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Cold shock domain–containing protein E1 is 
a posttranscriptional regulator of the LDL receptor
Geoffrey A. Smith1†‡, Arun Padmanabhan2,3,4†, Bryan H. Lau5, Akhil Pampana6,7, Li Li8,  
Clara Y. Lee2,3,4, Angelo Pelonero4, Tomohiro Nishino4, Nandhini Sadagopan2,3,4, Vivian Q. Xia3,9, 
Rajan Jain8,10, Pradeep Natarajan6,7,11, Roland S. Wu2,3,5§, Brian L. Black5, 
Deepak Srivastava4,12,13, Kevan M. Shokat1,14, John S. Chorba3,9*

The low-density lipoprotein receptor (LDLR) controls cellular delivery of cholesterol and clears LDL from the 
bloodstream, protecting against atherosclerotic heart disease, the leading cause of death in the United States. We 
therefore sought to identify regulators of the LDLR beyond the targets of current therapies and known causes of 
familial hypercholesterolemia. We found that cold shock domain–containing protein E1 (CSDE1) enhanced hepatic 
LDLR messenger RNA (mRNA) decay via its 3′ untranslated region and regulated atherogenic lipoproteins in vivo. 
Using parallel phenotypic genome-wide CRISPR interference screens in a tissue culture model, we identified 40 
specific regulators of the LDLR that were not previously identified by observational human genetic studies. Among 
these, we demonstrated that, in HepG2 cells, CSDE1 regulated the LDLR at least as strongly as statins and propro-
tein convertase subtilisin/kexin type 9 (PCSK9) inhibitors. In addition, we showed that hepatic gene silencing of 
Csde1 treated diet-induced dyslipidemia in mice to a similar degree as Pcsk9 silencing. These results suggest the 
therapeutic potential of targeting CSDE1 to manipulate the posttranscriptional regulation of the LDLR mRNA for 
the prevention of cardiovascular disease. Our approach of modeling a clinically relevant phenotype in a forward 
genetic screen, followed by mechanistic pharmacologic dissection and in vivo validation, may serve as a general-
izable template for the identification of therapeutic targets in other human disease states.

INTRODUCTION
The low-density lipoprotein receptor (LDLR) delivers cholesterol from 
LDL to cells to maintain membrane homeostasis (1). By clearing 
atherogenic LDL particles from the bloodstream, the hepatic LDLR 
protects against atherosclerotic heart disease (2). Despite successful 
therapies that up-regulate the hepatic LDLR and reduce heart attacks, 
such as 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR) 
inhibitors (statins), Neimann-Pick C1-like (NPC1L1) inhibitors, or 
proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors (3), 
cardiovascular disease remains the leading cause of death in Western 
countries (4). Lowering LDL beyond that achieved by statins improves 
clinical outcomes without adverse effects (5). Although there is a 
theoretical concentration at which LDL concentrations could get 

too low (6), this has yet to be found in large randomized trials (7). 
Whether other LDLR regulatory mechanisms could be leveraged to 
further treat heart disease remains unknown.

The genetics of familial hypercholesterolemia (FH), which manifests 
as an isolated elevation in serum LDL, underlies the clinical success 
of LDLR up-regulation by statins and PCSK9 inhibitors. Estimates 
suggest that 20 to 40% of FH phenotypes remain unexplained outside 
of the four major causes: LDLR, apolipoprotein B (APOB), PCSK9, 
and LDLR adaptor protein 1 (LDLRAP1) (8). Although polygenic 
causes drive some unexplained phenotypes (9–11), additional regu-
lators of the LDLR may still exist. Advances in forward genetics using 
clustered regularly interspaced short palindromic repeats (CRISPR)–
based technologies (12–14) can now enable searches for tissue- and 
disease-specific effects across the entire genome that may elude the 
sporadic natural variants found in observational studies, which them-
selves require compatibility throughout the entire life span and in 
all cell types. Moreover, hepatic delivery of gene silencing agents has 
been shown to be effective in the clinic (15), providing a therapeutic 
modality against hits whose phenotypes are driven by expression in 
the liver. We therefore used a genome-wide CRISPR interference 
(CRISPRi) screen for factors involved in hepatic LDLR regulation, 
both to understand the biology of this important receptor and to 
uncover potential therapeutic targets in cardiovascular disease.

RESULTS
A genome-wide CRISPRi screen for LDLR regulation
We engineered the HepG2 cell line, which models the regulation of 
the LDLR (16–20), to constitutively express an inactive Cas9 pro-
tein fused to the Krüppel-associated box transcriptional repressor 
(dCas9-KRAB), enabling the knockdown of any given gene with an 
appropriate single guide RNA (sgRNA; Fig. 1A) (12, 13). Because 
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statins (21) and PCSK9 inhibitors (22–24) increase cell surface LDLR, 
we scored surface LDLR abundance. To focus on factors that pref-
erentially affect LDLR abundance over other receptors, we performed 
a parallel screen for regulators of the transferrin receptor (TFR). 
This critical player in iron metabolism shares a clathrin-mediated 
intake mechanism but is otherwise orthogonally regulated from the 
LDLR (25, 26). Before our screen, we confirmed dCas9-KRAB ac-
tivity (fig. S1A) and an appropriate dynamic range for both LDLR 
and TFR regulation by transduction with sgRNAs expected to alter 
receptor abundance in either direction. For LDLR, we targeted LDLR 
and myosin regulatory light chain interacting protein (MYLIP), 
which encodes an E3 ligase that ubiquitinates the LDLR and causes 
lysosomal degradation (fig. S1B) (27). For TFR, we targeted TFRC 
and zinc finger CCCH-type containing 12A (ZC3H12A), which 
encodes an endoribonuclease that degrades TFRC mRNA (fig. 
S1C) (28).

We next performed our pooled screens in parallel by transducing a 
library encoding sgRNAs with fivefold coverage of the entire protein-
coding human genome (13). We selected the cells at the upper and 
lower third of receptor abundance by fluorescence-activated cell 
sorting (FACS) and quantified the sgRNAs for each population via 
deep sequencing (fig. S2, A to F, and tables S1 to S4). We compared 
the degree of enrichment of LDLR or TFR surface amounts in the 
high-abundance to the low-abundance cells (defined as ; Fig. 1B). 
We also compared the cells with high and low receptor abundance 
to the unsorted population (defined as  or , respectively) and in-
cluded these results in our final hit count. This resulted in 130 total 
hits for the LDLR and 186 hits for the TFR (tables S5 and S6). We 
hypothesized that hits with shared phenotypes would likely have 
global effects on surface receptors, leaving us with 117 hits specific 

for LDLR regulation (Fig.  1C and table S5). Gene ontology (GO) 
analysis (29) revealed a 15-fold enrichment for cholesterol metabo-
lism as a biologic process (11 total hits; P = 5.7 × 10−10), providing 
confidence that we recapitulated our target biology. The hits also 
included 48 members of potentially druggable protein classes, 
including 29 with proposed enzymatic activity, and 22 hits were un-
classified in GO databases (fig. S3A).

Cross-referencing human genetic datasets identifies LDLR 
regulators in vivo
We next compared genes associated with serum LDL cholesterol 
(LDL-C) from published genome-wide association studies (GWAS) 
(30–32) to our list of hits. However, only 13 of these genes overlapped 
with our results (Fig. 1D), even when we relaxed our threshold for 
hit selection. To improve power for multiple hypothesis testing across 
the entire genome, we analyzed 390,375 UK Biobank participants 
with genome-wide genotypes and known plasma lipids (table S7) to 
search for variants associated with LDL-C among only our hits (33). 
We filtered to nonsynonymous protein-coding variants in these hits 
by a threshold minor allele frequency (>0.001) and minimum statis-
tical significance (P = 0.000427; Table 1). For basal cell adhesion 
molecule (BCAM), we found both an association between higher LDL-C 
and a nonsense variant and bidirectional associations between 
LDL-C and missense variants, suggesting that this pathway may be 
tunable. We also found associations between elevated LDL-C and 
variants in methylsterol monooxygenase 1 (MSMO1), chromosome 
6 open reading frame 132 (C6orf132), hepatocyte nuclear factor 4 
alpha (HNF4A), and timeless circadian regulator (TIMELESS), sug-
gesting that these hits may be functional in the human and warrant 
further evaluation. The results also suggested that the accessible 
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Fig. 1. Results from the genome-wide CRISPRi screen. (A) Overall schematic of phenotypic selection. CRISPRi-ready cells are transduced with a genome-wide library of 
sgRNAs, surface-labeled with antibody, sorted by flow cytometry, and deep sequenced to deconvolute putative gene functions. See main text for details. (B) Volcano plot 
showing the statistical significance (Mann-Whitney test) of the guides recovered for each gene against the mean  phenotype of the three guides with the strongest ef-
fect.  is defined as the log2 fold enrichment for sgRNAs recovered from cells with high–LDLR abundance cells to those recovered from cells with low LDLR abundance. 
Guides targeting known regulators of the LDLR are noted. (C) Venn diagram showing the overlap between parallel LDLR and TFR screens. Six guides common to both had 
opposing abundance phenotypes in the respective screens and were included as specific hits. (D) Venn diagram of hits between the LDLR genome-wide CRISPRi screen 
(GWCS) and putative genes correlated with serum LDL cholesterol (LDL-C) from GWAS. The dotted line indicates a relaxed threshold for hit selection from LDLR screen, 
with only an additional three genes in the overlap. Overlap genes shown at the right.
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“genomic space” of the CRISPRi and GWAS strategies was only 
partially overlapping.

Regulators of surface LDLR abundance affect functional 
uptake of LDL
To validate our screen results, we generated CRISPRi HepG2 cells 
harboring either of the two top-scoring sgRNAs for 77 of our hits 
and established controls. We preferentially tested hits with an increase 
in surface LDLR upon inhibition, as well as those with potentially 
druggable functions or lacking associated GO terms. Because sur-
face receptor abundance might not necessarily correlate to increased 
function, we evaluated both LDLR and TFR surface phenotypes 
alongside LDL uptake (34). This functional assay involved a pulse 
treatment of exogenous, fluorophore-labeled LDL followed by a 
similar flow cytometric readout. Last, because knockdowns could 
also cause growth phenotypes, we assayed the number of cells sur-
viving to FACS analysis as a proxy for viability.

We recapitulated the phenotypes for receptor abundance for at 
least one of the guides in most of the hits (55 genes, 71% of those 
tested; table S8). Moreover, for 40 of these genes, both sgRNAs were 
independently validated, suggesting against an off-target effect. We 
visualized these hits based on their effects, at single-cell resolution, 
on LDLR and TFR abundance, the LDLR/TFR ratio, functional LDL 
uptake, and the number of cells surviving to analysis (Fig. 2 and fig. 
S3B). In this tissue culture model, most knockdowns had inde-
pendently validated effects on LDLR abundance and LDL uptake of 
similar or greater magnitude than the HMGCR or PCSK9 controls.

Knockdown of hits expected to alter cellular cholesterol balance 
or transcriptionally regulate the LDLR showed directionally consistent 
effects between LDLR abundance and function (Fig. 2). For genes in 
the enzymatic pathway of cholesterol metabolism [3-hydroxy-3-
methylglutaryl-coenzyme A synthase 1 (HMGCS1) and MSMO1] (35), 
this was consistent with activation of sterol regulatory element–binding 
protein 2 (SREBP2)–mediated LDLR transcription. For genes encoding 
certain transcription factors [hepatocyte nuclear factor 1 homeobox 
A (HNF1A) (36), HNF4A (37), one cut homeobox 1 (ONECUT1) 
(38), and zinc finger E-box binding homeobox 1 (ZEB1) (39)], this 

was consistent with an effect on LDLR transcription itself. Knock-
downs of solute carrier family 25 member 27 (SLC25A27), which 
encodes a mitochondrial uncoupling protein (40), and adenosine 
triphosphate (ATP)–binding cassette subfamily A member 4 (ABCA4), 
encoding a known lipid transporter (41), both exhibited reductions 
in LDLR abundance and function (Fig. 2). These genes could plau-
sibly induce a negative lipid balance, increasing LDL uptake via both 
LDLR-dependent and LDLR-independent mechanisms.

Targeting of hits that either affected multiple transcriptional path-
ways or regulated endocytosis showed opposite effects on LDLR 
abundance and function. Knockdown of tribbles pseudokinase 1 
(TRIB1), a GWAS hit (30) encoding a pseudokinase that regulates 
the constitutive photomorphogenic (COP1) E3 ligase (42) and 
affects multiple transcription factors (43), showed this phenotype. 
In the mouse, TRIB1 overexpression lowers serum cholesterol, 
whereas the knockout has the opposite effect (44, 45), consistent 
with our results. Knockdown of adaptor-related protein complex 2 
subunit mu 1 (AP2M1), a TFR screen hit that encodes an adaptor 
protein required for endocytosis (46), was similar, consistent with 
an accumulation of nonfunctional receptors at the cell surface. This 
phenotype, although specific to the LDLR, was also seen with knock-
down of BCAM, which encodes a membrane cell adhesion molecule 
(47) identified by GWAS (32), and transmembrane protein 217 
(TMEM217), which encodes an uncharacterized transmembrane pro-
tein (Fig. 2 and fig. S4). This suggested that these proteins could have 
a similar endocytosis adaptor function specific for the LDLR, akin to 
LDLRAP1 (48), in which mutations cause a recessive form of FH.

Pharmacologic inhibition of clinically relevant pathways 
provides mechanistic insight into putative LDLR regulators
We next used pharmacologic approaches to perturb specific path-
ways of LDLR regulation. We hypothesized that hits might alter 
cholesterol metabolism, LDLR recycling, or a yet unspecified path-
way. By combining CRISPRi knockdown with either a statin to 
inhibit endogenous cholesterol biosynthesis (21) or a PCSK9 inhibitor 
to arrest LDLR lysosomal degradation (24) and assessing the com-
bined effect, we inferred mechanistic information about the target 

Table 1. Association of nonsynonymous variants in CRISPRi screen hits with serum LDL-C in the UK Biobank. BETA indicates the linear regression 
standardized effect size, and P_BOLT_LMM indicates the linear mixed model P value using BOLT-LMM (91). 

Gene Variant rsID Beta P_BOLT_LMM Consequence Impact

HNF4A rs1800961 0.0564144 0 missense_variant Moderate

BCAM rs28399659 −0.0174111 7.70 × 10−29 missense_variant Moderate

BCAM rs200398713 −0.0803165 1.80 × 10−28
splice_region_variant,intron_

variant Low

BCAM rs199922856 −0.342179 6.20 × 10−28 missense_variant Moderate

BCAM rs28399654 0.220592 6.10 × 10−10 missense_variant Moderate

BCAM rs3810141 0.020077 5.50 × 10−7 stop_gained High

TIMELESS rs2291738 0.00388393 0.00014
splice_region_variant,intron_

variant Low

BCAM rs149302547 −0.147327 0.005 missense_variant Moderate

BCAM rs1135062 −0.0213642 0.0074 missense_variant Moderate

C6orf132 rs55772414 0.0116856 0.013 missense_variant Moderate

MSMO1 rs142496142 0.0432195 0.015 missense_variant Moderate
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gene. Furthermore, we hypothesized that either additive or potenti-
ating effects between a clinically validated therapy and a hit gene 
might suggest potential therapeutic targets.

We evaluated the receptor abundance and function phenotypes 
for 29 of our validated hits in the presence or absence of simvastatin 
(49) or PF-846, a selective inhibitor of PCSK9 translation (Fig. 3 
and table S9) (50). We calculated a synergy score by subtracting the 
differential effects of CRISPRi knockdown, compared to the control, 
in the presence of a compound from that with the dimethyl sulfoxide 
vehicle. A more positive value indicated synergy, and a more nega-
tive value indicated antagonism.

After knockdown, regulators of cholesterol biosynthesis [sterol 
regulatory element–binding transcription factor 2 (SREBF2), HMGCR, 
HMGCS1, MSMO1, and phosphomevalonate kinase (PMVK)] showed 
antagonism with the statin but mild synergy with PCSK9 inhibition 
(Fig. 3). The antagonism with statins was expected, given that SREBP2 
drives LDLR transcription. Because SREBP2 also induces PCSK9 
expression, knockdown of these genes raises the total PCSK9, ex-
plaining both the synergy with PCSK9 inhibition that we observed 
here and that observed with statins in the clinic (51). The synergy 
phenotypes for knockdown of mitochondrial ribosomal protein L16 
(MRPL16), which encodes a structural component of the mitochon-
drial ribosome (52), mirrored these cholesterol biosynthetic genes 
(Fig. 3), suggesting that MRP-L16 might play a role in the mito-
chondrial generation of metabolic precursors to sterol biogenesis. 
In contrast, C6orf132 knockdown showed the opposite phenotype: 
mild synergy with a statin and mild antagonism with PF-846 (Fig. 3). 
C6orf132 localizes to the Golgi (53), suggesting that it may function by 
facilitating LDLR delivery to the cell surface, before any interaction 
with extracellular PCSK9. For some transcription factors, the synergy 
phenotypes pointed to their downstream targets. For example, 

synergy of HNF1A knockdown with a 
statin (Fig. 3) is consistent with the dis-
ruption of HNF1-–mediated PCSK9 
transcription (54).

Cold shock domain–containing 
protein E1 regulates the stability 
of LDLR mRNA
One of the strongest hits, cold shock 
domain–containing E1 (CSDE1), also 
known as upstream of N-ras (UNR), 
encodes an RNA binding protein with 
varied regulatory functions (55–57), in-
cluding mRNA decay (58). Because the 
LDLR 3′ untranslated region (3′UTR) 
consists of adenylate-uridylate (AU)–
rich elements (AREs) implicated in mRNA 
stability (59), we hypothesized that CSDE1 
could mediate the degradation of the 
LDLR transcript, thereby explaining its 
observed receptor abundance, function, 
and synergy phenotypes.

Upon CSDE1 knockdown in HepG2 
cells, we observed increased LDLR abun-
dance under both sterol-replete and sterol-
depleted conditions (Fig. 4A). Moreover, 
we observed progressively higher LDLR 
amounts with sterol depletion and the 

addition of a statin (Fig. 4A and fig. S5, A to C), suggesting that the 
mechanism of CSDE1 disruption is at least additive with SREBP2-
mediated LDLR transcription and statin therapy. We reproduced 
our flow cytometry results in CSDE1-depleted cells (fig. S6A) with 
immunoblots against both total and surface LDLR (fig. S6B), cap-
turing the latter via a cell surface biotinylation assay. HepG2 cells 
transfected with CSDE1-targeting small interfering RNA (siRNA) 
exhibited similarly increased LDLR abundance (fig. S7A) and LDL 
uptake (fig. S7B) to the CRISPRi results. siRNA against CSDE1 in-
creased both LDLR transcripts in Huh7 cells (fig. S8) and LDL up-
take in primary mouse hepatocytes (1.6-fold increase; P = 0.0372; 
fig. S9A). Similar results were observed in primary mouse hepato-
cytes using adeno-associated virus serotype 8 (AAV8)–delivered short 
hairpin RNA (shRNA) against Csde1, although these outcomes were 
not statistically significant (P = 0.373; fig. S9B). Together, these ob-
servations confirm that the effects of CSDE1 are not limited to a 
single cell line.

Returning to our CRISPRi HepG2 system, we generated a com-
bined CSDE1/LDLR knockdown cell line harboring sgRNAs against 
each target (60). As expected, the double knockdown had no addi-
tional effect on surface LDLR as compared with the LDLR knock-
down alone (fig. S10, A and B). However, the double CSDE1/LDLR 
knockdown exhibited a small but significant increase in LDL uptake 
(P < 0.0001) compared with the single LDLR knockdown (CSDE1nonLDLR; 
Fig. 4B and fig. S10, C and D). This LDLR-independent effect con-
stituted about 40% of the total increase in LDL uptake driven by CSDE1 
knockdown in the LDLR-sufficient background (compare CSDE1nonLDLR 
to total CSDE1 in pie charts; Fig. 4B and fig. S10C). Both LDLR-
dependent (CSDE1LDLR) and LDLR-independent components of 
CSDE1’s effect on LDL uptake were additive with and unaffected by 
sterol depletion and statin therapy (SREBP2LDLR; Fig. 4B and fig. S10, 
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C and D). Furthermore, there was no significant difference in the 
magnitude of LDL uptake between that driven solely from the 
LDLR-dependent mechanism of CSDE1 and sterol depletion and 
statin (P = 0.9002; see pie chart; Fig. 4B). However, in contrast to its 
equivalent effect on LDL uptake, CSDE1 knockdown was less effec-
tive at up-regulating surface LDLR than SREBP2 activation (fig. S10, 
A and B), raising the possibility that CSDE1 knockdown may also 
result in a more functional LDLR. Together, these data suggest that 
the main effect of CSDE1 on LDL uptake is LDLR dependent, with 
an additional but smaller LDLR-independent effect also present.

We next observed that overexpression of isoform 1 of CSDE1, but 
not isoforms 2 to 4, reduced surface LDLR in HepG2 cells (Fig. 4C 
and fig. S11, A to D). Overexpression of all four isoforms of CSDE1 
down-regulated LDLR abundance in the CSDE1 CRISPRi knock-
down cells, although isoform 1 showed the strongest effect (fig. S11, 
E to I). The opposing directional effects of CSDE1 knockdown and 
overexpression suggested that, under physiologic expression condi-
tions, isoform 1 of CSDE1 is a rate-limiting regulator of the LDLR.

Consistent with our mechanistic hypothesis, we noted more than 
a twofold increase in steady-state LDLR mRNA (Fig. 4D), as well as 
depleted CSDE1 (Fig. 4D and fig. S6A), in the CSDE1 knockdown 
cells (Fig. 4D). Among control mRNA targets, we also observed sig-
nificant increases in MYLIP and K homology-type splicing regulatory 
protein (KHSRP) mRNA (P < 0.0001) but not in SREBF2, PCSK9, 
HMGCR, or TFRC mRNA (Fig. 4D). The gene products of MYLIP 
and KHSRP down-regulate the LDLR (27, 61), which is the opposite 
of our observed phenotype, suggesting that the direct effect of CSDE1 
knockdown on the LDLR mRNA predominates in our tissue culture 
model. To specifically evaluate transcriptional decay, we treated cells 
with actinomycin D and measured LDLR transcripts over time. We 
observed significantly higher LDLR mRNA in the CSDE1 knockdown 
cells at all subsequent time points (P < 0.05; Fig. 4E). The mRNA 
half-life, modeled by a single-phase decay equation, was nearly 1.5-
fold longer in the CSDE1 knockdown cells compared to controls 
(P = 0.0021; Fig. 4E). CSDE1 knockdown had no significant effect 
on HMGCR, SREBF2, or TFRC mRNA over time (P > 0.05; fig. S12, 
A to C). CSDE1 knockdown cells exhibited reductions in PCSK9 and 
KHSRP mRNA at several time points, but the mRNA abundance 

over time did not fit a decay equation, 
suggesting against a CSDE1-mediated 
effect on transcript stability (fig. S12, D 
and E). By contrast, CSDE1 knockdown 
showed a similar extension of transcript 
half-life on MYLIP mRNA as LDLR mRNA 
(fig. S12F), suggesting that MYLIP may 
also be negatively regulated by CSDE1. 
Because the increase in MYLIP transcripts 
seen with CSDE1 knockdown will down-
regulate the LDLR, the targeting of MYLIP 
or its encoded protein, inducible degrader 
of the LDLR (IDOL), could act syner-
gistically with the targeting of CSDE1 in 
lowering LDL-C.

To probe the relationship of CSDE1 
to the LDLR 3′UTR, we transiently ex-
pressed luciferase constructs (Fig. 4F) 
under the control of the native LDLR 
promoter in the CSDE1 knockdown cells. 
The luciferase-only constructs showed 

appropriate physiologic up-regulation by sterols, regardless of CSDE1 
knockdown (Fig. 4G). Constructs fused to the LDLR 3′UTR, but not 
those fused to the LDLR coding sequence alone, exhibited increased 
reporter activity with CSDE1 knockdown (Fig. 4H). This increase in 
activity was attenuated by removing the first of four AREs (59, 62) 
from the 3′UTR (Fig. 4H). Activity of the 3′UTR-fused construct 
increased further with statin coadministration (Fig. 4I), suggesting 
that CSDE1 knockdown may be synergistic with statins, consistent 
with our prior results (Fig. 3). Together, these findings suggest that, 
under physiologic conditions, CSDE1 mediates the decay of the LDLR 
mRNA through its 3′UTR, with the first ARE of the UTR required 
for its full effect.

Disruption of CSDE1 up-regulates Ldlr mRNA expression 
and protects from cholesterol loading in zebrafish and mice
We then turned to an in vivo model in zebrafish, because the 3′UTR 
of its ortholog ldlra (XM_005163870.4) is AU rich and contains at 
least two canonical ARE sequences for mRNA regulation (63). The 
ldlra knockout in zebrafish results in hyperlipidemia and vascular 
lipid accumulation, and challenging larvae with a high-cholesterol 
diet is sufficient to increase their overall cholesterol content (64). 
We used yolk microinjection of a Cas9-ribonucleoprotein (RNP) 
complex containing redundant guides to achieve near-saturation gene 
disruption (65), followed with dietary cholesterol supplementation, 
and evaluated total cholesterol in the larvae (64). Targeting of csde1 
protected against total cholesterol accumulation, with a modest 
(12%) but significant reduction (P = 0.0017) in total cholesterol in 
8-day post fertilization (dpf) zebrafish (fig. S13, A to C), without 
any obvious phenotypic abnormalities (fig. S13, D to F). By contrast, 
targeting of ldlra showed the expected 1.4-fold increase in total larval 
cholesterol (fig. S13A), consistent with prior studies (64).

We then probed the effect of Csde1 gene silencing in the mouse 
as a therapeutic proof of principle, given even greater homology be-
tween the 3′UTRs of the murine and human LDLR orthologs (66). 
Using wild-type C57BL/6 mice, we delivered shRNA against Csde1 
(57) or a scramble control via an AAV8 vector. One week after de-
livery of a moderate dose of AAV8 (3 × 1011 genomes per mouse), 
we harvested blood and tissue samples from the mice. We found 
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that, compared to scramble controls, the Csde1-targeted mice 
exhibited about 30% reduction in hepatic Csde1 mRNA and about 
1.8-fold increase in hepatic Ldlr mRNA (Fig. 5A), no gross histologic 
abnormalities in the liver (fig. S14, A to D), and robust expression 
of the enhanced green fluorescent protein (eGFP) reporter encoded 
by the AAV8 vector (fig. S14, E to L). With Csde1 knockdown, we 
also observed a corresponding reduction in hepatic CSDE1 protein 
(Fig. 5B). However, steady-state hepatic LDLR protein amounts 
were not significantly different (P = 0.826; Fig. 5B). We also saw no 
differences in the hepatic lipoprotein receptors LDLR-related pro-
tein 1 (LRP1) or scavenger receptor class B type 1 (SR-B1; Fig. 5B), 
hepatic PCSK9 protein (Fig. 5B and fig. S14, E’ to L’), the appear-
ance or behavior of the mice, plasma alanine or aspartate amino-
transferase activity (fig. S15A), or total hepatic bile acids (fig. S15B). 

These observations suggested a lack of toxicity of either the Csde1 
shRNA or the gene knockdown.

To evaluate the functional effect of Csde1 gene disruption, we turned 
to C57BL/6 mice on a Western-type (high-fat, high-cholesterol) diet. 
We obtained baseline plasma samples on this diet and delivered a 
moderate dose (3 × 1011 genomes per mouse) of the AAV8-shRNA 
targeting either Csde1, Pcsk9, or a scramble control. Two weeks after 
transduction, we reassessed total plasma cholesterol. We observed a 
significant decrease, compared to baseline, only for the mice trans-
duced with Csde1-targeting shRNA (21% reduction; P = 0.0027; 
Fig 5C). The decrease observed with Pcsk9-targeting shRNA fell just 
outside our prespecified cutoff for significance (P = 0.0592). Lipo-
protein fractionation of the posttransduction samples (fig. S16A) 
revealed a 39% reduction in cholesterol in the LDL-containing fractions 
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between the Csde1 knockdown mice and scramble controls (P = 0.0272; 
Fig. 5D) but no difference in the very-low-density lipoprotein (VLDL) 
or high-density lipoprotein (HDL) fractions (fig. S16, B and C). 
Consistent with prior literature (23), we observed an increase in total 
hepatic LDLR protein with Pcsk9 knockdown (fig. S16D), but as with 
chow-fed mice, we observed no differences in the histologic appear-
ance of the liver (fig. S17, A to D) or in the levels of hepatic LDLR 
protein between the scramble control and Csde1 knockdowns (P = 0.744; 
figs. S16D and S17, E’ to L’).

To better assess the effects on non-HDL cholesterol, we also studied 
C57BL/6 mice on the atherogenic, cholate-rich Paigen diet (67, 68). 
Here, we delivered low-dose (2 × 1010 genomes per mouse) AAV8-
shRNA targeting either Csde1, Pcsk9, or a scramble control. Two 
weeks later, we observed a 25% reduction in fasting plasma choles-
terol in the Csde1 knockdown mice, which exceeded the effect of 
Pcsk9 knockdown (P = 0.0497; Fig. 5E). We then redosed the Csde1 
and scramble AAV8-shRNA and, 2 weeks later, observed an even 
stronger phenotype (Fig. 5F). Despite the lower dose of AAV8 de-
livered, we observed the expected reduction in Csde1 mRNA and an 
increase in Ldlr mRNA in the livers of the Csde1-targeted mice (fig. 
S18A). Lipoprotein fractionation of the mouse plasma showed that 
Csde1 knockdown most strongly affected the VLDL-containing 
fractions (Fig. 5G), with immunoblots confirming a reduction in both 
apolipoprotein B100 (ApoB-100) and ApoB-48, consistent with an 
increase in function of the murine LDLR on a cholate-rich dietary 
background (69, 70). As with the chow-fed mice, we observed no 
clear difference in the steady-state amount of LDLR protein in the 
liver (fig. S18B) nor did we observe hepatotoxicity from the Csde1-
targeting shRNA (fig. S18C).

Last, we also used a murine PCSK9 overexpression model to fur-
ther assess the effects on atherogenic lipoproteins in a LDLR-depleted 
system. Again, using C57BL/6 mice on the atherogenic, cholate-rich 
diet, we simultaneously delivered low-dose AAV8-Pcsk9-D377Y with 
low-dose AAV8-shRNA targeting either Csde1, Pcsk9, or a scram-
ble control. We purposefully chose the submaximal dose (2 × 1010 
genomes per mouse) for AAV8-Pcsk9-D377Y delivery (71) to reduce, 
but not completely ablate, the LDLR, given our hypothesis that 
CSDE1’s effects on cholesterol are LDLR dependent. Two weeks after 
AAV8 delivery, we observed a marked reduction (73%; P = 0.0351) 
in total plasma cholesterol in the shRNA-Pcsk9–treated mice and a 
similar (57%) but nonsignificant (P = 0.1013) reduction in the 
shRNA-Csde1–treated mice, both when compared to the scramble 
controls (fig. S19). We therefore redosed the mice in the Csde1 and 
scramble treatment arms with the corresponding AAV8. Two weeks 
after this second dose, which was 8 weeks after the first dose, we 
again measured total plasma cholesterol and observed significant 
reductions for the Csde1 (52%; P  =  0.0194) and the singly dosed 
Pcsk9 (64%; P = 0.0052) knockdowns, both in comparison to the 
scramble controls (Fig. 5H). Together, the results of these four mouse 
models suggest that hepatic CSDE1 down-regulates Ldlr mRNA ex-
pression and reduces clearance of non-HDL in vivo.

The in vivo effect of hepatic CSDE1 silencing on the mouse 
transcriptome
To gain further insight into the role of hepatic CSDE1, we performed 
bulk RNA sequencing (RNA-seq) on the liver tissue in the model 
with the strongest phenotype, the Paigen diet. We compared the 
Csde1 knockdown to control (scramble) mice (fig. S20, A to C) us-
ing the mice with the highest transcript counts of a vector-delivered 

eGFP reporter to control for variations in transduction efficiency. 
Because mice on the Paigen diet received a lower dose of AAV8 
vector, we also filtered our results for the differentially expressed 
transcripts in the control mice at the extremes of eGFP expression to 
control for the effects of viral transduction alone. As expected, we 
found higher Ldlr expression in the Csde1 knockdown mice [log2 
fold change (log2FC) = 0.43, P = 0.0029; table S10]. Consistent with 
our mechanistic hypothesis, GO enrichment analysis of the top dif-
ferentially expressed genes (log2FC > |1|, 745 genes in total) revealed 
up-regulation of genes involved in cholesterol homeostasis (P = 2.5 × 
10−4; Fig. 5I, fig. S20D, and table S11) and down-regulation of genes 
involved in mRNA catabolic processes (P = 4.9 × 10−50; Fig. 5J and 
table S11) or encoding RNA binding functions (P = 4.6 × 10−29; fig. 
S20E and table S11). To remove the confounding effects of liver 
inflammation and steatosis induced by the cholate-containing diet 
(68), we repeated the bulk RNA-seq in chow-fed mice (fig. S21, A to C). 
Compared to the mice on the Paigen diet, we observed fewer differ-
entially expressed genes in the chow-fed Csde1 knockdowns (43 genes 
in total, any log2FC; fig. S21, B and C, and table S12), consistent with 
less homeostatic perturbation. In agreement with the results from 
the Paigen diet model, we observed a positive enrichment for genes 
promoting mRNA stability (P = 4.9 × 10−4; fig. S21D and table S13) 
and a negative enrichment for genes encoding RNA binding func-
tions (P = 2.7 × 10−3; fig. S21E and table S13).

DISCUSSION
Since their introduction, statins, which up-regulate the LDLR, have 
become a major public health success, and with the discovery of 
PCSK9 and the therapeutic antibodies targeting it, patients can safely 
reach much lower LDL than is achievable by statins alone (72). 
However, we may be able to push further on this LDL-LDLR axis to 
achieve greater clinical benefits.

In this study, we modeled a clinically relevant phenotype of LDLR 
abundance and function, complementing the independent investi-
gations of other groups (73, 74). When synthesizing our screening 
and validation data together with large-scale genomics and additional 
pharmacologic perturbations, we produced an exploratory map of 
potential regulatory mechanisms for the LDLR (fig. S22). These 
data represent promising targets and also pathways likely to be 
affected by therapies already in use in the clinic.

We have shown that CSDE1 regulates LDLR abundance in HepG2 
cells by promoting LDLR mRNA decay via its 3′UTR. These data lay 
in concert with CSDE1’s destabilizing effects on other transcripts, 
such as c-Fos (58). We have also shown that in vivo knockdown of 
Csde1 up-regulates hepatic Ldlr mRNA expression and improves 
atherogenic lipid profiles in mice. This mimics the effect of deleting 
the 3′UTR in vivo (75) and phenocopies a human variant with a 
large deletion in the LDLR 3′UTR, the only gain-of-function LDLR 
mutation identified that markedly reduces LDL-C (76). It is notable 
that several small molecules, including triciribine (62) and berberine 
(66, 77), have stabilizing effects on LDLR mRNA, although whether 
their mechanisms directly involve CSDE1 remains to be elucidated. 
The magnitude of LDLR up-regulation imparted by CSDE1 knock-
down mirrored or exceeded that of HMGCR and PCSK9 in both 
tissue culture and mouse models, suggesting that a high-fidelity ap-
proach targeting CSDE1-mediated LDLR mRNA decay in the clinic 
could have similar effects. In addition, our mechanistic data suggest 
that targeting CSDE1 could be at least additive with the use of statins.
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Although after CSDE1 knockdown we observed an increase in 
hepatic LDLR protein in our human tissue culture models, we ob-
served no change in total hepatic LDLR protein in our mouse models 
despite a reduction in LDLR-cleared lipoproteins. Whether this dif-
ference between our models reflects hepatocyte physiology within an 
intact organism or instead a species-specific difference between the 
HDL-predominant mouse (69, 70) and the LDL-predominant hu-
man remains to be determined. Our data are consistent with meta-
bolic labeling experiments demonstrating the homeostatic defense 
of steady-state hepatic LDLR in the mouse in response to cholesterol 
loading conditions and altered LDLR transcription (78). Our data 
are also consistent with mouse experiments that markedly perturb 
Ldlr mRNA but have comparatively muted effects on LDLR protein 
(66, 79). We hypothesize that inhibition of CSDE1 protects LDLR 
mRNA from CSDE1-mediated decay, up-regulates LDLR synthesis, 
and induces in vivo homeostatic mechanisms that together increase 
LDLR function but maintain steady-state LDLR abundance in the 
mouse. The nature of these mechanisms will be important to un-
cover. Intriguingly, our tissue culture data showed that, compared 
to a statin, disrupting CSDE1 had a disproportionately larger effect 
on LDL uptake than surface LDLR amounts, supporting the possi-
bility that CSDE1 could also affect LDLR function, in addition to its 
abundance. Furthermore, these data also showed that CSDE1 knock-
down also increased MYLIP transcripts. Because the gene product of 
MYLIP, IDOL, induces posttranslational degradation of the LDLR, 
this effect might help explain our in vivo findings. In support of this 
possibility, the transcriptomic profiling of the chow-fed Csde1 knock-
down mice revealed a negative enrichment in genes encoding ubiquitin 
ligase binding (P = 5.9 × 10−3; fig. S21D and table S13), suggesting 
that ubiquitin-dependent regulators such as IDOL may be perturbed. 
Given our observation of increased LDL uptake with CSDE1 knock-
down in the LDLR-deficient background, a separate LDLR-independent 
effect of CSDE1 on lipoproteins may also contribute. Further work 
is needed to investigate the potential contributions of these and other 
mechanisms, such as increased endocytic turnover of existing LDLR 
and altered synthesis and secretion of non-HDLs.

The degree to which CSDE1 inhibition affects other transcripts 
or other tissues (57, 80) also remains an important question. As an 
RNA chaperone, CSDE1 can have a variety of effects, from mRNA 
stabilization (56) to the promotion or inhibition of translation (81–83), 
dependent on the identity of the RNA it binds and the cofactors 
with which it interacts. Intriguingly, although CSDE1 was found to 
bind biotinylated LDLR 3′UTR transcripts in HepG2 cell lysates (61), 
cross-linking immunoprecipitation approaches in both mouse brain 
and melanoma cells failed to identify LDLR mRNA as a CSDE1 binding 
partner (84, 85). This suggests that the CSDE1-LDLR interaction is 
context dependent. Advances in liver-specific delivery of gene silencing 
agents (15, 86), gene editing technologies (87), and small molecules 
(88) offer the possibility that selectively targeting hepatic CSDE1 for 
cholesterol lowering could avoid systemic toxicities.

We acknowledge several limitations in our study. First, outside 
of CSDE1, the validation of gene targets affecting both LDLR abun-
dance and function is limited to a single cell line. In addition, of our 
validated hits in tissue culture, we only confirmed CSDE1 in an 
in vivo mammalian model. Third, the fundamental differences in 
lipoprotein metabolism in the mouse may limit the translation of 
our conclusions surrounding CSDE1 to humans (69, 70). Last, we 
have not directly assessed the effects of CSDE1 disruption in non-
hepatic tissues.

Nevertheless, we observed no ill effects from CSDE1 disruption 
in either our tissue culture or in vivo models, and our transcriptional 
profiling suggests only a small number (43) of differentially affected 
transcripts under normal feeding conditions. This suggests that po-
tential toxicities of hepatic CSDE1 disruption may be low, which 
will be important to confirm in future studies that pursue CSDE1 as 
a therapeutic target for cholesterol lowering. Given that CSDE1 has 
such varied effects on other transcripts, further mechanistic dissec-
tion of the hepatic CSDE1-LDLR interaction could identify what makes 
this relationship unique and guide a potential therapeutic strategy. 
Our transcriptomic analyses may guide subsequent investigations 
of both possible toxicities and mechanistic details of hepatic CSDE1 
disruption. Combination therapies targeting interconnected pathways 
to disease can provide increased benefits without inducing extreme 
side effects, with angiotensin receptor blockade and neprilysin inhi-
bition in heart failure a prominent clinical example (89). To the ex-
tent that hepatic CSDE1 uses specific factors to down-regulate LDLR 
mRNA, simultaneous tissue-specific drugging of both CSDE1 and 
these factors could widen the overall therapeutic window.

In summary, we leveraged a clinically relevant phenotype in an un-
biased, genome-wide forward genetic screen to identify a panel of previously 
unrecognized regulators of the LDLR. Together, our mechanistic ex-
periments in tissue culture and physiologic models in mice suggest 
that CSDE1 regulates hepatic LDLR function by promoting LDLR 
mRNA decay and may be a potential therapeutic target for heart disease.

MATERIALS AND METHODS
Study design
We designed the study as a discovery biology experiment to identify 
new regulators of the LDLR. We used an established tissue culture 
model, HepG2 cells, to evaluate for LDLR regulation. We used wild-
type zebrafish (Ekwill) and wild-type mice (C57BL/6) to validate 
the contribution of our top hit, CSDE1, to LDLR regulation in vivo. 
We evaluated sufficient cells for the LDLR and TFR screens to pro-
vide adequate coverage for transduction and downstream sequencing 
of each sgRNA in the genome-wide library. Sample sizes for animal 
experiments were estimated to provide 80% power (two-tailed 
 = 0.05) for a 25% difference in cholesterol compared to controls, 
based on effects in these models in the existing literature. The num-
bers of animals used in each experiment are noted in the figures and 
manuscript. Unless otherwise noted, all in vitro data are representative 
of multiple (≥3) biological replicates to ensure robust outcomes. 
Experimental and control arms were randomly assigned at the out-
set of the experiment, with no exclusion criteria predefined and 
animal samples selected randomly for analyses requiring only a 
subset of the treatment arm. Experiments were not performed in a 
blinded fashion. All animal studies were performed in accordance 
with institutional animal care and use committee–approved proto-
cols at the University of California, San Francisco and the National 
Institutes of Health Guide for the Care and Use of Laboratory Animals. 
Reporting of the animal studies is in compliance with Animal 
Research: Reporting of In Vivo Experiments (ARRIVE) guide-
lines 2.0 listed in the Enhancing the QUAlity and Transparency Of 
health Research (EQUATOR) Network library.

Generation of CRISPRi cell lines
All cell lines were transduced using virus-containing supernatant in 
the presence of polybrene (8 g/ml; MilliporeSigma). HepG2 cells 

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of C

alifornia San Francisco on O
ctober 24, 2022



Smith et al., Sci. Transl. Med. 14, eabj8670 (2022)     14 September 2022

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

10 of 15

expressing dCas9-KRAB were derived by transduction with lentivirus 
harboring SFFV-dCas9-BFP-KRAB, followed by two rounds of 
FACS for blue fluorescent protein (BFP)–positive cells on a Becton 
Dickinson (BD) FACSAria II. dCas9-KRAB HepG2 with individual 
targeting sgRNAs were derived by transduction with lentivirus har-
boring the desired sgRNA, followed by 48 hours of puromycin 
selection (2 g/ml; InvivoGen), before experiments.

Quantitative reverse transcription polymerase 
chain reaction
dCas9-KRAB HepG2 cells stably expressing an appropriate sgRNA 
were harvested and lysed, and total RNA was extracted via the 
RNeasy Mini Kit (QIAGEN). RNA was converted into complemen-
tary DNA (cDNA) using the qScript cDNA SuperMix (QuantaBio) 
following the manufacturer’s instructions. Quantitative reverse 
transcription polymerase chain reaction (RT-qPCR) was performed 
against indicated targets with PrimeTime qPCR primers (Integrated 
DNA Technologies) using the SYBR Select Master Mix (Thermo 
Fisher Scientific) according to the manufacturer’s instructions on a 
CFX96 Touch Real-Time PCR Detection System (Bio-Rad). Fold changes 
were calculated using Ct analysis, normalizing each sample to B2M 
controls, using CFX Maestro software (Bio-Rad). RNA extracted 
from mouse liver from in vivo experiments was processed similarly 
but with additional B2m, Actb, and Gapdh housekeeping controls.

Genome-wide CRISPRi screen
The screen was conducted similarly to prior descriptions (12–14). 
About 200 × 106 dCas9-KRAB HepG2 cells were transduced with 
hCRISPRi-v2 top five sgRNAs/gene lentivirus at a multiplicity of 
infection of ~0.5, and with polybrene (8 g/ml), on day 1. Cells were 
grown on 15-cm dishes, subdivided into four replicates immediately 
upon transduction (biological duplicate for each screen), and re-
seeded every 3 to 4 days as necessary to avoid overconfluence. Cells 
were selected with puromycin (2 mg/ml) from days 2 to 6. On day 5, 
cells for the LDLR sort were placed in Dulbecco’s modified Eagle 
medium (DMEM) with 5% lipoprotein-deficient serum (LPDS). 
On day 7, about 50 × 106 cells from two replicates were live-dead 
stained and stained for LDLR as described in Supplementary Mate-
rials and Methods and then two-way sorted on a BD FACSAria II 
for the top and bottom 33% by LDLR abundance. Cells were spun down, 
washed in phosphate-buffered saline (PBS), and frozen at −80°C. On 
day 8, the sort was repeated except in one replicate, and cells were 
stained for TFR instead of LDLR and then sorted as per above. 
Genomic DNA was isolated using a NucleoSpin Blood DNA ex-
traction kit (Macherey-Nagel). The sgRNA-containing region was 
PCR-amplified with NEBNext Ultra II Q5 MasterMix (New England 
Biolabs), acrylamide gel–purified, and size-selected by solid phase 
reversible immobilization (SPRI) beads (Beckman Coulter), all as 
previously described, before sequencing on an Illumina HiSeq 4000.

Human genomic analysis
Protein-coding variants for hits validated with individual sgRNAs 
were assayed in the UK Biobank (90) for associations with LDL-C. In the 
setting of a statin medication, LDL-C was divided by 0.7 as done pre-
viously (31). Genotyping and imputation were performed in the UK 
Biobank as previously described (33), and nonsynonymous protein-
coding variants with minor allele frequencies greater than 0.001 were 
considered. Efficient linear mixed models adjusting for age, sex, 
genotyping array, and principal components of ancestry were used, 

using BOLT-LMM (91). Statistical significance was assigned at 
 = 0.05/117 = 0.000427 to account for multiple hypothesis testing.

Overexpression experiments
HepG2 or engineered dCas9-HepG2 cell lines were seeded into 96-
well plates at 5 × 104 cells per well in HepG2 growth medium. After 
24 hours, cells were washed and changed into low-glucose DMEM 
with 5% LPDS. Each well was transfected with 100 ng of the appro-
priate CSDE1 overexpression construct, or vector control, in a total 
of 10 l of Opti-MEM (Thermo Fisher Scientific) using Lipofectamine 
3000 (Thermo Fisher Scientific) according to the manufacturer’s 
instructions. Cells were incubated at 37°C with 5% CO2 for 72 hours 
and then harvested for LDLR expression analysis as described in 
Supplementary Materials and Methods.

mRNA decay experiments
Engineered dCas9-HepG2 cell lines harboring appropriate sgRNAs 
were seeded into 12-well plates at 5 × 105 cells per well in HepG2 
growth medium. After 24 hours, cells were washed and changed into 
sterol-depleting media (low-glucose DMEM with 5% LPDS) sup-
plemented with 6 M simvastatin. After an additional 24 hours, 
actinomycin D (MilliporeSigma) was added at 5 g/ml, and cells 
were harvested at the indicated time points.

siRNA and AAV8-shRNA knockdowns in tissue culture
Appropriate cell types were transfected with Silencer Select siRNA 
(Thermo Fisher Scientific) against CSDE1 (assay ID s15373) or con-
trol (negative control no. 1) at a final concentration of 25 M with 
RNAiMAX (Thermo Fisher Scientific) according to the manufacturer’s 
instructions. For HepG2 cells, reverse siRNA transfections were per-
formed, and for Huh7 cells and primary hepatocytes, forward trans-
fections were performed. For primary hepatocytes, the transfection 
agent was removed and replaced with fresh media after 4 hours. For 
AAV8-delivered shRNA, primary mouse hepatocytes were transduced 
with custom-generated AAV8 (Vector Biolabs) at about 1 × 106 ge-
nomes per cell with 4 mM polybrene. Cells were incubated at 37°C 
with 5% CO2 for 72 hours, with daily media changes for primary 
hepatocytes, before downstream analyses (RT-qPCR, LDLR abun-
dance, and LDL uptake as described above and in Supplementary 
Materials and Methods).

Dual-luciferase assays
Engineered dCas9-HepG2 cells were seeded into opaque white 96-
well plates, at 2.2 × 104 cells per well, in 100 l of growth medium 
the day before transfection. On the day of transfection, medium was 
replaced or changed to sterol-depleted medium (low-glucose DMEM 
with 5% LPDS) with or without 6 M simvastatin as appropriate. 
Each well was transfected with 100  ng of Luc2-PromLDLR–based 
construct and 1 ng of secreted nanoluciferase control construct 
(pSS-NLuc) in a total of 10 l of Opti-MEM using Lipofectamine 
3000 according to the manufacturer’s instructions. Six replicates were 
transfected per construct per experiment. After 48 hours at 37°C and 
5% CO2, 10 l of medium was removed from each plate and aliquoted 
into a separate 384-well plate. Firefly luciferase activity was evaluated 
in the plates containing the cells by adding an equal volume of a 2× 
firefly lytic assay buffer [100 mM tris-HCl (pH 7.7), 50 mM NaCl, 
2 mM MgCl2, 0.17% Triton X-100, 10 mM dithiothreitol, 0.4 mM 
coenzyme A, 0.3 mM ATP, and luciferin (0.28 mg/ml) (GoldBio)] 
(92). Nanoluciferase activity was evaluated from the conditioned 
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medium using a nonlytic 2× coelenterazine (GoldBio) reagent as 
previously described (93, 94). Raw luminescence was obtained on a 
Spark plate reader (Tecan) with 1-s integration time. Readout of 
firefly luciferase in each well was normalized to the corresponding 
secreted nanoluciferase control, and data were visually inspected 
and cleaned to remove values from poorly transfected wells [formally 
defined by Robust regression and OUTlier removal (ROUT) = 1%] 
during analysis.

Zebrafish handling, maintenance, and Cas9-RNP 
knockdowns
All zebrafish studies were performed as previously described (65) 
with minor modifications. Briefly, wild-type zebrafish embryos 
were injected at the one-cell stage with Cas9-RNP complexes and 
raised at 28°C. Cas9-RNP complexes were prepared as previously 
described (65) using custom oligonucleotides against the indicated 
targets (Elim Biopharmaceuticals). Targeting of tyrosinase, which 
results in larval albinism, was used as an injection control. Larvae 
were fed a high-cholesterol diet (64) of Golden Pearls (5 to 50 m; 
Brine Shrimp Direct) supplemented [4% (w/w)] with cholesterol 
(MilliporeSigma) three times daily from 4 dpf, fasted on 7 dpf to 
clear intestinal cholesterol, and harvested at 8 dpf. Larvae were col-
lected, extensively washed, anesthetized in tricaine, and collected in 
groups of 10 per sample before storage at −80°C.

Cholesterol analysis of zebrafish homogenates
Total cholesterol was analyzed as previously described (64) with minor 
modifications. Briefly, frozen larvae were homogenized in PBS with 
a plastic pestle and then clarified at 18,000g for 15 min. Supernatants 
were recovered, and total protein content was analyzed by bicinchoninic 
acid assay. Homogenates were then analyzed, in duplicate, at the 
appropriate dilution (typically 1:12 in PBS) for total cholesterol con-
tent using a commercial fluorometric assay (Cayman Chemical). 
Fluorescence outputs were measured on a Tecan Spark plate reader, 
and cholesterol concentrations were interpolated from a regression 
line calculated from a standard curve. Cholesterol was normalized 
to total protein content for analysis and subsequently to the scram-
ble control for comparison between experiments.

Mouse handling, maintenance, and shRNA knockdowns
Eight- to 10-week-old male C57BL/6 mice (the Jackson Laboratory) 
were maintained on a normal chow diet and then placed on the 
Western diet (0.15% cholesterol and 21% fat; D12079Bi, Research 
Diets) or atherogenic “Paigen” diet (1.25% cholesterol, 15% fat, and 
0.5% cholate; D12336i, Research Diets) (67) at the beginning of the 
appropriate experiment (week 0). After 2 to 4 weeks on the appropriate 
diet, AAV8-packaged expression vector encoding Pcsk9-D377Y or 
eGFP or AAV8-packaged shRNA against mouse Csde1 (NM_144901), 
Pcsk9 (NM_153565), or scramble control (Vector Biolabs) was di-
luted in sterile PBS to a concentration of either 2 × 1011 (low dose) 
or 3 × 1012 (moderate dose) genomes/ml. One hundred microliters 
of diluted AAV8 (2 × 1010 or 3 × 1011 genomes per mouse) harboring 
the appropriate construct shRNA was administered to each mouse 
via tail vein injection. Two weeks after AAV8 injection, mice were 
fasted overnight and then underwent blood sampling via sub-
mandibular vein puncture. About 50 l of blood was collected into 
an EDTA-coated tube and centrifuged at 2000g for 10 min at 4°C, 
and the plasma was recovered and stored at −20°C until further analy-
sis. Total plasma cholesterol, after about 1:200 to 1:400 dilution in 

assay buffer or 1:4000 dilution for Pcsk9-D377Y–boosted mice, was 
evaluated by commercial fluorometric cholesterol assay (Cayman 
Chemical) according to the manufacturer’s instructions. Mouse plasma 
was evaluated for alanine and aspartate aminotransferase activity 
using commercial assays (Cayman Chemical) according to the manu-
facturer’s instructions. For mice on the Paigen diet, 6 weeks after initial 
AAV8 injection, mice from the same exposure arm were redosed 
with AAV8-shRNA targeting either Csde1 or scramble control. At 
the time of sacrifice, the mice were again fasted overnight and then 
euthanized after CO2 narcosis followed by cervical dislocation. The 
abdominal cavity was opened with a ventral midline incision, the 
inferior vena cava was cannulated, and plasma was collected as described 
above. The liver and vasculature were perfused with PBS, and the 
samples of the liver were harvested. Tissue samples for RNA evalua-
tion were placed in TRIzol (Thermo Fisher Scientific), and those for 
protein analysis were flash-frozen in liquid N2 and stored at −80°C.

RNA-seq library preparation
Total RNA was extracted from frozen liver samples using the QIAGEN 
RNeasy Plus Universal mini kit following the manufacturer’s in-
structions (QIAGEN). RNA samples were quantified using a Qubit 
2.0 fluorometer (Thermo Fisher Scientific), and RNA integrity was 
checked using Agilent TapeStation 4200 (Agilent Technologies). 
Purified RNA was used for mouse RT-qPCR experiments as de-
scribed above. RNA-seq libraries were prepared via polyadenylate 
selection using the NEBNext Ultra RNA Library Prep Kit for Illu-
mina using the manufacturer’s instructions (New England Biolabs). 
Briefly, mRNAs were initially enriched with oligo(dT) beads. En-
riched mRNAs were fragmented for 15  min at 94°C. First-strand 
and second-strand cDNAs were subsequently synthesized. cDNA frag-
ments were end-repaired and adenylated at 3′ ends, and universal 
adapters were ligated to cDNA fragments, followed by index addi-
tion and library enrichment by PCR with limited cycles. The sequenc-
ing library was validated on the Agilent TapeStation (Agilent) and 
quantified by using a Qubit 2.0 fluorometer (Invitrogen) as well as 
by qPCR (KAPA Biosystems). The sequencing libraries were clus-
tered on a single lane of a flow cell. After clustering, the flow cell was 
loaded on the Illumina HiSeq instrument (4000 or equivalent) 
according to the manufacturer’s instructions. The samples were se-
quenced using a 2 × 150–base pair paired-end configuration. Image 
analysis and base calling were conducted by the HiSeq Control Soft-
ware. Raw sequence data (.bcl files) generated from Illumina HiSeq 
were converted into fastq files and demultiplexed using Illumina’s 
bcl2fastq 2.17 software. One mismatch was allowed for index se-
quence identification. RNA library preparation and sequencing were 
conducted by GENEWIZ LLC.

RNA-seq analysis
All raw sequencing data underwent quality control checks with FastQC 
(v0.11.8). Reads were mapped to the mm10 mouse reference genome 
using Rsubread (v2.4.3) and assigned to Ensembl gene IDs. Ensembl 
gene IDs were then mapped to org.Mm.eg.db (v3.12.0) gene sym-
bols using AnnotationDBI (v1.52.0). Gene expression was quanti-
fied using raw counts, and differential expression gene testing was 
performed on the scramble-shRNA samples comparing the groups 
(n  =  3  in each group) at the highest and lowest amounts of raw 
eGFP expression in the Paigen diet model with EdgeR (v.3.32.1) 
(95, 96) using the glmQLFit method and default settings (97). Statisti-
cal significance was set at 5% false discovery rate (Benjamini-Hochberg). 
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Differential expression gene testing was then performed on the 
Csde1 shRNA and scramble shRNA at the highest amounts of eGFP 
expression with the overlap of differentially expressed genes identi-
fied between these two analyses subsequently removed. Functional 
enrichment gene set analysis for GO terms was performed using 
Enrichr (98) via the enrichR R package (v.3.0). Heatmaps were gen-
erated using the Bioconductor package ComplexHeatmap (v.2.6.2) 
(99) using log2-transformed CPM (counts per million) values (values 
shown are log2-transformed and row-normalized). Volcano plots 
were generated using the Bioconductor package EnhancedVolcano 
(v.1.8.0).

Statistical analysis
Fluorescence values from gated populations in flow cytometry ex-
periments were background corrected by unstained controls and 
normalized to the values of the cell line harboring negative control 
sgRNA when appropriate. Normalized data were then grouped by 
the Cochrane method (100), and values for cell lines transduced 
with individual sgRNAs were compared with those of the negative 
control by t test with Holm-Sidak correction. For direct comparison 
of flow cytometry populations, the T metric was also used (101). 
For comparison of one-phase decay regression curves in mRNA de-
cay experiments, the extra sum-of-squares F test was used. Pairwise 
testing to controls was performed in all other experiments using 
Welch’s t test with Holm-Sidak correction unless otherwise noted. 
For comparison across more than two groups, one-way analysis of 
variance (ANOVA) with Tukey’s multiple comparisons test or two-
way ANOVA with Sidak’s multiple comparisons test was used unless 
otherwise noted. When parametric tests were used, data were tested 
for normality by the D’Agostino-Pearson or Kolmogorov-Smirnov 
tests. Adjusted P values of <0.05 (two-sided testing) were considered 
significant. Unless otherwise noted, error bars indicate 95% confi-
dence intervals. In figures, n.s. indicates nonsignificant at P > 0.05, 
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Statistical 
analysis was performed using Prism 7 (GraphPad). All experiments 
were biologically replicated thrice unless otherwise noted.
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Controlling CSDE1 to contain cholesterol levels
Therapies that up-regulate the hepatic low-density lipoprotein receptor (LDLR) have been shown to reduce cholesterol
concentrations and lower the risk of heart attacks. However, further lowering of cholesterol concentrations beyond what
statins can achieve may potentially further reduce heart attack risk. Here, Smith and colleagues conducted a genome-
wide CRISPR interference screen to identify further factors involved in hepatic LDLR regulation, identifying cold shock
domain–containing protein E1 (CSDE1) as a posttranslational regulator of the stability of LDLR mRNA. Knockdown
of Csde1 in mice protected the animals from cholesterol accumulation, even on a cholate-rich diet. These findings
suggest that CSDE1 may be a therapeutic target to further lower cholesterol in humans.
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