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Abstract

Hematopoietic stem cells (HSCs) are rare cells residing at the top of the haematopoietic
hierarchy capable of reconstituting all blood cell populations through their ability of self-
renewal and differentiation. Their ability to maintain haematopoiesis can be majorly depleted
by chemotherapeutic agents, leading to a long-term bone marrow injury. However, pre-clinical
studies have focused on the acute effects of chemotherapy, leaving the lasting impact on
healthy cells poorly understood. To study this, we combined rapid ex vivo models to study the
long-term/late-stage effects of a cyclin-dependent kinase subunit 1 (CKS1) inhibitor. Inhibition
of CKS1 has been shown to protect healthy HSCs from chemotherapy during acute myeloid


mailto:William.grey@york.ac.uk

30
31
32
33
34
35
36

37

38

39
40
41
42
43
44
45
46
47

48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

leukaemia, and here we show a dose-dependent role of long-term CKS1 inhibition on
haematopoiesis, either boosting B lymphopoiesis or ablating HSC proliferation capacity,
dependent on the context. Mechanistically, low doses of the CKS1 inhibitor (CKS1i) affects
AKT-Foxo1 signalling potentiating B-cell differentiation, but impairing HSC proliferation. These
results reveal a novel role for CKS1 in boosting B lymphopoiesis and propose the use of rapid
ex vivo models to investigate the long-term effects of chemotherapeutic treatments targeting
HSCs with the potential of reducing late adverse effects.

Introduction

Hematopoietic stem cells (HSCs) reside at the top of the hematopoietic hierarchy and
generate around 90% of the total cells in our bodies. This is possible due to two main
characteristics: self-renewal and differentiation, both crucial for maintaining hematopoietic
homeostasis®. The hematopoietic system is highly sensitive to systemic chemotherapy, thus,
studying HSC expansion and differentiation is important when developing novel therapies.
However, the underlying mechanisms of HSC maintenance, expansion and differentiation are
not always fully understood in response to novel chemotherapeutic agents due to their paucity
in primary tissue and historically the lack of robust ex vivo culture systems to study this cell

population.

Pre-clinical studies of novel agents targeting haematological disorders mainly focus on the
malignant cells, with limited testing of systemic short-term or long-term effects on healthy
tissue prior to early-stage clinical trials. Whereas HSCs have been shown to be more resistant
to therapeutic treatments than other blood cells due to their quiescence, patients can develop
a long-term bone marrow (LT-BM) injury affecting HSC reserves and functionality,
consequently affecting the whole hematopoietic system. LT-BM damage generally fails to
recover, has severe effects on quality of life due to infection risk and transfusion burden, and
can develop into life-threatening disorders such as aplastic anaemia, bone marrow failure and
myelodysplastic syndromes?. Furthermore, conventional frontline treatments such as
cytarabine plus doxorubicin demonstrate well documented acute toxicities, including mortality,
and long-term effects on HSCs3-5. Similarly newer therapies such as Venetoclax have made
major inroads in treating frailer patients, but haematological toxicity and limited longer term
efficacy have reduced the scale of clinical benefit, particularly in adverse risk patients®’. Thus,
understanding and mitigating the sustained damage of chemotherapy on healthy HSCs can
help increase treatment efficacy and reduce lasting side-effects. In this study, we focus on
understanding long-term/late-stage effects on LT-HSCs and their progeny, using a small
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molecule inhibitor targeting the cyclin-dependent kinase subunit 1 (CKS1) that has been
shown to play a crucial role in regulating both HSC homeostasis and cancer development®-1°.

CKS1 is known for its associations with CDK and E3 ligase complexes, responsible for
regulating phosphorylation and degradation of key haematological factors, including the CDK
inhibitor p27'", mixed lineage leukaemia 1 (MLL1)'" and activation of RAC1°. Importantly,
Cks1 knockout in mouse models resulted in disrupted HSC functionality, abrogating their
ability to transplant and reconstitute the hematopoietic system®'". Moreover, we recently
demonstrated the dual effects of selective inhibition of the SCFSKP2CKST E3 ligase complex
using a small molecule inhibitor (CKS1i) in acute myeloid leukaemia (AML), simultaneously
depleting leukemic stem cells (LSCs) whilst preserving healthy HSCs and intestinal stem cells
from the acute cytotoxic effects of chemotherapy treatment. Whereas high expression of CKS1
on LSCs makes them an optimal target for CKS1i, its inhibition in healthy HSCs leads to an
accumulation of p27 and induced quiescence, preventing DNA integration of
chemotherapeutic agents and consequent toxicity®'°.

These studies showed the critical role of CKS1 in HSC functionality under non-homeostatic
conditions. However, this may not mitigate the potential effects of chronic CKS1i treatment —
which could have the same outcome as Cks1” — nor provide information on long-term/late-
stage effects on haematopoiesis, which remains an understudied area in novel therapeutic
development. This study aims to understand the effects of CKS1i on the intrinsic properties of
healthy stem cells under both expansion and differentiation conditions.

Methods
Animals and in vivo inhibitor study

Animal experiments were performed under the U.K. Home Office project license (PP4650015)
in accordance with the Home Office (UK). For in vivo study, 8-12 week old C57BL/6 wild type
mice were treated with CKS1i (10mg/kg) or vehicle control for 5 consecutive days, as per our
previous work®, and, after 2 days interval, peripheral blood cellular composition was assessed
for the following 5 days and bone marrow composition was assessed after 3 days by flow
cytometry. Blood counts were assessed at days 6, 9 and 11 on a ProcyteDX.

In vitro PVA-based HSC expansion

These experiments were performed according to the original publication'. For all expansion
experiments, 10 cKit*Sca1*CD48 CD150*EPCR*Lineage” (ESLAM)-HSCs were sorted per
well in fibronectin-coated 96-well plates (Fn, 10 pg/cm?; Sigma) in complete Dulbecco’s
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Modified Eagle Medium F12 (F12, with 1% P/S, 1% L-glutamine, 10mM HEPES, 1mg/ml
polyvinylalcohol — PVA, and 1% insulin-transferrin-selenium ethanolamine, Thermo Fisher
Scientific) supplemented with thrombopoietin (TPO, 100ng/ml; Peprotech), stem cell factor
(SCF, 10 ng/ml; Peprotech) and treated or not (control) with CKS1i (Sigma-Merck) from day 0
or day 5 in culture. Full media changes were performed three times a week starting from day
7 without disrupting the Fn-layer. At day 21, populations were immunophenotyped by flow
cytometry.

In vitro multilineage differentiation

These experiments were performed according to the original publication'®. For all co-culture
experiments, 10 ESLAM-HSCs were sorted per well in a 96-well plate containing OP9 stromal
cells at 80% confluency in complete Opti-MEM supplemented with FMS-like tyrosine kinase 3
ligand (FI3tl) (50 ng/ml; Peprotech), SCF (50 ng/ml; Peprotech) and treated with CKS1i at
dose escalation concentrations indicated. At day 4, ESLAM-HSCs were harvested, and half
the cells were seeded into the “B-lymphopoiesis condition” with a new OP9 stromal cell layer
in complete Opti-MEM supplemented with Flt3L, SCF and interleukin-7 (IL-7) (20 ng/ml;
Proteintech Europe), and the other half of cells seeded in monoculture in the “Erythro-
myelopoiesis condition” with StemSpan SFEM | (StemCell Technologies) supplemented with
FIt3L, SCF, holo-transferrin (HT, 0.3 mg/ml; Merck Life Scientific) and erythropoietin (EPO, 3
U/ml; StemCell Technologies), with or without (control) CKS1i treatment. Half media changes
were performed twice per week and, at day 21, populations were immunophenotyped by flow

cytometry.
Proteomic sample preparation and analysis

Primary cKit*Sca1*Lineage  (LSK) cells were grown in co-culture with OP9 stromal cells in
complete Opti-MEM supplemented with FIt3L and SCF and treated or not (control) with CKS1i
(1 uM) for 4 days. Cells were harvested and 50,000 CD45* cells were sorted per sample using
a MoFlo Astrios sorter for proteomic analysis. Cells were lysed using urea lysis buffer and
sonication and digested overnight in urea digestion buffer. Protein extract was loaded onto
Evotips (Evosep) and measured on a timsTOF HT (Bruker). Liquid chromatography-mass
spectrometry data were searched by data independent acquisition (DIA)-NN software
(Cambridge) against the mouse reference (Supplementary Table 2).
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Results
Acute CKS1i treatment has no effect on haematopoietic homeostasis in vivo

To study the acute effects of CKS1 inhibition on haematopoietic homeostasis we treated wild-
type mice with CKS1i°® and measured peripheral blood cellular composition and total blood cell
counts (Fig. 1a and Suppl. Fig. 1a, b). We observed no significant difference in blood cell
counts (Suppl. Fig. 1b) and mature blood populations between vehicle control and CKS1i-
treated mice across erythroid, myeloid and lymphoid cell types (Fig. 1b-g), and both control
and CKS1i-treated mice show a reduction in Gr1°CD11b* monocytes 11 days after treatment
commenced, 4 days after the initial peripheral blood sample (Fig. 1f). Bone marrow
composition analysis (Suppl. Fig. 1c) showed no difference in primitive hematopoietic
population cell numbers under CKS1i-treatment (Fig. 1h-r). We also observed that CKSHi
decreased total live cell numbers within the bone marrow (Suppl. Fig. 1e). Whereas most
primitive cell populations showed no difference in proportion between control and CKS1i-
treated mice (Suppl. Fig. 1e-n), proportion of HSC and ESLAM-HSC increased upon CKS1i-
treatment (Suppl. Fig. 10, p), agreeing with previous observations in Cks7-/-mice® and CKS1i
treated AML PDX°®. Together these results demonstrate that acute treatment with CKS1i does
not affect haematopoietic homeostasis immediately after administration.

CKS1i ablates ESLAM-HSC proliferation capacity in vitro

To initially study the ability of ESLAM-HSCs to expand under increasing doses of CKS1i (0 -
20 uM), we used the PVA-based murine HSC expansion system'2. We analysed the ability of
ESLAM-HSCs to expand, maintain immunophenotypic haematopoietic stem and progenitor
cells (HSPCs) and produce differentiated cell types (Suppl. Fig. 2a).

ESLAM-HSCs were treated with CKS1i from day 0 or allowed to recover in culture and treated
from day 5, and grown for 21 days in the PVA culture system (Fig. 2a). Our analysis of
megakaryocyte, myeloid and primitive (CD11b"Gr1-) populations (Suppl. Fig. 2a) showed that,
if treated at day 0, even the lowest doses of CKS1i deplete primitive cells in 21-day expansion
cultures (Fig. 2b). When allowed 5 days to recover and begin to proliferate before treatment
with CKS1i, cells were able to grow under treatment concentrations up to 0.1 pM (Fig. 2b).
However, total expansion potential of primitive fractions (LSK, cKit*Sca1+*Lineage’) under 0.1
UM treatment was still reduced when compared to control (Suppl. Fig. 2b), with no significant
difference in the number of more committed progenitors (LK, cKit*Sca1-Lineage’) (Suppl. Fig.
2c). Furthermore, we observed that 4-days treatment with CKS1i induces apoptosis in CD45*
cells at 0.5 uM concentration either treating from day 0 or day 5 in expansion culture (Fig. 2c,
d), showing that lower concentrations (0.05uM, 0.1uM) halt proliferation potential of primitive
hematopoietic populations without affecting their survival. Interestingly, at 0.5 uM the most
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primitive cell population (LSK) is the first to disappear (Fig. 2e, f), indicating that some
differentiation occurs but HSPCs are not maintained.

Comparatively, differentiated megakaryocyte progenitors (MKP, cKit*CD41*Lineage),
megakaryocytes (MK, cKitCD41*Lineage’) (Suppl. Fig. 2d, e), monocytes plus dendritic cells
(Mo+DC, CD11b*Gr1), and granulocytes plus neutrophils (GR+N, CD11b*Gr1*; Suppl. Fig.
2f, g) substantially decrease in numbers at 0.5 pM treatment with CKS1i when compared to
control. However, we do not observe significant expansion or lineage skewing amongst the
populations analysed (MKP, MK, Mo+DC and GR+N) under CKS1i-treatment within this
system. These results suggest that low concentrations of CKS1i completely ablate ESLAM-
HSC expansion potential within a highly proliferative system, and that more primitive cell
populations such as LSKs have higher sensitivity to CKS1i when compared to mature
populations, potentially affecting the differentiation of early progenitor cells.

Inhibition of CKS1-dependent protein degradation reveals lineage-specific
differentiation sensitivity

Next, we assessed the effect of CKS1i on differentiation potential of ESLAM-HSCs, applying
the Safi et al. ex vivo multilineage differentiation protocol' (Fig. 3a). Within the first four days
we observed increasing apoptosis following gradual CKS1i concentration increase, with a
significantly higher percentage of CD45* apoptotic cells at 5 uM treatment compared to control
after 24h or 4 days (Fig. 3b, ¢). These results show a higher resilience of primitive LSKs to
CKS1i when compared to AML cell lines (THP1 and KG1a) IC50 values between 1-2 uM
(Suppl. 3a). We have previously shown that CKS1i increases p27 protein inducing cell cycle
arrest in human HSCs®. In agreement, we observed that CKS1i induces an increase of p27
(Suppl. Fig 3b, c) whilst decreasing Ki67 positive cells and cell numbers (Suppl. Fig 3d-f) of
murine LSK cells when compared to control during the first 4 days of culture, showing that,
even though LSKs in co-culture with OP9s are less sensitive to CKS1i when compared to
expansion culture, cell numbers still decrease due to the anti-proliferative effects of the drug.
Furthermore, after 21 days in culture, our results showed the depletion of myeloid
(CD45*CD11b*), B Ilymphoid (CD45*CD19*) and Ter119* erythroid (CD45Ter119%)
populations (Suppl. Fig. 3g) at stress-inducing/apoptotic CKS1i concentrations (5 to 20 uM,
Fig. 3d). Interestingly, low concentrations of CKS1i (0.05 to 1 uM) boost differentiated cell
population numbers when compared to controls (Fig. 3d). A slight (non-significant) increase
in cell numbers at low doses of CKS1i could be observed within Ter119* cells and B cells after
only 7 days in culture, suggesting a CKS1i-treatment response from early stages of B cells
and erythroblast differentiation (Suppl. Fig. 3 h-i). In contrast, CKS1i-treatment does not boost
AML cell line numbers in culture (Suppl. Fig. 3j).
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Under erythropoiesis conditions, Ter119* cell numbers only reduce at 10 uM of CKS1i when
compared to controls (Fig. 3e, f). Within the B condition, low doses of CKS1i (0.05 to 0.5 uM)
boost B cell numbers in culture, whereas at 1 uM these cells are depleted (Fig. 3g, h).
Furthermore, following B lymphopoiesis induction, CD45* immune cells, but not CD45" cells,
are broadly depleted when treated with 5 pM of CKS1i (Suppl. Fig. 3k). We investigated
whether CKS1i treatment effect on B lymphopoiesis was due to reduction of OP9 stromal cell
viability. We observed that OP9s are highly resilient to CKS1i with only reduced viability at 20
UM (Fig. 3i), showing that the CKS1i effects within the B condition are independent of OP9
cell viability. We also observed that macrophages (Suppl. Fig. 3m, n), as well as myeloid
populations (Suppl. Fig. 30, p) and total live cells (Suppl. Fig. 3q) had lower numbers in culture
within the B condition under 1 puM-treatment with CKS1i compared to those in the ER condition.
This suggests a cytokine-specific response to CKSHi.

Proteomic analysis of the CKS1i response reveals an AKT/Foxo1-driven alteration in
primitive cells

To investigate the mechanism underlying the bimodal role of CKS1i within haematopoiesis,
and specifically the conditions which boost B lymphopoiesis, we cultured LSKs with 1 uM of
CKS1i on OP9 cells and performed total proteomics on sorted CD45" cells (Fig. 4a). When
mapped to murine haematopoiesis, our results demonstrated that differentially abundant
proteins are more representative of LT-HSCs and pre-B cells, with low representation of pro-
Erythrocytes when using CellRadar (Fig. 4b). Interestingly, the differential sensitivities of
immune populations to CKS1i do not match the expression profile of Cks1balone in the murine
haematopoietic hierarchy (Suppl. Fig 4a, yellow). However, when we mapped the CKS1
protein and proteins differentially abundant after CKS1i treatment in human HSCs® onto
mouse haematopoiesis, our results showed a different lineage bias between CKS1 alone and
CKStiresponsive proteins (Suppl. Fig. 4a). Despite cytokine supplementation for human HSC
cultures being different and no co-culture layer present, CKS1i responsive proteins in human

HSCs were more similar to that seen in our results here.

To better understand the mechanism of action leading to increased B lymphopoiesis at low
levels of CKS1i treatment, we focussed on a network analysis incorporating the strongest
discriminators between untreated control and CKS1i-treated (Fig. 4c, Supp. Fig. 4b-d). Of the
proteins significantly altered in CKS1i versus control, and classic CKS1i-targeted proteins,
string analysis mapped interactions involved in the regulation of AKT, Foxo1 and NFkB (Fig.
4d), such as TAB3, CAT, GSTA4, NRP1, PIR, DPP4 and MUC13 (Suppl. Fig. 4d-f). Our results
showed that CKS1i (at 1 and 5 pM) induces AKT phosphorylation (T308) in LSKs when
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compared to control (Fig. 4e, f and Suppl. Fig. 4g), as well as increasing total AKT (Suppl. Fig.
4h).

It is known that AKT can regulate the NFkB/IKBa axis'*. Our results showed an increase in
the NFkB/IKBa ratio at 5uM CKS1i concentration (Fig. 49, h and Suppl. Fig. 4i, j), similar to
increased apoptosis previously observed (Fig. 3b, c). However, inhibition of AKT further
increases NFkB abundance on LSKs treated with CKS1i (5 uM) when compared to control
(Suppl. Fig. 4k, 1). Together, these results suggest that NFkB signalling is AKT-independent,
occurring at more toxic levels and may be more important during non-homeostatic stress
conditions. Furthermore, CKS1i co-treatment with NFkBi or AKTi (at 0.5 pM) further induced
apoptosis on CD45* cells (Fig. 4i, j), decreasing live cell numbers (Suppl. Fig. 4m, n), after 4
days in OP9 co-culture. These results show that the CKS1-dependent AKT pathway is crucial
for survival and proliferation of primitive LSK cells and suggests a positive NFkB-dependent
stress-response feedback of CKS1i-treated LSKs.

Downstream of AKT activation, treatment with CKS1i (from 0.1 to 5 uM) resulted in increased
Foxo1 phosphorylation at S256, a known AKT target site that leads to nuclear export'#, when
compared to control (Fig. 4k, | and Suppl. Fig. 5a). Without changing total Foxo1 protein levels
(Suppl. Fig. 5b). We observed decreased nuclear abundance of Foxo1 within KG1a cells
treated with CKS1i and significant rescue at higher concentration (1 uM) when compared to
lower concentration (0.1 uM) (Suppl. Fig. 5c, d), suggesting that induction of Foxo1 nuclear
export by AKT-dependent phosphorylation in response to low doses of CKS1i. Furthermore,
decrease in B cell numbers under CKS1i treatment is slightly rescued (non-significant) when
co-treated with AKTi (1 uM) (Suppl. Fig. 5e, f), an effect that is not observed within Ter119*
cells or CD45* population (Suppl. Fig. 5g, h). Finally, we observed that co-treatment of CKS1i
with AKTi or NFkBi did not rescue cell survival or proliferation on ESLAM-HSCs under PVA
expansion culture (Suppl. Fig. 5i, j). Together, these results demonstrate that tight regulation
of intracellular kinase signalling cascades in HSCs is dependent on the SCF-SKP2-CKS1
complex and is responsible for modulating haematopoiesis, boosting differentiation at low
dose of CKS1i via Foxo1-dependent mechanisms. Furthermore, high doses of CKS1i can
activate the NFkB pathway, inducing toxicity to both the differentiation and proliferation
potentials of HSCs.
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Discussion

The study of pre-clinical agents to treat haematological disorders has largely focussed on
disease specific effects, with limited study of resident healthy haematopoiesis outside of
immediate/acute effects. This leaves a wide gap in our understanding of the long-term/late-
stage effects of novel chemotherapy on haematopoiesis, and has important implications for
efficient resource utilisation and the likelihood of clinical impact. Whereas the results of acute
treatment with CKS1i showing no effect on haematopoiesis in vivo are promising for CKS1i
tolerability by mature peripheral blood cells and bone marrow populations, studies such as
these do not model longer-term/late-stage effects of CKS1i on long-term haematopoiesis®°.

Previous studies have shown that complete loss of CKS1 functionality using a Cks1” mouse
model leads to sub-functional LT-HSC phenotypes, unable to engraft and repopulate the bone
marrow of irradiated mice®''. In agreement, our data demonstrate that LT-HSCs are most
sensitive to CKS1 inhibition when forced to proliferate and without the protection of stromal
cells (Fig. 2). This result might be due to LT-HSCs in expansion culture'? being more sensitive
to the cell cycle-targeting mechanism of CKS1i than when in differentiation cultures'®, which
are less proliferative 5. Additionally, we demonstrate there is a differential threshold of
sensitivity to CKS1 inhibition during haematopoiesis, where erythropoiesis, a process known
to be highly dependent on consistent (and less specific) protein turnover'®, is much less
sensitive to CKS1 inhibition than B lymphopoiesis (Fig. 3d-h). We have previously
demonstrated that sensitivity to CKS1i correlates well with expression of the CKS1B gene
expression in AML cell lines®, but our results show that the CKS1 degron in haematopoietic
cells is more representative of LT-HSCs and pre-B cells compared to pro-Erythrocytes using
CellRadar, and therefore functional responses do not necessarily correlate with Cks1b gene
expression alone (Fig. 4b and Suppl. Fig. 4a). These results suggest that single gene
expression does not predict cell type response of healthy haematopoiesis to drugs, and the
CKS1 degron has lineage specificity. We also observed higher sensitivity to CKS1i by all
myeloid populations (Suppl. Fig. 3m-q) grown with B lymphopoiesis-inducing cytokines when
compared to erythropoiesis-inducing cytokines. It is known that erythropoietin (EPO) used
within the ER condition can block apoptosis in erythrocytes'®, which may explain the overall
higher survival rate within the ER condition when compared to the B condition without EPO in
the culture, although this may not rescue apoptosis induced by high levels of CKS1i in the first
4 days. These results suggest a cytokine-specific response to CKS1i, however, the specific
effects of each individual cytokine from the ex vivo conditions on cell response to CKS1i still
need to be investigated. These results have major implications for the design of trials
combining CKS1 inhibition with cell cycle-cytotoxic chemotherapy such as Doxorubicin plus
Cytarabine (DA). We have previously shown that co-treatment is beneficial for LT-HSC
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survival®, but these data indicate that prolonged treatment may have negative effects on LT-
HSC recovery post-therapy and treatment should not out-last DA dosing regimens.

Interestingly, our data demonstrates that low doses of CKS1i boost all hematopoietic
populations analysed when LT-HSCs are subjected to multilineage differentiation, which is not
observed in AML cell lines (Fig. 3d and Suppl. Fig. 3j), showing a dose-dependent response
to CKS1i for ex vivo differentiation that contrasts with LT-HSC expansion. These results agree
with our previous study in human HSCs °, and suggest novel functionalities for CKS1 within
healthy haematopoiesis, indicating tight regulation of CKS1-dependent protein degradation
induces proliferation within progenitor cells. Our proteomic analyses revealed the mechanism
underlying the bimodal CKS1i response in haematopoiesis via the AKT, NFkB and Foxo1
signalling pathways. We showed differential expression of protein regulators of AKT, NFkB
and Foxo1 in LSKs under CKS1i-treatment (Suppl. Fig. 4e). For example, CKS1i upregulates
the AKT regulator neuropilin (Nrp1), and Gsta4, a member of the glutathione s-transferase
family that induces lineage-biased haematopoiesis'’. In contrast, CKS1i downregulates Ddp4
and Muci13, both regulators of the NFkB pathway, and overexpress Tab3, required for
maintenance of hematopoietic system'®. Additionally, catalase (Cat), an indirect regulator of
NFkB has a role in regulating haematopoiesis ex vivo, either boosting transient expansion or
inducing quiescence of hematopoietic cells'®, and pirin (Pir), also a regulator of NFkB is
involved in regulation of cell differentiation during haematopoiesis?’. These correspond to our
results showing that CKS1i-treatment can either boost haematopoiesis or halt proliferation of
LT-HSCs depending on culture conditions and treatment regimen. Furthermore, we
demonstrated an increase in pAKT/AKT and NFkB/IKBa levels within our LSKs treated with
apoptotic concentrations of CKS1i (Fig. 4e-h). It is known that AKT can regulate the
NFkB/IKBa axis and AKT phosphorylation of IKBa leads to proteasomal degradation and
subsequently release and translocation of NFkB to the nucleus, where it regulates pro-survival
genes. Conversely, stress-induced NFkB activation leads to IKBa phosphorylation?!, however,
AKT inhibition further increased abundance of NFkB, suggesting that NFKkB activation is via a
stress response pathway, occurring at more toxic levels of CKS1i and may be less important

for boosting healthy haematopoiesis.

AKT is also important for phosphorylation of Foxo1, a key transcription factor regulating
haematopoiesis and particularly B lymphopoiesis®?2%. Whereas under homeostasis, HSCs
have low AKT activity, regulating cycling via multiple targets, including Foxo1'4, stress can
over-activate AKT, inducing transient expansion of HSCs, eventually leading to their
exhaustion and finally depletion?. This dual role of AKT can be observed in our results, where
low doses of CKS1i leads to a boost in cell numbers (Fig. 3d) and high doses of CKS1i
deplete/exhaust all cells in culture (Fig. 3b-d). Furthermore, Foxo1 has been shown to
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orchestrate B lymphopoiesis. During homeostasis Foxo1 levels fluctuate allowing for B cell
lineage commitment and proliferation®?. This may in part explain the high responsiveness of B
lymphopoiesis to inhibition of CKS1 (Fig. 3g, h) and the heightened sensitivity of LT-HSCs and
B cells to CKS1i compared to other progenitor cells (Fig. 4b). This also raises the important
question of whether CKS1 would be a good target for treatment of B-lineage malignancies
such as multiple myeloma2%2¢, Burkitt lymphoma?” and diffuse large B cell ymphoma 28, where

it is overexpressed®”?8 and correlates with poor prognosis?2¢.

Altogether, these results begin to unravel the role of the CKS1/AKT/Foxo1 signalling axis on
healthy haematopoiesis, suggesting that CKS1i-dependent AKT/Foxo1 activation/inhibition
has a bimodal role in haematopoiesis, boosting levels at low CKS1i concentrations whilst
completely ablating LT-HSCs at higher concentrations. In conclusion, we present a
combination of rapid ex vivo culture systems to study long-term/late-stage effects of novel
chemotherapeutic effects on haematopoiesis. Our results have particular relevance to the
range of newer therapies with differing modes of action currently under development for AML.
A major limiting factor of novel combination therapies under development is increasing
haematopoietic toxicity leading to dosing interruptions and loss of clinical efficacy?®. The ability
to identify deleterious combinatorial effects early in the development process and selectively
augment healthy haematopoiesis is of great potential utility. This system can be used to
complement and, in time with additions, replace large, longitudinal animal studies and reveals

cell-type specific and cytokine-specific effects of novel chemotherapeutic protocols.
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Figure 1. Acute in vivo effects of CKS1i on haematopoietic homeostasis. a. Schematic
of CKS1i treatment (10 mg/kg) following peripheral blood or bone marrow analysis. Number
of cells/mL of peripheral blood for b. Erythroid (Ter119+), c. B lymphoid (B220+), d-f. myeloid
populations (Gr1+CD11b-, Gr1+CD11b+, Gr1-CD11b+) and g. T cells (CD3+), 2 (Day 7), 4
(Day 9) and 6 (Day 11) days post CKS1i treatment. Number of cells/femur for h. cKit+Scal-
Lineage- (LK), i. cKit+Scal+Lineage- (LSK), j. granulocyte-monocyte progenitor (GMP:
CD16/32+CD34+LK), k. common myeloid progenitor (CMP: CD16/32-CD34+LK), I.
megakaryocyte-erythroid progenitor (MEP: LK/CD16/32-CD34-), m. multipotent progenitor
with lymphoid bias (MPPY: CD135+CD150-LSK), n. MPP with granulocytes and monocytes
bias (MPP®M: CD135-CD48+CD150-LSK), o. MPP with megakaryocyte and erythroid
potential (MPPMXE: CD135-CD48+CD150+LSK), p. MPP with unbiased multilineage potential
(CD135-CD48-CD150-LSK), gq. HSC (CD135-CD48-CD150+LSK) and r. EPCR+ HSC
(ESLAM-HSC) within the bone marrow of mice treated with vehicle control or CKS1i. White



447 indicates control, blue indicates CKS1i treated mice. N = minimum 5 per condition, statistical
448  significance was calculated by an Ordinary one-way ANOVA or Student’s t-test, * = p<0.05.
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Figure 2. Ex vivo effects of inhibition of CKS1-dependent protein degradation on HSC
expansion potential. a. Schematic of gold-standard PVA expansion culture system for 21
days indicating CKS1i treatment (0.05 — 20 uM) starting at Day 0 or Day 5. b. Heatmap
depicting z scored expansion of the indicated immunophenotypic populations under control
conditions and increased CKS1i dosage. Populations are defined as per Supp. Fig. 2a.
Percentage of apoptotic (AnnexinV+) CD45+ cells after 4 days in expansion culture treated or
not (Ctrl) with CKS1i from c. day 0 or d. day 5 in culture. e. and f. Absolute number and
representative flow plots of LK and LSK cells treated with increasing dose of CKS1i from day
0 (dark blue) or day 5 (light blue). N = minimum 9 per condition, statistical significance was
calculated by an Ordinary one-way ANOVA, * p<0.05, ** p<0.01, *** p<0.001.
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Figure 3. Multilineage differentiation reveals hematopoietic lineage-specific sensitivity
to inhibition of CKS1-dependent protein degradation. a. Schematic of multilineage
differentiation culture system treated with increasing doses of CKS1i. b. and c. Percentage of
apoptotic (AnnexinV+) CD45+ cells and representative flow plots after 1- and 4-days treatment
with increasing doses of CKS1i. d. Heatmap depicting z scored absolute number of the
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indicated immunophenotypic populations (Supp. Fig. 3) under B lymphoid (FLT3L/IL7) and
Erythroid/Myeloid (EPO/H-T) differentiation conditions. e. and f. Absolute number and
representative flow plots of Ter119+ cells treated or not (Ctrl) with CKS1i. g. and h. Absolute
number and representative flow plots of B cells treated or not (Ctrl) with CKS1i. i. Crystal violet
measurement and representative images of OP9 stromal cell survival under increasing doses
of CKS1i for 21 days. N = minimum 9 per condition (except Annexin V assay, N = 6), statistical

significance was calculated by an Ordinary one-way ANOVA, * p<0.05, ** p<0.01,
p<0.0001.



474

475
476
477
478
479
480
481
482
483
484
485

CD45" celis

Mudleated ~TT5C

ST-HSC

Total Proteins

a i Prok Erythrocytes LMPP c L
B
_'jm“ CFUE preGM o .
¢ Tabs
\‘ co4s Pra CFLE GMP
o0 5 !
k, P f - WKP. Granulocytes 5: o
Primary LSK ' 3
MkE Monocyte s
Day 0 Day4l Total 3
T proteomics v, or
Activated ETP
CKs1i CD4+ T cells
Naive CD8+ NK cells
CDA+ T cells NK mature
80l g (PreB Log? Fold Changs CKS1i vs Ctl
d Cdkni1b Cks1b R f
— e o
Fihadnk Rk Unstained /\ /\
2 1.5
Citrl
T 2
=z 1.0 01
. B - s
E = = Z 0.5
<05 =
4 & al 1
X
Q
0.0 5 "/ \
crl 01 05 1 & ; : —r
Nrp1 CKS1i dose (uM) wt W’ ] Wt et
AKT PAKT (T308)
g . . i 1 o
Unstained A i ] NFkBidose (uM)
.
0 Ctrl S 100 — Ctrl
= = o1
01 3 & .
8 40 X [} e o e mm 05
: 5| o0s 2 607 - . j -1
o = = e
g 2 5 [ g
£ 20 = g ’}l 1 ii
2 d < lj 0 g
S . 1 2078 = o
5 B, | N =
0 A A, 3
ctl 01 05 1 5 c o ! ! .
4 |KBa NFKB cirl 05 1 5
CKS1i dese (uM) CKS1i dose (uM)
* AKTidose (UM Unstained /‘3 A
~ 100 o (M) 10 * 48 .
£ =1 i v ctl
2 80 !! 0.1 8
o °
H 05
L 60 i z 6 04
] - 1 S
! i e 3 5] os
qugﬁlé!.l_%*ﬂ §4$ %
o 20 - = & g al 1
~ X
8 Q
0 T T T T Q 5
Ctrl 05 1 5 Ctl 01 05 1 5

CKS1i dose (uM)

CKS1i dose (uM)

0" ' 1w’
pFoxo1 (52586)

Figure 4. Total proteomics reveals mechanisms underlying primitive haematopoietic
cells response to CKS1i. a. Schematic of 4-days LSK and OP9 co-culture treated or not
(Ctrl) with CKS1i (1 uM) and CD45+ cell sorting for total proteomics. b. Mapping of differentially
abundant proteins of hematopoietic cells under CKS1i-treatment to murine haematopoiesis
(CellRadar). c. Volcano plot for CKS1i-treated vs Ctrl CD45+ cells after 4 days. Teal indicates
significantly upregulated proteins, red indicates significantly downregulated proteins after
CKSHi treatment. d. String network mapping signalling pathways activated on hematopoietic
cells treated with CKS1i. e. and f. Ratio and representative flow plots of active pAKT (T308)
to total AKT in CD45+ cells after 4 days treatment with CKS1i.

representative flow plots of total NFKB to IKBa in CD45+ cells treated or not with CKS1i.

g. and h. Ratio and

Percentage of apoptotic (AnnexinV+) CD45+ cells treated with combination of CKS1i and i.
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NFkBi or j. AKTi for 4 days. k. and |. Ratio and representative flow plots of total Foxo1 to active
pFoxo1 (S256) in CD45+ cells treated with CKS1i. N = minimum 6 per condition, statistical
significance was calculated by an Ordinary one-way ANOVA, * p<0.05, ** p<0.01, *** p<0.001,
**** p<0.0001.

Supplementary Materials

Extended methods

Cell culture

OP9 stromal cells were cultured in Opti-MEM with 10% fetal bovine serum (FBS), 1%
penicillin/streptomycin (P/S) and 0.1% 2-marcaptoethanol (complete Opti-MEM; Thermo
Fisher Scientific). AML cell lines THP1 and KG1a were cultured in RPMI 1640 medium
(Thermo Fisher Scientific) with 10 or 20% FBS, respectively, and 1% P/S.

Primary bone marrow cell isolation

Primary murine bone marrow cells were isolated by crushing the bones in FACS buffer
(phosphate-buffered saline, PBS, with 2% FBS), followed by red blood cell lysis for 5 mins on
ice before lineage marker positive cell-depletion using the hematopoietic progenitor cell

isolation kit following the manufacturer’s instructions (StemCell Technologies, CAT#133311).
Flow cytometry and cell sorting

Cells in culture or bone marrow cells were stained with antibodies indicated in Supplementary
Table 1 in FACS buffer for 30 min on ice in the dark and acquired on a BD LSRFortessa flow
cytometer (BD Biosciences) or sorted on a MoFlo Astrios (Beckman Coulter). Cell viability and
apoptosis were assessed by Annexin V-FITC apoptosis detection kit (BD Biosciences) and
DAPI (10 pg/ml; Generon) following the manufacturer’s instructions. For phosphoprotein flow
cytometry, cells were initially stained with surface marker (Supplementary Table 1) and DAPI
for 30 min on ice in the dark and washed three times with FACS buffer before fixation using
BD Cytofix/Cytoperm followed by permeabilization using BD Phosflow Perm Il buffer (BD
Biosciences) following the manufacturer’s instructions. Cells were stained with intracellular
antibodies overnight at 4°C in the dark and washed 4 times with FACS buffer before analysis
on CytoFLEX LX (Beckman Coulter). All flow cytometry data was analysed using FlowJo

software.

Microscopy
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KG1a cells were resuspended in PBS and centrifuged at 800 rpm for 5 minutes using a
Cytospin 4 (Thermo Fisher Scientific) before immunostaining following the manufacturers
protocol for FoxO1 (C29H4; Cell Signalling) immunofluorescence. The cells were imaged
using a ZEISS Elyra 7 microscope and images analysed using ImagedJ and ZEISS ZEN 3.1

software.
Statistical analysis

Proteomic data was initially analysed using FragPipe (frag-pipe-analyst.org) with a false
discovery rate (Benjamini Hochberg) of <0.05 and log2 fold change of +/-0.5 called as
significant. Flow cytometry data was analysed using GraphPad Prism software with the

indicated n and statistical tests detailed in each figure legend.
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Supplementary Figure 1. a. Gating strategy for peripheral blood analysis. b. White blood cell
(WBC), red blood cell (RBC) and platelet (PLT) counts of vehicle treated control (Ctrl) versus
CKSHi-treated (CKS1i) mice. c. Gating strategy for bone marrow populations analysis. d. Total
bone marrow live cell numbers from control compared to CKS1i-treated mice. e. Lineage
positive (Lin+) and negative (Lin-) cell numbers per femur of mice treated with CKS1i or vehicle
control. Percentage from live cells of f. cKit+Scal-Lin- (LK), g. cKit+Scal+Lin- (LSK), h.
granulocyte-monocyte progenitor (GMP: cKit+Sca1-CD16/32+CD34+Lin-), i. megakaryocyte-
erythroid progenitor (MEP: cKit+Sca1-CD16/32-CD34-Lin-), j. common myeloid progenitor
(CMP: cKit+Sca1-CD16/32-CD34+Lin-), k. multipotent progenitor with lymphoid bias (MPPY:
cKit+Sca1+CD135+CD150-Lin-), I. MPP with granulocytes and monocytes bias (MPPSM:
cKit+Sca1+CD135-CD48+CD150-Lin-), m. MPP with megakaryocyte and erythroid potential
(MPPMKE:  cKit+Sca1+CD135-CD48+CD150+Lin-), n. MPP with unbiased multilineage
potential (cKit+Sca1+CD135-CD48-CD150-Lin-), 0. HSC and p. EPCR+ HSC (ESLAM-HSC)
within the bone marrow of mice treated with vehicle control or CKS1i. White indicates control,
blue indicates CKS1i treated mice. N = minimum 5 per condition, statistical significance was
calculated by an Ordinary one-way ANOVA or Student’s t-test, * = p<0.05, ** = p<0.005, *** =
p<0.0005.
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Supplementary Figure 2. a. Imnmunophenotyping of post-PVA expansion culture. b. Absolute
number of LSK cells comparing untreated control (Ctrl) to 0.1 uM CKS1i treatment. c. Absolute
number of LK cells comparing control to 0.1 uM CKS1i treatment. d. and e. Absolute number
and representative flow plots of Megakaryocyte progenitors (MKP) and Megakaryocytes (MK)
in response to increasing doses of CKS1i. f. and g. Absolute number and representative flow
plots of Monocytes + Dendritic cells (Mo+DC) and Granulocytes + Neutrophils (GR+N) in
response to increasing doses of CKS1i. N = minimum 9 per condition, statistical significance
was calculated by an Ordinary one-way ANOVA, * p<0.05.



556

557

a b c d e
koK *ok %k
* %k Unstained A i ﬂ
® 150 Axd0* 100 *k Unstained e
2 - THP1 - @
£ & KGla a0 i 2 80 — Gt
2 x ¥
= 100 _ 0.1 2
8 e - o 60 0.1
: £ 2] — - S v A
2 5 o . . b 2 Z|os
N = = =
3 1xio] &2 B |, K o =
£ < < ol 1
2 o © A 0 8 ]
2 a2~ o N oA ol 01 05 1 5 5 J \ cw 0105 1 5 5 S
‘ T AP T CKS1i dose (uM) e v
Log [CKS1i (uM)] CKS1idose (uM) oo ot o " T e
§ g p27 Ki67
— Live singlets
@ 1x104
E’ | 4 Beels o MF w4 Mo+ GR+N
:
@ 1%107 5 10 LaROE 104
=] = E|
g g
@ @ o 3 E o a
] O ol wEa Qod o
8 o9
o i
2 qu1g0 074 1075
crl 01 05 1 5 S vmk tse e s R SR I W
CKS1i dose (uM) FSC-A CD11b
h Live singlets CD45neg
7 + Day7 | ) 0o
g 1100 = Day14 _ 1 CDasneg w1 MO+ GR+N Ter119+ cells
E -+ Day21S '
£ 3 E 104
g 5
=
E MR 2., 2
2 w Q = T
8 @ Q 5]
» wogg Q o =
‘3 ] e
2 W T W B I
% Grl CD45
i
Qe‘g: NP NP
CKS1i dose (uM) J k |
- ELE L]
I * %k
— * =  —
« Day7 15 == THP1 2 1x108 E 1x10% *x
. £
5 1100 = Day1d = — KGia E 1e10i]% T E 1o
© * o *
g o -+ Day 21 gw.u o 100 M °
2 1x10° Q 2 =102 o § 1=10?
@© = @
3 0 ety %05 < 1x102 - S 1x100
@ B 1] n
a P = 1=101 =2
g w10 2 3 | @Qi 8 1x100
§ 10 3 i 1%10 o
o b 0.0 g 1xio g 1x10°
SE DL N QP Og\a»“\w@“"\ah N e C}‘\Q—“‘a“z\“@ NeeP FFete® N 2R P
(@) Q0
°© CKS 11 dose (M CKS1i dose (uM) CKS1i dose (UM) CKS1i dose (M)
i dose (uM)
= B condition
n B condition (o] p -
o] =1 B condition = ER condition
E Mac — 4100 ™ ER condition . 1=108 e
m 2 ) . [
= B condition '3 -i; 1x10% 0 N 2
* . [=
. 1 ER condition 2 11044y 0 P Sdiad 2
? . s o3 2 4008 8o Meexs <
5 1x10% e 7 wee a R h D g ;S Ji- £
Eooeds, 1o o0 a4 2 tet02q|[" |7 0 2
2 ® Qo4 @ ® g
£ u08 i ’ 3 g 1107 ;
= = L
E] { e . . — T 1x100 &
2 1x10? W oo w W ) &
< i ’—' i F4/80 = et
g 110 ?Eff ) SFrP N 0P S e oD
£ 1uq00 LI ER condition CKS1i d M CKS1i d M
5 3 idose (uM) i dose {uM)
B | Macrophages. q )
= E : =3 B condition

o‘%.“c“ D@ N 9.9

CKS1i dose (uM)

%
S
>

i
=}
@

*
o

Supplementary Figure 3

Live cells (absolute numbers)
x
3

1 ER condition

CKS1i dose (uM)




558
559
560
561
562
563
564
565
566
567
568
569
570
571

572

573

Supplementary Figure 3. a. IC50 of AML cell lines THP1 and KG1a treated with CKS1i. b.
and c. Abundance and representative flow plots of p27 within LSKs treated for 4 days with
CKSHi. d. and e. Percentage and representative flow plots of Ki67+ CD45+ cells after 4 days
treatment with CKS1i. f. Live cell numbers of LSKs in 4-days co-culture with OP9s treated with
CKS1i. g. Gating strategy for endpoint analysis of multilineage differentiation cultures.
Absolute h. Ter119+ cell and i. B cell numbers at days 7, 14 and 21 of multilineage
differentiation protocol. j. Absolute live cell numbers of AML cell lines THP1 and KG1a treated
with CKS1i. Absolute number of k. CD45+ and . CD45- cells in response to increasing doses
of CKS1i under B lymphoid conditions. m. and n. Comparison of macrophage (MF) numbers
and representative flow plots within B lymphoid (B) and Erythroid/Myeloid (ER) conditions.
Comparison of 0. Monocyte and Dendritic cell (MO + DC) and p. Granuloctye and Neutrophil
(GR + N) numbers within B or ER condition. g. Absolute live cell numbers comparison between
B and ER conditions. N = minimum 9 per condition, statistical significance was calculated by
an Ordinary one-way ANOVA, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Supplementary Figure 4. a. Mapping of CKS1 alone and CKS1i targets identified in human
HSPCs'" to haematopoiesis (CellRadar). b. Principal component analysis of significantly
different proteins between untreated control (Ctrl) and CKS1i treated CD45* cells. c. PC1
loadings for a. d. Heatmap of differentially abundant proteins between Ctrl and CKS1i treated
CD45+ cells. e. Differentially abundant proteins in CKS1i treated cells mapping to Foxo1 and
NFkB regulation. f. Protein abundance of CKS1 in CD45+ cells treated or not with CKS1.i.
Abundance of g. active pAKT (T308), h. total AKT, i. total IKBa, j. total NFKB in CD45+ cells
in response to increasing doses of CKS1i. k. and |. Abundance and representative flow plots
of NFkB in CD45+ cells in response to CKS1i co-treatment with AKTi. Absolute live cell
numbers of CD45+ cells co-treated with CKS1i and m. AKTi or n. NFkBi for 4 days. N =
minimum 6 per condition, statistical significance was calculated by an Ordinary one-way
ANOVA, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Supplementary Figure 5. Abundance of a. active pFoxo1 (S256) and b. total Foxo1 within
CD45+ cells treated or not with CKS1i. c. and d. Fold change abundance and representative
microscopy images of nuclear Foxo1 in KG1a treated or not with CKS1i. Cyan represents
DAPI staining and fuchsia represents Foxo1 staining. e. and f. Absolute number and
representative flow plots of B cells (CD19+) treated or not (Unt: untreated) with combination
of CKS1i and AKTi within 21 days differentiation culture. Absolute number of g. Ter119+ cells
and h. CD45+ cells treated or not (Unt) with combination of CKS1i and AKTi within 21 days
differentiation culture. Live cell numbers of ESLAM-HSCs within 21-days PVA expansion
culture co-treated with i. CKS1i and AKTi or j. CKS1i and NFkBi. N = minimum 6 per condition,
statistical significance was calculated by an Ordinary one-way ANOVA, * p<0.05, ** p<0.01,
*** p<0.001, **** p<0.0001.
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Supplementary Table 1.

Reagent or resource
Antibodies (flow cytometry)

Annexin V apoptosis detection kit

Anti-mouse lineage cocktail
AKT (pT308)

AKT total

B220

CD3

CD11b

CD19

CD41

CD45

CD45.2

CD48

CD150

cKit

EPCR

F4/80

Foxo1 (pS256)

Foxo1 (C29H4) Rabbit mAb
Foxo1 total

Goat anti-Rabbit AF647
Gr1

IkBa

Ki67

NFkB (p65)

p27

Scat

Ter119

DAPI

Sytox green

Source

BD Biosciences
Biolegend

BD Biosciences
Cell signalling
Biolegend
Biolegend

BD Biosciences
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
eBioscience
Biolegend
Online AB

Cell signalling
Cell signalling
Proteintech
Biolegend

Cell signalling
BD Biosciences
Cell signalling
Cell signalling
Biolegend
Biolegend
Generon

Fisher Scientific

Chemicals, peptides and recombinant proteins

AKT inhibitor - MK-2206 2HCI
2-Mercaptoethanol

BD Cytofix/Cytoperm
BD Phosflow Perm Il buffer
CKS1 inhibitor

Crystal violet
DMEM/F12

FBS

Fibronectin

HEPES

hEPO
hHoloTransferrin

hIL7

ITS-X

L-glutamine

mFIt3L

mSCF

mTPO

NFkB inhibitor -TPCA-1
Opti-MEM

P/S

ProLongTM Gold antifade reagent

PVA
RPMI 1640
StemSpan

Selleckchem
Fisher Scientific
BD Biosciences
BD Biosciences
Merck

VWR International

Fisher Scientific
Fisher Scientific
Fisher Scientific
Fisher Scientific
Stemcell Tech
Merck
Proteintech
Fisher Scientific
Appleton Woods
Peprotech
Peprotech
Peprotech
APEXBIO
Fisher Scientific
Fisher Scientific
Invitrogen
Merck

Fisher Scientific
Stemcell Tech

Software, algorithms and data availability

FlowJo v10.6.1

FlowJo

Identifier

556547
133311
558275
5186S
103236
100206
557657
152418
133915
103108
109824
103438
115914
105826
15228719
123116
ABING684755
2880S
14262S
RGAR005
108408
8993S
563756
494458
12184S
108128
116222
40043
10768273

§1078
31350010
554714
558050
432001-69-9
911517ZA
1056518
16000044
10526961
15630049
78007.1
T0665
HZ-1281
10524233
10-016-CV
250-31L
AF-250-03
315-14
A4602
12559099
11548876
P36934
P8136
11875093
9600

N/A



Imaged National Institute of Health N/A

Prism 7 GraphPad N/A
CellRadar https://karlssong.github.io/cellradar/  N/A
ZEISS ZEN 3.1 ZEISS N/A
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604  Supplementary Table 2: Liquid chromatography-mass spectrometry data by Cambridge

605  (DIA)-NN software against the mouse reference.
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