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Abstract

Human papillomavirus16 (HPV) E6/E7 oncoproteins are associated with increased chromosomal instability through
Robertsonian aberrations. Robertsonian translocations are common constitutional abnormalities in humans but are
considered rare occurrences in cancer cells. Research is sparse surrounding Robertsonian translocations in viral
infected cells; therefore, we examined whether HPV-E6/E7 transfection could facilitate the formation of
Robertsonian aberrations. We used spectral karyotyping (SKY) and array-comparative genomic hybridization
(array-CGH) to score Robertsonian aberrations in 16-MT cells, which were derived from human keratinocytes that
were transfected with HPV16 E6/E7 oncoproteins. We analyzed 30 metaphases to determine the types of
Robertsonian translocations present in the 16-MT cells. The results showed non-homologous Robertsonian
translocations in 100% of metaphases scored and homologous acrocentric rearrangements-isochromosome types in
75% of metaphases scored. We studied two types Robertsonian translocations: der(13;14), the non-homologous

type, and i(13), the homologous isochromosomes type. The results showed that HPV E6/E7 oncoproteins induce
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genomic instability, causing Robertsonian translocations on chromosomes 13 and 14. This analysis provides a
reliable method for future research in the mechanisms of Robertsonian translocations as a result of centromeric

fusion in HPV-transformed cells.
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1. Introduction

Robertsonian translocations, typically inherited de novo, are the most common constitutional chromosomal
rearrangements[1]. Moreover, the most prevalent constitutional Robertsonian translocations are der(13;14) and
der(14;21), while all other reported combinations are rare [2]. The distribution of acquired Robertsonian
translocations differs from that of the constitutional type [3]. All forms of Robertsonian rearrangements have been
reported in hematologic malignancies, with isochromosomes accounting for over 50% of cases [1, 2]. The majority
of acquired cases involved other chromosomal rearrangements in addition to the Robertsonian translocations [2].

The presence of these additional rearrangements suggests genomic instability within affected cells [4].

Robertsonian translocations are connected with a number of cancers, where 90% of cases were reported as
constitutional in origin and approximately 3% as acquired [3, 5-11]. Constitutional translocations, specifically
der(13;14), may predispose certain individuals to T- or B- cell malignancies, depending on the location of the break
sites on chromosome 14 [12, 13]. If the breakpoint occurs at the T-cell a-receptor locus on chromosome 14, then the
affected individual may be predisposed to T-cell malignancy. If the break occurs in the short arm of chromosome
14, it does not affect the T-cell a-receptor; however, the individual is at risk to develop a lymphocytic malignancy,
such as lymphoma [13, 14]. Furthermore, a tandem translocation between chromosomes 13 and 14, with the
breakpoint at 14q, may lead to B-cell malignancy [12]. Previous reports show that pre-malignant and malignant
hematological disorders have been reported in individuals with constitutional rearrangements involving
chromosomes 13 and 14 [15] and der(15;22) [16, 17].

Little is known about the connection between Robertsonian translocations involving virus-associated transformation
and genomic instability. The heterozygous balanced translocation between chromosomes 13 and 17 correlates with
several Robertsonian chromosomes in Moloney murine leukemia virus-transformed cell lines [18-21]. In this study
we analyzed cells transfected by HPV16 E6/E7, known as 16-MT, using spectral karyotyping (SKY) and array-
comparative genomic hybridization (array-CGH) techniques. We show that Robertsonian translocations can, in fact,
be acquired in cells that are transfected with HPV16 E6/E7 oncogenes, an important observation given that

Robertsonian translocations are not often presented as a common acquired event.
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2. Materials and Methods

2.1 Cell growth-16-MT cells

The 16-MT cell line was generated from primary keratinocytes, and stable transfection was confirmed through dot
blot analysis. The 16-MT cell line was grown in complete keratinocyte growth media (KGM CC-4131), (Clonetics,
San Diego, CA) and in complete Dulbecco’s modified Eagle’s medium, containing 10% FCS (DMEM) (3:1). The
cell solution was then incubated at 37°C in a 5% CO, incubator. The standard protocol for tissue culture growth of
16-MT cells is described in Molecular cytogenetic characterization of human papillomavirus16-transformed
foreskin keratinocyte cell line 16-MT [22]. Subculturing of the 16-MT cell was halted at passage 16 for study. Slides

were aged for 3 days to prepare them for spectral karyotyping.

2.2 Spectral karyotyping (SKY)

SKY analysis was performed on 16-MT cells on unstained slides using aged metaphases. The SKY probes were pre-
annealed, denatured, hybridized, covered with a glass cover-slip, and sealed with rubber cement. The slides
hybridized at 37°C for 40 to 48 hours in a moisture chamber. The slides were aged in 2x saline sodium citrate (SSC)
at 37°C for 30 minutes. Cells were pretreated with pepsin (30 m g/mL pepsin in 0.01 mol/L HCI) at 37°C for 5 min
and 1x phosphate buffered saline (PBS) at room temperature for 5 minutes. The cells were then postfixed in 1%
formaldehyde in 1x PBS/MgCI2 at room temperature for 5 minutes and washed in PBS. Finally, the slides were
dehydrated in 70, 80, and 100% ethanol for 2 minutes. The SKY probes (Vial 1, SKY Kkit; Spectral Imaging,
Carlsbad, CA) were denatured at 76°C for 7 minutes and then allowed to preanneal at 37°C for 60 minutes. The
slides were denatured at 76°C for 5 minutes in 70% formamide—2 -SSC at a pH of 7.0 and were then dehydrated in
70, 80, and 100% ethanol for 2 minutes and allowed to air dry. The hybridization mixture was applied to the slides,
covered with a glass coverslip, and sealed with rubber cement. The slides were hybridized at 37°C for 40 to 48 hours
in a moisture chamber. Following hybridization, the slides were washed with 50% formamide—2x SSC for 10
minutes each at 43°C thrice, followed by another two washes in 2x SSC for 10 minutes, one wash in 0.4x SSC for 5
minutes, and a final wash in 0.1% Tween 20-4x SSC for 2 minutes at room temperature. Next, 80 mL of blocking
reagent (Vial 2, SKY Kkit; Applied Spectral Imaging) was applied to each slide, which were then covered with a

plastic coverslip and incubated at 37°C for 45 minutes.

The SD200 SpectraCubeTM spectral imaging system was used to acquire spectral images (Applied Spectral
Imaging, Migdal Ha’emek, Israel) [23]. The SD200 imaging system, attached to a Nikon E600 microscope,
consisted of an optical head (a Sagnac interferometer) coupled with a multiline charge-coupled device CCD camera
(Hamamatsu, Bridgewater, NJ) to capture images at discrete interferometric steps. The images were stored as a stack

in a Pentium 586/300 MHz computer.

2.3 Array-comparative genomic hybridization (array-CGH)
Array-CGH analysis was performed to further analyze the 16-MT cell line, as previously described [23, 24]. The

array consisted of at least 2,464 genomic clones printed in triplicate with an average resolution of 1.4 Mb across the
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genome. The data were analyzed using the UCSF SPOT computer software [25]. A second computer program,
SPROC, was used to calculate the average ratios of the triplicate spots for each clone. 16-MT cell DNA and normal
reference DNA from whole blood were labeled by random priming with Cy3- or Cy5-labeled nucleotides and
hybridized for 2 days to the array. Sixteen-bit, 1024-pixel images, through 4’,6-diamidino-2-phenylindole (DAPI)
Cy3 and Cy5 staining, were collected using a custom CCD camera system [26]. The UCSF SPOT computer
software was used [25] to automatically segment the array spots and calculate the log2 ratios of the total Cy3 and
Cy5 intensities for each spot after background subtraction. SPROC was used again to calculate the average ratios of
the triplicate spots, standard deviations of the triplicates, and plotting positions for each clone on the array for the
July 2003 freeze of the human genome sequence draft (http://genome.ucsf.edu). SPROC also implements a filtering
procedure to reject data based on a number of criteria, including low reference-to-DAPI signal intensity and low
correlation of the Cy3 and Cy5 intensities with a spot. The data files were edited to remove ratios of clones, for
which only one of the triplicates remained after SPROC analysis and the standard deviation of the log2 ratios of the
triplicates was O 0.2 [24].

3. Results

3.1 Spectral karyotyping analysis (SKY) of the 16-MT cell line

In Figure 1, SKY analysis confirmed the presence of the der(13;14) Robertsonian translocation and the
isochromosome-Robertsonian translocation i [13] rearrangement. Several other numerical and structural aberrations
were noted in the 16-MT cells involving duplications and deletions of chromosomal material [22]. Additional
painting with chromosome 13- and 14-specific probes was performed to accurately observe the frequency of the
Robertsonian aberrations, which are depicted by the arrow in figure 1A. Figures 1B and 1C present DAPI and
classified images, respectively. Figure 1D shows dicentric chromosomes involving der(13;14). Figure 1E —H,
focusing on clone number 2, depicts specific probes 13 and 14, that indicate i (13) and der(13;14), respectively.

Figure 1F is a DAPI image, and figure 1G and 1H demonstrate SKY analysis of Robertsonian translocations.

3.2 Array-CGH of robertsonian imbalances

Array-CGH was performed to determine and map chromosomal imbalances to confirm unbalanced Robertsonian
translocations. Figure 2 provides precise measurements (standard deviation of log2 ratios = 0.05-0.01) of numerical
chromosomal changes that involve imbalances in Robertsonian chromosomes 13 and 14. Other observations through

array-CGH revealed chromosomal gains and losses in 16-MT cells [22].

3.3 16MT and cervical cancer cells

In Table 1, 16MT cells showed Robertsonian types for chromosomes 13,14, der(13;14) (q10; q10)the 13;14 event
occurred 30 times out of 30. The homologous acrocentric genetic event i(13) occurred 18 times out of 30. These
genomic instability events in the 16MT cells were compared to the cervical cancer cells genetic events. HelLa cell
showed non-homologous events der(14;15) (q10;910) Siha showed no non—-homologous events. CaSki cells showed
non-homologous resulting in der(14;14) (q10;910), der(14;14) (910;910), and der(15;21) (g10;910).
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3.4 Comprehensive summary of robertsonian translocations
The comprehensive summary for cervical cancer cells showed hypotriploid for HeLa and SiHa cells, and

Hypertriploid for CaSki cells, as all outlined in Table 2.
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Figure 1: Cytogenetic characterization-representative karyotype from SKY analysis composite of the 16-MT
keratinocyte cells. (A) Red-green-magenta image showing several Robertsonian nonhomologue der(13;14)
translocations, (B) DAPI image, (C) classified image, (D) red-green-blue metaphase image indicating structural and
numerical changes in chromosomes, 13,14 and 15, (E) Red-green-magenta image showing a Robertsonian non-
homologue and an isochromosome i(13) derivatives, (F) DAPI image, (G) der(13;14), (H) i(13).
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Figure 2: Array-CGH image-profile of the 16-MT keratinocyte cell line. Array-CGH analysis was used to detect
and map chromosome gains and losses in the 16-MT cells by hybridizing target of genomic DNA from a test and a
reference sample to sequences immobilized on prepared slides. These probes are genomic DNA sequences (i.e.,
artificial chromosome, or BAC, that are mapped on the genome). The array CGH data show specific chromosomes

of interest that indicate Robertsonian derivatives, der(13;14) and i(13).
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Cell type Robertsonian type Chromosome N-number
16-MT Non-homologous der(13;14) (g10;q10) 30/30
Homologous acrocentric | i(13) 18/30
isochromosomes
HelLa Non-homologous der(14;15) (q10;q10)
SiHa Non-homologous 0
Caski Non-homologous der(13;13) (g10;g10) x2
der(14;14) (q10;q10)
der(15;21) (q10;q10) x2

Table 1: Robertsonian chromosomes that are involved in structural and numerical aberrations for 16-MT cells in

comparison to those in HeLa, SiHa, and CaSki cells. The chromosomes involved in the translocations and the

Robertsonian type are listed.

Structural/numerical | Number of Robertsonian
imbalances appearances chromosome involved
Hela Cells: Hypotriploid
der(13;19;3) 3 13
der(13;19) 9 13
der(13;10) 3 13
der(14;15) 1 14
der(13;19;15) 1 13
-14 Chromosome 1 14
-15 Chromosome 1 15
- 21Chromosome 4 21
-22 Chromosome 4 22
+14 Chromosome 3 14
+15 Chromosome 14 15
+22 Chromosome 4 22
SiHa: Hypotriploid

+13 Chromosome 13
-13 Chromosome 13
+14 Chromosome 33 14
+15 Chromosome 12 15
+21 Chromosome 21 21
-21 Chromosome 2 22
-22 Chromosome 22 22
der(15;19) 15
der(21;2) 21
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CaSki 78-82 Hypertriploid

+13 Chromosome 5 13
+14 Chromosome 10 14
-15 Chromosome 3 15
-21 Chromosome 7 21
-22 Chromosome 3 22
der(13;19) 2 13
der(14;11) 2 14
der(15;6) 4 15
der(22;13;1) 1 22;13
der(13;13) 1 13
der(15;8) 1 15
der(22;8) 1 22
der(15;13;7) 1 15
der(13;9;1) 1 13
der(14;14) 2 14
der(21;9) 1 21
der(21;10) 1 21
der(15;5) 1 15
der(15;10) 2 21
der(15;21) 1 15
der(21;16) 1 21
der(22;10) 1 22
der(22;6;13) 1 22;13
der(13;3) 1 13
der(22;13;17) 1 22;13
der(13;19) 1 13
der(11;14) 1 14
der(15;6) 1 15

Table 2: Comprehensive summary of reported Robertsonian translocations in Hela, SiHa, and CaSki cells.

Genomic analysis, using SKY, was conducted to generate the results displayed in the table. The table presents

various numerical imbalances in each cell line, along with the number of appearances and the chromosome involved

in the Robertsonian translocation.

4. Discussion

This study was conducted to examine the molecular and genetic mechanisms by which high-risk HPV16 E6/E7

genes contribute to Robertsonian translocations, genomic instability, and, eventually, cancer. HPV-associated

genomic instability is a property that contributes to cancer and is associated with the malignant transformation of

human epithelial cells in vitro through the deregulation of HPV oncoproteins [22]. We utilized 16-MT cells as a
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research model to study acquired Robertsonian translocations. We show, through SKY, that der(13;14) Robertsonian
translocations were in 100% of metaphases scored. The derivative chromosome breakpoints, identified by SKY,
appeared to have broken in the centromeric region, with the two chromosome pieces (q arms) fusing together after.
This occurrence is linked with decondensed pericentromeric heterochromatin, which allows breakage and

recombination at the same site [2].

We suggest that Robertsonian translocations may form through a distinct mechanism involving homologous
recombination in chromosomes 13 and 14. SKY analyses of the 16-MT cells show a hypertriploid karyotype
involving Robertsonian translocations and other isochromosomes. Robertsonian translocations are unique in their
relationship with acrocentric chromosomes. As it was once believed that Robertsonian translocations have no direct
clinical phenotypes, it is now accepted that Robertsonian translocations have long-term consequences [2, 27]. The
acrocentric short arms contain repetitive DNA within the nucleolar-organizing region (NOR). NOR activity and
expression of rRNA genes are increased in proliferating tumor tissues and reflect transcription activity in cells [2].
Cancerous cells infected with HPV exhibit both non-homologous translocations and homologous isochromosomes.
The 16-MT cells showed several acquired Robertsonian translocations throughout metaphase spreads. These
findings surrounding Robertsonian translocations suggest that induced chromosomal instability is caused by HPV16

integration into fragile sites of the DNA that produce specific chromosomal changes.

In addition to Robertsonian translocation der(13;14), the rare homologous acrocentric rearrangement i(13) is of
particular interest. The homologous acrocentric rearrangement of the g-arms of chromosome 13 resulted in one
chromosome 13; therefore, there are still two copies of chromosome 13, one rearranged with two g-arms of
chromosome 13 and one normal copy. SKY analysis showed der(13;14) translocations in 100% of all metaphases
analyzed. Also, i(13) aberrations were in 75% of metaphases scored, indicating that the 16-MT cell line may be a
strong model for studying acquired genomic instability damage. Analysis of array-CGH data showed that
Robertsonian chromosomes 13 and 14 have distinct regions of focal gain and loss. The array-CGH results revealed
cryptic deletions and gains involving chromosomes where localization is cytogenetically compatible with the
aberrant regions identified by SKY. The high level of separate chromosome aberrations might also reflect early or
late events that could be induced by HPV16 E6/E7 transfection, thus exhibiting focal amplifications and deletions

superimposed upon the background of whole chromosome gains.

In this analysis, we describe two types of Robertsonian rearrangements in the 16-MT cells, isochromosomes and
Robertsonian translocations. Our findings show 100% of Robertsonian translocations occurred between non-
homologous acrocentric chromosomes. Moreover, they are dicentric, suggesting that the translocations most likely
result from both short arm recombination and centric fusion, as initially explained by Robertson in 1916 and Fryns
in 1982 [27]. Additionally, we analyzed an HPV16-transfected cell line that contained acquired Robertsonian
aberrations. Any whole arm translocation between two acrocentric chromosomes with a breakage and reunion site

within the vicinity of the centromeres is a Robertsonian translocation. The der(13;14) form through homologous
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recombination of repetitive DNA sequences on chromosomes 13 and 14; this explains the high frequency of
der(13;14) in the population of cells examined and the uniform breakpoint at the molecular level. The occurrences of
der(13;14) may reflect the presence of a homologous repetitive sequence on other Robertsonian chromosomes that
could be an inverted event in chromosome 14, and it could lead to preferential pairing and exchange between

chromosome 13, 14, and 21.

Robertsonian translocations are very common in humans. The molecular mechanisms of chromosomal
translocations are complex and are not fully understood. Studies show organization of the human genome is a
hierarchy in the nucleus and every chromosome/chromatin structure has its preferential position and territory. Our
findings suggest that the arrangements of chromosomes and gene loci in cells are responsible for non-random
chromosomal translocations in human cancer. The results further suggest that such exchanges are more selective for
chromosomes 13 and 14 than for chromosomes 15, 21and 22. The possible role of centromeric alpha satellite DNA
in the etiology of 13q and 14q Robertsonian translocation involving the common and non-random association of

chromosomes 13 and 14. Is hypothesized.

5. Summary

We found two specific types of Robertsonian translocations in the 16-MT cells: the non-homologous type der(13;14)
and the homologous acrocentric type i(13). Additionally, we found other chromosomal gains and losses from the 16-
MT composite karyotype associated with E6/E7 transformation and induced genomic instability. The HPV16 E6/E7
oncoproteins may predispose cells to additional genomic instability, such as sister chromatid exchanges,
micronuclei, double strand breaks and bridge fusion breakage. These Robertsonian rearrangements may also
facilitate progression to metastasis as it causes a number of genetic changes to accumulate. The data presented here
are consistent with previous reports describing chromosomal instability in HPV-infected cells. Most importantly,
this is the first detailed report on Robertsonian translocations appearing in HPV-transformed cells. The identification
of Robertsonian-acquired changes in 16-MT cells, using advanced molecular cytogenetic techniques such as SKY
and array-CGH, supports the usefulness of the 16-MT cell line as an in vitro model for studying important steps

during HPV16 induced genomic instability in human keratinocytes.
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