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Chromogenic in situ hybridization using routine tissue
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Background: Amplification of the MYCN (mye myelocytomaﬁ/sisﬁral related oncogene, neuroblastoma derived)
gene in neuroblastoma is associated With'a peor prognosis: Methﬁ,{'sjor estimating MYCN gene copy number
that are based on pooled cells do not address eopy number heterogeneity at the cell level and can underestimate
or even miss amplification. MYCN‘EBF_ umber can be directly assessed by fluorescence in situ hybridization,
but evaluation of tissue histolow’ﬂ)ﬁf&"q Ititnot impaessible.

Objective: This paper reviews chr g in situ hybridization (CJSH) as it applies to the MYCN gene in
neuroblastoma. We compare thi ioug to other methods for determining gene copy number and highlight
the advantages of CISH. ;

Methods: We have developed ac
MYCN copy number on an indivi
sections, and therefore allows si
Results: In a previous study, Cl
techniques and proved to be more e.than .Southefrgl blotting or the quantitative DNA polymerase chain
reaction. The MYCN copy number is generally believed not to vary within a tumour, nor between tumour
samples, including primary vs. metastases, and préial‘gipost-treatment specimens. However, we found
heterogeneity from cell to cell, with ~80 % af amplified tu@ﬁ?homiing >50 % variation in MYCN copy between
cells. - — ——

Conclusion: For detection of gene amplification, CISH has all the advantages of FISH but in addition, needs no
special microscopy or image,capturing systems, and prebﬁr’étﬁ'ns are permanent. In the case of neuroblastoma,
CISH has disclosed consid@_rqble heterogeneity in MYCN copy number en cells in a tumour. Heterogeneity
reflects different tumour clongs and its role has been under-recognized insheuroblastoma biology. Additional
studies are needed to investigate the significance of tumour heterogeneiﬁ"ih neuroblastoma, and whether the

aggressive (i.e., MYCN-amplified) clones are more likely to metastasize, survive treatment modalities, and ultimately
i -

kill the patient.

i
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Neuroblastomeyis-the=fousth=mast commen
malignancy ofchildheod (afterbrain tumours, leukemia
and lymphoma)@ This tumour is a malignancy of neural
crest cells of the autonomic nervous system, hence it
is typically found in the adrenal medulla or sympathetic
ganglion chain [1]. It occurs most frequently in
children less than 5 years of age and accounts for
15 % of cancer-related deaths in childhood [2].
Neuroblastoma, along with retinoblastoma and
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rhabdemyosarcomay is=one of the few tumours
characterized by the oceurrence of amplification of
a particular oncogene, MYCN (myc myelocytomatosis
viral related oncogene, neuroblastoma derived) [3, 4].
Gene amplification refers to an increase in the relative
number of copies of a particular gene per cell. In
neuroblastoma, this can range from one or two
additional copies per cell to over a hundred copies
per cell. The term “relative increase’ is important, since
polysomy such as triploidy or tetraploidy do not
represent amplification. Amplification is believed to
result in over-expression of critical genes involved in
oncogenesis.
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The MYCN gene maps to chromosome 2p23-24
and is a member of a family of MYC genes and its
expression is normally restricted to neural tissues
during embryogenesis [5,6]. Increased copies of
MYCN generally lead to increased transcriptional
activity of target genes, only some of which are
known. Amplification of the MYCN gene confers a
growth advantage to cells in vitro [7]. There is also a
transgenic mouse model that overexpresses MYCN
in neuroectodermal cells [8]. This mouse develops
neuroblastoma confirming that MYCN contributes to
the oncogenesis of this tumour, although the exact
sequence of genetic events is still unknowis

When the MYCN gene is amplified, it usually-takes
the form of double minute chromosomes, separate
from the normal 46 chromosomesy@and i
in cytogenetic preparations. Less ofte
copies become integrated as tande
some random site in a chromosome.
recognized as a homogeneously stai
a cytogenetic spread [3, 9, 10]. Approxi
of neuroblastomas show amplification
gene [11] but this is more common (abo
in high stage tumours (stage 3 and 4) and
(5-10 %) in low stage tumours (stage 1, 2
[12,13].

Greater than 10 copies of the MYCN gene is-an

independent poor prognostic indicator; andis -
associated with advanced tumqyrul stage, rapid

methods such as quantitative DNA polymerase
chain reaction (PCR) were introduced [18]. These
methods analyze DNA pooled from a mixture of cells
and therefore provide only an average result for
a particular tumour. When the result is >10, this
presents no problem in determining patient prognosis
and planning treatment. However, when the copy
number is in the 3-10 range, it is unclear what this
means Such a result could be obtained from (1) a
hetero /ge ous population of tumour cells in which a
small’ p/e tion are highly amplified, (2) a highly
ampllfled our mixed with normal tissue, or (3) a
uniform-low-levelof increased copies in tumour cells
(q.g. a triploid-population). The first two situations
carry poor prognosis, whereas triploid neuroblastomas
hé\ve a favorable prognosis, yet all would be regarded
as'non-MYCN-amplified for treatment purposes.

. -Because key therapeutic decisions are based on
- “the presence of MYCN amplification, physicians
“tre?n | children with neuroblastoma need to be aware

of the possibility that MYCN amplification may be

|ff|cult|es have been overcome to a large

i_' extent'_brgL_\,!;i ing Tluorescent in situ hybridization (FISH)

to detenmne MYCN copy number [19-23]. FISH has
many advantages.in the.clinical setting:
(1) FISH is as sensgiy,e as Southern blotting or

tumour progression, and poor outcojne regardless
of tumour stage [11, 12, 14, 15]. A'lagk of MYCN
gene amplification does not necessarily imply a
good prognosis. It is well known that high stage
neuroblastomas without MYCN amplification also
have a poor outcome although!the melecular basis
for this is poorly understood. ‘Thesignificance of
MYCN gene amplification in low stage tumours is
less straightforward Some.have found that. this still
confers a poor prognesis regardless'of low stage [16],
while others have found that patient outcome-was
better predicted by histology rather than MYCN
amplification status [17].

Determination of MYCN copy number

While amplified MYCN genes can be seen in
traditional cytogenetic spreads either as double minute
chromosomes or homogeneously staining regions, this
method is too slow and expensive for routine clinical
use. Instead, MYCN copy number was originally
determined by Southern blotting [11] and later other

quantitative PCR; ™ |

(2) FISH requires asmaller sample size than needed
forSouthern blotting; |

(3) FISH has a faster turnaround time than Southern
blottifigior traditional cytogenetic analysis;

(4) FISH can'be used on interphase nuclei, in contrast
to karyotype analysis that requires dividing cells;

(5) FISH can be applied to formalin-fixed nuclei, in
cases where“fresh or frozen tumiour. is not available;
(6) FISH can distinguish doublé'minute chromosomes
froma’homogenously staining regiom, but this has yet
to see any clinical application;

(7) FISH can identify amplified cells within a mixture
of amplified and non-amplified cells.

However, FISH also has disadvantages that are
inherent to fluorescent microscopy:
(1) specialized, expensive equipment is required for
viewing slides;
(2) tumour cells preparations are not permanent;
(3) storage of results means that images must be
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captured, which requires specialized cameras and
software;

(4) since tumour cells are dissociated from each other
before examination by FISH, information about tissue
architecture is lost;

(5) itisdifficultif notimpossible to distinguish normal
cells from tumour cells.

The disadvantages of FISH mentioned above can
all be overcome if the detection system is converted
to the light microscopic level. This is the principle
behind chromogenic in situ hybridization (CISH).
We have established a CISH methed. that allows
determination of MYCN copy numberin formalin-
fixed paraffin-embedded tissue sectigns |1} To date,
three other studies have also usedCISHt0 determine

MYCN copy number [24-26]. Weswillreview: this-
technique in comparison to*Southern blotting, -

quantitative PCR and FISH, pluas peint out the
advantages this technique offers over these other
approaches. We have found the technique to be
simple, easy to interpret and applicable t@ routinely
processed specimens, including archival material. We
feel that this technique could be used routinely for
evaluation of MYCN copy number in neurobiastoma.

MYCN CISH protocol for formalin-fixed paraifin-
embedded tissue sections

Five micron formalin-fixed paraffin-embedded
sections are mounted on positively charged glass
microscope slides and baked in.a60 °C oven for 2-3
hours. Tissue sections are then deparaffinized and
rehydrated through graded alcohols. Tissue sections
are then boiled at 98 °C for 15 minutesin.CISH Tissue
Heat Pretreatment Solution (Zymed Laboratories;
San Francisco, USA), washed-in distilled water,
followed by treatment with an Enzyme Pretreatment
Reagent (Zymed).at_room temperature_for 10
minutes. Thextissue sections“are then washed In
distilled water, dehydrated through ‘increasing
concentrations of alcohol to absolute alcohol, and air-
dried. 15-20 ul of MYCN double-stranded DNA probe
(Zymed) labelled with digoxigenin is applied to the
tissue sections, coverslipped and sealed with a rubber
solution. Denaturation is performed at 95 °C for 5
minutes followed by hybridization overnightat 37 °C
in a HYBrite thermal incubator (Mysis Inc, Downers
Grove,IL, USA). After hybridization, the coverslips
are removed from the tissue sections and the slides
rinsed in 0.5x SSC at room temperature followed by

5 minutes in 0.5x SSC at 75 °C. Signal detection
is performed using the SPOT-LIGHT CISH Polymer
Detection Kit (Zymed) as described in the
manufacturer. This includes incubation with a mouse
polymerized anti-digoxigenin and horseradish
peroxidase-goat anti-mouse sequence followed
by exposure to DAB chromogen. After a light
hematoxylin counterstain, the sections are dehydrated,
cleared in xylene and coverslipped. Normal tissue
in the section provides an internal control for
hybrdization and a highly amplified neuroblastoma is
run«as a positive control with each assay.

Scoring-of tissue sections for MYCN copy
number. by CISH

Tumour cells can be easily distinguished from
normal cells since one is looking at a routine section.

. At least 200 tumour nuclei should be evaluated in each
~case. Tumour cell nuclei often overlap, which could
- lead to errors in copy number determination; hence,
\ care should be taken to score only non-overlapping

" cells: Tumours are scored as ‘not amplified’ if

‘there are only two hybridization signals per nucleus

- (Fig. 1). Occasionally, only one signal is seen, which

~can be aftributed to sectioning with loss of nuclear
material. Cells undergoing mitosis might be expected
to have 4 signals per nucleus and such cells are

“not scored, partly because they cannot be easily
distinguished from signals present in overlapping
nuclei. We found a few cases with 3 copies of the
MYCN gene per nucleus and considered these were
likely triploid tumours.

In our experience, cases that are amplified can
usually be identified even at lower magnifications, but
counting hybridization;signals requires a 60x objective
or highers Tumours with MYCN amplification show
varying numbers of signals. In most cases, these
cannote counted accurately since the signals overlap
within individualnuclei, This is particularly true when
there are >25 signals per nucleus. However, since
any number of signals greater than 10 per nucleus is
scored as ‘amplified’, is it not necessary to arrive at
an exact count for the number of MYCN signals in
each nucleus. It is also possible to distinguish two
staining patterns by CISH (Fig. 2). Most cases show
the pattern expected for double minute chromosomes
with numerous signals evenly distributed throughout
the nuclei. A rare case will show the pattern for a
homogeneously staining region with a large aggregate
of signal within the nucleus.
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Fig. 1 MYCN copy number in neuroblastomaMA) A.‘umo@oid for MYCN with two signals per

nucleus. (B) Atumour that is amplified for.ivi
MYCN with 3 signals per nucleus. (CISH

WD

7

it

h 25 si cleus. (C) Atumour that is triploid for
d hemat unterstain; original magnification, 40X).

Fig. 2 Nature of amplified MYCN ge
the nuclei indicating the presence;:toub
indicating the presence of homo
original magnification, 40X).

¢

neuroblastoma.

aeously staining regions. (CISH with

[ s discrete signals throughout
el - -

umour with large aggregates of signals,

and hematoxylin counterstain;

L, o
CISH can easily be sﬂuuugt:}istﬂ un;ruﬂo’t;]eﬂ.ejods of MYCN copy

not equipped to do FISH oF'molecular genetic ¢

studies. The scoring, 0 ions_for
number is straightf aﬁn&ﬁjlﬁn{‘r
labour-intensive quantitation or'scoring
experienced no problelns separating neuroblastoma
cases into ‘amplified’ and ‘non-amplified” using CISH.
Other studies [24-26] have found similar results,
although one of these studies used 6 or more signals
per nucleus as indicative of amplification. We think
this could lead to some patients being called amplified
that are not and recommend keeping the standard of
>10 signals per nucleus as the cutoff value for
amplification.

A RN

number determination

0 % of cases of
xj& known to be
uantitative PCR or

FISH [1]. FISH also identified all cases, whereas
Southern blotting missed 3 cases and quantitative
PCR missed 2 cases. Thus, CISH was as reliable as
FISH for categorizing tumours as ‘amplified’ or ‘non-
amplified” and more accurate than Southern blotting
or PCR. Others studies have reported similar results
for CISH with a concordance of >93 % with Southern
blotting and 100 % correlation with FISH [25,26] The
copy number determined by CISH agreed more
closely with the FISH results than the other two
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methods [1]. However, the CISH copy number was This may be related to sectioning of tumour nuclei
often lower than FISH copy number. This can be reducing the number of signals available for detection,
attributed to two factors: first, sectioning of nuclei in but some cases also had two MYCN signals by FISH,
paraffin sections reduces the number of MYCN genes in which whole nuclei are examined. The alternate
per nuclear cross section; and second, the DAB explanation is that the aneuploidy noted by flow
amplification step makes visual separation of signals cytometry did not involve chromosome 2, hence, and
more difficult than with FISH, especially when there thus there was no increase in the MYCN copy number.
are >25 signals per nucleus. It should also be pointed out that flow cytometry
/cannot be used to quantitate MYCN copy number

Low levels of MYCN amplification .. \\e\V the amount of DNA contributed by the extra
Both Southern blotting and PCR reIMpoq @ MYCN does not significantly alter the DNA

DNA samples, which can include Eehnqﬂhstic ifdex”__

tissue that can dilute out MYCN cellsy’
leading to underestimation of M b3 Nucleolai: size and correlation with MYCN copy

The concept of dilution of tumour b Hsiig 1 num\m
\ It\ﬁ\b“%j:ported that increased nucleolar area
N

of concern for tumours in the
of MYCN amplification (3-9 copi orrelates with amplification of the MYCN gene in

specifically whether these cop sent roma-poor roblastoma [27]. This observation
in all the tumour cells (a good pro i sthis™  was asekd on correlating the measured area of the
result reflect a population of ifi diluted nucleolus in a tissue section with the MYCN copy
out by normal cells (a poor prognosis). L ,,u, . numbe etés‘nined by FISH. The study found that

To ask if aneuploidy can aceount fo ga\sullt"s:'irr,-""l MY plified tumours had a larger nucleolar

this range, we correlated our CISH résuls with flow. ~ ar
cytometry results. In our study [1], 20 % cases l"*
showed low levels of amplification by GISH, and half ronucleoli’ if they resembled the appearance
were aneuploid by flow cytometry and ‘Half, fear Ily seen in rhabdoid tumours. By this definition,
diploid. Thus, low increases in MYCN copxﬂ@pep“ und ~15 % of neuroblastoma cases had

can sometimes be attributed.t aneuploidy but not - : ged nucleoli, and surprisingly, 100 % of these
in all cases. The other cas’%Sikely had increased had MA ,ifcation by CISH (Fig. 3). On the

-amplified tumours. Rather than perform
rphometry, we designated nucleoli as

numbers of diploid cellsin t here were more cases with MYCN
that signals of 3 or 4 were more common than in that did not have such nucleoli [1]. Hence
other tumours. There were also cases th specificityjﬁr this morphologic finding would seem
aneuploid, triploid or tetraploid on flow cytometry, but to be high, but the sensitivity is low, a finding that was
with only two copies of r‘ﬁus by CISH.  falso noted in the original study [27].

i

Fig. 3 Macronucleoli in neuroblastoma. Tumours with large ‘rhabdoid tumour’ size nucleoli (A) have MYCN amplification
(B), although most amplified cases do not show this nucleolar morphology. Arrows mark the nucleoli, which are
not sites of extra MYCN copies. (A: hematoxylin and eosin; B: CISH with DAB and hematoxylin counterstain;
original magnification, 60X).
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Heterogeneity of MYCN copy number within a
tumour sample

The copy number for MYCN is believed to remain
constant between concurrent and consecutive samples
from a patient [28], but this concept is based on
Southern blotting that measures only an average copy
number in a sample. Using FISH, it has been shown
that there is considerable heterogeneity in the number
of MYCN signals per cell [19, 20, 22, 23]. This is
thought to be a result of unequal segregation of double
minute chromosomes between daughter cells at
mitosis, resulting in a heterogeneous distribution
of double minute chromosomes over time as- the
neuroblastoma proliferates. Our previous-work
using FISH found that ~17 % of tumours showed
heterogeneity for MYCN copy number|
in direct conflict with the concept that
number is consistent within a particular tu
felt that 17 % was likely an underestim
can be difficult when using FISH 10 di
between tumour and normal tissue, and fociof tumour”

difficulty in obtaining exact counts in cases with >25
signals per nucleus. To avoid this problem, we defined
‘heterogeneity of MYCN copy number’ as a 50 % or
greater difference in copy number from cell to cell
(Fig. 4). Using this definition, we found that ~29 %
of neuroblastomas studied showed heterogeneity of
MYCN copy number [1]. Some of these cases had
been reported as non-MYCN amplified by Southern
blotting and/or PCR, but those cases that had FISH
done a}s e/detected heterogeneity. This proportion of
heteroy neity is higher than our previous study and
we attribute this.to using CISH instead of FISH. It
should be mentioned, however, that studies using tissue
mlcroarrays [25;.26] examine only small amounts of
tumour and will probably miss or underestimate the
dqlgree of MYCN heterogeneity.

] -HS_tQ,EOQEI‘IEIty of MYCN copy number between
r'tumour samples

"t is not unusual for the histology of neuroblastoma
;ﬁgry within a sample and between samples,

with low levels of amplification could easily bepassed reflée_t_lng differences in maturation. Neuroblastoma

off as normal tissue.

CISH overcomes this limitation since the se tlons : ,’

are examined by light microscopy. We foun,J cases
with increased copies of MYCN usually showed smu’lar
numbers of signals from nucleus to nucleus, although

there was some variation in the absolute number -

of signals per nucleus. We did net score these

t. N
)

« ** often'shows some maturation following chemotherapy

of sp‘élqrtaneously It is not uncommon for the primary
and the:r_n tastasis to differ in histology, with the
metastasis less differentiated, and different metastases
sometrmes have different histologies. Nevertheless,
it is generally believed-that MYCN amplification is
homogeneous within aj%mour pre- and post-treatment,

differences as ‘heterogeneity of MYQ_N;copy number’
since we could not rule out that the variation in number
was related to sectioning of nuclei combined with the

and congruent between the primary tumour and
metastases [28]. We have shown that during the
course of treatment, there was continued growth of

Fig. 4 Variability in number of MYCN signals. (A) A case with heterogeneity of MYCN copy number with a population of
MYCN-amplified tumour cells within a background population of non-amplified tumour cells. (B) CISH is also
useful to identify residual islands of MYCN-amplified tumour cells (arrows) within a background of scar tissue and
hemosiderin-laden macrophages. (CISH with DAB and hematoxylin counterstain; original magnification, 40X).
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the MYCN-amplified component in a neuroblastoma
that was originally heterogeneous with respect to
MYCN copy number [30]. This clonal overgrowth
changed the tumour from a favourable prognostic
category to an unfavourable one. Thus, at least some
cases of neuroblastoma contain genetically distinct
clones that differ by MYCN copy number. Support
for the concept of clones with different biologic
potential also comes from our study of telomerase
activity in neuroblastoma [31]. Telomerase expression
is an unfavourable prognostic indicator [32]. In
our study, tumours were assessed pre- and post-
chemotherapy, and ~25 % showed higher-ielomerase”
activity after therapy, consistent with-evergrowth of
a more aggressive clone of neuroblasiema.celis.
Since MYCN amplification is_a"marken of}
aggressive disease, these different clones could"

have different biologic behaviour, whieh inturn.could -

impact on response to treatment and overallisurvivat.
CISH isan ideal way to identify.these glones in patient
biopsies. Since MYCN heterogengity/is an“under
recognized phenomenon, its clinical significance
remains to be determined. A larger study is needed
to address the extent of MYCN heterogengity
in neuroblastoma, and correlate this/with-climical
outcome and pathologic parameters such’as tumour
differentiation. Such a study would need to inciude
tumour samples from the primary; pre-and posts
treatment, as well as tumour imetastases. Treatment

13

The ability to interpret tissue architecture avoids
the problem of counting normal cells and allows one
to score small populations of surviving tumour
within large necrotic areas. CISH is thus an attractive
method for any lab handling neuroblastoma specimens,
especially for institutions not set up to handle
fresh or frozen tissue or carry out molecular genetic
studies, since the technique is very similar to
immunohistochemistry that almost all pathology labs
have available. The ability to examine cellular and
tissue morphology also allows for studies that have
beenimpaossible previously, since CISH allows analysis
of MYCN-eopy number on an individual cell basis.
\We have.shown that MYCN copy number can be
heterogeneous in neuroblastoma and thus the concept
that MYCN amplification is homogeneous within
a tumour and congruent between primary tumour

-and metastasis may be an oversimplification. CISH
“opens the possibility to correlate MYCN copy
number with other morphologic parameters such as
tumour differentiation, and follow changes in copy

~* number before and after treatment, in both primary
~ and metastatic lesions. Such studies will lead to a

Jbetter understanding of neuroblastoma tumour
blology Finally, on a larger perspective, MYCN in
neu’PobIastoma is just one example of the application
pf CISH and the types of studies possible. Similar
’app”r‘oaches could. be taken for any cancer in which
gene amplification plays a role and for which a suitable

may select for resistant clones that are MYCN-
amplified. As well, since metastases are generally
individual clones from the primary, they may carry
a higher MYCN copy number than the primary,
especially if there is MYCN heterogeneity within the
primary.

Conclusion
CISH technology.allows a reliable determination
of MYCN copy number in‘formalin-fixed paraffin-
embedded specimens. It'is‘as accurate as FISH for
categorizing neuroblastoma as ‘amplified’ or ‘non-
amplified” and offers several advantages over FISH:
(1) CISH utilizes routine light microscopy;
(2) the slide preparations are permanent;
(3) no special storage of slides is required,;
(4) immediate capturing of images to record results
is not needed;
(5) tissue architecture can be evaluated in combination
with MYCN copy number.

In'situ probe is available.
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