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ABSTRACT Objective: Activating KRAS mutations are the most common drivers in the development of non-small cell lung cancer (NSCLC).

However, unsuccess of treatment by direct inhibition of KRAS has been proven. Deregulation of PI3K signaling plays an important

role  in  tumorigenesis  and  drug  resistance  in  NSCLC.  The  activity  of  PI3Kα-selective  inhibition  against  KRAS-mutated  NSCLC

remains largely unknown.

Methods: Cell proliferation was detected by sulforhodamine B assay. Cell cycle distribution and apoptosis were measured by flow

cytometry. Cell signaling was assessed by Western blot and immunohistochemistry. RNA interference was used to down-regulate

the expression of cyclin D1. Human NSCLC xenografts were employed to detect therapeutic efficacy in vivo.

Results: CYH33  possessed  variable  activity  against  a  panel  of  KRAS-mutated  NSCLC  cell  lines.  Although  CYH33  blocked  AKT

phosphorylation in all tested cells, Rb phosphorylation decreased in CYH33-sensitive, but not in CYH33-resistant cells, which was

consistent  with  G1  phase  arrest  in  sensitive  cells.  Combined  treatment  with  the  CDK4/6  inhibitor,  PD0332991,  and  CYH33

displayed synergistic activity against the proliferation of both CYH33-sensitive and CYH33-resistant cells, which was accompanied

by  enhanced G1-phase  arrest.  Moreover,  down-regulation of  cyclin  D1 sensitized  NSCLC cells  to  CYH33.  Reciprocally,  CYH33

abrogated the PD0332991-induced up-regulation of cyclin D1 and phosphorylation of AKT in A549 cells. Co-treatment with these

two drugs demonstrated synergistic activity against A549 and H23 xenografts, with enhanced inhibition of Rb phosphorylation.

Conclusions: Simultaneous inhibition of PI3Kα and CDK4/6 displayed synergistic activity against KRAS-mutated NSCLC. These

data provide a mechanistic rationale for the combination of a PI3Kα inhibitor and a CDK4/6 inhibitor for the treatment of KRAS-

mutated NSCLC.
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Introduction

Lung cancer is the most commonly diagnosed cancer and the

leading  cause  of  cancer-related  deaths1.  Non-small  cell  lung

cancer  (NSCLC)  represents  over  80%  of  primary  lung

cancers.  Alterations  in KRAS,  EGFR ,  and ALK  have  been

identified as the drivers leading to NSCLC2,3. Small molecules

targeting  tyrosine  kinases  have  been  approved  to  treat

NSCLC harboring EGFR mutations or ALK rearrangements4.

Unfortunately,  molecularly  targeting  mutated  KRAS  has

remained  unsuccessful  in  the  treatment  of  NSCLC4.

Mutations  in  KRAS  predominantly  arise  as  substitutions  of

single  amino  acids,  such  as  G12,  G13,  or  Q615.  These

mutations compromise the GTPase activity of KRAS, render

constitutive  binding  with  GTP,  and  lead  to  ligand-

independent,  constitutive  activation  of  KRAS.  Hyperactive

KRAS  initiates  and  maintains  activation  of  intracellular

signaling pathways to promote cell proliferation and survival.

Furthermore, KRAS  mutations  have  been  reported  to  be

involved in the development of acquired resistance of NSCLC

to  EGFR  inhibitors6.  Currently,  platinum-based  doublet

chemotherapy is the standard first-line treatment for KRAS-

mutated  NSCLC  patients.  Although  the  direct  inhibition  of

KRAS is  under rigorous investigation, targeting downstream

effectors  of  KRAS  has  been  shown  as  a  potential  alternative
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treatment  strategy  for  KRAS-mutated  NSCLC.  For  example,

MEK  inhibitors,  in  combination  with  chemotherapies  or

targeted drugs, are currently being evaluated in clinical trials.

The PI3K-AKT-mTOR signaling cascade is an important

effector downstream of KRAS7. Upon activation of receptor

tyrosine kinases (RTKs), PI3Kα is activated by either the RTK

itself or the intermediates, insulin receptor substrate 1 (IRS-

1)  and RAS.  Activated PI3Kα  catalyzes  the  conversion of

phosphat idy l inos i to l -4 ,5-b iphosphate  (PIP 2 )  to

phosphatidylinositol-3,4,5-triphosphate (PIP3) on the inner

membrane of the cell, while phosphatase and tensin homolog

(PTEN) acts as a negative regulator of the PI3K pathway by

converting PIP3 to PIP2. PIP3 leads to full activation of AKT

and regulates multiple cellular processes, such as metabolism,

proliferation,  and  apoptosis.  Deregulation  of  the  PI3K

pathway  has  been  found  in  89.4%  of  NSCLC  patients,

including  alterations  in  upstream  regulators  and  key

components of the pathway, such as PIK3CA mutation and

amplification, PTEN loss, and AKT aberration8. The aberrant

PI3K pathway is also involved in the resistance of NSCLC to

EGFR  inhibitors9.  Targeting  the  PI3K  pathway  has  been

validated as an important strategy for NSCLC therapy. The

PI3Kα-selective inhibitor, BYL719, and the PI3Kβ-sparing

inhibitor, GDC-0032, are currently in phase II clinical trials

for the treatment of NSCLC (NCT02276027, NCT02785913).

PI3Kα is the major isoform that transduces the KRAS signal,

but the activity of PI3Kα-selective inhibitors against KRAS-

mutated NSCLC remains largely unknown.

CYH33  is  a  novel  PI3Kα-selective  inhibitor  with  a

distinctive structure, which was discovered by our group and

is currently in clinical trials (NCT03544905). CYH33 displays

potent  activity  against  cancers  originating  from different

tissue types, including breast cancer10. In this study, we found

that  CYH33 possessed variable  activity  against  a  panel  of

KRAS-mutated  NSCLC  cell  lines  and  that  decreased  Rb

phosphorylation  was  associated  with  CYH33  efficacy.

Consequently,  a  combination  of  the  CDK4/6  inhibitor,

PD0332991, and CYH33 displayed synergistic activity against

NSCLC  in  vitro  and  in  vivo.  This  study  provides  a

mechanistic rationale for a combination approach, using a

PI3Kα inhibitor and a CDK4/6 inhibitor for the treatment of

KRAS-mutated NSCLC.

Materials and methods

Cell lines and culture methods

The  human  NSCLC  cell  lines,  A549,  NCI-H23,  NCI-H358,

NCI-H460,  NCI-H647,  NCI-H1355,  and  NCI-H1792  were

purchased from ATCC and authenticated with short tandem

repeat  (STR)  profiling  by  Genesky  Biotechnologies  Inc

(Shanghai,  China).  A549  cells  were  maintained  in  Ham’s  F-

12 Medium (Corning, NY, USA), and the remaining cell lines

were  maintained  in  RPMI  1640  medium  (Corning),

supplemented  with  sodium  pyruvate  (1  mM)  and  glucose

(2500 mg/L). All culture media were supplemented with 10%

heat-inactivated fetal bovine serum (FBS).

Compounds

CYH33 was synthesized and provided by Dr. Chunhao Yang

(Shanghai  Institute  of  Materia  Medica,  Chinese  Academy of

Sciences,  Shanghai,  China). PD0332991 was purchased from

Selleck  (Shanghai,  China).  For in  vitro experiments,  10  mM

stock solutions  of  CYH33 and PD0332991 were  prepared in

dimethyl  sulfoxide  (DMSO;  Sigma-Aldrich,  St.  Louis,  MO,

USA).  For in  vivo studies,  CYH33  was  dissolved  in  normal

saline  containing  0.5%  Tween  80  (v/v;  Sangon  Biotech,

Shanghai,  China)  and  1%  CMC-Na  (m/v).  PD0332991  was

dissolved in sodium lactate (50 mM, pH 4).

Cell proliferation assays

Cell  proliferation  was  measured  by  a  standard

sulforhodamine  B  (SRB,  Sigma-Aldrich)  assay,  as  described

previously11.

Flow cytometry

Samples  for  analysis  of  cell  cycle  distribution  and  apoptosis

were  prepared  as  previously  described12,13.  Data  were

collected  with  a  FACSCalibur  Instrument  (BD  Biosciences,

Franklin Lake, NJ, USA) and analyzed with FlowJo software.

Western blot

Cell lysates were collected and subjected to standard Western

blot  protocols11 with  antibodies  against  phospho-AKT

(Ser473),  AKT,  phospho-Rb  (Ser807/811),  phospho-Rb

(Ser780),  Rb,  PARP,  caspase  3,  caspase  9  (Cell  Signaling

Technology, Danvers, MA, USA), cyclin D1 (Selleck), and β-

actin (Sigma-Aldrich).

SiRNA transfection

SiRNA duplexes were synthesized by GenePharma (Shanghai,

China). The sequences of the three siRNAs targeting CCND1

were as follows: 5′-GCAUGUUCGUGGCCUCUAATT-3′, 5′-
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CCCGCACGAUUUCAUUGAATT-3′ and  5′-CCACAGAU

GUGAAGUUCAUTT-3′.  A  negative  control  siRNA  was

provided  by  GenePharma,  with  the  following  sequence:  5′-
UUCUCCGAACGUGUCACGUTT-3′.  Cells  were  grown  to

80% confluence in 6-well culture plates and then transfected

with  CCND1-targeting  or  negative  control  siRNAs  using

Lipofectamine  RNAiMAX  transfection  reagent  (Invitrogen,

Carlsbad,  CA,  USA),  according  to  the  manufacturer’s

instructions.

Animal studies

All  experiments  were  performed  according  to  the

Institutional  Ethical  Guidelines  on  Animal  Care  and  were

approved  by  the  Institute  of  Animal  Care  and  Use

Committee at Shanghai Institute of Materia Medica. Four-to-

five-week-old  female  BALB/c  athymic  nude  mice  were

obtained  from  the  Shanghai  Institute  of  Materia  Medica

(Shanghai,  China).  Cells  (5  ×  106,  A549  or  H23)  suspended

in  Matrigel  were  injected  subcutaneously  into  the  right  side

of  axillary.  When  the  volume  of  the  xenograft  reached

100–200  mm3,  animals  were  randomized  to  receive  the

vehicle  control  (12  mice  per  group)  or  tested  compounds

(6 mice per group). Vehicle (sodium lactate, 50 mM, pH 4),

CYH33  (5  mg/kg),  PD0332991  (50  or  100  mg/kg),  or  a

combination  of  CYH33  and  PD0332991  were  administered

orally for 21 days. Tumor volumes (measured manually with

calipers) and body weights were measured twice per week.

Immunohistochemistry

Tumor  tissues  were  harvested  and  fixed  in  4%

paraformaldehyde  at  the  end  of  the  animal  studies.  Tumor

tissues  were  then  embedded  in  paraffin  and

immunohistochemistry  was  performed  with  antibodies

against  phospho-Rb  (Ser780)  and  Ki67  (Cell  Signaling

Technology).

Combination analysis

Drug  combination  studies  were  performed  according  to  the

method  of  Chou–Talalay14.  Cells  were  treated  with  CYH33

and PD0332991 at a fixed concentration ratio (1:1) for 72 h.

The  inhibitory  rates  of  the  single  compound  and  of  the

combination of the two compounds were determined by SRB

assay.  Data  were  analyzed  using  Calcusyn  software  (Biosoft,

Cambridge, UK) to determine the combination index (CI) at

the  GI50.  A  CI  =  1  indicated  an  additive  effect,  a  CI  >  1

indicated antagonism, and a CI < 1 indicated synergism.

The  combinatorial  effect  in  vivo  was  evaluated  by

combination ratio using the fractional  product method15,

which  is  defined  as  either  synergy,  additive  effect,  or

antagonism when the combination ratio was > 1, = 1, or < 1,

respectively.

Microarray analysis

Total  RNA  was  extracted  with  TRIzol  Reagent  (Thermo

Fisher,  Waltham,  MA,  USA)  and  then  analyzed  on  a

GeneChip  (Affymetrix,  Santa  Clara,  CA,  USA)  by  Shanghai

Baygene  Biotechnologies  Company  Limited  (Shanghai,

China), affiliated to Hong Kong Gene Group Holdings.

Statistical analysis

All  data  were  analyzed  using  Prism  6  (GraphPad,  La  Jolla,

CA,  USA).  Data  were presented as  mean ± SD from at  least

three  independent  experiments  and  differences  were

considered  significant  when P  <  0.05,  as  determined  by

Student’s t-test.

Results

CYH33 induced G1 arrest and suppression of
Rb phosphorylation in sensitive KRAS-
mutated NSCLC cells

CYH33 is a novel PI3Kα-selective inhibitor displaying potent

activity  against  breast  cancer10.  As  PI3Kα is  important  in

mediating signaling downstream of KRAS16 and mutations in

KRAS and  PIK3CA  are  frequently  found  in  NSCLC17,  we

investigated  the  anti-proliferative  activity  of  CYH33  in  a

panel  of  NSCLC  cells  harboring  activating  hotspot KRAS

mutations.  Alterations  in EGFR,  PIK3CA,  TP53 ,  and LKB1

genes found in these cells are depicted in Figure 1A. CYH33

significantly  inhibited  the  proliferation  of  H460,  H358,  and

A549 cells with a GI50 < 1 μM, while the rest of the cell lines

were  less  responsive  to  CYH33,  with  GI50s >  1  μM  (Figure

1A).  To  investigate  the  mechanism  leading  to  differential

sensitivity  to  CYH33  in  KRAS-mutated  NSCLC  cells,  we

detected  the  level  of  phosphorylated  AKT  as  a  surrogate

marker  for  PI3K  activity18.  As  shown  in Figure  1B,  CYH33

decreased  phosphorylation  of  AKT  at  Ser473  in  a  dose-

dependent  manner.  CYH33  reduced  phosphorylated  AKT

(pAKT) levels  at  a concentration of 10 nM in sensitive cells,

while higher concentrations were required to achieve similar

inhibition  in  resistant  cells.  Nevertheless,  at  a  concentration

of  100  nM,  CYH33  significantly  inhibited  AKT
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phosphorylation  in  both  sensitive  and  tolerant  cells.

However, a significantly higher concentration of CYH33 was

required to inhibit cell proliferation by 50% in resistant cells.

As  PI3K  promotes  cell  cycle  progression,  which  plays

critical roles in the initiation and development of tumors, we

investigated whether the different sensitivities to CYH33 were

due to different effects on cell cycle distribution in KRAS-

mutated  NSCLC  cell  lines.  As  shown  in  Figure  1C,  at  a
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Figure 1   CYH33 induced G1 arrest and suppression of Rb phosphorylation in sensitive KRAS-mutated NSCLC cells. (A) The half-maximal

inhibitory concentration against cell growth (GI50) values of CYH33 against the proliferation of seven KRAS-mutated NSCLC cell lines. Bars:

mean ± SD. Boxes below the chart indicate mutations in EGFR, KRAS, PIK3CA, TP53, or LKB1. (B) NSCLC cells were treated with CYH33 at the

indicated concentrations for 1 h. Cell lysates were subjected to Western blot with the indicated antibodies. (C) NSCLC cells were treated with

CYH33 for 72 h and cell cycle distribution was analyzed by flow cytometry. The cell population in G0/G1 phase is presented as mean + SD.

Differences between control (0) and CYH33 treatment groups were analyzed using a two-tailed Student’s t test. *P < 0.05; **P < 0.01; ***P <

0.001. (D) Cells were treated with CYH33 at indicated concentrations and cell lysates were subjected to Western blot with indicated

antibodies.
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concentration of 1 μM, CYH33 caused a significant arrest of

sensitive cells at G1 phase, but it had little effect on the cell

population  in  resistant  H647,  H1792,  and  H1355  cells.

Unexpectedly,  CYH33 treatment  resulted  in  a  significant

accumulation  of  H23  cells  at  G1  phase,  which  appeared

contradictory to its weak activity on the proliferation of H23

cells. We then further investigated the cell cycle progression

of A549 and H23 cells. After releases from M phase, H23, but

not A549 cells,  progressed into S phase in the presence of

CYH33 (Supplementary Figure S1). This induction of G1

phase  arrest  by CYH33 seemed to correlate  with its  anti-

proliferative activity. Consistently, a decrease in the levels of

phosphorylated Rb was observed in sensitive A549 and H460

cells,  but  not  in  resistant  H1792,  H1355,  and  H23  cells

(Figure 1D) after incubation with CYH33 for longer times.

Combined treatment with CYH33 and
PD0332991 is synergistic against KRAS-
mutated NSCLC cells

The  CDK4/6-cyclin  D1  complex  phosphorylates  Rb  at  G1

phase. This is a vital event for G1/S transition by inducing the

expression of downstream regulators that promote cell  cycle

progression19.  As  Rb  phosphorylation  was  not  prevented  in

CYH33-resistant  cells,  we  hypothesized  that  inhibition  of

CDK4/6 would enhance the response of these cells to CYH33.

As  shown  in Figure  2A,  KRAS-mutated  NSCLC  cells  were

treated with increasing doses of CYH33 in combination with

the  FDA-approved  CDK4/6  inhibitor,  PD0332991.  The

inhibitory  curve  after  co-treatment  with  CYH33  and

PD0332991  shifted  to  the  upper  left  compared  to  the

inhibitory  curve  after  single-agent  treatment,  indicating  an

enhanced  response  in  both  CYH33-sensitive  and  CYH33-

resistant  cells  (Figure  2A).  We  further  calculated  the

combination  index  (CI)  using  the  Chou–Talalay  method14.

As  shown  in Figure  2B,  the  combination  of  CYH33  and

PD0332991  displayed  a  synergetic  effect  (CI  <  1)  in  both

resistant and sensitive cells, with the exception of H358 cells,

which  are  very  sensitive  to  CYH33.  Moreover,  CI  values

obtained  in  CYH33-resistant  cells  were  lower  than  those  in

CYH33-sensitive cells,  indicating more of a synergistic effect

in tolerant cells. Accordingly, the GI50 values after treatment

with  CYH33  and  PD0332991  were  substantially  lower  than

those  obtained  after  treatment  with  either  single  agent

(Figure  2C).  To  further  confirm  the  synergism  between

PI3Kα inhibitors  and  CDK4/6  inhibitors,  we  tested  the

combinatorial  effect  of  the  PI3Kα inhibitors,  CYH33  and

BYL719,  and  the  CDK4/6  inhibitors,  LEE011  and

PD0332991,  in  H1355  cells.  As  shown  in Supplementary

Figure S2A, the CI values obtained from the combination of

a  PI3Kα inhibitor  and  a  CDK4/6  inhibitor  were  less  than  1,

indicating  synergism  between  the  combinations  tested.

Moreover, we also tested the combination of PD0332991 and

inhibitors  targeting  the  PI3K  pathway  including,  AZD8055,

BEZ235,  and  GDC0941.  These  combinations  also  displayed

synergistic  effects  in  the  tested  KRAS-mutated  NSCLC  cells

(Supplementary Figure S2B). Thus, simultaneously targeting

PI3K and CDK4/6 showed synergistic activity against KRAS-

mutated NSCLC cells.

Combined CYH33 and PD0332991 treatment
induces significant G1 phase arrest in KRAS-
mutated NSCLC cells

PD0332991  inhibits  the  activity  of  CDK4/6,  which

phosphorylates  Rb  and  promotes  G1/S  progression.  PI3K

also  regulates  G1/S  progression  through  the  inhibition  of

cyclin  D1  proteolysis  and  inactivation  of  p2720,21.  We  next

investigated  whether  the  synergism  between  CYH33  and

PD0332991  was  due  to  their  combined  effect  on  cell  cycle

distribution.  As  shown  in Figure  3A,  combined  treatment

significantly  increased  the  cell  population  in  G1  phase

compared  to  treatment  with  either  single  agent,  in  both

sensitive and tolerant cells. Further dissection of the signaling

pathway  showed  that  CYH33  inhibited  Rb  phosphorylation

in sensitive H460 and A549 cells,  but not in resistant H1355

and H23 cells  (Figure  3B).  PD0332991 alone suppressed Rb

phosphorylation  in  all  cell  lines.  Co-treatment  with  CYH33

and  PD0332991  blocked  Rb  phosphorylation  to  a  greater

extent  than  single-agent  treatment  (Figure  3B),  which  was

consistent with the increase in G1 phase arrest.

Long-term  cell  cycle  arrest  can  induce  apoptosis.  To

examine whether the enhanced response of KRAS-mutated

NSCLC cells to the combination of CYH33 and PD0332991

was due to the induction of apoptosis, annexin V staining

was performed after A549 and H23 cells were treated for 72

h. As shown in Figure 3C and 3D, annexin V-positive cells

sl ightly  increased  in  the  presence  of  CYH33  and

supplementation with PD0332991 failed to further increase

this cell population. Similar results were obtained with the

other five KRAS-mutated NSCLC cell lines (Supplementary

Figure S3).  Consistently,  no cleaved PARP or caspase 3/9

were detected in A549 and H23 cells treated with CYH33 and

PD0332991  alone  or  in  combination  (Figure  3E).  Thus,

combined treatment with CYH33 and PD0332991 inhibited

the proliferation of KRAS-mutated NSCLC cells by inducing

G1 phase arrest rather than inducing apoptosis.
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Down-regulation of cyclin D1 sensitizes KRAS-
mutated NSCLC cells to CYH33

To confirm that the inhibition of CDK4/6 sensitized NSCLC

cells  to  CYH33,  we  down-regulated  the  expression  of  cyclin

D1,  which  is  an  essential  factor  for  the  kinase  activity  of

CDK4 and CDK6. As shown in Figure 4A and 4B,  knocking

down  cyclin  D1  expression  using  specific  siRNAs  rendered

A549  (Figure  4A)  and  H23 (Figure  4B)  cells  more  sensitive

to  CYH33.  Transfection  of  siRNAs  targeting  cyclin  D1  also

resulted in enhanced cell cycle arrest at G1 phase upon CYH33

treatment  compared  to  cells  transfected  with  scrambled

siRNA  (NC, Figure  4C and  4D ).  In  agreement  with  these

observations,  down-regulation  of  cyclin  D1  further  reduced

the  level  of  phosphorylated  Rb  in  the  presence  of  CYH33

(Figure  4E and  4F ).  Knocking  down  cyclin  D1  failed  to
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Figure 2   Combined treatment of CYH33 and PD0332991 is synergistic against KRAS-mutated NSCLC cells. KRAS-mutated NSCLC cells

were treated with CYH33, PD0332991, or both CYH33 and PD0332991 for 72 h and cell proliferation was detected by SRB assay. (A)

Inhibitory curves from three independent experiments are presented. (B) CI values at the GI50 of seven NSCLC cancer cell lines were

determined by the Chou-Talalay method. Gray bar: CI values indicating additive effect. R: CYH33-resistant cell lines; S: CYH33-sensitive cell

lines. (C) GI50 values for CYH33, PD0332991, or the combination of CYH33 and PD03329917 against KRAS-mutated NSCLC cells. Data are

shown as mean ± SD.
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enhance  the  ability  of  CYH33  to  induce  apoptosis

(Supplementary Figure S4A-D), which is consistent with the

results  obtained  with  co-treatment  of  CYH33  and

PD0332991. However, down-regulation of cyclin D1 failed to

enhance the anti-proliferative activity of PD0332991 in A549

and  H23  cells  (Supplementary  Figure  S4E and  S4F ),  which

might be due to the similar cellular targets of PD0332991 and

the siRNAs. Thus, down-regulation of cyclin D1 using siRNAs

mimicked  the  function  of  PD0332991  in  combination  with

CYH33,  suggesting  that  the  synergistic  effect  of  CYH33  and
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Figure 3   Combined CYH33 and PD0332991 treatment induces significant G1 phase arrest in KRAS-mutated NSCLC cells. KRAS-mutated

NSCLC cells were treated with vehicle, CYH33 (1 μM), PD0332991 (1 μM), or both CYH33 and PD0332991 for 72 h. (A) Cell cycle distribution

was analyzed by flow cytometry. The cell population in G0/G1 phase is presented as the mean ± SD. Differences between the indicated

groups were analyzed using a two-tailed Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001. (B) Cell lysates were subjected to Western blot

with the indicated antibodies. Induction of apoptosis of A549 (C) and H23 (D) cells was determined by annexin-V-PI dual staining. Annexin-

V positive cells were determined with flow cytometry. Data are shown as the mean ± SD from three independent experiments. (E) Lysates of

A549 and H23 cells were subjected to Western blot with the indicated antibodies.
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PD0332991  was  due  to  a  more  complete  inhibition  of  Rb

phosphorylation and in turn, G1 phase arrest.

CYH33 abrogates PD0332991-induced AKT
phosphorylation and cyclin D1 expression

It has been reported that inhibition of CDK4/6 results in the

feed-back  expression  of  cyclin  D1  in  breast  cancer22,  which

would  impede  the  activity  of  CDK4/6  inhibitors  in  the

treatment of breast cancer. To further explore the mechanism

underlying the synergy between PD0332991 and CYH33, we

performed  microarray  analysis  in  A549  cells  treated  with

1 μM PD0332991 or vehicle for 72 h (Supplementary Figure

S5A).  As  expected,  the  “E2F  target”  hallmark  gene  set  was

among  the  top  enriched  gene  sets  (Figure  5A)  that  were

down-regulated  after  PD0332991  treatment.  Cell  cycle-

associated  processes,  like  “G2M  checkpoint”  and  “mitotic

spindle”  (Supplementary  Figure  S5B)  were  also  down-

regulated  due  to  PD0332991-induced  G1  phase  cell  cycle

arrest. Meanwhile, PI3K signaling tended to be activated after

PD0332991 treatment (Figure 5B)  and was accompanied by

the  up-regulation  of  growth  factors,  like  insulin  (INS),

insulin like growth factor 1 (IGF1), and cyclin D1 (CCND1).

However,  the  expression  of  PTEN,  which  acts  as  an

important  negative  regulator  of  PI3K,  was  down-regulated

after  PD0332991  treatment  (Figure  5B).  Accordingly,

PD0332991  slightly  increased  AKT  phosphorylation,  but

significantly induced the expression of cyclin D1 (Figure 5C).

Furthermore,  CYH33  abrogated  PD0332991-induced  AKT

phosphorylation  and  cyclin  D1  expression  (Figure  5D),

which may also contribute the synergistic  activity  of  CYH33

and PD0332991.
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Figure 4   Down-regulation of cyclin D1 sensitizes A549 and H23 cells to CYH33. A549 and H23 cells transfected with siRNAs targeting

cyclin D1 or a negative control (NC) siRNA were treated with serially diluted CYH33 (A, B) or CYH33 at 1 μM for 72 h (C, F). (A, B) The effect

of CYH33 on cell proliferation was determined by SRB assay. GI50 values obtained from A549 (A) and H23 (B) cells are presented. (C, D) The

cell cycle distribution of A549 (C) and H23 (D) cells was analyzed by flow cytometry. The cell population in G0/G1 phase is presented. (E, F)

Lysates of A549 (E) and H23 (F) cells were subjected to Western blot with the indicated antibodies. Data are shown as the mean + SD or

representatives from at least three independent experiments. Differences between cells transfected with an NC siRNA and siRNAs targeting

cyclin D1 were analyzed using a two-tailed Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001.
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Combined inhibition of PI3Kα and CDK4/6
displays synergistic activity against KRAS-
mutated NSCLC xenografts

Combined  treatment  with  CYH33  and  PD0332991  was

shown  to  be  synergetic  against  a  panel  of  KRAS-mutated

NSCLC cells.  We next  examined  the  efficacy  of  CYH33 and

PD0332991 in A549 and H23 xenografts. After treatment for

21  d,  PD0332991  treatment  at  50  mg/kg  marginally

suppressed  the  growth  of  A549  xenografts,  yielding  a

treated/control  (T/C)  value  of  76.9  %,  whereas  CYH33

treatment  at  5  mg/kg  displayed  potent  activity,  with  a  T/C

value  of  49.2%.  Co-administration  of  CYH33  and

PD0332991 significantly  enhanced the  potency compared to

single-agent  treatment,  with  a  T/C  value  of  26.1%  (Figure

6A, Supplementary  Figure  S6A).  Similar  results  were  also

obtained  with  H23  xenografts  (Figure  6B, Supplementary

Figure  S6A).  We  did  not  observe  a  significant  loss  in  body

weight  in  treated  animals  (Figure  6A and  6B ),  indicating  a

favorable safety profile  of  the combined treatment.  We then
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Figure 5   CYH33 abrogates PD0332991-induced AKT phosphorylation and cyclin D1 expression. (A, B) A549 cells were treated with vehicle

or PD0332991 (1 μM) for 72 h and total RNA were extracted. Genome-wide gene expression profiling was performed by microarray analysis.

(A) GSEA enrichment plot of differentially expressed genes in the gene set of Hallmark of E2F targets (HALLMARK_E2F_TARGETS) after

treatment with PD0332991. (B) Heatmap of the mRNA levels of genes involved in the PI3K-AKT signaling pathway. The fold change (log 2)

in the expression of the listed genes after treatment with 1 μM PD0332991 is shown. (C) A549 cells were treated with 1 μM PD0332991 for

the indicated times and cell  lysates were subjected to Western blot with the indicated antibodies.  (D) A549 cells were treated with

PD0332991 (0, 1 or 5 μM) alone or in combination with CYH33 (1 μM) for 72 h and cell lysates were subjected to Western blot with the

indicated antibodies. Data are shown as representatives from at least three independent experiments.
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calculated the combination ratio of CYH33 and PD0332991,

using  the  fractional  product  method15.  The  combinatorial

effect  was  defined  as  synergistic,  additive,  or  antagonistic

when the combination ratio was > 1, = 1, or < 1, respectively.

The  combination  ratio  of  CYH33  and  PD0332991  in  A549

and  H23  xenografts  was  1.30  and  1.62,  respectively,

demonstrating  that  the  combination  of  CYH33  and

PD0332991  displayed  synergistic  activity  to  inhibit  the
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Figure 6   Combined inhibition of PI3Kα and CDK4/6 displays synergistic activity against A549 and H23 xenografts. Randomly grouped

nude mice bearing A549 (A) or H23 (B) xenografts were administrated orally with a vehicle control, CYH33 (5 mg/kg), PD0332991 (50 mg/kg

for mice bearing A549 xenografts, 100 mg/kg for mice bearing H23 xenografts), or a combination of CYH33 and PD0332991, once a day for

the indicated times. Tumor volume and body weight were measured twice a week. Data are depicted as the mean + SD (n = 6). Differences

between the indicated groups were analyzed by Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001. (C) The combination ratios of CYH33

and PD0332991 against A549 and H23 xenografts were calculated using the fractional product method. FTV (fractional tumor volume) =

mean final tumor volume of treated group/mean final tumor volume of control group. Expected FTV = (FTV of PD0332991) * (FTV of

CYH33). Observed FTV = mean final tumor volume of combinatorial treatment/mean final tumor volume of control group. Combination

ratio = expected FTV/observed FTV. (D) Tumor sections from A549 xenografts after treatment for 21 d were stained with Ki-67 (tawny) or

phosphorylated Rb (Ser780, tawny). Cell nuclei were stained with hematoxylin (calamine blue, 40 ×). Representative images are shown for

each group.
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growth of A549 and H23 xenografts (Figure 6C). This result

is  consistent  with  less  Ki67  staining  in  tumor  sections  from

the  combinatorial  treatment  group  compared  with  tumor

sections from groups treated with a single agent (Figure 6D).

Combined  treatment  with  CYH33  and  PD0332991  resulted

in  enhanced  inhibition  of  Rb  phosphorylation  at  Ser780 in

vivo ( Figure  6D),  further  confirming  that  the  synergy  was

attributed to augmented inhibition of  cell  cycle  progression.

Taken  together,  combined  treatment  with  CYH33  and

PD0332991  reduced  Rb  phosphorylation  and  synergistically

inhibited the growth of KRAS-mutated NSCLC in vivo.

Discussion

Oncogenic  mutations  in  KRAS are  prevalent  in  NSCLC and

represent  a  largely  unmet  clinical  need.  In  this  study,  we

found  that  a  novel  PI3Kα-specific  inhibitor,  CYH33,

possessed  variable  activity  against  a  panel  of  KRAS-mutated

NSCLC  cell  lines.  Phosphorylated  Rb  levels  were  shown  to

decrease  in  CYH33-sensitive,  but  not  CYH33-resistant  cells,

which  was  consistent  with  G1  phase  arrest  in  CYH33-

sensitive  cells.  Combination  of  the  CDK4/6  inhibitor,

PD0332991,  with  CYH33  displayed  synergistic  activity

against  NSCLS in  vitro and in  vivo,  which was  accompanied

by enhanced inhibition of Rb phosphorylation.

The PIK3CAH1047R mutant has been reported to accelerate

and enhance the onset of lung cancer initiated by KRASG12D23

and the PIK3CA gene is frequently mutated (3.1%) and/or

amplified (17.1%) in NSCLC23,24. Indeed, we demonstrated

that CYH33 potently inhibited the proliferation of KRAS-

mutated NSCLC cells in vitro  and in vivo,  confirming that

PI3Kα is a promising target for the treatment of NSCLC. It is

notable that the response of KRAS-mutated NSCLC cell lines

to  CYH33  was  variable,  which  may  be  due  to  the  high

genome  heterogeneity  of  tested  cell  lines.  Mutation  in

PIK3CA did not predict the efficacy of CYH33, as H358 and

A549 cells  expressing wild-type PIK3CA  were sensitive to

CYH33. We dissected the signaling downstream of PI3K and

found that  a  decrease  in  phosphorylated  Rb,  rather  than

phosphorylated AKT, may predict the activity of CYH33 in

KRAS-mutated  NSCLC.  This  is  in  agreement  with  the

observation that mutated PI3Kα cooperated with KRAS in

lung tumorigenesis by regulating multiple components of the

G1/S transition, including Rb. Consistently, CYH33 induced

G1 phase  arrest  in  sensitive,  but  not  in  resistant,  KRAS-

mutated NSCLC cells. A phase II study investigating the pan-

PI3K inhibitor, buparlisib (BKM120), in patients with PI3K

pathway-activated,  relapsed  NSCLC,  failed  to  meet  its

primary objective25. Our study indicated that an intermediate

response  downstream  of  PI3K  might  better  predict  the

efficacy of PI3K inhibitors. Moreover, the CDK4/6 inhibitor,

PD0332991,  sensitized  KRAS-mutated  NSCLC  cells  to

CYH33, which was accompanied by an enhanced inhibition

of Rb phosphorylation and G1 phase arrest. Thus, CYH33 is

active  against  KRAS-mutated  NSCLC  and  a  decrease  in

phosphorylated Rb may predict its efficacy.

We  demonstrated  that  targeting  PI3Kα  is  a  potential

therapeutic strategy for KRAS-mutated NSCLC. BYL719, the

most advanced PI3Kα-selective inhibitor, is in a multiple-

arm phase  II  study of  advanced NSCLC (NCT02276027).

However,  CYH33 is  active  in  part  of  the  tested cell  lines.

PIK3CA mutation is unlikely to be the genetic driver in lung

tumorigenesis,  as  it  has  been  reported  to  be  unable  to

promote tumor formation23.  We found that simultaneous

inhibition of PI3Kα and CDK4/6 synergistically suppressed

the proliferation of KRAS-mutated NSCLC both in vitro and

in vivo. The rationale for the combination of CYH33 and a

CDK4/6 inhibitor is based on the discrepancy of CYH33 in

the regulation of Rb phosphorylation and cell cycle arrest.

Combined inhibition of CDK4/6 and PI3K has been reported

to induce synergistic anti-tumor effects in breast cancer and

malignant pleural mesothelioma (MPM)22,26-28,  indicating

that this combination therapy is a potential strategy to treat

cancers  with  aberrant  PI3K  or  Rb  pathways.  Although

different  types  of  PI3K inhibitors,  e.g.,  PI3K/mTOR dual

inhibitor, pan-PI3K, and isoform-selective inhibitors, have

been studied in different types of cancers, the synergism is

always  accompanied  by  an  enhanced  inhibition  of  Rb

phosphorylation26 ,28 ,  which  is  consistent  with  our

observation with a novel PI3Kα-selective inhibitor CYH33 in

KRAS-mutated NSCLC. Using microarray profiling, we also

found that CDK4/6 inhibition resulted in the up-regulation

of multiple components of the PI3K pathway. Consequently,

CDK4/6 inhibition increased the phosphorylation of AKT

and the  expression of  cyclin  D1.  PIP3-dependent  protein

kinase 1 (PDK1) was identified as a key factor in determining

the activity of CDK4/6 inhibitors against breast cancer cells in

a kinome-wide siRNA screen22. Given that PDK1 is a kinase

that  directly  activates  AKT,  up-regulation  of  AKT

phosphorylation  has  been  found  in  breast  cancer  cells22,

MPM cells27, and in this study, KRAS-mutated NSCLC cells,

after  inhibition of  CDK4/6.  Phosphorylation of  AKT and

induction of cyclin D1 have been reported to render cancer

cells  resistant  to  CDK4/6 inhibitors22,  which provides  an

additional  rationale for using a combination of PI3K and

CDK4/6 inhibitors. Indeed, CYH33 abrogated the enhanced

phosphorylation  of  AKT  and  expression  of  cyclin  D1  in

NSCLC cells.
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In summary, the combination of CYH33 and PD0332991

demonstrated synergistic activity against a panel of KRAS-

mutated  NSCLC  cells  in  vitro  and  in  vivo,  which  was

associated with increased cell cycle arrest at G1 phase. Our

findings provide a mechanistic rationale to test CYH33 and

other  PI3K  inhibitors  in  combination  with  CDK4/6

inhibitors  for  treating  KRAS-mutated  NSCLC  in  future

clinical trials.
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Supplementary materials

Materials and methods

Compound

Nocodazole,  BYL719,  LEE011,  AZD8055,  BEZ235  and  GDC0941  were  purchased  from  Selleck  (Shanghai,  China)  and  stock

solution (10 mM) was prepared in dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA).

Cell cycle synchronization and release

A549 and H23 cells were synchronized at G2/M phase by incubation with 0.3 μM nocodazole for 24 h. The medium was replaced

with fresh medium to release the progression of cell cycle.
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Figure S1     H23 cells progressed into S phase in the presence of CYH33. A549 and H23 cells were synchronized at G2/M phase by

incubation with nocodazole (0.3 μM) for 24 h. Cells were further incubated in fresh medium in the absence or presence of CYH33 (1 μM) for

indicated times and cell cycle distribution was analyzed with flow cytometry.
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Figure S2   Co-treatment with PI3K pathway inhibitor and CDK4/6 inhibitor synergistically suppress proliferation of Kras-mutated NSCLC

cells. Combination Index (CI) values at GI50 of Kras-mutated NSCLC cell lines were determined by Chou-Talalay method. Cell proliferation

was detected by SRB assay after cells were treated with each single agent or indicated combination. (A) CI values of PI3Kα inhibitor CYH33

or BYL719 and CDK4/6 inhibitor PD0332991 or LEE011 in H1355 cells. CYH: CYH33, BYL: BYL719, PD: PD0332991, LEE: LEE011. Data shown

are the mean + SD. (B) CI values of PD0332991 and PI3K pathway inhibitor AZD8055, BEZ235 or GDC0941 in Kras-mutated NSCLC A549,

H460, H358 and H23 cells. Data shown are the mean.
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Figure S3   Co-treatment with CYH33 and PD0332991 failed to induce apoptosis in NSCLC cells. Kras-mutated NSCLC cells were treated

with CYH33 (1 μM), PD0332991 (1 μM), or both for 72 h and apoptosis was determined by Annexin-V assay with flow cytometry. Data

shown are mean + SD from three independent experiments.
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Figure S4   Down-regulation of cyclin D1 had no effect on CYH33-induced apoptosis or the anti-proliferative activity of PD0332991. A549

and H23 cells transfected with siRNAs targeting cyclin D1 or negative control were treated with CYH33 (1 μM) for 72 h (A–D). Induction of

apoptosis in A549 (A) and H23 (B) cells was determined by Aneexin-V-PI dual staining. Annexin-V positive cells were measured with flow

cytometry. Data shown are mean + SD from three independent experiments. (C–D) Cell lysates of A549 (C) and H23 (D) cells were subjected

to Western blot with indicated antibodies. A549 (E) and H23 (F) cells transfected with SiRNA targeting cyclin D1 or negative control were

treated with PD0332991 (1 μM) for 72 h, and inhibition of cell proliferation by PD0332991 was calculated. Data shown are mean + SD.

Differences between cells transfected with siRNAs targeting cyclin D1 and negative control were analyzed using two-tailed Student’s t test.

*: P < 0.05.
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Figure S5   Genome-wide gene expression profiling in A549 cells after PD0332991 treatment. A549 cells were treated with vehicle or

PD0332991 (1 μM) for 72 h and total RNA was extracted. Genome-wide gene expression profiling was performed with microarray. (A) The

genome-wide gene expression profile of A549 cells treated with vehicle control or PD0332991. Three biological replicates were employed in

each  group.  (B)  GSEA  enrichment  plot  of  differentially  expressed  genes  in  the  gene  set  of  hallmark  of  G2/M  checkpoint

(HALLMARK_G2/M_Checkpoints) and hallmark of mitotic spindle (HALLMARK_MITOTIC_SPINDLE) upon PD0332991 treatment.
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Figure S6   Combined inhibition of PI3Kα and CDK4/6 displays synergistic activity against A549 and H23 xenografts. Randomly grouped

nude mice bearing A549 xenografts  or  H23 xenografts  were administrated orally  with vehicle control,  CYH33,  PD0332991 or their

combination once a day for 21d (A549) or 14 d (H23). Tumors were collected and weighed at the end of treatment. (A) Image of tumors

collected at the end of treatment. (B) Tumor weight of each group was presented as mean + SD. Differences between indicated groups

were analyzed using a two-tailed Student’s t test. *: P < 0.05; **: P < 0.01; ***: P < 0.001.
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