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M O L E C U L A R  B I O L O G Y

Transcriptional determinants of lipid mobilization in 
human adipocytes
Alison C. Ludzki1, Mattias Hansen1, Danae Zareifi1, Jutta Jalkanen1, Zhiqiang Huang2,  
Muhmmad Omar-Hmeadi1, Gianluca Renzi1, Felix Klingelhuber3,4, Sebastian Boland5,  
Yohannes A. Ambaw5,6, Na Wang1, Anastasios Damdimopoulos2, Jianping Liu1, Tomas Jernberg7, 
Paul Petrus1, Peter Arner1, Natalie Krahmer3,4, Rongrong Fan2, Eckardt Treuter2, Hui Gao2,  
Mikael Rydén1*†, Niklas Mejhert1*†

Defects in adipocyte lipolysis drive multiple aspects of cardiometabolic disease, but the transcriptional frame-
work controlling this process has not been established. To address this, we performed a targeted perturbation 
screen in primary human adipocytes. Our analyses identified 37 transcriptional regulators of lipid mobilization, 
which we classified as (i) transcription factors, (ii) histone chaperones, and (iii) mRNA processing proteins. On the 
basis of its strong relationship with multiple readouts of lipolysis in patient samples, we performed mechanistic 
studies on one hit, ZNF189, which encodes the zinc finger protein 189. Using mass spectrometry and chromatin 
profiling techniques, we show that ZNF189 interacts with the tripartite motif family member TRIM28 and represses 
the transcription of an adipocyte-specific isoform of phosphodiesterase 1B (PDE1B2). The regulation of lipid mo-
bilization by ZNF189 requires PDE1B2, and the overexpression of PDE1B2 is sufficient to attenuate hormone-
stimulated lipolysis. Thus, our work identifies the ZNF189-PDE1B2 axis as a determinant of human adipocyte 
lipolysis and highlights a link between chromatin architecture and lipid mobilization.

INTRODUCTION
White adipose tissue (WAT) stores triglycerides by lipogenesis and 
mobilizes these lipids via lipolysis. The latter is a tightly controlled 
process involving stepwise hydrolysis reactions catalyzed by adipose 
triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), and 
monoglyceride lipase (1). While insulin is the major anti-lipolytic 
signal, there are multiple factors, e.g., catecholamines and natriuretic 
peptides, that induce lipolysis through distinct receptor-mediated 
proximal signaling steps, which converge on lipase activation (2). 
Blunted WAT responsiveness to these pro-lipolytic signals is a 
feature of insulin resistance and type 2 diabetes (3), highlighting the 
importance of retained ability to mobilize lipids.

Sophisticated transcriptomic mapping in brown adipocytes has 
recently underscored the complex cross-talk between lipolysis and 
gene transcription (4). While perturbed WAT lipase expression 
can drive metabolic disease, this only accounts for a small part of 
the individual variation in lipolytic responsiveness (5), emphasizing 
the existence of other factors controlling lipolysis. To identify 
these factors and the transcriptional mechanisms controlling their 
expression, we performed a targeted perturbation screen of lipid 
mobilization in primary human adipocytes. Our systematic ap-
proach identified multiple hits affecting lipolysis including the 
transcription factor zinc finger protein 189 (ZNF189), which we 

show increases hormone-stimulated lipolysis by repressing PDE1B 
expression at an adipocyte-specific promoter. Together, this work 
provides a resource for future studies of lipolytic regulators in 
fat cells.

RESULTS
Perturbation screening identifies distinct classes of 
lipolytic regulators
To identify transcriptional determinants of lipid mobilization, 
we performed a targeted perturbation screen in human white adi-
pocytes. For this, we obtained stromal cells from subcutaneous 
abdominal liposuctions, and after careful optimizations, we generated 
progenitor-derived adipocytes that (i) mobilize lipids upon isopren-
aline or atrial natriuretic peptide (ANP) incubations and (ii) can 
be specifically depleted of target proteins following transfections 
with small interfering RNAs (siRNAs) (Fig. 1, A to C, and fig. S1A). 
Perilipin 1 (PLIN1), a lipid droplet coating protein that regulates 
lipid turnover (6), was used as a positive control (Fig. 1C), and we 
reproduced its depletion effects on glycerol release using siRNA 
oligonucleotides from two additional vendors (fig. S1B).

For the screen, we used a commercially available RNA interfer-
ence (RNAi) library targeting 1530 genes encoding transcriptional 
regulators. To ensure that we only targeted genes expressed in adi-
pocytes, we mined the FANTOM5 database (7), which contains 
an atlas of promoters and enhancers active in the majority of mam-
malian cell types, including the primary progenitor-derived adipo-
cytes used in the present work. On the basis of these single molecule 
sequencing results, we found that 700 of the 1530 genes were 
expressed (≥10 tags per million) in our cell model (Fig.  2A). We 
therefore selected these target genes to screen for their effects on 
spontaneous (basal) glycerol release 72 hours after gene silencing. 
The screen was performed in triplicate reactions using ~30 million 
cells isolated from three individuals undergoing surgery for 
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nonmalignant disease (Fig. 2B). Before selecting hits, we assessed 
the quality of the screen by replicate correlations and found our data 
to be highly reproducible (Fig. 2C and table S1). By performing 
statistical analyses, we identified 38 hits that upon silencing either 
repressed or stimulated basal lipid mobilization (Fig.  2D and 
table  S2), results that were generally reproducible in cells from a 
fourth donor (fig. S1C). To rule out cytotoxic effects, we measured 
lactate dehydrogenase levels in parallel reactions. Our data demon-
strated that only one hit, UBB (encoding ubiquitin B), altered this 
readout, and we therefore excluded it from further analyses (fig. S1D).

To mine these hits for function, we performed protein-protein 
interactor queries using the STRING database and literature search-
es to identify clusters regulating lipolysis. As displayed in Fig. 2E, 
we found three major functional classes: (i) transcription factors 
with experimentally determined DNA binding sequences (ARID5B, JUN, 
JUNB, KLF2, KLF7, SMAD1, SMAD4, SMAD5, REXO4, TSC22D1, and 
ZNF189), (ii) histone variant chaperones (EPC1, HIRA, SRCAP, 
and SUPT6H), and (iii) mRNA processing proteins (PLRG1, 
SUPT6H, TCERG1, and ZNF326). Emphasizing the validity of this 
screen as a resource of lipolysis regulators, JUN and SMAD protein 
family members have been previously linked to lipolytic suppres-
sion (8, 9). Therefore, this screen uncovers both known and unex-
plored lipolytic regulators in human adipocytes. To select screen 
hits associated with stimulated lipolysis, we isolated subcutane-
ous abdominal adipocytes from human subjects with a range of 
body fat percentages (fig.  S2A) and measured isoprenaline- and 

ANP-induced lipolysis. In paired WAT samples, we determined 
gene expression levels of the hits for comparison to the lipolytic re-
sponse. Our data revealed that of all measured genes, ZNF189 ex-
pression displayed the strongest association with isoprenaline- and 
ANP-stimulated lipolysis (Fig. 2F). To further assess the relationship 
between ZNF189 mRNA levels and metabolic parameters, we per-
formed a meta-analysis of its expression in subcutaneous WAT 
samples across nine published clinical cohorts (10, 11). This re-
vealed an inverse correlation between ZNF189 mRNA and two mea-
sures of metabolic health: waist-to-hip ratio and homeostasis model 
assessment insulin resistance (fig. S2B). Further studies were there-
fore focused on this transcription factor.

ZNF189 regulates hormone-stimulated lipolysis in 
white adipocytes
To uncover how ZNF189 regulates lipolysis, we performed in-depth 
analyses in human adipocytes differentiated from CD55+/DPP4+ pro-
genitor cells (10, 12). We found ZNF189 to be highly enriched in the 
nuclear fraction, and this pool was efficiently depleted upon gene knock-
down without effects on adipogenesis (Fig. 3, A to D, and fig. S3, A and 
B). In concordance with its relationship to hormone-stimulated lipolysis 
in human isolated adipocytes (Fig. 2F), ZNF189 depletion reduced both 
isoprenaline- and ANP-induced lipolysis (Fig. 3E), effects that were rep-
licated using siRNAs from two additional vendors (fig. S3C). In contrast 
to the screen, ZNF189 silencing did not affect basal lipolysis in these 
short-term experiments. This discrepancy is likely due to the difficulties 
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in detecting reductions in basal glycerol release following incubations 
for only 3 hours.

Because isoprenaline and ANP act through distinct receptor-
kinase signaling pathways that converge on lipase activation 
(Fig.  3F), we hypothesized that the attenuated lipolytic respon-
siveness in ZNF189 depleted cells is regulated at a level shared by 
these two signaling cascades. To probe lipase activity, we mea-
sured activated [at protein kinase phosphorylation site (13)] and 
total protein levels of HSL in ZNF189 silenced (siZNF189) versus 
control (siC) adipocytes following hormonal stimulation. We found 
that both isoprenaline- and ANP-induced HSL phosphorylation 
were attenuated in ZNF189-depleted cells, with no change in total 
protein levels (Fig.  3G). Furthermore, as displayed in fig.  S3D, 
there were no changes in mRNA levels of key lipolytic regulators 
PLIN1, PNPLA2 (encoding ATGL), or ADRB2 (encoding the major 
β-adrenergic receptor in our cell model) comparing siZNF189 and 
siC cells. These results indicate that ZNF189 depletion leads to 
impaired lipase activation without effects on the expression of es-
tablished key lipolytic regulators.

To extend these observations, we also determined the effects of 
ZNF189 silencing on triglyceride levels (the substrate for the first 
hydrolysis step in lipolysis). For this, we performed shotgun lipidomics 
of ANP-stimulated siC and siZNF189 adipocytes. Our principal 

components analyses of 307 lipid species revealed that while lipo-
lytic stimulation in control cells resulted in a major shift along 
component #1, this response was abrogated in adipocytes depleted 
of ZNF189 (Fig. 3H). At the individual lipid level, we confirmed that 
many (n = 66) triglyceride species were reduced in control cells fol-
lowing ANP stimulation, an effect that was almost entirely absent in 
siZNF189 adipocytes (Fig. 3, I to K). Thus, our results suggest that 
ZNF189 regulates lipolysis through a step affecting lipase activation 
that is shared by the isoprenaline and ANP signaling cascades.

ZNF189 is a putative transcriptional repressor
Having established through orthogonal approaches the level at 
which ZNF189 affects lipolysis, we next set out to identify the target 
genes governing these effects. For this, we transcriptionally profiled 
ZNF189-depleted adipocytes and performed chromatin immuno-
precipitation of ZNF189 followed by deep sequencing (ChIPseq). 
We found that 186 genes were either up- or down-regulated in 
siZNF189 versus siC adipocytes and overrepresentation analyses 
revealed these genes to be enriched for signal transduction path-
ways including signaling downstream of G protein–coupled recep-
tors (Fig. 4, A and B). Our ZNF189 ChIPseq identified 9276 peaks 
and showed that the ZNF189 binding motif, previously reported in 
human embryonic kidney (HEK) 293T cells (14), was top ranked 
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Fig. 2. Perturbation screening identifies 37 regulators of lipolysis. (A) Expression of genes from Dharmacon’s transcriptional regulator siRNA library measured at three 
time points during adipogenesis. Genes with tags per million (TPM) > 10 at day 12 of differentiation were selected for screening. (B) Schematic representation of the 
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WAT samples (n = 12).
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Fig.  3. ZNF189 regulates hormone-stimulated lipolysis. (A and B) Representative Western blots of ZNF189, glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) (cytosolic), and Lamin A/C (nuclear) in cytosolic (Cyt) and nuclear (Nuc) adipocyte fractions (A) and nuclear fractions from adipocytes electroporated 
with siRNAs targeting ZNF189 (siZ) or nontargeting control (siC) (B). (C to E) Gene expression (C), adiponectin secretion (D), and glycerol levels (E) of siC and siZ 
adipocytes. Glycerol was measured in conditioned media following a 3-hour incubation under basal or stimulated conditions using either isoprenaline or ANP. 
(F) Overview of the ANP and isoprenaline signaling pathways. NPR, natriuretic peptide receptor; βAR, beta-adrenergic receptor; Gαs, Gs alpha subunit, AC = ad-
enylate cyclase, PKG/PKA, protein kinase G and A; DG, diglyceride; MG, monoglyceride. (G) Representative Western blots for HSL phosphorylated at serine-660 
(activating phospho-site; pHSLSer660), total HSL (HSL), and GAPDH from basal, isoprenaline- and ANP-treated siC and siZ cells. (H) Principal components analysis 
of 307 lipid species measured by shotgun lipidomics of basal and ANP-stimulated siC and siZ adipocytes. Confidence ellipses display 95% confidence intervals. 
(I) Total triglycerides for the samples in (H) presented as fold change versus same siRNA basal companion. (J and K) Individual triglyceride species comparing siC 
versus siZ adipocytes. Volcano plots for ANP responsiveness of all triglycerides are shown in (J), and lipid abundance and ANP responsiveness are highlighted for 
the species with altered responsiveness following ZNF189 depletion in (K). In (J), adjusted P reflects FDR correction on multiple comparisons analyses performed 
using limma. Bar charts are presented as means ± SEM. In (C) to (E) and (I), replicates are highlighted by dots. For targeted analyses, data are based on at least 
three independent experiments. ***P < 0.001 for Welch’s t test [(C) and (I)] or Tukey’s multiple comparisons test (E).

D
ow

nloaded from
 https://w

w
w

.science.org at H
elm

holtz Z
entrum

 M
nchen - Z

entralbibliothek on A
pril 08, 2024



Ludzki et al., Sci. Adv. 10, eadi2689 (2024)     3 January 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

5 of 17

A B

0

2

4

6

−2 0 2
∆ Expression [log2(siZ/siC)]

ZNF189 PDE1B

150 30 45

Signal transduction

Differentially expressed genes (#)

Metabolism of proteins
Disease
Gene expression (transcrip.)

Generic transcription pathway
Metabolism
Posttranslational protein mod.

RNA pol. II transcription

Signaling by GPCR
GPCR downstream signaling

Signal
transduction

Signaling
by GPCR

GPCR
ligand
binding

GPCR
downstream
signaling

Class A/1
(Rhodopsin-like

receptors)

G alpha (q)
signaling

G alpha (s)
signaling

Peptide
ligand-binding
receptors

Adrenoreceptors

1.3 2 2.7−Log10(P value):

0−3 3 0−3 3

3
2
1

0

1

2

ZNF189

ZNF341

CEBP

PU.1-IRF

NR

ZN
F1

89
 p
ea
ks

Distance from peak center (kb)

C
IgG ZNF189

D E
0 25 50

Peaks with motif (%)

Bkg
ChIP

0 10,000

0

20

40

60

80

100

Gene regulatory rank

C
um

ul
at
iv
e 
fra

ct
io
n 
of
 g
en
es
 (%

)

Background
Up-regulated - P < 0.05
Down-regulated

5000

F HG
0 2 4 6

TMCO1

MBNL1

PDK4

SFXN1

IGF2R

CA12

ZNF385A

AOC3

HLA-DMA

PDE1B

Significance [−log(rank product)]

P
re
di
ct
ed
 ta
rg
et
 g
en
es

O
ve
rre

pr
es
en
te
d 
pa
th
wa

ys

TTS
Pseudo

Promoter
ncRNA
Intron

Intergenic
Exon
5′UTR
3′UTR

Enrichment (odds ratio)
0 21

1000
4000

Peaks (#)

Si
gn
ific

an
ce
 [−
lo
g(
ad
j. 
P
)] MMP8

SLC24A2

THSRIGF1
THBS2
ADCY1SLC2A5

PDE3A

Si
gn
al

Peak
signal

chr17:42,844,273–42,865,050

chr6:32,944,138–32,957,577

HLA-DMA

AOC3

PDE1B

0

0.4

0

0.5

0

0.9

chr12:54,519,962–54,608,878

***

***

***

***

***

Peak calls
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(down-regulated) prediction for ZNF189 by a Kolmogorov-Smirnov test. (G) Direct gene target prediction by BETA. Values are −log(rank product), which reflect 
a P value for the combined score for binding potential. (H) ChIP signal at the top three BETA-predicted target genes. TTS, transcription termination site; 3′UTR, 
3′ untranslated region; ncRNA, noncoding RNA; GPCR, G protein–coupled receptor.
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and present in 47% of target sequences (Fig. 4, C and D). Moreover, 
ZNF189 binding was enriched at gene promoters (Fig. 4E), which 
supported the validity of our results as this has been shown previously 
(14). Using Binding and Expression Target Analysis (BETA) (15) 
integrative analyses of our transcriptome and ChIPseq results, we 
predicted that ZNF189 primarily functions as a transcriptional 
repressor (Fig. 4F). We also used BETA to rank target genes and 
inspection of our ChIP data surrounding these top genes showed 
good quality peak signals (Fig. 4, G and H). The highest scoring and 
most up-regulated gene among these target genes was PDE1B, 
which encodes the PDE1 family member phosphodiesterase 1B 
(Fig. 4G). PDE1 proteins degrade cyclic nucleotides with dual sensi-
tivity to cyclic adenosine 3′,5′-monophosphate (cAMP) and cyclic 
guanosine 3′,5′-monophosphate (cGMP), making this protein a 
potential regulator of both isoprenaline- (signals through cAMP) 
and ANP- (signals through cGMP) stimulated lipolysis (16).

ZNF189 regulates chromatin architecture at the PDE1B locus
To understand how ZNF189 exerts its repressive effects on tran-
scription, we first investigated the structure and conservation of this 
gene/protein across multiple species. We found ZNF189 homologs 
in all placentals in the Ensembl database and identified 16 highly 
conserved C2H2 zinc fingers and a Krüppel-associated box (KRAB) 
(Fig. 5A). The latter is a strong repressive domain present in one-
third of all eukaryotic zinc finger proteins (17), which regulate tran-
scription by interacting with tripartite motif protein 28 (TRIM28; 
also known as KRAB-associated protein 1), a scaffold protein that 
recruits mediators of chromatin accessibility (Fig. 5B) (18). As not 
all KRAB domain proteins interact with TRIM28 (19), we next im-
munoprecipitated ZNF189 from adipocytes and measured protein-
protein interactors using mass spectrometry (MS). This confirmed that 
ZNF189 interacts with TRIM28 and other chromatin-associated proteins 
(e.g., CCAR2, ZMYM4, and GTF2I) in fat cells (Fig. 5C and table S3). 
These data support our functional genomics analyses and suggests that 
ZNF189 represses gene transcription, possibly via TRIM28-mediated 
regulation of chromatin accessibility.

To directly assess ZNF189 regulation of chromatin accessibility, 
we performed assay for transposase-accessible chromatin using se-
quencing (ATACseq) in siZNF189 and siC adipocytes. From 198,395 
ATAC windows identified across four replicates, we found 22,048 up-
regulated and 40,583 down-regulated windows upon ZNF189 deple-
tion (Fig. 5D). However, while changes in chromatin accessibility and 
gene expression correlated well (Fig. 5E), only seven genes displayed 
(i) proximal ZNF189 binding (within 3 kb of the transcriptional start 
sites), (ii) altered gene accessibility, and (iii) perturbed expression in siC 
versus siZNF189 adipocytes. This suggests that much of the altered tran-
scription from ZNF189 silencing reflects secondary consequences 
and/or binding to more distal gene regulatory elements, which is in con-
cordance with previous studies of transcriptional repressors (20, 21).

The ZNF189-interacting protein TRIM28 regulates chroma-
tin architecture by recruiting corepressor machinery, including 
SETDB1, which trimethylates H3K9 (H3K9me3) in euchromatin 
regions (22), and the nucleosome remodeling and deacetylase 
(NuRD) complex, which deposits nucleosomes and deacetylates 
histones at H3K27 (H3K27ac) (23, 24). To test whether the 
ZNF189-TRIM28 complex affects these chromatin modifica-
tions in adipocytes, we measured H3K9me3 and H3K27ac pro-
files using Cleavage Under Targets and Tagmentation (CUT&Tag) 
in siZNF189 versus siC adipocytes. We found 30,183 H3K9me3 

peaks and 38,332 H3K27ac peaks across six replicates, with no 
overlap between these markers of gene repression and activation, 
respectively. Of these, the 1058 differentially regulated H3K9me3 
peaks and the 545 H3K27ac peaks are displayed in Fig. 5F and 
fig.  S4A. Our integrated genomics data at the PDE1B locus in 
ZNF189-​depleted adipocytes revealed decreased H3K9me3, in-
creased H3K27ac, and increased accessibility in siZNF189 versus 
control cells (Fig. 5G). Together, this suggests that ZNF189 regu-
lates the accessibility and thereby gene transcription at this locus.

ZNF189 represses the expression of an adipocyte-specific 
isoform of PDE1B
To better understand the regulation of chromatin architecture at the 
PDE1B locus, we examined our ChIPseq results more closely. Our 
analyses revealed that ZNF189 binds in the first intron of the canoni-
cal gene (which encodes PDE1B1 with 536 amino acids), specifically 
~1 kB upstream of an alternative promoter (encoding PDE1B2 with 
516 amino acids) (Fig. 6A). To validate these results, we performed 
ChIP quantitative polymerase chain reaction (qPCR) and found an 
enrichment in the corresponding peak region (fig. S4B). As phospho-
diesterases display tissue- and cell type–specific expression patterns 
(25), we established which PDE1B transcripts are expressed in adipo-
cytes using the FANTOM5 database. Promoter expression across tis-
sues and cell types demonstrated that while the isoform encoding 
PDE1B1 is primarily expressed in neuronal tissues, the PDE1B2-encoding 
transcript is specifically expressed in fat cells (Fig. 6A). To confirm 
these findings, we performed qPCR analyses in adipocytes and found 
that the canonical transcript was barely detectable (Ct values 32 to 35). In 
contrast, the expression of the alternative isoform was detectable and 
up-regulated upon ZNF189 knockdown (Fig. 6B). These findings were 
confirmed at the protein level (Fig. 6C). Furthermore, overexpression 
of ZNF189 resulted in a reduction in PDE1B mRNA levels with a con-
comitant increase in basal lipolysis (fig. S5A). To predict the putative 
role of the adipocyte-enriched PDE1B2 protein, we aligned amino 
acid sequences of the two PDE1B isoforms and mapped out protein 
domains (Fig. 6D). These in silico analyses showed that PDE1B2 dif-
fers from PDE1B1 in short parts of the N-terminal region. However, 
the catalytic domain is intact in both variants, suggesting that both 
isoforms retain the capacity to hydrolyze cAMP and cGMP.

To test if increased levels of the PDE1B2 protein phenocopied 
the effects of ZNF189 depletion, we generated adipocytes with 
doxycycline-inducible expression of this isoform. Incubations 
with doxycycline up-regulated PDE1B2 mRNA and protein lev-
els ~8- to 10-fold (Fig.  6, E and F). Compared to control cells 
cultured in the absence of doxycycline, PDE1B2 overexpression 
resulted in decreased cyclic nucleotide levels and glycerol re-
lease after lipolytic stimulation (Fig. 6, G and H, and fig. S5B). 
Our results therefore suggest that increased PDE1B2 levels may 
explain the reduction in lipid mobilization observed in ZNF189-
depleted adipocytes. We confirmed this by incubating control and 
ZNF189-depleted cells with ITI214, a selective PDE1 inhibitor. 
As expected, ITI214 treatment in control cells increased cGMP 
levels (Fig.  6I), indicating that PDE1 is active in adipocytes. 
Furthermore, cyclic nucleotide levels were lower in siZNF189 
versus siC cells upon lipolytic stimulation (Fig. 6J and fig. S5C)—
an effect that was abrogated in the presence of ITI214 (Fig. 6J). 
Thus, PDE1B2 induction alone is sufficient to reduce lipolysis 
and is required for the effects of ZNF189 depletion on lipid mo-
bilization in adipocytes.
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DISCUSSION
In this work, we demonstrate through a targeted perturbation screen 
that ZNF189 stimulates lipolytic signaling in primary human fat 
cells. By combining genomic and proteomic mapping approaches, 
we find that ZNF189 represses chromatin accessibility and expres-
sion of PDE1B2, an adipocyte-specific phosphodiesterase iso-
form that hydrolyzes cAMP and cGMP. Thus, our work uncovers the 

ZNF189-PDE1B2 axis as a regulator of lipolytic signaling in human 
white adipocytes.

Transcription factors and the basal transcriptional machinery 
interface with chromatin to regulate gene expression and conse-
quently cellular function (26). In mice, remodeling of chromatin 
architecture has been shown to regulate thermogenic gene programs 
in adipocytes, at least partly through altered chromatin accessibility 
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by the switch/sucrose‐non‐fermentable (SWI/SNF) chromatin re-
modeling complex (27, 28). Here, we use MS, ChIPseq, ATACseq, 
and CUT&Tag to link the ZNF189-TRIM28 repressor complex to 
the regulation of adipocyte lipolysis through PDE1B2. More specifi-
cally, we find increased chromatin accessibility, increased H3K27 
acetylation, and decreased H3K9 trimethylation with the loss of 
ZNF189 binding at the locus encoding PDE1B2. As ZNF189 con-
tains an N-terminal KRAB domain and interacts with TRIM28, it 
is likely that these two proteins together promote the formation of 

heterochromatin-like regions to regulate target gene expression. We 
base this hypothesis on the well-established fact that TRIM28 in 
other cell types recruits repressive methyltransferases and deacety-
lases, including the NuRD complex, HP1, and SETDB1 (29). In support 
of our model, the KRAB domain of ZNF189 has been shown through 
systematic screening to be sufficient to repress gene transcription 
when fused to an endonuclease-deficient Cas9 protein (19). As 
TRIM28 haploinsufficiency has been linked to stochastic develop-
ment of obesity through a complex and as-yet undefined gene network 
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in adipose tissue, this work highlights one potential transcriptional 
axis linking TRIM28 to obesity (30).

The second messengers, cAMP and cGMP, relay circulating sig-
nals to subcellular compartments to regulate physiological processes, 
including adipocyte lipolysis (31). After production at the cell mem-
brane, cyclic nucleotide concentration is fine-tuned primarily by 
phosphodiesterases, which constitute a large family of proteins that 
bind and degrade cAMP and/or cGMP (25). Phosphodiesterase 
family members control cyclic nucleotide hydrolysis through dis-
tinct substrate binding affinities and tissue-specific expression pat-
terns (25). While canonical suppression of adipocyte lipolysis occurs 
through insulin stimulation of PDE3B (31), other PDE family mem-
bers have recently been implicated in different aspects of adipocyte 
biology (32, 33). Here, we identify a PDE1B isoform that regulates 
cGMP levels and hormone-stimulated lipolysis and is highly ex-
pressed under an adipocyte-specific alternative promoter in human 
fat cells. Alternative promoters are gene features that often evolve to 
offer increased transcriptional and translational control (34) and 
have been shown in other instances to serve important metabolic 
functions [e.g., PPARγ2 (35), ChREBP-​β (36), PGC-1α4 (37), and 
CLSTN3β (38)]. Similarly, we show that the adipocyte-specific 
PDE1B2 variant is under independent transcriptional control from 
the canonical PDE1B1 variant in adipocytes.

We and others have linked impairments in hormone-stimulated 
lipolysis to metabolic derangements in humans (39). It is there-
fore possible that treatments restoring hormone-stimulated 
lipolysis could mitigate adipose tissue-related metabolic disease. 
In addition to physical activity, which is known to improve WAT 
lipolysis and has beneficial effects on cardiovascular risk markers 
(40), our data suggest that PDE1B2 inhibition could be explored. 
In line with this, a recent study in mice showed that the nonspe-
cific PDE1 inhibitor, vinpocetine, had positive effects on adiposity 
and in vivo measures of lipolysis, including circulating fatty ac-
ids and triacylglycerols (41). The development of selective PDE 
inhibitors is an ongoing challenge due to high structural simi-
larities in PDE substrate-binding pockets between family members. 
Nevertheless, rapid advancements in phosphodiesterase pharma-
cology make the development of a selective PDE1B2 inhibitor 
feasible (25).

Our screen was designed to broadly capture regulators of lipid 
mobilization by measuring glycerol levels in adipocyte culture 
media after gene depletion. This allowed us to identify the ZNF189-
PDE1B2 axis as a regulator of both isoprenaline- and ANP-
stimulated lipolysis. Our findings underscore the complexity of 
lipolytic regulation, and the importance of studying screen hits 
using an extensive and appropriate panel of functional assays 
that probes elements of lipolytic control beyond basal glycerol 
release. Among the lipolysis regulators uncovered in our screen, 
we found an enrichment for JUN/SMAD family members, which 
are growth-related proteins that have been linked to lipolytic 
suppression in adipocytes through lipase gene networks (8, 9, 
42). Together with identifying several transcription factors that 
have been linked to adiposity or metabolic disease in other tissues 
[KLF2 (43), KLF7 (44), REXO4 (45), and TSC22D1 (46)], these 
findings validate the utility of our human adipocyte screening 
platform as a resource of transcriptional regulators of adipocyte 
lipid mobilization. In this vein, we use protein network mapping 
to uncover a previously unknown role for histone chaperone pro-
teins and mRNA elongation/splicing factors in regulating adipocyte 

lipolysis. Therefore, in addition to linking chromatin regulation 
and transcriptional activation to lipolysis, our systematic approach 
identifies several other pathways and targets that likely regulate 
adipocyte lipolysis through modifying chromatin architecture and 
gene transcription.

In conclusion, our targeted perturbation screen in human adipo-
cytes systematically uncovers transcriptional regulators of adipocyte 
lipid mobilization including the lipolytic stimulator ZNF189. Through 
mechanistic studies, we show that a ZNF189 protein complex 
represses the expression of PDE1B2, an adipocyte-specific phos-
phodiesterase isoform that regulates cyclic nucleotide signaling. 
Thus, ZNF189 and PDE1B2 constitute a regulatory axis, whose 
pathophysiological relevance warrants further study.

MATERIALS AND METHODS
Experimental design
The objective of the study was to perform a targeted perturbation 
screen to identify regulators of lipolysis in human adipocytes. For 
this, glycerol levels in cell culture media after RNAi (details below) 
was used as a proxy to identify hits regulating lipid mobilization. 
Follow-up metabolic and molecular characterizations of the candidate 
gene ZNF189 were performed in adipocyte cultures.

Biological materials
Human subjects
Stromal vascular fractions for the perturbation screen were col-
lected from three non-obese women undergoing cosmetic liposuc-
tion (age 41  ±  9) and one 38-year-old woman for independent 
validation experiments. Adipose tissue biopsies for lipolysis and 
qPCR analyses were collected from 12 individuals who participated 
in the Swedish cardiopulmonary bioimage study (eight males and 
four females; SCAPIS DOI: 10.1111/joim.12384, www.scapis.org/) 
with an average body mass index of 27.2 kg/m2 (subject charac-
teristics are presented in fig.  S2A). WAT-derived CD55+/DPP4+ 
progenitor cells were isolated from a lean 17-year-old male donor. 
The experimental protocols received ethical approval by the region-
al board of ethics and conformed to the Declaration of Helsinki, 
and all subjects provided written informed consent to participate.
Isolation and culture of mature adipocytes
Adipose tissue biopsies were collected by needle aspiration with 
local anesthesia at the paraumbilical region. A portion of the biop-
sies was saved for RNA analysis when applicable. Adipocytes were 
isolated from the remainder of the tissue by digesting tissues with 
type II collagenase (Sigma-Aldrich, C6885), filtering the digest 
through a 200 μM nylon strainer, and washing the floating fraction 
from this filtered digest. Adipocytes were then loaded by volume 
(2% v/v) into Krebs ringer phosphate buffer with 2% bovine serum 
albumin (BSA) (Sigma-Aldrich, A4503-500G), d-glucose (1 mg/
ml; Merck, 1.08337.0250), and ascorbic acid (0.5 mg/ml; VWR 
Chemicals, 20150.184) supplemented with isoprenaline (Sigma-
Aldrich, I5627-5G) or ANP (Sigma-Aldrich, A1663-1MG).
Analyses of intact adipose tissue samples
Total RNA was extracted from adipose tissue samples using the 
QIAGEN RNeasy kit (catalog no. 74104). Total RNA yield and purity 
was measured by spectrometry with the NanoDrop 2000 (Thermo 
Fisher Scientific, Lafayette, CO), and cDNA synthesis was performed 
with Bio-Rad iScript cDNA synthesis kits (1708891BUN). qPCR analysis 
was performed with Bio-Rad iQ SYBR Green Supermix (1708882) 
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and analyzed by the comparative Ct method (47). Gene levels were 
expressed as the ratio versus the average Ct values of PPIA and 
B2M. Predesigned primers were purchased from Sigma-Aldrich for 
genes hits from the lipolysis screen (MilliporeSigma KiCqStart SYBR 
Green Primers, KSPQ12012). Primers for eight screen hits did not 
meet criteria for specific PCR products based on melt curve as-
sessment, so these genes were excluded from correlational analyses. 
Primer sequences are listed in table S4 for detectable hits and house-
keeping genes: ANKRD54, ARID1B, ASB8, EDF1, EPC1, HIRA, JUN, 
JUNB, KLF2, KLF7, LMCD1, LRCH4, NAA15, PLRG1, PTRF, REXO4, 
SMAD1, SMAD5, SRCAP, STK16, SUPT6H, TCERG1, TDG, TG­
S1, UBB, URI1, ZMIZ2, ZMYND8, ZNF189, ZNF326, PPIA, and B2M.
Primary cell cultures
Differentiation of human adipocytes from the stromal vascular fraction 
The stromal vascular fraction was isolated by digestion of subcu-
taneous abdominal adipose tissue samples with type II collagenase 
(Sigma-Aldrich, C6885), erythrocyte lysis, and filtration before plat-
ing in Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher 
Scientific, 31885049) with 5% fetal calf serum for 24 hours. Differenti-
ation was induced the next day with DMEM/Ham’s F12 media (mixed 
1:1; Thermo Fisher Scientific, 31885049 and 21765037) supplemented 
with transferrin (10 μg/ml; Sigma-Aldrich, T8158), 0.86 μM insulin 
(Sigma-Aldrich, catalog no. I9278), 0.2 nM triiodothyronine (Sigma-
Aldrich, T6397), 1 μM dexamethasone (Sigma-Aldrich, D1756), 
100 μM 3-isobutyl-1-methylxanthine (IBMX; Sigma-Aldrich, I5879), 
and 1 μM rosiglitazone (Cayman Chemicals, 71740). Rosiglitazone 
was removed from the differentiation cocktail after 6 days.

Differentiation of human adipocytes from CD55+/DPP4+ progenitor 
cells CD55+/DPP4+ progenitor cultures were maintained and pas-
saged in DMEM with 10 mM Hepes (Gibco, 15630-056), 10% fetal 
bovine serum (HyClone, SV30160.03), penicillin-streptomycin 
(50 μg/ml; Thermo Fisher Scientific, 15-140-122), and fibroblast growth 
factor-2 (2.5 ng/ml; Sigma-Aldrich, F0291-25UG) or differentiated 
with insulin (5 mg/ml), 0.25 mM dexamethasone, 0.5 mM IBMX, trans-
ferrin (10 μg/ml; T8158, Sigma-Aldrich), 0.2 nM triiodothyronine 
(T6397, Sigma-Aldrich), and 10 mM rosiglitazone. Dexamethasone 
and IBMX were removed after 2 days, and rosiglitazone was removed 
after 9 days.

Inducible PDE1B2-overexpressing cells Inducible PDE1B2-
overexpressing cells were generated by lentiviral transduction of 
proliferating CD55+/DPP4+ progenitor cells. A codon-optimized 
PDE1B2 sequence with a Kozak sequence (GCCACC) before the 
start codon was subcloned into the pCW-Cas9 backbone under a 
tight tetracycline-responsive element promoter (Eric Lander & David 
Sabatini -Addgene plasmid #50661; http://n2t.net/addgene:50661; 
RRID:Addgene_50661) (48). For this, the plasmid backbone 
and insert were digested with Bam HI and Nhe I restriction en-
zymes (New England Biolabs, catalog nos. R3136S and BR3131S, 
respectively) and ligated with a T4 DNA ligase (New England 
Biolabs, catalog no. M0202S) to yield ligated products for bac-
terial transformation. Sanger sequencing was performed to 
ensure correct insertion of the gene fragment. Lentiviruses 
were generated in HEK293T cells by transfecting the pur i f ied 
plasmid together with pMD2.G and psPAX2 (Addgene #12259 
and #12260, respectively) with Lipofectamine 3000 (Invitrogen, 
L3000001). Harvested viruses (700 ng of p24 per 500,000 cells) 
and polybrene (8 μg/ml; Sigma-Aldrich, catalog no. TR-1003-G) 
were added onto the progenitors for 24 hours. Three days after 
virus removal, transformed cells were selected with puromycin 

(1 to 2 μg/μl for 4 to 7 days; Sigma-Aldrich, P8833). Following 
adipogenesis, the expression of PDE1B2 was induced by incuba-
tion with doxycycline (0.5 to 2 μg/ml; Sigma-Aldrich, D3447-
500MG) for 2 days.

Methods
Confocal microscopy
Adipocytes from the stromal vascular fraction were differentiated 
in 24-well plates from Zell Kontakt (5232-20) with 100,000 cells 
per well. Following adipogenesis, cells were washed in phosphate-
buffered saline (PBS), fixed in 4% paraformaldehyde (Santa Cruz 
Biotechnology, sc-281692) for 15 min, and washed again 3× in 
PBS. For PLIN1 immunofluorescence, cells were permeabilized 
with 0.1% Triton X-100 in PBS with 3% BSA for 20 min at room 
temperature before incubating with an anti-PLIN1 antibody 
(1:20,000 in PBS with 3% BSA; Cell Signaling Technology, D1D8) 
overnight at 4°C. Cells were washed and incubated with Alexa 
Fluor 568–conjugated anti-rabbit secondary antibody (1:500 in 
PBS with 3% BSA; Invitrogen, A11011) for 60 min at room tem-
perature. Subsequently, lipid droplets and nuclei were stained by 
incubating the cells for 5 min with BODIPY 493/503 (1:2500 in 
PBS; Invitrogen, D3922) and Hoechst (1:10,000 in PBS; Thermo 
Fisher Scientific, 33342). Cells were thereafter washed and im-
aged at 20× magnification with a Nikon Eclipse Ti2 single point 
scanning confocal microscope. For PLIN1 knockdown cells, Z 
stacks were taken spanning 18 × 1 μM steps and representative 
images were selected from one plane representing the middle of 
the lipid-containing cell volume. PLIN1 intensity per cell and 
lipid droplets per cell (>11μm2) were calculated using ImageJ 
1.53 (National Institutes of Health, Bethesda, MD).
Triglyceride quantitation
Triglycerides were quantified in adipocytes from the stromal vas-
cular fraction after 1- and 15-day induction with differentiation 
media in 24-well plates using the Triglyceride Quantification Kit 
from Sigma-Aldrich (MAK266). After washing with PBS, cells 
were lysed in 150 μl of 5% NP-40 (in H2O), heated to 85°C for 8 min, 
and then diluted with 600  μl of H2O for subsequent analysis 
(50 μl per sample) following the assay protocol.
Glycerol release
Lipolysis was assessed by fluorometric detection of glycerol in phe-
nol red–free media (Thermo Fisher Scientific, 21041-033) collected 
from cells after siRNA transfection and after various lipolytic stimu-
li. Glycerol release was measured in basal conditions for the lipolysis 
screen (concentration in the media 72 hours after the last transfec-
tion). When stimulated lipolysis was assessed, drugs were applied in 
media supplemented by ascorbic acid (0.1 mg/ml; VWR Chemicals, 
20150.184) and 2% BSA (w/v) (Sigma-Aldrich A4503-500G). Cells 
were stimulated for 3 hours with isoprenaline (1 μM; Sigma-Aldrich, 
I5627-5G) or ANP (10 μM; MedChemExpress, HY-P2281) and 20 μl 
of media was loaded into reactions with 50 μl of free glycerol reagent 
(Sigma-Aldrich, F6428-40ML) prepared with Invitrogen Amplex 
UltraRed Reagent (10737474) for fluorometric assessment of glyc-
erol based on a standard solution (Sigma-Aldrich, G7793-5ML).
RNA interference
RNAi optimization in differentiated stromovascular fractions was 
performed with siRNA targeting PLIN1 (positive control) or a 
nontargeting control with siRNAs from three different vendors 
(Dharmacon, Ambion, and QIAGEN) using QIAGEN transfection 
reagent (HiPerFect, 301707). Transfections were performed on days 
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10 and 11 after adipogenic induction, and cells were assayed on day 
14. The main screening experiment was performed with the siGE-
NOME SMARTpool siRNA Human Transcription Factor Library 
(Dharmacon, Lafayette, CO, USA) using 2 μl of siRNA and 0.9 μl of 
HiPerFect complexed in 60 μl of differentiation media for 15 min, 
with 50  μl subsequently loaded to differentiated stromovascular 
fraction in 96-well plates (final siRNA concentration of 20 nM). 
Each plate had nontargeting siRNA transfected in six replicates, siP­
LIN1 (positive control) transfected in triplicate, and siRNA trans-
fection of 16 screen targets in triplicate for a total of 44 plates.

Transfection of siRNA in adipocyte differentiated from CD55+/
DPP4+ progenitor cells was performed by electroporation with the 
Neon Transfection System (Thermo Fisher Scientific, MPK5000) on 
day 8 of adipogenic induction. One million cells were transfected 
per reaction in 100 μl of R buffer with 2 μM siRNA [Dharmacon, 
M-021350-00-0005 (ZNF189) and D-001206-13-05 (nontargeting 
control)] and diluted 40× into differentiation media. Cells were 
plated at 65,790 cells/cm2, received fresh media the next day, and 
were collected for functional assays 4 days after transfection. Gene 
silencing effects on stimulated lipolysis were validated using siRNA 
from QIAGEN (GeneGlobe GS7743 and control SI03650318) and 
Thermo Fisher Ambion (s15256 and control 4390843).
Western blotting
Cells were collected from six-well plates for protein isolation in 
100 μl of Pierce radioimmunoprecipitation assay (RIPA) buffer 
(Thermo Fisher Scientific, 89910) with protease inhibitor cocktail 
(Roche, 11873580001) by incubating for 10 min on ice, passing 
through a 23-gauge needle 10 times, and removing debris by cen-
trifugation at 14,000g for 10 min (4°C). Protein concentrations 
were then measured by colorimetric reaction with bicinchoninic 
acid (Thermo Fisher Scientific, 23227) detected at 562 nm (Tecan 
Infinite M200) for loading equal total protein amounts per sample 
except for assessment of protein localization between fractions, in 
which case the equivalent total organellar protein (5% cytosol and 
nuclei) was loaded to each lane by volume. Proteins were dena-
tured by Laemmli buffer (Bio-Rad, 1610747) for 8 min (95°C), 
separated in SDS–polyacrylamide gel electrophoresis gels (Bio-Rad, 
4568084), and transferred to polyvinylidene difluoride mem-
branes (Bio-Rad, 1704274) with the Bio-Rad Trans-Blot Turbo 
(1.3A, 25 V, 7 min) before blocking in Tris-Buffered Saline, 0.1% 
Tween 20 (TBS-T) with 5% Blotto, non-fat dry milk (Santa Cruz 
Biotechnology, sc-2325). Antibody binding was performed over-
night (4°C) as follows: PLIN1 (1:1000 in TBS-T with 5% BSA; Cell 
Signaling Technology, D1D8), lamin A/C (1:1000 in TBS-T with 
5% milk; Cell Signaling Technology, 4C11), ZNF189 [1:500 in 
TBS + 0.2% Tween 20 with 3% Amersham ECL prime blocking 
agent (Cytiva, RPN418); Sigma-Aldrich, HPA034814-100UL], 
glyceraldehyde-3-phosphate dehydrogenase (1:1000 in TBS-T 
with 5% BSA; Cell Signaling Technology, 14C10), Phospho-HSL 
(Ser660) (1:1000 in TBS-T with 5% milk; Cell Signaling Technology, 
4126S), HSL (1:1000 in TBS-T with 5% milk; Cell Signaling Tech-
nology, 4107), and PDE1B (1:250 in TBS-T with 3% milk; 
Sigma-Aldrich, HPA018492-100UL). Following incubations with 
primary antibodies, membranes were washed 3× for 10 min in 
TBS-T, incubated with the horseradish peroxidase–linked sec-
ondary antibodies targeting the respective primary antibody host 
species (1:10,000 in TBS-T with 5% milk; Cell Signaling Technol-
ogy, 7074S or Invitrogen, G21040) for 1 hour and washed again 
3× for 10 min in TBS-T. Membranes were lastly incubated in pico 

or femto chemiluminescence substrate (Thermo Fisher Scientific, 
34580 or GE Healthcare, 12644055) for 5 min and detected with 
the Bio-Rad ChemiDoc MP Imaging System. Images were analyzed 
in ImageJ using the Gel Analyzer tool to obtain relative densities 
from lane profile plots after subtracting local background.
Cytotoxicity
Lactate dehydrogenase (LDH) activity was measured with the Cyto-
toxicity Detection KitPLUS (Roche, 4744926001) according to the 
manufacturer’s instructions.
Cellular fractionation
Cellular fractionation for the assessment of ZNF189 localization 
was performed by differential centrifugation. Adipocytes were 
rinsed and collected in homogenization buffer [20 mM tris-HCl 
(pH 7.5), 6 mM EDTA (pH 8.0), 250 mM sucrose in H2O with 
cOmplete, and EDTA-free protease inhibitor cocktail]. Subse-
quently, cells were disrupted with 20 strokes through a 23-gauge 
needle. The crude nuclear fraction was separated from the post-
nuclear supernatant by pelleting with centrifugation at 1000g for 
15 min (4°C). This pellet was then cleaned from whole cells and 
debris by incubating for 15 min (4°C) in 200 μl of hypotonic buf-
fer [10 mM tris-HCl (pH 7.5), 10 mM NaCl, 3 mM MgCl2, 10 mM 
KCl2 supplemented with 0.05% NP-40, and protease inhibitor 
cocktail]. After hypotonic swelling, the crude nuclear fraction 
was passed through a 23-gauge needle 3×, shaken vigorously by 
hand, and diluted 1:1 in dilution buffer [10 mM tris-HCl (pH 7.5), 
10 mM NaCl, 3 mM MgCl2, 10 mM KCl2, 0.6 M sucrose with 
0.05% NP-40, and protease inhibitor cocktail) for nuclear isola-
tion by centrifugation at 500g for 10 min (4°C). The membrane/
mitochondrial fraction was separated from the cytoplasm by cen-
trifuging the post-nuclear supernatant at 14,000g for 15 min 
(4°C). Nuclear fractions were lysed by pipet mixing in RIPA 
buffer supplemented with 1% SDS and benzonase nuclease (Sigma-
Aldrich, E1014-25KU) before proceeding to Western blot analysis.
qPCR on adipocyte cultures
Total RNA was extracted from cultured adipocytes using NucleoSpin 
RNA columns (Macherey-Nagel, 740955.250). Analyses were other-
wise performed the same way as outlined for adipose tissue pieces, 
but gene expression was normalized to the housekeeping genes indi-
cated in each figure. Primer sequences are listed in table S4 for target 
genes: ZNF189, PLIN1, PPARG, ADIPOQ, FABP4, PDE1B, LRP10, 
18S, and PPIA.
Adiponectin ELISA
Secreted adiponectin was measured in conditioned media collect-
ed from siZNF189 versus siC adipocyte cultures collected after 
2 days of incubation in 24Kell plates using the Human Total 
Adiponectin kit (R&D Systems, DRP300).
Lipidomics
Control and ZNF189-depleted adipocytes were stimulated for 
3 hours in the presence and absence of ANP following the same 
steps as the stimulated lipolysis protocol. After stimulation, cells 
were washed with PBS and collected with methanol-rinsed mate-
rials into a final volume of 350 μl of cells + PBS. Cell homogenates 
were obtained by repeated freezing/thawing and extracted ac-
cording to Folch’s method (49). The internal standard SPLASH 
LIPIDOMIX Mass Spec Standard mix was spiked in before ex-
traction and was used for normalization. The organic phase of the 
lipid extract was transferred to a new glass tube and dried under 
N2 flow. Last, the lipids were dissolved in 75  μl of chloroform/
methanol (1:2, v/v).
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Lipid extracts were subjected to MS analysis using a Orbi-
trap ID-X Tribrid mass spectrometer (Thermo Fisher Scientific, 
Waltham, MA) equipped with a TriVersa NanoMate (Advion 
Biosciences, Ithaca, NY). In 96-well plates, 10 μl of lipid extracts 
was mixed with 90 μl of 7.5 mM ammonium acetate in chloroform/
methanol/propanol (1:2:4, v/v/v) for positive and negative ion-
ization mode analysis. Lipids were infused using a backpressure 
of 1.25 psi and ionization voltage of 0.95 kV.
Chromatin Immunoprecipitation followed by 
 deep sequencing
ChIP was performed on nuclei isolated from 14 × 15–cm2 dishes by 
hypotonic swelling. In brief, cells were rinsed 1× each in PBS and 
hypotonic buffer [10 mM tris-HCl (pH 7.5), 10 mM NaCl, 3 mM 
MgCl2, 10 mM KCl2 with 0.05% NP-40, and protease inhibitor cock-
tail] before swelling for 15 min in 2 ml of hypotonic buffer per dish 
(4°C). Samples were then pooled together and passed through a 
23-gauge needle 3×, shaken vigorously by hand, and diluted 1:1 with 
dilution buffer [10 mM tris-HCl (pH 7.5), 10 mM NaCl, 3 mM 
MgCl2, 10 mM KCl2, 0.6 M sucrose with 0.05% NP-40, and protease 
inhibitor cocktail] for nuclear purification by centrifugation at 500g 
for 10 min (4°C). The pelleted nuclei were immediately crosslinked 
in 1 ml of PBS with 1% formaldehyde (Pierce, 28908) on rotation for 
10 min at room temperature and quenched with PBS supplemented 
with 137 mM glycine on rotation for 5 min at room temperature. 
Crosslinked nuclei were collected by centrifugation (2000g, 5 min, 
4°C) and washed twice in PBS before lysis in 200 μl of denaturing 
buffer [50 mM tris (pH 8), 1 mM EDTA, 0.5 mM EGTA, 0.1% Na-
deoxycholate, 0.5% N-lauroylsarcosine, 150 mM NaCl, and protease 
inhibitor cocktail] with 15 strokes through a 27-gauge needle. The 
crosslinked nuclear lysate had its volume adjusted to 2  ml before 
being transferred to 15 ml of Bioruptor Pico Tubes and sonication 
beads (Diagenode, C01020031). Sonication was performed rotating 
in 4°C water for 30 min (30-s on, 30-s off) in the Bioruptor Pico 
sonication device (Diagenode, B01060010). Lysates were cleared 
from sonication beads and insoluble material by centrifugation at 
14,000g for 10 min (4°C), and this and all subsequent steps were 
performed in DNA low bind tubes (Eppendorf, 022431021). Protein 
and DNA were quantified at this time, and input samples were col-
lected before proceeding to ChIP.

ChIP was performed with equal parts protein A/G–conjugated 
magnetic beads (Invitrogen, 10003D and 10001D). Beads were 
washed twice (by 5-min rotation at room temperature) in PBS with 
0.02% Tween 20 and incubated overnight for immunoprecipitation 
or used to preclear crosslinked nuclear lysate by rotation for 1 hour 
(4°C). Precleared lysates were removed from beads by magnet sepa-
ration and incubated rotating overnight (4°C) with 16 μg of ZNF189 
antibody (Sigma-Aldrich, HPA034814-100UL) for 5.6 μg of chro-
matin with 100 μl of protein A/G beads in a total reaction volume of 
500 μl or with 10 μg of Rabbit immunoglobulin G (IgG) (Millipore-
Sigma, 12-370) for 0.56 μg of chromatin with 100 μl of protein A/G 
beads in a total reaction volume of 1000 μl. The next morning, beads 
were isolated with a magnet and washed by rotating for 2 min at 
room temperature with (i) 20 mM tris-HCl (pH 8), 2 mM EDTA, 
150 mM NaCl, 1% Triton X-100, and 0.1% SDS; (ii) 20 mM tris-HCl 
(pH 8), 2 mM EDTA, 500 mM NaCl, 1% Triton X-100, and 0.1% 
SDS; (iii) 20 mM tris-HCl (pH 8), 1 mM EDTA, 250 mM LiCl, 1% 
NP-40, and 1% Na-deoxycholate; and (iv) 10 mM tris-HCl (pH 7.4) 
and 1 mM EDTA. ChIP material was eluted twice from beads by 
15-min incubations (rotating at room temperature) in 100 μl of 1% 

SDS with 0.1 M NaHCO3. DNA was reverse crosslinked from protein 
by incubating overnight at 65°C with 200 mM NaCl followed by 
protein degradation by adding 10 μl of concentrated TE buffer [0.1 M 
tris-HCl (pH 8) and 0.1 M EDTA] supplemented with proteinase K 
(Invitrogen, AM2546) for 1 hour (45°C). DNA was isolated using 
the QIAquick PCR Purification Kit (QIAGEN, 28106). Libraries 
were prepared by the NEBNext Ultra Library Prep Kit for Illumina 
with 12 cycles using dual index oligos for Illumina (New England 
Biolabs, E6440S). Library size and abundance were assessed by 
TapeStation (Agilent High Sensitivity D1000) and Qubit (Thermo 
Fisher Scientific, Q32851). Sequencing was performed on a NextSeq 
2000, P2 flow cell, with paired end reads 2 × 61 cycles. qPCR assays 
for validation of the ChIPseq peak at the PDE1B locus was per-
formed from a separate experiment using 4% of ChIPed DNA from 
both IgG and ZNF189 ChIP samples using primer sequences pre-
sented in table S4.
Microarray
Total RNA was isolated from adipocytes electroporated with siRNA 
targeting ZNF189 or nontargeting control using NucleoSpin RNA 
columns (Macherey-Nagel, 740955.250). RNA quality was assessed 
by TapeStation (Agilent, RNA ScreenTape), and all samples had 
RNA integrity numbers ≥ 9.3. Samples were hybridized to Clariom 
S Arrays (Applied Biosystems, 902916).
mRNA overexpression
ZNF189 mRNA was synthesized from purified PCR products from 
a codon-optimized ZNF189 gBlock (sequence and primers in 
table S4) using the HiScribe T7 ARCA mRNA Kit (New England 
Biolabs, E2060S). The ZNF189 mRNA was electroporated into adi-
pocytes at a concentration of 70.16 nM on day 8 of differentia-
tion. Cells were harvested 5 days later.
Cyclic GMP
Cyclic GMP levels were measured by Competitive enzyme-linked im-
munosorbent assay (ELISA) (Invitrogen, EMSCGMPL). Adipocytes 
were lysed in 120 μl in 0.1 M HCl with 1% Triton X-100 after stimulat-
ing for 20 min with ANP to induce cyclic GMP.
PDE1B inhibition
PDE1 inhibition was performed with 1 hour pre-incubation of adi-
pocytes in media containing 1 μM ITI214 (MedChemExpress, HY-
12501A), which was replaced with fresh assay media containing 
1 μM ITI214 at the time of glycerol or cGMP induction.
Immunoprecipitation MS
Crosslinked, sonicated nuclei were isolated following the ChIPseq 
protocol outlined above. In total, 100 μg of protein per replicate was 
incubated overnight (rotating at 4°C) with 1 μg of ZNF189 anti-
body (Sigma-Aldrich, HPA034814-100UL) or Rabbit IgG (Milli-
poreSigma, 12-370) in total reaction volumes of 200 μl of denaturing 
buffer [50 mM tris (pH 8), 1 mM EDTA, 0.5 mM EGTA, 0.1% Na-
deoxycholate, 0.5% N-lauroylsarcosine, 150 mM NaCl, and prote-
ase inhibitor cocktail]. The next morning, samples were incubated 
(1 hour rotating at 4°C) with 100 μl of protein A/G beads (Invitro-
gen, 10003D and 10001D) that were first washed twice with PBS 
with 0.02% Tween 20. Antibody-bead complexes were washed fol-
lowing the identical washing conditions to the ChIP protocol with 
two additional tris-EDTA washes [10 mM tris-HCl (pH 7.4) and 
1 mM EDTA] to remove salts before proceeding to on-bead protein 
digestion for MS.

A 50 μl of trypsin-urea buffer [2 M urea, 50 mM tris-HCl (pH 7.5), 
2 mM dithiothreitol, and trypsin (20 μg/ml)] was added to protein-
bead complexes, and samples were mixed for 30 min at 1300 rpm 
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in an orbital mixer (37°C). Liquid was removed from beads, which 
underwent a second incubation in 50 μl of chloroacetamide-urea 
buffer [2 M urea, 5 mM tris-HCl (pH 7.5), and 10 mM chloroacet-
amide] for 5 min at 1300 rpm (37°C) in the dark. Both liquid frac-
tions collected from the beads were combined and further incubated 
by mixing overnight at 1300 rpm (room temperature).

Tryptic peptides were acidified to 1% trifluoro acetic acid and 
desalted using triple layers of C18 reverse phase membranes (Em-
pore) in the STAGE-tipping format. On the membrane, peptides 
were washed twice with 0.1% formic acid and eluted with 2× 50 μl 
of 50% acetonitrile/0.1% formic acid followed by 50 μl of 80% aceto-
nitrile/0.1% formic acid. After evaporation of the elution buffer, 
samples were resuspended in 2% acetonitrile/0.1% trifluoro acetic 
acid for measurement on the mass spectrometer. A total of four rep-
licates were detected by liquid chromatography tandem MS across 
two separate instrument runs.
Assay for transposase-accessible chromatin 
 using sequencing
ATACseq was performed on the basis of the Omni-ATAC protocol 
by Corces et al. (50). First, nuclei were isolated from ZNF189-
depleted cells and control cells following the same steps outlined in 
the ChIPseq protocol above. Nuclei were resuspended in ATAC 
resuspension buffer with 0.1% Tween 20 for counting. Subsequently, 
50,000 nuclei were washed for duplicate transposition reactions per 
siRNA. Transposition, DNA cleanup, PCR amplification, qPCR to 
determine additional cycles, and library purification were performed 
using reagents indicated in the Omni-ATAC protocol. Library size 
and abundance were assessed by TapeStation (Agilent High Sensi-
tivity D1000) and Qubit (Thermo Fisher Scientific, Q32851). Libraries 
were sequenced on a NextSeq 2000, P2 flow cell, with paired end reads 
2 × 64 cycles.
Cleavage under targets and Tagmentation
CUT&Tag was performed using a published protocol (51). In brief, 
nuclei were isolated from ZNF189-depleted and control cells follow-
ing the same steps used for ChIPseq and ATACseq. CUT&Tag 
was performed on 500,000 cell nuclei per reaction. Primary 
antibodies were H3K27ac (1 μl; Abcam, ab4729) and H3K9me3 
(1 μl; Abcam, ab8898); the secondary antibody was anti-rabbit 
(1 μl; EpiCypher, 13-0047). Samples were incubated with pAG-Tn5 
(1 μl; EpiCypher, 15-1117) for 1 hour. After segmentation, the 
cleaved DNA was extracted using the DNA Clean & Concentrator-5 
Kit (Zymo Research, D4013). Integrated DNA Technologies (IDT) 
primers (Illumina, 20027213) and PCR enzyme mix (New England 
Biolabs, M0541S) were used for library preparation, and AMPure 
beads (Beckman Coulter, A63881) were used for PCR cleanup. The 
prepared library samples were checked by the Qubit Fluorometric 
Quantification Kit (Thermo Fisher Scientific, Q33238) and TapeSta-
tion System 4200. Library samples were sequenced on NextSeq 2000 
and P2 flow cell with paired end reads 2 × 59 cycles.

Quantifications
RNAi screen
For the RNAi screen, glycerol release and LDH data were analyzed 
using R v4.2.2. Outliers were identified using the interquartile range 
(IQR) method, additionally triplicates with coefficient of variation 
(CV) > 20% were excluded from further analysis. The reproduc-
ibility of the glycerol release assays was assessed by calculation of the 
Pearson correlation coefficient between the experimental replicates. 
Data were normalized and scaled using the robust z score method. 

Replicates with LDH release with robust z score > |5| were excluded 
from the statistical analysis. Targets that significantly affect glycerol 
release (“hits”) were identified using a one-way analysis of variance 
(ANOVA) with Dunnet’s post hoc test.

Screen hits were classified into functional clusters by entering all 
37 proteins into a STRING network search (String Consortium, ver-
sion 11.5) for proteins with medium confidence evidence for inter-
actions. This identified clusters centered on JUNB, SRCAP, and 
TCERG1. These interactions were then supplemented by literature 
searches in Pubmed for all 37 hits to validate and identify additional 
interactions not included in the STRING database. In this way, final 
clusters were manually classified by experimental evidence for 
related functions. Spearman correlations between the expression of 
lipolysis hits and both isoprenaline- and ANP-stimulated lipolysis 
were computed by the Hmisc package in R.
Lipidomics
Samples were analyzed in both positive and negative ion modes 
with a resolution of mass-to-charge ratio (Rm/z) = 200 = 500,000 
for MS and Rm/z = 200 = 30,000 for MS/MS experiments. MS/MS 
was triggered by an inclusion list encompassing corresponding MS 
mass ranges scanned in 1-Da increments (52). Both MS and 
MS/MS data were combined to monitor CE, DAG, and TAG ions 
as ammonium adducts; PC and PC O- as acetate adducts; and CL, 
PA, PE, PE O-, PG, PI, and PS as deprotonated anions. MS only 
was used to monitor LPA, LPE, LPE O-, LPI, and LPS as deproton-
ated anions and Cer, HexCer, SM, LPC, and LPC O- as acetate 
adducts. Data were analyzed with in-house developed lipid identi-
fication software based on LipidXplorer (53). Data postprocessing 
and normalization were performed using an in-house developed 
data management system. Only lipid identifications with a signal-
to-noise ratio  >  5 and a signal intensity fivefold higher than in 
corresponding blank samples were considered for further data 
analysis. Lipid species were included in statistical analysis if they 
had detectable values across all six replicates for both siRNA con-
ditions. Principal components analysis was performed with the 
FactoMineR package in R. Confidence ellipses were calculated for 
a 0.95 confidence level. Species level differences in lipids were 
assessed by pairwise comparisons using eBayes with the limma 
package in R, with false discovery rate (FDR) correction.
Microarray
Microarray data were analyzed with packages available from R Bio-
conductor (www.bioconductor.org), R version 4.2.0. Normalization 
and calculation of gene expression were performed with the Robust 
Multichip Average expression measure using the oligo package (54). 
Before further analysis, a nonspecific filter was applied to include 
only coding genes with log2 expression signal > 5 in at least 50% of 
all samples. To identify differentially expressed genes between the 
two sample groups, the remaining 26,787 transcripts were analyzed 
using the Linear Models for Microarray Data (limma) package 
[version 3.52.2.; (55)]. Pathway analysis was performed for differen-
tially expressed genes (adjusted P value < 0.05) with overrepresenta-
tion and pathway topology analysis in Reactome (56). Significantly 
enriched pathways by overrepresentation analysis were ranked by 
the number of differentially expressed entities found in the pathway, 
and the largest cluster of pathways (signal transduction) is presented.
Chromatin immunoprecipitation
The nf-core/chipseq pipeline [https://zenodo.org/record/7139814#.
ZC3eMXtByUk (57)] was used to perform the quality control, 
mapping, and peak calling of the ChIPseq analysis in conjunction 
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with Docker. All data were processed relative to the human ge-
nome hg38. For a condensed overview of the pipeline, the bioin-
formatics tools used in each step and an extensive list of citations, 
please see the pipeline homepage (https://github.com/nf-core/
chipseq). The Homer (58) package was used to perform the mo-
tif enrichment analysis within the identified ChIPed regions us-
ing default settings. For genomic annotations, the bam files were 
converted to tag directories using Homer (58), which was also 
subsequently used for peak calling and annotation of the identi-
fied peaks. The genomic annotation produced by Homer was 
used to calculate the enrichment of the peaks in the various 
functional genomic regions using hypergeometric testing. Bed-
graph files were produced using Homer and normalized to 10 million 
reads. The BETA package (15) was used to integrate ChIPseq 
data with differential gene expression data of siZNF189 versus 
siC adipocytes to predict whether ZNF189 has activating or re-
pressive function and to infer direct target genes of ZNF189. 
The cutoff for significantly regulated genes in this analysis was 
an adjusted P value < 0.1 and absolute log2 fold change above 
0.5. The heatmap of ChIP signals was plotted using computeMatrix 
and plotHeatmap packages in Deeptools (59).
Assay for transposase-accessible chromatin  
using sequencing
To process the raw Bcl files obtained from Illumina sequencing, we 
used the bcl2fastq program to perform conversion and demulti-
plexing, resulting in fastq files. We used STAR (60) to index to the 
human reference genome (hg38/GRCh38), which was obtained 
from the University of California, Santa Cruz and then aligned the 
fastq files. Next, we used a sliding window approach from the 
csaw (61) R package to count reads across the genome. Reads were 
counted in 400–base pair (bp) windows with a distance of 100 bp 
between consecutive windows. In addition, for normalization pur-
poses, we counted reads in 10-kb bins across the genome. We then 
detected differential windows using the edgeR (62) library, with 
normalization factors calculated using the 10-kb bin counts. P val-
ues were adjusted for multiple hypothesis testing (FDR), and 
windows with P values < 0.05 were termed significant. The heat-
map of ATACseq peak signals was plotted using computeMatrix 
and plotHeatmap packages in Deeptools (59). The heatmap of 
ATACseq and microarray signals was plotted with the Complex-
Heatmap package in R.
Cleavage under targets and Tagmentation
Sequencing files (fastq) were aligned to the GRCh38/hg38 ver-
sion of the human reference genome using Bowtie2 on the Gal-
axy platform. Peak calling was done using MACS2 (63). The 
statistical analysis for differential expression was further per-
formed using edgeR. Peak changes with an adjusted P value < 0.05 
were considered differential peaks. In the quantitative analysis 
(percentage) for CUT&Tag, total tags (107) were used as the 
normalization factor. The sequencing tags (SAM) were then im-
ported to HOMER (58). Peak coverage was calculated with 
the HOMER tool Histograms Tag (annotatePeaks.pl) and visu-
alized in R.
Immunoprecipitation MS
Raw MS data were analyzed with Spectronaut (v15.7.220308.50606) 
using the direct DIA analysis mode. All analysis parameters are doc-
umented as part of the PRIDE submission in the setup.txt file. In 
short, spectra were searched against UniProts human regular and 
“additional” FASTA databases (UP000005640_9606_2020-06; 20,609 

and 77,157 entries, respectively) and the MaxQuant contaminants 
list (245 entries). Carbamidomethylation (C) was specified as a fixed-
 and acetylation (N-term) and oxidation (M) as variable modifica-
tions. For protein quantification, the MaxLFQ algorithm was used.
Transcript and protein comparisons
Cap analysis of gene expression of all 1530 genes from the siGENOME 
SMARTpool siRNA Library “Human Transcription Factor” li-
brary was assessed at days 4, 8, and 12 of adipogenesis. Measures 
were obtained from published data (64), and the cutoff for 
the selection of genes for screening was established by tags per 
million > 10.

Expression for the two promoters of the PDE1B gene (encoding 
PDE1B1 and PDE1B2) was downloaded from the Fantom5 CAGE 
tag start site (CTSS) dataset (7). The respective promoter expres-
sion was ranked for all samples in the dataset, and samples were 
identified as adipocyte versus other with a rug plot produced in 
R. Only samples with measurable gene expression are presented. To 
evaluate the conservation of the ZNF189 gene (ENSG00000136870), 
the Ensembl database containing 200 species was used to identify 
orthologs. The phylogenetic tree with significant gene gain/loss 
events was downloaded and mapped in R v4.2.2 using packages 
ggtree v3.6.2 (65) and treeio v1.22.0 (66). Next, to evaluate the pro-
tein conservation within the placentals taxon, 10 sequences repre-
senting the major clades within the taxon were obtained from 
Uniprot (A0A6P5PHN9, G1P627, A0A452EU80, A0A2Y9QEN8, 
A0A2I3T8W9, G1T8E4, G3TH83, A0A8I3NMD7, A0A287B140, 
and O75820) and multiple sequence alignment was performed in 
Jalview v2.11.2.6 (67) with MafftWS alignment tool. Conservation 
of the aligned amino acid sequences was calculated as the Valdar 
conservation score (68). The protein sequence corresponding to the 
adipocyte-specific PDE1B2 gene isoform identified in the Fantom 
dataset (NP_001159447.1) was obtained from National Center 
for Biotechnology Information (NCBI) Gene database and aligned 
with the canonical protein sequence (NP_000915.1) using Muscle 
(69) in Jalview (v2.11.2.6) (67).

Statistical analysis
Statistical testing was performed in GraphPad Prism version 9.5.0 
(GraphPad Software, San Diego, CA, USA) and R v4.2.2. Data were 
tested for normality by D’Agostino and Pearson omnibus K2 nor-
mality testing or Shapiro-Wilk test in cases of ≤8 samples per group, 
and statistics were performed on log-transformed data when re-
quired to achieve normality. Group data are presented as means ± 
SEM. For the meta-analysis of the relationship between ZNF189 
mRNA and clinical parameters, both random and common effects 
from Spearman correlations are presented.

Supplementary Materials
This PDF file includes:
Figs. S1 to S5
Tables S1 to S4
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