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Abstract

DL X4 is a homeobox gene strongly implicated in breast tumor progression and invasion. Our main
objective was to determine the DL X4 copy number status in sentinel lymph node (SLN) metastasis
to assess its involvement in the initial stages of the axillary metastatic process. A total of 37 paired
samples of SLN metastasis and primary breast tumors (PBT) were evaluated by fluorescence in
situ hybridization, quantitative polymerase chain reaction and array comparative genomic
hybridization assays. DL X4 increased copy humber was observed in 21.6% of the PBT and 24.3%
of the SLN metastasis; regression analysis demonstrated that the DL X4 alterations observed in the
SLN metastasis were dependent on the ones in the PBT, indicating that they occur in the primary
tumor cell populations and are maintained in the early axillary metastatic site. In addition,
regression analysis demonstrated that DL X4 alterations (and other DLX and HOXB family
members) occurred independently of the ones in the HERZ/NEU gene, the main amplification
driver on the 17q region. Additional studies evaluating DL.X4 copy number in non-SLN axillary
lymph nodes and/or distant breast cancer metastasis are necessary to determine if these alterations
are carried on and maintained during more advanced stages of tumor progression and if could be
used as a predictive marker for axillary involvement.
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Homeobox genes belong to a family of genes that encode transcription factors involved in
cellular processes of early development, such as differentiation, morphogenesis, and tissue
homeostasis (1). They are evolutionarily highly conserved and contain a common DNA
binding site of a 60-amino acid motif encoded by 180 bp homeobox sequences (2), which
specifically regulates the expression of downstream target genes (3). Vertebrate homeobox
genes can be of two major classes: clustered or H#OX gene family and non-clustered or
orphan homeobox genes, which include the gene families PAX, MSX, IRX, OTX, CDX, and
DL X (4). The DLX homeobox family is the vertebrate homologue of the Drosophila distal-
Jess (DLX) family and is primarily involved in the control of craniofacial, forebrain, and
neuro-genesis development (5). In humans, this family is composed of seven genes, which
are represented by three major gene clusters: DLXZ and DLXZ2, DLX5and DLX6, DLX3,
DL X4, and DLX7 (6).

The DLX4 gene was first isolated from a human cDNA placenta library and mapped to
17921.3 (7). This gene is about 5,761 bp in length and has two splicing variants, BP1 and
DLX7, which presumably present different functions (8). In this study, we refer the mRNA
and protein expression to the analysis of the DLX4 splicing variant BP1. DLX4, similar to
other members of the DL X and other homeobox families’ members, is reportedly involved
in human tumorigenesis, functioning as homeoproteins that can regulate critical cellular
processes, such as cell cycle, apoptosis, and cellular transformation (9-12).

BP1 is a repressor of the - GLOB/N gene (13), and the BP1 protein was first demonstrated
to be highly expressed in leukemia cells (14). Subsequent studies have shown that BP1 is
widely expressed in a variety of other cancers, including lung, ovarian, and prostate (15-18).
BP1 was the first member of the DLX family to be strongly implicated in breast cancer, with
high mRNA expression in several cancer cell lines where it correlated with their in vitro and
in vivo tumorigenic potential (19). In clinical breast cancer cases, mRNA and protein
overexpression of BP1 were also observed and associated with established poor prognostic
factors, such as high histological grade, lymph node positivity, and estrogen (ER) and
progesterone (PR) receptor negativity (19-21). In addition, BP1 was demonstrated to play a
significant role in breast tumor progression and invasion, and was observed with an
increased protein expression in 81% of invasive carcinoma cases, compared with 21% of
hyperplasia and 46% of ductal carcinoma in situ (DCIS) cases (20).

A key and essential alteration in cancer development and progression is the deregulation of
genes with oncogenic functions, such as DL.X4. Several mechanisms can lead to their
abnormal expression and impact their regular cellular function, including copy number
imbalances in specific genomic regions, such as gene amplifications and deletions (22).

In our previous study, we demonstrated for the first time that the DL.X4 gene is amplified in
breast cancer (23), which could be one of the mechanisms that leads to its mRNA and/or
protein overexpression. Both amplification of DL.X4 and protein overexpression of its

Cancer Genet. Author manuscript; available in PMC 2018 February 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Torresan et al.

Page 3

isoform BP1 were observed in the primary tumors as well as in their corresponding lymph
node metastasis that were analyzed. Overexpression of BP1 was additionally shown to be
present in lymph node metastasis in the immunohistochemistry analysis of inflammatory
tumors, a rare but extremely aggressive form of breast cancer (24). Additional evidence
found in breast cancer cell line models has implicated BP1 in the metastatic process (21,25).
Interestingly, BP1 has been reported to play a critical role in epithelial-mesenchymal
transition (EMT) (26,27) as well as in tumor resistance to several therapeutic agents
(12,28,29)— mechanisms commonly associated with metastatic tumors.

In this study, based on the observed role of DL X4 in tumor progression and invasion, our
main goal was to evaluate its involvement in the early stages of the axillary lymph node
metastatic process by determining its DNA copy number status in sentinel lymph node
(SLN) metastatic lesions, the first metastatic site of the breast. Fluorescence in situ
hybridization (FISH), TagMan Copy Number Assay, and array comparative genomic
hybridization (array-CGH) assays were performed in a group of 37 paired samples of SLN
metastasis and primary breast tumors (PBT) from patients with invasive breast cancer, and
evaluated in relation to their clinical and histopathological parameters. In addition,
considering the proximity of DLX4to the HERZ/NEU gene in the 17q region, copy number
status of this gene was also determined to verify if DLX4 amplification is a separate event or
a consequence of a co-amplification mechanism due to its chromosomal location. The copy
number status of other DL.X genes (DLX2 (located at 2931.1), DLX3(17921.33), and DLX5
and DLX6(7921.3)) and of the HOXB gene family (HOXB1, HOXBZ2, HOXB3, HOXB4,
HOXB5, HOXB6, HOXB7, HOXBS, HOXBY, and HOXB13—all located in the 17921
region) was also determined in both the PBT and SLN metastasis analyzed.

Materials and methods

Sample characterization

A total of 74 (37 pairs of PBT and SLN metastasis from the same patient) formalin-fixed
paraffin-embedded (FFPE) samples of invasive breast cancer were analyzed for DNA copy
number alterations of the DLX4and HERZ/NEU genes. The samples were obtained from
the pathology tumor banks of Clinical Hospital and Hospital Nossa Senhora das Gragas
(HNSG), Curitiba, PR, Brazil during 1999-2008 from patients who underwent surgery for
primary tumor removal, before any cancer treatment. The FFPE samples were collected
from the tumor bank of the aforementioned hospitals and transferred to Georgetown
University, Washington, DC, under patient informed consent and through the IRB approval
of Georgetown University, of the hospitals involved, and the National Review Board of
Ethics in Research (CONEP-Brazil). The SLN biopsy was performed by both
lymphoscintigraphy and injection of blue dye and radiocolloid with intraoperative gamma-
probe. The accuracy rate of SLN identification using these methods in the aforementioned
hospitals is approximately 94% (30). The SLN biopsies were investigated for tumor cells
intraoperatively by standard frozen section analysis. Each FFPE block was uniformly
analyzed for its diagnosis and the presence of tumor cells by an experienced breast cancer
pathologist at Georgetown University. Only FFPE blocks that contained tumor tissue were
processed for tissue sectioning and were used in the DNA copy number assays.
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The clinical characteristics and follow-up information of the patients are presented in Table
1. Atotal of 31 patients presented with invasive carcinoma of the ductal type and 6 of the
lobular type. Tumors were classified according to the TNM system (31), and were of grade I,
I1, and 111 in 9%, 79%, and 12% of the patients, respectively. The majority of the patients
were Caucasian, with an average age of 53.8 + 10.2 years (range 34-75). The average tumor
size was 2.94 £+ 1.85 cm (range 0.7-8.0). Most of the patients were treated with classical
chemotherapy regimens (cyclophosphamide, methotrexate, and fluorouracil (5FU) (CMF),
or fluorouracil, adriamycin, and cyclophosphamide (FAC)) and tamoxifen. Clinical follow-
up information (of at least 5 years or the occurrence of death) was obtained for 89.2% of the
patients. The majority of the patients are alive with no evidence of disease (NED).
Recurrence to distant organs occurred in 21.2% of the patients, including lung, bone,
endometrium, and liver. Among these patients, 57% are not alive and 42.8% are alive with
the disease (as of the last follow-up in November 2013).

The cases were evaluated for diagnostic purposes for estrogen (ER), progesterone (PR), and
epidermal growth factor Il (HER2) receptor status by imunohistochemistry (IHC) analysis.
The monoclonal mouse anti-human estrogen receptor alpha and polyclonal rabbit anti-
human progesterone receptor were used for the ER and PR analysis, respectively. For HER2,
this analysis was performed using the HercepTest (Dako North America Inc., Carpinteria,
CA). ER and PR positivity were considered using a cut-off of 10%, and were observed in
90% and 82% of the cases, respectively (Table 1). HER2 positivity was scored per
guidelines of the International Consensus panel (32). Most of the patients were HER2
negative (83.8%); only one case (3.6%) was of the triple negative phenotype (as determined
by ER, PR, and HER2 protein expression status by IHC) (Table 1).

DNA isolation

For each case, before the DNA copy number analysis, an H&E section from each tumor
block was evaluated by a pathologist to confirm and delineate the presence of tumor tissue.
Consecutive 5-um sections were microdissected for DNA isolation (for TagMan and array-
CGH assays) as we previously described (33). Normal (reference) DNA was prepared from a
pool of multiple female donors with no cancer, to minimize the effects of normal
interindividual variation (copy number variations) in the copy humber analysis by array-
CGH. Dual-color FISH analysis was performed in new 5-um non-microdissected sections
that were consecutive from the ones used for DNA analysis.

FISH analysis

FISH hybridization, analysis, and scoring were performed using a standard protocol that we
have previously described for the DL.X4 gene (23). Briefly, dual- color hybridization for the
DL X4 and HERZ/NEU genes was performed using our constructed bacterial artificial
chromosome (BAC) clones (BACPAC Resources, Oakland, CA). The DL X4 probe consisted
of a contig of three overlapping BAC clones (RP11-267M22, RP11-298H16, and
RP11-479121), which contained sequences of the DLX4 gene. The HERZ/NEU probe was
constructed from the clone RP11-62N23. BAC clone DNA was prepared and labeled using
nick translation, with biotin-16-dUTP (Roche Applied Sciences, Indianapolis, IN) and
digoxigenin-11-dUTP (Roche Applied Sciences) for DLX4and HERZ/NEU, respectively.
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The FISH hybridization and detection were performed according to our previous protocol
for FFPE samples (23). The scoring for DLX4 and HERZ/NEU was performed
simultaneously in the same cell, by two independent observers. A minimum of 100 nuclei
were evaluated in each case, and only intact, non-overlapping nuclei were scored. Detection
of two probe signals was considered as a normal copy number, three signals as a gain, and
>3 signals as an amplification. The term “increased copy number” was used for both gain
and amplification. To consider a case as having gain or amplification, at least 30% of the
nuclei counted in the case had to fall into one of the above categories. It is notable that in our
previous FISH analysis of DL X4 copy number changes in normal cells (from women with
no cancer), increased copy number of this gene was observed in up to 4.3% of the cells (23).

TagMan Copy Number Assays

TagMan Copy Number Assays (Applied Biosystems, Foster City, CA), were performed in
the microdissected DNA isolated from the FFPE tumor sections and from the normal control
(pool of DNA from multiple female donors with no cancer). The samples were diluted to 5
ng/uL and amplified in the ABI 7500 HT Real Time PCR instrument (Applied Biosystems)
using DL X4- and HERZ/NEU-specific probes and primers. The RMASE P gene was used as
a reference. The gene sequences were based on the hg19.v9 genomic database (http://
genome.ucsc.edu/). The probe locations of the DLX4, HERZ/NEU, and RNASE P genes
were as follows: 48048179 (17q21.22 region), 37844501 (17g12), and 157907524
(14911.2), respectively. The DLX4and HERZ/NEU probes were labeled with the
fluorescent dye FAM and RNASE Pwith VIC dye. PCR was performed in a total volume of
10 pL in each well of a 96-well plate, which contained TagMan Universal MasterMix
(Applied Biosystems), 5 ng of genomic DNA, and 12.5 picomoles per liter concentration of
each primer and probe. PCR conditions included an initial denaturation step of 95°C for 10
minutes, followed by 40 cycles at 95°C for 15 seconds, and 60°C for 1 minute. All the
reactions were performed in triplicate, and a negative control with no DNA template was
included in every PCR run. For all PCR assays, the G values were established using SDS
2.2 RQ software (Applied Biosystems), and the copy humbers were normalized against the
reference gene (RVASE P) and determined by the 2 “AAC method. Copy number changes
were only considered for samples that presented with C; cycles <33 and a Z-score value
>2.65. A twofold increase or decrease in the copy number of DL X4 and/or HERZ/NEU in
tumor samples in comparison to the normal control was considered as a gain or loss,
respectively.

Array-CGH analysis

Array-CGH was performed to identify the copy number alterations in DL.X4and in other
DL X and HOXB family members, as well as in the HERZ/NEU gene. An oligonucleotide
base 4 x 44K format array-CGH platform (Agilent Technologies, Santa Clara, CA) was used
for this assay. The same genomic DNA used for the TagMan copy number assays was used
for the array-CGH hybridizations. The DNA from each case and controls were directly
labeled (Array-CGH genomic labeling kit, Agilent Technologies) and hybridized to the
array, according to the protocol for the FFPE material that we established in our lab (34,35).
Only cases that demonstrated a satisfactory incorporation of labeling, per the Agilent
protocol guidelines, were hybridized to the arrays. The arrays were scanned using an Agilent
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array scanner, and the data were analyzed using the Feature Extraction (FE) software v10.10
and Genome Workbench version 7.0 software (Agilent Technologies). For each sample, FE
gave a logy ratio (log of tumor processed signal over reference processed signal for each
gene) that was imported into Genome Workbench and transformed and viewed as a log,-
based ratio. Outliers detected by the FE were excluded from the analysis. The algorithm
ADM-2 and a threshold value of 6.0 were applied with the appropriate filters to analyze the
data. Gene amplifications and deletions were considered when the corresponding plotted
oligo-probes presented values of log, >7/6 and log, <5/6, respectively. The unsupervised
clustering analysis (unsupervised hierarchical clustering (UHC)) of the DLX, HOXB, and
HERZ/NEU genes was performed using the Multiexperiment Viewer software (MeV 4.8)—a
part of the TM4 software package from the Dana-Farber Cancer Institute in Boston, MA.
Log, values based on DNA copy number changes in these genes were median centered and
analyzed using UHC tools. Average dot product was used as a distance measure with
clustering performed using average linkage for samples and genes. The results of clustering
were visualized as heat maps utilizing MeV visualization tools with a 3-color color scheme
where the red color represents values above median, green color represents values below
median and black color corresponding to median values.

Statistical analysis

Results

A sample size power calculation was performed, considering a medium effect size of 0.5: A
paired ftest, two-sided, with a significance of 0.05, would give a power of 0.8 with a sample
size of 33.36 pairs of PBT and SLN metastases (36,37). The chi-square (XZ) and Fisher
exact tests were used to compare the results of DLX4and HERZ/NEU copy number changes
observed in the FISH and TagMan copy number assays in both the PBT and SLN metastatic
group, and to test the nonrandom involvement and the homogeneity distribution of the
number of DNA copy number changes of these genes in the lesions studied. The dependence
of the variations in the DLX4and HERZ/NEU copy number changes observed in the SLN
metastasis in function to the ones observed in the PBT was verified by regression coefficient
(b) analysis, as well as the variations of the alterations in the DL X and HOX gene families
(observed by array-CGH) as a function of the variations of the HER/NEU gene. The
correlation coefficient (r) was used to verify the dependence of the changes of DL X4 and
HERZ/NEU obtained by FISH and TagMan.

The clinical-histopathological data of the parameters from the patients (age, tumor size,
tumor grade and ER, PR, and HER2 receptors) were analyzed by the Student #test and
Fisher exact test; the significance level was P < 0.05.

FISH and TagMan copy number assays

Copy number assessment of the DL X4 and HERZ/NEU genes by either FISH or TagMan
Copy Number Assay was successfully performed in all the paired samples of PBT and SLN
metastasis in this study. Seventy-three percent (27 of 37) of the paired cases were analyzed
by FISH and 75.7% (28 of 37) by TagMan Copy Number Assay.
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FISH analysis showed DL X4 increased copy number in 29.6% (8 of 27) of both PBT and

SLN metastasis. TagMan Copy Number Assay showed increased copy number for DLX4in
17.8% (5 of 28) of the PBT and 10.7% (3 of 28) of the SLN metastasis. The results obtained
from both methods in the PBT and SLN metastasis analysis were not statistically significant

(x%=1.05, P>0.30, and ?=3.07, P> 0.05, respectively), which indicated a homogeneous
distribution of the data. Therefore, the total number of samples with DNA copy number
results were combined, and the final frequency of DL X4 increased copy number in the PBT
and SLN metastasis was 21.6% (8 of 37) and 24.3% (9 of 37), respectively (Table 2). This

difference was not statistically significant (2=0.08, £> 0.70). Figure 1 shows a
representative case (case 22), with increased copy number for the DL X4 gene in both the
PBT and SLN metastasis by both FISH and TagMan assays.

For the HERZ/NEU gene, FISH analysis showed increased copy number in 18.5% (5 of 27)
and 33.3% (9 of 27) of the PBT and SLN metastasis, respectively. TagMan Copy Number
Assay showed increased copy number for HERZ/NEU in 14.3% (4 of 28) of both the PBT
and SLN metastasis. As it was verified for DL.X4 analysis, the results for HERZ/NEU
obtained from both methods in the PBT and SLN metastasis were not statistically significant

(Fisher exact test = 0.73 and y3=2.77, P> 0.05, respectively). Therefore, the final
frequency of HER2/NEU increased copy number in the PBT and SLN metastasis was 16.2%
(6 of 37) and 24.3% (9 of 37), respectively. This difference was not statistically significant

(x3=0.76, P>0.30).

Increased copy number of the DLX4and HERZ/NEU genes in both of the lesions was more
frequent than losses (77.2% (17 of 22) and 71.4% (15 of 21), respectively). The difference

between the groups was not statistically significant ( ?=0.19, #> 0.50); however,
considering the random occurrence of increased copy number and losses, a statistically

significant difference was observed ( y?=10.26, £< 0.01).

Finally, DLX4and HERZ/NEU copy number status were concordant in 81.1% (30 of 37) of
the PBT and in 89.2% (33 of 37) of the SLN metastasis. Most of the lesions with concordant
results for these genes presented with normal copy number. The DNA copy number
alterations of both genes observed in SLN metastasis were evaluated in function of their
DNA copy number alterations in PBT in the lesions studied by the regression analysis. The
results showed that the alterations in the DL X4 gene observed in the SLN metastasis were
dependent on the DL X4 alterations in the PBT (b =0.69 + 0.10, £=6.9, < 0.001) and in all
the lesions (b = 0.41 + 0.09, ¢= 4.56, P< 0.001). For the HERZ/NEU gene, however, this
dependence was not observed (b = 0.19 £ 0.14, ¢=1.36, P> 0.10). We also verified the
dependence of DLX4and HERZ/NEU gene copy number alterations in both lesions by
correlation analysis and observed a non-significant correlation coefficient value (r = 0.01, ¢=
0.12, P> 0.90) (Table 2), indicating that the variations of DLX4and HERZ/NEU DNA copy
number were not dependent.
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Copy number changes of DLX4 and HER2/NEU—Array-CGH was performed in
seven pairs of PBT and matched SLN metastases and two unpaired SLN metastatic lesions
(total of 16 lesions). Copy number alterations for the DL.X4 gene were observed in four
paired cases and in the two unpaired SLN metastases; DL X4 amplification was observed in
both PBT and matched SLN metastasis in two cases (cases 14 and 22) (Figure 1) and one
unpaired SLN metastasis (case 7). For the HERZ/NEU gene, copy number changes were
observed in five paired cases and in the two unpaired SLN metastases; HERZ/NEU
amplification was observed in both the PBT and SLN metastasis from four cases (cases 14,
17, 20, and 22) and in the unmatched SLN metastases (cases 3 and 7). The significant log,
ratios for DL X4 were tabulated, and a linear regression analysis was performed with the
significant values for log, for each lesion. No significant value was observed, which
indicated that DL X4 copy number changes were not dependent on the HERZ/NEU copy
number changes (b = 0.44, ¢=2.00, £> 0.05).

Copy number changes of other DLX and HOX homeobox gene families—The
copy number results for other homeobox genes of the DLX family (DLX3, DLX5, and DLX
6) and for genes of the HOXB family cluster (HOXB1, HOXBZ, HOXB3, HOXB4, HOXBS,
HOXB6, HOXB7, HOXB8, HOXBY, and HOXB13) were assessed in 16 cases (7 paired
PBT and SLN metastases and 2 unpaired SLN metastases). The average number of cases
with copy number alterations observed in the DL Xand HOXB family genes were 9.25

+ 3.34 and 9.6 * 2.45, respectively, a difference that was not statistically significant (¢=
0.34, P> 0.70). In the DLX gene family, DLX3 (only gains) and DL X5 (gains and losses)
were the genes with the highest copy number changes, which were observed in 81% and
68.7% of the cases, respectively. DLX6and DLX2 presented mostly losses, which were
observed in 56% and 25% of the cases, respectively. In the HOXB family, HOXB7and
HOXB1 were the genes with a higher frequency of alterations, in 87.5% and 75% of the
cases, respectively. The alterations in the other members of this family ranged from 31-69%.
Figure 2 shows the amplification of the 17¢21.32 region, where a cluster of the HOXB genes
is located in both PBT and SLN metastasis from case 17.

Considering that several of the homeobox genes from the HOXB family that presented with
DNA copy number changes in this study were mapped at 17921, in close proximity to the
HERZ/NEU gene, regression analysis (of the significant array-CGH log ratios) was
performed, together with other members of the DL X family, to determine if these changes
were dependent on HERZ/NEU changes (i.e., a coefficient of regression was calculated
independently for each gene with HERZ/NEU). For the HOXB family members, a
dependence on HERZ/NEU changes was observed for HOXB3. b = 0.54, t=2.49, P<0.05,
HOXB7:b=0.87, t=3.32, P<0.01, HOXB9:b=1.02, t=2.79, P<0.05, and HOXB13:
b =0.53, =3.004, P< 0.01. For the HOXBZ2 gene, the regression coefficient was negative
but close to the significance limit (b = 0.57, ¢=2.06, A= 0.06). For the other HOXB genes,
HOXBI1, HOXB4, HOXB5, HOXB6, and HOXBS, the regression coefficients were not
significant, which indicated that their DNA copy number changes were not dependent on the
HERZ/NEU changes. For the DL X family, the only member that was dependent on
HERZ/NEU alterations was DL X5, for which the value of the regression coefficient was
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significant and negative (b = —0.31, #=2.40, < 0.05), which indicated an inverse
dependence on HERZ/NEU. The coefficient of regression for the other DLX family
members, DLX2, DLX3, and DL X6, was not significant, which indicated that their copy
number changes were not dependent on HERZ/NEU gene changes.

Unsupervised clustering analysis (i.e., UHC) was performed based on copy number changes
in these genes (i.e., array-CGH logs ratios used previously for the regression analysis)
(Figure 3). DL X4 was clustered separately from HERZ/NEU. Interestingly, based on the
log, values, most of the paired samples were clustered next to each other, with the exception
of one case (case 18).

Evaluation with clinical-histopathological parameters from the patients

DL X4 and HERZ/NEU increased copy number was evaluated with the following clinical and
histopathological parameters: age, tumor size, tumor grade, ER, PR, and HER2 protein
expression status. Only the data obtained from the FISH and TagMan copy number assays
(grouped data) were used for this analysis, considering that they were performed in a larger
number of paired samples.

The mean age and tumor size of the patients with DL.X4 increased copy humber in at least
one lesion was 53.2 + 10.4 and 2.9 + 1.5, respectively, in comparison with 54.2 + 10.6 and
3.0 £ 2.0 for the cases with no DL X4 increased copy number. The Student ¢test did not
show any significant difference among these groups for age or tumor size (¢=0.28, £>0.70
and ¢=0.15, P> 0.80, respectively). The same occurred for the mean age and tumor size
with HERZ/NEU increased copy number (£=1.08, P> 0.20 and = 1.19, P> 0.20,
respectively).

For tumor grade, patients with DLX4and HERZ/NEU increased copy number presented a
lower number of grade Il and I+111 tumors as compared with patients with no increased copy
number; however, differences between these grade groups (grades | and 111 considered
together) were not significant (Fisher exact test, 7= 0.68 for DLX4and P= 1.0 for HERZ2/
NEU).

Finally, for ER, PR, and HER2 expression status (as measured by IHC), the Fisher exact test
also did not show significant differences between the groups of patients with or without

DL X4 increased copy number (Fisher exact test, 7= 1.0, 0.21, and 0.18 for ER, PR, and
HER2, respectively). The same was observed between the groups of patients with and
without HERZ/NEU increased copy number (Fisher exact test, = 1.0, 0.55, and 0.16 for
ER, PR, and HER2, respectively).

Discussion

With wide implementation of population-based screening methods, breast cancers are now
often detected in the early stages with no regional lymph node involvement, conferring a 5-
year survival time 98% to the vast majority of patients; however, for patients with regional
nodal metastases, the 5-year survival can be as low as 40% (38). Therefore, finding
molecular markers of invasive or metastatic potential in early-stage lesions, when distant
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axillary and/or hematogenic metastases are not present, would have considerable impact on
patient survival, emphasizing the importance of early detection (39,40). Several clinical and
histological parameters, such as age, tumor size, histological grade, lympho-vascular
invasion, steroid, and HER2 receptor status, are considered as strong predictors for
recurrence (41). In addition, the molecular prognostic signatures, based on gene expression
profiling of primary tumors, have also been employed to predict metastasis and recurrence
risk (42); however, the axillary lymph node status still remains one of the most important
predictors of disease-free and overall survival for early-stage breast cancer patients
(39,40,43,44). To date, the best indication of axillary metastasis is the presence of tumor
cells in the SLN (45,46).

In this study, we have evaluated these axillary metastatic lesions by characterizing the copy
number changes of the DL X4 homeobox gene, which was previously reported to be involved
in breast cancer metastasis (20,21,23-25). Our analysis, which used three different methods
to assess DNA copy number (FISH, TagMan Copy Number Assay, and array-CGH)
performed in paired samples of PBT and SLN metastasis demonstrated increased copy
number of the DL X4 gene in 21.6% and 24.3% of the lesions, respectively. The difference in
frequencies between these lesions was not statistically significant, demonstrating that there
is no preferential increase in the copy number of DL.X4 in either the PBT or SLN metastasis.
These findings were also observed in our previous study in a smaller number of paired
samples of PBT and SLN positive lesions (23); however, in this study, we demonstrated that
the DL X4 alterations in the SLN metastasis were dependent on the ones observed in the
PBT, which, interestingly, was not observed for the HERZ/NEU gene.

Several models of the molecular evolution from the primary tumors to a metastatic state
have been proposed, underlying the complexity of breast tumor progression and the presence
of multiple sub-clones with different metastasis capacity in the primary tumors (47-50).
Although a high molecular heterogeneity and disparities are reported in molecular profiles
among these lesions (51), our results are in agreement with several other genomic,
transcriptomic, and proteomic studies (33,52-56), demonstrating that primary and metastatic
lesions do not present divergent molecular profiles. Of interest are our findings based on the
genome-wide copy number analysis obtained by array-CGH (data not shown) in these same
samples investigated for DL.X4. A remarkable similarity in the genomic profiles was
obtained between the matched primary tumors and the SLN metastasis.

Other members of the DL X family, DLX2, DL X3, DLX5, and DL X6, were also evaluated in
relation to their copy number status by array-CGH. The genes with a higher frequency of
increased copy number were DLX3and DL X5, followed by DLX6and DLXZ2. These
different members of the DL X family have been demonstrated to play diverse roles in
tumorigenesis. DLX2, DLX3, and DLX5 were reported to be mostly involved in
hematological malignancies (57-59), although DL X5 has been shown to be up-regulated in
solid tumors, such as lung, endometrial, uterine, and ovarian cancers (60-62). Recently, in
the triple-negative breast cancer cell line MDA-MB-231, it was shown that DLX2, DL X5,
and DL X6 were associated with metastatic potential when induced by the protein
ENDOTHELIN 1 (ET1) (63). In vitro treatment of these cells with ET1 resulted in positive
expression of both DLX5and DLX6, but loss of DLX2Z, in the lung and bone metastasis. A
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preliminary evaluation of these genes in clinical breast cancer cases also showed inhibition
of DLX2and induction of DL.X5 expression when compared to normal breast tissue. In our
study, we observed by array-CGH loss of DLX2in 18.8% of the cases, both in the PBT and
SLN metastasis and both gains and losses of DLX5, in 31.3% and 37.5% of the cases,
respectively. An evaluation of their respective expression levels in these cases should be
performed to determine whether the copy number alterations observed correspond to
alterations in mRNA or protein expression.

Members of the homeobox family HOX are also often highly overexpressed in breast cancer
and reportedly involved in the regulation of tumor growth and metastasis (11,64). In our
study, we evaluated DNA copy number changes of the HOXB gene cluster, due to its
location on 17921. HOXB7was the member of this family most frequently altered, with
higher frequencies of amplification in both PBT and SLN metastasis. This gene has been
previously shown to be overexpressed in primary tumors and distant metastasis from clinical
breast cancer cases (65). Interestingly, HOXB7 has been shown to be overexpressed and
involved in the process of EMT in placenta and endometrium tissue (66,67), and in epithelial
breast cancer cells accompanied by acquisition of aggressive properties of tumorigenicity,
migration, and invasion (27,68). Alterations of this gene are also reportedly involved in
tumor progression and metastasis promotion in other types of tumors, including pancreatic
and lung cancer (65,69,70). Overexpression of HOXB13, also observed with increased copy
number in our cases, has been correlated with the migration and invasion capacity in ER-
positive breast cancer cells resistant to tamoxifen (71). Distant metastasis from these patients
also displayed high HOXB13 expression, suggesting a role for HOXB13in tumor
dissemination and survival. In breast cancer, these two HOXB genes are commonly
associated with aggressive tumor phenotypes (11,71). Of note in our UHC analysis, these
two genes clustered near each other and in the same major cluster of DLX4.

DL X4 maps to the chromosome 17921 region, within the 17g amplicon, which is mostly
driven by HERZ/NEU amplification (72,73). This is a very complex and heterogenous
amplicon where the molecular variations targeting other associated breast cancer genes and
their clinical implications remain largely unknown (74,75). Therefore, it is critical to
investigate the copy number and expression of these genes in relation to HERZ/NEU, since
they may present independent biological value to breast cancer progression. In our study, the
evaluation of DLX4and HERZ/NEU by the DNA copy number assays demonstrated that
alterations in these genes occur independently (r = 0.01, £=0.12, > 0.90 by FISH and
TagMan Copy Number Assay and b = 0.44, = 2.00, £> 0.05 by array-CGH). These data
suggest that increased copy number of DL X4 in breast cancer is not a result of a co-
amplification mechanism associated with HERZ/NEU. Linear regression analysis based on
the array-CGH data was also performed for the DLX and HOXB family members in relation
to HERZ/NEU changes. DLX2, DL X3, and DL X6 did not present any dependence on the
HERZ/NEU changes, but DL X5 presented a significant and inverse dependence (b = -0.31, ¢
= 2.40, P< 0.05). For the HOXB family, a dependence of HER2/NEU changes was observed
for HOXB3, HOXB7, HOXBY, and HOXB13. For HOXB1, HOXB4, HOXB5, HOXB6, and
HOXBS, the regression coefficients were not significant, which indicated that their DNA
copy number changes were not dependent on HERZ/NEU.

Cancer Genet. Author manuscript; available in PMC 2018 February 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Torresan et al.

Page 12

In conclusion, our study supports the involvement of DL.X4 and other homeobox genes in
the process of axillary breast cancer metastasis. Increased DL X4 copy number was observed
with non-significant different frequencies in both the PBT and corresponding SLN
metastasis; however, regression analysis showed that DL.X4 (but not HERZ/NEU) alterations
in the SLN metastasis were dependent on the ones observed in the PBT, indicating that they
occur early during breast tumor progression in the cell populations of the primary lesions
and in the “very first” site of cancer metastasis outside the breast, before distant metastasis
occurs. Additional studies evaluating DL X4 copy number in non-SLN axillary lymph nodes
and/or distant breast cancer metastasis are necessary to determine if these alterations are
carried on and maintained during more advanced stages of tumor progression. Studies
should also be pursued in the evaluation of primary tumors from patients with negative
axillary nodes, to evaluate the value of DL X4 as a predictive molecular marker for axillary
lymph node involvement. Finally, copy number alterations of DL.X4 should be investigated,
coupled with gene and protein expression and, mechanistically, in assays that modulate

DL X4 expression, to determine if they functionally play a role in conferring breast cancer
metastasis-related capacity both in vitro and in vivo. These analyses would ultimately reveal
the potential role of DL.X4 as an additional biological marker that can contribute in the
future to the improvement of the selection criteria for patients who might undergo SLN
biopsy or axillary sampling, and/or its role as a target for the development of therapeutics to
prevent the early stages of breast cancer metastasis.
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Increased copy number of the DL X4 gene demonstrated by array-CGH (A), TagMan Copy
Number Assay (B), and FISH (C) analysis in both PBT and SLN metastasis from the same
patient (case 22). (A) (left side) Ideogram of chromosome 17 showing three and two
amplified regions in 17q in the PBT and SLN metastasis, respectively. (A) (right side) A
detailed image of the region 17921, showing amplification of the DL.X4 gene by array-CGH
analysis, in both PBT and SLN metastasis (blue bars). (B) TagMan Copy Number Assays in
the same case showing high level of DLX4 amplification in both PBT and SLN metastasis
when compared to the normal control (NC). (C) Representative interphase nuclei from this
case showing multiple signals of the DL X4 probe in the two lesions analyzed (green

signals).
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Figure 2.
Array-CGH analysis of the paired lesions of case 17. Ideogram of chromosome 17 showing

amplification of three and two regions on 17q on the PBT and SLN metastasis, respectively,
and one region of loss on 17p in the SLN metastasis (left side). A detailed image of the
region 17921.32, showing amplification of the HOXB genes cluster in the lesions analyzed
(right side, blue bars).
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Heat map of the UHC of samples and genes based on DNA copy number values. Red color
represents log, values above median; green color represents log, values below median; and

black corresponds to median log, values.
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Summary of DL X4 copy number changes observed in the 37 pairs of PBT and corresponding SLN metastases

analyzed
DNA copy number changes
Patient no. Leson DLX4 HER2/NEU
1 PBT Normal Normal
SLN Normal Normal
2 PBT Amplification ~ Amplification
SLN Amplification ~ Amplification
3 PBT Normal Normal
SLN Gain Gain
4 PBT Gain Normal
SLN Normal Normal
5 PBT Normal Normal
SLN Normal Normal
6 PBT Amplification ~ Amplification
SLN Amplification ~ Amplification
7 PBT Normal Normal
SLN Normal Normal
8 PBT Normal Normal
SLN Normal Normal
9 PBT Gain Gain
SLN Normal Normal
10 PBT Normal Normal
SLN Normal Normal
11 PBT Amplification  Normal
SLN Amplification  Normal
12 PBT Normal Normal
SLN Normal Normal
13 PBT Normal Normal
SLN Normal Normal
14 PBT Normal Normal
SLN Normal Normal
15 PBT Normal Normal
SLN Normal Normal
16 PBT Gain Normal
SLN Normal Gain
17 PBT Normal Normal
SLN Normal Normal
18 PBT Normal Normal
SLN Normal Normal
19 PBT Normal Normal
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DNA copy number changes

Patient no. Leson DLX4 HER2/NEU
SLN Gain Gain
20 PBT Normal Normal
SLN Gain Gain
21 PBT Normal Normal
SLN Normal Gain
22 PBT Amplification ~ Amplification
SLN Amplification ~ Amplification
23 PBT Amplification ~ Amplification
SLN Amplification ~ Amplification
24 PBT Normal Normal
SLN Normal Normal
25 PBT Normal Normal
SLN Normal Normal
26 PBT Normal Normal
SLN Normal Normal
27 PBT Normal Gain
SLN Normal Normal
28 PBT Normal Normal
SLN Normal Normal
29 PBT Normal Normal
SLN Normal Normal
30 PBT Normal Normal
SLN Normal Normal
31 PBT Normal Normal
SLN Normal Normal
32 PBT Normal Loss
SLN Normal Normal
33 PBT Loss Loss
SLN Gain Normal
34 PBT Normal Normal
SLN Normal Normal
35 PBT Loss Normal
SLN Loss Loss
36 PBT Normal Loss
SLN Normal Normal
37 PBT Loss Loss
SLN Loss Loss
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