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INTRODUCTION

A hallmark of mantle cell lymphoma (MCL) is aberrant cyclin D1 expression in tumor cells 

due to a t(11;14) (q13;q32) chromosomal translocation (Fig. 1A, Table 1),1 which places the 

CCND1 genes (encoding cyclin D1) under the control of the immunoglobulin heavy chain 

enhancer.2–5 Constitutive cyclin D1 expression in MCL cells is aberrant because normal 

mature human B cells express only cyclin D2 or cyclin D3 but no cyclin D1.6 It accelerates 

the assembly of an active cyclin D–cyclin-dependent kinase 4 (CDK4) complex that drives 

cell cycle progression through early G1 by phosphorylating Rb and subsequently releasing 

E2Fs from phosphorylated Rb (CDK6 is barely expressed in MCL cells). In turn, E2Fs 

transcriptionally regulate genes that promote cell cycle progression through S (CCNA2, 

PCNA, and TK1), G2–M (CDK1), and cell division as well as a multitude of other genes 

that modulate cellular functions, such as EZH27 (see Fig. 1A). To ensure that the cell cycle 

progresses as programmed, the CDK4/6 activity is subject to negative control by 4 

physiologic inhibitors (p16INK4a, p15INK4b, p18INK4c, and p19INK4d) (see Fig. 1A).

Following the discovery of CCND1 translocation, Dreyling and colleagues8 provided the 

first evidence that the Rb-p16INK4a axis plays an important role in MCL biology. 

Fluorescence in situ hybridization (FISH) demonstrated that CDKN2A (encoding p16INK4a) 
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and RB1 (encoding Rb) frequently were deleted (41%) in primary MCL cells and that 

deletion of CDKN2A, but not RB1, correlated with proliferation as determined by Ki67 

expression (see Table 1). Based on gene expression profiling, it was further suggested that 

deletions of the INK4a/ARF locus determine the tumor proliferation rate and survival in 

synergy with the abundance of cyclin D1 mRNA.9 Ki67 then was shown to be a prognostic 

indicator for the patients treated with immunochemotherapy in MCL.10 Collectively, these 

findings provide a strong rationale to control proliferation of MCL cells by inhibiting 

CDK4/6, especially in progression disease. Clinical trials targeting CDK4/6 in combination 

therapy in recurrent MCL have shown promise, but more needs to be done to fully 

understand the underpinnings and identify resistant biomarkers. To advance precision 

medicine–based cell cycle therapy, this article reviews genomic aberrations and functions of 

key cell cycle genes in MCL cells as well as clinical trials of CDK4/6 inhibitors for MCL. 

Integrative longitudinal functional genomics is discussed as a strategy to discover genomic 

drivers for resistance in tumor cells and tumor-immune interactions that potentially 

contribute to the clinical response to palbociclib combination therapy for MCL.

GENOMIC ABERRATIONS IN KEY CELL CYCLE GENES IN MANTLE CELL 

LYMPHOMA CELLS

G0-G1

The primary cause for aberrant cyclin D1 expression in MCL is the signature t(11;14) 

(q13;q32) chromosomal translocation1 (Fig. 1, see Table 1). Amplification and mutations of 

CCND1, however, also contribute to cyclin D1 overexpression associated with poor 

prognosis. For example, truncating deletions and point mutations in the 3′-UTR region 

increase the stability of CCND1 mRNAs.11 Numerous other studies have identified 

mutations of CCND1,11–14 often missense, particularly in exon 1.15–17 In a recent clinical 

trial of ibrutinib in combination with venetoclax, CCND1 mutations were seen exclusively 

in nonresponders.18 In cyclin D1–negative MCL cells, rearrangements of immunoglobulin 

light chain genes with CCND2 or CCND3 led to their overexpression.19

Although cyclin D1 alone has no enzymatic activity, its overexpression promotes early G1 

progression by accelerating the assembly of the active cyclin D1–CDK4 complexes in MCL 

cells This is further fueled by amplifications of CDK4,20,21 which has been associated with 

tumorigenesis and worsened prognosis in some cases. No deleterious mutations in CDK4 

have been reported so far. Nor have there been reports of genomic alterations in CDK6, 

which is marginally expressed in primary MCL cells.22

Conversely, CDKN2A encoding p16INK4a frequently is deleted in MCL cells, especially in 

aggressive diseases with poorer outcomes.8,9,13,14,17,19,23–26 Although missense mutations 

have been detected in rare cases,13,23 hemizygous or homozygous deletions are the dominant 

genomic alterations in CDKN2A. This results in impaired G1 cell cycle control. Similarly, 

deletions, but not mutations, are the key alterations in RB1,8,12,22,25,27 resulting in unbridled 

transcriptional activation of E2Fs and downstream genes to reprogram both the cell cycle 

and cellular function.
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G1-S

Further along the cell cycle, a mutation in CDKN1A encoding p21Waf1, which inhibits 

various cyclin-CDK complexes in particular CDK2, but not CDK4 or CDK6, has been 

identified.27 Copy number gains in CDK2 and hemizygous deletions in CDKN1B also were 

shown to be associated with shorter overall survival.25 CDKN1B encodes p27Kip1, an 

inhibitor of CDK2–cyclin E(A) that promotes G1 to S transition as well as CDK1–cyclin 

A(B) for progression through G2 (see Fig. 1A).

G2-M

Homozygous polymorphisms in AURKA (encoding Aurora-A) and hemizygous deletions in 

TTK (encoding hMPS1) important for the spindle checkpoint and centrosome regulation 

have been identified,28 although their role in genetic predispositions to lymphoma remains 

to be clarified.

Overall, the multitude of genomic alterations identified across cell cycle components can 

individually and collectively contribute to cell cycle dysregulation in MCL cells. Clustering 

of amplifications (CDK4) and deletions (CDKN2A, RB1) in genes that regulate G1 cell 

cycle progression and the association of these copy number variations (CNVs) with poorer 

outcomes further support targeting CDK4 in MCL.

GENOMIC ABERRATIONS IN ATM, TP53, MYC, AND BTK IN MANTLE CELL 

LYMPHOMA

ATM and TP53 are among the most frequently mutated and deleted genes in MCL cells. 

ATM, encoding a serine/threonine kinase that activates the DNA damage checkpoint in 

response to double-strand breaks, is mutated and deleted at a high frequency in MCL cells.
15,17,18,29,30 Although its prognostic value has not been consistently significant, inactivating 

alterations due to truncation or missense mutations involving its PI3K domain have been 

shown to correlate with increased chromosomal instability.31 TP53 encodes the well-defined 

tumor suppressor protein p53 that commonly is disrupted in human cancer. Likewise, 

mutations and deletions of TP53 in MCL are frequent, many of which have been associated 

with poor prognosis and shorter survival.15,17,18,22,25,29 Moreover, amplifications and 

deletions in MDM2 encoding a p53-interacting protein and negative regulator have been 

reported,25,32 and alteration of MDM2 along with CDK4 occurred mainly in highly 

proliferative MCL with wild-type INK4a/ARF locus.20 A mutation in GTSE1, a p53-binding 

protein and G2/M checkpoint regulator, also was identified.22

The proto-oncogene MYC is a prominent driver for lymphomagenesis. Burkitt-type 8q24 

MYC translocation is frequent in MCL with blastoid features, and amplifications of MYC 
also contributed to elevated c-Myc expression, increased proliferation, and poor outcomes.
33–35

BTK is central to B-cell development and MCL survival. A C481S BTK mutation was 

identified in MCL cells of patients who progressed after a durable response to the BTK 

inhibitor ibrutinib but not in those with primary resistance or transient responses to ibrutinib.
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22 This BTK mutation apparently led to enhanced activation of both BTK and PI3K/AKT in 

vivo.22 Although infrequent in MCL, BTKC481S was detected in a separate ibrutinib-

relapsed patient.36 Finally, PIK3CA was shown to be amplified in MCL cells,37 leading to 

overactivation of the PI3K/AKT/mTOR pathway that attenuates apoptosis and augments 

proliferation. These genomic alterations are likely to compound the aberrations in genes that 

directly control the cell cycle in MCL for cell cycle dysregulation and poorer outcomes.

TARGETING CDK4/6 IN MANTLE CELL LYMPHOMA

Three oral small molecule reversible CDK4/6 inhibitors have been approved by the Food 

and Drug Administration (FDA) (see Fig. 1B) for treatment of breast cancer, in which cyclin 

D1 and CDK4 frequently are overexpressed. Palbociclib (PD 0332991), the first selective 

CDK4/6 inhibitor,38 is highly specific for cyclin D–CDK4 based on a KINOMEScan against 

468 serine-threonine kinases, including lipid kinases (Di Liberto M, Huang X, Chen-Kiang 

S. Targeting CDK4/6, unpublished data, 2020) whereas abemaciclib (LY2835214) appeared 

significantly less selective.39 The specificity of ribociclib (LEE011)40 is not yet available.

Palbociclib was shown to inhibit CDK4/6 and induce early G1 cell cycle arrest in primary 

human myeloma cells ex vivo41 and suppress tumor growth in xenografts of various human 

cancer cell lines in severe combined immunodeficiency mice41–44 and in immunocompetent 

mouse models of multiple myeloma45 and T-cell acute leukemia.46 Mechanistically, 

induction of prolonged early G1 arrest (pG1) by sustained CDK4/6 inhibition not only 

arrested the cell cycle but also restricted the expression of genes programmed for early G1 

only.47 This caused an imbalance in gene expression that reprogrammed cancer cells for 

killing by diverse clinically relevant agents,41,45,47 including inhibitors of PI3K and BTK in 

primary MCL cells ex vivo22,48 and in animal models. Collectively' these preclinical studies 

provide compelling evidence for targeting CDK4/6 in human cancer.

PALBOCICLIB

In the first disease-specific single-agent clinical trial, palbociclib not only inhibited CDK4/6 

and induced early G1 arrest initially in all patients with previously treated MCL but also 

elicited clinical responses with tumor regression in some patients, as indicated in preclinical 

studies49 (Table 2). In this multicenter phase Ib study of 17 patients, an objective response 

was observed in 3 patients (18%) including 1 complete response (CR) and 2 partial 

responses (PRs), in addition to 7 patients with stable disease (SD). Although the median 

progression-free survival (PFS) was 4 months, responding patients experienced a duration of 

response (DOR) of 18 months or greater. Dual immunohistochemical staining and 18F-

fluorothymidine positron emission tomography imaging further confirmed that palbociclib 

inhibited CDK4/6 and induced G1 arrest in MCL cells.

Tumor regression in responding patients, particularly in 1 patient with a CR for more than 

30 months, was in line with a mechanistic link between palbociclib-induced prolonged early 

G1 arrest and cell death observed in preclinical studies.47 As the first disease-specific 

clinical trial of a selective CDK4/6 inhibitor, it laid the groundwork for future studies of 

CDK4/6 in MCL as well as cancers of solid tissue origin, such as breast cancer.
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PALBOCICLIB IN SEQUENTIAL COMBINATION WITH BORTEZOMIB

Leveraging the selectivity of palbociclib, a phase I dose escalation study of palbociclib in 

sequential combination with bortezomib in patients with previously treated MCL was 

designed to capitalize on bortezomib killing of MCL cells during palbociclib-induced pG1 

as well as synchronous transition of G1-arrested cells into S phase after cessation of 

palbociclib.50 Bortezomib was administered at a reduced dose (1 mg/m2) during dose 

escalation of palbociclib with only 4 days of overlap (days 8–11), which potentially 

minimizes the combined toxicity. Of the 7 patients treated at the optimal dose combination, 

4 remained progression-free for greater than 12 months, including 1 patient with a CR that 

has lasted for more than 7 years while remaining on single-agent palbociclib (see Table 2).

This single-center phase I study demonstrated that selective inhibition of CDK4/6 in 

sequential combination with reduced-dose bortezomib is biologically active and tolerable in 

previously treated MCL. Only 1 patient progressed while receiving treatment and this patient 

subsequently achieved a PR in response to ibrutinib,51 suggesting that the mechanisms 

mediating clinical responses to palbociclib and ibrutinib are distinct. The maintenance of a 

durable CR by palbociclib alone after 6 cycles of palbociclib + bortezomib further invokes 

palbociclib as a potential maintenance treatment after achieving a CR to palbociclib-based 

combination therapy.

PALBOCICLIB IN COMBINATION WITH IBRUTINIB

Ibrutinib is a standard of care for MCL.52 Approximately half of all patients progressed on 

treatment during the first year, and this often is associated with a more aggressive disease.53 

Induction of pG1 by CDK4/6 inhibition had been shown to overcome ibrutinib resistance in 

primary human MCL cells expressing the wild-type BTK,22 in part by inactivating NF-κB 

as well as PI3K through up-regulation of a negative regulator, PIK3IP1, in palbociclib-

induced pG1.22,48

On this basis, a multiple institutional clinical trial was undertaken to test if inhibition of 

CDK4/6 could deepen and prolong the clinical response to ibrutinib while assessing the 

tolerability. This phase I study of palbociclib + ibrutinib in 27 patients with previously 

treated MCL demonstrated a CR rate of 37% and median PFS of 25.6 months,51 which 

appear better than might be expected based on studies of single-agent ibrutinib, despite a 

comparable objective response rate (ORR) of 67%.54 Among 7 patients with a Ki67 higher 

than 30%, 5 responded, including 3 patients with a CR. Among 7 patients with a high MIPI, 

4 responded, including 1 with a CR.50 The combination had an acceptable safety profile, 

with a dose-limiting toxicity of grade 3 rash that resulted in discontinuation in 2 patients 

taking the highest does of palbociclib (125 mg) (see Table 2).

The observed activity was consistent with the hypothesis that induction of pG1 by CDK4/6 

inhibition could deepen and prolong the clinical response to ibrutinib, including MCL 

patients with a high Ki67 and MIPI. A multicenter, phase II study to further characterize the 

efficacy of this combination regimen, along with longitudinal functional genomics to 
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identify genomic drivers for resistance to palbociclib and ibrutinib is under way (see Table 

2).

OTHER CDK4/6 INHIBITORS

Abemaciclib, a broad-spectrum oral CDK4/6 inhibitor, is under study in a single-arm phase 

II trial for patients with previously treated MCL. Preliminary results in 22 patients treated 

with abemaciclib showed that 5 patients achieved PR (23%) and 9 patients had SD.55 

Despite comparable clinical activity, the adverse effects (diarrhea, nausea, and vomiting) 

differ considerably from those of palbociclib, potentially due to inhibition of off target 

serine-threonine kinases besides CDK4 and CDK6. How these features of abemaciclib might 

contribute to the clinical outcome, tolerability, and durability in combination therapy remain 

to be determined.

Ribociclib is the third oral FDA-approved CDK4/6 inhibitor for treatment of metastatic 

breast cancer. A total of 7 patients with MCL were enrolled in a large phase I trial involving 

patients with a variety of previously treated solid tumors and lymphomas. As expected, 

myelosuppression was the primary dose-limiting toxicity. There were no responses among 

the patients with MCL.56

AT7519M is an inhibitor of CDKs 1, 2, 4, 5, and 9. In a phase II single-agent study for 

patients with previously treated chronic lymphocytic leukemia and MCL, the ORR in 12 

MCL patients was 27%, with 2 patients achieving PR (18%) with a DOR of 4.5 months; 6 

patients (55%) had SD, including 1 patient who subsequently met PR criteria 9 months after 

discontinuation of AT7519M with no other therapy. AT7519M had a favorable toxicity 

profile, with only 2 grade 3 nonhematologic adverse events.57

Voruciclib, a potent inhibitor of CDK9, CDK4, CDK6, and CDK1, is being studied in a 

phase Ib trial in patients with previously treated B-cell malignancies, including an MCL 

cohort.58 CDK9 is not a classic cell cycle regulator. It is a transcription factor regulating 

MCL1 (an antiapoptotic member of the BCL2 family) and MYC, among other targets. 

Voruciclib potentially may block cell proliferation by inhibiting CDK4, CDK6, and CDK1 

and impair cell survival by down-regulating MCL1. Its therapeutic window depends on how 

inhibiting multiple CDKs can be translated into a clinical response and the tolerability and 

durability of this broad-spectrum CDK inhibitor.

DISCUSSION

The cell cycle is directional and exquisitely controlled by the balance between positive and 

negative regulators (see Fig. 1A). Cyclin D1 overexpression in MCL cells alone is 

insufficient to subvert the cell cycle program, because cyclin D has no enzymatic activity. It 

predisposes MCL cells, however, to aggressive proliferation and poorer outcome by 

accelerating the formation of an active cyclin D–CDK4 complex that drives G1 progression. 

This is exacerbated further by loss of the CDK4/6 inhibitor p16IN4a due to deletions of 

CDKN2a or increased CDK4 as a consequence of gene amplification, each associated with 

worsened outcome8,21 (see Table 1). Genomic analyses using various methods, including 

unbiased whole-exome sequencing (WES), have validated these early studies and 
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established CNV in genes directly regulating the cell cycle (see Table 1) as the driver for cell 

cycle dysregulation in MCL.

The advent of selective CDK4/6 inhibitors has made it possible to target the cell cycle in 

mechanism-based clinical trials. Data emerging from 3 completed clinical trials of 

palbociclib are consistent with the hypothesis that induction of prolonged early G1 arrest by 

CDK4/6 inhibition not only prevents proliferation of MCL cells but also reprograms them 

for a deeper and more durable clinical response to the partner drug, including patients with 

high Ki67 and high MIPI. Durable CR was observed in 1 patient treated with palbociclib for 

30 months49; in 1 patient for more than 7 years while on treatment with palbociclib alone 

after 6 cycles of palbociclib + bortezomib50; and in 10 patients (37%) in the palbociclib + 

ibrutinib clinical trial,51 for 3 to 5.5 years while on therapy as of 4/2020 (Di Liberto M, 

Huang X, Chen-Kiang S. Targeting CDK4/6, unpublished data). Rb, the substrate of 

CDK4/6, is necessary but insufficient for a clinical response to palbociclib therapy. Although 

preliminary, these findings reinforce the potential of targeting CDK4/6, and the critical 

importance of defining the mechanisms that discriminate sensitivity from resistance to 

targeting CDK4/6 in MCL.

Longitudinal integrated analysis of whole-transcriptome sequencing (WTS) and WES of 

MCL cells isolated from sequential specimens from individual patients before, during, and 

after treatment represents the best approach to address this question. Such a longitudinal 

integrated analysis in a single-agent ibrutinib therapy has led to the discovery of a relapse-

specific C418S BTK mutation in MCL.22 The ongoing longitudinal functional genomics of 

palbociclib combination therapies (Di Liberto M, Huang X, Chen-Kiang S. Targeting 

CDK4/6, unpublished) should shed light on the genomic drivers for resistance to targeting 

CDK4/6 and BTK. They also could illuminate genes and signaling pathways that are 

programmed in G1 arrest to maintain a durable clinical response and advance the selection 

and sequencing of a partner drug(s) with a CDK4/6 inhibitor in combination therapy.

Inhibition of CDK4/6 is not limited to disease or cell lineage, suggesting that the immune 

landscape and tumor-immune interactions are likely to be dynamically regulated by CDK4/6 

inhibition and contribute to the clinical response. Consistent with this possibility, CDK4/6 

inhibition has been shown to promote cytotoxic T-cell–mediated clearance of tumor cells in 

patient-derived mouse model of breast cancer59; increase the infiltration of CD4+ and CD8+ 

T cells as well as the levels of TH1 cytokines in a mouse model of lung cancer60; and repress 

a tumor resistance program associated with T-cell exclusion and immune evasion as 

determined by single-cell RNA sequencing in melanoma tumors.61 Collectively, these 

studies illustrate the tumor-extrinsic mechanisms by which CDK4/6 inhibitors may enhance 

antitumor immunity in solid tumors. It will be important to see if these promising preclinical 

data are recapitulated in lymphoma and translate into better efficacy in patients.

Integrating longitudinal single-cell RNA-sequencing with WTS and WES of purified MCL 

cells from the phase II palbociclib-ibrutinib clinical trial present an ideal strategy to 

investigate tumor-immune interactions in the context of a clinical response and shed light on 

the therapeutic potential of dual CDK4/6 and immune checkpoint inhibition in MCL.
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KEY POINTS

• Deletions and amplifications of genes controlling cell cycle progression 

through early G1 are frequent in mantle cell lymphoma (MCL) cells.

• Targeting CDK4/6 with palbociclib appears to deepen and prolong the clinical 

response to ibrutinib in MCL.

• CDK4/6 inhibition may modulate tumor-immune interaction in MCL.

• Longitudinal functional genomics of patient specimens represents the best 

approach to discover resistant biomarkers for CDK4/6 inhibitor therapy.
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Fig. 1. 
(A) A schema of the mammalian cell cycle. When released from Rb after it is 

phosphorylated by cyclin D1–CDK4, E2F1 directly activates the transcription of CCNA2 
(encoding cyclin A), TK1 (encoding thymidine kinase), PCNA (encoding proliferating cell 

nuclear antigen), CDK1 (encoding cyclin-dependent kinase I), and EZH2 (encoding EZH2), 

among other target genes. (B) Three oral small molecule reversible CDK4/6 inhibitors.
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