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Abstract

Separase, a cysteine endopeptidase, is a key player in mitotic sister chromatid separation, replication fork dynamics, and DNA
repair. Aberrant expression and/or altered separase proteolytic activity are associated with aneuploidy, tumorigenesis, and disease
progression. Since genomic instability and clonal evolution are hallmarks of progressing chronic myeloid leukemia (CML), we
have comparatively examined separase proteolytic activity in TKI-treated chronic phase CML. Separase proteolytic activity was
analyzed on single cell level in 88 clinical samples and in 14 healthy controls by a flow cytometric assay. In parallel, BCR-ABLI
gene expression and replication fork velocity were measured by qRT-PCR and DNA fiber assays, respectively. The separase
activity distribution (SAD) value indicating the occurrence of MNCs with elevated separase proteolytic activity within samples
was found to positively correlate with BCR-ABLI gene expression levels and loss of MMR (relapse) throughout routine BCR-
ABLI monitoring. Analyses of CD34" cells and MNCs fractionized by flow cytometric cell sorting according to their separase
activity levels (H- and L-fractions) revealed that CD34" cells with elevated separase activity levels (H-fractions) displayed
enhanced proliferation/viability when compared with cells with regular (L-fraction) separase activity (mean 3.3-fold, p =
0.0011). BCR-ABLI gene expression positivity prevailed in MNC H-fractions over L-fractions (42% vs. 8%, respectively).
Moreover, expanding CD34™" cells of H-fractions showed decreased replication fork velocity compared with cells of L-
fractions (p <0.0001). Our data suggests an association between high separase activity, residual BCR-ABLI gene expression,
and enhanced proliferative capacity in hematopoietic cells within the leukemic niche of TKI-treated chronic phase CML.

Keywords ESPLI/separase - Chronic myeloid leukemia (CML) - BCR-ABL1 expression - Major molecular remission (MMR) -
Leukemic stem cell (LSC) - Leukemic niche

Introduction

Improved therapy regimen employing first-, second-, and
third-generation tyrosine kinase inhibitors (TKI) directed at
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the abnormal BCR-ABL1 fusion tyrosine kinase (TK) lead to
achievements of durable cytogenetic (CyR) and molecular re-
missions (MR) in patients with chronic myeloid leukemia
(CML). The survival rate of the majority of patients is ap-
proaching that of the general population [1-3]. For patients
that have achieved a permanent deep MR under TKI treatment,
the conception of treatment-free remission (TFR) has been
supported. Despite deep MR achievement about 40-60% of
patients display increase in BCR-ABLI transcript levels and
need treatment reconstitution. Only about half of all patients
are able to have sustained TFR [4]. It seems that despite sig-
nificant decreases in BCR-ABLI mRNA levels under TKI
long-term therapy, the persistence of residual CML clones
with low BCR-ABL1 expression and insensitivity to TKI treat-
ment in the bone marrow (BM) compartment makes disease
eradication by TKI treatment alone unlikely [5, 6]. Recent
evidence suggests that kinase activity of the BCR-ABL1
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oncoprotein in CML stem cells is inhibited by TKI treatment
without affecting CML stem cell survival [7, 8]. Obviously,
additional cellular mechanisms promote CML stem cell sur-
vival and maintenance, rendering these cells TKI-resistant and
eventually promote molecular relapse [9, 10].

Since only few factors for leukemic stem cell (LSC)
dormance are identified so far, it is important to explore new
targets and to develop potent small molecules for eradication
of the leukemia clone [11-13].

ESPL I/separase, a cysteine endopeptidase, is a key player
of chromosomal segregation. In mitotic anaphase, it accom-
plishes proteolytic cleavage of cohesin, a “glue”” multi-protein
complex that holds sister-chromatids together [14—16]. Proper
temporal and spatial activation of separase proteolytic activity
warrants chromosomal fidelity by unleashing sister-
chromatids at anaphase onset and establishing an accurate
chromosomal segregation [17]. Furthermore, separase is an
essential prerequisite for semiconservative centriole duplica-
tion as disengagement of mother and daughter centrioles by
proteolysis licenses the cell cycle—associated duplication of
centrosomes [18]. Separase on interphase chromosomes has
been reported to be involved in controlling replication fork
speed and in postreplicative DNA double-strand break repair
(DSBR). There, separase acts locally to cleave distinct cohesin
molecules and to facilitate homology-directed repair (HDR)
thereby preventing oncogenic transformation [19-22]. Due
to these interphase activities, separase has been recently pro-
posed to be active throughout the cell cycle on a low level and
there may be a mere increase in separase activity during meta-
phase contrary to the common believes that separase is inactive
throughout cell cycle except for metaphase/anaphase [23].

In human cancers, ESPLI/separase is frequently
overexpressed and the resulting deregulated proteolytic activity
is associated with premature segregation of chromatids and/or
formation of anaphase bridges from lagging chromosomes
[24]. Moreover, unscheduled (cell cycle uncoupled) activation
of separase can lead to aberrant high numbers of centrosomes
(i.e., centrosome amplification) and subsequently to a defective
mitotic spindle apparatus [25]. Both defects cause the emer-
gence of aberrant karyotypes (aneuploidy), a hallmark of most
advanced human malignancies [24, 26-30]. Overexpression of
separase in the mammary gland of a MMTV-ESPLI mouse
model led to the development of highly aneuploid mammary
carcinomas with high levels of chromosomal instability and
aggressive disease phenotypes [31]. Consequently, separase
has been identified as an aneuploidy promoter that, when
overexpressed and hyperactive, functions as an oncogene and
renders cells susceptible not only for chromosomal
missegregation-induced aneuploidy but also for DNA damage
and loss of key tumor suppressor gene loci associated with
tumorigenesis and disease progression [31-33].

In search for molecular mechanisms that contribute to the
survival of LSC and clonal evolution during TKI-related
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dormance, we set out to investigate primary cells with elevat-
ed separase activity levels derived from the peripheral blood
of 88 CML patients. We show that the occurrence of these
cells in diagnostic samples can be a marker for loss of major
molecular response (MMR) and concurs with BCR-ABLI
gene expression positivity. Furthermore, primary CD34" cells
with elevated separase activity levels feature increased prolif-
eration capacity in vitro and show decreased replication fork
velocity in DNA fiber assays. The potential impact of these
findings for clonal evolution and disease progression as indi-
cated by loss of MMR and dormance of the malignant clone
within the leukemic niche of TKI-treated CML in terms of
TKI stopping trials is discussed.

Methods
Patients and control samples

In general, clinical sample acquisition was based solely on the
availability of a sufficient number of CD34" cells irrespective
of longitudinal treatment journey, TKI treatment regimen, or
response criteria such as time to relapse. For determination of
the separase activity distribution (SAD) values from mononu-
clear cells (MNCs) by separase activity cell sorting (Fig. 3a),
88 peripheral blood (PB) samples of 88 CML patients in
chronic phase under TKI treatment were analyzed in total
and grouped into two cohorts according to their clinical status.
The first cohort comprised 41 CML patients (20 female, 21
male, median age 55 years, range 22—80 years) who were
classified as “no major molecular remission” (noMMR). The
second cohort comprised 47 CML patients (20 female, 27
male, median age 60 years, range 26-90 years) classified as
“MMR and deep MR” including patients with molecular re-
sponse (MR) to TKI treatment with 4-log (MRy,), 4.5-log
(MRy5), and 5-log (MR5) reduction in BCR-ABL]I transcript
levels according to the international standard (IS, [34]. Blood
sampling was performed in the context of regular therapeutic
monitoring. MNCs of healthy donors (n=14, 9 female, 5
male, median age 43 years, range 18—88 years) served as
non-leukemic controls. Proliferation and viability assays from
CD34* cells after 3 days of cultivation were performed using a
subset of 23 PB and/or BM samples of 22/88 CML patients (6
female, 16 male, median age 60 years, range 18-82 years)
(Fig. 4c). BCR-ABL1 expression in MNCs was measured by
quantitative reverse transcriptase polymerase chain reaction
(qQRT-PCR) from 48 PB and/or BM samples of 42/88 CML
patients (12 female, 30 male, median age 57 years, range 18—
78 years) (Fig. 4d).

The study has been approved by the institutional ethics
committee (Medizinische Ethikkommission II der
Medizinischen Fakultit Mannheim der Ruprecht Karls-
Universitiat Heidelberg, no. 2013-509N-MA). All patients
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included in the study provided written informed consent in
accordance with the Declaration of Helsinki.

Clinical sample preparation

Clinical samples were processed by ficollization according to
manufacturer’s instructions (Ficoll-Paque™ PREMIUM no.
17-5442-03; GE Healthcare Bio-Sciences AB, Uppsala,
Sweden). Using ficollization, the MNCs and CD34" cells
were separated from the clinical samples as different cell com-
pounds. Separation of the CD34" cells was realized using an
anti CD34-APC-antibody-based separation (APC-Mouse
Anti Human CD34 no. 55824; BD Biosciences, Heidelberg,
Germany) during fluorescence-activated cell sorting (FACS).
MNCs were solely prepared from PB samples, CD34" cells
from both, and PB and BM samples.

Measurement of separase proteolytic activity and cell
sorting for MNCs

The flow cytometric separase activity assay was performed as
previously described [35]. In brief, the flow cytometry—based
assay utilizes a Cy5- and rhodamine 110 (Rh110)-
biconjugated Rad21 cleavage site peptide ([Cy5-D-R-E-I-M-
R]2-Rh110) as smart probe and intracellular substrate for de-
tection of separase enzyme activity in living cells. As mea-
sured by Cy5 fluorescence in pilot experiments, the cellular
influx/uptake of the fluorogenic peptide was fast and reached
saturation within 60 min and 210 min of incubation in human
MNCs and in human histiocytic lymphoma U937 cells, re-
spectively. Separase activity was recorded as the intensity of
Rh110 fluorescence released after intracellular peptide cleav-
age providing a linear signal gain within a 90- to 180-min time
slot. Compared with conventional cell extract-based methods,
the flow cytometric assay delivers equivalent results but is
more reliable and bypasses the problem of vague loading con-
trols for normalization and of unspecific proteolysis associat-
ed with whole cell extracts. Especially suited for the investi-
gation of blood- and bone marrow—derived hematopoietic
cells, the flow cytometric separase assay allows generation
of separase activity profiles that tell about the number of
separase-positive cells within a sample, i.e., cells that current-
ly progress through mitosis and about the range of intercellu-
lar variation in separase activity levels within a cell popula-
tion. In this survey, a monoconjugated reporter peptide (Ac-D-
R-E-I-M-R]2-Rh110) was used (10 uM final concentration,
90-min incubation) for measurement of separase proteolytic
activity in MNCs and CD34" hematopoietic progenitor cell
preparations since the Cy5 channel was used for simultaneous
CD34* cell sorting. Fluorescence (10,000 signaling events in
the viable population) of rhodamine 110 (Rh110) (Exax
488 nm» EMmax 535 nm) Was measured by FACS using a flow
cytometer FACSAria (Beckton Dickinson, San Jos¢, USA) or

FACSMelody (Beckton Dickinson, San José, USA).
Discrimination of background fluorescence, cellular debris,
cell doublets, and gating of cells displaying separase activity
(positive for Rh110) was performed by Kaluza software (ver-
sion 1.3, Beckman Coulter, Inc., Krefeld, Germany). Forward
scatter (FSC) files were imported in Microsoft Excel 2010
(Microsoft, Redmond, WA, USA) for further analysis.

Unstained cells (without peptide) were used as negative
controls. The separase activity distribution (SAD) value was
calculated as quotient of the mean RFU (relative fluorescence
units) of 0.5% separase-positive cells above the 99.5 percen-
tile divided by mean RFU of 99.5% of separase-positive cells
below the 99.5 percentile (SAD value = M 5/Mog 5). Thus, the
SAD value serves as a numerical value of intercellular
separase activity distribution among cells in the sample of
interest. While measuring separase activity, the MNCs were
sorted in H- and L-fractions and resuspended in 200 pl lysis
buffer (from ptMACS One-step cDNA kit, Miltenyi Biotech,
Bergisch Gladbach, Germany) for consecutive BCR-ABLI
gene expression testing. Gating strategy for sorting separase-
active cells into fractions with high (H-fraction) and low (reg-
ular, L-fraction): separase proteolytic activity cutoffs were
established empirically based on the borders of noMMR pa-
tients between 0.5 and 99.5 percentiles as depicted in Fig. 2d.
Therefore, no H-fractions with considerable number of cells
for healthy and MMR groups were achieved.

During establishment of our separase assay, we have used
dual-labeled reporter peptide for testing the kinetics of uptake/
influx of reporter peptide (Cy5- and rhodamine 110 (Rh110)-
biconjugated Rad21 cleavage site peptide ([Cy5-D-R-E-I-M-
R]2-Rh110) as smart probe) and efflux of the released label
(Rh110) under experimental conditions within various cell
lines and cell types (leukemic cell lines, MNCs, CD34" pro-
genitors). We found and stated in [35] that irrespective to the
cell type at 10 uM concentration, the uptake of the reporter
peptide is very fast and all cells are Cy5-positive after 1 min of
incubation reaching saturation with the peptide after 210 min
of incubation as the uptake/influx follows the principle of a
steady-state equilibrium. For peripheral blood MNCs, we ob-
served reporter peptide uptake equilibrium after 60 min of
incubation (compare Online Resource 1), suggesting that the
concentration of uncleaved reporter peptide is always avail-
able in molar excess and not limiting the cleavage. The con-
tinuous influx/diffusion of fresh reporter peptide keeps the
balance between outside and inside. When separase is active
within a cell, a certain amount of peptidic substrate per minute
is cleaved and the Rh110 as fluorescent label is released ac-
cumulating in the cell.

Moreover, as released RH110 fluorophore accumulates
within the cells, the Rh110 fluorophore itself starts to diffuse
out of the cell. The higher the intracellular Rh110 concentra-
tion compared with the environmental medium, the faster is
the undesired efflux. Therefore, the measured separase
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activity (Rh110 fluorescence) is the result of the balance be-
tween continuous cleavage and undesired efflux and a func-
tion of the incubation time (until it reaches a steady-state lev-
el). It resembles a perforated bucket, always losing some of its
content resulting in a distinct level of content (= equilibrium).
As a matter of fact, after 90 min of incubation, the prevailing
equilibrium on single cell level is measured by flow cytome-
try. This contrasts with regular flow cytometric analyses
where antibodies are used for staining of distinct numbers of
fixed target molecules. There, in the sense of an end point
reaction, label and signal will accumulate only as long as free
targets are available and an intracellular reference signal for
normalization may be necessary for quantification because
signals may correlate with incubation time and target and an-
tibody ratio. Not so in our separase activity assay. Provided
that reporter peptide is always available in molar excess, we
have shown that the mentioned signal equilibrium is constant
in MNCs between 60 and 120 min of incubation, making
internal normalization dispensable (at 90 min of standard in-
cubation time). Therefore, we have skipped use of the Cy5
label and have used this detection channel for simultaneous
sorting of CD34" cells. In our earlier work [36], we have used
a lysate-based separase assay that worked with a comparable
reporter peptide, but measured separase activity in protein
lysates [27]. Back then, we have indeed used actin (immuno-
stained Western blots) to normalize for separase activity. For
comparing separase activity data between specimen, the use of
an internal standard for normalization was crucial (i.e., actin)
because the lysates from various clinical samples were derived
from varying amounts of cells. Our actual assay is based on
single cell measurements, and therefore, no normalization is
applicable, representing the major advantage of the actual as-
say over the previous lysate-based separase assay. It is the key
advantage of our FACS-based standard assay protocol that
separase activity can be quantified on single cell level without
the need of a normalization target and error-prone gel loading
controls (Western blotting) (Online Resource 1).

RNA extraction and cDNA synthesis

RNA extraction from sorted MNCs in 200 ul lysis buffer was
performed using the uMACS One-step cDNA kit (Miltenyi
Biotech, Bergisch Gladbach, Germany) according to the man-
ufacturer’s instructions. cDNA synthesis was performed using
the kit specific cDNA-enzyme-mix while RNA was still
bound at the tMACS column. Finally, cDNA was harvested
in a total volume of 70 pl elution buffer.

BCR-ABL1/GUSB transcript detection by qRT-PCR
The LightCycler PCR and detection system (LightCycler 480,

Roche Applied Science, Mannheim, Germany) was used for
amplification and quantification of BCR-ABLI fusion gene
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and GUSB (= internal reference) transcripts. The PCR reac-
tions were performed in 96-well plates employing a
LightCycler “Fast Start DNA Master Hybridization Probes”
kit (Roche Applied Science), BCR-ABLI- and GUSB-specific
primers, and fluorescent probes as described by Emig and
colleagues [37]. qRT-PCR for BCR-ABLI and GUSB tran-
scripts was performed in duplicates using 15.5 pl cDNA of
H- and L-fraction MNCs as template in total reaction volume
of 25 ul. Detection and evaluation of BCR-ABLI gene expres-
sion followed the official algorithm for monitoring for residual
BCR-ABLI transcripts [34, 38]. If no signal was detected after
45 cycles, the sample was considered BCR-ABLI-negative,
whereas when at least one duplicate showed positivity, the
whole sample was stated BCR-ABLI-positive. Only samples
with comparable (H- vs. L-fractions) GUSB expression levels
were evaluated. Equal numbers of cells from H- and L-
fractions were analyzed for BCR-ABLI1 transcript levels by
qRT-PCR.

CD34" H- and L-fraction cell sorting

The flow cytometric separase activity assay was performed as
previously described [35]. For CD34 staining, 5 x 10° MNCs
were resuspended in 1000 pl antibody binding buffer (1x PBS
with 5% FKS). After centrifugation (3 min, 100xg), pellets
were resuspended in 200 pl binding buffer, 8 pl of FcR-
blocking solution (Miltenyi Biotec), and 30 pul of APC-
CD34-antibody were added. The solution was incubated at
4 °C for 20 min. After the incubation step, 800 pl staining
buffer were added and the solution was centrifuged for 3 min
at 100xg. Sorting was performed as described in the section
for sorting of MNCs using fluorescence (10,000 signaling
events in the viable population) of Rh110 (EXpax 488 nms
Emyax 535 nm) measured by FACS analysis. Cells were first
gated for APC-CD34-positive cells. Measuring separase ac-
tivity exclusively the separase activity—positive CD34" cells
were sorted in H- and L-fractions and resuspended in 150 pl
StemSpanMyeloid expansion medium (StemCell
Technologies, Vancouver, Canada).

CD34" cell expansion and viability assays

Expansion was performed in a 96-well plate and incubated at
37 °C and 5% CO, for 3 days before proliferation/viability
assays.

Viability assays were performed using the CellTiterGlow
kit system (Promega, Mannheim, Germany) procedure ac-
cording to the manufacturer’s instructions. Thirty microliters
of cell suspension after CD34" cell sorting in H- and L-
fractions were mixed with 30 ul CellTiterGlow solution in a
white half well microtiter plate, mixed and incubated at room
temperature for 10 min. Luminescence in CD34" H- and L-
fractions was measured in relative luminescence units (RLU)



Ann Hematol (2020) 99:991-1006

995

using a plate reader (Tecan, Méannedorf, Switzerland). RLU
positively correlate with ATP metabolization in the cells, i.e.,
relative number of living cells. Ratios of H- to L-fractions
were calculated.

Assessment of replication forks by DNA fiber assays

The DNA fiber assays were performed as described previous-
ly [39—42]. In brief, 5 x 10* to 5 x 10° cells were seeded and
incubated for 30 min with 25 uM 5-chloro-2'-deoxyuridine
(CIdU) and subsequently with 250 uM 5-iodo-2’-
deoxyuridine (IdU) for 60 min. Cells were diluted to a con-
centration of 500,000 cells/ml; therefrom, 2 pl cell suspension
was spread onto SuperFrost™ slides (Fisher Scientific,
Schwerte, Germany) and incubated for about 2 min. After
antibody detection (rat-«-BrdU, clone BU1/75, no.
MCA2060, AbD Serotec, Kidlington, UK; and mouse-o-
BrdU, clone B44, no. 347580 BD Biosciences, Heidelberg
Germany), fluorescence-derived microscopic images (Zeiss
Axio Scope A.1, Zeiss, Jena, Germany) were analyzed using
the open source ImageJ program (imagej.net) and Microsoft
Excel 2016 (Microsoft, Redmond, WA, USA).

Statistical analysis

Statistical significance of data was analyzed using the
GraphPad Prism software version 6.0 (GraphPad Inc., La
Jolla, USA). Values of p <0.05 were considered significant.
The following statistical tests were applied: Fig. 3, Kruskal-
Wallis test followed by Bonferroni-Holm p value correction
for multiple testing; Fig. 4, paired Wilcoxon signed-rank test;
Fig. 5, Mann-Whitney test. Corel Draw 12 and Adobe
Creative Suite 5.5 software packages were used to create pic-
tographic artwork.

Results

Elevated SAD values are found in PBMNC fractions
of CML patients without MMR when compared

with corresponding cells of patients in MMR or deep
MR and to healthy controls

In order to investigate the pathophysiological context between
the occurrence of hematopoietic LSC-enriched progenitor
cells (CD34") with elevated levels of separase activity and
disease progression, we have fractionized and comparatively
analyzed separase activity—positive cells derived from diag-
nostic samples of a total of 88 CML patients and from 14
healthy control donors. As schematically outlined in Fig. 1,
fresh PB and/or BM samples were subjected to ficollization
and subsequent MACS to obtain for each specimen two cell
fractions in each case, one enriched for MNCs the other for

clinical sample
(PB/BM)

.

ficollization
MNCs/CD34+

|

flow cyiometric cell sorting by SAD value, discrimination of

MNCs CD34+ cells
H-fraction  L-fraction H-fraction  L-fraction

v Voo

RNA extraction CD34+ cell culture
cDNA synthesis (3d)

Voo Voo

BCR-ABL1 gene proliferation and/or
expression testing replication velocity
(gPCR) (DNA fibre) assay

Fig. 1 Flow chart of experimental design. After ficollization of clinical
samples, the consecutive analyses were performed either on MNCs (left
panel) or on CD34" cells (right panel) derived from bone marrow (BM) or
from peripheral blood (PB) of CML patients in chronic phase under TKI
treatment. MNCs, mononuclear cells; H-fraction, MNC cell fraction with
high content of separase proteolytic activity; L-fraction, MNCs with low
(regular) content of separase proteolytic activity (as explained in Fig. 2);
SAD value, separase activity distribution value; qRT-PCR, quantitative
reverse transcriptase PCR

CD34* cells. The MNC population that makes up the majority
of cells was further processed by flow cytometric cell sorting
to discriminate between cells with high (H-fraction) and reg-
ular (low, L-fraction) separase activity levels and to calculate
the SAD value. Both H- and L-fractions were subsequently
subjected to pMACS RNA extraction, cDNA synthesis, and
qRT-PCR-based BCR-ABLI gene expression testing.
Enriched CD34" cells, by far inferior in number, were proc-
essed in the same way and cultured for 3 days before cell
proliferation/viability was examined. Whenever an adequate
number of cells were available of H- and L-fractions after
proliferation/viability testing, we measured replication fork
velocity by DNA fiber assays [40, 41].

It has to be emphasized that due to limitations in the avail-
able amounts of diagnostic material and due to the fact that
fresh and unfrozen diagnostic material had to be used for
unbiased separase activity testing results, not all types of anal-
yses could be performed with each patient sample. Moreover,
it is to note that only a minor fraction (3 to 8%) of the analyzed
CD34" BM cells was mitotically active (i.e., separase activi-
ty—positive), and therefore, as many BM cells as possible
(available) had to be subjected to flow cytometric analysis
according to our standardized protocol [35] to obtain at least
approximately 50-500 cells in CD34"* H-fractions.
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The FACS assay allows generation of separase activity
profiles that not only tell about the number of separase-
positive cells within a sample but also about the range of
intercellular variation in separase activity levels within the cell
fraction of interest. As shown in Fig. 2, the assay can be used
to comparatively quantify the separase proteolytic activity in
MNCs of healthy (a) and CML specimen (b, c). Furthermore,
measuring fluorescence on single cell level allows calculation
of the SAD value that serves as a numerical measure of inter-
cellular separase activity distribution among single cells in the
analyzed sample (Fig. 2d). In other words, the SAD value is a

Fig. 2 Showcase visualization of a
separase proteolytic activity

healthy donor

measurement on single cell level
and calculation of SAD values.
For representative illustration of
SAD value calculation fresh
PBMNC:s derived from a single
healthy donor (a) and from two
CML patients, one from the
MMR cohort (b) and one from the
noMMR cohort (¢) were analyzed
by the flow cytometry—based
separase activity assay. Flow cy-
tometry data is depicted as dot
blot representation (scatter blot).
Separase activity—positive cells
are shown in color (blue and red).
In d, a corresponding flow cy-
tometry event-derived dot blot
represents separase-active cells of C
a, b, and ¢ ordered by their Rh110

1000
8001

600

SSC

4004

200 2

10° 10
Rh110

\Separaseact

CML patient, noMMR

fluorescence intensities (= intra-
cellular separase activity). The
relative distribution of Rh110 in-
tensities has been accentuated by
coloring cells above the 99.5 per-
centile (= 0.5% of separase-
positive cells) in red and cells be-
low the 99.5 percentile (= 99.5%
of separase-positive cells) in blue.
The quotient of mean Rh110
fluorescence intensities (M 5o/
Mayg 59,) Was calculated to serve as
numerical value of intercellular
separase activity distribution
among cells in the three samples.
The table below gives the mean
and median for all, for the 0.5
percentile and the 99.5 percentile
of cells, as well as the resulting
SAD values. SSC, sideward scat-
ter; Rh110, rhodamin 110 fluo-
rescence; MMR, major molecular
response; MR*, molecular re-
sponse with a ratio BCR-ABL1/
ABL]I log reduction of 4 under
TKI therapy; SAD value,
separase activity distribution
value

1000
800

6004

SSC

400+

10° 10
Rh110
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calculative value for the occurrence of cells with prominent
separase activity even though the number of these cells may
be low as demonstrated previously [35, 43]. Thus, analysis of
the healthy donor, CML patient in MR*, and CML patient
without MMR revealed SAD values of 12.2, 15.6, and 19.2,
respectively (Fig. 2d). So the highest SAD value was obtained
for the noMMR patient.

It is generally accepted that tumors originate from single
aberrant cells (clonality of tumors) and the subsequent clonal
evolution of tumors also depends on the emerging of single
cells with additional genetic mutations that may attain

b CML patient, MR
1000

|Separaseact

SSC

102 10° 10° 10 10? 10°
Rh110

o

0.5 and 99.5 percentiles

|Separaseact 9007 .
=5
L
&,
> 6004
=
S
@
@
© 3004
M
Q.
1]
n
- 0
10? 10° healthy CML CML
donor MMR noMMR
mean all 17.1 24.9 214
median all 9.2 14.0 14.1
mean 0.5%ile | 202.2 375.8 401.5
median 0.5%ile | 190.5 351.0 351.0
mean 95.5%ile 16.6 24 1 20.9
median 95.5%ile 9.2 13.9 13.9
SAD value*| 122 15.6 19.2

*SAD = mean, ;,,../Mmeany
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proliferative advantage and/or resistance, thereby avoiding
therapeutic pressure [44]. Therefore, the detection and molec-
ular characterization of single cells with extraordinary features
are of special interest in terms of elucidating disease-relevant
phenotypes concurring with impaired differentiation and in-
creased proliferation.

Here, while analyzing the separase proteolytic activity in
circulating MNCs/CD34™ cells in patients with CML under
TKI treatment, we observed the occurrence of a small number
of cells with conspicuously enhanced levels of separase activ-
ity. From a statistical view, these may simply be termed as
“outliers,” but not so in the tumorbiological sense, where these
cells may drive tumor heterogeneity and clonal evolution un-
der therapy. Therefore, when arithmetically describing the oc-
currence of such cells in our sample cohorts by the previously
established SAD value (ratio of means 0.5% percentile/99.5%
percentile), we chose for calculation the mean instead of the
median, because the latter does not take into account the small
cell population with conspicuously enhanced levels of
separase activity. This is shown in the table accompanying
Fig. 2d where 0.5% and 99.5% percentiles, mean and median
values, and the resulting SAD values are exemplarily shown
for one healthy donor, one CML patient with MMR and one
patient not having achieved MMR (noMMR). Using the me-
dian for SAD value calculation, no differences between MMR
and noMMR patient would be detected. Therefore, the use of
mean is reasonable when the influence of a few single cells
with extraordinary separase activity is assessed.

As depicted in Fig. 3a, measurement of separase activity
and comparison of calculated SAD values between healthy
controls (n=14), CML patients without MMR (n=41), and
patients in MMR or deeper (n =47) revealed the highest SAD
values in the cohort of patients with the highest BCR-ABLI
expression (noMMR, mean 19.2 +4.38, range 13.0 to 34.8)
when compared with the control group (healthy, mean 12.2 +
2.22, range 8.0 to 15.4; 95% CI, —10.16 to —3.868) and the
therapy responder group (MMR or deeper, mean 15.4 + 3.86,
range 9.7 to 23.5; 95% CI, 1.663 to 6.010). The positive cor-
relation of high SAD values and high BCR-ABLI gene expres-
sion levels (see Fig. 3b) suggests that the SAD value derived
from granulocyte-depleted MNC fractions may positively cor-
relate with disease status/progression in CML.

CD34" cell fractions with high separase activity levels
(H-fractions) are associated with enhanced
proliferation and BCR-ABL1 gene expression

In order to further investigate in more detail the cells that are in
charge of the elevated SAD values observed in the “noMMR”
cohort, we have exclusively sorted and analyzed separase-
positive CD34" cells into H- and L-fractions. Figure 4 a and
b show a representative sorting experiment where CD34™ cells
were enriched from the PB sample of a relapsed CML patient
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Fig. 3 Comparison of separase activity distribution (SAD value) in vital
separase activity—positive PBMNC preparations. a The SAD values of
healthy donors (n=14) were compared with SAD values of patients
without major molecular response (noMMR, n =41, including samples
from the time point of initial diagnosis and after relapse) and to SAD
values of CML patients that have reached major molecular response
(MMR) or deep molecular response (MR, including MR*, MR*?, or
MR?) under continuous TKI maintenance therapy at time of sampling
(n=47). b Mean and range of BCR-ABLI transcripts in % according to
the international standard (IS) as measured in the tested clinical sample by
routine CML BCR-ABLI monitoring (qQRT-PCR). For abbreviations, see
legend of Fig. 2. Statistical analysis: Kruskal-Wallis test followed by
Bonferroni-Holm p value correction for multiple testing

(55% BCR-ABLI transcripts according to IS). Figure 4 c is a
magnification of Fig. 4a and gives a detailed view on distri-
bution of CD34" cells with separase activity within the corre-
sponding MNC gate. While L-fraction cells cluster due to low
granularity and small size, cells of the H-fraction are widely
scattered with a tendency to high granularity and bigger size.
H-fraction cells are depicted in magenta; the L-fraction cells
are in dark green. These findings suggest that cells of the H-
fraction may contain more cytoplasm and may therefore differ
also metabolically from L-fraction cells.

To test for viability and proliferative capability, equal num-
bers of cells (n =150 to 2000, depending on clinical sample
size) derived from H- and L-fractions (the H-fraction always
limiting) were propagated in expansion medium followed by
cell viability assay. As shown in Fig. 4d, an increase in lumi-
nescence (mean 3.3-fold, range 0.74 to 11.4; p=0.0011 in
Wilcoxon signed-rank test) was detected in 21 H-fractions of
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«Fig. 4 Comparative analysis of H- and L-fractions derived from CD34*
cells enriched by magnet-assisted cell sorting (MACS) from CML clinical
specimen. a Flow cytometric scatter plot showing the localization of
separase- and CD34-positive H- and L-fractions within the total MNC
population of a BCR-ABLI-positive BM sample. b Gating strategy for
sorting separase-active CD34™ cells into fractions with high (H-fraction)
and low (regular, L-fraction) separase proteolytic activity. Cutoffs were
established empirically based on the borders between 0.5 and 99.5 per-
centiles as depicted in Fig. 2d. ¢ Magnification of a showing a detailed
view on distribution of CD34" cells with separase activity within the
MNC gate. While L-fraction cells cluster due to low granularity and small
size, cells of the H-fraction are more widely scattered with a tendency to
high granularity and bigger size. H-fraction cells are depicted in magenta;
the L-fraction cells are given in dark green. d Proliferation/viability anal-
ysis of H- and L-fractions by ATP quantification employing CellTiter-Glo
luminescent cell viability assay after 3 days of propagation of 10,000 cells
each in StemSpan Serum-Free Expansion Medium II. Statistical analysis:
paired Wilcoxon signed-rank test, p = 0.0011. e Qualitative assessment of
BCR-ABLI gene expression testing in MNC-derived H- and L-fractions
by qPCR after microscale total RNA extraction and cDNA synthesis (n =
48). Equal numbers of cells from H- and L-fractions were analyzed for
BCR-ABLI transcript levels by qRT-PCR. SSC-A, side scatter area;
FSC-A, forward scatter area; Rh110 FITC-A; spectral channel for mea-
surement Rh110 fluorescence (= separase proteolytic activity); MNCs,
mononuclear cells; RLU, relative luminescence units; CML, chronic my-
eloid leukemia

22 clinical specimen when compared with the corresponding
L-fraction of the same patient sample. Concomitant manual
microscopic counting of CD34-derived colonies/cells con-
firmed that H-fractions feature CD34" cells with higher pro-
liferative performance than the L-fractions.

In order to investigate additional factors that may contrib-
ute to the proliferative advantage found in cells of the H-frac-
tion, we tested H- and L-fractions for BCR-ABLI gene expres-
sion. Due to limited cell numbers available from clinical di-
agnostic, PB/BM samples ficollized MNC preparation instead
of CD34™ fractions was used for gqRT-PCR experiments. This
enabled collection of sufficient cells (n = 5000 to 10,000 cells)
for RNA extraction and analysis of BCR-ABLI gene expres-
sion analysis in H- and L-fractions.

Despite the high sensitivity of qRT-PCR, only BCR-ABL1
transcript numbers of up to 15 copies were measured in the
BCR-ABLI-positive H- and L-fractions indicating very low
BCR-ABLI gene expression levels near the technical detection
limit (LODys¢, = 3 molecules/assay, [45]. Therefore, we chose
qualitative over quantitative evaluation of the BCR-ABLI ex-
pression data as shown in Fig. 4e. The analysis of 48 paired
clinical specimen revealed predominant BCR-ABLI gene ex-
pression activity (transcript positivity) in H-fractions (40%)
whereas only in 6% of the corresponding L-fractions BCR-
ABL] transcripts could be detected. While in 4 samples with
high SAD value both H- and L-fractions were tested BCR-
ABLI-positive, no BCR-ABLI positivity could be detected in
fractions of samples with low SAD values (MMR or deeper)
that display less than 0.1% BCR-ABL transcripts (according
to IS). Overall, our data point to an association between BCR-

ABLI gene expression and proliferative capacity in hemato-
poietic cell fractions with elevated/prominent separase proteo-
lytic activity of CML patients without MMR (initial diagno-
sis) or after relapse.

One could argue that the observations of L- and H-fraction
cells showing different separase proteolytic activity is solely
dependent on cell size, because peptidic substrate uptake may
be a function of cell size and therefore may be limiting the
assay efficacy in small cells. This can be clearly excluded.
Figure 5 showing representative cell sorting data from one
patient with noMMR indicates that the Rhodamine uptake or
cleavage is independent of cell size since the measured
separase activity (released RH110 fluorescence) does not cor-
relate with cell size. In Fig. 5a, the sorting of the cells by size
and granularity is shown. For all cells identified as MNCs, the
cell size was compared with separase activity (Fig. 5b), reveal-
ing no correlation. One of the small cells is, e.g., the one for
which the highest separase activity was measured. For the
separase-positive cells as depicted in Fig. 5b, the cell size
was related to the cell number (Fig. 5c), revealing a normal
distribution pattern. In addition, calculation of the correlation
coefficient (2 = 0.004) confirmed lack of correlation between
cell size and fluorescence signal strength as measured by our
separase assay (Fig. 5d). Therefore, we rule out technical lim-
itations compromising the obtained separase activity data
measured in our clinical samples.

To further exclude the possibility that limited substrate sat-
uration may compromise the separase activity results, we
clearly show in time kinetic experiments on human MNCs
(compare Online Resource 1) that substrate saturation is
achieved under standard assay conditions (90-min
incubation time, 10 uM peptide) in an incubation time be-
tween 60 and 120 min despite of continuous cleavage by
active separase. Therefore, we consider the substrate not lim-
iting and the obtained signals are only due to separase activity
in the applied time window of incubation.

CD34" cells with high separase activity levels
(H-fractions) and increased proliferation rates display
altered replication fork dynamics (decreased
replication fork speed)

Since separase cleaves cohesin complexes that hold sister-
chromatids together and has been reported to be involved in
controlling replication fork dynamics and higher order chro-
matin architecture, we set out to investigate the replication
fork speed in H- and L-fractions by the DNA fiber technique
[40, 41]. Replication fork speed may directly influence prolif-
eration and cell doubling time but may also contribute to ge-
nomic instability via replication stress [42] and to altered in-
terphase DNA repair [22], both phenomena potentially con-
tributing to disease progression in CML [46]. We have per-
formed pulse chase CIdD/IdU incorporation experiments on

@ Springer



1000

Ann Hematol (2020) 99:991-1006

a [CML noMMR] FSC / SSC

10005 _4

800 -

600

SSC

400

200

C [B] FSC

Cell count

0 200 400 600 800

FSC (cell size)

Fig. 5 Correlative analysis of separase proteolytic activity and cell size
using MNCs of a CML patient (noMMR). a Gating of ficolized blood
cells using sideward scatter (SSC) as a measure of the granularity of the
cells and forward scatter (FSC) as a measure of cell size. b Size distribu-
tion of separase-active MNCs (gate B) given by released Rh110

1000

genomic DNA of H- and L-fractionized cells of 9 clinical
CML specimen (Fig. 6a, b). Five samples (patient no. 1-5)
resemble CD34" cells of patients at initial diagnosis (untreat-
ed, noMMR); four samples (patient no. 6-9) are derived from
BM of patients that have achieved MMR or better under TKI
treatment, and therefore, isolation of CD34" cells from PB
samples was not successful/possible. For all specimen repli-
cation, fork velocities for H- and L-fraction cells were calcu-
lated according to published algorithms (Fig. 6¢) [40, 41].
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fluorescence upon peptidic substrate cleavage. ¢ Histogram showing cor-
relation of separase-positive cell counts with cell size reveals normal
distribution of values. d Calculation of the correlation coefficient (+° =
0.004) confirms lack of correlation between cell size and signal strength
in separase activity assaying

As depicted in Fig. 6d, the replication fork velocity in L-
fractions of noMMR patients was increased when compared
with the corresponding H-fractions (median: 0.38 vs. 0.26,
»<0.0001) and to L- and H-fractions of patients with MMR
or better (p <0.0001), the latter showing no differences be-
tween L- and corresponding H-fractions (n.s.). This observa-
tion concurred with the observed SAD values (noMMR: mean
19.6, range 15.5 to 25.9 vs. MMR or better: mean 14.6, range
9.5t0 19.8) and MR data (BCR-ABL1 quotient IS of noMMR:
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mean 59%, range 49 to 70% vs. MMR or better: mean 0.04%,
range 0 to 0.1%) as given in Fig. 6¢ lower panel. Our data
suggest that CD34™ cells from noMMR patients with in-
creased separase activity (H-fractions) show a 0.68-fold de-
creased replication fork speed when compared with CD34+
cells with regular separase activity levels.

Discussion

We found that diagnostic PB samples from TKI-treated
noMMR patients that in general contain only 3 to 8% separase
activity—positive cells comprise a small number of cells with
conspicuously high levels of separase activity resulting in high
SAD values [35]. These cells range outside the Gaussian dis-
tribution for intracellular fluorescence that was measured in
separase-active cells of samples derived from CML patients in
remission or from healthy donors (= low SAD values). This
small number of cells with exceedingly high separase activity
(50 to 500 cells per sample) was enriched by flow cytometric
cell sorting (H-fraction) and was object of our investigations.

Comparative analysis of H-fractions revealed preferential
positivity for BCR-ABLI gene expression when compared
with corresponding cells of L-fractions (noMMR).
Regarding the low number of cells collectable in H-fractions
and the fact that the majority of BCR-ABLI transcript level
measurements ranged near the detection limit (LODgsq, =3
transcripts), one might assume that only a small number of
separase-active cells (H-fraction) are Ph+ as well. However,
the observed BCR-ABLI transcript numbers do not allow to
deduce Ph+ cell counts within H-fractions. TKI treatment is
known to reduce the proliferative turnover of LSCs. These
quiescent CML LSC-enriched progenitor cells express very
low levels of BCR-ABLI concurring with less sensitivity to
TKIs and BCR-ABL I-independent persistence [11, 13]. It can-
not be excluded that LSCs may count among the CD34" cells
with elevated separase activity as these cells displayed en-
hanced proliferation/viability and a decreased replication fork
velocity that concurs with an altered morphology when com-
pared with corresponding cells of L-fractions. Granularity
(SSC-A) and size (FSC-A) of the latter were clearly
outperformed by cells of the H-fraction suggesting that cells
of the H-fraction are bigger and therefore may be metabolical-
ly more active/proliferative than cells of the L-fraction.

Since dysregulated separase is well-known as an oncogene
and a driver of genomic instability (aneuploidy), we establish
here a model hypothesis (Fig. 7) on how elevated activity of
separase may be induced in BCR-ABL1-positive cells and how
an overactive separase albeit detectable only in a limited num-
ber of disease-related hematopoietic LSC-enriched progenitor
cells may potentially promote long-term survival and
reactivation/clonal evolution of dormant LSC concurring with
loss of MMR after TKI treatment cessation.

As sketched in Fig. 7, the BCR-ABLI gene translocation
resulting in a constitutively active BCR-ABL1 TK renders
normal hematopoiesis incipiently into a moderate myelopro-
liferative neoplasm (CML-CP) that is characterized by in-
creased white blood cell counts including appearance of more
or less undifferentiated BCR-ABLI-positive myeloid precur-
sors in the PB of patients. Although stringent TKI treatment
can reduce tumor burden (as routinely measured in number of
BCR-ABLI transcripts in PB and/or BM) down to undetect-
able levels (= deep MR), it appeared that current TKIs are
unable to eradicate LSCs that probably represent a small num-
ber of persisting hematopoietic pluripotent stem cells within
the hematopoietic BM niche [47]. LSCs remain in dormant
phase, show BCR-ABLI-independent survival, and are resis-
tant to apoptosis [13, 48]. It is assumed that TKI treatment
reduces turnover and self-renewal of BCR-ABLI-positive
LSCs but also facilitates a “low mutator” phenotype.
Namely, LSCs neither exhibit mutation-driven TKI resistance
nor progress to advanced phase but keep acquiring increased
levels of radical oxygen species (ROS) and are supposed to
activate other mechanisms preparing the ground for later clon-
al evolution and tumor progression [11, 12].

Although the clinical efficacy of TKI treatment in achiev-
ing deep MR is excellent, there was a recent proof that as a
side effect of TKI administration, a posttranslational activation
of separase may occur as demonstrated in a number of in vitro
experiments comparatively performed on imatinib-treated
BCR-ABL I-positive and BCR-ABLI-negative cell lines [36].
In previous work, we found that the posttranslationally stim-
ulated separase proteolytic activity under imatinib treatment
rendered b3a2 fusion type-related CML cells more prone to
aneuploidy and clonal evolution, thereby confirming cytoge-
netic findings within a cohort of 1151 Philadelphia
chromosome-positive chronic phase patients of the random-
ized CML-study IV that were examined on the incidence of
newly arising additional chromosomal alterations (ACAs) un-
der prolonged imatinib treatment. This points to an influence
of high separase activity for the induction of gross genomic
mutations in CML cells [30].

Since separase overactivity has been repeatedly reported to
be associated with the occurrence of numeric centrosome ab-
errations and aneuploidy, the increased separase activity levels
observed in CD34" cells (H-fractions) may represent a novel
cardinal feature of LSCs [43, 49]. This mechanism of genomic
destabilization may pave the way for residual tumor cells to
clonal evolution and a more efficient therapy for survival. As a
novel “mutator’” mechanism, unscheduled proteolysis of intra-
cellular targets by an “overactive separase” may join the list of
so far known tumor escape strategies such as upregulated P13/
AKT pathway, AKT-mediated phosphorylation of FOXO
transcription factors, altered Hedgehog and Wnt pathways,
and constitutive activation of JAK/STAT signaling [11].
Thus, this demonstrates that TKI treatment itself may exert
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adverse effects that give rise to BCR-ABL /-independent path-
ways for promoting tumor cell survival and evolution of the
malignant clone. Moreover, it points to the LSC as a potent
source of clinically relevant mutations suggesting that CML is
constantly evolving at a molecular level even in CP and under
stringent TKI therapy [5].
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The observation of reduced replication fork velocity in
CD34" of MMR-derived cells with low levels of separase
activity when comparing MMR to noMMR cohorts may re-
flect the dormance and/or reduced self-renewal of the affected
CD34" cells. This is in line with experiments of Cucco and co-
workers who reported on the role of separase for genomic
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«Fig. 6 Assessment of replication fork speed in CD34" cells of H- and L-
fractions by chromosomal fiber fluorography. a Visualization of replica-
tion fork dynamics in separase activity—positive cells by immunofluores-
cence microscopy. b Representative images of genomic DNA molecules
analyzed by combing. White arrows exemplify unidirectional replication
events of varying velocity. For single-molecule analysis, cells were la-
beled with C1dU for 30 min (first pulse, red), then washed and pulsed with
1dU for further 60 min (second pulse, green). ¢ Measurement of CldU and
IdU incorporation in CD34™" cells of sorted L- and H-fraction from
“noMMR” patients (n=5) and “MMR or better” patients (n=4). For
each sample pair, SAD value and molecular response (BCR-ABLI quo-
tient IS) are shown. d For comparative analysis of fork velocities, at least
75 tracks of unidirectional forks were measured per sample as given by
the box plots for noMMR patients (n=15) and for patients in MMR or
better (n = 4). Statistical analysis: Mann-Whitney test. CIdU, 5-chloro-2'-
deoxyuridine; I1dU, 5-iodo-2"-deoxyuridine; L/H fraction, CD34" cell
fractions with low (regular)/high (increased) content of separase proteo-
lytic activity; SAD value, separase activity distribution value; MMR,
major molecular response; MR* indicates > 4-log reduction (BCR-ABL
IS <0.01%), MR*? indicates >4.5-log reduction (BCR-ABL 1S <
0.0032%), and MR® indicates >5-log reduction (BCR-ABL IS <
0.001%) of measurable BCR-ABLI transcripts by qRT-PCR

instability in HeLa (cancer cells) and NHDF (normal human
dermal fibroblasts) cells. They found unexpectedly that the
depletion of separase increased the fork velocity about 1.5x
and led to altered checkpoint responses, thereby providing
evidence that separase participates in genomic stability main-
tenance by controlling replication fork speed [21].
Conversely, we state in accordance with the findings of
Cucco that an increased separase activity obviously decreases
the fork velocity (noMMR H- vs. L-fractions). The impact of
this effect on proliferation/survival of LSCs that is most likely
indicative for replication stress is still an open question [42].

Fig. 7 Hypothetic model
illustrating the occurrence and the
role of HSC/LSC with enhanced
separase activity in the hemato-
poietic bone marrow niche of pa-
tients with CML for disease pro-
gression under TKI treatment and
after TKI treatment cessation. For
explanation, see “Discussion.”
The yellow box indicates the ori-
gin of clinical samples used in this
survey. ACA, additional chromo-

somal alterations; CML-CP, CML hematopoietic
in chronic phase; CML-AP/BP, bonﬁig;aenow
CML in accelerated phase/blastic
phase; TKI, tyrosine kinase in-
hibitor; HSC, hematopoietic stem
cell; LSC, leukemic stem cell; Ph
Philadelphia chromosome; MR,
molecular response; TFR,
treatment-free remission
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Assuming that high continuous separase activity levels in
residual dormant LSCs (= the “mutator phenotype”) may af-
fect their long-term genomic stability and support their surviv-
al under continuous TKI treatment (Fig. 7), cessation of TKI
treatment as conducted within TKI stopping trials may imme-
diately affect TFR by LSC reactivation. At worst, loss of deep
MR or MMR will make TKI treatment reconstitution neces-
sary within a short period of time as found in recent stopping
trials [50-52]. It is currently unclear whether and how high
separase activity levels may contribute to reactivation of qui-
escent LSCs. Nevertheless, cells with high separase activity
levels, potential descendants of reactivated LSCs, will also
appear in the PB as we detected such cells in the H-fractions
derived from PBMNC preparations of noMMR/relapse pa-
tients (compare Fig. 7, state “LSC reactivated”). It is conceiv-
able that the CD34" LSCs with high separase activity levels
themselves may appear in the PB as it has been described that
HSC spontaneously leave their niches daily and egress in cir-
culation without entering into cell cycle. In this case, a specific
type of niche was not absolutely required to keep LSCs qui-
escent as they can stay in GO phase of cell cycle in circulation
[53].

In conclusion, the represented data suggests that the loss/
lack of achievement of MMR in TKI-treated CP CML coin-
cides with the occurrence of circulating CD34" progenitor
cells with elevated separase activity. For these cells, enriched
fractions showed preferential BCR-ABLI gene expression
positivity, enhanced proliferation/viability in vitro, and de-
creased replication fork velocity. We propose a hypothetical
model suggesting that enhanced separase proteolytic activity
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may represent a novel cardinal feature of the leukemic clone
supporting the “mutator” phenotype of quiescent LSCs under
long-term TKI treatment. This novel mechanism of genomic
destabilization may pave the way for residual tumor cells to
clonal evolution and a more efficient therapy survival. In this
context, it would be of high interest to better delineate the
mechanisms of the observed high separase activity. This will
be the focus of future studies. Moreover, evaluating patients of
different phases of the treatment journey would be desirable as
well but is currently not feasible due to the lack of correspond-
ing longitudinal samples including chronic, accelerated, and
blastic phase specimen from the same patient. However, mea-
surement of separase activity may be useful as surrogate mark-
er of rampant proliferative capacity for prediction or monitor-
ing of CML molecular response before and after TKI treat-
ment cessation.
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