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3D Culture Represents Apoptosis Induced by
Trastuzumab Better than 2D Monolayer Culture
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Abstract. Background: Our hypothesis was that three-
dimensional (3D) culture better represents differential in vivo
responses to trastuzumab between PIK3CA-wild-type (wt)
and mutant (mt) cell lines than does two-dimensional (2D)
culture. Materials and Methods: Apoptosis and cell signaling
proteins were evaluated in response to trastuzumab with and
without BKM120, a pan-phosphatidylinositol 3-kinase
(PI3K) inhibitor, using western blot analysis of four breast
cancer cell lines with human epidermal growth factor
receptor 2 (HER2) amplification. Results: Increased
expression of cleaved poly (ADP-ribose) polymerase (PARP)
was observed only in 3D-cultured PIK3CA-wt lines in
response to trastuzumab, but not in 2D-cultured PIK3CA-wt
or PIK3CA-mt lines. Decrease in the ratio of phosphorylated
(p-)JAKT to AKT in response to trastuzumab was more
profound in PIK3CA-wt cells than in PIK3CA-mt cells in 3D
culture, while the difference between PIK3CA genotypes was
less apparent in 2D culture. Treatment with BKM120 and
trastuzumab resulted in a stronger increase in cleaved PARP
than either treatment alone. Conclusion: 3D Culture appears
to better represent trastuzumab-induced apoptosis and
resistance to trastuzumab associated with PIK3CA mutation.

The incidence of breast cancer is increasing worldwide, with
breast cancer accounting for 29% of all new cancer diagnoses in
women (1). The human epidermal growth factor receptor 2
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(HER?2) gene is amplified in approximately 20% of breast cancer
cases, and HER?2 overexpression has been recognized as a poor
prognostic factor for breast cancer (2). Trastuzumab, a
recombinant humanized monoclonal antibody against HER2,
inhibits  several signaling pathways, such as the
phosphatidylinositol 3-kinase (PI3K)-AKT serine /threonine
kinase 1 and the rat sarcoma virus (RAS)/rapidly accelerated
fibrosarcoma (RAF)/mitogen activated protein kinase kinase
(MEK)/extracellular signal regulated kinase (ERK) 1/2 pathways
(3, 4). Several studies have demonstrated that trastuzumab
significantly improved the prognosis of HER2-overexpressing
breast cancer cases, not only in the recurrent/metastatic setting
but also in the neoadjuvant/adjuvant setting (5-8).

The PIK3CA gene encodes p110 alpha, the catalytic subunit
of PI3K. PIK3CA is frequently mutated in breast cancer, with
an incidence of ~30% (9). There are two hotspots of PIK3CA
mutation, E542K or E545K in exon 9 and H1047R in exon 20,
and both have been shown to function as activating mutations
(9). These PIK3CA-activating mutations theoretically cause
resistance to trastuzumab, as the PI3BK—-AKT pathway signaling
can be maintained despite the upstream inhibition of HER2 by
trastuzumab (10, 11). In fact, large clinical studies that analyzed
PIK3CA genotype in patients treated with trastuzumab-
containing chemotherapy in a neoadjuvant setting showed that
the rates of pathological complete response of the PIK3CA-
mutant (mt) group was significantly lower than that of the
PIK3CA-wild type (wt) group (12, 13). In vitro studies
including ours also showed that PIK3CA mutation was
associated with resistance to trastuzumab (14, 15). However,
previous in vitro studies have not clearly shown differential cell
signaling changes between PIK3CA-wt and PIK3CA-mt cells
following exposure to trastuzumab (14, 15). In addition,
although tumor shrinkage is occasionally observed in patients
treated with trastuzumab as a single agent in the clinic (16), no
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cell death in response to trastuzumab has been observed in vitro
as far as we are aware. Notably, all of these in vitro studies have
been performed using traditional two-dimensional (2D) cell
culture models (14, 15).

Three-dimensional (3D) cell culture, in which cells can
develop multicellular spheroids, is believed to more
accurately mimic in vivo tumor characteristics and the
microenvironment compared with 2D cell culture (17). In
this study, 3D and 2D cultures using HER2-amplified breast
cancer cell lines were compared, under the hypothesis that
3D culture may better represent differential cytological and
biochemical responses to trastuzumab between PIK3CA-wt
and PIK3CA-mt cell lines.

Materials and Methods

Breast cancer cell lines and cell culture. HER2-amplified BT474 and
ZR75-30 (PIK3CA-wt) and UACC893 and MDA-MB-361 (PIK3CA-
mt) breast cancer cell lines were purchased from the American Type
Culture Collection (Manassas, VA, USA). Although the BT474 cell
line harbors a PIK3CA mutation (K111N), it was regarded here as
PIK3CA-wt because a previous study showed a lack of transformation
ability and that the influence on downstream signaling is negligible
(14). Cells were maintained in RPMI-1640® (Sigma-Aldrich, St.
Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS;
Gemini-Bio-Products, Inc., Woodland, CA, USA), 100 units/ml
penicillin, 100 units/ml streptomycin, and 2 mM glutamine. Cells
were cultured at 37°C in a humidified atmosphere with 5% CO, and
were in logarithmic growth phase upon initiation of experiments.

For 2D culture, cells were plated on Falcon 6-well Tissue Culture
Plate® (Corning Inc., NY, USA) and for 3D on 35 mm NanoCulture
dish (ORGANOGENIX, Kanagawa, Japan). Cells were confirmed
to form spheroids in 3D culture using a BZ-X710® microscope
(Keyence, Osaka, Japan) before experimental analyses.

Drugs. Trastuzumab was obtained from the Kobe University
Hospital Pharmacy. Before each experiment, trastuzumab was
diluted in fresh medium. BKM120, a pan-PI3K inhibitor, was
purchased from Enzo Life Sciences (Farmingdale, NY, USA). Stock
solutions were prepared in dimethyl sulfoxide (DMSO) and stored
at —20°C. BKM120 was diluted in fresh medium before each
experiment, with final DMSO concentration <0.1%. Cells were
treated with trastuzumab (10 pg/ml) with/without BKM120 (1 uM
and 5 uM) for experimental analyses.

Western blotting. Treated cells were washed once with ice-cold PBS
and scraped immediately after adding lysis buffer [20 mM Tris (pH
7.5], 150 mM NaCl, 2 mM EDTA, 10% glycerol, and 1% NP40]
containing protease and phosphatase inhibitors (100 mM NaF, 1
mM phenylmethylsulfonyl fluoride, 1 mM Naz;VO,, 2 mg/ml
aprotinin, and 5 mg/ml leupeptin). Cell lysates were centrifuged at
14,000 x g for 10 min at 4°C to pellet insoluble material, and the
supernatants were collected. Aliquots of protein extracts were
separated by electrophoresis on precast 7.5% polyacrylamide gels,
followed by transfer to polyvinylidene difluoride membranes.
Membranes were probed with the following primary antibodies:
HER2/ERBB2 (44E7), phospho-HER2/ERBB2 (Tyr1221/1222)
(6B12), AKT (C67E7), phospho-AKT (Ser473) (D9E), or cleaved
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poly (ADP-ribose) polymerase (PARP) (Asp214) (D64E10)
purchased from Cell Signaling Technology (Beverly, MA, USA) or
ERK1/2 or phospho-ERK1/2 (pTpY185187) purchased from
Invitrogen (Carlsbad, CA, USA). The blots were stripped and re-
probed with a B-actin antibody (Sigma-Aldrich) for loading control.
Bands were detected using Amersham ECL plus Western Blotting
Detection Reagents (GE  Healthcare, Little Chalfont,
Buckinghamshire, UK). Immunoblot quantification was carried out
by densitometry using an Amersham Imager 600 (GE Healthcare).

Apoptosis signaling pathway array. BT474 cells were cultured in
2D or 3D conditions for 72 h, followed by additional treatment with
trastuzumab (10 pg/ml) for another 72 h. Cell lysates were then
subjected to analysis using the Human Apoptosis Signaling Pathway
Array Cl (RayBiotech, Norcross, GA, USA) following the
manufacturer’s instructions.

Results

Trastuzumab induces apoptosis of PIK3CA-wt cells under
3D culture. In order to determine whether 3D culture
conditions would affect breast cancer cell response to
trastuzumab in vitro, breast cancer cells were cultured under
2D and 3D conditions for 3 days (Figure 1) before treatment
and subsequent experimental analysis (summarized in Figure
2). Cells were then treated with trastuzumab for another 3
days and western blot analysis was performed for cleaved
PARP, an indicator of apoptosis (Figure 3). In the PIK3CA-
wt cell lines, BT474 and ZR75-30, although trastuzumab had
no impact on cleaved PARP under 2D conditions, a marked
increase of cleaved PARP in response to trastuzumab was
detected under 3D culture conditions. However, in PIK3CA-
mt cell lines, no cleaved PARP was detected in response to
trastuzumab in 2D or 3D culture.

Changes in apoptosis and cell signaling proteins induced by
trastuzumab. In order to elucidate the differential cytological
responses to trastuzumab between 2D- and 3D-cultured
PIK3CA-wt cells, protein lysates from BT474 cells grown
with and without trastuzumab were subjected to analysis using
the Human Apoptosis Signaling Pathway Array C1. Treatment
with trastuzumab led to the reduction of p-AKT (Ser-473)
expression under both 2D and 3D conditions (Figure 4).
Notably, the expression of cleaved caspase-3 (Aspl75),
indicative of activation of pro-apoptotic caspase-3, was higher
in 3D culture than in 2D culture, even in the absence of
trastuzumab. These findings suggested that BT474 cells are
under pro-apoptotic conditions in 3D culture compared with
2D culture, and that apoptosis induced by trastuzumab
coincides with inhibition of the PI3K—AKT pathway.

In order to further explore the molecular mechanisms
underlying the differential cytological responses to trastuzumab
between PIK3CA-wt and-mt cell lines in 2D and 3D cultures,
the expression of p-AKT was examined using western blot
(Figure 5). In PIK3CA-wt BT474 cells, the ratio of p-AKT to
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Figure 1. Spheroid formation in 3D cell culture. Bright-field images of BT474 and MDA-MB-361 cells grown in 2D and 3D conditions were captured

3 days after cell seeding.

AKT was reduced both in 2D and 3D culture in response to
trastuzumab over time, while a similar reduction was observed
in response to trastuzumab only in 3D culture for the PIK3CA-
wt cell line ZR75-30. In contrast, in the PIK3CA-mt cell lines,
the ratio of p-AKT to AKT was reduced to a lower extent
under both cell culture conditions compared with 3D-cultured
PIK3CA-wt cell lines. These findings suggest that suppression
of the PI3K-AKT pathway is necessary but not sufficient to
induce apoptosis in HER2-amplified cell lines.

The PI3K inhibitor BKM120 enhances apoptosis induced by
trastuzumab in breast cancer cell lines. Because inhibition
of the PI3BK—-AKT pathway was suggested to be essential for
apoptosis induced by trastuzumab under 3D culture
conditions, we next tested if BKM120, a pan-PI3K inhibitor,
was able to induce apoptosis. In all cell lines except
UACCS893, treatment with 1 pM BKM120 resulted in an
increase in cleaved PARP (Figure 6). In UACC893 cells, a
higher concentration of BKM120 (5 pM) was required to
induce a detectable increase in cleaved PARP, whereas it was
not possible to collect a sufficient amount of cell lysate from
MDA-MB-361 and ZR75-30 cells treated with 5 pM
BKM120, likely because of prominent apoptosis. In all cell
lines, trastuzumab combined with BKM120 led to a greater
increase in cleaved PARP compared with either drug alone.
These results suggest that BKM120 not only overcomes
resistance to trastuzumab observed in PIK3CA-mt cells, but
also enhances the pro-apoptotic effect of trastuzumab.

Trastuzumab (10 pg/ml)
Coll seedivig BKM120 (1 pM or 5 pM)

| |

Day 0 1 2 3 4 5 6
A—
Cell signals

Apoptosis

Figure 2. Experimental scheme. The human epidermal growth factor
receptor 2 (HER2)-amplified breast cancer cell lines BT474 and ZR75-
30 [both phosphatidylinositol 3-kinase CA (PI3KCA) wild-type], and
UACC893 and MDA-MB-361 (both PIK3CA-mutant) were seeded (day
0) and cultured in 2D or 3D cell culture plates. On day 3, trastuzumab
(10 ug/ml), with/without pan-PI3K inhibitor BKM120 (1 and 5 uM), was
added. Cell signaling pathways were examined by western blot on days
3 through 5, and apoptosis was evaluated by western blot on day 6.

Discussion

In this study, trastuzumab was demonstrated to induce
apoptosis only in HER2-amplified and PIK3CA-wt breast
cancer cell lines cultured under 3D conditions, but not in
these cell lines under 2D conditions, nor in PIK3CA-mt cell
lines regardless of cell culture conditions. The apoptotic
effect of trastuzumab in 3D-cultured PIK3CA-wt lines also
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Figure 3. Effect of trastuzumab on poly (ADP-ribose) polymerase (PARP) cleavage in 2D-and 3D-cultured breast cancer cell lines. Four breast
cancer cell lines were cultured under 2D or 3D culture conditions for 3 days. Cells were then cultured without (Control) or with 10 ug/ml
trastuzumab (T-mab) for another 3 days and then subjected to western blot analysis for expression of cleaved PARP.

appears to be a phenomenon associated with inhibition of the
PI3K-AKT pathway that takes place in pro-apoptotic
conditions.

Our result is consistent with previous pre-clinical studies
showing that HER2-amplified breast cancer cell lines are
more sensitive to trastuzumab in 3D culture than in 2D
culture (18, 19). However, Weigelt et al. concluded that the
effect of trastuzumab remained cytostatic even in 3D culture
using AU565, SKBR3, and HCC1569 HER2-amplified cell
lines (30), in contrast with our results for BT474 and ZR75-
30 cells cultured under 3D conditions (Figure 3). These
different results may be due to different cell lines or different
3D culture systems. We did not use SKBR3 cell line because
these cells were found not to generate solid multicellular
spheroids in our system (17). Furthermore, AU565, SKBR3,
and HCC1569 cells are all estrogen receptor (ER)-negative,
while BT474 and ZR75-30 are both ER-positive (20, 21),
which may have affected our results. Although further study
is required to demonstrate that the apoptotic effect of
trastuzumab observed in 3D-cultured BT474 and ZR75-30
cells actually represents in vivo effects, we believe this
conclusion is plausible because trastuzumab treatment was
found to reduce the volume of BT474 xenografts in multiple
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studies (22, 23) and trastuzumab as a single agent produced
an approximate 30% response rate in the clinic (16).

Notably, previous studies including ours suggested that
results from 2D culture tend to overestimate drug effects
compared with 3D culture in the case of conventional
cytotoxic anticancer drugs (17, 24-26). However, this trend
is in contrast with 2D and 3D studies on trastuzumab (18,
19), as well as our current study. One potential explanation
for this difference is the difference in signal transduction
pathways between 2D and 3D cultures. In fact, previous
study showed enhanced AKT- mammalian target of
rapamycin (mTOR)-S6K signaling in 2D culture compared
with 3D culture (27). Other studies reported that HER2-
amplified cell lines maintained in 3D culture shift from
PI3K-AKT signaling to the mitogen-activated protein kinase
(MAPK) pathway (18, 19, 28). In these reports, there was a
modest p-AKT signal observed in 3D culture regardless of
exposure to trastuzumab. In our study, we did not observe
such AKT to MAPK ‘switching’ in any of the HER2-
amplified cell lines tested (Figure 5). The precise cause of
the differences between these studies is unknown at this
point, but these results indicate that 3D culture systems may
not be uniform in representing cell signaling.
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Figure 4. Analysis of BT474 cells using the Human Apoptosis Signaling Pathway Array C1. BT474 cells were cultured in 2D or 3D culture conditions for
3 days and then cultured without (Control) or with 10 ug/ml trastuzumab (T-mab) for another 3 days. Lysates were then analyzed using the Human Apoptosis
Signaling Pathway Array Cl1. A: Array results from BT474 cells cultured as indicated. The dotted line indicates cleaved caspase 3. B: Array signals were
quantified and plotted on the y-axis as a percentage to that of the positive control (POS). NEG: Negative control, Cas-3: Caspase- 3, Cas-7; Caspase-7.
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Figure 5. Effect of trastuzumab on cell signaling in 2D- and 3D-cultured breast cancer cell lines. Breast cancer cells were cultured under 2D or
3D conditions and then treated with 10 ug/ml trastuzumab for 6, 24, or 48 h. A: BT474, B: ZR75-30, C: UACC893, and D: MDA-MB-361. Left,
western blots of signaling proteins. Right, Bands for phosphorylated (p-) AKT serine/threonine kinase-1 (AKT) and AKT were quantified and the
ratio of p-AKT to AKT at each time point was plotted on the y-axis as a percentage that of the control (0 h). ERK: Extracellular signal regulated
kinase; HER2: human epidermal growth factor receptor 2.
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Figure 6. Effect of trastuzumab and BKM120 on expression of poly (ADP-ribose) polymerase (PARP) in 3D-cultured breast cancer cell lines. Four
breast cancer cell lines were cultured under 3D culture for 3 days, followed by treatment with or without 10 ug/ml trastuzumab (T-mab) with/without
1 uM or 5 uM BKM120 for another 3 days. Western blot analysis was performed for cleaved PARP.

The current finding that BT474 cells have higher
expression of cleaved caspase-3 in 3D culture than in 2D is
consistent with a previous report by Breslin et al., who
showed increased expression of pro-apoptotic caspase-3, -7,
and -9 in 3D-cultured breast cancer cell lines, including
BT474 cells, compared with 2D-cultured cells (29). In
contrast, our previous study using BT474 cells and cells
obtained from a breast cancer patient-derived xenograft
showed that expression of caspase-3 was higher in 2D-
cultured cells than the 3D-cultured counterparts (17).
Although no clear explanation for these somewhat
inconsistent findings is available, we believe that the level
of cleaved caspase-3 represents the pro-apoptotic status of
the cells better than that of full length caspase-3, because
cleaved caspase-3 is a more functional marker (30).

BKM120 is pan-PI3K inhibitor that inhibits all four
isoforms of class I PI3K (a, 3, 8, and vy) (31). A clinical phase
Ib study of BKM120 plus trastuzumab in patients with HER2-
positive advanced and metastatic breast cancer demonstrated
the clinical activity of this combination, with a disease control
rate of 75% (32). Our current findings also suggest that
BKM120 may overcome trastuzumab resistance caused by
PIK3CA mutation (Figure 6). However, a recently reported
randomized phase II study of BKMI120 versus placebo
combined with trastuzumab and paclitaxel in neoadjuvant
settings failed to show an increased pathological response rate

by adding BKM120 to the backbone combination therapy,
even in a PIK3CA-mt population (33). However, this result
was considered inconclusive because only four patients with
PIK3CA mutation were enrolled in each BKM120 and placebo
arm in the study. However, the report did show an increased
response rate by adding BKMI120 versus placebo to
trastuzumab and paclitaxel only in the ER-positive/HER2-
positive population but not in the ER-negative/HER2-positive
population. Among the four HER2-amplified cell lines tested
in our study, only UACC893 cells were ER-negative, and this
cell line appeared to be relatively unresponsive to BKM120
compared with the others, consistent with the findings of the
phase II study above.

Our study had some limitations. Firstly, we used only four
cell lines, and thus further investigation using more cell lines
is necessary to verify our results. Secondly, it is possible that
the cell lines may have lost their original tumor
characteristics. In order to exclude this possibility, a primary
culture or patient-derived xenograft should be experimentally
examined. Thirdly, trastuzumab is rarely used as a single
agent in the clinic. Thus, the utility of 3D culture in
evaluating a more clinically relevant combination therapy
with chemotherapeutic drugs or other anti-HER?2 drugs, such
as pertuzumab and lapatinib, should be tested.

In conclusion, our results indicate that 3D cell culture
appears to better represent trastuzumab-induced apoptosis
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and resistance to trastuzumab associated with PIK3CA
mutation in HER2-amplified breast cancer cells.
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