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Introduction

The phosphatidylinositol-3-kinase (PI3K) signaling pathway 
plays a central role in regulating cell proliferation, survival, 
metabolism and migration, and it is constitutively activated at a 
high frequency in human cancers.1,2 Activation of the class I PI3K 
catalytic subunits (PI3Kα, PI3Kβ, PI3Kδ and PI3Kγ), together 
with their regulatory subunits, results in the production of phos-
phatidylinositol-3,4,5-triphosphate (PIP3) from phosphatidylino-
sitol-4,5-triphosphate (PIP2). This leads to phosphorylation of 
the serine/threonine kinase AKT by mTORC2, which facilitates 
activation of AKT by 3-phosphoinositide-dependent protein 
kinase (PDK).1 PI3Kα (p110α) and PI3Kβ (p110β) are widely 
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expressed across cell types, but the expression of PI3Kδ (p110δ) 
is restricted to cells of the hematopoietic lineage.3 Given that 
PI3K signaling mediates B cell receptor-dependent survival4 and 
is constitutive in B-cell malignancies, PI3Kδ represents a rational, 
lineage-restricted therapeutic target in B-cell lymphomas.

Interest in evaluating the therapeutic utility of selective PI3K 
inhibition has led to the development of GS-1101 (CAL-101), 
an orally bioavailable, PI3Kδ-specific inhibitor. GS-1101 has 
exhibited potent preclinical antitumor activity in chronic lym-
phocytic leukemia (CLL), Hodgkin lymphoma (HL) and certain 
subtypes of non-Hodgkin lymphomas (NHL).5-8 Furthermore, it 
has demonstrated promising single-agent clinical activity in CLL 
and indolent lymphomas. On this basis, further development of 
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similarly effective in other Rb-positive (Rb+) cancer 
cells, such as MCL, acute myeloid leukemia cells (AML), 
T-cell leukemia, Burkitt’s lymphoma and breast cancer 
cells, ex vivo and in animal models.16-23 Reinforcing the 
specificity of PD 0332991, the therapeutic response of 
primary breast cancer cells to PD 0332991 ex vivo is 
strictly dependent on Rb, the substrate for CDK4 and 
CDK6.23 By inhibition of CDK4/CDK6 and induction 
of prolonged early G

1
 arrest (pG1) with PD 0332991, 

we have further developed a novel strategy that both 
inhibits tumor cell proliferation and reprograms them 
for killing by a partner agent.24 Importantly, in a sin-
gle-agent phase Ib clinical study in MCL, PD 0332991 
inhibited CDK4/CDK6 and induced pG1 in vivo, 
resulting in a durable clinical response with an excellent 
toxicity profile.25 Furthermore, prolonged inhibition of 
CDK4/CDK6 with PD 0332991 profoundly enhanced 
progression-free survival of breast cancer patients 
treated with letrozole, from 7.5 to 26.1 months.26

In this study, we provide the first evidence that induc-
tion of pG1 by PD 0332991 both inhibits proliferation 
of MCL cells and sensitizes them to GS-1101 killing 
through cooperative inhibition of p-AKT and induc-
tion of PIK3IP1, a negative PI3K regulator. Sequential 
combination of specific CDK4/CDK6 inhibition with 
selective PI3Kδ inhibition, therefore, may offer a mech-
anism-based therapy for MCL and potentially other 
proliferative B-cell malignancies.

Results

PI3Kδ is the predominant PI3K catalytic subunit 
expressed, and activation of AKT is constitutive in 
primary MCL cells. To investigate PI3K signaling in 

MCL, we first determined, by whole-transcriptome sequencing 
(WTS, RNA-sequencing), the mRNA abundance of PI3K sub-
units in four primary MCL tumors (MCL1–4), one MCL cell 
line (JEKO-1) and, as a control, CD19+ peripheral blood B-cells 
(PBC)s comprising mainly non-cycling B cells from three healthy 
volunteers (Fig. 1A; Table S1). PIK3CD and PIK3R1 were the 
predominant class IA PI3K catalytic and regulatory subunits 
expressed in primary MCL cells and PBCs, whereas PIK3CA 
and PIK3R2 mRNA were less abundant. PIK3CB and PIK3R3 
mRNA were modestly expressed in MCL cells but barely detect-
able (10 reads) in PBCs. By contrast, despite comparable expres-
sion of PIK3CG, expression of the class IB PI3K regulatory 
subunit was either markedly reduced in MCL cells (PIK3R5) or 
marginal in both MCL cells and PBCs (PIK3R6 ). Since PIK3R5 
is necessary for PIK3CG activation,27 the class IB PI3K activity is 
likely impaired in MCL cells.

Only few non-synonymous single-nucleotide variants (SNVs) 
were detected in the coding sequences (CDSs) of analyzed PI3K 
subunits (Fig. 1A). They were predicted to be benign by the 
Provean and the SIFT programs (Table S2), consistent with 
reports that lymphoma cells, unlike solid tumors, rarely carry 
oncogenic mutations in PI3K genes.28-30 Likewise, no SNVs were 

GS-1101 therapy is underway (www.clinicaltrials.gov). GS-1101 
has also shown encouraging clinical activity in previously treated 
mantle cell lymphoma (MCL) in a phase I single-agent study, 
but tumor control appeared less durable in this disease than in 
indolent lymphomas or CLL.9 Because cell cycle dysregulation in 
lymphoma is frequently amplified in relapse/refractory disease, 
we hypothesize that targeting the cell cycle may sensitize non-
indolent lymphomas to selective inhibition of PI3Kδ and tested 
this hypothesis in MCL.

MCL constitutes ~6% of all NHL, and remains incurable 
due to the eventual development of drug resistance.10 A hallmark 
of MCL is aberrant expression of cyclin D1 as a consequence 
of t(11;14)(q13;q32) chromosomal translocation and elevation 
of CDK4.11,12 This leads to unrestrained cell cycle progression 
and proliferation of tumor cells,13 which underlies disease pro-
gression.14 Although success in targeting the cell cycle in human 
cancer with broad-spectrum CDK inhibitors has been limited by 
a lack of selectivity and high toxicity, PD 0332991, a specific and 
potent inhibitor for CDK4/CDK6,15 has shown new promise. PD 
0332991 rapidly inhibited CDK4 and CDK6 and induced early 
G

1
 arrest in primary human myeloma cells ex vivo, providing the 

first evidence for its bioactivity in human cancer cells.16 It was 

Figure 1. Predominant expression of PI3Kδ and constitutive AKT phosphorylation 
in primary MCL cells. WTS analysis of mRNA abundance and non-synonymous 
SNVs in the coding region of PI3K subunits (A) and AKT (B) in primary MCL tumors 
(MCL1–4), CD19+ peripheral blood B-cells (PBC)s from three healthy volunteers, 
and JEKO-1. PIK3CA (PI3Kα), PIK3CB (PI3Kβ), PIK3CD (PI3Kδ), PIK3CG (PI3Kγ), PIK3R1 
(p85α), PIK3R2 (p85β), PIK3R3 (p55γ), PIK3R5 (p101), PIK3R6 (p84/87), AKT1 (AKT). For 
mRNA abundance (Table S1), all values were normalized to the expression of Actin 
(ACTB). Hatched bars indicate the detection of a significant non-synonymous SNV 
(detailed in Table S2). (C) Immunoblotting of PI3Kδ, p-AKT (S473) and AKT.
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MCL tumor (MCL4) (Fig. 3A; Table S2). This result corrobo-
rates the detection of the same mutation by massive parallel 
genomic sequencing in 19/102 MCL tumors.32 The absence of 
mutations in CDK4, CDK6 and RB1 further suggest that CDK4/
CDK6 are stable molecular targets for therapeutic intervention.

Accordingly, Cyclin D1 and CDK4 are expressed in all pri-
mary MCL cells, and Cyclin D2 and p18 proteins are expressed 
in some MCL cells at variable levels (Fig. 3B). CDK4/CDK6-
specific phosphorylation of Rb on serine 807 (pSRb) confirmed 
that the CDK4/cyclin D1 holoenzyme was active in MCL cells, 
along with CDK6/Cyclin D1 in MCL7 and CDK4/Cyclin D2 
in MCL6. By contrast, the low level of Cyclin D2 and CDK6 
expressed in PBCs appears to be insufficient for activation of 
CDK6 given the absence of pSRB (Fig. 3B). Recapitulating these 
findings, MCL cell lines express Cyclin D1, CDK4 and pSRb, 
except for the Rb-negative UPN1 cells (Fig. S2A). Inhibition of 
CDK4/CDK6 with PD 0332991 led to G

1
 arrest, as evidenced 

by the loss of pSRb (Fig. 3C) and cessation of DNA synthesis 
(Fig. 3D; Fig. S2B) in all Rb+ MCL cell lines tested, but not in 
the Rb-negative UPN1 cells (Fig. 3D). Thus, despite a multitude 
of genomic abnormalities, the core G

1
 cell cycle genes are largely 

intact in MCL and controlled by inhibition of CDK4/CDK6.
Inhibition of CDK4/CDK6 sensitizes proliferating MCL 

cells to apoptosis induced by PI3Kδ inhibition. To determine 
whether induction of pG1 sensitizes proliferating MCL cells to 
GS-1101 killing, MCL cell lines were arrested in early G

1
 with 

PD 0332991 (0.5 μM for 24 h) before addition of GS-1101 
(Fig. S3A). pG1 sensitized refractory, proliferating MCL cells to 

detected in the CDSs of AKT1, the primary down-
stream effector of PI3K; PDK1, required for PI3K 
activation; or PTEN, which inhibits PI3K activation, 
although they were all expressed in primary MCL 
cells at the levels of PBCs (Fig. 1B; Fig. S1). Similar 
results were obtained in WTS analysis of additional 
23 primary tumors (Chiron, Di Liberto, Mason and 
Chen-Kiang, unpublished). Collectively, our WTS 
data suggest that in MCL, coding sequence muta-
tions are uncommon in the PI3K/AKT signaling 
pathway; the class IB PI3K activity is likely impaired 
and PIK3CD is the predominant PI3K catalytic sub-
unit expressed.

Correspondingly, the PI3Kδ protein was highly 
expressed in primary MCL tumors, as was AKT, 
consistent with reported high levels of AKT protein 
expression in leucocytes and malignant B cells (Fig. 
1C).3,5,8 Moreover, ATK was phosphorylated on ser-
ine 473 (S473), indicating that PI3K is activated in 
MCL cells (Fig. 1C). PI3Kδ-AKT signaling is thus 
constitutive in primary MCL cells, reinforcing the 
rationale for targeting PI3Kδ.

Selective inhibition of PI3Kδ does not inhibit 
the cell cycle in proliferating MCL cells. As in 
primary MCL cells, the PI3Kδ protein was highly 
expressed in multiple MCL cell lines while unde-
tected in the control MM cell lines (Fig. 2A). The 
AKT protein was also abundant and constitutively 
phosphorylated on serine 473 (Fig. 2B). GS-1101 has been shown 
to modestly increase the proportion of cells in G

1
 in two HL cell 

lines.8 However, it did not induce cell cycle arrest in the MCL cell 
lines we have tested, as determined by BrdU-pulse labeling (Fig. 
2C). With the exception of dose-dependent killing shown by the 
ToPro-3 assay in SP53 cells, GS-1101 (0.1–10 μM) also did not 
induce cell death in all other five MCL cell lines characterized 
(Fig. 2D).

The core G
1
 cell cycle genes are largely intact in MCL 

cells and controlled by selective inhibition of CDK4/CDK6. 
GS-1101, however, is highly effective in indolent lymphomas. 
Since induction of prolonged early G

1
 arrest (pG1) by selective 

inhibition of CDK4/CDK6 with PD 0332991 sensitizes primary 
tumor cells to cytotoxic killing by a partner drug,24 we hypoth-
esize that it will also sensitize proliferating MCL cells to kill-
ing by GS-1101. To test this hypothesis, we first determined the 
transcript abundance and SNVs of core G

1
 cell cycle genes in 

primary MCL cells by WTS (Fig. 3A; Table S1). Compared with 
PBCs, primary MCL cells expressed very high level of Cyclin D1 
mRNA, CDK4 but not CDK6 mRNA, comparable levels of RB1 
and Cyclin D2 mRNAs and reduced Cyclin D3 mRNA. They also 
expressed elevated CDK2, E2F1 and the CDK4/CDK6 inhibitor 
p18INK4c (CDKN2C), which is known to be induced during B cell 
activation,31 and reduced p19INK4d (CDKN2D), but not p16INK4a 
(CDKN2A) or p15INK4b (CDKN2B) mRNAs (Fig. 3A; Table S1). 
No mutations were detected in the CDSs of these cell cycle genes, 
except for one homozygous non-synonymous SNV in exon 1 of 
Cyclin D1, which is predicted to be deleterious, in one primary 

Figure 2. Inhibition of PI3Kδ by GS-1101 does not induce cell cycle arrest or apoptosis 
in MCL cell lines. (A and B) Immunoblotting of PI3Kδ, p-AKT (S473) and AKT in MCL 
cell lines. Myeloma cell lines (MM1S, KMS12) were used as a negative control. (C) MCL 
cells were cultured with GS-1101 for 72 h (5 μM for JEKO-1, MAVER-1 and MINO and 0.1 
μM for SP53). BrdU was added 30 min before cell harvest for FACS analysis. Number in 
the FACS profile indicates the percentage of gated live cells in G1, S and G2/M cell cycle 
phases. (D) MCL cell lines were cultured with GS-1101 at indicated concentrations for 
72 h. DNA fragmentation was determined by ToPro-3 staining and FACS analysis.
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MCL cells can be extended transiently during the 
initial hours of isolation in co-culture with HS-5 
bone marrow stromal cells (BMSCs) in the pres-
ence of IL-4, IL-6, IGF-1, BAFF and CD40L.

The primary MCL cells from five patients 
characterized (MCL8, 10–13) were all sensitive to 
GS-1101 (1–5 μM) once they ceased to proliferate 
ex vivo, as shown by the loss of viability by 48 h of 
GS-1101 addition, which was saturating at 1 μM 
except for MCL8 (Fig. 5A and B). Thus, despite 
stromal support, and cytokines and growth factors 
that are known to activate the PI3K/AKT path-
way in normal and malignant B cells,33 cell cycle 
arrest ex vivo rendered primary MCL cells sensi-
tive to GS-1101.

Since prolonged inhibition of CDK4/CDK6 
with PD 0332991 leads to tumor regression in 
MCL patients25 and sensitizes MCL cell lines to 
GS-1101 killing (Fig. 4), it may induce cell death 
or enhance GS-1101 killing in primary MCL 
cells. Indeed, PD 0332991 modestly reduced the 
viability of primary MCL cells, but exacerbated 
and accelerated the loss of viability induced by 
GS-1101 (Fig. 5B and C). This was a consequence 
of PD 0332991 inhibition of CDK4/CDK6, since 
pSRb was markedly reduced by 24 h (Fig. 5C). 
By contrast, PD 0332991 did not significantly 
enhance the marginal killing of CD19+ PBCs by 
GS-1101, in which CDK6 is expressed but inactive 
due to insufficient cyclin D expression (Fig.  S5; 
Fig. 3B). Together, these results demonstrate that 
proliferating primary MCL cells are responsive to 
PI3Kδ inhibition once they have ceased to prolif-
erate ex vivo, and that PI3Kδ inhibition is exacer-
bated and accelerated by prolonged inhibition of 

CDK4/6 and induction of pG1 with PD 0332991.
Cooperative inhibition of AKT phosphorylation by CDK4/

CDK6 and PI3Kδ inhibition. Further investigations revealed 
that pG1 markedly reduced p-AKT (S473) in primary MCL cells 
(MCL8, 13) and JEKO-1 and MAVER-1 MCL cell lines, but 
not in the Rb-UPN1 cells (Fig. 6A). Moreover, phosphorylation 
of AKT by both mTORC2 (p-AKTS473) and PDK (p-AKTT308) 
was maintained in proliferating MCL cells at 72 h of GS1101 
addition, but reduced in pG1, and further when GS-1101 was 
added to MCL cells which have been arrested in early G

1
 by PD 

0332991 for 24 h (Fig. 6B). Thus, correlating with induction of 
apoptosis by GS-1101, pG1 inhibits pAKT phosphorylation and 
sensitizes MCL cells to PI3Kδ inhibition.

However, GS-1101 alone has been shown to rapidly reduce 
p-AKT in MCL cell lines.7 We therefore hypothesized that inhi-
bition of PI3Kδ by GS-1101 may transiently reduce p-AKT in 
proliferating MCL cells, and pG1 sustains the loss of p-AKT by 
PI3Kδ inhibition. Indeed, a time course study in JEKO-1 and 
MAVER-1 cells demonstrated that p-AKT was markedly reduced 
by GS-1101 within 24 h, but restored by 48 h and maintained 
thereafter (Fig. 6C). pG1 exacerbated the reduction of p-AKT in 

time- and dose-dependent apoptosis in response to GS-1101, as 
shown by the dramatic increase in apoptotic (Annexin V-positive) 
and dead cells (AnnexinV/PI double-positive) at 120 h (Fig. 4A; 
Fig. S3B), and caspase-3 and PARP cleavage as early as 48 h 
(Fig. 4B). Consequently, pG1 prevented the expansion of MCL 
cells and virtually eradicated them when combined with GS-1101, 
including the GS-1101-sensitive SP53 cells (Fig. S3C), but it did 
not affect the expansion or survival of Rb-UPN1 cells (Fig. 4C).

Reinforcing the importance of prior pG1 sensitization, apop-
tosis was appreciable by 66 h of GS-1101 addition in JEKO-1 
cells pretreated for 24 h with PD 0332991, but not until 90 h and 
less marked when GS-1101 was added concurrently (Fig. S3D). 
Furthermore, pG1 similarly enhanced the killing of MCL cells 
by a pan-PI3K inhibitor GDC-0941 that inhibits PI3Kδ, PI3Kα 
and PI3Kβ, demonstrating that pG1 sensitizes MCL cells to 
PI3K inhibition in general (Fig. S4).

Inhibition of CDK4/CDK6 enhances the killing of primary 
MCL cells by PI3Kδ inhibition. These findings led us to inves-
tigate the G

1
 dependence of GS-1101 killing in primary MCL 

tumor cells. While long-term proliferation of primary MCL cells 
ex vivo is not yet attainable, proliferation of freshly isolated CD19+ 

Figure 3. Selective inhibition of CDK4/CDK6 induces early G1 arrest in MCL cells. (A) WTS 
analysis as in Figure 1A. CCND1 (cyclin D1), CCND2 (cyclin D2), CCND3 (cyclin D3), CDKN2A 
(p16), CDKN2B (p15), CDKN2C (p18), CDKN2D (p19). (B) Immunoblotting of cyclin D1, cyclin 
D2, p18, CDK4, CDK6, pSRb (ser 807/811) and Rb. (C) Immunoblotting of pSRb (ser 807/811) 
and Rb in prolonged early G1 arrest (pG1) induced by PD for 48 and 96 h. (D) MAVER-1 
(Rb-positive) and UPN1 (Rb-negative) cells were cultured with PD 0332991 (PD; 0.5 μM) 
for 24 h and analyzed as in Figure 2C.
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subunit expressed in primary MCL cells, and that mutations 
in the CDSs of genes in the PI3K-AKT signaling pathway are 
uncommon, except for an apparently non-damaging mutation in 
PI3Kα in one of the four primary tumors characterized (Fig. 1A; 
Table S2). These findings are consistent with a recent study of 
WTS in a larger cohort32 and reinforce the rationale for selective 
targeting of PI3Kδ in MCL.

Importantly, we demonstrated that inhibition of PI3Kδ does 
not induce cell cycle arrest or apoptosis in the majority of pro-
liferating MCL cells (Fig. 2). However, induction of pG1 by 
CDK4/CDK6 inhibition sensitizes refractory MCL cells to apop-
tosis induced by GS-1101 (Fig. 4) and accelerates and enhances 
the killing of primary MCL cells by GS-1101 in the presence of 
bone marrow stromal cells and growth factors (Fig. 5). Inhibition 
of PI3Kδ by GS-1101 reduces phosphorylation of AKT as previ-
ously reported,7 but only transiently in proliferating MCL cells 
unless they are first arrested in early G

1
, which sustains and exac-

erbates the loss of p-AKT by PI3Kδ inhibition (Fig. 6). These 
data have important implications for the mechanism of resistance 
to selective inhibition of PI3Kδ by GS-1101 in MCL and poten-
tially other non-indolent lymphomas.

Although p-AKT serves as a primary readout for PI3K acti-
vation and correlates with cell survival, AKT is not exclusively 
activated by PI3Kδ. Thus, the restoration of p-AKT in prolif-
erating MCL cells does not necessarily indicate development of 

response to GS-1101 in 24 h, and sustained 
the loss of p-AKT in MCL cells (Fig. 6C).

Induction of PIK3IP1 in pG1 mediates 
pG1 sensitization to GS-1101. To investigate 
the mechanism for pG1 sensitization to PI3Kδ 
inhibition in MCL cells, we discovered by 
WTS analysis that PIK3IP1, a negative regu-
lator of PI3K,34 was markedly downregulated 
(3–30-fold) in proliferating primary MCL 
cells compared with resting PBCs (Fig. 7A). 
Inversely correlating with proliferation, the 
PIK3IP1 mRNA level was even lower in 
MCL cell lines compared with primary MCL 
tumor cells and elevated prominently (20–
40-fold) within 72 h of PD 0332991-induced 
early G

1
 arrest (Fig. 7B). GS-1101 moder-

ately induced PI3KIP1 in the sensitive SP53 
cells in 24 h (Fig. S6A), but less effectively 
in JEKO-1 and MAVER-1 cells even after 
48 h (Fig. 7B). However, GS-1101 enhanced 
the induction of PIK3IP1 mRNA in pG1 by 
40–80-fold (Fig. 7B), which correlated with 
marked cell death (Figs. 2D and 4).

Further, partial depletion of PIK3IP1 
expression by sh-RNA knockdown sig-
nificantly blunted the killing of JEKO-1 
and MAVER-1 cells by GS-1101 in pG1 
and attenuated the reduction of lives cells 
(Fig. 7C). These data strongly suggest that 
PIK3IP1 is induced in early G

1
 arrest to 

mediate pG1 sensitization to GS-1101 killing 
in MCL cells.

Discussion

By inducing prolonged early G
1
 arrest (pG1) through selective 

inhibition of CDK4/CDK6, we have developed a strategy to both 
inhibit the expansion of proliferating MCL cells and sensitize 
them to killing by selective inhibition of PI3Kδ. This study pres-
ents a novel sequential combination of selective CDK4/CDK6 
inhibition with a selective partner, the PI3Kδ-specific inhibitor 
GS-1101, in primary human cancer cells, and the first therapeutic 
strategy to reprogram MCL cells by cell cycle control.

The approach to target CDK4/CDK6 in MCL is rooted in 
our understanding that (1) proliferation of MCL tumor cells in 
patients in vivo, as indicated by Ki67 expression, strongly cor-
relates with poor prognosis;14 (2) unrestrained proliferation of 
MCL cells appears to be driven by aberrant expression of Cyclin 
D1 and CDK4 (Fig. 3A and B); and (3) CDK4 and CDK6 are 
inhibited by PD 0332991 in MCL patients in vivo25 and in freshly 
isolated primary MCL cells ex vivo (Fig. 5).

The combination of selective CDK4/CDK6 inhibition with 
selective PI3Kδ inhibition takes advantage of the predominant 
expression of PI3Kδ in hematologic lineage cells3 and the essen-
tial role of PI3Kδ in B-cell physiology.35 By WTS analysis, we 
show that PI3Kδ is also the predominant class IA PI3K catalytic 

Figure 4. CDK4/CDK6 inhibition sensitizes MCL cell lines to GS-1101 killing. (A) Apoptosis was 
assayed by AnnexinV-FITC (A-V) and PI double staining at 96 and 120 h after GS-1101 addi-
tion, with or without prior induction of pG1 by PD 0332991. (B) Immunoblotting of caspase-3 
(Casp3) and PARP cleavage (marked by arrow) in JEKO-1 cells treated with sequential combina-
tion of PD 0332991 and GS-1101 (5 μM) for time indicated. (C) Total number of live cells at 
indicated time of GS-1101 treatment, in the presence or absence of pG1 induced by PD. Cell 
viability was determined by Trypan blue exclusion staining in triplicate. *p < 0.05, **p < 0.005.
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agent therapy for CLL and MCL, in part through 
inhibition of PI3K downstream.39 However, relapse 
to both GS-1101 in CLL and Ibrutinib in CLL 
and MCL is common and accompanied by more 
aggressive disease, further reinforcing the rational 
to target PI3K in combination with inhibition of 
CDK4/CDK6.

We have previously demonstrated that inhibi-
tion of CDK4/CDK6 with PD 0332991 halts gene 
expression in early G

1
 and prevents the expression 

of genes programmed for other cell cycle phases, 
thereby forcing an imbalance in gene expression in 
pG1 that sensitizes myeloma cells to killing by a 
partner agent.24 To optimize the schedule for com-
bination, we have further demonstrated the cell 
cycle targeting specificity of a chosen cytotoxic 
partner can be determined by cell cycle synchro-
nization through selective and reversible inhibition 
of CDK4/CDK6 with PD 0332991.24 The finding 
that inhibition of CDK4/CDK6 with PD 0332991 
can antagonize the cytotoxic response to anthra-
cyclin therapy40 poses a note of caution in revers-
ible targeting of CDK4/CDK6, and reinforces the 
critical importance of mechanism-base cytotoxic 
partner selection and schedule optimization.

Here we show that the expression of PIK3IP1 is 
markedly reduced in tumor cells in MCL patients 
compared with normal B cells and strikingly 
induced in pG1 in MCL cell lines, greater when 
combined with inhibition of PI3Kδ by GS-1101 
(Fig. 7). These novel findings, coupled with the 
requirement of PIK3IP1 for pG1 sensitization to 
PI3Kδ inhibition (Fig. 7C), suggest that PIK3IP1 
is programmed for expression in early G

1
 and medi-

ates pG1-sensitization. PIK3IP1 was discovered as 
a novel p110-interacting protein that prevents its 

activation by p85 family adaptor proteins.34 PIK3IP1 expression 
is reduced in hepatocellular carcinoma and may contribute to 
liver carcinogenesis.41 However, PIK3IP1 appears to also have a 
physiologic role in inhibiting T cell activation42 and by inducing 
apoptosis of neural progenitor.43 How PIK3IP1 mediates pG1-
sensitization to apoptosis induced by PI3Kδ inhibition remains 
to be elucidated. Nonetheless, it is tempting to speculate that in 
MCL cells, induction of PIK3IP1 in pG1 disrupts a feedback 
loop that activates PI3K/AKT, thereby enhancing and prolonging 
PI3Kδ inhibition by GS-1101.

Inhibition of PI3Kδ by GS-1101 has already shown promising 
clinical efficacy in indolent lymphomas and CLL (www.clinical 
trials.gov). Induction of pG1 by CDK4/CDK6 inhibition with 
PD 0332991 has also led to encouraging durable response in MCL 
patients with an excellent toxicity profile25 and stable disease in 
advanced liposarcoma,44 as well as an impressive improvement in 
progression-free-survival in combination therapy in breast cancer.26 
pG1 sensitization of proliferating MCL cells to GS-1101 through 
cooperative inhibition of p-AKT and induction of PIK3IP1 thus 
provides a mechanism-based strategy for therapeutic targeting of 

resistance to GS-1101. It could be due to functional compensa-
tion by other PI3K isoforms, such as PI3Kα, which has been 
reported to be expressed at higher levels in MCL progression.36 
Such a compensatory mechanism is consistent with reduction of 
live cells by the pan-class I PI3K inhibitor GDC-0941 and not by 
the PI3Kδ-selective inhibitor (Fig. S4). However, we found that 
induction of pG1 also reduces p-AKT and markedly enhances 
GDC-0941 killing of MCL cells. Thus, pG1 sensitizes MCL 
cells to inhibition of PI3K in general and disrupts the potential 
functional compensation by PI3K isoforms (Fig. S4).

Sustaining PI3K inhibition by induction of pG1 has impor-
tant implications for mechanism-based targeting of lymphoma. 
For example, it has been shown that PI3K activation cooperates 
with c-Myc in a mouse model of Burkitt lymphomagenesis that 
mimics the human disease,37,38 and that PD 0332991 potently 
suppresses Burkitt lymphomagenesis.22 Cooperative inhibition of 
PI3K by selective inhibition of PI3Kδ and CDK4/CDK6 thus 
represents a promising mechanism-based therapy for Burkitt’s 
lymphoma. In addition, inhibition of Bruton’s tyrosine kinase 
(BTK) by ibrutinib has also emerged as a highly effective single 

Figure 5. Inhibition of CDK4/CDK6 enhances killing of primary MCL cells by PI3Kδ 
inhibition ex vivo. (A and B) Primary MCL cells from patients (MCL8, MCL10–13) were 
co-cultured in the presence or absence of PD 0332991 (0.5 μM) or GS-1101 (1 or 5 μM), 
or both, for time indicated as described in “Materials and Methods.” Number of live cells 
are represented as the % of input on day 0; *p < 0.05, **p < 0.005. (C) (left) Number of 
live cells (MCL 8, 12, 13) was represented as the % of control cells (without treatment); 
(right) Immunoblotting of pSRb (ser 807/811) and Rb at 24 h after PD 0332991 addition.
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station. Raw data were filtered for high median quality (Q-value 
> 20) and then sent to Cornell’s high performance computing 
(HPC) cluster to be run through our RNA-seq analysis pipe-
line. The RNA-seq data presented in this study, which include 
libraries from MCL tumor cells of four patients, PBCs from three 
healthy volunteers and JEKO-1 MCL cell lines have been depos-
ited in the gene expression omnibus (GEO).

Primary cells isolation and culture. Mantle cell lymphoma 
(MCL) biopsies were obtained from patients at the New York-
Presbyterian Hospital after informed consent as part of a study 
approved by the Institutional Review Board. Primary MCL cells 
were purified using MACS CD19 MicroBeads (Miltenyi Biotec). 
The percentage of MCL tumor cells (CD19+, CD5+, CD23−) 
was determined to be > 90% by flow cytometry. B cells from 
healthy volunteers were isolated from peripheral blood (PBC)s 
using the same protocol. Primary MCL cells were cultured in 
RPMI 1640 (Invitrogen) supplemented with 10% heat-inacti-
vated FBS (HyClone), 2 mM L-glutamine and 100 U/ml peni-
cillin/streptomycin (Invitrogen) together with mitomycin-C 
arrested HS-5 (GFP+) human stromal cells in the presence of 
recombinant human IL-6 (40 U/ml), soluble IL-6R (40 U/ml), 
human IGF-1 (100 ng/ml), sCD40L (0.5 μg/mL), human BAFF 
(100 ng/mL), human IL4 (100 ng/mL) (all from R&D Systems) 
and β-mercapto-ethanol (50 μM). MCL cells were cultured 
in the presence of PD 0332991 (Sellek Chemical) or GS-1101 
(Gilead), or both, at the concentrations and for the times indi-
cated. For cell lines, PD 0332991 was added daily (0.25 μM) to 
maintain prolonged G

1
 arrest (pG1).

Cell lines. Several human MCL cell lines were evaluated: 
JEKO-1 was obtained from DSMZ; MAVER-1 and MINO from 
ATCC; UPN1 was provided by Dr Samir Parekh (Albert Einstein 
College of Medicine), HBL2 by Dr O’Connor (Columbia 
University) and SP53 by Dr Jiangao Tao (Moffit Cancer Center). 

CDK4/CDK6 in combination with selective targeting of PI3Kδ 
in MCL and, potentially, other aggressive lymphomas.

Materials and Methods

Whole-transcriptome sequencing (WTS) and analysis. Our 
RNA-Seq analysis pipeline used BWA and SAMtools. For 
mRNA abundance, all values were normalized to the expression 
of actin (ActB) (Table S1). Significant single nucleotide variants 
(SNVs) present in coding (CDSs, non-synonymous) regions were 
identified using Genesifter (Geospiza), which uses SAMtools 
and the Genome Analysis Toolkit (GATK) for base quality score 
recalibration and local re-alignment for indels. Raw reads were 
trimmed for the first and last five base pairs before alignment to 
remove low-quality bases. SNVs that were also detected in the 
libraries of CD19+ peripheral blood B-cells (PBC)s from three 
healthy volunteers were removed. Finally, a threshold of 30× 
coverage as well as a score > 10045 were applied resulting in the 
list of candidate mutations (Table S2). For each experimental 
condition, 100 ng of high quality total RNA (RIN > 0.8 on the 
Agilent BioAnalyzer 2100) was isolated using the RNAEasy 
kit according to the manufacturer’s instructions (QIAGEN). 
All RNAs were converted to cDNA, isolated with magnetic 
beads from the TruSeq mRNA prep kit (v2) and then ligated to 
Illumina adapters, as per the standard TruSeq Illumina protocol. 
Using these multi-plexed cDNA libraries, we generated clusters 
on the Illumina cBot station and paired-end sequenced each 
sample to 50 × 50 bp on the Illumina HiSeq2000 at the Weill 
Cornell Medical College (WCMC) Epigenomics Core. Cluster 
generation, sequencing and processing of the images were done 
using the real-time analysis (RTA) software on the HiSeq2000 
and post-processing with CASAVA (v.1.8.2). To optimize library 
preparation, we used a TACON high-throughput RNA prep 

Figure 6. Cooperative inhibition of AKT phosphorylation by CDK4/CDK6 and PI3Kδ inhibition. (A) Immunoblotting of pSRb (ser 807/811), Rb, p-AKT 
(S473) and AKT in primary MCL cells (MCL8, MCL13), Rb-positive JEKO-1, MAVER-1 cells and Rb-negative UPN1 cell line in the presence of PD 0332991 
for 72 h. (B) Immunoblotting of p-AKT (S473), p-AKT (T308) and AKT. (C) (left) Immunoblotting of p-AKT (S473) and AKT. Cells were cultured at a start-
ing cell concentration of 1.5 × 105 cells/ml and harvested at time indicated, in the presence of GS-1101 (5 μM) (lanes 5–8) or PD 0332991 (lanes 9–13) or 
both (lanes 14–17). (right) The ratio of p-AKT/AKT was determined using the ImageJ Program.
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shRNA knockdown. Cells were infected 
with PIK3IP1 (TRCN0000135363/
TRCN0000135429), or LacZ 
(TRCN0000072229) control shRNA (The 
RNAi Consortium at Broad Institute). 
Knockdown was validated by quantitative 
RT-PCR at 60–72 h post-transduction. Cell 
cycle analysis and cell viability assays were per-
formed as previously described.24
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Immunoblotting. Proteins were analyzed with the fol-
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and PI3Kδ (sc-7176) from Santa Cruz Biotechnology, and Rb 
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