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Abstract

Hepatocytes store triglycerides (TGs) in the form of lipid droplets (LDs), which are
increased in hepatosteatosis. The regulation of hepatic LDs is poorly understood and
new therapies to reduce hepatosteatosis are needed. We performed a siRNA kinase
and phosphatase screen in HuH-7 cells using high-content automated imaging of LDs.
Changes in accumulated lipids were quantified with developed pipeline that measures
intensity, area, and number of LDs. Selected “hits,” which reduced lipid accumula-
tion, were further validated with other lipid and expression assays. Among several
siRNAs that resulted in significantly reduced LDs, one was targeted to the nuclear
adapter protein, transformation/transcription domain-associated protein (TRRAP).
Knockdown of TRRAP reduced triglyceride accumulation in HuH-7 hepatocytes, in
part by reducing C/EBPa-mediated de novo synthesis of TGs. These findings im-
plicate TRRAP as a novel regulator of hepatic TG metabolism and nominate it as a

potential drug target for hepatosteatosis.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Non-alcoholic fatty liver disease is a major public health issue that is not well-
understood and has limited therapeutic options.

WHAT QUESTION DID THIS STUDY ADDRESS?

The purpose of the study was to identify novel candidates involved with lipid metabo-
lism, and understand their influence in hepatosteatosis.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

The study proposes a robust high-throughput approach for identifying potential
candidates involved with lipid metabolism. Transformation/transcription domain-
associated protein, a nuclear adapter protein, was identified that regulates hepatic
triglyceride metabolism and serves as a potential target for hepatosteatosis. The ap-
proach can be extended to other model systems to identify novel genes and pathways
by phenotypic screening approach to search for unmet need for therapies.
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HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

The study proposes a new candidate that promotes lipid droplet formation in hepato-
cytes and could be a target for therapeutic inhibition.

INTRODUCTION

Hepatic lipid droplets (LDs) mainly consist of triglycerides
(TGs)'™ and are regulated by a dynamic process of lipid
synthesis, TG hydrolysis, fatty acid 3-oxidation, and TG se-
cretion.*> Accumulation of LDs in hepatocytes is the charac-
teristic feature of non-alcoholic fatty liver disease (NAFLD),
which is often associated with obesity, type 2 diabetes, and
dyslipidemia, and can progress to non-alcoholic steatohepa-
titis and hepatic fibrosis.®” Some of the pathways and key
proteins responsible for hepatocyte LD formation, growth,
and interaction with different organelles have been eluci-
dated.’ However, there is still a lack of understanding about
the processes that influence LD accumulation in the liver and
there is a relative lack of validated therapeutic targets for the
treatment of NAFLD.*’

In recent years, the advent of high throughput RNAi screens
has enabled the study of cell biological processes in an unbi-
ased manner.'’ Furthermore, high-content screening (HCS) has
made it possible to use imaging in high-throughput screens.'’ A
few reports of image-based RNAI screens have been performed
to dissect the biology of LDs.'>!* However, these studies used
BODIPY for LD imaging, which is confounded by high back-
ground staining and rapid signal photo-bleaching. Further, LD
quantification by colorimetric biochemical assay lacks precision
and sensitivity for discrimination between variable sized LDs
and cell debris."* To facilitate the search for new molecules and
potential therapeutic targets involved with hepatocyte TG me-
tabolism and LD formation, we established a high throughput
screening platform for the quantification of LD accumulation
in human HuH-7 cells using a high-content cell-based fluores-
cent imaging assay. A focused high-throughput HCS against the
kinome and phosphatome was performed using this platform.
We identified several novel candidates regulating LDs, includ-
ing transformation/transcription domain-associated protein
(TRRAP), which we demonstrate is involved in the regulation
of TG synthesis and accumulation in hepatocytes.

MATERIALS AND METHODS
Cells

HuH-7 cells were from the JCRB cell bank and maintained
in DMEM with 10% fetal bovine serum (FBS) and 1% an-
tibiotics. Cell line was checked for mycoplasma and other
contaminants.

High-throughput siRNA screen

The Ambion Silencer Select (Life Technologies) siRNA library
was arrayed in 384-well plates with 3 siRNAs against a single
gene target pooled in one well. Assay ready plates (384-well)
were prepared by spotting 1 pl of 1.5 pM siRNA from a stock
plate, heat sealed, and stored at —80°C until use. Each assay
plate contains siRNAs to 352 independent gene targets. Prior
to use, assay plates were thawed at room temperature and 1 pl
of 1.5 uM control siRNAs were manually added to columns 23
and 24. For negative controls, cells were transfected with 30 nM
siRNA against GAPDH, Luciferase, GFP, and sequences that
do not target a human cellular gene, respectively. As a positive
control for functional transfection, cells were transfected with
30 nM siDeath (Qiagen). Lipofectamine RNAIMAX (0.1 pl/
well) was diluted in OptiMEM (Invitrogen) and equilibrated for
30 min at room temperature prior to dispensing 10 pl to siRNA
containing assay ready plates using a Multidrop Combi Reagent
Dispenser (Thermo Scientific). The siRNA lipid mixture was
incubated at room temperature for 30 min. Then, 40 ul of
HuH-7 cells (500/well) in antibiotic free DMEM with 10% FBS
was dispensed to assay plates using a Multidrop combi. Assay
plates were incubated for 3 days at 37°C, 5% CO,, and 20% O,
in a humidified chamber. Growth medium removed and cells
were refed with 40 ul DMEM with 1.5% bovine serum albumin
(BSA). Plates were incubated for an additional 24 h at 37°C, 5%
CO,, and 20% O,. Cells were fixed with 4% formaldehyde and
then stained with a 1:1000 dilution of LipidTox (ThermoFisher)
and nuclei were counterstained with 4 pg/ml Hoechst dye. LDs
and nuclei were imaged at X10 on an automated ImageXpress
Micro (Molecular Devices), 4 sites per well. The number of
nuclei, LDs, LD intensity, and LD area were quantified using
a Granularity application module in Metaxpress version 5.3.05,
(Molecular Devices). Nuclei counts, LD count, LD intensity,
and LD area were normalized to aggregated negative control
wells and expressed as percentage of control (POC = observed/
NegC,,,) and z-score (Z-score = observed-NegC,,/NegCyqe,)
in Spotfire (PerkinElmer). Candidate hits were defined by a z-
score less than or equal to —1.5. Captured images were further
scored to validate the reported change in LD intensity, number,
area, and localization of LDs.

LipidTOX staining

HuH-7 cells were washed with phosphate-buffered saline
(PBS) and incubated with LipidTOX (1:1000) and DAPI for
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30 min in the dark at room temperature. After 30 min, stain-
ing solution was replaced with PBS and plates were stored in
the dark at 4°C until imaging.

Triglyceride measurement

For detection of TGs by colorimetric enzymatic assay, HuH-7
cells were washed with PBS and incubated with 3:2 Hexane:
Isopropanol for 2 h. Extracted lipid was dried under N, and
reconstituted in 500 pl of 15% Triton X-100 in chloroform.
Later, it was dried under N, and reconstituted in 30 pl of
water. Then, 10 pl of extracted lipid was used for colorimet-
ric TGs measurement by enzymatic assay (ThermoFisher)
using commercial lipid standard.

For detection of newly synthesized TGs, HuH-7 cells were
incubated with 10 uCi/ml of 1,2,3—[3H] Glycerol (American
Radiolabeled Chemicals) with 0.2 mM oleic acid (OA) for
4 h. Lipid was extracted from cells using 3:2 hexane:isopro-
panol according to the method of Bligh and Dyer15 and media
using 2:1 chloroform:methanol using the Folch method'® and
was dried under N, gas. It was then resuspended in hexane,
spotted, and separated on silica 60 TLC plates and visual-
ized using iodine. Total protein was recovered by solubiliz-
ing the remaining cells in 0.1 N NaOH and measured using
bicinchoninic acid (BCA) assay (Pierce, Thermo Fisher
Scientific). Measured lipid counts were then normalized to
the total cell protein from respective wells.

De novo lipogenesis

For de novo lipogenesis, HuH-7 cells were labeled with 1 uCi/
ml of *C-Acetate for 1 h. Lipid was extracted as described
above and separated on TLC. The mobile phase used for
lipid separation consists of hexane:diethyl ether:acetic acid
(170:30:1) and visualized using iodine. The plasma lipids
(PLs), fatty acid (FA), TGs, and cholesterol ester spots were
scraped, and the counts in each spot were measured using a
beta counter (Beckman Coulter). Counts were measured and
normalized to protein from respective wells as measured by
BCA.

ApoB100 measurement

At 72 h post-transfection, the media of HuH-7 cells was
replaced with serum free and methionine- and cysteine-
free DMEM with 1.5% BSA for 2 h and then labeled for 2
h with 200 pCi of [*s) methionine/cysteine labeling mix
(PerkinElmer Life Sciences) in the same media. At the end
of the 2-h label, the media was collected and cells were
lysed. Immunoprecipitation of proteins from each sample

ASCPT

was carried out by incubating media and cell lysates with
antibodies against apoB (Calbiochem) or albumin (Sigma)
and Protein A-agarose at 4°C for an additional 16 h. The
beads were washed with NET buffer, and proteins were
released with sample buffer (0.125 M Tris-HCI [pH 6.8],
4% sodium dodecyl sulfate [SDS], 20% glycerol, and 10%
B-mercaptoethanol) by boiling for 5 min. Samples were re-
solved by gel electrophoresis followed by autoradiography to
detect total amount of newly synthesized apoB100 and albu-
min, which was then normalized to the total [35 S] trichloro-
acetic acid precipitable counts in each sample.

Fatty acid oxidation

HuH-7 cells were incubated with labeled media consisting of
DMEM with 1.5% BSA, 0.1 mM OA, and "*C OA (1 pCi/ml)
for 2 h for FA oxidation measurement, as described previ-
ously.17 Briefly, cells were chased with DMEM + 1.5% BSA
for 4 h, after which the media were collected for FA oxida-
tion measurement. At the end of the labeling or chase pe-
riod, the media were transferred to sealed Erlenmeyer flasks.
Lipid oxidation was stopped with the addition of 200 pl of
70% perchloric acid to the bottom of the flask, driving the
bicarbonate into CO,. The 14C02 was captured on a piece
of KOH-soaked filter paper. After incubating the filter paper
in the flask for 1 h at room temperature, the filter paper was
analyzed for ¢ activity by liquid scintillation counting of
14C02. The media remaining in the flask were collected and
a fraction counted for '*C as a measure of ASM production.
After the labeled and chase media were removed at the end
of the experiment, lipid was extracted and 1C counts were
measured, as described above, and normalized to the protein
from respective wells as measured by BCA.

Quantitative real-time polymerase
chain reaction

RNA was isolated from cells using Zymo kits. The cDNA
was prepared from 1 pg RNA using random hexamers
and oligodT (1:1) following manufacturer’s instructions
(Applied Biosystems). For quantitative polymerase chain re-
action, Tagman probes were used for respective genes with
10 ng cDNA run in duplicates. GAPDH was used as refer-
ence gene.

Western blotting
HuH-7 cells were lysed using RIPA buffer and lysate was

used for protein estimation following BCA assay. Then,
20 pg of lysate was separated on 3—8% tris-acetate and 4—-12%
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SDS-acrylamide gels and transferred on polyvinylidene
difluoride membranes. Membranes were incubated with
primary antibodies (Abs) overnight and then with species-
specific HRP-conjugated secondary Abs. Protein bands were
visualized using SuperSignal West Pico Chemiluminescent
Substrate (Thermo Fisher Scientific). TRRAP (CST), C/
EBPA (CST), LXRA (Active Motif), FASN (CST), and
Beta-Actin (SantaCruz Biotechnology) were used.

Enzyme-linked immunosorbent assay

Apolipoprotein C3 (APOC3) in medium was measured using
commercial enzyme-linked immunosorbent assay (ELISA)
kit (Thermo Fisher / RayBiotech).

Statistical analysis

The primary screen was performed in triplicate, and POC and
7 scores relative to negative control wells were calculated
based on SD across each plate. In additional follow-up stud-
ies, all quantitative data represent mean + SEM. Student’s
t-test with Welch’s correction was used to determine signifi-
cance following GraphPad Prism version 8 for Mac.

RESULTS

Kinome-wide RNAI screen identified
regulators of hepatic triglyceride metabolism

To establish a platform for LD screening suitable for large-
scale high-content automated imaging in HuH-7 cells, we op-
timized different parameters required for a quantifiable and
reproducible assay for LDs post-siRNA transfections. HuH-7
cells were grown in a clear bottom 384-well microtiter plates
(seeded at ~ 500 cells/well) and transfected with siRNA at
a final concentration of 20 nM. After 72 h, medium was
replaced with serum-free medium and 24 h later cells were
fixed, stained with LipidTOX,14’18 and imaged by automated
image analysis (Figure la). Transfections were efficient as
indicated by ~ 99% dead cells in siDeath (transfection con-
trol) transfected wells in replicate experiments (Figure 1b).
OA treatment was used to demonstrate induction of LDs, and
cells were transfected with siRNA against DGAT2, a key
player involved in TG synthesis,19 as a positive control for
reduction in LDs (Figure 1b). Quantification of number, area,
and intensity of LDs was performed.lz’zo’21 As expected, OA
treatment increased number, size, and density of LDs; how-
ever, even HuH-7 cells not treated with OA had substantial
LDs and exhibited less variability than OA-treated cells, con-
sistent with a previous observation made in HepaRG cells.”?

Therefore, OA induction was not used for the primary high-
content screen. For internal imaging controls, transfection
with siRNA against GFP and luciferase was used, spotted
randomly in the plate, as shown in the heat map for total in-
tegrated intensity of LDs (Figure lc and Figure Sla,b). For
stringent quantitative representation of the lipid phenotype
and to rule out the possible cytotoxic effect, only wells that
had greater than 60% of live cells/well were included in the
analysis.

We screened a library of 1056 human kinases and phos-
phatases, based on their known significant contribution in
the druggable genome.23 Our high-content screening assay
quantitated: (i) intensity of LDs, (ii) number of LDs, and (iii)
area of LDs per cell. Screening was performed in triplicate
with 3 siRNAs per a gene target in a single well of 384-well
plates. We observed a good correlation between the replicate
plates (Figure 1d) with an overall Z’-factor of 0.64 for the
screen (Figure 1e). DGAT2 was used as a positive control in
the screen, and siRNAs to DGAT?2 showed fivefold reduced
LipidTOX intensity as well as reduction in number of LDs
(Figure 1f,g). “Candidate hits” were defined based upon the
decrease in intensity of LDs compared with the negative-
control transfected wells. The top 2% of genes (z score cut-
off < —1.5; total 22 candidates; Figure Slc and Table S1)
that decreased the intensity of LDs were selected for further
analysis. Glucose-6-phosphatase, catalytic 3 was included as
an internal imaging control, knockdown of which showed no
significant effect on LDs intensity and LDs number (z score:
1.15; Figure S2, Table S1).

Seven of the 22 candidate hits were considered for fol-
low-up secondary experiments based upon several biologi-
cal considerations, including no known prior relationship to
TG metabolism or LD formation (Figure 1f and Table S2).
To validate these gene targets, we performed independent
siRNA transfections in bigger wells (96- and 6-well plates)
of HuH-7 cells and analyzed several parameters including:
(i) degree of mRNA knockdown, (ii) LD accumulation by
LipidTOX staining, (iii) colorimetric TG biochemical assay,
(iv) gene expression of selected candidate genes, and (v)
APOCS3 protein mass in media (Table S2). Knockdown of all
seven follow-up candidates showed decrease in LipidTOX
stained LD quantification and TG accumulation by colori-
metric assay (Figure S2a and Table S2). Gene expression
profiling showed a significant decrease in transcripts of
selected candidate hits on siRNA knockdown, except for
FLT1, which was not significantly detectable in HuH7 cells
(Figure S2b). Knockdown of candidate hits either showed
decreased expression of genes involved with TG synthesis,
as DGAT?2, or increased expression of genes involved with
lipid hydrolysis, such as LIPC (Figure S2b). Three candi-
dates (TRRAP, DUT, and ALDH18A1) showed a significant
decrease in TGs measured by colorimetric assay, as well as
in secreted APOC3 in the media (Figure S2a and S2c). After
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FIGURE 1 High-content genome-wide kinome screen identified genes that reduced lipid droplets (LDs) in HuH-7 cells. (a) Schematic

showing strategy used to screen for genes affecting triglyceride (TG) accumulation. (b) Representative images showing LipidTOX stained
negative control, oleic acid (OA)-induced, siDeath, and DGAT?2 transfected HuH-7 cells, where OA and DGAT?2 were used as positive controls.
(¢) Heatmap showing integrated intensity among replicate plates (red = maximum, white = average, and blue = minimum). (d) Dotplot showing

correlations between LD intensity on knockdown of kinases/phosphatases for replicate plates A and B. (e) The Z’ for LD intensity assay. (f)

Knockdown of selected candidate genes decreases LD intensity and LD number when compared to negative control wells. (g) LipidTOX
quantification of DGAT?2 transfected and OA-induced HuH-7 cells (error bar represents SEM for 3 replicates). Scale bar = 125 um

lipid-loading with OA, knockdown of TRRAP and DUT
still decreased secreted APOC3 (Figure S2¢). Mutations in
ALDHI18A1 have been previously associated with a defec-
tive LD phenotype,24 and there has been a report of a pos-
sible interaction of DUT with PPARa.> Thus, we elected
to further pursue TRRAP as a novel potential regulator of
hepatocyte LD formation.

Knockdown of TRRAP reduced cellular TG
by affecting de novo lipid synthesis and not
TG secretion

TRRAP is an adapter protein that has been identified as a
member of various histone acetyltransferase activity (HAT)
multiprotein complexes and is involved in transcriptional
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regulation.26 TRRAP has never been implicated in TG me-
tabolism. We performed validation of TRRAP knockdown in
6-well plates. Efficient knockdown of ~ 80% in TRRAP was
observed with the pool of siRNAs, as quantified by Western

blotting. TRRAP knockdown decreased LDs by ~ 30% as com-
pared with negative control wells (Figure 2a and Table S3),
and decreased TG mass by ~ 35% (Figure 2b). Thus, TRRAP
knockdown reproducibly and robustly reduces LDs and TGs
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FIGURE 2 Transformation/transcription domain-associated protein (TRRAP) knockdown reduces triglycerides (TGs) accumulation in

HuH-7 cells by reducing de novo lipogenesis (DNL). (a) Representative images showed LipidTOX staining in HuH-7 cells, when transfected with

negative control and TRRAP siRNA. (b, ¢) Confirmation of the phenotype with colorimetric TG assay and radiolabel [*H]-1,2,3-glycerol assay

showed reduced TG accumulation in HuH-7 cells on TRRAP knockdown. Cells were lysed after 72 h post-transfection, and lipid was extracted

for colorimetric assessment. HuH-7 cells were labeled with [3H]-Glycer01 with 0.2 mM oleic acid (OA) for 4 h, and lipids were extracted for

measuring counts. (d) Quantitative polymerase chain reaction (q-PCR) analysis showed a decrease in the expression of genes involved with TG
synthesis (DGAT1, DGAT2, SCD1, FASN, and ACACA) on knockdown of TRRAP in HuH-7 cells. (e) For measuring de novo lipogenesis, HuH-7
cells were labeled with “C-Acetate (1 pCi/ml) for 1 h; lipid was extracted and separated on TLC. Counts were measured and normalized to total

protein as measured by bicinchoninic acid (BCA). (f) g-PCR analysis showed decrease in the expression of transcription factors involved with lipid
metabolism such as C/EBPa, C/EBPB, LXRa, and SREBF] but not in PPARa in TRRAP siRNA compared with negative control transfected HuH-7
cells. (g) Western blots showed decreased protein expression of TRRAP, LXRA, C/EBPa, and FASN on TRRAP knockdown in HuH-7 cells. Beta-
actin was used as loading control. -PCR results were normalized to GAPDH. For densitometric quantification, labeling experiments and q-PCR,
control values were defined as 1 and changes in TRRAP transfected cells expressed as relative amounts compared with controls. All data represent

the mean +SEM. The p values were calculated with Welch’s test
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in HuH-7 cells. No significant reduction in either LD intensity
or LD number was observed upon TRRAP knockdown in the
presence of exogenous OA treatment (Figure S3 and Table S4).
TRRAP knockdown could reduce LDs and TGs by de-
creasing lipid synthesis, increasing lipolysis, increasing FA
B-oxidation, or increasing secretion of TGs. To assess newly
synthesized TGs, we used labeling with 1,2,3-[3H]-glycerol.
A significant reduction in incorporation of [3H]-glycerol into
cellular TGs by 38% was observed in TRRAP knockdown
cells when compared with negative control transfected cells
(Figure 2c). TRRAP knockdown resulted in decreased expres-
sion of de novo lipogenesis (DNL) genes, including ACACA,
DGATI, DGAT2, FASN, and SCDI (Figure 2d) and also re-
duced the protein abundance of FASN (Figure 2g). To strin-
gently assess the effect of knockdown, we used a completely
different pool of siRNAs against TRRAP and observed a sim-
ilar decrease in the expression of DNL genes (Figure 2d). We
performed a de novo lipid synthesis assay using HC-acetate,
and upon TRRAP knockdown the incorporation of newly syn-
thesized FAs into TGs was decreased by ~ 46% (Figure 2e).

Knockdown of TRRAP reduced
expression of LXRa and C/EBPa and
expression and secretion of APOC3

We analyzed the mRNA abundance of major transcription fac-
tors involved with lipid metabolism. Knockdown of TRRAP
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significantly decreased the gene expression of LXRa, LXRJ,
C/EBPa, C/EBPf3, and SREBF I, but not PPARa (Figure 2f).
Consistent with this observation, we noted decreased protein
for LXRa (—41%) and C/EBPa (—63%; Figure 2g). A similar
observation was made with a different pool of siRNAs used
against TRRAP (Figure 2d,f). Thus, TRRAP may modulate
hepatic TG metabolism through its effects on LXRa and C/
EBPa expression.

We did not observe significant changes in the secretion
of newly synthesized TGs after labeling with *H-glycerol
in TRRAP knockdown cells (Figure 3a). Similarly, no dif-
ference was observed in the secretion of newly synthesized
ApoB100 in TRRAP knockdown cells when compared with
negative control (Figure 3b—d). In addition, no differences
in the gene expression for genes involved with transport
(MTTP) and FA oxidation (ACOXI and CPTIA) were ob-
served on TRRAP knockdown, when analyzed with two dif-
ferent pools of siRNAs (Figure 4a). There was no significant
difference observed in the amount of 14C02 released and *“C
acid-soluble metabolites (ASMs) produced during 2-h of la-
beling with *C-OA treatment in TRRAP knockdown HuH-7
cells (Figure 4b). Thus, TRRAP knockdown does not appear
to affect TG secretion or FA oxidation.

APOCS3 is an important regulator of triglyceride-rich li-
poprotein metabolism?’ and a drug target for hypertriglycer-
idemia and coronary heart disease®; APOC3 has also been
implicated in NAFLD,**° suggesting that secreted APOC3
might be useful as a biomarker. We observed a consistent
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FIGURE 3 Knockdown of transformation/transcription domain-associated protein (TRRAP) does not affect secretion of TGs and APOB-100.
(a) Triglycerides (TGs) were measured in the medium after labeling HuH-7 cells with [3H]-Glycerol with 0.2 mM oleic acid (OA) for 4 h. No
difference was observed on TRRAP knockdown when compared with negative control transfected HuH-7 cells. (b—d) Negative control and
TRRAP siRNA transfected HuH-7 cells were radiolabeled with 200 pCi/ml of *3S-methionine/cysteine for 2 h after serum starvation of 2 h,
followed by immunoprecipitation of ApoB or albumin from conditioned media and cell lysate, sodium dodecyl sulfate (SDS)-polyacrylamide

gel electrophoresis and autoradiography. Albumin was used for normalization. ApoB measurements were normalized to radioactive counts in

trichloroacetic acid precipitated proteins from each cell lysate. The p values were calculated with Welch’s test
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The p values were calculated with Welch’s test

decrease in the expression of APOC3 mRNA (—56%) upon
knockdown of TRRAP with two different pools of siRNAs
(Figure 5a). A decrease in secreted APOC3 protein was also
seen on TRRAP knockdown both in the presence and ab-
sence of OA (—63%), when measured in the media by ELISA
(Figure 5b). Because TRRAP knockdown reduced C/EBPa
mRNA and protein, we measured hepatic APOC3 mRNA in
liver-specific C/EBPa knockout mice and found a significant
decrease in APOC3 expression (—40%; Figure 5c¢). We ana-
lyzed our RNA-seq database consisting of ~ 90 hiPSC lines
and hiPSC-derived hepatocytes (HLCs)*' and found a posi-
tive correlation (Pearson » = 0.6443, p < 0.001) between C/
EBPa and APOC3 mRNA in HLCs, but not in undifferen-
tiated hiPSCs (Pearson r = 0.06962, p = 0.25; Figure S4a).
In silico analysis revealed a C/EBPa binding site in the pro-
moter of APOC3, which is 100% conserved between humans
and mice (Figure S4b). Thus, APOC3 is positively regulated
by C/EBPa in hepatocytes, and TRRAP knockdown, by re-
ducing C/EBPa, reduces APOC3 expression and secretion.

DISCUSSION

Unbiased cell-based screens together with high resolution
microscopy to quantitate the lipid accumulation provides
a powerful tool to investigate molecular targets and path-
ways involved with LD synthesis and glrowth.lz’13 In order
to identify new genes involved in hepatic TG metabolism
and potential new targets for NAFLD, we performed a
siRNA-based high-content screen for LDs against human
kinases and phosphatases. Among the novel positive hits
was TRRAP, knockdown of which significantly decreased
expression of DNL genes and de novo lipogenesis, in part
by reducing C/EBPa expression. TRRAP knockdown also

reduced the expression and secretion of APOC3, a drug tar-
get for dyslipidemia and potentially NAFLD. Overall, this
work provides proof of concept that a high-content screen-
ing assay for changes in LD phenotypes in hepatocytes is
feasible and can identify new biology and potential thera-
peutic targets.

TRRAP, an adapter protein that has been identified as
a member of various HAT multiprotein complexes includ-
ing GCN3, Tip60, CBP/p300, and others.***> TRRAP is
required for p5S3/TP53-, E2F1-, and E2F4-mediated tran-
scription activation.**3% A study in HepG?2 cells reported
decreased gene expression of LXRa target genes after
shRNA-mediated knockdown of TRRAP.*® Modulation of
hepatic C/EBPa expression has a significant effect on DNL
and hepatic lipid metabolism.>”*®* TRRAP has been shown
to promote the acetylation of H3K9 and trimethylation of
H3K4 at the promoters of a number of genes, including
LXRa, > thus increasing their expression. We speculate
that TRRAP increases C/EBPa and LXRa expression by
promoting the acetylation of H3K9 at their promoters, and
TRRAP knockdown therefore reduces expression of C/
EBPa and LXRa, as well as genes regulated by them, in-
cluding DNL genes,** SREBF1,* and APOC3 (Figure 5d).
Further investigation exploring cell type specific roles
of TRRAP in the liver and other metabolic tissues using
conditional TRRAP knockout and overexpression in hu-
manized models will be required to determine the specific
molecular mechanisms by which TRRAP regulates hepatic
lipid gene expression. Human genetic studies investigating
effect of genetic variants in the TRRAP gene variants on
liver fat and other metabolic phenotypes would be also be
informative.

APOCS3 is a validated therapeutic target for the treatment
of hypertriglyceridemia.** An antisense oligonucleotide
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(ASO) to APOC3 is approved in Europe for the treatment
of familial chylomicronemia45 and a second generation
2alNAC-ASO to APOC3 is in clinical development.46 Our
data indicate that TRRAP silencing in HuH-7 cells reduces
APOC3 expression and secretion, TRRAP has been reported
to be a part of the PGC-1B transcriptional complex,*’ and
PGC-18 regulates APOC3 gene expression,47 suggesting the
possible indirect regulation of APOC3.

This study establishes proof of concept for high content
LD screening in HuH-7 cells for identification of genes that
modulate hepatic steatosis. Our screen nominated TRRAP
as a novel protein regulating hepatic LD accumulation and

suggests that further study of TRAPP is warranted as a poten-
tial therapeutic target for NAFLD.
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