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Abstract

Primary cultures represent an invaluable tool to set up functional experimental conditions; however, creation of tissue
cultures from solid tumors is troublesome and often unproductive. Several features can affect the success rate of primary
cultures, including technical issues from pre-analytical procedures employed in surgical theaters and pathology laboratories.
We have recently introduced a new method of collection, transfer, and preservation of surgical specimens that requires
immediate vacuum sealing of excised specimens at surgical theaters, followed by time-controlled transferring at 4uC to the
pathology laboratory. Here we investigate the feasibility and performance of short-term primary cell cultures derived from
vacuum packed and cooled (VPAC) preserved tissues. Tissue fragments were sampled from 52 surgical specimens of tumors
larger than 2 cm for which surgical and VPAC times (the latter corresponding to cold ischemia time) were recorded. Cell
viability was determined by trypan blue dye-exclusion assay and hematoxylin and eosin and immunohistochemical
stainings were performed to appreciate morphological and immunophenotypical features of cultured cells. Cell viability
showed a range of 84–100% in 44 out of 52 (85%) VPAC preserved tissues. Length of both surgical and VPAC times affected
cell viability: the critical surgical time was set around 1 hour and 30 minutes, while cells preserved a good viability when
kept for about 24 hours of vacuum at 4uC. Cells were maintained in culture for at least three passages.
Immunocytochemistry confirmed the phenotype of distinct populations, that is, expression of cytokeratins in epithelioid
cells and of vimentin in spindle cells. Our results suggest that VPAC preserved tissues may represent a reliable source for
creation of primary cell cultures and that a careful monitoring of surgical and cold ischemia times fosters a good
performance of primary tissue cultures.
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Introduction

Primary cultures represent an invaluable tool to set up
functional experimental conditions that are instrumental to
demonstrate biological mechanisms directly on human-derived
tumor cells, however, creation of tissue cultures from solid tumors
is troublesome and often unproductive particularly when dealing
with primary cultures of carcinomas. Major biological issues are
related to a relatively slow doubling time of epithelial cancer cells
and to a rapid overgrowth with fibroblasts [1], depending also on
the type of source lesions. In addition, technical aspects may affect
the success rate of primary cultures in general. Such technical
issues may stem from pre-analytical procedures routinely em-
ployed in surgical theaters and pathology laboratories. Indeed, two
simple rules are mandatory for obtaining proper samples for cell
cultures: (i) to acquire fresh specimens as soon as possible after

completing the surgical procedure; (ii) to avoid both bacterial and
fungal contamination of the specimens. The first rule matches with
the need to reduce the ischemia process following the surgical
procedure that stops with proper specimen fixation, since it allows
activation of tissue enzymes, autolysis and degradation of proteins
and nucleic acids [2,3]. However, logistics management of
specimens from the surgical theater to the pathology lab has to
be considered with the priority that involves material handling,
packaging and transportation. Depending on the hospital structure
the transport of surgical specimens from the surgical theater to the
pathology lab may prolong the ischemia time. In addition, transfer
may be performed using the most variable types of boxes,
transport media and at different temperatures and the interval
between surgical intervention and sampling at the pathology
laboratory is not monitored. A good model for preserving sterility
and cell viability could be that proposed for preserving organ for
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transplantation, in which the first goal is reached by packing the
organ in several layers of sterile containers and the second by
cooling at 4uC the organ by surrounding it with an icy slush
mixture [4]. In our University hospital we have recently
introduced a new method of collection, transfer and preservation
of surgical specimens [5,6,7,8]. This method requires immediate
vacuum sealing of excised specimens at surgical theaters, followed
by time-controlled transferring at 4uC to the pathology laboratory
[6,7]. Such a procedure allows for having fresh (i.e. not fixed)
tissues and it has been demonstrated not to affect morphology and
to best preserve nucleic acids (DNA and RNA) and proteins
[6,7,9].

In this study we tested the feasibility of setting up primary cell
cultures derived from vacuum packed and cooled (VPAC)
preserved tissues and to evaluate their performance and success
rates.

Materials and Methods

Reagents
Tissue samples for cell cultures were collected in RPMI 1640

serum free medium, supplemented with 1% penicillin-streptomy-
cin-fungizone.

The basal media used for cell culture was a mixture of DMEM
(Dulbecco’s Modified Eagle Medium) and F12 in 1:1 proportion.
For preparation of complete media, 10% fetal bovine serum (FBS),
1% L-glutamine and 1% penicillin-streptomycin-fungizone were
added to the basal media mixture. The complete media was
supplemented with 10 ng/mL human epidermal growth factor
(EGF), 5 mg/mL insulin and 400 ng/mL hydrocortisone. For
breast cancer samples, the complete media contained also 5 ng/
mL 17-beta-estradiol and 500 ng/mL progesterone.

For enzymatic cell dissociation Collagenase Type IV was used
while trypsin-EDTA was used for passaging. All reagents were
from Sigma-Aldrich, St Louis, MO, USA.

All materials used in this experiment were sterile to prevent
contamination.

Vacuum Sample Collection
The study was approved by the ethic institutional review board

for ‘‘Biobanking and use of human tissue for experimental studies’’
of the Pathology Services of the Azienda Ospedaliera Città della
Salute e della Scienza di Torino. Written informed consent was
obtained from all patients for their tissue to be used in research.
Following excision in the surgical theater, surgical specimens were
immediately placed into beta-ray sterilized plastic bags and
vacuum sealed using the TissueSAFE machine (Mod. VAC 10,
by Milestone, Bergamo, Italy; see www.milestonemedsrl.com),
according to a procedure originally reported by our group [7] and
currently implemented as a standard technique in our hospital
[5,8]. The VPAC specimens were kept and transferred to the
pathology lab at 4uC in a chilled plastic box. Once in the lab,
tissues were kept in a refrigerator at 4uC until processing. The
surgical and VPAC times of the sample and the histotype, the
percentage of stroma and epithelial cells of sample received from
surgical theaters were recorded in a dedicated database.

As a separate analysis, two large specimens of reduction
mammoplasty were divided in three parts (each of approximately
106565 cm) in order to evaluate the decrease of temperature by
using a digital thermometer with stainless steel sensor probe at
different conditions of storage (i.e. vacuum sealed at room
temperature, vacuum sealed at 4uC, not vacuum sealed at 4uC).

Cell Culture Procedure
The study was conducted on surgical specimens of tumors larger

than 2 cm, leading to a cohort of 52 surgical samples, including 13
colorectal carcinomas, 6 lung carcinomas, 27 breast carcinomas, 2
adrenocortical adenomas, 3 gastric carcinomas and 1 thyroid
carcinoma (see Table 1 for details). Samples for cell cultures were
collected from ‘‘left over tissues’’ (i.e. tissue residuals not used for
diagnostic and therapeutic purposes) by using sterile scalpels.
Samples of 161 cm around 0.5 cm in thickness were collected in
sterile tubes containing 10 mL of RPMI serum free medium,
supplemented with 1% penicillin-streptomycin-fungizone. Tissue
samples were washed 3 times in 20 mL of the same medium, then
finely minced by surgical blades into approximately 161 mm
fragments and divided in two aliquots. One aliquot was processed
for cryopreservation, while the other tissue fragments were
incubated at 37uC with collagenase type IV (1 mg/mL;
1:1 RPMI, final volume 10 mL), for 3–5 hours until complete
disaggregation of fragments was obtained. Digested samples were
shaken vigorously by hand to disaggregate possible residual large
clumps. Collagenase activity was blocked by addition of 10 mL of
RPMI with 10% FBS. After centrifugation at 800 rcf for 6
minutes, the cell pellets were re-suspended in complete culture
medium. The final cell suspension was seeded in Petri dishes as
passage 0 and kept in a humidified incubator with 5% CO2 at
37uC. Culture medium was changed first at the time of cell
attachment and, subsequently, three times a week. Cell growth was
monitored daily in flasks with an EVOS inverted microscope
(Advanced Microscopy Group, Bothell, WA, USA) during the first
week. The morphology of the cell population (spindle or mixed
spindle-epithelioid) was recorded.

Whenever the cell pellet was adequate, cells were seeded in
another Petri dish containing sterilized coverslips (22622 mm) to
carry out Hematoxylin and Eosin (H&E) staining and immuno-
cytochemical (ICC) reactions. Each time cells grown at confluence
were split was considered a new passage.

Viability Assay and Cryopreservation of Cells
Viability of cells was determined by trypan blue dye (0.4% in

PBS)-exclusion assay. Aliquots of cell suspension were incubated
with trypan blue solution (1:1) for 5 min. Finally cells were
transferred to the Burker chamber and counted by light
microscope. Dead cells were defined as those stained with the
dye. The percentage of living cells was calculated by the
relationship between the number of viable cells and the total
number of cells counted. Aliquots of cells were cryopreserved into
sterile cryo-tubes in 1.5 mL freezing medium (FBS containing
10% DMSO). Tubes were kept at 280uC (for a maximum of 6
weeks) or, following overnight cooling, transferred into liquid
nitrogen (for longer storage periods).

H&E Staining and ICC Reactions
To evaluate the proportion of stroma and tumor cells in the

sample collected for primary cultures we examined the H&E
histological slide obtained from sampling of a parallel tumor area.
To evaluate morphology of cultures, cells were grown on
coverslips (sealed on a standard slide) and washed in phosphate-
buffered saline (PBS 1X) for 5 minutes, fixed in 4% neutral-
buffered formalin for 10 minutes and dehydrated through a series
of alcohols up to absolute alcohol and stained with H&E staining.

If the culture showed a mixed population we tried to
characterize the cells using specific organ related markers. ICC
was performed using an automated slide processing platform
(Ventana BenchMark XT AutoStainer, Ventana Medical Systems,
Tucson, AZ, USA). The following primary antibodies were used:
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Table 1. Details of the 52 source lesions for cell cultures included in the study, correspondent surgical, and VPAC times of the
specimens and percentage of viable cells in the primary cultures.

Tumor histology Cell culture

# Organ

Surgical Time
[hours (h),
minutes (9)]

VPAC Time [hours
(h), minutes (9)] Histological Type % Stroma

% Tumor
Cells

% Cell
Viability Cell Population

1 Colon 1h459 3h459 ADC 30 70 0.0% /

2 Stomach 2h159 4h109 ADC 20 80 0.0% /

3 Lung 1h209 4h159 ADC 40 60 95.3% Spindle

4 Lung 1h209 4h309 ADC 40 60 93,9% Mixed

5 Stomach 1h309 4h459 ADC 35 65 97,0% Spindle

6 Colon 1h109 5h009 ADC 15 85 100,0% Mixed

7 Colon 0h409 5h259 ADC 5 95 96,8% Mixed

8 Colon 1h159 5h259 ADC 30 70 92,2% Mixed

9 Adrenal 1h209 5h259 ADENOMA 10 90 86,1% Spindle

10 Breast 1h359 20h409 ILC 40 60 0,0% /

11 Lung 2h159 21h209 SFT 8 92 96,4% Mixed

12 Breast 0h459 21h409 IC-NST 25 75 93,6% Mixed

13 Breast 1h409 21h439 IC-NST 10 90 94,8% Mixed

14 Breast 0h209 22h209 ILC 8 92 98,8% Mixed

15 Breast 0h559 22h209 IC-NST 15 85 95,0% Mixed

16 Colon 1h109 22h309 ADC 30 70 92,2% Spindle

17 Lung 0h109 22h359 ADC 2 98 97,7% Mixed

18 Lung 1h209 22h359 SC 50 50 96,5% Mixed

19 Colon 1h209 22h459 ADC 40 60 93,5% Spindle

20 Breast 1h109 23h109 IC-NST 20 80 96,9% Mixed

21 Breast 0h119 23h179 IC-NST 50 50 96,6% Mixed

22 Breast 1h509 23h209 IC-NST 60 40 96,3% Mixed

23 Breast 0h259 23h259 ILC 50 50 96,1% Mixed

24 Breast 1h109 23h469 IC-NST 40 60 98,5% Mixed

25 Breast 0h059 23h509 IC-NST 30 70 95,9% Mixed

26 Colon 0h459 23h509 ADC 15 85 86,6% Mixed

27 Breast 1h109 23h509 MC 10 90 94,0% Mixed

28 Breast 1h209 24h009 IC-NST 55 45 84,0% Spindle

29 Breast 0h509 24h109 IC-NST 30 70 97,9% Mixed

30 Breast 0h259 24h169 IC-NST 10 90 99,3% Mixed

31 Breast 0h159 24h309 IC-NST 20 80 99,2% Mixed

32 Breast 1h109 24h359 IC-NST 65 35 0,0% /

33 Breast 0h409 25h009 PDC 30 70 96,5% Mixed

34 Lung 1h409 25h009 ADC 40 60 97,3% Spindle

35 Breast 0h509 25h059 ILC 40 60 96,7% Mixed

36 Breast 0h359 25h209 IC-NST 30 70 96,0% Mixed

37 Colon 1h459 26h109 ADC 40 60 98,6% Spindle

38 Thyroid 2h209 26h409 HCC 20 80 96,3% Mixed

39 Colon 1h459 27h409 ADC 25 75 90,7% Spindle

40 Breast 0h279 28h209 ILC 30 70 0,0% /

41 Colon 0h509 29h009 ADC 20 80 86,5% Mixed

42 Colon 1h259 39h209 ADC 20 80 0,0% /

43 Breast 0h509 42h159 IC-NST 40 60 89,0% Mixed

44 Breast 0h209 43h059 ILC+IPC 25 75 97,3% Mixed

45 Breast 1h009 45h059 IC-NST 80 20 98,9% Spindle
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mouse anti-pancytokeratin (clone AE1-AE3-PCK26, Ventana;
pre-diluted, antigen retrieval: Protease 1 (Ventana) for 4 minutes),
anti-vimentin (clone R9, Dako, Glostrup, Denmark; dilution 1:50,
antigen retrieval: pre-diluted pretreatment solution Cell Condi-
tioning 1 (CC1, Ventana) for 20 minutes), anticytokeratin-19
(clone NCL-CK19, Leica Novocastra; dilution 1:50, antigen
retrieval: CC1 36 for minutes), anti-cytokeratin-14 (clone NCL-
LL002, Leica Novocastra; dilution 1:100, antigen retrieval: CC1
for 36 minutes), anti-cytokeratin-7 (clone OVTL, Dako, Glostrup,
Denmark; dilution 1:100, antigen retrieval: CC1 for 36 minutes)
and anti-TTF1 (clone 8G7G3/1, Roche Diagnostics; pre-diluted,
antigen retrieval: CC1 for 36 minutes).

Statistical Analysis
Results were analyzed by contingency tables using the Fisher’s

exact test. Paired Student’s T-test was used for continuous
variables. A p value ,0.05 was considered statistically significant.

Results

Effect of Vacuum and Cooling on Specimen Temperature
VPAC produced a more rapid decrease of temperature as

compared to non-VPAC procedures, while vacuum sealing at
room temperature did not significantly affect temperature decrease
(Figure 1). Statistically significant differences between groups were
observed at 1 hour and 2 hours (p = 0.005 and p = 0.013,
respectively). The results were consistent for the whole set of
samples obtained from two different reduction mammoplasty
specimens.

Cell Viability and Influence of Surgical and VPAC Time
Table 1 lists the details of 52 collected cases (site of lesion origin,

histotype and percentage of stromal and tumor components) with
correspondent surgical time (i.e. the time between the beginning of
surgery - incision of the skin - and the surgical removal of tissues)
and VPAC time (i.e. time between surgical removal of tissues and

Figure 1. Effect of vacuum and cooling on specimen temperature. Results of temperature monitoring over time of a specimen of reduction
mammoplasty. The specimen was subdivided in three parts that were stored under three distinct conditions, i.e. vacuum sealed at room temperature
(RT), vacuum sealed at 4uC, cooled at 4uC without vacuum sealing. VPAC produced a more rapid decrease of temperature than non-VPAC procedures,
while vacuum sealing at room temperature did not significantly affect temperature decrease. The * indicates statistically significant differences
(p = 0.005 at 1 hour, p = 0.013 at 2 hours).
doi:10.1371/journal.pone.0075193.g001

Table 1. Cont.

Tumor histology Cell culture

# Organ

Surgical Time
[hours (h),
minutes (9)]

VPAC Time [hours
(h), minutes (9)] Histological Type % Stroma

% Tumor
Cells

% Cell
Viability Cell Population

46 Breast 3h009 45h509 IC-NST 40 60 98,7% Mixed

47 Breast 0h409 46h479 IC-NST 20 80 96,3% Mixed

48 Colon 1h109 70h159 ADC 30 70 97,5% Spindle

49 Breast 2h259 72h259 ILC 20 80 95,5% Mixed

50 Colon 1h459 73h459 ADC 25 75 96,7% Spindle

51 Adrenal 3h459 74h059 PHEO 5 95 0,0% /

52 Stomach 1h309 75h159 ADC 52 48 0,0% /

Legend: ADC: adenocarcinoma; HCC: Hurtle cell carcinoma; IC-NST: invasive carcinoma of no special type; ILC: infiltrating lobular carcinoma; IPC: intracystic papillary
carcinoma; MC: medullary carcinoma; PDC: poorly differentiated carcinoma; PHEO: pheochromocytoma; SFT: solitary fibrous tumor; SC: squamous carcinoma.
doi:10.1371/journal.pone.0075193.t001
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their fixation, i.e. ‘‘cold ischemia time’’). Both surgical and VPAC
times were highly variable (Table 1). For 28 cases the VPAC time
was 0, hours #24, for 19 cases it was 24, hours #48, for 2 cases
it was 48, hours ,72, for 3 cases it was .72 hours. Establishment
of short-term primary cultures was successfully achieved in 85% of
processed samples (44 out of 52), regardless of the specimen size
and origin and cellularity of source lesions. Only one case of
gastric cancer developed bacterial infection after one day of
culture (Table 1, case #2). Cell viability ranged from 84 to 100%
(mean: 95.2%) in the 44 obtained primary cultures. Length of both

surgical and VPAC times affected cell viability. Cells preserved a
good viability when kept for about 24–48 hours of VPAC at 4uC
(Figure 2A), while the critical surgical time was set around 1 hour
and 30 minutes (Figure 2B). More specifically, the cut-off time of 1
hour and 30 minutes for surgical time was data-driven as follows:
first, we focused on 27 samples with VPAC time #24 h, in order
not to introduce a bias due to a long cold ischemia time. Within
such a subgroup we found that with the increased surgical times
cell viability was maintained ($84%) up to the cut-off time of 1
hour and 30 minutes (Figure 2B). Beyond that period, cell viability

Figure 2. Reciprocal relationship between surgical and VPAC times with cell viability. A: cell viability was 89.3% in specimens with VPAC
#24 h, 84.2% in specimens with 24 h,VPAC#48 h and 60% in specimens with VPAC .48 h. B: The critical surgical time was set around 1 hour and
30 minutes, as shown by the drop of cell viability line as compared to the surgical time. This analysis was performed in the subset of specimens with
VPAC time #24 h (in order not to introduce a bias due to long cold ischemia time). C: Assessment of cell viability in specimens with VPAC time #24 h
and comparison with surgical time. The histogram shows the number of viable and not viable cell cultures obtained from samples with a VPAC time
#24 h: total number of specimens with VPAC time #24 h on the left, specimens with VPAC time #24 h and surgical time #1 hour and 30 minutes in
the middle, specimens with VPAC time #24 h and surgical time .1 hour and 30 minutes on the right. The difference in cell viability between the two
groups (surgical time ,1 hour and 30 minutes and surgical time .1 hour and 30 minutes) was statistically significant (p = 0.006, Fisher’s exact test).
doi:10.1371/journal.pone.0075193.g002

Figure 3. Primary cell cultures in flasks. EVOS inverted microscope images (46magnification) of primary cell cultures of tumors from different
organs growing adhering to the flasks. A: breast carcinoma; B: colorectal carcinoma; C: lung adenocarcinoma; D: gastric carcinoma; E:
pheochromocytoma; F: Hurtle cell carcinoma of the thyroid.
doi:10.1371/journal.pone.0075193.g003
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dropped to 0% in 3/6 cases, two of which had VPAC time shorter
than 5 hours (Table 1 case #1 and #2). The difference in cell
viability between the two groups (surgical time ,1 hour and 30
minutes and surgical time .1 hour and 30 minutes) was
statistically significant (p = 0.006, Fisher’s exact test) (Figure 2B).

Then, we analyzed the influence of VPAC time on cell viability
in more in details. Cell growth was not feasible in 10.7% of
specimens with VPAC time #24 hours, in 15.8% of tissues with
24, hours #48 VPAC time and in 40% of samples with .48
hours VPAC time (no statistically significant differences between
the groups) (Figure 2A). However, the examination of the

Figure 4. Immunophenotype of cells. A, B: primary culture from an invasive carcinoma of no special type of the breast composed of a mixed
population: fibroblasts positive for vimentin (A; arrows indicate epithelial cells) and epithelial cells showing strong cytokeratin-19 positivity (B). C, D:
primary culture raised from a lung adenocarcinoma shows epithelial cells positive for cytokeratin-19 (A) and cytokeratin-7 (B). E, F: cells from a primary
culture of a Hurtle cell carcinoma of the thyroid show positivity for cytokeratin-19 (E) and TTF1 (F).
doi:10.1371/journal.pone.0075193.g004
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corresponding histological samples showed preservation of mor-
phology regardless of surgical and VPAC times.

Characterization of Cell Primary Cultures
The relative percentage of stroma versus tumor, as derived from

histological slides, seemed not to affect the morphology of cell
cultures. In 12 out of 44 viable cultures (27%) the cell population
had uniform spindle morphology since the first passage (Table 1).
Mixed cell population of spindle and epithelioid cells (Table 1,
Figure 3, Figure 4) was observed in the remaining 32 (73%)
primary cultures. In cultures derived from adenocarcinomas of
breast, lung and colon the epitheliod islets were clearly observed
within the spindle components (Figure 4). In 12 out of 32 (37.5%)
cases the mixed population could be maintained in culture for
three passages. However, in the remaining 20 cases (62.5%)
spindle cells that exhibited a great propensity to proliferate in vitro
overgrew epithelioid cells soon after the first passages (Figure 3).
The spindle cell overgrowth was variable across the samples and
occurred between passage 2 and passage 5. The results of ICC,
performed in primary cultures at first passage, confirmed the
phenotype of distinct populations (Figure 4). The mutual exclusive
expression of cytokeratins in epithelioid cells and of vimentin in
spindle cells suggested the epithelial and stromal nature of cultured
cells, respectively (Figure 4). A word of caution for the vimentin
positivity in cell cultures should be considered because it is not
uncommon to observe vimentin expression in cell cultures of
epithelial origin [10,11,12]. However in our hand none of the
epithelial like cells expressed vimentin, at least at the first passages.
Epithelial cells were further characterized by highlighting positiv-
ity for tissue-specific cytokeratins, such as cytokeratin-19 for breast
and thyroid carcinomas and cytokeratin 7 for lung carcinomas
(Figure 4). Cytokeratin-14, studied in breast samples, was
expressed neither in the tumor of origin nor in the related cell
cultures. TTF1 was instead expressed in thyroid carcinoma and
lung adenocarcinomas (Figure 4).

Discussion

In this feasibility study we report on the setting up of primary
cultures from VPAC surgical specimens. By sampling tissue
fragments from VPAC preserved specimens we achieved a success
rate of approximately 85% leading to a collection of short-term
tissue cultures from different neoplastic lesions.

Since the adoption at our institution of an innovative method
for tissue collection, transport and storage of surgical specimens
based on VPAC technology [5,7,8], we have demonstrated in
these specimens optimal tissue morphology as well as integrity of
antigens for ICC and excellent preservation of nucleic acids to
perform molecular analyses [6,9]. We now show a further
implementation of VPAC technology.

The establishment of primary cultures of tumor cells is the goal
of many laboratories, however the technique is troublesome, time
consuming with a very variable performance rate [1,13].

When approaching the creation of cell cultures from fresh tumor
lesions, collaboration with the pathology laboratory is mandatory.
Although the multi-step process involving the creation of a primary
culture should stem from a proper tissue handling and sampling, the
impact of pre-analytical variables is usually disregarded. In
particular, we showed that the surgical time can influence cell
viability. In organ transplantation the surgical time may have
different definitions and it remains a topic of debate [14,15,16]. For
cell culture the surgical time starts from the vessel clamping during
surgical procedure (corresponding to the loss of perfusion or
oxygenation) and ends with the organ excision. It has been shown

that significant transcript alterations occur simply as a result of
surgical excision [17]. To our knowledge this is the first study that
evaluates the effect of the time of surgery on cell viability. We
established that the optimal time should be within 1 hour and 30
minutes from the starting of the surgical procedure. During this time
the tissue remains alive and is reactive. The temperature of the
specimens during surgery decreases very slowly, however disruption
of blood flow leads to progressive tissue ischemia and hypoxigena-
tion that cause alterations of cell membrane and receptors, ion
regulation, and enzyme systems [18,19].

The cold ischemia time (which in our study corresponds to the
VPAC time) starts when the specimen is excised and ends with
incision of tissue and placement in a suitable tissue fixative [18,19].
Appreciation of the scientific importance of primary tissue
handling procedures is growing, particularly for its impact on
preservation of nucleic acids and proteins [20,21,22,23,24]. When
dealing with cell cultures and xenograft implantations researchers
may ideally wish to collect the sample for experiments directly in
the surgery room in order to keep the cold ischemia time as short
as possible. However, any such sampling may lead to problems for
pathologists in terms of correct gross evaluation of tumor samples
(status of surgical margins, staging etc.).

Another issue that should be considered is the optimal
temperature to guarantee cell viability. In transplantation pathology
it has been shown that a rapid induction of hypothermia at 0–4uC
by perfusion of organ with specific solutions better preserves organ
viability [25,26]. We have proposed transfer of surgical specimens
vacuum-sealed using a chilled plastic box at 4uC [6,7]. Our results
suggest the avoidance of insulating air around tissues with the
VPAC system allows faster cooling at 4uC. From our experience on
nucleic acid preservation [7,9] it seems that it is the prompt cooling
that principally influences preservation. This has also been
confirmed by independent observations [27] that show that storage
at 4uC preserved tissues to a higher degree than storage at room
temperature, independently of whether the tissue was subjected to
vacuum sealing or not. With this study we prove that VPAC
maintains cell viability even after 70 hours, however, as expected,
for longer VPAC times, the percentage of cell death increased.
Finally, the vacuum sealing in beta-sterilized bags helped prevent
bacterial and fungal contamination and consequently, we experi-
enced cell culture infections in only 2% of specimens.

In conclusion, VPAC represented a reliable and reproducible
tissue handling protocol for creation of primary cell cultures. Our
results also showed how a careful monitoring of surgical and cold
ischemia times fostered a good performance of primary tissue
cultures. Further studies are needed to more carefully define key
parameters governing the reliability of the VPAC method.
Nonetheless, the environmentally safe VPAC collection, preser-
vation and storage of surgical specimens already represented a
helpful strategy to bridge diagnostic and experimental pathology,
offering a new tool for biobanking and improved generation of
primary cultures as clinically relevant models of neoplastic lesions.
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Abstract

Background: The MCF7 (ER+/HER2-), T47D (ER+/HER2-), BT474 (ER+/HER2+) and SKBR3 (ER-/HER2+) breast cancer
cell lines are widely used in breast cancer research as paradigms of the luminal and HER2 phenotypes. Although
they have been subjected to cytogenetic analysis, their chromosomal abnormalities have not been carefully
characterized, and their differential cytogenetic profiles have not yet been established. In addition, techniques such
as comparative genomic hybridization (CGH), microarray-based CGH and multiplex ligation-dependent probe
amplification (MLPA) have described specific regions of gains, losses and amplifications of these cell lines; however,
these techniques cannot detect balanced chromosomal rearrangements (e.g., translocations or inversions) or low
frequency mosaicism.

Results: A range of 19 to 26 metaphases of the MCF7, T47D, BT474 and SKBR3 cell lines was studied using
conventional (G-banding) and molecular cytogenetic techniques (multi-color fluorescence in situ hybridization,
M-FISH). We detected previously unreported chromosomal changes and determined the content and frequency
of chromosomal markers. MCF7 and T47D (ER+/HER2-) cells showed a less complex chromosomal make up, with
more numerical than structural alterations, compared to BT474 and SKBR3 (HER2+) cells, which harbored the highest
frequency of numerical and structural aberrations. Karyotype heterogeneity and clonality were determined by
comparing all metaphases within and between the four cell lines by hierarchical clustering. The latter analysis
identified five main clusters. One of these clusters was characterized by numerical chromosomal abnormalities
common to all cell lines, and the other four clusters encompassed cell-specific chromosomal abnormalities.
T47D and BT474 cells shared the most chromosomal abnormalities, some of which were shared with SKBR3 cells.
MCF7 cells showed a chromosomal pattern that was markedly different from those of the other cell lines.

Conclusions: Our study provides a comprehensive and specific characterization of complex chromosomal
aberrations of MCF7, T47D, BT474 and SKBR3 cell lines.
The chromosomal pattern of ER+/HER2- cells is less complex than that of ER+/HER2+ and ER-/HER2+ cells. These
chromosomal abnormalities could influence the biologic and pharmacologic response of cells. Finally, although
gene expression profiling and aCGH studies have classified these four cell lines as luminal, our results suggest
that they are heterogeneous at the cytogenetic level.
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Background
The MCF7, T47D, BT474 and SKBR3 breast cancer cell
lines are commonly used in experimental studies of
cellular function, and much of the current knowledge of
molecular alterations in breast cancer has been obtained
from these cell lines [1-4].
Whole-genome studies using microarray expression

analyses have identified distinct subtypes of breast carcin-
omas (the luminal, HER2+, and basal-like subtypes) based
on the expression of approximately 500 genes (the so-
called “intrinsic gene list”) [5-7]. These molecular subtypes
have been approximated using immunohistochemical
markers. In this way, estrogen (ER) and progesterone
receptor (PR)+/HER2- tumors are classified as belonging
to the luminal A molecular subtype, ER+/PR+/HER2+ tu-
mors to the luminal B subtype, ER-/PR-/HER2+ tumors to
the HER2 subtype, and triple negative (ER-/PR-/HER2-)
tumors to the basal-like carcinomas [8].
As determined by immunohistochemistry, the receptor

profile classifies MCF7 and T47D cells (ER+/PR+/HER2-)
as belonging to the luminal A subtype, BT474 cells
(ER+/PR+/HER2+) as luminal B and SKBR3 cells (ER-/
HER2+) as HER2 [9,10]. However, the RNA transcrip-
tional profile determined by whole genome oligonucleo-
tide microarrays [1,4,11] characterized all four-cell lines as
luminal because of the expression of both ERα-regulated
genes (e.g., MYB, RET, EGR3, and TFF1) [1] and
genes associated with luminal epithelial differentiation
(e.g., GATA3 and FOXA1).
Different works have assayed the DNA genetic profile of

these cell lines using comparative genomic hybridization

(CGH) and multiplex ligation-dependent probe amplifica-
tion (MLPA) to describe many different copy number
alterations [11-13]. With these techniques, however, bal-
anced chromosome rearrangements (e.g., translocations
or inversions) and low frequency mosaicism (< 30%
abnormal cells) are not detectable. These chromosomal
alterations may be assessed on metaphases using
G-banding karyotype and multicolor fluorescence in situ
hybridization (M-FISH) [2,12-16]. However, because both
procedures are time consuming, they have been applied to
only a small number of metaphases [2,12-17]. Thus, to
our knowledge, a search for clonal chromosomal aberra-
tions within each cell line [2,12-16] and a comprehensive
comparison of the MCF7, T47D, BT474 and SKBR3 cell
lines from a cytogenetic perspective have not yet been
performed.
In the present study, we evaluated structural and

numerical alterations on a large number of metaphases
of MCF7, T47D, BT474 and SKBR3 breast cancer cell
lines using a combination of G-banding and M-FISH.
This allowed us to analyze cell clonality within each cell
line and to thoroughly compare the cytogenetic of the
cell lines by clustering analysis.

Results
Between 19 and 26 metaphases with good chromosome
dispersion and morphology were analyzed for each cell
line to define the structural and numerical alterations,
and 100 metaphases/cell line were analyzed to determine
the level of ploidy. The rate and type of chromosomal
abnormalities for each cell line are shown in Figure 1.

Figure 1 Distribution of numerical and structural aberrations across the four breast cancer cell lines. der = derivative chromosome;
del = deletion; dup = duplication; add = additional material of unknown origin; dic = dicentric chromosome.

Rondón-Lagos et al. Molecular Cytogenetics 2014, 7:8 Page 2 of 14
http://www.molecularcytogenetics.org/content/7/1/8



Cytogenetic profile and cluster analysis of MCF7 cells
The cytogenetic analysis performed on 26 metaphases of
MCF7 cells demonstrated a modal number hypertriploid
to hypotetraploid (4n+/!) (76 to 88 chromosomes). Each
chromosome harbored either a numerical or structural
aberration, which accounted for 58 different rearrange-
ments (31 numerical and 27 structural). Polyploidy was
observed in 2% of the cells. Numerical alterations were
present in all chromosomes; losses were more frequent
than gains (Figure 1). Chromosomes 18 and 20 were
nullisomic in 11.5% and 30.7% of the cells, respectively.
Structural aberrations (translocations, duplications and
deletions) were found in all chromosomes except 4, 5,
13, 14 and 18.

A cluster analysis indicated that the types of chromo-
somal alterations were similar in the 26 metaphases
(horizontal dendrogram, Figure 2). Clustering by the
frequency of the chromosomal aberration within a cell
line produced 4 clusters (vertical dendrogram, Figure 2).
The first cluster (red bar) represented chromosomal
alterations that were frequently present; chromosome 7
was the most affected by structural abnormalities. The
second cluster (blue bar) represented alterations that
were present in all metaphases, including chromosome
losses and structural alterations of chromosomes 8 and
17. In particular, the loss of chromosomes 11, 18, 19 and
20 and the gain of chromosomes 7 and 17 were obser-
ved in all metaphases.der(6)t(6;17;16)(q25;q21;?), der(8)t

Figure 2 Hierarchical cluster analysis of the presence or absence of chromosomal aberrations observed in 26 MCF7 metaphases. Each
column refers to a metaphase (M) and each row to a chromosomal abnormality. Grey indicates the presence of each abnormality, and white indicates
their absence. The cluster number is indicated by vertical color bars. Cluster 1: red bar, cluster 2: blue bar, cluster 3: green bar and cluster 4: purple bar.
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Table 1 G-Banding and M-FISH karyotypes of all breast cancer cell lines studied
Cell line Karyotype

MCF7 76 ~ 88 < 4n>,-X[11],-Xx2[8],-Xx3[4],der(X)t(X;15)(p11.2;q21)[16],

der(X)t(X;15)(p11.2;q21)x2[3],der(X)dup(X)(q21qter)[5],-1[22]-1x2[2], der(1)t(1;21)t(9;21)[22],-2[13],
-2x2[2],der(2)t(2;3)(q34;?)[19],-3[2],

+3[17],del(3)(p14)[22],der(3)t(3;11)(p14;q13)[3],-4[12],-4x2[4],

+5[2],-5[13],+6[9],+6x2[8],+6x3[4],add(6)(q27)[2],del(6)(q25)[4],

del(6)(q25)x2[8], der(6)t(6;17;16)(q25;q21;?)[26],

+7[26],der(7)t(1;7)(?;p15)[23],der(7)t(1;7)(?;p15)x2[2], del(7)(q11.2)[4],dup(7)(p13p15)[7],dup(7)(p13p15)x2[5],
dup(7)(p13p15)x3[11],dup(7)(p14p15)[5],dup(7)(p14p15)x2[2],der(7)t(7;7)(p15;?)[19], der(7)t(7;7)(p15;?)[2],-8[8],
-8x2[12],der(8)t(8;15)(p11;?)[26],+9[3]

!9[7],-9x2[2],der(9)t(8;9)(q13;p22)[22],-10[6],-10x2[10],-10x3[3],

der(10)t(7;10)(?;p14)[9],der(10)t(7;10)(?;p14)x2[12],-11[14],

!11x2[12],del(11)(q23)[2],-12[15],-12x2[4],+12[2],

del(12)(p11.2)(5),del(12)(q24)[11],der(12)t(8,12)(q11;p11)[15],

!13[12],-13x2[10],-13x3[2],-14[3],+14[14],-15[12],-15x2[10],

!15x3[3],-16[3],+16[16],der(16)t(8;16)(q?;q11.2)[8],der(16)t(8;16)(q?;q11.2) x2[17]der(16)t(16;19)(q21;?)[2],
+17[11],+17x2[10],+17x3[5],der(17)t(8;17)t(1;8)[21],der(17)t(8;17)t(1;8)x2[5],der(17)t(17;19)(p11.1;p12)x2[17],-18[4],

!18x2[14],-18x3[5],-18x4[3],-19[7],-19x2[15],-19x3[4],

der(19)t(12;19)(q13;p13.3)[21],der(19)t(12;19)(q13;p13.3)x2[2],-20[2],

!20x2[5],-20x3[11],-20x4[8],der(20)t(7;20)t(1;7)t(1;7)[21],+21[5],+21x2[2],-21[14],-21x2[2],+22[12],+22x2[3],-22[3],
-22x2[2],add(22)(q13)[4][cp26]

T47D 57 ~ 66 < 3n>,X,-X[24],der(X)t(X;6)(q12;p11)[24],-1[19],-2[22],

!3[5],del(3)(p11)[2],del(3)(p14)[2],del(3)(p21)[2],del(3)(q13)[6],del(3)(q22)[3],

der(3)ins(3;5)(p14;q13q31)[2],der(3)del(3)(p13)del(3)(q13q25)ins(3;5)(q13;q13q31)[2],

!4[19],-5[2],+5[3],-6[17],+7[3],del(7)(p21)[3],del(7)(p13p14)[5], del(7)(p13p14)x2[10],del(7)(p13p15)[8],
der(7)t(7;15)(q21;q13)[3],dup(7)(p13p14)[2],+8[12],der(8;14)(q10;q10)x2[24],-9[11],-9x2[9],-10[11],-10x2[10],
del(10)(p10)[3], der(10)t(3;10)(q?;q24)del(10)(p11.2)[14],der(10)t(3;10)(q?;q24)del(10)(p11.2)x2[10],+11[9],
+11x2[7],+11x3[2],der(11)t(11;17)(q23;q?)t(9;17)(q?12;?)[2],-12[2],+12[6],+12x2[4],

del(12)(p12)[6],del(12)(q24.1)[5],del(12)(q24.1)x2[3],der(12)del(12)(p12)del(12)(q24)[4],

der(12)t(12;13)(p12;q22)[10],der(12)t(12;16)(p11.2;?)[11],-13[16],-13x2[4],+14[3],+14x2[13],

+14x3[3],-15[6],-15x2[18],-16[2],der(16)t(1;16)(q12;q12)dup(1)(q21q43)[24],

dic(9;17)t(9;17)(p12;p13)[13],dic(9;17)t(9;17)(p12;p13)x2[11],-18[17],-18x2[4],-19[18],

+20[9],+20x2[3],der(20)t(10;20)(q21;q13.3)[15],der(20)t(10;20)(q21;q13.3)x2[9],der(20)del(20)(p11)t(10;20)
(q21;q13.3)[10],+21[10],+21x2[6],-21[2], -22[14][cp24]

BT474 65 ~ 106 < 4n>,X,-X[9],-Xx2[5],-Xx3[4],der(X)t(X;17)(q13;q11q12)del(X)(p21)

[9],der(X)t(X;18;X;12)[2],del(X)(q22)[14],-1[6],-1x2[2],+1[3],del(1)(p36.1)[6], -2[7],+2[7],der(2)t(1;2;7;20)(?;q31;?;?)
[18],+3[12],-3[3],del(3)(p11.2)[7],

del(3)(p14)[2],del(3)(q11.2)[6],del(3)(q11.2)x2[8],del(3)(q21)[4],del(3)(q13)[2],

!4[8],-4x2[9],+4[2],-5[9],-5x2[9],+6[11],+6x3[3],-6[3],

del(6)(q13)[3],del(6)(q21)[3],der(6)t(6;7)(q25;q31)[7],der(6)t(6;7)(q25;q31)x2[16],+7[4],+7x2[6],+7x3[9],+7x4[3],
der(7)t(7;20)(p13;?)[5], der(7)t(1;7)(?;q11.2)[9],

del(7)(q11.2)[7],del(7)(q11.2)x2[3],del(7)(q11.2)x3[3],der(7)t(7;14)(p13;p11.2)[4],-8[10], -9[7],-9x2[4],-9x3[2],
der(9)t(3;9)(q33;?)[3],+10[6],-10[5],

der(10)t(10;16;19)(q25;?;?)[11],i(10)(q10)[4],+11[9],+11x2[2],-11[3],

der(11)t(8;11)(q21.1;p15)[2],der(11)t(8;17)(q21.1;q11q12)t(11;17)(p15;q11q12)[8],der(11)t(8;17)(q21.1;
q11q12)t(11;17)(p15;q11q12)x2[12],der(11)t(8;17)(q21.1;q11q12)t(11;17)(p15;q11q12)x3[3],der(11)t(11;17)
(q?14;?)t(8;17)(?;q?11.2)[13], der(11)t(11;17)(q?14;q?11.2)[9],+12[8],

+12x2[5],del(12)(p11.1)[2],der(12)t(5;12)(q23;q23)[17],der(12)t(5;12)(q23;q23)x2[2],der(12)del(12)(p12)del
(12)(q24)[3],-13[7],+13[6],+13x2[3],+13x4[2],

der(13)t(13;17)(q10;q11q12)t(13;17)(q10;q11q12)
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(8;15)(p11;?), der(16)t(8;16)(q?;q11.2), der(17)t(8;17)t(1;8)
and der(17)t(17;19)(p11.1;p12) were present in all cells
as a consequence of structural aberrations (Table 1 and
Figure 3A and 3B).
Less frequent alterations (mainly numerical) constituted

cluster 3 (green bar), and very rare alterations (ranging
from 0 in metaphases M_21 and M_26 to 5 in metaphases
M_13 and M_22) constituted cluster 4 (purple bar).

Cytogenetic profile and cluster analysis of T47D cells
In the T47D cells, 24 metaphases were examined. The
modal number was near triploidy (3n+/!) (57 and 66
chromosomes). T47D cells had 52 different chro-
mosomal alterations (27 numerical and 25 structural)
(Figure 1). Polyploidy was observed in 4% of the ana-
lyzed cells, and numerical chromosomal alterations

were present in all chromosomes. Structural aberra-
tions (deletions, translocations, and duplications) were
found in all chromosomes except 2, 4, 18, 19, 21
and 22.
As in the MCF7 cells, the types of chromosomal alter-

ations were almost homogeneously distributed among
the 24 metaphases of T47D cells, as demonstrated by
hierarchical clustering (horizontal dendrogram, Figure 4).
When the frequency of chromosomal alterations was
analyzed, 3 clusters were identified (vertical dendrogram):
the first and largest cluster (red bar) was formed by com-
mon numerical alterations with a prevalence of losses.
The rare structural aberrations present in this cluster pri-
marily involved chromosome 12. In the second cluster
(the smallest, blue bar), der(X)t(X;6)(q12;p11), der(8;14)
(q10;q10), der(10)t(3;10)(q?;q24)del(10)(p11.2), der(16)t

Table 1 G-Banding and M-FISH karyotypes of all breast cancer cell lines studied (Continued)

[8],der(13)t(13;17)(q10;q11q12)t(13;17)(q10;q11q12)x2[12],+14[11], +14x2[3],+14x3[2],der(14)t(14;1;14)
(q31;?;?)[6],der(14)t(14;1;14)(q31;?;?)x2[5],

der(14)t(14;1;14)(q31;?;?)x3[9],der(14)t(14;1;14)(q31;?;?)x4[3],

add(14)(p11.2)[2],der(14;14)(q10;q10)[3],der(14;14)(q10;q10)x2[16],-15[6],-15x2[9], -15x3[6],+16[7],+16x2[6],
+16x3[3],-16[2],der(16)t(X;16)(q22;q24)[10],

+17[16], der(17)t(6;17)(?;p13)t(15;17)(q11.2;q25)[22],-18[10],-18x2[4],-18x3[2],-19[6],

!19x2[5],+19[5],-20[6],-20x2[6],+20[3],+20x3[2],der(20)t(19;20)(?;q10)[4],

der(20)t(19;20)(?;q10)x2[5],+21[2],-21x2[11],-21x3[3],-22[2],-22x2[5],-22x3[2],-22x4[12],

der(22)t(16;22)(q12;p11.2)[5][cp23]

SKBR3 76 ~ 83 < 4n>,XXX,-X[19],der(X)t(X;17)(q21;q?21)[15], der(X)t(X;8;17)(q13;q?21;?)[6],+1[8],+1x3[5],add(1)(p36.3)[4],

del(1)(p13)[11],del(1)(p13)x2[6],del(1)(p34)[4],del(1)(p22)[9],del(1)(p36.1)[2], der(1)t(1;4)(q12;q12)[6],-2[6],-2x2[8],
-2x3[3],der(2)t(2;6)(p13;?)[5],-3[10],-3x2[6],-4[8],

!4x2[8],-4x3[3],der(4;14)t(4;14)(p11;p11.1)[3],-5[8],

!5x2[8],-5x3[2],der(5)ins(5;15)(p13;q12q22)[6],-6[4],-6x2[12],

!6x3[2],der(6)t(6;14;17)(q21;?;q11q12)del(6)(p23)[8],+7x2[8],+7x3[10],

del(7)(q22)[12],del(7)(q32)[3],dup(7)(p14p15)[2],-8[6],+8[8],

der(8)t(8;21)(?;?)t(8;21)(p23;?)t(8;21)(q24;?)[11],der(8)t(8;21)(?;?)t(8;21)(p23;?)t(8;21)

(q24;?)x2[8],der(8)dup(8)(?)t(8;8)(?;p23)t(8;17)(q24;?)t(11;17)(?;?)[4],

der(8;14)t(8;14)(p11.1;p11.1)[15],-9[9],-9x2[7],-10[4],-10x2[13],-10x3[2],+11[2],-11[7],

add(11)(p15)[4],add(11)(q25)[2],-12[6],-12x2[5],+12[3],der(12)t(11;12)(p?;p12)[4],

der(12)t(5;12)(q23;q23)[10],der(12)t(5;12)(q23;q23)x2[4],-13[6],-13x2[8],

!13x3[3],der(13;13)(q11.2;q11.2)[16],-14[6],-14x2[4],

der(14;14)(q11.2;q11.2)[18],-15[10],-15x2[7], dic(15;21)(p11.1;p11.1)[3],

+16[4],-16[7],-17[3],+17[9],der(17;17)t(17;17)(q25;?)dup(17)(q22q25)t(17;20)(?;?)[5],

der(17;17)t(17;17)(q25;?)dup(17)(q22q25)t(17;20)(?;?)x2[7], der(17;17)t(17;17)(q25;?)dup(17)(q22q25)t(17;20)
(?;?)x3[7],del(17)(p11.2)[7],

der(17)t(8;17)(q12;?)dup(17)(?)[19],der(17)t(8;17)(?;q25)dup(17)

(q22q25)[5],der(17)t(8;17)(?;q25)dup(17)(q22q25)x2[2],der(17)t(8;13;14;17;21)(?;q?;q?;q11q12;?)[8],
der(17)t(3;8;13;17;20)(?;?;q12;?p;?)[12],der(17)t(3;8;13;17;20)(?;?;q12;?p;?)x2[2],-18[3],-18x2[11],-18x3[5],
der(18)t(18;22)(p11.2;?)[12],-19[4],-19x2[7],-20[8],-20x2[4],

!20x3[7],-21[6],-21x2[3],-22[9],-22x2[4],+22[2],der(22)t(19,22)(q?;q13)[5][cp19]

The number of metaphases analyzed is reported in brackets at the end of each karyotype. Additionally, the frequency of each rearrangement identified is
described in brackets.
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(1;16)(q12;q12)dup(1)(q21q43), dic(9;17)t(9;17)(p12;p13)
and der(20)t(10;20)(q21;q13.3) were present in all meta-
phases as the result of translocations, together with the loss
of chromosomes 15 and X (Table 1 and Figure 3C and 3D).
Cluster 3 (green bar) grouped rare abnormalities (ranging
from zero in metaphases M_17 and M_21 to 4 in meta-
phases M_11 and M_10), most of which were structural
(Figure 4).

Cytogenetic profile and cluster analysis of BT474 cells
For BT474 cells, 23 metaphases were examined. These
cells showed the highest frequency of numerical and com-
plex structural aberrations of all cell lines analyzed. BT474
cells had a modal number near tetraploidy (4n+/!) (from
65 to 106 chromosomes) and showed 35 numerical

and 36 structural aberrations (Figure 1). Polyploidy was
not present.
As in the other cell lines, cluster analysis demonstrated

nearly homogeneous chromosome alterations in all meta-
phases (horizontal dendrogram, Figure 5). Isochromo-
somes, deletions and derivatives were frequent (Table 1
and Figure 3E and 3F). Numerical alterations were also
observed in all chromosomes, with losses being more
frequent than gains. Losses of chromosomes X, 15 and 22
were observed in 78%, 91% and 91% of metaphases, res-
pectively, while gain of chromosome 7 was identified in
96% of cells.
The frequency of alterations within the cell line

produced 2 clusters (vertical dendrogram): in cluster 1
(red bar), both numerical and structural alterations

Figure 3 G-Banding and molecular cytogenetic results of four breast cancer cell lines. A-B) G-banded and M-FISH karyotype of a representative
metaphase of MCF7 cells. C-D) G-banded and M-FISH karyotype of a representative metaphase of T47D cells. E-F) G-banded and M-FISH karyotype of
a representative metaphase of BT474 cells. G-H) G-banded and M-FISH karyotype of a representative metaphase of SKBR3 cells.
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were present in almost all cells. Only three structural
alterations were reproduced in all metaphases, namely
der(6)t(6;7)(q25;q31), der(11)t(8;17;11)(q21.1;?;p15) and
der(14;1;14)(q31;?;?) (Table 1 and Figure 3E and 3F).
Cluster 2 (blue bar) included sporadic aberrations with a
minimum of 3 such alterations observed in metaphase
M_22 (Figure 5).

Cytogenetic profile and cluster analysis of SKBR3 cells
In this cell line, 19 metaphases were examined. SKBR3
cells showed a hypertriploid to hypotetraploid (4n+/!) (76
to 83 chromosomes) karyotype. Polyploidy was observed
in 19% of all cells. SKBR3 cells had 29 numerical and 33
structural aberrations (Figure 1). Numerical chromosomal

alterations were observed in all chromosomes. Structural
aberrations (translocations, deletions, and duplications)
were found in all chromosomes except 3, 9, 10 and 16
(Table 1 and Figure 3G and 3H).
In comparison to other cell lines, hierarchical clustering

showed similarities of chromosomal alterations among the
19 metaphases (horizontal dendrogram, Figure 6). Cluster-
ing by the frequency of chromosomal alterations defined 3
clusters (Figure 6). The largest cluster (cluster 1, red bar)
was formed by sporadic aberrations, with structural aber-
rations being prevalent. Cluster 2 (blue bar) included
frequent rearrangements, with more numerical than struc-
tural aberrations. The smallest group (cluster 3, green bar)
contained chromosomal abnormalities that were present

Figure 4 Hierarchical cluster analysis of the presence or absence of chromosomal aberrations observed in 24 T47D metaphases. Each
column refers to a metaphase (M) and each row to a chromosomal abnormality. Grey indicates the presence of each abnormality, and white
indicates their absence. The cluster number is indicated by vertical color bars. Cluster 1: red bar, cluster 2: blue bar and cluster 3: green bar.
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in all cells, both numerical, such as monosomies of
chromosomes X, 4, 10, 18 and 20, and structural, such as
those on chromosomes 8, 17 and 1.

Comparison of the four cell lines
Using hierarchical clustering, we identified five major
clusters (Figure 7). One cluster was characterized mainly
by numerical chromosome abnormalities (18 losses and
7 gains) that were common to the four cell lines. Only
two structural alterations, namely der(14;14)(q10;q10)
and der(12)t(5;12)(q23;q23), were common to HER2+

cells. The other clusters, however, encompassed cell
type-specific abnormalities that were primarily structural
(Figure 7). This analysis revealed greater similarity be-
tween T47D and BT474 cells and some similarity between
these two cell lines and the SKBR3 cell line. MCF7 cells
demonstrated a chromosome pattern that was markedly
different from those of the other lines (Figure 8).

Discussion
The MCF7 (ER+/HER2-), T47D (ER+/HER2-), BT474
(ER+/HER2+) and SKBR3 (ER-/HER2+) cell lines are

Figure 5 Hierarchical cluster analysis of the presence or absence of chromosomal aberrations observed in 23 BT474 metaphases. Each
column refers to a metaphase (M) and each row to a chromosomal abnormality. Grey indicates the presence of each abnormality, and white
indicates their absence. The cluster number is indicated by vertical color bars. Cluster 1: red bar and cluster 2: blue bar.
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widely used in breast cancer research as paradigms of
the luminal and HER2 immunophenotypes [9,10]. Al-
though classical cytogenetic analysis is time consuming
and lacks the resolution of molecular techniques, it is
the best tool for obtaining an overall picture of the types
and frequency of chromosome changes. The results ob-
tained using G-Banding and M-FISH analyses of a large
number of metaphases allowed us to acquire a thorough
insight of the type and frequency of chromosome alter-
ations in the MCF7, T47D, BT474 and SKBR3 cell lines
and to detect previously unreported chromosome alter-
ations (Table 2).
Cluster analysis excluded the presence of cell clones

within each cell line because the same abnormalities were
homogenously observed in all metaphases. Conversely,

within the same cell line, the frequency of each
chromosome alteration was variable and defined dif-
ferent clusters. Finally, a comparison of these four cell
lines using cluster analysis showed that they shared up to
5 numerical aberrations in more than 50% of the meta-
phases (!2, -4, -15, -18, -X) and that the chromosomal
structural alterations were cell-type specific, with the
exception of two derivative chromosomes that were
shared by the BT474 and SKBR3 HER2+ cell lines.
The HER2+ cell lines BT474 and SKBR3 showed the

highest frequency of numerical and structural aberrations
in comparison with the HER2- cell lines MCF7 and T47D.
Polyploidy, which was more frequent in HER2+ than in
HER2- cells, has been correlated with short survival,
drug resistance and metastasis [19]. In addition, complex

Figure 6 Hierarchical cluster analysis of the presence or absence of chromosomal aberrations observed in 19 SKBR3 metaphases. Each
column refers to a metaphase (M) and each row to a chromosomal abnormality. Grey indicates the presence of each abnormality, and white
indicates their absence. The cluster number is indicated by vertical color bars. Cluster 1: red bar, cluster 2: blue bar and cluster 3: green bar.
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Figure 7 Hierarchical cluster analysis of the percentage of chromosomal aberrations observed in four breast cancer cell lines.
Clustering stratifies cell lines into five groups. The first cluster was characterized by the presence of numerical chromosomal abnormalities
(aneuploidies) that were common to the four cell lines (ER+, ER-, HER2+, HER2-). The other clusters comprised cell type-specific chromosomal
abnormalities. The gradient color indicates percentage of chromosomal abnormalities present in each cell line.
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chromosome alterations affecting chromosomes 8, 11, and
17 were frequently observed in HER2+ cells. These chro-
mosomes contain genes that are commonly involved in
the invasion, metastasis and pathogenesis of breast cancer,
including c-MYC on 8q24; HRAS, CD151, CTSD on 11p15;
CCND1 on 11q13 [20-24]; and TOP2A on 17q21. More-
over, in HER2+ cells and carcinomas, rearrangements of
chromosome 17 are more frequent than is polysomy.
Pathologists must consider this observation for when
diagnosing the HER2 amplification in interphase nuclei of
breast carcinomas, which uses a ratio between HER2 cop-
ies and chromosome 17 centromere signals [25,26].
Among ER + cells, MCF7 cells are cytogenetically

different than both T47D (ER+/HER2-) and BT474
(ER+/HER2+) cells and are characterized by a specific
subset of complex structural alterations, which are
listed in the cluster analysis comparison of the four
cell lines (Figure 7). In particular, chromosome 7 was
frequently structurally and numerically affected, and
polysomy of chromosome 7 was observed in all meta-
phases. This finding has been closely associated with
lymph node metastasis and prognosis in breast cancer
patients [27]. One may speculate that the differences
observed in the pattern of chromosomal aberrations be-
tween the MCF7 and T47D cell lines could partly explain
the differences in the profile of protein expression that
was recently identified in these cells [28]. Proteomic
studies have revealed that a high number (at least 164) of
proteins (including proteins involved in the regulation of
breast cancer cell growth) are differentially expressed by

T47D and MCF7 cells [28]. For example, of the proteins
that are principally involved in cell proliferation and apop-
tosis and are upregulated in MCF7 cells, the Chromobox
protein homolog 3 and the Cytochrome c-releasing factor
21 are encoded by genes mapping to chromosome 7,
which is typically polysomic in MCF7 cells, as reported
above. The differences in the karyotype should be consid-
ered when designing related experimental studies, such as
those that analyze the effect of gene transfection. It is
possible that complex chromosome alterations may alter
the results. MCF7 cells, which differ greatly from the
BT474 and SKBR3 (HER2+) cells, are frequently used to
study the effect of HER2 transfection [29-31]; however,
they may not represent the best substrate. Conversely,
T47D cells (ER+/HER2-) and BT474 cells share similar-
ities in the chromosome profile, and both have some
chromosomal similarities with SKBR3 cells. For example,
T47D and BT474 cells share numerical alterations,
such as losses of chromosome 6 and gains of chromo-
somes 11 and 20, but they have no structural abnormalities
in common.
One may hypothesize that the earliest genetic event

may be aneuploidy, followed by structural alterations
[32,33]. Aneuploidy is one of the most common proper-
ties of cancer [34]. In addition, numerical abnormalities
have been observed more frequently in primary cancers,
while structural alterations and amplifications were more
commonly observed in metastatic breast cancer [33].
These structural alterations may lead to the deregulated
expression of genes, such as a loss of tumor suppressor
genes, the activation of oncogenes and the formation of
fusion proteins with enhanced or aberrant transcriptional
activity. For instance, some of the genes upregulated in
HER2+ cell lines [35] reside on chromosomes 5, 6, 10, 19,
and 20, which were reported to be polysomic in BT474
cells in the present study (Additional file 1: Table S1).

Conclusions
In conclusion, by using both conventional and molecular
karyotyping, our work provides a comprehensive and spe-
cific characterization of complex chromosomal aberrations
for MCF7, T47D, BT474 and SKBR3 cell lines, thus provid-
ing important information for experimental studies. These
cell lines serve as models for investigating the molecular
biology of breast cancer; therefore, it may be essential to
consider the potential influence of these chromosomal
alterations when interpreting biological data.

Methods
Cell lines
The human breast cancer cell lines MCF7 (ER+/HER2-),
T47D (ER+/HER2-), BT474 (ER+/HER2+) and SKBR3
(ER-/HER2+) were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA) in

Figure 8 Cluster dendrogram derived from cytogenetic analysis
of the four breast cancer cell lines. These analyses confirmed the
greater similarities between T47D and BT474 cell lines and between
these two cell lines and the SKBR3. MCF7 cells demonstrate a
chromosomal pattern that was markedly different from those of
previous cells.
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March 2010. Short tandem repeat (STR) analysis is rou-
tinely performed by ATCC during both accessioning and
culture replenishment to avoid distributing misidentified
cell lines to the scientific community. When received by
our lab, these cell lines were expanded, and 3 vials were
immediately frozen. Cells obtained from these stocks
were used for the experiments. The cell lines were further
authenticated based on the expression of epithelial markers
(keratins 8 and 18) and the presence of specific receptors
(ERα, PGR, HER2, AR and EGFR) using quantitative
PCR (qPCR) and immunohistochemical analysis. The
expression status of ERα and HER2 was further con-
firmed by western blot.
MCF7, T47D, and SKBR3 cells were cultured in RPMI

1640 medium (Sigma, St. Louis, MO, USA), while BT474
cells were cultured in DMEM medium (Sigma). Culture
media were supplemented with 10% fetal bovine serum
(FBS) (Sigma), antibiotic-antimycotic solution (1X) (Sigma)

and L-glutamine (2 mM) (Invitrogen GmbH, Karlsruhe,
Germany). The cultures were maintained in an incubator
at 37°C and 5% CO2 and were determined to be free of
contamination with mycoplasma by PCR assay. Cell line
characteristics and culture conditions are further described
in supplemental information (Additional file 2: Table S2).

Metaphase spreads and G-Banding
Metaphases were obtained using standardized harvesting
protocols for conventional and molecular cytogenetic
analysis (M-FISH). Briefly, colcemid solution (0.03 μg/ml)
(Sigma) was added to cultures 2.5 hours (h) before cell
harvesting; cells were then treated with hypotonic solu-
tion, fixed three times with Carnoy’s fixative (3:1 methanol
to acetic acid) and spread on glass.
Glass slides were baked at 70°C for 24 h, incubated in

HCl and placed in 2xSSC buffer before treatment
with Wright’s stain. Image acquisition and subsequent

Table 2 Comparison of selected chromosomal aberrations detected in MCF7, T47D, BT474 and SKBR3 cell lines in
previous studies and in our G-banding and M-FISH results
Cell line ATCC National Center for Biotechnology

Formation NCBI [18]
Gasparini, et al.
2010 [15]

Davidson, et al.
2000 [14]

G-banding and M-FISH
present study

MCF7 NR NR dup(X)(?;qter) der(1)t(X;1) der(X)dup(X)(q21qter)

NR NR NR NR der(6)t(6;17;16)(q25;q21;?)

NR der(17)t(17;20)(q25;?)t(1;20)t(1;3or7) NR der(?)t(11;1;17;19;17) der(17)t(17;19)(p11.1;p12)

NR NR NR der(?)t(17;1;19;17;20) der(17)t(8;17)t(1;8)

T47D der(8)t(8;14) der(8)t(8;14)(p21;q21) _ der(8)t(8;14) der(8;14)(q10;q10)

der(9)t(9;17) der(9)t(9;17)(p12;q?11) _ NR dic(9;17)t(9;17)(p12;p13)

der(10)t(10;20) der(20)t(10;20)(q21;q13) _ NR der(20)t(10;20)(q21;q13.3)

BT474 der(6)t(6;7)
(q21;q21)

_ der(6)t(6;7)(q25;?) _ der(6)t(6;7)(q25;q31)

NR _ der(11)t(8;11;??)
(?;p15;?)

_ der(11)t(8;17;11)(q21.1;?;p15)

NR _ NR _ der(11)t(11;17)(q?14;q?11.2)

i(13q) _ der(13;13)(q10;q10) _ der(13)t(13;17;13)(q10;?;q10)

der(14)t(14;?)(q32,?) _ der(14)t(1;14;X)(?;q31;?) _ der(14)t(14;1;14)(q31;?;?)

SKBR3 NR _ NR der(8)t(8;21) der(8)t(8;21)(?;?)t(8;21)(p23;?)
t(8;21)(q24;?)

NR _ NR NR der(8)dup(8)(?)t(8;8)(?;p23)t
(8;17)(q24;?)t(11;17)(?;?)

NR _ NR der(?)t(8;14) der(8;14)t(8;14)(p11.1;p11.1)

NR _ NR NR der(17)t(8;17)(q12;?)dup(17)(?)

NR _ NR der(?)t(20;19;8;17) der(17;17)t(17;17)(q25;?)
dup(17)(q22q25)t(17;20)(?;?)

NR _ NR der(8?)t(13;3;8;3;8;13) der(17)t(8;13;14;17;21)
(?;q?;q?;q11q12;?)

NR _ NR der(?)t(20;3;8;17;19;8;3;13) der(17)t(3;8;13;17;20)
(?;?;q12;?p;?)

NR _ NR NR der(17)t(8;17)(?;q25)dup(17)
(q22q25)

NR _ NR der(?)t(19;22) der(22)t(19,22)(q?;q13)

Abbreviations: NR, not reported. Dashes indicate that no information was available.
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karyotyping of metaphases were performed using a
Nikon microscope with the cytogenetic software CytoVi-
sion System (Applied Imaging, Santa Clara, CA, USA).
Chromosome aberrations were described according to
the International System for Human Cytogenetic No-
menclature (ISCN) 2013 [36].

Multi-color FISH (M-FISH)
M-FISH was performed with the aim of identifying com-
plex chromosomal rearrangements. The probe cocktail
containing 24 differentially labeled chromosome-specific
painting probes (24xCyte kit MetaSystems, Altlussheim,
Germany) was denatured and hybridized to denatured
tumor metaphase chromosomes according to the manu-
facturer’s protocol for the Human Multicolor FISH kit
(MetaSystems). Briefly, the slides were incubated at 70°C in
saline solution (2xSSC), denatured in NaOH, dehydrated in
ethanol series, air-dried, covered with 10 μl of probe cock-
tail (denatured) and hybridized for two days at 37°C.
The slides were then washed with post-hybridization
buffers, dehydrated in ethanol series and counter-stained
with 10 μl of DAPI/antifade. The signal detection and
analysis of subsequent metaphases used the Metafer sys-
tem and Metasytems’ ISIS software (software for spectral
karyotypes).

Hierarchical clustering
The first cluster analysis was performed to assess the
chromosomal heterogeneity of each cell line by consider-
ing the type and frequency of chromosomal alterations
within metaphases. Each alteration was computed as
present or absent within the karyotype of different meta-
phases. In the second cluster analysis, the frequency (%)
of each chromosomal alteration was compared among
the four cell lines. Hierarchical clustering was performed
using package gplots from the Bioconductor project (http://
www.bioconductor.org) for the R statistical language. A
Euclidean distance was used to calculate the matrix of
distances, and clusters were built using Ward’s method.

Additional files

Additional file 1: Table S1. Upregulated and downregulated genes in
HER2+ breast cancer cell lines reported by Wilson, et al. (2002) [35] and
located in the chromosomal region observed to be altered in this study
and significantly associated with this group.

Additional file 2: Table S2. Characteristics of breast cancer cell lines.
Data obtained from ATCC.
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Abstract

Background: In diagnostic pathology, HER2 status is determined in interphase nuclei by fluorescence in situ
hybridization (FISH) with probes for the HER2 gene and for the chromosome 17 centromere (CEP17). The latter
probe is used as a surrogate for chromosome 17 copies, however chromosome 17 (Chr17) is frequently rearranged.
The frequency and type of specific structural Chr17 alterations in breast cancer have been studied by using
comparative genomic hybridization and spectral karyotyping, but not fully detailed. Actually, balanced chromosome
rearrangements (e.g. translocations or inversions) and low frequency mosaicisms are assessable on metaphases
using G-banding karyotype and multicolor FISH (M-FISH) only.

Methods: We sought to elucidate the CEP17 and HER2 FISH patterns of interphase nuclei by evaluating Chr17
rearrangements in metaphases of 9 breast cancer cell lines and a primary culture from a triple negative breast
carcinoma by using G-banding, FISH and M-FISH.

Results: Thirty-nine rearranged chromosomes containing a portion of Chr17 were observed. Chromosomes 8 and 11
were the most frequent partners of Chr17 translocations. The lowest frequency of Chr17 abnormalities was observed in
the HER2-negative cell lines, while the highest was observed in the HER2-positive SKBR3 cells. The MDA-MB231 triple
negative cell line was the sole to show only non-altered copies of Chr17, while the SKBR3, MDA-MB361 and JIMT-1
HER2-positive cells carried no normal Chr17 copies. True polysomy was observed in MDA-MB231 as the only Chr17
alteration. In BT474 cells polysomy was associated to Chr17 structural alterations. By comparing M-FISH and FISH data,
in 8 out of 39 rearranged chromosomes only CEP17 signals were detectable, whereas in 14 rearranged chromosomes
HER2 and STARD3 genes were present without CEP17 signals. HER2 and STARD3 always co-localized on the same
chromosomes and were always co-amplified, whereas TOP2A also mapped to different derivatives and was co-amplified
with HER2 and STARD3 on SKBR3 cells only.

Conclusion: The high frequency of complex Chr17 abnormalities suggests that the interpretation of FISH results on
interphase nuclei using a dual probe assay to assess gene amplification should be performed “with caution”, given that
CEP17 signals are not always indicative of normal unaltered or rearranged copies of Chr17.
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Background
Chromosome17 (Chr17) is the second most gene-dense
chromosome in the human genome [1], containing many
genes central to breast cancer development and progres-
sion, including oncogenes (HER2, TOP2A, STARD3, TAU),
tumor suppressor genes (TP53, BRCA1, HIC-1) and DNA
double-strand break repair genes (RDM1) [2-7]. In par-
ticular, the HER2 gene mapping to 17q11-q12 is amplified
in 15-20% of all breast cancers [8], it is a prognostic
marker for aggressiveness [8] and predicts the response to
anti-HER2 agents [8]. An accurate and definitive reporting
of HER2 status is thus essential for appropriate treatment
determination. Fluorescence in situ hybridization (FISH)
with dual probes for HER2 and for the Chr17 centromere
(CEP17) is the technique most frequently used in diag-
nostic pathology to determine the HER2 gene status in
interphase nuclei. The correction of HER2 gene copy
number using CEP17 signals is required to account for
Chr17 polysomy. However, by microarray-based com-
parative genomic hybridization (CGH) analysis we have
recently provided the first direct evidence that true
Chr17 polysomy is a rare event in breast cancer [9]. In-
deed, a number of CEP17 copies greater than 3 detected
by FISH analysis is frequently related to either a gain or
amplification of the centromere region, providing another
line of evidence that Chr17 usually displays very complex
rearrangements.
CGH, loss of heterozygosity (LOH), and molecular

genetics studies have shown that Chr17 is rearranged
in at least 30% of breast tumors [1,10,11] and presents
a number of rearrangement breakpoints mapping to
either its short or long arm. In particular, 17p is princi-
pally involved in losses, whereas CGH on 17q shows
complex combinations of overlapping gains and losses
[1,12]. In addition, CGH and spectral karyotyping (SKY)
studies have shown that Chr17 is one of the chromosomes
most frequently involved in translocations [13]. However
the frequency and type of specific structural Chr17 al-
terations in breast cancer have not been fully detailed.
For example, balanced chromosome rearrangements
(e.g. translocations or inversions) and low frequency
mosaicisms are assessable on metaphases using G-banding
karyotype and multicolor fluorescence in situ hybridization
(M-FISH) only.
The complexity of Chr17 rearrangements calls into

question the accuracy of HER2/CEP17 ratios evaluated
on interphase nuclei for diagnostic purposes. Indeed,
unsuspected Chr17 rearrangements may be contributing
to the equivocal results following in situ hybridization
testing, which account for about 10% of all IHC score
2+ carcinomas [14].
The aim of this study was to assess numerical alter-

ations and structural rearrangements of Chr17 in breast
cancer cells and to elucidate how these alterations may

impact on the HER2/CEP17 FISH results on interphase
nuclei.

Methods
Cell lines
Nine established breast cancer cell lines [MCF7, T47D,
ZR-75-1 (estrogen receptor positive (ER+), HER2 not
amplified), BT474, MDA-MB361 (ER+, HER2 amplified),
SKBR3, JIMT-1 and KPL4 (ER-, HER2 amplified) and
MDA-MB231 (ER-, HER2 not amplified)] were obtained
from the American Type Culture Collection (ATCC,
Manassas, USA). The MCF7, T47D, ZR-75-1, SKBR3,
JIMT-1 and KPL4 cell lines were cultured in RPMI 1640
medium (Sigma, St. Louis, MO, USA), while the BT474,
MDA-MB231 and MDA-MB361 lines were cultured in
DMEM medium (Sigma). All culture media were sup-
plemented with 10% fetal bovine serum (FBS) (Sigma),
an antibiotic-antimycotic solution (1X) (Sigma) and L-
glutamine (2 mM) (Invitrogen GmbH, Karslruhe, Germany).
The cultures were maintained in an incubator at 37°C and
5% CO2.

Tumor samples for primary culture
The study on primary cultures was approved by the
ethics institutional review board for "Biobanking and
use of human tissue for experimental studies" of the
Pathology Units of the Azienda Ospedaliera Città della
Salute e della Scienza di Torino. At our Institution,
written informed consent is obtained from patients for
the use of residual tissues from the diagnostic procedures
in research studies.
We analyzed the cells of a triple negative breast car-

cinoma (TNBC) that metastasized to the peritoneum,
giving rise to a peritoneal effusion. The triple negative
phenotype was confirmed by immunohistochemistry
(IHC) for the estrogen receptor (ER) (Clone SP1, 1:50
diluted, Cell Marque, Rocklin, California), progester-
one receptor (PR) (Clone 1A6, 1:50 diluted, Leica Bio-
systems, Newcastle Upon Tyne, United Kingdom) and
by FISH for the HER2 gene on a cell block obtained
after centrifugation of an aliquot of the effusion. The
remaining part was used to set up a short-term primary
culture according to a protocol recently described [15].
The epithelial origin of the cells was confirmed by the
positive expression of cytokeratins (clones AE1/AE3
and PCK26, pre-diluted, Ventana-Diapath, Tucson, AZ,
USA) and by the absence of the mesothelial marker calre-
tinin (polyclonal; 1:100 diluted, Invitrogen) using an im-
munohistochemical procedure on cells grown directly on
sterilized slides [15].

G-Banding and karyotyping
Metaphases for performing conventional and molecular
cytogenetic analysis (M-FISH and FISH) were obtained
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by using standardized harvesting protocols, as recently
described [16].
Metaphases image acquisition and subsequent karyotyp-

ing were performed by using a Nikon microscope with the
cytogenetic software CytoVision System (Applied Imaging,
Santa Clara, CA). Between 10 and 26 metaphase cells with
good dispersion and morphology were analyzed for each
cell line. Chromosome aberrations were described accord-
ing to the International System for Human Cytogenetic
Nomenclature 2013 (ISCN) [17].

Multi-color fluorescence in situ hybridization (M-FISH)
M-FISH was performed as recently described [16]. Briefly,
we used a probe cocktail containing 24 differentially
labeled chromosome-specific painting probes (24xCyte
kit MetaSystems, Altlussheim, Germany) that was de-
natured and hybridized to denatured tumor metaphase
chromosomes. The slides were incubated at 70°C in
saline solution (2xSSC), denatured in NaOH, dehydrated
in an ethanol series, air-dried, covered with 10 μl of the
probe cocktail (denatured) and finally hybridized for two
days at 37°C. Subsequently, the slides were washed with
post-hybridization buffers, dehydrated in an ethanol series
and counter-stained with 10 μl of DAPI/antifade. The
Metafer system and the Metasytems ISIS software (Carl
Zeiss, Metasystems, GmbH) were used for signal detection
and metaphase analysis. At least 10 metaphases exhibiting

the same derivative chromosomes were studied for each
cell line.

FISH for the HER2, STARD3 and TOP2A genes
FISH experiments were performed to define the HER2,
STARD3 (17q12) and TOP2A (17q21-q22) gene status
and mapping. In HER2 amplified tumors STARD3 is in-
cluded in the smallest region of amplification (SRA) in-
volving HER2, whereas TOP2A is reported to pertain
to a separate amplicon.
Two commercial dual-color probes for HER2 (Spec-

trumOrange)/CEP17 (SpectrumGreen) and TOP2A (Spec-
trumOrange)/CEP17 (SpectrumGreen) (all from Abbott
Molecular, Downers Grove, IL, USA) were used separately
on each cell line.
For the STARD3 gene, FISH studies were performed

using both an alpha satellite probe specific for Chr17
(CEP17) that was directly labeled with a green fluoro-
chrome (Abbott molecular) and a STARD3 specific locus
probe fosmid WI2-2398I17 (17q12) that was made in-
house. The clone was obtained from BACPAC Resources
Center (Children’s Hospital Oakland Research Institute,
CA, USA). The UCSC database (http://genome.ucsc.edu,
February 2009 release) was queried to localize the probe.
The fosmid was expanded, extracted using the QIAGEN
Plasmid Purification Kit (QiagenGmbH, Hilden, Germany)
and then directly labeled with SpectrumOrange-dUTP

Table 1 Aberrations of Chr17 as revealed by G-Banding, M-FISH and FISH in nine breast cancer cell lines and a primary
culture raised from a triple negative breast carcinoma
Cell lines Type of rearrangement

MCF7 (ER+/HER2-) der(6)t(6;17;16)(q25;q21;?)[100],der(17)t(8;17)t(1;8)[100],der(17)t(17;19)(p11.1;p12)[65]

T47D (ER+/HER2-) dic(9;17)t(9;17)(p12;p13)[100]

ZR-75-1 (ER+/HER2-) der(11)t(11;17)(p15;q?21)[100],der(11)t(11;17)(p15;q?21)t(11;17)(?;q25)[88],der(17)t(6;17)(p12;p11.2)[100]

BT474 (ER+/HER2+) der(X)t(X;17)(q13;q11q12)del(X)(p21)hsr(17)(q11q12)x2[39],der(11)t(8;17)(q21.1;q11q12)t(11;17)
(p15;q11q12)x2[100],der(11)t(11;17)(q?14;q?11.2)hsr(17)(q11q12)[39],der(11)t(11;17)(q?14;?)t(8;17)
(?;q?11.2)hsr(17)(q11q12)x2[57],der(13)t(13;17)(q10;q11q12)t(13;17)(q10;q11q12)hsr(17)(q11q12)x2[87],
der(17)t(6;17)(?;p13)t(15;17)(q11.2;q25)hsr(17)(q11q12)x2[96]

MDA-MB361 (ER+/HER2+) der(8)t(8;17)(p21;q11q12)t(5;17)(?;q11q12)hsr(17)(q11q12)[100],der(8)t(8;17)(p21;q25)t(8;17)(q13;q11.2)
[100],der(17)t(6;17)(?;q21)[100],der(17)t(7;17)(?;p13)[100], der(17)t(17;20)(p11.1;?)t(9;20)(?;q13.1)t(5;9)(q14;?)
[100], der(17)t(17;21)(q21;q22)[100]

SKBR3 (ER-/HER2+) der(X)t(X;17)(q21;q?21)hsr(17)(q11q12)x2[79], der(17)t(8;17)(q12;?)dup(17)(?)hsr(17)(q11q12)hsr(17)(q21)
[100],der(17)t(8;17)(?;q25)dup(17)(q22q25)[37],der(17)t(8;13;14;17;21)(?;q?;q?;q11q12;?)hsr(17)(q11q21)
[42],der(17)t(3;8;13;17;17;20)(?;?;q12;q12;?p;?)[74], der(17;17)t(17;17)(q25;?)dup(17)(q22q25)t(17;20)(?;?)[100]

JIMT-1 (ER-/HER2+) der(3)t(3;12)(p21;?)t(2;3)(?;q12)t(2;17)(?;q11q12)hsr(17)(q11q12)[100], ,der(8)t(8;17)(q13;q11q12)t(8;17)
(q11.1;q12)hsr(17)(q11q12)[100],der(17)t(8;17)(?;p13)[67],der(17)t(17;22)(p13;?)t(17;22)(q11.1;?)[100],der
(18)t(17;18)(q12;q21)t(16;17)(q23;q12)[100]

KPL4 (ER-/HER2+) der(1)t(1;17)(p36.3;q11q12)hsr(17)(q11q12)[100],der(6)t(6;17)(p12;q11.2)t(8;17)(q25;?)[93],der(9;13)t(9;17)
(p24;q11q12)t(13;17)(p11.2;q11.2)hsr(17)(q11q12)[100], der(17)t(3;17)(q13;q11)t(6;17)(?;q11)[66.6]

MDA-MB231 (ER-/HER2-) //

TNBC CASE (ER-/HER2-) der(17)t(8;17)(q21;p12)[100],der(17)t(16;17)(q11.2;q11.1)[15],der(17)del(17)(p11.2)del(17)(q11.2)[69],der(17)
t(17;19)(p11.1;?)[15],der(17)t(17;22)(p11.1;q11.2)[62]

The % of cells for which each abnormality was observed is indicated at the end of each abnormality within square brackets. The number of cells examined for
chromosome count was 26 for MCF7 cells; 24 for T47D cells; 10 for ZR-75-1 cells and for BT474 cells; 10 for MDA-MB361 cells; 19 for SKBR3 cell; 18 for JIMT-1 cells;
15 for KPL4 cells, 14 for MDA-MB231 cells and 13 for the triple negative breast cancer case (TNBC).
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(Abbott Molecular), using the Nick Translation Kit
(Abbott Molecular) according to the manufacturer’s
instructions. The fosmid clone was tested on meta-
phase and interphase cells of healthy donors, obtained
using conventional cytogenetic methods, to analyze the
position and strength of the signal, the presence/absence of
background and cross-hybridization and the hybridization
efficiency.
FISH with the HER2/CEP17, STARD3/CEP17 and

TOP2A/CEP17 probes was performed separately on
each cell line on fresh slides from methanol and acetic
acid fixed cells according to the manufacturers’ instruc-
tions. Briefly, the slides were washed at 37°C in 2x saline-
sodium citrate buffer (SSC), dehydrated in an ethanol
series, air-dried, covered with 10 μl of probe, co-denatured
in HYBrite System at 70°C for 5 min and hybridized
overnight at 37°C. Slides were then washed with a
post-hybridization buffer (2xSSC/0.3% Nonidet P-40),
dehydrated in an ethanol series and counter-stained

with 10 μl DAPI/antifade. Metaphases and nuclei were
selected with an AxioImager Z1 epifluorescence micro-
scope (Carl Zeiss, Germany). Analysis of the signal pattern
on the interphase nuclei and metaphases was performed
with the ISIS software. The number of FISH signals and
the localization of the signals were analyzed in at least 10
metaphases and interphase nuclei.

Results
Structural alterations of Chr17
The specific Chr17 alterations we found are detailed in
Table 1. In 8 out of the 9 cell lines analyzed we identified
39 rearranged chromosomes containing a portion of Chr17
(mainly its long arm) (Figures 1, 2, 3 and 4). The triple
negative MDA-MB231 cells showed no Chr17 alterations,
while the HER2 amplified MDA-MB361, SKBR3 and
JIMT-1 cell lines carried no normal copies of Chr17. In
particular, the SKBR3 cells harbored 10 different types
of structural abnormalities on Chr17, making it the cell

Figure 1 Analysis of Chr17 using G-Banding, dual-color FISH (HER2/CEP17, STARD3/CEP17 and TOP2A/CEP17) and M-FISH in the MCF7,
T47D, ZR-75-1 and MDA-MB231 not HER2 amplified breast cancer cell lines. Rearranged chromosomes containing a portion of Chr17 are
visualized by G-Banding technique on the left and by M-FISH on the right. For M-FISH the classified color of Chr17 is shown in pink, the translocation
partners are numbered on the right hand side of the chromosomes and the frequency at which each abnormality was observed is indicated in
brackets at the end of each abnormality. CEP17, HER2, STARD3 and TOP2A are shown in the middle by dual-color FISH (HER2/CEP17, STARD3/CEP17,
TOP2A/CEP17, respectively) whenever mapped to the corresponding derivatives (CEP17 is green-labeled; HER2, STARD3 and TOP2A genes
are red-labeled).
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line with the highest frequency of structural abnormal-
ities. The lowest frequency of Chr17 abnormalities was
observed in HER2 negative cells, which carried between
2 and 3 different types of alterations.
We defined nine regions of Chr17 frequently involved

in the observed structural alterations: 17p11, 17p13,
17q11.2, 17q11-12, 17q12, 17q21, 17q22, 17q23 and
17q25. The 17q11-12 region was the most frequent long
arm portion involved in structural alterations. This
region was affected in the BT474, MDA-MB361, SKBR3,
JIMT-1 and KPL4 HER2 amplified cell lines, while
17p11 and 17p13 were commonly affected in the MCF7,
ZR-75-1, MDA-MB361 and the SKBR3 and in T47D,
MDA-MB361, JIMT-1 cells, respectively (Table 1).

Using G-Banding, numerous complex derivative chro-
mosomes containing material from Chr17 were observed
in all cell lines except for MDA-MB231. Some of the de-
rivative chromosomes were present in duplicate (Table 1).
Chr17 deletions and dicentric chromosomes were ob-
served only in the T47D and SKBR3 cells.
M-FISH demonstrated that chromosome 8 and chromo-

some 11 were the most frequent translocation partners of
Chr17 (Table 2). Twelve different rearrangements between
Chr17 and chromosome 8, involving mainly their long arms
(8q11.1, 8q12, 8q13, 8q21 and 8q24) were identified in
MCF7, MDA-MB361, BT474, SKBR3 and JIMT-1 cells.
Similarly, 5 translocations between Chr17 (long arm) and
chromosome 11 (involving 11p15, 11q13 and 11q23) were

Figure 2 Analysis of Chr17 using G-Banding, dual-color FISH (HER2/CEP17, STARD3/CEP17 and TOP2A/CEP17) and M-FISH in KPL4 HER2
amplified breast cancer cell line showing four translocated Chr17 in addition to the normal-appearing copies of Chr17 and in one
triple negative breast cancer case (TNBC) showing five rearranged copies of Chr17. Rearranged chromosomes containing a portion of
Chr17 are visualized by G-Banding technique on the left and by M-FISH on the right. For M-FISH the classified color of Chr17 is shown in pink,
the translocation partners are numbered on the right hand side of the chromosomes and the frequency at which each abnormality was observed
is indicated in brackets at the end of each abnormality. CEP17, HER2, STARD3 and TOP2A are shown in the middle by dual-color FISH (HER2/CEP17,
STARD3/CEP17, TOP2A/CEP17, respectively) whenever mapped to the corresponding derivatives (CEP17 is green-labeled; HER2, STARD3 and TOP2A
genes are red-labeled). In the TNBC cells the chromosome in which we identified Chr17 material only is a der(17)del(17)(p11.2)del(17)(q11.2) with
a deletion on both short and long arm involving 17q12-q21.
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identified in ZR-75-1 and BT474 cells. Translocations with
chromosome 6 were observed in five cell lines, and translo-
cations between Chr17 and chromosomes X, 1, 3, 7 and 16
were observed only in HER2 positive cells (Table 2). We
identified 5 different alterations of Chr17 in the primary
TNBC culture, involving both the short (17p11.1, 17p11.2,
17p12) and the long (17q11.1 and 17q11.2) arms. In
addition, numerous complex Chr17 derivatives containing
material from chromosomes 8, 16, 19 and 22 were observed.

Mapping CEP17 and the 17q12–q21 amplicon
We considered the chromosomal correlation of HER2,
STARD3 and TOP2A genes mapping to 17q12–q21 with
CEP17 as shown by FISH on metaphase chromosomes
and we compared the results to the interphase pattern. By
M-FISH we reported the specific rearrangements. Out of

the 39 rearranged chromosomes containing a portion of
Chr17 identified by M-FISH, 12 harbored HER2, STARD3
(which mapped always together) and TOP2A; 16 harbored
HER2 and STARD3, 1 harbored only TOP2A, 2 did not
show either CEP17, HER2, STARD3 or TOP2A signals.
Notably, 8 of the 39 rearranged chromosomes carried

CEP17 signals without HER2 and STARD3 signals and
14 harbored HER2 and STARD3 genes but not CEP17.
The specific patterns observed by FISH in each cell

line are reported below.

Triple negative cell lines
In the MDA-MB231 triple negative cells the FISH (both
in interphase and metaphase) and M-FISH patterns
corresponded to three copies of normal Chr17, each
with one CEP17 green signal and one red signal

Figure 3 Analysis of Chr17 using G-Banding, dual-color FISH (HER2/CEP17, STARD3/CEP17 and TOP2A/CEP17) and M-FISH in BT474 and
MDA-MB361 HER2 amplified breast cancer cell lines showing six translocated copies of Chr17. Rearranged chromosomes containing a
portion of Chr17 are visualized by G-Banding technique on the left and by M-FISH on the right. For M-FISH the classified color of Chr17 is shown
in pink, the translocation partners are numbered on the right hand side of the chromosomes and the frequency at which each abnormality was
observed is indicated in brackets at the end of each abnormality. CEP17, HER2, STARD3 and TOP2A are shown in the middle by dual-color FISH
(HER2/CEP17, STARD3/CEP17, TOP2A/CEP17, respectively) whenever mapped to the corresponding derivatives (CEP17 is green-labeled; HER2,
STARD3 and TOP2A genes are red-labeled).
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corresponding to either HER2, STARD3 or TOP2A
(Table 3, Figures 5 and 1).
The TNBC primary culture nuclei displayed the same

FISH pattern for the HER2, STARD3, TOP2A genes and
CEP17. Four green CEP17 signals and two red signals
were observed (Figures 5 and 2). Two red and two green
signals corresponded to two Chr17 derivatives, namely
der(17)t(8;17)(q21;p12)x2 (100%), while the other two
green signals (without the HER2, STARD3 and TOP2A
genes) mapped to der(17)t(17;22)(p11.1;q11.2) (62%)
and der(17)del(17)(p11.2)del(17)(q11.2) (69%). This last
Chr17 derivative showed deletion on both short and long
arms involving the 17q12-21 region (Figure 2).

ER+/HER2 not amplified cell lines
In T47D and ZR-75-1 interphase nuclei, the same copy
numbers of HER2, STARD3 and TOP2A genes and of

CEP17 were observed (Table 3, Figure 5). Four copies
were observed in the T47D nuclei and three in the
ZR-75-1 nuclei (Table 3, Figure 5).
The T47D cells showed two normal Chr17 and two

Chr17 derivatives carrying both CEP17 and the three
genes (Figures 5 and 1). M-FISH showed that the de-
rivative chromosome previously reported as der(9)t(9;17)
(p13;q11) [18] was a dic(9;17)t(9;17)(p12;p13) (Figure 1).
In ZR-75-1, M-FISH showed that HER2, STARD3 and

TOP2A genes mapped to two normal Chr17 and one de-
rivative Chr17 (Table 3, Figures 5 and 1).
MCF7 interphase nuclei displayed four CEP17 green

signals and two red signals for the HER2 and STARD3
genes (Table 3, Figure 6). This pattern corresponded to
one CEP17 signal and one copy of the HER2 and STARD3
genes located on two normal Chr17 and two CEP17 sig-
nals on two Chr17 derivatives as confirmed by M-FISH

Figure 4 Analysis of Chr17 using G-Banding, dual-color FISH (HER2/CEP17, STARD3/CEP17 and TOP2A/CEP17) and M-FISH in SKBR3 and
JIMT-1 HER2 amplified breast cancer cell lines showing four or six translocated copies of Chr17. Rearranged chromosomes containing a portion
of Chr17 are visualized by G-Banding technique on the left and by M-FISH on the right. For M-FISH the classified color of Chr17 is shown in pink, the
translocation partners are numbered on the right hand side of the chromosomes and the frequency at which each abnormality was observed is indicated
in brackets at the end of each abnormality. CEP17, HER2, STARD3 and TOP2A are shown in the middle by dual-color FISH (HER2/CEP17, STARD3/CEP17,
TOP2A/CEP17, respectively) whenever mapped to the corresponding derivatives (CEP17 is green-labeled; HER2, STARD3 and TOP2A genes are red-labeled).
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(Figure 1). The FISH pattern for TOP2A was similar to
that observed for the HER2 and STARD3 genes, with
the only exception of having an additional TOP2A copy
mapping on a derivative chromosome 6 (Figures 6
and 1).

HER2 amplified cell lines
HER2, TOP2A and STARD3 gene amplifications were
found within chromosomes as homogeneously staining
regions (HSRs) but not in extra-chromosomal, double-
minute chromosomes (DMs). All of these cell lines showed
HER2 and STARD3 co-amplification.
In BT474 interphase nuclei, six CEP17 signals and sev-

eral clusters of HER2 and STARD3 were observed. This
pattern corresponded to nine clusters and six individual
red signals in metaphases (Figure 6). By comparing FISH
and M-FISH data, we showed that four CEP17 and four
red signals were located on four normal copies of Chr17,
and two CEP17 signals and two clusters of red signals
on two Chr17 derivatives as shown by M-FISH: der(17)t
(6;17)(?;p13)t(15;17)(q11.2;q25)hsr(17)(q11q12)x2 (96%).
The remaining seven clusters of red signals mapped to
five previously unreported highly rearranged chromosomes
(Table 3, Figure 3).
BT474 cells showed normal TOP2A gene copy num-

bers, and four red signals were observed on four normal
copies of Chr17 only (Figures 6 and 3).
In the MDA-MB361 nuclei four CEP17 signals, one

red cluster and four individual red signals (HER2 and
STARD3) were observed (Figure 6). None of these green

and red signals were located on normal copies of Chr17
(Table 3, Figure 3). Three individual red signals were
correlated with the centromeric locus and located on
three Chr17 derivatives. The other individual red signal
mapped to a chromosome 8 derivative and the only red
cluster, indicative of HER2 and STARD3 amplification,
was located on another chromosome 8 derivative. The
remaining CEP17 signals, without red signal (HER2 and
STARD3 deletion), mapped to a complex translocation
of Chr17 involving chromosomes 5, 9 and 20 (Figure 3).
These cells harbored a TOP2A deletion, as four chro-

mosomes with CEP17 were identified, but only one of
them had a TOP2A signal (Figures 6 and 3).
In the SKBR3 cells, HER2 and STARD3 co-amplification

was observed in 100% of metaphase and interphase nuclei
analyzed. Seven CEP17 signals and sixteen clusters and
four individual red signals (HER2 and STARD3) were ob-
served on numerous highly rearranged chromosomes
(Table 3 and Figure 6). In particular, two CEP17 and one
red signal mapped to the dicentric Chr17, der(17;17)t
(17;17)(q25;?)dup(17)(q22q25)t(17;20)(?;?) (100%), which
had not been previously reported (Figure 4). In two Chr17
derivatives TOP2A was co-amplified with HER2 either as a
single amplicon (der(17)t(8;13;14;17;21)(?;q?;q?;q11q12;?)
hsr(17)(q11q21)) or as separate amplicons (der(17)t(8;17)
(q12;?)dup(17)(?)hsr(17)(q11q12)hsr(17)(q21)) (Figure 4).
In addition, TOP2A deletion was detected on der(X)t
(X;17)(q21;q?21)hsr(17)(q11q12). In the remaining deriva-
tive chromosomes without gene amplification, TOP2A
showed the same FISH pattern observed for HER2, in

Table 2 Frequency of translocation partners of Chr17 in nine breast cancer cell lines
Translocation partner Chromosomal

abnormality
Number of

abnormalities
No of cell

lines
Cell lines

Chromosome 8 der 12 5 MCF7, MDA-MB361, SKBR3, JIMT-1, BT474

Chromosome 11 der 5 2 ZR-75-1, BT474

Chromosome 6 der 5 5 MCF7, ZR-75-1, MDA-MB361, BT474, KPL4

Chromosome X der 2 2 BT474, SKBR3

Chromosome 9 der 2 2 KPL4, T47D

Chromosome 9 dic 1 1 T47D

Chromosome 3 der 2 2 JIMT-1, KPL4

Chromosome 7 der 1 1 MDA-MB361

Chromosome 13 der 2 2 BT474, KPL4

Chromosome 1 der 1 1 KPL4

Chromosome 16 der 1 1 JIMT-1

Chromosome 17 der 1 1 SKBR3

Chromosome 19 der 1 1 MCF7

Chromosome 20 der 1 1 MDA-MB361

Chromosome 21 der 1 1 MDA-MB361

Chromosome 22 der 1 1 JIMT-1

der = derivative chromosome; dic = dicentric chromosome.
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Table 3 HER2 and STARD3 FISH pattern and complex Chr17 rearrangements in nine breast cancer cell lines and one
primary culture raised from a triple negative breast carcinoma
Cell line CEP 17 signals

(green)
HER2 signals (red) Chr17 Complex abnormalities encompassing

HER2 AmplificationCluster Individual Normal Derivatives

MCF7 4 0 2 2* der(17)t(8;17)t(1;8)

der(17)t(17;19)(p11.1;p12)

T47D 4 0 4 2* dic(9;17)(p12;p13)*x2

ZR-75-1 3 0 3 2* der(17)t(6;17)(p12;p11.2)*

BT474 6 9 6 4* der(17)t(6;17)(?;p13)t(15;17)
(q11.2;q25)hsr(17)(q11q12**)x2

der(X)t(X;17)(q13;q11q12)del(X)(p21)hsr
(17)(q11q12**)x2

der(11)t(8;17)(q21.1;q11q12*)t(11;17)
(p15;q11q12)x2

der(11)t(11;17)(q?14;q?11.2)hsr(17)(q11q12**)

der(11)t(11;17)(q?14;?)t(8;17)(?;q?11.2)hsr(17)
(q11q12**)x2

der(13)t(13;17)(q10;q11q12)t(13;17)(q10;q11q12)
hsr(17)(q11q12**)x2

der(17)t(6;17)(?;p13)t(15;17)(q11.2;q25)hsr(17)
(q11q12**)x2

MDA-MB361 4 1 4 0 der(17)t(6;17)(?;q21)* der(8)t(8;17)(p21;q11q12)t(5;17)(?;q11q12)hsr(17)
(q11q12**)

der(17)t(7;17)(?;p13)* der(8)t(8;17)(p21;q25)t(8;17)(q13;q11.2*)

der(17)t(17;20)(p11.1;?)t(9;20)
(?;q13.1)t(5;9)(q14;?)

der(17)t(17;21)(q21;q22)*

SKBR3 7 16 4 0 der(17)t(8;17)(q12;?)dup(17)(?)
hsr(17)(q11q12**/**/**/**/**/**)
hsr(17)(q21)x2

der(X)t(X;17)(q21;q?21)hsr(17)(q11q12**)x2

der(17)t(8;17)(?;q25)dup(17)
(q22q25)*

der(17)t(8;17)(q12;?)dup(17)(?)hsr(17)(q11q
12**/**/**/**/**/**)hsr(17)(q21)x2

der(17)t(8;13;14;17;21)(?;q?;q?;
q11q12;?) hsr(17)(q11q21**/**)

der(17)t(8;13;14;17;21)(?;q?;q?;q11q12;?)hsr(17)
(q11q21**/**)

der(17)t(3;8;13;17;17;20)(?;?;q12*;
q12*;?p;?)

der(17;17)t(17;17)(q25;?)dup(17)
(q22q25)t(17;20)(?;?)*

JIMT-1 2 2 2 0 der(17)t(8;17)(?;p13)* der(3)t(3;12)(p21;?)t(2;3)(?;q12)t(2;17)(?;q11q12)
hsr(17)(q11q12**)

der(17)t(17;22)(p13;?)t(17;22)
(q11.1;?)

der(8)t(8;17)(q13;q11q12)t(8;17)(q11.1;q12)hsr
(17)(q11q12**)

KPL4 3 2 3 2* der(6)t(6;17)(p12;q11.2*)t(8;17)
(q25;?)

der(1)t(1;17)(p36.3;q11q12)hsr(17)(q11q12**)

der(17)t(3;17)(q13;q11)t(6;17)
(?;q11)

der(9;13)t(9;17)(p24;q11q12)t(13;17)(p11.2;q11.2)
hsr(17)(q11q12**)

MDA-MB231 3 0 3 3* 0 0

TNBC CASE 4 0 2 0 der(17)t(8;17)(q21;p12)*x2

der(17)del(17)(p11.2)del(17)
(q11.2)

der(17)t(17;22)(p11.1;q11.2)

*Indicates the presence of one red signal (HER2) on a normal Chr17 or on a derivative Chr17.
**Indicates the presence of one red cluster (HER2) on a derivative Chr17.
**/**Indicates the presence of two red clusters (HER2) on a derivative Chr17.
**/**/**/**/**/**Indicates the presence of six red clusters (HER2) on a derivative Chr17.
Scoring of interphase nuclei to obtain the final result on HER2 gene status performed based both on a dual-FISH and a single FISH assay (according o the new
ASCO/CAP guidelines [19]) showed no differences in the final result for each of the cell lines.
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which all distinct HER2 genes were accompanied by
distinct TOP2A genes (Figures 4 and 6).
In the JIMT-1 cells, two CEP 17 signals and two clus-

ters and two individual red signals were observed for
HER2 and STARD3 genes (Figure 7). The two clusters of
red signals mapped to two chromosomes lacking CEP17
(Table 3 and Figure 4). One of the two individual red
signals was observed on a Chr17 derivative while the
other was on a chromosome 18 derivative (Table 3 and
Figure 4). We also observed HER2 and STARD3 deletion
on der(17)t(17;22)(p13;?)t(17;22)(q11.1;?) (Figure 4).
TOP2A was not amplified and the FISH pattern showed

two red and two CEP17 signals: one red signal mapped to
a Chr17 derivative, while the other mapped to a chromo-
some 18 derivative. In addition, a loss of the TOP2A gene
(TOP2A deletion) was observed on der(17)t(17;22)(p13;?)t
(17;22)(q11.1;?), similar to that observed for the HER2 and

STARD3 genes (Figure 4). TOP2A signals were not ob-
served on derivative chromosomes with HER2 amplifica-
tion (Figure 4).
The KPL4 cells showed three CEP17 signals and two

clusters and three individual red signals of HER2 and
STARD3 genes (Figure 7). Two CEP17 and two red signals
were located on two normal copies of Chr17, the other
green and red individual signals corresponded to complex
rearrangements involving Chr17 (Table 3, Figure 2). Like
the JIMT-1 cells, the HER2 and STARD3 gene clusters
were located on highly rearranged chromosomes (Table 3,
Figure 2).
These cells did not show TOP2A gene amplification

(Figure 7). Instead, one CEP17 signal and one red signal
were observed each on two distinct normal Chr17 copies,
and one red signal mapped to a chromosome 6 derivative
(Figure 2).

Figure 5 Representative FISH images of the MDA-MB231, T47D and ZR-75-1 breast cancer cells and one TNBC case using HER2/CEP17,
STARD3/CEP17 and TOP2A/CEP17 dual-color probes. Metaphase spreads are shown and boxes indicate representative interphase nuclei for
each case. None of these cell lines showed amplification of the HER2, STARD3 or TOP2A genes. Gene signals are red-labeled, CEP17 signals
are green-labeled.
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Discussion
By comparing the HER2/CEP17 FISH pattern in meta-
phase versus interphase nuclei, the present study dem-
onstrated that a CEP17 signal rarely corresponds to a
single intact Chr17, in both HER2+ and HER2- cell
lines. It is well known that cells of long-term cultures
may show high chromosomal rearrangements, however
Chr17 was altered even in the short-term TNBC primary
culture. Although obtained in a single primary cell line
this specific finding may corroborate our hypothesis that
chromosomal alterations involving Chr17 in breast cancer
may be indeed very complex and merit further investiga-
tion in primary cell cultures obtained from carcinomas of
different phenotypes.
This extensive cytogenetic analysis of Chr17 demon-

strated that only the MDA-MB231 triple negative showed
true polysomy (normal chromosome acquisition) as the

only Chr17 alteration. The BT474 HER2-positive cells
showed Chr17 polysomy together with different Chr17
rearrangements. In ER+/HER2 not amplified cell lines
normal copies of Chr17 coexist with rearranged Chr17
copies that either harbor or do not harbor the HER2
gene. On the other hand, some of the HER2 amplified
cell lines did not show any normal copies of Chr17 and
the HER2-STARD3 gene clusters were observed as HSR
on complex rearranged chromosomes. In addition, the
Chr17 derivatives (carrying CEP17) did not always show
HER2 gene clusters, and these latter were not exclusively
observed in Chr17 derivatives. In particular, in the BT474
cells 7 of 9 HER2 gene clusters were found on derivatives
lacking CEP17.
In breast cancer specimens the analysis of the HER2

gene in interphase nuclei is requested after an equivocal
immunohistochemical result (score 2+) of HER2 expression

Figure 6 Representative FISH images of the MCF7, BT474, MDA-MB361 and SKBR3 breast cancer cell lines using HER2/CEP17, STARD3/
CEP17 and TOP2A/CEP17 dual-color probes. Metaphase spreads are shown and boxes indicate representative interphase nuclei for each case.
FISH images for the BT474, MDA-MB361 and SKBR3 cells demonstrated HER2 and STARD3 gene amplification, while TOP2A gene amplification was
observed in the SKBR3 cells only. Gene signals are red-labeled, CEP17 signals are green-labeled.
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[8,19]. Either double-signal (HER2 and CEP17 probes) or
single-signal (HER2 probe) assays may be performed
assessing the HER2/CEP17 ratio or the absolute HER2
copy number, respectively. In the case of the double-signal
assay, the recent ASCO/CAP guidelines [19] recommend
using the HER2/CEP17 ratio to screen for amplified or
not amplified breast cancers. However, our data provide
another line of evidence that the interpretation of the re-
sults of the ISH analyses on interphase nuclei using a
dual-signal assay should be performed “with caution”,
given the high frequency of complex Chr17 abnormalities
involving both CEP17 and HER2 loci. This has to be taken
particularly into account in cases showing an increased
number of discrete HER2 signals, in which the HER2/
CEP17 ratio may highly impact on the final definition of
the gene status, in contrast with cases with HER2 gene
clusters of amplification. The introduction by the ASCO/
CAP 2013 of an algorithm that takes into account the ra-
tio first and then the HER2 gene copy numbers represents
an improvement in the identification of HER2 positive tu-
mors by dual-signal assays. We should point out that the
sole HER2 gene copy number method, as used in single-
signal assay, best identifies HER2 gene amplification in
interphase nuclei, as CEP17 copy numbers do not reflect
Chr17 copy numbers. This finding should be taken par-
ticularly into account for those scenarios in which mono-
somy of Chr17 may be encountered. In this respect the
new guidelines seem to be controversial depending on the
method of ISH analysis employed. Indeed, by following
the single signal copy number method cases with low copy
number (<4) are labeled as negative, while the same
tumors showing monosomy of Chr17 are labeled as

positive if the HER2/CEP17 ratio is employed [19-21].
Although on one side the HER2/CEP17 ratio may still lead
to issues when interpreting Chr17 monosomy and HER2
copy numbers would be more reliable, on the other hand
we should also acknowledge that double signal assays with
CEP17 counts may still provide informative parameters.
Interestingly, a recent study on patients treated with
anthracycline-based chemotherapy in the neoadjuvant set-
ting has shown that CEP17 duplication strongly correlated
with higher pCR rates [22] than did TOP2A and HER2, in
both univariable and multivariable analyses. This shows
that alteration of CEP17 copy number detectable in inter-
phase nuclei may still represent a prognostic or predictive
indicator, although we cannot decipher the real complex-
ity of the rearrangements this chromosome undergoes to.
For instance, Chr17 was frequently translocated with
chromosome 8 and 11. These chromosomes have been
observed in translocations in many breast cancer cell
lines [13,23] and have also been shown to participate
in translocation events in cases of primary breast car-
cinomas [24]. Cytogenetic analysis of primary cultures
would be of invaluable help in understanding whether
such alterations recapitulate those of primary tumors.
In the primary culture here analyzed, chromosome 8
was involved in one of the translocations.
Another finding of our analyses is the invariable co-

amplification of HER2 and STARD3 on the same meta-
phase chromosomes. Increased co-amplification of HER2
and STARD3 has been described to be correlated with ac-
quired lapatinib resistance [23]. On the other hand, the
simultaneous amplification of HER2 and TOP2A was only
found in SKBR3 cells, where a pattern of amplification

Figure 7 Representative FISH images of the JIMT-1 and KPL4 breast cancer cell lines using HER2/CEP17, STARD3/CEP17 and TOP2A/
CEP17 dual-color probes. Metaphase spreads are shown and boxes indicate representative interphase nuclei for each case. FISH images for the
JIMT-1 and KPL4 cells demonstrate HER2 and STARD3 gene amplification, while TOP2A gene amplification was not observed in these cells. Gene
signals are red-labeled, CEP17 signals are green-labeled.
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distinct from HER2 was identified in one of the Chr17
derivatives. This observation provides another line of
evidence that, despite the genomic proximity of HER2
and TOP2A and the observation that TOP2A amplifica-
tion seems to be restricted to tumors harboring HER2
amplification, these two genes are likely to pertain to
separate amplicons, as previously suggested [24,25].
One may speculate that secondary rearrangements
may intervene to separate the two genes from the pri-
mary amplicons.

Conclusion
The results of the traditional karyotyping and of FISH
and M-FISH assays on metaphase nuclei reported in this
study highlight that complex structural alterations of
Chr17 encompassing the HER2 gene and CEP17 are
common in breast cancer cell lines. This may reflect the
scenario found in breast carcinomas, as this finding was
also observed in the primary cell culture raised from a
TNBC. Taken together these data indicate that the
HER2/CEP17 ratio of interphase nuclei, routinely used
to select patients for eligibility for anti-HER2 treatment,
should be considered with caution and always coupled
with the HER2 gene copy number values in order not to
misinterpret HER2 gene amplification, as recently up-
dated in the ASCO/CAP 2013 [19].
Further investigation on primary cell cultures would

be of invaluable help to allow functional analysis in cells
harboring Chr17 rearrangements with respect of response
to distinct therapies.
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