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27  Abstract

28

29  Acute myeloid leukemia (AML) is an aggressive hematological disorder comprising a
30 hierarchy of quiescent leukemic stem cells (LSCs) and proliferating blasts with
31 limited self-renewal ability. AML has a dismal prognosis, with extremely low two-year
32  survival rates in the poorest cytogenetic risk patients, primarily due to the failure of
33 intensive chemotherapy protocols unable to deplete LSCs, which reconstitute the
34 disease in vivo, and the significant toxicity towards healthy hematopoietic cells.
35  Whilst much work has been done to identify genetic and epigenetic vulnerabilities in
36 AML LSCs, little is known about protein dynamics and the role of protein degradation
37 in drug resistance and relapse. Here, using a highly specific inhibitor of the SCF><"*
38 K complex, we report a dual role for CKS1-dependent protein degradation in
39 reducing AML blasts in vivo, and importantly depleting LSCs. Whilst many AML LSC
40 targeted therapies show significant toxicity to healthy hematopoiesis, inhibition of
41 CKSl-dependent protein degradation has the opposite effect, protecting normal
42  hematopoietic cells from chemotherapeutic toxicity. Together these findings
43 demonstrate CKS1-dependent proteostasis is key for normal and malignant
44  hematopoiesis.

45

46  Significance

a7

48 CKSl-dependent protein degradation is a specific vulnerability in AML LSCs.
49  Specific inhibition of SCF3*P#CKS! i |ethal to CKS1B"™" AML blasts and all AML
50 LSCs. Normal hematopoiesis is protected from chemotherapeutic toxicity by
51 inhibition of CKS1-dependent protein degradation, substantiating a dual role for
52 CKSl-dependent protein degradation in clinical treatment of AML.

53

54

55 Introduction

56

57 Acute myeloid leukaemia (AML) is a heterogeneous, aggressive disease of the
58 hematopoietic system, arising from hematopoietic stem/progenitor cells. In recent
59 years, several reports have demonstrated that the current approach (induction

60 chemotherapy) and new protocols (epigenetic targeting) still have severe limitations
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61 due to significant plasticity in the AML epigenome, metabolic adaptions and the
62 presence of drug resistance leukemic stem cells (LSCs). With the average two-year
63  survival rate as low as 5-15% in poor risk, older patients (>65yr), there is an unmet
64  critical need for new therapeutic approaches(1). Recent developments, targeting the
65 anti-apoptotic protein BCL2, has demonstrated that therapies affecting protein
66 networks holds great promise for the poorest prognosis AMLs(2,3), yet resistance
67  still emerges for a subset of patients through mitochondrial adaptions in residual
68 leukemic cells(4,5).

69 New approaches such as BCL2 targeting in combination with classical induction
70 chemotherapy still hold excellent promise, but a critical failure is still the severe off-
71 target toxicity produced by induction chemotherapy protocols and new targeted
72  therapies alike(6). Indeed, reducing blast count with cytarabine/doxorubicin
73  treatment severely affects normal hematopoietic progenitor cells, stressing the
74  hematopoietic system(7). Whilst bone marrow transplantation remains the gold
75 standard consolidation therapy in AML(8), boosting normal hematopoiesis to
76  outcompete residual AML, combined with a reduction in severe cytopenia
77 immediately after chemotherapy, would be beneficial to overall survival.

78 A better understanding of the biological differences between normal and malignant
79  hematopoietic cells is needed to achieve selective AML targeting, without toxicity to
80 normal cells. We previously reported a proteostatic axis between the cyclin-
81 dependent kinase subunits Cksl and Cks2, and the mixed lineage leukaemia 1
82 protein (MIlI1), a key protein hijacked during neoplastic transformation of the
83 hematopoietic system(9). Cks1l and Cks2 have many overlapping and independent
84 roles in balancing protein homeostasis (proteostasis) throughout the cell cycle,
85 ensuring correct GO/G1 transition(10), chromatin separation(11-13) and DNA
86  repair(10,14,15). Whilst it was originally thought Cksl and Cks2 function solely
87 through CDK-dependent activities(16—18), CDK-independent functions were later
88 reported, in concert with the SCF*"? and APC®P“?° E3 ubiquitin ligase complexes,
89 important for selective protein degradation(10,11,19).

90 The many functions of Cksl and Cks2 place this axis at the centre of normal cell
91 growth and development, and potentially central to AML development. Here, we
92 investigated the role of CKS1-dependent protein degradation in a poor risk AML
93 cohort with few treatment options. We explored the therapeutic potential in CKS1B

94  expressing poor risk AML and demonstrated high efficacy in reducing total AML
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95  burden in CKS1B"¥" expressing samples. Critically, in both CKS1B"" 2" AML we
96 demonstrate a significant reduction of the chemotherapy refractory LSCs. In
97 contrast, CKS1 inhibition has the opposite effect on normal hematopoiesis,

98 improving stem cell functionality and conferring protection from chemotherapeutic

99 toxicity.
100
101 Results
102

103 CKSI1B expression dictates the susceptibility of AML to specific chemotherapy

104  The expression of CKS1B varies in normal hematopoiesis, with moderate expression
105 in hematopoietic stem cells (HSCs), the highest expression in myeloid progenitors,
106 and the lowest expression in terminally differentiated cells (Supp. Fig. 1A). We
107 previously reported CKS1B upregulation in MLL1-rearranged AML, acute
108 lymphoblastic leukemia (ALL) and chronic myeloid leukemia (CML) compared to
109 peripheral blood mononuclear cells (PBMCs)(9). This trend of CKS1B expression is
110 conserved amongst most AML cytogenetic subtypes (Supp. Fig. 1A), despite high
111 variability of CKS1B expression within AML subtypes, with large standard deviations
112  compared to one of its key upstream proteostatic regulation partners SKP2 (Supp.
113 Fig. 1B). Whilst CKS1B expression can be prognostic in a variety of cancers(20-22),
114 it is not prognostic in AML at the RNA level (Supp. Fig. 1C).

115 Considering that the key function of CKS1 is substrate recognition, and adapting the
116  binding of phosphoproteins to their kinase or ubiquitin ligase regulators(18,19), we
117  hypothesized that high CKS1B AMLs may show a selective susceptibility to inhibition
118 of CKS1-dependent protein degradation (SCF¢P#CKS! E3 ligase inhibitor), and
119 inhibition of associated signalling pathways. To address this key question, we
120 screened a cohort of cytogenetically poor risk AMLs, spanning a variety of FAB and
121 molecular subtypes, with a broad range of clinically approved and early development
122  phase compounds and correlated drug sensitivity with CKS1B expression (Figure
123 1A-B, Supp. Table 1).

124  CKS1B expression significantly correlated with response to 52 individual compounds
125 including classical DNA damaging chemotherapy (e.g. Cisplatin, R=0.43 p=0.04),
126  kinase inhibitors (e.g. Ensartinib, R=0.70, p=0.001), BCL2 family inhibitors (e.g.
127  Sabutoclax, R=0.58, p=0.008) and the SCF>"*“*S! E3 ligase inhibitor (hereafter
128 referred to as CKS1i; R=0.61, p=0.008; Figure 1B-C, Supp. Fig. 1D). Susceptibility to
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129  CKS1i significantly correlated with CKS1B expression overall (Supp. Fig. 1D), and
130 especially well in complex karyotype patients (Supp. Fig. 1E). Separating patients at
131 the 50" percentile by CKS1B expression revealed significantly increased drug
132 sensitivity in CKS1B"9" AML versus CKS1B™ AML patients (Figure 1D-E), indicating
133 that RNA expression of CKS1B can be a selection criterion for targeting SCF<F2-cKSt
134  dependent protein degradation in AML.

135  The susceptibility of patient AML samples to CKS1i based on CKS1B expression is
136  well conserved in cell lines used to study molecular characteristics of AML. Dose
137  dependent response (ICsp) was lower in CKS1B"" AML cell lines THP-1 (MLL-AF9)
138 and KOPN-8 (MLL-ENL) than in CKS1B"" cell lines ML-1 (MLL-AF6) and HL60
139  (cMyc, Figure 1F) and ICso values correlate well with CKS1B expression (Figure 1G).
140 At higher doses, CKS1i induces cell death in both high and low CKS1B cell lines
141 (5uM; Figure 1H), a dose permissive to healthy cells in vitro(9). Susceptibility of AML
142 cell lines to CKS1i is maintained in vivo accordingly with CKS1B expression.
143  CKS1B"" THP-1 and CKS1B'" HL60 cells engrafted in immunodeficient mice
144  (NSG) showed similarly diverging sensitivity to a single course of CKS1i treatment
145  (10mg/kg, 5 days I.P.). THP-1 leukemic burden in NSG mice was significantly
146  reduced by CKS1i treatment (Figure 1l), whereas in HL60, leukemic burden
147  remained similar between control and CKS1i treated mice (Figure 1J). Interestingly,
148 despite the difference in overall tumor burden after chemotherapy, both xenograft
149 models showed significant overall improved survival when treated with CKSI1i
150 compared to controls (Figure 1K).

151 In order to investigate the effect of CKS1li on primary patient AML in vivo, we
152  selected five primary patient samples with a range of CKS1B expression (Figure 2A,
153  Supp. Table 1), for which we have previously reported robust engraftment in NSG
154 mice(23,24) (Figure 2B). A single course of CKS1i (10mg/kg, 5 days I.P.) was
155 administered and significantly reduced the AML burden in patients with the highest
156 CKS1B expression (AML12 and AML21). A trend towards reduced AML burden was
157 seen at an intermediate level of CKS1B expression (AML26), but had no significant
158 effect was seen on patients with the lowest CKS1B expression (AML27 and AML32).
159 As such, CKS1B expression levels correlated well with outcome (R=-0.446; Figure
160 2C, Supp. Fig 2A). In agreement with our observations of AML cell line in vivo

161 responses, all CKS1i treated AML xenografts showed significantly improved overall
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162  survival compared to untreated controls (Figure 2D), indicating that overall survival
163  conferred by CKS1i was not only due to changes in bulk leukemic burden.

164  Whilst reducing leukemic blast count is the current backbone of clinical
165 chemotherapeutic protocols, typically these approaches do not clear the most
166  quiescent leukemic stem cells, the subset of cells at the origin of relapse in
167 vivo(25,26). The observed effect on overall survival upon CKS1i treatment in
168 CKS1B“ AMLs, without significant reduction of leukemic burden could indicate a
169 direct effect of CKS1i on LSCs. We sought to assess this by using a leukemic-long-
170  term culture initiating cell assay (L-LTC-IC)(27).

171  We selected seven patients with a range of CKS1B expression (Figure 2E) for ex
172  vivo study (Figure 2F). After treatment, all surviving cells were re-plated at limiting
173  dilution to assay the frequency of L-LTC-IC between control and CKS1li-treated cells.
174  All patient samples showed significant reduction in L-LTC-IC frequency, regardless
175 of bulk CKS1B expression at the start of the experiment (Figure 2G-H, Supp. Fig.
176  2B-C).

177 These data indicate that CKS1li can target CKS1B"™" AML blasts, but more
178 importantly is efficient at targeting the leukemic stem cell compartment. Considering
179 these results, we hypothesized that the overall survival advantage in vivo of both
180 CKS1B"" and CKS1B™ AMLs is likely due to depletion of LSCs, and therefore a
181  smaller residual pool of these cells able to repopulate the AML overtime.

182

183  Normal and malignant hematopoietic cells have divergent responses to CKS1i

184  To understand the key mechanisms by which CKS1i kills AML, and what effects

185 CKS1i has on normal hematopoietic cells, we performed mass spectrometry on
186 CKS1B"9" THP-1 AML cells and umbilical cord blood derived healthy CD34* HSPCs
187  (hereafter referred to as CD34") pre- and post-treatment with CKS1i in vitro (1uM;
188  Figure 3A).

189 Upon CKS1i treatment, the majority of differentially expressed proteins in THP-1
190 cells were phosphoproteins (387), which can be alternatively spliced at the RNA
191 level (375) and also may be acetylated (257), demonstrating integration with post-
192 translational modification (Figure 3B). CKSL1i treatment induced divergent proteomic
193 profiles in THP-1 and CD34" cells, with differentially abundant proteins

194  predominantly independent between healthy and malignant cells (Figure 3C-E).
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195 Deeper pathway analysis of CKS1i-induced proteomic changes in THP-1 cells
196 identified the upregulation of the small GTP-binding molecular switch protein RAC1,
197 and its associated upstream and downstream regulators (Figure 3F-G), that are part
198 of a pathway known to be involved in regulating cell growth and survival in response
199 to a variety of external factors(28,29), and important for HSC homing and HSC/LSC
200 niche interactions(30). Although multiple guanine nucleotide exchange factors
201 (GEFs) are downregulated in CKS1i treated THP-1 cells, upregulation of the GTP
202 loaders CRK and Paxilin indicate potential hyperactivity of RAC1, and in keeping
203  with this, downstream MAP2K3 is also upregulated (Figure 3G).

204  The relative lack of RAC1 signalling pathway member changes in CD34" proteomes
205 are in keeping with RAC1-GTPase activity being upregulated in neoplastic
206 transformation of hematopoiesis(30) and may identify a specific molecular switch in
207  AML vulnerable to CKS1 inhibition.

208

209 CKS1idrives RAC1-dependent ROS accumulation in AML

210 The active GTP-bound form of RACL is known to bind to p67°"°% and catalyzes

211 NADP/NADPH production. This in turn can lead to upregulation of intracellular
212 reactive oxygen species (ROS), a process that has been shown to drive apoptosis
213 and eliminate quiescent LSCs (Figure 3H)(31-33). In AML cell lines, CKS1i
214  increased total NADP/NADPH levels in a dose dependent manner (Figure 3l, Supp.
215  Fig. 3A), by increasing the total amount of NADPH compared to control (Figure 3J,
216 Supp. Fig. 3B). The accumulation of NADPH in AML cell lines can partially be
217 rescued by inhibiting RAC1 activity (Figure 3I-J, Supp. Fig. 3A-B), validating
218  increased RAC1-GTP/p677" activity upon CKS1 inhibition.

219  CKS1li-induced NADPH accumulation lead to significantly increased intracellular
220 ROS in all AML cell lines at sublethal doses of CKS1i, regardless of CKS1B
221 expression (Figure 3K-L). Reversal of this phenotype, by RAC1 inhibition, was most
222 significant in CKS1B"™" cell lines (Figure 3K-L). Finally, the reduction in AML cell line
223 viability could be rescued by RACL1 inhibition, with CKS1B"" cell lines showing the
224  strongest sensitivity (Supp. Fig. 3C-F). These data indicate that AML requires
225  SCF3*PZCKSL fynctions to regulate RAC1 activity and maintain the fine balance of
226 intracellular ROS, which are critical for LSC viability.

227

228 CKS1 inhibition protects normal hematopoiesis from stress



https://doi.org/10.1101/2020.12.27.423419
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.27.423419; this version posted January 15, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

229 Since CKS1li is able to selectively kill CKS1B"" bulk AML, reduce the LSC
230 compartment, and prolong AML xenograft survival regardless of leukemic reduction
231  (Figure 2D), we hypothesized that normal hematopoiesis is spared by CKSLIi
232  treatment.

233 Proteomic analyses of CD34" cells treated with CKS1i revealed a clear separation
234  from THP-1 AML cells (Figure 3C-E). Key proteins differentially abundant in CD34"
235 cells and not THP-1 cells were integrated in three fundamental pathways in normal
236 hematopoiesis: Wnt signalling, cell cycle and NFkB signalling (Supp. Fig. 4A-D). The
237 changes in cell cycle are also consistent with previous reports of Cks1™ and CKS1i
238  cellular phenotypes(10,34), and our previously reported suppression of Wnt
239  signalling in Cks1™ mouse embryonic fibroblasts(9). The substantial change of
240 proteins in these key pathways are hallmarks of growth suppression and
241  differentiation, rather than an induction of cell death by CKS1i, and indeed, treatment
242  of CD34" cells in vitro with CKS1i resulted in reduced overall cell growth, with a
243  blockage in cell cycle resulting in increased quiescence of CD34" cells (Figure 4A-
244  B).

245  Considering that suppression of the cell cycle in CD34" by CKS1i would reduce the
246  potential for integration of nucleotide analogues and the requirement for
247  topoisomerase activity, we hypothesized that CKS1i treatment may be “chemo-
248  protective” for normal hematopoietic cells. To test this, we engrafted normal CD34"
249 cells in NSG mice and treated mice with the clinical chemotherapy protocol of
250 cytarabine plus doxorubicin (as has been previously published; 5+3(35)), with or
251  without CKS1i (Figure 4C). Human CD45" bone marrow engraftment increased in
252  untreated control mice between weeks 4 and 6 (Figure 4D). Treatment at week 4,
253  with doxorubicin/cytarabine (DA) significantly reduced bone marrow engraftment by
254 week 6, but addition of CKS1li (DAC) was able to rescue this effect, returning
255 engraftment to comparable levels to control (Figure 4E-G). Better engraftment at
256 week 6 was complemented by a reduction in apoptotic human CD45 cells in the
257 bone marrow of recipient mice (Figure 4H-I), indicating that CKS1i treatment
258 prevents DA-induced cell death in normal hematopoietic cells.

259  Mechanistically, mass cytometric analysis of CKS1li-treated CD34" cells revealed a
260 conserved reduction in key active signalling and transcriptional components that we
261 recently reported to be important for proliferation and differentiation of HSPCs during
262 in vitro amplification, including NFkB, PU.1, CREB and mTOR (Supp. Fig. 5)(36),
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263 further indicating an overall block in normal hematopoietic stem cell function. Indeed,
264 it is important to note that whilst classical cell cycle phosphorylation marks (e.qg.
265 CDK1°™*"*%) are reduced, the protein levels of differentiation regulators are also
266 reduced (e.g. CREB, PU.1), indicating a potential block in differentiation as well as
267 growth (Supp. Fig. 5). Additionally, fewer cells have active B-catenin, indicating that
268 the Wnt pathway — a fundamental pathway that requires a tight balance for normal
269 hematopoiesis to proceed(37) — is also suppressed (Figure 4J-K). Further

270  suppression of markers of metabolically active cells (e.g. mTORPS?448

529

), inflammatory
271 responses (e.g. NFkBP**?%), and suppression of translation machinery in our mass
272 spectrometry analyses, lead to a reduction in protein production in CKS1i treated
273 CD34" cells (Figure 4L-M). Together, these signalling pathways are fundamentally
274  linked to the control of ROS accumulation in HSCs, with high activity in these
275  pathways leading to high intracellular ROS, reduced cell viability and reduced stem
276  cell potential(38). In agreement, CKS1i treatment reduced intracellular ROS in
277  cultured CD34" cells (Figure 4N-O) and ex vivo CKS1i treatment increased LTC-IC
278  frequency by more than two-fold (1 in 1232 vs 1 in 2650, Figure 4P).

279  Together, these data indicate that the temporary suppression of HSPC activity
280 conferred by CKS1li leads to suppression of cell growth, protection from general
281 metabolic stress, improved stem cell functionality and overall increased healthy
282  hematopoietic capacity during induction chemotherapy.

283

284 Combining CKS1 inhibition with induction chemotherapy protects normal

285 hematopoiesis, reduces leukemic stem cells and improves overall survival

286  The current frontline chemotherapeutic protocols for AML include the use of DA as
287 induction therapy agents. To test the potential for combining classical DA
288 chemotherapy with CKS1i in vivo, we transplanted NSG mice with primary AML
289 samples with varying CKS1B expression (Figure 5A-B), and after stratifying for
290 engraftment at week 4, we treated the mice with either DA or DAC. One-week post
291 chemotherapy, xenografts showed strong reduction in leukemic burden in both DA
292 and DAC treatment for all AMLs, regardless of CKS1B expression, indicating that
293 CKS1i does not interfere with normal chemotherapeutic killing (Figure 5C). At the
294  same time point, resident murine CD45 cells co-extracted from aspirated tibias had

295 significantly higher colony forming potential upon the addition of CKS1i compared to
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296 untreated mice and DA treated mice (Figure 5D), indicating that CKS1i treatment can
297 both selectively reduce AML, whilst protecting normal hematopoiesis from
298 chemotherapeutic toxicity. Overall, all xenografts showed a trend towards improved
299  overall survival with DA treatment, and in all patients this was significantly improved
300 by the addition of CKS1i, in line with CKS1B expression of these patients (Figure 5E-
301 H).

302 Examination of the normal hematopoietic compartment of xenografted mice at the
303 end point of survival, revealed a severe reduction in total number of long-term HSCs
304 (SLAM/LT-HSC) in the DA treated group, whereas addition of CKS1i to DA abolished
305 this effect (Figure 5I). In addition, serial colony forming ability of normal murine
306 hematopoietic cells was improved in DAC conditions, indicating that rescued LT-
307 HSCs are still functional (Figure 5J).

308 We and others have well documented the refractory nature of LSCs to induction
309 chemotherapy(24,39), and here we set out to investigate the potential conflict or
310 beneficial contribution between DA enrichment of LSCs and CKS1i depletion of
311 LSCs. In ex vivo conditions, CKS1B high and low AMLs (Figure 5K) showed
312  significant reduction in total cell number one week after DA or DAC treatment (Figure
313  5L), yet whilst DA treatment enriched for L-LTC-IC frequency in three of the six
314 patients, CKS1li markedly reduced L-LTC-IC frequency in all patients (DAC; Figure
315 5M & Supp. Fig 6A-B).

316  Finally, to test the reduction in LSC frequency conferred by CKSL1li in vivo, we
317 engrafted AML cells obtained from AML26 and AML32 (which had the smallest
318 improvement in overall survival after chemotherapy) in secondary recipients in a
319 limiting dilution manner. Whilst control AMLs retained strong LSC frequency and
320 show robust engraftment after 6 weeks, this was increased by DA treatment in
321 AML26 and was notably reduced in AML32 (Figure 5N-O, Supp. Fig. 7A-B). The
322  addition of CKS1i counteracted the effect of DA by decreasing the LSC frequency in
323 AML26 and further reducing LSC frequency in AML32 compared to control mice,
324  demonstrating strong reduction in LSCs after CKS1i treatment (Figure 5N-O, Supp.
325 Fig. 7A-B). Overall survival was tested for AML32, with DA-AML mice surviving
326  significantly longer than controls, and DAC-AML mice demonstrating a further
327 improvement, with no overt signs of sickness at 120 days in all but one case at the
328 highest cell dose (Figure 5P).

10
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329  Together, these data indicate that inhibition of the SCF>*"#5! complex has dual
330 roles, reducing the viability of AML, and importantly of the LSC fraction, whilst
331 protecting normal HSPCs from chemotherapeutic stress.

332

333  Discussion

334

335 In this study, we demonstrate that proteostatic targeting of the SCF°KPZCKSt g3
336 ubiquitin ligase complex selectively eliminates CKS1B"9" AML blasts and reduced
337 the LSCs compartment of CKS1B"™" &' AMLs, while sparing normal hematopoietic
338 cells from chemotherapeutic toxicity.

339 Poor risk AML is a heterogeneous group that includes patients with different
340 cytogenetic abnormalities, very limited treatment options and extremely low overall
341 survival rates(1,40), even accounting for newer therapies (Venetoclax plus
342 Azacitidine)(2,3). The selective reduction in viability of CKS1B"™" AML blasts by
343 CKS1 inhibition (Figure 1D) indicate that, whilst CKS1B is not predictive of overall
344 survival at the RNA level, proteostatic vulnerabilities exist in AML and can be
345 identified through better understanding of leukemic proteomes. While gene
346  expression profiles, particularly those with single cell resolution, are improving our
347 understanding of AML heterogeneity, the origins of leukemic relapse and revealing
348 new clinical targets(25,26), the role of proteostasis has been comparatively
349 understudied(41,42).

350 In vivo, AML blasts and LSCs are relatively quiescent compared to AML cell lines
351 and patient samples screened in vitro, so the consistently high sensitivity of
352 CKS1B"" AMLs observed in vivo (Figure 2C) and the reduction of LSC frequency
353 regardless of the bulk CKS1B expression (Figure 2E-H), demonstrates a role for the
354  SCF3*PZCKS! complex beyond targeting highly proliferative cells. Therefore, the role
355 of CKS1 likely reaches further than cell cycle regulation, as has been previously
356 reported(10,43). Here we provide evidence for CKS1 regulating RAC1/NADPH/ROS
357 signalling (Figure 3H), a fundamental pathway involved in amplifying extrinsic and
358 intrinsic signals in normal hematopoiesis and AML(4,44). The balance of intracellular
359 ROS in normal and malignant hematopoietic cells has been of great interest in
360 recent years(33,38), and changes in mitochondrial functions due to RAS mutations
361 and nicotinamide-NAD metabolism underline the critical role for this pathway in

362 primary patient resistance to Venetoclax(4,5). The induction of ROS in AML cell lines
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363 upon CKS1 inhibition, regardless of CKS1B expression, demonstrates that the
364 balance of CKS1-dependent protein degradation is key to maintaining stress
365 responses in AML. This, together with LSCs requiring low ROS to maintain their
366  stem cell potential, would explain the strong reduction in LSC frequency conferred by
367 CKS1iin primary patient AML (Figure 2G-H & 5M-0).

368 The effect of CKS1i on normal hematopoiesis is clearly separate to AML (Figure 3C).
369 Indeed, cell cycle blockage was suggested by the relatively few protein changes
370 induced by CKS1i in CD34" but not AML cells. This is highly beneficial, as patients
371 treated with induction chemotherapy, which targets cycling cells, suffer from severe
372  toxicity and cytopenia upon treatment. Classical induction chemotherapy is known to
373  reduce the pool of hematopoietic progenitors, whilst quiescent HSCs are refractory
374 to treatment, but ultimately undergo senescence(7,45). We found that cell cycle
375 arrest of HSPCs by CKS1i could prevent DA reduction of normal cells in vivo (Figure
376  4D-G), and in the context of AML could rescue the reduction in HSCs induced by
377 chemotherapy (Figure 5I). Importantly, CKS1i treatment also induced changes in
378 fundamental HSPC signalling pathways known to be involved in stem cell potency
379 and response to stress. Indeed, we have previously shown that activating NFxB
380 signalling can reduce intracellular ROS and improve HSC outgrowth in vitro(36). The
381 overall suppression of key growth and activation cellular markers lead to an opposite
382 phenotype to that seen in AML cells, with a reduction in intracellular ROS and an
383 increase in normal HSC frequency (Figure 4N-P). These divergent phenotypes
384 between normal and malignant hematopoietic cells indicate that CKS1-dependent
385 protein degradation is required for the growth of normal cells and that CKS1
386 suppression pushes cells towards quiescence while retaining stem cell functions. On
387 the other hand, inhibiting CKS1-dependent protein degradation in AML can lead to
388 incorrect regulation of signalling, ultimately causing cellular toxicity, as shown before
389 for more broader regulators of the SCF complex(46).

390 The backbone of clinical chemotherapeutic protocols has largely remained
391 unchanged over the last 20 years, with induction chemotherapy reducing AML blasts
392 to prolong survival(47). Whilst reduction of AML burden is beneficial, classical
393 chemotherapy actually maintains or even enriches for LSCs and results in relapsed
394 AML, often with increased mutational burden(48). The addition of CKS1li to DA

395 results in a significant reduction in LSC frequency. Considering that resistant LSCs
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396 can be traced as the origin of relapse(25,26), and constitute a key route to
397 chemoresistance in AML, CKS1 inhibition has excellent promise for eradicating
398 these cells.

399 The inhibition of CKS1-dependent protein degradation holds excellent promise for
400 AML therapy, both as a targeted agent towards CKS1B"9" AML, and in combination
401  with induction chemotherapy where protection of healthy cells is key. Reports of
402 CKS1B overexpression correlating with outcome in other solid cancer
403  types(20,22,49) and novel ways to modulate CKS1 function(50), together with our
404  findings of a dual role for CKS1 inhibition in AML and the development of more
405 clinically ready molecules to target CKS1(51), indicate that proteostatic targeting,
406  through the CKS1/CKS2 axis, holds much hope for future cancer therapy.

407

408 Methods (online unlimited)

409

410  Primary AML and UCB samples

411

412 AML samples were obtained after informed consent at St Bartholomew's Hospital
413  (London, U.K.) at the time of diagnosis as part of the Bart’'s Cancer Institute Poor-
414 Risk AML consortium. Full details of patient information are provided in
415  Supplementary Table 1. Live mononuclear cells (MNCs) were isolated by density
416 centrifugation using Ficoll-Paque (GE healthcare). Prior to culture or
417  xenotransplantation AML cells were depleted for T-cells using the Easysep T-cell
418 depletion kit (StemCell Technologies). Umbilical Cord Blood (UCB) was obtained
419  from full term donors after informed consent at the Royal London Hospital (London,
420 U.K.). MNCs were isolated by density centrifugation using Ficoll-Paque (GE
421  healthcare). Cells were selected for CD34" using the Easysep CD34" enrichment kit
422  (StemCell Technologies). Purity was confirmed by flow cytometry.

423

424 Drug sensitivity and resistance testing (DSRT)

425

426  Single drug DSRT was performed as described previously(52). In brief, 35 different
427  compounds, each with 7 different concentrations (Supp. Table. 2), were pre-plated
428 using an acoustic liquid handling Echo 550 (Labcyte) to 384-well plates. Drug plate

429 well annotations and drug concentrations are presented in Supp. Table. 3. Primary
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430 AML cells were suspended in conditioned medium (RPMI 1640 supplemented with
431 10% foetal bovine serum, 2mM L-glutamine, penicillin-100U/ml, streptomucing-
432 100ug/ml and 12.5% conditioned medium from HS-5 human bone marrow stromal
433  cells), DNase | treated for 4h (Promega), filtered through a 70um cell strainer (Fisher
434  Scientific) to remove possible cell clumps, and viable cells were counted. Pre-plated
435 compounds in each 384-well plate were dissolved in 5ul of conditioned medium
436  using a MultiDrop Combi peristaltic dispenser (Thermo Scientific) and shaken for 5
437 minutes to dissolve the compounds. AML cells were plated at 5,000 cells/well in
438  20ul, leading to a final volume of 25ul/well. Plates were gently shaken for 5 minutes
439  to mix the cells with the compounds and incubated for 72 hours at 37C, 5% CO..

440 Cell viability was measured using the CellTiter-Glo assay (Promega) with a
441 PHERAstar microplate reader (BMG-labtech). Data was normalised to negative
442  (DMSO only) and positive control wells (100uM benzethonium chloride) and dose
443  response curves calculated.

444 Ex vivo drug sensitivity of AML cells to the tested drugs was calculated using a drug
445  sensitivity score (DSS), a modified form of the area under the inhibition curve
446  calculation that integrates multiple dose response parameters for each of the tested
447  drugs, as previously described(53).

448

449  AML cell line, UCB CD34" and MS-5 culture

450

451  All AML cell lines and MS-5 stromal cells were originally obtained from the ATCC
452  and maintained by the Francis Crick Cell Services. All AML cell lines were cultured in
453 RMPI 1640, 10% heat-inactivated FBS and 1% penicillin/streptomycin (Life
454  Technologies) at 37C, 5% CO,. Umbilical cord blood CD34" cells were cultured in
455 StemSpan SFEMMII (StemCell Technologies) supplemented with Human SCF
456  (150ng/ml), Human FLT3 ligand (150ng/ml) and Human TPO (20ng/ml; all
457  Peprotech) at 2x10° cells/ml at 37C, 5% CO,. For relative viability, apoptosis and
458  ICs calculations cell lines were seeded in 96 well plates at a concentration of 2x10°
459  cells/ml with the indicated dose of drug. Measurements of viability (% reduction Oy)
460 or apoptosis (Annexin V positivity) were taken at 48 hours post treatment. MS-5
461 stromal cells were cultured in IMDM, 10% heat-inactivated FBS and 2%

462  penicillin/streptomycin (Life Technologies) at 37C, 5% CO..
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463
464  Publicly available datasets
465

466 CKS1B expression in normal and malignant hematopoiesis was obtained through
467 Bloodspot.eu. Overall survival and stratification for CKS1B expression was
468 calculated from data obtained from The Cancer Genome Atlas (TCGA). AML cell line
469 RNA sequencing data was obtained from the EBI Expression Atlas (RNA-seq of 934
470  Human cancer cell lines from the Cancer Cell Line Encyclopedia).

471

472 Leukemic/Normal Long-term culture initiating cell (L-LTC-IC) assay

473

474  These experiments were performed as originally published by our group(27).

475  For all co-culture experiments, MS-5 stromal cells were seeded two days prior to
476 AML/UCB cell addition at 4x10° cells/ml to reach confluence at the time of irradiation.
477  One day prior to AML/UCB addition, MS-5 stromal cells were irradiated with 7Gy and
478 culture media was exchanged. On the day of starting co-culture, AML cells were
479 plated at 2x10° cells/ml in meylocult H5100 (StemCell Technologies) supplemented
480  with IL-3, G-CSF and TPO (all 20ng/ml; Peprotech). UCB cells were plated at 2x10°
481  cells/ml in myelocult H5100 (StemCell Technologies). Half media changes were
482  performed once per week without disrupting the feeder layer. At the start of week
483  two, indicated drug treatments were added at 2x concentration in the half media
484  change.

485 For LTC-CAFC assays, all cells were harvested at day 14 and sorted for live
486 hCD45'mSca-1" cells. Resulting cells were seeded in co-culture with fresh MS-5
487  stromal cells in a 96 well plate in a limiting dilution range (200,000 to 1,000) in 10
488 replicates and cultured for a further 5 weeks. At the end of the co-culture period
489 cobblestone area forming cells were scored and L-LTC-IC frequency was calculated
490 using the ELDA (Extreme Limiting Dilution Analysis) function in the Statmod R
491  package.

492 For LTC-IC assays, media was continuous changed each week until week five
493  Cultures were harvested and sorted for live hCD45"mSca-1" cells. Resulting cells
494  were seeded in co-culture with fresh MS-5 stromal cells in a 96 well plate in a limiting
495  dilution range (10,000 to 100) in 10 replicates and cultured for a further three weeks.
496 At week eight, myelocult H5100 was replaced with Methocult methycellulose
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497  (StemCell Technologies H4434) for a further two weeks, after which wells were
498 scored for colony-forming units and LTC-IC frequency was calculated using the
499 ELDA (Extreme Limiting Dilution Analysis) function in the Statmod R package.

500

501 Patient derived xenografts (PDX) and in vivo drug treatment

502

503 Primary AML samples (1x10° — 5x10° cells total) or UCB-CD34" (5x10* cells total)
504 were injected intravenously (I.V.) into unconditioned 10-12 week old female or male
505 NOD-SCID IL2Rynull (NSG) mice (The Jackson laboratory). After 4 weeks

506 engraftment was assessed by bone marrow aspiration from long bones whilst mice

507 were under isoflurane anaesthesia. Mice were stratified according to engraftment
508 and sex and assigned to treatment and control groups accordingly. Mice were
509 treated as indicated with 10mg/kg CKS1i (Skp2-Cksl E3 ligase inhibitor, Merck
510 Millipore) intraperitoneal injection (I.P.) for 5 days, DA (doxorubicin/cytarabine,
511  1.5mg/kg/10mg/kg respectively, Sigma Aldrich), doxorubicin on days 1-3, cytarabine
512 on days 1-5 co-injected 1.V.(35). Mice were scored for engraftment over the
513  experimental course by bone marrow aspiration and for overall survival according to
514 U.K. home office license protocols and following CRUK guidance (>20% peak body
515 weight loss, overt signs of sickness/mortality).

516

517  AML cell line in vivo experimentation

518

519 AML cell lines were transduced with GFP-Luciferase containing vectors as per our
520 previous reports(24). For both cell lines (THP-1 and HL60) 2x10° cells were injected
521 LV. into unconditioned 10-12 weeks old female or male NOD-SCID IL2Rynull (NSG)
522  mice (The Jackson laboratory). After 7 days engraftment was assessed by
523  bioluminescene imaging. Isofluorane anaesthetised mice were imaged 5-10 minutes
524  post D-luciferin injection I.P. (15mg.kg; Caliper life sciences) using the Xenogen IVIS
525 imaging system. Photons emitted were expressed as Flux (photons/s/cm?), and
526 quantified and analysed using “living image” software (Caliper life sciences).

527

528 RNA extraction, reverse transcription and real time quantitative PCR (RT-gPCR)

529
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530 Total RNA was isolated from patient samples after thawing, density centrifugation
531 and T-cell depletion, using a RNeasy mini kit (Qiagen). Resulting RNA was reverse
532 transcribed to produce cDNA using the Superscript Il reverse transcriptase kit
533 (Thermo Scientific) with oligoDT2 primers (Sigma Aldrich). RT-gPCR experiments
534  were performed with an ABI-7500 FAST Thermal Cycler (Applied Biosystems) using
535 SYBR Green (Thermo Scientific). RNA abundance was quantified by the
536 Comparative CT method with two independent control genes (GAPDH and B-ACTIN,
537 GAPDH presented). The CT values used for each patient sample were the result of
538 three technical triplicates. Primers are described in the resources table.

539

540 Mass Spectrometry

541

542  THP-1 AML cell lines and UCB CD34" cells were cultured as per culture and drug
543 treatment above. Cells were recovered for 24 hours in their respective media
544  followed by sub-lethal AML doses of CKS1i (1uM) for 12 hours. All cells were
545 retrieved from wells, washed three times in ice-cold PBS and snap frozen in liquid
546  nitrogen as dry pellets.

547  Cell pellets were lysed in 100 uL of urea buffer (8 M urea in 20 mM HEPES, pH:
548 8.0), lysates were further homogenized by sonication (30 cycles of 30s on 30s off;
549 Diagenode Bioruptor® Plus) and insoluble material was removed by centrifugation.
550 Protein amount was quantified using BCA (Thermo Fisher Scientific). Then, 100 and
551 20 ug of protein for THP-1 and CD34" samples, respectively, were diluted in urea
552  buffer to a final volume of 300 uL and subjected to cysteine alkylation using
553  sequential incubation with 10 mM dithiothreitol (DDT) and 16.6 mM iodoacetamide
554  (IAM) for 1 h and 30 min, respectively, at 25 °C with agitation. Trypsin beads (50%
555  slurry of TLCK-trypsin; Thermo-Fisher Scientific; Cat. #20230) were equilibrated with
556 3 washes with 20 mM HEPES (pH 8.0), the urea concentration in the protein
557 suspensions was reduced to 2 M by the addition of 900 uL of 20 mM HEPES (pH
558 8.0), 100 pL of equilibrated trypsin beads were added and samples were incubated
559 overnight at 37°C. Trypsin beads were removed by centrifugation (2000 xg at 5°C for
560 5 min) and the resulting peptide solutions were desalted using carbon C18 spin tips
561 (Glygen; Cat. # TT2MC18). Briefly, spin tips were activated twice with 200 uL of
562  Elution Solution (70% ACN, 0.1% TFA) and equilibrated twice with 200 uL of Wash
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563  Solution (1% ACN, 0.1% TFA). Samples were loaded and spin tips were washed
564  twice with 200 uL of Wash Solution. Peptides were eluted into fresh tubes from the
565  spin tips with 4 times with 50 ul of Elution Solution. In each of the desalting steps,
566  spin tips were centrifuged at 1,500xg at 5C for 3 min. Finally, samples were dried in
567 a SpeedVac and peptide pellets were stored at —80°C.

568 For mass spectrometry identification and quantification of proteins, samples were run
569 twice in a LC-MS/MS platform. Briefly, peptide pellets were resuspended in 100 pL
570 and 20 uL of reconstitution buffer (20 fmol/uL enolase in 3% ACN, 0.1% TFA) for
571 THP-1 and CD34" samples, respectively. Then, 2 uL were loaded onto an LC-
572 MS/MS system consisting of a Dionex UltiMate 3000 RSLC coupled to a Q
573  Exactive™ Plus Orbitrap Mass Spectrometer (Thermo Fisher Scientific) through an
574 EASY-Spray source (Cat. # ES081, Thermo Fisher Scientific). Mobile phases for the
575 chromatographic separation of the peptides consisted in Solvent A (3% ACN: 0.1%
576 FA) and Solvent B (99.9% ACN; 0.1% FA). Peptides were loaded in a micro-pre-
577  column (Acclaim™ PepMap™ 100 C18 LC; Cat. # 160454, Thermo Fisher Scientific)
578 and separated in an analytical column (Acclaim™ PepMap™ 100 C18 LC; Cat. #
579 164569, Thermo Fisher Scientific) using a gradient running from 3% to 23% over 120
580 min. The UPLC system delivered a flow of 2 uL/min (loading) and 300 nL/min
581 (gradient elution). The Q-Exactive Plus operated a duty cycle of 2.1s. Thus, it
582 acquired full scan survey spectra (m/z 375-1500) with a 70,000 FWHM resolution
583 followed by data-dependent acquisition in which the 15 most intense ions were
584 selected for HCD (higher energy collisional dissociation) and MS/MS scanning (200—
585 2000 m/z) with a resolution of 17,500 FWHM. A dynamic exclusion period of 30s was
586 enabled with a m/z window of £10 ppms.

587 Peptide identification from MS data was automated using a Mascot Daemon 2.5.0
588  workflow in which Mascot Distiller v2.5.1.0 generated peak list files (MGFs) from
589 RAW data and the Mascot search engine (v2.5) matched the MS/MS data stored in
590 the MGF files to peptides using the SwissProt Database (SwissProt_20160ct.fasta).
591 Searches had a FDR of ~1% and allowed 2 trypsin missed cleavages, mass
592 tolerance of 10 ppm for the MS scans and +25 mmu for the MS/MS scans,
593 carbamidomethyl Cys as a fixed modification and PyroGlu on N-terminal Gln and
594  oxidation of Met as variable modifications. Identified peptides were quantified using

595 Pescal software in a label free procedure based on extracted ion chromatograms
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596 (XICs). Thus, the software constructed XICs for all the peptides identified across all
597 samples with mass and retention time windows of £7 ppm and +2 min, respectively
598 and calculated the area under the peak. Individual peptide intensity values in each
599 sample were normalized to the sum of the intensity values of all the peptides
600 quantified in that sample. Data points not quantified were given a peptide intensity
601 value equal to the minimum intensity value quantified in the sample divided by 10.
602 Protein intensity values were calculated by adding the individual normalized
603 intensities of all the peptides comprised in a protein and values of 2 technical
604 replicates per sample were averaged. Protein score values were expressed as the
605 maximum Mascot protein score value obtained across samples. The mass
606  spectrometry proteomics data have been deposited to the ProteomeXchange
607 Consortium via the PRIDE partner repository (PXD022754 and
608 10.6019/PXD022754).

609

610 Flow Cytometry, apoptosis and cell cycle assays

611

612 Flow cytometry analysis was performed using a BD Fortessa flow cytometer (BD
613  biosciences). Cells were prepared by washing in PBS + 1% FBS three times before
614 staining in the same media with the indicated cell surface antibodies (resources
615 table) for 1 hour at 4C. For apoptosis assays, cells were incubated with annexin V
616  binding buffer in addition to the washing media (BD biosciences), washed three
617 times in PBS + 1% FBS + 1x annexin V binding buffer and incubated with 0.1ug/ml
618 DAPI prior to flow cytometry analysis. For cell cycle analysis, cells were washed
619 three times in PBS + 1% FBS and fixed in BD fix/perm buffer (BD biosciences) for 20
620 minutes at room temperature. Cells were washed three times in BD perm/wash
621  buffer (BD biosciences) and incubated with anti-Ki67 antibody for 4 hours at 4C.
622 Cells were washed three times in BD perm/wash buffer and 0.5 ug/ml DAPI was
623 added for 15 minutes prior to analysis. For all flow cytometry, cells were initially
624 identified based on forward and side scatter.

625

626  Viability assays

627
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628 Relative cell viability was assessed by % reduction O in culture wells using the
629  Alamar blue cell viability reagent (Life Technologies). Cells were seeded in 96 well
630 plates at 2x10° cells/ml and the indicated dose of drugs were added on top and
631 incubated for 48 hours. Alamar blue reagent was added on top of cells and they
632 were continued to be incubated for 4 hours under the same conditions (37C, 5%
633 COy). Plates were read on a spectramax plate reader (Biostars) at 570nm and
634  600nm and % reduction O, was calculated as per the manufacturer’s instructions.
635

636 NADP/NADPH assays

637

638 Total NADP" and NADP/H were measured using the NADP/NADPH colorimetric

639 assay kit (Abcam). AML cell lines were seeded at 2x10° cells/ml one day prior to

640 treatment with the indicated drugs (day 0). The following day (day 1), the indicated
641 concentration of drugs were added to culture wells. The next day (day 2) all cells
642  were collected from the wells and washed three times in ice-cold PBS. Cells were
643 lysed in NADP/NADPH extraction buffer by performing two freeze/thaw cycles (20
644 mins on dry ice followed by 10 mins at room temperature). Lysates were centrifuged
645 at 13,0009 for 10minutes and the supernatant was retained. Lysate supernatant was
646  split in half, with one half remaining on ice and the other half incubated at 60C for
647 30mins to remove NADP*. Total NADP/H (NADPt) and NADPH only lysates were
648 run in 96 well plates with freshly made standards as per the manufacturers’
649 instructions. NADP/NADPH ratio was calculated as (NADPt-NADPH)/NADPH.

650

651 Intracellular ROS staining

652

653 Intracellular reactive oxygen species were assayed using the CellRox deep red
654 reagent (Life Technologies). AML cell lines were seeded at 2x10° cells/ml one day
655  prior to treatment with the indicated drugs (day 0). The following day (day 1), the
656 indicated concentration of drugs were added to culture wells. The next day (day 2),
657 CellRox deep red was added to each well at a final concentration of 5uM and
658 verapamil was added at a final concentration of 50 uM. Cells were continued to be
659 incubated in the same conditions (37C, 5% CO,) for 1hr. After incubation, cells were

660 collected from wells and washed three times in PBS + 1%FBS + 50 uM verapamil
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661 and finally resuspended in PBS + 1% FBS + 50 uM verapamil + DAPI (0.1ug/ml)
662  before analysis on a BD Fortessa FACS analyser.

663

664 Mass Cytometry

665

666 CyTOF preparation and analysis was carried out as per our previous publication(36).
667  Cultured cells were washed in ice-cold PBS three times and incubated with 5uM
668  Cisplatin (Fluidigm) to mark dead cells. Cells were washed three times in ice-cold
669 PBS and fixed in 1.6% formaldehyde (Sigma Aldrich). Fixed cells were surface
670 stained with the relevant antibodies (resources table) for two hours at room
671 temperature followed by three washes with PBS. Cells were permeabilised in 1ml
672  Perm buffer Il (BD biosciences) on ice for 30mins, washed three times in ice-cold
673 PBS and incubated with the relevant intracellular antibodies (resources table)
674  overnight at 4C with gentle rotation. Resulting cells were wash three times in ice-cold
675 PBS and stained with 100nM Iridium in PBS + 0.1% Saponin (Riedel-de Haen)
676  overnight before analysis on a Helios Mass Cytometer (Fluidigm).

677

678  Protein translation assays

679

680  Protein translation was measured using the OP-Puromycin protein translation kit
681 (Life Technologies). AML cell lines were seeded at 2x10° cells/ml one day prior to
682 treatment with the indicated drugs (day 0). The following day (day 1), the indicated
683  concentration of drugs were added to culture wells. The next day (day 2), 10 uM OP-
684 Puromycin was added to culture wells for one hour under culture conditions (37C,
685 5% CO,). Cells were washed three times in ice-cold PBS and fixed in 4%
686  paraformaldehyde (Sigma Aldrich) at room temperature for 15 mins in the dark. Cells
687 were washed three times in PBS and permeabilised in PBS + 0.5% Triton X-100
688  (Sigma Aldrich) for 15 mins. Cells were washed twice in Click-IT reaction buffer wash
689  solution and stained as per the manufacturer’'s instructions (Life Technologies).
690 Abundance of OP-Puromycin was assessed using flow cytometry.

691

692  Colony forming units

693
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694  For resident mouse hematopoietic cell response to 5-FU’, CKS1li, DA and DAC,
695 colony forming ability was assessed in methylcellulose (StemCell Technologies
696 M3434-GF). 10° mCD45" cells were sorted from PDX mice at the indicated points
697 and seeded in methylcellulose and scored to colony forming units after 7 days.
698  Cultures were dissolved in PBS, counted and 10* cells were re-seeded for passage
699 2 and passage 3.

700

701  Statistics and data interpretation

702

703  Results shown are +/-SEM unless otherwise indicated. To compare treatment versus
704  control in all in vitro and in vivo experiments, a Student’s t-test was used as indicated
705 in the figure legend with N number indicated. For all comparisons, unpaired t-tests
706  were undertaken unless otherwise indicated. All repeat samples presented are from
707  biological replicates of distinct samples/xenotransplantations.

708 Survival analyses were carried out using the “survminer” package on R to calculate
709 significance between Kaplan-Meier curves and Hazard ratios. Kaplan Meier graphs
710  were plotted using Graphpad Prism.

711  Correlation analyses were carried out using the “performance analytics” and
712 “corrplot” packages in R. Multiple DSS comparisons with CKS1B expression were
713  carried out with pairwise complete observations using Spearman, Pearson and
714  Kendall correlation coefficients. Individual correlations for CKS1B vs DSS or ICsg
715  were plotted using Graphpad Prism.

716  Stem cell frequency was calculated using the extreme limiting dilution analysis
717  (ELDA) function in the “statmod” R package(54).

718 Pathway analysis and enrichment was run through MetaCore (genego.com) and
719  network interactions produced on String (string-db.org)
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946

947  Figure Legends

948

949 Figure 1. CKS1B expression status can predict sensitivity to inhibition of
950 CKSl-dependent protein degradation in AML. A. Expression of CKS1B (relative
951 to GAPDH) in a poor risk AML cohort. FAB and p53 status are indicated for each
952 patient (FAB color coded, p53 status: white = WT; black = mutant; N=32). B.
953 Pearson’s correlation of CKS1B expression versus DSS for a panel of clinically
954 available and investigational compounds. Red indicates significant correlations
955 above R?=0.5. Blue indicates CKS1i (N=21). C. Diagram of action for CKS1i binding
956  and inhibition of the SCF*P#CKSt yhiquitin ligase complex D. Percentage of viability
957 of example patient AML samples cultured for 72 hours with indicated doses of
958 CKS1i. E. Allocation of patient AML in high or low CKS1B expression (50"
959 percentile) and compared for CKS1i DSS (N=21). F. Percentage viability of AML cell
960 lines cultured for 48 hours with indicated doses of CKS1i (N=3 for all cell lines on
961 graph). G. Correlation between AML cell line CKS1i ICsp and CKS1B expression.

962 95% confidence intervals presented. Pearson’s correlation coefficient was calculated
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963 for correlation (R?). H. Representative FACS plots for induction of apoptosis in the
964 indicated AML cell lines by presence of annexin V at the cell surface in response to
965 CKS1i (5uM) at 48 hours. Fold change in vivo leukemic burden of I. THP-1 (Ctrl N=6,
966 CKS1i N=7) and J. HL60 (Ctrl N=5, CKS1i N=6) cells day 21 (9 days post-CKSL1i)
967 versus day 7 (pre-CKS1i) expressed as bioluminescent total flux intensity. K. Overall
968 survival of xenografts carrying THP-1 and HL60 cell lines control or treated with
969 CKS1i. A Student’s t-test was used to calculate significance of difference for all
970  graphs unless otherwise stated. ** p<0.005; **** p<0.0001.

971

972  Figure 2. Inhibition of CKS1-dependent protein degradation selectively kills
973 bulk AML in vivo and depletes leukemic stem cell potential. A. CKS1B
974  expression (relative to GAPDH) for patient AMLs tested in vivo (N=5). B. lllustration
975 of in vivo engraftment of patient AMLs indicating bone marrow aspiration time points
976 and treatment interval. Each arrow for CKS1i treatment refers to one day. C.
977 Percentage of human CD45" cells of total CD45" cells in mouse bone marrow
978 aspirations one week after chemotherapy (week 6). D. Kaplan-Meier survival curve
979 and p value calculated for each individual PDX Control and CKSL1i treated. Each
980 data point represents one mouse. E. CKS1B expression (relative to GAPDH) for
981 patient AMLs tested under L-LTC-LIC conditions (N=7). F. lllustration of treatment
982 time points, treatment and readout for ex vivo L-LTC-IC. G. Fold change L-LTC-IC
983 frequency, CKS1i treatment versus control, after 7 weeks of co-culture. H. Individual
984 1/L-LTC-IC frequencies with upper and lower limits for each patient tested. A
985  Student’s t-test was used to calculate significance of difference for all graphs unless
986  otherwise stated.

987 * p<0.05; **p<0.01; *** p< 0.001.

988

989 Figure 3. Divergent responses to CKS1i lead to RAC1-dependent induction of
990 lethal ROS in AML. A. Workflow for timescale of cell preparation for mass
991 spectrometry analysis. B. UNIPROT keywords for significantly enriched proteins in
992  THP-1 (purple) and CD34" (Green) cells in CKS1i treated conditions versus control.
993 C. Venn diagram depicting overlap of differentially expressed proteins between THP-
994 1 and CD34" cells. Volcano plots for changes in protein abundance (CKS1i vs
995  Control) in D. THP-1 and E. CD34" cells. Red dots indicate significantly upregulated
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996 proteins, blue dots indicate significantly downregulated proteins (N=4 per cell line
997 and treatment). F. String network analysis (Red = increased abundance, Blue =
998 decreased abundance) and G. Protein abundance of key RAC1 pathway members
999 differentially abundant in THP-1 but not CD34" cells. H. lllustration of
1000 RAC1/NADPH/ROS pathway, indicating mode of action for RACL1 inhibitor
1001 NSC23766 (NSC). I. Fold change total NADP/NADPH and J. fold change NADPH in
1002  THP-1 cells treated with the indicated doses of CKS1i (+ = 1uM, ++ = 5uM) or NSC
1003 (+ = 0.1uM) versus control for 24 hours (N=4 per cell line and treatment). K.
1004 Representative flow plots and L. quantified mean fluorescence intensity of
1005 intracellular reactive oxygen species (ROS) in the indicated cell lines in response to
1006 CKS1i (+ = 1uM) and NSC (+ = 0.1uM) treatment (N=3 per cell line and treatment).
1007 A Student’s t-test was used to calculate significance of difference for all graphs. *
1008 p<0.05; **p<0.01; *** p< 0.001; **** p<0.0001.

1009

1010

1011  Figure 4. CKS1i protects normal hematopoietic cells from chemotherapeutic
1012 toxicity by suppressing key signalling pathways. A. Live cell count (N=6); B.
1013  Quantified cell cycle proportions of CD34" cells grown for 48 hours in control
1014 conditions or treated with CKS1i. C. lllustration of CD34" engraftment and
1015 chemotherapeutic treatment in NSG mice. Each dot corresponds to one mouse.
1016  Change in percentage human CD45" of total CD45 at the indicated time points for D.
1017  Control, E. Doxorubicin/Cytarabine (DA) and F. Doxorubicin/Cytarabine plus CKS1i
1018 (DAC) treatments. G. Fold change % human CD45 cells week 4 to 6 for the indicated
1019 treatments. H. Representative flow plots and I. % total cells annexin V positive after
1020 6 weeks in vivo for human CD45 cells with the indicated treatment conditions (Ctrl
1021 N=5, DA N=3, DAC N=3). J. Representative flow plots and K. quantified mean
1022  fluorescence intensity for non-phosphorylated B-catenin in CD34" cells grown for 48
1023  hours in control conditions or treated with CKS1i (N=4). L. Representative flow plots
1024  (including cells grown without OP-Puromycin; -OPP) and M. % total OP-Puromycin
1025 incorporation in CD34" cells grown for 48 hours in control conditions or treated with
1026  CKS1i. OP-Puromycin was added 1hr prior to collection and fixation of cells (N=4).
1027 N. Representative flow plots and O. quantified mean fluorescence intensity of

1028 intracellular reactive oxygen species (ROS) in CD34" cells grown for 48 hours in
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1029  control conditions or treated with CKS1i (N=4). P. ELDA quantification plot for CD34"
1030 cells grown in LTC-IC under control (grey) and CKS1i (blue) treated conditions.
1031 Linear model and confidence interval are shown with estimated stem cell frequency
1032 indicated. A Student’s t-test was used to calculate significance of difference unless
1033  otherwise stated. * p<0.05; **p<0.01; *** p< 0.001; **** p<0.0001.

1034

1035 Figure 5. Combination induction chemotherapy and CKS1i reduces AML
1036 burden and leukemic stem cell potential whilst protecting resident
1037 hematopoietic cells. A. CKS1B expression (relative to GAPDH) for patient AMLs
1038 tested in vivo (N=4). B. lllustration of in vivo engraftment of patient AMLs indicating
1039 bone marrow aspiration time points and treatment interval. Each arrow for DA and
1040 CKS1i treatment refers to one day. C. Percentage of human CD45" cells of total
1041 CD45" cells in mouse bone marrow aspirations one week after chemotherapy (week
1042  6). D. Colony forming units per 10,000 mouse CD45" cells seeded from week 6 bone
1043  marrow aspirations. E-H. Kaplan-Meier survival curve and p value calculated for
1044 each individual PDX Control and treated mice. Each data point represents one
1045 mouse. |. Total number of murine Long-term HSCs obtained from bone marrow of
1046  mice at the final survival time point (Ctrl N=8, DA N=5, DAC N=5). J. Serial colony
1047  forming units per 10,000 mouse CD45" cells obtained from BM of mice at the final
1048  survival time point (Ctrl N=6, DA N=5, DAC N=6). K. CKS1B expression (relative to
1049 GAPDH) for patient AMLs tested in L-LTC-IC (N=7). L. Fold change live human
1050 CD45" cells, indicated treatments versus control, after two weeks of co-culture. M.
1051 Fold change of L-LTC-IC frequency, indicated treatment versus control, after 7
1052 weeks of co-culture. N-O. LSC frequency in secondary transplanted mice injected
1053  with AML26 N. and AML32 O. at limiting dilution 6 weeks post-transplantation. P.
1054 Kaplan-Meier survival curve for all AML32 secondary mice up to 120 days. A
1055  Student’s t-test was used to calculate significance of difference for all graphs unless
1056  otherwise stated. * p<0.05; **p<0.01; *** p< 0.001; **** p<0.0001.

32


https://doi.org/10.1101/2020.12.27.423419
http://creativecommons.org/licenses/by-nc-nd/4.0/

> I

CKS1B expression

gure

hich was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is rr
. available under aCC-BY-NC-ND 4.0 International license.

B 0.001

C

30+

[T Ensartinib
FAB: Milciclib, Imatinib
® MO MST-312 DeggrnGtinib

< 0.3 M1 Sabutoclax c 811‘91

o M2 i

e oo 0.010 BGB324

< ° M4 : A

3 Iy eMarimastat »
2 - — -

2 o2 . Me o] Tasquinimgd’ »
S} ° a (@]
2 o 2v g <

g (1 1) < 2 e 777777

0.1 AL TN 0.100

= e, . .

[ ] ° .
[ 1] oo
®%e000e, *e.

Fag: 0-0= b3

p53: B e S S e P s T I L]

-0.25 0.00 0.25 0.50 0.7!

Pearson Correlation

159 _**
°
g0 -
0 10 2
8 10 n | ] E
| ]
= | . g
N O >
O 5+ g o~
. R ed
n high DSS
- o+— 1| T T ‘
High Low -10 -8-8.0 7.5 -7.0 -6.5 -6.0
CKS1B Expression [CKS1I], M
£l
F G H ctrl  CKSZi(5uM)
1004 . .
§ _ -5.8 [ 5 M1 \\ —
2 HLeo " . 2_ a
2 S 60 \\R =0.8695 T
~ =) ‘.. \\\\
S sod R 62  TTmsowwisth T
o &} N
g 5 o4 N
3 5 \\ TPt ., ® KOPNS o
< -6.64 N e . 9
°\ c L] L] L \\ .E I
-10 9 -8 -7 50 100 150 200 250 §
[CKS1 |], M CKS1B Expression Z
DAPI
| THP-1 J HL60 K
1000 *kkk 50-
100 e S —~*= THP-1 Ctrl
x ° 4 |
ﬁ = Sad e = [ —= THP-1 CKS1i
g 100 N ¢ % o
= i 30+ =1 | |
= = R o | == HL60 Cirl
@ 2 € 504 L . .
o0 D 20- 3 H i HL60 CKS1i
g 10 Ala Q 5 l-l }
- — a
o A N 10+ A|£ | |
e R e o® I I
AA [ 1
1 T T 0 T T 0 T T T
O\&\ %;\\ C}J‘\ %,;\ 0 20 40 60
Gj“ o Days elapsed

*kkk

| *kkk


https://doi.org/10.1101/2020.12.27.423419
http://creativecommons.org/licenses/by-nc-nd/4.0/

which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is m
hich fied b h hor/fund ho h d bioR | display th |
F|gu re 2 available under aCC-BY-NC-ND 4.0 International license.

A B C p=0.08 n.s.
. =0.04
0.15 go— P2001 s0q " 1001 809 ns. 100+
g f [ ] I.
o ¥a) IP: CKS1i 404 60
82 o10 A o 60 . . . " .
%é’ y z‘—( ;‘, leﬂvival g Ef 304 E Er 404 o Er
o 8§ 't + + O 404 o O 504 o O 504
g 005 S S 20- S S 20 o S .
e Week4  Week 6 & & . & . R & B
o 20 o 0
1B 1B 104 o4 *©
0.00: TTTTT = é =
=22:=2:2 AML12 AML21 AML26 AML32
AML12 AML26
100 = W — -
p=0.0183 100 100 p=0.0046
2 g g
€ 50+ € 504 € 50+
S 8 8
[0
a g g
0 T T T T O+— 0 T T
0 20 40 60 80 0 50 0 50 100
Days Days
AML27
1004— p=0.0024 1004— p=0.0147
© ©
> =
: : i Ctrl
=
2] (2]
'GE; 50+ ‘OC: 504
I .
5 B CKS1i
a o
O+l r T T 1 o+— | T 1
0 50 75 100 125 15( 0 50 50 100 150
Days Days
0.3+ F G 1.5+
[ ] .
é £ AM I_ g
=)
@8 (.o .. IR RN
e @ : S)
29 . %M CKS1i S
o 5 LDA '— *kkk
[ - 705 °
ns 0.1+ ° o . —1 0.59
18 | | 5ok > »CAFC 5”7 :
WEEKS 5 weeks
0.0 v 0.0
233333 S
10000 1000 100 100 100 1000 10000
o o o g I o3 o o8
o} o) 9] 9] ) 9] ©
SN BN BN fuf JE :
L 1000 e e e 10 e g 100 e 1000
o g™ o o 5 o o
5 5 5 5 5 - =
< < = = < = =
100 10 1 1 1 10 100
AML2 AML7 AML15 AML21 AML26 AML28 AML32


https://doi.org/10.1101/2020.12.27.423419
http://creativecommons.org/licenses/by-nc-nd/4.0/

(which was not certified by peer revie

Figure 3.

A

THP-1 CD34+

|  D1:Recovery/Growth |

| D2: Ctrl vs Cksli |
| D3: Collection |
| Analysis |

D THP-1

K

available under aCC-BY-NC-ND 4.0 International license.

B

Phosphoprotein

UNIPROT Keywords

Alternative splicing
Acetylation
Cytoplasm

Disease

Disease mutation
Ubl conjugation
Isopeptide bond
Coiled coil

Nucleotide-binding

Hydrolase

ATP-binding
Mitochondrion
Cytoskeleton
Methylation
RNA-binding
Protein transport
Transit peptide

Ribonucleoprotein

mRNA processing

mRNA splicing
Host-virus interaction
Ribosomal protein

Citrullination

. mumul

Protein Count 150 100 50

E

CD34

50

C

SOD2

THP1

MAP2K3

IQGAP1

w) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is m

CRK

ARHGEF2

ARHGEF7

DIAPH2

Apoptosis

FC pmol NADPH vs Control

+ ++

10000+

8000+

6000+

4000+

ROS MFI

2000+

AP5S1_HUMAN ATPO' HUMAN [O| REM1_HUMAN
51 MYPTz,HUW : (REu_HUMAN] o BDH2,H=JMANI
0 © ! |°£UBP4—HUMAN ACY1_HUMAN o
o SELB_HUMAN ?: CFRH_ HUVAN e. R v
' “ o oy !
1433F_HUMAN FEZRITHUMAN] |[RM48_HUMAN o R
o ©O o o &° @® o
g31 O o © s 2] 0 %o ° 4 O o
3 3 oo
g o o g ©
) gl
24 % o | ba---
3 N
16 . e
1 0 o
®
3o 8
0- 0
Ml i
v v v v v v v v v v
-5.0 -25 0.0 2.5 5.0 -5.0 -25 0.0 25 5.0
Log2FC CksHi vs Ctrl Log2FC Cksi vs Ctrl
RAC1 ARHGEF2 ARHGEF7 H
w000y 4 o —— 0ty
8 8 % 8o o
£ s Lo £ . .
AT Sal="T D :
& P S S onll
Cksli - + + Cks1i - + - + Cksti - + - +
THP-1 CD34+ THP-1 CD34+ THP-1 CD34+
ARHGEF12 CRK IQGAP1 I TH P 1
E . ] 20 .
Bof T g = e *
3 E = S200 4
S St . 5 L]
2 2 2 160 o |=®
=3l =t < M I *
£ 5 § oo =
3 3 g . 4 o
I . . . c . & 140 = a 3
= M awed [T I_
Cksli = + - + Cksti - + - + Cksti - + - + Z 9
©E
THP-1 CD3a+ THP-1 CD34+ THP-1 CD34+ 58 21
20
° ¢
Paxilin MAP2K3 1S >
o 1
o;: &_)
3 L g
2 =y i A CKS1i: + ++ -
[} 5 s, i +
Hofll HE wo: e
Cks'i - + - + Cksli - + - +
THP-1 CD34+ THP-1 CD34+
NSC: CKS1i: KOPN-8 THP-1 MOLM-13 HL60
) ¥ A 4 J\
+ + . I \
W IS T T W0 a0 W e e
»

CKS1i:
NSC:

+

++ - + ++
- + + +

MKOPN-8

ETHP-1

EMOLM-13

WHL60 i



https://doi.org/10.1101/2020.12.27.423419
http://creativecommons.org/licenses/by-nc-nd/4.0/

b

AP AT ST

b

e

= T T Ty M P il Pyt d At iasar Jy

o~ MM IR T

(which wasl not certlfled by peer review) is the author/funder, who has granted bIORXIV a Ilcense to dlsplay the preprln't in perpetwty It |s m
re

F u available under aCC-BY-NC-ND 4.0 International license.
C IV: DA
A 1000000~ — 1007 . lllll
¢ (] * ml S-G2-M
= ” Gi IP: CKS1i
3 . 2
&) (&} B Go ’% -~ !\
S 500000 J.Vf o 504 Yy ') » Week 6 harvest
o o 3 >k
g . - S l
- "
';."l """ Week 4
o i i o BM sample
& & R
('5l~ © (}l‘c”
NS B Ctrl
D Ctrl E DA F DAC G ... S DA
— x :
100- 100 -— 100 8 * Il DAC
% % :lc_; ,/‘ = °
£ = £ \ E L L
& & g 3 +
oy o 2 3 1.0- s
S 504 S 50+ S 50+ = -
o) T} To) 7o)
< < < <
a [a) ) Q 0.8
(@] O (@) o>
< < e =
X NS X * m
O 0 . o— £ 06
™ ©
Y O >
$® @G @G $® $® &0
*
H Ctrl DA DAC | s0-
To)
10° 4 Apoptotic 10° Apoptotic 10° o Apoptotic E
10.0 23.9 E| 15.8 o 40' [ ]
4 " =
10 10 o 30- %
+
3 3 >
1079 Pl | C
> i i = 20+ A
< o4 » * . 3 el
= i c
qé 10% 4 103: é 10- : [ ] A
< ImS !103 ':3 lm’ ‘m‘ 1m5 Im’ "; lm3 10* lmS o\o °®
0
J ® *kkKk
650- A 3 407
- * W/ AN 2|
< 600+ . ) ] = 304
£ oL -oPP g
$ 5504 [ . R c
g ° ‘S 20-
[&] o 2
@ 500+ . ' - S
1oy 1.' . S 10
< ; i - a "™
9 450+ & -OPP o
v d v :10' "; ' lw3 ‘ ‘104 .105 3 O
_— > ) 400 T —> o \\\'
Non-p-B-catenin o OP-Puromycin ©
P o
O o
N *%*
10000~ o
° o T
8000+ g -~
Ctrl _ o £ - B
o
< 60004 [ | c
» g 2
(@] - g ! ~
Q 4000 ° £ N
CKS1i 2 9 ~
2000~ | %
\ CKS1i~1in1232 \ o
» 0 T T T T T T
R O S g 0 1000 2000 3000 4000 5000
o

dose (number of cells)


https://doi.org/10.1101/2020.12.27.423419
http://creativecommons.org/licenses/by-nc-nd/4.0/

¥
A
2l m o) g Y
2
2% B e e Ry
3 g z 3 & & 2
_ c - $|192 GyAOW ;,01/s81U0j0D
= S7Q0U % v
”uﬁl.v (] L] (] L]
-5 o SHeS o — %
)
.mw_ _ _ 4 T¢_ ¥ = aﬁ
< Sotfeie o K
k) g z O -
S - - sjje! SOILO|O:
_yo % SvaDy % 1180 G¥OW ,,01/S8IU0j0Y
28
=
"WM . % . rFTO#.
m am |, ¥ * = = R
>
"ﬂm * e o Hl_.o._ [ o °
X o
O = r T T T 1 r T T 1
2 & & 2 % 8 8 8 8 °
o — -
el S¥A0U % s||99 vaOE ,01/S91LU0j0D
O
2=ta\
w mN_
h WQ L4 T_.ov . QTE °
.mm ~| . -!._ = « lt-
"ymm : L4 o_l_l_ oo hd lv*o
20 — T
O g 2 o2 % 8 8 ¢ g ©
© © 9 §1190 G¥OW ,01/S81U0j0D
S¥A0U % ! :
e
i 0
=5 — (@) —_
| O — @
2o < < >
=5 8 oo 3
 © 2 =
S mEN 5
= ©
-2 > oo
o~ Qo —
= =
QL < —
'3 aPL
= .. (@] <
O > o ~
o - a > ge
- =
o)
35 PN
15 )
g a0
= N
-2
o ® [-2ETNVY
= ° x4\
5 ° L2TNY
“wwu ® SNV
I | | | 1
L2 83

) - - ) )

o o o o o

oU.o (HadvosaioereaC)

T < uoissaldxe g1S)D

4 <«
<
< “ o
x ©
[o))
It
@
n B
x
o o 0T|_o oo |\,v0
) ) ) o <} ) ) ) )
m % m =] e © < N
OSH VTS J8quinN [ejoL papass Gyaow 0000
/S8IU0|09 JO JAqWINN
—_— -
2]
o
=
< 7
1 )
a || k8
1) 2]
& &
Lo 0O o
ﬂ__ [re]
~
= o
S —
< >
<
o ) o ° L L e
S ) 8 2
[BAIAINS JuSdI8d EAIAINS JUSDID,
[Te}
o
o
= ©
[S) =]
=
o
9 -3
o ~—
[
»
g g
Lo O
y I_I.I.I.I_I 8°
= x
2 S
<
T o
o =) o
S re}
BAIAINS JUBJID BAIAINS JUBJID
L [eAl I d G [eAl ¥ d

"bai4 01-0171-1 04

e )
%
Ta 9
* V\O
| | | | 1
o to] o
- o o
1D SA Juswieas-jsod
Saoy o4
-l
of-zenv
o |-szav
o |veav
° LZTINY
° SLINY
° LTNY
° Y
1 1 L} 1
@ N - <
o o o o
(haavesrLoeeq)
uoissaldxa g1 S¥D
~

[(o]
[(e] © [0
[0) o) o ©
S g8 o8y %8
5 2 2 x o o~
-2 - - n ~ O O
s BE E << <
O O 0O OO0 Nn0AM
] . ] . ]
11441141
oooooooooo see® —"I'
| 3
| | 2
_ P —
Ne}
I Te)
T o
o o o
o Te}
o [EAIAINS JUBdI9d
[¢)) [e0] N~ [(e] w0
o o o o o
@) ‘baiq 0SV/1
[+¢] N~ © n <t o)
o o o o o o
prd ‘baiq 0S/1

DAC 10e5

ook o

Days elapsed

AML32

AML26


https://doi.org/10.1101/2020.12.27.423419
http://creativecommons.org/licenses/by-nc-nd/4.0/

