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Abstract 35 

Acute myeloid leukemia (AML) is an aggressive hematological disorder comprising a 36 

hierarchy of quiescent leukemic stem cells (LSCs) and proliferating blasts with limited 37 

self-renewal ability. AML has a dismal prognosis, with extremely low two-year survival 38 

rates in the poorest cytogenetic risk patients, primarily due to the failure of intensive 39 

chemotherapy protocols to deplete LSCs, and toxicity of therapy towards healthy 40 

hematopoietic cells. We studied the role of CKS1-dependent protein degradation in 41 

primary human AML and healthy hematopoiesis xenograft models in vivo. Using a 42 

small molecule inhibitor (CKS1i), we demonstrate a dual role for CKS1-dependent 43 

protein degradation in reducing AML blasts in vivo, and importantly depleting LSCs, 44 

whilst inhibition of CKS1 has the opposite effect on normal hematopoiesis, protecting 45 

normal hematopoietic stem cells from chemotherapeutic toxicity. Proteomic analysis 46 

of responses to CKS1i demonstrate that inhibition of CKS1 in AML leads to 47 

hyperactivation of RAC1 and accumulation of lethal reactive oxygen species, whereas 48 

healthy hematopoietic cells enter quiescence in response to CKS1i, protecting 49 

hematopoietic stem cells. Together these findings demonstrate CKS1-dependent 50 

proteostasis is a key vulnerability in malignant stem cell biology. 51 

 52 

Main Text 53 

 54 

Introduction 55 

 56 

Acute myeloid leukemia (AML) is a heterogeneous, aggressive disease of the 57 

hematopoietic system, arising from hematopoietic stem/progenitor cells. The average 58 

two-year survival rate is 5-15% in poor risk, older patients with AML patients (>65yr), 59 

demonstrating an unmet critical need for new therapeutic approaches(1). 60 

Fundamentally, leukemic stem cells (LSCs), the cancer stem cells (CSCs) of the 61 

hematopoietic system, are the origins of relapse in AML(2) and show substantial 62 

plasticity from de novo disease through to relapse(3). Therefore, new approaches 63 

targeting AML LSCs are critical for improving AML prognosis. Recent developments, 64 

such as targeting the anti-apoptotic protein BCL2 using Venetoclax, have 65 

demonstrated that therapies affecting protein networks hold great promise for a wide 66 

variety of cancers, including poor risk classification patients with AML(4, 5). Yet 67 

resistance still emerges through LSC adaptations(6, 7).  68 
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The key aim of CSC-targeted therapy is to selectively reduce CSCs without negatively 69 

affecting normal stem cells. Improved understanding of the biological differences 70 

between normal and malignant stem cells is needed to achieve selective CSC 71 

targeting, without toxicity to normal stem cells. 72 

We previously reported a regulatory axis between the cyclin-dependent kinase (CDK) 73 

subunits Cks1 and Cks2, and the mixed lineage leukemia 1 protein (Mll1).  Mll1 is a 74 

key protein hijacked during neoplastic transformation of the hematopoietic system(8) 75 

and important for regulation of normal and cancer stem cells from multiple different 76 

tissues(9, 10). Cks1 and Cks2 have multifaceted overlapping and independent roles 77 

in balancing protein homeostasis,  so called “proteostasis”, throughout the cell cycle, 78 

ensuring correct G0/G1 transition(11), chromatin separation(12–14) and DNA 79 

repair(11, 15, 16). Cks1 and Cks2 also possess CDK-independent functions, in 80 

concert with the Skp1/2, cullin, F-box containing complex  (SCFSKP2) and anaphase 81 

promoting complex (APCCDC20) E3 ubiquitin ligases, important for selective protein 82 

degradation(11, 12, 17). 83 

The ubiquitin proteosome system (UPS) is a highly regulated system that controls 84 

protein degradation and is essential for correct cellular protein homeostasis. It has 85 

been reported that up to 80% of cellular proteins are degraded by the UPS, 86 

demonstrating its importance in proliferation, survival, differentiation and drug 87 

resistance (18–21). Targeting the UPS has proved elusive in hematopoietic disorders. 88 

Broad spectrum inhibitors of protein degradation, such as Bortezomib, have shown 89 

increased toxicity without improvement of overall survival (22). Targeting less broad 90 

cullin-dependent protein degradation, using drugs such as Pevonedistat, was initially 91 

promising (23, 24), but trials have failed to significantly improve overall survival(25). 92 

We previously demonstrated in vitro that pan-cullin inhibition can lead to cell cycle 93 

arrest in AML, whereas more specific inhibition of protein degradation targeting CKS1 94 

leads to cell death (8). Indeed, small molecule inhibitors targeting SCF-SKP2-CKS1 95 

are able to stabilise p27 protein and block cancer cells in G2/M phase of the cell cycle, 96 

leading to cell death, rather than cell cycle arrest (8, 26, 27). 97 

In the current study, we investigated the sensitivity of poor risk AML – a sub-98 

classification with few treatment options – to protein phosphorylation and degradation 99 

inhibitors to reveal CKS1-dependent vulnerabilities. We demonstrate efficacy in 100 

reducing the LSC pool through the inhibition of CKS1-dependent protein degradation 101 

either as a single treatment or in combination with standard chemotherapy. In contrast, 102 
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CKS1 inhibition had the opposite effect on normal hematopoiesis, improving stem cell 103 

functionality and conferring protection from chemotherapeutic toxicity. Together, these 104 

findings offer a new treatment for eradicating drug resistant LSCs whilst preserving 105 

healthy hematopoiesis. 106 

 107 

Results 108 

 109 

High expression of CKS1B dictates sensitivity of bulk AML to inhibition of CKS1-110 

dependent protein degradation 111 

The overexpression of CKS1B correlates with poor prognosis in a variety of solid 112 

tumors(28–30), but is an indeterminant factor in AML (Fig. S1A-D) despite a broad 113 

range of expression in normal and malignant hematopoiesis across multiple cohorts 114 

and datasets (Fig. S1E). CKS1B expression varied significantly between both normal 115 

and malignant hematopoiesis and within different hematopoietic subtypes (Kruksal-116 

Wallis, P<2.2-16, Supp. Table S1), with intermediate expression in healthy 117 

hematopoietic stem cells (HSCs), and a broad range of expression in most AML 118 

cytogenetic subtypes compared to one of its key upstream proteostatic regulation 119 

partners SKP2 (Fig. S1F). 120 

We hypothesized that high CKS1B expression in AML may provide a selective 121 

susceptibility to inhibition of either CDK-CKS1-dependent phosphorylation or SCF-122 

CKS1-dependent protein degradation by an SCFSKP2-CKS1 E3 ligase inhibitor, hereafter 123 

referred to as CKS1i(26, 27). To address this key question, we screened a cohort of 124 

cytogenetically poor risk AMLs, spanning a variety of morphological (French-125 

American-British, FAB) and molecular subtypes, with a broad range of CKS1B 126 

expression (Figure 1A, Supp. Table S2). AMLs were tested for sensitivity to a range 127 

of CDK inhibitors, a broad-spectrum protein degradation inhibitor (Bortezomib), and 128 

specific inhibitors of the SCFSKP2-CKS1 E3 ubiquitin ligase complex (Pevonedistat and 129 

CKS1i; Figure 1A-B, Fig. S2A-B, Supp. Table S3). 130 

Whilst CDK inhibition resulted in fewer than 50% of primary AML samples 131 

demonstrating robust drug sensitivity (DSS), whereas protein degradation inhibitors 132 

demonstrated increased drug sensitivity of AML blasts grown in vitro (Fig. S2A). Since 133 

failure of broad-spectrum protein degradation inhibitors has been reported previously, 134 

and we reported induction of quiescence rather than cell death by Pevonedistat(8), we 135 

investigated whether inhibition of more specific CKS1-dependent protein degradation 136 
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could be more effective. Indeed, knockdown of CKS1B in AML results in dose- and 137 

time-dependent reduction in viability (Fig. S2C-E), and CKS1i drug sensitivity directly 138 

correlated with CKS1B expression in poor risk patients with AML patients (R=0.61, 139 

p=0.0078; Figure 1C), with clear separation of high and low DSS (Fig S2F). Separating 140 

patients at the 50th percentile by CKS1B expression revealed significantly increased 141 

drug sensitivity in CKS1Bhigh versus CKS1Blow patients with AML patients (P=0.0035, 142 

Fig S2F), indicating that RNA expression of CKS1B could be a selection criterion for 143 

targeting SCFSKP2-CKS1 dependent protein degradation in AML. Additional 144 

characterization of patient phenotypes indicated that white blood counts at diagnosis 145 

are similar between patients with CKS1Bhigh and CKS1Blow expressing tumors and 146 

CKS1i responders and non-responders, and both groupings covered an array of 147 

mutational profiles, with a multivariate analysis demonstrating only CKS1B expression 148 

correlates with in vitro CKS1i sensitivity (Fig. S2G-I, Supp. Tables S4 , S5 & S6). 149 

In order to investigate the effect of CKS1i on primary patient AML in vivo, we selected 150 

five primary patient samples with a range of CKS1B expression to engraft in 151 

immunodeficient NSG mice (Supp. Table S2). A single course of CKS1i (10mg/kg, 5 152 

days treatment I.P.) significantly reduced the leukemic burden in mice engrafted with 153 

patient AMLs carrying the highest CKS1B expression (AML12 P=0.001 and AML21 154 

P=0.04). A trend towards reduced AML burden was seen at intermediate level of 155 

CKS1B expression (AML26), but CKS1 inhibition had no significant effect on bulk AML 156 

in mice for patient samples with the lowest CKS1B expression (AML27 and AML32; 157 

Figure 1D). As such, CKS1B expression directly correlated with acute tumor reduction 158 

in vivo (R=-0.446; Figure 1E). All CKS1i treated AML xenografts showed a delay in 159 

AML bone marrow colonisation over time, regardless of tumor reduction immediately 160 

post-CKS1i treatment (Fig. S3) and improved overall survival compared to untreated 161 

controls (Figure 1F-J). This indicates that CKS1i treatment had additional effects 162 

beyond acutely reducing bulk leukemic burden of CKS1Bhigh AML in mice. 163 

 164 

CKS1-dependent degradation is a specific vulnerability in leukemic stem cells 165 

Whilst reducing leukemic blast count is the current backbone of clinical 166 

chemotherapeutic protocols and required to release leukemic cell-mediated 167 

suppression of normal hematopoietic cells, these approaches do not target quiescent 168 

LSCs, the subset of cells at the origin of relapse in vivo(31). The observed effect on 169 

bone marrow colonisation and overall survival upon CKS1i treatment in CKS1Blow AML 170 
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xenograft mice could indicate a specific mechanism of action of CKS1i on LSCs. 171 

Indeed, LSCs are rare and bulk CKS1B expression does not account for LSC-specific 172 

CKS1B dependency. 173 

Transcriptomic analysis of patient AMLs at single cell resolution revealed subsets of 174 

AML expressing CKS1B clustering with LSC genes (Fig. S4A-B). To better quantify 175 

LSC-dependency on CKS1 in primary patient AML, we investigated CKS1 protein 176 

abundance at single cell resolution. Mass cytometry-based t-stochastic neighbor 177 

embedding demonstrated strong association of CKS1 protein abundance with a range 178 

of immunophenotypic and functional LSC markers (Figure 2A, Fig. S4C). When 179 

focussing on primary patient immunophenotypic LSC subpopulations 180 

(CD200+CD99+CLL-1+CD123+CD117+, Fig. S5A), CKS1 protein abundance was 181 

significantly higher than bulk AML (P=0.0002, Figure 2B). Similarly, 182 

immunophenotypic LSCs had increased abundance  of proteins important for both 183 

stem cell functionality and drug resistance, such as BCL2, active b-catenin (Fig. S5B). 184 

To assess the functional effect of CKS1i on LSCs we used the leukemic-long-term 185 

culture initiating cell assay (L-LTC-IC). All patient samples showed significant 186 

reduction in L-LTC-IC frequency, demonstrating a direct effect of CKS1i treatment on 187 

LSC functionality (P<0.0001, Figure 2C-D, Fig. S5C). In addition, primary human AML 188 

cells recovered from AML26 xenografts were secondarily transplanted in limiting 189 

dilution. No xenografts carrying previously CKS1i treated AMLs showed overt signs of 190 

ill-health, whereas control xenografts died within 150 days (Figure 2E). Analysis of 191 

human bone marrow engraftment of secondary xenograft mice demonstrated 192 

reduction in LSC frequency by CKS1i treatment (Figure 2F, Fig. S5D). In agreement, 193 

when cultured in vitro, patient AML samples treated with CKS1i show increased 194 

apoptosis in the LSC compartment (Figure 2G) and a reduction in LSCs compared to 195 

total AML blasts (Figure 2H). 196 

These data demonstrate that LSCs have high concentrations of CKS1 and CKS1i is 197 

efficient at targeting the LSC compartment. The reduction of LSCs by CKS1i indicates 198 

a clear route to combating AML in all patients independent of bulk CKS1B expression. 199 

 200 

CKS1 inhibition protects healthy hematopoiesis from chemotherapeutic toxicity 201 

Contrary to primary patient AML LSCs and AML cell lines, healthy umbilical cord blood 202 

derived CD34+ and the more primitive CD34+CD45RA- compartment did not undergo 203 
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apoptosis in response to CKS1i (Figure 3A). Where AML cells accumulated in S-G2-204 

M phases of the cell cycle (Fig. S5E), healthy CD34+ cells increased p27 abundance 205 

in primitive fractions (Figure 3B) and became significantly more quiescent (P=0.01, 206 

Figure 3C), leading to fewer cells in culture over time (Figure 3D). 207 

By inducing quiescence and limiting cell growth, CKS1i would reduce the ability to 208 

incorporate nucleotide analogues, such as Cytarabine, and the toxicity of 209 

topoisomerase inhibitors, such as Doxorubicin. We hypothesized that this could place 210 

CKS1i as a “chemoprotective agent” during classical induction chemotherapy in AML, 211 

protecting healthy hematopoietic cells from chemotherapeutic killing. 212 

To investigate this hypothesis, we engrafted healthy umbilical cord blood derived 213 

CD34+ cells in NSG mice and treated the mice with the clinical chemotherapy protocol 214 

of cytarabine plus doxorubicin (5+3 days)(33), in the presence or absence of CKS1i 215 

(Figure 3E). Human bone marrow engraftment increased in untreated control mice 216 

between weeks 4 and 6 as expected. Treatment at week 4 with doxorubicin/cytarabine 217 

(DA) reduced bone marrow engraftment by week 6, reducing the expansion of human 218 

cells compared to control, but addition of CKS1i (DAC) was able to rescue this effect, 219 

returning expansion of human cells similar to controls (Figure 3F-G). Better 220 

engraftment at week 6 was complemented by a reduction in apoptotic human cells in 221 

the bone marrow of recipient mice (Figure 3H-I), indicating that CKS1i treatment 222 

prevents DA-induced cell death in normal hematopoietic cells. Secondary 223 

transplantation of human cells obtained from primary treatment mice showed an 224 

increase in HSC frequency after CKS1i treatment, rescuing DA effects on HSCs 225 

(Figure 3J). This indicates that CKS1i protects healthy HSCs from chemotherapy 226 

induced depletion. 227 

Outside of the hematopoietic system a key side-effect of induction chemotherapy for 228 

AML is severe gut by-toxicity, often resulting in intestinal dysfunction and infection(34, 229 

35). In agreement with the effects on normal HSPCs, DA treatment induced increased 230 

proliferation of intestinal crypts (Fig. S6A-B) and resulted in fewer LGR5+ crypts post-231 

chemotherapy (Fig. S6C-D). Both phenotypes were rescued by the addition of CKS1i, 232 

returning proliferation and number of LGR5+ crypts to control numbers. 233 

These data demonstrate that CKS1i has the opposite effect on healthy tissue 234 

compared to AML, and suppression of growth induced by CKS1i can be 235 

chemoprotective for healthy tissue during clinically used chemotherapy. 236 

 237 
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Divergent cellular responses to CKS1i by healthy and malignant hematopoietic 238 

cells 239 

To investigate the mechanism by which CKS1i induces divergent responses between 240 

healthy and malignant hematopoietic cells, we carried out proteomic analysis of 241 

CKS1Bhigh AML cell lines, which demonstrate direct correlation between CKS1B 242 

expression and CKS1i response, phenocopying primary patient AML (Fig. S7, Supp. 243 

Table S6), and umbilical cord blood derived healthy CD34+ HSPCs, with and without 244 

CKS1i treatment in vitro (1µM; Figure 4A). 245 

CKS1i treatment induced ~7.5x more differentially abundant proteins in THP-1 cells 246 

compared to healthy CD34+ (Figure 4B-C). Differentially abundant cell cycle proteins 247 

demonstrated the divergent responses to CKS1i by healthy and malignant 248 

hematopoietic cells. Indeed, downregulation of cell cycle drivers and protein 249 

translation machinery in CD34+ cells and upregulation of S phase promoting proteins 250 

in AML cells, with relatively few overlapping proteins (<10%), explains divergent cell 251 

cycle responses (Figure 4D-E). 252 

Furthermore, key proteins differentially abundant in CD34+ cells and not AML were 253 

integrated in three pathways fundamental to normal hematopoiesis: Wnt signalling, 254 

cell cycle control and NFkB signalling (Figure 4D, Fig. S8A). To investigate the 255 

changes in these key signalling pathways at single cell resolution we carried out mass 256 

cytometry with a panel of cell surface and intracellular markers covering signalling 257 

pathways important for HSPC proliferation, differentiation and stem cell self-renewal 258 

(36). 259 

Pseudo-bulk-level multidimensional scaling demonstrated a convergence of individual 260 

CD34+ donors upon treatment with CKS1i (Fig. S8B). These differences in CD34+ cells 261 

after CKS1i treatment were largely due to a reduction in abundance of intracellular 262 

signalling markers (Fig. S8C), particularly IkBa/NFkB signalling, CREB and mTOR 263 

phosphorylation (Figure 4F, Fig. S8D) and reduced proliferating cells (Figure 3C). 264 

Changes that were not observed in bulk AML or AML LSCs in response to CKS1i (Fig. 265 

S8E). In addition, the protein abundance of differentiation regulators such as PU.1 266 

were also reduced (Fig. S8D), indicating a potential block in differentiation. Fewer cells 267 

had active non-phosphorylated b-catenin, demonstrating that the Wnt pathway – a 268 

fundamental pathway requiring a tight balance for normal hematopoiesis to proceed – 269 

was suppressed (Figure 4G, Fig. S8D). 270 
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Reduction of metabolically active markers like mTORpS2448, inflammatory responses 271 

including NFkBpS529, and suppression of the translation machinery in our mass 272 

spectrometry analyses resulted in reduction of protein translation in CKS1i treated 273 

CD34+ cells (Figure 4H). Together, these signalling pathways are fundamental to the 274 

control of stress responses and particularly important to prevent the accumulation of 275 

lethal ROS in HSCs(37). In agreement, CKS1i treatment reduced intracellular ROS in 276 

CD34+ cells (Figure 4I). CKS1i-dependent reduction of ROS surpassed that of NAC 277 

treatment, with no additive effects of CKS1i and NAC (Figure 4I). This led to improved 278 

stem cell frequency of CD34+ cells cultured in the presence of CKS1i (Fig. S8F). 279 

The substantial changes in these key pathways are hallmarks of suppression of growth 280 

and differentiation, rather than an induction of cell death by CKS1i, confirming our 281 

functional data that HSC frequency increases when treated with CKS1i alone and 282 

CKS1i protects HSCs from the toxicity of Cytarabine/Doxorubicin (Figure 3I, Fig. S8F). 283 

 284 

CKS1i induces an integrated molecular switch in AML cells driving RAC1 285 

activity and NADP/H metabolism 286 

Proteomic alterations mediated by CKS1i in AML revealed key changes beyond S 287 

phase accumulation, with modulators of the Ras-related C3 botulinum toxin substrate 288 

1 (RAC1) and nicotinamide adenine dinucleotide phosphate (NADP/H) activity 289 

differentially abundant between control and CKS1i treated cells (Figure 5A, Fig. S9A-290 

B). 291 

Total RAC1 protein abundance was increased (Fig. S9C), as well as key interactors, 292 

such as Paxillin and CRK, after CKS1i treatment (Figure 5A). Mechanistically, 293 

inhibition of the SCFSKP2-CKS1 complex led to accumulation of p27 (Fig. S9D), which 294 

inhibits RHOA activity (Figure 5B, Fig. S9E) (38). This reduced the activity of RAC1-295 

GTPase activating proteins (RAC-GAPs), to maintain RAC1 in its GTP bound state 296 

(39), working in concert with RAC1 signalling pathway members to increase the 297 

amount of RAC1-GTP in AML after CKS1i treatment (Figure 5C, Fig. S9F). 298 

RAC1-GTP together with NOXA(p67Phox) regulates NADP to NADPH conversion – 299 

providing a pool for NADPH oxidases to produce ROS(40).  CKS1i altered a range of 300 

NADP/H metabolic regulators (Figure 5A). Thus, we evaluated the abundance and 301 

ratio of NADP/NADPH upon CKS1i treatment.  CKS1i induced a dose dependent 302 

increase of NADPH in AML cells (Figure 5D-E, Fig. S10A-D). The accumulation of 303 

NADPH is dependent on RAC1-GTP activity, as CKS1i induction of NADPH was 304 
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rescued by the RAC1 inhibitor NSC23766 (NSC, Figure 5D-E. Fig. S10A-D). 305 

Sensitivity of the RHOA-RAC1 axis to CKS1i correlated with p27 stabilization (Fig. 306 

S9D) and IC50 values in CKS1Bhigh and CKS1Blow AML cell lines (Fig. S7),  307 

further demonstrating the dose-dependent sensitivity to CKS1i based on CKS1B 308 

expression. Together, these data demonstrate that inhibition of the SCFSKP2-CKS1 309 

complex induces an integrated molecular switch, with regulation of RAC1/NADPH 310 

activity maintained by convergent signalling pathways. 311 

 312 

Inhibition of SCF-SKP2-CKS1 drives lethal ROS accumulation in AML 313 

CKS1i-induced RAC1 activity and NADPH accumulation led to increased intracellular 314 

ROS in AML cell lines (Figure 5F-G, Fig. S10E-F), a phenotype conserved upon 315 

CKS1B knockdown (Figure 5H-J), indicating that CKS1 is critical to balance ROS 316 

abundance.  Inhibition of RAC1 in cell lines rescued intracellular ROS accumulation 317 

induced by CKS1i or CKS1B knockdown (Figure 5F-J, Fig. S10E-F), and at higher 318 

doses was able to rescue CKS1i induced reduction in cell viability (Figure 5K-L, Fig. 319 

S10G-H). 320 

Primary AML cells grown in vitro demonstrated similar sensitivity to CKS1i treatment, 321 

with induction of apoptosis in both bulk AML (Figure 5M) and importantly the LSC 322 

fraction of samples (Figure 5N). However, whereas RAC1 inhibition could improve the 323 

growth of AML, CKS1i effects on LSCs were dominant, maintaining LSC depletion 324 

during double treatment (Figure 5N, Fig S10I-K). 325 

As the antioxidant N-acetyl-L-cysteine (NAC) is well known to scavenge intracellular 326 

ROS to reverse the negative effects of ROS on HSCs/LSCs, we tested whether NAC 327 

could reduce intracellular ROS accumulation and rescue survival. Indeed, NAC was 328 

able to reduce intracellular ROS in CKS1i treated AML cell lines (Figure 6A-C), and at 329 

higher doses NAC reversed CKS1i-dependent reduction in viability, demonstrating 330 

that CKS1i kills AML through accumulation of lethal ROS (Figure 6D-E). Additionally, 331 

increased intracellular ROS by CKS1i, or knockdown of CKS1B, led to induction of 332 

CDKN1A expression (Figure 6F-I), a known downstream effect of ROS causing cell 333 

cycle arrest and apoptosis. 334 

Patient LSCs must maintain low ROS for survival(41), and treatment of primary patient 335 

AML in vitro with CKS1i induced apoptosis in the LSC fraction and reduced both the 336 

proportion and total number of LSCs compared to control conditions (Figure 6J-L, Fig. 337 
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S10L-M). NAC treatment rescued CKS1i-induced LSC depletion in three out of four 338 

cases, returning LSC number similar to control conditions (Figure 6J-L). 339 

These data demonstrate that AML requires SCFSKP2-CKS1 functions to maintain a 340 

balance of intracellular ROS, which is critical for LSC maintenance in vivo. Ultimately, 341 

the increase in ROS, and the reduction in LSCs driven by CKS1i, indicates a clear 342 

pathway to target CKS1Bhigh LSCs in vivo, regardless of bulk CKS1B status in AML. 343 

 344 

Combining CKS1 inhibition with induction chemotherapy simultaneously 345 

reduces LSCs, protects normal HSCs and improves overall survival 346 

To test the potential for combining classical DA chemotherapy with CKS1i (DAC) in 347 

AML, we transplanted NSG mice with primary AML samples of varying CKS1B 348 

expression (Figure 7A). After stratifying for engraftment at week 4, we treated the mice 349 

with either DA or DAC. One-week post chemotherapy, xenografts showed strong 350 

reduction in leukemic burden in both DA and DAC treatment cohorts for all AMLs, 351 

regardless of CKS1B expression (Figure 7B). At the same time point, resident murine 352 

CD45+ cells co-extracted from aspirated tibias had higher colony forming potential 353 

upon the addition of CKS1i compared to untreated mice and DA treated mice (Figure 354 

7C), indicating that CKS1i treatment could selectively reduce AML, whilst 355 

simultaneously protecting normal HSPCs colony forming potential. Overall, DA 356 

treatment was only able to improve survival of one patient AML xenograft, due to the 357 

extensive by-toxicity of the treatment combined with AML burden in NSG mice. 358 

Addition of CKS1i improved overall survival of all patient AML xenografts, with many 359 

xenograft mice surviving up to 150 days (Figure 7D, Fig. S11A-D). 360 

Examination of the normal hematopoietic compartment of xenografted mice at the end 361 

point of survival revealed a reduction in total number of long-term HSCs (LT-HSCs) in 362 

the DA treated group, whereas addition of CKS1i to DA abolished this effect, rescuing 363 

LT-HSC number (Figure 7E). In addition, the serial colony forming ability of normal 364 

murine HSPCs was improved in DAC conditions, indicating that rescued HSPCs were 365 

functional (Figure 7F). 366 

We and others have documented the refractory nature of LSCs to induction 367 

chemotherapy(42), and we set out to investigate the potential conflict or beneficial 368 

contribution between DA and CKS1i. In ex vivo conditions, both CKS1Bhigh & low AMLs 369 

(Figure 7G) showed a reduction in total cell number one week after DA or DAC 370 

treatment (Figure 7H), yet whilst DA treatment enriched for L-LTC-IC frequency in 371 
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three of the six patient samples, addition of CKS1i reduced L-LTC-IC frequency in all 372 

patients (Figure 7I & Fig S11E-F). 373 

Finally, to investigate the reduction in LSC frequency conferred by CKS1i in vivo, we 374 

engrafted AML cells obtained from AML26 and AML32, which had the smallest 375 

improvement in overall survival after chemotherapy, in secondary recipient mice at 376 

limiting dilutions. Whilst control AMLs retained strong LSC frequency and showed 377 

robust engraftment after six weeks, frequency was increased by DA treatment in 378 

AML26 and was reduced in AML32 (Figure 7J-K, Fig. S12A-B). The addition of CKS1i 379 

counteracted the effect of DA by decreasing the LSC frequency in AML26 and further 380 

reducing LSC frequency in AML32 compared to DA and control mice, demonstrating 381 

strong reduction in LSCs after CKS1i treatment independent of the response to DA 382 

treatment (Figure 7J-K, Fig. S12A-B).  383 

Overall secondary DA-AML mice survived longer than controls, and DAC-AML treated 384 

mice showed further improvement in survival, with no overt signs of sickness at 150 385 

days in six of seven cases for both AML26 and AML32 (Figure 7L, Fig. S12C). 386 

Together, these data indicate that inhibition of CKS1-dependent protein degradation 387 

in combination with frontline chemotherapy is a more effective strategy to reduce the 388 

LSC pool, whilst protecting normal HSCs from chemotherapeutic toxicity. 389 

 390 

Discussion 391 

 392 

The difficulty of selectively targeting CSCs whilst simultaneously preserving normal 393 

stem cells is a major challenge in cancer therapy, and the study of normal and 394 

malignant hematopoietic stem cells has played a major role in understanding CSC 395 

biology(43). In this study, we demonstrate that CKS1 is a key protein in this paradigm, 396 

with LSCs expressing higher CKS1 than most AML blasts, providing a selective 397 

vulnerability of LSCs to inhibition of the SCFSKP2-CKS1 E3 ubiquitin ligase complex, while 398 

sparing normal HSCs from chemotherapeutic toxicity. 399 

Poor risk AML is a heterogeneous group of cytogenetic abnormalities with very limited 400 

treatment options and extremely low overall survival rates(1), even accounting for 401 

newer therapies, such as Venetoclax plus Azacitidine (4, 5). While gene expression 402 

profiles, particularly those with single cell resolution, are improving our understanding 403 

of AML heterogeneity, the origins of relapse and revealing new clinical targets(31), the 404 

role of proteostasis has been comparatively understudied(44, 45). The selective 405 
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reduction of leukemic cells by CKS1 inhibition demonstrates that precisely targeting 406 

proteostatic regulators can be a new avenue in AML therapy. 407 

Here we demonstrate that CKS1 regulates LSC viability through RAC1/NADPH/ROS 408 

pathways, fundamental in amplifying extrinsic and intrinsic signals in normal 409 

hematopoiesis and AML(6, 46), and critical to metastatic disease across cancer(47). 410 

The balance of intracellular ROS in normal and malignant hematopoietic stem cells 411 

has been of great interest in recent years(37, 41), and changes in mitochondrial 412 

functions due to RAS mutations and nicotinamide-NAD metabolism underline the 413 

critical role for this pathway in primary patient resistance to Venetoclax(6, 7). The 414 

induction of ROS in AML upon CKS1 inhibition demonstrates that the balance of 415 

CKS1-dependent protein degradation is key to maintaining stress responses in AML. 416 

This, together with LSCs requiring low ROS to maintain their stem cell potential, 417 

explains the strong reduction in LSC frequency conferred by CKS1i in primary patient 418 

AML (Figures 2 and 7). 419 

The effect of CKS1i on normal hematopoiesis is clearly different to the effects 420 

observed in AML (Figure 3). Indeed, cell cycle blockage is highly beneficial, as patients 421 

treated with induction chemotherapy, which targets cycling cells, suffer from severe 422 

toxicity and cytopenia upon treatment. Classical induction chemotherapy is known to 423 

reduce the pool of hematopoietic progenitors, whilst quiescent HSCs are refractory to 424 

treatment, but ultimately undergo senescence(48). It has previously been reported that 425 

deletion of p27 in murine progenitors increased cycling and potency (49). In 426 

agreement, we found that increased p27 protein and the accompanying cell cycle 427 

arrest of HSPCs by CKS1i could prevent DA reduction of normal cells in vivo (Figure 428 

3), and in the context of AML could rescue the reduction in HSCs induced by 429 

chemotherapy (Figure 7). Importantly, CKS1i treatment also induced changes in 430 

fundamental HSPC signalling pathways involved in stem cell potency and response to 431 

stress. The overall suppression of key growth and activation cellular markers led to an 432 

opposite phenotype to that seen in AML cells, with a reduction in intracellular ROS 433 

and an increase in normal HSC frequency (Figure 4). In addition, CKS1i also rescues 434 

negative effects of induction chemotherapy on intestinal crypts (Fig. S6), a major issue 435 

associated with patient chemotherapeutic by-toxicity(34, 35). Considering that older 436 

poor risk patients with AML patients (>65 years), who comprise the majority of AML 437 

cases, are ineligible for intensive chemotherapy (50, 51), the reduction in toxicity 438 
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towards healthy tissue conferred by CKS1i during DA treatment has the potential to 439 

improve outcomes independent of direct AML effects. 440 

The non-AML-intrinsic mechanism of action and effects on normal HSPCs by CKS1i 441 

may also implicate further components in the bone marrow niche. We and others have 442 

detailed the evolving bone marrow niche in hematological malignancies(52), and the 443 

diverse repertoire of proteostatic machinery affected by CKS1i has the potential to 444 

affect cell competition in the leukemic bone marrow microenvironment by affecting 445 

normal HSPCs as well as stromal components. 446 

Thus, the inhibition of CKS1-dependent protein degradation holds excellent promise 447 

for AML therapy, both as a single agent towards CKS1Bhigh AML, and in combination 448 

with induction chemotherapy in remaining AML cases. Reports of CKS1B 449 

overexpression correlating with outcome in other solid cancer types(28, 30), and ways 450 

to modulate CKS1 activity(53), indicate that proteostatic targeting, through this axis, 451 

holds much hope for future cancer therapy. 452 

 453 

Limitations of study 454 

The main limitation of our study is that we focus on a cohort of poor risk patients with 455 

AML which, despite covering a variety of cytogenetic and FAB subtypes, does not 456 

cover the full heterogeneity of patients with AML seen in the clinic. Further work will 457 

be needed to evaluate the efficacy of CKS1i on intermediate and good risk AML patient 458 

groups. As the combination of doxorubicin and cytarabine is quite toxic to the 459 

immunodeficient mice, it is not possible to combine this treatment with a 460 

preconditioning of the mice by sublethal irradiation. We were thus limited to testing 461 

combination approaches with patient AML samples capable of engrafting 462 

immunodeficient mice without prior conditioning. To mitigate this limitation, we tested 463 

a range of patient AML samples in ex vivo and in vitro conditions, to confirm all 464 

phenotypes through multiple assays. 465 

 466 

Methods 467 

 468 

Study design 469 

This study aimed to investigate the sensitivity of poor risk AML to inhibition of CKS1-470 

dependent protein degradation, as well as the potential side effect of this inhibitor on 471 

normal hematopoietic stem and progenitor cells. 32 primary poor risk AML patient 472 
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samples were obtained from St Bartholomew’s Hospital as part of the poor risk AML 473 

consortium, of which 21 were suitable for drug screening and five were able to robustly 474 

engraft immunodeficient mouse models. We have performed several experiments 475 

using different approaches to address these objectives. We first analyzed whether the 476 

effect of CKS1i correlates to gene expression of CKS1 in bulk AML samples. We also 477 

evaluated the protein expression of CKS1 in leukemic stem cells using mass cytometry 478 

analysis. We then evaluated the effect of CKS1i on primary poor risk AML and on 479 

normal hematopoietic stem/progenitor cells in vivo using immunodeficient mice. We 480 

also performed proteomic analysis on both normal and leukemic cells to investigate 481 

the mechanisms of action of CKS1i and used a RAC1 inhibitor (NSC23766) or N-482 

Acetyl L Cysteine (NAC) to rescue the effects of CKS1i. Detailed below are all criteria 483 

for experimental cut-offs (e.g. mouse endpoint censure), number of cells used, 484 

blinding (all experiments were blinded during data collection unless otherwise stated) 485 

and statistical tests used. 486 

 487 

Primary AML and UCB samples 488 

AML samples were obtained after informed consent at St Bartholomew’s Hospital 489 

(London, U.K.) at the time of diagnosis as part of the Bart’s Cancer Institute Poor-Risk 490 

AML consortium. Full details of patient information are provided in Supplementary 491 

Table 1. Live mononuclear cells (MNCs) were isolated by density centrifugation using 492 

Ficoll-Paque (GE healthcare). Prior to culture or xenotransplantation, AML cells were 493 

depleted for T-cells using the Easysep T-cell depletion kit (StemCell Technologies). 494 

Umbilical Cord Blood (UCB) was obtained from full-term deliveries after informed 495 

consent, at the Royal London Hospital (London, U.K.). MNCs were isolated by density 496 

centrifugation using Ficoll-Paque (GE healthcare). Cells were selected for CD34+ 497 

using the Easysep CD34+ enrichment kit (StemCell Technologies). Purity was 498 

confirmed by flow cytometry. The collection and use of all human samples were 499 

approved by the East London Research Ethical Committee (REC:06/Q0604/110) and 500 

in accordance with the Declaration of Helsinki. 501 

 502 

Patient derived xenografts (PDX) and in vivo drug treatment 503 

All animal experiments were performed under the project license (PPL 70/8904) 504 

approved by the Home Office of the UK and in accordance with the Francis Crick 505 

institute animal ethics committee and ARRIVE guidelines. NOD-SCID IL2Rynull 506 
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(NSG) mice were originally a gift from Dr L. Schultz (Jackson Laboratory). These mice 507 

were rederived and bred since then at The Francis Crick Institute Biological Resources 508 

Facility. 509 

Primary AML samples (1x106 – 5x106 cells total) or UCB-CD34+ (5x104 cells total) 510 

were injected intravenously (I.V.) into unconditioned 10-12 weeks old female or male 511 

NSG mice. After 4 weeks, engraftment was assessed by bone marrow aspiration from 512 

long bones whilst mice were under isoflurane anaesthesia. Mice were stratified 513 

according to engraftment and sex and assigned to treatment and control groups 514 

accordingly. Mice were treated as indicated with 10mg/kg CKS1i (Skp2-Cks1 E3 515 

ligase inhibitor, Merck Millipore) intraperitoneal injection (I.P.) for 5 days, DA 516 

(doxorubicin/cytarabine, 1.5mg/kg/10mg/kg respectively, Sigma Aldrich), doxorubicin 517 

on days 1-3, cytarabine on days 1-5 co-injected I.V.(33). Mice were scored for 518 

engraftment over the experimental course by bone marrow aspiration and for overall 519 

survival according to U.K. home office license protocols and following CRUK guidance 520 

(>20% peak body weight loss, overt signs of sickness/mortality). 521 

 522 

Leukemic/Normal Long-term culture initiating cell (L-LTC-IC) assay 523 

These experiments were performed as originally published by our group(54). For all 524 

co-culture experiments, MS-5 stromal cells were seeded two days prior to AML/UCB 525 

cell addition at 4x105 cells/ml to reach confluence at the time of irradiation. One day 526 

prior to AML/UCB addition, MS-5 stromal cells were irradiated with 7Gy and culture 527 

media was exchanged. On the day of starting co-culture, AML cells were plated at 528 

2x105 cells/ml in meylocult H5100 (StemCell Technologies) supplemented with IL-3, 529 

G-CSF and TPO (all 20ng/ml; Peprotech). UCB cells were plated at 2x105 cells/ml in 530 

myelocult H5100 (StemCell Technologies). Half media changes were performed once 531 

per week without disrupting the feeder layer. At the start of week two, indicated drug 532 

treatments were added at 2x concentration in the half media change once. For L-LTC-533 

CAFC assays, all cells were harvested at day 14 and sorted for live hCD45+mSca-1- 534 

cells. Resulting cells were seeded in co-culture with fresh MS-5 stromal cells in a 96 535 

well plate in a limiting dilution range (200,000 to 1,000) in 10 replicates and cultured 536 

for a further 5 weeks. At the end of the co-culture period cobblestone area forming 537 

cells were scored and L-LTC-IC frequency was calculated using the ELDA (Extreme 538 

Limiting Dilution Analysis) function in the Statmod R package. 539 
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For LTC-IC assays, media was continuous changed each week until week five, when 540 

cultures were harvested and live hCD45+mSca-1- cells were sorted. Resulting cells 541 

were seeded in co-culture with fresh MS-5 stromal cells in a 96 well plate in a limiting 542 

dilution range (10,000 to 100) in 10 replicates and cultured for a further three weeks. 543 

At week eight, myelocult H5100 was replaced with Methocult methycellulose 544 

(StemCell Technologies H4434) for a further two weeks, after which wells were scored 545 

for colony-forming units and LTC-IC frequency was calculated using the ELDA 546 

(Extreme Limiting Dilution Analysis) function in the Statmod R package. 547 

 548 

Protein translation assays 549 

Protein translation was measured using the OP-Puromycin protein translation kit (Life 550 

Technologies). AML cell lines were seeded at 2x105 cells/ml one day prior to treatment 551 

with the indicated drugs (day 0). The following day (day 1), drugs were added to culture 552 

wells at the indicated concentration. The next day (day 2), 10 µM OP-Puromycin was 553 

added to culture wells for one hour under culture conditions (37C, 5% CO2). Cells were 554 

washed three times in ice-cold PBS and fixed in 4% paraformaldehyde (Sigma Aldrich) 555 

at room temperature for 15 mins in the dark. Cells were washed three times in PBS 556 

and permeabilised in PBS + 0.5% Triton X-100 (Sigma Aldrich) for 15 mins. Cells were 557 

washed twice in Click-IT reaction buffer wash solution and stained as per the 558 

manufacturer’s instructions (Life Technologies). Abundance of OP-Puromycin was 559 

assessed using flow cytometry on a BD Fortessa FACS analyser. 560 

 561 

Intracellular ROS staining 562 

Intracellular reactive oxygen species were assayed using the CellRox deep red 563 

reagent (Life Technologies). AML cell lines were seeded at 2x105 cells/ml one day 564 

prior to treatment with the indicated drugs (day 0). The following day (day 1), drugs 565 

were added to culture wells. The next day (day 2), CellRox deep red was added to 566 

each well at a final concentration of 5uM and verapamil was added at a final 567 

concentration of 50 µM. Cells were continued to be incubated in the same conditions 568 

(37C, 5% CO2) for 1hr. After incubation, cells were collected from wells and washed 569 

three times in PBS + 1%FBS + 50 µM verapamil and finally resuspended in PBS + 1% 570 

FBS + 50 µM verapamil + DAPI (0.1µg/ml) before analysis on a BD Fortessa FACS 571 

analyser. 572 

 573 
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NADP/NADPH assays 574 

Total NADP/H and NADPH were measured using the NADP/NADPH colorimetric 575 

assay kit (Abcam). AML cell lines were seeded at 2x105 cells/ml one day prior to 576 

treatment with the indicated drugs (day 0). The following day (day 1), drugs were 577 

added to culture wells at the indicated concentration and cells were harvested after 8 578 

hours. All cells were collected from the wells and washed three times in ice-cold PBS. 579 

Cells were lysed in NADP/NADPH extraction buffer by performing two freeze/thaw 580 

cycles (20 mins on dry ice followed by 10 mins at room temperature). Lysates were 581 

centrifuged at 13,000g for 10minutes and the supernatant was retained. Lysate 582 

supernatant was split in half, with one half remaining on ice and the other half 583 

incubated at 60C for 30mins to remove NADP+. Total NADP/H (NADPt) and NADPH 584 

only lysates were run in 96 well plates with freshly made standards as per the 585 

manufacturers’ instructions. NADP/NADPH ratio was calculated as (NADPt-586 

NADPH)/NADPH. 587 

 588 

Mass Cytometry 589 

CyTOF preparation and analysis was carried out as per our previous publication (36). 590 

Cultured cells were washed in ice-cold PBS three times and incubated with 5µM 591 

Cisplatin (Fluidigm) to mark dead cells. Cells were washed three times in ice-cold PBS 592 

and fixed in 1.6% formaldehyde (Sigma Aldrich). Fixed cells were surface stained with 593 

the relevant antibodies (resources table) for two hours at room temperature followed 594 

by three washes with PBS. Cells were permeabilised in 1ml Perm buffer III (BD 595 

biosciences) on ice for 30mins, washed three times in ice-cold PBS and incubated 596 

with the relevant intracellular antibodies (resources table) overnight at 4ºC with gentle 597 

rotation. Resulting cells were wash three times in ice-cold PBS and stained with 598 

100nM Iridium in PBS + 0.1% Saponin (Riedel-de Haen) overnight before analysis on 599 

a Helios Mass Cytometer (Fluidigm). All control and CKS1i treated samples were 600 

prepared simultaneously with equal buffers, antibodies and fixation. 601 

 602 

Publicly available datasets 603 

CKS1B expression in normal and malignant hematopoiesis was obtained through 604 

Bloodspot.eu. Overall survival and stratification for CKS1B expression was calculated 605 

from data obtained from The Cancer Genome Atlas (TCGA). AML cell line RNA 606 
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sequencing data was obtained from the EBI Expression Atlas (RNA-seq of 934 Human 607 

cancer cell lines from the Cancer Cell Line Encyclopedia).   608 

 609 

Statistics and data interpretation 610 

Results shown are +/-SEM unless otherwise indicated. To compare treatment versus 611 

control in all in vitro and in vivo experiments, a Student’s t-test was used as indicated 612 

in the figure legend with N number indicated. For all comparisons, unpaired t-tests 613 

were undertaken unless otherwise indicated. All repeat samples presented are from 614 

biological replicates of distinct samples/xenotransplantations.  Survival analyses were 615 

carried out using the “survminer” package on R to calculate significance between 616 

Kaplan-Meier curves and Hazard ratios. Kaplan Meier graphs were plotted using 617 

Graphpad Prism.  Correlation analyses were carried out using the “performance 618 

analytics” and “corrplot” packages in R. Multiple DSS comparisons with CKS1B 619 

expression were carried out with pairwise complete observations using Spearman, 620 

Pearson and Kendall correlation coefficients. Individual correlations for CKS1B vs 621 

DSS or IC50 were plotted using Graphpad Prism.  Stem cell frequency was calculated 622 

using the extreme limiting dilution analysis (ELDA) function in the “statmod” R 623 

package(55). Pathway analysis and enrichment was run through MetaCore 624 

(genego.com) and network interactions produced on String (string-db.org). CyTOF 625 

analysis was conducted using the CATALYST package on gated live, single cells. 626 
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Figure Legends 916 

Figure 1. Inhibition of CKS1-dependent protein degradation kills AML blast. A. 917 

Expression of CKS1B (relative to GAPDH) in a poor risk AML cohort. FAB and p53 918 

status are indicated for each patient (FAB color coded, p53 status: white = WT; black 919 

= mutant; n=32). B. Diagram of action for CKS1i binding and inhibition of the SCFSKP2-
920 

CKS1 ubiquitin ligase complex. C. Correlation between CKS1i drug sensitivity (DSS) 921 

and CKS1B expression (relative to GAPDH) D. Percentage of human CD45+ cells of 922 

total CD45+ cells in mouse bone marrow aspirations one week after chemotherapy 923 

(week 6). E. Correlation between CKS1B expression and reduction in human AML 924 

burden post CKS1i treatment. F-J. Kaplan Meier plots and P value calculated (Mantel-925 

Cox test) for each individual PDX control and CKS1i treated cohort. Each data point 926 

represents one mouse. A Student’s t-test was used to calculate significance of 927 

difference for all graphs unless otherwise stated. * P<0.05; **P<0.005. 928 

 929 

 930 

Figure 2. AML LSCs have high CKS1 expression and are sensitive to CKS1i. A. 931 

t-stochastic neighbor embedding of patient AML7 illustrating co-expression of CKS1 932 

protein with key LSC cell surface markers. B. Median intensity of CKS1 protein 933 

abundance in bulk AML versus LSCs. C. Individual 1/L-LTC-IC frequencies with upper 934 

and lower limits for each patient tested. Control (Grey) vs CKS1i (Blue). D. Fold 935 

change L-LTC-IC frequency, CKS1i treatment versus control for all patient samples 936 

tested.  E. Overall survival of AML26 secondary transplantation with the indicated cell 937 

doses from primary treatment mice. F. Estimated LSC frequency of secondary 938 

transplanted AML26. Control calculated at week 6, CKS1i calculated at the end point 939 

of the experiment.  G. Percentage of apoptotic (Annexin V positive) LSCs in control 940 

and CKS1i treated primary patient AML in vitro 24 hours after treatment. H. 941 

Percentage of LSCs in total AML cells in control and CKS1i treated primary patient 942 

AML in vitro 24 hours after treatment. A Student’s t-test was used to calculate 943 

significance of difference for all graphs unless otherwise stated. * P<0.05; **P<0.005; 944 

*** P< 0.0005. 945 
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Figure 3. CKS1i protects normal hematopoietic cells from chemotherapeutic 947 

toxicity by suppressing the cell cycle. A. Percentage Annexin V positive apoptotic 948 

cells for the indicated cell types in response to increasing concentrations of CKS1i. B. 949 

p27 protein mean fluorescent intensity measured in CD34+ cells cultured with CKS1i 950 

(1µM) in the indicated cell populations. C. Cell cycle profile and D. Total cell count of 951 

CD34+ cells treated with the indicated doses of CKS1i (1µM for live cell count) for 24 952 

hours. E. Illustration of CD34+ engraftment and chemotherapeutic treatment in NSG 953 

mice. F. Change in percentage human CD45+ of total CD45 at the indicated time points 954 

for Control (Ctrl), Doxorubicin/Cytarabine (DA) and Doxorubicin/Cytarabine plus 955 

CKS1i (DAC) treatments. G. Fold change of the percentage of human CD45 cells at 956 

week 4 and 6 for the indicated treatments (Control = Grey, DA = Green, DAC = Blue). 957 

H. Representative flow plots and I. Percentage of total cells annexin V positive after 6 958 

weeks in vivo for human CD45 cells with the indicated treatment conditions (Ctrl N=5, 959 

DA N=3, DAC N=3). J. HSC frequency calculated by limiting dilution secondary 960 

transplantation of human CD45+ cells retrieved from primary mice (Control = Grey, DA 961 

= Green, DAC = Blue). A Student’s t-test was used to calculate significance of 962 

difference unless otherwise stated. * P<0.05; **P<0.005. 963 

 964 

 965 

Figure 4. CKS1i treatment induces divergent proteomic alterations in normal 966 

and malignant hematopoietic cells. A. Workflow for timescale of cell preparation for 967 

mass spectrometry analysis. Volcano plots for proteomic alterations in B. THP-1 and 968 

C. CD34+ cells in response to CKS1i (1µM). D. Key differentially abundant proteins in 969 

THP-1 or CD34+ cells in response to CKS1i (n=4 per condition). E. Venn diagram 970 

depicting overlap of differentially expressed proteins between THP-1 and CD34+ cells. 971 

F. Median expression of key intracellular signalling markers identified in CyTOF 972 

analyses after CKS1i treatment (Ctrl n=3, CKS1i n=4). G. Representative flow plots 973 

and quantified mean fluorescence intensity for non-phosphorylated b-catenin in CD34+ 974 

cells grown for 48 hours in control conditions or treated with CKS1i (n=4). H. 975 

Representative flow plots (including cells grown without OP-Puromycin; -OPP) and % 976 

total OP-Puromycin incorporation in CD34+ cells grown for 48 hours in control 977 

conditions or treated with CKS1i. OP-Puromycin was added 1hr prior to collection and 978 

fixation of cells (n=4). I. Representative flow plots and quantified mean fluorescence 979 

intensity of intracellular reactive oxygen species (ROS) in CD34+ cells grown for 48 980 
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hours in control conditions or treated with CKS1i (1µM) or NAC (1.25mM; n=3 per 981 

condition). * P<0.05; **P<0.005; ***P<0.0005; ****P<0.0001. 982 

 983 

 984 

Figure 5. The SCFSKP2-CKS1 complex controls RAC1/NADPH/ROS signalling. A. 985 

String network analysis of key differentially abundant proteins in THP-1 cells treated 986 

with CKS1i. Red indicates upregulated, and blue indicates downregulated in response 987 

to CKS1i treatment. B. RHOA-GTP and C. RAC1-GTP abundance in THP-1 cells 988 

control or treated with CKS1i (1 µM) for 24 hours (n=3 independent experiments). 989 

Total NADPH (pmol) in D. THP-1 and E. HL60 cells treated with the indicated doses 990 

of CKS1i (+ = 1µM, ++ = 5µM) or NSC23766 (NSC; + = 0.1µM, ++ = 1µM) for 8 hours 991 

(n=4 independent experiments per cell line and treatment). F. Representative flow 992 

plots and G. Quantified mean fluorescence intensity of intracellular reactive oxygen 993 

species (ROS) in the indicated cell lines in response to CKS1i (+ = 1µM) and NSC (+ 994 

= 0.1µM) treatment (n=3 per cell line and treatment). H. Representative flow plots and 995 

I-J. Quantified mean fluorescence intensity of intracellular reactive oxygen species 996 

(ROS) in the indicated cell lines in response to CKS1B knockdown and NSC (+ = 997 

0.1µM) treatment (n=3 per cell line and treatment). K-L. Viability represented by 998 

percentage reduction O2 of the indicated cell lines in response to the indicated 999 

concentrations of CKS1i and NSC23766 (n=5 per cell line and treatment, except THP-1000 

1 where n=6), CKS1i (+ = 1µM) and NSC (+ = 0.1µM, ++ = 1µM). M. Percentage 1001 

Annexin V positive apoptotic primary patient AML samples treated with the indicated 1002 

doses of CKS1i (+ = 1µM) and NSC (+ = 0.1µM). N. Fold change cell number versus 1003 

control for total AML (Blasts) and LSCs with the indicated treatments (CKS1i + = 1µM 1004 

and NSC + = 0.1µM) 24 hours after treatment in vitro. A Student’s t-test was used to 1005 

calculate significance of difference for all graphs. * P<0.05; **P<0.005; *** P< 0.0005; 1006 

**** P< 0.0001. 1007 
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Figure 6. CKS1i treatment depletes LSCs by inducing lethal ROS. A. 1009 

Representative flow plots and B-C. Quantified mean fluorescence intensity (MFI) of 1010 

intracellular reactive oxygen species (ROS) in the indicated cell lines in response to 1011 

CKS1i (+ = 1µM, ++ = 5µM) and NAC (+ = 1.25mM, ++ = 2.5mM) treatment (N=3 per 1012 

cell line and treatment). D-E. Viability represented by percentage reduction O2 of the 1013 

indicated cell lines in response to the indicated concentrations of CKS1i (+ = 1µM, ++ 1014 

= 5µM) and NAC (+ = 1.25mM, ++ = 2.5mM; N=3 per cell line). Quantitative PCR 1015 

analysis of CDKN1A expression in F. THP-1 cells treated with CKS1i, G. THP-1 cells 1016 

with CKS1B knockdown, H. HL-60 cells treated with CKS1i and I. HL60 cells with 1017 

CKS1B knockdown for 24 hours (n=3). J. Induction of apoptosis (Annexin V+) in 1018 

primary patient LSCs in response to CKS1i and NAC (CKS1i + = 1µM, NAC + = 1019 

1.25mM) 24 hours after treatment in vitro. K. Percentage LSCs of total primary patient 1020 

AML blasts in response to CKS1i and NAC (CKS1i + = 1µM, NAC + = 1.25mM) 24 1021 

hours after treatment in vitro. L. Fold change absolute number of primary patient LSCs 1022 

in the indicated treatments versus control (CKS1i + = 1µM, CKS1i ++ = 5µM, NAC + 1023 

= 1.25mM, NAC ++ = 2.5mM) 24 hours after treatment in vitro. A Student’s t-test was 1024 

used to calculate significance of difference for all graphs. * P<0.05; **P<0.005; *** P< 1025 

0.0005; **** P<0.0001. 1026 
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Figure 7. Combination of induction chemotherapy and CKS1i reduces AML 1028 

burden and LSC potential whilst protecting resident hematopoietic cells. A. 1029 

CKS1B expression (relative to GAPDH) for patient AMLs tested in vivo. B. Percentage 1030 

of human CD45+ cells of total CD45+ cells in mouse bone marrow aspirations one 1031 

week after chemotherapy (week 6). C. Colony forming units per 10,000 mouse CD45+ 1032 

cells extracted from week 6 bone marrow aspirations. D. Swimmer plots and P values 1033 

calculated (Mantel-Cox test) for each individual PDX Control and treated mouse 1034 

cohort. Each data point represents one mouse and days survived are presented. 1035 

Treatment interval is illustrated as annotated. E. Total number of murine Long-term 1036 

HSCs obtained from bone marrow of mice at the final survival time point (Ctrl n=8, DA 1037 

n=5, DAC n=5). F. Serial colony forming units per 10,000 mouse CD45+ cells obtained 1038 

from BM of mice at the final survival time point (Ctrl n=6, DA n=5, DAC n=6). G. CKS1B 1039 

expression (relative to GAPDH) for patient AMLs tested in L-LTC-IC. H. Fold change 1040 

of live human CD45+ cells, indicated treatments versus control, after two weeks of co-1041 

culture. I. Fold change of L-LTC-IC frequency of indicated treatment versus control, 1042 

after 7 weeks of co-culture. J-K. LSC frequency in secondary transplanted mice 1043 

injected with AML26 or AML32 at limiting dilutions 6 weeks post-transplantation. L. 1044 

Kaplan-Meier survival curve for AML32 secondary mice up to 120 days. A Student’s 1045 

t-test was used to calculate significance of difference for all graphs unless otherwise 1046 

stated. * p<0.05; **p<0.005; *** p< 0.0005. 1047 
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 1 

Supplementary Information 1 

 2 

Supplementary Methods 3 

 4 

AML cell line, AML primary sample, UCB CD34+ and MS-5 culture 5 

All AML cell lines and MS-5 stromal cells were originally obtained from the ATCC and 6 

maintained by the Francis Crick Cell Services. Before using these lines, they were 7 

authenticated using the Short Tandem Repeat (SRF) profiling and tested for 8 

mycoplasma prior to commencing experiments. All AML cell lines were cultured in 9 

RPMI 1640, 10% heat-inactivated FBS and 1% penicillin/streptomycin (Life 10 

Technologies) at 37ºC, 5% CO2. Umbilical cord blood CD34+ cells were cultured in 11 

StemSpan SFEMMII (StemCell Technologies) supplemented with Human SCF 12 

(150ng/ml), Human FLT3 ligand (150ng/ml) and Human TPO (20ng/ml; all Peprotech) 13 

at 2x105 cells/ml at 37ºC, 5% CO2. For relative viability, apoptosis and IC50 calculations 14 

cell lines were seeded in 96 well plates at a concentration of 2x105 cells/ml with the 15 

indicated dose of drug. Measurements of viability (% reduction O2) or apoptosis 16 

(Annexin V positivity) were taken at 48 hours post-treatment. MS-5 stromal cells were 17 

cultured in IMDM, 10% heat-inactivated FBS and 2% penicillin/streptomycin (Life 18 

Technologies) at 37ºC, 5% CO2. Primary human AML samples were recovered for 24 19 

hours in StemSpan SFEMMII (Stem Cell Technologies) supplemented with IL-3, G-20 

CSF, TPO (20ng/ml each; all Peprotech) and treated as indicated. 21 

 22 

Mass Spectrometry 23 

THP-1 AML cell lines and UCB CD34+ cells were cultured as per culture and drug 24 

treatment in methods. Cells were recovered for 24 hours in their respective media 25 

followed by sub-lethal AML doses of CKS1i (1µM) for 12 hours. All cells were retrieved 26 

from wells, washed three times in ice-cold PBS and snap frozen in liquid nitrogen as 27 

dry pellets. Cells were cultured in the conditions above, with differing media 28 

compositions. 29 

Cell pellets were lysed in 100 µL of urea buffer (8 M urea in 20 mM HEPES, pH: 8.0), 30 

lysates were further homogenized by sonication (30 cycles of 30s on 30s off; 31 

Diagenode Bioruptor Plus) and insoluble material was removed by centrifugation. 32 

Protein amount was quantified using BCA (Thermo Fisher Scientific). Then, 100 and 33 

20 µg of protein for THP-1 and CD34+ samples, respectively, were diluted in urea 34 
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buffer to a final volume of 300 µL and subjected to cysteine alkylation using sequential 35 

incubation with 10 mM dithiothreitol (DDT) and 16.6 mM iodoacetamide (IAM) for 1 h 36 

and 30 min, respectively, at 25 °C with agitation. Trypsin beads (50% slurry of TLCK-37 

trypsin; Thermo-Fisher Scientific; Cat. #20230) were equilibrated with 3 washes with 38 

20 mM HEPES (pH 8.0), the urea concentration in the protein suspensions was 39 

reduced to 2 M by the addition of 900 µL of 20 mM HEPES (pH 8.0), 100 µL of 40 

equilibrated trypsin beads were added and samples were incubated overnight at 37°C. 41 

Trypsin beads were removed by centrifugation (2000 xg at 5°C for 5 min) and the 42 

resulting peptide solutions were desalted using carbon C18 spin tips (Glygen; Cat. # 43 

TT2MC18). Briefly, spin tips were activated twice with 200 µL of Elution Solution (70% 44 

ACN, 0.1% TFA) and equilibrated twice with 200 µL of Wash Solution (1% ACN, 0.1% 45 

TFA). Samples were loaded and spin tips were washed twice with 200 µL of Wash 46 

Solution. Peptides were eluted into fresh tubes from the spin tips with 4 times with 50 47 

µl of Elution Solution. In each of the desalting steps, spin tips were centrifuged at 48 

1,500xg at 5C for 3 min. Finally, samples were dried in a SpeedVac and peptide pellets 49 

were stored at −80°C. 50 

For mass spectrometry identification and quantification of proteins, samples were run 51 

twice in a LC-MS/MS platform. Briefly, peptide pellets were resuspended in 100 µL 52 

and 20 µL of reconstitution buffer (20 fmol/µL enolase in 3% ACN, 0.1% TFA) for THP-53 

1 and CD34+ samples, respectively. Then, 2 µL were loaded onto an LC-MS/MS 54 

system consisting of a Dionex UltiMate 3000 RSLC coupled to a Q Exactive Plus 55 

Orbitrap Mass Spectrometer (Thermo Fisher Scientific) through an EASY-Spray 56 

source (Cat. # ES081, Thermo Fisher Scientific). Mobile phases for the 57 

chromatographic separation of the peptides consisted in Solvent A (3% ACN: 0.1% 58 

FA) and Solvent B (99.9% ACN; 0.1% FA). Peptides were loaded in a micro-pre-59 

column (Acclaim PepMap 100 C18 LC; Cat. # 160454, Thermo Fisher Scientific) and 60 

separated in an analytical column (Acclaim PepMap 100 C18 LC; Cat. # 164569, 61 

Thermo Fisher Scientific) using a gradient running from 3% to 23% over 120 min. The 62 

UPLC system delivered a flow of 2 µL/min (loading) and 300 nL/min (gradient elution). 63 

The Q-Exactive Plus operated a duty cycle of 2.1s. Thus, it acquired full scan survey 64 

spectra (m/z 375–1500) with a 70,000 FWHM resolution followed by data-dependent 65 

acquisition in which the 15 most intense ions were selected for HCD (higher energy 66 

collisional dissociation) and MS/MS scanning (200–2000 m/z) with a resolution of 67 
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17,500 FWHM. A dynamic exclusion period of 30s was enabled with a m/z window of 68 

±10 ppms. 69 

Peptide identification from MS data was automated using a Mascot Daemon 2.5.0 70 

workflow in which Mascot Distiller v2.5.1.0 generated peak list files (MGFs) from RAW 71 

data and the Mascot search engine (v2.5) matched the MS/MS data stored in the MGF 72 

files to peptides using the SwissProt Database (SwissProt_2016Oct.fasta). Searches 73 

had a FDR of ~1% and allowed 2 trypsin missed cleavages, mass tolerance of ±10 74 

ppm for the MS scans and ±25 mmu for the MS/MS scans, carbamidomethyl Cys as 75 

a fixed modification and PyroGlu on N-terminal Gln and oxidation of Met as variable 76 

modifications. Identified peptides were quantified using Pescal software in a label free 77 

procedure based on extracted ion chromatograms (XICs). Thus, the software 78 

constructed XICs for all the peptides identified across all samples with mass and 79 

retention time windows of ±7 ppm and ±2 min, respectively and calculated the area 80 

under the peak. Individual peptide intensity values in each sample were normalized to 81 

the sum of the intensity values of all the peptides quantified in that sample. Data points 82 

not quantified were given a peptide intensity value equal to the minimum intensity 83 

value quantified in the sample divided by 10. Protein intensity values were calculated 84 

by adding the individual normalized intensities of all the peptides comprised in a 85 

protein and values of 2 technical replicates per sample were averaged. Protein score 86 

values were expressed as the maximum Mascot protein score value obtained across 87 

samples. 88 

 89 

 90 

Drug sensitivity and resistance testing (DSRT) 91 

Single drug DSRT was performed as described previously(52). In brief, compounds, 92 

each with 7 different concentrations, were pre-plated using an acoustic liquid handling 93 

Echo 550 (Labcyte) to 384-well plates. Primary AML cells were suspended in 94 

conditioned medium (RPMI 1640 supplemented with 10% fetal bovine serum, 2mM L-95 

glutamine, penicillin-100U/ml, streptomucing-100ug/ml and 12.5% conditioned 96 

medium from HS-5 human bone marrow stromal cells), DNase I treated for 4h 97 

(Promega), filtered through a 70µm cell strainer (Thermo Fisher Scientific) to remove 98 

possible cell clumps, and viable cells were counted. Pre-plated compounds in each 99 

384-well plate were dissolved in 5ul of conditioned medium using a MultiDrop Combi 100 

peristaltic dispenser (Thermo Fisher Scientific) and shaken for 5 minutes to dissolve 101 
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the compounds. AML cells were plated at 5,000 cells/well in 20ul, leading to a final 102 

volume of 25ul/well. Plates were gently shaken for 5 minutes to mix the cells with the 103 

compounds and incubated for 72 hours at 37ºC, 5% CO2. 104 

Cell viability was measured using the CellTiter-Glo assay (Promega) with a 105 

PHERAstar microplate reader (BMG-labtech). Data was normalised to negative 106 

(DMSO only) and positive control wells (100uM benzethonium chloride) and dose 107 

response curves calculated. 108 

Ex vivo drug sensitivity of AML cells to the tested drugs was calculated using a drug 109 

sensitivity score (DSS), a modified form of the area under the inhibition curve 110 

calculation that integrates multiple dose response parameters for each of the tested 111 

drugs, as previously described(53). 112 

 113 

Intestinal crypt analyses 114 

Tamoxifen (Sigma, #T5648) was dissolved in ethanol to 300 mg/ml and further diluted 115 

in sunflower seed oil (Sigma #S5007) to a final concentration of 30 mg/ml. To induce 116 

recombination, 6-14 weeks old Lgr5tm1(cre/ERT2)Cle mice were given one dose of 117 

tamoxifen (150 ug/g body weight) via oral gavage. After 24h, chemotherapy was 118 

administered as described above. After seven days the animals were culled, the 119 

intestines harvested and fixed in 10% neutral buffered formalin for 24h and 120 

subsequently transferred to 70% ethanol. After embedding and sectioning, the slides 121 

were stained with anti-EGFP (LGR5) or Ki67 and the number of positive crypts (LGR5) 122 

or cells per crypt (Ki67) were counted.  123 

 124 

AML cell line in vivo experimentation 125 

AML cell lines were transduced with GFP-Luciferase containing vectors as per our 126 

previous reports (41). For both cell lines (THP-1 and HL60) 2x106 cells were injected 127 

I.V. into unconditioned 10-12 weeks old female or male NSG mice. After 7 days 128 

engraftment was assessed by bioluminescence imaging. Isofluorane anesthetized 129 

mice were imaged 5-10 minutes post D-luciferin injection I.P. (15mg.kg; Caliper life 130 

sciences) using the Xenogen IVIS imaging system. Photons emitted were expressed 131 

as Flux (photons/s/cm2), and quantified and analysed using “living image” software 132 

(Caliper life sciences). 133 

 134 

 135 
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Colony forming units 136 

For resident mouse hematopoietic cell response to 5-FU’, CKS1i, DA and DAC, colony 137 

forming ability was assessed in methylcellulose (StemCell Technologies M3434-GF). 138 

104 mCD45+ cells were sorted from PDX mice at the indicated points and seeded in 139 

methylcellulose and scored to colony forming units after 7 days. Cultures were 140 

dissolved in PBS, counted and 104 cells were re-seeded for passage 2 and passage 141 

3. 142 

 143 

Viability assays 144 

Relative cell viability was assessed by % reduction O2 in culture wells using the Alamar 145 

blue cell viability reagent (Life Technologies). Cells were seeded in 96 well plates at 146 

2x105 cells/ml and the indicated dose of drugs were added on top and incubated for 147 

48 hours. Alamar blue reagent was added on top of cells, and cells were incubated for 148 

another 4 hours under the same conditions (37ºC, 5% CO2). Plates were read on a 149 

spectramax plate reader (Biostars) at 570nm and 600nm and % reduction O2 was 150 

calculated as per the manufacturer’s instructions. 151 

 152 

Flow Cytometry, apoptosis and cell cycle assays 153 

Flow cytometry analysis was performed using a BD Fortessa flow cytometer (BD 154 

biosciences). Cells were prepared by washing in PBS + 1% FBS three times before 155 

staining in the same media with the indicated cell surface antibodies (resources table) 156 

for 1 hour at 4C. For apoptosis assays, cells were incubated with annexin V binding 157 

buffer in addition to the washing media (BD biosciences), washed three times in PBS 158 

+ 1% FBS + 1x annexin V binding buffer and incubated with 0.1µg/ml DAPI prior to 159 

flow cytometry analysis. For cell cycle analysis, cells were washed three times in PBS 160 

+ 1% FBS and fixed in BD fix/perm buffer (BD biosciences) for 20 minutes at room 161 

temperature. Cells were washed three times in BD perm/wash buffer + 0.1% Triton X-162 

100 (BD biosciences) and incubated with intracellular antibodies, such as anti-Ki67, 163 

for 4 hours at 4C. Cells were washed three times in BD perm/wash buffer and 0.5 164 

µg/ml DAPI was added for 15 minutes prior to analysis. For all flow cytometry, cells 165 

were initially identified based on forward and side scatter. 166 

 167 

 168 

 169 
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RNA extraction, reverse transcription and real time quantitative PCR (RT-qPCR) 170 

Total RNA was isolated from patient samples after thawing, density centrifugation and 171 

T-cell depletion, using a RNeasy mini kit (Qiagen). Resulting RNA was reverse 172 

transcribed to produce cDNA using the Superscript III reverse transcriptase kit 173 

(Thermo Fisher Scientific) with oligoDT20 primers (Sigma Aldrich). RT-qPCR 174 

experiments were performed with an ABI-7500 FAST Thermal Cycler (Applied 175 

Biosystems) using SYBR Green (Thermo Fisher Scientific). RNA abundance was 176 

quantified by the Comparative CT method with two independent control genes 177 

(GAPDH and B-ACTIN, GAPDH presented). The CT values used for each patient 178 

sample were the result of three technical triplicates. Primers are described in the 179 

resources table. 180 

 181 

RAC1/RHOA G-LISA assay 182 

Analysis of RAC1/RHOA-GTP abundance was carried out using the RAC1/RHOA G-183 

LISA assay as per the manufacturer’s instructions (Cytoskeleton inc.). Control and 184 

CKS1i treated AML cells were lysed on ice with the provided lysis buffer for 10 minutes 185 

and centrifuged at 10,000g, 4°C, for 5 minutes. Protein was quantified and normalized 186 

with precision red protein reagent. Lysate, lysis buffer only or control protein was 187 

incubated with G-LISA wells at 4°C for 30 minutes with agitation. Wells were washed 188 

three times with wash buffer and primary antibody incubation was carried out at room 189 

temperature for 45 minutes with agitation. Wells were washed three times with wash 190 

buffer and secondary antibody incubation was carried out at room temperature for a 191 

further 45 minutes with agitation. HRP detection reagent was added to each well and 192 

incubated at room temperature for 20 minutes (RAC1) or 15 minutes at 37C (RHOA) 193 

in the dark followed by measurement at 490nm.  194 
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Supplementary Figures 195 

  196 
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Supplementary Figure 1.
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Supplementary Figure 1. Expression of CKS1B across publicly available 198 

datasets. A-D. Overall survival of TCGA patients stratified for CKS1B expression (50th 199 

percentile). Cohorts are as follows: KIRP = Kidney Renal Papillary Cell Carcinoma, 200 

LUAD = Lung Adenocarcinoma, PAAD = Pancreatic Adenocarcinoma, LAML = Acute 201 

Myeloid Leukemia. E CKS1B normalized expression and F. SKP2 compared to 202 

CKS1B normalized expression of normal and malignant hematopoeitic cells obtained 203 

from Bloodspot.eu. Data sources: Human normal hematopoiesis (GSE42519), Human 204 

AML (GSE13159, GSE15434, GSE61804, GSE14468 and The Cancer Genome 205 

Atlas; TCGA).  206 
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207 

Supplementary Figure 2. Analysis of drug and genetic targeting of CKS1 in 208 

primary AML samples and AML cell lines A. Drug sensitivity score (DSS) for CDK 209 
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and protein degradation inhibitors in primary AML samples. Red indicates robust DSS 210 

(>7), percentage above indicates proportion of patients with robust response. B. 211 

Correlation between patient AML CKS1i drug sensitivity (DSS) and CKS1B expression 212 

for the indicated drugs. 95% confidence intervals presented. Pearson’s correlation 213 

coefficient was calculated for correlation (R2) and significance (P). Expression of 214 

CKS1B in C. THP-1 and D. HL60 cells transduced with TetO:shRNA:CKS1B in 215 

response to the indicated doses of doxycyclin after 24 hours. E. Fold change viability 216 

compared to uninduced control THP-1 (Blue) and HL60 (Green) cells transduced with 217 

TetO:shRNA:CKS1B in response to the indicated doses of doxycyclin for the indicated 218 

time points.  F. Example dose dependent response curves for primary patient AML 219 

samples, indicating patient samples with high and low. G. CKS1i DSS grouped by 220 

CKS1B expression cut at the 50th percentile. White blood cell counts (x106/L) of 221 

patients with AML comparing H. CKS1B high versus low expression and I. CKS1i 222 

responders versus non-responders. A Student’s t-test was used to calculate 223 

significance of difference for all graphs unless otherwise stated. ** P<0.005. 224 
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Supplementary Figure 3. Overall survival and bone marrow engraftment of 227 

patient derived xenografts. A. Kaplan Meier plots representing overall survival and 228 

B. Serial bone marrow aspirations for primary patient AML engrafted in NSG mice 229 

(Control = Grey, CKS1i treated = Blue, AML12 Control n = 7 CKS1i n = 7, AML21 230 

Control n = 5 CKS1i n = 6, AML26 Control n = 7 CKS1i n = 7, AML27 Control n = 6 231 

CKS1i n = 7, AML32 Control n = 6 CKS1i n = 6). 232 

  233 
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Supplementary Figure 4. Analysis of CKS1 expression in AML LSCs. A-B. Single 236 

cell RNAseq analysis for patient AML328 obtained from van Galen et al. (2019). 237 

Analyses present UMAP reductionality for cluster assignment, aggregated expression 238 

of “LSC up” gene score from Ng et al. (2016), CKS1B expression and violin plots for 239 

“LSC up” and individual genes. C. t-stochastic neighbour embedding of the indicated 240 

patients from CyTOF analyses. All markers were used for dimensionality reduction, 241 

key LSC cell surface markers and CKS1 are presented. 242 
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Supplementary Figure 5. Patient AML LSC response to CKS1i. A. Gating strategy 248 

for defining LSCs in bulk AML samples. Cells were gated for live, single cells and de-249 

barcoded before example gating. B. Median intensity of the indicated proteins from 250 

CyTOF analyses of Bulk AML and LSCs. C. Graph of estimated L-LTC-IC frequency 251 

for the indicated patients control (grey) and treated with CKS1i (blue). D. Graph of 252 

estimated LSC frequency for AML patient 26 treated in the primary xenograft with 253 

control (grey) or CKS1i (blue). E. Cell cycle profiles of the indicated AML cell lines in 254 

response to CKS1i after 24 hours.  255 
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Supplementary Figure 6 Effect of combination chemotherapy on mouse 258 

intestinal crypts. A. Representative intestinal crypts stained with Ki67 and B. Number 259 

of Ki67 positive cells per crypt for the indicated treatments. C. Representative intestinal 260 

crypts stained for anti-GFP in LGR5-GFP mice and D. Number of LGR5 positive crypts 261 

per 10 consecutive crypts in intestinal preparations. 262 

  263 
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Supplementary Figure 7. AML cell line CKS1B expression dictates CKS1i 266 

sensitivity. A. Expression of key SCFSKP2-CKS1 subunits in leukemic cell lines used in 267 

this study. Data presented are z-normalised (per gene) transcripts per million reads 268 

(TPMs) from the EBI Cell Line Expression Atlas. B. Percentage viability of AML cell 269 

lines cultured for 48 hours with indicated doses of CKS1i (n=3 for all cell lines on 270 

graph). C. Correlation between AML cell line CKS1i IC50 and CKS1B expression. 95% 271 

confidence intervals presented. Pearson’s correlation coefficient was calculated for 272 

correlation (R2). D. Representative FACS plots for induction of apoptosis in the 273 

indicated AML cell lines by presence of annexin V at the cell surface in response to 274 

CKS1i (5µM) at 48 hours. Fold change in vivo leukemic burden of E. THP-1 (Ctrl n=6, 275 

CKS1i n=7) and F. HL60 (Ctrl n=5, CKS1i n=6) cells day 21 (9 days post-CKS1i) 276 

versus day 7 (pre-CKS1i) expressed as bioluminescent total flux intensity. G. Overall 277 

survival of xenografts carrying THP-1 and HL60 cell lines control or treated with CKS1i. 278 

A Student’s t-test was used to calculate significance of difference for all graphs unless 279 

otherwise stated. **** P<0.00005. 280 

  281 
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Supplementary Figure 8
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Supplementary Figure 8. Effect of CKS1i on healthy hematopoiesis. A. Key 284 

proteins differentially abundant in CD34+ cells in response to CKS1i (Red = 285 

upregulated, Blue = downregulated). B. Pseudo-bulk-level multidimensional scaling 286 

(MDS) plot for all markers used in mass cytometry analyses. C. Unsupervised 287 

heatmap representing intracellular signalling markers in mass cytometric analyses z-288 

scaled for each marker. D. t-distributed stochastic neighbor embedding for control vs 289 

CKS1i CyTOF samples with intensity scale for the indicated intracellular markers. E. 290 

Intracellular signalling components measured in primary AML bulk (top panel) or LSCs 291 

(bottom panel) post CKS1i treatment (1µM). F. LTC-IC estimated frequency of CD34+ 292 

cells control (Grey) or treated with CKS1i (1µM, Blue).  293 

  294 
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Supplementary Figure 9. Effect of CKS1i on AML cell lines. A. Uniprot keywords 298 

and B. Process networks from differentially abundant proteins in THP-1 (purple) and 299 

CD34+ (green) cells. C. Abundance of RAC1 protein in THP-1 cells treated with CKS1i 300 

(1µM) from mass spectrometry analyses. D. Western blot for p27 in AML cell lines in 301 

response to the indicated doses of CKS1i after 24 hours. E. RHOA-GTP and F. RAC1-302 

GTP abundance in HL60 cells treated with CKS1i (1µM). A Student’s t-test was used 303 

to calculate significance of differences. * P<0.05, ** P<0.005. 304 
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Supplementary Figure 10. CKS1i induces NADPH accumulation and lethal ROS 308 

in AML. Total NADPH (pmol) in A. THP-1 and B. HL60 cells treated for 8 hours with 309 

the indicated doses of CKS1i (+ = 1µM, ++ = 5µM) and NSC (+ = 0.1µM, ++ = 1µM). 310 

Total NADP/NADPH (pmol) in C. THP-1 and D. HL60 cells treated for 8 hours with the 311 

indicated doses of CKS1i (+ = 1µM, ++ = 5µM) and NSC (+ = 0.1µM, ++ = 1µM). E. 312 

Representative flow plots and F. Quantified mean fluorescence intensity of 313 

intracellular reactive oxygen species (ROS) in the indicated cell lines in response to 314 

CKS1i (+ = 1µM) and NSC (+ = 0.1µM) treatment (N=3 per cell line and treatment). 315 

Viability represented by percentage reduction O2 of G. KOPN-8 and H. MOLM-13 cells 316 

in response to the indicated concentrations of CKS1i and NSC (N=5 per cell line and 317 

treatment, except THP-1 where N=6), CKS1i (+ = 1µM) and NSC (+ = 0.1µM, ++ = 318 

1µM). I. Intracellular ROS measured in primary patient AML bulk vs LSC fraction. J. 319 

Intracellular ROS measured in primary AML cultured in control conditions, with CKS1i 320 

(1µM) or CKS1i + NAC (1µM + 1.25mM). K. Fold change absolute live cell number of 321 

patient AMLs compared to controls for the indicated treatments (CKS1i + = 1µM, ++ = 322 

5µM, NSC + = 0.1µM, NAC + = 1.25mM, ++ = 2.5mM). Each point represents one 323 

primary patient AML sample. Percentage of annexin V positive cells of L. total primary 324 

patient AMLs and M. immunophenotypic LSCs with the indicated treatments (CKS1i + 325 

= 1µM, ++ = 5µM, NSC + = 0.1µM, NAC + = 1.25mM, ++ = 2.5mM). A Student’s t-test 326 

was used to calculate significance of difference for all graphs * P<0.05; **P<0.05; 327 

***P<0.005. 328 
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Supplementary Figure 11
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Supplementary Figure 11. In vivo and ex vivo response of patient AML samples 332 

to CKS1i. A-D. Kaplan Meier graphs for the indicated patient AML xenograft cohorts 333 

(Grey = control, green = DA, blue = DAC, AML12 control n = 6 DA n = 7 DAC n = 7, 334 

AML21 control n = 10 DA n = 10 DAC n = 11, AML26 control n = 7 DA n = 7 DAC n = 335 

7, AML32 control n = 10 DA n = 9 DAC n = 9). E. Graph of estimated L-LTC-IC 336 

frequency for the indicated patients’ control (Grey) and treated with DA (Green) or 337 

DAC (Blue). F. Calculated L-LTC-IC frequencies and confidence intervals by ELDA 338 

(Control = Grey, DA = Green, DAC = Blue). 339 
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Supplementary Figure 12
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Supplementary Figure 12. Secondary transplantation of patient AML samples 343 

previously treated with chemotherapy. A. Percentage hCD45 bone marrow 344 

engraftment of AML32 engrafted in secondary mice at limiting dilution weeks 6 and 12 345 

(Ctrl n = 3 per dose, DA 5x106 & 106 n = 3  per dose; 105 n = 2, DAC 5x106 & 106 & 346 

105 n = 3  per dose). B. Graph of estimated LSC frequency for the indicated patients’ 347 

control (Grey) and treated with DA (Green) or DAC (Blue). C. Overall survival of 348 

secondary transplantation mice from primary AML32 PDX control (Black) or treated 349 

with DA (Green) or DAC (Blue). 350 
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 354 

Graphical abstract. Model for mechanism of action for CKS1i in healthy 355 

hematopoiesis and leukemia. 356 

- CKS1i selective sensitivity

- LSC depletion

- Growth suppression

- Reduced chemotoxicity
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