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Breast-conserving surgery for ductal carcinoma in situ (DCIS) is often combined with irradiation, reducing recurrence
rates to 20% within 10 years; however, there is no change in overall survival. Evidence in the invasive breast indicates
that breast cancer stem cells (CSCs) are radiotherapy-resistant and are capable of re-initiating a tumor recurrence; hence,
targeting CSCs in high risk DCIS patient may improve survival. HER2 is overexpressed in 20% of DCIS and is known to be
highly active in breast CSCs; we therefore investigated the effect of Lapatinib on DCIS CSC activity using 2 in vitro cul-
ture systems. Two DCIS cell lines DCIS.com (HER2 normal) and SUM225 (HER2 overexpressed) as well as DCIS cells from
patient samples (n = 18) were cultured as mammospheres to assess CSC activity and in differentiated 3D-matrigel culture
to determine effects within the non-CSCs. Mammosphere formation was reduced regardless of HER2 status, although
this was more marked within the HER2-positive samples. When grown as differentiated DCIS acini in 3D-matrigel culture,
Lapatinib only reduced acini size in the HER2-positive samples via decreased proliferation. Further investigation revealed
lapatinib did not reduce self-renewal activity in the CSC population, but their proliferation was decreased regardless of
HER2 status. In conclusion we show Lapatinib can reduce DCIS CSC activity, suggesting that the use of Lapatinib in high-

risk DCIS patients has the potential to reduce recurrence and the progression of DCIS to invasive disease.

Introduction

Ductal carcinoma in situ (DCIS) is a pre-invasive lesion that
represents 20% of screen detected breast cancers. Its treatment
remains controversial, as a large proportion of patients achieve
cure with current treatment strategies of breast-conserving sur-
gery, which is often combined with irradiation. Despite irradia-
tion improving recurrence rates to 20% within 10 years, there
is no improvement in overall survival,"” suggesting that in these
patients current therapeutic strategies do not eliminate DCIS
cells that are capable of recurrence. This risk of recurrence is
greatest in younger women (<40) who opt for breast-conserving
surgery’ and have high-grade, estrogen receptor-negative and
HER2-positive DCIS.

We have published evidence of a cancer stem/progenitor
population within human primary DCIS and DCIS cell lines®’
and show increased numbers of these cells in high-grade DCIS.

Research in the invasive breast indicates that breast cancer stem
cells (CSCs) are chemo- and radiotherapy-resistant,'*' suggest-
ing CSCs may re-initiate a tumor after treatment. Therefore tar-
geting CSCs may provide a new avenue of treatment for patients
with high-risk DCIS to ultimately improve recurrence and sur-
vival rates.

HER2 predicts for poor prognosis in DCIS and is overex-
pressed or amplified in up to 60% of high-grade DCIS lesions.">'¢
HER?2 has also been found to be overexpressed in breast CSC
regardless of HER2 status,'”'® and therefore may be an ideal target
to eliminate DCIS CSC in high-risk patients. There are a limited
number of human DCIS models to investigate this. We and others
have reported in vivo human xenograft models'”** and 2 pre-clini-
cal in vitro models utilizing 3D matrigel culture and the mammo-
sphere assay that we developed and published in 2007.%° Our in
vitro models were used within this study to investigate the effects

of HER2 inhibition on DCIS CSCs and non-CSC populations.
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Here we demonstrate that HER2 inhibition reduces the prolif-
eration of HER2-positive differentiated (non-CSC) DCIS cells,
whereas the proliferation of an enriched stem/progenitor DCIS
population can be reduced regardless of HER2 status, albeit more
substantially in the HER2-positive setting, indicating that further
investigation into anti-HER?2 therapies in DCIS is warranted.

Results

Lapatinib preferentially decreases mammosphere formation
in cell lines and patient-derived HER2-positive DCIS

To investigate the effect of EGFR/HER2 inhibition of nor-
mal CSC activity we utilized the mammosphere assay. This non-
adherent assay allows cells that are anoikis-resistant to self-renew
8921 and have been shown
to be enriched for tumor-initiating cells.?»** Lapatinib reduced
mammosphere forming efficiency (MFE) in the SUM225
(HER2-positive) cells in a dose-dependent manner, reaching
>80% inhibition at 5 pM. In contrast, the effects of Lapatinib
on MFE within the HER2 normal DCIS.com cells were not
marked with a maximal reduction of 15% with 5 pM (Fig. 1A).
As expected western blot analysis showed a reduction of active
AKT and ERK1/2 within SUM225 mammospheres treated with
Lapatinib (0-1 pM), whereas with no effect was seen in DCIS.
com mammospheres (Fig. 1B).

To verify the findings observed in the DCIS cell lines we
extracted cells from DCIS tissue from patients undergoing mas-
tectomy. The MFE from the HER2 normal (n = 8) and HER2-
positive (n = 10, Table 1; and representative IHC images in
Fig. 1C) were compared, and a trend toward the HER2-positive

and proliferate to form floating colonies

Table 1. Characteristics of DCIS patient samples used for in vitro culture

Sample # ER status HER2 status
1 un +
2 un +
3 - +
4 + +
5 - +
6 - +
7 + +
8 - +
9 - +
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ER, estrogen receptor a.
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MFE being higher than that of the HER2 normal samples was
demonstrated, although this did not reach significance due
to a high variance in the samples tested (P = 0.09) (Fig. 1D).
Twelve samples (6 HER2 normal and 6 HER2-positive) were
treated in the presence and absence of 1 WM Lapatinib; MFE was
reduced in both samples, although this was more pronounced
in the HER2-positive samples, 48% vs. 24% MFE reduction in
HER2-positive vs. HER2 normal, respectively (Fig. 1E). These
data suggest that EGFR/HER2 activity is important for mam-
mosphere formation of both HER2-positive and HER2-negative
DCIS, this is not unexpected as HER2 normal breast CSCs have
been shown to have elevated levels of HER2 compared with the
non-CSC population.”
Lapatinib reduces differentiated 3D-matrigel DCIS acini
growth in HER2-positive DCIS cell lines and primary DCIS
DCIS cell lines and primary DCIS cells can be grown in dif-
ferentiated 3D-matrigel culture where they recapitulate in vivo-
like DCIS acini structures, which are disorganized with occluded
lumen (Fig. 2A brightfield and H&E images).*’ DCIS.com and
SUM225 cells were cultured in 3D-matrigel in the presence and
absence of Lapatinib at 1 wM or 0.3 wM, respectively. Although
the number of acini was not affected, the size of DCIS acini in
the SUM225 HER2-positive cell line was significantly reduced
after Lapatinib (0.3 wM) treatment compared with control con-
ditions (P < 0.001, control 45 + 1.5 pm vs treated 18 + 0.8 wm),
whereas no change in acini size was observed in the HER2
normal cell line (DCIS.com), even after treatment with 1 pM
Lapatinib (Fig. 2B). We corroborated these results using primary
DCIS patient samples cultured as DCIS acini in our 3D-matrigel
assay. After treatment with control or Lapatinib 1 pM the num-
ber of acini remained unchanged, as did the size of acini in the
HER2 normal sample. However, the size of HER2-positive pri-
mary DCIS acini were significantly reduced (2 < 0.001 control
41 £ 2.4 pm vs. treated 27 + 01.5 wm Fig. 2C and D). These
data indicated that unlike the DCIS CSC population, only the
HER2-positive non-CSC cells, grown under these 3D-matrigel
conditions, were affected by lapatinib treatment.
Proliferation of acini and DCIS stem/progenitor cells is
reduced after treatment with lapatinib
To further investigate the effects of Lapatinib in the differen-
tiated 3D-matrigel culture model we first investigated the mor-
phology of DCIS acini by examining H&E stained cross-sections
of the cell line and primary DCIS structures. In all cases, the
lumens of the colonies remained solid with no evidence of hollow-
ing even in the Lapatinib-treated SUM225 and primary HER2-
positive acini, which were significantly reduced in size compared
with controls (Figs. 3A and 2C). Next proliferation was assessed
using Ki67 staining of the DCIS acini (Fig. 3B). Data shows
that proliferation was significantly reduced in the HER2-positive
SUM225 and primary DCIS acini compared with control con-
ditions (SUM225 53 £ 1 vs. 6 £ 0.5 P < 0.0001, primary DCIS
6% vs. 0.8%, Fig. 3C). This reduction in proliferation was not
observed in the DCIS.com HER2 normal acini. These data sug-
gest that proliferation of differentiated HER2-positive, but not
HER2 normal, cells within the DCIS acini were regulated by
EGFR/HER2 signaling, resulting in a reduction in acini size.
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Mammosphere formation was reduced in both HER2-
positive and HER2 normal cell lines and primary DCIS samples;
to investigate the effects of Lapatinib on the mammosphere ini-
tiating population we performed secondary generation mammo-
sphere culture, which allows for the assessment of self-renewal
after treatment in primary generation mammosphere culture.”!
Treatment with lapatinib did not reduce self-renewal regardless
of HER status (Fig. 3D). In addition the size of mammospheres
was assessed, and no changes were seen in Lapatinib-treated com-
pared with control (data not shown). Finally we investigated the
levels of proliferation within an enriched mammosphere-initiat-
ing population by selecting the anoikis-resistant (AR) cells after

16 h in non-adherent mammosphere culture. The proliferation
within the AR population, as measured by Ki67, was reduced
after lapatinib treatment compared with control in both HER2-
positive and HER2 normal DCIS cell lines (Fig. 3E). These data
suggest that Lapatinib can reduce the proliferation of the pro-
genitor/stem enriched population regardless of HER2 status.

Discussion

We have demonstrated that lapatinib reduced the prolif-
eration of HER2-positive differentiated DCIS cells grown in
3D-matrigel culture, whereas mammosphere formation and
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Figure 1. Lapatinib preferentially reduced mammosphere formation in a HER2-positive cell line and primary DCIS samples (A) Graphs showing DCIS.
com and SUM225 cells treated with Lapatinib 0.1-5 .M in mammosphere culture. Mammosphere forming efficiency (MFE) was calculated by dividing
the number of mammospheres formed by the original number of cells seeded and is expressed as a percentage compared with control. (B) Western
blots showing downstream signaling effects of lapatinib (0-1 M) after 7 d mammosphere culture of DCIS.com and SUM225 cell lines. B-Actin was
used as a loading control. (C) Images of representative DCIS samples collected for in vitro culture showing HER2 staining in normal and positive HER2-
expressing DCIS samples, scale bar represents 50 wm. (D) Graphs showing the percentage MFE of HER2-positive (n = 10) and normal (n = 8) primary DCIS
cells from tissue taken at surgery. (E) Graphs showing the percentage MFE of HER2-positive (n = 6) and normal (n = 6) primary DCIS cells after treatment
with lapatinib (1 wM) compared with control conditions. All graphs, mean + standard error, 3 independent experiments with 3 technical replicates per
experiment. n represents number of independent human DCIS samples. Mann-Whitney U test, 2-tailed, * P < 0.02, ** P < 0.0001.
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proliferation of an enriched stem/
progenitor DCIS population can be
reduced regardless of HER2 status,
albeit more substantially in the HER2-
positive setting. We report that lapatinib
can reduce mammosphere formation in
DCIS cell lines and primary DCIS cells
in both HER2-positive and HER2 nor-
mal cells. Studies investigating invasive
breast cancer have shown inhibition of
HER2, with lapatinib, can decrease the
CSC populations in patients undergo-
ing chemotherapy treatment in the
clinic.”? In addition, our work is keeping
with current evidence indicating that
breast CSC populations have increased
levels of HER2, irrespective of presence
of HER2 amplification,”" suggesting
that the CSC population may be sen-
sitive to HER2 inhibition regardless of
HER?2 status. Retrospective analysis of
HER2 gene amplification on clinical
samples from NSABP B31 and N9831
trastuzumab (HER2 humanised mono-
clonal antibody) adjuvant trials identi-
fied that even patients lacking HER2
amplification benefited from treatment,
as did patients whose tumors displayed
HER2 gene amplification (HER2-
positive).?*? To verify these retrospec-
tive findings a randomized prospective
phase III trial, NSABP B47, is currently
underway. However these data high-
light that even a subpopulation of cells
with elevated HER2 receptor signaling
(non-amplified) may prove to be an
important target to decrease recurrence
rates in breast cancer and DCIS.
Inhibition of HER2 during growth
of differentiated DCIS acini in
3D-matrigel did not affect the number
of DCIS acini and their unorganized
occluded lumens were maintained.
Further analysis revealed that pro-
liferation, as measured by Ki67, was
reduced in the HER2-positive cell
line and primary DCIS acini, but the
cells within the HER2 normal DCIS.
com acini were not affected, indicat-
ing that lapatinib reduces proliferation
in the bulk, differentiated DCIS cells
within the acini of HER2-positive cells.
Recent data in pre-operative clinical
studies with Lapatinib has shown sig-
nificant inhibition of proliferation in
invasive breast cancer and DCIS.?® To
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Figure 2. Lapatinib reduces acini size of a HER2-positive cell line and primary DCIS samples.
(A) Brightfield and Haematoxylin and Eosin images of day 15 acini with control and lapatinib treat-
ment 1T wMand 0.3 wM in DCIS.com or SUM225 cells, respectively. (B) Graph showing size of acini (um)
after 10 d of 3D matrigel culture with 1 wM and 0.3 wM Lapatinib treatment in DCIS.com or SUM225
cells, respectively, 3 independent experiments. (C) Images of HER2 normal and HER2-positive human
primary DCIS grown in 3D matrigel culture with control or lapatinib (1 M) treatment. Inserts shown
on HER2-positive sample show Haematoxylin and Eosin staining of a cross section through acini.
(D) Graph showing HER2-positive (n = 3) and HER2 normal (n = 1) human primary DCIS cells grown in
matrigel in the presence or absence of Lapatinib (1 wM). n represents number of independent human
DCIS samples. Scale bar represents 50 wm. Mean + standard error. Mann-Whitney U test, 2-tailed, *
P <0.02,** P <0.0001.
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Figure 3. Proliferation of acini and DCIS stem/progenitor cells is reduced after treatment with Lapatinib (A) Haematoxylin and Eosin staining of sections
through control and Lapatinib 0.3 wM treated SUM225 acini at day 15 of matrigel culture. (B) Images of Ki67 staining of acini formed from control or
Lapatinib-treated (1 or 0.3 M) DCIS.com and SUM225 cell lines. (C) Graphs showing the percentage positive Ki67 nuclei from DCIS.com, SUM225, and a
primary DCIS acini grown in control or Lapatinib at 1 M, respectively. Mean + standard error, Unpaired t test, 2-tailed, unequal variance, *P < 0.0001. (D)
Graphs showing the self-renewal capacity of DCIS.com and SUM225 cells as measured by secondary mammosphere formation from primary generation
mammospheres treated with control or Lapatinib (1 wM) (No further treatment is given in secondary mammosphere generation). (E) Graph showing fold
change in Ki67-positive cells within the anoikis-resistant (AR) populations of DCIS.com and SUM225 cells in the presence or absence of Lapatinib (1 wM).
Mean + standard error, 3 independent experiments in triplicate, Mann-Whitney U test, 2-tailed *P < 0.0286, **P < 0.001.
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note similar Trastuzumab trials in DCIS have not observed any
changes in proliferation after a 2-week treatment pre-operatively,
implying Trastuzumab may have a different mode of action.”” We
have previously used Trastuzumab in a DCIS xenograft model
and published that it had no effect on proliferation of HER2-
positive DCIS in that setting.?® This suggests our pre-clinical in
vitro 3D matrigel culture is mimicking the effects seen in clini-
cal trials, and that small molecular weight inhibitors of HER2
may be more effective than humanized monoclonal antibodies
in DCIS.

We demonstrate that treatment of lapatinib in first genera-
tion mammospheres, did not affect the self-renewal capacity, as
measured by secondary mammosphere formation with no fur-
ther treatment, although prolonged treatment was not assessed.
We specifically investigated change in proliferation within these
anoikis-resistant cells, which are enriched for CSCs, rather
than the bulk/differentiated DCIS cell within the acini. Here
we show lapatinib reduced Ki67 in both the HER2 normal and
positive cell lines, suggesting the reduction in mammosphere
formation may be caused by decreased proliferation within the
CSC population. It would be interesting to determine whether
HER?2 inhibitors in combination with other therapies are bet-
ter than single agents as neo-adjuvant trials, in invasive breast
cancer, show clinical response was more pronounced in the com-
bination arm (chemotherapy and Trastuzumab) compared with
chemotherapy alone.””# In the case of DCIS lapatinib may be
used in combination with radiotherapy in patients at high risk of
recurrence (high-grade, <40 y, ER-negative, HER2-positive), as
laboratory evidence suggests that HER2 inhibitors may improve
radio-sensitivity.*

In conclusion, we demonstrate that lapatinib can reduce DCIS
CSC activity via reduction of proliferation and suggest that fur-
ther investigation into treatment of high-risk DCIS patients at
the time of surgery and radiotherapy with anti-HER?2 agents, to
target DCIS CSCs, would be warranted.

Materials and Methods

Patient samples

Women were included in the study if they had mammograms
showing widespread microcalcification, indicative of DCIS or
DCIS surrounding an invasive breast cancer (n = 18). All tis-
sue samples were obtained following therapeutic DCIS surgery,
and histopathological confirmation of the diagnosis of DCIS and
grade was obtained following subsequent review by a consultant
breast pathologist. Approval to remove tissue from pathological
samples was granted by the South Manchester Medical Research
Ethics Committee.

DCIS tissue was prepared as previously described.® Briefly,
DCIS tissue collected at surgery was dissected and enzymatically
digested overnight (16-18 h) at 37 °C in serum-free DMEM
(Gibco) containing type I collagenase 200 U/ml (Worthingtons)
and 5% penicillin/streptomycin (Sigma). The digest was then fil-
tered to obtain a single cell suspension. HER2 status within these
was determined and scored using previously published reagents
and methods.”

www.landesbioscience.com

Cell culture and reagents

Human DCIS cell lines SUM225 (HER2-positive) and
MCF10DCIS.com (HER2 negative) were grown adherently
in their relevant medium, both were purchased from Asterand.
MCF10DCIS.com media: advanced DMEM/F12, 5% (v/v)
horse serum, L-glutamine 2 mM (Gibco); SUM225 media:
Ham’s F12, insulin 5 pg/ml, hydrocortisone 1 pg/ml, HEPES
10 mM, and 5% (v/v) fetal calf serum (Gibco). All cells were
maintained in a humidified incubator at 37 °C at an atmospheric
pressure of 5% (v/v) carbon dioxide/air. Lapatinib was a gift
from GlaxoSmithKline and was dissolved in 100% DMSO to a
10 mM stock solution.

Mammosphere culture

Mammosphere culture was performed as described in ref-
erences 8, 9, and 21. Briefly, all cell lines or primary samples
were seeded at 500 cells/cm? in polyhema coated tissue culture
plates. Mammosphere culture medium comprised DMEM-F12
media supplemented with B27 without vitamin A (Gibco) and
EGF 20 ng/ml (Sigma). The mammosphere-forming efficiency
(MFE) was calculated as the percentage of MS formed (>60 pm)
relative to the original number of single cells seeded (mean %
MEFE + standard error [SEM]). Lapatinib (a HER2/EGEFR tyro-
sine kinase inhibitor) treatment was added day 0 and mammo-
spheres were counted day 5 (cell lines) and day 3 (primary DCIS
samples) and expressed as percentage MS formation compared
with a non-treated DMSO control.

For the growth of secondary MS, primary MS grown with
or without treatments, were collected (after counting) by cen-
trifugation (800 rpm) and dissociated enzymatically for 2 min in
0.125% Trypsin-EDTA at 37 °C to obtain a single cell suspen-
sion. Cell viability was determined using trypan blue before seed-
ing cells for second-generation mammosphere growth at a density
of 500 cell/cm? with no further treatment. Self-renewal was cal-
culated by dividing the number of secondary mammospheres by
the number of primary mammospheres counted.

Western blotting

Lysates from cells containing 50 pg of protein were fraction-
ated by SDS-PAGE and transferred to Hybond nitrocellulose
membrane (Amersham). The nitrocellulose was then blocked
in Tris-buffered saline (TBS) containing 0.1% Tween-20 and
5% non-fat milk for 1 h at room temperature. The membrane
was then incubated with primary antibody for 1 h at room
temperature or 4 °C overnight with gentle shaking. The mem-
brane was washed 3 times in TBS containing 0.1% Tween 20
and then incubated with horseradish peroxidase conjugated
secondary antibody (1:5000; Dako) for 1 h at room tempera-
ture. After washing, immunoreactive proteins were detected
by enhanced chemiluminescence (Pierce). Primary antibodies
(AKT, Phosphorylated (Ser374) AKT*, MAPK, phosphorylated
MAPK* (Cell Signaling), and B-Actin (Sigma) for western blot-
ting were all used at concentrations 1:1000 (*overnight incuba-
tion at 4 °C).

Enrichment of fluorescence-activated cell sorting (FACS)

Anoikis-resistant cells (viable cells) collected at 24 h after
seeding in non-adherent mammosphere culture (+/- Lapatinib)
were collected, stained with 7JAAD (BD bioscience) to gate for
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dead cells, and then fixed in 4% paraformaldehyde for 10 min.
The Ki67-FITC conjugated mouse anti-human Ki67 mono-
clonal antibody (1:200, BD bioscience) was then added for 15
min at room temperature, washed in PBS before FACS analysis
Becton Dickinson FACS Calibur. IgG-FITC was used as a con-
trol for gating positive Ki67 cells and data interpreted using the
WinMIDI 2.8 software.

Matrigel culture

Single-cell suspensions of DCIS cell lines were seeded at a
density of 5000 cells/well in the appropriate adherent culture
medium containing 2% growth factor-reduced matrigel into
8-well glass chamber slides containing 50 pl growth factor
reduced matrigel (BD Bioscience). Lapatinib was added to the
matrigel media from day 0, and a DMSO control was used. The
resulting acini were grown over a 21-d period, during which
the growth medium (with or without Lapatinib) was replaced
every 2-3 d. Acini were then counted and sized using a light
microscope.

Immunohistochemistry (IHC) Ki67 staining

All slides were dewaxed and rehydrated. Antigen retrieval
was achieved using the pre-treatment (PT, Lab Vision) module
with 0.01 M citric acid monohydrate buffer, pH 6 at 95 °C for
30 min. Following retrieval, a peroxidase blocking solution (100
pl/section, Dako) was added for 10 min followed by a further
10 min block (3% normal goat serum [Vector Laboratory]/TBS).

The primary antibody Ki67 (MIB-1 clone MIB-1, Dako, 1:50 in
antibody diluent) was added for 1 h, washed twice for 5 min in
TBS (Tris buffered saline) Tween 20. The Dako REAL EnVision
Detection System was subsequently used according to the manu-
facturer’s instruction manual to complete the staining procedure.
The slides were counterstained with haematoxylin (Thermo
Electron Corporation) and dehydrated back through the graded
alcohols. Once dry they were immersed in histoclear (National
Diagnostics) for 10 min and mounted with Pertex (Cell Path).
Ki67 is a nuclear staining score, and 2250 cells were counted to
determine the proliferation percentage.
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