
CANCER RESEARCH | MOLECULAR CELL BIOLOGY

Therapeutic Targeting of DGKA-Mediated
Macropinocytosis Leads to Phospholipid
Reprogramming in Tuberous Sclerosis Complex
Andrii Kovalenko1, Andres Sanin1, Kosmas Kosmas1, Long Zhang1, JiWang1, ElieW. Akl1, Krinio Giannikou1,
Clemens K. Probst1, Thomas R. Hougard1, Ryan W. Rue2, Vera P. Krymskaya2, John M. Asara3,
Hilaire C. Lam1, David J. Kwiatkowski1, Elizabeth P. Henske1, and Harilaos Filippakis1

ABSTRACT
◥

Lymphangioleiomyomatosis is a rare destructive lung disease
affecting primarily women and is the primary lung manifestation
of tuberous sclerosis complex (TSC). In lymphangioleiomyomatosis,
biallelic loss of TSC1/2 leads to hyperactivation of mTORC1 and
inhibition of autophagy. To determine how the metabolic vulnerabil-
ities of TSC2-deficient cells can be targeted, we performed a high-
throughput screen utilizing the “Repurposing” library at the Broad
Institute of MIT and Harvard (Cambridge, MA), with or without the
autophagy inhibitor chloroquine. Ritanserin, an inhibitor of diacyl-
glycerol kinase alpha (DGKA), was identified as a selective inhibitor of
proliferation of Tsc2�/�mouse embryonic fibroblasts (MEF), with no
impact on Tsc2þ/þ MEFs. DGKA is a lipid kinase that metabolizes
diacylglycerol to phosphatidic acid, a key component of plasma
membranes. Phosphatidic acid levels were increased 5-fold in
Tsc2�/� MEFs compared with Tsc2þ/þ MEFs, and treatment of
Tsc2�/� MEFs with ritanserin led to depletion of phosphatidic acid
as well as rewiring of phospholipid metabolism. Macropinocytosis is
known to be upregulated in TSC2-deficient cells. Ritanserin decreased
macropinocytic uptake of albumin, limited the number of lysosomes,
and reduced lysosomal activity in Tsc2�/�MEFs. In amousemodel of
TSC, ritanserin treatment decreased cyst frequency and volume,
and in a mouse model of lymphangioleiomyomatosis, genetic down-
regulation of DGKA prevented alveolar destruction and airspace
enlargement. Collectively, these data indicate that DGKA supports
macropinocytosis in TSC2-deficient cells to maintain phospholipid
homeostasis and promote proliferation. Targeting macropinocytosis
with ritanserin may represent a novel therapeutic approach for the
treatment of TSC and lymphangioleiomyomatosis.

Significance: This study identifies macropinocytosis and phos-
pholipid metabolism as novel mechanisms of metabolic homeo-
stasis in mTORC1-hyperactive cells and suggest ritanserin as a
novel therapeutic strategy for use in mTORC1-hyperactive tumors,
including pancreatic cancer.

Graphical Abstract: http://cancerres.aacrjournals.org/content/
canres/81/8/2086/F1.large.jpg.

Introduction
Tuberous sclerosis complex (TSC) is an autosomal dominant

genetic disease that affects multiple organ systems including the brain,
kidney, heart, skin, and lung (1, 2). In the lung, TSC manifests as
lymphangioleiomyomatosis, which is characterized by neoplastic
growth of tumors (lymphangioleiomyomatosis nodules) and cyst
formation in the airways leading to lung destruction, pneumothorax,
and chylous pleural effusion (3, 4). Lymphangioleiomyomatosis arises
primarily in women and progresses more rapidly in premenopausal
women than in postmenopausal women and occurs in up to 80% of
women with TSC (5). Importantly, lymphangioleiomyomatosis can
also occur in women who do not have TSC (sporadic lymphangio-
leiomyomatosis). Sporadic and TSC-associated lymphangioleiomyo-
matosis lesions exhibit loss-of-function mutations in TSC2, followed
by loss of heterozygosity leading to complete loss of TSC2 (6, 7).
Biallelic loss of TSC1/2 leads to hyperactivation of the mechanistic/
mammalian target of rapamycin complex 1 (mTORC1), a master

1Pulmonary and Critical Care Medicine, Brigham andWomen’s Hospital, Harvard
Medical School, Boston, Massachusetts. 2Division of Pulmonary, Allergy and
Critical Care Medicine, Department of Medicine, Lung Biology Institute, Perel-
man School of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania.
3Division of Signal Transduction, Beth Israel Deaconess Medical Center,
Department of Medicine, Harvard Medical School, Boston, Massachusetts.

Note: Supplementary data for this article are available at Cancer Research
Online (http://cancerres.aacrjournals.org/).

Corresponding Authors: Harilaos Filippakis, Pulmonary and Critical Care
Medicine, Brigham and Women’s Hospital, Harvard Medical School, 75 Francis
Street, Boston, MA 02115. Phone: 857-307-0794, E-mail:
cfilippakis@bwh.harvard.edu; and Elizabeth P. Henske,
ehenske@bwh.harvard.edu

Cancer Res 2021;81:2086–100

doi: 10.1158/0008-5472.CAN-20-2218

�2021 American Association for Cancer Research.

AACRJournals.org | 2086

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/81/8/2086/3090358/2086.pdf by guest on 19 M

ay 2023

http://crossmark.crossref.org/dialog/?doi=10.1158/0008-5472.CAN-20-2218&domain=pdf&date_stamp=2021-4-2
http://crossmark.crossref.org/dialog/?doi=10.1158/0008-5472.CAN-20-2218&domain=pdf&date_stamp=2021-4-2
http://cancerres.aacrjournals.org/content/canres/81/8/2086/F1.large.jpg
http://cancerres.aacrjournals.org/content/canres/81/8/2086/F1.large.jpg
http://cancerres.aacrjournals.org/content/canres/81/8/2086/F1.large.jpg


regulator of anabolic cell growth and metabolism (8, 9). mTORC1-
drivenmetabolic reprogramming in TSC leads to increased uptake and
utilization of extracellular nutrients, including glucose and glutamine,
creating metabolic dependencies that can be therapeutically tar-
geted (10). We have previously found that targeting the nutrient
uptake pathway of macropinocytosis and lysosomal processing in
TSC2-deficient cells may provide novel therapeutic approaches in
TSC and lymphangioleiomyomatosis (11, 12).

Macropinocytosis is a conserved, actin-dependent endocytic pro-
cess that allows the bulk uptake of extracellular fluids into large vesicles
called macropinosomes (13–15). In cancer metabolism studies, trans-
formed cells exploit macropinocytosis to engulf and process macro-
molecules at the lysosome to fuel anabolic metabolism and support
proliferation (16–18). Lysosomes represent a central signaling hub,
maintaining cellular metabolic homeostasis by recruiting and activat-
ing mTORC1. Furthermore, nutrient sensing at the lysosomal surface
is coupled with mTORC1-dependent activation of its downstream
targets (19).

Phospholipids are essential components of cellular membranes for
structural, metabolic, and signaling pathway functions (20, 21). Their
ability to undergo hydrolysis or head-group modifications confer
plasticity to biological membranes (22). Phospholipids play an impor-
tant role in endocytic trafficking and in macropinocytosis, through
their ability to organize and influence the polymerization and branch-
ing of filamentous actin (F-actin). Of note, diacylglycerol and phos-
phatidic acid, derived from the phospholipid PtdIns(4,5)P2, drive
macropinocytosis by initiating the formation of membrane ruffles
and macropinosomes (23, 24). A critical step in the metabolism of
phosphatidic acid from diacylglycerol is performed by diacylglycerol
kinase alpha (DGKA), a lipid kinase that has been identified as a
positive regulator of carcinogenesis (25, 26). Recently, DGKA activity
has been found to be strongly inhibited by ritanserin, via a mechanism
that involves binding to the catalytic site of DGKs (27, 28). Ritanserin
was first identified as a serotonin receptor (5-HTR) antagonist and has
been used in clinical trials to treat schizophrenia and substance
dependence (29–31), making it a potential repurposing drug for the
treatment of DGKA-driven malignancies (32, 33).

Here, we report the impact of ritanserin on TSC2-deficient cell
phospholipid metabolism and identify DGKA as a critical node in
macropinocytosis-mediated nutrient uptake. We found that exoge-
nous protein uptake via macropinocytosis is mediated by DGKA, and
that pharmacologic or genetic inhibition of DGKA leads to lipid
reprogramming in TSC2-deficient cells. Importantly, the enhanced
macropinocytosis observed in TSC2-deficient cells can be therapeu-
tically targeted by the DGKA inhibitor ritanserin.

Materials and Methods
Cell lines and culture conditions

Littermate-derived Tsc2�/� p53�/� and Tsc2þ/þ p53�/� mouse
embryonic fibroblasts (MEF) were used (34). In addition, MEFs were
isolated from Tsc2flox/flox-Rosa26-CreERT2 embryos and subclones
were generated with knockout of Tsc2 (Tsc2 KO MEFs) as well as
ethanol-treated controls (Tsc2 WT MEFs), as described previous-
ly (35). 105K Tsc2�/� is a cell line derived from a Tsc2þ/� C57Bl/6
mouse renal tumor and confirmed via to have a loss of the second Tsc2
allele, loss of Tsc2 expression, and hyperactive mTORC1 (36).
105KþTsc2 and 105KþEV cells were generated by reexpressing Tsc2
in 105K cells using retroviral delivery of pLXIN-IRES-hygromycin
vector carrying full-length human TSC2 or empty vector, respective-
ly (12). TTJ cells were generated Tsc2�/þ C57BL/6 mice, first in

immunodeficient nude BALB/c mice and then in C57BL/6 mice (37).
The 621-101 cells are a TSC2-deficient human kidney angiomyoli-
poma-derived cell line, immortalized by introducing E6/E7 (pLXSN
16E6E7-neo) and human telomerase (pLXSN hTERT-hyg; ref. 38).
The 621-103 are an addback cell line generated by transfection with the
TSC2 cDNA. The sgAtg5 cells were generated from Tsc2�/� p53�/�

and Tsc2þ/þ p53�/� MEFs as described previously (11). Lentiviral
vectors carrying DGKA short hairpin (shRNA) were used to knock
down DGKA in Tsc2þ/þ p53�/� and Tsc2�/� p53�/� MEFs,
105KþTSC2, 105KþEV, and TTJ cells. Lentiviral constructs were
obtained from Sigma-Aldrich (DGKA#1: TRCN0000361167,
DGKA#2: TRCN0000378505, DGKA#3: TRCN0000368765). Follow-
ing viral transduction, pools of cells with stable shRNA expression
were selected using puromycin (10 mg/mL) and knockdown of DGKA
was validated using qRT-PCR and immunoblotting. Unless specified
otherwise, cells were cultured in DMEM containing 4.5 g/L glucose
supplemented with 10% FBS, 100 mg/mL penicillin, and 100 mg/mL
streptomycin. All cells tested negative for Mycoplasma and were
retested monthly using MycoAlert (Lonza).

Antibodies, drugs, and reagents
The following antibodies were used: Tsc2, pS6 ribosomal,

S6 ribosomal protein, PARP, cleaved caspase-3, (Cell Signaling
Technology), actin (Sigma-Aldrich). Rapamycin and Torin1 were
purchased from LC Laboratories. Chloroquine (CQ) and 5-(N-Ethyl-
N-isopropyl) amiloride (EIPA) were purchased from Sigma-Aldrich.
Ritanserin was purchased from Tocris (catalog no. 1955). Phosphatidic
acid was purchased from Avanti Polar Lipids.

High-throughput drug screen
Screening of approximately 7,000 compounds from the Repurpos-

ing Hub were screened using the resources of the Chemical Biology
Program of the Broad Institute of MIT and Harvard (Cambridge, MA;
https://clue.io/repurposing; ref. 39). 500 Tsc2�/� and Tsc2þ/þ MEFs
treated with 5 mmol/L CQ or vehicle control (H2O) were seeded in
each well of a 384-well plate and allowed to attach overnight. On
the following day, cells were treated in duplicate with 100 nL
of screening compounds (10 mmol/L) using a CyBio Well Vario
(Analytikjena). Cell viability was assessed 48 hours later by adding
CellTiter Glo (Promega) at a 1:1 ratio and data were normalized to
plate background variability using an Envision Multilabel Reader
(PerkinElmer). Staurosporine (2 mmol/L) was used in each plate as
a positive control.

Angiomyolipoma transcriptomic analysis
We performed whole-transcriptome RNA sequencing (RNA-seq)

analysis in 18 kidney angiomyolipomas and four normal kidneys. The
gene expression data from this cohort were integrated to data from 10
additional kidney angiomyolipomas and four normal kidneys,
reported previously (40). Briefly, total RNA was isolated using the
RNeasy Mini Kit (Qiagen, catalog no. 34501). High quality of 1 mgr
mRNA (RNA integrity number > 8; Agilent 2100 Bioanalyzer) was
subject to cDNA library preparation usingmanufacturer’s instructions
(Illumina platform). Double-stranded DNA libraries were quantified
by Qubit fluorometer, Agilent TapeStation 2200, and qRT-PCR using
the Kapa Biosystems library quantification kit and then they were
sequenced in HiSeq2500. A total of 2 � 75 bp paired-end reads and
approximately 50 million reads were generated for each sample.
Sequence reads were aligned to the UCSC hg19 human genome build
using the STAR aligning program (41). Quantification of all genes
and their isoforms was performed using fragments per kilobase of
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transcript per million mapped reads (FPKM) normalized values by
applying Cufflinks v2.2.1.

mRNA expression analysis
RNA extraction was performed using RNeasy Micro Kit (Qiagen

Inc.). Twomicrograms of total protein were retrotranscribed using the
High-Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems). Forty nanograms of cDNA were used for qPCR reactions,
using TaqMan probes and TaqMan Fast Advanced Master Mix
(Applied Biosystems) in an Applied Biosystems Instrument. The data
were analyzed using the DDCt method. Actin was used as a reference
gene because it was expressed uniformly across tested groups.

Crystal violet staining
A total of 1,500 cells per well were plated in 96-well plates and

allowed to attach overnight. Drug treatments were administered on the
following day. After incubation for 24, 48, or 72 hours, cells were fixed
with 10% formalin for 10 minutes, stained with 0.05% (w/v) crystal
violet in distilled water for 30 minutes, washed three times by
submerging the plates in clean tap water, and air dried. Crystal violet
was solubilized by adding 100mL ofmethanol per well. The absorbance
was measured with a plate reader (OD 540; BioTek).

Macropinocytosis uptake assays and flow cytometry
Cells were seeded in 6-well plates and grown in 1% FBS DMEM

overnight. Treatmentswith ritanserin (10mmol/L) orEIPA(25mmol/L)
were carried out for 16 hours followed by addition of 0.5mg/mL 70 kDa
FITC-Dextran or BSA-TMR (Invitrogen) for 1 hour as described
previously (11). Cells were subsequently washed twice with ice-cold
PBS, trypsinized and recovered in 2% serum phenol red-free DMEM
and centrifuged 425 � g for 2 minutes. The pelleted cells were
resuspended in 300 mL of serum-free, phenol red-free DMEM and
kept on ice. Fluorescence was assessed by flow cytometry (BD FACS
Canto II, BDBiosciences), and analyzedwith FlowJo analytical software
(Treestar). Median fluorescence intensity of FITC (Dextran) or APC
(BSA-TMR)weremeasured in each sample and valueswere normalized
to those of Tsc2-expressing unstained cells.

Diacylglycerol kinase assay
The diacylglycerol kinase assay protocol was adapted from proce-

dures described previously (42). Cells growing in 100 mm cell culture
dishes at 80% confluency were lysed on ice using the following lysis
buffer: 50 mmol/L HEPES, pH 7.2, 150 mmol/L NaCl, 5 mmol/L
MgCl2, 1 mmol/L dithiothreitol, 1 mmol/L phosphatase inhibitor
cocktail, and 1 mmol/L protease inhibitor cocktail. After centrifuga-
tion at 400 g for 5 minutes, the resultant supernatant was used for the
diacylglycerol Kinase activity assay. The enzymatic reactions were
carried out in triplicate in 384-well white plates, in the final volume of
10 mL, in the solution of the following final composition: 50 mmol/L
MOPS, pH 7.4, 50 mmol/L n-octyl b-D-glucopyranose (Sigma-
Aldrich), 1 mmol/L dithiothreitol, 100 mmol/L NaCl, 20 mmol/L
NaF, 10 mmol/L MgCl2, 1 mmol/L CaCl2, 10 mmol/L phosphatidyl-
serine (Sigma-Aldrich), 2 mmol/L 1,2-dioleoyl-sn-glycerol (Sigma-
Aldrich), 0.2 mmol/L ATP. The enzymatic reactions were incubated at
37�C for 90 minutes. A total of 10 mL of ADP-Glo reagent (Promega)
was added at 25�C. Following 40 minutes incubation, 20 mL of Kinase
Detection Reagent (Promega) was added. After additional 40 minutes
of incubation at 25�C, luminescence was detected using the BioTek
plate reader (BioTek) with sensitivity set to 100. ATP was used as a
positive control and lysates heated at 70�C for 15 minutes (protein
denaturing conditions) were used as a negative control.

Confocal microscopy
Cells were seeded on four-chamber tissue culture glass slides using

1% FBS DMEM overnight. Cells were treated with inhibitors for
16 hours and BODIPY (493/503) and Phalloidin (578/600) were added
for 30minutes. Cells were then rinsed twicewith PBS andfixedwith 4%
paraformaldehyde. Images were captured with a FluoView FV-10i
Olympus Laser Point Scanning Confocal Microscope using a 60�
objective. Confocal filters (excitation/emission nm) used for micros-
copy imaging were: 358/461 (DAPI), 494/521 (FITC-Dextran).

Steady-state metabolite profiling and analysis
Metabolites from four replicate 60 mm plates were extracted with

80% aqueous methanol. Metabolites were processed using selected
reaction monitoring with polarity switching on a 5500 QTRAP triple
quadrupole mass spectrometer (AB/SCIEX) coupled to a Prominence
UFLCHPLC system (Shimadzu) using amide HILIC chromatography
(Waters) at pH 9.2 (Metabolomics Core, Beth Israel Deaconess
Medical Center, Boston, MA). Two hundred fifty-two endogenous
water-soluble metabolites weremeasured at steady state. Metabolomic
peak area data were normalized to protein concentration of three
additional replicate plates and uploaded into MetaboAnalyst 4.0
(http://www.metaboanalyst.ca/MetaboAnalyst/) for subsequent pro-
cessing and metabolite set enrichment analysis. In detail, data were
filtered by interquartile range and autoscalingwas applied to normalize
data by metabolite (mean centered and divided by the SD of each
variable). Log2 transformation and statistical tests were applied. For
two-group comparisons, t test followed by FDR correction was used.
Two-way ANOVA test was applied for comparing multiple groups.
Significance was defined with q <0.05 and P < 0.05, respectively.

Lipidomic profiling
Lipid species were extracted from four replicate 60 mm plates using

MTBE/Methanol extraction and peak area vales were obtained using
LC/MS as described previously (Metabolomics Core, Beth Israel
Deaconess Medical Center, Boston, MA; ref. 43). Peak area values
were normalized to three additional protein plates for each condition.
Each lipid moiety is represented as the sum of individual lipid species
� SD. For two-group comparisons, t test followed by FDR correction
was used. Significance was defined with P < 0.05.

Animal studies
All animal studies were performed in accordance with insti-

tutional protocols approved by the BWH Institutional Animal
Care and Use Committee. Female NCr nude mice were purchased
from Taconic and injected with 3 million TTJ cells stably expres-
sing DGKA shRNA (DGKA#3: TRCN0000368765). The median
linear intercept of alveolar airspace from four images per mouse
was calculated using ImageJ as described previously (44). The
ritanserin study was carried out at the Van Andel Institute (VAI,
Grand Rapids, MI) according to institutional protocols. 10 Tsc2þ/�

A/J mice approximately 7 months of age (5 males and 5 females)
were randomly assigned to the vehicle (0.25% PEG200, 0.25%
Tween-80 in water) or ritanserin (20 mg/kg; TOCRIS #1955)
treatment group. Mice were treated intraperitoneally for 30 days
and euthanized 1 hour following final treatment. Kidneys were
harvested and placed in 10% neutral buffered formalin for
24–72 hours. Each kidney was then split longitudinally in the
middle and embedded into paraffin blocks. Hematoxylin and eosin
staining was performed in 5-mm-thick tissue sections and three
sections per kidney were used for tumor scoring according to a
previously established formula (45).
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Statistical analyses
Normally distributed data were analyzed for statistical significance

with Student unpaired t test andmultiple comparisonsweremadewith
one-way and two-way ANOVAs with Bonferroni correction. In vivo
data are presented as the mean � 95% confidence interval (CI) and
in vitro studies are presented as the mean � SD (GraphPad Prism
version 7; GraphPad Software, www.graphpad.com).

Statistical significance was defined as P < 0.05.

Results
Chloroquine synergizes with ritanserin to selectively inhibit the
proliferation of TSC2-deficient cells

To search for therapeutic approaches selective against TSC2-defi-
cient cells, we performed a high-throughput compound screen of
approximately 7,000 FDA-approved and clinical trial drugs (see
Materials and Methods). Tsc2þ/þ and Tsc2�/� MEFs were treated
with either vehicle control (DMSO) or CQ (5 mmol/L). The potent
inducer of apoptosis, Staurosporine (2 mmol/L) was used as a positive
control. Sixteen hours later, cells were treated with compounds from
the library at a single commondose of 10mmol/L for 48 hours. Twenty-
two compounds that inhibited the proliferation of Tsc2�/� MEFs
treated with CQ were identified. Compounds that had no effect on
vehicle treated Tsc2�/� MEFs or Tsc2þ/þ MEFs were selected for
further study (Fig. 1A; Supplementary Fig. S1A).

We discovered that ritanserin strongly inhibited the proliferation of
Tsc2�/�MEFs treatedwithCQ,while it had no effect on the viability of
Tsc2þ/þ MEFs. Indeed, combination treatment with CQ (5 mmol/L)
and ritanserin (10 mmol/L) inhibited the proliferation of Tsc2�/�

MEFs by approximately 2.4-fold compared with untreated cells
(P < 0.0001; Fig. 1A and B). Combination treatment with CQ and
ritanserin strongly induced the apoptotic markers cleaved PARP and
cleaved caspase-3 in Tsc2�/�MEFs (Fig. 1C). Interestingly, treatment
of Tsc2�/� MEFs with a higher dose of ritanserin (20 mmol/L)
selectively blocked the proliferation of Tsc2�/� MEFs as early as after
48 hours of treatment (P < 0.0001; Fig. 1D and E).

CQ inhibits autophagy by increasing the pH of acidic organelles
including the lysosome. To determine whether the CQ effects
were mediated by inhibition of the autophagic pathway we used
Tsc2þ/þ andTsc2�/�MEFswithAtg5 knockout (sgAtg5). As observed
previously, ritanserin (20 mmol/L) selectively inhibited the prolifera-
tion of Tsc2�/� MEFs, independently of autophagy (P < 0.0001;
Fig. 1F). These data suggest that the proliferation phenotype we
observed in Tsc2-deficient cells following combination treatment with
CQ and ritanserin most likely involves the lysosome.

Ritanserin has been recently identified as a potent inhibitor of
DGKA, a lipid kinase that produces the second messenger phospha-
tidic acid. To determine whether the effects of ritanserin are due to
phosphatidic acid depletion, we added phosphatidic acid (100mmol/L)
to Tsc2�/� MEFs treated with ritanserin (20 mmol/L). Phosphatidic
acid add-back partially rescued the proliferation of Tsc2�/� MEFs
(50% rescue, 72 hours, P < 0.0001), suggesting that ritanserin inhibits
the proliferation of Tsc2-deficient cells in part by depleting phospha-
tidic acid pools (Fig. 1G). Interestingly, add-back of phosphatidic acid
(100 mmol/L) did not rescue the proliferation of EIPA-treated Tsc2�/�

MEFs, further highlighting the specificity of the mechanism through
which ritanserin depletes intracellular phosphatidic acid pools
(Supplementary Fig. S1B).

To examine that growth suppression by ritanserin is caused by
TSC2 loss, we examined the effects of this drug on two additional
cell line models of TSC2 deficiency: MEFs derived from Tsc2fl/fl

Rosa26-CreERT2 mice with tamoxifen-inducible loss of Tsc2
(Tsc2ko; Supplementary Fig. S1C and S1D), and TSC2-deficient
human kidney-derived angiomyolipoma cells (Supplementary
Fig. S1E and S1F). Combination treatment with CQ and ritanserin
inhibited the proliferation of Tsc2ko MEFs (�2.5-fold; P < 0.0001),
while no difference was observed in Tsc2-expressing MEFs
(Tsc2wt). In addition, treatment using 10 and 20 mmol/L ritanserin
inhibited the proliferation of TSC2-deficient angiolipoma (621-102
cells) by 20% and 50%, respectively, compared with TSC2-expres-
sing (621-103) cells (P < 0.0001). We next wanted to determine
whether ritanserin had any off-target effects in Tsc2-deficient cells.
We treated Tsc2-deficient 105K mouse kidney cystadenoma cells
with genetic inhibition of DGKA using increasing doses of ritan-
serin (Supplementary Fig. S1G). Interestingly, DGKA downregula-
tion with two shRNA clones decreased the proliferation of 105K
cells by 20% (P < 0.0001) compared with shRNA control cells.
Ritanserin treatment (1 and 2 mmol/L; 72 hours) had no additional
impact on the proliferation of shDGKA cells, indicating that the
observed inhibition of proliferation is most likely not due to off-
target drug effects. Higher doses of ritanserin (5 and 10 mmol/L)
inhibited the proliferation of shDGKA and shCTL cells equally. In
addition, the macropinocytosis inhibitor EIPA (6 mmol/L; 48 hours)
selectively inhibited the proliferation of Tsc2�/� MEFs and not
Tsc2þ/þ MEFs, suggesting that targeting macropinocytosis is a
possible therapeutic approach in TSC and lymphangioleiomyoma-
tosis (Supplementary Fig. S1H).

Genetic inhibition of DGKA synergizes with CQ to selectively
inhibit the proliferation of TSC2-deficient cells

To determine the role of DGKA in the proliferation of Tsc2-
deficient cells, we generated two cell lines with Tsc2 deficiency
with stable DGKA downregulation. We used three shRNA clones to
target DGKA in the Tsc2-deficient 105K and TTJ cells. Downregula-
tion of DGKA gene and protein expression was confirmed by qRT-
PCR and immunoblotting, respectively (Fig. 2A and B). Genetic
inhibition of DGKA decreased the proliferation of 105K cells by
10%–30% (P < 0.0001; Fig. 2C–E). Interestingly, treatment with CQ
(5 mmol/L) further inhibited the proliferation of 105K cells with
DGKA downregulation by 70%–90% (P < 0.0001). Similarly, DGKA
downregulation decreased proliferation of Tsc2-deficient TTJ cells by
20%–45% (P < 0.0001; Fig. 2F–H). As seen with 105K cells, DGKA
downregulation sensitized TTJ cells to CQ treatment (5 mmol/L) and
almost completely inhibited their growth (50%–90%, P < 0.0001).
These data suggest that DGKA is required for Tsc2-deficient cell
proliferation and creates a vulnerability to treatment with CQ. More-
over, our results on genetic inhibition of DGKA and CQ treatment
confirm our earlier observations (Fig. 1) with combination treatment
with CQ and ritanserin.

Because ritanserin treatment had a dramatic impact on the prolif-
eration of TSC2-deficient cells, we focused on its role in TSC path-
ogenesis. First, we quantified the expression levels of DGKA in Tsc2-
expressing and Tsc2-deficient cells. DGKA expression was increased
by 2.7-fold inTsc2�/�MEFs, comparedwithTsc2þ/þMEFs (P< 0.05).
Interestingly, rapamycin treatment (20 nmol/L; 24 hours) further
increased expression of DGKA in Tsc2�/� MEFs by 5-fold (P <
0.001), while Torin1 treatment (250 nmol/L; 24 hours) had no impact
on DGKA expression (Fig. 2I). DGKA gene expression in Tsc2þ/þ

MEFs was not affected by rapamycin or Torin1 treatments, indicating
that increasedDGKA expression inmTORC1-hyperactive cellsmay be
a compensatory mechanism activated in response to mTORC1 inhi-
bition. Second, DGKA expression was increased by 40% (P < 0.01) in
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human angiomyolipomas, compared with normal kidney tissues
(Fig. 2J). There are nine members in the diacylglycerol kinase family
of proteins. We assessed the remaining DGKs and found that DGKD,
DGKQ, and DGKZ are also highly expressed in angiomyolipoma

tissues compared with normal kidney tissue (Supplementary
Fig. S2A). Finally, increased activity of DGKA has been associated
with increased tumor progression in multiple cancers (33). Therefore,
we sought to determine the activity of DGKA in Tsc2-deficient cells.
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Figure 1.

Chloroquine synergizes with ritanserin to selectively inhibit the proliferation of Tsc2-deficient cells. A, Combination treatment with CQ (5 mmol/L) and ritanserin
(10 mmol/L) inhibits the proliferation of Tsc2�/� MEFs (left). Top 10 compounds identified from the high-throughput drug screen (right). Ritanserin selectively
decreased the proliferation of Tsc2�/�MEFs (�10-fold; compared with untreated Tsc2þ/þMEFs).B, Ritanserin or combination treatments had no impact on Tsc2þ/þ

MEFs. C, Immunoblotting shows that combination treatment with CQ (5 mmol/L) and ritanserin (10 mmol/L) induces apoptosis in Tsc2�/�MEFs (24 hours). D and E,
Ritanserin (20 mmol/L) blocks the proliferation of Tsc2�/� MEFs but not Tsc2þ/þ MEFs. F, Ritanserin inhibits the proliferation of Tsc2�/� MEFs regardless of their
autophagic status. Values are shown as fold-change (FC) normalized to the day of seeding. G, Ritanserin-mediated inhibition of proliferation is reversed by adding-
back phosphatidic acid (100 mmol/L; 72 hours). Proliferation was quantified using crystal violet staining. Data represented as mean� SD of six biological replicates.
Statistical significance was assessed using two-way and one-way ANOVAs with Bonferroni correction with �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001.
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Figure 2.

Genetic inhibition of DGKA sensitizes TSC2-deficient cells to chloroquine treatment. A, Immunoblots confirmed downregulation of DGKA in Tsc2-deficient
105K and TTJ cells. B, Quantitative real-time PCR confirmed DGKA gene knockdown. C–E, Genetic inhibition of DGKA sensitized Tsc2-deficient 105K cells to
CQ (5 mmol/L). Three shRNA clones against DGKA were tested. F–H, Genetic inhibition of DGKA sensitized Tsc2-deficient TTJ cells to CQ treatment (5
mmol/L). Proliferation was quantified using crystal violet staining. Values are shown as fold-change (FC) normalized to the day of seeding. I, Quantitative
real-time PCR shows increased expression of Dgka in Tsc2�/� MEFs compared with Tsc2þ/þ MEFs. Rapamycin treatment (20 nmol/L) further increased
Dgka expression, while Torin1 (250 nmol/L) had no effect. Rapamycin and Torin1 had no impact on the expression of Dgka in Tsc2þ/þ MEFs. Data are from
three biological replicates for each condition. J, Dgka gene expression is elevated in renal angiomyolipoma tissues (n ¼ 28) compared with normal kidney
tissues (n ¼ 8). Statistical significance was assessed using Mann–Whitney test (P ¼ 0.0191). K, Diacylglycerol kinase activity is enhanced in Tsc2�/� MEFs
compared with Tsc2þ/þ MEFs. ATP was used as a positive control. Data are represented as mean � SD. For two-group comparisons, unpaired t test was
used. Two-way ANOVA test with Bonferroni correction was applied for comparing multiple groups. Statistical significance was determined as � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001.
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Indeed, DGKA activity was found to be increased in Tsc2�/�MEFs (2-
fold; P < 0.01) compared with Tsc2þ/þ MEFs (Fig. 2K). These results
suggest thatDGKA gene expression and activity are important in TSC
and may play an important role in disease progression.

Ritanserin blocks macropinocytosis and lysosomal processing
of nutrients in TSC2-deficient cells

We next hypothesized that ritanserin treatment inhibits the pro-
liferation of TSC2-deficient cells, by reducing phosphatidic acid levels.
In support of this hypothesis, we observed that add-back of phospha-
tidic acid, themetabolic product ofDGKA, can rescue the proliferation
of TSC2-deficient cells treated with ritanserin (Fig. 1G). To determine
the role of ritanserin and DGKA in nutrient uptake via macropino-
cytosis we measured exogenous nutrient uptake using fluorescently
labeled dextran (0.5 mg/mL, 70 kDa) and albumin (BSA-TMR;
0.5 mg/mL). In support of previously published data (11), macro-
pinocytosis is increased by 3-fold in Tsc2�/� MEFs compared with
Tsc2þ/þMEFs (Fig. 3A). In addition, treatment of Tsc2�/�MEFswith
ritanserin (10 mmol/L; 16 hours) inhibited dextran uptake almost
completely (90%, P < 0.0001; Fig. 3A andC; Supplementary Fig. S3A).
Adding back phosphatidic acid (100 mmol/L) to ritanserin-treated
Tsc2�/� MEFs restored macropinocytosis, indicating that ritanserin
indeed inhibits macropinocytosis by depleting intracellular pools of
phosphatidic acid. To further characterize the impact of ritanserin
on macropinocytosis in the setting of TSC2 deficiency, we quan-
tified the uptake of fluorescent albumin (BSA, 0.5 mg/mL). Treat-
ment with ritanserin (10 mmol/L; 16 hours), inhibited the uptake of
BSA by approximately 70% (P < 0.0001; Fig. 3B; Supplementary
Fig. S3B). As expected, treatment with the macropinocytosis inhib-
itor EIPA (25 mmol/L; 16hours) also decreased dextran and BSA
uptake by approximately 70% (P < 0.0001). To ensure that
cells being assessed for macropinocytosis are not undergoing cell
death, we quantified cell proliferation following drug treatments.
There was no observed impact on the proliferation of Tsc2þ/þ

and Tsc2�/� MEFs at the 16-hour timepoint (Supplementary
Fig. S3C). Interestingly, treatment with phosphatidic acid (100
mmol/L; 16 hours) increased the uptake of dextran (�15%) and
BSA (�20%; Fig. 3A and B) and induced the phosphorylation of S6
kinase, downstream of mTORC1 in both Tsc2þ/þ and Tsc2�/�

MEFs (Supplementary Fig. S3D). This finding suggests that phos-
phatidic acid induces mTORC1 activation downstream of TSC2 and
further highlights the dependency of TSC2-deficient cells on
DGKA-mediated macropinocytosis. To further confirm that macro-
pinocytosis is mediated via DGKA, we performed the dextran
uptake assays in TSC2-expressing (105KþTSC2) and TSC2-defi-
cient (105K-EV) cells with stable downregulation of DGKA. Genet-
ic inhibition of DGKA decreased macropinocytosis-mediated
uptake of dextran in TSC2-deficient cells by approximately 45%
(P < 0.0001) and had minimal impact on the uptake of dextran in
TSC2-expressing 105K cells (Fig. 3D). These data suggest that the
enhanced macropinocytosis in TSC2-deficient cells is in part medi-
ated by DGKA.

Macropinocytosis-mediated nutrient uptake and endocytic traf-
ficking requires phosphatidic acid for successful delivery to the
lysosome for degradation via the endolysosomal network (24). To
assess the impact of ritanserin on the endolysosomal homeostasis of
TSC2-deficient cells, we used lysotracker to quantify acidic orga-
nelles, including lysosomes, following ritanserin treatment. Inter-
estingly, Tsc2�/� MEFs have an increased number of acidic orga-
nelles compared to Tsc2þ/þ MEFs as shown by lysotracker staining.
Ritanserin treatment (10 mmol/L; 16 hours) decreased the number

acidic organelles in Tsc2�/� MEFs by 45% (P < 0.0001, Fig. 3E;
Supplementary Fig. S3E). Combination treatment with CQ (5 mmol/L)
and ritanserin further limited acidic organelles in Tsc2�/� MEFs
(80%, P < 0.0001). Inhibition of mTORC1 activity using rapamycin
(20 nmol/L; 16 hours) strongly inhibited acidic organelles only in
Tsc2�/� MEFs, suggesting that mTORC1 activity is necessary for
maintaining endolysosomal homeostasis. To determine whether
this finding is limited to DGKA inhibition, we targeted macro-
pinocytosis with EIPA (25 mmol/L; 16 hours), which also inhibited
acidic organelles in Tsc2�/� MEFs (Supplementary Fig. S3F).
To determine the impact of inhibiting macropinocytosis on the
lysosomal function of Tsc2�/� MEFs, we employed a fluorogenic
substrate (DQ-BSA) that emits fluorescence upon lysosomal pro-
teolysis. We observed that lysosomal activity in Tsc2�/� MEFs was
increased approximately 1.5-fold compared with Tsc2þ/þ MEFs
(P < 0.0001; Fig. 3F). Interestingly, ritanserin treatment inhibited
lysosomal activity by 67% (P < 0.0001; Fig. 3G). In summary, these
findings indicate that DGKA plays a critical role in regulating
macropinocytosis, lysosomal number, and lysosomal activity.
Furthermore, our results identify ritanserin as a potent macropi-
nocytosis inhibitor in mTORC1-hyperactive cells that functions by
depleting intracellular phosphatidic acid pools.

Ritanserin treatment induces metabolic reprogramming in
TSC2-deficient cells

Because we observed a reduction in macropinocytosis and lyso-
somal function following ritanserin treatment, we investigated
the role of ritanserin in the metabolism of TSC2-deficient cells by
performing targeted metabolomics. Tsc2�/� MEFs treated with ritan-
serin (10 mmol/L; 16 hours) showed a distinct metabolic signature
(Fig. 4A). Pathway enrichment analysis revealed the strong induction
of metabolic pathways including phospholipid synthesis (Fig. 4B).
Purine metabolism and phospholipid metabolism were among the
most enriched metabolic pathways upon ritanserin treatment.
Importantly, ritanserin treatment decreased most of the interme-
diate metabolites belonging to the pentose phosphate pathway
(PPP; Fig. 4C–G). The PPP, which is often upregulated in cancer,
is the main source of cellular NADPH and ribose-5 phosphate for
nucleotide synthesis. Indeed, the metabolic product of the PPP,
ribose-5 phosphate (R-5P) was decreased by 35% following ritan-
serin treatment (P < 0.05; Fig. 4G). The two purine nucleotides
derived from R-5P, adenine and guanine, were also decreased
by 30% (P < 0.01) and 67% (P < 0.01), respectively, following
ritanserin treatment, indicating that ritanserin induces nucleotide
metabolic reprogramming in Tsc2-deficient cells (Fig. 4H and I).
To determine whether ritanserin is involved in the modulation of
the PPP, we assessed the expression of glucose 5-phosphate dehy-
drogenase (G6PD) and phosphogluconate dehydrogenase (PGD;
Supplementary Fig. S4A and S4B). G6PD and PGD are part of the
oxidative branch of the PPP and regulate the initial steps of PPP-
derived nucleotides. Ritanserin increased the expression of PGD but
not G6PD in Tsc2�/� MEFs, indicating that the observed metabolic
reprogramming upon ritanserin treatment is caused because of
depletion of nutrients upstream of the PPP. Furthermore, the
nucleosides xanthosine and inosine where decreased following
ritanserin treatment in Tsc2�/� MEFs. The pyrimidines cytosine,
thymine, and uracil were not impacted, suggesting that ritanserin-
induced metabolic alterations are specific to purine rather than
pyrimidine synthesis (Supplementary Fig. S4C and S4D). Interest-
ingly, decreased PPP activity and low NADPH levels lead to reduced
lipid synthesis in diabetes and cancer (46). Therefore, our findings
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Figure 3.

Enhanced macropinocytosis in Tsc2-deficient cells is mediated via DGKA. A,Macropinocytosis is enhanced (3-fold) in Tsc2�/� MEFs compared with Tsc2þ/þ MEFs.
Ritanserin (10 mmol/L; 16 hours) inhibited the macropinocytic uptake of dextran (0.5 mg/mL, FITC-Dextran) selectively in Tsc2�/� MEFs. Phosphatidic acid
(100 mmol/L) restored macropinocytosis of ritanserin-treated Tsc2�/� MEFs to levels compared with that of untreated cells. B, Exogenous protein uptake
(0.5 mg/mL, BSA-TMR) was increased in ritanserin (10 mmol/L; 16 hours)-treated Tsc2�/� MEFs compared with Tsc2þ/þ MEFs. Phosphatidic acid (100 mmol/L)
partially rescued macropinocytosis in Tsc2�/� MEFs. As expected, EIPA (25 mmol/L;16 hours) inhibited macropinocytic dextran and BSA uptake. C, Confocal
microscopy shows that ritanserin inhibits macropinocytic uptake of dextran (10 mmol/L; 16 hours). D, Genetic downregulation of DGKA inhibits macropinocytic
dextran uptake (0.5mg/mL, FITC-Dextran). E, Lysotracker staining revealed that ritanserin (10 mmol/L; 16 hours) reduces lysosome numbers in Tsc2�/�MEFs but not
in Tsc2þ/þ MEFs. Combination treatment with CQ and ritanserin further inhibited lysosomal numbers. mTORC1 inhibitor rapamycin (20 nmol/L; 16 hours) strongly
decreased lysosomes in Tsc2�/� MEFs but not in Tsc2þ/þ MEFs. F and G, Lysosomal activity is enhanced in Tsc2�/� MEFs compared with Tsc2þ/þ MEFs. Ritanserin
treatment (10 mmol/L; 16 hours) decreased lysosomal activity by 50% (0.2 mg/mL; DQ-BSA). Data represented as mean � SD from three biological replicates.
Statistical significance was assessed using two-way ANOVA with Bonferroni correction with ��� , P < 0.001; ���� , P < 0.0001.
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Figure 4.

Ritanserin treatment rewires purine metabolism in Tsc2-deficient cells. A, Hierarchical clustering and heatmap showing the top 50 differential metabolites in
ritanserin-treated Tsc2�/�MEFs.B,Metabolite set enrichment analysis identified differentially regulatedmetabolic pathwayswith FDR q <0.05. C–G, LC/MS reveals
that pentosephosphate pathway intermediatemetabolites aredecreasedupon ritanserin treatment (10mmol/L; 16 hours).Hand I,Purines adenosine andguanine are
decreased following ritanserin treatment. Data presented as mean � SD of four biological replicates. Statistical significance was assessed using t test with FDR
correction (q < 0.05) and � , P < 0.05; �� , P < 0.01.
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indicate that ritanserin may impact lipid homeostasis by depleting
DGKA-dependent phosphatidic acid pools (Fig. 3A and B) and
by decreasing pentose phosphate pathway metabolites in TSC2-
deficient cells.

Ritanserin rewires phospholipid metabolism in
TSC2-deficient cells

Our targeted metabolomics analysis indicated that the phospho-
lipid biosynthesis pathway was enriched upon ritanserin treatment
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Figure 5.

Ritanserin induces phospholipid reprogramming in Tsc2-deficient cells. A, Schematic representation of diacylglycerol metabolism to phosphatidic acid via DGKA.
B,Phosphatidic acid levels are elevated in Tsc2�/�MEFs comparedwith Tsc2þ/þMEFs. Ritanserin treatment (10mmol/L; 16 hours) decreases phosphatidic acid levels
in Tsc2�/�MEFs but not in Tsc2þ/þMEFs.C–G,DGKA inhibition by ritanserin leads to accumulation of diacylglycerol and phospholipids PI, PC, PS, and PE similarly in
Tsc2�/� MEFs and in Tsc2þ/þ MEFs. Data presented as mean � SD of the sum of each lipid species from three biological replicates. Statistical significance was
assessed using t test with FDR correction (q < 0.05) and � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001.
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(P < 0.001; Fig. 4B). To further characterize the metabolic impact of
ritanserin treatment in Tsc2-deficient cells, we used LC/MS to
perform lipidomic analysis in Tsc2�/� MEFs treated with ritanserin
(10 mmol/L; 16 hours) or vehicle control. Interestingly, phospha-
tidic acid levels were elevated 2.5-fold (P < 0.01) in Tsc2�/� MEFs
compared with Tsc2þ/þ MEFs (Fig. 5B; Supplementary Fig. S5A).
Treatment with ritanserin resulted in a striking decrease of phos-
phatidic acid compared with vehicle-treated Tsc2�/� MEFs (80%;
P < 0.0001). Interestingly, phosphatidic acid levels in Tsc2þ/þ MEFs
were not impacted by ritanserin treatment. As expected, ritanserin
increased diacylglycerol levels, the metabolic precursor of phos-
phatidic acid, by approximately 30% (P < 0.05) and approximately
2-fold in Tsc2�/� MEFs and Tsc2þ/þ MEFs, respectively (Fig. 5C;
Supplementary Fig. S5B). Accumulation of diacylglycerol following
ritanserin treatment led to subsequent increase in multiple phos-
pholipids, including phosphatidylinositol (PI, 2-fold, P < 0.05),
lysophosphatidylcholine (50%, P < 0.01), phosphatidylserine (PS,
60%, P < 0.05), and phosphatidylethanolamine (PE, 40%, P < 0.05)
in Tsc2�/� MEFs (Fig. 5D–G; Supplementary Fig. S5C–S5F).
Similar changes were observed in ritanserin treated Tsc2þ/þ MEFs.
These findings provide further evidence that ritanserin targets

DGKA-mediated metabolism of diacylglycerol to phosphatidic
acid specifically in Tsc2-deficient cells, creating a metabolic
dependency.

Diacylglycerol and phosphatidic acid play a fundamental role in
cellular metabolic homeostasis, functioning both as components of
membranes as well as intermediates in lipid metabolism (Fig. 5A).
Interestingly, diacylglycerol can be metabolized to produce trigly-
cerides or phospholipids. Triglycerides and cholesterol are polar
lipid moieties that are used for lipid storage in the form of lipid
droplets (47). To further characterize the impact of ritanserin on
the lipidome of Tsc2-deficient cells, we visualized lipid droplets
using confocal microscopy in Tsc2-expressing and Tsc2-deficient
cells treated with ritanserin or vehicle control. Lipid droplet stain-
ing using BODIPY (10 mmol/L, BODIPY 493/503) revealed that
ritanserin treatment reduces the formation of lipid droplets in
Tsc2�/� MEFs by 50% (P < 0.05) compared with untreated cells
(Fig. 6A and B). Interestingly, ritanserin had no impact on lipid
droplets in Tsc2þ/þ MEFs (Fig. 6C). These data suggest diacylgly-
cerol accumulation following ritanserin treatment depletes storage
of lipids in the form of lipid droplets, in favor of phospholipid
biosynthesis.

A

Tsc2-/-

Vehicle

Tsc2-/-

Ritanserin

Tsc2+/+

Vehicle

DAPI BODIPY Phalloidin Merge

CB

Tsc2+/+

Ritanserin

Vehicle Ritanserin
0.0

0.5

1.0

1.5

2.0
Lipid droplets

Tsc2+/+ MEFs

M
ea

n 
flu

or
es

ce
nc

e 
in

te
ns

ity

M
ea

n 
flu

or
es

ce
nc

e 
in

te
ns

ity

Vehicle Ritanserin
0.0

0.5

1.0

1.5
Lipid droplets

Tsc2-/- MEFs

*

30 μm 30 μm 30 μm 30 μm

30 μm 30 μm 30 μm 30 μm

30 μm 30 μm 30 μm 30 μm

Figure 6.

Lipid droplet formation in Tsc2-deficient cells is
mediated via DGKA. A, Representative images from
Tsc2þ/þ and Tsc2�/� MEFs treated with vehicle
control (DMSO) or ritanserin (10 mmol/L; 16 hours).
Lipid droplet content (10 mmol/L BODIPY 493/500)
was increased in Tsc2�/� MEFs compared with
Tsc2þ/þMEFs. F-actinwasvisualized usingPhalloidin
578/600 (10 mmol/L). B and C,Quantification of lipid
droplets in Tsc2�/� and Tsc2þ/þ MEFs following
ritanserin treatment using CellProfiler (Broad Insti-
tuteMIT and Harvard, Cambridge, MA). Fluorescence
intensity is represented as mean� SD from >20 cells
per condition. Statistical significance was assessed
using unpaired t test with � , P < 0.05.
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Therapeutic targeting of DGKA suppresses tumorigenesis in
preclinical models of TSC and lymphangioleiomyomatosis

We next sought to determine whether targeting DGKA can be a
potential therapeutic approach for patients with TSC and lym-
phangioleiomyomatosis. We assessed the ability of Tsc2-deficient

cells with genetic downregulation of DGKA to form lung lesions
using a preclinical model of lymphangioleiomyomatosis (44).
Indeed, DGKA downregulation prevented alveolar enlargement
in the lungs of mice injected with Tsc2-deficient TTJ cells by
30% compared with Tsc2-deficient cells expressing control shRNA
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Figure 7.

Therapeutic targeting of DGKAdecreases alveolar airspace enlargement in a preclinicalmodel of lymphangioleiomyomatosis and prevents cyst formation in amodel
of TSC.A,Mean linear intercept quantification shows thatDGKAdownregulation decreases the alveolar airspace in lung sections fromNCrmice injectedwith 3million
shDGKA (n¼ 4 mice) or shCTL (n¼ 5 mice) TTJ cells. B, Hematoxylin and eosin–stained lung sections from mice injected with shCTL or shDGKA TTJ cells. C, Body
weight ofmice injectedwith shCTL TTJ cells decreased by 20% 19days after injection.D andE,Ritanserin (20mg/kg/daily) reduced the number of lesions and overall
tumor burden of Tsc2þ/�A/J mice after 30 days of treatment. F, Hematoxylin and eosin–stained kidney sections frommice treated with vehicle (top) and ritanserin
(bottom). Data are represented as mean � SD and statistical significance was assessed using unpaired t test with � , P < 0.05.
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(P < 0.01; Fig. 7A). Importantly, lungs with TSC2-deficient lesions
contained multiple enlarged airspace regions, which were dis-
persed throughout the lung (Fig. 7B, top). In Tsc2-deficient lesions
with DGKA downregulation, the alveolar airspace was decreased,
suggesting that DGKA can be therapeutically targeted in lymphan-
gioleiomyomatosis (Fig. 7B, bottom). Consistent with previous
reports, mice injected with TTJ-shCTL cells progressively lost
weight, which is indicative of disease progression (Fig. 7C). In
contrast, there was no change in body weight of mice injected with
TTJ-shDGKA-3.

To assess the impact of ritanserin treatment on mTORC1-driven
tumorigenesis, we used Tsc2þ/� mice, which develop renal cysts and
cystadenomas and better recapitulates human TSC (48). Seven-month
AJ Tsc2þ/� mice (10/group) were treated with ritanserin (20 mg/kg/
daily) or vehicle control for 30 days and the tumor burden was
assessed. Interestingly, ritanserin treatment reduced the number of
lesions per kidney by 33% (P < 0.0001; Fig. 7D) as well as the overall
kidney tumor volume by 25% (P < 0.05; Fig. 7E and F). These data
suggest that targeting DGKAmay be a novel therapeutic approach for
patients with TSC and lymphangioleiomyomatosis.

Discussion
In this study, we performed a high-throughput drug screen to

identify compounds that target the metabolic vulnerabilities of
TSC2-deficient cells. We used chloroquine because previous studies
have suggested that the low levels of autophagy (a consequence of
mTORC1 hyperactivation) result in metabolic rewiring in TSC (36).
We discovered that ritanserin (10 mmol/L), in combination with CQ,
selectively inhibits the proliferation of Tsc2-deficient MEFs (Fig. 1;
Supplementary Fig. S1). Surprisingly, when used at a higher dose (20
mmol/L), ritanserin completely blocks the proliferation of Tsc2�/�

MEFs with minimal impact on Tsc2þ/þ MEFs. Although ritanserin
was initially identified as a serotonin receptor antagonist, multiple
subsequent studies have shown that it potently inhibits the lipid kinase
DGKA (27, 32). We discovered thatDGKA expression and activity are
increased in Tsc2�/� MEFs (Fig. 2). This is particularly interesting,
because recent work has shown that DGKA, DGKD, DGKQ, and
DGKZ are elevated in TSC patient-derived angiomyolipomas (40).
Because DGKA regulates cellular membrane homeostasis (24), and
macropinocytosis is a critical survival mechanism of TSC2-deficient
cells (11), we examined the impact of ritanserin on macropinocytic
nutrient uptake.

We discovered that ritanserin is a potent macropinocytosis inhib-
itor in TSC2-deficient cells (Fig. 3). This discovery is interesting and
important since, macropinocytosis is upregulated in many human
tumors and is an especially important nutrient acquisitionmechanism
in pancreatic cancer (13, 18, 49). In addition, aberrant activation of
mTORC1 is associated withmost humanmalignancies (50). To date, it
has been challenging to target macropinocytosis, because the most
widely used inhibitor EIPA (amiloride) is an antihypertensive (51).
Ritanserin, which has a very favorable safety profile, could be useful
both experimentally and in clinical trials.

An increasing body of evidence indicates that phospholipids play a
critical role in macropinocytosis (52). In cancer cells, macropinocy-
tosis is in part driven by activation of phospholipid synthesis enzymes
including, PI3K, and phospholipase C (53–55). Diacylglycerol kinases
are also known to be recruited to the plasma membrane where they
initiate membrane ruffling (the first step in macropinocytosis) via
activation of protein kinase c and Rac1 (56). Interestingly, our

lipidomic analysis revealed that ritanserin inhibits DGKA-mediated
metabolism of diacylglycerol, which results in depletion of phospha-
tidic acid and inhibition of macropinocytosis in TSC2-deficient cells
(Figs. 3 and 5). Lipid metabolism is altered in TSC and lymphangio-
leiomyomatosis, especially because lymphangioleiomyomatosis cells
and serum from patients with lymphangioleiomyomatosis exhibit a
distinct lipidomic signature with elevated lysophosphatidylcholine,
fatty acids and phospholipids compared with healthy women (57–59).
In addition, renal angiomyolipomas, the most prevalent tumor in
patients with TSC and lymphangioleiomyomatosis, are characterized
by increased lipid accumulation as a consequence of aberrant
mTORC1 activation (60, 61). We discovered that ritanserin rewires
the phospholipid metabolism of TSC2-deficient cells by depleting
neutral lipid storage (lipid droplets) while enhancing synthesis of
more bioenergetically favorable phospholipids (Fig. 6). These data
taken together with our lipidomic analyses indicate that DGKAplays a
crucial role maintaining phospholipid homeostasis and uncover a
novel link between macropinocytosis and lipid metabolism in TSC2-
deficient cells.

Identifying ritanserin as a potential treatment for TSC is particularly
interesting, since earlier drug screens performed in TSC2-deficient
cells have also identified SSRIs and antipsychotics as possible thera-
peutic approaches (62, 63). In addition, ritanserin has demonstrated
efficacy in mouse models of metastatic brain tumors (64) and in lung
cancer (32). Ritanserin has been used in several clinical trials and
exhibits a promising pharmacologic profile, including an extensive
half-life window (40 hours) and blood–brain barrier penetration (65).
Therefore, this agent could be rapidly translated to clinical practice,
with potential impact for patients with TSC and lymphangioleiomyo-
matosis, as well as for macropinocytic tumors such as pancreatic
cancer.
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