The expression, assessment, and significance of Ki67 expression in breast
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ABSTRACT

Ki67 expression is one of the most important and cost-effective surrogate markers of
assessing tumour cell proliferation in breast cancer (BC). Ki67 labelling index has
prognostic and predictive value in patients with early-stage BC, particularly in the
hormone receptor positive HER2 negative (luminal) tumours. However, many
challenges exist for using Ki67 in routine clinical practice and it is still not universally
used in the clinical setting. Addressing these challenges can potentially improve the
clinical utility of Ki67 in BC. In this article, we review the function, immunohistochemical
(IHC) expression, methods of scoring and interpretation of the results and addressed
several challenges of Ki67 assessment in BC. The prodigious attention associated
with the use of Ki67 IHC as a prognostic marker in BC resulted in high expectation
and overestimation of its performance. However, the realisation of some pitfalls and
disadvantages, which are expected with any similar markers, resulted in increasing
criticism of its clinical use. It is time to consider a pragmatic approach and weigh the
benefits against the weakness and identify factors to achieve the best clinical utility.
Here we highlight strengthens of its performance and provide some insights to

overcome the existing challenges.



INTRODUCTION

Uncontrolled cell proliferation is a hallmark of cancer, and tumour proliferative activity
is one of the most thoroughly investigated cellular functions in breast cancer (BC) .
Therefore, different techniques have been used to estimate cellular proliferation,
including bromodeoxyuridine (BrdU) and tritiated thymidine, which were considered
the gold standard measures of cellular proliferation 2. The percentage of cells in S-
phase of the replicative cycle can also be measured by flow cytometry 3. However,
these techniques are not easily replicated in the clinical practice due to the complexity
of requiring fresh tissue. Evaluation of proliferative activity using
immunohistochemistry (IHC) offers an easy, cheap, and reliable method of assessing
tumour cell proliferation in BC 4. Although Ki-S1, topoisomerase lla, phosphor-histone
H3 (PHH3), proliferating cell nuclear antigen (PCNA), and minichromosome
maintenance (MCM) proteins have been used to assess proliferation in BC (Table 1);
Ki67 remains the most used in the clinical setting °°.

Ki67 is located in the cell nucleus where it only attached to the perichromosomal layer
of dividing cell . The IHC expression of Ki67 in BC strongly correlates with cellular
proliferation which is the main determinant of tumour growth rate and is related to
behaviour and response to cytotoxic chemotherapy ‘. The relationship between Ki67
expression and outcome of BC patients has been widely studied ¢8°. A meta-analysis
of 43 studies involving 15,790 BC patients, confirmed that high Ki67 levels is
associated with shorter survival in both lymph node positive or negative disease °.
The use of Ki67 expression in BC was extended to differentiate luminal A from luminal
B tumours ''. Although its prognostic significance was mainly observed in the hormone
receptor positive HER2 negative (luminal) BC, its role was also investigated in the
triple negative and HER2 positive tumours © '2. The initial use of Ki67 IHC as a
prognostic marker in BC have attracted a great deal of attention of the clinical
community and recommendation for its routine use in the clinical setting. However,
this high expectation of the performance of Ki67 have resulted in overestimation of its
analytical validity and its clinical utility. This was followed by the realisation of some
pitfalls and challenges, which are expected with any similar IHC markers. With time,
opponents to its clinical value increased and overemphasised the expected weakness
of performance. It is now the time to consider a pragmatic approach and weigh the
benefits against the weakness and identify factors to achieve the best utility of Ki67 in



BC. In this review, we review the biology, expression, and clinical utility of Ki67 in BC
and highlight strengths of its performance and provide some insights to overcome the
existing challenges.

STRUCTURE AND FUNCTIONS OF Ki67

Ki67 is a labile non-histone protein, involved in the early steps of polymerase |-
dependent ribosomal RNA synthesis '3 4. Ki67 is a nuclear antigen expressed in all
proliferating cells, during cell cycle phases S, G1, G2, and M, but not in GO 4. During
interphase, Ki67 is located in the nucleolar cortex and the dense fibrillar components
of the nucleolus, whereas it becomes associated with the periphery of condensed
chromosomes during mitosis. Ki67 levels are low in G1 and S phases with peak levels
during mitosis especially metaphase, then sharply decreases during anaphase 5.
Similar to other cell cycle markers, Ki67 is affected by external factors such as cellular
nutrient deprivation, which lead to underestimation of the number of cycling cells 6.
The half-life of the Ki67 antigen is between 1-1-5 hours, regardless of the stage of the
cell cycle .

Ki67 is required during interphase for normal cellular distribution of heterochromatin
antigens and for the nucleolar association of heterochromatin . Ki67 binds with
satellite DNA and its protein bound complexes to promote chromatin compaction
19.Ki67 is a key organiser of the chromosome periphery 2° and it is also essential for
organisation of the perichromosomal layer, and its absence would affect the ability of
daughter cells to synthesise protein building blocks and increase the rate of
spontaneous cell death ?°. These features make Ki67 one of the best markers to
assess cell proliferation for its crucial role in cell cycle. Figure 1 shows examples of
Ki67-positive mitotic cells using IHC and Ki67 surrounding chromosomes
(perichromosomal layer).

Ki67 ASSESSMENT

Ki67 antibodies for immunohistochemistry



Several antibodies are used for Ki67 antigen detection, including Ki67 and MIB1
monoclonal antibodies directed against different epitopes 2'. MIB1 has a higher
sensitivity for detecting the Ki67 antigen 22. Other antibodies against Ki67 are also
available, such as SP6 which recognises the same epitope as MIB1, has been used
to assess proliferation in BC 2324, However, some studies have shown that SP6 was
not superior to MIB1 antibody with head-to-head comparison of both markers 4.
Therefore, MIB1 is the widely used antibody for Ki67 assessment.

Localisation and patterns of Ki67 IHC staining.

Ki67 is a nuclear protein (Figures 2&3) 2° and other non-nuclear staining patterns are
not considered in the scoring 26 and their significance is still unclear 27 28, Cross-
reactivity with other proteins, technical artefact, or re-localisation of Ki67 within the cell
are possible explanations ?’. There are different patterns of nuclear Ki67 expression
observed in BC including homogeneous staining pattern of the nucleoplasm, a
granular pattern, which stained nucleoli or granules of different size dispersed
throughout the nucleoplasm and a mixed pattern that showed strongly stained
granules against a diffusely positive background of a lower staining intensity 2°. The
clinical relevance and impact of these distinct Ki67 staining patterns in BC remain
poorly understood. In one study, it was reported that 80% of luminal BC have
homogeneous nuclear staining, while granular staining pattern was observed in 18%
of cases ¥, and this pattern was associated with shorter survival compared with other
Ki67 patterns. This can highlight that granular pattern could provide information about
the patient's prognosis beyond what is given by the percentage of Ki67 expression
alone. However, assessment of the pattern of staining in routine practice is challenging,
difficult to be integrated with the percentage of expression and may result in confusion
about the actual prognostic significance if used with the percentage of scoring.
Therefore, in the routine practice assessment of the percentage of Ki67 expression
regardless the pattern of expression can be considered adequate for scoring.

Intensity of Ki67 staining

The intensity of nuclear staining of Ki67 ranges from weak, moderate, to strong
staining *' and this may reflect the fluctuation of Ki67 levels in the different phases of
cell cycle. In previous study, assessment of the intensity combined with the percentage
of Ki67 expression calculated as H-score 3° showed strong associations with tumour



clinicopathological parameters including tumour size, and grade but not with patient
outcome 3°. Therefore, the intensity of staining does not seem to add prognostic
significance and nuclear positivity of any intensity should be considered in the scoring.

Heterogeneity of Ki67 staining

The inter-tumour heterogeneity of Ki67 staining across biological BC subgroups,
especially in luminal tumours was previously studied 3. Some BC types are
characterised by low Ki67 expression such as tubular and invasive cribriform
carcinoma, classical lobular carcinoma, and other grade 1 special type carcinomas
while other tumour types show variable degree of expression from low to high such as
no special type carcinoma (NST). These tumours also show intra-tumoural
heterogeneity 33 34, This has been explored using a Ki67 heterogeneity index (the
difference between Ki67 expression levels in hotspot and global Ki67 expression in
the whole tumour). A higher heterogeneity index is associated with parameters
characteristic of aggressive tumour behaviour and poor outcome 3°. This may reflect
the presence of highly proliferative clones in heterogeneous tumours compared to
homogeneous tumours, in which the majority are low proliferative. This heterogeneity
also supports the use of hotspots to assess Ki67 score which should represent the
most proliferative part of the tumour rather than the average proliferative activity which
will be lower than that of the hotspots.

Ki67 expression in needle core biopsies and surgical excision specimens

The concordance of Ki67 expression in core biopsies and full-face sections has been
a point of interest. A recent systematic review involved 22 studies revealed a wide
concordance kappa coefficient range from 0.2 to 0.7 between biopsy types. However,
different methodologies and cut-offs used explains the results. Ki67 has been reported
to be higher expressed in core than excision biopsies 35 which may be related to
fixation issues, particularly in cohorts enriched with cases that had suboptimal fixation
of surgically resected specimens. This result supported the recommendations of the
International Ki67 in Breast Cancer Working Group (IKWG) for testing Ki67 on core
biopsies in general. However, other authors *¢ demonstrated that Ki67 is higher in the
surgical specimen than in the paired baseline core biopsies, which is expected
considered the intra-tumoural heterogeneity of Ki67 and the distribution of its
expression in hotspots. We believe that the heterogeneity in Ki67 expression denotes



that full-face sections, under good fixative protocols, are the optimal platform to assess
Ki67 properly and avoid the underestimation of Ki67 expression in heterogeneous
tumours which are not uncommon. However, core biopsy can be similar or better than
excision specimens in the assessment of Ki67 expression when the fixation of the
excision specimen is suboptimal or in tumours with extreme end of the spectrum of
expression (low or diffusely high expression) %’. It is also the ideal method to test the
tumour proliferative activity in the setting of neoadjuvant therapy as the residual

tumours’ proliferative activity can be influenced by the treatment effect.
Methodological challenges in Ki67 assessment

Pre-analytical setting: Similar to other IHC predictive markers in BC, several pre-
analytical issues have been shown to affect Ki67 expression such as type and duration
of fixation 38 3°. Optimal Ki67 results are obtained when 10% neutral buffered formalin
is used. Prolonged fixation may cause reduction in Ki67 expression levels 0.
Importantly, long-term storage in paraffin affects the accuracy of Ki67 assessment as
it is also more sensitive to antigen decay #'. It was recommended that samples for
Ki67 staining should be processed as the ASCO and CAP guidelines for hormonal

receptors and HER2 to preclude many pre-analytical challenges 2.

Analytical and post-analytic issues of Ki67 assessment: The degree of inter-
laboratory variability in Ki67 staining results from differences in staining methodologies,
including staining platform, antigen retrieval, primary antibody, detection system, and
counterstain 2. However, this degree of inter-laboratory discordance is not different to
estrogen receptor (ER) and progesterone receptor (PR) staining and other similar
diagnostic and prognostic IHC markers in routine practice and should not be used as

a major criticism against its clinical use.

There are many post-analytic issues of Ki67 assessment, whereas cell counting for
Ki67 is the most challenging and may be impractical. Another caveat is assessment
using hotspots or using an average value across specimens, counting non-tumour
cells such as tumour infiltrating lymphocytes or non-invasive tumour, such as ductal

carcinoma in situ (DCIS) which may contribute to scoring problems.

Scoring methods



IHC scoring is commonly based on the percentage of stained tumour cells reported as
the Ki67-labelling index (Ki67-LI); however, less labour intensive Ki67 scoring methods
have also been proposed #3. The common scoring methods include assessing Ki67 in
500 or 1000 tumour cells, either in whole tissue sections or focussing in a highly
stained ‘hotspot’ areas © 4448, Others have used a global subjective assessment of
Ki67 positivity by rapidly scanning and estimating the percentage of Ki67-positive
nuclei at high power magnification (termed the “quick-scan” method) 4° 0. Some
authors have also suggested scoring Ki67 in 200-400 cells in 10 high powered fields
at 40x magnification ' while others have recommended assessment of the whole
tissue section at low power and record the overall average percentage score 2.
Recently, IKWG has suggested calibrated standardised visual scoring using online
scoring applications %3. However, it requires routine digitalisation of the stained
sections which couldn’t be available in all pathology laboratories. In a recent study, we
determined that counting Ki67 positive cells among 1000 invasive breast tumour cells
within the ‘hotspot’, showed the highest degree of consistency between multiple
observers, and the highest hazard ratio predicting patient outcome when compared to
other scoring methods 2°. However, this approach may be a time-consuming method
in routine practice. Therefore, we tested a more practical method based on the visual
estimation of Ki67 without counting within an average of 1000 cells considering the
tumour cell density and the number of cells per specific areas in tumours with variable
cellularity. In this approach, pathologists select a high-power field (HPF), dependent
on the field diameter of the used microscope, and estimated the number of tumour
cells per HPF in tumours with different cell density and assess the approximate
number of HPFs that are required to count 1000 cells per case without the actual cell
count i.e. (calibrate their fields). Then they can visually estimate the average
percentage of Ki67 positive cells in the area that contain approximately 1000 cells or
more without counting the cells (the average number of HPFs that contain >=1000
tumour cells is variable and range from (100 to1000 cells) based on microscope field
diameter and the degree of tumour cellularity 3°. This method is likely to reduce scoring
time and achieved high inter-observers concordance *. Similar standardisation of
methodology has been adopted by the WHO group in counting mitotic figures per mm2
rather than solely on the 10 HPF which may vary in size significantly 4. Calibration of
the HPF of the specific microscope is also helpful in the accurate counting of mitotic
figures that is already part of the Nottingham grading system.



Depending on the degree of the homogeneity of staining, previous studies advocated
that Ki67 should be assessed in at least three randomly selected HPFs at 40x objective
65556 or in two peripheral along with one central heterogeneous HPFs 7. However, in
heterogeneous staining, scoring is suggested to be in three HPFs from the tumour
edges or hotspots 6. However, adopting these approaches do not consider density of
the different tumours, which has important impact on the assessment in Ki67 2°.

Ki67 cut-offs for clinical use

Consistent cut-off point is crucial when considering the prognosis for luminal BC
patients. Cut-offs to distinguish “Ki67 high” from “Ki67 low” in luminal BC varied from
1% to 29%, which is one of the perceived limitations of Ki67 use in the clinical setting.
In 2011, Saint Gallen Consensus Meeting defined the “low proliferation” tumours to
have Ki67LI <14 % %8 which was proposed based on a study by Cheang and
colleagues %°. In 2013 Saint Gallen Conference, the majority voted that a threshold of
2 20% was indicative of “high” Ki67 status. However, in the St. Gallen conference of
2015, the majority favoured a cut-off value of 20-29% ©°. A previous meta-analysis of
64,196 patients showed that of cut-off of at least 25% has better discriminatory power
compared to other cut-offs in luminal BC ¢'. Another study included 8088 patients and
used automated Ki67 scoring concluded that Ki67 >12 % had a worse 10-year breast
cancer specific survival (BCSS) in ER positive BC patients 2. Moreover, Ki67 has been
compared with EndoPredict risk scores and Ki67 above 25% was found to show a
strong overlap with high-risk EndoPredict test 3. It seems that cut-off levels ranging
from 10% to 30% have been the most common to dichotomise populations % 65, Al
Eskandarany and his colleagues demonstrated that 10% cut-off for Ki67 could stratify
BC with grade | and Il into statistically significant prognostic groups 6. Others
recommended to use the median value of local laboratory as the cut-off 6. The IKWG
recently concluded that Ki67 index of 5% or less, or 30% or more, can be used to
estimate prognosis in early BC 53. However, there is still a large gap between 5% and
30% and a large percentage of patients would be involved in this zone. In our cohort
of luminal BC patients (n=2641), less than 20% of patients had Ki67 expression <5%
and less than 15% showed more than 30% Ki67 expression. This will classify a third
of BC patients as a whole, while two-thirds of cases will remain in indeterminate zone,

which limit the value of Ki67.



In TNBC, a 40% cut-off was considered an optimal cut-off to classify patient with
greater risk of recurrence and death compared with patients with lower expression
rates ¢’ others found that 30% is the relevant cut-off value for Ki-67 for prognosis of
TNBC 8. Although, different cut-offs for Ki67 were proposed in TNBC, its cohort-based
and with limited prognostic value. While the extreme end of spectrum is helpful;
choosing specific cut-off does not have impact on TNBC patients.

Also, Ki67 cut-off should be changeable according to the context of its use either
diagnostic or prognostic. For example, 2% cut-off was used in atypical hyperplasia to
predict the risk of developing BC ©°. Also, it was shown that patients with Ki67 >10%
after pre-operative endocrine therapy were considered a candidate for further adjuvant
treatments in the POETIC clinical trial 7°. Furthermore, 20% Ki67 cut-off was accepted
by FDA for addition of CDK4/6 Inhibitor with endocrine therapy to luminal high risk BC
patients 7'. In addition, it could be considered to predict the response of CDK4/6
Inhibitor 72

Ki67 and mitosis

Ki67 and mitotic index (MI) are indicators of tumour proliferation rate and both are
significantly correlated . Analogous to Ki67, the advancing edge of the tumour,
probably in the areas of highest mitotic counts, is likely to be representative of tumour
clones that drive the biologic potential of the tumour 44 73, Mitotic count, which can
easily be assessed in a defined area on H&E-stained slides, represent the dividing
cells while Ki67 IHC represent the cells in the cell cycle. Not all cells in the cell cycle
will proceed to the mitosis phase and become committed to cell division. Therefore,
MI may provide a more reliable representation of the tumour growth rate than KI67
IHC. In recent study %2, we assessed the proportion of BC cells in the cell cycle
alongside mitosis and found that the mean proportion of BC cells in mitosis was 5%.
This support scoring mitosis by counting the number of mitotic figures while scoring
Ki67 by assessing the percentage of positive cells.

A standardised method of mitotic counts as part of the Nottingham grading system has
been developed and is widely used. Although grade is one of the important prognostic
parameters in BC that attracted a lot of attention, mitosis count as part of the 3
components of grade did not attract similar attention like Ki67 as a measure of



proliferation. This may be related to several factors including the low concordance rate
among pathologists in assessing mitotic scores and the lack of evidence on its
prognostic significance as a standalone parameter in BC. The prognostic significance
of mitotic count in the clinical setting remains as a component of grade. However, after
improved standardisation of mitotic count in BC and defining the area of counting
rather than the number of HPF may improve concordance of assessment and it will be
possible to develop mitotic cut-off of prognostic significance similar to Ki67 rather than
the 3 scores of grade 7. In contrast to Ml that is subject to fixation factors, Ki67 can
better represent the proliferative activity in tumours with suboptimal fixation and can
provide an alternative for mitotic count during assessment of BC grade in sub optimally
fixed tissue 6. Core needle biopsy may be the optimal type of specimens to assess
mitosis or Ki67 to avoid the impact of fixation issues and a previous study showed that
higher mitotic scores associated with worse outcomes using core needle biopsy 7.
However, we showed previously that the concordance between mitotic scores in core
biopsy and surgical sections was (63%; k-value = 0.25) and there was underestimation
of mitoses in the needle biopsy specimen which leads to grade discrepancy in some
patients 7. This underestimation is mainly related to the intra-tumoural heterogeneity
or presence of an insufficient amount of tumour in the core to allow 10 HPF to be
counted for mitosis 7. Although, hotspot usually found in the periphery of the tumour,
where core biopsy is taken, in a previous study we found that a significant number of
tumours had either scattered or central hotspot 7.

Ki67 and molecular subtypes

Ki67 and hormone receptor positive (luminal) BC: A strong negative
correlation was found between hormone receptors and Ki67 levels ° 7880,
Luminal tumours show a wide spectrum of proliferative activity, this reflected
the ability of Ki67 to stratify hormone receptor positive BC into prognostically
distinct groups based on the proliferative activity. The St Gallen Guidelines
recommended Ki67 in order to distinguish the molecular subtypes luminal A
and luminal B BC subtypes ''. Due to its prognostic significance in hormone
receptor positive BC, MKi67 gene is one of the 16 genes that are measured in
the Oncotype DX recurrence score (RS) 8183, There is a high concordance rate
between Oncotype DX recurrence scores and Ki67 index 368485 In our recent
study, we found a strong positive correlation between Oncotype DX RS and



Ki67 and none of the patients with less than 10% Ki67 expression had high risk
Oncotype DX RS while in high Ki67 expression tumours, Oncotype DX RS
varies. For example, 54% of tumours with Ki67 >70% has high risk RS
compared to 17% that showed low risk RS, supporting the reliability of Ki67 in
predicting tumour prognosis and Oncotype DX 8. In addition, a previous study
showed that high Ki67 tumours are at higher risk of relapsing among patients
with low risk Oncotype DX, and Ki67 status may help to identify a subset of low
risk Oncotype DX patients who could benefit from adjuvant chemotherapy 8.
Nottingham Px is another prognostic index, which incorporate Ki67 in addition
to tumour grade, tumour size, and PR #.

- Ki67 and HER2 positive BC: The correlation with HER2 status is less
significant as HER2 positive and negative tumours show a wide range of
proliferative activity. Some studies found positive correlation between Ki67 and
HER2 8889 byt others did not show any association . This may also result from
the difference of Ki67 cut-off points used. In some studies, the cut-off points of
Ki67 positive were greater than 30% positive cells, while in others it was less
than 12 or 25 % positive cells 9.

- Ki67 and triple negative BC (TNBC): The majority of hormone receptor
negative BC are highly proliferative. A correlation is seen with high Ki67 index
and TNBC #° and high Ki67 expression is significantly associated with
aggressive clinical behaviour in TNBC %2.

Stromal Ki67 expression in BC

Stromal expression of Ki67 could be helpful in the assessment of some cases including
multinucleated giant stromal cells in benign fibroepithelial lesions, which show low
Ki67 expression; however, in malignant giant cells, it showed high Ki67 expression 2.
In addition, expression of ki67 in stromal cells could be helpful in grading phyllodes
tumours rather than mitotic figures that are affected by fixation issues %,

Predictive role of Ki67

Ki67 can potentially serve as a tool to identify BC patients who could benefit from
chemotherapy °. Previous studies demonstrated that that Ki67 is a marker of
chemosensitivity in BC as most cytotoxic agents require cells to be in the cell cycle #2.

High proliferating tumours are associated with high risk of recurrence and poorer



outcomes, however, they are likely to response better to cytotoxic chemotherapy .
Ki67 has been shown to be an important part of a prognostic algorithm for residual risk
in early BC patients treated with letrozole or tamoxifen .

The role of Ki67 in determining the eligibility for Neoadjuvant chemotherapy (NAC) has
been tested. Two studies have showed that high Ki67 is associated with a good
response to NAC % %8 |t has been observed that patients with high post-treatment
Ki67 levels are at higher risk for disease relapse and death compared with patients
with low or intermediate Ki67 levels. Moreover, post-treatment Ki67 levels provided
more prognostic information than pre-treatment Ki67 levels or changes of its levels
from pre- to post-treatment. %. Importantly, a meta-analysis of 36 studies showed that
Ki67 might be an independent predictor for pathologic complete response . However,

not all studies agreed with that 100 107,
Ki67 and artificial intelligence

The traditional scoring method of Ki67 staining by IHC, may be time-consuming, poorly
reproducible for many pathologists, and liable to inter/intra-observer variability 102 103,
Fortunately, in the era of whole slide digital scanning technology, it is now possible to
combine histopathological image analysis with artificial intelligence (Al) '%. This may
enable highly accurate and rapid workflows %5, However, the question arises whether
Al could be used to solve the problem of accurate Ki67 assessment on IHC stained
sections. To date, the development of such automated approaches has been limited,
including a lack of automated selection for of regions of interest or the hotspot areas
102 Stalhammar and colleagues reported that automated Ki67 assessment methods
are superior to manual assessment in terms of sensitivity and specificity and can
improve inter-observer reproducibility of Ki67 assessment '°. However, automated
scoring methods has some defects in the identification of invasive tumour cells,
especially in lymphocytic-rich tumours where some Ki67-positive lymphocytes may be
identified as tumour cells leading to its overestimation °°. To overcome this, a semi-
automated evaluation method of Ki67 index which allows for the determination of the
exact proliferation index value by marking tumour and non-tumour cells manually,
followed by counting the cells automatically has been proposed °°. Also, new software
in development could overcome this problem through virtual double staining for tissue

classification. For example, the same tissue section is stained for both cytokeratin and



Ki67; tumour cells are recognised by positive cytokeratin expression, and only cells
that co-express both markers are automatically counted as positive tumour cells 106197,
Efforts should be exerted to develop a standard methodology and recognised constant
cut-offs with the development of computer-assisted image analysis guidelines, which
can improve the reproducibility of Ki67 assessment %8,

Future direction and recommendation

We believe that Ki67 should be used in the routine practice as a reliable prognostic
and predictive marker in early-stage BC in addition to its role as representative
surrogate of tumour proliferation. In addition, Ki67 is easily accessible and competitive
marker that is affordable in pathology laboratories.

We recommend using MIB1 antibody for Ki67 staining. Full face section is the optimal
type of tissue sections for proper Ki67 scoring and for avoiding the under estimation
of actual Ki67 value due to the effect of intra-tumoural heterogeneity of Ki67. Using a
standardised method in Ki67 scoring, which depends on calibration of fields area of
microscopes and visual estimation of Ki67 within 1000 cells without actual counting
should be adopted. In terms of cut-off, we recommend the optimal cut-off for Ki67
categorization should be adjusted according to the context of Ki67 usage either for

diagnostic, prognostic, or predictive value.
Conclusion

Ki67 is a valuable prognostic marker in early BC and represents a cost-effective
approach to assess cellular proliferation compared to other methods. An accurate
analysis of Ki67 will depend on consistent, reproducible, and valid scores in large
cohorts. Ki67 can be simply assessed in routine practice by visually estimation of the
average percentage of Ki67 positive cells in the area that contain approximately 1000
cells or more without counting the cells by calibrating the microscope HPF and tumour
cellularity. Efforts should be exerted to develop a standard methodology and accepted

cut-off that will enhance pathologists to properly assess this marker.

Acknowledgments

We gratefully acknowledge the support of the University of Nottingham.



Conflicts of interest
The authors declare that they have no conflicts of interest.
Ethics Approval

This study was approved by the Yorkshire & the Humber - Leeds East Research Ethics
Committee (REC Reference: 19/YH/0293) under the IRAS Project ID: 266925. Data

collected were fully anonymized.

Author Contributions: ER & AL conceived and planned and design the study, AL
wrote the manuscript draft, AL, SG, SM, MT, NM, AG, critically edited and reviewed

the article. ER made critical revisions and approved the final version.

Funding
AL is supported by and funded by the Egyptian Ministry of Higher Education and

Scientific Research.



References

1. Gutschner T, Diederichs S. The hallmarks of cancer: a long non-coding RNA point of view. RNA Biol
2012;9(6):703-19. doi: 10.4161/rna.20481
2. van Diest PJ, van der Wall E, Baak JPA. Prognostic value of proliferation in invasive breast cancer: a
review. J. Clin. Pathol 2004;57(7):675. doi: 10.1136/jcp.2003.010777
. Dayal JHS, Sales MJ, Corver WE, et al. Multiparameter DNA content analysis identifies distinct
groups in primary breast cancer. Br. J. Cancer 2013;108(4):873-80. doi: 10.1038/bjc.2013.42
4. Aleskandarany MA, Green AR, Benhasouna AA, et al. Prognostic value of proliferation assay in the
luminal, HER2-positive, and triple-negative biologic classes of breast cancer. Breast Cancer Res
2012;14(1):R3. doi: 10.1186/bcr3084
5. Jurikova M, Danihel L, Poldk S, et al. Ki67, PCNA, and MCM proteins: Markers of proliferation in the
diagnosis of  breast cancer. Acta  Histochem 2016;118(5):544-52. doi:
10.1016/j.acthis.2016.05.002
6. Soliman NA, Yussif SM. Ki-67 as a prognostic marker according to breast cancer molecular subtype.
Cancer Biol Med 2016;13(4):496-504. doi: 10.20892/j.issn.2095-3941.2016.0066
7. Ibrahim A, Lashen A, Toss M, et al. Assessment of mitotic activity in breast cancer: revisited in the
digital pathology era. J. Clin. Pathol 2022;75(6):365. doi: 10.1136/jclinpath-2021-207742
8. Zhu X, Chen L, Huang B, et al. The prognostic and predictive potential of Ki-67 in triple-negative
breast cancer. Sci Rep 2020;10(1):225. doi: 10.1038/s41598-019-57094-3
. Kanyillmaz G, Yavuz BB, Aktan M, et al. Prognostic Importance of Ki-67 in Breast Cancer and Its
Relationship with Other Prognostic Factors. Eur J Breast Health 2019;15(4):256-61. doi:
10.5152/ejbh.2019.4778
10. Stuart-Harris R, Caldas C, Pinder SE, et al. Proliferation markers and survival in early breast cancer:
A systematic review and meta-analysis of 85 studies in 32,825 patients. The Breast
2008;17(4):323-34. doi: https://doi.org/10.1016/j.breast.2008.02.002
11. Inic Z, Zegarac M, Inic M, et al. Difference between Luminal A and Luminal B Subtypes According
to Ki-67, Tumor Size, and Progesterone Receptor Negativity Providing Prognostic Information.
Clin Med Insights Oncol 2014;8:107-11. doi: 10.4137/cmo0.518006
12. Keam B, Im S-A, Lee K-H, et al. Ki-67 can be used for further classification of triple negative breast
cancer into two subtypes with different response and prognosis. Breast Cancer Res
2011;13(2):R22. doi: 10.1186/bcr2834
13. Gerdes J, Schwab U, Lemke H, et al. Production of a mouse monoclonal antibody reactive with a
human nuclear antigen associated with cell proliferation. Int J Cancer 1983;31(1):13-20. doi:
10.1002/ijc.2910310104
14. Scholzen T, Gerdes J. The Ki-67 protein: from the known and the unknown. J Cell Physiol
2000;182(3):311-22. doi: 10.1002/(sici)1097-4652(200003)182:3<311::Aid-jcp1>3.0.Co;2-9
15. Bahaddin MM. A comparative study between Ki67 positive versus Ki67 negative females with
breast cancer: Cross sectional study. Ann. Med. Surg 2020;60:232-35. doi:
https://doi.org/10.1016/j.amsu.2020.10.049
16. Verheijen R, Kuijpers HJ, van Driel R, et al. Ki-67 detects a nuclear matrix-associated proliferation-
related antigen. Il. Localization in mitotic cells and association with chromosomes. J Cell Sci
1989;92 ( Pt 4):531-40.
17. Yerushalmi R, Woods R, Ravdin PM, et al. Ki67 in breast cancer: prognostic and predictive potential.
The Lancet Oncol 2010;11(2):174-83. doi: https://doi.org/10.1016/51470-2045(09)70262-1
18. Sun X, Kaufman PD. Ki-67: more than a proliferation marker. Chromosoma 2018;127(2):175-86.
doi: 10.1007/s00412-018-0659-8
19. Sobecki M, Mrouj K, Camasses A, et al. The cell proliferation antigen Ki-67 organises
heterochromatin. Elife 2016;5:e13722. doi: 10.7554/elLife.13722
20. Booth DG, Takagi M, Sanchez-Pulido L, et al. Ki-67 is a PP1-interacting protein that organises the
mitotic chromosome periphery. Elife 2014;3:e01641. doi: 10.7554/elLife.01641 [

w

o




21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Barbareschi M, Girlando S, Mauri FM, et al. Quantitative growth fraction evaluation with MIB1 and
Ki67 antibodies in breast carcinomas. Am J Clin Pathol 1994;102(2):171-5. doi:
10.1093/ajcp/102.2.171

Veronese SM, Maisano C, Scibilia J. Comparative prognostic value of Ki-67 and MIB-1 proliferation
indices in breast cancer. Anticancer Res 1995;15(6b):2717-22

Zabaglo L, Salter J, Anderson H, et al. Comparative validation of the SP6 antibody to Ki67 in breast
cancer. J Clin Pathol 2010;63(9):800-4. doi: 10.1136/jcp.2010.077578

Ekholm M, Beglerbegovic S, Grabau D, et al. Immunohistochemical assessment of Ki67 with
antibodies SP6 and MIB1 in primary breast cancer: a comparison of prognostic value and
reproducibility. Histopathology 2014;65(2):252-60. doi: 10.1111/his.12392

Gerdes J, Lemke H, Baisch H, et al. Cell cycle analysis of a cell proliferation-associated human
nuclear antigen defined by the monoclonal antibody Ki-67. J Immunol 1984;133(4):1710-5

Dowsett M, Nielsen TO, A’'Hern R, et al. Assessment of Ki67 in Breast Cancer: Recommendations
from the International Ki67 in Breast Cancer Working Group. JNCI: J 2011;103(22):1656-64.
doi: 10.1093/jnci/djr393

Faratian D, Munro A, Twelves C, et al. Membranous and cytoplasmic staining of Ki67 is associated
with HER2 and ER status in invasive breast carcinoma. Histopathology 2009;54(2):254-7. doi:
10.1111/j.1365-2559.2008.03191.x

Cserni G. Analysis of membranous Ki-67 staining in breast cancer and surrounding breast
epithelium. Virchows Arch 2018;473(2):145-53. doi: 10.1007/s00428-018-2343-z

Lindboe CF, Torp SH. Comparison of Ki-67 equivalent antibodies. J Clin Pathol 2002;55(6):467-71.
doi: 10.1136/jcp.55.6.467

Lashen A, Toss MS, Green AR, et al. Ki67 assessment in invasive luminal breast cancer: A
comparative study between different scoring methods. Histopathology 2022;81/768-798. doi:
https://doi.org/10.1111/his.14781

Stec R, Cierniak S, Lubas A, et al. Intensity of Nuclear Staining for Ki-67, p53 and Survivin as a New
Prognostic Factor in Non-muscle Invasive Bladder Cancer. Pathol Oncol Res 2020;26(2):1211-
19. doi: 10.1007/s12253-019-00678-1

Focke CM, Decker T, van Diest PJ. Intratumoral heterogeneity of Ki67 expression in early breast
cancers exceeds variability between individual tumours. Histopathology 2016;69(5):849-61.
doi: https://doi.org/10.1111/his.13007

Yersal O, Barutca S. Biological subtypes of breast cancer: Prognostic and therapeutic implications.
World J Clin Oncol 2014;5(3):412-24. doi: 10.5306/wjco.v5.i3.412

Aleskandarany MA, Green AR, Ashankyty I, et al. Impact of intratumoural heterogeneity on the
assessment of Ki67 expression in breast cancer. Breast Cancer Res Treat 2016;158(2):287-95.
doi: 10.1007/s10549-016-3893-x

Romero Q, Bendahl PO, Klintman M, et al. Ki67 proliferation in core biopsies versus surgical
samples - a model for neo-adjuvant breast cancer studies. BMC Cancer 2011;11:341. doi:
10.1186/1471-2407-11-341

Gandini S, Guerrieri-Gonzaga A, Pruneri G, et al. Association of molecular subtypes with Ki-67
changes in untreated breast cancer patients undergoing pre-surgical trials. Ann Oncol
2014;25(3):618-23. doi: 10.1093/annonc/mdt528 [published Online First: 2013/12/20]

Kwok TC, Rakha EA, Lee AH, et al. Histological grading of breast cancer on needle core biopsy: the
role of immunohistochemical assessment of proliferation. Histopathology 2010;57(2):212-9.
doi: 10.1111/j.1365-2559.2010.03620.x

Wolff AC, Hammond ME, Hicks DG, et al. Recommendations for human epidermal growth factor
receptor 2 testing in breast cancer: American Society of Clinical Oncology/College of American
Pathologists clinical practice guideline update. J Clin Oncol 2013;31(31):3997-4013. doi:
10.1200/JC0.2013.50.9984

Hammond ME, Hayes DF, Dowsett M, et al. American Society of Clinical Oncology/College Of
American Pathologists guideline recommendations for immunohistochemical testing of




40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

estrogen and progesterone receptors in breast cancer. J Clin Oncol 2010;28(16):2784-95. doi:
10.1200/JC0.2009.25.6529

Arima N, Toyozumi Y, Nishimura R, et al. Abstract P1-02-01: Pre-analytical setting is critical for an
assessment of the Ki-67 labeling index for breast cancer. Cancer Res 2013;73(24
Supplement):P1-02-01. doi: 10.1158/0008-5472.SABCS13-P1-02-01

Combs SE, Han G, Mani N, et al. Loss of antigenicity with tissue age in breast cancer. Lab Invest
2016;96(3):264-9. doi: 10.1038/labinvest.2015.138

Nielsen TO, Leung SCY, Rimm DL, et al. Assessment of Ki67 in Breast Cancer: Updated
Recommendations From the International Ki67 in Breast Cancer Working Group. JNC/ 2020
doi: 10.1093/jnci/djaa201

Li LT, Jiang G, Chen Q, et al. Ki67 is a promising molecular target in the diagnosis of cancer (review).
Mol Med Rep 2015;11(3):1566-72. doi: 10.3892/mmr.2014.2914

Dowsett M, Nielsen TO, A'Hern R, et al. Assessment of Ki67 in breast cancer: recommendations
from the International Ki67 in Breast Cancer working group. J Natl Cancer Inst
2011;103(22):1656-64. doi: 10.1093/jnci/djr393

Hashmi AA, Hashmi KA, Irfan M, et al. Ki67 index in intrinsic breast cancer subtypes and its
association with prognostic parameters. BMC Res Notes 2019;12(1):605. doi: 10.1186/s13104-
019-4653-x

Kitson S, Sivalingam VN, Bolton J, et al. Ki-67 in endometrial cancer: scoring optimization and
prognostic relevance for window studies. Mod Pathol 2017;30(3):459-68. doi:
10.1038/modpathol.2016.203

Aleskandarany MA, Green AR, Ashankyty |, et al. Impact of intratumoural heterogeneity on the
assessment of Ki67 expression in breast cancer. Breast Cancer Res Treat 2016;158(2):287-95.
doi: 10.1007/s10549-016-3893-x

Kadivar M, Aram F. Assessment of Ki67 in Breast Cancer: A Comparison Between the Eye-10
Method, Stepwise Counting Strategy, and International System of Ki67 Evaluation. Iran J
Pathol 2020;15(1):13-18. doi: 10.30699/ijp.2019.102290.2017 [published Online First:
2020/02/26]

Gudlaugsson E, Skaland I, Janssen EA, et al. Comparison of the effect of different techniques for
measurement of Ki67 proliferation on reproducibility and prognosis prediction accuracy in
breast cancer. Histopathology 2012;61(6):1134-44. doi: 10.1111/j.1365-2559.2012.04329.x

Laurinavicius A, Plancoulaine B, Laurinaviciene A, et al. A methodology to ensure and improve
accuracy of Ki67 labelling index estimation by automated digital image analysis in breast
cancer tissue. Breast Cancer Res 2014;16(2):R35. doi: 10.1186/bcr3639

Mu K, Li L, Yang Q, et al. A standardized method for quantifying proliferation by Ki-67 and cyclin A
immunohistochemistry in breast cancer. Ann. Diagn. Pathol 2015;19(4):243-48. doi:
https://doi.org/10.1016/j.anndiagpath.2015.05.002

Lashen AG, Toss MS, Katayama A, et al. Assessment of proliferation in breast cancer: cell cycle or
mitosis? An observational study. Histopathology 2021;79(6):1087-98. doi: 10.1111/his.14542

Nielsen TO, Leung SCY, Rimm DL, et al. Assessment of Ki67 in Breast Cancer: Updated
Recommendations From the International Ki67 in Breast Cancer Working Group. J Natl Cancer
Inst 2021;113(7):808-19. doi: 10.1093/jnci/djaa201

Cree IA, Tan PH, Travis WD, et al. Counting mitoses: Sl(ze) matters! Mod Pathol 2021;34(9):1651-
57. doi: 10.1038/s41379-021-00825-7

Zhong F, Bi R, Yu B, et al. A Comparison of Visual Assessment and Automated Digital Image Analysis
of Ki67 Labeling Index in Breast Cancer. PLOS ONE 2016;11(2):e0150505. doi:
10.1371/journal.pone.0150505

Shui R, Yu B, Bi R, et al. An Interobserver Reproducibility Analysis of Ki67 Visual Assessment in
Breast Cancer. PLOS ONE 2015;10(5):e0125131. doi: 10.1371/journal.pone.0125131




57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Aman NA, Doukoure B, Koffi KD, et al. Immunohistochemical Evaluation of Ki-67 and Comparison
with Clinicopathologic Factors in Breast Carcinomas. Asian Pac J Cancer Prev 2019;20(1):73-
79. doi: 10.31557/apjcp.2019.20.1.73

Goldhirsch A, Wood WC, Coates AS, et al. Strategies for subtypes--dealing with the diversity of
breast cancer: highlights of the St. Gallen International Expert Consensus on the Primary
Therapy of Early Breast Cancer 2011. Ann Oncol 2011;22(8):1736-47. doi:
10.1093/annonc/mdr304

Cheang MC, Chia SK, Voduc D, et al. Ki67 index, HER2 status, and prognosis of patients with luminal
B breast cancer. J Nat! Cancer Inst 2009;101(10):736-50. doi: 10.1093/jnci/djp082

Coates AS, Winer EP, Goldhirsch A, et al. Tailoring therapies--improving the management of early
breast cancer: St Gallen International Expert Consensus on the Primary Therapy of Early Breast
Cancer 2015. Ann Oncol 2015;26(8):1533-46. doi: 10.1093/annonc/mdv221

Petrelli F, Viale G, Cabiddu M, et al. Prognostic value of different cut-off levels of Ki-67 in breast
cancer: a systematic review and meta-analysis of 64,196 patients. Breast Cancer Res Treat
2015;153(3):477-91. doi: 10.1007/s10549-015-3559-0

Abubakar M, Orr N, Daley F, et al. Prognostic value of automated KI67 scoring in breast cancer: a
centralised evaluation of 8088 patients from 10 study groups. Breast Cancer Res
2016;18(1):104. doi: 10.1186/s13058-016-0765-6

Noske A, Anders S, Ettl J, et al. Risk stratification in luminal-type breast cancer: Comparison of Ki-
67 with EndoPredict test results. Breast 2020;49:101-07. doi: 10.1016/j.breast.2019.11.004]

Pathmanathan N, Balleine RL. Ki67 and proliferation in breast cancer. J Clin Pathol 2013;66(6):512-
6. doi: 10.1136/jclinpath-2012-201085

Van den Berg EJ, Duarte R, Dickens C, et al. KI67 immunohistochemistry quantification in breast
carcinoma: A comparison of visual estimation, counting and Immunoratio©. Appl.
Immunohistochem. Mol. Morphol 2021;29(2):105.

Aleskandarany MA, Rakha EA, Macmillan RD, et al. MIB1/Ki-67 labelling index can classify grade 2
breast cancer into two clinically distinct subgroups. Breast Cancer Res Treat 2011;127(3):591-
9. doi: 10.1007/s10549-010-1028-3

Wu Q, Ma G, Deng Y, et al. Prognostic Value of Ki-67 in Patients With Resected Triple-Negative
Breast Cancer: A Meta-Analysis. Front Oncol 2019;9:1068. doi: 10.3389/fonc.2019.01068

Zhu X, Chen L, Huang B, et al. The prognostic and predictive potential of Ki-67 in triple-negative
breast cancer. Scientific Reports 2020;10(1):225. doi: 10.1038/s41598-019-57094-3

Santisteban M, Reynolds C, Barr Fritcher EG, et al. Ki67: a time-varying biomarker of risk of breast
cancer in atypical hyperplasia. Breast Cancer Res Treat 2010;121(2):431-7. doi:
10.1007/s10549-009-0534-7

Smith |, Robertson J, Kilburn L, et al. Long-term outcome and prognostic value of Ki67 after
perioperative endocrine therapy in postmenopausal women with hormone-sensitive early
breast cancer (POETIC): an open-label, multicentre, parallel-group, randomised, phase 3 trial.
Lancet Oncol 2020;21(11):1443-54. doi: 10.1016/s1470-2045(20)30458-7

Giordano SH, Freedman RA, Somerfield MR. Abemaciclib With Endocrine Therapy in the Treatment
of High-Risk Early Breast Cancer: ASCO Optimal Adjuvant Chemotherapy and Targeted
Therapy Guideline Rapid Recommendation Update. J Clin Oncol 2022;40(3):307-09. doi:
10.1200/jco.21.02677

Rakha EA, Chmielik E, Schmitt FC, et al. Assessment of Predictive Biomarkers in Breast Cancer:
Challenges and Updates. Pathobiology 2022;89(5):263-77. doi: 10.1159/000525092

Lashen A, Toss MS, Alsaleem M, et al. The characteristics and clinical significance of atypical mitosis
in breast cancer. Mod Pathol 2022;35(10):1341-48. doi: 10.1038/s41379-022-01080-0

Ibrahim A, Lashen AG, Katayama A, et al. Defining the area of mitoses counting in invasive breast
cancer using whole slide image. Mod Pathol 2022;35(6):739-48. doi: 10.1038/s41379-021-
00981-w



75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Chang JM, McCullough AE, Dueck AC, et al. Back to Basics: Traditional Nottingham Grade Mitotic
Counts Alone are Significant in Predicting Survival in Invasive Breast Carcinoma. Ann. Surg.
Oncol 2015;22(3):509-15. doi: 10.1245/s10434-015-4616-y

Kwok TnC, Rakha EA, Lee AHS, et al. Histological grading of breast cancer on needle core biopsy:
the role of immunohistochemical assessment of proliferation. Histopathology
2010;57(2):212-19. doi: https://doi.org/10.1111/j.1365-2559.2010.03620.x

Daveau C, Baulies S, Lalloum M, et al. Histological grade concordance between diagnostic core
biopsy and corresponding surgical specimen in HR-positive/HER2-negative breast carcinoma.
Br. J. Cancer 2014;110(9):2195-200. doi: 10.1038/bjc.2014.143

Wiesner FG, Magener A, Fasching PA, et al. Ki-67 as a prognostic molecular marker in routine
clinical use in breast cancer patients. Breast 2009;18(2):135-41. doi:
10.1016/j.breast.2009.02.009]

Liu S, Edgerton SM, Moore DH, 2nd, et al. Measures of cell turnover (proliferation and apoptosis)
and their association with survival in breast cancer. Clin Cancer Res 2001;7(6):1716-23.

Lashen AG, Toss MS, Mongan NP, et al. The clinical value of progesterone receptor expression in
luminal breast cancer: A study of a large cohort with long-term follow-up. Cancer 2023 doi:
10.1002/cncr.34655

Fallah P, Mulla NK, Aloyz R, et al. Can high Ki67 predict distant recurrence in early-stage breast
cancer with low Oncotype Dx score? J. Clin. Onco 2021;39(15 suppl):e12561-e61. doi:
10.1200/JC0.2021.39.15_suppl.e12561

Turner BM, Skinner KA, Tang P, et al. Use of modified Magee equations and histologic criteria to
predict the Oncotype DX recurrence score. Mod Pathol 2015;28(7):921-31. doi:
10.1038/modpathol.2015.50

Lashen A, Toss MS, Fadhil W, et al. Evaluation Oncotype DX® 21-Gene Recurrence Score and
Clinicopathological Parameters: A single institutional experience. Histopathology 2023 doi:
10.1111/his.14863

Sgroi DC, Sestak |, Cuzick J, et al. Prediction of late distant recurrence in patients with oestrogen-
receptor-positive breast cancer: a prospective comparison of the breast-cancer index (BCl)
assay, 21-gene recurrence score, and IHC4 in the TransATAC study population. Lancet Oncol
2013;14(11):1067-76. doi: 10.1016/s1470-2045(13)70387-5

Mulla N, Alnouri A, Al Majed MM, et al. Determine the relationship between Ki 67 and Oncotype
DX. J. Clin. Onco 2016;34(15_suppl):e12017-e17. doi: 10.1200/JC0.2016.34.15_suppl.e12017

Namuche F, Ruiz RE, Morante Cruz ZD, et al. 214P - Ki67 as an important predictor for oncotype
Dx recurrence score risk groups in early breast cancer. Ann. Oncol 2018;29:viii68. doi:
https://doi.org/10.1093/annonc/mdy270.209

Rakha EA, Agarwal D, Green AR, et al. Prognostic stratification of oestrogen receptor-positive
HER2-negative lymph node-negative class of breast cancer. Histopathology 2017;70(4):622-
31. doi: https://doi.org/10.1111/his.13108

Shokouh TZ, Ezatollah A, Barand P. Interrelationships Between Ki67, HER2/neu, p53, ER, and PR
Status and Their Associations With Tumor Grade and Lymph Node Involvement in Breast
Carcinoma Subtypes: Retrospective-Observational Analytical Study. Medicine (Baltimore)
2015;94(32):e1359. doi: 10.1097/md.0000000000001359

Ragab HM, Samy N, Afify M, et al. Assessment of Ki-67 as a potential biomarker in patients with
breast cancer. J Genet Eng Biotechnoly 2018;16(2):479-84. doi:
https://doi.org/10.1016/].jgeb.2018.03.002

Payandeh M, Shahriari-Ahmadi A, Sadeghi M, et al. Correlations between HER2 Expression and
Other Prognostic Factors in Breast Cancer: Inverse Relations with the Ki-67 Index and P53
Status. Asian Pac. J. Cancer Prev: APJCP 2016;17:1015-18. doi: 10.7314/APJCP.2016.17.3.1015

YinY, Zeng K, Wu M, et al. The Levels of Ki-67 Positive are Positively Associated with Lymph Node
Metastasis in Invasive Ductal Breast Cancer. Cell Biochem. Biophys 2014;70(2):1145-51. doi:
10.1007/s12013-014-0034-1




92. Miyashita M, Ishida T, Ishida K, et al. Histopathological subclassification of triple negative breast
cancer using prognostic scoring system: five variables as candidates. Virchows Archiv : an
international journal of pathology 2011;458(1):65-72. doi: 10.1007/s00428-010-1009-2

93. Mohd Ali NA, Nasaruddin AF, Mohamed SS, et al. Ki67 and P53 Expression in Relation to
Clinicopathological Features in Phyllodes Tumour of the Breast. Asian Pac J Cancer Prev
2020;21(9):2653-59. doi: 10.31557/apjcp.2020.21.9.2653

94. Criscitiello C, Disalvatore D, De Laurentiis M, et al. High Ki-67 score is indicative of a greater benefit
from adjuvant chemotherapy when added to endocrine therapy in Luminal B HER2 negative
and node-positive breast cancer. The Breast 2014;23(1):69-75. doi:
https://doi.org/10.1016/j.breast.2013.11.007

95. Nielsen TO, Jensen M-B, Burugu S, et al. High-Risk Premenopausal Luminal A Breast Cancer Patients
Derive no Benefit from Adjuvant Cyclophosphamide-based Chemotherapy: Results from the
DBCG77B Clinical Trial. Clinical Cancer Res 2017;23(4):946. doi: 10.1158/1078-0432.CCR-16-
1278

96. Viale G, Regan MM, Dell'Orto P, et al. Which patients benefit most from adjuvant aromatase
inhibitors? Results using a composite measure of prognostic risk in the BIG 1-98 randomized
trial. Ann Oncol 2011;22(10):2201-7. doi: 10.1093/annonc/mdqg738

97. von Minckwitz G, Schmitt WD, Loibl S, et al. Ki67 measured after neoadjuvant chemotherapy for
primary breast cancer. Clinical cancer research : an official journal of the American Association
for Cancer Research 2013;19(16):4521-31. doi: 10.1158/1078-0432.ccr-12-3628

98. Chen C, Zhang Y, Huang Z, et al. Decrease in the Ki67 index during neoadjuvant chemotherapy
predicts favorable relapse-free survival in patients with locally advanced breast cancer. Cancer
Biol Med 2019;16(3):575-86. doi: 10.20892/j.issn.2095-3941.2018.0423

99.Tao M, Chen S, Zhang X, et al. Ki-67 labeling index is a predictive marker for a pathological complete
response to neoadjuvant chemotherapy in breast cancer: A meta-analysis. Medicine
(Baltimore) 2017;96(51):€9384. doi: 10.1097/md.0000000000009384

100. Zhou B, Yang DQ, Xie F. Biological markers as predictive factors of response to neoadjuvant
taxanes and anthracycline chemotherapy in breast carcinoma. Chin Med J (Engl)
2008;121(5):387-91.

101. Wei Y, Li JF, Wang TF, et al. [Association between hormone receptors and response to
neoadjuvant anthracycline-based chemotherapy in breast cancer patients]. Beijing Da Xue Xue
Bao Yi Xue Ban 2007;39(5):481-3

102. Feng M, Deng Y, Yang L, et al. Automated quantitative analysis of Ki-67 staining and HE images
recognition and registration based on whole tissue sections in breast carcinoma. Diagn Pathol
2020;15(1):65. doi: 10.1186/s13000-020-00957-5

103. Suciu C, Muresan A, Cornea R, et al. Semi-automated evaluation of Ki-67 index in invasive ductal
carcinoma of the breast. Oncol Lett 2014;7(1):107-14. doi: 10.3892/0l.2013.1654

104. Niazi MKK, Parwani AV, Gurcan MN. Digital pathology and artificial intelligence. Lancet Oncol
2019;20(5):e253-e61. doi: 10.1016/s1470-2045(19)30154-8

105. Tizhoosh HR, Pantanowitz L. Artificial Intelligence and Digital Pathology: Challenges and
Opportunities. J Pathol Inform 2018;9:38. doi: 10.4103/jpi.jpi_53_18

106. Stalhammar G, Fuentes Martinez N, Lippert M, et al. Digital image analysis outperforms manual
biomarker assessment in breast cancer. Mod Pathol 2016;29(4):318-29. doi:
10.1038/modpathol.2016.34

107. Abubakar M, Orr N, Daley F, et al. Prognostic value of automated K167 scoring in breast cancer: a
centralised evaluation of 8088 patients from 10 study groups. Breast Cancer Res
2016;18(1):104. doi: 10.1186/s13058-016-0765-6

108. Serna G, Simonetti S, Fasani R, et al. Sequential immunohistochemistry and virtual image
reconstruction using a single slide for quantitative KI67 measurement in breast cancer. Breast
2020;53:102-10. doi: 10.1016/j.breast.2020.07.002




Figure legends

Figure 1: Representative images of different examples of positive Ki67 mitotic cells.
Typical mitotic cells with Ki67 also stained in the areas around the chromosomes
(perichromosomal layer) (a), atypical mitoses (b).

Figure 2: Representative expression of Ki67 in BC. Very low Ki67 expression (a),
moderate Ki67 expression (b&c), high Ki67 expression (d&e) and very high ki67
expression in BC cells (f).

Figure 3: Patterns of Ki67 staining: a, homogenous staining of the nucleus. b,
granular pattern granules of distinct size dispersed throughout the nucleoplasm and
¢, mixed pattern of homogenous and granular ones.



Table1: Comparison between Ki67 and other proliferative markers in breast cancer (BC)



Marker

Ki67

PCNA

Function

Required during
interphase  for
normal cellular
distribution  of
heterochromatin

antigens.

Involved in DNA

excision repair,
cell cycle
control,
chromatin

assembly, and
RNA

transcription

Cell cycle

Expressed in
all cell cycle
phases except
in GO.

Expressed in
S and G

phases.

Prognostic role in BC

Correlation with poor
disease-free  survival
(DFS), overall survival
(OS) and BC-specific

survival (BCSS).

Association with a
shorter DFS and OS.

Disadvantages

No standard scoring
protocol or accepted
cut-off point until

now.

Not specific for
proliferation as it
corresponds  with
in DNA

replication sites.

the cells

Correlation
with ki67

Poor

correlation.

Correlation with
clinicopathological of BC

Correlate positively with
histologic grade, Nottingham
Prognostic Index (NPI), lymph
node stage and HER2. Correlate
inversely with ER and PR status.
A good biomarker for selection
the systemic treatment of
patients with early-stage BC

Poor correlation with clinical

parameters.



PHH3

MCM family

Topoisomerase Il

Involved in
chromatin
condensation
Essential to
ensure

eukaryotic DNA
is replicated
only once per

cell cycle.

Key enzyme for
controlling of
topological
states of DNA

Expressed in
M phase only.

Increased
transcription
during the
G1/S phases.

Expressed
SIG2/M

phases.

A prognostic marker in

patients with lymph
BC.
Correlation with short
DFS.

Association with OS,
BCSS,

recurrence, and distant

node-negative

regional

metastases free
survival (DMFS).
Association with a

shorter DFS and OS.

There is a debate
concerning  cut-off
values assessment.
Expression affected
with fixation time.

Replication-
competent when
compared to Ki67.

MCM is not superior

to Ki67 in BC

Not exclusively
expressed by
proliferating  cells

but also during DNA
damage repair.

Poor

correlation.

Strong
correlation.
Higher
expression in
BC compared
to Ki67.

Strong

correlation.

Perfect correlation with mitotic
index and grade. No correlation
with  hormonal

was found

receptors.
Good with

clinicopathological

correlation
parameters
except lymph node stage and

vascular invasion.

Perfect correlation with high
tumour grade and Ki67 index,



