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Background. Discrepancies in the interpretation of breast cancer therapeutic responses still exist mainly
because of lack of standardized assessment criteria and methods.

Objective. DNA content profiling of cells in the affected (cancerous) tissue before and after neoadjuvant
chemotherapy (NAC) was applied to facilitate interpretation of therapeutic responses.

Methods. Both diagnostic biopsy and operation materials representing the tissue of primary tumors surgically
removed after NAC were subjected to DNA image cytometry. Polyploidy and aneuploidy in DNA histograms were
evaluated with a prognostic Auer typing. Stemline DNA index (DI) values and percentages of cells that polyploidize
(>4.5C) were also determined. Immunofluorescence staining was applied to evaluate proliferation (Ki-67),
invasiveness (CD44), and self-renewal factors characteristic for stem cells (SOX2 and NANOG).

Results. DNA content profiles of 12 breast cancer cases, of which 7 were triple-negative, revealed the features
of tumor non-responsiveness to NAC in 7 cases, of which 5 were triple-negative. Among non-responsive cases
there were 3 cases that showed enhanced polyploidization, suggesting the negative NAC effect. Near-triploid
(DI=1.26-1.74) triple-negative cases were determined as most resistant to NAC. Cycling near-triploid cells may
contribute to the excessive numbers of >4.5C cells. Polyploid cells were positive for Ki-67, CD44, SOX2, and NANOG.

Conclusions. DNA content profiling data provide additional helpful information for interpreting therapeutic
responses in NAC-treated breast cancers. Polyploid tumor cells possessing stem cell features can be induced by
NAC. Because NAC effects in some cases may be unfavorable, the use of the further treatment strategy should be

carefully considered.

KEY WORDS: breast cancer; polyploid cells; near-triploidy; DNA content profiling; therapeutic

response; cancer stem cells.

Introduction

Neoadjuvant therapy that was initially
designed for the preoperative treatment of
patients with locally advanced breast cancer [1]
presently provides a good opportunity to
evaluate therapeutic response of primary
tumors and customize subsequent conventional
non-surgical treatment [2-5]. Therapeutic
response is usually assessed by means of
histological examination of the affected breast
tissue stained with hematoxylin and eosin. To
date, most histological criteria consider the
absence of invasive cancer cells in the breast
and regional lymph nodes as a pathologic
complete response (pCR) [3, 4]. Contrary to the
patients, who have partial or no response, those
patients, who achieve pCR, largely have favo-
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rable prognosis (improved long-term, disease-
free, and overall survival) [5]. Although the
histological assessment of therapeutic respon-
ses significantly helps to determine prognosis
in breast cancer, the problem caused by dis-
crepancies in the interpretation of results
obtained from different pathologists remains
unresolved mainly because of lack of stan-
dardized assessment criteria and methods [4,
5]. Moreover, the term pCR still needs to be
appliedin a consistent, standardized manner [6].

Breast cancer as many other solid tumors
is predisposed to high degrees of aneuploidy
(abnormal chromosome number) [7, 8] that
correlates with the resistance to anti-cancer
treatment and poor prognosis [9]. To minimize
misinterpretations in histopathologic scoring
of therapeutic responses, DNA content profiling
of cells in the affected breast tissue before and
after neoadjuvant therapy seems to be a good
option since this technique is capable of
detecting tumor cell DNA aneuploidy that may
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often be unseen by histopathologists. In other
words, the advantage of the technique is in
detection of very small numbers of aneuploid
tumor cells in a large cohort of analyzed cells.
In this regard, the intra-tumor genetic diversity
that can potentially be manifested in clonal
heterogeneity is worth mentioning [10, 11].
There are situations when in a tumor the drug-
sensitive dominant clones can be eliminated,
while the minor resistant clones or sub-clones
can be hiding in a dormant state followed by
accelerated cell proliferation. Also, to date, the
issue of detecting and quantifying the resistant
tumor cells that polyploidize in response to
genotoxic therapies is of pivotal importance
[12,13]. Cytometric determination of DNA con-
tent in tissue specimens for detecting malig-
nancies, monitoring responses to therapy, and
prognosing disease outcome is very important
and demanding [12, 14]. Notably, cell nuclei
isolated from aneuploid-gated distributions by
means of fluorescence activated cell sorting can
be subjected to single-cell DNA and RNA
sequencing to study breast cancer chemore-
sistance evolution [15].

In this study, the image cytometry-based
DNA content profiling of cells of the affected
breast tissues of women predominantly with
locally advanced Stage III disease before and
after neoadjuvant chemotherapy (NAC) with
paclitaxel and doxorubicin was performed. DNA
histograms were categorized into 4 types (I-1V)
according to Auer [16] to estimate the grade of
malignancy for diagnostic and prognostic
purposes. Positions of stemline DNA aneuploidy
peaks as well as the number of polyploidizing
cells (>4.5C) were taken into account while
analyzing DNA content profiles. The DNA
content profiling data were compared with
Miller-Payne histopathologic grades specifically
designed for evaluation of therapeutic res-
ponses [17]. One of the therapy-resistant cases
that showed extensive polyploidization was
chosen for immunocytochemical staining to
evaluate cell proliferation (Ki-67), invasiveness
(CD44), and self-renewal factors typical for stem
cells (SOX2 and NANOG).

Methods

Patients and clinico-pathologic infor-
mation

The study involved 12 breast cancer patients
(age range: 33-75), who underwent diagnostic
procedures at the Latvian Oncology Centre of
the Riga East University Hospital in 2014 and
2015. The tissue specimens were collected after
the patients’ informed consent was obtained

in accordance with the regulations of the
Committee of Medical Ethics of Latvia. The
clinico-pathologic information about these
patients, such as staging (ranged from I to IV),
anatomic extent of disease according to TNM
classification, overall grading (ranged from 1
to 3), proliferation status (based on scoring of
Ki-67-positive cells in biopsies before treatment)
and the status of ER, PR and HER2 receptors,
was obtained from the aforementioned clinics.
In the study group, 11 patients suffered from
locally advanced breast cancer (predominantly
Stage III disease). A case was diagnosed as
triple-negative breast cancer (TNBC) if lack of
ER and PR expression was accompanied by lack
of HER2 expression as confirmed by commercial
HercepTest (Dako, Glostrup, Denmark) showing
HER2 levels at 0 or 1+. There were 7 cases
diagnosed as TNBC. Such an excessive number
of TNBC cases were collected intentionally
because they were expected to be resistant to
NAC. After completion of diagnostic procedures,
the patients underwent 3-9 courses of NAC with
standard doses of paclitaxel and doxorubicin
followed by surgical removal of the affected
tissue. NAC effects (therapeutic responses)
were evaluated by Miller-Payne histopathologic
grading system [17]. In brief, this grading
system based on the comparison of tumor
cellularity of the core biopsy (before NAC) with
that of the resected tumor (after NAC) is
presented as follows: grade 1 - no reductionin
overall cellularity; grade 2 - a minor loss of
tumor cells (<30%); grade 3 - moderate loss
(30-90%); grade 4 - a significant loss (>90%);
and grade 5 - no residual invasive cancer.

DNA image cytometry

The samples of diagnostic core biopsy or
operation material (resected breast tissue
specimens) were prepared on poly-L-lysine-
coated microscope slides (Thermo Fisher
Scientific, Waltham, MA, USA) and stained with
a stoichiometric DNA dye toluidine blue (TB;
Thermo Fisher Scientific) according to the
published procedures [18, 19]. In brief, once
samples had been fully air-dried on slides, they
were fixed in acetone/ethanol mixture (1:1) for
atleast 30 min at4 °Cand dried again. Samples
were treated with 5N HCI for 20 min at room
temperature, washed in a distilled water
(5%x1 min), then stained with 0.05% TB in 50%
Mcllvain citrate-phosphate buffer (pH 4.0).
Immediately after staining, samples were
rapidly washed in distilled water (3 times by
dipping) and promptly blotted with absorbing
sheets of paper followed by dehydration in
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butanol (2x3 min at 37°C). Samples were then
immersed in xylene (2x3 min at room
temperature) and embedded in DPX mounting
medium (Sigma-Aldrich, St. Louis, MO, USA).

Digital images of at least 200 randomly
selected and undistorted cell nuclei were
collected with 100x objective magnification
using Ergolux L03-10 microscope (Leitz,
Germany) equipped with DXC-390P color video
camera (Sony, Tokyo, Japan) calibrated in the
green channel. DNA content per cell nucleus
was measured as integral optical density using
Image-Pro Plus 4.1 software (Media Cybernetics,
Rockville, MD, USA). DNA content histograms
were analyzed in accordance with the basic
performance standards of diagnostic image
cytometry [20]. DNA peaks were identified as
aneuploid, if they deviated more than 10% from
the normal diploid (2C in G,) or tetraploid (4C
in G,) region (10% is the estimated integral error
of the method). As a reference for locating
normal 2C peaks, the nuclei of leukocytes
persisting in a sample were analyzed as well.
To classify breast cancer DNA content histo-
grams, the approach proposed by Auer et al.
[16] was used. For example, the histograms
characterized by a single peak in 1.5-2.5C
region (diploid and near-diploid region) were
classified as type I, whereas the histograms
characterized by a single peak in 3.5-4.5C
region (tetraploid and near-tetraploid region)
but sometimes supplemented with an additional
peakin 1.5-2.5C region were classified as type
II. In the type II histograms, the number of cells
with ploidy of >4.5C together with the cells of
ploidy ranged from 2.5C to 3.5C (predominantly
near-triploid range) was less than 10%. The type
III histograms represented highly proliferating
cells (>5%) that scattered between normal or
near-normal 2C and 4C peak positions. Less
than 5% of cells had >4.5C. The type IV
histograms were characterized by a large
fraction of aneuploid cells (>5%) with increased
and scattered DNA content significantly
exceeding the normal 4C peak position (>4.5C).
DNA histograms of types Il and IV are indicative
of the worst prognosis [16]. Ploidy-related
parameters such as DNA index (DI) that
characterizes aneuploidy and the percentages
of cells exceeding 4.5C that characterize
polyploidization were also determined. DI
introduced by Barlogie et al. [21] was defined
as the ratio of the modal DNA value of the
abnormal cells in G, to the modal DNA value of
the normal diploid cells in G,.

Immunofluorescence staining

The imprints of surgically removed fresh
tissue specimens were prepared on poly-L-
lysine-coated microscopy slides (Thermo Fisher
Scientific) followed by fixation and staining
according to the published procedures [19].
Samples were fixed in methanol at -20°C for 7
min and dipped 10 times in ice-cold pure
acetone. After fixation, samples were rinsed
with Tris-buffered saline (TBS; pH 7.4) supple-
mented with 0.01% Tween 20 (washing solution
abbreviated as TBST) 3x5 min and blocked in
TBS supplemented with 0.05% Tween 20 and
1% BSA at room temperature. After blocking,
samples were covered with TBS, 0.025% Tween
20, and 1% BSA, containing primary antibodies
to Ki-67 (1:50, rabbit polyclonal, PA5-16785,
Pierce), SOX2 (1:50, mouse monoclonal, MA1-
014, Pierce), NANOG (1:50, mouse monoclonal,
N3038, Sigma), and incubated in a humidified
chamber overnight at 4°C. Then samples were
washed with TBST 3x5 min at room temperature
and incubated for 40 min at room temperature
in the dark with the appropriate secondary
antibodies diluted in TBST: goat anti-mouse IgG
Alexa Fluor 488 (1:300, A31619, Invitrogen) or
goat anti-rabbit IgG Alexa Fluor 594 (1:300,
A31631, Invitrogen). Finally, samples were
rinsed with TBST 3x5 min followed by rinsing
with phosphate buffered saline (PBS; pH 7.3)
1x2 min. To clearly visualize cell nuclei, samples
were counterstained with DAPI (Sigma-Aldrich)
at concentration of 0.25 pug/ml for 2 min, rinsed
with PBS, and embedded in the anti-fade
reagent ProLong Gold (Invitrogen). As for
staining of CD44, samples were fixed in 4%
paraformaldehyde in PBS for 15 min at room
temperature followed by rinsing them with PBS
containing 0.1% glycine 3x5 min. All subsequent
steps were identical to those described above.
Dilution of the primary antibody to CD44 (rabbit
polyclonal, HPA005785, Sigma) was 1:50.

Results

Table 1 presents the clinico-pathologic
information for each of 12 breast cancer cases
supplemented by corresponding tumor DNA
content analysis data that were obtained before
and after NAC. The cases categorized in this
study as near-triploid (~3C), whose DI=1.26-1.74
(n=7), were those that had at least one ~3C
clone in spite of persisting the clones of other
ploidy. The rest of the cases were defined as
near-euploid, whose DI values fall into the
category of <1.26 and/or >1.74 (n=5). The
reason why we focused on the ‘triploid group’
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is that this category of patients compared with
others was found to predominantly have highly
malignant tumors leading to poor prognosis
[14, 22-24]. In addition, the near-triploid cases
can correlate with significant genomic gains
(>5C) occurring presumably due to active
proliferation of ~3C clones [22]. Although by
examining diagnostic biopsies we did find an
apparent increase in the number of >4.5C cells
in near-triploid tumors compared with near-
euploid ones (Fig. 1A), this finding was not
clearly attributed to the enhanced proliferation
of tumor cells, as evidenced by the results of
counting of Ki-67-positive cells in both groups
(Fig. 1B). Perhaps, much larger cohort of data
is needed to delineate the role of tumor cell
proliferation (particularly proliferation of ~3C
clones) in gaining the numbers of >4.5C cells.
Because an increase in the number of >4.5C
cells assuming polyploidization is indicative of
tumor aggressiveness and poor disease
outcome, it seems reasonable to clarify whether
NAC can eliminate them or considerably reduce
their presence. Figure 2A shows that NAC
completely eliminated >4.5C cellsin 2 cases (13
and 26) and considerably reduced the
percentage of such cellsin 3 cases (5%, 33*,and
34), suggesting the apparent positive effect of
NAC in 5 of 12 cases regardless of the ploidy
group they belong to. However, among other
7 non-responsive cases (3*, 11, 15, 17%, 27%,
29%*, and 30%*), there were 3 cases (15, 17*, and
30*) that distinctly showed enhanced
polyploidization, as evidenced by a significant
increase in percentages of >4.5C cells,

suggesting the negative (opposite) NAC effect.
All those 5 aforementioned cases that were
responsive to NAC showed the improved DNA
content profiles evaluated according to Auer
(Fig. 2B). Notably, the only one case (27*) of all
non-responsive cases showed an improvement
in DNA histogram from type III to type IL. To
demonstrate whether Auer DNA histogram
typing data can correlate with Miller-Payne
histopathologic scoring data, Figure 3 shows
both of these parameters well interrelated. A
distinct group of TNBC (3*, 5*, 17*, 29%*, and
30%) is likely to be the most resistant to NAC,
and all cases in this group except the case 29*
belong to the near-triploid class. Although the
case 27* showed an improved DNA histogram
(Fig. 2B), this one had the low grade 2 (Miller-
Payne scale, Fig. 3) confirming its resistance to
NAC. As for the case 13 that was well responsive
to NAC (Figs. 2A and 2B), this one, however, like
the case 27*, had the low grade 2 (Miller-Payne
scale, Fig. 3). Of all 12 cases, the best therapeutic
effects were achieved with regard to the near-
euploid case 26, which was not TNBC (Auer type
I vs. Miller-Payne grade 4, Fig. 3). Regrettably,
pCR was not achieved in all these cases because
none of them had the highest Miller-Payne
grade 5.

Discussion

Thus, the Auer types of DNA content profiles
of post-NAC breast cancer cases were generally
in agreement with corresponding Miller-Payne
histopathologic grades, but quantification of
>4.5C cells seems superior in terms of identi-
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fication of those cases that show the negative
NAC effect (in this study those cases were 15,
17*, and 30%*). Polyploidization that in some
non-responsive cases was gained by NAC is
likely to be attributed to ~3C clones. The most
of non-responsive cases examined here are

near-triploid TNBC, of which one case should
especially be pointed out. This is the case 17%,
which substantially differs from the rest of non-
responsive cases in terms of spectacular post-
NAC polyploidization of predominant 3C tumor
cells resulting in the growth of the fraction of
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Fig. 4. DNA content histograms of a triple-negative case (patient 17*) before NAC (A) and after NAC ac-
companied with microphotographs of TB-stained nuclei (scale bars = 10 um) (B).

6C cells accompanied by the appearance of
additional fractions of 12C and 24C cells
generated due to ploidy doublings (Fig. 4A vs.
Fig. 4B). Asignificant increase of the fraction of
2C cells (Fig. 4B) may take place due to de-
polyploidization [25]. Microscopic examination
of the operation material obtained after NAC
revealed the existence of multinucleated cells,
although those ones were rarely seen (Fig. 4B).
In this particular case (17*), like in some other
non-responsive cases, cells with large nuclei
were often observed as Ki-67-positive (Fig. 5A),
supporting the assumption that these cells are
capable of cycling. Among CD44-positive cells,
cells with large nuclei were widely present as
well (Fig. 5B), suggesting their invasive potential.
Moreover, ~80% of 2C cells that may represent
descendants of de-polyploidizing cells were
CD44-positive. In basal-like breast cancers, of
which 77% are TNBC [26], CD44-positive tumor
cells that can potentially be associated with
cancer stem cell phenotype are characteristic
of highly aggressive tumors with enhanced
invasiveness [27, 28]. Generation of drug-
resistant polyploid tumor cells gaining mesen-
chymal characteristics with elevated expression

of cancer stem cell markers (CD44 and CD133)
has been reported [29]. In addition to the
expression of Ki-67 and CD44, many cells with
large or small nuclei (up to 75%) can express
self-renewal factors characteristic for stem
cells, such as SOX2 and NANOG (Figs. 5C-D and
Figs. 5E-F, respectively). Notably, stress-induced
polyploidization of tumor cells (including breast
cancer cells) expressing self-renewal factors
was also demonstrated in vitro in other studies
by several groups of researchers, prompting us
to suppose that the polyploid cells and their
descendants released by de-polyploidization
can possess stem cell features [30-33]. This type
of stem cell-like gene expression signature is
characteristic of poorly differentiated aggressive
tumors including breast cancer often of basal-
like subtype [34]. Interestingly, ionizing radia-
tion may induce a breast cancer stem-cell
phenotype CD44*/CD24-** in differentiated
breast cancer cells with the involvement of
polyploid cells that express OCT4, SOX2,
NANOG, and KLF4, in a dose-dependent man-
ner [32]. The number of examples demonstra-
ting radio- or chemotherapy-induced either
stem-like and/or therapy-resistant state in
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Fig. 5. Microphotographs of immunofluorescence-stained imprints of the surgical post-NAC material of
patient 17* depicting cells positive for Ki-67, CD44, SOX2 and NANOG. (A) A group of large nuclei express-
ing Ki-67 in 15% of all Ki-67-positively stained nuclei. (B) Among CD44-positive cells (45%) there are many
cells with large nuclei. (C, D) Among SOX2-positive cells (75%) there are many cells with large nuclei. (E, F)
Among NANOG-positive cells (75%) there are many cells with large nuclei (in this image, two largest nuclei
may have 24C). All immunofluorescence preparations were counterstained with DAPI for DNA. Scale bars

=10 pm.

tumor cells is growing [15, 35, 36]. A recent
study of TNBC has shown that pre-existing sub-
clones can be adaptively selected by NAC
(adaptive resistance), followed by transcriptional
reprogramming to evolve the resistant phe-
notypes [15].

Conclusions

DNA content profiling provides a facile,
prompt, and accurate means of interpreting
therapeutic responses in NAC-treated breast
cancers. Because NAC effects for some breast
cancers may be negative, the use of the further
treatment strategy should be carefully con-
sidered. Therapy-resistant polyploid tumor cells
possessing stem cell features can be induced

in vivo as well, assuming that this process is not
autonomous, but rather stipulated by the
tumor microenvironment and intra-tumor
heterogeneity. These polyploid cells are not
quiescent and they manifest the invasiveness
phenotype that together with stemness are also
seen in descendants after de-polyploidization.
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OIITHKA BIJIIOBIAI PAKY MOJIOYHOT 3AJI031 HA TPOTUITVXJINHHY
TEPATIIIIO 3A IAHUMH JHK-ITUTOMETPII
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BcTyn. Po36ixcHocmi e iHmepnpemayii 8ionoegidi paky mono4Hoi 3a103u (PM3) Ha npomunyxauHHy mepanitro
8ce wje iCHyromb nepesaxcHo Yyepes 8idCymHicmes CmaHOapmMu308aHUX Kpumepiig oyiHku ma memodis.

MeTa po6oTwn. OyiHka epekmusHocmi 3acmocysaHHa npopintoeaHHsa emicmy AHK y knimuHax PM3 do i
nicaa Heoad'toeaHMHoOI ximiomepanii (HXT) 045 cnpoujeHHs iHmepnpemayii mepaneemu4Hozo epekmy.

MeToawm. lpenapamu diazHocmuyYHoi 6ioncii ma onepayiliHo2o Mamepiany (MKAHUHU Nep8UHHUX NYXAUH,
XipypaidHo sudaneHux nicas HXT), docnidxysanu 3a donomozoro AHK-yumomempii. [oninnoidito ma aHeynnoidito
¥ AHK 2icmozpamax oyiH8aau 30Cmocos8yrodu npo2HOCMUYHy munisayito Ayepa. Ha mux xce 2icmozpamax
gusHayanu AHK iHdekcu (DI) KNimuHHUX KAOHIi8 i 8i0cOMKU noAainaoiousyroyux knimuH (>4.5C). ImyHogayo-
pecyeHmHe 3a6aps/eHHs 3acmocosysasu 045 oYiHKU nponigepayii (Ki-67), ineazusHocmi (CD44) ma pakmopie
CaAMOOHOB/EHHSA, NPUMAMAHHUX cmoasbyposuM kaimuHam (SOX2 ma NANOG).

PesynbtaTu. [IpogintosaHHa emicmy AHK 12 sunadkie PM3, 3 akux 7 6yau mpudi-He2amusHUMU, 8UsS8U/0
03HAKU Hedyymaueocmi nyxauHu 0o HXT y 7 sunadkax, 3 AKux 5 6yau mpudi-HecamusHumu. Ceped He4yymaugux
0o HXT sunaodkis 6ynu 3 sunadku, AKi NOKA3aAU NOCUAEHY noainaoiousayir, Wo ceiddumes npo HecamugHul
epekm HXT. [Mapa-mpunnoidHi (DI = 1.26-1.74) mpu4i-He2camugHi 8unadku 8U3HaYeHi K Halibinbw peucmeHmHi
00 HXT. Mposipepyrodi napa-mpunaoioHi KAIMuUHU MOX/mMb hpu3800UMuU 00 3pOCMAHHS KiIbKOCMI NOAINA0IOHUX
KAimuH no3umusHux Ha Ki-67, CD44, SOX2 i NANOG.

BucHoBKW. JaHi AHK-yumomempii 3a06e3neyytome 000amMKOBOH KOPUCHOK iHPopmayieo 015
iHmepnpemayii 8idnoeidi paky Mo/n04YHOI 30103u PM3 HG npomunyxauHHY mepanito. [104inA0i0HI NyXAUHHI
KAIMUHU 3 0c061u80CMAMU CMOBBYPOBUX KAIMUH MOXCYMb Bymu iHOykoeaHi HXT. OcKinbku 8 deskux aunaokax
HXT Modce sukaukamu Hecnpuamsaugy 8ionogioe NyxAuH, cmpamezito NodaA6Woi NPomunyxauHHoI mepanii
HeobXxi0OHO pemenbHO hepeAsHymu.

K/TKOYOBI CJ/IOBA: pak MO/MIOYHOI 3a/103U; NOAINNOIAHI KNiTUHKU; napa-Tpunnoigia; AHK-
LUTOMETpisi; TepaneBTUYHUI edeKT; CTOBOYPOBi KNiTUHN paky.
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