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The functional role of inherited CDKN2A variants in childhood

acute lymphoblastic leukemia

Chunjie Li*®, Xinying Zhao®®, Yingyi He?, Ziping Li*®, Jiabi Qian®®,
Li Zhang?, Qian Ye?, Fei Qiu®, Peng Lian®, Maoxiang Qian® and Hui Zhang®

Objective Genetic alterations in CDKN2A tumor
suppressor gene on chromosome 9p21 confer a
predisposition to childhood acute lymphoblastic leukemia
(ALL). Genome-wide association studies have identified
missense variants in CDKN2A associated with the
development of ALL. This study systematically evaluated
the effects of CDKN2A coding variants on ALL risk.

Methods We genotyped the CDKN2A coding region

in 308 childhood ALL cases enrolled in CCCG-ALL-2015
clinical trials by Sanger Sequencing. Cell growth assay,
cell cycle assay, MTT-based cell toxicity assay, and western
blot were performed to assess the CDKN2A coding
variants on ALL predisposition.

Results We identified 10 novel exonic germline variants,
including 6 missense mutations (p.A21V, p.G45A and
p.V115L of p16'""*4; p.T31R, p.R90G, and p.R129L of p14*%F)
and 1 nonsense mutation and 1 heterozygous termination
codon mutation in exon 2 (p16™%** p.S129X). Functional
studies indicate that five novel variants resulted in reduced
tumor suppressor activity of p16'"**A, and increased

the susceptibility to the leukemic transformation of
hematopoietic progenitor cells. Compared to other variants,
p.H142R contributes higher sensitivity to CDK4/6 inhibitors.

Introduction

Acute lymphoblastic leukemia (ALL) is the most com-
mon childhood cancer [1,2]. Studies in the past decade
have shown that inherited genetic variants (germline)
are strongly associated with the predisposition to ALL in
children. In particular, genome-wide association studies
(GWAS) have identified susceptibility loci for B-cell ALL
(B-ALL) in several genes, including ARID5B, IKZF1,
CEBPE, PIP4K2A-BMI1, GATA3, CDKNZA/2B, LHPP,
ELK3, BAK1, IGF2BP1, USP7, IKZF3, ERG, TP63, and
8P4 [3-5]. Most of these variants are intronic and may not
be directly functional; however, more recently, a coding
variant in CDKN2A/2B has been reported to account for
influencing susceptibility to ALL in children [6].
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Conclusion These findings provide direct insight

into the influence of inherited genetic variants at the
CDKNZ2A coding region on the development of ALL and
the precise clinical application of CDK4/6 inhibitors.
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CDKNZ2A/2B locus on 9p21 encodes for p16™K4/p14AR!
and p15™MB respectively. Both p16™K* and p15™K8
specifically inhibit cyclin/Cyclin-Dependent Kinase 4/6
(CDK4/6) complexes that block cell division during the
G1/S phase of the cell cycle, whereas p14*f" prevents
degradation of p53 by interacting with the MDM?2 protein
[7-9]. Recently, the Sherr group has reported N-terminally
truncated smArf, a distinct polypeptide encoded by Azf
mRNA, localizes to mitochondria and triggers autophagy
and mitophagy [10]. Thus, CDKN2A/2B is an important
regulator of cell growth regulation and apoptosis, and loss
of cell proliferation control and regulation of the cell cycle
are known to be critical to cancer development [11-13].
Recentstudies have reported the frequency of CDKN2A/2B
deletion to be more than 30% in pediatric B-ALL, with
relevance to ALL susceptibility and poor prognosis
[7,8,13]. Sherborne ¢ @/. have demonstrated that com-
mon variation at 9p21.3 (rs3731217, intron 1 of CDKNZA)
influences ALL risk (odds ratio=0.71, P=3.01><10’11),
irrespective of cell lineage [14]. Xu e7 a/. have function-
ally identified that CDKNZA single nucleotide polymor-
phism (SNP) rs3731249 (p.A148T, coding sequence of
DOI: 10.1097/FPC.0000000000000451
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p16™%*%Y significantly accelerates Ba/F3 cells leukemic

transformation by BCR-ABL.1, indicating that the reduced
tumor suppressor function of p16™ ** p. A148T variant
[6]. However, questions remain whether other coding var-
iants within CDKNZ2A gene might also contribute to ALL
leukemogenesis.

In the present study, we genotyped CDKNZA exons in our
CCCG-ALL-2015 study cohort to screen other exonic
CDKN2A SNPs associated with ALL pathogenesis,
experimentally explored the effects of exonic CDKN2A
SNPs on leukemic transformation and their response to
CDK4/6 inhibitors (palbociclib, ribociclib, and abemaci-
clib), and characterized the underlying mechanisms.

Results

Distinctive genomic regions at CDKN2A/2B loci
associated with cancer and noncancer diseases/traits
To systemically explore the role of CDKN2A/2B loci in
disease susceptibility, we retrieved all the GWAS hits
from NHGRI-EBI Catalog and other ALL hits from
Yang’s and Houlston’s groups [6,14-17]. Totally 510
disease/traits associated SNPs records were collected
(Supplementary Table 1, Supplemental digital content
1, http://links.lww.com/FPC/B407). Then, we performed

regional association analysis and plotted the SNPs P
value against £1.6mb flanked CDKNZ2A/2B loci by using
Locus zoom (http://locuszoom.org/) [18]. Among 27 dis-
eases/traits analyzed, distinctive cancer and noncancer
susceptibility SNPs pattern were observed (Fig. 1). The
cancer-associated (leukemia, melanoma, breast cancer, gli-
oma, and basal cell carcinoma) SNPs were found to locate
in proximal upstream of the CDKN2A/2B promoter region
(chr9:22090000-22140000), while noncancer-associated
SNPs were located distal upstream of the CDKNZA/ZB
promoter region (chr9:22030000-22080000), suggest-
ing that different genomic regions in CDKN2A/2B-AS1
loci responsible for distinctive diseases susceptibility. In
regard to ALL, the susceptibility SNPs were resided in
the cancer-associated genomic region, with rs3731217 top-
ranked association in the CDKNZA intronic region, indicat-
ing the important role of CDKNZA in ALL development.

Genotyping of CDKN2A in Chinese children with acute
lymphoblastic leukemia

"To further probe the role of CDKNZ2A exonic variations
in childhood ALL susceptibility, we next sequenced
the coding region of the CDKNZA in germline
DNA from 308 childhood B-ALL cases enrolled
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GWAS Catalog associations for CDKN2A/2B loci plotted across Ch9:21.8—-22.2 MB. Association results [—log10(P value)] for ALL susceptibility
loci (a), susceptibility loci of other cancers, and susceptibility loci of nonmalignant conditions (b) are depicted with regards to the physical location
of SNPs. (c) Lists of SNPs plotted in (b). SNP, single nucleotide polymorphism.
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Table 1 Characteristics of enrolled patients from CCCG-ALL-2015
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onto CCCG-ALL-2015 clinical trials (ChiCTR-

cohort IPR-14005706) in Guangzhou Women and Children’s
Characteristics Group No. patients (%) Medical Center (GWCMC, Table 1 and Fig. Za) We
did not observe germline insertions or deletions at
Age (years) >1,<10 291 (94.5) ) : )
geess <1,>10 17 (5.5) the CDKNZA locus, but identified ten novel germline
Gender F:Amla'e }gg Eg?-g; exonic variants, including six missense mutations
ale . INK4A .
FAB subtype L1 66 (21.4) (p.AZ21V, p.G45A, and p.V115L of pl6 codg&%
L2 179 (68.1) sequence; p.’T31R, p.R90G, and p.R129L in pl4
Not de';:’rmined 63 2(2).03')1) coding scqu§:nc§) and one heterozygous tgrmipation
WBC (x10°/L) <50 257 (83.4) codon mutation in exon 2 (p.S129X), resulting in the
>50 51 (16.6) ot . INK4A - s
Liver Not dotoctod 115 (273) production of tru.ncated pl6 (Fig. Z'b.and ¢ and
<2 cm 27 (8.8) Supplementary Figure 1, Supplemental digital content
22, <5 cm 139 (45.1) 2, htep://links.lww.com/FPC/B408). The frequency of
>5 cm 27 (8.8) ALL . . H Chi h harbori h
Spleen Not detected 172 (55.8) patients in our Han Chinese cohort harboring the
<2 cm 28 (9.1) CDKNZA germline mutation was 3.6% (11/308), and
22>,5<(5m<]3m 8244((27763)) we did not identify p16™%** p A148T variant, which
NCI Risk Standard 246 (79.9) occurred frequently in European descents (12.9%,
, 3 High 62 (20.1) 311/2407) [6]. Integrating the variants reported by
Risk stratified by CCCG-ALL-2015 Low 160 (51.9) . INK4A .
Intermediate 146 (47.4) Xu et al. [6], we noticed that most pl6 variants
High 2(0.6) are located in C-terminus, followed by ANK domains
0 . . .
MRD19 ;8_'8}02’ 11(;'; ((95";_'57)) (Fig. 2). Up to date, only the leukemic transformation
MRD46 <0.01% 256 (83.1) potential of p16™ " p A148T has been experimentally
20.01% 52 (16.9) validated, while the function of other twelve exonic
Relapse No 289 (93.8) INK4A .
Yes 19 (6.2) pl6 variants has not been demonstrated by any
model.
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Germline coding variants of CDKIN2A in children with ALL. (a) Flowchart of CDKN2A genotyping. CDKN2A Exon variants were identified by
Sanger sequencing in 308 ALL cases enrolled onto CCCG-ALL-2015 in Guangzhou Women and Children’s Medical Center (GWCMC). (b) and
(c), Exonic variants are classified as silent, missense or nonsense, and are mapped to two distinct open reading frames at this locus: p1 6'NK4A (b)

and p142%F (

c) for ALL cases from GWCMC (upper) and cases previously reported (lower) [6]. Functional domains are indicated by color based

on Pfam annotation. Each circle represents a unique individual carrying the indicated variant (heterozygous or homozygous), except for variants
recurring in more than two individuals for which the number in the circle indicates the exact frequency of the observed variant.
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Leukemic transformation potential of inherited p16'™K**

variations

Building upon the analysis above, we next experimentally
evaluated the effects of these exonic p16™ A variations
on ALL leukemogenesis. To comprehensively evaluate
the effects of these variants on leukemic transformation
function, we used a mouse pro-B cell, Ba/F3 cells as our
study model due to its inherently defective p16"™* which
significantly enhances the development of ALL induced
by Ber-Abll oncogenic fusion. Thus, we compared the
effect of wildtype versus p16™K* variants (p.A21V,
p-A36V, p.G45A, p.A57V, p.R99Q, p.V115L, p.D125H,
p.-A127S, p.S129X, p.R138G, p.H142R, p.A1437T, and
p.A148T) on BCR-ABL1-induced leukemic transforma-
tion 7z vitro (Supplementary Figure 2, Supplemental dig-
ital content 2, htep://links.lww.com/FPC/B408). As shown
in Fig. 3a, ectopic expression of wild-type p16™ * sig-
nificantly suppressed leukemic transformation induced
by BCR-ABL1, while p.A148T significantly accelerated
the leukemic transformation, consistent with the previ-
ous report [6]. Except for p.A148T variant, another four
p16INK4A missense variants (the leukemic transformation

potential:  p.H142R <p.A148T =p.A127S<p.R99Q < p.
A36V) were capable of potentiating Ba/F3 cells 11.3-
independent growth by BCR-ABL1, suggesting that the
likely reduced tumor suppressor function (Fig. 3a). The
p16™K*% b 129X resulted in a premature truncation and

almost completely disrupted the function of the gene
(Fig. 3a).

The p16™*** is a critical cyclin-dependent kinase inhib-
itor and cell cycle entry regulator. To test the impact of
these functional p16™** variants, we applied propid-
ium iodide staining to evaluate the cell cycle distribution
of BCR-ABL1-transformed Ba/F3 cells with different
p16™K*A variants expression. Though we could not com-
pare our results with the wild type p16™** due to its
incapability of leukemic transformation, we observed an
increase of S phase (25.9% +5.2%) in Ba/F3 cells with the
p.H142R variant p16™** as compared to 20.0% +4.9%
S phase in Ba/F3 cells with p.A148T variant (P=0.0006),
in consistent with the great transforming potential of
p-H142R over p.A148T. The S phase percentage in Ba/
F3 cells with p16™** p A127S was also higher than
that in Ba/F3 cells with p16™" % p A148T (P=0.002).
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Functional characterization of p16™¢** coding variants. (a) Cytokine-independent growth of Ba/F3 cells co-expressing wildtype, variant p16"™***,
or empty vector and leukemia oncogenic BCR-ABL1 fusion gene. Cell proliferation in the absence of cytokine IL3 was measured daily as an
indicator of leukemic transformation. T-test was used to compare the cell numbers of the indicated cells with Ba/F3 cells expressing wildtype
p16™K*A (b) Cell cycle analysis of transformed Ba/f3 cells, expressing indicated variant p16™*A or empty vector. Ba/F3 cells were fixed with
66% Ethanol and then stained with propidium iodine and RNase, followed by Flow cytometric and Flowjo analysis. (c) Cytotoxicity of Palbociclib
towards Ba/F3 cells. Ba/F3 cells expressing the indicated vectors were treated with increasing concentrations of Palbociclib for 48 h before
assessing viability using a CCK8 assay. (d) Cytotoxicity of Palbociclib towards Nalmé cells. Nalmé cells expressing empty vector, p16™*A, or
p16™A 5 H142R, were treated with 2 uM Palbociclib for 72 h and then analyzed by CCK8 assay. All experiments were repeated twice in tripli-
cate, and data represent the mean of three replicates = SEM. Asterisks represent statistical significance (*£<0.05; **P<0.01; ***P<0.001). WT,
wild type; EV, empty vector.
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In the meanwhile, the S phase percentage in Ba/F3 cells
ectopically overexpressed p16™5* p.R99Q and p16™"
p.A36V was lower than p16™*** p. A148T (Fig. 3b), which
was in line with their leukemic transformation potentials.

CDK4/6 inhibitors, which block the transition from the
G1 to S phase of the cell cycle by interfering with Rb
phosphorylation and E2F release, have shown potentanti-
tumor activity and manageable toxicity in ALL patients
i vitro [19-21]. Interestingly, a few clinical trials involv-
ing CDK4/6 inhibitors in relapsed/refractory ALL have
been in progress (Supplementary Table 2, Supplemental
digital content 1, http://links.lww.com/FPC/B407). The
findings above prompted us to ask whether BCR-ABL1-
induced leukemic Ba/F3 cells with p16™ * variants
responded to CDK4/6 inhibitors. To test the cytotoxic
effects of CDK4/6 inhibition, BCR-ABL1-transformed
Ba/F3 cells were treated with increased concentrations of
palbociclib. As shown in Fig. 3¢, BCR-ABL 1-transformed
Ba/F3 cells underwent apoptosis upon Palbociclib treat-
ment in a dose-dependent fashion. As compared to Ba/F3
cells with p16™*** p A148T, co-transduction of p16™
p.H142R significantly potentiated response to palboci-
clib, in consistence with the leukemic transformation and
cell cycle distribution results. Similar effects were also
observed in another two CDK4/6 inhibitors, abemaciclib
and ribociclib (Supplementary Figure 3, Supplemental
digital content 2, http://links.lww.com/FPC/B408). 'To
further confirm p16™** mutation in human B-ALL
cells, we established Nalm6 cells ectopically overex-
pressing p16™** variants by lentiviral transfection and
tested the effect of mutations on the response to CDK4/6
inhibitors. In accordance with the results for Ba/F3 cells,
p16™K*A 5 H142R were more sensitive than p16TK#
wild-type (Fig. 3d). Taken together, these results point to
the exonic p16™5** variants may potentiate ALL devel-
opment and drug response to GCDK4/6 inhibitors due to
reduced tumor suppressor function.

Structural basis of dysfunction of inherited p16'N***

variants

To address the impact of the variant protein, we per-
formed immunoblotting assays to test the effects of
p16™* variants on CDK4/6-RB-E2F2 signaling path-
way. Unexpectedly, we could not identify too many
effects of the p.H142R and p.A148T variants on this
signaling pathway as evidenced by unaltered phospho-
rylation level of CDK4 and Rb protein. (Supplementary
Figure 4, Supplemental digital content 2, http://links.Ilww.
com/FPC/B408). p16™** is the prototype of a family of
CDK inhibitors, specific for CDK4/6. Most observations
suggest that p16"™*** binds next to the ATP-binding site
of CDK4/6, opposite where the activating cyclin subu-
nit binds [22-24]. p16™*** prevents cyclin binding indi-
rectly by causing structural changes that propagate to the
cyclin-binding site [24]. p16"™*** consists of four ankyrin
repeats, consisting of ~30 amino acids. These ankyrin

repeats stack to give an extended concave surface, bind-
ing to the N lobe of CKD4/6 [24]. Tumor-derived mis-
sense mutations in p16™"*" affect its structural integrity,
as has been demonstrated by studies of its stability and
aggregation state [25,26]. To elucidate the structural basis
of the effects of the inherited p16™*** variants, structures
were generated by homology modeling methods. p.A36V,
p-R99Q, and p.A127S, which locate at ANK_1, ANK_3,
and ANK_4, respectively, affect the binding of p16™K#
with CDK4 (Fig. 4). To this end, we could not reveal the
causes of p.H142R and p.H148T with this model, since
both variants are located to the C terminal, suggesting
that some other hidden mechanisms existed.

Discussion

CDKNZA/ZB is a well-established tumor suppressor
gene, encoding p16™* p15™E and p14*F. Loss
of CDKNZ2A/2B function caused by genomic deletion,
hypermethylation, and mutations are multi-dimension-
ally associated with cancer development, for example,
cancer susceptibility carcinogenesis, prognosis, and treat-
ment response [27-29]. In regard to cancer susceptibil-
ity, inherited CDKNZ2A/2B variants confer susceptibility
not only to ALL, but also to glioma, basal cell carcinoma,
and melanoma [30-33]. Though over 90% of diseases/
traits-associated CDKNZ2A/2B variants are located in non-
coding (intronic and/or intergenic) regions, a few studies
have revealed that CDKNZA exonic variants also confer
susceptibility to childhood ALL [5,6,34]. In this study,
we report that the genomic region of CDKNZ2A/2B is
responsible for cancer susceptibility, and systemically
examine the role of inherited CDKNZA exonic variants in
ALL development and their potentials.

Zhang et al. have identified a repressive element prox-
imal to the ARF promoter, which is responsible for
mediating p16™5* expression, suggesting that certain
crucial genomic regions for CDKNZA/Z2B transcription
[35]. To better decipher the pattern of diseases/traits-as-
sociated CDKNZ2A/2B SNPs, we utilized online tools to
assess whether specific genomic regions affect differ-
ent diseases/traits and found that the genomic region
(chr9: 22090000-22140000) in CDKNZA/2B loci might
be responsible for cancer susceptibility, while the distal
region was more enriched for noncancer diseases/traits
(e.g. coronary heart disease, diabetes, myocardial infarc-
tion, etc.) (Fig. 1), suggesting a distinct functional role of
CDKNZ2A/2B loci. It is perhaps that there is variability in
the long-distance chromatin interactions and co-regula-
tory elements among these two genomic regions.

The p16™** is a cyclin-dependent kinase inhibitor
and regulates cell cycle entry via the Rb-E2F signaling
[36]. p16™K* is suppressed during normal hematopoie-
sis, while it is activated by different oncogenic stimuli,
for example, BCR-ABL.1 fusion and PDGFRB-fusion
[37-39]. Once activation, the impact of p16INK4A on
CDK4/6 would lead to cell cycle arrest at the G1 phase
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Fig. 4

The p16'™***/CDK4 complex model and the superimposition with the crystal structure of CDK4/CyclinD. (a) p1 6K and CDK4 from homology
modeling were shown in yellow and red, respectively. Cyclin D in cyan and CDK4 in pink was from the crystal structure (PDB ID: 6P8G). The
two complexes were superimposed according to the CDK4 proteins. Ankyrin domains in p16™K* were numbered from 1 to 4 with starting from

N terminus. p16™

variants, resulting in leukemic transformation were shown as Van der Waals spheres. p.A36V, p.R99Q, and p.A127S, are in

ANK_1, ANK_3, and ANK_4 domains, respectively, and p.H142R and p.A148T in C-terminus of p16™**A, (b) p16™ ** and CDK4 from homology
modeling were shown in yellow and red, respectively. p18 in brown, CDK®6 in gray, and Cyclin in blue were from crystal structure (PDB ID: 1G3N).
The two complexes were superimposed according to the alignment of CDK4 and CDK6 proteins. Ankyrin domains in p18 were numbered from 1
to 5 with starting from N terminus. p.H142R and p.A148T are in C-terminus of p16™K*, which equivaient to the Ank_5 domain of p18.

(senescence) in order to eliminate oncogene-stressed
cells. Bi- or monoallelic CDKNZ2A/2B deletions were found
in 64% of BCR-ABL.1 positive ALL cases and in 32-72%
of ALL cases without the BCR-ABLI translocation [37].
All these points to the role of defective p16™ 4 p14ARE,
and p15™**® in leukemogenesis. Through CDKNZA/2B
targeted sequencing, Xu ¢/ /. has identified that the
inherited p16™*** p A148T variant (rs3731249) is also
strongly associated with ALL [6]. Functional assays have
demonstrated that the p16™"8** p A148T variant is pref-
erentially retained in B-ALL leukemic cells compared to
its wild-type [5,6,34], suggesting the role of exonic SNPs
in B-ALL risk. Except for rs3731249 (p16™A p A148T),
we here systemically examined the impact of other
p16™%* variants on ALL leukemogenesis and identified
another five variants (p.A36V, p.R99Q, p.A127S, p.S129X,
and p.H142R) with leukemogenic potential (Fig. 3a). All
these five variants could induce cell cycle entry from G1
to S phase, with most prominently in p.H142R variant.
Leukemic transformed Ba/F3 cells with p.H142R were
well responded to CDK4/6 inhibitors (palbociclib, ribo-
ciclib, and abemaciclib) (Fig. 3c, and Supplementary
Figure 3, Supplemental digital content 2, http://links.lww.
com/FPC/B408), suggesting clinical translation poten-
tials. Meanwhile, these data also indicated that patients
with these variants may be susceptible to experience
CDK4/6 inhibitor adverse drug reactions. The structural
analysis revealed that p.A36V, p.R99Q, and p.A127S in
ANK domains weakened the binding of p16™** with
CDK4, but could not explain the effect of p.H142R and
p.A148T, since both of these two variants located in the

C-terminus, which is not involved in the interaction
(Fig. 4).

Conclusion

The systemic analysis of diseases/traits-associated
CDKNZ2A/2B SNPs revealed distinctive genomic hot-
spots responsible for cancers or noncancer diseases. In
the meanwhile, we systemically evaluated the impacts
of inherited p16™*** exonic variants and identified four
missense (p.A36V, p.R99Q, p.A127S, and p.H142R) and
one nonsense (p.S129X) variants conferring ALL sus-
ceptibility. Among these five variants, p16"™~** p. H142R
demonstrated the greatest potential of ALL leukemogen-
esis and CDK4/6 inhibitor clinical translation. Our find-
ings pinpoint the function of CDKN2A/2B loci in ALL
leukemogenesis and targeted therapy.

Materials and methods

Patients

The patients were prospectively enrolled in the CCCG-
2015-ALL clinical trial, which was approved by the
institutional review board of the Guangzhou Women
and Children Medical Center (GWCMC) (2018022205).
Details of the enrollment criteria and study design have
been described previously [40]. All the investigated
pediatric ALL patients were treated in the GWCMC.
This study was approved by the Institutional Ethics
Committee of the GWCMC (IRB No.2018022205,
2017102307, 2015020936, and 2019-04700), regis-
tered at the Chinese Clinical Trial Registry (ChiC'TR-
IPR-14005706), and conducted in accordance with the
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Declaration of Helsinki. Informed consent was obtained
from the patients or their legal guardians.

Cell culture

HEK293T cells (ATCC, Rockefeller, Maryland, USA)
were maintained in DMEM supplemented with 10% fetal
bovine serum (FBS), and penicillin/streptomycin. Ba/F3
cells (gift from Dr Omar Abdel-Wahab at the Memorial
Sloan Kettering Cancer Center, New York, USA) were
maintained in RPMI1640 supplemented with 10% FBS,
10ng/mL IL3, and penicillin/streptomycin. Nalm6 cells
(ATCC) were maintained in RPMI1640 supplemented
with 10% FBS, and penicillin/streptomycin.

Virus transduction

BCR-ABLI p185 ¢cDNA was amplified from MSCV-BCR-
ABL1-LucZ construct, a gift from Dr. Charles Sherr at
St Jude Children’s Research Hospital, and cloned into
Lenti-MCS-Blast lentiviral empty vector [41]. Full-length
p16™5* \was amplified and cloned into the cL.20c-IRES-
GFP lentiviral vector, and mutations were generated using
the Q5 Site-Directed Mutagenesis Kit (New England
Biolabs, Ipswich, Massachusetts, USA). Lentiviral super-
natants were produced by transient transfection of HEK-
293'T cells using calcium phosphate. For transduction, Ba/
F3 cells were co-transduced with lentiviral supernatants
expressing BOR-ABL1 and p16™** followed by Blasticidin
selection and fluorescence-activated cell sorting.

Cytokine-independent growth assay in Ba/F3 cells
Cells were expanded after being washed three times
and then plated at a density of 5x10° cells/mL in
non-IL.3-containing medium. Viable cell counts were
obtained using Trypan blue staining on TC20 Automated
Cell Counter (Bio-Rad, Shanghai, China).

Cytotoxicity assay

Cells were seeded in 96-well plates at 25000 cells per
100 pLL per well with either vehicle or increasing concentra-
tions (0.0002, 0.002, 0.02, 0.2, 2, 20, and 200 pM) of drugs for
48-72h. Cell viability was assessed by adding CCKS8 (Cell
Counting Kit-8, Dojindo, Kumamoto, Japan) reagent
according to the manufacturer’s instructions. Procedures to
determine the effects of certain conditions on cell prolifer-
ation were performed in three independent experiments.

CDKN2A genotyping

Germline genomic DNA was extracted from peripheral
blood samples obtained during clinical remission for chil-
dren with ALL. CDKNZA exons were genotyped in the
samples by Sanger Sequencing using primers listed in
Supplementary Table 4, Supplemental digital content 1,
htep://links.lww.com/FPC/B407.

Western blotting
Preparation of cellular protein lysates was performed by
using the Cell signaling Lysis buffer (9803; Cell Signaling

Technology, Shanghai, China) according to the manufac-
turer’s extraction protocol. Protein quantitation was done
using Pierce BCA Protein Assay Kit (ThermoFisher
Scientific, Shanghai, China). A total of 30 g of protein
was denatured in LLeammli buffer at 95°C for 5min and
western immunoblotting was performed using the Bio-
Rad system 4-15% Precast Progein Gels. The transfer
was performed using the Trans-Blot turbo system (Bio-
Rad) onto polyvinylidene fluoride membranes. The
immunoblotting was performed with the primary anti-
body and secondary anti-rabbit antibodies mentioned in
Supplementary Table 5, Supplemental digital content 1,
htep://links.lww.com/FPC/B407. Images were acquired
by using the Bio-Rad imaging chemidoc MP system.
Image] software (National Institutes of Health, Bethesda,
Maryland, USA) was used to performed densitometry
analyses of western blots. Results of each band were nor-
malized to the beta-actin/Glyceraldehyde-3-Phosphate
Dehydrogenase levels in the same blot.

Cell cycle analysis

Cells were harvested and fixed in 70% ethanol for 30 min
at 4°C and washed with phosphate-buffered saline sup-
plemented with 1% FBS. The cells were treated with
100 pg/ml. RNase A (Sigma Aldrich, Shanghai, China)
for 1h at 37°C in a humidified 5% CO, incubator and
stained using 50pg/mL  propidium 1odide (Sigma
Aldrich) for 30 min at room temperature. The DNA con-
tent of the cells was analyzed using FACSCalibur (BD
Biosciences, Franklin Lakes, New Jersey, USA) and
Flow]o v. 10 software (Flow]Jo, Ashland, Oregon, USA).

Statistical analysis

All statistical analyses were performed using GraphPad
Prism and/or R (version 3.2.5, https://www.R-project.org);
all tests were two-sided. P<0.05 was considered to be
statistically significant, P<0.05, *; P<0.01, ** P<0.001,
##x and P<0.0001, **** Regional association plots were
created by Locus zoom (http://locuszoom.org/) [18].
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