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A high-throughput screening identifies ZNF418 as a novel regulator of the 
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ABSTRACT
The ubiquitin-proteasome system (UPS) and autophagy-lysosomal pathway (ALP) are two major protein 
degradation pathways in eukaryotic cells. Initially considered as two independent pathways, there is 
emerging evidence that they can work in concert. As alterations of UPS and ALP function can contribute 
to neurodegenerative disorders, cancer and cardiac disease, there is great interest in finding targets that 
modulate these catabolic processes. We undertook an unbiased, total genome high-throughput screen 
to identify novel effectors that regulate both the UPS and ALP. We generated a stable HEK293 cell line 
expressing a UPS reporter (UbG76V-mCherry) and an ALP reporter (GFP-LC3) and screened for genes for 
which knockdown increased both UbG76V-mCherry intensity and GFP-LC3 puncta. With stringent selec-
tion, we isolated 80 candidates, including the transcription factor ZNF418 (ZFP418 in rodents). After 
screen validation with Zfp418 overexpression in HEK293 cells, we evaluated Zfp418 knockdown and 
overexpression in neonatal rat ventricular myocytes (NRVMs). Endogenous and overexpressed ZFP418 
were localized in the nucleus. Subsequent experiments showed that ZFP418 negatively regulates UPS 
and positively regulates ALP activity in NRVMs. RNA-seq from Zfp418 knockdown revealed altered gene 
expression of numerous ubiquitinating and deubiquitinating enzymes, decreased expression of auto-
phagy activators and initiators and increased expression of autophagy inhibitors. We found that ZPF418 
activated the promoters of Dapk2 and Fyco1, which are involved in autophagy. RNA-seq from Zfp418 
knockdown revealed accumulation of several genes involved in cardiac development and/or hypertro-
phy. In conclusion, our study provides evidence that ZNF418 activates the ALP, inhibits the UPS and 
regulates genes associated with cardiomyocyte structure/function.

Abbreviations: ACTN2, actinin alpha 2; ALP, autophagy-lysosomal pathway; COPB1, COPI coat complex 
subunit beta 1; DAPK2, death associated protein kinase 2; FYCO1, FYVE and coiled-coil domain autophagy 
adaptor 1; HEK293, human embryonic kidney cells 293; HTS, high-throughput screen; LC3, microtubule 
associated protein 1 light chain 3; NRVMs, neonatal rat ventricular myocytes; RNA-seq, RNA sequencing; 
RPS6, ribosomal protein S6; TNNI3, troponin I, cardiac 3; UPS, ubiquitin-proteasome system; shRNA, short 
hairpin RNA; SQSTM1/p62, sequestosome 1; VPS28, VPS28 subunit of ESCRT-I; ZNF418/ZFP418, zinc finger 
protein 418.
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Introduction

The ubiquitin-proteasome system (UPS) and the autophagy- 
lysosomal pathway (ALP) are the two major protein degradation 
systems in eukaryotic cells and thus are crucial for cellular home-
ostasis. The UPS depends on the highly conserved small molecule 
ubiquitin that is tagged as a chain to a lysine residue on the target 
substrate in an energy-dependent manner. This ubiquitin chain 
formation involves the action of three enzymes: an E1 ubiquitin- 
activating, an E2 ubiquitin-conjugating and a specific E3 ubiqui-
tin-ligating enzyme. The ubiquitin chain can then be recognized 
by the proteasome, which degrades the target substrate in an ATP- 
dependent manner [1]. The ALP includes microautophagy, macro

autophagy and chaperone-mediated autophagy. Here, we focus on 
macroautophagy/autophagy (hereafter ALP) that involves the for-
mation of a transient double-membraned structure, the phago-
phore, which engulfs the target substrate such as proteins, protein 
aggregates, nucleic acids and whole or fragmented organelles. 
Expansion and completion of the phagophore generates an autop-
hagosome, which then fuses with a lysosome to form the auto-
lysosome for the degradation of its contents [2]. Perturbation of 
one or both of the systems can contribute or even lead to disease. 
Neurodegenerative disorders (e.g. Alzheimer disease, Parkinson 
disease [3]), cancers [4,5], infectious or immune diseases (e.g.
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microbe infection, Crohn disease [6,7]), muscular (e.g. Pompe 
disease [8]) and cardiac diseases (e.g. DES [desmin]-related cardi-
omyopathy [9–12]) are all associated with defects in these proteo-
lytic systems. Traditionally, these two pathways were thoug 
ht to act separately, but more recently effectors of both pathways 
and even direct communication between them have been observed 
[13–18]. In order to identify novel proteins that impact both the 
UPS and ALP, we designed a fluorescence-based high-throughput 
cell screen (HTS), using a genome-wide knockdown of human 
genes via lentivirus-encoded short hairpin (sh)RNAs, and evalu-
ated one of the hits in neonatal rat ventricular myocytes (NRVMs).

Results

A HEK293 cell line with stable expression of 
UbG76V-mCherry and GFP-LC3

A cell line with stable expression of screened reporters consider-
ably reduces variability and increases assay robustness by mini-
mizing the noise inherent in multiple preparations of primary 
cells. To generate a stable cell line, we first cloned UbG76V- 
mCherry under the control of the EEF1A1 (eukaryotic transla-
tion elongation factor 1 alpha 1) promoter and GFP-LC3 under 
the control of the CMV promoter into a single mammalian 
expression vector with two multiple cloning sites. Using only 
one vector, we increased the likelihood of being able to measure 
cells with stable expression of both reporters. We first transfected 
HEK293 cells with the vector, selected with Zeocin for two weeks 
and plated cells sparsely to pick single clones. We then expanded 
the brightest and fastest growing clone, named HEK293LU, 
under further selection (Figure 1A). HEK293LU showed a low

UbG76V-mCherry intensity and diffuse GFP-LC3 distribution 
with higher nuclear intensity (Figure 1B). We next treated the 
HEK293LU cells with the proteasomal inhibitors epoxomicin 
and MG132 (Figure 1C) to confirm a positive signal for the 
UPS. As expected, proteasomal inhibition markedly increased 
UbG76V-mCherry intensity. Both MG132 and epoxomicin treat-
ments of transiently transfected HL-1 and HEK293 cells resulted 
in accumulation of the UbG76V-mCherry reporter protein and 
(poly)ubiquitinated proteins by western blot, validating the 
reporter (Fig. S1). We also treated the HEK293LU cells with 
the lysosomal inhibitor bafilomycin A1 and the autophagy acti-
vator torin 2 (Figure 1D) to confirm an appropriate response for 
the ALP. Both autophagy inhibition with bafilomycin A1 and 
autophagy activation with torin 2 increased the number of GFP- 
LC3 puncta due to inhibition of autophagosome degradation or 
induction of autophagosome formation.

An unbiased genome-wide lentiviral shRNA library screen 
to identify targets of the UPS and ALP

We performed an unbiased genome-wide RNA knockdown 
screen for gene products that modulated UPS and ALP in the 
HEK293LU reporter cell line, using a fluorescence-based read-
out, screening for genes for which knockdown increased both 
UbG76V-mCherry intensity and GFP-LC3 puncta (Figure 2A). 
The lentiviral shRNA library consists of 81,895 shRNA clones 
and targets 16,018 human genes: every gene is covered by several 
unique shRNA clones to enhance the success of reducing gene 
expression while also reducing false positives. The screen is 
schematically outlined in Figure 2B. The HTS assay consists of

Figure 1. Generation of a stable HEK293 UPS and ALP reporter cell line (HEK293LU). (A) A schematic diagram of the cell line-generating protocol. (B) Comparison of the 
reporter cell line (HEK293LU) to normal HEK293 cells. Differential interference contrast (DIC) and fluorescence images of mCherry and GFP are depicted. (C) HEK293LU 
ubiquitinG76V-mCherry expression with or without (control; ctrl) proteasome inhibitor treatment (250 nM epoxomicin or 1 μM MG132 treatment for 24 h). (D) HEK293LU 
GFP-LC3 expression with or without autophagy modulators (100 nM of the autophagy inhibitor bafilomycin A1 or 50 nM of the autophagy activator torin 2 for 3 h).
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plated cells that were infected with the shRNA lentiviruses 
on day 1 (Figure 2C). Puromycin selection was then used to 
eliminate cells that were not transduced with lentivirus. Control 
wells were transduced with scrambled shRNA lentivirus. To set 
a scale for the observed signal, we used MG132 as a “high 
control” for UbG76V-mCherry intensity, because it decreases 
proteasomal degradation, which results in an accumulation of 
UbG76V-mCherry intensity. Along similar lines, we used bafilo-
mycin A1 as a “high control” for GFP-LC3 puncta, because it 
inhibits autophagosome degradation and therefore results in an

accumulation of GFP-LC3 puncta. The cells thus treated repre-
sented the high controls while untreated cells served to set the 
lower limit in the windows used for signal acquisition. Each well 
was transduced with a single lentivirus shRNA and each gene 
was covered by at least three lentivirus shRNA clones. The screen 
was conducted using 384-well format plates and for each well 16 
images were acquired and analyzed. Parameters used to optimize 
the screen and reduce nonspecific noise and off-target effects 
have recently been detailed [19]. Each plate contained 4 wells for 
each high control and 8 wells for the low control (Figure 2D).

Figure 2. Design of a high-throughput screen that identifies modulators of the UPS and ALP. (A) Example of candidate with increased UbG76V-mCherry intensity and 
increased number of GFP-LC3 positive puncta (arrows). (B) A flow diagram illustrating the goal of the screen and sequential steps in its implementation. (C) A flow diagram 
illustrating the HTS assay. (D) Assay plate set-up. The screen was performed in 384-well plates with 16 images taken per well. High and low controls (green) were placed at 
the bottom of each plate. Four wells on each plate were not transduced with lentivirus and treated with puromycin to validate puromycin efficacy (light blue). (E) Analyses 
masks. Nuclei (DAPI), mCherry and GFP puncta count. (F) Z’-factor distribution of positive controls MG132 and bafilomycin A1 for 10% of the plates.
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Nuclei (DAPI), mCherry and GFP were recorded for each image 
and for analysis mCherry-positive objects and GFP-LC3 puncta 
were normalized to the number of nuclei (Figure 2E). To assess 
assay quality, we calculated the Z’-factor [20] for 10% of the 
plates for the high controls treated with MG132 and bafilomycin 
A1 and found that overall the assay was robust for a HTS screen 
(Z’-factor ~0,5; Figure 2F).

We screened for genes for which knockdown increased 
both UbG76V-mCherry intensity and GFP-LC3 puncta, in 
which at least 2 shRNA clones corresponding to different 
regions of the same transcript yielded a positive signal as 
defined by the window parameters. This initially resulted in 
310 candidates (Table S1) selected on the basis of automated 
analysis of mCherry intensity and GFP puncta. Subsequently, 
80 candidates were selected after reviewing and evaluating 
images of the 310 candidates manually for particularly strong 
signals, healthy cell morphology and signal intensity of the

remaining clones that did not reach the automated threshold 
(Table 1 and Table S2). A typical example of increased 
UbG76V-mCherry intensity and GFP-LC3 puncta is shown in 
Fig. S2. Comparing all potential candidates to databases of 
UPS- and autophagy-associated genes (Tables S3-S6) revealed 
that 8/310 were known previously to encode proteasomal 
components, 4/310 encoded ubiquitinating enzymes and 9/ 
310 candidates encoded autophagy-associated proteins (Fig. 
S3A,B). The low hit number for proteasomal components is 
the consequence of the screen readout that was designed to 
identify targets whose knockdown was associated with accu-
mulation of both UPS and ALP reporters. Detailed analysis of 
one HTS plate containing 20 proteasome subunits revealed 
that 19 would have been a hit if we had looked at UbG76V- 
mCherry intensity only (data not shown). We also subjected 
all the 310 potential candidates to a protein interaction ana-
lysis using the Functional Enrichment analysis tool (Fig. S3C).

Table 1. HTS-generated candidates for modulating the ALP or UPS.

Gene ID NCBI Ref. Seq. Gene ID NCBI Ref. Seq. 
APC NM_000038 NDST3 NM_004784 
ARCN1 NM_001655 NLGN3 NM_018977 
B3GALT1 NM_020981 NMT2 NM_004808 
FLVCR2/C14orf58 NM_017791 OMD NM_005014 
C19orf18 NM_152474 PCK2 NM_004563 
AAR2/C20orf4 NM_015511 PCYT1B NM_004845 
C8orf31 NM_173687 PGAP1 NM_024989 
CAPN1 NM_005186 PLAA NM_004253 
CASD1 NM_022900 PLD1 NM_002662 
CDKN1B NM_004064 POLR3H NM_138338 
CESK1 NM_014406 PPHLN1 NM_016488 
CHEK1 NM_001274 PSMC4 NM_006503 
COPB1 NM_016451 PSMD6 NM_014814 
CPA4 NM_016352 PTGER4 NM_000958 
CST5 NM_001900 PTPMT1 XM_374879 
CTNND2 NM_001332 RACGAP1 NM_013277 
DHDDS NM_024887 RAP1A NM_002884 
DPEP2 NM_022355 RAPSN NM_005055 
EIF5 NM_001969 RBM4B NM_031492 
EP300 NM_001429 RCOR1 NM_015156 
TCTN1/FLJ21127 NM_024549 REP15 NM_001029874 
PYROXD1/FLJ22028 NM_024854 RPAIN NM_032308 
FLJ44796 XM_376428 SALL4 NM_020436 
FPR1 NM_002029 SH3TC2 NM_024577 
GLUD1 NM_005271 SIGLEC12 NM_053003 
GOLGA8G NM_001012420 SIP1 NM_003616 
HADHA NM_000182 SLC9A9 NM_173653 
HADHSC NM_005327 SNAP23 NM_003825 
HDHD2 NM_032124 SNX14 NM_020468 
KRTAP4-4 NM_032524 SOX30 NM_007017 
SP140L NM_138402.6 STRC NM_153700 
LRIG3 NM_153377 TAKR XM_372302 
LUC7L NM_018032 TGM3 NM_003245 
MDGA1 NM_153487 TMEM41A NM_080652 
SPDYE2/MGC119295 NM_001031618 TNKS NM_003747 
TENM3-AS1 NR_027107.2 TYRP1 NM_000550 
MYADML NM_207329 VPS28 NM_016208 
NAP1L2 NM_021963 ZNF396 NM_145756 
NAT6 NM_012191 ZNF418 NM_133460 
NBN NM_002485 ZNF605 NM_183238 

 

Candidates with two or more independent positive clones identified in an automated analysis and subsequent 
manual review of images were selected as “top candidates”. The gene identifiers and NCBI reference sequence 
numbers are listed. Genes with three and four shRNA-positive clones are highlighted in blue and green, 
respectively. 
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The analysis detected two protein clusters consisting of 8 or 
more candidates (red nodes) and 5 protein clusters consisting 
only of 2 candidates. The 80 hits were distributed randomly 
among the clusters. The first cluster involved proteins from 
many different pathways including those associated with the 
cell cycle and cancer. The second cluster involved proteins 
involved in proteasomal degradation. Cluster 3 consisted of 
proteins that are associated with the SNARE complex. Cluster 
4 consists of proteins from the coatomer complex 1, which is 
involved in membrane trafficking between the ER and Golgi. 
Cluster 5 proteins have a role in kinetochore-microtubule 
function. Cluster 6 proteins act in a variety of signaling path-
ways, while cluster 7 proteins are associated with G-protein 
coupled receptor signaling.

ZFP418 predominantly localizes in the nucleus in 
cardiomyocytes

ZNF418 (ZFP418 in rodents) was identified as one of the most 
promising candidates in our screen as 4 independent ZNF418 
shRNA clones yielded a positive signal (Table 1). We validated 
the screen with Zfp418 overexpression in HEK293LU cells, which 
revealed the opposite effect than with shZNF418, i.e. lower 
UbG76V-mCherry intensity and number of GFP-LC3 puncta 
(Fig. S4A,B). Very little is known about ZNF418, except that it 
localized in the nucleus and functioned as a transcription factor 
after ZNF418-EGFP gene transfer in COS-7 cells [21], and its 
overexpression protected mice from cardiac hypertrophy and 
fibrosis in an acute disease model [22]. To determine the localiza-
tion of ZFP418 in cardiomyocytes and for subsequent analyses, we 
performed Zfp418 knockdown and overexpression experiments 
(Figure 3 and Fig. S4C) in NRVMs. Knockdown by siRNA 
reduced Zfp418 mRNA levels in a concentration-dependent

manner (data not shown) and up to 75% with 100 nM (Figure 
3A). Staining of endogenous ZFP418 in NRVMs showed mainly 
a strong nuclear signal, which was reduced after Zfp418 knock-
down (Figure 3B). Adenoviral-mediated Flag-Zfp418 gene transfer 
in NRVMs resulted in a marked overexpression (Figure 3C and 
Fig. S4C). Immunofluorescence analysis showed a marked inten-
sity in the nucleus and the cytoplasm of exogenous Flag-ZFP418 
with both Flag and ZFP418 antibodies (Figure 3D and Fig. S4C). 
The specificity of the anti-Flag antibody was validated by the dose- 
dependent increase of its immunofluorescence intensity and by 
another adenovirus carrying a Flag-tagged control protein (Flag- 
Asb2[23]; Fig. S4C). These data suggest a predominantly nuclear 
localization of ZFP418 in cardiomyocytes, which is in line with 
previous findings in COS-7 cells [21].

ZFP418 negatively regulates UPS activity in 
cardiomyocytes

We then evaluated whether the UPS activity is regulated by 
ZFP418. In basal (= DMSO) conditions, the level of (poly)ubiqui-
tinated proteins was 60% higher after Zfp418 knockdown (Figure 
4A), and the chymotrypsin-like activity of the proteasome was 
15% lower in siZfp418- than in scramble-treated samples (Figure 
4B). Conversely, the (poly)ubiquitinated protein level was 50% 
lower after Flag-Zfp418 overexpression (Figure 4C), whereas the 
chymotrypsin-like activity of the proteasome was not higher 
(Figure 4D). Epoxomicin stabilized the levels of (poly)ubiquiti-
nated proteins in all conditions, but they remained higher and 
lower than in control after Zfp418 knockdown and Flag-Zfp418 
overexpression, respectively (Figure 4A, C). These data suggest 
that ZFP418 may regulate the transcription of ubiquitin enzymes.

To evaluate the overall UPS activity, which is a complex inter-
play between ubiquitinating enzymes, deubiquitinating enzymes

Figure 3. Zfp418 knockdown and overexpression in cardiomyocytes. (A) NRVMs were transfected with scramble siRNA (Scr) or siRNA targeting Zfp418 (siZfp418; 
100 nM) and Zfp418 mRNA levels were determined by RT-qPCR after 5–6 days. (B) NRVMs were transfected with scramble siRNA (Scr) or siRNA targeting Zfp418 
(siZfp418; 100 nM) and stained for ZFP418 (green), cardiomyocytes (TNNI3; red) and nuclei (DAPI; blue). (C) NRVMs were transduced with control adenovirus (AdV-Cre) 
or an adenovirus encoding Flag-Zfp418, and Zfp418 mRNA levels were determined by RT-qPCR after 5–6 days. (D) NRVMs were transduced with control adenovirus 
(Cre) or an adenovirus encoding Flag-Zfp418 and stained for ZFP418 (green), cardiomyocytes (TNNI3; orange) and nuclei (DAPI; blue). Data are presented as mean 
+SEM with **P< 0.01 and ****P< 0.0001, unpaired Student’s t-test (against Scr or AdV-Cre).
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Figure 4. ZFP418 negatively regulates UPS activity. (A, B) NRVMs were transfected with scramble siRNA (Scr) or siRNA targeting Zfp418 (siZfp418; 100 nM) and treated 
with epoxomicin (proteasome inhibitor; 250 nM for 24 h) or DMSO (control). (A) After 5–6 days, cells were harvested and (poly)ubiquitinated protein levels were 
determined by western blot and normalized to ACTN2. (B) After 5–6 days, cells were harvested and chymotrypsin-like activity of the proteasome was measured. (C, D) 
NRVMs were transduced with adenovirus encoding Cre (AdV-Cre; control) or Flag-Zfp418 (AdV-Flag-Zfp418) and treated with epoxomicin (proteasome inhibitor; 
250 nM for 24 h) or DMSO (control). (C) After 5–6 days, cells were harvested and (poly)ubiquitinated protein levels were determined by western blot and normalized 
to RPS6. (D) After 5–6 days, cells were harvested and chymotrypsin-like activity of the proteasome was measured. (E, F, G, H, I, J) NRVMs were transfected with 
siZfp418 or scramble siRNA and transduced with an adenovirus encoding GFPu (a reverse UPS reporter) or GFP (control). Where indicated, cells were treated with the 
proteasomal inhibitor epoxomicin (250 nM for 24 h) or DMSO (control) before harvest. (E) GFPu and GFP protein levels were determined by western blot. GAPDH was 
stained as loading control. (F) Immunofluorescence analysis of NRVMs stained for TNNI3 (red) and DAPI (blue) and GFPu or GFP (green). The ntensities of GFPu and 
GFP were quantified in NRVMs. (G) GFPu protein levels were determined by western blot. GAPDH was stained as loading control. (H) GFPu mRNA levels were 
determined by RT-qPCR and normalized to 18s. (I) NRVMs were scr-transfected and treated with 100 µM cycloheximide for indicated times and GFPu protein levels 
were determined by western blot. (J) NRVMs were treated with 100 µM cycloheximide for indicated times and GFPu protein levels were determined by western blot. 
Presented part of Ponceau was used as a loading control. (K) NRVMs were transduced with adenovirus encoding Cre recombinase (AdV-Cre; control) or Flag-Zfp418 
and GFPu (a reverse UPS reporter). GFPu protein levels were determined by western blot. Presented part of Ponceau was used as a loading control. (L) NRVMs were 
transfected with scramble siRNA (Scr), siRNA targeting Zfp418 (siZfp418; 100 nM) and siRNA targeting Psmd1 (siPsmd1; 20 nM; essential proteasomal subunit). Four 
hours after transfection, NRVMs were transduced with an adenovirus encoding GFP-CRYABR120G (mutant protein that forms aggregates). After 5–6 days, cells were 
fixed and stained for immunofluorescence microscopy. CRYABR120G aggregates are depicted in green, cardiomyocytes in red (TNNI3) and nuclei in blue (DAPI). 
Aggregate-to-myocyte area was quantified. (M) NRVMs were transfected with siPsmd1 or scramble siRNA, transduced with an adenovirus encoding GFPu and treated 
with the proteasomal inhibitor epoxomicin (250 nM for 15 h) or DMSO before harvest. GFPu protein levels were determined by western blot and normalized to 
ACTN2. Data are presented as mean+SEM with *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001, two-way ANOVA plus Sidak multiple comparison test and #P 
< 0.05, unpaired Student’s t-test.
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and proteasome, we used GFPu as a specific UPS activity reporter. 
GFPu contains a degron sequence that is ubiquitinated and speci-
fically degraded by the UPS [19,24,25]. After transfection with 
scramble or siZfp418 siRNA, cells were transduced with an ade-
novirus encoding GFP or GFPu for 5 to 6 days. The GFP protein 
level and staining intensity did not differ between the groups 
(Figure 4E, F), indicating similar transduction efficiency. In con-
trast, GFPu protein level and fluorescence intensity were markedly 
lower after Zfp418 knockdown, indicating increased UPS activity 
(Figure 4E, F). As expected, epoxomicin treatment led to a marked 
accumulation of GFPu in both conditions, but still ~30% lower in 
siZfp418 than in scramble transfection (Figure 4G), likely because 
of 50% lower GFPu mRNA level (Figure 4H). Importantly, epox-
omicin increased GFPu levels ~100-fold in siZfp418-treated and 
~10-fold in scramble-treated samples (Figure 4G), suggesting 
higher degradation of GFPu with Zfp418 knockdown. We tested 
GFPu turnover by a cycloheximide (CHX) chase assay (Figure 4I, 
J) and found that GFPu protein levels decreased at least up to 8 h in 
scramble-transfected cells after CHX addition (Figure 4I). GFPu 
turnover was shorter in siZFp418 than in scramble transfection 
(t1/2 = 141 vs. 219 min; Figure 4J). Conversely, GFPu protein level 
was higher after Flag-Zfp418 overexpression (Figure 4K). To 
further validate the screen, we also tested siRNAs directed against 
2 other hits in NRVMs, Copb1 and Vps28, encoding COPI coat 
complex subunit beta 1 and VPS28 subunit of ESCRT-I, respec-
tively. Similar to siZfp418, GFPu protein level was markedly lower 
in siCopb1 and siVps28 than in scramble transfection (Fig. S5A).

To strengthen the conclusion that ZFP418 regulates UPS 
activity, we evaluated the model of mutant CRYAB/αB-crystallin 
(CRYABR120G) overexpression, which leads to protein aggregation 
in NRVMs [26]. It has been shown that increased UPS activity 
results in lower CRYABR120G aggregate load [19,25,27]. We found 
fewer aggregates in siZfp418- than in scramble-treated cardio-
myocytes in basal conditions (Figure 4L). Knockdown of the 
essential proteasomal unit Psmd1 increased GFPu protein level 
as expected to a similar extent as epoxomicin (Figure 4M) and 
markedly reduced the effect of siZfp418 on CRYABR120G aggre-
gates (Figure 4L). Taken together, the data suggest that ZFP418 
negatively regulates UPS activity in NRVMs.

ZFP418 positively regulates ALP activity in 
cardiomyocytes

LC3-II protein levels reflect changes in autophagosome number 
[28] and, by using ALP inhibitors and activators, we can evaluate 
whether ALP activity is increased or decreased at an early or late 
step of the process (Figure 5A). Electron microscope images 
showed a lower number of ALP-related vesicular structures (pha-
gophores, autophagosomes, autolysosomes and lysosomes) in 
cells treated with Zfp418 siRNA (Figure 5B; Fig. S6). To evaluate 
ALP activity, we determined the number of LC3 puncta (LC3- 
positive vesicles) by staining endogenous LC3B with or without 
lysosomal inhibition by leupeptin. We found lower LC3 puncta 
numbers after Zfp418 knockdown in both basal and leupeptin 
conditions in NRVMs (Figure 5C), indicating a lower number of 
autophagosomes and autolysosomes. Furthermore, we deter-
mined LC3-II protein levels with and without leupeptin and/or 
early-step ALP activator torin 1 in NRVMs transfected with 
siZfp418 or scramble siRNA (Figure 5D). LC3-II protein level

was lower in siZfp418- than in scramble-treated samples in basal 
conditions (= DMSO; Figure 5D). All treatments increased LC3-II 
protein levels in scramble-treated samples and to a much lower 
extent in siZfp418-treated samples (Figure 5D), suggesting inhibi-
tion of ALP activity at an early step. We therefore evaluated 
protein levels of the omegasome markers ZFYVE1/DFCP1 (zinc 
finger, FYVE domain containing 1) and WIPI2 (WD repeat 
domain, phosphoinositide interacting 2), which are known as 
early markers of autophagy. However, number of puncta, protein 
levels (Fig. S7A,B) and gene expression levels (Table S7) did not 
differ between scramble- and siZfp418-treated samples in the 
presence or absence of torin 1. The selective autophagy receptor 
protein SQSTM1/p62 binds to protein aggregates and shuttles 
them to autophagosomes [29]. In contrast to LC3-II, SQSTM1/ 
p62 protein levels did not differ between siZfp418- and scramble- 
treated samples in DMSO, whereas it was lower after Zfp418 
knockdown with torin 1 (Figure 5D). Leupeptin treatment did 
not induce accumulation of SQSTM1/p62 in NRVMs. We also 
evaluated the effect of knockdown of Copb1 and Vsp28 in NRVMs 
(Fig. S5B). LC3-II protein levels were higher in basal conditions 
and did not differ to scramble after bafilomycin A1 treatment in 
NRVMs, suggesting that both COPB1 and VSP28 activate auto-
phagy, but at a different step than ZFP418 (Fig. S5B).

To further support the hypothesis that ZFP418 activates 
autophagy, we evaluated LC3-II and SQSTM1/p62 protein levels 
with and without lysosomal inhibitor bafilomycin A1 and/or 
early-step ALP activator torin 2 in NRVMs transduced with 
Flag-Zfp418 or control (Cre) adenovirus (Figure 5E). Both LC3- 
II and SQSTM1/p62 protein levels were higher after Flag-Zfp418 
than Cre overexpression in basal conditions (= DMSO). 
Bafilomycin A1 increased LC3-II protein levels in both groups, 
and to a higher extent in combination with torin 2 in Flag- 
Zfp418 overexpression. Bafilomycin A1 did not affect the 
SQSTM1/p62 levels in Cre-transduced NRVMs. In contrast, 
the combination of bafilomycin A1 and torin 2 markedly 
increased the SQSTM1/p62 levels in Flag-Zfp418 transduction. 
Taken together, these data suggest that ZFP418 positively reg-
ulates ALP activity in cardiomyocytes.

ZFP418 regulates expression of numerous genes 
encoding proteins involved in UPS and ALP

Since ZFP418 belongs to a family of transcription factors, we 
performed RNA-seq analysis of NRVMs with and without 
Zfp418 knockdown. Results were analyzed using the differential 
gene expression analysis method [30] and genes with significantly 
(P≤ 0.05) altered expression after Zfp418 knockdown were com-
pared to databases of proteins that are associated with the protea-
some, ubiquitination processes, or autophagy (Figure 6A, B; 
Tables S4-S8). Out of the dysregulated genes, 53 encode UPS- 
related proteins and 44 ALP-related proteins, providing data con-
sistent with a role for ZFP418 in regulating the UPS and ALP. Of 
the 53 genes encoding proteins associated with the proteasome or 
ubiquitination, 24 encode E3 ligating enzymes that function in 
cellular signaling, are DNA-related or have a yet unknown func-
tion and therefore may or may not be involved in UPS degrada-
tion. Of the remaining 29 genes, 5 encode proteasomal subunits. 
We did not observe any differences in mRNA levels of Psmb5, 
which is the subunit responsible for the chymotrypsin-like activity
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of the proteasome. Two of the proteins belong to the immuno-
proteasome 11S regulatory particles (gene names: Psme1-ps1, 
Psme1) [31] and two of them are subunits involved in histone 
degradation and DNA damage (gene names: Psma8, Psme4) 
[32,33], which are not responsible for the main proteasome func-
tion. However, gene expression of one essential 20S proteasome 
component, PSMB8, which replaces PSMB5 in immunoprotea-
some complexes, was upregulated. Expression of a number of E1,

E2 and E3 ubiquitinating enzymes was also upregulated and some 
E2 and E3 enzymes were downregulated. The upregulation of 
many genes encoding deubiquitinating enzymes may be 
a compensatory effect resulting from the high levels of ubiquiti-
nated proteins. The transcript levels of the 4 ubiquitin genes 
Rps27a, Ubb, Ubc and Uba52 did not significantly differ between 
siZfp418- and scramble-treated samples (Table S7). Therefore, we 
believe that the observed effects are independent of the expression

Figure 5. ZFP418 positively regulates ALP activity. (A) A diagram depicting the effects of the activators torin 1 and torin 2 or the inhibitors leupeptin and bafilomycin 
A1 on autophagic activity. Torin 1 and torin 2 inhibit mTOR complex 1 and activate autophagy at an early step. Leupeptin inhibits lysosomal proteases and inhibits 
autophagy at a late step. Bafilomycin A1 is an inhibitor of the V-ATPase and inhibits lysosomal acidification. (B, C, D) NRVMs were transfected with scramble siRNA 
(Scr) or siRNA targeting Zfp418 (siZfp418; 100 nM) and analyzed 6 days after transfection. (B) Electron microscope images after Scr or siZfp418 transfection. ALP 
related vesicles are marked with blue arrows. Vesicles of uncertain identity were marked with black arrows. Nuclei are marked with asterisks. Scale bar indicates 
800 nm. Extended images in Figure S6. (C) NRVMs were treated with autophagy inhibitor leupeptin (100 μM, 24 h) or water, fixed and stained for LC3B (green) to 
detect LC3-positive vesicles that are markers for autophagosomes (puncta), cardiomyocytes (TNNI3; red) and nuclei (DAPI; blue). (D) NRVMs were treated with the 
autophagy inhibitor leupeptin (100 μM, 24 h) or/and autophagy activator torin 1 (1 μM, 3 h) or DMSO. LC3 and SQSTM1/p62 protein levels were determined by 
western blot, ACTN2 was stained as a loading control. LC3-II:ACTN2 and SQSTM1/p62:ACTN2 were quantified to determine autophagic activity. (E) NRVMs were 
transduced with an adenovirus encoding Cre (AdV-Cre; control) or Flag-Zfp418 and treated with autophagy inhibitor bafilomycin A1 (30 nM for 3 h) or/and autophagy 
activator torin 2 (50 nM, 3 h) or DMSO. LC3 and SQSTM1/p62 protein levels were determined by western blot. RPS6 was stained as a loading control and LC3-II:RPS6 
and SQSTM1/p62:RPS6 were quantified to determine autophagic activity. Data are presented as mean+SEM with *P< 0.05, **P< 0.01, ***P< 0.001 and ****P< 0.0001, 
two-way ANOVA plus Sidak multiple comparison test, and #P< 0.05, ##P< 0.01, ###P< 0.001 and ####P< 0.0001 unpaired Student’s t-test.
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of the ubiquitin genes. Of the 44 genes encoding proteins asso-
ciated with autophagy, 9 encode proteins that function in mem-
brane trafficking, immunity or apoptosis and are therefore 
possibly not involved in ALP degradation. Most of the other 
genes encode for proteins that regulate early activation or initia-
tion (20/22 downregulated) or early inhibition (3/3 upregulated) 
of autophagy, supporting our hypothesis that autophagy is inhib-
ited at an early step of the pathway after Zfp418 knockdown. 
Furthermore, genes encoding 6 autophagy cargo receptors or 
mediators, important for early and late steps of autophagy, includ-
ing Sqstm1, and Map1lc3b and Map1lc3b2, which we already 
found to be lower at the protein level (Figure 5C, D), were down-
regulated. Four genes encoding proteins that promote autophagy 
at a late step were deregulated (3/4 downregulated). Only the 
expression of 3 genes (Scoc, Pea15 and Rab7a) was upregulated. 
However, these genes could be upregulated as part of 
a compensatory response. These data suggest that Zfp418 expres-
sion may be required for the stable accumulation of ALP RNA 
transcripts, probably at the level of transcription, especially for 
those encoding a protein involved in an early step of autophagy.

RT-qPCR performed on 9 genes confirmed the RNA-seq data 
for Zfp418, Psmb8, Trim55, Fyco1 and Dapk2 (Figure 7A). Down- 
regulation of the two ALP-related genes Fyco1 and Dapk2 by 
siZfp418 was supported by their up-regulation with Zfp418 over-
expression (Figure 7B). In contrast, the 2 UPS-related genes 
Trim55 and Psmb8 did not change and even increased after 
Zfp418 overexpression, respectively (data not shown), suggesting 
indirect regulation by ZFP418. We then showed that ZFP418 
activated Fyco1 and Dapk2 promoters in a luciferase assay in

HEK cells (Figure 7C). A DisGeNET analysis of the RNA-seq 
derived from Zfp418 knockdown in NRVMs revealed a highly 
significant enrichment of our gene set in Alzheimer disease and 
heart failure, including Dapk2 in both (Table S9), supporting the 
role of ZNF418 in protein degradation.

ZFP418 regulates several genes involved in 
cardiomyocyte structure and function

We evaluated the consequence of Zfp418 knockdown and over-
expression in NRVMs on RNA levels of cardiomyocyte-specific 
markers with a dedicated custom-made Nanostring panel. We 
found higher RNA levels of genes associated with cardiomyocyte 
structure and function (Actc1, Casq2, Myh6, and Pln), but no 
difference in the expression of genes encoding markers of hyper-
trophy (Myh7, Nppa, Nppa, Fhl1) in siZfp418- than in Scr- 
treated NRVMs (Fig. S8A). Zfp418 overexpression did not have 
any effect on the expression of these genes (Fig. S8B). A volcano 
plot of the RNA-seq (Figure 8A) and String pathway (Figure 8B) 
derived from Zfp418 knockdown in NRVMs confirmed these 
data and revealed several other significantly up-regulated genes 
involved in striated muscle development and/or cardiac hyper-
trophy (Adprhl1, Fbxl22, Des, Fhl1, Jph2, Lmcd1, Myocd, Pdlim3, 
Pln, Rcan1, Rspo3, Tuba4a) and actin filament-based processes 
(Aqp1, Enah, Nrap, Scn3b) or both (Acta1, Actc1, Actn2, Cav3, 
Csrp3, Mybpc3, Srf, Xirp2). Gene ontology (GO) analyses of 
“cellular components” (Table S10) found “myofibril” and “con-
tractile fiber”, of “biological process” (Table S11) found “muscle 
system process” and of “molecular function” (Table S12) found

A AutophagyBProteasome/ubiquitin

P≤0.05 P≤0.05

Figure 6. Zfp418 knockdown changes expression of UPS and ALP genes. NRVMs were transfected with scramble siRNA (Scr) or siRNA targeting Zfp418 (siZfp418; 100 nM), 
harvested 5 days post-transfection and RNA sequencing was performed. Significantly (P≤ 0.05) up- (red) or downregulated (blue) genes after Zfp418 knockdown were 
compared to databases of genes encoding proteins related to the proteasome and ubiquitin (A) or autophagy (B). Databases are available in Tables S4-S7.
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“potassium ion transmembrane transporter activity” as most 
significantly enriched genes in the data set, highlighting the 
importance of ZNF418 in the heart.

Discussion

UPS and/or ALP disruption or activation, shifting the balance to 
either increased or decreased degradation, can result in increased 
disease pathology or morbidity. For example, many late-onset 
neurodegenerative diseases, such as Alzheimer, Parkinson and 
Huntington diseases [34–37] display impairment of UPS and 
ALP. Additionally, the potential clinical importance of manip-
ulating protein degradative pathways has made the UPS and 
ALP a focus for therapeutic intervention in clinical oncology 
with efforts to inhibit UPS activity and inhibit or activate ALP 
activity [38].

A number of inherited cardiomyopathies such as Danon 
disease [39], Vici syndrome [40], LEOPARD syndrome [41], 
dilated cardiomyopathy [42,43], DES-related cardiomyopathy 
[25,27,44], and left ventricular noncompaction [45] have been 
linked to deregulation of the UPS and/or ALP. We previously 
described altered UPS and ALP in tissue samples of hyper-
trophic cardiomyopathy patients and mice with cardiac 
MYBPC3 (myosin binding protein C3) mutations [23,46,47], 
and found that UPS inhibition or ALP activation ameliorated 
the cardiomyopathy in mice [47,48]. In other cardiac disease 
models, UPS activation or ALP inhibition has been shown to 
ameliorate the phenotype [27,49]. In summary, the UPS and 
ALP can have an important disease-modifying role in 
a number of diseases, but for every class of disease, it has to 
be defined which kind of modulation is needed and we still 
lack many appropriate targets and/or drugs. Thus, there is 
a need for additional discovery science to identify as yet
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Figure 7. Validation of targets identified in RNA sequencing. (A) NRVMs were transfected with scramble siRNA (Scr) or siRNA targeting Zfp418 (siZfp418; 100 nM) and 
indicated mRNA levels were determined by RT-qPCR after 5 days. (B) NRVMs were transfected with scramble siRNA (Scr) or siRNA targeting Zfp418 (siZfp418; 100 nM) 
or transduced with control adenovirus (AdV-Cre) or an adenovirus encoding Flag-ZFP418. Fyco1 or Dapk2 mRNA levels were determined by RT-qPCR after 5 days. (C) 
ZFP418 and Gaussia Luciferase plasmids with Fyco1 or Dapk2 promoter (Fyco1p or Dapk2p) were transfected into HEK293 cells. Luciferase activities were determined 
after 1 day. Data are presented as mean+SEM with *P< 0.05, **P< 0.01 and ****P< 0.0001, unpaired Student’s t-test. Abbreviations: Dapk2, death associated protein 
kinase 2; Fyco1, FYVE and coiled-coil domain autophagy adaptor 1. Primer sequences are given in Table S14.

AUTOPHAGY 3133



unidentified proteins whose actions can either inhibit or acti-
vate these pathways.

HTS is an attractive and relatively unbiased method to find 
novel proteins that impact on cellular processes. Given the 
existence of reporters for the UPS, fluorescent reporters tagged 
to modified ubiquitin or degron sequences, and ALP, LC3 tagged 
to fluorescent reporters, we were able to develop a cell-based, 
automated screen for modulators of the two systems. We used 
HEK293 cells as they are relatively robust, grow well and can be 
stably transfected at very high efficiencies, providing a highly

reproducible substrate for the screen. The UPS and ALP are both 
highly conserved pathways and therefore we hypothesized that 
a number of the clones identified would be valid for other cell 
types. This hypothesis was partially validated by subsequent 
experiments using cardiomyocytes (Figures 4–7).

Multiple, independent shRNA clones to ZNF418 were identi-
fied in the initial screen. Although the screen was designed to find 
genes whose knockdown increased both UbG76V-mCherry inten-
sity (= UPS inhibition) and GFP-LC3 puncta (= ALP inhibition) in 
HEK293 cells, the subsequent Zfp418 knockdown or

A

B

Figure 8. Zfp418 knockdown increases expression of cardiac genes associated with cardiomyocyte structure and function. NRVMs were transfected with scramble 
siRNA (Scr) or siRNA targeting Zfp418 (siZfp418; 100 nM), harvested 5 days post-transfection and RNA sequencing was performed. (A) Volcano plot. Significantly 
upregulated genes involved in cardiomyocyte maturation (actin-filament-based process) and hypertrophy are highlighted in red. Zfp418 down-regulation is shown in 
blue. Vertical dotted lines showed the 2-fold-change threshold, and the horizontal dotted line the limit of P < 0.05. (B) STRING protein network of highlighted genes 
of (A). Proteins with red nodes are involved in actin-filament-based processes. Proteins with blue nodes are involved in striated muscle development. Gene acronym 
and name are given in Table S15.
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overexpression experiments in NRVMs did not have exactly the 
same results. Indeed, we found that ZFP418 activates autophagy 
(supporting the screen) but inhibits UPS as shown by accumula-
tion of GFPu (opposite of the screen). Similarly, we found that two 
other HTS hits, COPB1 and VPS28 also activate autophagy and 
inhibit the UPS in NRVMs (Fig. S5), supporting our data. We 
cannot exclude that accumulation of UbG76V-mCherry in HEK293 
cells is the consequence of autophagy inhibition, since previous 
data showed that inhibition of autophagy by several means com-
promises proteasomal degradation in HeLa cells [15]. It is also 
possible that the regulation of the proteolytic systems differs 
between the cells used in the screen compared to differentiated 
cardiomyocytes. We also provide evidence that Zfp418 is upregu-
lated in the CRYABR120G mouse model of proteotoxicity [26], 
likely as a compensation (Fig. S8) and showed that knockdown 
of Zfp418 such as of Jak1 [19] reduced aggregates induced by 
CRYABR120G in NRVMs (Figure 4), supporting UPS activation 
[50], but not ALP inhibition. Although counter-intuitive, it has 
been shown that the activation of one of the two proteolytic system 
is sufficient to clear aggregates [19,27,50]. We cannot exclude that 
ALP activation is a secondary response to UPS inhibition by 
ZNF418. Although it activated the Dapk2 and Fyco1 promoters, 
whose products are involved in autophagy activation (Figure 7), 
this activation could still be an indirect effect, because, for example, 
proteasome inhibition has been shown to activate the expression 
of several ALP genes through activating transcription factor EB 
[51]. There are a paucity of data regarding ZNF418 function, but 
interestingly, it can be cardioprotective in an acute cardiac disease 
model [22]. ZNF418 (ZFP418 in rodents) was identified in 
a human embryo heart cDNA library, appears to be related to 
the evolutionary conserved zinc finger protein family and contains 
a regulatory Krüppel-associated box (KRAB)-A and 17 tandem 
C2H2 type zinc finger motifs [21]. ZNF418 overexpression in 
COS-7 cells showed nuclear localization and repression of lucifer-
ase activity in a reporter system [21]. We confirmed nuclear 
localization of endogenous and overexpressed ZFP418 in 
NRVMs. Intriguingly, ZNF418 protein levels were markedly 
lower in hearts of patients with DCM or HCM and its homologue 
in hypertrophic mouse models as well, while overexpression of 
ZFP418 in the mouse model or in primary cardiomyocytes was 
protective against cardiac hypertrophy and ameliorated loss of 
function after aortic banding in mice [22]. Although we could 
not detect any difference in ZNF418 mRNA levels in both mouse 
and human HCM and DCM cardiac samples when compared to 
controls (data not shown), our RNA-seq analysis from siZfp418- 
treated NRVMs supports the view that ZNF418 is protective 
against cardiomyocyte hypertrophy and heart failure (Figure 8, 
Fig. S8, Tables S9-S12). Another group reported DNA hyper- 
methylation and down-regulation of ZNF418 in patients with 
esophageal squamous cell carcinoma [52], and low ZNF418 
expression is associated with a poor prognosis in patients with 
gastric carcinoma [53], suggesting a role for ZNF418 in human 
disease. However, those data do not make a connection between 
ZNF418 and regulation of the UPS and ALP-associated genes. Our 
data, which define the protein’s impact on UPS and ALP function, 
may also explain its positive effects on cardiac hypertrophy and 
cancer, since for both diseases, inhibition of UPS activity and 
upregulation of ALP activity can be beneficial [38,47,48,54]. 
However, these data have to be taken cautiously, because others

have shown that genetically-based enhancement of the protea-
some activity is cardioprotective or inhibition of cardiac protea-
somes is detrimental to the heart after myocardial ischemia/ 
reperfusion injury or pressure overload in mice [27,55,56], and 
importantly, proteasome inhibitors such as bortezomib or carfil-
zomib can cause cardiotoxicity in humans with multiple mye-
loma [57].

In conclusion, UPS and ALP activities play decisive roles in 
several diseases and we believe that targeting the two pathways has 
significant therapeutic potential. Here, we have isolated candidates 
that modulate UPS and ALP activity in HEK293 cells and extend 
those data to NRVMs, validating the potential scalability of the 
screen across different cell types and tissues. Future experiments 
will reveal their ability to modulate the UPS and ALP in other cell 
types and disease models.

Material and methods

Cloning the expression vector pBUDCE4.1-GFP-LC3- 
UbG76V-mCherry

EGFP-rLC3 was cloned from adenovirus 5 backbone (provided by 
Joseph A. Hill, UT Southwestern, Dallas, Texas, USA) into the 
mammalian expression vector pBudCE4.1 (two multiple cloning 
sites; Invitrogen, V53220) under the control of the CMV promo-
ter. UbG76V (provided by Antonio Sarikas, TUM, Munich, Germa 
ny) and mCherry (provided by Ingke Braren, UKE, Hamburg, 
Germany) were cloned in a single step using the In-Fusion HD 
Cloning Kit (Clontech, 639,650) under the control of the EEF1A1/ 
EF-1α promoter into pBudCE4.1 – GFP-LC3. Primer sequences 
can be found in Table S13.

Generation and validation of HEK293LU

For stable and transient transfections, HEK293 or HL-1 cells were 
plated into 12-well plates at a density of 1.5 × 105 cells/well and 
transfected with 1 μg/well pBudCE4.1-GFP-LC3-UbG76V-mChe 
rry using TurboFect (Fermentas, R0531) according to the manu-
facturer’s protocol. Two days after transfection, cells were selected 
with 50 μg/mL Zeocin (Thermo Fisher Scientific, R25001). The 
cells were selected for two weeks with media changes every 48 h. 
After two weeks, cells were transferred from one well of a 12-well 
plate to 10-cm dishes (1:30 dilution). Colonies that grew approxi-
mately 3 weeks under Zeocin selection were picked and expanded 
in 24-well plates for another 4 weeks under selection, until con-
fluency. The fastest growing clone with the brightest fluorescence 
intensity (named HEK293LU) was further expanded under Zeocin 
selection and aliquots were frozen. After 1 freeze-thaw cycle, the 
clone was grown without Zeocin selection for at least 3 months to 
validate stable transfection. HEK293LU cells were treated with 
UPS inhibitors or ALP inhibitor and activator for validation of 
the reporters. For this, 1 × 105 cells per well were seeded onto Lab- 
Teks (Nalge Nunc International, 154,461). For UPS inhibition, 
cells were treated with the proteasome inhibitor MG132 (1 μM; 
Sigma-Aldrich, 474,791) or epoxomicin (250 nM; Calbiochem, 
324,801) for 24 h. For ALP inhibition, cells were treated with 
100 nM bafilomycin A1 (Sigma-Aldrich, B1793) for 3 h. For ALP 
activation, cells were treated with 50 nM torin 2 (LC Laboratories, 
T-8448) for 3 h. Following treatment, cells were fixed with 4%

AUTOPHAGY 3135



paraformaldehyde and nuclei stained with DRAQ5 (Biostatus 
Limited, DR50050). Confocal images were acquired with a Zeiss 
Axiovert microscope with a 40x or 100x oil (GFP-LC3 puncta) 
objective.

Genome-wide lentiviral shRNA high-throughput screen

The shRNA library was developed by the RNAi Consortium 
(TRC) [58]. The human library covers 16,018 genes with 81,895 
shRNA clones (i.e. 4–5 clones for most of the genes; about 300 
x 384-well plates). A 5-day-long HTS assay was developed. We 
coated 384-well plates (black; clear bottom; Corning, 3712) with 
sterile 0.1% gelatin for 30 min at room temperature. Cells were 
seeded at a density of 800 cells per well in 30 μL DMEM (Gibco, 
10,569–010), 10% FBS (Sigma-Aldrich, F2442), 1% non-essential 
amino acids, 1% penicillin-streptomycin, 1% pyruvate (culture 
medium) and immediately transduced with 15 μL from lentiviral 
library plates, and 4 μg/mL polybrene (Sigma-Aldrich, TR-1003- 
G) was added to each well. A scrambled shRNA lentivirus was 
used for control wells. On the second day, 35 μL were gently 
removed and replaced by 70 μL culture medium. On day 3, 
puromycin (Thermo Fisher Scientific, A1113803) selection was 
started to select for transduced cells by removing 70 μL medium 
and adding 50 μL medium including 4 μg/mL puromycin. On day 
5, 50 μL medium was replaced by 25 μL culture medium including 
bafilomycin A1 (final concentration 100 nM) or MG132 (final 
concentration 5 μM) for the high control wells or plain culture 
medium for all other wells. Each plate contained four wells for each 
high control (bafilomycin A1 or MG132) and eight wells for the 
low control (untreated). After 4 h, cells were fixed in 4% parafor-
maldehyde and stained with DAPI for nuclei. The plates were read 
with a 20x objective by a BioTek Cytation 3 Imager (16 images per 
well) and images were analyzed by the Gen5 software for mCherry 
intensity and GFP puncta. To measure mCherry intensity, cells 
were marked and fluorescence intensity was measured within the 
marked area. The mCherry intensity was related to the number of 
nuclei. To measure GFP-LC3 puncta, a threshold was set for GFP 
intensity and dots within a size and circularity range were counted 
as puncta. The number of GFP-LC3 puncta was related to the 
number of nuclei. In order to select the best hits, all images were 
manually reviewed for thorough detection of the puncta. The top 
hits were selected as follows: i) considering remaining “negative” 
clones, e.g. if two of five shRNA clones were positive, the remain-
ing three were reviewed for UbG76V-mCherry intensity and GFP- 
LC3 puncta, i.e. if the signals were slightly below the threshold or 
either positive for puncta or intensity; ii) nuclei looked healthy; iii) 
it was checked if the positive controls had a particularly strong 
effect for the plate, hence setting the threshold for the clones very 
high. To validate the results of the screen for ZNF418, HEK293LU 
cells were transfected with either 0.5 µg pCMV-SPORT6- 
mmZfp418 or pCMV-Sport6 (vector control) and fluorescence 
images were taken with a Zeiss Axiovert microscope with 40x oil 
objective. UbG76V-mcherry intensity and GFP-LC3 puncta were 
quantified with ImageJ.

Neonatal rat ventricular myocyte (NRVM) isolation

NRVMs were isolated as described previously [19,59]. In brief, 
hearts were harvested from 1-3-day-old pups and incubated in

0.05% trypsin (Gibco, 25,300,054) overnight at 4°C. Upon removal 
of trypsin, hearts were rinsed with ice-cold αMEM (Gibco, 12,-
571–063) and dissociated with 260 units/heart collagenase (Worth 
ington Biochemical Corporation, LS004176) in αMEM for 40 min 
at 37°C. The solution was triturated to disperse cell clumps and 
passed through a 40-μm strainer. The homogenate was then 
centrifuged for 5 min at 50–100 x g and the pellet resuspended 
in αMEM containing 10% FBS (Gibco, 16,000–044) and DNase 
I (Roche, 10,104,159,001). A preplating step was done to selectively 
isolate NRVMs from the cardiac fibroblasts. Ten mL of cell sus-
pension were added to uncoated 10-cm plates and incubated for 
40 min at 37°C in a 5% CO2 incubator. The medium was removed 
and transferred to a conical tube.

NRVM transfection

NRVMs were seeded into 12-well plate wells or onto gelatin- 
coated Lab-Teks (Nalge Nunc International, 154,461) at 
a density of 1 × 105 cells per well. One day after plating (day 1), 
they were transfected with siZfp418 (100 nM; Thermo Fisher 
Scientific, s146507), siPsmd1 (20 nM; Thermo Fisher Scientific, 
s136286) or scramble siRNA (100 nM; Thermo Fisher Scientific, 
4,390,846) in OptiMEM (Thermo Fisher Scientific, 51,985–026) 
using Lipofectamine 3000 transfection reagent (Thermo Fisher 
Scientific, L3000008) for 5–7 h after which double-concentrated 
serum medium (final concentration of 10% FBS) was added. 
Medium was changed on day 3 to DMEM, 10% FBS and 10 μM 
cytosine β-D-arabinofuranoside (Sigma-Aldrich, C1768) to inhi-
bit growth of remaining fibroblasts. Cells were harvested between 
5–6 days post-transfection for RNA or protein extraction or fixed 
in 4% paraformaldehyde for imaging.

NRVM adenovirus transduction and compound treatment

Zfp418 was amplified from mouse ventricular RNA extractions by 
PCR, 5ʹ-tagged with Flag and cloned into pShuttle-CMV with 
SalI and HindIII restriction enzymes. For overexpression of Flag- 
mZfp418, GFP-CryABR120G or GFPu [60,61], NRVMs were trans-
duced with the respective adenoviruses for 2 h. For proteasome 
inhibition, NRVMs were treated for 24 h prior to harvest or 
fixation with 250 nM epoxomicin (Calbiochem, 324,801). For 
the GFPu chase assay, cells were incubated in culture medium 
with 100 µM cycloheximide (Sigma-Aldrich, c4859) for indicated 
times. For ALP activation, NRVMs were treated with 1 μM torin 1 
(Tocris Bioscience, 4247) or 50 nM torin 2 (LC laboratories, 
T8448) for 3 h prior to harvest or fixation. For ALP inhibition, 
NRVMs were treated with 100 μM leupeptin (Sigma-Aldrich, 
L8511) for 24 h or 30 nM bafilomycin A1 for 3 h prior to harvest 
or fixation. Medium was changed with every compound 
treatment.

NRVM fluorescence imaging

After fixation, cells were stained for the cardiomyocyte marker 
TNNI3 (troponin I, cardiac 3; Millipore, MAB1691), nuclei (DAPI 
or DRAQ5; Thermo Fisher Scientific, D1306) and antibodies 
against the protein of interest (LC3B – Cell Signaling Technology, 
2775; ZNF418 – Sigma-Aldrich, SAB2700695; FLAG – Sigma- 
Aldrich, F3165; ZFYVE1/DFCP1 – Cell Signaling Technology,
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85156S; WIPI2 – Invitrogen, PAS-54,098). Slides were imaged 
using a Nikon Eclipse Ti inverted microscope with 10–20x air 
objective, Nikon A1R confocal microscope with 20–60x objective 
or a Zeiss Axiovert microscope with 40x or 63x oil objective and 7 
images/well were captured. Images were analyzed with NIS Eleme 
nts software.

Quantitative reverse transcription PCR (RT-qPCR)

To measure siRNA knockdown or Flag-Zfp418 overexpression, 
cells were lysed in RNAzol RT Reagent (Molecular Research 
Center Inc, RN 190) or TRIzol Reagent (Thermo Fisher 
Scientific, 15,596,018), RNA was transcribed into cDNA with 
iScript cDNA synthesis kit (Bio-Rad, 1,708,840) or SuperScript 
III (Thermo Fisher Scientific, 18,080–051) and RT-qPCR was 
performed by using TaqMan gene expression assays (Thermo 
Fisher Scientific: Rn01523785_g1 for rat Zfp418, Rn01523785_g1 
for mouse Zfp418, Hs03003631_g1 for Rn18s control) according to 
the manufacturer’s protocols. For comparison of endogenous rat 
Zfp418 and overexpressed exogenous mouse Flag-Zfp418 expres-
sion levels, forward primer 5ʹ-GGTGAATGTGGGAAGACC-3‘ 
and reverse primer 5ʹ-CTCCAGTGTGAAGTAGCT-3‘ were used 
with SYBR green (Thermo Fisher Scientific, K0222) detection. The 
primers for validation of RNA-seq data can be found in Table S14.

Western blotting

For western blot analysis, cells were harvested in 70 μL lysis buffer 
(3% SDS, 30 mM Tris base, pH 8.8, 5 mM EDTA, 30 mM NaF, 
10% glycerol, 1 mM DTT) and 25–50 μg protein with 6x Laemmli 
buffer was loaded onto 4–20% Bio-Rad Mini- PROTEAN Precast 
Gels or 12% self-casted acrylamide/bisacrylamide (29:1) gels. After 
electrophoresis, the proteins were transferred to PVDF mem-
branes with Bio-Rad Tris/Glycine buffer or self-made transfer 
buffer (25 mM Tris base, 190 mM glycine, 20% methanol, pH 
8.3) and stained with the following antibodies: ubiquitin – FK2 
clone Millipore, 04–263; mCherry – Novus Biologicals, NBP1- 
96,752; GFP – Santa Cruz Biotechnology, sc-9996; LC3B – Cell 
Signaling Technology, 2775; SQSTM1/p62 – Sigma-Aldrich, 
P0067; ZFTVE1/DFCP1 – Cell Signaling Technology; WIPI2 – 
Invitrogen; ACTN2 (actinin alpha 2) – Sigma-Aldrich, A2543 or 
A7811; RPS6 (ribosomal protein S6) – Cell Signaling Technology, 
2771; GAPDH – HyTest, 5G4. Western blots were either detected 
with LI-COR Biosciences Odyssey (Figures 4A, E, G, M and 5D) or 
Biorad ChemiDoc (Figures 4C, I, J, K and 5E).

Chymotrypsin-like activity measurements

The chymotrypsin-like activity of the proteasome was assessed 
in NRVMs as described previously [48]. Briefly, 30 μg of protein 
were diluted in incubation buffer (20 mM HEPES, 0.5 mM 
EDTA, 5 mM DTT, 0.1 mg/ml ovalbumin, pH 7.8) and the 
synthetic fluorogenic substrate Suc-LLVY-AMC (Merck Bioscie 
nces, 539,142) was added to a final concentration of 60 μM. After 
incubation in the dark for 1 h at 37°C, the fluorescence of the 
released AMC reporter was measured using a BioTek Cytation 3 
Imager at Abs/Em = 360/460 nm.

Electron microscopy

Electron microscopy was performed as described previously [47]. 
NRVMs were seeded on gelatin-covered 35 × 10 mm Permanox 
dishes (Electron Microscopy Sciences, 70,340) at a density of 
2 × 105 cells per plate and transfected with siRNA as described 
above. Six days after transfection, NRVMs were rinsed with warm 
(room temperature), diluted 1:1 with ddH2O, cardioplegic buffer 
(50 mmol/L KCl, 5% dextrose in PBS, pH 7.4) and fixed on ice in 
1% paraformaldehyde/2% glutaraldehyde in 50 mM cacodylate 
buffer, pH 7.2, for 20 min, postfixed in reduced osmium (1% 
OsO4, 0.75% K3Fe(CN)6, 25 mM cacodylate buffer, pH 7.2), 
dehydrated using a graded series of acetone, and embedded in 
epoxy resin. After polymerization thin layer containing cell mono-
layers were detached from the bottom of the dish, cut into small 
fragments and glued to stubs for sectioning. Ultrathin sections 
were counterstained with uranyl acetate and lead salts. Images 
were acquired on a Hitachi 7600 electron microscope equipped 
with an Advanced Microscopy Techniques digital camera.

RNA sequencing and analysis

RNA sequencing was performed and analyzed by the Cincinnati 
Children’s Hospital and Medical Center DNA core using RNA 
polyA-stranded library preparation, paired end 75 bp sequencing 
conditions and 20 M reads per sample. Data were then analyzed by 
using the differential gene expression analysis method and signifi-
cantly modified genes (P≤ 0.05) were compared to databases of 
UPS or ALP genes with FunRich (Functional Enrichment Analysis 
Tool [62];). Data sets for proteasomal components, ubiquitinating 
and deubiquitinating enzymes and autophagy-associated genes 
were taken from the HUGO Gene Nomenclature Committee 
website (HGNC; genenames.org) or the Human Autophagy 
Database (HADb; autophagy.lu).

Luciferase assays

HEK293 cells were seeded into 12-well plates and transfected 
with either 0.5 µg pCMV-SPORT6-mmZfp418 or pCMV-Sport6 
(vector control) and 0.5 µg pEZX-PG02-Fyco1p (mouse; 
Genecopoeia) or pEZX-PG02-Dapk2p (mouse; Genecopoeia) 
with TurboFect (Fermentas, R0531) according to the manufac-
turer’s protocol. Twenty-four hours after transfection, Gaussia 
luciferase assay (Genecopoeia/BioCat, LF061) was performed in 
a 96-well plate using the culture medium according to manu-
facturer’s protocol and measured with a Centro LB 960 
Luminometer (Berthold Technologies, Bad Wildbad, Germany).

NanoString RNA expression analysis

For gene expression analysis we used a customized rat-specific 
NanoString’s nCounter® Elements TagSet panel of 27 genes cod-
ing for proteins regulated in hypertrophy and heart failure. As 
described previously [47,63], 50 ng of each sample were hybri-
dized to target-specific capture and reporter probes at 67°C over-
night (16 h) according to manufacturer’s instructions. Samples 
were cooled down at 4°C, filled up with 15 µl H2O, loaded into the 
NanoString cartridge and the nCounter Gene Expression Assay 
was started immediately. Raw data were analyzed with nCounter®
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Sprint Profiler including background subtraction using negative 
controls and normalization to 6 housekeeping genes (Abcf1, Actb, 
Cltc, Gapdh, Pgk1, Tubb5). Data represented the mean of normal-
ized counts and were expressed as fold-change.

Statistical analysis

Statistical tests were performed with GraphPad Prism 8. The 
applied test and significance are indicated in the figure legends.
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