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Background: Emerging evidence suggests that metabolic alterations are a hallmark of cancer cells and contribute
to tumor initiation and development. Cancer cells primarily utilize aerobic glycolysis (the Warburg effect) to
produce energy and support anabolic growth. The type Iγ phosphatidylinositol phosphate kinase (PIPKIγ) is
profoundly implicated in tumorigenesis, however, little is known about its role in reprogrammed energymetab-
olism.
Methods: Loss- and gain-of-function studieswere applied to determine the oncogenic roles of PIPKIγ in colorectal
cancer. Transcriptome analysis, real-time qPCR, immunohistochemical staining,Western blotting, andmetabolic
analysis were carried out to uncover the cellular mechanism of PIPKIγ.
Findings: In this study, we showed that PIPKIγ was frequently upregulated in colorectal cancer and predicted a
poor prognosis. Genetic silencing of pan-PIPKIγ suppressed cell proliferation and aerobic glycolysis of colorectal
cancer. In contrast, the opposite effects were observed by overexpression of PIPKIγ_i2. Importantly, PIPKIγ-
induced prolific effect was largely glycolysis-dependent. Mechanistically, PIPKIγ facilitated activation of PI3K/
Akt/mTOR signaling pathways to upregulate c-Myc and HIF1α levels, which regulate expression of glycolytic en-
zymes to enhance glycolysis. Moreover, pharmacological inhibition by PIPKIγ activity with the specific inhibitor
UNC3230 significantly inhibited colorectal cancer glycolysis and tumor growth.
Interpretation: Our findings reveal a new regulatory role of PIPKIγ in Warburg effect and provide a key contrib-
utor in colorectal cancer metabolism with potential therapeutic potentials.
Fund: National Key Research and Development Program of China, Outstanding Clinical Discipline Project of
Shanghai Pudong, Natural Science Foundation of China, and Science and Technology Commission of Shanghai
Municipality.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Colorectal cancer (CRC) is the third most commonly diagnosed
cancer and ranks second in terms of mortality worldwide. Over
1.8 million new colorectal cancer cases and 881,000 deaths are esti-
mated to occur in 2018, accounting for about 10% cancer cases
and deaths [1]. Because increased early detection and application
of colonoscopy with polypectomy, the clinical outcome of CRC pa-
tients has significantly improved during the past decades in many
countries [2]. Surgical resection is the primary treatment option
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for CRC, but even with complete resection the tumor will be even-
tually recurred and developed to metastatic disease in many of
these patients [3]. Therefore, the long-term survival outlook of CRC
is still poor and highlights the development of more effective ther-
apies for this life-threatening disease.

The type I phosphatidylinositol 4-phosphate 5-kinases (PIPKIs) are a
family of enzymes that catalyze ATP-dependent phosphorylation of
phosphatidylinositol 4-phosphate to generate phosphatidylinositol
4,5-bisphosphate [PI(4,5)P2]. PI(4,5)P2 is subsequently converted
into phosphatidylinositol (3,4,5)-trisphosphate [PI(3,4,5)P3] by PI3K.
PI(4,5)P2 and PI(3,4,5)P3 are involved in a variety of cellular pro-
cesses, such as vesicular trafficking, focal adhesion assembly, actin po-
lymerization, endocytosis and agonist-induced calcium signaling
[4–6]. PIPKIs comprise a family encoded by three genes that give
rise to PIP kinase type Iα (PIPKIα), PIPKIβ and PIPKIγ [7]. In mamma-
lian cells, the different isoforms of PIPKI share very conserved kinase
domain but have a high level of sequence divergence at the C-
terminus, which allows for their distinct localization and function via
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context
Evidence before this study

Reprogramming metabolism is emerged as a hallmark of cancer.
Warburg effect, also known as aerobic glycolysis, can support un-
controlled proliferation of cancer cells by providing abundant cellu-
lar buildings. Increased glycolysis contributes to nearly all aspects
of the malignant characters of cancer cells.

Added value of this study

This study showed that PIPKIγ is profoundly implicated in colorec-
tal cancer cell proliferation and aerobic glycolysis. PIPKIγ enhances
Warburg effect by upregulation of c-Myc and HIF1α levels via acti-
vation of PI3K/Akt/mTOR signaling pathways. Pharmacological in-
hibition of PIPKIγ significantly suppressed tumor growth in vivo.

Implications of all the available evidence

This finding suggests that PIPKIγ is a critical glycolysis modulator
and provide a potential target for anti-tumor therapy for colorectal
cancer.
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interactions with specific binding partners [8,9]. For example, talin re-
cruits PIPKIγ to focal adhesions and the site-specific generation of PI
(4,5)P2 enhances talin binding to β1-integrin [10,11]. Previously,
many reports have revealed the important role of PIPKIγ in multiple
oncogenic processes [12,13]. In breast cancer, PIPKIγ and talin couple
phosphoinositide and adhesion signaling to control the epithelial to
mesenchymal transition process [14]. In addition, PIPKIγ can regulate
β-catenin nuclear importation and transcriptional activity to promote
breast cancer malignant phenotypes [15]. In colorectal cancer, PIPKIγ
positively regulates focal adhesion dynamics and cancer cell invasion
[16]. In pancreatic cancer, we revealed that PIPKIγ, functioning down-
stream of EGFR signaling, is critical to the tumor growth and metasta-
sis [17]. This indicates that the versatile roles of PIPKIγ during
tumorigenesis.

Different form normal cells, cancer cells ferment glucose to lactate
even in the presence of sufficient levels of oxygen [18]. This phenome-
non is known as theWarburg effect or aerobic glycolysis.Warburg effect
can provide cancer cell intermediary glucose metabolites to generate
cellular buildings and reducing equivalents (such as NADPH) for rapid
proliferation and avoiding apoptosis [19,20]. Notably, increased glycol-
ysis is a common phenomenon in human cancers and correlates multi-
ple tumorigenic phenotypes. Suppression of aerobic glycolysis can
profoundly reduce tumourigenicity and improve chemosensitivity in-
dicative of the importance of glycolysis to cancer cells [21]. Emerging
evidences suggest that activation of oncogenes or inactivation of
tumor suppressors contribute to elevated Warburg effect, such as MYC
and TP53 [22–24]. Therefore, a comprehensive understanding of the
links between glycolysis and CRC pathogenesis is of paramount signifi-
cance for the development of new therapeutic agents in colorectal
cancer.

In this study,we found that PIPKIγ is substantially upregulated in co-
lorectal cancer cells and tumor tissues. Genetic silencing of pan-PIPKIγ
inhibited the in vitro cell proliferation and in vivo tumor growth of
CRC. Subsequently, transcriptomic data supported a novel regulatory
role of PIPKIγ in glycolysis by activation of PI3K/AKT/mTOR/c-Myc-
HIF1α axis. Finally, we showed that pharmacological inhibition of
PIPKIγ with UNC3230 suppressed CRC glycolysis and xenograft tumor
growth. Therefore, our findings define PIPKIγ as an important glycolysis
regulator in CRC and suggest PIPKIγ as a promising therapeutic target
for the clinical management of CRC.
2. Materials and methods

2.1. Cell culture and reagent

Human colorectal cancer cell lines LOVO, Caco-2, SW620, and
SW480were purchased from the Institute of Biochemistry and Cell Biol-
ogy, Chinese Academy of Science (Shanghai, China); LS174T, HCT116,
COLO205, and the normal colonic epithelial cell NCM460 were derived
from the American Tissue Culture Collection (ATCC, Manassas, VA,
USA). All cellswere cultured in DMEM (Dulbecco'smodified Eagle'sme-
dium, Gibco) or RPMI 1640 medium (Gibco, USA) medium supple-
mented with 10% fetal bovine serum (FBS, Gibco, USA), and the
antibiotics penicillin (500 units/mL) and streptomycin (200 μg/mL).
Cells were maintained at a humidified incubator with 5% CO2 atmo-
sphere. 2-Deoxy-D-glucose (2-DG, D8375) and galactose (G0750)
were purchased from Sigma (Shanghai, China). The specific inhibitor
of PIPKIγ (UNC3230) was purchased from Tocris Bioscience (#5271/
10, USA).

2.2. Generation of stable PIPKIγ knockdown cells

Lentiviral shRNA negative control and shRNA oligonucleotides
targeting human PIPKIγ listed below were designed and synthesized
by Genepharma (Shanghai, China). The sequences for the PIPKIγ
shRNA were: sh-1, 5’-TGCGACGACGAGTTCATCATCATTCAAGAGATGA
TGATGAACTCGTCGTCGCTTTTTTC-3′; sh-2, 5’-TGCCTGGTCCTGGAAA
GTTTCATTCAAGAGATGAAACTTTCCAGGACCAGGCTTTTTTC-3′; and sh-
Ctrl, 5’-TGTTCTCCGAACGTGTCACGTTTCAAGAGAACGTGACACGTTCGGA
GAATTTTTTC-3′. The lenti-virius LV2 (pGLVU6/Puro) plasmids were
transfected into human embryonic kidney 293 T cells using Lipofecta-
mine 2000 (Invitrogen, USA) according to the manufacturer's manual.
Colorectal cancer cells were then infected with lentivirus medium
from the packaging cells 48 h after transfection in the presence of 8
μg/mL polybrene. After infection overnight, virus-containing medium
was replaced by normal culture medium. The stable clones were se-
lected with 2 μg/mL puromycin. Expression levels of PIPKIγ were con-
firmed by Western blotting analysis.

2.3. Transfection

For overexpression of PIPKIγ, the whole sequence of PIPKIγ_i2,
mPIPKIγ_i2–1 and mPIPKIγ_i2–2 was synthesized by Genepharma
(Shanghai, China) and then subcloned to the pcDNA3.1 plasmid. Six si-
lent mutations were introduced in the sh-PIPKIγ target sequence in
order tomake it resistant to corresponding shRNA. The siRNA sequences
for PIP4K2C were: si-1 sense, 5’-CCAGUCAUUUCAAGUUCAATT-3′; si-1
antisense, 5’-UUGAACUUGAAAUGACUGGTT-3′; si-2 sense, 5’-CCAACU
AUCACCAGUACAUTT-3′; si-2 antisense, 5′- AUGUACUGGUGAUAGU
UGGTT-3′; scrambled siRNA targeting no known gene sequence was
used as the negative control. For transient expression of exogenous
genes, 5 × 105 cells were plated in each well of 6-well plates and trans-
fection was performed using with XtremeGENE 9 (Roche, USA) follow-
ing the manufacturer's instructions.

2.4. Gene expression microarrays

For RNA preparation, total RNA from sh-Ctrl and sh-PIPKIγ cells
were extracted according to standard protocol. RNA was processed
and profiled on whole human Genome Microarray (4 × 44 K, Agilent)
as recommended by the manufacturer. Background subtraction and
normalization of probe set intensities were performed using Robust
Multiarray Analysis (RMA). The microarray data is available at GEO da-
tabase GSE130761. Gene set enrichment analysis (GSEA) was per-
formed on the Broad Institute Platform and statistical significance
(false discovery rate, FDR) was set at 0.25.

ncbi-geo:GSE130761
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2.5. Real-time quantitative PCR

Total RNA was extracted from indicated cells using Qiagen RNeasy
kits (Qiagen Valencia, CA). RNA quality and quantity were determined
using Nanodrop™ spectrophotometer (NanoDrop products, Wilming-
ton, CA). Next, 1 μg of total RNA was reverse transcribed using a First
Strand cDNA Synthesis Kit (ThermoFisher Scientific) to synthesize com-
plementary DNA (cDNA). Subsequently, the cDNA product was sub-
jected to PCR amplification on 7500 real-time System (Applied
Biosystems) to analyze the expression of mRNA; β-actin was used as
an internal control. The PCR primers sequences used in this study are
shown in supplementary Table 1. Relative quantificationwas performed
using the comparative 2–ΔΔCt method.

2.6. Immunohistochemical analysis

The colorectal cancer tissue microarray used in this study was pur-
chased from Zhuoli Biotech (#COC1504, http://www.zhuolibiotech.
com/, Shanghai, China). For immunohistochemical analysis, paraffin-
embedded tissue sectionswere deparaffinized in xylene and rehydrated
through descending concentrations of ethanol. Then antigen retrieval
was performed by boiling in 10 mM citrate buffer (pH 6.0) for 10 min,
followed by treatmentwith 3% hydrogen peroxide to block endogenous
peroxidase. After washing with 1 × PBS for three times, the sections
were incubatedwith a primary antibody overnight at 4 °C. The antibod-
ies used for immunohistochemistry were listed as follows: PIPKIγ (1:
200, Proteintech, 27,640-1-AP), PCNA (1:5000, Cell Signaling Technol-
ogy, #13110), HIF1α (1: 300, Abcam, ab113642), c-Myc (1: 500,
Abcam, ab32072), GLUT1 (1:200, Proteintech, 21,829-1-AP), LDHA
(1:200, Proteintech, 19,987-1-AP), and PDK1 (1:200, Proteintech,
10,026-1-AP). The next day, the HRP-conjugated secondary antibody
was added for 45 min at room temperature. The immunoreactivity
was developed by 3,3′-diaminobenzidine (DAB). Finally, the sections
were counterstained with hematoxylin and scoring was evaluated by
two investigators blinded to the clinical information.

2.7. Western blot analysis

Cell lystates were separated using SDS-PAGE and then electropho-
retically transferred onto PVDF membranes. After blocking with 5%
defatted milk for 1 h at room temperature, the PVDF membranes were
incubated with primary antibodies overnight at 4 °C, followed by incu-
bationwith HRP-conjugated secondary antibodies at room temperature
for 45 min. β-actin antibody was used as loading control. Immunoblots
were developed using the Pierce™ Western ECL Blotting substrate
(ThermoFisher Scientific, Waltham, MA) and ChemiDoc Touch image
system (Bio-Rad). The antibodies used were listed as follows: PIPKIγ
(1: 2000, Abcam, ab109192), p-Akt (1:2000, Cell Signaling Technology,
#4060), Akt (1:1000, Cell Signaling Technology, #4685), p-mTOR
(1:1000, Cell Signaling Technology, #2971), mTOR (1:1000, Cell Signal-
ing Technology, #2983), p-S6K (1:1000, Cell Signaling Technology,
#9204), S6K (1:1000, Cell Signaling Technology, #9202), HIF1α (1:
1000, Abcam, ab113642), c-Myc (1: 1000, Abcam, ab32072), and β-
actin (1:1000, Abcam, ab8227).

2.8. Measurement of glucose and lactate

Colorectal cancer cells with indicated genetic manipulations were
cultured at normal condition for 2 days and culture medium was col-
lected. Lactate production was measured using a commercial Lactate
Assay Kit (Sigma) according to themanufacturer's protocol. For glucose
uptake assay, the culture medium was replaced with phenol-red free
DMEM with 10% FBS in continuous culture for 2 days. Glucose levels
in the culture medium were measured using a Colorimetric Glucose
Assay Kit (BioVision) as recommended by the manufacturer. All values
were normalized on the basis of the total protein level (BCA protein
assay, Thermo Fisher Scientific, USA).

2.9. Measurement of extracellular acidification rate (ECAR) and oxygen
consumption ratio (OCR)

In vitro real-time ECAR and OCR was monitored with the Seahorse
XF96 Flux Analyser (Seahorse Bioscience) in accordance to the manu-
facturer's instructions. In brief, colorectal cancer cells were seeded at a
density of 2–3 × 104 per well. For ECAR assay, colorectal cancer cells
were pre-incubated with unbuffered media for 1 h, followed by a se-
quential injection of 10 mM glucose, 1 mM oligomycin and 80 mM 2-
DG to detect ECAR. For measurement of mitochondrial respiration,
OCRwas assessed by sequential injection of 1 mMoligomycin, carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP, Sigma-Aldrich,
C2920) and 2 mM antimycin A and rotenone (Sigma-Aldrich). The
final output data were normalized by cell number or total protein
level as demonstrated by BCA assay.

2.10. Cell proliferation and colony formation assay

Cell counting kit-8 (CCK-8, Dojindo Molecular Technologies, Japan)
assay was performed to measure cell proliferation. Briefly, 2 × 103

cells were seeded and cultured in 96-well plates for 6 days. CCK-8
assay was carried out everyday according to the manufacturer's proto-
col. All experiments were performed independently in triplicate. Absor-
bance was recorded at 450 nm using a microplate reader. For colony
formation assay, colorectal cancer cells were seeded in 6-well plate at
a density of 1 × 103 cells per well. After continuous culture for
12–14 days, colonies formed were stained with 0.1% crystal violet.
Each experiment was performed in triplicate and repeated twice.

2.11. Tumor xenograft experiment

Pathogen-free female athymic nude mice (5 weeks old, 18–20 g
weigh) used in this study weremanaged at SPF Laboratory Animal Cen-
ter in full accordance with the guidelines by the U.S. National Institutes
of Health Guide for the Care and Use of Laboratory Animals. Tumor cells
(SW480, 1 × 106) were injected subcutaneously into the right scapular
region of nude. The tumor size was monitored every week, and the vol-
ume was calculated with the following formula: Volume = (width2 ×
length)/2. At the termination of the experiment, mice were sacrificed,
and tumorswere harvested,weighed, and fixed in formalin and embed-
ded in paraffin or directly stored at−80 °C. For the pharmacological in-
hibition assay, mice were randomly divided into two groups when bore
visible tumors (200 mm3); in the test group, mice were intraperitone-
ally injected with 5 mg/kg UNC3230 three times a week for three
weeks; in the control group, mice were treated with saline containing
0.01% DMSO. All the animal studies were approved by the Animal Care
and Use Committee of Shanghai East Hospital, Tongji University School
of Medicine.

2.12. Statistical analysis

Results were presented in the form of means ± standard deviation
(SD). Group difference was assessed using one-way ANOVA (SPSS
23.0) or the Student t-test (two-tailed). A two-sided p-value of b0.05
was considered statistically significant. *P b .05, **P b .01 and ***P b .001.

3. Results

3.1. PIPKIγ is highly expressed in colorectal cancer and predicts a poor
prognosis

To determine the expression profile of PIPKIγ in colorectal cancer,
real-time qPCR and Western blotting analysis were performed in

http://www.zhuolibiotech.com/
http://www.zhuolibiotech.com/
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colorectal cancer cell lines and the normal colonic epithelial cell
NCM460. As shown in Fig. 1A and B, PIPKIγ mRNA and protein level
were frequently overexpressed in colorectal cancer cell lines compared
with the normal epithelial cell. Then, immunohistochemical analysis of
a tissue microarray containing 75 matched tumor and non-tumor tis-
sues were carried out to comprehensively characterize PIPKIγ expres-
sion in colorectal cancer tissues. The result showed that PIPKIγ was
more highly expressed in colorectal cancer tissues compared to corre-
sponding non-tumor tissues (Fig. 1C). Moreover, Kaplan-Meier curves
showed that high PIPKIγ level was correlated with a reduced overall
survival in colorectal cancer patients (Fig. 1D). Similar prognostic
value of PIPKIγ was also conformed in colon adenocarcinoma (COAD)
Fig. 1. High PIPKIγ expression level predicts a poor clinical outcome in colorectal cancer. (A) R
normal colonic epithelial cell NCM460. (B) Cell lysates of indicated cells were collected for im
analysis was performed in a tissue microarray containing 76 matched tumor and non-tumor
non-tumor and tumor tissues were shown. Scale bar: 100 μm. (D) Kaplan-Meier analyses of
level. (E) Kaplan-Meier analyses of overall survival in colon adenocarcinoma (COAD) and re
patients were dichotomously categorized on the basis of median PIPKIγ value into 2 groups. S
and rectal adenocarcinoma (READ) patients derived from the Cancer
Genome Atlas (TCGA) cohort (Fig. 1E). Collectively, these data above
suggested that PIPKIγ may act as oncogene in colorectal cancer tumor-
igenesis and progression.

3.2. PIPKIγ promotes tumor growth in colorectal cancer

Next, COAD samples derived from TCGA cohort was stratified into 2
groups (high versus low) based on median PIPKIγ value. Gene set
enrichment analysis (GSEA) revealed that PIPKIγwas profoundly impli-
cated in several oncogenic pathways, such as KEGG_Pathway in cancer,
KEGG_Colorectal cacer, and BENPORATH_Proliferation (Fig. 2A). To
eal-time qPCR analysis of the mRNA level of PIPKIγ in colorectal cancer cell lines and the
munoblotting analyses using PIPKIγ antibody; β-actin was loaded as a control. (C) IHC

colorectal cancer tissues. Representative images of PIPKIγ and its expression intensity in
overall survival of individuals with colorectal cancer based on PIPKIγ protein expression
ctal adenocarcinoma (READ) patients in the Cancer Genome Atlas (TCGA) cohort. The

ubgroups were compared with the use of the log-rank test. *P b .05; **P b .01; ***P b .001.
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confirm the oncogenic roles of PIPKIγ in colorectal cancer, loss-of-
function studies were performed in two cell lines, SW480 and LOVO,
which had higher intrinsic PIPKIγ protein level. As shown in Fig. 2B,
two specific shRNA targeting pan-PIPKIγ led to significant reduction in
PIPKIγ protein. By CCK-8 assay (Fig. 2C) and colony formation assay
(Fig. 2D), we found that silencing of PIPKIγ significantly inhibited the
cell proliferation of colorectal cancer cells. To confirm the specific role
of PIPKIγ in colorectal cancer, PIPKIγ knockdown was rescued by
expressing a PIP5K1C mRNA made resistant to the shRNA by six silent
Fig. 2. PIPKIγ promotes colorectal cancer cell proliferation in vitro and tumor growth in vivo. (A)
based onmedian PIPKIγ value. Gene set enrichment analysis (GSEA)was performed to discover
normalized enrichment score. (B) Validation of pan-PIPKIγ knockdown and ectopic expression
blotting. (C, D) The influence of PIPKIγ on colorectal cancer in vitro cell proliferation was determ
and sh-PIPKIγ-1+mPIPKIγ1_i2 SW480 cellswere injected subcutaneously into the left forelimb
in each group were shown. (F) IHC analysis of PIPKIγ and PCNA expression from indicated sub
mutations (mPIPKIγ) and coding for a wild-type PIPKIγ_i2 protein.
Western blotting analysis demonstrated that re-expression of
mPIPKIγ_i2 completely restored the protein level of PIPKIγ (Fig. 2B).
As expected, mPIPKIγ_i2 largely blocked the growth-inhibiting effect
induced by PIPKIγ knockdown (Fig. 2C, D). Furthermore, gain-of-
function studies revealed that PIPKIγ_i2 overexpression dramatically
enhanced colorectal cancer cell proliferation in vitro (Supplementary
Fig. 1). Using the subcutaneous xenograft model, we demonstrated
that silencing of pan-PIPKIγ in SW480 cells remarkably suppressed its
COAD samples derived fromTCGA cohortwas categorized into 2 groups (high versus low)
the difference between 2 groups. False discovery rate (FDR)was set at 0.25. NES represents
of mutant-PIPKIγ_i2 (resistant to PIPKIγ shRNA) in SW480 and LOVO cells usingWestern
ined by CCK-8 (C) and colony formation (D) assays, respectively. (E) sh-Ctrl, sh-PIPKIγ-1,
of nudemice (n=6per group). Fourweeks later,micewere sacrificed and tumorweights
cutaneous xenograft. *P b .05 and **P b .01.
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tumor-forming capacity, which can be restored by re-expression of
mPIPKIγ_i2 (Fig. 2E). Consistent with of the tumor-promoting role of
PIPKIγ, PCNA staining revealed that PIPKIγ knockdown decreased
tumor cell proliferation in vivo (Fig. 2F). Taken together, our results
strongly suggested that in colorectal cells, PIPKIγ plausibly participates
in the regulation of tumor growth.
Fig. 3.Transcriptional changes induced by PIPKIγ knockdown. (A)GSEAplot of glycolysis, PI3K/A
on the sh-Ctrl versus sh-PIPKIγ-1 SW480 gene expression profiles. NES denotes normalized en
changes in gene expression upon PIPKIγ knockdown. Red signal denotes higher expression a
the group.
3.3. PIPKIγ regulates glycolysis in colorectal cancer

To elucidate the mechanism by which PIPKIγ promotes tumor
growth, an Agilent gene expression microarray was used to determine
the transcriptional changes after PIPKIγ knockdown. Gene set enrich-
ment analysis showed that the gene sets related to glycolysis, PI3K/
kt/mTOR,mTORC1 signaling, hypoxia,Myc targets V1, andMyc targets V2pathwaysbased
richment score. (B) Heat maps of the genes enriched in indicated pathways illustrate the
nd blue signal represents lower expression relative to the mean expression level within
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Akt/mTOR,mTORC1 signaling, hypoxia,Myc targets V1, andMyc targets
V2 negatively correlated with PIPKIγ downregulation in SW480 cells
(Fig. 3A). The top-scoring genes altered in the six gene sets included
many glycolysis-related genes, such as SLC16A3, SLC2A1, PFKP, LDHA,
and TKTL1, indicating that loss of PIPKIγ contributes to weakened gly-
colysis (Fig. 3B). To interrogate the potential regulatory role of PIPKIγ
in tumor glucose metabolism, several experiments were performed to
fully characterizemetabolic alterations after PIPKIγ knockdown. Firstly,
Fig. 4.Glycolytic changes induced by PIPKIγ. (A) Summary of the glycolytic transporters, enzyme
glucose uptake (C), lactate production (D), and extracellular acidification ratio (ECAR) (E) of S
real-time qPCR analysis of glycolytic genes showed that SLC2A1, HK2,
PFKL, PKM2, LDHA, and PDK1 were significantly downregualted by si-
lencing of PIPKIγ (Fig. 4A and B); IHC analysis showed that PIPKIγ
knockdown led to remarkable reduction in GLUT1, LDHA, and PDK1
protein expression in tumor tissues (Supplementary Fig. 2). Secondly,
measurement of glucose and lactate in the cell culturemedium demon-
strated that PIPKIγ knockdown led to pronounced drop in glucose up-
take and lactate production (Fig. 4C and D). Finally, the Seahorse XF96
s, andmetabolites. (B-E) The impact of PIPKIγ on the expression of glycolytic enzymes (B),
W480 and LOVO cells. *P b .05 and **P b .01.



Fig. 5. PIPKIγ knockdown leads to inhibition of the PI3K/Akt/mTOR/c-Myc-HIF1α signaling pathway. (A) Western blot analysis for changes of PI3K/Akt/mTOR signaling pathway and
c-Myc and HIF1α levels in sh-Ctrl, sh-PIPKIγ, and sh-PIPKIγ+mPIPKIγ_i2 cell lysates against indicated antibodies. (B) Cell lysates were harvested from ov-Ctrl and ov-PIPKIγ_i2 cells
in the presence or absence of LY294002 or Rapamycin. Then proteins in PI3K/Akt/mTOR signaling pathway and c-Myc and HIF1α levels were analyzed by Western blotting. (C-F) The
impact of PIPKIγ_i2 overexpression on the glucose uptake (C), lactate production (D), ECAR (E), and colony formation ability (F) of SW480 and LOVO cells in the presence of LY294002
or Rapamycin. *P b .05; **P b .01; ***P b .001.
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Flux Analyser revealed that PIPKIγ knockdown decreased extracellular
acidification rate (ECAR) with minimal implications to oxygen con-
sumption ratio (OCR), suggesting that PIPKIγmainly induces significant
alterations to glycolysis but not TCA cycle (Fig. 4E and Supplementary
Fig. 3). In linewith the function of PIPKIγ in the regulation of cell prolif-
eration, the decreased glycolytic metabolism induced by silencing of
PIPKIγ can be completely restored by mPIPKIγ_i2. Moreover, overex-
pression of PIPKIγ significantly promoted the glycolytic activity of colo-
rectal cancer cells as demonstrated by elevated glycolytic genes,
increased glucose uptake and lactate production, and upregulated
ECAR (Supplementary Fig. 4). Thus, these results strongly supported
that PIPKIγ is involved in the Warburg effect of colorectal cancer cells.

3.4. Loss of PIPKIγ causes inactivation of the PI3K/Akt/mTOR/c-Myc-HIF1α
signaling pathway

As described above, our results suggested that PI3K/AKT/mTOR sig-
naling, hypoxia, and Myc targets are regulated by PIPKIγ (Fig. 3A).
HIF1α and c-Myc are two critical transcription factors implicated in
the Warburg effect by regulating expression of glycolytic enzymes
[23,25]. Interestingly, both of them can be regulated by the PI3K/Akt/
mTOR pathway. Therefore, we hypothesized that PIPKIγ may regulate
glycolysis by activation of the PI3K/Akt/mTOR/c-Myc-HIF1α signaling
pathway. To test this hypothesis, we firstly examined PI3K/Akt/mTOR
activity upon PIPKIγ knockdown. Western blotting analysis showed
that silencing of PIPKIγ reduced the phosphorylation levels of Akt,
mTOR and its major target S6K, which can be rescued by mPIPKIγ_i2
(Fig. 5A and Supplementary Fig. 5A). In addition, c-Myc and HIF1α pro-
tein level were also significantly downregulated by PIPKIγ knockdown
(Fig. 5A and Supplementary Fig. 5A). In PIPKIγ_i2-overexpressing colo-
rectal cancer cells, PI3K/Akt/mTOR activity was markedly increased
compared to the control cells (Fig. 5B and Supplementary Fig. 5B). Of
note, PIPKIγ-induced elevation of c-Myc and HIF1α was largely com-
promised by addition of PI3K inhibitor (LY294002) or mTOR inhibitor
Fig. 6. The prolific roles of PIPKIγ are glycolysis-dependent. (A) Colony formation ability of sh-C
ability of sh-Ctrl or sh-PIPKIγ SW480 and LOVO cells with culture medium containing 25 mM
(Rapamycin) (Fig. 5B and Supplementary Fig. 5B). Consistently, inhibi-
tion of PI3K/Akt/mTOR signaling also blocked the glucose utilization
(Fig. 5C), lactate secretion (Fig. 5D), ECAR (Fig. 5E), and survival advan-
tage (Fig. 5F) induced by PIPKIγ. Collectively, these results suggested
that PIPKIγmay activate PI3K/Akt/mTOR signaling pathway, which fur-
ther increases c-Myc and HIF1α level to promote aerobic glycolysis in
colorectal cancer cells.

3.5. PIPKIγ-mediated growth advantage is glycolysis-dependent

The Warburg effect is emerged as a key contributor to tumor initia-
tion and progression, and blocking theWarburg effect greatly inhibited
tumorigenesis. Therefore, we investigated whether the Warburg effect
is an important mechanism contributing to PIPKIγ-mediated oncogenic
roles in colorectal cancer. To test this hypothesis, SW480 and LOVO cells
were cultured in medium containing 5 mM 2-Deoxy-D-glucose (2-DG),
which competitively inhibits the production of glucose-6-phosphate
from glucose at the phosphoglucoisomerase level. In concordant with
previous report, 2-DG clearly inhibited the anchorage-independent
growth of colorectal cancer cells (Fig. 6A). Notably, 2-DG also abolished
the suppressive effect of PIPKIγ knockdown on anchorage-independent
growth of SW480 and LOVO cells (Fig. 6A). To further confirm our ob-
servation, we replaced glucose in the culture medium with galactose,
which has a much lower rate than glucose entry into glycolysis. As a re-
sult, growth disadvantage induced by PIPKIγ knockdown was largely
abolished by galactose (Fig. 6B). Taken together, these results strongly
suggest that PIPKIγ-mediated Warburg effect promotes colorectal can-
cer tumorigenesis.

3.6. Pharmacological inhibition of PIPKIγ suppresses tumor growth

To test the therapeutic value of targeting PIPKIγ in colorectal cancer,
we treated colorectal cancer cells with a selective PIPKIγ inhibitor,
UNC3230. As a result, UNC3230 significantly inhibited the glycolytic
trl or sh-PIPKIγ SW480 and LOVO cells with or without 5 mM 2-DG. (B) Colony formation
glucose or galactose. *P b .05 and **P b .01.
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phenotypes of SW480 and LOVO cells as revealed by reduced glucose
uptake, lactate release, and ECAR (Fig. 7A and B). In xenograft tumors
formed by SW480 cells, blocking PIPKIγ activity with UNC3230 signifi-
cantly reduced tumor burden, glucose level, and lactate level in the sub-
cutaneous model (Fig. 7C and D). In addition, immunohistochemical
analysis of the xenograft tissues showed that c-Myc and HIF1α immu-
noreactivity were markedly downregulated by UNC3230 treatment.
Similar observations were also found in the glucose transporter
(GLUT1), LDHA, and PDK1 (Fig. 7E). Notably, UNC3230 can also effi-
ciently inhibit PIP4K2C activity. We therefore performed a loss-of-
function study of PIP4K2C in SW480 and LOVO cells. The results showed
that knockdown of PIP4K2C showed no significant influence on CRC cell
proliferation and glycolysis, indicating that the inhibitory role of
UNC3230 was largely mediated by PIPKIγ (Supplementary Fig. 6).
Collectively, these data above clearly showed that PIPKIγ activity is re-
sponsible for its oncogenic role in glycolysis and tumor growth.
Fig. 7.Pharmacological inhibition of PIPKIγ suppresses tumor growth. (A) The impact ofUNC323
UNC3230 on the ECAR of SW480 and LOVO cells. (C) SW480 cells (1 × 106) were injected subcu
(200 mm3), mice were treated with saline with 0.01% DMSO or 5 mg/kg UNC3230 for 3 week
(D) The impact of UNC3230 on the glucose and lactate levels in xenograft tumor tissues. (
enzymes (LDHA and PDK1) in the xenograft tissues from control and UNC3230 group. Scale ba
4. Discussion

EnhancedWarburg effect is a distinctive hallmark of cancer cells and
often correlates oncogenic phenotypes and poor prognosis in cancer pa-
tients [26,27]. This metabolic character provides sufficient cellular
buildings and energetic needs for cancer cells to promote proliferation
and avoid apoptosis [20]. Interestingly, many human malignancies in-
cluding CRC exhibit an increased glycolytic activity. Thus, revealing
the critical contributor in the Warburg effect is of paramount impor-
tance to identify new therapeutic targets for colorectal cancer. In the
present study, we identified PIPKIγ as a key regulator of Warburg effect
in colorectal cancer and uncovered its underlying molecular mecha-
nism. Through in vitro and in vivo studies, PIPKIγ was demonstrated
to be a promising molecular target for CRC treatment.

PIPKIγ is amajor phosphoinositide-generating enzyme that controls
polyphosphoinositide metabolism. Increased expression of PIPKIγ is
0 on the glucose uptake and lactate production inSW480 and LOVO cells. (B) The impact of
taneously into the left forelimb of nudemice (n=5per group).When bore visible tumors
s. Three weeks later, mice were sacrificed and tumor weights in each group were shown.
E) IHC analysis of glycolytic regulators (c-Myc and HIF1α), transporter (GLUT1), and
r: 100 μm. *P b .05, **P b .01, and ***P b .001.
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frequently noticed in human cancer cell lines and primary tumors. In
pancreatic cancer, we previously showed that PIPKIγ is upregulated in
all cancer cell lines detected and pY639-PIPKIγ exhibits remarkably
strong staining in tumor tissues indicative of a pathogenic role for
PIPKIγ during malignant transformation [17]. Moreover, pY639-PIPKIγ
is alsomarkedly elevated in invasive breast ductal carcinoma and corre-
lates elevated histological grade, suggesting the important implications
of PIPKIγ in tumor progression [28]. Using a tissue microarray contain-
ing 438 breast carcinomas tissues, Sun et al. showed a significant inverse
correlation between strong PIPKIγ expression and overall patient
survival [29]. Consistently, we found that PIPKIγ is commonly
overexpressed in human colorectal cancer cell lines and tumor tissues.
Analysis of a CRC tissue microarray and TCGA cohorts with clinical
follow-ups showed that elevated PIPKIγ expression level positively cor-
related with reduced overall survival rate, indicating that PIPKIγ might
act as a new prognostic factor or biomarker for colorectal cancer.

Through generation of PI(4,5)P2, PIPKIγ is critically important in a
variety of biological processes, such as focal adhesion assembly [6,30],
ciliogenesis [31], centriole duplication [32], and leukocyte recruitment
[33]. Notably, PIPKIγ is also widely implicated in many oncogenic phe-
notypes, such as cell proliferation [13,34], migration [35], invasion
[12,28], and the epithelial to mesenchymal transition process [14]. The
dysregulated expression pattern of PIPKIγ prompted us to investigate
its neoplastic activities in colorectal cancer. By both gain- and loss-of-
function studies, we confirmed the growth-promoting effect of PIPKIγ
in colorectal cancer cells. Through whole transcriptomic gene expres-
sion analysis, the altered glucosemetabolism induced by PIPKIγwas re-
vealed. During tumor growth, hypoxia and metabolic stress will be
occurred in most solid tumors. To survive under this harsh microenvi-
ronment, cancer cells exhibit ametabolic shift fromoxidative phosphor-
ylation to glycolyis, which supports growth advantage by providing
anabolic precursors and minimizing the reactive oxygen species in the
mitochondria [19,36]. Our functional study showed that PIPKIγ can en-
hance the Warburg effect in colorectal cancer cells as demonstrated by
glucose uptake, lactate production, extracellular acidification ratio, and
expression of glycolytic enzymes. Importantly, blocking glycolysis by
2-DG or galactose largely compromised the growth-promoting effect
of PIPKIγ. However, PIPKIγ had no significant impact on mitochondrial
respiration as reveled by oxygen consumption ratio, suggesting its pref-
erential roles in regulating aerobic glycolysis. In vitro, PIPKIγ knock-
down led to 40–50% reduction in tumor glycolysis, suggesting that
other oncogenic inputs involved in colorectal cancer cell glycolysis. In
vivo, PIPKIγ knockdown resulted in approximately 50% reduction in
tumor growth. Previously, we have demonstrated that PIPKIγ can regu-
late PD-L1 expression by activatingNF-κB, suggesting that PIPKIγmight
exhibit a role in the immune microenvironment [9] and the anti-tumor
activity for targeting PIPKIγ might be enhanced in immune-competent
models. Therefore, further works are warranted regarding the thera-
peutic value of targeting PIPKIγ in colorectal cancer.

The PI3K/Akt signaling pathways are often activated in human can-
cers [37,38]. These pathways are initiated by the generation of PI
(3,4,5)P3 by PI3K-mediated phosphorylation of PI(4,5)P2. Previously,
Thapa et al. clearly demonstrated the mechanism by which PIPKIγ cou-
ples with PI3K to activate PI3K/Akt signaling [34]. Of note, PI3K/Akt sig-
naling and its downstream mTORC1 complex are central regulators of
glycolysis [18]. Akt can enhance glucose transporter activity and pro-
mote glycolysis by activation of hexokinase and phosphofructokinase.
Indeed, PIPKIγ knockdown markedly inhibited the activation of PI3K/
Akt/mTORC1 signaling. Inhibition of PI3K using LY294002 or mTORC1
by rapamycin blocked enhanced glycolysis and growth advantage in-
duced by PIPKIγ, suggesting that PI3K/Akt/mTORC1 signaling is respon-
sible for PIPKIγ-mediated functions. It is well known that the Warburg
effect can be regulated by several transcriptional factors [39], especially
HIF1α and c-Myc [40,41]. HIF1α can increase expression of glycolytic
enzymes such as LDHA, as well as PDK limit entry of pyruvate in TCA
cycle by inhibiting the activity of pyruvate dehydrogenase [25].
Increased c-Myc can activate numerous genes involved in glycolysis
and lactate production [23]. PIPKIγ knockdown suppressed, while over-
expression increased HIF1α and c-Myc levels. Inhibition of PI3K/Akt/
mTORC1 signaling downregulated PIPKIγ-induced HIF1α and c-Myc
levels indicative of the role of PI3K/Akt/mTORC1/HIF1α-c-Myc aixs in
the PIPKIγ-mediated glycolysis. Although the HIF1α and c-Myc levels
are regulated by PI3K/Akt/mTORC1 signaling in colorectal cancer cells,
we cannot fully exclude other inputs influenced by PIPKIγ in the contri-
bution of increased HIF1α and c-Myc.

In conclusion, for the first time, we identified PIPKIγ as a novel reg-
ulator for aerobic glycoysis in human colorectal cancer cells. Our current
results not only provide insight into the oncogenic roles of PIPKIγ in co-
lorectal cancer, but also the molecular mechanisms by which PIPKIγ
regulates aerobic glycolysis. However, further investigations are war-
ranted concerning the roles of PIPKIγ in reprogrammedmetabolism, in-
cluding glutamine metabolism and fatty acid metabolism. Given
pharmacological inhibition of PIPKIγ activity significantly suppressed
tumor growth, our findings may provide alternative strategies for the
treatment of colorectal cancer.
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