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HISTORY as safe chromosome identification by technical
_ _ _ _ banding (Casperssetal.,1970). The use of micro-
The gist of my hypothesis (.. is) a certain abnormescope photometers allowed measurements of DNA
chromatin constitution. Each process, which bringscontent in interphase nuclei (Casperssnal.,
the origin of a malignant tumour. Certainly, | con- ger ploeg, 2000). The technique was eased with the
sider irregularities with mitosis as the normal mOdeFeulgen procedure that produced a DNA specific
of the origin of an incorrectly assembled nucleus gy for visible light. Microphotometry has found an
This statement by Boveri (1914) has considered 28¢5y application in cancer research (Atkin and
lier observations of asymmetric divisions in humarpifards. 1956: Sandritter and Fischer 1962). Olle
cancers (Hansemann, 1890). The hypothesis c,qnersson (1964) was one of the first who
based on the understanding of mitosis as an €dlg,cssed on premalignant lesions and thus on
tional bipartition of the hereditary substance (Flemy, ., jsenesis.” Quantitative DNA records revealed
ming, 1879; Roux, 1883). Latest since it was know'an interrelation between genomic alterations and
that genes are located on chromosomes (Sturtevatumorigenesis. The global recording of nuclear

1913), their balanced transport in anaphasDNA became an important approach towards quan-
appeared as a condition of correct somatic prolifer 7, .. P L app a
tification of genome stability. A congruence and

ation. True mitoses guarantee the constancy of te | tion has b ted for th ¢

minally differentiated tissues. Politzer (1934) hascausal connection has been suggested for the scat-

performed X-ray experiments to investigate abnortergdhproflles Of)lDNA COTt?(;'t n mterpr;]ase nuclei g

mal karyokinesis with regard to anomalous chro@"d the countable aneuploidy in metaphase spreads
y g (Richards and Atkin, 1960). Two unfortunate main-

matin condensation, chromosome breakage, spinc ; ; .
malformation, and failure in cytokinesis. On theStreams have hampered progress in the immediate

basis of light microscopy, further significant study of pathologic mitoses. One was the desire for
progress in understanding the pathology of mitosi'@sh sample analysis that favoured the use of flow
was not possible. Tumour cases with reduced chrfluorometers, which are limited to interphase nuclei

mosome numbers seduced to the idea that mitotfrom disintegrated tissues. Another hindrance were
activity is rather under cytoplasmic than undeiStatements that the use of microsections is not per-

nuclear control (Koller, 1947). missible in microphotometry (Bécking, 1998). On
Advance in the Hansemann-Boveri hypothesiithe other hand, a legitimate caveat has been pro-
depended on insights in the structure of DNA and itposed that judgements of histopathologists upon
genetic implications. Further prerequisites were thmitosis may be unreliable because of interobserver
determination of the correct number of elements ivariability. Therefore, Barryet al. (2001) have
the human karyotype (Tjio and Levan, 1956) as we called for a robust definition of abnormal mitoses.
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PATHOLOGIC MIT OSES and tetrapolar metaphases could occur and have
been already recorded by Hansemann (1890).
The human body is the result of mitotic prolifera Multipolar arrangements are indeed most conspic
tion in accordance with cellular diversification. uous and therefore acknowledged as the paradigm
Adult tissues consist mainly of specialized cellsof pathologic mitosesThe dramatic morphology
which are terminally diérentiated. Mitotic activity favoured the opinion that they are sure indicators
remains restricted to somatic stem cells that eventiof malignancy (Therman afidmonen, 1950). But
ally repair injuries, and to committed stem cells thawith (premalignant) carcinomas situ of the uter
substitute for tissue turnovdinere are three criteria ine cervix, Hamperl (1954) has noticddrei-
that characterize aberrations from regular mitotiGruppen-Metaphasemhich probably were tripo
activity in the soma: (1dlislocated divisions with lar structures.
relentless persistenc{?) multipolar anaphase dis Multipolar spindles would distribute chromo
tortion and (3) aberrant DN&ontent. Each can be somes at randonThus, they were judged being

traced with methods using light microscopy highly inefiicient in accomplishing segregation of
whole genomes (Boveri, 1914; Stern, 1958).
Divisions in tissue disorder If a primary multipolar process could finish suc

Healthy mucous membranes, as an example, acessfully through telophase, the progenitors would
composed of four compartments consisting obe extremely hypoploidihree 1.3 ¢ nuclei should
(1) silentstem cells, (2) &yer of committed cells result from a tripolar anaphase, whereas a
showing controlled proliferation, (8ifferentiated quadripolar configuration should produce four
cells and (4) cells scheduled for apoptosis. Prop¢haploid (1 c) nuclei. In each case, apoptosis is
mitoses must not occur in the maturelfeliéntt  expected to eliminate the pathologic produtie
ated compartment. Even a heavy inflammatioiconsideration depends on a yet not answered ques
does not violate this rule (Fig. 1 a). Positional anition whether multipolar figures with a regular
temporal limitations of mitotic activity provide DNA content of 4.0 c really exisAccording to
evidence for stringent genetic control. my experience, multipolar structures drgper

Divisions appearing outside the committed eom chromaticcontaining more than 4 ¢ DNA.
partment, howeveare highly suspicious for being Multipolar events are rather rare in tumours, and
pathologic. If an illegitimate proliferation is not their prophase precursors are unknown. Scarcity
stopped soon, the environment becomes lefa-dif explains the lack of molecular data. Multipolar
entiated and eroded by time. Diagnostic antibodieorganization shows that the spindle can function
may provide further evidence for dislocated celindependently and ruthlessly against chremo
multiplication (Ki67 expression) and laggingfdif ~ somes and the karyotypEhis is especially obvi
entiation (no decoration for E-cadherin). Cellularous from experiments when microtubules segre
divisions are strictly limited in time for some daysgate DNA-coated microballs instead of chremo
after injuries. Long persistence of cell multiplica somes (Zhang and Nicklas, 1996).
tion indicates cell cycle disorders followed by aber
rant mitotic figures, which occur already in prema Chromosome division figues
lignant lesions (Figl b). This rule was proven in  Pathologic divisions occur in premalignant and
squamous epithelia of oral mucosa, esophagus, uttmalignant tumours. Since their defects are not dis
ine cervix and skin, further in columnar epithelia ofcernible for sure with the light microscope, they are
gastric and colorectal mucosae (Steinbeck, 199'generally addressed as “mitoses” (Fig. 1 d-f). Exam

Steinbeck andwuer, 2000; Khaledet al, 2000). ples only with extreme aberrations may be realized
by mere morphological inspection like the asym
Multipolar chromosome arrangements metric telophases reported by Hansemann (1890).

Centrioles usually are observed paired in a disMicrophotometry provided quantitative evidence
tinct cytoplasmic bodythe centrosomeThe that divisions in premalignant and malignant lesions
autoreduplication of centrioles in late G2 of inter represent indeed pathologic entities despite their
phase, howeveis disturbed when more then two unsuspicious morphology (Fig. 2).
centrosomes result (Galeotti, 1893; Pitetnal., Such a division was termé&hromosome Division
1998). In consequence of spindle defects, tripoleFigure (CDF) when its DNAcontent wast 0.5 ¢
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Fig. 1 - Histology of mucous membranes. Inflammation does neitliectajenome stability nor tissue ordBivision (arrow
head) in inflamed oral mucosa)(is within the layer of committed cells. High-grade dysplasias (oral muzosad uterine
cervix c) show dislocated divisions (arrows) with aberrant Dédftent. HE staining of gm sectionsd, c, d, f). Feulgen stain

ing of 15um section iy, €) allowed microphotometry of prophase CDF with 7@NA. Bar represents 25m ina, ¢, 32um in
b, and 10umind - f.

Fig. 2 -Imprint cytology from a breast canc¢etained with HEAfter diagnosis, the specimens were destained, Feulgen stained,

relocated and analysed for DNAntent Abnormal DNAcontent recorded with microphotometry: 6.1 ¢ prophase GIDF (
7.2 ¢ metaphase CDB)( and 5.2 c anaphase CId}. Bar: 10um.

aberrant from 4 ¢ (Steinbeck 199The coinage is Mitosis by definition. _CDFs comprise deleterious
close to the historical ternKerntheilungsfigur chromosomal sets with aberrant D¢Antent as
(nuclear division figure) and indicates a pathologicwell as the minor fraction characterized by multi
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polar spindles.The term should emphasize thatEndomitosis and endoeplication

CDFs are products of chromosome instabilityis The definition of endomitosis comprises two erite
IS in contrast to the concept of true mitosis performria: (1) the nuclear membrane does not dissolve dur
ing equational bipartition in anaphase as an intrinsiing (2) condensation of chromosoma@fie DNA
condition of genome stabilityn support of these content may amount to 4 ¢, 16 ¢, and so on.
arguments, CDFs were found to precede aneuploicThus, the persistent nuclear membrane diserimi

in interphase nuclei (Steinbeck, 1998 a). nates endomitoses from mitotic divisions and from
CDFs. The sister chromatids eventually separate
Quantifying CDFs in solid tumours from endometaphase to endoanaphase without a

Reliable DNAmeasurements with the aid of anspindle, leading to a polyploid morphology
image microphotometer depend on integer nucle Endomitoses can be found in malignant, aneuploid
which can be traced in 38n sections of sgical ~tumours. Sandber (1990, there Figure 300) has
specimens. Calibration may be done on interphasshown rare examples with high DNeontent (at
nuclei of small lymphocytes providing an endoge least 64 c)Actual nuclear divisions and consecutive
nous 2 ¢ DNAstandard (Steinbeckt al., 1999).  Cytokineses have not yet been confirmed with such
DNA data from lesions in bacterially induced 9iant CDFs in human tissuéis cannot be expect
inflammations, high-grade dysplasias (HGD) anc€d Seriouslyif spindle function is released.

carcinomas were recorded from oral and coloy DNA endoreplication does not end up with
mucosae (Fig3). endomitosis in any case, but may be executed by

Nuclear divisions from inflammations appearechUClél in permanent interphase. Such an gatar
mitotic, i.e. close to or slightly below 4 DNA. Interphase nucleus showed 106.5 c in a case of HGD
Since telophases require ample space for chrom!" Uterine cervix (Fig. 4). Some dysplastic nevi in
some transport, they may be underestimated due NUman skin harbour overweight interphase nuclei.
knife artefacts. Howevedivisions clearly above 4 ¢ The gls]Erlbutlon profile of dthelr E NAconthr)'é
were obtained from HGD in mucous membranesexten s from 2 up to 10 ¢ and morghe aneuplol

; ; . condition is obviously caused by incomplete
while CDFs in carcinomas averaged above 5 o "
DNA. A careful investigation of telophase CDI:SendorepllcatlonThe appearance of additional CDFs

led that their “halves” " bal is linked with final transformation to melanoma.
revealed that their ‘nalves- aré generally unbalance qne pag to keep in mind that overweight nuclei do
in HGD and in carcinomas (Fig. 2 @.low inci-

) . not inevitably represent pathologic aberrations: Dis
dence of asymmetric telophases characterized tl y Tep P J

\ . ; tinct DNA endoreduplication occurs in some tissues
onset of tumorigenesis. Cellular selection SUPPresSqring normal human development. Cells in the
underweighted telophase CDFs during tUmouF prcgmnion fluid contain some 8 ¢ nucl@he nuclear

gressionThus, ovemweighted (> 4.5 ¢) CDFs accu pNA content in human megakaryocytes makes usu
mulate in HGD and carcinomas. Predominant OVelally 16 ¢, and 64 ¢ at maximum @ate and Pening
weight has also been recorded franterphase ton, 1972)A level of 8 ¢ endoreduplication has also
analyses in carcinomas (Casperssoral., 1960;  peen observed in adult human heart and INeclei
Atkin, 1962; Sandritter and FlSC.hQ.'QGZ).These ' in hypertrophic myocardium attain 32 c. In the
reports are supported by experience from routinshocked liversome 16 ¢ nuclei were observed, but
pathology that a diploid carcinoma has never devemany cells were binucleated (Steinbeck, 1998b).
oped from aneuploid nuclei in HGD or cancer From these instances of regular endoreplication, it is
Subtle aberrations in unbalanced telophases as wreasonable to conclude that endomitoses and
as in prophase and metaphase CDFs demand-instendoreplicated nuclei do not contribute to tumour
ments sensitive for a DNéontent in the femtogram progression in general.
range. Modern image microphotometry is a cenve
nient survey tool to quantify chromosome in/stabili Gene amplification and rearrangement
ty in individual nuclei of solid tumours. Howeyer The unknown mechanism of linear addition of
aberrations correlated with DNsélmounts equivalent gene copies to chromosomal DMAs been termed
to amean chromosome: 0.04 c) are at the limits of amplification that contributes to pathologic mitoses
microphotometry and demand more expensive-teclat the molecular level. Such supernumerary
niques using molecular probes. domains can be shown with artificial banding on
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Fig. 3 -DNA content recorded with nuclear divisions in epithelial lesiontothl, 34 cases were investigated with oral mucosae
(a) and 65 cases with colon mucoség. Divisions from inflammationsygllow: epulis and bacterial colitis) resemble true
mitoses as indicated with 4 ¢ calibration lindggh-grade dysplasias (HG@reer) and cases of cancer with poorlyfdien

tiated histology ted) deviate from normal mitoses, since their chromosome division figures (CDFs) exceed clearly 4 ¢ DNA.
P prophasesa 72, 120 and 104, respectively; 120, 223, 282)M metaphases( 88, 205, 177b: 150, 210, 21), T telophas

es @: 25, 16, 17): 52, 65 and 45, respectively).

Fig. 4 - Enlaiged, endoreplicated nuclethe 106.5 ¢ DNA  Fig. 5 - SKY of an aneuploid metaphase CDF with multiple
content demanded at leastéplication stepsThree flanking chromosome rearrangements. Human breast cancer cell line
nuclei in G at 2 ¢ level. Smear from uterine cervix showing SKBR3. Courtesy of DiEvelin Schrock, Berlin.

high-grade dysplasia in squamous epithelium. Papanicolaou

stain. Bar: 1qum. genomic DNAfrom interphase nuclei (Kallionemi

metaphase spreads from short-term cultures este al., 1993). Investigating the same tumour spec

lished from biopsiesThe microscopic threshold of a MeNS, chromosomal alterations were found well
heterogeneously staining region (HSR) demanccorrelated with the frequency of CDFs according

some 15 Mbp with G banding (Kuneg al. 1996). 0 CGH and microphotometryespectively (Ried
In human breast cancédSR is the prevalent form €t @l-,1996; Steinbeck, 1998 c). o
of DNA amplification. HSRs frequently contain Spectral karyotyping (SKY) surpasses the artificial
highly multiplied DNAsequences of oncogenes thaiPanding techniques and shows readily chromosomal
code for tyrosine kinases, growth factors, transcrips'tes as tayets of amplification and rearrangements
tion factors or other nuclear proteissignificant ~ (Schrocket al., 1996, 1997). Ircontrast to CGH,
association between HSRs and shortened survivWhich is an indirect bulk method, SK¥etects
has been reported (Bernardiepal., 1998). Genes dlrectly chromosomal mutations in c_eII lines or in a
encoding polypeptides associated with tumour sugPatients own metaphase spreads (FigTsis tech
pressors can also be amplified (Olieerl.,1992).  nique is especially helpful when inversions and
If supernumerary sequences do not exceed a HSredprocal translocations do not alter the genome
threshold, comparative genomic hybridisationsize.The same is true if deletions are compensated
(CGH) may detect pathologic gains and losses iby amplifications.

e
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The above techniques are precise survey tools Mitotic mistakes and tumorigenesis
identify pathologic mitoses and eventually faulty Most frequently tumorigenesis does not begin
interphase nuclei, whereas real-time PCR anwith malignancy Atypical, non-invasive cells
microarray assays represent diagnostic aids thpass through progressive stages of dysplasia. Can
focus on tumour relevant genes. Defects caused Icers in situ are lesions that are known to become
point mutations, howevedemand sequencing of inevitably invasive within a few years, if not treat
isolated somatic DNA. ed. Malignant cells are defined in histology by the
loss of both, dierentiation and local residency
They cross the basement membrane and invade

PATHOLOGY OF MIT OSIS adjacent tissues. Cancer cells may learn to-colo
nize lymph nodes or metastasise othegaos
Void cycle checkpoints (Liotta and Kohn, 2001)Tumour progression

Molecular investigations provide evidence thaideteriorates the cytoplasmic turnovbeut afects
beside interphase, also prophase through0|ab0Ve all the nucleus. Records of 5% - 10% patho
telophase are under surveillanthe aberrant DNA 0gic mitoses in low-grade dysplasias support this
content of a CDFhoweverindicates that such a cell VIEW. A continuous increase up to 60% and 80%
suffers from genetic alterations and has escaped prCDFs of total divisions may be found in high-
vious control mechanisma&n asymmetric and suc  9rade dysplasias and cancers, respectiviig
cessful telophase will deliver immortal progenitorsfféquency of aneuploid interphase nuclei increas
by cytokinesis. Such a final accident may occur it€S in positive correlation with CDFs and chremo
consequence of genetic defects that have not beSOMal aberrations detected by CGH..
detected or prosecuted earliépoptosis in coordi  INterestingly monosomy in liveborn infants has
nation with the immune defence protects young anbeen established only for chromosome 21, and even

; that is extremely rare (Mhiewskiet al., 1983).
healthy oganisms, but an aged person may succurnr . . ,
the risk of somatic cell variation, especially in Spontaneous abortion obviously eliminates defec

: tive zygotes, whereas tumours are sustained by the
tumorous processes (Hauschka, 1958; Evan ai o
Vousden, 2001). Crucial to successful anaphashOSt' Ependymomas and meningiomas are fregquent

i s th idle checknoint. which " I‘Iy characterized by monosomy 22. Most of them
ransport 1S the spindie checkpoint, Which CONtroky,q clinically benigne because of low prolifera
the correct attachment of kinetochores with bipola

. . s tion. In contrast, their grade-3 variants show
microtubules (Nicklas, 2000; Michelt al., 2001).  gntorced proliferation with CDFs and are malignant.
Defective daughter cells are the product of tota

. : -“Tissues will be unlikely to develop malignant lesions
duping the cascade of checkpoints and of constitt ;¢ they show scae poiiferation (Boveri, 1914).

tive anaphase promotion. _ _ Correct development depends on genes that reg

Loss of heterozygosity (LOH) in recessive allelesyjate the need of cell proliferation and apoptosis.
with tumour suppressing capacities generatepgjjyres in proliferation have been described as
inevitably tumoursThe tumour suppressor P53 is sources of genome instability and chromosome
not only active during G1, but shows a broacmytations resulting in CDFs and interphase aneu
responsibility for mitotic control. P53 functions p|o|dy Failures of the apoptotic system may be
also as a component of a spindle checkpoint (Mee caused by mutations in the genes codingAi&T,
2000; Vogelstein et al., 2000). Faulty DNA  APAF1, P53, P21 and/ or caspases (Soeatak,
sequences may persist due to a knockout of the (2001; Jozeet al.,2001). Mitochondria initiate an
repair machineryA more conspicuous damage is alternative death-signalling pathway by releasing
caused by disorders in sister chromatid separaticcytochrome c that triggers the cascade of caspases
(Heck, 1997; Michaeli®t al., 1997; Raoet al., in the cytoplasm (Evan ardbusden, 2001). Fac
2001).These molecular failures become evident irtors that increase the cycling frequency of tumour
light microscopy from errant chromosomes incells will enhance aggressivene$bhe Hedgehog
metaphase. Histology of premalignant lesionsprotein is a candidate for triggering somatic stem
exhibits besides errant elements also chromaticells, because the respective gene is aberrantly
bridges (and breaks) in anaphase and asymmetry activated in basal-cell carcinomasif®ing et al.,
telophase. 1999; Taipale and Beachy001).
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CDFs will be accumulated either by an unsehedCaspersson O.: Quantitative cytochemical studies on normal,
uled proliferation factor or when apoptosis is leakymalignant, premalignant and atypical cell populations from
Coincidence of both, enhanced proliferation an(he human uterine cervidcta Cytol.8, 45-60, 1964.
failed cell death will be most disastrous for the hosiCasperssofi., Lomakka G., Svensson G., and SafstronfR.:
Multiple checkpoint overrun is the condition for suc Vversatile UrlltgnirCerSOOSIEgggogféag)shugnrgﬁltipleer:gllgyéilrr]lg ;Ll:rt'?riz
cessful telophase CDFR&N undisturbed chromatin S¢anhing :
decondensation denotes these nuclei as chips flized data analysis. Exp. Cell R8340-51, 1955.

clonal selection in tumour progression. Casperssoit., Lomakka G., and Caspersson O.: Quantitative
cytochemical methods for the study of tumor cell popula

tions. Biochem. Pharmacet, 113-127, 1960.

CONCLUSION Casperssoii., Zech L., and Johansson C.:fBiential band
ing of alkylating fluorochromes in human chromosomes.

. , L Exp. Cell Res60,315-319, 1970.
Pathology of mitosis means proliferatiam vivo

through CDFs, which have not been eliminated pDeeley E.M.:An integrating microdensitometer for biolegi
. . .~ .-cal cells. JSci. Instru.32, 263-267, 1955.
apoptosis. CDFs must take advantage of constitutiy o
anaphase transport followed by chromatin decorEvan G.I., andvousden K.H.: Proliferation, cell cycle and
densation, to be fefctive in the next cell generation. 2POPtosis in canceNature41l, 342-348, 2001.
Genome instability evokes frequently chromosomiFlemming W.: Beitrage zur Kenntnis der Zelle und ihrer
instability in premalignant tumours (dysplasias).Lebenserscheinungefich. Mikrosk.Anat. 16,302-436, 1879.
Th_US, CDFs persist by override of cell-t_:yC_Ie checKGaleotti G.: Beitrag zum Studium des Chromatins in den
points and are the source of aneuploid interphasEpithelzellen der Carcinome. Beitrage Pathhat. Allg.
nuclei in dysplasias and cancers. CDFs are gener:Pathol.14,249-271, 1893.
ed stochastically by mitotic faults; they survive ancHamperl H., Kaufmann C., and Ober K.: Histologische Unter
supersede an autochthonous cell compartrii@it.  suchungen an der Cervix schwangerer Frauen: Die Erosion
process takes p|ace at the mg)(pense and is und das Carcinoma in sitérch Gynéakol184,181-280, 1954.
understood as a series of clonal selectidif® Hansemann D.: Ueber asymmetrische Zelltheilung in
pathology of premalignant and malignant tumours i:Epithelkrebsen und deren biologische Bedeutangh. Path.
the given homeland for the pathology of mitosis. ~ Anat. Physiol. Klin. Med119, 299-326, 1890.
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