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Abstract

Heightened secretion of pro-tumorigenic effector proteins is a feature of malignant cells. Yet the
molecular underpinnings and therapeutic implications of this feature remain unclear. Here we
identify a chromosome 1q region that is frequently amplified in diverse cancer types and encodes
multiple regulators of secretory vesicle biogenesis and trafficking, including the Golgi-dedicated
enzyme phosphatidylinositol (P1)-4-kinase 111 (PI14KIIIB). Molecular, biochemical, and cell-
biological studies show that PI4KI1IpB-derived Pl-4-phosphate (P14P) synthesis enhances secretion
and accelerates lung adenocarcinoma progression by activating Golgi phosphoprotein 3
(GOLPH3)-dependent vesicular release from the Golgi. PI4KII1B-dependent secreted factors
maintain 1g-amplified cancer cell survival and influence pro-metastatic processes in the tumor
microenvironment. Disruption of this functional circuitry in 1q-amplified cancer cells with
selective P14KI1IB antagonists induces apoptosis and suppresses tumor growth and metastasis.
These results support a model in which chromosome 1q amplifications create a dependency on
P14KI111B-dependent secretion for cancer cell survival and tumor progression.

One Sentence Summary

This study identifies a molecular basis for malignant secretion and provides a rationale to test
PI4KI1IB antagonists as an intervention.

Introduction

The tumor stroma is rich in factors that play key roles in metastasis (1). Chemokines,
cytokines, and growth factors promote inflammation and angiogenesis and increase the
proliferative and invasive properties of cancer cells (1). Collagen proteases and cross-linking
enzymes remodel collagen fibers to increase stromal stiffness, enhance cancer cell invasion,
and restrict the influx of anti-tumor immune cells (2). Thus far, clinical trials targeting
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secreted peptides in the tumor microenvironment such as matrix metalloproteinases (MMPS)
and vascular endothelial growth factors have not demonstrated robust anti-tumor activity (3).
Potential contributors to these outcomes include functional redundancies within the
secretory network, physical and/or biochemical barriers in tumor stroma that reduce drug
bioavailability, and de novo drug resistance (4, 5). Moreover, the way in which malignant
secretion is activated in cancer remains unclear. Addressing this knowledge gap may lead to
improved therapeutic approaches.

Proteins secreted through the conventional secretory pathway are transported as vesicular
cargo from the endoplasmic reticulum to the cell surface via the Golgi apparatus (6).
Vesicular biogenesis in the Golgi is driven by Golgi phosphoprotein 3 (GOLPH3), which
bridges Golgi membranes to F-actin fibers that convey a tensile force required for vesicular
budding and release (7). GOLPH3 is tethered to Golgi membranes by phosphatidylinositol
(PI) 4-phosphate (P14P) generated by the Golgi-resident Pl-4-kinases P14Klla and PI14KIIIB
(7, 8). Conversely, the PI4P phosphatase SAC-1 impedes vesicle biogenesis by shuttling
reversibly between the endoplasmic reticulum and the Golgi apparatus to create a P14P
gradient across the Golgi stack (9). The genes encoding GOLPH3 and phosphatidylinositol
transfer protein cytoplasmic 1 (PITPNC1), a PI14P-binding protein that facilitates the
recruitment of GOLPH3 to the Golgi, reside on chromosomal amplifications found in
multiple epithelial cancer types (8). High GOLPH3 and PITPNC1 increase the secretion of
proteins that drive tumor growth and metastasis (8, 10). On the basis of this conceptual
framework, here we evaluated the conventional secretory pathway for therapeutic targets and
found that Golgi-resident PI4P synthesis drives malignant secretion and underlies an
actionable secretory vulnerability in a molecularly defined subset of cancers.

A chromosome 1q amplicon links Golgi-related functions to metastasis

By using the Gene Ontology term “Golgi apparatus” to interrogate The Cancer Genome
Atlas (TCGA) database, we identified a chromosomal amplification that consistently
involves a 1g21.3 region and variable segments of a much broader region (1q21-43) in
numerous tumor types, including fractions of breast (13%), lung (14%), and ovarian (12%)
adenocarcinomas (Fig. 1A). The 19g21-43 region encodes genes that control Golgi organelle
integrity (GPR89A, COPA, ACBD3, ARF1, COG2), intra-Golgi protein modifications
(GALNT?), ion transport (GPR89A), nicotinamide adenine dinucleotide synthesis
(NMNAT2), vesicular biogenesis (PI4KB, GOLPH3L, COPA, ACBD3, ARFI), and
vesicular trafficking (VPS45, BLZF-1/Golgin-45, GOLTI1A, RAB13, SCAMP3, TMEM?S9,
VAMP4, KLHLZ20, STX6, RAB7L1, ARF1, CNST) (11-29) (Fig. 1A). In the TCGA lung
adenocarcinoma cohort, 1g-encoded Golgi-related genes are co-amplified, and P/4KB gene
copy-numbers are correlated with P/4KB mRNA amounts (Fig. 1B and C). P/4KB gene
amplifications co-occur with GOLPH3 and PITNCPI amplifications (Fig. 1D), which are
critical mediators of PI4KI11B-dependent secretion (8), whereas amplifications of other PI4K
family members are rare (Fig. 1E). In a human lung adenocarcinoma cell line panel
annotated for the presence or absence of 1q amplifications (COSMIC, https://
cancer.sanger.ac.uk/cell_lines; cBioPortal, http://www.cbioportal.org), 1g-encoded gene
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copy numbers are correlated with their respective mMRNA and protein amounts (Fig. 1F and
fig. S1). PI14P concentrations were higher in 1g-amplified than 1g-diploid lung cancer cell
lines (Fig. 1G). These findings suggest “priming” of the conventional secretory pathway in
1g-amplified lung cancer cells.

Higher expression of a signature comprised of all genes in the recurrently amplified 1921.3
region is associated with a worse prognosis in the TCGA lung adenocarcinoma cohort (Fig.
1H). To determine whether P14KIIIp is an important driver of this association, we employed
a digital droplet PCR approach to quantify P/4KB copy-numbers. The specificity of this
assay was validated on genomic DNA from a 1g-amplified lung adenocarcinoma cell line
(H3122) and 1g-diploid normal human lung tissues (Fig. 11). To investigate the clinical
relevance of increased P/4KB copy-numbers, we procured tumor genomic DNA samples
from a cohort of clinically annotated early-stage lung adenocarcinoma specimens (n=89)
(table S1). PI4KB copy-numbers were calculated from P/4KB PCR values normalized on
the basis of a reference gene (RPP30) and expressed as a ratio of tumor-to-normal lung. A
cut-off value of > 3.5 copies was used to define P/4KB-amplified tumors. PI4KB
amplifications, which were identified in 12 (13%) of 89 tumor specimens, were correlated
with increased P/4KB mRNA expression (Fig. 1J), shorter survival durations (p<0.001, log-
rank test) (Fig. 1K), and increased rate of disease recurrence (p=0.03; odds ratio=5.4,
Fisher’s chi-squared test) (Fig. 1L). In corroboration, high P/4KB mRNA expression was
associated with a worse prognosis in the same cohort (Fig. 1M).

To investigate the biological roles of 1g-encoded Golgi-related genes, we introduced small
interfering RNAs (siRNAs) into 1g-amplified lung adenocarcinoma cells, focusing initially
on genes in the recurrently amplified 1g21.3 region (fig. S2A). Relative to the effects of
control siRNA (siCTL), siRNAs against PI4KI1IB, RAB13, or VPS45 reduced the colony
forming activities of H2122 cells (fig. S2B and C). H2122 cell proliferation in monolayer
culture was impaired only by PI14KIIIp siRNAs (fig. S2D). Similarly, PI14KI1I1B siRNAs
attenuated the proliferative, colony forming, and migratory and invasive activities of 1g-
amplified H23 and H3122 lung cancer cells (fig. S2E-J) and 1g-amplified breast and ovarian
adenocarcinoma cell lines (fig. S3). GOLPH3L siRNAs had no detectable effect in any of
the assays (fig. S2B-J), which is consistent with evidence that GOLPH3L antagonizes
GOLPH3-dependent vesicular trafficking (16). Thus, 1q21.3-encoded Golgi-related genes
play important roles in 1g-amplified tumor cells.

The finding that the 1g amplicon harbors multiple regulators of vesicle biogenesis and
trafficking led us to speculate that the co-amplified genes function cooperatively. To address
this possibility, we subjected a 1g-diploid lung cancer cell line (H1299) to ectopic
expression of PI4KIIIB alone or in combination with a co-amplified gene (fig. S4A) and
examined the invasive activities of the transfectants in Boyden chambers. Relative to the
effects of ectopic PI4KIIIB expression alone, invasion was enhanced by co-expression of
GPR89A, ACBD3, TMEM79, VANGL2, VAMP4, or ARF1 (fig. S4B and C). ACBD3 is a
scaffolding protein required for the recruitment of PI14KIIIB to Golgi membranes (30), and
GPR89A is an anion channel that drives Golgi lumen acidification, which is crucial for
cargo protein glycosylation, processing, and trafficking (31, 32). To examine functional
interactions between these genes in greater detail, murine Kras/Trp53-mutant lung
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adenocarcinoma (KP) cells (33) were subjected to ectopic expression of PI4KIIIB alone or in
combination with ACBD3 or GPR89A (fig. S4D), and the transfectants were injected into
syngeneic, immunocompetent mice, which showed that P14KI111B-driven tumor growth and
metastatic activity were enhanced by co-expression of ACBD3 or GPR89A (fig. SAE).

P14K11IB accelerates KRAS-mutant lung adenocarcinoma progression

In the TCGA lung adenocarcinoma cohort, P/4KB copy number gains co-occurred with
point mutations in KRAS and point mutations or gene fusions involving multiple receptor
tyrosine kinases (EGFR, ALK, RET, MET) (Fig. 2A), indicating that A/4KB amplifications
arise in the context of a variety of oncogenic driver mutations. The relatively high frequency
with which P/4KB amplifications co-occur with KRAS mutations led us to ask whether high
P14KII1B expression accelerates KRAS-mutant lung adenocarcinoma progression. To
address this question, we delivered lentiviruses that co-express Cre and PI4KIII (lenti-CP)
or Cre and green fluorescence protein (lenti-CG) (Fig. 2B) by intra-tracheal aerosol to
Krast-SL-G12D mice, which develop non-metastatic lung adenocarcinomas following Cre-
mediated recombination of a KrastOX-STOP-LOX-G12D g||e|e (34). Lentivirus-infected mice
were subjected to serial micro-computed tomography (Fig. 2C) to quantify changes in lung
tumor size over time, which showed a faster tumor growth rate in lenti-CP- than lenti-CG-
infected mice (Fig. 2D-F). Necropsies were performed 5 months after lentiviral delivery,
which coincided with the development of early lung neoplasia (adenomas) (34). PCR
analysis confirmed Cre-mediated recombination of the Kras-SL-G12D gllele in tumor tissues
(Fig. 2G). P14KIIIB detected immunohistochemically in tumors (Fig. 2H) was digitally
scanned and scored on the basis of staining intensity and extent, which showed that intra-
tumoral PI4KI1IB expression was higher in lenti-CP- than lenti-CG-infected mice (mean
values, 161.8 versus 118.4, respectively). Lung tumors were histologically confirmed in 7
(70%) of 10 lenti-CG-infected mice and 8 (72.7%) of 11 lenti-CP-infected mice. Although
adenomas and adenocarcinomas (Fig. 21 and J) were identified in both cohorts,
adenocarcinomas were significantly more numerous in the lenti-CP cohort (7 [100%)] of 7
versus 2 [25%] of 8) (P=0.002), indicating that high PI4KIIIP expression accelerated
adenocarcinoma development. Distant metastases were not identified in either cohort, which
was expected given that mice were necropsied at an early time point (20 weeks). To more
fully examine the pro-metastatic activity of PI4KIIIp in KRAS-mutant lung
adenocarcinomas, we injected nude mice with KRAS-mutant H2122 cells that are P14KIIIp-
deficient or —replete (Fig. 2K) and found that PI4KI11B-deficient H2122 cells generated
smaller and less metastatic tumors (Fig. 2L). Furthermore, the growth and metastatic
activities of tumors generated by KP cells (393P, 344P, and 344SQ) in syngeneic,
immunocompetent mice were enhanced by ectopic PI4KIIIB expression (Fig. 2M-Q) and
reduced by PI4KIIIB depletion (Fig. 2R and S). Thus, high PI4KIIIp expression accelerated
KRAS-mutant lung adenocarcinoma progression.

P14KIIIB is an actionable target in 1g-amplified cancers

Small molecules that bind to the PI4KI1I1B active site and inhibit P14KIIIB catalytic activity
with greater than 1,000-fold selectivity over a panel of class I and class 111 P1-3-kinase
family members demonstrate efficacy against single-stranded RNA viruses that require
PI4KI1Ip for replication (35, 36). To determine whether the 1q amplicon confers
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vulnerability to P14KI1I1p antagonism, we treated a panel of 1g-amplified and 1g-diploid
lung cancer cell lines with the PI4KII11B antagonist IN-9 (35). Following IN-9 treatment,
total cellular P14P and Golgi-resident P14P decreased (Fig. 3A-C). Golgi-resident PI4P
decreased similarly following siRNA-mediated PI14KIIIp depletion (Fig. 3D). Cell
proliferation, anchorage-dependent and —independent colony formation, and cell migration
and invasion decreased to a greater extent in 1g-amplifed than 1g-diploid lung cancer cells
(Fig. 3E-I). Apoptosis was detected almost exclusively in 1g-amplified cells (Fig. 3J and fig.
S5). IN-9 treatment increased apoptosis more prominently in ectopic PI4KIIIp-expressing
H1299 cells than it did in control transfectants (Fig. 3K), suggesting a causal relationship
between heightened PI14KI113 expression and IN-9-induced apoptosis.

P14KI11g inhibitors with improved pharmacologic properties were synthesized and
designated compounds A and B (fig. S6A and B). Following treatment with these
compounds, cell proliferation, colony formation, and cell migration and invasion decreased
to a greater extent in 1g-amplifed than 1g-diploid lung cancer cells, and apoptosis was
detected only in 1g-amplified cells (Fig. 4A-J and fig. S6C-H). We treated nude mice
bearing H2122 orthotopic lung tumors with twice-daily intra-peritoneal injection of vehicle
or 100 mg/kg compound A beginning 28 days after tumor cell injection when metastases to
the contralateral lung and other sites were established. Mice exhibited no signs of morbidity
or weight loss during treatment (fig. S61). After 7 days of treatment, mice were necropsied
for determination of primary tumor size and the number of distant metastases. Relative to
controls, compound A-treated mice had smaller primary tumors and fewer metastases to the
contralateral lung (Fig. 4K). Compound A also demonstrated efficacy against H23
orthotopic lung tumors (Fig. 4L), 1g-amplified lung adenocarcinoma patient-derived
xenografts (Fig. 4M), and 1g-amplified MB-MDA-468 mammary tumors (Fig. 4N). A 21-
day treatment with compound B (20 or 40 mg/kg plus 20 mg/kg ritonavir to improve
resistance of compound B to metabolic breakdown) administered subcutaneously twice daily
caused no weight loss, and exerted dose-dependent activity against H2122 orthotopic tumors
(Fig. 40 and fig. S6J). Thus, 1g-amplified cancers are vulnerable to PI4KIIIf antagonism.

PI4KIIIB antagonism blocks Golgi secretory functions

We sought to elucidate the way in which PI14KIIIp antagonism suppresses tumor growth and
metastasis. In addition to generating P14P (9), PI4KI1I1B has non-catalytic roles that rely on
interactions with other proteins such as RAB11 (25). To determine whether P14P synthesis is
required for P14KI1I1B-dependent biological effects, we dephosphorylated PI14P in the Golgi
by ectopically expressing a mutant SAC-1 phosphatase (SAC1-K2A) that localizes
constitutively in the Golgi and dephosphorylates Golgi-resident P14P (37). SAC1-K2A
localized in the Golgi, decreased PI14P, and reduced the proliferation and colony formation of
1g-amplified H2122 cells (Fig.5A-D and fig. S7A). The biologic effects of SAC1-K2A were
greater in H1299 cells that have ectopic P14KII1B expression than they were in parental
H1299 cells or other 1g-diploid lung cancer cells (Fig.5E-G and fig. S7TB-F). To directly
examine the role of PI4KIIIR’s catalytic activity, we ectopically expressed wild-type or
kinase-dead mutant PI14KII1B in 1g-diploid H1299 cells and P14KIl11B-depleted H2122 cells,
which showed that P14P, cell proliferation, colony formation, cell migration and invasion,
and tumor growth and metastasis were rescued only by wild-type PI4KIIIB (Fig. 5SH-R).

Sci Transl Med. Author manuscript; available in PMC 2020 November 30.
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IN-9 treatment reduced total PI4P concentrations more sharply in ectopic P14KIIIp-
expressing H1299 cells than it did in control transfectants (fig. S7G), suggesting that
PI4KII1B is a key driver of Golgi-resident P14P synthesis in the setting of heightened
P14KII1B expression. In contrast, depletion of PI4Klla, which also generates Golgi-resident
P14P (38), reduced 1g-amplified cell proliferation, migration, and invasion but did not
significantly increase apoptosis (fig. STH-L), suggesting a selective role for PI14KIIIp-
dependent PI4P synthesis in maintaining 1g-amplified lung cancer cell survival.

Having shown that catalytic activity is required for PI14KI1I1B’s pro-metastatic functions, we
then sought to identify P14P-binding proteins that mediate the cellular functions of PI4KIIIp.
P14P is the Golgi membrane insertion site for PITNCP1, GOLPH3, and oxysterol-binding
proteins that regulate intra-Golgi lipid transport and are essential for vesicle biogenesis (9).
In the TCGA lung adenocarcinoma cohort, GOLPH3is amplified more frequently than any
other genes encoding P14P-binding Golgi proteins (fig. S8A). We performed siRNA-
mediated depletion experiments and found that GOLPH3 depletion reduced cell
proliferation, colony formation, migration, and invasion (fig. S8B-J), whereas depletion of
P14P-binding lipid transporters had no detectable effect (fig. S8K—M). To investigate the role
of GOLPH3 in greater detail, we transfected H23 cells with a temperature-sensitive mutant
vesicular stomatitis virus (VSV-G) that accumulates in the Golgi at a restrictive temperature
and is released for anterograde trafficking at a permissive temperature (39). Compared to
controls, siP14KII1B-transfected H23 cells accumulated less VSV-G on the plasma
membrane (Fig. 6A and B). Similar reductions in plasma membrane-bound VSV-G were
observed following compound B treatment (Fig. 6C) or siRNA-mediated GOLPH3 depletion
(Fig. 6D). Thus, GOLPH3 mediates PI14KIIIp’s pro-metastatic secretory functions.

P14KllIB-dependent secretion maintains 1g-amplified cancer cell viability

Next, we sought to identify PI4KI1IB-dependent secreted proteins that maintain 1g-amplified
lung cancer cell survival. Loss of colony formation induced by PI4KIIIp deficiency was
reversed by the addition of conditioned medium from P14KII1B-replete, but not -deficient,
H2122 cells (Fig. 6E), and apoptosis induced by treatment with the PI4KI1I1f antagonist
IN-9 was reversed by conditioned medium from untreated cells (Fig. 6F and G), warranting
studies to identify pro-survival factors in the conditioned medium samples. Liquid
chromatography-mass spectrometry analysis on conditioned medium samples identified
approximately 500 proteins (= 2 peptides per protein, 1% false discovery rate), 33 of which
decreased after PI4KIIIB depletion in both H23 and H2122 cells (fold-change > 1.4),
including proteins reported to exert pro-survival and/or pro-metastatic activities, such as
semaphorin-3C (SEMA3C), lysyl hydroxylase-3 (PLOD3), tissue inhibitor of
metalloproteinase-1 (TIMP1), peroxiredoxin-5 (PRXD5), annexin-A2 (ANXAZ2), clusterin
(CLU), and stanniocalcin-2 (STC2) (40-46) (Fig. 6H and table S2). Western blot analysis of
conditioned medium samples confirmed that 5 of these proteins (CLU, PLOD3, TIMP1,
SEMAZ3C, and STC2) were reduced by shRNA-mediated P14KIIIB depletion (Fig. 61 and
fig. S9A). These reductions were not due to decreased protein synthesis, as their amounts
were not reduced in total lysates of P14KIIIp-deficient cells (Fig. 6J). Conversely, their
secretion was enhanced in H1299 cells by ectopic expression of PI4KI1I1B or GOLPH3 but
not by kinase-dead mutant PI4KIIIB (Fig. 6K and fig. S9B and C). In 1g-amplified H23
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cells, release of STC2-containing vesicles from the Golgi was PI4KIlIB- and GOLPH3-
dependent (Fig. 6L and fig. S9D and E). PI4KIIIB-dependent protein secretion was higher
and more sharply inhibited by IN-9 treatment in 1g-amplified than 1g-diploid lung cancer
cells (fig. SI0A-D). These findings identify a PI4KI1Ip-dependent secretome in 1g-
amplified lung cancer cells.

Our model thus predicts that CLU, SEMA3C, PLOD3, TIMP1, and STC2 are pro-survival
and pro-metastatic effectors of PI4KIIIB. To address this possibility, we first examined their
expression in the TCGA lung adenocarcinoma cohort, which showed that high expression of
a signature comprised of these 5 genes was associated with shorter survival (Fig. 7A). Next,
we performed siRNA-mediated depletion studies on these 5 genes and found that 1g-
amplified and —diploid lung cancer cells required these proteins to varying degrees for
colony formation, migration, and invasion, but only 1g-amplified cells required PLOD3 and
TIMP1 for survival (Fig. 7B-J and fig. S11A-F). Depletion of PLOD3 or TIMP1 increased
apoptosis more prominently in ectopic PI4KIIIp-expressing H1299 cells than in control
transfectants (fig. S11G), demonstrating a causal relationship between heightened PI4KIIIB
expression and addiction to secreted factors. All five genes were essential for the growth and
metastatic activity of orthotopic lung tumors generated by H2122 cells (Fig. 7K and L).
Depletion of these factors induced apoptosis in KRAS-mutant (H2122) and wild-type
(H3122) 1g-amplified cells (Fig. 71 and J, fig. S11H), arguing against synthetic interactions
with mutant KRAS.

PLOD3 has lysyl hydroxylase (LH) and glycosyltransferase (GLT) domains that modify
collagen molecules (46). To investigate the way in which PLOD3 maintains tumor cell
survival, we reconstituted PLOD3-deficient H2122 cells with wild-type or mutant PLOD3
that lacks either LH or GLT activities. Unexpectedly, H2122 cells were rescued from
siPLOD3-induced apoptosis by either wild-type or mutant PLOD3 (fig. S111), suggesting
that PLOD3 promotes cell survival through a non-catalytic mechanism. Because PLOD3 is
reported to form a complex with MMP9 on the cell surface (47), we speculated that MMP9
is a pro-survival mediator of PLOD3. Indeed, siRNA-mediated MMP9 depletion induced
apoptosis in H2122 cells (fig. S11J), and apoptosis was reversed by the addition of
recombinant PLOD3 protein to the medium of PLOD3-deficient H2122 cells but not H2122
cells that are deficient in PLOD3 and MMP9 (fig. S11K). Our finding that MMP9 and
TIMP1 have similar functions is paradoxical given that TIMP1 inhibits MMP9 (48). To
address this paradox, we quantified MMP9 activity in conditioned medium samples from
H2122 cells and found that MMP activity was reduced by siRNA-mediated depletion of
PLOD3 but not altered by depletion of TIMP1 (fig. S11L), suggesting that TIMP1 does not
inhibit PLOD3-dependent MMP9 activity in H2122 cells.

P14KllIB-dependent secretion regulates the tumor microenvironment

To determine whether P14KIIIB drives the secretion of cytokines that play key roles in the
tumor microenvironment, we subjected conditioned medium samples from H2122 cells and
344SQ cells to multiplexed cytokine assays and found that, among the cytokines present at
concentrations of at least 10 pg/mL, many were reduced 5- to 10-fold by PI4KIIIB depletion,
including G-CSF, GM-CSF, Fractalkine, LIX, CXCL1, IL-8, IL-1a, VEGF, MIP-1a, and

Sci Transl Med. Author manuscript; available in PMC 2020 November 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tan et al.

Page 9

MIP-2 (Fig. 8A and fig. S12A). To characterize the contributions of PI4KIIIp-dependent
cytokines to processes in the tumor microenvironment, we quantified immune cell
populations in 344SQ flank tumors generated in syngeneic, immunocompetent mice and
found that CD11b*GR1* myeloid-derived suppressor cells (MDSCs) were fewer in
P14KI111B-deficient than —replete tumors (Fig. 8B), whereas CD4* and CD8" T cell subsets,
dendritic cells, granulocytes, and macrophages were not different (fig. S12B-E). Similar
numbers of MDSCs were generated in splenocytes co-cultured with PI4KIl11B-deficient or -
replete 344SQ cells (fig. S12F), suggesting that P14KI1IB-driven secretion does not govern
MDSC differentiation. Although microvessel density in PI4KI111B-deficient and -replete
344SQ tumors was not different (Fig. 8C), human umbilical vein endothelial cells exhibited
reduced chemotaxis and generated fewer tubes in co-culture with PI4KI1IB-deficient than —
replete H2122 cells (Fig. 8D and E), suggesting that PI4KI1Ip-dependent secreted factors
that promote angiogenesis in HUVEC assays are non-essential for angiogenesis in 344SQ
tumors. Furthermore, a-smooth muscle actin* cancer-associated fibroblasts (CAFs) were
fewer in P14KI11p-deficient than —replete 344SQ tumors (Fig. 8F), exhibited reduced
migratory activity toward PI4KI1IB-deficient than —replete 344SQ cells (Fig. 8G), and
enhanced the total number of invasive projections emanating from multicellular aggregates
containing PI4KI11B-replete but not —deficient 344SQ cells (Fig. 8H). The reduced
invasiveness was due in part to a loss of “leader-follower cell” structures containing a CAF
at the tip and tumor cells that collectively follow behind (Fig. 8l, J) (49). These findings
suggest that PI4KI1IB-dependent secretion plays a broad regulatory role in the tumor
microenvironment.

Discussion

Although epithelial cancers secrete a variety of effector proteins that play key roles in tumor
progression, inhibitors of MMPs and other secreted effectors in the tumor microenvironment
have been largely ineffective in clinical trials (3). A better understanding of the way in which
malignant secretion is activated in cancer may lead to improved therapeutic approaches (5).
Here, we show that 1q amplifications activate malignant secretion and underlie an actionable
vulnerability owing to an apparent “addiction” to secreted factors (Fig. 8K). We further
show that secretory blockade has the potential to suppress not only survival signals but also
paracrine factors that drive pro-metastatic processes in the tumor microenvironment. The
clinical implications of secretory blockade could be substantial based on the various tumor
types that harbor 1q amplifications and the broad range of inflammatory, fibrotic, and
senescence-related diseases that are driven by heightened secretion.

Phosphorylated Pls increase as a consequence of cancer-associated somatic mutations and
play a crucial role in tumor progression by serving as membrane-docking sites for proteins
that drive tumor growth and metastasis. Examples include di-phosphorylated PI-4,5-P2 and
tri-phosphorylated PI1-3,4,5-P3, which are elevated as a consequence of somatic mutations in
the type 2 PIP kinases, PI-3-kinases, and/or PTEN lipid phosphatase (50, 51). Here we show
that total cellular P14P concentrations are elevated due to P/4KB gene amplifications. PI14P
is generated by 4 mammalian P14K enzymes, including 2 type Il kinases (P14Klla and B)
and 2 type Il kinases (P14Kllla and B), that reside in distinct subcellular compartments (9).
The Golgi pool of PI4P is increased by PI4KIIIB and P14Klla and reduced by the SAC-1
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P14P phosphatase (9). The genes encoding PI4Klla and SAC-1 are rarely mutated in cancer,
but high P14Klla expression has been shown to be pro-tumorigenic (52). Thus, the Golgi
pool of PI4P plays a crucial role in cancer development.

Heightened secretion of pro-metastatic effector proteins results from genetic amplification of
the PI4P-binding proteins GOLPH3 and PITNCP1 (7, 8). Here we show that P/4KBis co-
amplified with GOLPH3 and PITNCPI, corroborating the vital role that PI4P plays as a
Golgi membrane insertion site for GOLPH3 and PITNCP1 (8, 53). Furthermore, we show
that P/4KB genetic amplifications drive tumor progression by increasing the secretion of
pro-survival and pro-metastatic effector proteins, including TIMP1, SEMA3C, CLU,
PLOD3, and STC2. We also show that P14KI1I1B-dependent vesicular trafficking is sustained
by co-amplified Golgi-resident proteins that anchor P14KI1I1B to Golgi membranes and
acidify Golgi lumens, and that this functional circuitry can be disrupted by treatment with
small molecule PI4KI1IB antagonists that preferentially impair the survival of 1q-amplified
cancer cells. Our findings support a model in which chromosome 1q amplifications create a
dependency on P14KIlIB-dependent secretion for survival. The cell-intrinsic and —extrinsic
mechanisms through which oncogene addiction occurs (54) are similar to those ascribed to
the PI4KI11B-dependent effector proteins identified here (43, 46, 55-57).

However, there are limitations to our study. Ectopic P14KI1I1B expression in 1g-diploid
cancer cells does not recapitulate the full consequences of a 1q amplicon that contains
P14KI111B and multiple other regulators of Golgi and vesicular trafficking functions. The total
cellular P14P and Golgi-resident PI14P assays utilized in this study do not provide robust
assessments of Golgi-resident PI4P concentrations and therefore do not optimally gauge the
effect of pharmacologic P14KI1Ip antagonism on the Golgi. Our short-term treatment studies
did not evaluate therapeutic response durability or acquired resistance to PI14KIIIp
antagonism in 1g-amplified cancer cells. Although the mice treated with PI4KIIIB
antagonists demonstrated no overt signs of toxicity, we did not perform an in depth toxicity
analysis.

In conclusion, we have identified an actionable secretory vulnerability in cancers harboring
chromosome 1q amplifications that are associated with a worse prognosis. Our findings
provide a foundation for therapeutic strategies designed to target the secretory process in
cancer cells. In support of this concept, photodynamic therapies that inhibit Golgi-dependent
protein secretion have anti-tumor efficacy (58). The prevalence of 1q amplifications across
multiple tumor types, the biological relevance of a 1g-encoded functional circuitry that
drives tumor growth and metastasis, the availability of digital droplet PCR assays to identify
patients with 1g-amplified tumors, and the efficacy of small-molecule P14KII1f antagonists
highlight the clinical relevance of 1q amplifications in cancer. PI4KIIIp antagonists that are
under development for non-oncologic indications can be repurposed for “basket” clinical
trials to test their efficacy in cancer patients carrying 1q amplifications.
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MATERIALS and METHODS

Study design

The objectives of our study were to elucidate mechanisms by which the conventional
secretory pathway is activated in cancer and to identify therapeutic vulnerabilities in cancer
cells that rely on secretion for survival and metastasis. The components of our study include
publicly available human tumor databases, in vivo and in vitro models of metastatic cancers,
cellular and biochemical assays of conventional secretory pathway activity, small molecule
inhibitors of PI4KII1B, biochemical and cellular assays of PI4KIIIB inhibitor activity, and
mass spectrometric analysis of conditioned medium samples. Observations made in human
tumor databases provided a rationale for studies on P14KIIIB in 1g-amplified cancer cell
lines and mice bearing 1g-amplified cancers, including assays of PI4KII1f activity and the
effect of pharmacologic and genetic PI4KIIIB inhibition on cancer cell viability and tumor
size and metastatic activity. Tumor-bearing mice were randomized to treatment cohorts.
Investigators were not blinded to sample identities during analysis. Cohort sample sizes were
calculated to have 80% power to detect a 2-fold change in tumor size between groups, using
a two-group t-test with a two-sided type | error rate of 0.05. Each experiment involved
biological replicate samples (at least triplicate). With the exception of the autochthonous
tumor studies, each experiment was repeated at least once.

Animal Husbandry

All mouse studies were approved by the Institutional Animal Care and Use Committee at
The University of Texas MD Anderson Cancer Center. K-ras-SL-G12D mice were purchased
(Jackson Laboratories). 129/SV syngeneic mice and nu/nu mice were bred in-house. Mice
received standard care and were euthanized according to the standards set forth by the
Institutional Animal Care and Use Committee. To generate autochthonous lung tumors,
50,000 GFP-Cre or PI14KB-cre lentivirus particles were delivered into the lungs of K-
rastSL-G12D mice through an endotracheal tube as reported previously (34). As we have
described (59), KP cells were injected subcutaneously (108 cells) or intravenously (10° cells)
into syngeneic, immunocompetent mice, and human lung cancer cells were injected
intrathoracically (106 cells) into nu/nu mice. Mice bearing human H2122 or H23 orthotopic
lung tumors were treated with compound A (100 mg/kg) or vehicle (5% DMSO, 20%
HPBCD, 2% Poly 80, and 10% PEG300) twice daily by intraperitoneal injection beginning
21 d after tumor cell injection and continued for 7 d. Nu/nu mice bearing human MB-
MDA-468 breast tumors or lung cancer patient-derived xenografts were treated for 7 d with
vehicle or compound A once tumors reached 100 mm3. Nu/nu mice bearing human H2122
orthotopic lung tumors were treated with compound B (20 mg/kg or 40 mg/kg plus 20
mg/kg ritonavir) or vehicle (5% DMSO, 20% HPBCD, 2% Poly 80, and 10% PEG300)
subcutaneously twice daily beginning 7 d after tumor cell injection and continued for 21 d.
For each model, necropsies were performed to quantify primary tumor size and metastatic
tumor burden.

Micro-computed tomography

As previously reported (60), the mice were placed in an inhalation anesthesia induction
chamber (isoflurane 5% for induction, and 1.5% to 3% for maintenance). When the mice
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were fully anesthetized, an endotracheal tube (22 gauge x 1 inch length) was placed using a
BioLite mouse intubation system (Braintree Scientific). The mice were then placed onto a
holder and moved to the CT scanner (Precision XRay Incorporated XRAD 225Cx). The CT
parameters used were 60 Kv, 4 mA, 3 RPM, and the subsequent image resolution was 100
um. The mice were mechanically ventilated at 60 breaths per minute throughout the
procedure, and a 20 second breath hold was applied during the acquisition at 20 cm/H0.
The pressure was monitored for consistency through an inline manometer. After processing
images (ImageJ), tumor nodule areas were calculated from the major radius (a) and minor
radius (b) of each nodule using the formula of an ellipse (area=rtxaxb).

Human studies

Human tumor specimens were obtained through an IRB-approved protocol and with
informed consent, and the analysis of the human tissue specimens was approved by an
Institutional Review Board at MD Anderson Cancer Center. Digital droplet PCR and
quantitative reverse transcriptase-PCR (RT-PCR) assays were performed on a pre-existing
tissue bank of early-stage lung adenocarcinomas isolated surgically from patients that had
been annotated on the basis of molecular and clinical parameters (table S1). For analysis of
mMRNA expression and lung cancer patient survival, we examined a compendium dataset of
11 published expression profiling datasets for human lung adenocarcinomas (61-65);
patients represented in both Shedden and Chitale datasets were removed from the Shedden
dataset, and patients represented in both the Sato and Tang datasets were removed from the
Tang dataset, and one patient from Bild dataset thought to potentially represent squamous
cell carcinoma was also removed, leaving n=1,453 tumors in total; patient survival was
capped at 200 months. To analyze the prognostic value of a given gene signature, the
average of the z-normalized values for the genes was evaluated across the lung compendium
cohort. The Kaplan-Meier method with log-rank test was used to evaluate overall survival
curves for mouse cohorts and patients. Plots were generated for the respective groups using
Graphpad Prism version 7.0 or WIinSTAT (www.winstat.com). For the pan-cancer analysis,
we collected data from The Cancer Genome Atlas (66, 67). For determining copy number
alterations in TCGA data, GISTIC 2.0 was applied to the transformed copy number data
obtained from Affymetrix SNP 6.0 arrays (n=10845 tumor profiles in all, 516 from lung
adenocarcinoma or TCGA LUAD project), with a noise threshold used to determine copy
gain or loss; low-level gene gain, high-level gene amplification, low-level copy loss, or high-
level copy loss were inferred using the “thresholded” calls as made by Broad Firehose
pipeline (using +1, +2, -1, or -2, respectively) (68).

Statistical analysis

Unless stated otherwise, the results shown are representative of replicated experiments and
are the means + standard deviations from triplicate samples or randomly chosen cells within
a field. Statistical evaluations were carried out with Prism 6 (GraphPad Software, Inc.).
Unpaired 2-tailed Student t-tests were used to compare the mean values of 2 groups.
ANOVA with Dunnett’s test was used for comparing multiple treatments to a control. P
values < 0.05 were considered statistically significant. Original data are provided in data file
S1.
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Figurel.

A chromosome 1q region encoding multiple Golgi-related genes is amplified in cancer. (A)
Heat map of copy number alterations in 1,038 genes (rows) in 1g21.3-amplified cancers
(n=541, columns) in The Cancer Genome Atlas (TCGA) cohort. 1q21-44-encoded genes
annotated under the Gene Ontology term “Golgi apparatus” (right). Color codes for tumor
types (bottom of heat map) and copy number changes (top) indicated. (B) Copy number
variations of genes (rows) in TCGA lung adenocarcinomas (columns). (C) PI4KB gene
copy-number alterations (X axis) and relative mRNA expression (Y axis) in TCGA lung
adenocarcinomas (n=522). Gain, n=3-4 copies; amplified, n = 5 copies. (D and E) Somatic
mutations (rows) in TCGA pan-cancer (D) and lung adenocarcinoma (E) cohorts (columns).
(F) Relative expression of 1g21.3-encoded mRNAs in lung cancer cell lines with or without
1g21.3 amplifications. Immortalized bronchial epithelial (BEAS-2B) cells included as
control. (G) Total cellular P14P concentrations in 1q-amplified (red) and -diploid (black)
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lung cancer cell lines determined by ELISA. Each dot is a replicate sample. (H) Kaplan-
Meier plot comparing groups with high (top-third), intermediate (middle-third), or low
(bottom-third) expression of a 1g21.3-encoded gene expression signature. (1) Digital droplet
PCR analysis of P/4KB copy numbers in normal lung tissues (NL) and 1g-amplified H3122
lung adenocarcinoma cells. (J) P/4KB copy numbers (X-axis) and mRNA expression (Y-
axis) in human lung adenocarcinomas (dots) (r- and P-values, Pearson’s correlation, red line
is best-fit). (K) Kaplan-Meier plot comparing groups with or without P/4KB genomic
amplifications. (L) Tumor recurrence rates in P/4KB-amplified and -diploid human lung
adenocarcinomas. (M) Kaplan-Meier plot comparing groups with P/4KB mRNA expression
above (high) or below (low) the median value.
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Figure2.

P14KI11p functions as a metastasis driver in KRAS-mutant lung adenocarcinoma. (A) Co-
occurrence of somatic mutations (rows) in TCGA lung adenocarcinomas (columns). (B)
Western blot analysis of lentivirus-infected 344SQ cells. (C) Micro-computed tomography
of a lung tumor (arrow) in a Kras-SL-G12D mouse. (D and E) Area of each lung tumor in the
lenti-CG (D, black dots) and lenti-CP (E, red dots) cohorts determined by micro-computed
tomography. (F) Percent change in tumor areas over time. (G) PCR analysis of genomic
DNA from normal lung (NL) and lung tumor. Recombined Kras-SL-G12D gllele (arrow).
Molecular weight markers (MW). (H) Immunohistochemical detection of PI4KIIIB in a lung
tumor in a lenti-CP-infected mouse. Scale bar, 200 um. (I and J) Lung adenoma (I) and
adenocarcinoma (J). Boxed areas shown at higher magnification (insets). Scale bar, 200 pm.
(K) Western blot analysis of H2122 cells transfected with indicated PI4KIIIB shRNAs or
control shRNA (shCTL). (L) Orthotopic tumor diameters (left) and number of metastases to
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contralateral lung (right) per mouse (dot). (M) Western blot analysis of ectopic PI4KIIIB
expression in murine KP cell lines. (N-P) Flank tumor weights and lung metastasis numbers
(left and right, respectively) generated from 393P (N), 344SQ (O), and 344P (P) KP cell
lines per mouse (dot). (Q) Kaplan-Meier plot of mouse cohorts bearing orthotopic tumors.
(R and S) Red fluorescent protein (RFP)-tagged 344SQ cells were injected by tail vein into
mice, and lung tumors (red) were visualized by fluorescence microscopy of intact lung
tissues (R) and quantified (dots) based on numbers (left) and size (S). Scale bar, 400 um.
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Figure 3.
PI4KIIIB is an actionable target in 1g-amplified lung cancer cells. (A) Total cellular P14P

concentrations in H2122 cells treated for 24 h with different concentrations of IN-9 or
vehicle (dimethyl sulfoxide, DMSQ) determined by ELISA. (B) Single-channel and merge
images of staining in H23 cells treated with different concentrations of IN-9 or DMSO for
16 h. Golgi-resident P14P were identified by merging PI4P (green) with the trans-Golgi

d

marker TGN46 (red). Boxed regions illustrated at higher magnification (insets). Scale bars:

15 um and 5 pm (insets). (C and D) Golgi-resident PI14P identified as described in (B) in

each H23 cell (dot) after treatment with IN-9 (C) or transfection with PI4KIIIB siRNA (D).

(E) Relative densities of 1g-amplified (red) and —diploid (black) human lung
adenocarcinoma cell lines determined by WST-1 assays after 4 days of different doses of

IN-9 treatment. (F) Half maximal inhibitory (IC50) concentrations of IN-9 determined from

(E). (G) Colonies formed on plastic after 7 days of IN-9 treatment. DMSO (0 uM). Results
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expressed relative to DMSO control. (H and 1) Migrated and invaded cancer cells in
Transwell chambers (H) were quantified and plotted (1) after IN-9 treatment for 16 h. Scale
bars: 200 um. (J and K) Annexin V/propidium iodide flow cytometry to detect apoptotic
cells after 24-h IN-9 treatment of 1g-amplified or —diploid lung cancer cells (J) or H1299
cells that ectopically express PI4KIIIB or empty vector (K).
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Figure 4.
PI4KII1B is an actionable target in 1g-amplified cancers. (A) Total

concentrations in H2122 cells after 24 h treatment with compound

cellular P14P
B or vehicle dimethyl

sulfoxide (DMSO) determined by ELISA. Each dot is a replicate sample. (B) Golgi-resident

PI14P in each H2122 cell (dot) determined by immunofluorescence

staining as described in

Fig. 3B. Cells treated for 16 h with compound B or DMSO. (C) Relative densities of 1qg-
amplified (red) and —diploid (black) human lung adenocarcinoma cell lines determined after
4 days of compound B treatment. (D) Half maximal inhibitory (IC50) concentrations
determined on the basis of (C). (E) Colonies formed on plastic after 7 days of compound B
treatment. Results expressed relative to DMSO control (0 uM). (F and G) Western blot
analysis to detect apoptotic cells on the basis of PARP1 cleavage (arrow) (F) and Annexin V/
propidium iodide flow cytometry (G) in 1g-amplified (H2122) and 1g-diploid (H460) lung
cancer cells treated for 24 h with compound B. (H) Total cellular P14P in H2122 cells treated
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with different doses of compound A determined by ELISA. (1) Relative densities of 1g-
amplified (red) and —diploid (black) lung cancer cells determined after 4 days of compound
A treatment. (J) Half maximal inhibitory (IC50) concentrations determined on the basis of
(1. (K) H2122 orthotopic lung tumor diameters (left) and metastases (right) after 7 d of
compound A treatment. (L) Metastases generated by H23 orthotopic lung tumors after 7 d of
compound A treatment. (M) PCR detection of P/4KB copy numbers in a lung
adenocarcinoma patient-derived xenograft (PDX) (left). PDX tumor volumes in mice treated
with compound A expressed as fold-change relative to time (t)=0 (right). (N) MB-MDA-468
mammary tumor weights after 7 d of compound A treatment. (O) H2122 orthotopic lung
tumor diameters after 21 d of compound B treatment at indicated doses.
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Figure5.

P14KI111B-dependent kinase activity promotes tumor growth and metastasis. (A) Western blot
analysis of ectopic SAC1-K2A expression in H2122 cells. (B) Total cellular P14P
concentrations in H2122 cells transfected with SAC1-K2A or EGFP determined by ELISA.
(C) Cell proliferation determined by WST-1 assays. (D) Colonies formed on 6-well plates
(adherent) and in soft agar (non-adherent). Scale bar: 200 um. (E) Western blot analysis of
ectopic P14KIIIB and SAC1-K2A expression. (F) Cell proliferation determined by WST-1
assays. (G) Invaded cells in Transwell chambers. Scale bar: 200 um. (H) Western blot
analysis of ectopic wild-type or kinase-dead mutant PI4KIIIB (D656A) in H1299 cells. (1)
Total cellular PI4P concentrations in cells generated in (H) determined by ELISA. (J) Cell
proliferation determined by WST-1 assays. (K) Migrated and invaded cells in Transwell
chambers. Scale bar: 200 um. (L) Quantification of cells in (K). (M) Western blot analysis of
ectopic wild-type or kinase-dead mutant (D656A) PI14KIIIB expression in
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H2122_shPI4KII1B cells. Empty vector (Vec). (N) Cell proliferation determined by WST-1
assays. (O) Colonies formed on plastic. (P) Quantification of colonies in (O). (Q) Western
blot analysis of ectopic wild-type or kinase-dead mutant (D656A) PI4KIIIB expression in
344S5Q_shPI4KII1B cells. (R) Flank tumor weights (left) and lung metastasis numbers (right)
in syngeneic, immunocompetent mice.
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Figure 6.

P14KII1p drives secretion of pro-metastatic proteins. (A) Single-channel and merged images
of plasma membrane-associated VSV-G (red) and total VSV-G (green) in H23 cells
transfected with indicated siRNAs. Boxed areas in merged images are magnified (inset).
Scale bars: 10 pm and 3 um (insets). (B-D) Surface VSV-G-to-total VSV-G in H23 cells
transfected with siP14KI1IB (B), treated with compound B (C), or transfected with
SiGOLPH3 (D) (n > 15 cells per group). (E) Non-adherent colonies formed by shPI4KIIIp-
and shCTL-transfected H2122 cells treated with conditioned medium (CM) from shCTL- or
shP14KII1B-transfected H2122 cells were imaged and quantified. Fresh medium (-) included
as a control. Scale bar: 200 um. (F) Western blot analysis to detect PARP1 cleavage (arrow)
in apoptotic cells. (G) Annexin V/propidium iodide flow cytometric detection of apoptotic
shRNA-transfected H2122 cells following treatment with PI4KIIIB antagonist IN-9 or
vehicle (0 pM). (H) Schema of liquid chromatography-mass spectrometry (LC-MS) analysis
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of conditioned medium samples from H23 cells and H2122 cells. Identified proteins of
interest are listed. (I and J) Western blot analysis of conditioned medium samples (1) and cell
lysates (J). Specific PLOD3 band indicated (arrow). (K) Western blot analysis of
conditioned medium samples isolated from cells stably transfected with indicated vectors
was performed to quantify STC2 and CLU proteins. The relative protein amounts were
quantified in ImageJ (bar graph). (L) Quantification of Golgi-localized STC2 relative to t=0
(n= 20 cells per time point) from vesicular release assays on H23 cells co-transfected with
GFP-tagged STC2 and indicated siRNAs. Results are from images taken before (t=0) and 15
min and 30 min after switching to a temperature that permits Golgi release. Images are in
fig. S9D and E.

Sci Transl Med. Author manuscript; available in PMC 2020 November 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tan et al.

M sisEMA3C
siSTC2
*P=0.04
***P<0.001

shSTC2 ® shSTC2

Page 31
B C
5-gene signature
1 = # s H2122 H2122
—bottom_third 22 &3 siCTL 8257 e sicTL
b8 =miidl.thin g M siCLU 3 - sicLu
2z top_thir ES M siPLOD3  02.01 & gjpLoD3 S
508 Z B siTIMP1 = P linace e
s Z 1 M SiSEMA3C 218 L g
- Z 2Tes = SISEMA3C ¥
& € I I 1 s 1.0 ® siSTC ]
02 2 i 205
, | Log Rank P=0.0013 1M | . = . . s
o CLU PLOD3 TIMP1 SEMA3C STC2 S 0.0 T T T
0 100 200 Day1 Day2 Day3 Day4
Follow up (months)
D H2122 E
siCTL siCLU siPLOD3 siTIMP1 siISEMA3C siSTC2 _ H2122
= s
I £ O sicTL
2 M sicLu
adherent > B siPLoD3
2 M siTtimp 1
b M sisEMA3C
Toe B = > . . 7 v P 0 2 siSTC2
™. Ry SIS " o . . . g 2 “*p<0.001
v % ;2: E 1 + - o] T Wy o ger |l "« |non-adherent 4
st ;'.., "‘...v e o R R adherent
F G
H2122 5 H23
O sicTe g2 O sicTL
M sicLu s M siCLU
M siPLOD3 3 = ::?ILMOIP‘I:S
M siTIMP1 <, M siSEMA3C
M sisEMA3C x siSTC2
6 € I
sisTC2 s
+++P<0.001 2
S, |
Q
non-adherent @ CLU PLOD3 TIMP1 SEMA3C STC2
H H23
} ) ) | H2122
siCTL siCLU siPLOD3
% e : s O sicTL
2 M sicLu
5 M siPLOD3
2 M siTIMP1 PARP1
g < M siSEMA3C -
H 2 siSTC2 Cleaved Caspase 3
© *P=0.017 &
° p<0.01 a-Tubulin
4
J K L
H2122 H2122
15 10 ~p<0.01 © shCTL sheaL
P O SfCTL ++p<0.001 ® shCLU shCLU
s M sicLu 8 4 shPLOD3 shPLOD3
210 . I siPLOD3 e
e = 6 ® shTIMP1 shTIMP1
s ® ShSEMA3C ShSEMA3C
<
=

Tumor size (mm)
[N
L H
"
Be4ed o
o
M etastasis (n)

o

Figure 7.
P14KI111B-dependent secreted proteins promote metastasis. (A) Kaplan-Meier plot of TCGA

lung adenocarcinomas with low (bottom-third), intermediate (middle-third), or high (top-
third) expression of a 5-gene signature (SEMAS3C, TIMP1, STCZ, PLODS3, and CLU). (B)
gPCR analysis of mMRNA expression in H2122 cells transfected with the indicated siRNAs.
(C) Cell proliferation determined by WST-1 assays. (D) Colonies formed by siRNA-
transfected H2122 cells on plastic and in soft agar. Scale bar: 200 um. (E and F)
Quantification of colonies on plastic (E) and in soft agar (F) as shown in (D). (G) gPCR
analysis of mMRNA expression in H2122 cells transfected with the indicated siRNAs. (H)
Colonies formed in soft agar were imaged and quantified. Scale bar: 200 pm. (1) Western
blot analysis to detect cleavage of PARP1 (arrow) and caspase 3 in apoptotic cells. (J)
Annexin V/propidium iodide flow cytometric detection of apoptotic H2122 cells. (K and L)
H2122 orthotopic tumor diameters (K) and metastasis numbers (L) per mouse.
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Figure 8.

P14KI111B-dependent secretion regulates processes in the tumor microenvironment. (A)
Concentrations of secreted factors in conditioned medium samples. (B) MDSCs (CD11b*
GR1%) in 344SQ flank tumors expressed as percentage of total CD45+ cells. (C) CD31+
cells in flank tumors generated by injection of 344SQ cells into syngeneic,
immunocompetent mice. Scale bar: 300 um. Microvessel density quantification in each
cohort (plot). (D) Migrated human umbilical vein endothelial cells (HUVECS) in co-culture
with H2122 cells in Transwell chambers. Scale bar: 200 um. (E) HUVEC tubes formed in
co-culture with H2122 cells. Scale bar: 100 um. (F) a-smooth muscle actin (aSMA)* cells
in flank tumors generated by injection of 344SQ cells into syngeneic, immunocompetent
mice. Scale bar: 300 um. Quantification of aSMA+ cells in each cohort (plot). (G) Migrated
cancer-associated fibroblasts (CAFs) in co-culture with 344SQ cells in Transwell chambers.
Scale bar: 200 um. (H) Numbers of invasive projections per multicellular aggregate.
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Aggregates containing RFP-tagged 344SQ cells alone (=) or 344SQ cells and GFP-tagged
CAFs (+) were seeded in collagen gels and imaged. (1) Multicellular aggregate with leader-
follower cell structures containing a CAF at the tip and collectively invasive 344SQ cells
that follow behind (arrows). Scale bar: 100 um. (J) Numbers of leader-follower cell
structures per aggregate in (1). (K) A schematic illustration of the proposed model. The 1q
amplicon encodes P14KI11p, which activates P14P synthesis, leading to GOLPH3
recruitment, increased anterograde vesicular trafficking, and enhanced secretion of pro-
survival and pro-metastatic factors. Secretion can be blocked by PI4KIIIB antagonists.
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