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ABSTRACT
◥

Although the cyclin-dependent kinases CDK4 and CDK6 play
fundamental roles in cancer, the specific pathways and down-
stream targets by which they exert their tumorigenic effects
remain elusive. In this study, we uncover distinct and novel
functions for these kinases in regulating tumor formation and
metastatic colonization in various solid tumors, including those of
the breast, prostate, and pancreas. Combining in vivo CRISPR-
based CDK4 and CDK6 gene editing with pharmacologic inhi-
bition approaches in orthotopic transplantation and patient-
derived xenograft preclinical models, we defined clear functions
for CDK4 and CDK6 in facilitating tumor growth and progression
in metastatic cancers. Transcriptomic profiling of CDK4/6
CRISPR knockouts in breast cancer revealed these two kinases
to regulate cancer progression through distinct mechanisms.
CDK4 regulated prometastatic inflammatory cytokine signaling,

whereas CDK6 mainly controlled DNA replication and repair
processes. Inhibition of CDK6 but not CDK4 resulted in defective
DNA repair and increased DNA damage. Multiple CDK6 DNA
replication/repair genes were not only associated with cancer
subtype, grades, and poor clinical outcomes, but also facilitated
primary tumor growth and metastasis in vivo. CRISPR-based
genomic deletion of CDK6 efficiently blocked tumor formation
and progression in preestablished cell- and patient-derived xeno-
graft preclinical models of breast cancer, providing a potential
novel targeted therapy for these deadly tumors.

Significance: In-depth transcriptomic analysis identifies cyclin-
dependent kinases CDK4 and CDK6 as regulators of metastasis
through distinct signaling pathways and reveals the DNA replica-
tion/repair pathway as central in promoting these effects.

Introduction
The cell-cycle and DNA replication processes are tightly coordinated

to ensure proper single genome duplication in each cell division. Cyclin-
dependent kinases (CDK) play a central role in coordinating cell-cycle
transitions and DNA replication. CDK4 and CDK6 are key G1 phase
regulators that govern entry into the cell cycle (1). Upon mitogenic
stimulation, theG1 phase is triggered by the release of the INK4 inhibitor
from the cyclin D–CDK4/6 complex, leading to phosphorylation of the
retinoblastoma (RB) protein and further activation of the cell prolifer-
ation E2F transcriptional program (2). During G1 to S-phase transition,
the CDK2/cyclin E complex also leads to activation of the helicase
minichromosome maintenance complex and initiation of DNA syn-
thesis (3). DNA replication is the most vulnerable cellular process
targeted by oncogenic insults and oncogene-induced DNA replication
stress has been indicated as a driver of tumorigenesis (4).

While in normal cells, the cell cycle can progress in the absence of
cyclin Ds or CDK4/6 (5, 6), cancer cells are dependent on increased
cyclin D expression and hyperactive CDK4/6 for their prolifera-
tion (7, 8). In fact, genetic events that modulate expression and/or
activation of the cell-cycle regulators are frequent in cancer, leading
to tumor development and progression (9). Furthermore, hyperacti-
vation of the cyclin D1/CDK4 complex is the ultimate downstream
target for many oncogenic events such as HER2- and RAS-induced
primary tumor growth in breast cancer and non–small cell lung
carcinoma (5, 10–12). Although CDK4 and CDK6 are highly homol-
ogous, genomic analysis of patient tumor samples suggested certain
cancers exhibit a more selective dependency toward CDK4 or CDK6.
Indeed, CDK4 deregulation is more often found in epithelial tumors,
such as those from the breast, skin, and lung tissues (13). In contrast,
CDK6 hyperactivity is more common in mesenchymal malignancies,
such as lymphoid leukemias and sarcomas (14). This tumor type
specificity for CDK4 and CDK6 suggests that the two closely related
kinases exhibit distinct functions and specific gene signatures. In
support of this notion, aside from their canonical substrate RB, more
than one hundred proteins have been found to be phosphorylated by
these two kinases, with a much broader spectrum for CDK6 (15).

Newly uncovered cell-cycle–independent functions for cyclin D1/
CDK4 on cancer cell migration, epithelial-to-mesenchymal transition
and cancer stem cell (CSC) self-renewal suggest that these kinases may
also contribute to tumor progression and metastases (16–18). Con-
sistent with this possibility, palbociclib, a CDK4/6 inhibitor (CDK4/
6i), was found to reduce metastatic burden in an orthotopic patient-
derived xenograft mouse model of breast cancer (19). Moreover, we
recently found that blocking CDK4/6 activity using palbociclib effi-
ciently reduced CSC numbers and reversed the phenotype from
mesenchymal to an epithelial/luminal-like in triple-negative breast
cancer (TNBC; ER/PR/HER negative) cells, correlating with better
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patient prognosis and clinical outcomes (18). These studies suggest
that, in addition to promoting tumorigenesis, CDK4/6 may also
regulate the metastatic process. To date, several CDK4/6i have been
approved for treatment of ERþ metastatic breast cancer in combina-
tion with aromatase inhibitors or ER antagonists (20). However, an
early single-arm trial of palbociclib in RB-positive metastatic breast
cancer showed that the single-agent palbociclib is more effective in
HRþ than HR� TNBC patients (21). It is worth noting that only four
patients with TNBC were enrolled in this trial, highlighting the need
for further trials with better patient stratification and larger cohorts.
Therefore, it is critical to better understand the function of CDK4/6 in
metastatic TNBC and to identify their downstream effectors on tumor
initiation and progression.

In this study, we characterized the CDK4- and CDK6-specific
transcriptomes to further define their function to primary tumor
formation and metastasis in the context of different solid tumor types.
To this end, we used clustered regularly interspaced short palindromic
repeats knockout (CRISPR-KO) CDK4/6 cancer models and high-
throughput gene profiling, large cancer patient datasets, and bioin-
formatic analysis as well as multiple preclinical mouse models
of cancer. We found that blocking CDK4/6 expression using
CRISPR-KO efficiently inhibited cancer growth and metastatic
colonization to distant organs in multiple solid tumor types includ-
ing breast, prostate, and pancreas. Interestingly, we found that
CDK4 and CDK6 regulate distinct gene sets and pathways to
mediate these tumorigenic effects. Pathway enrichment analysis of
RNA-sequencing (RNA-seq) data revealed that CDK4 regulates
prometastatic inflammatory pathways while CDK6 regulates genes
involved in the DNA replication and repair processes. Importantly,
we found that CDK6 deletion or its pharmacologic inhibition
decreased expression of major homologous recombination DNA
repair proteins and led to increased DNA damage. We further
identified five major DNA replication and repair genes (TK1, DTL,
POLD3, POLE2, and CENPI) as CDK6-specific transcriptional
targets and uncovered new critical tumorigenic functions for these
genes in mediating CDK6 effects. These results demonstrate
the prominent role played by CDK6 and downstream DNA rep-
lication and repair genes in cancer growth and progression. From a
therapeutic perspective, we also showed that intratumoral and
intravenous in vivo delivery of a CRISPR/Cas9/CDK6 guide RNA
(gRNA) using a clinical-grade polymer-based lipid reagent (in vivo-
jetPEI) efficiently reduced primary tumor burden and metastatic
colonization of the lungs, using cell- and patient-derived xenografts
preclinical models of breast cancer.

Materials and Methods
Cell culture

SUM159PT cells were obtained from Stephen Ethier (The Medical
University of South Carolina, Charleston, SC). MDAMB231,
MDAMB468, PC3, and HPAF-II were obtained from the ATCC.
HEK293T cells were obtained from GenHunter. All cells used were
cultured at 37�C in 5% CO2. HEK293T, MDA-MB-468, and MDA-
MB-231 were maintained in DMEM (Wisent Bio) with 10% FBS
(Gibco). SUM159PTwasmaintained inHamF-12mediawith 5%FBS,
5 mg/mL insulin, and 1 mg/mL hydrocortisone (Wisent Bio). HPAF-II
was maintained in Eagle minimum essential medium (Wisent Bio)
with 10% FBS. PC-3 wasmaintained in Ham F-12Kmediumwith 10%
FBS. All cell lines were used at early passage between 3 and 15 passages.
All the cell lines were routinely tested by PCR kit for Mycoplasma by
Diagnostic Laboratory from Comparative Medicine and Animal

Resources Centre (McGill University, Montreal, Quebec, Canada).
All cell lines are Mycoplasma negative. All cell line authentication
except SUM159 was performed by short tandem repeat profiling at
ATCC.

CRISPR knockout plasmid cloning
The single vector system lentiCRISPR V2 backbone (Addgene,

plasmid # 52961) was used to clone the nontargeting and targeting
gRNA sequences for CDK4, CDK6, DTL, TK1, POLD3,
HIST1H2BH, E2F8, PTN, LRIG3, PELI2, PIM1, PCNA, POLE2,
and CENPI. Cloning was performed as described in the Addgene
protocol (22). The three gRNAs for each gene each target different
genomic regions and oligo sequences listed in Supplementary
Table S1. Backbone vector was digested and dephosphorylated by
BsmBI and FastAP (Fermentas) for 30 minutes at 37�C. The
digested plasmid was gel-purified by QIAquick Gel Extraction Kit
(Qiagen). The pair of oligos for each gene were phosphorylated and
annealed using T4 PNK enzyme in a thermocycler by incubating 30
minutes at 37�C and 5 minutes at 95�C and ramp down to 25�C.
Annealed oligos were diluted at 1:200 and ligated together with
digested vector using Quick ligase (NEB) for 20 minutes at room
temperature. The cloned vectors were then transformed into Stbl3
bacteria (Invitrogen).

Lentiviral production and infection
The HEK293T cell line was transfected for 16 hours at 37�C using

15 mg cloned vector for each gene, 4.5 mg pMD2.G (Addgene,
12259), and 12 mg psPAX2 (Addgene, 12260). The medium was
then changed with fresh complete medium DMEM with 10% FBS.
After 24-hour virus production, the medium was collected and
centrifuged at 1,200 rpm for 5 minutes to remove any cells in the
medium and the supernatant containing virus was collected. All
cancer cell lines were then infected with 8 mg/mL of polybrene and
100 mL of virus for each plate overnight. Thirty-six hours postin-
fection, puromycin was added to all KO cells and cells were selected
for at least 7 days.

For rescue CDK6, 2 mg HA-tagged CDK6 cDNA (Addgene, 1868;
ref. 23) was transfected with Lipofectamine 3000 (Invitrogen) accord-
ing to the manufacturer’s protocol for 3 days.

Genomic DNA cleavage assay
The genomic DNA cleavage assays for all genes were performed

using GeneArt Genomic Cleavage Detection Kit (Invitrogen) accord-
ing to the manufacturer’s protocol. Briefly, 5 � 105 of the stable KO
cells were collected and genomic DNA was extracted. Primers were
designed to amplify the specific loci modified by PCR. The primer
sequences are listed in Supplementary Table S2. The PCR products
containing the insertion/deletion, or mismatched DNA (indel) were
then cleaved by the Detection Enzyme.

Immunoblotting
Total protein from the infected cells was extracted using ice-cold

lysis buffer (50mmol/L Tris-HCl, 150mmol/LNaCl, 1%TritonX-100,
1 mmol/L EDTA, 100 mmol/L Na3VO4, protease inhibitors, phos-
phatase inhibitors). Cell lysates were then centrifuged at 12,000 rpm
for 20 minutes at 4�C. The protein concentration for supernatant was
determined using the BCA Kit (Thermo Fisher Scientific). The lysate
samples were diluted in 5 � SDS Buffer and heated at 95�C for 5
minutes prior to loading on gel. Following electrophoresis, proteins
were transferred onto nitrocellulose and blocked for 1 hour in 5% non-
fat milk at room temperature. The membrane was then incubated
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Figure 1.

CDK4andCDK6CRISPR-KO impair primary tumor growth andmetastatic colonization in TNBCcells.A,Three specificgRNAs targetingdistinct genomic sites oneach
geneweregenerated anddelivered through lentiviral infection.B,Genemodification of theCDK4 andCDK6gRNAswere determinedusinggenomic cleavageassays.
C, CDK4 and CDK6 KO efficiency from three different gRNAs in breast cancer cells (SUM159) was assessed at the protein level by immunoblotting. D, The NT ctrl,
CDK4 KO1, and CDK6 KO1 SUM159 cells were xenografted in NSG mice (n ¼ 8 per group) through orthotopic mammary fat pad transplantation and primary tumor
growthwas assessed bymeasuring tumor volume. E, SUM159 cells were xenografted in NSGmice throughmammary fat pad transplantation and allowed to develop
for 26 days. Mice were then separated into two groups (n¼ 7 per group) with similar average tumor volume and treated daily with vehicle or palbociclib (30mg/kg)
by intraperitoneal injection. Primary mammary tumor growth was assessed by measuring tumor volume. F, MDA-MB-231 KO cells from gRNA1 (n ¼ 10 mice per
group) were xenografted through orthotopic mammary fat pad transplantation in NSG mice and primary tumor growth was assessed by measuring tumor
volume. (Continued on the following page.)
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overnight at 4�C with the primary antibodies (detailed information in
Supplementary Table S3). Following 1-hour incubation with specific
secondary antibodies, membranes were washed, and revealed by ECL
using the ChemiDoc Touch Instrument (Bio-Rad).

Tumorsphere formation assay
NT and CDK4/6 KO SUM159 cells were seeded in 24-well low-

attachment plate and incubated for 7 days in DMEM/F12 supple-
mented with B27, 10 ng/mL EGF, and 10 ng/mL bFGF and tumor-
sphere cell number were counted.

Cell viability
NT and CDK4/6 KO SUM159 cells were seeded (100 cells/well) in

96-well plates for 4 and 7 days and followed by incubation of 10%
PrestoBlue Reagent (Thermo Fisher Scientific) at 37�C for 2 hours.
Cell viability was measured by fluorescence (excitation/emission at
560/590 nm) using a plate reader.

Apoptosis assay
NT and CDK4/6 KO SUM159 cells were stained with Annexin V

FITC and PI using Annexin V Apoptosis Detection Kit (Santa Cruz
Biotechnology) for 15 minutes at room temperature according to the
manufacturer’s protocol. Percentage of Annexinþ/PI� (early apopto-
sis) and Annexin Vþ/PIþ (late apoptosis) was quantified by flow
cytometry.

Immunofluorescence
SUM159 cells were fixed by ice-cold methanol for 15 minutes at

�20�C. After blocking for 30 minutes in 2% BSA, cells were incubated
with gH2AX primary antibody and then secondary anti-Rabbit Alexa
Fluor 568 (Invitrogen) for 1 hour at room temperature. The cells were
thenmounted on themicroscope slides and scanned using the confocal
microscope (Zeiss LSM780). Intensity of gH2AX was quantified by
ImageJ software.

IHC
Mouse lung tissues with metastatic nodules were fixed in 10%

formalin for at least 24 hours. Lung tissues were embedded and section
into 5 mmper slide. The slides were then boiled with 10mmol/L citrate
buffer (pH 6.0) at 95�C for 15 minutes. The slides were stained with
hematoxylin and eosin and pan-cytokeratin (Thermo Fisher Scientific,
1:200) for 1 hour to assess lung metastasis. Ki67 antibody was used to
stain tumor tissue for 1 hour. HRPPolymer andDABPlus Chromogen
(Thermo Fisher Scientific) was used for detection. All images were
scanned by ScanScope digital scanner (Aperio). Quantification of
Ki67-positive tumor cells was performed using the ImageJ plugin
ImmunoRatio (24).

In vivo studies
All mice were housed and handled in accordance to the approved

guidelines of the Canadian Council on Animal Care and the Animal
Care Committee of McGill University (AUP # 7497). The immune-
deficient non-obese diabetic scid gamma (NSG) mouse breeders were
purchased from The Jackson Laboratory.

Human breast cancer cells, SUM159 or MDA-MB-231(1 � 106/
mouse), were diluted 1:1 with Matrigel and then inoculated in the
mammary fat pads of 8-week-old, female NSGmice to generate breast
cancer tumors. Tumor sizes were measured with a digital electronic
caliper three times per week to reach maximum volume of 1,000 mm3

prior to euthanasia. To generate a growth curve, tumor volumes were
calculated according to the following formula: [4/3�p� (Length/2)�
(Width/2)2].

Both cell lines (1 � 106 cells of each) were injected by tail vein to
allow for lung metastasis development. The mice were euthanized at
the indicated times after injection. The lung tissues were counted for
metastatic nodules post-Bouin solution fixation (SUM159) or fixed in
10% neutral buffered formalin solution before sectioning and H&E
staining (MBA-MB-231).

Human pancreatic cancer cell line HPAFII (1 � 106/mouse) was
inoculated in 7-week-old male NSG mice by intra-pancreas route to
generate pancreatic tumor (withMatrigel) or by intra-splenic injection
to evaluate livermetastases formation. Themicewere euthanized at the
indicated time for measuring pancreas tumor size and counting
metastatic nodules on the liver surface.

Human prostate cancer PC3 cells (1 � 106/mouse) were injected
through tail vein or subcutaneous routes. Tumor sizes were measured
three times per week with a digital electronic caliper. The metastasis
nodules on lung, liver and kidneys were counted at the indicated time.

RNA sequencing
RNA samples were extracted using TRIzol from CDK4 and

CDK6KO SUM159 and nontargeted cells treated with or without
100 nmol/L palbociclib for 24 hours. RNA-seq was performed at the
McGill GenomeQuebec Centre using the IlluminaHiSeq 4000 system.
Paired-end 100 bp RNA-seq, 50 million reads per sample, were
mapped to the GRCh38 assembly of human genome using
HISAT2 (25), with default parameters. Mapped reads were sorted by
read name using SAMTools (26). Gene annotations were obtained
from Ensembl (27) version 85, and gene-level read counts were
calculated using htseq-count from the HTSeq package (28). Only
reads with MAPQ score ≥30 were used for read counting, including
only those that map to gene annotations with the “intersection-strict”
parameter of htseq-count.

Variance-stabilized transformation from DESeq2 (29) was used to
estimate the logarithm of read abundances for each gene in each
sample that were the basis for hierarchical clustering and principal
component analyses plots. Hierarchical clustering was performed
using complete link, based on Euclidean distance of gene expression
profiles. DESeq2 was also used to identify differentially expressed
genes in paired comparisons. Pathway enrichment analysis was per-
formed using EnrichR. Upregulated and downregulated genes were
analyzed separately for each analysis, geneswith significant differential
expression [fold change (FC) >1.5, <�1.5; false discovery rate (FDR) <
0.05] were used for enrichment test.

In vivo CRISPR delivery
SUM159 cells (1� 106) were injected intomammary fat pad ofNSG

mice to develop primarymammary tumor for 35 days. For eachmouse,

(Continued.) G, NT, CDK4, and CDK6 KO SUM159 breast cancer cells were injected intravenously in NSG mice (n ¼ 6 per group) to assess the number metastatic
nodules in the lungs. Data are represented as dot plots for individual mice. Themidlines showmedian value. Representative images of metastatic nodules are shown
for eachmouse's lungs. Arrows,metastatic nodules.H and I,NT, CDK4, andCDK6KOMDA-MB-231 breast cancer cellswere injected in the tail vein ofNSGmice (n¼4)
and lungmetastasis was assessed by hematoxylin and eosin (H&E) staining and pan-cytokeratin (pan-CK) IHC. Blue lines delineate themetastatic lesions in the lung.
The percentage of tumor area was measured. J and K, Lung metastatic nodules and area were quantified from mice (n ¼ 6 per group) intravenously injected with
SUM159 (J) and MDA (K) and treated with vehicle and palbociclib (30 mg/kg) treatment daily. All data are mean � SEM from three biological replicates unless
otherwise stated. � , P < 0.05 by Student t test.
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10 mg of each CRISPR/Cas9 plasmid DNA construct expressing single
NT gRNAs or gRNAs targeting CDK6, was diluted 1:1 with 10%
glucose solution. 1.2 mL InvivoJet PEI (Polyplus) was diluted with
10 mL of 10% glucose and completed to 20 mL total with sterile water.
Plasmids and InvivoJet PEI mixtures were then combined and incu-
bated for 15 minutes at room temperature. The 40 mL plasmid
complexes were then injected by intratumoral route at multiple sites
two times per week for a total of two weeks.

For intravenous delivery, 1 � 106 SUM159 cells were first injected
intravenously for 7 days. Forty micrograms of plasmid mixture in
100 mL volume was combined with 100 mL InvivoJet PEI mixture
containing 6.4 mL InvivoJet PEI. The plasmid complexes were then
delivered intravenously once per week for four weeks.

The TNBC patient-derived xenograft (PDX) model TM00096 was
obtained fromThe Jackson Laboratory.Detailed patient information is
available on the company’s website. To expand PDX primary tumor in
NSG mice, tumor tissues were minced and subcutaneously trans-
planted into recipient mice. Tumor sizes were monitored with a digital
electronic caliper and allowed to develop to approximately 200 mm3.
Mice were separated into three groups (6 mice per group) based on
similar average tumor size. Animals were subjected to the same dose of
CRISPR/Cas9 gRNAs as intratumoral delivery twice per week for two
weeks.

Statistical analyses
All results are presented as the mean � SEM for at least three

repeated individual experiments unless otherwise stated. The differ-
ence between groups was analyzed using Student t test. A P < 0.05 was
considered statistically significant.

Results
CDK4 and CDK6 CRISPR-KOs block primary tumor growth and
metastatic colonization

To functionally characterize the role of CDK4 and CDK6 on
primary tumor growth in vivo, we initially used two highly metastatic
basal-like TNBC cell lines, SUM159 and MDA-MB-231 (herein
referred to as MDA). CDK4 and CDK6 were selectively deleted in
these cell lines using CRISPR/Cas9. Three specific gRNAs targeting
distinct genomic loci on each gene were generated and delivered
through lentiviral infection (Fig. 1A). On-target CRISPR-induced
genomic editing was confirmed using DNA cleavage assay
(Fig. 1B). Knockout efficiency was further assessed at the protein
level by immunoblotting of CDK4 and CDK6 (Fig. 1C). CDK4 and
CDK6KOSUM159 cells were then transplanted into themammary fat
pads of NSG mice to assess orthotopic primary tumor growth. As
shown in Fig. 1D and E, deletion of CDK4/6, or kinase inhibition by
palbociclib, significantly reduced primary tumor growth compared to
nontargeting control (NT ctrl) infected cells. These experiments were
also performed in MDA cells and showed that primary tumor growth
was significantly impaired in the absence of either CDK4 or CDK6
using two specific gRNAs for each gene (Fig. 1F; Supplementary
Fig. S1).

To determine whether CDK4/6 could also regulate metastatic
processes, CDK4 and CDK6 KO cells were injected intravenously into
NSG mice. Interestingly, while mice injected with NT Ctrl developed
high numbers of lung metastatic nodules after five weeks, deletion of
either CDK4 or CDK6 in SUM159 cells completely prevented meta-
static colonization of the lungs by the breast cancer cells (Fig. 1G).
Similar results were obtained with the MDA CDK4/6 KO cells, as
assessed by the percentage of tumor cells area within invasive lung

tissue (tumor cellularity) using hematoxylin and eosin and epithelial
tumor cell marker (pan-cytokeratin) staining (Fig. 1H and I). More-
over, palbociclib treatment reduced lung metastatic nodules and the
percentage of metastatic lesions in SUM159 and MDA intravenously
injected NSG, respectively (Fig. 1J and K). Collectively, these findings
provide direct evidence for a role of CDK4 and CDK6 on primary
tumor formation and metastatic lung colonization in TNBC.

We then assessed whether the CDK4/6 effects on tumor growth and
metastasis could extend to other solid tumor types using preclinical
models of prostate and pancreatic cancer. CRISPR/Cas9-mediated
CDK4/6 KOs in prostate (PC3) and pancreatic (HPAF-II) cancer cells
was confirmed by immunoblotting (Figs. 2A and B). Primary prostate
tumor growth was assessed following subcutaneous transplantation of
the cancer cell line PC3 in NSG mice. As shown in Fig. 2C, knocking
out CDK4 and CDK6 significantly prevented tumor growth. Further-
more, intravenous injection of CDK4 and CDK6 gRNA-infected PC3
cells led to a significant inhibition of the metastatic spread of the
tumors to distant organs, including the lungs, liver, and kidneys
(Fig. 2D–F). Using an orthotopic pancreas transplantation model,
we also found that deletions of CDK4 and CDK6 in HPAF-II pan-
creatic cancer cells significantly reduced tumor volume (Fig. 2G). As
liver is the primary site for pancreaticmetastasis, we assessed the role of
CDK4/6 on liver metastasis through intrasplenic transplantation of
HPAF-II CDK4 KO and CDK6 KO cells. Both CDK4 and CDK6 KOs
strongly reduced the number of liver metastatic nodules when com-
pared with control cells in animals (Fig. 2H). Altogether, our results
define CDK4/6 as potent regulators of tumor growth and metastatic
process in various types of solid tumors, highlighting CDK4/6 as
important druggable targets for patients with metastatic cancer.

CDK4 and CDK6 regulate distinct transcriptomes
To gain further insight into the mechanisms by which CDK4 and

CDK6 regulate primary tumor growth and metastasis, we performed
transcriptomic profiling of CDK4 and CDK6 KO TNBC cells using
RNA-seq.We also compared the transcriptomic profiles fromCDK4/6
KO cells to inhibition of their kinase activity by palbociclib treatment.
As shown in Fig. 3A and B, principal component analysis and
unsupervised hierarchical clustering of the RNA-seq data revealed a
tight clustering among biological replicates in the same conditions.
Treatment of SUM159 cells with 100 nmol/L palbociclib for 24 hours
altered expression (FDR < 0.05; FC >1.5, < �1.5) of over 2,514 genes
(1,363 up- and 1,151 downregulated genes), whereas the CDK4 and
CDK6 KOs resulted in altered expression of 801 (236 up- and 565
down) and 1,527 (620 up- and 907 down) genes, respectively (Fig. 3C).
To further analyze CDK4/6 KOs and palbociclib-regulated transcrip-
tional programs, we performed pathway enrichment analysis of these
gene sets (30). We focused on downregulated genes, as no enriched
pathways were observed when using upregulated gene sets. As
expected, the cell cycle emerged as the top enriched pathway for
palbociclib-downregulated genes (Fig. 3D). In addition, other path-
ways involved in DNA repair process [Fanconi anemia and homol-
ogous recombination (HR)], p53 signaling, TNF signaling, and ribo-
some biogenesis were also ranked as significant (Figure 3D). Down-
regulated genes in CDK4 KO cells predominantly showed enrichment
of the TNF signaling pathway, which contains many proinflammatory
cytokines and chemokines (Fig. 3E and F). The TNF pathway and
cytokines also overlapped in the palbociclib-regulated enrichment
(Fig. 3E and F). Strikingly, CDK6 KO cells displayed a distinct
pathway enrichment profile compared with the CDK4 KO cells, with
top ranking downregulated genes being involved in DNA replication,
cell cycle, and DNA repair pathways (including mismatch repair,
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Figure 2.

CDK4 and CDK6 CRISPR-KO impair primary tumor growth and distant metastasis in prostate and pancreatic cancer cells.A andB, Knockout efficiencies of the CDK4
and CDK6 KOswere assessed by immunoblotting in PC3 and HPAFII cells. C, Primary tumor growthwas assessed following subcutaneous transplantation of PC3 KO
cells in NSG mice (n¼ 5). D–F, NT, CDK4, and CDK6 KO PC3 cells were injected intravenously in NSGmice (n¼ 6–10 mice per group) and the number of metastatic
noduleswere quantified in lung (D), liver (E), and kidney (F) tissues. Themidlines showmedian values.G,CDK4 andCDK6KOHPAF-II cellswere xenografted through
orthotopic pancreatic transplantation in NSGmice (n¼ 4mice per group). After 22 days, primary pancreatic tumors were collected for tumor volumemeasurement.
H, Liver metastasis was monitored following intrasplenic injections of CDK4 and CDK6 KO HPAF-II pancreatic cancer cells. Metastatic nodules in liver were counted
and are represented as dot plots for individual mice. The midlines show median value. All data are mean � SEM from three biological replicates unless otherwise
stated. � , P < 0.05 by Student t test.
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Figure 3.

CDK4 and CDK6 regulate distinct transcriptomes. RNA-seqwas performed in NT, CDK4, and CDK6 KO SUM159 cells as well as in palbociclib (pal)-treated conditions.
A andB,Visualization of principal component analyses plot (A) and unsupervised clustering (B) analyses is presented for twobiological replicates for each condition.
C,Differential RNA-seq analyses comparing palbociclib-treated versus vehicle-treatedNTSUM159, CDK4-KOversusNT, andCDK6-KOversusNTSUM159. Number of
significantly up-/downregulated genes (FC >1.5, <�1.5; FDR <0.05) are shown.D, Kyoto Encyclopedia of Genes andGenomes (KEGG) pathway enrichment analysis
using downregulated genes from palbociclib-treated versus vehicle-treated condition in NT SUM159 shows the number of genes in all significantly ranked pathways.
E, KEGG pathway enrichment analysis of downregulated genes from CDK4-KO versus NT condition shows the number of genes in all significantly ranked pathways.
F, RNA-seq Log2 (FC) value for TNF signaling pathway–enriched genes in palbociclib and CDK4-KO targets. G, KEGG pathway enrichment analysis using
downregulated genes from CDK6-KO versus NT condition shows the number of genes in all significantly ranked pathways. H, Venn diagram of overlapping
differentially expressed genes between the CDK4 and CDK6 KOs and palbociclib treatment conditions.
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Figure 4.

CDK6 regulates expression of the HR DNA repair pathway in TNBC cells. A, Tumorsphere cell numbers were quantified from NT, CDK4 KO, CDK6 KO SUM159
cells. B–G, mRNA expression of DNA replication (TK1, DTL, POLD3) and HR repair genes (Rad51, BRCA1, Rad54B) was measured by RT-PCR in NT, CDK4 KO,
and CDK6 KO SUM159 cells. H, Immunoblotting of the indicated antibodies in NT, CDK4/6 KO SUM159 cells. I, Immunoblotting of the indicated antibodies in
SUM159 treated with vehicle and 100 nmol/L palbociclib for 24 hours. J, Immunoblotting of the indicated antibodies in NT and CDK6 KO SUM159 cells as well as
CDK6 KO cells overexpressed HA-CDK6 cDNA. K, Immunoblotting of the indicated antibodies in NT, CDK4/6 KO SUM159 cells as well as cells treated with
palbociclib. L, Immunoblotting of the indicated antibodies in NT, CDK4/6KO MDAMB468 cells. M, Immunofluorescent intensity of gH2AX in NT, CDK4/6 KO
SUM159 cells. N, Cell viability was quantified by Prestoblue staining in NT, CDK4/6 KO SUM159 cells. O, Apoptotic cells were quantified by Annexin V/PI
staining in NT, CDK4/6 KO SUM159 cells. All data are mean � SEM from three biological replicates unless otherwise stated. � , P < 0.05 by Student t test.
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Figure 5.

CDK6-regulated DNA replicative genes facilitatemammary tumor growth andmetastatic colonization in vivo.A, RNA-seq Log2 (FC) value for CDK6-targeted genes
in response to palbociclib. B, STRING network visualization of 12 CDK6 target genes. C,Genemodification of specific gRNAs targeting distinct genomic sites on each
gene were assessed by using genomic cleavage assays. D–G, gRNAs targeting the 12 CDK6 target genes in SUM159 cells were xenografted in NSG mice (n ¼ 5 per
group) through orthotopic mammary fat pad transplantation and primary tumor growth was assessed by measuring tumor volume. H-J, SUM159 cells knocked out
individually for each of the 12 geneswere injected intravenously in NSGmice to assess formetastasis. Lungswere collected and fixed in Bouin solution andmetastatic
nodules counted. Data are represented as dot plot for individual mice. The midlines show median value. All data are mean � SEM from three biological replicates
unless otherwise stated. � , P < 0.05 by Student t test.
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Figure 6.

Clinical outcomes of CDK6-regulated DNA repletion/repair genes. A-C, mRNA expression of CDK6 and its five DNA replication targets (TK1, DTL, POLD3, POLE2,
CENPI) in 2,509 primary breast tumors usingMETABRIC dataset. The heatmaps of these patients categorized into TNBCs and non-TNBCs (A); different breast cancer
subtypes (B) including basal-like, HER2þ, luminal A, luminal B, normal-like, and claudin-low tumor tissues; tumor grades (C).D, Kaplan–Meier survival analysis of five
CDK6 targets in distantmetastasis-free survival (DMFS) usingGOBOgene set analysis. Number of patientswith breast cancer at riskwith high (blue line),median (red
line), low expression (gray line) of five genes.
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homologous recombination repair, and nucleotide/base excision
repair; Fig. 3G). Some of the CDK6-regulated pathways (cell cycle,
Fanconi anemia, and homologous recombination repair) were also
regulated by palbociclib. The distinct transcriptomic regulation by
CDK4 and CDK6 was further confirmed by the lack of overlapping
gene sets, as only a few genes were commonly regulated by both CDK4
and CDK6 (Fig. 3H). Together, comprehensive transcriptomic anal-
ysis uncovered distinct signaling pathways and downstream targets for
CDK4 and CDK6 in TNBC, suggesting their potential role in facil-
itating CDK4/6-mediated cancer growth and progression.

CDK6 regulates expression of the HR DNA repair pathway in
TNBC cells

The CDK4-regulated proinflammatory cytokines and chemokines
within the TNFa pathway are produced by tumor cells and have been
well characterized as inducers of CSC self-renewal and distant metas-
tasis in cancer (18, 31). Moreover, we previously showed that CDK4,
but not CDK6, has a specific effect on the regulation of CSC self-
renewal (18). Interestingly, we found that these effects on cancer
stemness are CDK4 specific. Indeed, as shown in Fig. 4A, while CDK4
KO led to amarked decrease in tumorsphere formation, the CDK6KO
did not affect CSC numbers. In contrast to CDK4, CDK6 mainly
targets DNA replication and repair, suggesting these pathways play
important roles in regulating tumor growth andmetastasis. To further
demonstrate the specificity of CDK6 function onDNA replication and
repair target gene expression, we examined the effect of CDK4 and
CDK6 deletion on DNA replication (TK1, DTL, POLD3) and HR
repair (Rad51, BRCA1, Rad54B) genes. As shown in Fig. 4B–G, all
CDK6 target gene expressions were decreased by CDK6 KO and
palbociclib, but remained unchanged in the CDK4 KOs, confirming
the specificity of the downstream DNA replication and repair target
gene for CDK6. Furthermore, these results highlighted potential new
functions for CDK6-regulated HR DNA repair in cancer progression.
To further investigate this, we first examined the CDK6 KO effects on
the protein levels of two HR pathway main regulators, BRCA1 and
Rad51. As shown in Fig. 4H and I, blocking CDK6 expression (KO) or
activity (palbociclib), efficiently reduced BRCA1 and Rad51 protein
expression in SUM159 cells, while the CDK4 KO showed no effect. To
ensure that these effects were CDK6-specfic, we overexpressed anHA-
tagged CDK6 cDNA in the CDK6 KO background. As shown
in Fig. 4J, rescuing CDK6 expression in the KO cells potently restored
both BRCA1 and Rad51 protein expression levels to what observed in
control cells, confirming the specificity of the CDK6 effects.

We next examined the RB phosphorylation state under CDK4/6 KO
and pharmacologic inhibition (palbociclib). As expected, CDK4 KO,
CDK6 KO and CDK4/6i all significantly reduced RB phosphorylation
levels in RBþ SUM159 cells (Fig. 4K), palbociclib being the most
efficient, with no significant difference between the CDK4 and CDK6
KOs. To then address whether the CDK6 effects onDNA repair are RB
dependent, we deleted CDK6 expression in RB-deficient MDA-MB-
468 cells and examined CDK6 DNA repair target gene expression
(BRCA1 and Rad51). Interestingly, the CDK6 KO also reduced

expression of DNA repair proteins (BRCA1 and Rad51) in RB-
deficient cells (Fig. 4L), suggesting that the CDK6 effects on DNA
repair are RB-independent. We also found the specific inhibition of
CDK6 to increase DNA damage, as measured by phosphorylation
intensity of the DNA damage marker (gH2AX; Fig. 4M). This was
followed by a decrease in cell proliferation but no change in apoptosis
(Fig. 4N andO). Together, these data indicate thatCDK6 gene ablation
inhibits the HR DNA repair pathway, increases DNA damage and
further decreases the tumor proliferation, resulting in reduced tumor
growth and metastatic colonization of the lungs.

CDK6-regulated DNA replicative genes facilitate mammary
tumor growth and metastatic colonization in vivo

To further examine whether CDK6-regulated DNA replication and
repair can modulate tumor formation and metastasis in vivo, we
validated the top 12 CDK6-regulated target genes. Indeed, when
analyzing the gene amplification and p53 mutation status of the
CDK6 targets across pan-cancer TCGA, we found that the top 12
targets were significantly amplified in patients with breast cancer
and frequently associated with p53 mutations (Supplementary
Fig. S2A and B). As shown in Fig. 5A, most of the CDK6-regulated
genes (DTL, TK1, POLD3, HIST1H2BH, E2F8, PTN, LRIG3, PELI2,
PIM1) are also downregulated by palbociclib treatment. Of these,
gene network analysis showed that five (TK1, DTL, POLD3, PCNA,
POLE2) are well-known regulators of DNA replication and repair,
each controlling specific steps of this tightly regulated sequential
process (Fig. 5B). All 12 genes were individually knocked out in
SUM159 TNBC cells using lentiviral CRISPR/Cas9 with three
specific gRNAs for each target. Indel mutation efficiency was
assessed using a genomic cleavage assay (Fig. 5C). SUM159 TNBC
cells harboring the highest indel efficiency for each gene were then
transplanted into the mammary fat pad of NSG mice and injected
intravenously into the tail vein to assess for tumor formation and
metastatic colonization, respectively. Out of 12, five genes showed a
significant effect on either tumor growth or lung metastatic lesion.
Specifically, we found that TK1, POLD3, POLE2, CENPI KOs
significantly reduced primary mammary tumor growth (Fig. 5D–
G), while DTL, POLD3, POLE2, CENPI KOs significantly impaired
breast cancer cells metastatic colonization to the lungs (Fig. 5H–J).
Three genes (POLD3, POLE2, CENPI) affected both processes.
Importantly, five of these functionally identified genes are essential
to the DNA replication/repair processes and chromosome segre-
gation, demonstrating that CDK6-regulated DNA replication and
DNA repair represents a predominant pathway in regulating TNBC
tumor growth and metastatic process.

Among the different breast cancer molecular subtypes, TNBC has
the lowest therapeutic options and survival outcomes. TNBC exhibit
frequent recurrence, poor outcomes and have a very high-grade status
and metastatic potential (32). The heterogenous nature of TNBC
makes it challenging to treat efficiently and therapeutic options are
often limited to conventional therapy. Interestingly, analysis of 550
patients with TNBC from two combined METABRIC and TCGA

(Continued.) CRISPR/Cas9 plasmid DNA constructs expressing individual gRNAs, either NT or targeting CDK6, were then combined with a polymer-based lipid
reagent InvivoJet PEI before being delivered through direct intratumoral injection. Primarymammary tumor volume is presented.C, SUM159 cellswere intravenously
injected into NSG mice (n ¼ 5 per group). Metastatic nodules in lung were counted following Bouin solution fixation and are represented as dot plot for individual
mice. Themidlines showmedian value.D andE,PDXmodelwas subcutaneously transplanted intoNSGmice (n¼6per group). CRISPR/Cas9 plasmidDNAconstructs
expressing individual gRNAs, either NT or targeting CDK6, were delivered through direct intratumoral injection. Primary mammary tumor volume and individual
tumor growth rate are shown. F and G, Quantification and representative images of Ki67 positive cells in PDX tumor tissues from both groups. All data are mean�
SEM unless otherwise stated. � , P < 0.05 by Student t test.
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datasets revealed copy numbers of MYC (64%), PIK3CA (51%), and
CDK6 (39%) are themost commonly gained/amplified genes across all
five heterogenous TNBC subtypes (33). To further understand the
clinical impact of the five DNA replication/repair CDK6 targets in
TNBC, we first compared their gene expression levels in different
subtypes of breast cancer patient tissue samples as well as TNBC versus
other non-TNBC molecular subtypes tissue samples in the cBioPortal
datasets (34, 35). Using bothMETABRIC and TCGA datasets of 2,509
and 1,215 primary human breast tumors, we found that along with
CDK6, all these geneswere highly expressed in both TNBC tumors and
basal like subtype compared with normal tissues and other subtypes
(Fig. 6A and B; Supplementary Fig. S3A and S3B). Furthermore, we
found overexpression of all five genes correlatedwith high tumor grade
(Fig. 6C) with four genes also significantly correlating with poor
distant metastatic survival outcome using cBioPortal and GOBO gene
set analysis (Fig. 6D; Supplementary Fig. S3C; ref. 36). Thus, our data
indicate that these CDK6-regulated DNA replication and repair genes
could serve as prognostic biomarkers for high-grade tumors and poor
clinical outcomes.

In vivo delivery of a CRISPR/CDK6 gRNA efficiently prevents
mammary tumor growth and lung metastatic colonization

We next evaluated whether specifically targeting CDK6 would
represent a valuable option for new targeted therapy in TNBC. To
this end, we performed CDK6 genomic deletions in clinically relevant
models of preestablished mammary tumors and metastatic lesions
using a CRISPR-based in vivo gene therapy delivery system. To
evaluate primary tumor formation, SUM159 TNBC cells were first
transplanted into the mammary fat pad of NSG mice and allowed to
grow for 35 days to develop palpable tumors of approximately 500
mm3 in size. Specific CRISPR plasmid DNA constructs expressing
single NT gRNAs or gRNAs targeting CDK6were then combined with
a polymer-based lipid reagent (in vivo-jetPEI) before being delivered
through direct intratumoral injection of the preformed tumors (illus-
trated in Fig. 7A). The in vivo-jetPEI reagent has demonstrated high
efficiency and stability in delivering nucleic acids in vivo and is
currently being tested as a delivery agent for plasmid DNA/siRNA
in preclinical and clinical trials (37). A CRISPR/NT gRNAwas used as
a negative control. Remarkably, repeated local, intratumoral delivery
of the CRISPR/CDK6 gRNA construct completely prevented further
growth of established mammary tumors, contrary to the NT gRNA
(Fig. 7B). We next explored the potential therapeutic value of this
system against the development of secondary metastatic lesions. For
this, SUM159 TNBC cells were inoculated in NSG mice through
intravenous injections in the tail vein to allow for the seeding of the
cancer cells to the lungs and the development of lung metastatic
lesions. One week postinjection, CRISPR/gRNAs targeting CDK6 or
NT combined with in vivo-jetPEI were administered intravenously at
weekly intervals for another four weeks. Lung tissues were collected at
the fifth week and assessed for the presence of metastatic nodules.
Importantly, as shown in Fig. 7C, injection of the CRISPR/
CDK6 gRNA significantly decreased the number of lung metastatic
nodules compared with the NT gRNA delivery control group.

To further investigate the clinical relevance of our in vivo delivery of
CRISPR/CDK6 gRNA treatment for patients with TNBC, we used a
TNBC PDX model, which was established from a grade 3 metastatic
invasive ductal carcinoma. PDX tumors were expanded to three
groups (noninjected control, NT gRNA, and CDK6 gRNA) by sub-
cutaneous transplantation in NSG mice. Animals were then injected
with or without gRNAs through intratumor injections (2 � per week
for twoweeks). Excitingly, whileNTgRNA showed no effect compared

with the noninjected group, the CDK6 gRNA strongly and signifi-
cantly reduced both tumor volume and tumor growth rates of the
individual transplanted mice (Fig. 7D and E). Importantly, we also
examined the in vivo proliferation index (Ki67) by IHC staining of
control PDX tumors versus tumors delivered with NT and CDK6 KO.
Our result showed reduced Ki67-positive cell numbers in CDK6
CRISPR/gRNA injected tumors compared with tumors injected with
a NT gRNA, indicative of a reduced rate of cell proliferation in vivo
(Fig. 7F and G). Taken together, these results highlight a critical role
played by CDK6 on solid tumor formation and progression and define
a novel potential therapeutic approach that can efficiently prevent the
growth and spread of established tumors in TNBC.

Discussion
In this study, we made use of CRISPR-mediated gene knockout and

pharmacologic inhibition approaches to address the function of CDK4
and CDK6 towards tumor growth and progression inmultiple types of
solid tumors. Our comprehensive transcriptomic analysis and func-
tional characterization of large sets of downstream targets in patients’
datasets and in vivomodels uncovered distinct signaling pathways and
downstream targets for these two kinases. While CDK4 regulates
inflammatory cytokine signaling, CDK6 mainly controls DNA repli-
cation and DNA repair processes. Our results further highlight novel
important functions for CDK6 in regulatingDNA repair in the context
of cancer formation and progression and show that silencing CDK6,
but not CDK4 results in a defective DNA repair and increased DNA
damage. In-depth analysis further revealed that multiple CDK6 DNA
replication/repair genes are not only associated with cancer subtype,
grades, and poor clinical outcomes, but also facilitate primary tumor
growth andmetastasis. Together, these results highlight the prominent
role played by CDK6-mediated DNA repair in controlling tumor
initiation and cancer progression.

The role and contribution of CDK4/6 to cancer progression and
metastasis is not well-characterized. Here, using CRISPR-KO models,
we discovered that CDK4 and CDK6 are required to drive tumor
growth and metastatic process in several types of solid tumors,
including breast, prostate, and pancreatic cancer. Importantly, phar-
macologic CDK4/6i, using palbociclib reduced both tumor growth and
lung metastatic colonization in TNBCs. In particular, we found CDK6
and downstream DNA replication and repair target genes to play a
central role in these processes. Of note, these patients with cancer
frequently develop recurrent andmetastatic disease and aremissing an
effective targeted therapy, leading to very low survival rates. We
showed here that in vivo delivery of a CRISPR/CDK6 cDNA construct
combined with the in vivo-jetPEI polymer efficiently halted the
continuous growth and spread of preestablished mammary tumor
andmetastasis in TNBC. Thus, our findings provide a strong rationale
for targeting CDK6 as a potential therapy for patients with metastatic
cancer. These results also indicate that the CDK6 oncogenic functions
are not limited to blood cancers (14), but also extend to solid tumors.
Of note, it is important to mention that the immunodeficient NSG
mice models used in the study do not take into account any potential
role played by the tumor immunemicroenvironment in the mediation
of the CDK4/6 effects on tumor progression. Thus, it will be interesting
in future studies to also investigate the CDK4/6 and DNA repair
functions using immunocompetentmicemodels to further address the
contribution of the tumor microenvironment.

Our genomic profiling studies revealed that CDK4 and CDK6 have
very distinct transcriptomes, with CDK4 predominantly regulating
proinflammatory signaling and CDK6 controlling DNA replication/
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repair pathways.While the CDK4 downstream targets are well-known
oncogenic markers, the role or function of the CDK6-regulated DNA
replication and DNA repair target genes remain largely uncharacter-
ized in the context of tumor growth and progression. Of note, TNBC is
commonly associated with a high DNA replicative rate and a largely
instable genome (38). Moreover, CDK6 KO and palbociclib inhibition
specifically reduced essential HR protein BRCA1 and RAD51. This
leads to increased level of DNA damage marker gH2AX and reduced
cell viability. Accordingly, our study indicates that CDK6-regulated
DNA replication/repair is a potential prevailing oncogenic pathway in
TNBC tumor growth and metastatic colonization. Using in vivo
preclinical models of breast cancer, we identified five DNA replicative
genes (TK1, DTL, POLD3, POLE2, CENPI), which are critical for
tumor growth and progression. Thymidine kinase 1 TK1 is an
important enzyme for nucleotide metabolism during DNA synthe-
sis (39). Denticleless protein homolog DTL is a substrate-specific
adapter for CRL4 E3 ubiquitin-protein ligase complex that mediates
degradation of cell cycle and DNA replication proteins (40). The two
DNA polymerases, POLE2 and POLD3, function as leading and
lagging strand DNA synthesis and repair processes (41). CENPI, a
centromere protein in the CENPA–NAC complex, is critical for
accurate chromosome alignment and segregation during mitotic
division (42). On the basis of our data, these DNA replication and
repair genes could serve as prognostic biomarkers for high-grade
tumors and poor clinical outcomes.

Our data also show that DTL, POLD3, POLE2, and CENPI are not
only essential regulators of metastatic colonization but also frequently
amplified in patientsmetastatic breast cancer, suggesting that theymay
serve as useful biomarkers for disease progression and late-stage
metastasis. POLD3/POLE2 and CENPI are essential for DNA repli-
cation and chromosome segregation. In addition to DNA synthesis,
POLD3/POLE2 are also critical for DNA fidelity and is potentially
associated with chromatin instability (43). We found expression of
these genes to be decreased in the CDK6 KO, suggesting that phar-
macological inhibition of CDK6 results in defective DNA repair.
Because TNBCs exhibit high DNA replicative activity, the use of such
CDK6 inhibitors could prove useful and potentially synergies with
DNA repair inhibitors to trigger synthetic lethality in these aggressive
tumors. This will provide greater clinical benefits for CDK6 inhibitors
for patients with TNBC and should be explored in new clinical trial
settings.

While encouraging progress has been made in recent years in the
treatment of early carcinoma, the cancer death burden still mostly rests
on secondary metastatic tumors that have spread from the initial
site (44). The longstanding goal of targeting CDK4/6 as an anticancer
therapeutic has recently gained a lot of attention and is now considered
a first-line treatment for patients with breast cancer. Several CDK4/6
inhibitors are currently undergoing clinical trials for different types of
advanced or metastatic cancer including breast cancer, glioblastoma,
leukemia, and pancreatic carcinoma (45–47).While these studies have
demonstrated the clinical relevance of using the CDK4/6 axis for
metastatic breast cancer treatment, the molecular mechanisms by
which these kinases exert their effects to drive and further propagate
tumor metastasis have not yet been characterized. Experimental

evidence using gene-deficient mice models have demonstrated that
CDK4 and CDK6 have redundant function in normal develop-
ment (6, 13, 48). In our study, we demonstrated that CDK4 and
CDK6 exert separate functions in facilitating tumor growth and
expansion, suggesting a multifaceted benefit can be gleaned by target-
ing CDK4 and CDK6 in metastatic cancers.

Several clinical trials have reported unexpected outcomes when
using CDK4/6 inhibitors in patients with breast cancer. Despite
significantly improving progression-free survival in the majority of
patients, when used in combination with aromatase inhibitors (49),
one third of patients with ERþ breast cancer and most patients with
TNBC did not respond to the inhibition of CDK4/6. This ultimately
discouraged further investigation of the clinical benefits of palbociclib
in patients with TNBC. It is worth noting that the positive response to
palbociclib treatment was unrelated to the degree of endocrine resis-
tance, hormone receptor expression level, and PIK3CA mutational
status (frequent mutation in breast cancer) in patients with breast
cancer, highlighting the need for predictive biomarkers for palbociclib
sensitivity in TNBC (46). Of note, serum level of thymidine kinase TK1
has been identified a predictive biomarker for patients with early-stage
ERþ breast cancer when receiving palbociclib treatment (50). Inter-
estingly, our study revealed that palbociclib and CDK6 specifically
regulateTK1 gene expression aswell as two other genesDTL/POLD3 in
TNBC.We also found that these genes facilitate primary tumor growth
and metastatic colonization, highlighting them as potential biomar-
kers for selecting patients with TNBC that could receive CDK4/6
inhibitor treatment.
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