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Simple Summary: CDK4/6 kinase inhibitors show promising results in various subtypes of AML,
which has been primarily assigned to the inhibition of CDK6. To bypass therapeutic resistances and
tackle the kinase-dependent, as well as kinase-independent, functions of CDK6, new CDK6 degraders
have been developed. Here, we present insights into the mechanistic requirements for the efficacy
of a CDK6-specific degrader in AML. We show that the presence and levels of the INK4 proteins
p16INK4A and p18INK4C determine the extent of CDK6 degradation. Our study reveals the importance
of INK4 protein levels as predictive markers for CDK6-targeted therapy in AML.

Abstract: Cyclin-dependent kinase 6 (CDK6) represents a novel therapeutic target for the treatment
of certain subtypes of acute myeloid leukaemia (AML). CDK4/6 kinase inhibitors have been widely
studied in many cancer types and their effects may be limited by primary and secondary resistance
mechanisms. CDK4/6 degraders, which eliminate kinase-dependent and kinase-independent effects,
have been suggested as an alternative therapeutic option. We show that the efficacy of the CDK6-
specific protein degrader BSJ-03-123 varies among AML subtypes and depends on the low expression
of the INK4 proteins p16INK4A and p18INK4C. INK4 protein levels are significantly elevated in
KMT2A-MLLT3+ cells compared to RUNX1-RUNX1T1+ cells, contributing to the different CDK6
degradation efficacy. We demonstrate that CDK6 complexes containing p16INK4A or p18INK4C are
protected from BSJ-mediated degradation and that INK4 levels define the proliferative response to
CDK6 degradation. These findings define INK4 proteins as predictive markers for CDK6 degradation-
targeted therapies in AML.

Keywords: CDK6; AML; degrader; INK4; p16; p18; Cdkn2a; Cdkn2c

1. Introduction

Acute myeloid leukaemia (AML) is an aggressive disease that comprises a highly
heterogeneous group of genetically distinct subtypes. The initiation and propagation of
AML is driven by leukemic stem cells (LSCs), which are able to self-renew and give rise to
malignant myeloid cells [1]. A genome-scale CRISPR/Cas9 screen of 342 cancer cell lines
revealed that AML cells are highly dependent on cyclin-dependent kinase 6 (CDK6) but
not on its close homologue cyclin-dependent kinase 4 (CDK4) [2,3]. Further support for
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the key role of CDK6 in AML stems from the finding that CDK6 is a prognostic biomarker
for AML [4]. The chromosomal translocations of AML that have been linked to CDK6
addiction include t(8;21) generating RUNX1-RUNX1T1 (previously AML1-ETO), t(9;11)
inducing KMT2A-MLLT3 (previously MLL-AF9) and t(5;11) leading to FLT3-ITD [5–9]. In
addition, CDK6 has been implicated as a key regulator of LSC functions [10]. As such,
CDK6 regulates the transcription of early growth response protein 1 (EGR1) and interacts
with runt-related transcription factor 1 (RUNX1) to block RUNX1-dependent transcriptional
effects. The involvement of CDK6 in these processes underscores its potential as a target
for AML therapy [5,10,11].

The ATP-competitive small molecule compound palbociclib inhibits the enzymatic
functions of CDK6 and CDK4 and has been FDA approved for the treatment of breast cancer
patients. However, insensitivity to palbociclib commonly occurs [12]. Primary resistance
to palbociclib has been associated with high levels of p16INK4A [13,14]. P16INK4A is an
intrinsic inhibitor of CDK4 and CDK6 and together with p15INK4B, p18INK4C and p19INK4D,
it belongs to the INK4 protein family [15,16]. The binding of INK4 proteins to CDK4 or
CDK6 induces conformational changes to the cell cycle kinases reducing D-type cyclin
binding, which decelerates G1 to S phase cell cycle transition. In breast cancer cells, a high
p16INK4A level confers drug resistance but low levels are not consistently associated with
sensitivity to palbociclib [13,14]. In AML, INK4 proteins contribute to disease progression
and the downregulation of p16INK4A correlates with worse survival prognosis for AML
patients [17,18].

Considering that CDK6 not only functions as a cell cycle kinase but also regulates tran-
scriptional processes in a kinase-dependent and kinase-independent manner, it was of great
interest to establish a strategy that targets all of the functions of CDK6 [19]. Homolog selec-
tive pharmacological CDK6 degraders that exploit the cell intrinsic proteasomal machinery
to degrade the CDK6 protein have been developed. Initial studies showed that these com-
pounds successfully degrade CDK6 in leukemic cells in vitro and in vivo, which results in a
clear advantage over CDK4/6 kinase inhibitors [3,20]. A single KMT2A-AFF1+ cell line has
been employed in the in vitro study, which restricts conclusions in a broader context [3].

Here, we extended these findings and studied the effects of CDK6 degrader efficacy
in two CDK6-dependent AML subtypes harbouring either KMT2A-MLLT3 or RUNX1-
RUNX1T1. We took advantage of a novel haematopoietic progenitor cell model (HPCLSKs)
to study CDK6 degrader efficacy in a genetically defined setting of AML subtypes. One
major advantage of this cell line model is its leukemic stem/progenitor state. The involve-
ment of p16INK4A in palbociclib resistance and the role of INK4 proteins in AML disease
progression require a systematic investigation of INK4 proteins within the context of CDK6
degradation in distinct AML subtypes. We identified p16INK4A and p18INK4C as dominant
CDK6 binding partners that counteract pharmacological protein degradation.

2. Materials and Methods
2.1. RNA Expression Data from Human AML Patients

Affymetrix HG-U133_plus_2.0 data were obtained from the ArrayExpress database
(https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-3444/, last accessed 10 March
2022) and GEO database (GSE13159). Raw microarray data were processed, normalised and
log2 transformed using the frozen robust multiarray (fRMA, version 1.42.0) algorithm and
R 4.0.4 software. Log2 transformed data were batch corrected using the ComBat function of
the R package SVA (version 3.38.0), followed by the calculation of differential expressions
using the lmFit function of the limma package (version 3.46.0). An FDR < 0.05 was used as
the cut-off for statistical significance.

2.2. Cell Line Establishment and Cell Culture

Haematopoietic progenitor cells were generated from mouse bone marrow with
lineage-negative and lineage-positive selection for c-Kit and Sca-1 (HPCLSK) according
to a recently established protocol [21]. HPCLSK cells were then retrovirally transformed
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with either pMSCV-KMT2A-MLLT3 IRES (Venus) or pMSCV-RUNX1-RUNX1T19a-IRES
(GFP) vectors using Platinum-E Retroviral Packaging Cells and TurboFect (Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. HPCLSK

AML cells were selected for GFP or Venus expression using fluorescence activated cell
sorting analysis (FACS) with the BD FACS Aria™ III (BD Biosciences, Franklin Lakes, NJ,
USA). The cell culture conditions of the HPCLSK AML cell lines were maintained according
to the published protocol [21]. Shortly afterwards, the cells were kept in the Iscove’s
Modified Dulbecco Medium (IMDM; Sigma-Aldrich, St. Louis, MO, USA), which was
supplemented with 5% foetal bovine serum (Gibco, Thermo Fisher Scientific, Waltham, MA,
USA), 1.5× 10−4 M 1-thiolglycerol, 1% penicillin/streptomycin (Sigma), 2 mM L-glutamine
(Sigma-Aldrich, St. Louis, MO, USA), 2% SCF (in-house preparation) and 12.5 ng/mL
interleukin-6 (IL-6; a gift from the Research Institute of Molecular Pathology (IMP), Vienna).
The HPCLSK AML cells were cultured on 1% agarose (peqGOLD Universal Agarose, VWR,
Darmstadt, Germany) coated culture plates in a 5% CO2 humidified incubator. The BCR-
ABLp185+ cells were cultivated as described previously [22]. Human AML cell lines NOMO-
1 (RRID:CVCL_1609), THP-1 (RRID:CVCL_0006), MOLM13 (RRID:CVCL_2119) and MV4-
11 (RRID:CVCL_0064) were cultured in an RPMI-1640 growth medium (Sigma-Aldrich, St.
Louis, MO, USA) that was supplemented with 10% foetal bovine serum (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA) and 1% penicillin/streptomycin (Sigma-Aldrich, St.
Louis, MO, USA).

2.3. RNA Isolation and RT-qPCR

RNA was extracted using the RNeasy Mini Kit (Qiagen, Venlo, Netherlands) or the
RNA-Solv® Reagent (Omega Bio-tek, Norcross, GA, USA) according to the manufacturer’s
instructions. For reverse transcription, the iScript cDNA Synthesis Kit was used (Bio-Rad,
Hercules, CA, USA). Real-time quantitative PCRs (RT-qPCR) were performed with the
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, Hercules, CA, USA). The QPCRs
were performed on a CFX96 real time PCR machine (Bio-Rad, Hercules, CA, USA). The
QPCR primer sequences are summarised in Table S1.

2.4. RNA Sequencing

The RNA sequencing dataset from a different, still unpublished, study with a separate
focus was used to look specifically at the expression of the INK4 genes. RNA was isolated
from the HPCLSK WT cells and AML cells that were harbouring KMT2A-MLLT3 or RUNX1-
RUNX1T1. Sequencing libraries were prepared using the NEB Next Ultra II kit. Sequencing
was performed on an Illumina NovaSeq system (Illumina, San Diego, CA, USA) in a
50-bp paired-end fashion. Demultiplexed reads were aligned against the GRCm38 primary
assembly mouse reference genome using STAR 2.7.6a [23]. The gene model used was the
Gencode M25 primary assembly annotation [24]. Reads aligned across genes were counted
using the featureCounts function from the subred 2.0.1 package [25]. Differential gene
expression analysis was performed in R (Version 4.0.3) with the DESeq2 package [26,27].
Normalised fragment counts were calculated by multiplying raw fragment counts with
size factors, as implemented in DESeq2.

2.5. Immunoblot Analysis

Proteins were isolated using an RIPA buffer composed of 150 mM NaCL, 50 mM Tris
HCl pH 8 and 0.1% SDS, which was supplemented with a proteinase inhibitor cocktail
(cOmplete™, Roche, Basel, Switzerland), and shaking for 30 min and 20 min centrifuga-
tion at 13,000 rpm at 4 ◦C. The concentrations of the whole-cell lysates were measured
colourimetrically (Pierce™ BCA Protein Assay Kit, Thermo Fisher Scientific) on an EnSpire®

Multimode Plate Reader (Perkin Elmer, Waltham, MA, USA). Protein lysates were incu-
bated at 95 ◦C with a Laemmli buffer before being loaded onto the 10% or 12% sodium
dodecyl sulphate polyacrylamide (SDS-PAGE) gel. Separated proteins were transferred
to menthol activated Immobilon®-P polyvinylidene difluoride membranes (PVDF; Merck,
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Darmstadt, Germany) using overnight blotting with 0.2 mA for 18 h followed by 0.4 mA for
5 h at 4 ◦C. The membranes were blocked with 5% BSA in a Py-TBST buffer and incubated
overnight with the primary antibodies in 3% BSA. Secondary antibodies were incubated
for 1 h at room temperature (RT). The chemiluminescence of the membranes was measured
with the ChemiDoc™ Imaging System (Bio-Rad, Hercules, CA, USA) after incubation with
20× LumiGLO® Reagent and 20× Peroxide (Cell Signaling Technology, Danvers, MA,
USA). The densitometry quantification of the signals was performed with the Image Lab
5.2.1. software (Bio-Rad, Berkeley, CA, USA). Table S2 summarises the antibodies that
were used.

2.6. CDK6 Degrader and CDK4/6 Inhibitor Treatments

BSJ-03-123 (BSJ) was purchased from MedChemExpress LLC (Princeton, NJ, USA) [3].
BSJ was used at concentrations ranging from 0.75 to 9 µM, as indicated in the respective
figure. Cells were seeded for the treatments at a density of 0.5 × 106 cells per mL and
analysed at different time-points, as indicated in the respective figures. The BSJ media was
renewed every day. Palbociclib (PD-0332991) was obtained from Pfizer (New York City,
NY, USA).

2.7. Flow Cytometry

Flow cytometry analyses were performed on CytoFLEX S (Beckman Coulter, Inc., Brea,
CA, USA). The oncogene expression of KMT2A-MLLT3 (Venus) and RUNX1-RUNX1T1
(GFP) was detected in the FITC channel. Cell cycle analysis was performed using pro-
pidium iodide (PI) through the incubation of the cell suspension in a PI buffer that was
supplemented with a 0.1% Na citrate dehydrate, 0.1% Triton-X-100 (Sigma-Aldrich, St.
Louis, MO, USA), 0.1% RNAse (Sigma-Aldrich, St. Louis, MO, USA) and 20 µg/mL PI
(Sigma-Aldrich, St. Louis, MO, USA) by incubating for 30 min at 37 ◦C followed by imme-
diate FACS analysis in the PE channel. Cell surface staining was performed to measure
myeloid differentiation using an antibody against the surface marker Gr-1 (Ly-6G) (listed
in the supplementary methods section). Cells were washed with PBS and incubated with
the antibody for 1 h at 4 ◦C. Cells were then again washed with PBS and resuspended in
PBS for the flow cytometry analyses.

2.8. Immunoprecipitation (IP) and Mass Spectrometry (MS) Analysis

Cell lysis was performed using an egg lysis buffer composed of 0.1% NP-40, 50 mM
N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid, 250 mM NaCl and 5 mM EDTA
in the presence of 0.4 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride (PMSF), 2 mM
NaF and a protease inhibitor cocktail (Roche, Basel, Switzerland). Protein concentration
was measured colourimetrically (Pierce™ BCA Protein Assay Kit, Thermo Fisher Scientific,
Waltham, MA, USA) on an EnSpire® Multimode Plate Reader (Perkin Elmer, Waltham,
MA, USA). Then, 600 µg of protein and 16 µg of the CDK6 C-21 antibody were incubated
overnight at 4 ◦C under rotation. Protein–antibody complexes were then incubated with
40 µL Pierce Protein A/G Agarose Beads (Thermo Fisher Scientific, Waltham, MA, USA)
for 2 h at 4 ◦C under rotation. For normal Ips, 30 µL of 4× Laemmli buffer was added to the
beads for elution at 95 ◦C for 10 min. For IP-MS analysis, the agarose beads were washed in
an IP buffer containing 50 mM HEPES pH 8.0, 100 mM KCl, 2 mM EDTA, 10% glycerol and
0.1% NP-40 substitute. For the elution of the protein complexes, the beads were incubated
in 50 µL of a 2% SDS elution buffer that was supplemented with 50 mM HEPES pH 8.0,
150 mM NaCl and 5 mM EDTA at 95 ◦C for 10 min. An equivalent of 30 µg of total protein
input, supernatant (SN) and 10% of the IP eluate were separated and analysed using 10%
SDS-PAGE gel, as described in the Immunoblot Analysis. In total, 90% of the IP eluate
was submitted for analysis based on liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS) proteomics, as described in the supplementary methods section.
The IP-MS experiment was performed at the Proteomics Facility of the Research Centre for
Molecular Medicine of the Austrian Academy of Sciences (CeMM, Vienna, Austria).
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2.9. Statistical Analysis, Data Visualisation and Graphical Design

The data illustration and statistical analysis were performed using GraphPad Prism
8.4.3 software (GraphPad, San Diego, CA, USA http://www.graphpad.com, last accessed
12 March 2022). When not indicated differently in the figure legends, the data are pre-
sented as mean values + SEM. The p-values from the Student’s t-test are presented as
follows: * p < 0.05; ** p < 0.01; and *** p < 0.001. The false discovery rates (FDR) from
the RNA expressions of the human AML patients are presented as follows: * FDR < 0.05;
** FDR < 0.01; and *** FDR < 0.001. The experimental outlines and mechanistic models
were created using BioRender.com.

3. Results
3.1. Differential INK4 Expression in KMT2A-MLLT3+ and RUNX1-RUNX1T1+ AML

P16INK4A levels have been proposed to cause CDK4/6 inhibitor resistance in differ-
ent cancer types, but only limited information is available for AML. To investigate INK4
protein levels in AML, we analysed microarray data from healthy human bone marrow
(BM) and CDK6-dependent AML subtypes harbouring RUNX1-RUNX1T1 t(8;21) fusion
or KMT2A rearrangements t(11q23) (KMT2Ar) with a focus on KMT2A-MLLT3 t(9;11).
RUNX1-RUNX1T1 and KMT2A-MLLT3 are among the most common karyotype aber-
rations in AML [28,29]. KMT2A-MLLT3+ AML patients display significantly increased
CDKN2A (p16INK4A) expression compared to healthy BM and RUNX1-RUNX1T1+ patients
(Figure 1A). No alterations of CDKN2B (p15INK4B) expression were detected. A significant
reduction in CDKN2C (p18INK4C) was present in KMT2Ar patients compared to RUNX1-
RUNX1T1+ and KMT2A-MLLT3+ patients. Compared to healthy BM, the reduction was
not significant. Notably, the KMT2A-MLLT3+ patient samples were separated into two
populations: one group of samples showed increased CDKN2C (p18INK4C) expression
compared to healthy BM and the other AML subtypes, whereas a distinct subset of patients
exhibited low CDKN2C (p18INK4C) levels. CDKN2C (p18INK4C) and CDKN2A (p16INK4A)
showed a significant positive correlation, which is indicative of a coregulation (Figure S1A).
CDKN2D (p19INK4D) expression was significantly reduced in RUNX1-RUNX1T1+ patient
samples compared to all other groups (Figure 1A).

To gain further insights, we took advantage of a recently established cellular model. We
generated murine leukemic progenitor cell lines (HPCLSK) [21], into which we retrovirally
introduced RUNX1-RUNX1T1 or KMT2A-MLLT3. Individual HPCLSK AML cells were then
derived (Figure 1B). The transformed HPCLSK cells were able to induce disease in vivo [21].
This system enabled the concomitant investigation of the oncogene induced effects in
genetically comparable parental cells. Flow cytometry analysis and mRNA expression
(Figure S1B,C) verified the presence of the oncogenic fusion proteins that harbour an IRES
Venus (KMT2A-MLLT3) or an IRES GFP (RUNX1-RUNX1T1). Four distinct clones of each
AML subtype were used for further studies.

Using an unpublished RNA sequencing dataset, we focused on the INK4 expressions
of the HPCLSK AML lines compared to the maternal untransformed HPCLSK (WT) lines
(Figure 1C). Cdkn2c (p18INK4C) was consistently expressed at high levels in KMT2A-MLLT3+
cells compared to RUNX1-RUNX1T1+ and control cells. In line with the situation in human
patients, we observed a trend of increased Cdkn2a (p16INK4A) expression in both oncogenic
settings compared to the controls. Cdkn2d (p19INK4D) and Cdkn2b (p15INK4B) did not show
any significant differences between transformed and untransformed cells.

http://www.graphpad.com
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Figure 1. INK4 protein levels differ among AML subtypes. (A) The RNA expressions of INK4 genes 
from human AML patient microarray datasets were analysed: healthy bone marrow, BM (n = 74); 
RUNX1-RUNX1T1, t(8;21) (n = 86); KMT2A rearrangements, KMT2Ar (11q23) (n = 22); KMT2A-

Figure 1. INK4 protein levels differ among AML subtypes. (A) The RNA expressions of INK4
genes from human AML patient microarray datasets were analysed: healthy bone marrow, BM
(n = 74); RUNX1-RUNX1T1, t(8;21) (n = 86); KMT2A rearrangements, KMT2Ar (11q23) (n = 22);
KMT2A-MLLT3, t(9;11) (n = 21). The KMT2Ar contained no KMT2A-MLLT3 samples. The line
represents the median; * FDR < 0.05; ** FDR < 0.01; *** FDR < 0.001. (B) A schematic representation
of experimental procedure. Murine bone marrow cells were isolated and immortalised with an
LHX2 plasmid vector for generating HPCLSK lines. HPCLSK cells were then transformed by the
integration of human RUNX1-RUNX1T1 t(8;21) (GFP) or KMT2A-MLLT3 t(9;11) (Venus) plasmid
vectors. (C) The RNA expression of INK4 genes in the HPCLSK WT (n = 4), RUNX1-RUNX1T1+
(n = 3) and KMT2A-MLLT3+ (n = 4) cells taken from a RNA sequencing dataset: * p = 0.0299. (D) The
immunoblot of the different biological replicates of HPCLSK WT (n = 3), KMT2A-MLLT3+ (n = 4) and
RUNX1-RUNX1T1+ (n = 4) cells detecting CDK6, p16INK4A and p18INK4C. HSC70 served as a loading
control. The uncropped immunoblots are depicted in Figure S5 and the densitometry quantification
is presented in Figure S1D.
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The high Cdkn2c (p18INK4C) mRNA levels in the KMT2A-MLLT3+ HPCLSK cells com-
pared to the RUNX1-RUNX1T1+ HPCLSK cells were verified at protein level by immunoblot
analysis (Figure 1D, Figure S1D and the original immunoblots in Figure S5). P16INK4A

protein levels were higher in KMT2A-MLLT3+ compared to RUNX1-RUNX1T1+ samples,
pointing to the involvement of translational regulation. Notably, a single KMT2A-MLLT3+
HPCLSK cell line displayed low p16INK4A and p18INK4C protein levels compared to the
RUNX1-RUNX1T1+ cell lines. This cell line also showed low RNA expression of Cdkn2a
(p16INK4A) and Cdkn2c (p18INK4C), resembling the KMT2A-MLLT3+ patient samples with
low CDKN2A (p16INK4A) and CDKN2C (p18INK4C) levels (Figure S1E,F).

These data led us to conclude that human and murine RUNX1-RUNX1T1+ and
KMT2A-MLLT3+ transformed cells are characterised by distinct INK4 expression patterns
on RNA and protein levels.

3.2. Cells with Low INK4 Levels Show Fast Cell Cycle Re-Entry after BSJ Treatment

Low p16INK4A levels are associated with high sensitivity to palbociclib, which induces
cell cycle arrest in several human cancer cells of distinct origins, including lung and
gastric cancer cell lines [30]. The impact of INK4 proteins on CDK6 degrader treatment
response has not been explored. The murine HPCLSK AML cell lines reflected the situation
of p16INK4A and p18INK4C expression in human AML and were therefore used as the
model system.

We first tested different treatment conditions using various concentrations and time
points of the CDK6 degrader BSJ in the HPCLSK AML lines [3] (Figure S2A–D, uncropped
immunoblots in Figure S5). Irrespective of the BSJ concentrations that were used, we failed
to detect a complete CDK6 degradation (Figure S2A,B). We found a CDK6 reduction of 80%
after 240 min of BSJ treatment using 3 µM (Figure S2C,D). CDK4 was not affected under
these conditions (Figure S2B, right-hand panel).

We analysed the proliferation and cell cycle phases of the BSJ treated KMT2A-MLLT3+
and RUNX1-RUNX1T1+ HPCLSK cells at several time points. Cell numbers significantly
decreased in KMT2A-MLLT3+ cells on days two and four of BSJ treatment (Figure S2E).
When investigating the individual KMT2A-MLLT3+ cell lines, we realised that the INK4low

cells overcame the proliferation arrest after four days, which was not the case in cell lines
with high INK4 levels (Figure 2A). RUNX1-RUNX1T1+ cells showed reduced cell numbers
following CDK6 degradation, although the data did not reach levels of significance (Day
2: p = 0.06). Similar to the KMT2A-MLLT3+ INK4low cells, the RUNX1-RUNX1T1+ cells
overcame proliferation arrest faster (Figure 2A). Similar to previous studies with CDK4/6
inhibitors [6], we also observed a significant increase in myeloid markers following CDK6
degradation (Figure S2F). No significant differences in cell viability were detected (Figure
S2G). This led us to conclude that reduced proliferation was not a result of apoptosis
but of cell cycle arrest and cell differentiation. Cells in G0–G1 phase were significantly
decreased in KMT2A-MLLT3+ and RUNX1-RUNX1T1+ cells after two days of BSJ treatment
(Figure 2B and Figure S2H, left-hand panels). After four days, only KMT2A-MLLT3+
cells still remained in a significant G0–G1 arrest. RUNX1-RUNX1T1+ cells and KMT2A-
MLLT3+ INK4low cells had already started to enter the cell cycle, as indicated by the
decreased percentage of cells in the G0–G1 phase after four days of BSJ treatment (Figure 2B
and Figure S2H, right-hand panels). The exemplary flow cytometry plots of KMT2A-
MLLT3+ #1 INK4low and #4 INK4high cells show that the percentage of cells in G0–G1
with high INK4 levels were increased compared to cells with low INK4 levels (Figure 2C
and Figure S2I). Combined treatment with the CDK6 degrader and the CDK4/6 inhibitor
palbociclib (PD-0332991) indicated at least a partial cell cycle regulation by CDK4 following
CDK6 degradation in the INK4low cells (Figure S2J).
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3.3. BSJ Treatment Enriches CDK6-INK4 Complexes 

Figure 2. Delayed cell cycle re-entry in AML cells with high INK4 levels after BSJ treatment. (A) The
flow cytometry analysis of RUNX1-RUNX1T1+ (n = 3), KMT2A-MLLT3+ INK4low (n = 1) and
INK4high (n = 3) cells. The cell number measurements are depicted as the log2 FC (BSJ/control)
calculation after two and four days of treatment with 3 µM of BSJ. (B) The flow cytometry analysis
of cell cycle phases using propidium iodide (PI). The G0–G1 phase of RUNX1-RUNX1T1+ (n = 3),
KMT2A-MLLT3+ INK4low (n = 1) and INK4high (n = 3) cells is depicted as the log2 FC (BSJ/control)
calculation after two and four days of treatment with 3 µM of BSJ. (C) The exemplary cell cycle
profiles that were analysed by the PI staining of KMT2A-MLLT3+ #4 INK4high (top panel) and #1
INK4low cells (bottom panel) at day four of treatment with 3 µM of BSJ (right-hand panel) or vehicle
control (left-hand panel). The gating strategy is indicated in the histogram plots. The change of
the percentage of cells in the G0–G1 phase after BSJ treatment is highlighted on the right-hand side
of the graphs.
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Taken together, these data highlight that RUNX1-RUNX1T1+ cells, as well as the
KMT2A-MLLT3+ INK4low line, exhibited a decreased proliferation arrest after CDK6-
targeted therapy compared to the KMT2A-MLLT3+ INK4high cells.

3.3. BSJ Treatment Enriches CDK6-INK4 Complexes

To investigate the mechanism accounting for the distinct treatment outcomes be-
tween AML subtypes, we analysed degradation efficacy in HPCLSK WT and AML lines.
AML subtypes reacted differently to BSJ treatment (Figure 3A,B and S3A and the orig-
inal immunoblots in Figure S5). BSJ induced significantly less CDK6 degradation in
KMT2A-MLLT3+ (mean log2 FC (BSJ/control) of −1.60) compared to WT cells (mean
log2 FC (BSJ/control) of −2.97) (Figure 3A,B). Treatment with low concentrations al-
ready resulted in different outcomes between KMT2A-MLLT3+ and RUNX1-RUNX1T1+
cells (Figure S3B,C and original immunoblots in Figure S5). At 0.75 µM of BSJ, the
RUNX1-RUNX1T1+ cells (mean log2 fold change (FC) (BSJ/control) of −1.34) possessed
significantly less remaining CDK6 compared to KMT2A-MLLT3+ cells (mean log2 FC
(BSJ/control) of −0.61) (Figure S3C). These findings show that BSJ efficacy varied among
the AML subtypes and provoked the question of whether high INK4 levels account for the
reduced degradation efficacy.

This hypothesis was supported by a study in breast cancer cells that proposed the
role of INK4 proteins in palbociclib binding to CDK4/6 [31]. As BSJ was developed
based on the structure of palbociclib, the binding site on CDK6 is preserved [3]. We thus
investigated whether INK4–CDK6 complexes are resistant to BSJ degradation. We decided
to immunoprecipitate (IP) CDK6 complexes in the absence and presence of BSJ and to
subject the complexes to LC-MS/MS analysis. This analysis allowed for the identification
of potential differential CDK6 protein interaction partners that could confer resistance to
BSJ treatment. We used a KMT2A-MLLT3+ cell line with high INK4 levels and treated
it with BSJ or the vehicle control. KMT2A-MLLT3 Cdk6−/− cells served as an additional
background negative control to remove any unspecific proteins from the experiment [32]
(Figure 3C). The LC-MS/MS data provided a list of proteins that were selectively enriched
in the untreated sample (218; 20.9%), restricted to the BSJ treated sample (293; 28%) or
present under both conditions (534; 51.1%) (Figure S3D). The BSJ treatment enriched the
two INK4 proteins p16INK4A and p18INK4C and, to a lesser extent, p27KIP1 (Figure 3D
and S3E). We validated these findings in two cell lines, expressing RUNX1-RUNX1T1 or
KMT2A-MLLT3 by performing a CDK6 IP followed by immunoblotting for p16INK4A and
p18INK4C. As expected, substantially less CDK6 was immunoprecipitated after the BSJ
treatment (Figure 3E,F and the original, uncropped immunoblots are depicted in Figure
S5 and the densitometry is presented in Figure S3F,G). The BSJ treatment did not reduce
the levels of p16INK4A and p18INK4C that were coimmunoprecipitated with CDK6, which is
indicative of these complexes being protected from degradation.

These findings show that p16INK4A and p18INK4C proteins interfere with BSJ-mediated
CDK6 degradation.

3.4. INK4 Levels Predict BSJ-Mediated CDK6 Degradation Efficacy in Murine and Human
Leukaemia

Previous research of Philadelphia chromosome–positive acute lymphoblastic leukaemia
(Ph+ ALL) using a CDK6 degrader showed the rapid and preferential degradation of CDK6
over CDK4 [20]. Degrader treatment resulted in proliferation inhibition and suppressed
patient-derived Ph+ ALL formation in mice. We used this leukemic cell type to validate
our findings in a genetically engineered BCR-ABLp185+ lymphoid model (Figure S4A,B
and the original immunoblots in Figure S5). P16INK4A is one of the most commonly al-
tered genes in leukaemia and therefore, represents a crucial biomarker. Cdkn2a−/− and
Cdk6−/− BCR-ABLp185+ cells with and without the re-expression of Cdkn2a and Cdk6 were
treated with BSJ, and the degradation efficacy was compared between Cdkn2a express-
ing and non-expressing cells. Again, the cells lacking p16INK4A showed a more effective
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CDK6 degradation compared to the control cells expressing p16INK4A, mimicking the data
obtained from the KMT2A-MLLT3+ HPCLSK cells.
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Figure 3. CDK6-INK4 complexes were enriched after BSJ treatment. (A) The immunoblot for the
CDK6 and CDK4 levels of HPCLSK WT (n = 4), RUNX1-RUNX1T1+ (n = 3) and KMT2A-MLLT3+
(n = 4) cells treated with 3 µM of BSJ or vehicle control for four days. HSC70 served as a loading
control. The original, uncropped immunoblots are depicted in Figure S5. The densitometry is depicted
in (B) and Figure S3A. (B) The log2FC (BSJ/control) calculation of the immunoblot densitometry
quantification from (A) (CDK6/HSC70): * p < 0.05. (C) A schematic representation of the experimental
procedure. KMT2A-MLLT3+ cells were treated with 3 µM of BSJ or vehicle control for 24 h. A
KMT2A-MLLT3+ Cdk6−/− cell line was used as the negative control. Cell protein lysates were
co-immunoprecipitated (Co-IP) with an anti-CDK6 antibody and complexes were analysed by LC-
MS/MS to identify any CDK6 interaction partners that were present in the untreated sample or were
enriched after BSJ treatment. (D) A heat map depicting the abundances of INK4 and KIP1 proteins in
the BSJ and control samples. The enrichments of the proteins over the background were calculated as
the log2 fold changes (log2FC) of the normalised abundances of the control or BSJ over the Cdk6−/−.
(E) An anti-CDK6 Co-IP was performed on KMT2A-MLLT3+ cell lysates from 24 h treatments with
3 µM of BSJ or vehicle control. Cdk6−/− cells served as the negative control. The input (I), supernatant
(SN) and immunoprecipitate (IP) fractions were immunoblotted for CD K6, p18INK4C and p16INK4A.
HSC70 served as the loading control. The immunoblot densitometry quantification is depicted in
Figure S3F. The original, uncropped immunoblots are depicted in Figure S5. (F) An anti-CDK6 Co-IP
was performed on RUNX1-RUNX1T1+ cell lysates from 24 h treatments with 3 µM of BSJ or vehicle
control. The input (I), supernatant (SN) and immunoprecipitate (IP) fractions were immunoblotted
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for CDK6, p18INK4C and p16INK4A. HSC70 served as the loading control. The immunoblot densito-
metry quantification is depicted in Figure S3G. The original, uncropped immunoblots are depicted
in Figure S5.

To further link CDK6 degradation efficacy to INK4 proteins, we utilised KMT2A-
MLLT3+ transformed HPCLSK cell lines. We compared the BSJ efficacies of KMT2A-MLLT3+
INK4low cells to the three KMT2A-MLLT3 INK4high cell lines (Figure 4A–C and the original
uncropped immunoblots in Figure S5). Indeed, the KMT2A-MLLT3+ cell line that degraded
CDK6 most potently after BSJ treatment was the #1 INK4low cell line (log2 FC (BSJ/control)
(−2.41)) (Figure 4C). A significantly reduced CDK6 degradation was observed in the
presence of high p16INK4A and p18INK4C levels (log2 FC (BSJ/control) #2 (−0.80), #3 (−0.71)
and #4 (−0.89)), despite increased BSJ concentrations of up to 9 µM (Figure S4C). CDK4
was only degraded at high concentrations of BSJ, although to a minor degree (Figure S4D;
top left-hand panel).
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p18INK4C and HSC70 in KMT2A-MLLT3+ cells (n = 4) treated with increasing concentrations (3 µM,
6 µM and 9 µM) of BSJ or vehicle control for four days. The original, uncropped immunoblots are
depicted in Figure S5. The densitometry quantification is depicted in (B,C) and Figure S4C,D. (B) The
immunoblot densitometry quantification from (A) of CDK6, p16INK4A and p18INK4C normalised to
HSC70 (left) and P16INK4A and p18INK4C quantification normalised to the HSC70 of KMT2A-MLLT3
control samples grouped into INK4low and INK4high (middle and right): * p < 0.05; ** p < 0.01. The
densitometry of CDK4 is depicted in Figure S4D. (C) Log2 FC (BSJ/control) calculated from the
CDK6/HSC70 immunoblot quantification from the KMT2A-MLLT3+ samples grouped into INK4low

and INK4high. (D) The immunoblot for CDK6, CDK4 and p18INK4C and the short and long exposure
and HSC70 of human AML cell lines that were positive for KMT2A-MLLT3 (NOMO-1, MOLM-
13 and THP-1) or KMT2A-AFF1 (MV4-11) and were treated with increasing concentrations of BSJ
(0.2 µM, 0.5 µM and 1 µM) or vehicle control for 90 min. The original, uncropped immunoblots
are depicted in Figure S5. The densitometry quantification is depicted in (E) and Figure S4E,F.
(E) Log2 FC (BSJ/control) of the immunoblot densitometry quantification from (D) calculated from
the human AML cell lines that were treated with 1 µM of BSJ (left). The immunoblot quantification
of the p18INK4C levels normalised to HSC70 from the human AML cell lines that were treated with
increasing concentrations of BSJ (0.2 µM, 0.5 µM and 1 µM) or vehicle control for 90 min and the
densitometry for CDK4 and CDK6 is depicted in Figure S4E.

To extend our findings to a human setting, we treated human AML cell lines harbour-
ing KMT2A rearrangements with different concentrations of BSJ. We used the KMT2A-
MLLT3+ cell lines NOMO-1, THP-1 and MOLM-13 and the KMT2A-AFF1+ cell line MV4-11
(Figure 4D,E, S4E,F and the original immunoblots in Figure S5). In line with our previ-
ous results, the MV4-11 cell line displayed high CDK6 degradation efficacy and had low
p18INK4C protein levels. The observation that the three KMT2A-MLLT3+ cell lines dis-
played higher p18INK4C levels than the KMT2A-AFF1+ cell line supports the human RNA
sequencing data showing that AML patient cells harbouring KMT2A-MLLT3 have higher
CDKN2C p18INK4C expression than the pool of different KMT2A rearranged AML patient
cells (Figure 1A). P16INK4A could not be detected in these cell lines (data not shown), letting
us conclude that p18INK4C is the major cause of the reduced CDK6 degradation in human
AML cell lines.

These data unequivocally link p16INK4A and p18INK4C protein levels to the efficacy of
BSJ-mediated CDK6 degradation in human and murine leukemic cells.

4. Discussion

CDK6 is a key regulator of several AML subtypes, making it a favourable therapeutic
target for this aggressive haematologic disease. CDK4/6 kinase inhibitors are in clinical use
and CDK6 degraders represent a therapeutic alternative and bear the advantage of blocking
kinase-dependent and kinase-independent functions. Kinase-independent functions are of
particular relevance in HSCs and LSCs.

Here, we showed that successful pharmacological CDK6 degradation in AML de-
pends on INK4 protein levels. Given the great heterogeneity among AML subtypes,
it is crucial to study INK4 expression in specific oncogenic settings as we clearly ob-
served oncogene-dependent differences in INK4 levels. We found that INKs provide
resistance towards CDK6 degradation in human and murine RUNX1-RUNX1T1+ and
KMT2A rearranged cells.

We observed two distinct populations with high and low CDKN2C expressions in the
human AML datasets of KMT2A-MLLT3+ patients. The different CDKN2C expressions
positively correlate with CDKN2A expression, suggesting the coregulation of these two
INK4 genes. In line with the human data, a clear increase in p16INK4A and p18INK4C expres-
sion in three of the four murine KMT2A-MLLT3+ HPCLSK cell lines was detected. Elevated
p18INK4C expression is in line with literature showing that KMT2A-MLLT3 directly binds
to the CDKN2C locus, thereby driving its expression [33], but an active downregulation of



Cancers 2022, 14, 1554 13 of 16

CDKN2C by epigenetic mechanisms has not yet been reported. Further investigations are
needed to understand the mechanisms of this coregulation and whether this is related to
epigenetic modulations, cell differentiation or other cellular states and conditions.

We identified p16INK4A and p18INK4C as major CDK6 binding partners that block
BSJ-mediated CDK6 degradation. Previous studies in breast cancer have indicated the
contribution of INK4 proteins to palbociclib sensitivity [13,14]. A recent study has suggested
that CDK4/6 degraders are promising alternatives to CDK4/6 kinase inhibitors as they
suppress the proliferation of palbociclib resistant breast cancer cells [31]. However, the
impact of INK4 proteins on CDK6 degradation efficacy has not been shown. This study
demonstrated that INK4 proteins compete with palbociclib for the same CDK6 binding
site and that CDK6–INK4 complexes are still able to bind to ATP, thereby driving CDK4/6
kinase functions.

We investigated BSJ efficacy in cells with high expressions of INK4 protein levels.
As the binding site of the degrader BSJ to CDK6 was designed based on the molecular
structure of palbociclib [3], we hypothesised that CDK6–INK4 complexes are un-targetable
by the CDK6 degrader. We verified this hypothesis by comparing murine and human
AML cell lines with high or low expressions of p16INK4A and/or p18INK4C and murine
Cdkn2a−/− vs. Cdkn2a+/+ BCR-ABLp185+ cells modelling acute lymphoblastic leukaemia
(ALL). In all of the examined in vitro models, we clearly observed reduced BSJ efficacy in the
presence of high p16INK4A and/or p18INK4C protein levels. We monitored the accelerated
cell cycle re-entry of the KMT2A-MLLT3 #1 INK4low cell line and the low INK4 RUNX1-
RUNX1T1 cells. This dataset is supported by literature indicating that high p16INK4A

levels confer palbociclib resistance; however, low p16INK4A levels do not necessarily induce
high palbociclib sensitivity [13]. One possible scenario could be that CDK4 takes over
cell cycle regulation, which is normally controlled by CDK6 in cells with low INK4 levels.
In cells with high INK4 levels, CDK4 is not able to compensate for the loss of CDK6 as
it is inhibited by the INK4 proteins. On the other hand, it has also been proposed that
palbociclib resistance can occur as a result of the escape mechanisms of the cell cycle
machinery that could be activated, such as the CDK2–cyclin A/E axis [34,35]. These facts
indicate that the combined treatment of a CDK6 degrader together with inhibitors of CDK2
and CDK4 may hold promising results and should be considered for future investigations,
specifically for INK4low cancer cells.

Experiments in breast cancer cells suggest that CDK6 fulfils kinase-dependent roles
despite p18INK4C binding. As it was shown that CDK6 also confers transcriptional regula-
tion in a kinase-dependent and kinase-independent manner [19], it is of particular interest
to discover whether the CDK6 remaining after BSJ treatment is still involved in these mech-
anisms. The role of INK4 binding for CDK6-dependent transcriptional regulation is still
unsolved. We can speculate that CDK6–INK4 complexes harbour specific functions that
are unrelated to cell cycle regulation, leading to different therapeutic outcomes between
INK4high and INK4low cells. Small molecule compounds inhibiting p18INK4C have been
developed and may aid in addressing these issues [36–38].

Our findings highlight that INK4 proteins are not only differentially expressed among
AML subtypes but also contribute to CDK6-targeted therapeutic efficacy.Therefore, they
can be considered as predictive indicators of treatment success and guide further strategies.
Moreover, our data show that novel CDK6-specific therapies should be established to
target CDK6 sites, which do not compete with INK4 or CIP/KIP binding to overcome
therapeutic limitations.

5. Conclusions

CDK6-specific degraders are a promising tool for the targeted therapy of AML, based
on the high dependency of AML cells on CDK6. Understanding their mechanisms of action
is a prerequisite for their optimal therapeutic use. We show that the levels of INK4 protein
family members p16INK4A and p18INK4C are critical determinants of CDK6 degradation.
After INK4 binding, CDK6 is not targeted by the CDK6 degrader. These results highlight
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the dependency of CDK6 degradation on its interaction partners. We propose to develop
novel treatment strategies that avoid interference with INK4 binding sites.
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//www.mdpi.com/article/10.3390/cancers14061554/s1, Figure S1: Expression of INK4 proteins in
AML cells harbouring KMT2A-MLLT3 or RUNX1-RUNX1T1, Figure S2: Accelerated cell cycle re-entry
of INK4low cells, Figure S3: BSJ efficacy depends on INK4 protein levels, Figure S4: INK4 levels as
predictive markers for CDK6 degrader, Figure S5: Original uncropped immunoblot scans, Figure S6:
Plasmid maps, Supplementary Methods, Table S1: Primer sequences for qPCRs, Table S2: Antibodies
used in this study. And a detailed method description of liquid chromatography coupled with
tandem mass spectrometry (LC-MS/MS) [39–42], Table S3: Raw and normalised mass spectrometry
(LC-MS/MS) data.

Author Contributions: Conception and design, B.S.S. and K.K.; acquisition of data, B.S.S., T.T., A.S.,
C.-M.S., V.M.K., I.M.M. and S.N.; analysis and interpretation of data, B.S.S., G.H., T.K., M.Z., V.S.
and K.K.; writing of the manuscript, B.S.S., T.K., V.S. and K.K.; administrative, technical or material
support (i.e., reporting or organising data, constructing databases, etc.), A.C.M., F.F. and G.H.; study
supervision: K.K. All authors have read and agreed to the published version of the manuscript.

Funding: Open Access Funding by the Austrian Science Fund (FWF), project grant P 31773, and
the European Research Council under the European Union’s Horizon 2020 research and innovation
programme, grant agreement no. 694354.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available within the Supplementary
Material or on request from the corresponding author. The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium via the PRIDE [39] partner repository with the
dataset identifier PXD032216.

Acknowledgments: The authors would like to thank Ina Dhrami, Philipp Jodl, Sabine Fajmann,
Michaela Ensfelder-Koperek and Petra Kudweis for their excellent experimental support. We would
also like to thank the Proteomics Facility of the Research Centre for Molecular Medicine (CeMM) at
the Austrian Academy of Sciences for conducting and supporting the LC-MS/MS experiment.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kirtonia, A.; Pandya, G.; Sethi, G.; Pandey, A.K.; Das, B.C.; Garg, M. A comprehensive review of genetic alterations and molecular

targeted therapies for the implementation of personalized medicine in acute myeloid leukemia. J. Mol. Med. 2020, 98, 1069–1091.
[CrossRef] [PubMed]

2. Meyers, R.M.; Bryan, J.G.; McFarland, J.M.; Weir, B.A.; Sizemore, A.E.; Xu, H.; Dharia, N.V.; Montgomery, P.G.; Cowley, G.S.;
Pantel, S.; et al. Computational correction of copy number effect improves specificity of CRISPR-Cas9 essentiality screens in
cancer cells. Nat. Genet. 2017, 49, 1779–1784. [CrossRef] [PubMed]

3. Brand, M.; Jiang, B.; Bauer, S.; Donovan, K.A.; Liang, Y.; Wang, E.S.; Nowak, R.P.; Yuan, J.C.; Zhang, T.; Kwiatkowski, N.;
et al. Homolog-Selective Degradation as a Strategy to Probe the Function of CDK6 in AML. Cell Chem. Biol. 2019, 26, 300–306.
[CrossRef]

4. Liu, W.; Yi, J.M.; Liu, Y.; Chen, C.; Zhang, K.X.; Zhou, C.; Zhan, H.E.; Zhao, L.; Morales, S.; Zhao, X.L.; et al. CDK6 Is a Potential
Prognostic Biomarker in Acute Myeloid Leukemia. Front. Genet. 2020, 11, 600227. [CrossRef] [PubMed]

5. Uras, I.Z.; Sexl, V.; Kollmann, K. CDK6 Inhibition: A Novel Approach in AML Management. Int. J. Mol. Sci. 2020, 21, 2528.
[CrossRef] [PubMed]

6. Placke, T.; Faber, K.; Nonami, A.; Putwain, S.L.; Salih, H.R.; Heidel, F.H.; Krämer, A.; Root, D.E.; Barbie, D.A.; Krivtsov, A.V.; et al.
Requirement for CDK6 in MLL-rearranged acute myeloid leukemia. Blood 2014, 124, 13–23. [CrossRef] [PubMed]

7. Martinez-Soria, N.; McKenzie, L.; Draper, J.; Ptasinska, A.; Issa, H.; Potluri, S.; Blair, H.J.; Pickin, A.; Isa, A.; Chin, P.S.; et al. The
Oncogenic Transcription Factor RUNX1/ETO Corrupts Cell Cycle Regulation to Drive Leukemic Transformation. Cancer Cell
2018, 34, 626–642.e8. [CrossRef] [PubMed]

8. Wang, L.; Wang, J.; Blaser, B.W.; Duchemin, A.-M.; Kusewitt, D.F.; Liu, T.; Caligiuri, M.A.; Briesewitz, R. Pharmacologic inhibition
of CDK4/6: Mechanistic evidence for selective activity or acquired resistance in acute myeloid leukemia. Blood 2007, 110,
2075–2083. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cancers14061554/s1
https://www.mdpi.com/article/10.3390/cancers14061554/s1
http://doi.org/10.1007/s00109-020-01944-5
http://www.ncbi.nlm.nih.gov/pubmed/32620999
http://doi.org/10.1038/ng.3984
http://www.ncbi.nlm.nih.gov/pubmed/29083409
http://doi.org/10.1016/j.chembiol.2018.11.006
http://doi.org/10.3389/fgene.2020.600227
http://www.ncbi.nlm.nih.gov/pubmed/33597968
http://doi.org/10.3390/ijms21072528
http://www.ncbi.nlm.nih.gov/pubmed/32260549
http://doi.org/10.1182/blood-2014-02-558114
http://www.ncbi.nlm.nih.gov/pubmed/24764564
http://doi.org/10.1016/j.ccell.2018.08.015
http://www.ncbi.nlm.nih.gov/pubmed/30300583
http://doi.org/10.1182/blood-2007-02-071266
http://www.ncbi.nlm.nih.gov/pubmed/17537993


Cancers 2022, 14, 1554 15 of 16

9. Uras, I.Z.; Walter, G.J.; Scheicher, R.; Bellutti, F.; Prchal-Murphy, M.; Tigan, A.S.; Valent, P.; Heidel, F.H.; Kubicek, S.; Scholl, C.;
et al. Palbociclib treatment of FLT3-ITD+ AML cells uncovers a kinase-dependent transcriptional regulation of FLT3 and PIM1 by
CDK6. Blood 2016, 127, 2890–2902. [CrossRef] [PubMed]

10. Scheicher, R.; Hoelbl-Kovacic, A.; Bellutti, F.; Tigan, A.S.; Prchal-Murphy, M.; Heller, G.; Schneckenleithner, C.; Salazar-Roa, M.;
Zöchbauer-Müller, S.; Zuber, J.; et al. CDK6 as a key regulator of hematopoietic and leukemic stem cell activation. Blood 2015, 125,
90–101. [CrossRef]

11. Nebenfuehr, S.; Kollmann, K.; Sexl, V. The role of CDK6 in cancer. Int. J. Cancer 2020, 147, 2988–2995. [CrossRef] [PubMed]
12. McCartney, A.; Migliaccio, I.; Bonechi, M.; Biagioni, C.; Romagnoli, D.; de Luca, F.; Galardi, F.; Risi, E.; de Santo, I.; Benelli, M.;

et al. Mechanisms of Resistance to CDK4/6 Inhibitors: Potential Implications and Biomarkers for Clinical Practice. Front. Oncol.
2019, 9, 666. [CrossRef]

13. Green, J.L.; Okerberg, E.S.; Sejd, J.; Palafox, M.; Monserrat, L.; Alemayehu, S.; Wu, J.; Sykes, M.; Aban, A.; Serra, V.; et al. Direct
CDKN2 Modulation of CDK4 Alters Target Engagement of CDK4 Inhibitor Drugs. Mol. Cancer Ther. 2019, 18, 771–779. [CrossRef]
[PubMed]

14. Guiley, K.Z.; Stevenson, J.W.; Lou, K.; Barkovich, K.J.; Kumarasamy, V.; Wijeratne, T.U.; Bunch, K.L.; Tripathi, S.; Knudsen, E.S.;
Witkiewicz, A.K.; et al. p27 allosterically activates cyclin-dependent kinase 4 and antagonizes palbociclib inhibition. Science 2019,
366, eaaw2106. [CrossRef] [PubMed]

15. Ekholm, S.V.; Reed, S.I. Regulation of G(1) cyclin-dependent kinases in the mammalian cell cycle. Curr. Opin. Cell Biol. 2000, 12,
676–684. [CrossRef]

16. Russo, A.A.; Tong, L.; Lee, J.O.; Jeffrey, P.D.; Pavletich, N.P. Structural basis for inhibition of the cyclin-dependent kinase Cdk6 by
the tumour suppressor p16INK4a. Nature 1998, 395, 237–243. [CrossRef] [PubMed]

17. Cechova, H.; Lassuthova, P.; Novakova, L.; Belickova, M.; Stemberkova, R.; Jencik, J.; Stankova, M.; Hrabakova, P.; Pegova, K.;
Zizkova, H.; et al. Monitoring of methylation changes in 9p21 region in patients with myelodysplastic syndromes and acute
myeloid leukemia. Neoplasma 2012, 59, 168–174. [CrossRef] [PubMed]

18. De Jonge, H.J.M.; de Bont, E.S.J.M.; Valk, P.J.M.; Schuringa, J.J.; Kies, M.; Woolthuis, C.M.; Delwel, R.; Veeger, N.J.G.M.; Vellenga,
E.; Löwenberg, B.; et al. AML at older age: Age-related gene expression profiles reveal a paradoxical down-regulation of
p16INK4A mRNA with prognostic significance. Blood 2009, 114, 2869–2877. [CrossRef]

19. Kollmann, K.; Heller, G.; Schneckenleithner, C.; Warsch, W.; Scheicher, R.; Ott, R.G.; Schäfer, M.; Fajmann, S.; Schlederer, M.;
Schiefer, A.I.; et al. A kinase-independent function of CDK6 links the cell cycle to tumor angiogenesis. Cancer Cell 2013, 24,
167–181. [CrossRef]

20. De Dominici, M.; Porazzi, P.; Xiao, Y.; Chao, A.; Tang, H.Y.; Kumar, G.; Fortina, P.; Spinelli, O.; Rambaldi, A.; Peterson, L.F.;
et al. Selective inhibition of Ph-positive ALL cell growth through kinase-dependent and -independent effects by CDK6-specific
PROTACs. Blood 2020, 135, 1560–1573. [CrossRef]

21. Doma, E.; Mayer, I.M.; Brandstoetter, T.; Maurer, B.; Grausenburger, R.; Menzl, I.; Zojer, M.; Hoelbl-Kovacic, A.; Carlsson, L.;
Heller, G.; et al. A robust approach for the generation of functional hematopoietic progenitor cell lines to model leukemic
transformation. Blood Adv. 2021, 5, 39–53. [CrossRef] [PubMed]

22. Heller, G.; Nebenfuehr, S.; Bellutti, F.; Ünal, H.; Zojer, M.; Scheiblecker, L.; Sexl, V.; Kollmann, K. The Effect of CDK6 Expression
on DNA Methylation and DNMT3B Regulation. iScience 2020, 23, 101602. [CrossRef]

23. Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast
universal RNA-seq aligner. Bioinformatics 2013, 29, 15–21. [CrossRef]

24. Frankish, A.; Diekhans, M.; Ferreira, A.M.; Johnson, R.; Jungreis, I.; Loveland, J.; Mudge, J.M.; Sisu, C.; Wright, J.; Armstrong, J.;
et al. GENCODE reference annotation for the human and mouse genomes. Nucleic Acids Res. 2019, 47, D766–D773. [CrossRef]
[PubMed]

25. Liao, Y.; Smyth, G.K.; Shi, W. featureCounts: An efficient general purpose program for assigning sequence reads to genomic
features. Bioinformatics 2014, 30, 923–930. [CrossRef] [PubMed]

26. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef] [PubMed]

27. R Core Team. R: A Language and Environment for Statistical Computing; R Version 4.0.3; R Foundation for Statistical Computing:
Vienna, Austria, 2020. Available online: https://www.R-project.org/ (accessed on 18 November 2020).

28. Zuber, J.; Radtke, I.; Pardee, T.S.; Zhao, Z.; Rappaport, A.R.; Luo, W.; McCurrach, M.E.; Yang, M.M.; Dolan, M.E.; Kogan, S.C.; et al.
Mouse models of human AML accurately predict chemotherapy response. Genes Dev. 2009, 23, 877–889. [CrossRef] [PubMed]

29. Pourrajab, F.; Zare-Khormizi, M.R.; Hashemi, A.S.; Hekmatimoghaddam, S. Genetic Characterization and Risk Stratification of
Acute Myeloid Leukemia. Cancer Manag. Res. 2020, 12, 2231–2253. [CrossRef] [PubMed]

30. Li, P.; Zhang, X.; Gu, L.; Zhou, J.; Deng, D. P16 methylation increases the sensitivity of cancer cells to the CDK4/6 inhibitor
palbociclib. PLoS ONE 2019, 14, e0223084. [CrossRef]

31. Li, Q.; Jiang, B.; Guo, J.; Shao, H.; Del Priore, I.S.; Chang, Q.; Kudo, R.; Li, Z.; Razavi, P.; Liu, B.; et al. INK4 tumor suppressor
proteins mediate resistance to CDK4/6 kinase inhibitors. Cancer Discov. 2021, 12, 356–371. [CrossRef] [PubMed]

32. Malumbres, M.; Sotillo, R.; Santamaría, D.; Galán, J.; Cerezo, A.; Ortega, S.; Dubus, P.; Barbacid, M. Mammalian cells cycle
without the D-type cyclin-dependent kinases Cdk4 and Cdk6. Cell 2004, 118, 493–504. [CrossRef]

http://doi.org/10.1182/blood-2015-11-683581
http://www.ncbi.nlm.nih.gov/pubmed/27099147
http://doi.org/10.1182/blood-2014-06-584417
http://doi.org/10.1002/ijc.33054
http://www.ncbi.nlm.nih.gov/pubmed/32406095
http://doi.org/10.3389/fonc.2019.00666
http://doi.org/10.1158/1535-7163.MCT-18-0755
http://www.ncbi.nlm.nih.gov/pubmed/30837298
http://doi.org/10.1126/science.aaw2106
http://www.ncbi.nlm.nih.gov/pubmed/31831640
http://doi.org/10.1016/S0955-0674(00)00151-4
http://doi.org/10.1038/26155
http://www.ncbi.nlm.nih.gov/pubmed/9751050
http://doi.org/10.4149/neo_2012_022
http://www.ncbi.nlm.nih.gov/pubmed/22248274
http://doi.org/10.1182/blood-2009-03-212688
http://doi.org/10.1016/j.ccr.2013.07.012
http://doi.org/10.1182/blood.2019003604
http://doi.org/10.1182/bloodadvances.2020003022
http://www.ncbi.nlm.nih.gov/pubmed/33570624
http://doi.org/10.1016/j.isci.2020.101602
http://doi.org/10.1093/bioinformatics/bts635
http://doi.org/10.1093/nar/gky955
http://www.ncbi.nlm.nih.gov/pubmed/30357393
http://doi.org/10.1093/bioinformatics/btt656
http://www.ncbi.nlm.nih.gov/pubmed/24227677
http://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://www.R-project.org/
http://doi.org/10.1101/gad.1771409
http://www.ncbi.nlm.nih.gov/pubmed/19339691
http://doi.org/10.2147/CMAR.S242479
http://www.ncbi.nlm.nih.gov/pubmed/32273762
http://doi.org/10.1371/journal.pone.0223084
http://doi.org/10.1158/2159-8290.CD-20-1726
http://www.ncbi.nlm.nih.gov/pubmed/34544752
http://doi.org/10.1016/j.cell.2004.08.002


Cancers 2022, 14, 1554 16 of 16

33. Prange, K.H.M.; Mandoli, A.; Kuznetsova, T.; Wang, S.Y.; Sotoca, A.M.; Marneth, A.E.; van der Reijden, B.A.; Stunnenberg, H.G.;
Martens, J.H.A. MLL-AF9 and MLL-AF4 oncofusion proteins bind a distinct enhancer repertoire and target the RUNX1 program
in 11q23 acute myeloid leukemia. Oncogene 2017, 36, 3346–3356. [CrossRef] [PubMed]

34. Li, Z.; Zou, W.; Zhang, J.; Zhang, Y.; Xu, Q.; Li, S.; Chen, C. Mechanisms of CDK4/6 Inhibitor Resistance in Luminal Breast Cancer.
Front. Pharmacol. 2020, 11, 580251. [CrossRef] [PubMed]

35. Suski, J.M.; Braun, M.; Strmiska, V.; Sicinski, P. Targeting cell-cycle machinery in cancer. Cancer Cell 2021, 39, 759–778. [CrossRef]
36. Gao, Y.; Yang, P.; Shen, H.; Yu, H.; Song, X.; Zhang, L.; Zhang, P.; Cheng, H.; Xie, Z.; Hao, S.; et al. Small-molecule inhibitors

targeting INK4 protein p18(INK4C) enhance ex vivo expansion of haematopoietic stem cells. Nat. Commun. 2015, 6, 6328.
[CrossRef] [PubMed]

37. Li, Y.; Zhang, W.; Zhang, Y.; Ding, Y.; Yang, M.; He, M.; Liu, X.; Gu, J.; Xu, S.; Feng, Z.; et al. Enhanced self-renewal of human
long-term hematopoietic stem cells by a sulfamoyl benzoate derivative targeting p18INK4C. Blood Adv. 2021, 5, 3362–3372.
[CrossRef] [PubMed]

38. Xie, X.Q.; Yang, P.; Zhang, Y.; Zhang, P.; Wang, L.; Ding, Y.; Yang, M.; Tong, Q.; Cheng, H.; Ji, Q.; et al. Discovery of novel INK4C
small-molecule inhibitors to promote human and murine hematopoietic stem cell ex vivo expansion. Sci. Rep. 2015, 5, 18115.
[CrossRef] [PubMed]

39. Perez-Riverol, Y.; Csordas, A.; Bai, J.; Bernal-Llinares, M.; Hewapathirana, S.; Kundu, D.J.; Inuganti, A.; Griss, J.; Mayer, G.;
Eisenacher, M.; et al. The PRIDE database and related tools and resources in 2019: Improving support for quantification data.
Nucleic Acids Res. 2019, 47, D442–D450. [CrossRef] [PubMed]

40. Hughes, C.S.; Foehr, S.; Garfield, D.A.; Furlong, E.E.; Steinmetz, L.M.; Krijgsveld, J. Ultrasensitive proteome analysis using
paramagnetic bead technology. Mol. Syst. Biol. 2014, 10, 757. [CrossRef] [PubMed]

41. Rappsilber, J.; Mann, M.; Ishihama, Y. Protocol for micro-purification, enrichment, pre-fractionation and storage of peptides for
proteomics using StageTips. Nat. Protoc. 2007, 2, 1896–1906. [CrossRef] [PubMed]

42. Olsen, J.V.; de Godoy, L.M.F.; Li, G.; Macek, B.; Mortensen, P.; Pesch, R.; Makarov, A.; Lange, O.; Horning, S.; Mann, M. Parts
per million mass accuracy on an Orbitrap mass spectrometer via lock mass injection into a C-trap. Mol. Cell. Proteom. 2005, 4,
2010–2021. [CrossRef] [PubMed]

http://doi.org/10.1038/onc.2016.488
http://www.ncbi.nlm.nih.gov/pubmed/28114278
http://doi.org/10.3389/fphar.2020.580251
http://www.ncbi.nlm.nih.gov/pubmed/33364954
http://doi.org/10.1016/j.ccell.2021.03.010
http://doi.org/10.1038/ncomms7328
http://www.ncbi.nlm.nih.gov/pubmed/25692908
http://doi.org/10.1182/bloodadvances.2020004054
http://www.ncbi.nlm.nih.gov/pubmed/34477819
http://doi.org/10.1038/srep18115
http://www.ncbi.nlm.nih.gov/pubmed/26681454
http://doi.org/10.1093/nar/gky1106
http://www.ncbi.nlm.nih.gov/pubmed/30395289
http://doi.org/10.15252/msb.20145625
http://www.ncbi.nlm.nih.gov/pubmed/25358341
http://doi.org/10.1038/nprot.2007.261
http://www.ncbi.nlm.nih.gov/pubmed/17703201
http://doi.org/10.1074/mcp.T500030-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/16249172

	CDK6 Degradation Is Counteracted by p16INK4A and p18INK4Cin AML
	Abstract
	Introduction 
	Materials and Methods 
	RNA Expression Data from Human AML Patients 
	Cell Line Establishment and Cell Culture 
	RNA Isolation and RT-qPCR 
	RNA Sequencing 
	Immunoblot Analysis 
	CDK6 Degrader and CDK4/6 Inhibitor Treatments 
	Flow Cytometry 
	Immunoprecipitation (IP) and Mass Spectrometry (MS) Analysis 
	Statistical Analysis, Data Visualisation and Graphical Design 

	Results 
	Differential INK4 Expression in KMT2A-MLLT3+ and RUNX1-RUNX1T1+ AML 
	Cells with Low INK4 Levels Show Fast Cell Cycle Re-Entry after BSJ Treatment 
	BSJ Treatment Enriches CDK6-INK4 Complexes 
	INK4 Levels Predict BSJ-Mediated CDK6 Degradation Efficacy in Murine and Human Leukaemia 

	Discussion 
	Conclusions 
	Supporting Information
	References

