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Abstract The enzymatic pathway of cholesterol
biosynthesis has been well characterized. However,
there remain several potential interacting proteins
that may play ancillary roles in the regulation of
cholesterol production. Here, we identified ERG28
(chromosome 14 open reading frame 1 [C14orf1]), a
homologue of the yeast protein Erg28p, as a player in
mammalian cholesterol synthesis. ERG28 is
conserved from yeast to humans but has been largely
overlooked in mammals. Using quantitative RT-PCR,
luciferase assays, and publicly available chromatin
immunoprecipitation sequencing data, we found that
transcription of this gene is driven by the transcrip-
tion factor SREBP-2, akin to most cholesterol syn-
thesis enzymes, as well as identifying sterol-
responsive elements and cofactor binding sites in its
proximal promoter. Based on a split luciferase sys-
tem, ERG28 interacted with itself and two enzymes of
cholesterol synthesis (NSDHL and SC4MOL). Huh7
ERG28-KO cell lines were generated, revealing
reduced total cholesterol levels in sterol-depleted
environments. In addition, radiolabeled metabolic
flux assays showed a 60–75% reduction in the rate of
cholesterol synthesis in the KO versus wild-type cells,
which could be rescued by expression of ectopic
ERG28. Unexpectedly, KO of ERG28 also impaired
the activation of SREBP-2 under sterol-replete con-
ditions, by a yet-to-be defined mechanism. These re-
sults indicate that ERG28 is clearly involved in
cholesterol synthesis, although the precise role this
noncatalytic protein plays in this complex metabolic
pathway remains to be fully elucidated. A deeper
understanding of ERG28, and other ancillary proteins
of cholesterol synthesis, may help inform therapeutic
strategies for diseases associated with aberrant
cholesterol metabolism.
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Cholesterol is a vital lipid in the human body, and its
excess or deficiency can result in a wide array of health
problems, such as cardiovascular disease (1) or
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developmental disorders (2), respectively. The sterol
synthesis pathway is highly conserved between yeast
and mammals (3), and many enzymes in cholesterol
synthesis have homologous enzymes in ergosterol syn-
thesis. Over the decades, insights into the nature and
regulation of the yeast ergosterol and mammalian
cholesterol synthesis pathways have helped inform each
other and advanced our knowledge of both pathways.
However, neither the enzymes themselves nor their in-
teractions (4) are absolutely conserved between yeast
and mammals. Notably, there is no yeast equivalent of
the mammalian DHCR24 enzyme, which performs the
final step in cholesterol synthesis, as well as being able to
act on many earlier intermediates, and the yeast C24-
sterol methyltransferase, Erg6p, is absent in mammals.

ERG28, also known as chromosome 14 open reading
frame 1 (C14orf1)/NET51, is a poorly characterized
mammalian protein, conserved from yeast, to plants, to
humans (supplemental Fig. S1A) (5, 6). Most work has
been done in Saccharomyces cerevisiae where Erg28p plays
an important role in ergosterol synthesis (5). Although
KO strains of Erg28p are not auxotrophic for ergos-
terol, they grow at a much slower rate and have an
∼70% reduction in ergosterol synthesis compared with
wild-type strains (5). In addition to their reduced syn-
thesis of ergosterol, Erg28p KO strains also show a
dramatic increase in C4-methylated and C4-keto sterols,
suggesting that a deficiency occurs at the C4-
demethylation step in ergosterol synthesis (7). Erg28p
has been shown (based on multiple yeast two-hybrid
system experiments) to have binary interactions with
many ergosterol synthesis enzymes and is believed to
scaffold these enzymes together into a larger metabolic
unit (7–9). However, proteins that interact in ergosterol
synthesis may not necessarily interact in cholesterol
synthesis (4).

Despite the 52% sequence similarity between human
ERG28 and yeast Erg28p (supplemental Fig. S1B), very
little is known about the role ERG28 plays in mammals,
or even if it is involved in cholesterol biosynthesis. In
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humans, ERG28 is located at 14q24.3 (chr14: 75649791–
75660876 [GRCh38/hg38]), contains four introns and
five exons, and encodes a 140 amino-acid polytopic
protein, with a predicted molecular weight of 15.9 kDa.
Transcriptomics suggests that ERG28 is expressed in
most human tissues (Genotype-Tissue Expression
[GTEx] Project, dbGaP accession number: phs000424.
vN.pN) and expressed highly in the testis (10) and several
cancer cell lines, notably in colon-, leukocyte-, and
pancreatic-derived cells (10, 11). The primary subcellular
location of mammalian ERG28 is not fully agreed upon.
In yeast, Erg28p is localized to the endoplasmic reticu-
lum (ER) (7) and human ERG28 interacts with CLN8, a
resident ER protein, in bait-prey systems (12). But in
pancreatic cancers, ERG28 demonstrates some plasma
membrane localization (11). In 2012, Lee et al. (11) reported
the first functional study of human ERG28 where
depletion reduced the proliferation of pancreatic cancer
cell lines by inhibiting thymidine incorporation. While
ERG28 may be assumed to be involved in cholesterol
synthesis because of homology with yeast ergosterol
synthesis, this has yet to be established. Indeed, there has
been very limited work on human ERG28, and any
characterization studies conducted in mammalian cells
thus far have not examined cholesterol synthesis.

Almost all cholesterol synthesis genes are regulated by
the transcription factor SREBP-2 (13). When sterol levels
are high in the cell, SREBP-2 is retained in the ER mem-
brane. Conversely, when sterol levels are low, SREBP-2 is
cleaved into the nuclear form of nSREBP-2 and SREBP-
2 targets, including cholesterol synthesis genes, are tran-
scriptionally upregulated. SREBP-2 is a relatively weak
activator of transcription and typically requires the tran-
scriptional cofactors specificity protein 1 (Sp1) or nuclear
factor Y (NF-Y) for maximal activation of genes (14, 15).

In this work, we investigated the transcriptional
regulation of human ERG28, revealing it is an SREBP-2
target, akin to the bulk of cholesterol synthesis enzymes
(13). We explored the protein-protein interactions of
ERG28 with several cholesterol synthesis enzymes and
found it interacted with members of the C4-
demethylation complex. In addition, we generated
ERG28 KO human liver cell lines and showed they have
reduced production and, under sterol-depleted condi-
tions, when cells depend on de novo cholesterol syn-
thesis, reduced overall levels of cholesterol. Moreover,
we found that ERG28 KO cells showed impaired
SREBP-2 processing, resulting in a downregulation of
many cholesterol synthesis genes. These results reveal
for the first time that ERG28 plays an important role in
facilitating cholesterol synthesis in mammalian cells.
MATERIALS AND METHODS

Cell culture
HeLaT cells were maintained in RPMI 1640 medium, and

human embryonic kidney 293T (HEK293T) and Huh7 cells
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were maintained in DMEM high glucose media. All cell lines
were maintained with 10% (v/v) FCS and supplemented with
penicillin (100 units/ml) and streptomycin (100 μg/ml). For
some experiments, cell lines were treated in sterol-depleted
media, 10% (v/v) lipoprotein-deficient FCS (FCLPDS), sup-
plemented with penicillin (100 units/ml) and streptomycin
(100 μg/ml).

HeLaT cells were gifts from Dr Noel Whitaker (UNSW,
Sydney, Australia), Huh7 cells were gifts from the Centre for
Vascular Research (UNSW), and HEK293T cells were ob-
tained from the School of Medical Sciences (UNSW).

FCLPDS was prepared inhouse from FCS as described
previously (16, 17).

Quantitative real-time PCR
Total RNA was harvested from cells using TRI reagent.

Complementary DNA (cDNA) was synthesized from RNA
using the SuperScript III First Strand cDNA synthesis kit
(Thermo Fisher Scientific).

HeLaT, Huh7, and Be(2)C cDNA sets used in this work were
generated previously (18, 19). Briefly, these cell lines were
treated for 24 h in sterol-depleted media supplemented with
5 μM compactin (statin), 10 μM 25-hydroxycholesterol (25HC),
10 μM 24(S),25-epoxycholesterol (24,25EC), 10 μM T0-901317
(T-0), or solvent controls. mRNA levels for genes of interest
were measured using quantitative RT-PCR (qRT-PCR) and
normalized to porphobilinogen deaminase (PBGD) levels. For
primer sequences used for qRT-PCR, please refer
supplemental Table S1.

Western blotting
Protein lysate for Western blotting was harvested in either

1% (w/v) or 3% (w/v) sodium dodecyl sulfate (SDS) supple-
mented with 2% (v/v) protease inhibitor cocktail (Sigma-
Aldrich). Protein concentration was measured with a BCA
assay (Thermo Fisher Scientific), normalized, and separated
by 10% or 12% SDS-PAGE. Separated proteins were trans-
ferred onto nitrocellulose membranes. Membranes were
blocked in 5% (w/v) skim milk/PBS with 0.1% (v/v) Tween-20
(PBST) and probed with the following primary antibodies:
anti-α-tubulin (1:50,000 dilution in 5% [w/v] BSA/PBST;
Sigma-Aldrich, catalog no.: T5168), anti-GAPDH (1:2,000 dilu-
tion in 5% [w/v] BSA/PBST; Cell Signalling Technologies,
catalog no.: 2118L), anti-ERG28 (1:1,000 dilution in 5% [w/v]
BSA/PBST; Novus Biologicals, catalog no.: nbp2-84865), anti-
SREBP2 (1C6) (1:500 dilution in 5% [w/v] skim milk/PBST;
Santa Cruz Biotechnology, Inc, catalog no.: sc-13552), and anti-
Scap (clone IgG-R139) (1:10,000 dilution in 5% [w/v] skimmilk/
PBST; a generous gift from Drs Brown and Goldstein [UT
Southwestern Medical Center, Dallas, TX]).

Secondary antibodies were diluted 1:10,000 in 5% (w/v) skim
milk/PBST (HRP-anti-mouse, Jackson Immunoresearch Lab-
oratories catalog no.: 715-035-150 and HRP-anti-rabbit, Jackson
Immunoresearch Laboratories, catalog no.: 711-035-152). HRP-
conjugated antibodies were imaged using Immobilon West-
ern HRP Substrate (Merck; catalog no.: WBKLS0500) on an
ImageQuant LAS 500.

Access of publicly available SREBP-2 chromatin
immunoprecipitation sequencing data

Publicly available chromatin immunoprecipitation
sequencing (ChIP-Seq) data from UCSC Genome browser (20)
were accessed (August 2020) to investigate SREBP-2 binding



in the ERG28 promoter. SREBP-2 ChIP-Seq signal heights were
taken from pravastatin-treated HepG2 cells (a human hepa-
toma cell line) and rabbit IgG anti-SREBP-2 binding in the
GM12878 lymphoblast cell line (20, 21).

Plasmid generation
Plasmids generated for this work were cloned using either

the Polymerase Incomplete Primer Extension method (22) or
restriction enzyme cloning. For primer sequences used for
cloning, please refer to supplemental Table S2.

The −1000/+80, −500/+80, −290/+80, −50/+80, and 0/+80
regions of the ERG28 promoter were amplified from HEK293
genomic DNA and cloned into a pGL3-Basic (Promega)
backbone to generate Firefly luciferase constructs driven by
these promoter regions, creating the −1000/+80 ERG28-luc,
−500/+80 ERG28-luc, −290/+80 ERG28-luc, −50/+80 ERG28-luc,
and 0/+80 ERG28-luc constructs. Mutations to disrupt pre-
dicted SREBP-2, Sp1, and NF-Y binding sites were introduced
via site-directed mutagenesis on the −290/+80 ERG28-luc
plasmid. Predicted sterol-response elements (SREs) were
mutated to xAACAxAAGx, predicted Sp1 sites were mutated
to TTTAAA, and predicted NF-Y sites were mutated to
AATTCC. To generate the CMV-ERG28-V5 construct, the
ERG28 CDS was cloned from HeLaT cDNA into our in-house
pcDNA5/FRT construct (23).

NanoBiT® plasmids were cloned following the outlined
protocol in the NanoBiT® PPI Starter System (Promega).
Genes of interest were amplified with PCR from constructs
containing a V5-His epitope tag and subcloned using restric-
tion enzyme cloning into plasmids supplied in the kit (pBiT1.1-
C [TK/LgBiT], pBiT2.1-C [TK/SmBiT], pBiT1.1-N [TK/LgBiT],
or pBiT2.1-N [TK/SmBiT]).

For all plasmids, sequence was confirmed via Sanger
sequencing carried out by the Ramaciotti Centre for Geno-
mics at UNSW Sydney.

Dual luciferase assay
HeLaT cells were transfected with 25 ng phRL-PBGD Renilla

luciferase plasmid (14) and 250 ng Firefly luciferase plasmids as
listed in figure legends using TransIT-2020 reagent (Mirus
Bio) as per the manufacturer’s instructions. For measuring
SREBP-2 responsiveness, cells were in addition cotransfected
with 25 ng of nSREBP-2 (24), a kind gift from Dr John Shyy, or
empty vector plasmid. Cells were transfected for 24 h and
then treated as indicated in figure legends. After 24 h of
treatment, cells were harvested and assayed for Firefly and
Renilla luciferase activity using the Dual-Luciferase Reporter
Assay System (Promega) in accordance with the manufac-
turer’s instructions in the CLARIOstar Plus Microplate
reader. Transfection efficiency was accounted for by
normalizing Firefly to Renilla luciferase activity in each well,
and data were further normalized as stated in figure legends.
ERG28-luc plasmids were generated for this publication.
DHCR24-luc plasmids were generated previously in the Brown
Laboratory (14).

Prediction of transcription factor binding sites in
the ERG28 promoter

Putative SREs were predicted in the −290/+10 ERG28 pro-
moter using an updated matrix of SRE sequences previously
compiled in house (14, 25) and the Find Individual Motif
Occurrences program (26). To calculate scores for each pre-
dicted SRE, we took the P value provided by Find Individual
Motif Occurrences (26), normalized this to the P value for the
LDL receptor (LDLR) SRE (the best match for the consensus
sequence), multiplied by 100,000, and log transformed. This
value was then multiplied by two, which resulted in numbers
closely resembling the scores we have previously reported for
predicted SREs (14, 25) using the now-defunct TRED predic-
tion program and gave a score of 10 for the canonical LDLR
SRE. Sp1 and NF-Y sites were predicted in the −290/+10
ERG28 promoter using ConSite (27).

NanoBiT® protein-protein interactions of ERG28
and other cholesterol synthesis proteins

HEK293T cells were cotransfected with 350 ng each of two
plasmids containing either a LgBiT- or SmBiT-tagged re-
porter construct using Lipofectamine® LTX reagent
(Thermo Fisher Scientific) as per the manufacturer’s in-
structions in 12-well tissue culture plates. Appropriate LgBi-
T:HaloTag control pairings were used to ensure that the
readouts were specific interactions. After 16 h of transfection,
cells were lifted from 12-well plates, and 10% of total cells
were plated into polyethyleneimine-coated center wells of
white 96-well plates in duplicate. After 20–24 h of adhesion in
the wells, media were aspirated and replaced with 50 μl of
serum-free Opti-MEM. After a further 30 min–1 h incubation
at 37◦C to equilibrate temperature, 50 μl of reagent master
mix (1 μl of Nano-Glo® Live Cell Substrate, 19 μl of Nano-
Glo® LCS Dilution Buffer, and 30 μl of Opti-MEM per well)
was added to each well. Plates were mixed by tapping, and
luciferase activity was measured over a period of 30 min in a
CLARIOstar microplate reader at 37◦C. Raw luminosity
values were normalized to the signal from the ERG28 LgBi-
T:HaloTag negative control pair.

Generation of ERG28 KO Huh7 cell lines via
CRISPR-Cas9

CHOPCHOP (28–30) was used to predict guides in the hu-
man ERG28 genomic sequence. The two highest ranked
guides, (AAGCTCGGACCTTTGGGATCTGG, chr14:
75654942; GGTGCCAGGACGCCAATCGTGGG, chr14:
75651785), were cloned into the PX598 backbone following a
modified protocol (31, 32), and sequence was confirmed by
Sanger sequencing. Huh7 cells, a human hepatoma cell line,
were cotransfected with both guide plasmids for 24 h. Cells
were sorted at the UNSW Flow Cytometry Facility on a BD
FACSAria™ III Cell Sorter for GFP positivity. Low dilution
numbers of the cells were plated and allowed to adhere. After
2–4 weeks, individual colonies were picked, expanded, and
screened for disruption of ERG28 genomic DNA and mRNA.
Products from these PCRs were sequenced via Sanger
sequencing carried out by the Ramaciotti Centre for Geno-
mics at UNSW Sydney to identify the regions of ERG28
deletion in the KOs. Furthermore, qRT-PCR was carried out
on cDNA, and Western blotting for endogenous ERG28
protein levels was carried out to confirm reduction in ERG28
levels.

Amplex Red assay to measure cholesterol levels
Cholesterol levels of cellular lysates were measured using

the Amplex™ Red Cholesterol Assay Kit (Thermo Fisher
Scientific) in accordance with the manufacturer’s in-
structions, and fluorescence was measured using the CLAR-
IOstar Plus Microplate reader. Briefly, cells were washed twice
with PBS, harvested in modified radioimmunoprecipitation
ERG28 is involved in the synthesis of cholesterol 3



assay buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 0.1% [w/
v] SDS, 1.5% [w/v] Nonidet P-40, 0.5% [w/v] sodium deoxy-
cholate, and 2 mM MgCl2 (20)) supplemented with 2% (v/v)
protease inhibitor cocktail and subjected to a freeze-thaw
cycle to lyse. Lysates were cleared by centrifugation, and
cleared lysates were assayed for protein and cholesterol con-
tent. Protein concentration was measured with the BCA Pro-
tein Assay (Thermo Fisher Scientific), and the total cholesterol
content was normalized to protein levels in the sample. In
Fig. 4E, the assay was run with and without the addition of
cholesterol esterase to measure total and free cholesterol in
the samples. From the difference between these values, the
percentage of cholesterol stored as cholesteryl ester was
calculated.

Radiolabeling and TLC to measure sterol synthesis
To measure cholesterol synthesis, Huh7 and Huh7 ERG28

KO cells were seeded into 6-well plates and treated as speci-
fied in the figure legends. Sterol synthesis was determined by
TLC as described previously (33, 34) with minor modifica-
tions. Briefly, cells were metabolically labeled for the times
listed in the figure legends in 10% FCLPDS DMEM:HG con-
taining 1 or 2 μCi/well [14C]-acetic acid sodium salt (Perki-
nElmer) or 2 μCi/well [14C]-mevalonate (PerkinElmer). Plates
were washed two times with PBS, and cells were lysed in 1 ml
of 0.05 M sodium hydroxide. Protein concentration in cell
lysates was measured via BCA assay, and lysates were
normalized to total cellular protein with 0.05 M sodium hy-
droxide in a total volume of 1 ml to account for variations in
cell numbers. Lysates were saponified in 1 ml 100% (v/v)
ethanol, 500 μl 75% (w/v) potassium hydroxide, 1 μl 20 mM
butylated hydroxytoluene, and 20 μl 20 mM EDTA, at 70◦C
for 1 h. Once cooled to room temperature, lipids were
extracted from saponified lysates by mixing with 1 ml 100%
(v/v) ethanol and 2.5 ml of hexane, centrifuging at 2,000 g for
5 min, and evaporating 2 ml of the upper organic phase to
dryness. Dried total nonsaponifiable sterols harvested from
the cells were resuspended in hexane and separated via TLC
on TLC Silica gel 60 F254 plates using a heptane:ethyl acetate
(2:1, v/v) mobile phase. Fatty acids were then harvested from
remaining cell lysate by acidification with 1.5 ml 32% hydro-
chloric acid, mixing with 2.5 ml of hexane, centrifuging at
2,000 g for 5 min, and evaporating 2 ml of the upper organic
phase to dryness. Dried fatty acids were resuspended in hex-
ane and separated via TLC on TLC Silica gel 60 F254 plates
using a heptane:diethyl ether:acetic acid (90:30:1, v/v) mobile
phase. Silica plates were dried, exposed to phosphor screens
for 5–14 days, and imaged using the Typhoon FLA 9500 (GE
Healthcare).

In this solvent system, the immediate sterol precursor in the
Bloch pathways, desmosterol, does not fully resolve from
cholesterol (35). As cholesterol is the predominate sterol in
cells, this band is labeled as [14C]-cholesterol throughout the
text but may contain a mixture of cholesterol and
desmosterol.

Transient transfection to overexpress ERG28-V5 in
Huh7 cells

To express CMV-ERG28-V5, Huh7 wild-type or Huh7
ERG28 KO cells were seeded in 6-well plates and transfected
with the indicated amounts of expression plasmid and 0–1 μg
pTK-empty vector DNA (total plasmid amount in the well =
1 μg) and 2 μl Lipofectamine 2000 for 8 h. Cells were then
subjected to radiolabeling.
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SREBP-2 cleavage assay
To determine the effect of sterol depletion on SREBP-2

cleavage and target gene expression, cells were seeded into
6-well plates. For lipoprotein-depleted conditions, cells were
washed thrice with PBS and incubated for 1 h in 10% FCLPDS
DMEM:HG containing 1% (w/v) 2-hydroxypropyl-β-cyclo-
dextrin, 10 μM compactin, and 50 μM mevalonate. Next, cells
were sequentially washed with PBS, 10% FCLPDS DMEM:HG,
and PBS to remove statin and then treated for 5 h with or
without 1 μg/ml 25HC in 10% FCLPDS DMEM:HG, with or
without 10 μM compactin, and 50 μM mevalonate. For full-
serum conditions, cells were refreshed and treated in 10%
FCS DMEM:HG PS without additives. During the final 2 h of
treatment, medium was supplemented with 25 μg/ml ALLN
to preserve the levels of cleaved SREBP-2 (36). To assay
SREBP-2 cleavage, total protein was harvested in 1% SDS lysis
buffer (10 mM Tris-HCl [pH 7.6], 1% [w/v] SDS, 100 mM NaCl)
supplemented with 2% (v/v) protease inhibitor cocktail,
passed through a 21-gauge needle until homogenous, and
vortexed at room temperature for 15 min. Lysate protein
content was quantified using a BCA assay. Samples were
analyzed by Western blotting, with SREBP-2 cleavage quan-
tified as a fraction of total SREBP-2 levels and normalized to
the statin-treated condition of wild-type cells. To assay
SREBP-2 target gene expression, total RNA was harvested and
analyzed by qRT-PCR as described above.

Data presentation and statistical analysis
Statistical analysis was conducted as listed in the respective

figure legends. Unless specified, statistical significance was
determined using a paired two-tailed t-test (*P < 0.05,
**P < 0.01, and ***P < 0.005). Densitometric image analysis
was carried out in Image Studio Lite (version 5.2.5; LI-COR
Biosciences). Graphs were generated in GraphPad Prism 9
(GraphPad Software, Inc). Where applicable, data are pre-
sented as mean + SEM or mean + half range.

RESULTS

Human ERG28 is an SREBP-2 gene target
Many metabolic pathways, including cholesterol

synthesis, exhibit transcriptional coregulation of their
enzymes and associated proteins. The predominant
transcription factor driving cholesterol synthesis is
SREBP-2 (13). While S. cerevisiae does not have an SREBP
homologue as a transcription factor, the majority of
ergosterol synthesis-associated genes, including Erg28,
are coregulated by the transcription factors Upc2 and
Ecm22 (37).

To investigate if ERG28 is coregulated with choles-
terol synthesis enzymes, we utilized previously gener-
ated cDNA sets (18, 19) from HeLaT, Huh7, and Be(2)C
cells that were sterol depleted and treated under a
variety of conditions that change expression of
SREBP-2 target genes. qRT-PCR indicated an increase
in ERG28 mRNA levels when cells were treated with a
statin, compactin, and a decrease when cells were
treated with the oxysterols 25HC or 24,25EC (Fig. 1A).
This pattern is in line with the responses of previously
published SREBP-2 targets from these sets (18, 19) and a
bona fide SREBP-2 target, one of the terminal



Fig. 1. ERG28 is transcriptionally responsive to changes in sterol levels and responds like an SREBP-2 target. A: Previously
generated cDNA sets (18, 19) from sterol-depleted Huh7, Be(2)C, and HeLaT cells treated for 24 h with 5 μM compactin (statin), 10 μM
25-hydroxycholesterol (25HC), 10 μM 24(S),25-epoxycholesterol (24,25EC), or 10 μM T0-901317 (T-0). mRNA levels for ERG28 and
DHCR24 were measured using qRT-PCR and normalized to porphobilinogen deaminase (PBGD). mRNA levels are relative to the solvent
control condition, which was set to 1. Data are presented as mean + SEM from n = 3 independent experiments, each performed in
triplicate. The average responsiveness for SREBP-2 target genes already published from these cDNA sets (SQLE, LSS, and LDM (19)
and HMGCR and TM7SF2 (18)) is represented by the red line (avg SREBP-2). B: ChIP-Seq signals from the UCSC Genome browser (20)
of statin-treated HepG2 cells and rabbit IgG anti-SREBP-2 binding in the GM12878 lymphoblast cell line shows SREBP-2 binding in
the ERG28 promoter with the −290/+10 bp region outlined. C and D: HeLaT cells were transfected for 24 h with 25 ng Renilla
luciferase construct and 250 ng Firefly luciferase constructs as shown. C: Cells were in addition cotransfected with 25 ng nSREBP-2 or
empty vector plasmid. Relative luciferase activity represents the ratio of luciferase:renilla activity. D: Cells were treated with 5 μM
compactin (statin) or 10 μM 25HC (sterol) in sterol-depleted medium for 24 h and then harvested, and a luciferase assay was per-
formed. The ratio of normalized statin to sterol luciferase activities is presented for each construct. Data are presented as mean +
SEM from n = 3–6 independent experiments, each performed in triplicate cultures. ERG28 constructs were compared with luci-
ferase:renilla values for the -luc only construct, and DHCR24 construct activity was compared between the -300/0 and -100/
0 DHCR24-luc constructs. Statistical significance was determined using a paired two-tailed t-test (*P < 0.05, **P < 0.01, and ***P < 0.005).

ERG28 is involved in the synthesis of cholesterol 5



cholesterol synthesis enzymes, DHCR24 (14). By
contrast, treatment with the liver X receptor agonist
T0-901317 did not increase ERG28 (or DHCR24)
expression levels. Consistent with other SREBP-2 tar-
gets, the response to statins was lowest in Huh7 cells,
likely because liver cells have high basal levels of
cholesterol synthesis genes, which may be difficult to
increase further with statin stimulation (38).

After identifying that ERG28 responds like an
SREBP-2 target to statins and sterols, we sought to
determine if this was driven by SREBP-2. Using publicly
available ChIP-Seq data (20), we observed SREBP-2
binding in the proximal promoter of ERG28, with
binding spanning the region between −300/+50 from
the ERG28 transcriptional start site (Fig. 1B). In previous
work, we found that these ChIP-Seq datasets provide a
good indication of the presence and location of SREs in
cholesterol synthesis gene promoters (25, 39). To
further test SREBP-2 as a regulator of ERG28, constructs
containing the proximal ERG28 promoter −1000/+80
driving expression of Firefly luciferase (ERG28-luc)
were generated and transiently transfected into human
HeLaT cells. When cells were cotransfected with a
construct expressing nSREBP-2, the active nuclear
form of the transcription factor, luciferase activity
increased markedly (Fig. 1C) compared with empty
vector, similar to our control DHCR24. This increase in
luciferase activity was not observed with −50/+80 or 0/
+80 ERG28 constructs, indicating that the SREBP-
responsive region is located in the −1,000/−50 region
of the promoter.

Next, further truncations of the ERG28-luc construct
were generated to identify the minimal sterol-
responsive promoter (Fig. 1D). The ratio of luciferase
expression when cells were treated with statin (to
upregulate SREBP-2 activation) or sterol (to suppress
SREBP-2 activation) was used to infer SREBP-2
response (expressed as statin:sterol) (14, 25, 39). Trun-
cations of the ERG28-luc promoter (−1,000/+80, −500/
+80, −290/+80, and −50/+80) revealed a loss of
responsiveness between the −290 and −50 constructs,
suggesting that putative SREs are localized to this re-
gion. This responsive region aligns well with the ChIP-
Seq peaks of SREBP-2 binding in the ERG28 promoter
(Fig. 1B).
Two functional inverse SREs are found in the ERG28
promoter, at the -75 and -13 positions

SREs have a loose 10 bp consensus sequence, reliant
on a critical cytosine in the third position (Fig. 2A). We
previously generated an in-house weighted positional
matrix to predict SREs within promoters (41) and using
this identified several putative SREs in the minimally
responsive -290/0 region of the ERG28 promoter. The
five highest scoring SREs and inverse SREs (invSREs) in
the minimally responsive ERG28 promoter were
selected for further investigation (Fig. 2B).
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Using site-directed mutagenesis of the −290/+80
ERG28-luc construct, we generated mutant SRE con-
structs and tested if they were still responsive to
manipulation of cellular sterol status (Fig. 2C). We
observed a significant decrease in the statin:sterol
response in the -102SRE, -75invSRE, and -13invSRE
constructs, though the sterol responsiveness was not
completely ablated. Combinatorial mutations of two or
three putative SREs further reduced the sterol
responsiveness of the constructs but did not completely
ablate it.

Functional Sp1 and NF-Y sites in the ERG28 promoter
SREBP-2 is a relatively weak activator of transcrip-

tion, and maximal activation of the promoter is
frequently reliant upon the binding of the transcrip-
tional cofactors Sp1 and/or NF-Y in the proximal
promoter (43–45). Using publicly available ChIP-Seq
data (42) to investigate Sp1 occupancy at the ERG28
promoter (Fig. 2D), we found that all six available
datasets showed Sp1 binding between -192 and -32 bp of
the ERG28 transcriptional start site, giving confidence
that Sp1 sites reside in this region of the promoter. This
strategy has previously been used in our laboratory to
identify Sp1 binding regions (46). We have found that
the positioning of Sp1 and NF-Y sites in relation to SREs
is not consistent (25) and as such could not use distance
from the putative SREs to predict functional Sp1 and
NF-Y sites.

Using ConSite, we identified several putative Sp1 and
NF-Y binding sites in the ERG28 proximal promoter.
Sp1 sites were predicted at -226, -203, -98, and -7 relative
to the ERG28 transcriptional start site, and NF-Y sites
were predicted at -114, -64, and -34. These putative
binding sites were mutated in the ERG28-luc −290/+80
construct, and their sterol responsiveness was assayed
via luciferase assays (Fig. 2E). This showed that disrup-
tion of the predicted NF-Y sites located at -114 and -64
eliminated sterol responsiveness of the constructs
(nonsignificant from ERG28-luc −0/+80), and disrup-
tion of the Sp1 binding site at -98 or the NF-Y binding
site at -34 positions reduced the sterol responsiveness.

The function of the −98 Sp1 or −102 SRE sites are
difficult to deconvolute because of the predicted Sp1
site occurring entirely within the -102 SRE. Mutations in
this region are likely to disrupt binding of either tran-
scription factor. However, Sp1 occupancy in the pro-
moter of ERG28 (Fig. 2D) indicates this transcription
factor is likely to play a role in the transcriptional
programming of ERG28.

The −290/+80 ERG28-luc combined mutant
construct (Fig. 2E, containing mutations of the
-102SRE/-98Sp1, -75inv and -13 inv SREs, and -114 and
-64 NF-Y sites) completely ablated the sterol respon-
siveness of the promoter, suggesting that a combination
of these sites is essential for the sterol responsive tran-
scription of ERG28. Compiling the data from these
luciferase assays (Fig. 2C, E) and the published SREBP-2



Fig. 2. Mapping of SREs and other transcription factor binding sites in the ERG28 promoter. A: A weighted positional logo of the
SREBP-2 SRE consensus sequence created using WebLogo (40) generated from our in-house matrix (41). B: The top five predicted
SREs in the ERG28 promoter from our prediction FIMO (26). The canonical SRE found in the promoter of LDLR is included for
reference and given the top available score of 10. C and E: Dual luciferase assay data identifying (C) SREs and (E) Sp1 and NF-Y
binding sites in the ERG28 −290/+80 promoter. As for Fig. 1D, HeLaT cells were transfected for 24 h with 25 ng Renilla lucif-
erase construct and 250 ng Firefly luciferase constructs as shown. Cells were treated with 5 μM compactin (statin) or 10 μM 25-HC
(sterol) in sterol-depleted medium for 24 h and then harvested, and a luciferase assay was performed. The ratio of normalized
statin to sterol luciferase activities is presented for each construct. Data are presented as mean + SEM from n = 4–8 separate ex-
periments, each performed in triplicate cultures. Statistical significance was determined using a paired two-tailed t–test, and com-
parisons were between the wildtype −290/+80 ERG28-luc constructs and the respective SRE, Sp1, and NF-Y mutants and shown for
significant decreases (*P < 0.05, **P < 0.01, and ***P < 0.005). D: Combined ChIP-Seq signal graph showing binding of six Sp1-occupied
sequence fragments taken from ENCODE project data (42) within the ERG28 −500 to +200 bp region. The Y-axis shows the number
of times that each nucleotide was represented in a sequence fragment. F: A proposed map of transcriptional elements in the −190/
+10 ERG28 promoter (compiled from data in Fig. 2C, E). The tips of the SREBP-2 ChIP-Seq peaks obtained from UCSC genome
browser are highlighted in shades of blue.
ChIP-Seq peaks (Fig. 1B), we mapped proposed func-
tional elements in the ERG28 proximal promoter
(Fig. 2F).
ERG28 interacts with itself, NSDHL, and SC4MOL
After establishing that ERG28 is coregulated with

cholesterogenic enzymes by SREBP-2, we sought to
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Fig. 3. ERG28 interacts with itself and NSDHL and SC4MOL
but not with EBP. A: An overview of the NanoBiT® luciferase
system for protein-protein interactions. 1) Fusion constructs of
ERG28 with the LgBiT™ construct and proteins of interest
(ERG28, NSDHL, SC4MOL, EBP, or a HaloTag) with the
SmBiT™ construct are transfected into HEK293T cells. 2) If the
proteins of interest interact with ERG28, the functional Nano-
Luciferase is formed. 3) When the NanoGlo substrate is sup-
plied to the cells, luciferase activity can be measured and used
to infer interaction. B: HEK293T cells were transfected for 24 h
with ERG28 LgBiT, and the indicated SmBiT plasmid, split into
96-well plates, and luminosity was measured according to the
manufacturer’s protocol. The relative luminosity is normalized
to the response of the negative control pair (ERG28 LgBiT and
HaloTag™-SmBiT), which was set to 1. Data are presented as
mean + SEM of n = 3–4 independent experiments, each con-
ducted in duplicate. Statistical significance from the ERG28
LgBiT:HaloTag SmBiT pairing was determined using a paired
one-tailed t-test (*P < 0.05).
determine if the function of the protein is conserved
from yeast to humans. Yeast Erg28p interacts strongly
with itself and also with a wide number of ergosterol
synthesis enzymes, including Erg25p, Erg26p, and
Erg27p (the members of the C4-demethylation com-
plex, homologous to sterol-C4-methyl oxidase–like
gene [SC4MOL], NAD(P) Dependent Steroid Dehydro-
genase-Like [NSDHL], and hydroxysteroid (17-beta)
dehydrogenase 7 [HSD17B7], respectively) (7, 47).

Using the NanoBiT® split luciferase system for
detecting protein-protein interactions, plasmids con-
taining the human coding sequence of ERG28, NSDHL,
SC4MOL, and emopamil-binding protein (EBP) were
generated. These plasmids were cotransfected into
HEK293T cells to study the in situ interactions of
ERG28 (Fig. 3A). Based on this assay, ERG28 interacts
with itself (Fig. 3B), recapitulating the homomeric
interaction of Erg28p (8). In addition, ERG28 interacts
with both SC4MOL and NSDHL (Fig. 3B), akin to their
yeast homologs (Erg25p and Erg26p) (7, 47). While the
SC4MOL–ERG28 interaction has been published in
BioGrid (48), no interaction between NSDHL and
ERG28 has previously been shown. No interactions
were detected in situ between EBP and ERG28 (Fig. 3B)
despite published BioGrid data (48) indicating these two
proteins are interaction partners.

ERG28 KO leads to an impairment in cholesterol
synthesis in Huh7 cells

Considering protein-protein interactions of ERG28
partially recapitulate the interactions of Erg28p in yeast
(Fig. 3B), we investigated if ERG28 functionally plays a
similar role in cholesterol synthesis as Erg28p does in
ergosterol synthesis. Therefore, we generated ERG28
KO cell lines in the liver cell line, Huh7, since liver cells
are central to cholesterol homeostasis and have high
levels of cholesterol synthesis (49).WeusedCRISPR-Cas9
with two guides targeting exons 3 and 4 of ERG28 and
identified three clones (KO1, KO2, and KO3) with
disrupted ERG28 by Sanger sequencing (Fig. 4A),
measuring mRNA levels (Fig. 4B) and endogenous
ERG28 protein levels (Fig. 4C). One clone generated had
a 2 base pair deletion after amino acid 54, resulting in a
premature stop codonafter aminoacid 62 (KO1), and two
cloneshad largedeletionsbetween theguides, producing
a Δ[34–65] (KO2) or Δ[55–124] (KO3) deletion in the
coding sequence of ERG28. An overall reduction of
80–98%ofERG28mRNA(Fig. 4B) and65–85%ofERG28
protein levels were observed in the threeKOclones, with
KO1 having the greatest decrease (Fig. 4C). Hence, KO1
was selected for most subsequent work.

As ergosterol synthesis is reducedbyErg28pKO(5), we
wanted to know if this function was conserved between
yeast and humans and to investigate if ERG28 KO
impacted cholesterol levels in human cells. Using
Amplex Red assays, we measured the cholesterol levels
in wild-type and KO cells treated in either full serum or
lipoprotein-deficient serum. There was no statistically
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significant difference between the total cholesterol
levels inHuh7wild-type andKOcells whengrown in full
serum media, even after treatment with statin to inhibit
cholesterol synthesis (Fig. 4D). When cells were grown in
a lipid-deficient environment, where sterol synthesis is
upregulated to compensate for a lack of sterol uptake,we
observed a∼35% reduction in the cholesterol pool of the
KO compared with wild-type cells. When additionally
treated with statin, both the wild-type and ERG28 KO
cells showed reductions in their cholesterol pool (Fig. 4D).
These results are in line with expectations of ERG28
being involved in sterol synthesis, notuptake.Cholesterol
storage is unlikely to be disrupted in ERG28 KO cells as
there was no change in the percentage of cholesterol
stored as cholesteryl esters in theKOcells comparedwith
wild-type cells grown in full serum (Fig. 4E).



Fig. 4. ERG28 KO cell lines have lower total cholesterol levels. A: CRISPR-Cas9 with two guides targeting exons 3 and 4 of human
ERG28 was used to generate ERG28 KO cells in Huh7 cells. B: Total RNA was isolated from wild-type and KO cells, and ERG28
mRNA levels were measured using qRT-PCR. An overall reduction in ERG28 mRNA was observed in ERG28 KO cells. C: Protein
lysates from ERG28 KO cells were normalized and separated by 12% SDS-PAGE for Western blotting. Membranes were probed for
α-tubulin (for housekeeping) and endogenous ERG28 (nbp2-84865). D: Total cholesterol levels were measured in Huh7 wild-type
and ERG28 KO cells using the Amplex Red Cholesterol Assay Kit (Invitrogen). Cells were plated in 10% FCLPDS DMEM:HG, and
after 24 h, media were replaced and cells were grown for 48 h in either 10% FCS DMEM:HG or 10% FCLPDS DMEM:HG sup-
plemented with 5 μM compactin (statin) or a DMSO solvent control. Cell lysates were harvested, and protein and total cholesterol
levels were measured. Cholesterol levels were normalized to the concentration of protein and expressed relative to the wild-type
solvent control cholesterol levels in each experiment, which was set to 1. E: Free and total cholesterol levels were measured in Huh7
wild-type and ERG28 KO cells using the Amplex Red Cholesterol Assay Kit (Invitrogen) as per D. Cells were plated in 10% FCLPDS
DMEM:HG, and after 24 h, media were replaced and cells were grown for 48 h in either 10% FCS DMEM:HG supplemented with
5 μM compactin (statin) or a DMSO solvent control. Cell lysates were harvested, and protein and free and total cholesterol levels
were measured. Cholesterol levels were normalized to the concentration of protein, and the ratio of free to total cholesterol was
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After confirming the ERG28 KO cell lines had less
overall cholesterol than the wild-type Huh7 cells, and
that this was likely because of a synthetic defect and not
reduced uptake, we aimed to directly test if ERG28 is
involved in cholesterol synthesis. Using [14C]-acetate to
radiolabel wild-type and ERG28 KO cells, the synthesis
of cholesterol and other lipids was measured via TLC.
The KO cell lines displayed dramatically reduced
cholesterol synthesis (Fig. 5A), with clones showing a
60–75% reduction in cholesterol synthesized compared
with wild-type when grown in lipoprotein-deficient
media. KO cells grown in full serum also showed a
reduction in cholesterol synthesis comparative to wild-
type (Fig. 5B), suggesting cholesterol synthesis is
impaired by ERG28 KO, irrespective of exogenous
cholesterol supplementation. KO cells in addition
showed a reduced rate of cholesterol production over
time (Fig. 5C,D) compared with wild-type Huh7 cells. In
addition to reduced cholesterol synthesis, there was also
an overall decrease in the synthesis of [14C]-labeled
neutral lipids in the KOs (supplemental Fig. S2). No
consistent change in the level of fatty acid synthesis was
observed in the KO cells, indicating that the rate of
uptake of [14C]-acetate was similar between the KO and
wild-type cells, and that the inhibitory effect of ERG28
KO was specific for sterol synthesis (Fig. 5E).

The phenotype of reduced cholesterol synthesis was
able to be reversed in a dose-dependent manner by
transiently expressing a CMV-ERG28-V5 construct in
the KO cells (Fig. 5F), confirming the reduction in
cholesterol synthesis is due to the loss of ERG28.

A major function of Erg28p in yeast is facilitating the
effective C4-demethylation of the sterol precursor. As
we have shown protein-protein interactions between
ERG28 and two enzymes involved in C4-demethlayion,
NSDHL and SC4MOL, we sought to investigate if
ERG28 played a similar role in mammalian cholesterol
synthesis. We treated wild-type Huh7 cells with 17α-
hydroxyprogesterone (17-OHP), an inhibitor of
HSD17B7 (50), the 3-keto-steroid reductase, which
should replicate a synthetic lesion at the C4-
demethlyation step. When wild-type cells were treated
with 17-OHP there was a reduction in cholesterol syn-
thesis, and accumulation of lanosterol and other
neutral lipids (Fig. 5A). However, no such accumulation
is observed in ERG28 KO cells (Figs. 5A and S2), indi-
cating that a lesion in cholesterol synthesis occurs at a
different location in the pathway than the chemically
induced block at HSD17B7.

After establishing that the block in cholesterol syn-
thesis driven by ERG28 KO was unlikely to be at the C4-
demethylation step, we sought to identify the site of the
synthetic lesion. Treatment with a wide variety of
cholesterol synthesis inhibitors targeting different
used to calculate the percentage of cholesterol stored as cholestery
from n = 3 independent experiments. Statistical significance from t
tailed t-test (*P < 0.05, **P < 0.01, and ***P < 0.005).
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enzymes of the pathway failed to produce a pattern of
accumulation similar to that observed in the ERG28 KO
cells (Fig. 6A). Inhibition of cholesterol synthesis en-
zymes post-squalene synthase (SQS) produced easily
identifiable banding patterns, corresponding to a vari-
ety of predicted sterols. However, none of these pat-
terns matched the KO cells indicating that the tested
post-SQS enzymes were unlikely to be the site of the
synthetic lesion. Inhibition of 3-hydroxy-3-
methylglutaryl-CoA reductase (HMGCR), farnesyl
diphosphate synthase (FPPS), and SQS produced a
similar reduction of cholesterol synthesis to the KO
cells and suggested that the major lesion of cholesterol
synthesis in the KO cells was unlikely to be after
squalene synthesis.

To determine if the lesion in cholesterol synthesis
occurred after the first rate-limiting step, HMGCR, the
radiolabeled sterol precursor [14C]-mevalonate (the
product of HMGCR), was supplied to cells and sterol
synthesis compared with synthesis with [14C]-acetate.
While there was an overall reduction in the level of
[14C]-cholesterol synthesized when [14C]-mevalonate was
used as the labeled precursor (likely because of the low
rate of uptake of mevalonate compared with acetate
(51)) (Fig. 6B), there was a comparable reduction in [14C]-
cholesterol synthesis between the wild-type and KO
cells, indicating cholesterol synthesis is inhibited after
the first rate-limiting step of cholesterol synthesis,
HMGCR.

To confirm the synthetic lesion was before squalene
synthesis, squalene monooxygenase (SM) was inhibited
in wild-type and KO cells with the SM inhibitor, NB-598
(Fig. 6C). If the primary synthetic lesion occurs at or
after SM, we anticipated a comparable accumulation of
[14C]-squalene in the wild-type and KO cells. Only the
wild-type cells showed a marked accumulation of [14C]-
squalene in response to NB-598 treatment (Fig. 6C), with
KO cells synthesizing ∼10% compared with the wild-
type. This suggests that cholesterol synthesis in ERG28
KO cells is impaired between the two major rate-
limiting steps, HMGCR and SM.

KO of ERG28 leads to a general downregulation of
cholesterol synthesis genes

We next speculated that genes in the cholesterol
synthesis pathway would be upregulated as a compen-
satory response to the synthetic lesion because of
ERG28 KO and investigated the possibility of tran-
scriptional changes. qRT-PCR performed on RNA
extracted from all three ERG28 KO cell lines showed
not only were ERG28 mRNA levels reduced in the KOs
but so too were the levels of most cholesterol synthesis
genes (Fig. 7A), such as SQLE and SC4MOL (Fig. 7B) and
many early mevalonate pathway enzymes. In addition
l esters within the cell. Data are presented as the mean ± SEM
he solvent-treated wild-type was determined using a paired two-



Fig. 5. KO of ERG28 results in reduced cholesterol synthesis. A and B: Wild-type or ERG28 KO cells were pretreated for 16 h in 10%
FCLPDS DMEM:HG sterol-deficient media supplemented with 5 μM compactin with or without 10 μM 17-OHP and then radiolabeled
with 1 μCi of [14C]-acetate for 4 h in sterol-deficient media with or without 10 μM 17-OHP. Cell lysates were normalized to total
cellular protein concentration, and total nonsaponifiable sterols were harvested from the cells (A), dried, and separated on TLC Silica
gel 60 F254 plates in a heptane:ethyl acetate (2:1, v/v) mobile phase. Radiolabeled lipids were imaged after ∼ 1 week of exposure using
the Typhoon FLA 9500 phosphor imager. Data were normalized to the wild-type and presented as mean ± SEM from n = 3 or 4
independent experiments. Statistical significance was determined using a paired two-tailed t test (*P < 0.05, **P < 0.01, and ***P <
0.005). B: Wild-type or ERG28 KO1 cells were radiolabeled in 10% FCS DMEM:HG with 2 μCi of [14C]-acetate for 4 h and lipids
extracted as for A. TLC is representative of n = 2 independent experiments each conducted in triplicate. C–D: Huh7 wild-type cells
and ERG28 KO1 cells were pretreated for 16 h in 10% FCLPDS DMEM:HG sterol-deficient media supplemented with 5 μM compactin
with or without 10 μM 17-OHP and then radiolabeled with 1 μCi of [14C]-acetate for 2–24 h. Lipids were extracted as per Fig. 5A. Data
were normalized to the wild-type 8 h time point and presented as mean ± SEM from n = 3 independent experiments. Statistical
significance was determined using a paired two-tailed t-test, all time points were significant P < 0.05. E: After total nonsaponifiable
sterols were harvested from the cells (Fig. 5A), the remaining lysate was acidified, and fatty acids were extracted, dried, and separated
on TLC Silica gel 60 F254 plates in a heptane:diethyl ether:acetic acid (90:30:1, v/v) mobile phase. F: Huh7 wild-type or ERG28 KO1
cells were transfected for 8 h with increasing amounts of CMV-ERG28-V5 as indicated, pretreated for 16 h in sterol-deficient media
supplemented with 5 μM compactin, and then radiolabeled with 1 μCi of [14C]-acetate for 4 h in sterol-deficient media. Lipids were
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to cholesterol synthesis genes, levels of LDLR and
SREBP-2, both SREBP-2 targets, were reduced (Fig. 7A).
However, INSIG1 and PMVK, also transcriptional targets
of SREBP-2 (52), increased (Fig. 7A).

KO of ERG28 alters SREBP-2 cleavage
The broad downregulation of cholesterol synthesis

genes observed in Fig. 7A suggested that SREBP-2, the
master transcription factor of cholesterol synthesis,
may be affected in ERG28 KO cells.

To investigate this, SREBP-2 cleavage assays were
performed (Fig. 7C). In full serum conditions (FCS,
lanes 1–2; Fig. 7C), SREBP-2 cleavage decreased in the
KO cells (production of cSREBP-2 from its precursor
pSREBP-2), consistent with the broad downregulation
of SREBP-2 target genes (Fig. 7A,B). However, SREBP-2
cleavage was similar between the KO and wild-type
cells in all lipoprotein-deficient conditions (lanes 3–8;
Fig. 7C). Levels of Scap were not significantly altered in
the KO cells compared with wild-type, suggesting that
another element of SREBP-2 cleavage explain the
SREBP-2 results observed in KO cells (Fig. 7C). While
individual gene expression was reduced in KO cells in
full serum, transcript levels were restored nearly to
wild-type levels in conditions that favor SREBP-2 acti-
vation (Fig. 7D). This confirmed that the pathway was
likely to be fully active under the lipoprotein-deficient
conditions used to identify the lesion in cholesterol
synthesis (Fig. 5A, C, D and Fig. 6A–C).

DISCUSSION

In this work, we have for the first time identified
human ERG28 as an important player in cholesterol
biosynthesis. Human ERG28 shares some functional
homology with its yeast counterpart, Erg28p, in that it is
transcriptionally coregulated with the sterol synthesis
gene program, interacts with certain sterol synthesis
enzymes, and has an important, albeit nonessential, role
in sterol synthesis. However, in addition, human ERG28
influences SREBP-2 activation in sterol-replete condi-
tions by a still to be uncovered mechanism.

Transcriptional regulation of ERG28
We confirmed ERG28 is transcriptionally driven by

SREBP-2 (Fig. 2A, C) and identified three SREs that
aligned with publicly available ChIP-Seq data (Figs. 2B
and 3C), three NF-Y, and one Sp1 (Fig. 3E) binding site
in the minimal sterol-responsive promoter. Early
studies into SREBP-2 coregulated genes (52, 53) sug-
gested that the transcript of ERG28 may be amongst
them. However, the sterol-responsive region of the
extracted as per Fig. 5A. Data expressed as levels of [14C]-sterol in K
account for variations in transfection efficiency, normalized to stero
0.5, 0.75, and 1.0 μg are from n = 3 independent experiments and
dependent experiments and presented as mean ± half range.
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promoter, and the potential role the gene product plays
in cholesterol biosynthesis, has not been explored pre-
viously. Despite the initial identification of the ERG28
minimal sterol-responsive promoter between -290/-50
(Fig. 1D), mutation of the -13 invSRE also led to a
decrease of sterol responsiveness in the ERG28-luc
construct (Fig. 2C). It may be that other regulatory el-
ements required for SREBP-2 activation of the -13
invSRE are located within the -290/-50 region (poten-
tially the -64 NF-Y site), and in the −50/+80 construct,
the -13 invSRE alone is not strong enough to induce
transcription.

The highest scoring predicted SRE in the −290/+80
region of the ERG28 promoter, an invSRE at -141, did not
affect sterol responsiveness of the ERG28-luc construct
(Fig. 2C). This underscores the loose consensus motif
and the need to test multiple predicted SREs and
consider additional lines of evidence (Fig. 2A). Our work
using previous iterations of this in-house weighted po-
sitional matrix also found functional SREs with low
scores or not predicted by this method (25, 39). Careful
investigation is needed to confidently identify SREs in
SREBP-2 gene targets.

While we have identified likely SREBP-2 binding
sites, and NF-Y and Sp1 sites in the ERG28 proximal
promoter, we cannot exclude the possibility of other
regulatory elements in this region contributing to the
sterol responsiveness of the ERG28 promoter.

Protein-protein interactions of ERG28
The major role assigned to Erg28p in ergosterol

synthesis is as a scaffold for the C4 demethylation
complex. This complex comprises Erg25, Erg26p, and
Erg27p (three enzymes homologous to NSDHL,
SC4MOL, and HSD17B7, respectively), which together
facilitate the effective demethylation from the C4
carbon (8, 9). Though, Erg28p also interacts with several
other ergosterol synthesis enzymes (7, 9, 47).

The KO of Erg28p primarily leads to an accumula-
tion of C4-methyl sterols, suggesting the C4-
demethylation step, that is the sequential removal of
the two C4 carbons by Erg25p, Erg26p, and Erg27p, is
impacted. Plant ERG28 shares this homologous func-
tion of scaffolding the C4-demethylation enzymes
together, and a variety of sterol biosynthetic in-
termediates build up in KO plants (6). We found ERG28
interacts with two members of the C4-demethylation
complex, NSDHL and SC4MOL (Fig. 3B), and attemp-
ted to recreate this C4-demethylation defect by treating
wild-type cells with 17-OHP, an inhibitor of HSD17B7
(the Erg27p homologue). However, the pattern of
radiolabeled sterols, notably accumulation of bands
O compared with wild-type for each plasmid concentration to
l synthesis for the 1.0 μg condition for each cell line. Data for 0,
presented as mean ± SEM, data for 0.25 μg are from n = 2 in-



Fig. 6. The synthetic lesion in ERG28 KO cells likely occurs between HMGCR and SM. A: Wild-type Huh7 cells were treated with
the indicated cholesterol synthesis pathway inhibitors, 5 μM compactin (HMGCR), 100 μM zoledronate (FPPS), 25 μM TAK-475 (SQS),
1 μM NB-598 (SM), 100 nM RO 48-8071 (lanosterol synthase [LSS]), 1 μM GR70585X (lanosterol demethylase [LDM]), 20 μM AY-9944
(14-dehydrocholesterol reductase [DHCR14]), 10 μM 17-OHP (HSD17B7), 1 μM AY-9944 (7-dehydrocholesterol reductase [DHCR7])
and labeled in 10% FCLPDS DMEM:HG with 1 μCi of [14C]-acetate for 24 h. B: Wild-type Huh7 or ERG28 KO1 cells were pretreated
for 16 h in 10% FCLPDS DMEM:HG supplemented with 5 μM compactin and then radiolabeled with either 1 μCi of [14C]-acetate or
2 μCi of [14C]-mevalonate for 4 h. C: Wild-type Huh7 or ERG28 KO1 cells were labeled with 1 μCi of [14C]-acetate and treated with or
without 1 μM of NB-598 to inhibit SM. A–C: Lipids were extracted, and TLCs were performed as per Fig. 5A. Data are representative
of n = 3 independent experiments. Data were normalized to the (B, C) [14C]-cholesterol or (C) [14C]-squalene levels of wild-type cells
within each treatment group, which were set to 1.
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Fig. 7. SREBP-2 genes are downregulated in ERG28 KO cells. A and B: Previously generated cDNA generated from Huh7 ERG28
KO clones (Fig. 4B) was used to measure the expression of all cholesterol synthesis genes, plus LDLR (as a canonical SREBP-2 target)
and INSIG1, INSIG2, SCAP, and SREBP-2 (as components of the SREBP-2 processing machinery). mRNA levels were measured using
qRT-PCR and normalized to PBGD. mRNA levels are relative to the wild-type, which was set to 1. A: A heatmap showing overall
trends, (B) SQLE and SC4MOL levels showing a reduction in relative gene expression in all three KO clones. C: Huh7 wild-type and
ERG28 KO cells were treated in a variety of conditions to investigate SREBP-2 cleavage difference between them. FCS-treated cells
(lanes 1 and 2) were treated for 5 h in 10% FCS DMEM:HG PS (parallel to basal conditions in A and B). Lanes 3–8 were treated for 1 h
in 10% FCLPDS DMEM:HG containing 1% (w/v) 2-hydroxypropyl-β-cyclodextrin, 10 μM compactin, and 50 μM mevalonate. Next
lanes 3–8 were treated for 5 h with or without 1 μg/ml 25-HC in 10% FCLPDS DMEM:HG, with or without 10 μM compactin and
50 μM mevalonate. During the final 2 h of treatment, medium in all lines was supplemented with 25 μg/ml ALLN to preserve the
levels of cleaved SREBP-2. Cell lysates were normalized, separated by SDS-PAGE, and protein levels were measured by Western blot
using anti-SREBP-2, anti-Scap, and anti-GAPDH. pSREBP-2 refers to the full-length SREBP-2 precursor, cSREBP-2 refers to the C-
terminal fragment of cleaved SREBP-2, and * refers to a nonspecific band in the anti-Scap. Western blots are representative of n = 3
independent experiments, SREBP-2 cleavage was quantified as a fraction of total SREBP-2 levels, and normalized to the statin-
treated condition of WT cells. D: Cells were treated as per C. Total RNA was harvested, cDNA prepared, and SQLE and SC4MOL
mRNA levels were measured using qRT-PCR and normalixed to PBGD. mRNA levels are relative to the wild-type statin-treated
condition, which was set to 1. Data are presented as mean ± SEM of n = 3 independent experiments. Comparisons were made be-
tween wild-type and KO cells for each treatment condition. Statistical significance was determined using a paired two-tailed t-test (*P
< 0.05 and ***P < 0.005).
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corresponding to lanosterol and other sterol in-
termediates, was very different between the ERG28 KO
cells and wild-type cells with inhibition of HSD17B7
(Fig. 5A), arguing against the C4-demethylation step
being the primary location of the lesion. Inhibition of
SC4MOL or NSDHL should produce a similar sterol
profile as HSD17B7 inhibition (Fig. 5A) and a marked
accumulation of the substrate of SC4MOL, T-MAS,
would be expected.

A study of binary interactions in the human prote-
ome revealed >100 interaction partners of ERG28
including the cholesterol synthesis enzyme EBP (48),
which was not detected in our NanoBiT® assays.
Moreover, the sterol profiles obtained from our radio-
TLCs do not align with the expected results if EBP is
the primary lesion in cholesterol synthesis. Preliminary
analysis by gas chromatography coupled with mass
spectrometry confirms no detectable accumulation of
sterol intermediates (data not shown).

Our data (Fig. 3B) and investigation into binary
protein-protein interactions in the human proteome
show ERG28 interacts with itself (48), indicating
ERG28 likely dimerizes (or forms a larger complex
containing several ERG28 units). Certain cholesterol
synthesis enzymes are known to interact with each
other, for example, DHCR7 and DHCR24 (the two
terminal enzymes of cholesterol synthesis) function-
ally and physically interact (54). Also, EBP and
DHCR7 interact, together forming the catalytic and
regulatory enzyme, cholesterol-5,6-oxide hydrolase
(55). In S. cerevisiae, many ergosterol synthesis enzymes
interact, including Erg28p interacting with itself (8, 9).
However, not every interaction is conserved from
yeast to humans: the homologs of HSD17B7 and lan-
osterol synthase are known to interact in yeast, but
this is not conserved in the mammalian system (4).
While the current mammalian protein-protein inter-
action examples are just binary interactions, ERG28
may scaffold numerous cholesterol synthesis enzymes
together to facilitate effective conversion of in-
termediates to cholesterol, which we investigated in
our KO cells.

Functional impacts of ERG28 KO
We found ERG28 KO reduces cholesterol levels in

the cell (Fig. 4D), through decreased sterol synthesis
(Fig. 5A). However, we have yet to fully identify the
site(s) of the lesion or the mechanism(s) driving this.
While some inferences can be made based on the ho-
mology of cholesterol and ergosterol synthesis, the
lesion in cholesterol synthesis in ERG28 KOs is not
solely at the C4-demethylation step, where the lesion
occurs in KO yeast (5) and plants (6). Our collective data
suggest that inhibition of cholesterol synthesis occurs in
ERG28 KO cells between the two rate-limiting steps of
HMGCR (Fig. 6A, B) and SM (Fig. 6C), where the in-
termediates would not have been extracted in our lipid
extraction and visualized on radio-TLC. We speculate
that KO of ERG28 may affect multiple steps in
cholesterol synthesis.

We identified a general reduction in SREBP-2 target
genes in ERG28 KO cells under sterol-replete condi-
tions (Fig. 7A) suggesting impaired SREBP-2 transcrip-
tional programming. Activation of SREBP-2 in full
serum was significantly reduced in the ERG28 KO cells
(Fig. 7C), potentially explaining the widespread
decrease in message levels of SREBP-2 target genes
(Fig. 7A, B). By contrast, activation of SREBP-2 was
unaffected in sterol-deficient conditions (Fig. 7C), and
mRNA levels of SREBP-2 target genes were compara-
ble between the KO and wild-type cells under these
conditions (Fig. 7D), indicating the activation mecha-
nism of SREBP-2 is intact. The mechanism(s) driving
reduced SREBP-2 activation in ERG28 KO cells remains
to be elucidated but does not appear to be due to
altered Scap protein levels (Fig. 7C). Radiolabeled tracer
experiments (Figs. 5A, C–F and 6) were performed
under lipoprotein-deficient conditions where SREBP-2
target gene levels are restored, suggesting that the
reduced cholesterol synthesis in ERG28 cells under
sterol-depleted conditions is not exclusively because of
lower gene expression of synthetic enzymes.

Broader implications of ERG28
Cholesterol synthesis and metabolism is frequently

perturbed in a variety of cancers (reviewed in Ref. (56)).
Early work on ERG28 identified increased expression of
the transcript in colon and leukocyte cancer-derived
cells compared with healthy tissue cell lines (10), and
the only published function of ERG28 in a mammalian
system thus far is related to its upregulation in
pancreatic cancers (11). As we have shown ERG28 plays
a functional role in cholesterol synthesis, it may be that
this increased gene expression in cancers is a driver of,
or a result of, perturbations in cholesterol synthesis.

Other published interaction partners of ERG28
include solute carrier family 41 member 1 (57), a mag-
nesium transporter primarily localized to the plasma
membrane, and CLN8, an ER-associated membrane
protein (12). Even animals auxotrophic for cholesterol
synthesis contain homologues of ERG28/Erg28 (58).
Despite nematodes being auxotrophic for sterol syn-
thesis and having an incomplete sterol synthesis
pathway (59), the homolog of ERG28 in Caenorhabditis
elegans, ERG-28, protects the sodium channel, SLO-1,
from aspartic protease degradation (60). These addi-
tional interaction partners of ERG28, and its conserva-
tion in sterol auxotrophic organisms, suggests that
beyond its role in cholesterol synthesis, ERG28 may
function as a general membrane scaffolding protein in
the cell.

Our current work has shown ERG28 plays a signifi-
cant role in mammalian cholesterol synthesis. ERG28
gene expression is coregulated with cholesterol
ERG28 is involved in the synthesis of cholesterol 15



synthesis enzymes by SREBP-2-mediated transcription.
ERG28 protein physically interacts with certain
cholesterol synthesis enzymes, and its lack drastically
reduces cholesterol synthesis. Further work is required
to delineate precisely how ERG28 functions in the
mammalian cholesterol synthesis pathway and other
roles this protein may play in the cell.
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