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ABSTRACT: Vitamin D is a steroid hormone that causes growth
suppression in cultured cells. We had previously discovered that the
triple-negative breast cancer cell lines MDA-MB-231 and MDA-MB-468
did not have growth suppression with vitamin D, while MCF-7 did.
MCF-7 cells are not triple-negative and have wild-type p53. Both MDA-
MB-231 and MDA-MB-468 have mutations in p53 and these mutations
were a possible explanation for the lack of growth suppression with
vitamin D. Our hypothesis was that reactivation of p53 in the triple-
negative cell lines would cause them to become sensitive to vitamin D.
We chose to use the small molecule PRIMA-1MET to reactivate p53 as it
has been previously shown to restore function to the p53 mutants
present in MB-231 and MB-468. We then measured the ability of
vitamin D and its analogues calcipotriol and EB1089 to suppress growth in the presence of PRIMA-1MET. Here, we show that while
PRIMA-1MET can kill the breast cancer cells investigated in this study, it does not restore their sensitivity to vitamin D or its
analogues.

■ INTRODUCTION
Breast cancer is the second largest cause of death for women in
the United States.1 Among the different types of breast cancer,
triple-negative breast cancer (TNBC) represents 15−20% of
cases and can have a mortality rate of up to 40% for late-stage
disease.2 TNBC occurs when the cancer cells do not express
estrogen receptors, progesterone receptors, or the human
epidermal growth factor receptor 2 (HER2). Lack of these
receptors prevents the use of common chemotherapeutics that
would target them, such as tamoxifen, an anti-estrogen, or
Herceptin, which targets HER2 overexpression.3,4

The effects of activated 1,25-dihydroxyvitamin D3 (1,25-
(OH)2D3, or calcitriol) and its circulating precursor 25-
hydroxyvitamin D3 (25-OHD3) on breast cancer are not
conclusively settled.5 However, some recent studies have
linked either increased circulating vitamin D3 levels, increased
vitamin D3 intake, or sun exposure to decreased cancer
incidence or survival.6−8 Presence of vitamin D receptor
(VDR) has been linked to longer survival in TNBC9 and in
breast cancer overall.10 1,25(OH)2D3 has also been shown to
cause VDR mediated suppression of genes related to invasion
and metastasis in TNBC.11 These studies indicate a role for
vitamin D in prevention and treatment of various cancers.
However, a 2021 review on the mechanisms of vitamin D in
breast cancer notes that the lack of clarity on the determinants
of vitamin D sensitivity is preventing the formation of clinical
protocols or official recommendations about vitamin D.5

We had previously established that unlike with many other
cancer cell lines, 1,25(OH)2D3 caused either no change or
increased cell viability with the TNBC cell lines MDA-MB-
157, MDA-MB-231, and MDA-MB-468.12 The cell viability of
MCF-7 cells decreased with increased 1,25(OH)2D3, as would
be expected. One of the hypotheses for this phenomenon was
the mutated p53 expressed for the three TNBC cell lines, while
MCF-7 expresses wild-type p53.13 Our studies identified one
cell line that was both triple-negative and had wild-type p53;
however, that cell line (DU4475) also had a slight increase and
then decrease in cell viability with increasing 1,25(OH)2D3.

14

We were not satisfied that results with this one cell line were
enough to outright dismiss the hypothesis about mutant p53
causing abnormal 1,25(OH)2D3 response.
To further test the hypothesis, we sought to reactivate p53 in

these cell lines. We turned to the compound PRIMA-1MET

(APR-246, eprenetapopt), which is a small molecule activator
of mutant p53. PRIMA-1MET and its precursor molecule
PRIMA-1 are both converted to methylene quinuclidinone,
which binds to the core domain of mutant p53, allowing it to
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function.15,16 There are numerous studies showing restoration
of p53 function using either PRIMA-1 or PRIMA-1MET.16−18

MB-231 cells express p53 bearing an R280K mutation and
MB-468 cells express p53 bearing an R273H mutation.19,20

p53 bearing both mutations has been shown to be activated by
PRIMA-1MET.17,21 Clinical interest in these p53 reactivating
small molecules yielded several clinical trials in various cancer
types that can be found on ClinicalTrials.gov.
The availability of this small molecule that has been shown

to reactivate mutant p53 in our TNBC cell lines enables us to
probe whether mutant p53 is responsible for the aberrant
response to 1,25(OH)2D3 in MB-231 and MB-468. In this
study, we aim to test the hypothesis that PRIMA-1MET will
restore 1,25(OH)2D3 sensitivity to MB-231 and MB-468 is
correct.

■ METHODS
Materials. Materials were purchased from Fisher Scientific

(Waltham, MA, USA) unless otherwise noted. Cell lines
(MCF-7, MDA-MB-231, and MDA-MB-468) were obtained
from ATCC (Manassas, VA, USA). PRIMA-1MET, 1,25-
(OH)2D3, and calcipotriol were purchased from Cayman
Chemical (Ann Arbor, MI, USA), and EB1089 was purchased
from Tocris Bioscience (Minneapolis, MN, USA). CellTiter-
Glo was obtained from Promega (Madison, WI, USA).
Cell Culture. Cells were maintained in complete culture

medium: DMEM (MDA-MB-468 and MCF-7) or MEM
(MDA-MB-231), 10% fetal bovine serum (FBS, Gibco), 1×
Glutamax, 1× antibiotic/antimycotic (LifeTechnologies, Carls-
bad, CA, USA), and 1 mM sodium pyruvate. MCF-7 cells also
had 10 μg/mL insulin added to the media. Cells were passaged
twice per week using 0.25% Trypsin−EDTA. Stripped-serum
media was used for all experiments. These media were
analogous to the complete media formulations, but without
sodium pyruvate and with charcoal stripped FBS (Gibco) in
place of the normal FBS.
Cell Viability Experiments. Cells were plated in white cell

culture treated 96-well plates at a density of 1000 cells in 80
μL. Empty wells contained phosphate buffered saline (PBS).
Treatment compounds were added the following day, bringing
the volume to 100 μL. Three days later, 100 μL CellTiter-Glo
was added and luminescence was recorded using a GloMax
Multi plate reader (Promega) after 20−30 min at room
temperature. Vehicle was constant across each plate and
ranged from 0.048−0.066% ethanol. Additionally, calcipotriol
and EB1089 plates contained 0.001−0.005% DMSO. Graphs
were made using GraphPad Prism 9.5.1. p-values were
determined using Prism to perform two-way ANOVA with
Dunnet post hoc test. For each experiment, we performed four
technical replicates for each of three biological replicates.
Cell Lysates and Immunoblots. The day before treat-

ment, 1 million cells were plated in T-25 flasks in stripped-
serum media. Cells were then treated with PRIMA-1MET and/
or ethanol (all flasks 0.08% ethanol). After 23−25 h, cells in
the media were harvested by centrifugation, and cells attached
to the flask were harvested by trypsinization. The cells were
combined after resuspension in complete media and washed
once with ice-cold PBS. The pellet was then resuspended in
200 μL of ice-cold RIPA buffer (Pierce RIPA buffer plus 1×
Halt protease and phosphatase inhibitors, 1× Halt EDTA, and
1× Pierce Universal Nuclease). The mixtures were rocked in
RIPA buffer for at least 30 min at 4 °C. Cell debris was pelleted
by centrifugation for 15 min at 14,000 × g at 4 °C. The

supernatant was moved to a fresh microfuge tube, and protein
concentrations were determined using the BCA assay (Pierce)
in microplate format.
Gel samples were prepared using fluorescent compatible 4×

sample buffer and 10× reducing agent (Invitrogen). Proteins
were separated on 4−12% Bis-Tris Plus gels using MES-SDS
buffer (Invitrogen). Proteins were transferred to PVDF
membranes using the iBlot2 system (Invitrogen). Total protein
was then labeled on the membrane using No Stain Protein
Labeling reagent (Invitrogen) as per manufacturer’s instruc-
tions. 5% milk in PBS + Tween-20 was used as a blocking
buffer for 1 h at room temperature. The primary antibody (p53
monoclonal, Invitrogen DO-1) was used at 1:1000 in blocking
buffer overnight at 4 °C. The secondary antibody (goat anti-
mouse HRP, Thermo Scientific) was used at 1:200,000 in
blocking buffer for 1 h at room temperature. Bands were
detected using Supersignal West Femto Substrate (Thermo
Scientific). Chemiluminescent p53 bands and fluorescent total
protein staining were imaged on an iBright FL 1500 imaging
system, and p53 band intensity was normalized to total protein
content of each lane.

■ RESULTS AND DISCUSSION
In addition to testing 1,25(OH)2D3 in this study, we also
included the vitamin D analogues calcipotriol and EB1089.
Achieving high blood levels of endogenous vitamin D3 in vivo
leads to hypercalcemia, which has its own complications. This
led to the development of analogues of vitamin D that are less
calcemic. Calcipotriol was shown to be much less calcemic in
rats as compared to 1,25(OH)2D3.

22,23 EB1089 was also found
to be less calcemic at effective doses.24,25 Therefore, the
inclusion of these vitamin D analogues in our research allows
our results to have more potential clinical application.
As seen in Figure 1A, 1,25(OH)2D3, calcipotriol, and

EB1089 inhibit MCF-7 cell growth after 72 h with similar
efficiency. 1,25(OH)2D3, and analogues have little effect on
MB-231 (Figure 1B); however, there is a small but significant
decrease in cell viability with calcipotriol at 100 and 1000 nM
concentrations. Still, the cell viability at 1000 nM was only
reduced to 90%, whereas the three compounds reduce MCF-7
cell viability to 60−67%. For MB-468 (Figure 1C), 10 nM of
calcipitriol or EB1089 appears to increase cell viability. This is
also seen with 1,25(OH)2D3, but the effect was not statistically
significant. All compounds returned MB-468 viability to 95−
100% at 1000 nM.
The finding that MCF-7 was sensitive to these compounds

but MB-231 and MB-468 were not growth inhibited was not
surprising as it mirrors our previous findings.12 However, we
expected EB1089 to be more potent than 1,25(OH)2D3.
EB1089 was previously reported to be more potent than
1,25(OH)2D3 using MCF-7 cells although the culturing and
growth assessment methodology used was much different than
ours.24 The same authors assessed calcipotriol to have similar
potency to 1,25(OH)2D3 in MCF-7 cells, which matches our
results here.23

We next assessed the effect of PRIMA-1MET on the cell lines
alone. PRIMA-1MET has been previously shown to reactivate
the R273H mutant of p53 found in MB-468 and was
specifically shown to cause an increase in p53 responsive
genes such as p21 and PUMA in MB-468.16,21 It has also been
shown to increase levels of SLC7A11, a gene suppressed by
mutant p53, in MB-231.21 Because it had already been shown
that mutant p53 in our cell lines was reactivated by PRIMA-
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1MET, we decided to use the compound to assess its effect on
vitamin D sensitivity in our cell lines. We hypothesized that
PRIMA-1MET would cause MB-231 and MB-468 cells to
become more sensitive to 1,25(OH)2D3 and its analogues.
PRIMA-1MET killed the three cell lines, but with varied

potency (Figure 2). Both MB-231 and MB-468 are more
sensitive than MCF-7, with the cell viability falling below 50%
at less than 5 μM (MB-468) or between 5 and 7.5 μM (MB-
231). MCF-7 cells were just above 50% viability (51%) at 10
μM. PRIMA-1MET shows roughly equal cell viability with MB-
468 at 5, 7.5, and 10 μM, while the other cell lines show clear
dose−response behavior in this concentration range. All three
cell lines have little to no viability at 20 μM PRIMA-1MET.
These cell lines seem more sensitive to PRIMA-1MET than
when measured by others, which may be attributed to the
necessity of using charcoal stripped serum in order to study
vitamin D. Normal FBS would be expected to have significant
amounts of vitamin D already present, complicating analysis of
the effect of the vitamin D or analogues we add to the culture.
We also refrained from using sodium pyruvate in our cell

culture media for our experiments. Sodium pyruvate has been
shown by us and others to neutralize reactive oxygen species in
cell culture,26−28 which can hide the full effect of small
molecules like PRIMA-1MET in cell culture.
Amirtharaj et al. report 95% viability of MB-231 cells after

24 h with 50 μM PRIMA-1MET, which is 5X higher than the
concentration killing almost all of our MB-231 at 72 h.17

Synnott et al. reported an IC50 value of 31.1 μM for MCF-7
after 5 days incubation, which is far higher than our data (IC50
near 10 μM).21 Their value of ∼2.5 μM for MB-468 is much
closer to ours. Makhale et al. determined an IC50 of 31.86 μM
for MB-231 after 6 days incubation.29 While these three studies
examine cell viability using different methods and time points
than ours, they all used media with 10% FBS. It seems likely
that this difference is the reason for higher sensitivity to
PRIMA-1MET in our study.
We examined the expression level of p53 by immunoblot

with increasing concentrations of PRIMA-1MET to determine if
the compound caused any difference. The expression levels
varied widely between cell lines making it difficult to quantify
them on the same gel. As seen in Figure 3A, even when loading
substantially more MCF-7 lysate, we detected very small
amounts of p53. Overall, while it appears there may be a slight
increase in p53 expression in some cell lines at 10 μM PRIMA-
1MET, the effect was not statistically significant. We can
conclude that the effects of PRIMA-1MET are not caused by an
increase in expression level for p53.
We next wanted to determine if PRIMA-1MET would cause

MB-231 and MB-468 to become growth inhibited by vitamin
D or its analogues, including MCF-7 as our control. For MCF-
7, it appears that PRIMA-1MET reduces the ability of
1,25(OH)2D3 to inhibit cell growth (Figure 4A). Without
PRIMA-1MET, 1000 nM 1,25(OH)2D3 drops cell viability to
61%, but in the presence of 10 μM PRIMA-1MET, 1000 nM
1,25(OH)2D3 drops cell viability to 81% of the matched
control and lesser amounts of 1,25(OH)2D3 have no
statistically significant effect (Figure 4A). The results with
calcipotriol (Figure 4B) and EB1089 (Figure 4C) look similar,
with 1,25(OH)2D3 analogue effectiveness decreasing as
PRIMA-1MET concentration increases.
For MB-231, PRIMA-1MET was able to alter cellular

response to 1,25(OH)2D3, but not in the direction we
hypothesized (Figure 5A). While MB-231 was non-responsive
to 1,25(OH)2D3 at 0 and 5 μM PRIMA-1MET, at 7.5 μM there

Figure 1. Effect of vitamin D, calcipotriol, and EB1089 on cell
viability. MCF-7 (A), MB-231 (B), and MB-468 (C) cultured in
stripped-serum media were treated with 1,25(OH)2D3, calcipotriol, or
EB1089 for 72 h. Cell viability was measured using CellTiter-Glo.
Error bars denote ± SEM. Significant deviation from the 0 nM
controls was determined using two-way ANOVA with Dunnett post
hoc analysis. * p < 0.03, *** p < 0.001.

Figure 2. Effect of PRIMA-1MET on breast cancer cell viability. MCF-
7, MB-231, and MB-468 cells cultured in stripped-serum media were
treated with increasing concentrations of PRIMA-1MET for 72 h. Cell
viability was measured using CellTiter-Glo. Error bars denote ± SEM.
Significant deviation from the 0 nM controls was determined using
two-way ANOVA with Dunnett post hoc analysis. *** p < 0.001.
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is a small but significant increase in cell viability with 10 or 100
nM 1,25(OH)2D3. This is reminiscent of the increase in cell
viability we often see with MB-468. Interestingly, we do not
see this happen with either calcipotriol (Figure 5B) or EB1089
(Figure 5C). In the case of calcipotriol, the very slight response
without PRIMA-1MET is abolished as PRIMA-1MET concen-
tration increases. For EB1089, there’s almost no statistically
significant response to any combination of EB1089 and
PRIMA-1MET.
For MB-468, both calcipotriol and EB1089 cause a

statistically significant increase in cell viability at 10 nM before
returning to baseline viability at 1000 nM (Figure 6B,C). A
similar pattern is seen with 1,25(OH)2D3, but it does not reach
statistical significance (Figure 6A). Increasing amounts of
PRIMA-1MET change the response pattern with increasing
1,25(OH)2D3 or analogue; however, PRIMA-1MET does not
provide a consistent decrease in cell viability as 1,25(OH)2D3
(or analogue) concentration increases.
Taken together, we conclude that PRIMA-1MET is not able

to restore MB-231 or MB-468 cells’ sensitivity to vitamin D or
vitamin D analogues. This supports the conclusion that mutant
p53 is not responsible for the atypical response of these cell

lines to vitamin D, proving our initial hypothesis incorrect. At
this point, we still do not know why our cells are insensitive to
vitamin D nor do we know how to make them sensitive. While
we established changes in mRNA levels of CYP24A1,
CYB27B1, and the VDR in response to 25-OHD3 and
1,25(OH)2D3 in a previous study,12 we have yet to determine
protein levels by immunoblot or activity of these enzymes/
receptors. Cancer cells may upregulate CYP24A1, which
catabolizes both 1,25(OH)2D3 and 25-OHD3.

30 This would
lead to less available vitamin D to trigger signaling pathways to
slow cell growth or promote differentiation. There can also be
a downregulation of the CYP27B1 enzyme, which hydroxylates
25-OHD3 to form 1,25(OH)2D3. This could be an explanation

Figure 3. Effect of PRIMA-1MET on p53 expression in breast cancer
cells. Cells cultured in stripped-serum media were treated for 24 h
with 0, 5, or 10 μM PRIMA-1MET. The cells were lysed in RIPA buffer
and analyzed by immunoblot against p53. (A) Representative
immunoblot, top, and total protein stain loading control, bottom.
(B) Quantitation of relative amounts of p53 for three blots,
normalized to the vehicle control for each cell line. Error bars denote
± SEM. None of the treatments were significantly different than
vehicle treated cells.

Figure 4. PRIMA-1MET effect on 1,25(OH)2D3, calcipotriol, and
EB1089 MCF-7 growth inhibition. MCF-7 cells cultured in stripped-
serum media were treated with increasing concentrations of PRIMA-
1MET and 1,25(OH)2D3 (A), calcipotriol (B), or EB1089(C) for 72 h.
Cell viability was measured using CellTiter-Glo. Error bars denote ±
SEM. Significant deviation from the 0 nM controls was determined
using two-way ANOVA with Dunnett post hoc analysis. * p < 0.03, **
p < 0.002, *** p < 0.001.
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for vitamin D insensitivity in vivo, but not in our particular
study because we used 1,25(OH)2D3 and analogues, which do
not require hydroxylation by CYP27B1.
If CYP24A1 upregulation is an issue in TNBC, targeted

inhibition of CYP24A1 may be an option in cancer treatment.
Indeed, there are already studies showing inhibition of
CYP24A1 with RNAi increasing the 1,25(OH)2D3 antiproli-
ferative effect on colorectal cancer cells.31 The drug astemizole
has been found to be synergistic with vitamin D in
hepatocellular carcinoma cells.32 In addition, astemizole was
tested in some breast cancer cells and was found to inhibit
CYP24A1 and increase VDR.33 That study showed there was a
synergetic anti-proliferative effect between astemizole and
vitamin D. It would be interesting to try this combination in
our cell lines, which were not tested in this study, to see if we

find increased sensitivity to vitamin D. We could also test if
these two drugs could increase the potency of typical
chemotherapeutic drugs like paclitaxel in our TNBC cell lines.
There has already been some examination of VDR in MB-

231 cells, which were found to express low levels of the
receptor. However, Peng et al. found that overexpressing the
VDR in MB-231 did not restore sensitivity to a vitamin D
analogue.34 This indicates that low levels of VDR are not
responsible for the lack of response to 1,25(OH)2D3. In
addition, even though levels of VDR may vary between our cell
lines, we have previously shown that treatment of MCF-7, MB-
231, and MB-468 with 1,25(OH)2D3 results in significant
increases in CYP24A1 RNA,12 a response that requires
functional VDR.35

Figure 5. PRIMA-1MET effect on 1,25(OH)2D3, calcipotriol, and
EB1089 MB-231 growth inhibition. MB-231 cells cultured in
stripped-serum media were treated with increasing concentrations
of PRIMA-1MET and 1,25(OH)2D3 (A), calcipotriol (B), or EB1089
(C) for 72 h. Cell viability was measured using CellTiter-Glo. Error
bars denote ± SEM. Significant deviation from the 0 nM controls was
determined using two-way ANOVA with Dunnett post hoc analysis. *
p < 0.03, *** p < 0.001.

Figure 6. PRIMA-1MET effect on 1,25(OH)2D3, calcipotriol, and
EB1089 MB-468 growth inhibition. MB-468 cells cultured in
stripped-serum media were treated with increasing concentrations
of PRIMA-1MET and 1,25(OH)2D3 (A), calcipotriol (B), or EB1089
(C) for 72 h. Cell viability was measured using CellTiter-Glo. Error
bars denote ± SEM. Significant deviation from the 0 nM controls was
determined using two-way ANOVA with Dunnett post hoc analysis. *
p < 0.03, ** p < 0.002, *** p < 0.001.
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A study published last year implicates the role of estrogen-
related receptor α (ERRα) as crucial to vitamin D sensitivity in
the TNBC cell line SUM149PT.36 This study also showed
small increases in the estrogen receptor gene and an estrogen
synthesis pathway gene in MB-231, but did not further
characterize MB-231 response to vitamin D. It was previously
known that 100 nM vitamin D would cause re-expression of
the estrogen receptor in SUM-229 PE, another TNBC cell line,
and in patient derived TNBC cells.37 Probing expression and
function of ERRα as it relates to vitamin D would be another
potential future direction.
In regards to PRIMA-1MET, it is slightly more potent in the

TNBC cells than in MCF-7, but it does still kill MCF-7 cells
even though they express wild-type p53. Recent literature
reports multiple mechanisms of action for PRIMA-1MET, both
p53 dependent and independent. Numerous reports indicate
that PRIMA-1MET causes oxidative stress in cells with both
mutant and wild-type p53, including in breast cancer
cells.21,38−44 It was also shown to reactivate wild-type p53
that was inactivated by malignant melanoma cells.45 Currently,
many of the clinical studies with PRIMA-1MET do not have
publicly posted data. In one study, researchers tested patients
for p53 reactivation during the lead-in portion, with patients
showing activation of p53 downstream targets.46 It seems there
is some evidence that PRIMA-1MET is activating mutant p53 in
vivo.
Another possible mechanism of cell death for PRIMA-1MET

is ferroptosis, an iron dependent form of cell death related to
oxidative status of the cell.47−49 Another future research
direction could be probing the non-p53-dependent mecha-
nisms after PRIMA-1MET treatment in TNBC cells and MCF-7.
As has been shown in other cell types, we could try to block
PRIMA-1MET activity with N-acetylcysteine (NAC) or enhance
it with buthionine sulfoximine (BSO) to probe the effect of
ROS in the killing of our cells. We could also try blocking the
effects of PRIMA-1MET with commercially available ferroptosis
inhibitors, such as ferrostatin-1 or deferoxamine.
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