetal bovine serum
(FBS) (Sigma Aldrich #F2442). These cells did not grow well in
medium designed for MCF10A cell growth (data not shown)
despite the fact that they are derived from this line. Thus, UFH-
001 cells appear to be significantly less hormone-dependent than
the MCF10A cells, other than that which is naturally in FBS.

MCF10A cells were cultivated in DMEM/Ham’s F12 medium
(Fisher #MT10080CM), supplemented with 5% horse serum
(Sigma Aldrich #H1138-6X), 10 mg/ml insulin (Gibco,
A1138211), 20ng/mL epidermal growth factor (EGF) (Upstate
Biochem) and 100 ng/mL dexamethasone (Sigma, D4902). T47D
cells were validated and cultivated in McCoys 5A medium (Fisher
#16-600-108), supplemented with 10% FBS and insulin (10 mg/
mL). HER2-positive SUM225 cells were purchased from Asterand,
and cultivated in Ham’s F-12 medium containing 10 mM HEPES,
supplemented with 5% FBS, dexamethasone (100 ng/mL) and
insulin (5 mg/mL). HEK293T cells (ThermoFisher Scientific),
used for the packaging lentivirus with luciferase expression, were
cultured in DMEM supplemented with 10% FBS and 1X antibiot-
ics/antimycotic solution (Corning, #30-004). All cell lines were
maintained at 37�C in humidified air with 5% CO2. For hypoxia,
cells were placed in humidified Billups Rothenberg Metabolic
Chambers and exposed to 1% O2, 5% CO2 and balanced N2 for
16 h at 37�C.

Sorting UFH-001 cells by flow cytometry

The original MDA-MB-231 cell mixture was detached with cell
dissociation buffer (Life technologies) and re-suspended in
flow cytometry staining buffer (PBS, 2%BSA, 2 mM EDTA).
The “mixed” population of cells were labeled with anti-CAIX
antibody (M75) (a gift from Dr. Egbert Oosterwijk, but origi-
nally made by Dr. Sylvia Pastorekova51) for 1 h on ice. After
washing with the staining buffer, the mixed cells were incu-
bated with anti-mouse FITC (Sigma Aldrich) for 30 minutes
on ice and washed again with the staining buffer. Cell sorting
was performed by the Cytometry Core in the Institutional Cen-
ter for Biotechnology (ICBR) on a BD FACSAria-IIu (BD Bio-
sciences) using Diva 8 software. For this assay, a 50 milliwatt
laser emitting at 488 nanometers was used. Cells were gated by
forward light scatter (FSC) vs side light scatter (SSC) and cell
aggregates removed using SSC pulse-area vs SSC pulse-width
dot plots. FITC fluorescence (through a 530nmC/-15nm band-
pass filter) was plotted as a histogram. A sorting gate was set at
the 99.5 percentile value based on a negative control sample
(MCF10A) and applied to the positive sample (original MDA-
MB-231 cell mixture). Data files for 10,000 events were
recorded and exported for further plotting and analysis using
FCS Express, Version 5 (Denovo Software). The CAIX-positive
cells were renamed UFH-001.

The details for culture conditions during the process
of flow cytometry are as follows

For the first sorting, cells were plated at 10,000 cells/mL and
cultured for 4 days. The cells from one 10 cm plate were used
for sorting. After the first sorting, the cells were transferred into
a single 10 cm plate. Cells were grown for four days. The cul-
ture was split at a 1:10 ratio. One sample was used for authenti-
cation and the other samples were frozen at ¡80�C. A frozen
sample from the first sorting was thawed and grown for four
days and split at a 1:10 ratio. After growing for four days in cul-
ture, the cells from one plate were used for the second sorting.
The gated cells were transferred to a single 10 cm plate and cul-
tured for four days. Cells were split at a 1:10 ratio and grown
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for another four days. Samples were taken for authentication,
while other samples were cryopreserved. During this authenti-
cation, mycoplasma was detected. Cells were treated to elimi-
nate the infection, expanded, and frozen for storage. These
treated cells are those in present use in the lab.

Morphological appearance of cells

UFH-001 and MCF10A cells were plated at a density of
10,000 and 20,000 cells/mL, respectively, in 10 cm plates.
UFH-001 and MCF10A cells were photographed at day 1 (low
density) and day 4 (high density) at 10x magnification by light
microscope (EVOS, Thermo Fisher Scientific).

Spheroid formation assay

UFH-001 and MCF10A cells (total volume of 100 mL in appro-
priate medium) at 40, 200, 1,000, 5,000, and 10,000 cells/well
into 96 well low attachment microplates (Corning, #4515).
Cells were incubated up to 96 h in 5% CO2 at 37�C. Spheroids
were photographed at specific intervals using the EVOS micro-
scope system (Thermo Fisher Scientific). The 48 h time points
are shown in Fig. 3.

RNA isolation and microarray analysis

UFH-001 cells and MCF10A cells were plated at a density of
10,000 and 20,000 cells/ mL, respectively in 10cm plates. RNA
extraction was performed when the cells were at 75–80% con-
fluence using an RNase Easy Plus Mini kit (Qiagen #74134).
All steps were followed as recommended by the manufacturer.
RNA concentration was calculated at 260nm and the ratio of
the absorbance values at 260/280 was used as a monitor for
purity and stability. Total RNA was converted to cRNA, and
microarrays (Human Transcriptome Array) were performed by
the Gene Expression and Genotyping Core in the ICBR at the
University of Florida. The analysis was performed in triplicate,
biological replicates. Expression values were deduced from
RMA normalized intensities. CEL files were processed with the
limma package from R/Bioconductor

Western blot analysis

Western blot analysis was performed as previously described.29

In brief, cells were washed with ice-cold PBS and lysed in RIPA
buffer at 4�C containing a cocktail of protease inhibitors
(Sigma-Aldrich, P8340). Lysates were clarified by centrifuga-
tion. The supernatants were collected and total protein concen-
tration was determined by the Markwell assay.52 Western blot
analysis was performed after SDS-PAGE (10% gel; equal pro-
tein concentration per lane) and transferred onto nitrocellulose
membranes. Membranes were incubated with specific
antibodies: CAIX (M75 monoclonal, originally made by Pastor-
ekova,51 but a gift from Dr. Egbert Oosterwijk, used at a dilu-
tion of 1:4000), CAII (Novus #NB600-919, used at a dilution of
1:4000), CAXII (R&D # AF2190, used at a dilution of 1:1000),
estrogen receptor (Santa Cruz # sc-8002, used at a dilution of
1:200), HER2 (Cell Signaling #2165S, used at a dilution of
1:1000), E-cadherin (BD biosciences #610181, used at a dilution

of 1:1000), EGFR (Cell Signaling #4267, used at a dilution of
1:1000), TP53 (Santa Cruz #sc-126, used at a dilution of 1:200),
CAV1 (Santa Cruz # sc07875, used at a dilution of 1:1000), and
GAPDH (Cell Signaling #5174, used at a dilution of 1:4000),
PR (Santa Cruz #SC-810 used at a dilution of 1:200) followed
by incubation with horseradish peroxidase–conjugated second-
ary antibodies (Sigma-Aldrich). The secondary antibodies were
detected by enhanced chemiluminescence (GE Healthcare
Biosciences, #RPN2232, or RPN2235).

Cell number determination

UFH-001 cells and MCF10A cells were plated at a density of
15,000 cells/well in 35 mm plates. Cell number was determined
on a Coulter Counter ZM (Beckman/Coulter) over a 5-day
period. The medium was replaced every other day.

Cell migration and invasion assays

UFH-001 and MCF10A cells were exposed to serum-free
medium for 24 h. Cells were released from plates with cell dis-
sociation buffer (Gibco #13151-014), which lacks trypsin. They
were then plated in serum-free medium (specific for cell type)
at a density of 50,000 cells/300mL/insert in 24 well cell migra-
tion and invasion plates (Cell Biolabs CBA-100-C-5). The cells
were allowed to migrate (24 h) or invade (48 h) across the
insert towards the well that contained 10% FBS. The assay was
terminated after the appropriate time point. Cells were fixed,
stained, and photographed for image analysis. All cell lines
were maintained at 37�C in humidified air with 5% CO2 for the
duration of the experiment.

Transfection of luciferase

Luciferase expressing lentivirus was packed into HEK293T cells
by transfection with plasmids pLenti-PGK V5-LUC Neo,
psPAX2, and pMD2.G (Addgene, MA, USA). Culture medium
with virus was collected at 48 and 72 h after transfection, passed
through a 0.45mm filter and frozen at -80�C. UFH-001 cells
were cultured with 1:1 virus /DMEM medium (v/v) with
8 mg/mL polybrene (Sigma-Aldrich Corp) for 4 h, which was
then exchanges for fresh DMEM (10%FBS). After selection
with 400 mg/mL G418 (Gibco, #11811031) for 2 weeks, the
transfected cells (UFH-Luc) were validated by the detection of
luciferin-dependent luciferase activity.

MTT assay

UFH-001 parental cells and UFH-Luc cells were plated at a
density of 1500 cells/well into 96-well plates. Cell growth was
determined by using a standard tetrazolium bromide (MTT)
assay on sequential days after plating.

Animal models

All procedures were conducted in accordance with the National
Institutes of Health regulations and approved by the University
of Florida Institutional Animal Care and Use Committee
(IACUC protocol # 201603567). For mouse xenografts, a total
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of 3 £ 105 UFH-Luc cells suspended in culture medium was
injected into the fourth left mammary fat pad of NOD/SCID
mice (Jackson Laboratory, ME, USA), aged around 10–12
weeks old. Tumor sizes were measured with a digital caliper
(Fisher Scientific, MA, USA), and the volume was calculated
using the formula: 0.5 x L x W2 (L- length, W-width). The
Xenogen IVIS Spectrum system (Caliper Lifesciences, MA,
USA) was used for in vivo imaging to track tumor growth and
metastasis.

Statistical evaluation

Differences in gene expression between UFH-001 and MCF10A
cells were evaluated with Student’s t test. Student’s t test was
also used to study cell growth, migration, invasion and tumor
growth. All p values were calculated based on two-sided testing
and p < 0.05 was considered as statistically significant. Statisti-
cal analysis was performed using Prism software.
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