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Abstract

Purpose—The specific role of Chromosomal Instability (CIN) in tumorigenesis has been a
matter of conjecture. In part, this is due to the challenge of directly observing chromosome mis-
segregation events as well as the inability to distinguish the role of CIN, which consists of
increased rates of chromosome mis-segregation, from that of aneuploidy, which is a state of non-
diploid chromosome number.

Experimental design—Here, we examine the contribution of CIN to the prognosis of patients
diagnosed with Diffuse Large B-Cell Lymphoma (DLBCL) by directly surveying tumor cells,
fixed while undergoing anaphase, for evidence of chromosome mis-segregation. H&E-stained
samples from a cohort of 54 patients were used to examine the relationship between frequencies of
chromosome mis-segregation and patient prognosis, overall survival, and response to treatment.

Results—We show that a two-fold increase in the frequency of chromosome mis-segregation led
to a 24% decrease in overall survival and 48% decrease in relapse-free survival after treatment.
The hazard ratio of death in patients with increased chromosome mis-segregation was 2.31 and
these patients were more likely to present with higher tumor stage, exhibit tumor bone marrow
involvement, and receive a higher International Prognostic Index (IPI) score.

Conclusions—Increased rates of chromosome mis-segregation in DLBCL substantiate inferior
outcome and poor prognosis. This is likely due to increased heterogeneity of tumor cells leading to
a larger predilection for adaptation in response to external pressures such as metastasis and drug
treatments. We propose that targeting CIN would yield improved prognosis and improved
response to chemotherapeutic drugs.

Introduction

Chromosomal instability (CIN) is a hallmark of human neoplasms (1-3). Most solid and
many hematopoeitic tumors have evidence of elevated frequencies of chromosome mis-
segregation (1, 4-11). By definition, CIN leads to aneuploidy however not all aneuploid
tumors are chromosomally unstable as is the case with many hematopoeitic malignancies
(12, 13). In these malignancies, aneuploidy — generated by single events of chromosome
mis-segregation or chromosomal translocation — confers tumorigenic potential
independently of CIN (14). Similarly, patients with global constitutional aneuploidy — such
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as Down syndrome, Turner syndrome, and Mosaic Variegated Aneuploidy — exhibit
increased incidence of malignancies (15-17). This close relationship between CIN and
aneuploidy has significantly complicated the endeavor of identifying the independent role of
CIN in cancer. In theory, these elevated rates of chromosome mis-segregation has the
potential to increase heterogeneity in the tumor cell population thereby leading to increased
incidence of metastasis, drug-resistance, and inferior outcome (3). Yet, studies report both
beneficial and adverse effects of CIN in cancer and the precise role of chromosome mis-
segregation in tumor prognosis remains unclear. Furthermore, aneuploidy is frequently used
as a surrogate marker for CIN without directly measuring chromosome mis-segregation
events (18). Work in mouse models reveals that inducing CIN — and therefore aneuploidy —
in normal cells can act to either promote or inhibit tumor formation (19-22). Similarly,
studies using genetic signatures associated with aneuploidy as a marker for CIN infer both
positive as well as negative contributions of CIN to tumor prognosis (18, 23-27). The lack of
direct measurements of chromosome mis-segregation, however, increases the probability of
confounders while considering the conclusions about the respective roles of CIN and
aneuploidy in cancer.

Many mechanisms of CIN and chromosome mis-segregation have recently been proposed
(28). They range from faulty sister chromatid cohesion (29), to defects in the spindle
assembly checkpoint (30), centrosome duplication (31-33), telomere dysfunction (34) and
the regulation of microtubule attachments to chromosomes at kinetochores (35, 36).
Interestingly, most of these mechanisms yield an observable phenotype during anaphase,
and experimental evidence shows that the most common indicators of chromosome mis-
segregation are lagging chromosome and chromatin bridges (11), which are largely caused
by deregulation in kinetochore-microtubule attachments (35, 36), supernumerary
centrosomes (32, 33), and telomere fusion (34, 37). They are largely the result of persistent
attachment errors between microtubules and chromosomes at kinetochores whereby
individual chromosomes are attached to microtubule emanating from both spindle poles (38,
39). This error is called merotelic attachment and it leads to abnormal chromosome
movement during anaphase as well as the physical separation of lagging chromosomes from
the rest of the properly segregating chromosomes. Alternatively, merotelic attachments in
addition to other causes of chromosome mis-segregation can also lead to chromatin
breakage leading to a visible chromatin bridge spanning the spindle mid-zone during
anaphase. The direct link between lagging chromosomes, chromatin bridges and
chromosome mis-segregation is firmly established (11, 35, 38).

Since CIN most commonly manifests itself through lagging chromosomes and chromatin
bridges, direct observation of cells undergoing anaphase in fixed tumor samples can provide
insight into the role of CIN in the overall tumor prognosis. Here, we score chromosome
segregation defects in anaphase as a direct marker of the dynamic process of chromosome
mis-segregation associated with CIN in cancer. We elect to study samples from patients
diagnosed with Diffuse Large B-Cell Lymphoma (DLBCL) because this cancer is known to
be heterogeneously aneuploid, and CIN is postulated to play in important role in the natural
evolution and aggressiveness of the tumor (9, 40-42). Furthermore, DLBCL samples provide
adequate resolution to analyze individual cells during anaphase (Figure 1A) and exhibit a
sufficiently elevated mitotic index necessary for our study.

Materials and methods

Samples and clinical data

Patients were included in this study based on the following criteria: 1) They were diagnosed
as adults with DLBCL, 2) This diagnosis was the first of a kind and that patients had not
received any prior treatment for lymphomas, 3) Their H&E stained samples from biopsied
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specimens were amenable to high-resolution microscopy to evaluate cells undergoing
anaphase using a 100x objective. 73 cases of de novo DLBCL diagnosed between 1995 and
2008 were collected from the Department of Pathology at Dartmouth Medical School. Of
the 73 cases only 54 were amenable to high-resolution analysis of anaphase cells. Samples
were formalin-fixed, paraffin-embedded and stained with the standard H&E method. All
anaphase cells present in available clinical samples were scored for evidence of
chromosome mis-segregation (Figure 1B). An average number of 35 (up to 117) anaphases
were scored in each sample (Figure 1C). Lagging chromosomes were defined as an area of
hematoxylin staining completely isolated in between the remaining segregating
chromosomes during anaphase. Chromatin bridges were defined as at least one continuous
band of hematoxylin staining linking the remaining segregating chromosomes. The scoring
of chromosome mis-segregation was performed in a blinded fashion prior to the statistical
correlation with clinical variables. Clinical and follow-up data (summarized in Table 1) were
obtained reviewing the charts. Retrieval of tissue and clinical data were done according to
the regulations of the local institutional review board and data safety laws (IRB # 22910).
Patients were staged by radiologic imaging (PET scan or CT chest/abdomen/pelvis) and
bone marrow biopsy, IPI and R-IP1 were assigned according to accepted criteria (43). The
three parameters were analyzed: overall survival, progression-free survival and requirement
for treatment. Overall survival was calculated by time period from the diagnosis to the
endpoint (death, complete remission or loss to follow-up). Complete remission was defined
as no evidence of disease clinically and by imaging for at least 6 months after the cessation
of the last treatment regimen. Progression-free survival was calculated as time period from
the completion of the first treatment to the need for additional treatment due to the
progression/relapse of the disease. A list of patients with their clinical variables and details
of treatment types are shown in Supplementary Table 1. Evidence of chromosome mis-
segregation was scored using a 100x oil-immersion objective on a Nikon microscope
(Lapophot 2). Images were collected on an Olympus BH-2 microscope with an Olympus
DP25 camera camera using a 100x oil immersion objective.

Statistical analysis

Results

Statistical analysis was done using XLSTAT version 2011.2.01 (Addinsoft, NY, USA). The
median value of mis-segregation frequency (31.3%) was used as a cutoff to stratify tumor
samples as having either low or high mis-segregation frequencies. This cutoff was used
throughout unless otherwise noted. The Pearson 2 statistic was used to analyze relationships
between chromosome mis-segregation frequencies and clinical variables. The Kaplan-Meier
method was used to estimate the probability of overall survival after diagnosis as well as
treatment-free survival. The effect of chromosome mis-segregation and clinical variables on
overall survival and treatment-free survival were determined using the log-rank test. Hazard
ratios were calculated using the Cox multivariate proportional-hazard regression method. P
< 0.05 were considered significant throughout. Two-sided tests were used throughout.

All cells fixed undergoing anaphase in samples taken from tumor biopsies from patients
diagnosed with DLBCL were surveyed for evidence of chromosome mis-segregation. Mis-
segregation was defined by the existence of either lagging chromosomes or chromatin
bridges (Figure 1A, black arrows), while normal chromosome segregation was defined by
the absence of any chromatin staining between the segregating chromosome masses. Only 3
cells in all samples examined exhibited multi-polar anaphase and these were excluded from
further analysis. The percentage of anaphase cells exhibiting mis-segregation was recorded
(Figure 1B) and the mean mis-segregation frequency was 39.5 + 18.1%. The distribution
had a positive skew; therefore, a median mis-segregation frequency value of 31.1% was
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used to stratify patients into groups of high and low mis-segregation. These two groups had
chromosome mis-segregation rates of 24.1 + 5.7% and 48.6 + 11.7%, respectively. There
was no correlation between the number of anaphase cells observed and the frequencies of
chromosome mis-segregation in a given specimen (Figure 1C, RZ = 0.0026).

We then asked if rates of chromosome mis-segregation observed in tumor samples
correlated with overall survival of patients. We used the Kaplan-Meier method to estimate
overall survival probability after the initial diagnosis. Increased frequency of chromosome
mis-segregation led to a significant decrease in overall survival by 2.14 years as the median
survival time was 8.76 + 1.01 years and 6.62 + 1.18 years for the low and high mis-
segregation groups, respectively (p < 0.05) (Figure 2A). Significant differences were also
observed when comparing patients in the highest quartile of chromosome mis-segregation
frequency with others in the lowest quartile (Figure 2B). In addition to overall survival,
chromosome mis-segregation frequency also correlated with treatment-free survival after the
first treatment regimen. The average treatment-free survival decreased by 48% in patients
who had samples with higher frequency of chromosome mis-segregation (Figure 2C, p <
0.05, t-test). For this parameter, Kaplan-Meier analysis of treatment free survival probability
was only significant (p < 0.05) when comparing patients based on a chromosome mis-
segregation frequency of 50% (Figure 2D and E). This value corresponds to a single
chromosome mis-segregation event every two cell divisions. And it was shown that this
chromosome mis-segregation frequency is at the higher range of tolerable mis-segregation
frequencies based on observations in cell lines and theoretical computations work (11, 44).

It is postulated that part of the effect of chromosome mis-segregation on tumor prognosis
might be due to the contribution of CIN to tumor cell heterogeneity, making tumors more
likely to spread and invade distant organs. Indeed, increased chromosome mis-segregation
frequency significantly correlated with the likelihood of tumor bone marrow involvement
upon presentation. Patients with tumors containing high mis-segregation rates were 4.6
times more likely to have tumor bone marrow involvement than patients with lower
chromosome mis-segregation rates (Figure 3A, p < 0.05, Pearson's x2-test) and as a
consequence, these patients were also more likely to present with tumors that were either
stage 3 or 4 (Figure 3B, p < 0.05, Pearson's y-test). We then asked if chromosome mis-
segregation frequency was a predictor of the broader clinical picture upon presentation so
we compared both groups of patients based on their International Prognostic Index (IPI)
score. This score takes into account important prognostic indicators such as age upon
diagnosis, stage of the disease, serum LDH levels, clinical performance status, and the
presence of tumor in extranodal sites. Patients with tumors that exhibited increased
chromosome mis-segregation frequency were more likely to present with elevated IPI scores
than those with lower rates of chromosome mis-segregation. In fact 42% patients in the high
mis-segregation group received a high IPI score of 4 or 5 whereas 24% of patients in the low
mis-segregation group received the same IP1 scores (Figure 3C, p < 0.001, Pearson's y2-test).

To determine if chromosome mis-segregation frequencies imparted an independent
prognostic values, we segregated patients based on the aforementioned clinical variables.
The overall survival of patients stratified based on IPI score, tumor stage, or bone marrow
involvement was affected by chromosome mis-segregation frequencies, although these
differences did not reach statistical significant as the study was not powered to detect such
differences (not shown). However, chromosome mis-segregation frequencies had an
independent prognostic value for bone marrow involvement and tumor stage when patients
were stratified based on their IPI scores (Supplementary Table 2).

Overall, the frequency of chromosome mis-segregation correlated with an increased hazard
ratio of death when patients were compared using either cutoff values for chromosome mis-
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segregation frequency of 31.3% and 50% (Figure 4). Furthermore, there was a significant
correlation between the hazard ratio of death and rates of chromosome mis-segregation
when patients were divided into four quartiles and a quantitative linear Cox regression
model was applied (p < 0.05). The hazard ratio of death in patients with increased
chromosome mis-segregation frequencies was comparable to those patients with tumors of
stage 3 or 4. It was however smaller than that in patients with IP1 scores of 3-5 (Figure 4).

Discussion

Our work directly examines the correlation between chromosome mis-segregation and
tumor outcome. It has been established that the most common causes of CIN manifest
themselves as lagging chromosomes and chromatin bridges (11, 33, 35) and as such, we
scored the frequencies of these two markers in tumor samples taken from patients with
DLBCL. We show that the rate of chromosome mis-segregation significantly correlates with
poor prognosis in these patients, at least over the range of the mis-segregation frequencies
reported in this study. Interestingly, elevated chromosome mis-segregation was strongly tied
to the ability of tumors to spread to distal lymph nodes and to the bone marrow.
Furthermore, increased mis-segregation rates correlated with higher IPI scores and to tumor
relapse after successful treatment.

This positive correlation is likely the consequence of the role of CIN in providing tumor
cells with sufficient heterogeneity necessary to adapt to external pressures (45) such as
chemotherapeutic agents or to new environments as is the case with metastasis and distal
tumor spread. Chromosome mis-segregation rates cannot, however, be infinitely high
otherwise that would strip tumor cells from the ability to retain beneficial phenotypes (46).
Thus it is evident that there exists an optimal rate of chromosome mis-segregation below
which, too little heterogeneity is generated to allow for tumor adaptation yet above which,
tumors cannot maintain favorable phenotypes. Theoretical work indicates that the optimal
rate of chromosome loss is between 1073 and 1072 (44). In human cells, this corresponds to a
mis-segregation frequency of roughly 5% to 50%, which is similar to what we have
observed in our study as well as to what has been reported in recent studies directly
measuring chromosome mis-segregation in multiple cancer cell lines (11).

Recent work has identified major mechanisms by which chromosomes mis-segregate (1, 11,
32, 33, 35, 36, 38). Understanding these mechanisms has provided numerous potential drug
targets, which can be used to modulate the frequency of chromosome mis-segregation (28,
47). Our potential ability to therapeutically increase or decrease chromosome mis-
segregation frequency could prove clinically useful. As evidenced by our study, we predict
that reducing mis-segregation could improve the response to treatment and delay or prevent
tumor relapse. On the other hand, if chromosome mis-segregation frequency is already
elevated, further increasing it might render tumor cells less viable. This approach can
potentially be coupled with therapeutic options, such as radiation therapy, which rely, in
part, on inducing genomic instability (48). The kinetochore-microtubule interface presents a
prime pharmacological target for modulating chromosome mis-segregation for two
important reasons: first, the kinetochore is a macromolecular organelle that contains several
dozen proteins whose function is to regulate the stability of microtubule attachments.
Second, it was recently shown that slight reductions in kinetochore-microtubule attachment
stability, by overexpressing microtubule destabilizers Kif2b and MCAK, led to a significant
decrease in chromosome mis-segregation frequencies and suppression of CIN (35).
Interestingly, this was observed in multiple chromosomally unstable cells lines derived from
different human cancers indicating that perturbing kinetochore-microtubule attachments
might be an effective therapeutic approach to influence CIN regardless of its original cause.
Indeed, small molecule inhibitors of the microtubule destabilizing kinase, aurora B, are
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currently being evaluated in clinical trials (49). Such an inhibitor would be expected to lead
to increased chromosome mis-segregation in tumors beyond tolerable range. The strategy to
suppress CIN pharmacologically is not yet clear. This can theoretically be achieved either by
inhibiting a microtubule stabilizer, such as astrin, or activating a microtubule destabilizer. It
is also possible to pharmacologically perturb interactions among kinetochore proteins to
prevent the targeted recruitment of microtubule regulating proteins to kinetochores (50).
Regardless of the approach, we propose that pharmacologically suppressing CIN would
present an important adjuvant therapy to standard treatment that would limit tumor relapse
and drug-resistance.

In summary, our work presents a strong case to develop therapeutic strategies that can
modulate chromosome mis-segregation frequencies in tumors as an adjunct to standard
therapy as well as a means to improve prognosis and limit tumor spread. Although our study
focused on DLBCL, work on several cancer cell lines as well as mouse-models (11, 19, 21,
28, 35, 36) would predict that the conclusions presented herein would be valid in other
chromosomally unstable malignancies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational relevance

Given the widespread prevalence of chromosomal instability (CIN) in human cancers, it
is necessary to understand the contribution of chromosome mis-segregation to tumor
prognosis and response to therapy. Here we show that a two-fold increase in chromosome
mis-segregation rates in tumors taken from patients diagnosed with Diffuse Large B-Cell
Lymphoma (DLBCL) leads to poor prognosis, inferior response to standard therapy, and
increased tumor spread. These results present a strong case to target CIN in cancer. The
feasibility of this approach is further corroborated by the emergence of candidate cellular
targets that are involved in chromosome segregation fidelity and that are amenable to
pharmacologic interventions. Suppressing CIN has the potential to significantly improve
the response to treatment and limit tumor spread, presumably by restraining tumor cell
heterogeneity.
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Figure 1.

A, images of H&E stained samples showing cells during anaphase. Examples of normal
anaphase, anaphase with lagging chromosomes and chromatin bridges (black arrows) are
shown. Scale bar, 5-um. B, histogram showing the distribution of patient samples based on
frequency of anaphase cells which exhibit evidence of chromosome mis-segregation. C,
Black circles depict the relationship between the number of anaphase cells and frequencies
of chromosome mis-segregation observed in specimens taken from individual patients.
Black line represents the linear trend, R? = 0.0026.
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Figure 2.

A, Kaplan-Meier DSS analysis comparing the overall survival probability of patients with
low (n = 25) and high (n = 26) chromosome mis-segregation, where median survival time
was 8.76 £ 1.01 and 6.62 £ 1.18 years for low and high frequencies of mis-segregation
groups, respectively. P < 0.05. White circles denote censored data. B, Kaplan-Meier DSS
analysis comparing the overall survival probability of patients in the lowest (n = 13, thick
grey line), second (n = 12, thin black line), third (n = 13, thin grey line) and highest (n = 13,
thick black line) quartiles of chromosome mis-segregation frequencies. Statistical
significance was achieved only when comparing lowest and highest quartiles where median
survival time was 8.05 + 1.21 and 6.45 + 1.77 years for low and high mis-segregation
groups, respectively. P < 0.05. White circles denote censored data. C, years of treatment-free
survival for patients with low and high frequencies of chromosome mis-segregation. Bars
represent mean * s.e.m.. *, p < 0.05, t-test, n = 47 patients. D, Kaplan-Meier DSS analysis
comparing treatment-free survival probability of patients with low (n = 21) and high (n =
26) frequencies of chromosome mis-segregation, where median treatment-free survival time
was 3.41 £ 0.65 and 1.76 £ 0.44 years for low and high mis-segregation groups,
respectively. P = 0.08. E, Kaplan-Meier DSS analysis comparing treatment-free survival
probability of patients with low (n = 32) and high (n = 15) frequencies of chromosome mis-
segregation categorized based on a chromosome mis-segregation frequency of 50%, where
median treatment-free survival time was 3.16 + 0.49 and 1.08 + 0.49 years for low and high
mis-segregation groups, respectively. P < 0.01.
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A, the percentage of patients with tumor bone marrow involvement in groups with low and
high frequencies of chromosome mis-segregation. *, p < 0.05, Pearson's x2-test, n = 24 and

26 for low and high mis-segregation groups, respectively. B, the percentage of patients
stratified based on their tumor stage upon diagnosis and with respect to frequencies of

chromosome mis-segregation. *, p < 0.05, Pearson's y2-test, n = 22 and 28 for low and high
mis-segregation groups, respectively. C, the percentage of patients stratified based on their
IPI score upon diagnosis and with respect to frequencies of chromosome mis-segregation. *,

p < 0.001, Pearson's x2-test, n = 21 and 26 for low and high mis-segregation groups,

respectively.
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Forest plot showing hazard ratio for death with respects to patients with high frequencies of

chromosome mis-segregation, tumor stage 3/4, IPI score 3-5, and positive tumor bone

marrow involvement when compared with low frequencies of chromosome mis-segregation,
tumor stage 1/2, IPI score 0-2, and negative tumor bone marrow involvement, respectively.
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Patient characteristics with respect to frequencies of chromosome mis-segregation.

Table 1

Patient characteristics

Number known

Mis-segregation frequency

Low (<31.3%) High (>31.3%)
Mean age at diagnosis 52 59 66 0.77*
Sex 54 0.57
Male 25 11 14
Female 29 15 14
Primary organ of involvement 53 0.38
Nodal 14 8 6
Extranodal 39 17 22
Stage (I-1V) 53 0.07
| 9 7 2
1l 17 8 9
1l 11 3 8
v 13 4 9
Stage (I/11 or 111/1V) 53 0.042
il 26 15 11
v 24 7 17
IPI score 47 0.0003
Low (0-1) 16 10 6
Low intermediate (2) 12 5 7
High intermediate (3) 3 1 2
High (4-5) 16 5 1
Bone marrow involvement 50 0.013
Negative 38 22 16
Positive 12 2 10
Germinal phenotype 42 0.57
Germinal center 17 6 11
Non-germinal center 25 11 14
Response to treatment 51 0.15
Complete remission 27 15 12
Failure to complete remission 25 9 16

*
T-test. For the remaining P-values, Pearson Xz—test was used.
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