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SUMMARY

Adaptive plasticity to the standard chemotherapeutic temozolomide (TMZ) leads to glioblastoma pro-
gression. Here, we examine early stages of this process in patient-derived cellular models, exposing
the human lysine-specific demethylase 5B (KDM5B) as a prospective indicator for subclonal expansion.
By integration of a reporter, we show its preferential activity in rare, stem-like ALDH1A1+ cells, immedi-
ately increasing expression upon TMZ exposure. Naive, genetically unmodified KDM5Bhigh cells phos-
phorylate AKT (pAKT) and act as slow-cycling persisters under TMZ. Knockdown of KDM5B reverses
pAKT levels, simultaneously increasing PTEN expression and TMZ sensitivity. Pharmacological inhibition
of PTEN rescues the effect. Interference with KDM5B subsequent to TMZ decreases cellular vitality, and
clonal tracing with DNA barcoding demonstrates high individual levels of KDM5B to predict subclonal
expansion already before TMZ exposure. Thus, KDM5Bhigh treatment-naive cells preferentially contribute
to the dynamics of drug resistance under TMZ. These findings may serve as a cornerstone for future
biomarker-assisted clinical trials.

INTRODUCTION

Many models of the origin, development, and persistence of cancer are based on circumscribed populations of cells. Pre-existing cancer

stem cells or any group of highly plastic and adaptive cells may contribute to the population dynamics observed under the effect of clinical

treatment in glioblastoma, the most malignant brain tumor of adulthood.1–4 We have recently described a rare ALDH1A1+, stem-like cell

population in treatment-naive glioblastoma that acquires pAKT and subclonally expands under the influence of TMZ in models of disease

and during clinical progression.5 We were curious to follow up on the observation, aiming to decipher the early mechanisms that promote

this cellular behavior. It is considered that adaptive plasticity of glioblastoma cells may be the result of a cooperation and interplay of genetic

events and epigenetic adaptions that jointly lead to drug resistance.6 Notably, data acquired from large, paired patient cohorts obtained

before and after therapy indicated overall comparable genetic patterns without evidence of profound treatment-specific alterations. Rather,

these data suggest that cellular dynamics, under the pressure of treatment, descends from pre-existing rare cell populations at primary dis-

ease.7,8 Research in melanoma, lung, and breast cancer has established phenotypic cell state transitions and drug tolerance on an epigenetic

level, e.g., by investigating KDM5A+or KDM5B+ drug-tolerant persister cells.9–12 In glioma/glioblastoma, KDM5A or KDM5B have been sug-

gested tomediate the acquisition of TMZ resistance13–17 and pre-existing slow-cycling cells characterized by KDM6A/B expression andNotch

signaling were described to prevail under the treatment of receptor tyrosine kinase inhibitors.18 In this study, we hypothesized that KDM
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family genes were involved in adaptive plasticity, that is, the early response of selected tumor cells to first-time TMZ-exposure leading to drug

resistance and subsequent subclonal enrichment.

RESULTS

Presence and dynamics of KDM5Bhigh cells under TMZ exposure

As an entry route to the investigation of TMZ-resistant cell states, we screened the describedKDM family genes for their potential involvement

in the TMZ-driven expansion of ALDH1A1+ cellular hierarchies (Figure 1A). We used an established cohort5 of short-term in vitro expanded,

vital patient cells representing pairs of treatment-naive and respective TMZ-experienced relapse samples derived from n = 8 IDH-wt glioblas-

toma individuals (Table S1). Quantitative assessment via qPCR did not reveal a correlation ofALDH1A1 expression levels between the pairs of

treatment-naive vs. relapse samples (Figures 1B and S1A). Thus, an enrichment of ALDH1A1+ relapse cells could not be predicted from the

original ALDH1A1 expression in the treatment-naive samples. In contrast, KDM5B expression in naive samples, but not KDM5A nor KDM6A,

significantly correlated with the enrichment of ALDH1A1 expression in the paired relapse cell samples (Figures 1C–1E and S1B). In this line,

experimental short-term exposure of TMZ to naive cells led to a robust increase of ALDH1A1/KDM5B-coexpression in vitro (Figures 1F and

S1C). Interestingly, this increase could not be recapitulated by exposure of the drug dasatinib, which has been described to induce KDM6-

mediated adaptive chromatin remodeling and drug tolerance in glioblastomamodels.18 Similarly, the drug lomustine that is clinically relevant

for glioblastoma treatment in combinatorial settings19,20 did not induce an increase of coexpression. This suggested a TMZ-specific effect on

KDM5B-expressing ALDH1A1+ cells.

KDM5B is a H3K4 demethylase, traditionally considered as a biomarker for slow-cycling drug tolerant persister cells, e.g., in melanoma or

breast cancer.21,22 We therefore stably integrated an EGFP-based reporter construct9 to visualize the dynamics of KDM5B expression in the

primary cell models (n = 6 from 4 patients, see STAR Methods) (Figures 1G and S1D). In an index case, we studied the prolonged effect of a

16-day TMZ exposure (TMZ-on), followed by withdrawal of the drug and continuous maintenance of the cells in vitro (TMZ-off). The TMZ-on

stage of the experiment resulted in a >90% reduction of cell confluence. During the TMZ-off stage of the experiment, we observed a period of

3–4 weeks of quiescence before clonal expansion occurred (long-term assay from5). For comparative evaluation along the initial course of this

assay, we determined the fluorescence intensity of the naive top 5% EGFP-KDM5B+ cells as a reference (KDM5Bhigh). The relative number of

KDM5Bhigh cells that reached this threshold was then scored for all subsequent experimental populations in the test. We observed that the

number of KDM5Bhigh cells doubled during TMZ-on, and that it peaked with an increase of 800% during TMZ-off at one week after TMZ with-

drawal, to constantly decrease thereafter. By contrast, expression levels of the reporter construct remained stable in naive cells during the

observation period (Figures 1H and S1D). Furthermore, increasing expression levels of KDM5B could be recorded from the bulk of naive tu-

mor cells upon drug exposure, using n = 5 genetically unmodified clinical glioblastoma cell samples. At the peak of TMZ-off (i.e., on day 23 of

the long-term assay), KDM5B expression transiently increased by a factor of 2.86 compared to the original treatment-naive stage (Figure S1E).

Moreover, early TMZ effects could be observed using reductionist in vitro drug exposure schedules involving condensed periods of TMZ-

on for 2–5 days, followed by 3–8 days TMZ-off before experimental readout. The frequency of KDM5Bhigh cells in these assays increased signif-

icantly, by a factor of 2.3 in TMZ pre-exposed clinical and experimental relapse samples, and even more pronounced, by a factor of 3.2 in

treatment-naive patient cells (Figures 1I and S1F). Increasing levels of KDM5B were observed in reporter-based assays and confirmed in

genetically unmodified naive patient cells (Figures S1G and S1H).

7-AAD-based flow cytometry assays indicated that significantly more viable KDM5Bhigh cells were present at this stage than viable

KDM5Blow cells (KDM5B�EGFPnaive patient samples; Figure 1J). CellTrace experiments additionally revealed that KDM5Bhigh cells were

slow-cycling, because their high EGFP-reporter fluorescence intensity overlapped with the most intense peaks of CellTrace dye at the end

of the assay (Figure 1K).

Thus, experimental evidence indicated that the early effects of TMZ exposure involved high endogenous expression levels of KDM5B in a

rare subpopulation of slow-cycling cells. The overlap with cellular ALDH1A1 furthermore indicated an involvement in the process of TMZ-trig-

gered acquisition of AKT-mediated drug resistance during subclonal progression in glioblastoma.

KDM5B mediates cellular TMZ response through the PTEN-AKT axis

To reveal an immediate relationship of TMZ-triggered KDM5B expression and phosphorylated AKT, we subsequently focused solely on the

study of genetically unmodified, treatment-naive cell samples in the condensed drug exposure assays. Other groups already reported on the

interaction of KDM5B with the PI3K-AKT signaling, e.g., via direct binding of the promoter region and consequent suppression of PTEN,23 or

PIK3CA.24

In flow cytometry-based assays, we observed that short-term TMZ exposure led to a significant increase of pAKT (Ser473) in the overall cell

population, by a factor of 1.6 on day 5 (Figures 2A and S2A). The frequency of KDM5B+/pAKT+ cells simultaneously increased by a factor of

3.2. These effects were not observed under exposure of the alternative therapeutics dasatinib or lomustine (Figures 2B and S2B) and we could

confirm that high KDM5Bprotein levels occurred in the hierarchy of ALDH1A1+/pAKT+ cells (Figures 2C and S2C). Notably, the knockdown of

KDM5B did not affect PI3K, but resulted in a rapid inhibition of AKT activity in the treatment-naive cells (Figures 2D and S2D–S2H), while the

expression of its negative regulator PTEN increased (Figures 2D, 2E, S2E, S2G, and S2H). Consequently, sequential exposure of TMZ and

siRNA-mediated KDM5B knockdown had an additive-negative effect on cellular viability, which could be rescued by post-hoc supply of

SF1670, a potent and specific small molecule inhibitor of PTEN25 (Figures 2F, S2E, S2G, and S2H). We then speculated that KDM5B could

directly suppress PTEN expression by interfering with accessibility to its promoter via Histone 3 demethylation at lysine 4 (H3K4). However,
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Figure 1. Presence and dynamics of KDM5Bhigh cells under TMZ exposure

(A) Cartoon illustrating the rationale of this study. Visualized is the TMZ-mediated enrichment of subclones observed at disease relapse. Representative

immunofluorescent appearance of cellular phenotypes in patient tissue at primary disease (Naive) and after clinical treatment (Relapse).5

(B–E) Graphs depict personalized qPCR-based gene expression values of short-term expanded pairs of patient cell samples. Patient IDs indicated. Mean of

triplicate. R2, Pearson coefficient of determination. Treatment-naive expression levels of ALDH1A1 (B), KDM5A (C), KDM6A (D), and KDM5B (E) were

correlated with the ALDH1A1 levels of respective relapse samples.

(F) Bar chart showing frequency of co-expressing cells at the indicated time points of the treatment scheme: drug-on, exposure to vehicle (0.5% DMSO or 0.1%

ethanol), or 500 mM TMZ, or 50 mM CCNU, or 10 mM dasatinib; drug-off, no drug exposure. Flow cytometry analysis, in duplicate/triplicate on sample IDs BN46,

BN118; presented as mean G SD. p values obtained by Kruskal-Wallis with Dunn’s post-hoc test.

(G) Phase contrast appearance and vital EGFP fluorescence of representative patient cell sample (naive-E049) transduced with KDM5B promoter-EGFP reporter

construct as indicated by the cartoon (pLU-JARID1Bprom-EGFP-BLAST, provided by a study by Roesch et al.).9 Scale bar, 100 mM.

(H) Graph plotting flow cytometry data obtained from KDM5Bhigh subpopulations of reporter construct-transduced, naive BN46KDM5B�EGFP patient cells. Time

points and TMZ (500 mM) -on/-off schedule as indicated. Data represent the percent increase of KDM5Bhigh cells (relative number of cells that reached the set

fluorescence threshold), normalized to the naive time point.

(I) Bar plots depicting the increase of KDM5Bhigh subpopulations in reporter construct-bearing naive (BN46KDM5B�EGFP, BN118KDM5B�EGFP, E049KDM5B�EGFP,

E056KDM5B�EGFP) and relapse (TMZ/eRBN46 KDM5B�EGFP, cRBN118 KDM5B�EGFP) patient cell samples (compare Table S1). Time points and TMZ (500 mM)
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we could not verify this hypothesis in CHIP-seq experiments by use of a polyclonal H3K4trimethylation antibody. Other players of the PI3-

Kinase pathway, i.e., PIK3CA, AKT 1/2/3, andmTOR, appeared similarly unaffected (Figure S2I), indicating either the need for amore selective

analysis of the rare KDM5Bhigh cells, or that the effects of KDM5B may not be caused by its histone demethylase activity at the respective

promoter regions. To nevertheless validate that KDM5B inhibition causes increased TMZ sensitivity, we appliedmolecular and pharmacolog-

ical interference assays. siRNA-mediated knockdown of KDM5B or application of CPI-455, a pan-KDM5 inhibitor,26 subsequent to TMZ expo-

sure, indeed resulted in marked increases of active caspase-3 compared to the TMZ-only schedule (Figures 2G and 2H). Within 12 days, the

cellular viability of naive patient cells decreased significantly stronger under the combinatorial sequence of TMZ/CPI-455 compared to the

TMZ-only schedule, resulting in a viability reduction of 80G 2% vs. 52G 5%, respectively. Similar effects on cellular viability were elicited by

C46, an alternative inhibitor of KDM5B27 (Figure 2I).

These data indicate that KDM5B acts as an early mediator of cellular response to TMZ, by modulating the PTEN-AKT axis preferentially in

the hierarchy of rare ALDH1A1+ cells to enable subsequent acquisition of drug resistance. It is tempting to speculate that the endogenous

expression levels of KDM5B are decisive for the empowering of individual treatment-naive cells to adapt quickly to TMZ exposure. In fact, one

would expect TMZ-triggered KDM5Bhigh naive cells to kick-off generations of daughter cells that would expand to a subclonal hierarchy under

therapeutic pressure.

KDM5B expression predicts TMZ-triggered subclonal growth

To experimentally address the hypothesis that particular cellular identities are responsible for subclonal expansion, we employed cellular bar-

coding technology for ‘‘unsupervised’’ mapping of population dynamics in response to TMZ. We considered cellular heterogeneity in the

original, treatment-naive patient samples at the time of barcoding. We anticipated next to a static bystander pool of cells, both, dominant

and newly arising/originally underrepresented, cellular hierarchies to become responsible for the shifting of the subclonal composition along

the course of primary treatment (Figure 3A).

We studied two treatment-naive, patient-specific cell samples applying the following experimental schedule (BN46, BN118; compare Fig-

ure 1H): one million individual patient cells were DNA-barcoded with a Clontracer construct28 via lentiviral transduction (Prepool) and

expanded for three passages to generate n = 8 in vitro replicates (Naive). These cells were then exposed to DMSO as a control (DMSOCTRL)

or treated with TMZ for 16 days, according to our established assay.5 After TMZ exposure, �10% TMZ-resistant cells (TMZ-r) survived, and

2–4 weeks later, cellular progression occurred by expanding TMZ-resistant cells (TMZ-rex) (Figure 3B). Representative cellular samples

were derived from each of these steps and processed for next-generation sequencing (NGS).

Bioinformatic pipeline analysis revealed the frequency of barcode identities (BCIs) from the respective bulk of tumor cells. Considering

both patients, we observed the detectable BCIs to drop below 0.3% during the in vitro expansion phase that generated the replicates for

the experiment (Prepool-BCIs = 106 G 11,313 vs. Naive-BCIs = 2,900 G 3,343) (Figure 3C). It is important to note that BCIs were detected

with respect to a threshold set by the bioinformatic pipeline. Rare reads can in this analysis be classified as ‘‘undetectable,’’ even though

the cellular identities are present in the overall population of investigated cells. An expansion of multiple subclones with dissimilar growth

kinetics will always increase the prevalence of dominant subclones (i.e., identified BCIs) in the population and simultaneously decrease

the prevalence of others so much that they can fall under the detection threshold (i.e., undetectable BCIs).28,29 As a consequence, the fre-

quency of identified BCIs decreases and the frequency of undetectable BCIs increases over time, unless dominant subclones are reduced

by therapeutic intervention. Consequently, the 16-day TMZ exposure in our assay led to a remarkable re-emergence of >250,000 TMZ-r-

BCIs (259,886G 346,177), which declined again in the progressing TMZ-rex (BCIs = 6,613G 5,964) (Figure 3C). This suggested the presence

of dominant subclones, but surprisingly, we also detected newly arising BCIs that were most abundant among TMZ-rex (70% in BN118 and

55% in BN46; Figures 3D, 3E, S3A, and S3B). Their enrichment occurred secondary to a loss of drug-sensitive dominant subclones and as a

consequence of the ‘‘uncovering’’ of thousands of underrepresented BCIs in the TMZ-r. Among these new candidate subclones, however,

only very few continued to thrive to become ‘‘newly arising’’ TMZ-rex hierarchies of tumor cells. At that stage, they nevertheless collectively

outnumbered the originally dominant BCIs and they accumulated in the top 10 ranked list of TMZ-rex BCIs (Figures 3F and S3C).

Intriguingly, we could demonstrate strongly increased ALDH1A1 mRNA levels among the TMZ-rex populations (Figure S3D), but as an

inherent drawback of DNA barcoding, we could not directly relate this to the early effects of dynamic KDM5B levels in individual cells. We

therefore decided to sort-out KDM5Bhigh cellular identities from the barcoded heterogeneous samples at the Naive stage to determine

the BCI composition and to subsequently follow their course by comparative investigation with the bulk of barcoded tumor cells

(Figures 3G and S3E). Remarkably, we observed in every replicate analysis the top-ranked BCIs of the sorted KDM5Bhigh cell sample to almost

Figure 1. Continued

-on/-off schedule as indicated. Values normalized to corresponding (0.5%) DMSO controls and shown as meanG SD. p values calculated using a Kruskal-Wallis

test with Dunn’s post-hoc test.

(J) Bar plot indicating 7-AAD+ cell frequencies in KDM5Bhigh vs. KDM5Blow subpopulations of construct-bearing naive BN46KDM5B�EGFP and naive

BN118KDM5B�EGFP patient cell samples. Triplicate data, obtained by flow cytometry after TMZ (500 mM) -on/-off schedule as indicated, shown as mean G SD.

Left inset: Representative plots (BN46KDM5B�EGFP), including (0.5%) DMSO-control. p value by Wilcoxon rank-sum test (gated).

(K) CellTrace experiment. Histogram of Far Red peaks revealing high, moderate, and slow-cycling subpopulations by flow cytometry (representative case, naive

BN118KDM5B�EGFP). Bar chart representing mean fluorescence intensity (MFI) of KDM5B-EGFP reporter for each Far Red peak. Triplicate data as mean G SD. p

values by Kruskal-Wallis test.

See also Figure S1 and Table S1.
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Figure 2. KDM5B mediates cellular TMZ response through the PTEN-AKT axis

(A) Bar chart depicting flow cytometry MFI data obtained from two naive patient samples (BN46, BN118). Treatment scheme as indicated, comprised TMZ

(500 mM) -on/-off periods vs. 0.5% DMSO-control. Data obtained on day 5 in triplicate, shown as mean G SD. p values calculated by Mann-Whitney test.

(B) Bar chart showing percentage of co-expressing cells, determined by flow cytometry from two naive patient samples (BN46 and BN118) at the indicated time

points of the treatment scheme: drug-on, exposure to vehicle (0.5% DMSO or 0.1% ethanol), or 500 mM TMZ, or 50 mM CCNU, or 10 mM dasatinib; drug-off, no

drug exposure. Duplicate or triplicate data as mean G SD. p values by Kruskal-Wallis with Dunn’s post-hoc test.

(C) Flow cytometry profiling of KDM5B-expression in ALDH1A1+/pAKT+ cells. Data fromgenetically unmodified, naive patient samples BN46 (shown) and BN118

after exposure to TMZ (500 mM) -on/-off schedule as indicated.

(D) Protein expression patterns of PI3K-AKT-PTEN pathway genes subsequent to KDM5B knockdown by SMARTpool: ON-TARGETplus siRNA. Western Blot

analysis of naive BN118 cells.

(E) Quantification data derived from quadruplicate western Blot analysis of naive patient samples BN46 and BN118. Treatment scheme as indicated. Data

normalized as indicated and presented as mean G SD.

(F) siKDM5B-knockdown/PTEN inhibitor-rescue experiment. Cartoon illustrates series of experiments conducted with naive patient samples BN46, BN118, E049,

and E056. Bar plots present alamarBlue readout data, normalized to the corresponding siNT-controls and shown as mean G SD. PTEN inhibition (PTENInh) by

SF1670 (10 nM for 24 h).

(G) Caspase assay subsequent to indicated treatment scheme. Bar chart depicting MFI data of active caspase-3. Flow cytometry analysis of patient cell sample

BN118 according to indicated treatment scheme. Data in triplicate as mean G SD. p value by paired t-test.

(H) Caspase assay subsequent to indicated treatment schemes, involving TMZ (500 mM), CPI-455 (12 mM), or DMSO (0.5%). Left: Exemplary histograms,

respectively color-coded. Bar chart depicting MFI data of active caspase-3. Flow cytometry analysis of patient cell sample BN118. Triplicate, data as mean G

SD. p values by paired t test.
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mirror the composition of the top-ranked TMZ-rex BCIs (Figures 3H and S3F). This suggests that high individual levels of KDM5B in naive glio-

blastoma cells facilitate subclonal expansion in response to TMZ exposure. Separate analysis of treatment-naive KDM5Bhigh cells should

therefore allow the prospective identification of the cellular origins to the dynamic drug resistant subclones driving disease progression.

DISCUSSION

The comparative study of paired tumor samples, derived from individuals at the time of initial diagnosis and at the time of disease relapse has

shaped our basic understanding of the longitudinal molecular and cellular trajectories in glioblastoma.8,30 Yet, we still do not understand

glioblastoma progression. Particularly unclear is the dynamics of developing drug resistance, which occurs under the influence of guide-

line-based treatment with TMZ.3 Contemporary research has revealed that the origins of this resistancemay extend to early responses of het-

erogeneous tumor tissue to anticancer therapy. On a cellular level, this may affect resilient cells that are able to adapt immediately via non-

genetic mechanisms and that then create progeny of expanding drug-resistant hierarchies (e.g.,4,11,31). Recent research of our lab has

suggested that naive ALDH1A1+ cells in the primary tumor represent a candidate cellular source for this type of resistance in glioblastoma5

and the present study has been conducted under the hypothesis that members of the KDM family of genes are early mediators of AKT-driven

mechanisms in the process. Because heterogeneous patient-derived cellular models are suited to study subclonal enrichment ex vivo,5,32 our

current study took advantage of reductionist in vitro models to investigate the early steps of developing drug resistance.

Cellular assays, moreover, allow monitoring of dynamic processes, which cannot entirely be discovered when comparing only the starting

vs. the endpoint of the course. In fact, the levels of KDM5B, as a key player during the process, appear unchanged in our investigated naive vs.

post-TMZ clinical and experimental samples (see Figures S1B and S3D). In the vital cells, we instead observed that KDM5B expression in-

creases immediately in the hierarchy of ALDH1A1+ cells upon TMZ exposure and, once triggered, it perpetuates for several days evenwithout

continuous therapeutic pressure. Presumably, this is the time during which TMZ resistant subclonal progression starts. Consequently, we

observed KDM5Bhigh cells as a slow-cycling, but viable population under the influence of TMZ. This finding overlaps with the prevailing

view that KDM5B links cellular transcriptomic heterogeneity to therapeutic resistance.9,14,15

An important aspect of our work relates to the predictability of adaptive/phenotypic plasticity. This feature is considered at the root of

cellular heterogeneity and malignant disease progression, and it represents a newly recognized hallmark of cancer.33 There is plenty of

ongoing research striving to develop appropriate single-cell-based technologies and algorithms for the exposure of the respectivemalignant

traits.4,34,35 The use of vital clinical samples as a translational model could further this. Isolated tumor cells, organoids, or patient-derived tu-

mor tissue explants are already considered as sophisticated future clinical decision tools, e.g., for predicting drug response.32,36–39 In our pre-

sent study, we relied on vital patient cells to screen for candidate genes and to subsequently investigate adaptive plasticity and subclonal

dynamics in response to drug exposure in defined short-term assays. We used reporter-constructs, pharmacological and molecular interfer-

ence as well as ‘‘unsupervised’’ barcode tracing to discover, model, and validate otherwise not accessible KDM5B-driven effects.

The clinical relatability of our research findings is the perspective of using KDM5Bhigh cells in the primary tumor tissue for predicting the

occurrence of TMZ-resistant subclones in relapsing glioblastoma tissue, e.g., for use as a stratifying biomarker in future clinical trials. Our

approach complements traditional computational ways to reconstruct the subclonal composition and evolution of cancer.40–42 Because

the derivation of tumor tissue from primary disease is a mandatory and preceding step to every primary treatment, short-term vital cell-based

assays could find use as a companion diagnostic in the routine clinical care as well. The immediate dynamics of KDM5B could for example

serve as a prospective indicator for accumulating TMZ-resistant subclones in the tissue of relapsing glioblastoma, which cannot always be

surgically accessed. To promote exploratory findings beyond the preclinical stage, it is classically considered that clinical assay development

and validation43 as well as retrospective longitudinal and prospective screening must now be conducted.44 If this succeeds, the dynamics of

KDM5Bhigh cells could become a valid biomarker for sequential therapies targeting the accumulation of drug resistant subclones during dis-

ease progression. This would represent a valuable alternative—in an era in which the static O(6)-methylguanine-DNA methyltransferase

(MGMT) promoter methylation status is still the single most important prognostic and predictive factor for TMZ-based guideline-oriented

chemotherapy of glioblastoma.3,45

Limitations of the study

The exact mechanism underlying our observations still remains to be determined. Our data indicate, similar as described in hepatocellular

cancer,16 that KDM5B decreases PTEN to activate AKT and downstreameffector signaling in naive tumor cells, independent of themanyways

that subsequent TMZ exposure could interfere with in this signaling cascade or with other resistance-related pathways.46,47 We could not

reveal an interaction with PI3K as described for prostate or oral cancers.24,48 We therefore speculated on an epigenetic route, but we could

not reveal a direct demethylation activity on key players in the pathway either—at least not by studying the overall population of cells.

Notably, KDM5Bhigh cells (the top 5% of KDM5B-expressing cells) represent a rare phenotype among naive glioblastoma cells. It is possible

that direct biochemical evidence linking KDM5B-dependent lysine demethylation with AKT signaling could only be revealed via H3K4me3

Figure 2. Continued

(I) 12-day assays of indicated single- and combinatorial drug treatments, involving TMZ (500 mM), CPI-455 (12 mM), C46 (6 mM) or DMSO (0.5%). Bar plots represent

alamarBlue cell viability readouts on naive patient samples BN46, and BN118, normalized to the DMSO-control. Duplicate/triplicate analysis, data asmeanG SD.

p values by paired t test.

See also Figure S2 and Table S1.
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Figure 3. KDM5B expression predicts TMZ-triggered subclonal growth

(A) Working model. Subclonal dynamics occurs under therapeutic pressure of primary treatment. It results from shifting abundance of treatment-resistant vs.

treatment-sensitive cellular hierarchies. Some hierarchies dominate at the naive stage, others appear to arise newly under drug exposure. A bystander pool

of cells does not participate in the dynamic course of subclones.

(B) Cartoon illustrating the experimental barcoding setup. Naive BN46 and BN118 patient cells were provided with the ClonTracer barcoding construct,28

exposed to 500 mM TMZ or 0.5% DMSO, and analyzed by NGS at the indicated time points. TMZ-resistant cells, TMZ-r; expanding TMZ-resistant cells, TMZ-rex.

(C) NGS-based quantification of detectable barcode identities (BCIs) from (B). Bar charts representing ratios of identifiable vs. undetectable BCIs at the indicated

experimental stages. Data points from naive patient samples BN46 and BN118, presented asmeanG SD. (D–H) Note: green-scale, newly arising BCIs under TMZ

exposure vs. gray-scale, dominant BCIs at the Naive stage of the experiment. Data from patient sample BN118.

(D) Subclonal dynamics from (B), visualized as a stacked plot. Data represent the relative frequencies of the top 50 BCIs, as defined at the TMZ-rex stage,

displayed for each stage of the experiments.
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ChiP-seq and RNA-seq analysis in this limited population of cells, which should be addressed in future work. Also, KDM5B could act indirectly,

e.g., via genomic instability control,49 regulation of cell cycle progression,15,50 or by interactions with other chromatin regulators.51–53 Alter-

native pathwaysmay additionally be involved, such as signaling by c-Met, p16/Ink4a,Wnt/b-catenin, or FBXW7/CCNE1,54–57 which remains to

be further elucidated for the TMZ-induced hierarchy of ALDH1A1+ glioblastoma cells. In all, our study demonstrates, by use of patient-

derived cellular models, the predictability of subclonal enrichment under defined primary drug exposure. Clinical translation of these findings

will require appropriate assay development and longitudinal, prospective trial designs.
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can be predicted; visualized as a slice plot (red boxes). Data represent ranking positions of the top 10 BCIs, as defined at the TMZ-rex stage, color-coded for

identity and displayed in relative abundance for each stage of the experiment. Abundance of lower-ranked thousands of bystander identities in white.

(H) Subclonal dynamics and top TMZ-rex can be predicted; visualized as a ranked plot (red boxes). Data represent individual ranking positions of the top 10 BCIs,

as defined at the TMZ-rex stage, color-coded for identity and displayed as ranking positions at the TMZ-rex stage and for theNaive-sorted KDM5Bhigh cells. Note

the similarity of ranking positions among the individual BCIs at both time points.

See also Figure S3 and Table S1.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Active Caspase-3 (FITC) (Clone: C92-605) BD Biosciences Cat#559341; RRID: AB_397234

ALDH1A1 (FITC) Abcam Cat#ab275646; RRID: N/A

Cyclin D3 Cell signaling Cat#2936, RRID: AB_2070801

Histone H3 (tri methyl K4) antibody - ChIP Grade Abcam Cat#ab8580; RRID:AB_306649

Human Fc Block BD Biosciences Cat#564220, RRID: AB_2869554

KDM5B Novus Cat#NB100-97821; RRID: AB_1291176

KDM5B Sigma-Aldrich Cat#HPA027179, RRID: AB_1851987

phospho-AKT (Ser473) (Alexa488) BD Biosciences Cat#560404; RRID: AB_1645342

phospho-AKT (Ser473) XP� Cell signaling Cat#4060S, RRID: AB_2315049

phospho-GSK3ß (Ser9) Cell signaling Cat#5558P, RRID: AB_10013750

phospho-mTOR (Ser2448) XP� Cell signaling Cat#5536P, RRID: AB_10691552

PI3 Kinase p85 Cell signaling Cat#4292; RRID: AB_329869

PI3 Kinase p110a Cell signaling Cat#4255; RRID: AB_659888

secondary antibody Alexa-Fluor 555 (goat anti-rabbit IgG) Thermo Fisher Scientific Cat#A21428; RRID: AB_2535849

secondary antibody Alexa-Fluor 647 (donkey anti-rabbit IgG) BioLegend Cat#406414, RRID:AB_2563202

secondary antibody HRP-linked (Anti-rabbit IgG) Cell signaling Cat#7074, RRID: AB_2099233

secondary antibody HRP-linked (Anti-mouse IgG) Cell signaling Cat#7076, RRID: AB_330924

b-actin Sigma-Aldrich Cat#A5441, RRID: AB_476744

Chemicals, peptides, and recombinant proteins

C46 Genentech This paper; N/A

CPI-455 Selleckchem Cat#S8287

SF1670 Selleckchem Cat#S7310

TMZ Sigma-Aldrich Cat#PHR1437

DMSO Sigma-Aldrich Cat#D2650

Critical commercial assays

CellTrace� Far Red solution Thermo Fischer Cat#C34572

BD Cytofix/Cytoperm� Fixation/Permeabilization Kit BD Biosciences Cat#554714;

RRID: AB_2869008

alamarBlue� assay Life Technologies Cat# DAL 1100

Oligonucleotides

ON-TARGETplus Non-targeting Pool (5 nmol) Horizon Discovery D-001810-10-05

ON-TARGETplus KDM5B siRNA (5 nmol) Horizon Discovery L-009899-00-0005

ON-TARGETplus set of 4 siRNAs (Target

Sequence 1: GGAGAUGCACUUCGAUAUA)

Horizon Discovery LQ-009899-00-0005

C911 siRNA 1: GGAGAUGCUGAUCGAUAUA Horizon Discovery N/A

ON-TARGETplus set of 4 siRNAs (Target

Sequence 2: UAAGUUAGUUGCAGAAGAA)

Horizon Discovery N/A

C911 siRNA 2: UAAGUUAGAACCAGAAGAA Horizon Discovery N/A

ON-TARGETplus set of 4 siRNAs (Target

Sequence 3: UCGAAGAGAUCCCUGCAUA)

Horizon Discovery N/A

C911 siRNA 3: UCGAAGAGUAGCCUGCAUA Horizon Discovery N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ON-TARGETplus set of 4 siRNAs (Target

Sequence 4: GGAAGAUCUUGGACUUAUU

Horizon Discovery N/A

C911 siRNA 4: GGAAGAUCAACGACUUAUU Horizon Discovery N/A

Primer: ALDH1A1 Fw: GCACGCCAGACTT

ACCTGTC, Rv: CCTCCTCAGTTGCAGGATTAAAG

IDT N/A

Primer: KDM1A Fw: TGACCGGATGACTTCTCAAGA,

Rv: GTTGGAGAGTAGCCTCAAATGTC

Eurofins N/A

Primer: KDM1B Fw: CTCTCCTGTGGGGAACATTTC,

Rv: GACTAGGTTCGGTTTTGCCATT

Eurofins N/A

Primer: KDM2B Fw: GGGTTCCCCTGATATTTCGAGA,

Rv: GCTCCCCACTAGGAGTTTGAC

Eurofins N/A

Primer: KDM5A Fw: GTCACCTGGAGCTAAGGCAC,

Rv: CCGTTTCCGTTTCTTCTCTG

IDT N/A

Primer: KDM5B Fw: AGTGGGCTCACATATCAGAGG,

Rv: CAAACACCTTAGGCTGTCTCC

IDT N/A

Primer: KDM5C Fw: CTTGCTACGCTCCCACTACG,

Rv: TGTGTTACACTGCACAAGGTTG

Eurofins N/A

Primer: KDM5D Fw: CAAGACCCGCTTGGCTACATT,

Rv: TTGGACGCGAGGAGTAAATCT

Eurofins N/A

Primer: KDM6A Fw: TACAGGCTCAGTTGTGTAACCT,

Rv: CTGCGGGAATTGGTAGGCTC

IDT N/A

Primer: RPL37A Fw: GACGTACAATACCACTTCCGC,

Rv: GGAGCGTCTACTGGTCTTTCA

IDT N/A

Barcoding Index Primer: Fw: AATGATACGGCGACCAC

CGAGATCTACACACTGACTGCAGTCTGAGTCTGACAG;

Rv: CAAGCAGAAGACGGCATACGAGAT -

(index of 6 bases) -GTGACTGGAGTTCAGACGTGTGC

TCTTCCGATCTCTAGCATAGAGTGCGTAGCTCTGCT.

Eurofins N/A

Custom Primer Illumina Sequencing: (5’-3’) ACACACT

GACTGCAGTCTGAGTCTGACA

Eurofins N/A

Recombinant DNA

ClonTracer library Addgene Cat#67267; RRID: Addgene_67267

pCMV delta R8.2 Addgene Cat #12263; RRID: Addgene_12263

pCMV-VSV-G Addgene Cat #8454; RRID: Addgene_8454

pLU-JARID1Bprom-EGFP-BLAST Roesch et al.9

pMD2.G Addgene Cat #12259; RRID: Addgene_12259

pMDLg/pRRE Addgene Cat #12251; RRID: Addgene_12251

pRSV-Rev Addgene Cat #12253; RRID: Addgene_12253

Software and algorithms

FACS Diva software version v8.0.1.1 BD Biosciences URL: https://www.bdbiosciences.com/en-ca/

products/instruments/software-informatics/

instrument-software/bd-facsdiva-software

FlowJo software v10.5.3 BD Biosciences URL: https://www.flowjo.com/solutions/flowjo/downloads

GraphPad Prism v8 GraphPad Software Inc. URL: https://www.graphpad.com/features

Image Lab� software v6.0.1 BioRad URL: https://www.bio-rad.com/de-de/product/

image-lab-software?ID=KRE6P5E8Z

Python v3.9.9 Python Software Foundation URL: https://www.python.org/downloads/

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Björn Scheffler

(b.scheffler@dkfz-heidelberg.de).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Pairs of vital patient cells representing treatment-naive and TMZ pre-exposed relapse samples, were derived as reported previously5 from

clinical IDH-wt glioblastoma tissue at the University BonnMedical Center (sample IDs: BN; n=6 patients) (Table S1). All studies were conduct-

ed in accordance with recognized ethical guidelines (Declaration of Helsinki) and approved by the respective local ethics committees (insti-

tutional review boards); all patients provided informed written consent. Tumor classification relied on the 2021 WHO guidelines58 and was

provided by routine neuropathology methods. Patient cell samples, regularly polymerase chain reaction (PCR)-tested negative for myco-

plasm, were used at passages 5-18 for in vitro experimentation. Sample authentication was conducted by STR analysis. Culture conditions

included Neurobasal-media supplemented with 1% Glutamin, 1% B27 Supplement, 1% Antibiotic- Antimycotic, 0.5% N2 Supplement and

1mg/ml Laminin, supplemented with 10ng/mL EGF and bFGF every 48 hours. Cells were grown in Laminin/Poly-L-ornithine coated plastic-

ware. Unless otherwise specified, media, reagents, and analytical compounds were obtained from Life Technologies (Carlsbad, CA, USA)

or Sigma-Aldrich (St. Louis, MO, USA).

METHOD DETAILS

Transduction of KDM5B-EGFP-reporter construct

The KDM5B-promoter-EGFP-reporter construct was stably integrated into early passage (p4-p13) naive BN46, BN118, E049, E056, as well as

TMZ-exposed TMZ/eRBN46, cRBN118 patient cell samples via lentiviral infection. Lentivirus was produced in HEK293T cells using the TransIT-

TKO� transfection reagent Mirus (Mirus Bio; Madison, Wisconsin, USA), Opti-MEM� Reduced Serum Medium (Thermo Fisher Scientific;

Waltham,MA, USA) and the following plasmids: 2.5mg Lenti (pLU-JARID1Bprom-EGFP-BLAST; from9), 2.5mgpMDLg/pRRE (Addgene,Water-

town, MA, USA #12251; RRID: Addgene_12251), 2.5mg pRSV-Rev (Addgene #12253; RRID: Addgene_12253); 2.5mg pMD2.G (Addgene

#12259; RRID: Addgene_12259). For stable transduction, 106 cells of the indicated patient cell samples were provided with virus for 48 hours

and selection of cells was achieved by blasticidin (Invivogen; San Diego, California, USA) and confirmed using flow cytometry for EGFP. The

transduced cells were expanded under controlled culture conditions for 2-4 passages, frozen as stocks, thawed and passaged once more for

consecutive experimentation.

Cellular assays

A schematic representation of individual experimental settings and workflows is provided for each long-term or reductionist cellular assay.

For drug exposure studies, indicated vital cells were seeded 24 hours prior to the experiment. Compounds were provided as a single dose

(SF1670, 10nM; Selleckchem; Houston, TX, USA) or every other day (TMZ, 500mM, Sigma-Aldrich; CPI-455, 12mM, Selleckchem, according

to14,60; C46, 6mM, kindly provided by Genentech as part of an institutional MTA (ID: OR-216374); DMSO in corresponding concentrations,

Sigma-Aldrich).

For knockdown studies, the following siRNAs were used (20mM, each): SMARTpool: ON-TARGETplus KDM5B siRNA (5nmol; L-009899-00-

0005) and ON-TARGETplus Non-targeting Pool (nmol; D-001810-10-05), both Horizon Discovery (Waterbeach, UK). In addition to this the

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

R software v4.2.2 Posit PBC URL: https://cran.utstat.utoronto.ca/ and

https://posit.co/download/rstudio-desktop/

Illumina bcl2fastq 2.20.0.422 Conversion Software URL: https://support.illumina.com/sequencing/

sequencing_software/bcl2fastq-conversion-software.html
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following individual single siRNAs (ON-TARGETplus set of 4 KDM5B siRNAs) and corresponding C911 controls were used, all Horizon Dis-

covery (Waterbeach, UK):

Target Sequence 1: GGAGAUGCACUUCGAUAUA;

C911 siRNA 1: GGAGAUGCUGAUCGAUAUA;

Target Sequence 2: UAAGUUAGUUGCAGAAGAA;

C911 siRNA 2: UAAGUUAGAACCAGAAGAA;

Target Sequence 3: UCGAAGAGAUCCCUGCAUA;

C911 siRNA 3: UCGAAGAGUAGCCUGCAUA;

Target Sequence 4: GGAAGAUCUUGGACUUAUU.

Lipofectamine� RNAiMAX Transfection Reagent (Thermo Fischer), Opti-MEM� Reduced SerumMedium (Thermo Fischer) and 5x siRNA

buffer (Dharmacon; Lafayette, CO, USA) was used. Knockdown effects were verified using qPCR or Western Blot analysis after 6 days.

Experimental readouts

Quantitative PCR analysis (qPCR) involved RNA isolation with TRIzolTM by manufacturer instructions (Invitrogen; Carlsbad, CA, USA). cDNA

synthesis used Oligo(dT)20 Primer (Invitrogen), SuperScript IV Reverse Transcriptase (including buffer + DTT) (Invitrogen), dNTPs (Genecraft;

Lüdinghausen, Germany) and RandomHexamers dN6 (Thermo Fischer). qPCR used Luminoct� SYBRGreen qPCR ReadyMix (Sigma-Aldrich)

and the following primer pairs (IDT; Coralville, Iowa, USA and Eurofins (Luxembourg):

ALDH1A1 Fw: GCACGCCAGACTTACCTGTC, Rv: CCTCCTCAGTTGCAGGATTAAAG; KDM1A Fw: TGACCGGATGACTTCTCAAGA, Rv:

GTTGGAGAGTAGCCTCAAATGTC; KDM1B Fw: CTCTCCTGTGGGGAACATTTC, Rv: GACTAGGTTCGGTTTTGCCATT; KDM2B Fw: GGG

TTCCCCTGATATTTCGAGA, Rv: GCTCCCCACTAGGAGTTTGAC; KDM5A Fw: GTCACCTGGAGCTAAGGCAC, Rv: CCGTTTCCGTTTC

TTCTCTG; KDM5B Fw: AGTGGGCTCACATATCAGAGG, Rv: CAAACACCTTAGGCTGTCTCC; KDM5C Fw: CTTGCTACGCTCCCACT

ACG, Rv: TGTGTTACACTGCACAAGGTTG; KDM5D Fw: CAAGACCCGCTTGGCTACATT, Rv: TTGGACGCGAGGAGTAAATCT; KDM6A

Fw: TACAGGCTCAGTTGTGTAACCT, Rv: CTGCGGGAATTGGTAGGCTC; RPL37A Fw: GACGTACAATACCACTTCCGC, Rv: GGAGC

GTCTACTGGTCTTTCA.

A PCR Mastercycler nexus GX2 (Eppendorf, Hamburg, Germany) and a CFX96 Touch real-time cycler (BioRad, Hercules, CA, USA) were

used. Relative gene expression was calculated by normalization to the housekeeper gene RPL37A.

Flow cytometry was conducted per standard methodology on a FACS Celesta (BD Biosciences; San Jose, CA, USA) using the FACS Diva

software version v 8.0.1.1 (BDBiosciences). Data analysis was performed using FlowJo software, version v10.5.3. The gating strategy for detec-

tion of KDM5Bhigh cells, included the setting of a threshold on the 5% highest fluorescence intensity (TOP 5%EGFP-KDM5B reporter) as deter-

mined in the respective control sample (naive cells or DMSO). The control gate was projected onto each further sample to determine the

frequency of experimental cells reaching the threshold.

The 7-AAD Viability Staining Solution (0.25mg/1x106 cells; Thermo Fischer) was applied to single cell suspensions of indicated samples,

derived from drug exposure studies, 5-10 minutes prior to flow cytometry analysis.

CellTrace� Far Red solution (5mM in PBS; Thermo Fischer #C34572) was applied by manufacturer’s instruction on indicated cell samples

under adherent proliferative conditions, one hour before the indicated drug exposure. Proliferation analysis by flow cytometry was performed

five days later.

Quantification of cellular phenotypeswas performedon 0.25-0.5x106 of the indicated patient cells in FACSbuffer (2mMEDTA, 0.1%BSA in

1x PBS) with human Fc Block (1:100; BD Biosciences, Franklin Lakes, NJ, USA, #564220, RRID: AB_2869554) for 15 min at RT. Cells were fixed

and permeabilized by the BD Cytofix/Cytoperm� Fixation/Permeabilization Kit (BD Biosciences) according to the manufacturer’s protocol.

Conjugated primary antibodies included: ALDH1A1 (FITC, 1:5, Abcam #ab275646, RRID: N/A) and pAKT (Ser473) (Alexa488, 1:2.5, BD Bio-

sciences #560404, RRID: AB_1645342). The unconjugated KDM5B antibody (rabbit, 1:25, Novus #NB100-97821, RRID: AB_1291176) was com-

binedwith an Alexa-Fluor 555 coupled secondary antibody (goat anti-rabbit IgG, 1:200, Thermo Fisher Scientific #A21428, RRID: AB_2535849)

or alternatively with an Alexa-Fluor 647 coupled secondary antibody (donkey anti-rabbit IgG, 1:400, BioLegend #406414; RRID:AB_2563202).

Antibody solutions were incubated with cells for 30 min on ice. Prior to flow cytometry analysis, cells were washed and resuspended in FACS

buffer.

The caspase assay was evaluated for active Caspase-3 accordingly, using appropriate antibodies (FITC, 1:5, BD Bioscience #559341, RRID:

AB_397234) and methods prior to flow cytometry.

Cell confluence was determined in the cellular assays at indicated time points longitudinally using software-based cell recognition

(Nyone�, Synentec, Elmshorn, Germany).

Cell viabilitywas evaluated via alamarBlueTM assay (Life Technologies) following themanufacturer’s instructions. Readout was performed

on a Tecan Infinite F200 instrument (Tecan, Männedorf, Switzerland).

Protein expression analysis involved scrapping of cells using a lysis buffer (Pierce� RIPA Buffer (Life Technologies) containing cOmplete�
Protease Inhibitor Cocktail (Roche; Basel, Switzerland) and PhosSTOP� (Sigma-Aldrich). Protein concentration was measured using Thermo

Scientific Pierce BCA Protein Assay (Thermo Fischer) and a Tecan Infinite F200 instrument. Total protein was separated by SDS-PAGE (4–15%

Mini-PROTEAN� TGX� Precast Protein Gels; BioRad) and transferred onto nitrocellulose membranes (Trans-Blot� Turbo�Mini Nitrocellu-

lose Transfer Packs; Biorad) by electroblotting. Membranes were blocked in 5% milk powder (Carl Roth GmbH, Karlsruhe, Germany) in PBS

(Thermo Fischer) with 0.5% TWEEN�-20 (Sigma-Aldrich) (PBST) or alternatively in TBS (TRIS-Hydrochlorid (Carl Roth); Sodium chloride (Carl
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Roth)) with 0.5% TWEEN�-20 (Sigma-Aldrich) (TBST) for 1 hour. The membranes were supplied with primary antibodies (KDM5B (1:250,

Sigma-Aldrich #HPA027179, RRID: AB_1851987); PTEN XP� (1:1000, Cell signaling #9188P, RRID: AB_2253290); phospho-AKT (Ser473)

XP� (1:2000, Cell signaling #4060S, RRID: AB_2315049); phospho-GSK3ß (Ser9) (1:1000, Cell signaling #5558P, RRID: AB_10013750); phos-

pho-mTOR (Ser2448) XP� (1:1000, Cell signaling #5536P, RRID: AB_10691552); Cyclin D3 (1:1000, Cell signaling #2936, RRID:

AB_2070801)) in 5% milk powder in PBST overnight at 4�C or for 1 hour at room temperature (b-actin (1:5000, Sigma-Aldrich #A5441,

RRID: AB_476744). The primary antibodies PI3 Kinase p85 1:1000, Cell signaling #4292, RRID: AB_329869) and PI3 Kinase p110a (1:1000,

Cell signaling #4255, RRID: AB_659888) were supplied in 5% BSA (Carl Roth) in TBST overnight at 4�C. The membranes were detected

with horseradish peroxidase (HRP)-coupled secondary antibodies (anti-rabbit IgG, HRP-linked (1:2000, Cell signaling #7074, RRID:

AB_2099233); Anti-mouse IgG, HRP-linked (1:2000, Cell signaling #7076, RRID: AB_330924)) using Clarity� Western ECL Substrate (Biorad)

and the ChemiDoc System (Biorad). For stripping the membrane was incubated with suitable stripping buffer before blocking with 5%

milk and staining with primary and secondary antibodies as described above. Intensity quantification and normalization to ß-actin was per-

formed using Image Lab� software version 6.0.1 (Biorad).

Barcoding of glioblastoma patient cells

Indicated patient cells were barcodedby lentiviral infectionwith theClontracer System.28 TheClonTracer library (Addgene #67267) consists of

semi-random 30-bp-long DNA barcodes with 15 repeats of alternating weak (A/T) and strong (G/C) bases and flanked by a pair of primer

binding sites for barcode amplification, cloned into the lentiviral vector backbone pRSI9-U6-(sh)-UbiC-TagRFP-2A-Puro (Cellecta; Mountain

View, CA, USA), containing puromycin resistance cassette and RFP as a fluorescent marker.

Lentivirus was produced in HEK293T cells using the TransIT-TKO� transfection reagent Mirus (Mirus Bio; Madison, Wisconsin, USA), Opti-

MEM� Reduced SerumMedium (Thermo Fisher Scientific) and the following plasmids: 2.4mg ClonTracer Barcoding Library (containing barc-

odes, RFP and puromycin resistance cassette, Addgene #67267; RRID: Addgene_67267), 2.4mg pCMV delta R8.2 (Addgene #12263; RRID:

Addgene_12263), 1.2mg pCMV-VSV-G (Addgene #8454; RRID: Addgene_8454). 10x106 cells were infected with an efficiency of 10 - 30%

(RFP-based flow cytometry) to uniquely barcode each of the 106 cells.26 Selection of barcoded cells was performed by puromycin (Thermo

Fisher Scientific) and verified by flow cytometry through RFP.

For NGS analysis, DNA was isolated from harvested samples using the Gentra Puregene Precipitation Kit (Qiagen; Hilden, Germany) as

instructed by the manufacturer. A PCR was performed to enrich the barcode region using KAPA HiFi HotStart ReadyMix (Roche): with the

forward primer (all Eurofins; Luxembourg):

(5’-3’) AATGATACGGCGACCACCGAGATCTACACACTGACTGCAGTCTGAGTCTGACAG and 12 different reverse Index primers (for

multiplex sequencing):

(5’-3’) CAAGCAGAAGACGGCATACGAGAT - (index of 6 bases) -GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTAGCATAG

AGTGCGTAGCTCTGCT.

Pooled, PCR-amplified and gel-purified (QIAquick Gel Extraction Kit; Qiagen; Hilden, Germany) products were sent for sequencing on an

Illumina HiSeq 2000 v4 single-read 50bp platform or a NextSeq 550 single-read 75bp using the Multiplex Index Type Illumina TruSeq. For

sequencing the following primer was used: (5’-3’) ACACACTGACTGCAGTCTGAGTCTGACA (Eurofins). Additionally, Illumina primers

were used for sequencing PhiX v3 and the index sequence of pooled samples. The Illumina bcl2fastq 2.20.0.422 Conversion Software was

used to demultiplex sequencing data and convert base call (BCL) files into FASTQfiles. Quality control of the sequencing data was performed

using the FastQC Reports. The barcode representation for each sample (reads per barcode per sample) was extracted from the FASTQ files

from the barcode-sequencing runs, using a custom-written Python script (version 3.9.9) according to the Clontracer System.28 Only the 30N

barcodes, which consisted of alternating weak and strong base pairs and were bordered by specific flanking sequences, were further

analyzed. Barcode reads were normalized by dividing reads per barcode by total read count of the sample. Bubble plots showing relative

abundance were generated in R (version 4.1.2) by using the ggplot2 package (version 3.3.6), showing only barcodes above or equal to a

threshold of 1%, in at least one of the samples. Stacked plots were generated using R (software version 4.2.2) for the TOP50 DTEP barcodes

in each sample, stacked to 100%.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise specified, data are presented as meanG SD. Statistical methods, including corrections for multiple testing are described in

each set of data. The significance thresholdwas set at 0.05. R (The R Foundation for Statistical Computing, v4.1.3) andGraphPad Prism v8were

used for statistical analysis. Statistical details of the experiments can be found in the figure legends.
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