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SUMMARY

Characterized by intracellular lipid droplet accumulation, clear cell renal cell carcinoma (ccRCC)
is resistant to cytotoxic chemotherapy and is a lethal disease. Through an unbiased siRNA

screen of 2-oxoglutarate (2-OG)-dependent enzymes, which play a critical role in tumorigenesis,
we identified Jumonyji domain-containing 6 (JMJD6) as an essential gene for ccRCC tumor
development. Downregulation of JMJD6 abolished ccRCC colony formation /n vitro and
inhibited orthotopic tumor growth /n vivo. Integrated ChlP-seq and RNA-seq analyses uncovered
diacylglycerol O-acyltransferase 1 (DGAT1) as a critical IMJID6 effector. Mechanistically, IMID6
interacted with RBM39, co-occupied DGATI gene promoter with H3K4me3 to induce DGAT1
expression. JMJD6 silencing reduced DGAT1, leading to decreased lipid droplet formation

and tumorigenesis. Pharmacological inhibition (or depletion) of DGAT1 inhibited lipid droplet
formation /n vitro and ccRCC tumorigenesis /n vivo. Thus, the IMID6-DGAT1 axis represents a
potential new therapeutic target for ccRCC.

Graphical Abstract
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Lipid droplets

eTOC blurb

Zhou et al. reveal that IMID6 promotes DGAT I expression in an enzymatic-independent manner,
which is essential for lipid droplet formation and tumorigenesis in ccRCC. DGAT1 depletion or
inhibition leads to decreased ccRCC tumorigenesis, suggesting a potential therapeutic option in
this lethal cancer.
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INTRODUCTION

The incidence of kidney cancer has been increasing steadily for the past several decades,
although the reasons for this are unclear (Godwin et al., 2014). The estimated number

of new cases and deaths from renal cancer in 2020 in the U.S. are 73,750 and 14,830,
respectively (Siegel et al., 2020). Clear cell renal cell carcinoma (ccRCC) accounts for
approximately 85% of all kidney cancers and is characterized by mutation in the von
Hippel-Lindau (VHL)tumor suppressor gene (Kaelin, 2002). VHL inactivation leads to
hypoxia-inducible factor (HIF) signaling, but it remains challenging to target HIF (Chen et
al., 2016; Cho et al., 2016).
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ccRCCs are characterized by intracellular lipid accumulation. ccRCCs are enriched for lipid
droplets that consist of a neutral lipid core containing triglycerides (TG) and cholesterol-
esters surrounded by a phospholipid monolayer and associated surface proteins (Qiu et

al., 2015; Walther and Farese, 2012). Two well-characterized functions of lipid storage

in eukaryotic cells include energy homeostasis and lipid release for membrane synthesis
during proliferation. How lipids accumulate in ccRCC is not completely understood. Some
evidence suggests that HIF2 promotes lipid storage by regulating perilipin 2 (PLIN2) (Qiu et
al., 2015). However, lipid droplet formation may also occur independently of HIF2 (Lee et
al., 2017; Sethi et al., 2017).

2-oxoglutarate (2-OG) dependent enzymes belong to a family of enzymes that use
oxygen, Fe* and 2-OG for catalysis. This family includes prolyl hydroxylases, histone
demethylases and DNA hydroxylases (Losman and Kaelin, 2013), which are involved in
the pathogenesis of cancer including ccRCC. For example, prolyl hydroxylases modulate
the abundance of HIF,, FOXO3a and adenylosuccinate lyase (ADSL) and regulate cancer
cell growth (Zheng et al., 2014; Zurlo et al., 2019). By regulating H3K4 and H3K36
methylation, histone demethylases control gene expression and have been linked to the
pathogenesis of several cancers (Cloos et al., 2008; Varier and Timmers, 2011). The
function of Tet DNA hydroxylases has been well documented in hematological malignancies
(Losman and Kaelin, 2013). However, a systematic and unbiased approach to screen for
critical enzymes that may play important roles in ccRCC is lacking.

Through an unbiased siRNA screen in ccRCC cells, we identified JMJD6 as an important
gene for ccRCC cell growth and tumorigenesis. JMJDG6 is an enzyme with Amethyl arginyl
demethylase and lysyl C-5 hydroxylase activities (Bottger et al., 2015). However, besides
acting as an enzyme, JMJD6 was also reported to control gene expression through enhancer-
mediated transcriptional pause-release mechanisms (Liu et al., 2013; Miller et al., 2017). In
this study, we identified a novel role of JIMJD6, which co-occupies target gene promoter
regions characterized by tri-methylation of lysine 4 on histone H3 (H3K4me3) and H3K27
acetylation (H3K27ac), leading to the activation of genes critical for ccRCC development.
Furthermore, we identified DGAT1 as a critical effort downstream implicated in lipid droplet
formation and tumor development.

SiRNA Screen Implicates JMJD6 in ccRCC Tumor Cell Proliferation

In order to identify novel 2-OG dependent enzymes that may contribute to ccRCC cell
growth, we performed an siRNA screen using an ON-TARGETplus siRNA library of all
enzymes in the 2-OG family. We developed a screening method based on 3D anchorage-
independent growth (Figure S1A and S1B). We used non-targeting sequences as a negative
control and a house-keeping gene (Lamin A/C) as a positive control (FigureS1C). By

using this approach and a representative ccRCC cell line (UMRC2), we identified ~20
enzymes that impaired 3D growth upon depletion (Figure 1A). In order to explore candidate
oncogenes emerging from our screen and assess their relevance in ccRCC, we examined
their expression in ccRCC. We focused on genes that fit the following 3 criteria: (1) their
depletion led to decreased soft-agar colony growth; (2) their expression was higher in
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ccRCC tumors compared to normal Kidney tissue in a TCGA ccRCC dataset; and (3) their
overexpression was associated with worse ccRCC prognosis. With these criteria, we were
able to narrow down the list to the following 7 genes: TET3, KDMA4B, JMJD4, JIMJDS,
P4HB, PLODZ, and PLOD3 (Figure S1D and S1E). Among them, TET3 (Chen et al., 2017),
P4HB (Xie et al., 2020b; Zhu et al., 2019), PLOD2 (Xu et al., 2020), and PLOD3 (Xie et al.,
2020a) have been reported to be prognostic markers or oncogenes in ccRCC.

Next, we examined the effect of individual sSiRNA in the screening pool. IMJD6 targeting
with four independent siRNAs profoundly inhibited ccRCC cell growth (Figure S1F). In
keeping with our set criteria, JMJD6 was highly expressed in ccRCC tumors and high
JMJDE6 levels were associated with worse prognosis (Figure S1G and S1H). We were also
interested in JMJDG6, as it may also modulate tumor responsiveness to therapy (Zhang et al.,
2021).

To further validate the findings from our siRNA screen, we transfected 3 ccRCC cell lines
(UMRC?2, 786-0, and A-498) with two individual JMJD6 siRNAs and examined the impact
on cell proliferation, 2D colony formation and 3D soft agar growth. JMJD6 depletion with
independent siRNAs decreased cell proliferation (Figure S1I and S1J), colony formation,
and soft agar growth in all ccRCC cell lines (Figure S1K-M).

Next, we examined the effect of persistent JMJD6 knockdown using two independent
SshRNAs (#3, #4) in multiple ccRCC cell lines (786-O, UMRC2, and UMRCS6). JMJD6
knockdown by shRNA also led to decreased cell proliferation, colony formation, and 3D soft
agar growth (Figure 1B-E; Figure SIN).

The role of IMJD6 in ccRCC is independent of its catalytic activity

To further evaluate the role of JMJD6in ccRCC, we used CRISPR-Cas9 gene editing.
Consistent with our previous results, JMJD6 knockout inhibited ccRCC colony formation
and 3D soft agar growth (Figure 1F-J). In contrast, JMJD6 depletion in a representative
normal renal epithelial cell line (HKC) did not affect cell proliferation and only slightly
reduced colony formation (Figure 1F-J). To determine whether the phenotype associated
with sgRNA targeting was on-target, we restored JMJD6 expression using a SgRNA resistant
version (Figure 1K). We found that wild type (WT) JMJD6 rescued the growth of JMJD6
depleted cells as well as colony formation (Figure 1L-N).

To determine whether JMJD6 catalytic activity was required, we introduced instead a
JMJDG6 catalytic dead (CD) mutant (H187A/D189A) (Wang et al., 2014). Interesting, the
CD mutant also largely rescued the phenotype of JMJD6 knockout cells (Figure 1K-N). To
corroborate this finding, we leveraged a JMJDG6 inhibitor, WL12 (Ran et al., 2019). WL12
had minimal effects on multiple ccRCC cell lines (Figure S10-Q). In summary, our results
show that JMJDG is essential for ccRCC cell proliferation and tumorigenesis independently
of its enzymatic activity.

JMJD6 is Involved in ccRCC Tumor Growth

To examine the ability of JMJD6 to maintain ccRCC tumor growth, we generated
UMRC2 and 786-0 cells with a doxycycline-inducible JMJD6 shRNA. Doxycycline
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addition depleted IMJD6 (Figure 2A and 2B) and decreased cell proliferation, 2D colony
formation, and 3D soft agar colony formation (Figure 2C-H). Next, we injected ccRCC
cells with the doxycycline inducible JMJD6 shRNA (or control ShRNA) that were labeled
with firefly luciferase orthotopically (under the kidney capsule) in NoD SCID yc (NSG)
mice. Successful implantation and growth of ccRCC cells was established through weekly
bioluminescence imaging. Once tumors had reached a certain size, we fed these mice
doxycycline. Over the course of a 6-week treatment, we observed decreased tumor growth
(Figure 21 and 2J). Doxycycline effectively depleted JMJD6 by immunoblotting and IHC
staining (Figure 2K; Figure S2A) and decreased tumor weight and tumor size (Figure 2L
and 2M). Notably, JMJD6 depletion also reduced lung metastases (Figure 2N and 20).

Next, we examined JMJD6 dysregulation in ccRCC in patients at our UTSW Kidney Cancer
Specialized Program of Research Excellence (SPORE) program. We first examined JMJD6
MRNA levels in normal and paired ccRCC tumors (n=41) (European Genome-Phenome
Archive, EGAS00001005516). JMJD6 was highly expressed in tumors compared to normal
controls (Figure 2P). To extend these results to protein analyses, we performed IHC staining
for 20 pairs of ccRCCs. As determined using H scores (which combined as both the
frequency and intensity of expression (Fedchenko and Reifenrath, 2014)), IMID6 was
prominently expressed in ccRCC (Figure 2Q and 2R; Figure S2B). We complemented these
studies by examining JMJDG6 expression in our patient derived tumorgraft (PDX) platform
(Elias et al., 2021; Sivanand et al., 2012). We found that JMJD6 was highly expressed in
PDXs as well (Figure S2C).

JMJID6 Regulation in ccRCC is VHL and HIF Independent

Next, we evaluated whether IMJD6 upregulation was associated with VHL loss using
ccRCC tumor samples with categorized VAL mutation information as described previously
(Zhang et al., 2018). We found that higher JMJD6 in ccRCC tumors regardless of VHL
mutation (Figure S2D), suggesting that JMJD6 upregulation is independent of VHL. To
further examine this, we restored VAL in ccRCC cell lines with defective VAL and found
that JMJD6 protein levels were unaffected (Figure S2E). To determine whether canonical
HIF signaling was important for JMJDG6 regulation, we depleted Aryl Hydrocarbon Receptor
Nuclear Translocator (ARNT), which is an obligatory partner for HIFa subunits and is
necessary for HIF activity. JMJD6 protein level was unaffected by ARNT knockout (Figure
S2F). In summary, JMJD6 is important for maintaining ccRCC tumor growth /n vivo and its
upregulation in ccRCC tumors is independent of VHL and HIF.

JMJD6 Promotes Gene Expression by Occupying Target Gene Promoters

JMJD6 has been previously shown to bind chromatin and our data suggest that its role

in ccRCC is independent of its enzymatic activity. In order to investigate the molecular
mechanism by which JMJDG6 regulates ccRCC cell proliferation, we performed JMJD6
ChlIP-seq using wild-type 786-0 cells and RNA-seq analyses using wild-type 786-0 cells
transduced with a control sgRNA as well as JMJD6 knockout cells transduced with

two independent JMJD6 sgRNAs. We complemented the IMID6 ChIP-seq studies with
H3K4me3 ChlP-seq and integrated these data with ChiP-seq data from HIF1p, HIF2a.,
H3K4mel, and H3K27ac from previous publications (Yao et al., 2017). We found that
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JMJD6 binding sites frequently overlapped with H3K4me3 (73.8% overlap), but not
overlapping significantly with H3K4mel (44%), HIF1p (< 1%), or HIF2a (< 1%) (Figure
3A). Thus, we focused our attention on genes whose expression may be positively regulated
by JMJD6. By overlapping IMJD6 positively-regulated genes (by RNA-seq) with IMJID6-
bound promoters, we identified 64 genes within 5 kb of the transcription start site (TSS)
(Table S4). To further narrow down the list, we sought genes that: (1) contained JMJD6
binding sites in the promoter and were characterized by H3K4me3 and H3K27ac; (2)

were positively regulated by JIMJDG6 (as determined by their downregulation following
JMJDE6 silencing); and (3) were associated with worse prognosis in ccRCC patients

(Cancer Genome Atlas Research, 2013). By combining these parameters, we narrowed
down the JMJD6 direct target gene list to 5 genes: Major facilitator superfamily domain
containing 3 (MFSD?3), diacylglycerol O-acyltransferase 1 (DGATI), Zinc Finger SWIM-
Type Containing 8 (ZSWIMS), DnaJ Heat Shock Protein Family Member B12 (DNAJB12),
and /mportin 13 (/PO13) (Figure 3A). We visually examined the ChlP-seq data for these
genes and found that, as expected, their promoters were enriched for IMID6, H3K4me3,
and H3K27ac (Figure 3B). Next, we examined the binding patterns of IMID6, H3K4me3,
H3K27ac on these target gene promoters and further tested JMJD6 enrichment using ChiP-
gPCR. We found that JIMJD6 localized to these five target genes, but not at a local negative
control site, exhibiting significant enrichment when compared to I9gG (Figure 3C). RT-PCR
analyses showed consistent downregulation in 3 genes (DGAT1, MFSD3, and ZSWIMS8) by
two independent JMJD6 sgRNAs (Figure 3D). Importantly, DGAT1, MFSD3, and ZSWIM&
downregulation by JMJD6 knockout could be completely rescued by a sgRNA-resistant
JMJD6 construct. Consistent with the notion that JIMJD6 catalytic activity is dispensable
for this regulation, IMJD6-CD also rescued the expression of these genes (Figure 3E). In
addition, JIMJD6-CD was similarly enriched at target gene promoters by ChIP-gPCR (Figure
S3A). However, promoter enrichment on some target genes (such as DGAT1, ZSWIMS,
IPO13) was higher for WT JMJD6 compared to CD. In other cases, WT and CD JMJD6
behaved similarly (such as MFSD3 and DNAJB12).

Since our data showed that IMJID6 overlapped primarily with H3K4me3 (Figure 3A),
which we also observed with decreased H3K4me3 occupancy on DGAT1/ZSWIMSE/
1PO13 gene promoters following JMJD6 knockout (Figure 3F). We also investigated the
potential for cooperative binding of IMJD6 with H3K4 methyltransferases including SET
Domain Containing 1A (SETD1A), mixed-lineage leukemia 1 (MLL1), and MLL2 as

well as RNA polymerase Il (pol I1) (Liu et al., 2013). Consistent with a previous study
showing that JMJD6 bound DNA cooperatively with pol Il (Liu et al., 2013), IMJD6
co-immunoprecipitated with pol 11, but not with any of the methyltransferases tested (Figure
S3B). Interestingly, pol 1l enrichment at DGAT1 and /PO13 promoters decreased following
JMJID6 knockout (Figure S3C). A modest decrease in pol Il occupancy was observed with
a second JMJD6 sgRNA but it did not reach statistical significance. To summarize, our

data suggests that JMJD6 directly regulate the gene expression of these downstream targets,
which may play an important role in ccRCC.
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DGAT1 Expression is Controlled by JMJD6 and is Essential for ccRCC Cell Proliferation

We next explored the expression of JMJD6 target genes between ccRCC tumors

and matched normal kidneys, and found that DNAJB12, ZSWIMS, and DGATI were
overexpressed in ccRCC whereas /PO13and MFSD3were under expressed (Figure S4A).
We also investigated whether their gene expression correlated with JMJD6. Whereas
DNAJB12, ZSWIMS, and DGATI were positively correlated with JMJD6 at the mRNA
level, /PO13and MFSD3were negatively correlated (Figure S4B). We examined the protein
levels of these JIMJDG6 target genes by western blot following JMJD6 knockout(there is

no commercial antibody available to reliably detect ZSWIMB8) (Han et al., 2020). Our
results showed that DGAT1 and IPO13 were reduced in 786-O cells upon JMJD6 knockout,
whereas no change was observed for the other IMJDG6 targets (Figure 4A).

In order to further narrow down JMJD6 target genes important for ccRCC tumorigenesis,
we performed rescue experiments. We found that only DGAT1 overexpression partially
rescued the phenotype of IMJD6 knockout in ccRCC (Figure 4B-D; Figure S4C-O). Thus,
DGAT1 serves as a major target downstream of JIMJD6 in ccRCC tumorigenesis. We further
analyzed DGATI mRNA expression in PDXs (Sivanand et al., 2012) and found that DGAT1
was overexpressed in PDXs compared with matched normal tissues (Figure 4E). In addition,
higher DGAT1 expression predicted worse prognosis in ccRCC (Figure 4F). Next, we
examined DGAT1 levels in 20 pairs of ccRCC tumor and normal tissue, and we found that
JMJD6 and DGAT1 protein levels were more abundant in tumors, and they displayed a
moderate correlation (Figure 4G and 4H; Figure S4P-R). All these results motivated us to
study the role of DGAT1 in mediating the effect of IMJD6 in ccRCC.

To determine whether the effect of JMJD6 sgRNAs on DGAT 1 expression was on-target,
we performed rescue experiments. We found that the effect of JMJD6 silencing on DGAT1
expression could be rescued by restoration of JMJD6 with an sgRNA-resistant version
(Figure 4l). In addition, exogenous overexpression of JMJD6 (based on endogenous JMJD6
levels) further increased DGAT1 expression (Figure S4S and S4T), suggesting that JMJD6
is both necessary and sufficient to regulate DGAT1. Consistent with our data that JIMJD6
enzymatic activity may not be critical for ccRCC cell proliferation, both IMID6-WT and
JMJD6-CD rescued DGAT1 protein levels (Figure S4U). Additionally, IMJD6-WT could
still rescue DGAT1 protein expression despite inhibition of its activity by the IMID6
inhibitor WL12 (Figure S4V). To examine the importance of DGAT1 signaling in ccRCC,
we first infected 786-O and UMRC2 cells with DGAT shRNAs (shl, sh2) and found

that DGAT1 knockdown decreased 2D colony formation and 3D soft agar growth (Figure
4J-M). In addition, we also used CRISPR-Cas9 guided sgRNAs (sg2, sg3) to achieve
DGAT 1 depletion and consistently observed decreased colony formation in UMRC?2 cells
with DGAT1 knockout (Figure 4N-Q).

To understand mechanistically on how JMJD6 contributes to ccRCC tumorigenesis by
transactivating DGAT1, we used mass spectrometry to identify proteins that interact with
JMJD6 in ccRCC cells. Among these proteins, we identified some known JMJD6 interaction
proteins (Figure 4R), such as LUC7L2 (Webby et al., 2009), PPIL4 (Barak et al., 2021),
PHRF1 (Fages et al., 2020). In addition, we used western blotting to validate that both
Cleavage and Polyadenylation Specific Factor 6 (CPSF6) and RNA Binding Motif Protein
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39 (RBM39) interacted with JIMJD6 in ccRCC cells (Figure S4W). It is worth noting that a
prior study also determined that JIMJD6 co-purified with endogenous RBM39 in H1155 lung
carcinoma cells (Han et al., 2017). By applying either siRNAs or ShRNAs against CPSF6

or RBM39, we found that CPSF6 knockdown did not lead to downregulation of DGAT1 in
786-0 cells (Figure S4X), while depletion of RBM39 led to decreased DGAT1 protein level
(Figure 4S). RBM39 is an RNA-binding protein that acts as a pre-mRNA splicing factor but
can also acts as a transcriptional coactivator (Dowhan et al., 2005; Loerch et al., 2014). To
address the hypothesis that a RBM39-JMJD6 complex transcriptionally regulates DGAT1
expression, we measured the mRNA level of DGAT1 by RT-qPCR upon RBM39 depletion.
DGAT1 mRNA levels decreased upon RBM39 depletion in all of ccRCC cell lines we tested
(Figure 4T). Indisulam and related sulfonamides are pharmacologic tools to assess the role
of RBM39 by selectively degradation through the ubiquitin-proteasome pathway (Han et al.,
2017; Uehara et al., 2017). Consistent with our prior experiments using RBM39 RNA., these
results showed that indisulam treatment led to decreased DGAT1 expression at both the
MRNA and protein level (Figure 4U and 4V), although different ccRCC cell lines displayed
different sensitivity to Indisulam.

To examine whether RBM39 mediates the effect of IMID6 on DGAT1 expression, we
overexpressed JMJD6 followed by depletion of RBM39 by the shRNA used in the
experiment above, then we examined DGAT1 expression and performed H3K4me3 ChlIP-
PCR for DGATL locus. The result showed that DGAT1 expression level was increased upon
JMJD6 overexpression, the effect ameliorated with concurrent RBM39 depletion measured
by both mRNA and protein level in 786-O cells (Figure 4W; Figure S4Y), and JIMJD6
overexpression also led to increased H3K4me3 occupancy at DGAT1 locus, the effect
abrogated by concurrent RBM39 depletion (Figure 4X). In addition, we found that both
wildtype and catalytic dead (CD) JMJD6 can interact with RBM39 (Figure S4Z), indicating
that RBM39-JMJD6 interaction is independent of enzymatic activity. To summary, RBM39
is involved in the transcriptional regulation of JMJD6 on DGAT1.

The IMJD6-DGAT1 Signaling Axis Controls Lipid Droplet Formation in ccRCC

DGAT1 is a TG synthase required for storage of intracellular lipids, and may play a role

in ccRCC, which is characterized by lipid accumulation and gives rise to its characteristic
clear cell histology (Qiu et al., 2015; Walther and Farese, 2012). Two well-characterized
functions of lipid storage in eukaryotic cells include energy homeostasis and release of lipids
for membrane synthesis during proliferation (Qiu et al., 2015). In order to examine whether
the formation of lipid droplets is important for RCC growth, we used Triacsin C, an inhibitor
of de novo synthesis of fatty acids and subsequent TG storage (Piccolis et al., 2019). We
treated both normal renal cells and ccRCC cells (UMRC2). ccRCC cells displayed increased
sensitivity towards Triacsin C treatment (1 uM dose) (Figure S5A). Interestingly, Triacsin

C treatment in 786-O cells dampened the effect of IMJD6 overexpression (Figure S5B),
suggesting that lipid droplet formation is at least partially responsible for the effect of
JMJD6 on ccRCC cell growth.

As DGAT1 is an important triglyceride synthase for lipid droplets, we postulated that
JMJD6-DGAT1 may contribute to lipid droplet formation in ccRCC. First, we examined

Mol Cell. Author manuscript; available in PMC 2023 August 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 10

lipid droplet formation by using two different dyes (HCS LipidTOX™ and Bodipy) in
ccRCC cells with DGAT1 knockout and found that DGAT1 depletion consistently decreased
lipid droplet formation (Figure 5A-C). The DGAT1 inhibitor A922500, a highly specific
inhibitor (King et al., 2009), also decreased lipid droplet formation (Figure 5D and 5E).
A922500 did not, however, cause a significant change in lipid droplet formation in normal
HKC (Figure S5C and S5D). In addition, A922500 decreased TG formation in ccRCC cells
(UMRC?2 and 786-0) but not in normal HKC cells (Figure S5E). Since JMJD6 regulates
DGAT1 levels, we also examined the effect of JMJDG6 on lipid droplet formation and found
that JMJD6 depletion by multiple sgRNAs reduced lipid droplet formation in ccRCC (Figure
5F and 5G). More importantly, DGAT1 overexpression in JMJD6 knockdown cells partially
rescued the effect of JMJD6 knockout (Figure 5H and 51). Rescue experiments with JIMJD6
CD mutant confirmed that the effect of JMJDG6 on lipid droplet formation was largely
independent of enzymatic activity (Figure S5F and S5G).

It has been reported that lipid storage helps to maintain the integrity of the endoplasmic
reticulum (ER) (Giu et al., 2015). We examined the expression of ER-related genes but

did not detect a significant change following JMJD6 silencing (Figure S5H). It has also

been reported that lipid droplet accumulation decreases the potential for fatty acid oxidation-
mediated ROS production in mitochondria and apoptosis (Cheng et al., 2020). We utilized

a Seahorse instrument to measure oxygen consumption from fatty acid oxidation (Zhang
and Zhang, 2019) in 786-0 cells and found that there were more fatty acids metabolized

in mitochondria upon DGAT1 and JMJD6 knockdown. This was the case for at least

one of the sgRNAs tested (Figure S5I-L). For the other sgRNA (sgDGATI #2, sgJMJD6

#4), we observed a modest increase in fatty acid oxidation that did not achieve statistical
significance. We measured ROS levels in mitochondria by applying the MitoSOX™ Red
reagent. The results showed that mROS (mitochondrial ROS) levels were increased in both
DGAT1 and JMJD6 knockdown cells (Figure SSM-P). Further, increased cell apoptosis was
also observed in both DGAT1 and JMJD6 knockdown cells (Figure S5G-T). We further
applied NAC (a well-known scavenger of ROS) to perform rescue experiments on both 2D
and 3D. The results showed that NAC could rescue the effect of DGAT inhibitor on mROS
(Figure S5U and S5V) as well as decreased 2D and 3D colony formation caused by DGAT1i
(Figure S5W-Z). In summary, we established that DGAT1 is a critical mediator of the effect
of IMJD6 on lipid droplet formation and cell growth in ccRCC.

DGAT1 is Essential for ccRCC Tumor Growth and DGAT1 Inhibition Suppresses ccRCC
Development

Next, we treated ccRCC cells with the DGAT1 inhibitor A922500 and found that

A922500 inhibited 3D colony formation in a dose-dependent manner (Figure 6A and 6B).
Interestingly, A922500 did not grossly affect normal HKC growth. Through an orthogonal
approach, we also found that A922500 interfered with the effect of IMJD6 on ccRCC cell
growth (Figure S6A and S6B). Motivated by this finding, we injected 786-0 cells expressing
luciferase orthotopically into the kidney. Following confirmation of successful engraftment
and stable growth, we treated these mice with either vehicle or 60 mg/kg A922500 (by oral
gavage). A922500 significantly decreased tumor formation (Figure 6C and 6D). A922500
did not display gross toxicity as indicated by relatively stable mouse weights (Figure S6C).
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Upon necropsy, we also found that A922500 treatment led to decreased tumor size and
tumor weight (Figure S6D; Figure 6E). In addition, we observed that A922500 decreased
lung metastasis (Figure S6E and S6F).

To further verify the role of DGAT1 in maintaining ccRCC tumor growth /n vitro and

in vivo, we generated a doxycycline-inducible shDGAT1 786-0 cell line. After adding
doxycycline, we observed effective DGAT1 knockdown at the protein level (Figure 6F),
and decreased cell proliferation, 2D colony formation, and 3D soft agar formation (Figure
6G-1). We further labeled doxycycline-inducible DGATI shRNA (or control ShRNA) 786-O
cells with firefly luciferase and injected them orthotopically into the kidney of NSG mice.
We observed decreased kidney tumor growth upon DGAT1 knockdown (Figure 6J and

6K). Concordantly, DGAT1 knockdown decreased tumor weight and tumor size at necropsy
(Figure 6L and 6M). In addition, knockdown of DGAT1 decreased lung metastasis (Figure
6N-P).

Finally, we utilized our SPORE RCC tumorgraft platform (Elias et al., 2021; Pavia-Jimenez
etal., 2014), and classified PDXs by their basal DGAT expression as quantified by
RNA-seq (Figure S6G). We selected one exemplar PDX line (XP745) with high DGAT1
expression and treated it with A922500. As determined by MRI imaging, A922500 inhibited
tumorgraft growth (Figure S6H). This effect was further confirmed by tumor size and
weight measurements upon necropsy (Figure S61 and S6J). It is also worth noting that
DGAT1 knockout mice are viable, fertile and normal in size (Smith et al., 2000). In
addition, these mice do not display gross physical or behavioral abnormalities (Smith et

al., 2000). Therefore, targeting ccRCC with DGATL1 inhibitor may be feasible. In summary,
pharmacological inhibition or genetic depletion of DGATI decreased ccRCC progression in
vivo.

DISCUSSION

In this study, we implicate JMJD6 as an oncogene in ccRCC. JMJD6, which was identified
through an unbiased siRNA screen of 2-OG dependent enzymes, is required for ccRCC
tumor growth in in vitroand in vivo. Interestingly, the effect of IMJD6 on ccRCC

growth is independent of its catalytic activity. By performing genomic analyses for IMJD6
and histone post-translational modifications, we found that JIMJD6 occupies target gene
promoters and potentially transactivates downstream target genes in ccRCC. Our integrated
analyses of ChlIP-seq, RNA-seq and patient outcome data led to the identification of
DGAT1 as a key IMJID6 effector implicated in lipid storage and tumorigenesis in ccRCC
(Figure 6Q). Therapeutically, DGAT1 inhibition by A922500 inhibited ccRCC tumor growth
and spontaneous lung metastasis. Thus, our study, for the first time, identifies the IMJD6-
DGAT1 oncogenic signaling axis as a therapeutic target in ccRCC.

JMJD6 was originally found to be a histone arginine demethylase for H3R2 and H4R3
(Chang et al., 2007). Shortly afterwards, JIMID6 was found to catalyze lysine hydroxylation
on U2AF65, a protein associated with RNA splicing (Webby et al., 2009), and has since
been thought to participate in these two main processes. The difference in the interpretation
for the role of IMJD6 in these enzymatic reaction remains to be determined and solidified.
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The role of IMJD6 in cancer has been explored in several different cancer types, where

it has been implicated in protein hydroxylation in colon cancer (Wang et al., 2014), and
protein demethylation (Aprelikova et al., 2016) and tyrosine kinase phosphorylation (Liu
etal., 2019) in breast cancer, and protein complex partner in neuroblastoma (Wong et al.,
2019), etc. We show here that IMJD6 bound target gene promoter regions with H3K4me3
and H3K27ac and activated DGAT gene expression. More than 30% of genes in higher
eukaryotes are regulated by promoter-proximal pausing of pol Il (Adelman and Lis, 2012).
In a previous study, JMJD6 and Brd4 were found to cooperatively bind distal enhancers
defined as anti-pause enhancers (A-PEs). JIMJDG6 displayed demethylation activity towards
H4R3me2 and methyl groups in the 7SK snRNA cap, thereby promoting transcriptional
pause release and elongation (Liu et al., 2013). However, given the literature suggesting that
JMJD6 may not act as an arginine demethylase, it is unclear whether this transcriptional
pause and release model can sufficiently account for the mechanism by which JIMJD6
regulates transcription and gene expression. In our manuscript, we propose that IMJD6
binds RBM39, which may promote DGATI gene expression. Recent research show that
RBM39 may bind with MLL family members to promote gene expression (Puvvula et al.,
2021). However, we did not observe JMJD6 binding with selective MLL family members in
ccRCC. Therefore, it is likely that RBM39 may not bind with these methyltransferases in
our setting. Further research needs to be performed with regarding to the potential role of
MLL family members on JIMID6-RMB39 signaling axis in ccRCC.

DGAT1 is an important TG synthase and is required for storage of intracellular lipids.
Upstream regulators of DGAT1 in cancer remain largely unknown, but our unbiased
siRNA screen coupled with integrated genomic analyses pinpointed JMJD6 as a critical
transcriptional regulator of DGAT1. Here, for the first time, we examined the potential
therapeutic efficacy of the DGAT1 inhibitor A922500 in ccRCC. By treating tumor-bearing
mice with A922500, we observed decreased tumor growth over time. We also observed

a similar phenotype by genetic depletion of DGATI with inducible shRNAs /n vivo.
Importantly, the effect was specific for tumor cells and normal renal epithelial cells were
spared. It is also worth noting that DGAT1 knockout mice are viable, fertile and normal

in size (Smith et al., 2000). In addition, these mice do not display gross physical or
behavioral abnormalities (Smith et al., 2000). Therefore, targeting ccRCC with DGAT1
inhibitor may be feasible. Future studies will further optimize the dosage and delivery

of DGATL inhibitors in patient-derived xenografts. In addition, we will examine whether
DGAT1 expression can serve as a biomarker to stratify ccRCC patients for potential DGAT1
inhibitor treatment in the clinical setting.

Limitations of the Study

The detailed mechanism by which JMJD6 regulates DGAT1 gene expression remains to be
fully elucidated. Our study still lacks the detailed mechanism on how JMJD6 would affect
H3K4me3 occupancy on some of target gene promoters. At this time, the role of RBM39 in
JMJD6-DGAT1 signaling axis awaits further characterization and it is unclear whether this
involves the effect of RBM39 on regulating RNA splicing. In addition, further studies are
needed to examine the efficacy and toxicity of DGAT1 inhibition in a large cohort of kidney
cancer PDXs and relevant kidney cancer mouse models.
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STARXx METHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents
should be directed to and will be fulfilled by the Lead Contact, Qing Zhang
(ging.zhang@utsouthwestern.edu).

Materials availability—All materials generated in this study are available from the Lead
Contact with a completed Materials Transfer Agreement.

Data and code availability—ChlIP-seq and RNA-seq data have been deposited at GEO
under accession number GSE182888 and are publicly available as of the date of publication.
Accession numbers are also listed in the key resources table. Original western blot and
crystal violet images have been deposited at Mendeley and are publicly available as of the
date of publication. The DOl is listed in the key resources table. Mass spectrometry data are
presented in the table S2. Microscopy data reported in this paper will be shared by the lead
contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—UMRC2, UMRCS, 786-0, 498, HKC, and 293T cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) medium supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin, incubated in a 5% CO2 humidified
incubator at 37°C. All cells were used for experiments within 10-20 passages from thawing,
and they were mycoplasma-free according to a mycoplasma detection kit (Lonza, LT07—
218) or mycoplasma elimination reagent-plasmocin (Invivogen, ant-mpt).

Orthotopic Tumor Xenograft—For xenograft studies, six-week-old NSG (Jackson lab,
male: female=2:1 for gene knockdown model, but females were used only in inhibitor
treatment model due to toxicity to male mice) and luciferase reporter cell lines were used.
Briefly, 1x 10° 786-O cells expressing control/tet-on JMJID6 shRNA, or 5x10° 786-O cells
expressing control/tet-on DGAT1 shRNA or 7.5x10° 786-O parental cells were resuspended
in 20 pL Matrigel that was diluted with medium without PBS by 1:1, and then injected
orthotopically into the left kidney of each mouse as described previously (Zhang et al.,
2018). SPECTRAL AMI-HTX imaging system was applied to monitor tumor growth /n
vivo. Luciferin (15 mg/mL) was applied by intraperitoneal injection (IP) to monitor the mice
weekly, and the luciferin signal is stably increased at week 4 compared to the previous
week, followed by further treatment. For inducible IMJD6 and DGAT1 shRNA, mice were
fed Purina rodent chow doxycycline. For DGAT1 inhibitor treatment, mice were randomly
divided into two groups (Ctrl and DGAT1i), the DGAT1i group mice were treated with
DGAT1 inhibitor A922500 (60 mg/kg/day, formulated with 1% Tween80 in PBS) by oral
gavage while the ctrl group mice were treated with vehicle. After 5-8 weeks of treatment,
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mice were euthanized. Tumors were taken out and weighed, the weight of tumor was
calculated by subtracting the weight of left tumor kidney from the weight of right normal
kidney. Lungs were taken out followed by ex vivo imaging in 24-well plates with 300
pg/mL luciferin solution. For the PDX model, it was performed under the guidance of

the human renal cell carcinoma tumorgraft platform for preclinical drug testing at UTSW
(Pavia-Jimenez et al., 2014). Briefly, 2 pieces of ~2 mm PDX sample was implanted in the
left kidney of each mouse. After one week, the size of the tumors (zero point) was measured
by using MRI, and then treatment with DGAT1 inhibitor A922500 began. After three
weeks, we used MRI to image the tumors again. Tumors were excised and subsequent data
collection was the same as described above. All animal experiments met the requirements
of National Institutes of Health guidelines and were approved by the Institutional Animal
Care and Use Committee (IACUC) in the University of Texas Southwestern Medical Center
(Protocol # 2019-102794).

METHOD DETAILS

Cell Proliferation and Colony Formation Assay—~For cell proliferation assays,
specific numbers of cells (~800-1000 cells/well) were seeded in 96-well plates in DMEM
medium and changed with fresh medium every 2 days. At indicated time points, the cells
were cultured in 100 pl fresh growth medium supplemented with 10 pl MTS reagents
(Abcam, ab197010), following by incubation at 37°C for ~1hrs. OD absorbance values
were measured at 490 nm using the BioTek plate reader. For Incucyte cell growth curves,
cells (~800-1000 cells/well) were seeded in 96-well plates in DMEM medium. Plates were
incubated at the Incucyte® S3 incubator and changed with fresh medium every 2 days. We
applied the IncuCyte S3 Plate Map Editor 2018B to set profile information, and applied
IncuCyte S3 2018B software to monitor the cells by taking images for each well at indicated
points and collect/analyze corresponding data. For crystal violet staining, cells were seeded
in 6-well plates (2000 cells/well), after the cells reach a specific density visually, they were
stained with 0.5% crystal violet for 1 h. For the soft agar colony formation assay, specific
numbers of cells (10,000 cells for HKC, 20,000 cells for UMRC2/UMRC6/786-0O, and
30,000 cells for A498) were applied to prepare the upper layer in 6-well plates, after 2-6
weeks, 100 pg/mL iodonitrotetrazoliuim chloride solution was used to stain cell colonies.
Detailed steps were referred to previous paper (Zhang et al., 2018). Colony quantification
was performed by using ImageJ software.

Real-Time PCR—Total RNA was extracted by using a RNeasy mini kit, followed by
cDNA synthesis using an iScript™ cDNA Synthesis Kit. Real-time PCR was conducted
in 384-well optical reaction plates using the CFX384 Real-Time PCR System (Bio-Rad).
Relative amplicon expression was calculated using the 2 2ACt method. The sequence of
Real-time gPCR primers can be found in table S5.

Virus Infection—As to lentiviral plasmids, 293T cells were used for virus production.
Briefly, ~80% confluency of 293T cells were applied to transfect with helper plasmids
psPAX2/pMD2.G and lenti-viral vector plasmids in 6-well plates. After incubation
overnight, cells were replaced with 1.5 ml fresh medium and virus was collected after

one day, cells were changed with fresh medium again for a 2" collection after another day
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of culturing. 0.45 um filters were used to filter the virus. ccRCC cell lines were seeded

in 6-well plates to be 30-50% confluent at infection, 200 pl virus/well was applied, and
6-8 pg/mL polybrene was included to increase efficiency during the infection. Media were
changed after 12-24 h infection, then the cells underwent appropriate antibiotic selection
after more than 24 h incubation (puromycin 2 ug/mL for shARNA/sgRNA, G418 800
pg/mL for pinducer-JMJD6/CD and pInducer-DNAJB12/IPO13, hygromycin 200 pg/mL
for UBCp-JMJD6, and blasticidin 10 ug/mL for pLX-DGAT1 and pLenti6.3-MFSD3).
For lipid droplet study, the time of marker selection should be strictly controlled based

on cell line types. Detailed information of the lentiviral plasmids used in this study are

as below: pInducer-JIMJD6/CD (H187A/D189A) were constructed using gateway reaction
based on pDONR 223 and pInducer20, pinducer-DNAJB12/IPO13 were constructed using
plInducer20 based on LR reaction. JIMID6 sgRNAs were constructed using lentiCRISPR
v2, and JMJD6 tet-on shRNA was constructed using Tet-pLKO-puro, corresponding target
sequence can be found in KEY RESOURCES TABLE. DGAT1 sgRNA2 and shRNAs/tet-on
shRNA were obtained from Dr. Deliang Guo lab (Cheng et al., 2020).

siRNA Transfection—UMRC2 and A498 cells were seeded in 6-well plates to be
60~70% confluent while 786-0 cells were 40~50% confluent at transfection, followed by
transfection using the invitrogen™ lipofectamine™ RNAIMAX reagent (8 ul RNAIMAX
and 5 pl 20 uM siRNA were used per well), and media were changed after 12 h transfection.
Cells were incubated for > 48 h at 37°C then used to perform downstream experiments
(immunoblots, cell proliferation assay, and soft agar colony formation assay). Non-targeting
siRNA was used as control. The sequence of siRNA used in this study can be found in table
S1 and Key Resources Table.

Lipid Droplet Staining and Quantification—Lipid droplet staining was performed as
described previously (Melo et al., 2011). Briefly, after culturing and treatment, cells were
fixed in 4% paraformaldehyde (PFA) for 15 min, washed twice with PBS, then were stained
with BODIPY ™ 493/503 (1 pM) or HCS LipidTOX™ Red (1:200) for 1 h. Cells were then
again washed twice with PBS, followed by DAPI or Hoechst 33342 (1:1000) incubation for
5 min, and mounted on slides. Lipid droplets were visualized using a Revolve fluorescence
microscope (Echo). Six images were taken in total/group, and lipid droplets levels were
quantified by using the ImageJ software (Fiji). Average integrated density (IntDen) per cell
in each image was used to plot the graph.

Triglyceride Detection—UMRC?2, 786-0 and HKC cells were seeded in 10 cm dishes to
be 80-90% confluent, then treated with DMSO or DGAT1 inhibitor A922500 (20 uM) for
24 h. Cells were then collected to measure triglyceride levels according to manufacturer’s
instructions using the triglyceride quantification colorimetric/fluorometric kit. Briefly, cells
(1 x 107) were homogenized in 1 mL solution of 5% Nonidet P 40 Substitute, followed by
95°C heating for 4 mins twice. Then, solutions were centrifuged for 2 mins at top speed

to remove insoluble material and eluates were diluted 10-fold with water before assay. 2

ul lipase was added to each well followed by incubation for 20 mins at room temperature.
Afterwards, the Master Reaction Mix was set up according to the protocol of the kit and the
absorbance was measured at 570 nm by using the BioTek plate reader.
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Oxygen consumption rate (OCR) measurement—Seahorse XFe24 Analyzer was
used. The experimental procedure of OCR measurement was described previously (Zhang
and Zhang, 2019). Briefly, about 2x10* 786-O cells were seeded into the XF24 cell culture
microplate the day before assay, and the cells were cultured in substrate-limited medium
(basal DMEM supplemented with 1% FBS, 0.5 mM Carnitine, 0.5 mM Glucose and 1.0
mM GlutaMAX) overnight. In the meantime, calibrant was added into the bottom layer of
the XFe24 sensor cartridges (1 ml per well), then it was sealed by using plastic wrap and
incubated at 37°C incubator overnight. The next morning, the media were changed with
freshly prepared and prewarmed FAQ assay buffer (450 ul per well) supplemented with 5
mM HEPES, 0.5 mM Carnitine and 2.5 mM Glucose, with pH adjusted to 7.4, and then the
microplate was incubated in general 37°C incubator for 20 min. Concurrently, 400 uM fatty
acid oxidation inhibitor (ETO) was prepared in FAO buffer and added into the upper layer of
the XFe24 sensor cartridges (50 pl per well). The Seahorse XFe24 Analyzer was set up and
the sensor cartridges were loaded for calibration. The plates were analyzed according to the
manufacturer’s instructions. Data was normalized by cell counting for each well.

Flow Cytometry—The apoptosis assay was conducted by using the Biolegend FITC
Annexin V Apoptosis Detection Kit with P1 (50-403-826, Fisher Scientific) according to the
manufacturer’s instructions. Culture medium were changed the day before assay. Trypsin
without EDTA was used to trypsinize cells. Cells were counted for a cell suspension at
5x107 cells / ml. After FITC Annexin V and Pl were added and gently mixed followed by
incubation for 15 min at room temperature. Cells were analyzed at the Flow Cytometry Core
Facility in the University of Texas Southwestern medical center.

Mitochondrial Superoxide Detection—The mitochondrial reactive oxygen species
(ROS) level was measured by applying the MitoSOX™ Red Mitochondrial Superoxide
Indicator according to the manufacturer’s instructions. Briefly, cells were seeded on the
coverslips the day before measuring to allow cells to adhere. The next day, MitoSOX™ Red
reagent was applied the to the cells and incubated for 10 minutes at 37 °C. Cells were gently
washed with PBS three times, and incubated with Hoechst for 5 minutes, then mounted and
imaged using a Revolve fluorescence microscope (Echo).

Immunohistochemistry (IHC)—A rabbit polyclonal antibody against JMJD6 (Cell
Signaling Technology, 60602S) was used for IHC staining. IHC was carried out in the Bond
Autostainer (Leica Microsystems Inc.; Norwell MA). Briefly, after dewaxing and hydrating,
antigen retrieval was performed for 20 min at 100°C in EnVision FLEX Target Retrieval
Solution (Low pH). Slides were incubated with JIMJD6 (1:1000) primary antibody for 20
min, followed by secondary antibody incubation. Antibody detection was conducted using
the BOND Intense R detection system with ImmPress Horseradish Peroxidase anti-rabbit,
then stained slides were dehydrated and cover slipped. Positive and negative controls were
also included in this experiment. For slides analysis, pathologist Liwei Jia from department
of Pathology at UT Southwestern Medical Center was responsible for detailed pathological
analysis while pathologist Payal Kapur was responsible for A-score analysis, detailed
analysis results are showed in table S3. For images taken, stained slides were digitally
scanned at 40x magnification using NanoZoomer S60 Digital slide scanner C13210-01 at
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UTSW Whole Brain Microscopy Facility, and representative images showed are at 20x
combined with 40x magnification.

Western Blotting—EBC buffer (120 mM NaCl, 0.1 mM EDTA, 50mM Tris-HCI pH8.0,
0.5% NP40 and 10% glycerol) supplemented with protease inhibitor cocktail (Roche) and
phosphoSTOP tablets (Roche) was used as lysis buffer. Tissue samples were homogenized
by using TissueRuptor 11 (QIAGEN) while cell samples were lysed directly in EBC buffer
followed by centrifuging at 14000 rpm, 4°C for 10 min using a benchtop centrifuge
(MIKRO 200R). Cell lysate protein concentration was measured by Bradford assay, and
further equal adjusted. The same amount of protein was loaded and resolved by SDS-PAGE.
For clinical tissue samples, Ponceau S staining was performed post-transfer by applying
ponceau stain (0.1% dye and 5% of acetic acid) for 5 min, and images were captured by
using the Epson Scanner. Normally after transferring and blocking, the NC membranes were
incubated with primary antibodies (all antibodies were diluted at 1:1000) overnight and
incubated with secondary antibodies (1:5000 dilution) the next day. The membranes were
incubated with chemiluminescent substrates ECL or SuperSignal™ West Femto maximum
sensitivity substrate, and protein bands were acquired by using the ChemiDoc Imaging
System (Bio-Rad).

Immunoprecipitation and Mass Spectrometry—~Prepare whole-cell lysates using
EBC buffer supplemented with phosphatase inhibitor and protease inhibitor. Measure protein
concentration by Bio-Rad Protein Assay Dye and equal the amount of protein incubating
with primary antibodies. Specifically, cell lysates were incubated with anti-HA affinity
matrix overnight while incubated with anti-FLAG® M2 affinity gel just for 4h. For general
immunoprecipitation, agarose beads binding with proteins were washed three times (10min
rotation at 4°C/time and centrifugation at 2000rpm for 2min), then use 3x loading to
denature protein at 95~100°C for 10min. For mass spectrometry analysis, 8M urea was used
to elute the proteins on the agarose beads. Take 5-10% final elution for diagnostic silver
staining, while apply TCA precipitation for all the remaining elution. Send the air-dried
pellet for further mass spectrometry analysis.

Human ccRCC tumors—cCell lysates generated from defined ccRCC patient tissues with
WT VHL or loss of VHL were obtained from UNCseq projects as described previously
(Zhang et al., 2018) and was previously approved by the University of North Carolina at
Chapel Hill Institutional Review Board (IRB). The fresh-frozen human paired (ccRCC and
adjacent normal tissue) samples were obtained from UTSW and the sample related studies
have been approved by the UT Southwestern Institutional Review Boards (IRBs).

QUANTIFICATION AND STATISTICAL ANALYSIS

RNA-seq Analysis—Total RNA was extracted from 786-0 cells (in triplicate) post

72 hours infected with control or IMJD6 sgRNA2/4 using the RNeasy® Mini Kit, and
RNase-Free DNase Set was applied for DNase digestion during RNA purification. Library
preparation, quality control and sequencing were performed by Novogene company, the
reads were analyzed as described previously (Liu et al., 2020). Briefly, reads were filtered
for adaptor contamination using cutadapt such that we can get a quality score > 20 for at
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least 90% of bases of each read. Reads were aligned to the reference genome (hg19) using
the STAR version 2.5.2b retaining only primary alignments. Then the reads overlapping
blacklisted regions of the genome were removed. Transcript abundance was estimated

using salmon and differential expression was detected using DESeq2. The RNA-seq data
were deposited in GEO under the accession number GSE182888. The clinical RNA-seq
data was obtained from Dr. Roy Elias at Internal Medicine of the UT Southwestern

Medical Center. These RNA-seq data were deposited in EGA under the accession number
EGAS00001005516. Comparison analysis between two set of data and Pearson analysis
between two genes (JMJID6-DGAT1/MFSD3/IPO13/DNAJB12/ZSWIM8), as well as graph
plotting were performed using Prism 9.0.

ChlP-seq and Integrated Analysis—ChlIP was performed on 786-0O cells with
anti-JMJD6 and anti-H3K4me3 antibody. Briefly, samples were cross-linked with 1%
formaldehyde on a shaker for 10 min, followed by adding 125 mM glycine to quench
unreacted formaldehyde. Samples were collected by centrifuging at 1500 x g, 4°C for 10
min (50 ml tube, 20 150 mm dishes per sample), followed by lysis and sonication (in

5 ml lysis buffer with 1 ml 0.5 mm glass beads; 30 s on 30 s off/cycle, 50 cycles in

total). Meanwhile, dynabeads were incubated with JIMJD6 or H3K4me3 antibody at 4°C
(100 pl beads using 10 pg antibody), rotating overnight. The sonicated samples were then
incubated with antibody-bound dynabeads overnight at 4°C. Beads were washed 8 times
by applying a magnetic stand, then spun to collect samples, and eluted 30 min at 65°C,
followed by reversing crosslinks at 65°C overnight. RNA was digested using RNase at
37°C for 1 h, and protein was digested using Proteinase K at 55°C for 2 h. DNA was
purified using Qiagen PCR purification kit. DNA libraries were prepared using NEBNext®
Ultra™ Il DNA Library Prep Kit for Illumina® combined with NEBNext Multiplex Oligos
for Illumina according to manufacturer’s instructions. The quality of prepared DNA library
was checked by applying High Sensitivity D1000 Reagents and corresponding ScreenTape
(5067-5584/5585, Agilent Technologies). Briefly, 2 ul sample buffer and 2 pl ladder or
DNA library sample were applied in optical tube strips (401428, Agilent Technologies),
mixed thoroughly for 1 min by using a vortex mixer followed by briefly centrifugation.
Then, these samplers and the ScreenTape were loaded into the Agilent 4200 TapeStation
machine followed by measurement. After the band size was analyzed to make sure the

size of DNA is appropriate (300~500bp), the DNA was sent for sequencing at the CRI’s
Sequencing Facility at UT Southwestern. The reads were processed as previously described
(Liu et al., 2020; Zhang et al., 2018). The JMJD6 ChlP-seq data was deposited to GEO
under the accession number GSE182888. The histone modification (except H3K4me3)
ChIP-seq data were obtained from GSE86095, and HIF ChlP-seq data were obtained from
GSE98012. Prognostic value of genes was analyzed as previously described (Zhang et

al., 2018). Briefly, we used software R (R package survival_2.40-1) to perform univariate
Kaplan—Meier analysis using the Cox—Mantel log-rank test. Patients were stratified into 2 or
3 equal-sized groups based on rank order of gene expression, and overall survival was used
as an endpoint. Important JMJDG6 direct target genes in ccRCC were identified by applying
the criteria as below: 1. for RNA-seq data, differential expression adj” < 0.05; 2. for TCGA
data, C-index > 0.5, Cox Pvalue < 0.05, and Cox hazard ratio is higher than 1; 3. for
ChiIP-seq data, JMJD6 and H3K4me3 binding peaks in the promoter regions (TSS +/- 5 kb).
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For ChlPs that only aimed for ChIP-PCR, we applied the SimpleChIP® Enzymatic
Chromatin IP Kit to perform anti-pol I1, anti-H3K4me3 or anti-HA tag antibody ChIP in
786-0 cells. The sequence of ChIP-gPCR primers can be found in table S6. The data
obtained were analyzed using the following formula to indicate the abundance of proteins
enriched at the gene promoters: percent input = 100% x 2(CT inputsample - CT IP sample)

Statistical Analysis—The experimental data were presented as mean = SEM. Statistical
analysis was carried out using Prism 9.0 (GraphPad Software), unpaired/paired T-test and
Pearson Correlation were applied to analyze two sets of data, while one-way ANOVA
followed by a post hoc Dunnett-t-test or a post hoc Bonferroni—t-test was used to perform
multiple comparisons. For statistical significance, *, **, *** and **** denote P value of <
0.05, 0.01, 0.001 and 0.0001 respectively, and n.s. means no significance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

An unbiased siRNA screen identifies IMJID6 to be essential for ccRCC 3D
growth

JMJD6 contributes to ccRCC growth in an enzymatically independent manner

JMJD6 controls LD and ccRCC by interacting with RBM39 to regulate
DGAT1 expression

DGAT1 inhibitor displays potential therapeutic efficacy in ccRCC
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Figure 1. IMJDG6 is an Essential Gene for ccRCC Cell Growth
(A) Integration of potential positive hits and mMRNA level and prognosis in kidney cancer,

hits with decreased colonies & higher mRNA level & worse prognosis were further
considered as positive hits.
(B-J) Immunoblotting (B and F), MTS proliferation assays (n=5) (G), 2D colony formation
assay (C and H), representative soft agar images (D and I) and corresponding quantification
data (n=3) (E and J) in indicated cell lines transduced with shCtrl/sgCtrl, JIMJD6 sShRNA3/4
(sh3, sh4) or sgRNA2/4 (592, sg4).
(K-N) Immunoblotting (K), incucyte cell proliferation assay (n=5) (L), 2D colony formation
assay and representative soft agar images (M), and corresponding quantification data (n=3)
(N) in 786-0 cells overexpressed with empty vector or HA-JMJD6 sg2-resistant (JMJIDG6)

or catalytic dead HA-JMJD6 sg2-resistant (CD) followed by infection with sgCtrl or JMJD6

Sg2.
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Error bars represent SEM, two-tailed Student’s t-test, */<0.05, **/<0.01, ***/<0.001. n.s.
means no significance.
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Figure 2. IMJD6 is Required for ccRCC Tumorigenesis in vivo
(A-H) Immunoblotting (A and B), incucyte cell proliferation assay (n=5) (C and D), 2D

colony formation assay and representative soft agar images (E and G), and corresponding
quantification data (n=3) (F and H) in UMRC?2 or 786-0 luciferase stable cells transduced
with teton-control ShRNA (shCtrl) or teton-JMJD6 ShRNA4 (shJMJDé6) and treated with or
without doxycycline as indicated.

(1-O) Representative bioluminescence imaging of mice before (0 week) and 2/4/6 weeks
post-doxycycline treatment (1) and corresponding quantification (J), immunoblotting of
tumors (K), tumor weight after dissection (L), image of tumors (M), representative lung
ex vivo bioluminescence imaging (N) and corresponding quantification (O) from 786-O
luciferase stable cell lines that transduced with teton control (shCtrl) or teton-JMJD6
shRNA4 (shJMJD6) followed by orthotopic injection into the renal sub-capsule of NOD
SCID gamma (NSG) mice (n=9).
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(P) JMJD6E mRNA level in paired normal (N) and tumor (T) patient tissues, n=41.

(Q and R) Representative images (Q) and corresponding H-score (R) for IMJD6
immunohistochemical (IHC) staining in ccRCC paired patient tissues, n=20.

Error bars represent SEM, two-tailed Student’s t-test, */£<0.05, **/<0.01, ***/F<0.001,
****P£<0.0001. n.s. means no significance.
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Figure 3. Identification of Critical IMJD6JD6 Target Genes in ccRCC
(A) Integrated analyses of ChlIP-segs (including JMJDG6, HIF1p, HIF2a, H3K4mel,

H3K4me3, H3K27ac and H3K27me3), log2 fold change (LFC) for IMID6 RNA-seq with
two different sgRNAs, and RCC patient prognosis (Cox HR value). Critical target genes
were marked on the right.

(B) ChlP-seq binding peaks on MFSD3/DGAT1/ZSWIMS/IMJID6/DNAJB12/IPO13 gene
promotor for IMID6, HIF1B, HIF2a, H3K4mel, H3K4me3, H3K27ac and H3K27me3.
(C) ChIP-PCR validation of JMJD6 binding at 6 target gene promoters compared to 1gG IP
control, and an inactive intragenic region served as a negative control (NC), n=3.

(D and E) RTg-PCR quantification of JIMJD6 target genes from 786-0 cells transfected
with sgCtrl or IMJD6 sgRNASs (sgJMJD6-2/4) (D) or HA-JMJD6 sg2-resistant (JMJD6),
catalytic dead HA-JMJD6 sg2-resistant (CD) followed by infection with sgCtrl or
sgJMJD6-2 (E), n=3.
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(F) ChIP-PCR of H3K4me3 binding at 6 target gene promoters in 786-0 cells transduced
with sgCtrl or IMID6 sgRNAs (sgJMJD6-2/4), n=3.

Error bars represent SEM, two-tailed Student’s t-test, */£<0.05, **F<0.01, ***/<0.001,
**** Ppc(.0001. n.s. means no significance.
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Figure 4. DGAT1 Serves as a Critical IMJD6 Effector in ccRCC
(A) Immunoblotting analysis of indicated ccRCC cell lines transduced with sgCtrl or JIMJD6

sgRNA2/4 (sg2, sg4).
(B-D) Immunoblotting (B), 2D colony formation assay and representative soft agar images

(C), and corresponding quantification data (n=3) (D) in UMRC2 cells overexpressed

Page 30

with empty vector or DGAT1, followed by infection with lentivirus expressing sgCtrl or

sqJMJID6-2.

(E) DGATI mRNA level in paired normal (N) and patient derived xenograft (PDX) tissues,

n=38.

(F) Kaplan-Meier plots of survival data for kidney cancer patients stratified by DGAT1
ssion levels.
(G) Immunoblotting for lysates from indicated ccRCC paired patient normal (N) and tumor

MRNA expre

(T) tissues, n=

10.
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(H) Pearson’s correlation analysis of quantified protein level between JMJD6 and DGAT1 in
20 pairs ccRCC patient normal and tumor tissues.

(1) Immunoblotting of indicated cell lines overexpressed with control (Vector) or HA-JMJD6
sg2-resistant (JMJDG), followed by infection with sgCtrl or sgJMJD6-2.

(J-Q) Immunoblotting (J and N), 2D colony formation assay (K and O), representative soft
agar images (L and P) and corresponding quantification data (n=3) (M and Q) in indicated
cell lines transduced with either shCtrl or DGATZ shRNAs or sgRNAs.

(R) Lists of IMJD6 binding proteins identified by mass spectrometry (MS). RBM39 is a
JMJDG6 interactor identified by further immunoprecipitation confirmation followed by MS.
(Sand T) Immunoblotting (S) and RT-gPCR quantification (T) of indicated cell lines
infected with shCtrl or shRBM39-3/5.

(U and V) RT-gPCR quantification (U) and immunoblotting (V) of indicated cell lines
treated with indisulam at indicated concentration for 48h.

(W and X) Immunoblotting (W) and ChIP-PCR of H3K4me3 binding at DGAT1 gene
promoters in 786-0 cells infected with empty vector or plnducer-JMJD6 followed by
infection with shCtrl or shRBM39-5. A region located near DGAT that has negative-
looking signal serves as a negative control (NC’).

Error bars represent SEM, two-tailed Student’s t-test, *£<0.05, **/<0.01, ***/F<0.001.

Mol Cell. Author manuscript; available in PMC 2023 August 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

A

shCtrl

UMRC2

UMRC2 786-0

786-0

shDGAT1-1

shDGAT1-2

B UMRC2-red &~ . 786-0red
gy e 5207 s
277 = x =
z . S 158
3 [
S 5 104 &
g g [ .
2 K g 05| |2 ﬁ
& || |HE g [F
Eos Mﬁ E 00ty
D ANAY ANV
XN (N AN KN
SRR SR
PR RS
e S
F sgCr sgIMID62  sgIMIDE4
o
(s}
['4
z
S
o
©
2
g
@
(s}
['4
s
5
o
O
..
<8
5
ol
@
2
£
©
(s}
o
z
s

Figure 5. IMJD6 Promotes Lipid Droplet Formation via DGAT1 in ccRCC
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quantification data (red-B, green-C) in indicated cell lines transduced with shCtrl or DGAT1
shRNAZL/2. Nuclei were stained with Hoechst 33342 or DAPI (blue).
(D and E) Representative fluorescence imaging (n=6 images in total) (D) of lipid droplets

stained with HCS LipidTOX™ (red) or BODIPY 493/503 (green), and corresponding

quantification data (E) in indicated cell lines treated with DMSO (Ctrl) or DGAT1 inhibitor
A922500 (DGAT1i, 40 uM) for 24 h. Nuclei were stained with Hoechst 33342 or DAPI

(blue).

(F and G) Representative fluorescence imaging (n=6 images in total) (F) of lipid droplets

stained with HCS LipidTOX™ (red) or BODIPY 493/503 (green), and corresponding

quantification data
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(G) in indicated cell lines transduced with sgCtrl or IMJD6 sgRNA2/4. Nuclei were stained
with Hoechst 33342 or DAPI (blue).

(H and 1) Representative fluorescence imaging ((n=6 images in total)) (H) of lipid droplets
stained with BODIPY 493/503 (green) or HCS LipidTOX™ (red), and corresponding
quantification data (I) in UMRC2 cells overexpressed with empty vector (Vec) or DGAT1,
followed by infection with sgCtrl or IMJD6 sg2. Nuclei were stained with Hoechst 33342 or
DAPI (blue).

Error bars represent SEM, two-tailed Student’s t-test. Scale bar, 50 um. **/<0.01,
***P<(0.001. n.s. means no significance.
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Figure 6. DGAT1 Inhibition Reduces Tumor Growth in ccRCC Models
(A and B) Representative soft agar images (A) and colony quantification (n=3) (B) in

indicated cell lines treated with DMSO or DGAT1 inhibitor A922500 (10/20/40 uM) for
14days.

(C-E) Representative bioluminescence imaging (C) of before (0 week) and 5 weeks post
DGAT1 inhibitor A-922500 (60mg/kg/day, oral gavage), quantification of post-DGAT1i
treatment bioluminescence imaging (D), tumor weight after dissection (E) in 786-O-derived
orthotopic model (NSG, n=5).

(F-1) Immunoblotting (F), incucyte cell proliferation assay (n=5) (G), 2D colony formation
assay and representative soft agar images (H), and colony quantification (n=3) (1) in 786-O
luciferase stable cell lines transduced with teton-control ShRNA (shCtrl) or teton-DGAT1
shRNA (shDGATI) and treated with or without doxycycline as indicated.
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(J-P) Representative bioluminescence imaging of before (0 week) and 8 weeks post-
doxycycline treatment (J), quantification of post-doxycycline treatment bioluminescence
imaging (K), tumor weight (L), image of tumors (M) after dissection, representative lung

ex vivo bioluminescence imaging (N) and corresponding quantification (O), immunoblotting
analysis (P) from 786-O luciferase stable cells transduced with lentivirus expressing either
Teton control (shCtrl) or teton-DGAT1 shRNA (shDGATI) that were injected orthotopically
into the renal sub-capsule of NSG mice (n=10).

(Q) Schematics or IMID6-DGAT1 signaling axis in ccRCC. JMJD6 interacts with RBM39
and occupies target gene promoters along with H3K4me3 and activates DGAT1 expression,
which contributes to increased triglyceride (TG), lipid droplet formation and ccRCC
tumorigenesis.

Error bars represent SEM, two-tailed Student’s t-test, *£<0.05, **F<0.01, ***/<0.001. n.s.
means no significance.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit anti-JIMJD6 for WB and IHC

Cell Signaling Technology

Cat# 60602; RRID: AB_2799591

Rabbit anti-JMJD6 for ChIP and IP

Abcam

Cat# ab64575; RRID: AB_1280968

Rabbit anti-HA-Tag

Cell Signaling Technology

Cat# 3724; RRID: AB_1549585

Rabbit anti-H3K4me3-ChlIP Grade

Abcam

Cat# ab8580; RRID: AB_306649

Rabbit anti-V5-Tag

Cell Signaling Technology

Cat# 13202; RRID: AB_2687461

Rabbit anti-DGAT1

Abcam

Cat# ab181180

Rabbit anti-RNA polymerase 11

Abcam

Cat# ab264350

Rabbit anti-MFSD3

NOVUS Biologicals

Cat# NBP2-83199

Rabbit anti-IPO13

NOVUS Biologicals

Cat# NBP1-31508; RRID: AB_2296220

Rabbit anti-DNAJB12

ProteinTech

Cat# 16780-1-AP; RRID: AB_2094404

Rabbit anti-PHRF1 Abcam Cat# ab85974; RRID: AB_1925150
Rabbit anti-CPSF6 Abcam Cat# ab175237; RRID: AB_2861386
Rabbit anti-RBM39 Sigma-Aldrich Cat# HPA001591; RRID: AB_1079749

Rabbit anti-H4R3me2s

Thermo Fisher Scientific

Cat# 61188

Rabbit anti-Histone 4

ProteinTech

Cat# 16047-1-AP; RRID: AB_2118625

Mouse anti-SET1A Santa cruz Cat# sc-515590

Mouse anti-MLL (H-10) Qin Yan lab Cat# sc-374392; RRID: AB_10988264
Rabbit anti-MLL2 Qin Yan lab Cat# 63735; RRID: AB_2737357
Mouse anti-MLL-C Weibo Luo lab Cat# 05-765

Mouse anti-ARNT1/HIF-1b

BD Biosciences

Cat# 611078; RRID: AB_398391

Rabbit anti-VHL

Cell Signaling Technology

Cat# 68547; RRID: AB_2716279

Rabbit anti-HIF-2alpha

Cell Signaling Technology

Cat# 7096, RRID: AB_10898028

Normal Rabbit IgG

Cell Signaling Technology

Cat# 2729; RRID: AB_1031062

Mouse anti-alpha-Tubulin

Cell Signaling Technology

Cat# 3873; RRID: AB_1904178

Mouse anti-B-Actin

Cell Signaling Technology

Cat# 3700; RRID: AB_2242334

Mouse anti-Vinculin Sigma-Aldrich Cat# V9131; RRID: AB_477629
Rat anti-HA affinity matrix Millipore Sigma Cat# 11815016001; RRID: AB_390914
Mouse anti-FLAG M2 Affinity Gel Sigma-Aldrich Cat# A2220, RRID: AB_10063035

Dynabeads™ M-280 sheep anti-rabbit 1gG

Thermo Fisher Scientific

Cat# 11203D; RRID: AB_2783009

HRP-conjugated goat anti-mouse

Thermo Fisher Scientific

Cat# 31430; RRID: AB_228307

HRP-conjugated goat anti-rabbit 19G

Thermo Fisher Scientific

Cat# 31460; RRID: AB_228341

Bacterial and virus strains

Competent Cells

MAX Efficiency™ DH5a Competent Cells | Thermo Fisher Scientific Cat# 18258012
One Shot™ Stbl3™ Chemically Competent | Thermo Fisher Scientific Cat# C737303
E. coli

One Shot™ ccdB Survival™ 2 T1R Thermo Fisher Scientific Cat# A10460
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REAGENT or RESOURCE SOURCE IDENTIFIER
XL10-Gold Ultracompetent Cells Agilent Technologies Cat# 200315
lentiCRISPR v2 Addgene Cat# 52961
Tet-pLKO-puro Addgene Cat# 21915
pInducer20 Addgene Cat# 44012
Biological samples
Human ccRCC paired tissues Tissue procurement facility at N/A

UNC
Human ccRCC paired tissues and IHC UTSW Tissue Management N/A
slides Shared Resource Center
Patient-derived xenografts (PDX) human renal cell carcinoma N/A

tumorgraft platform for

preclinical drug testing in

UTSW
Chemicals, peptides, and recombinant proteins
lodonitrotetrazolium chloride Sigma-Aldrich Cat# 18377
MTS reagents Abcam Cat# ab197010
Crystal violet Sigma-Aldrich Cat# C-6158
Doxycycline Sigma-Aldrich Cat# D9891
D-Luciferin-potassium salt Goldbio Cat# LUCK-1G
Ponceau S Sigma-Aldrich Cat# P3504
BODIPY ™ 493/503 Thermo Fisher Scientific Cat# D3922
HCS LipidTOX™ Red Thermo Fisher Scientific Cat# H34476
DAPI Sigma-Aldrich Cat# D9542
Hoechst 33342 Fisher Scientific Cat# H3570
A922500 MedChem Express Cat# HY-10038
WL12 Axon Med Chem Cat# 899548-78-8
ETO MedChem Express Cat# HY-50202A
RNase Roche Cat# 11119915001
Proteinase K Sigma-Aldrich Cat# 3115828001

polybrene Santa Cruz Biotechnology Cat# sc-134220
RNAIMAX transfection reagent Thermo Fisher Scientific Cat# 13778150
MitoSOX™ Red Mitochondrial Superoxide | Thermo Fisher Scientific Cat# M36008
Indicator
matrigel Corning Cat# 354234
Triacsin C Mike Henne lab (Piccolis etal., | Cat# sc-200574A
Indisulam Nijhawan Lab (Han et al., N/A

2017)
Puromycin GIBCO Cat# A11138-03
Hygromycin Invitrogen Cat# 10687010

G418 Sulfate

Thermo Fisher Scientific

Cat# 10-131-027

Lipofectamine 3000 transfection reagent

Thermo Fisher Scientific

Cat# L3000015

Critical commercial assays
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Facility

REAGENT or RESOURCE SOURCE IDENTIFIER
RNeasy mini kit Qiagen Cat# 74106
iScript™ cDNA Synthesis Kit Bio-Rad Cat# 1708891
Quick Change XL Site-Directed Agilent Technologies Cat# 200516
Mutagenesis Kit
SimpleChIP® Enzymatic Chromatin IP Kit | Cell Signaling Technology Cat# 9003
QEBNEX@ Ultra™ Il DNA Library Prep New England Biolabs Cat# E7645S
i
triglyceride quantification colorimetric/ Sigma-Aldrich Cat# MAK266
fluorometric kit
FITC Annexin V Apoptosis Detection Kit Biolegend Cat# 640914
with Pl
RNase-Free DNase Set QIAGEN Cat# 79256
KOD -Plus- Mutagenesis Kit Toyobo Cat# SMK-101
Deposited data
JMJD6 ChIP-seq data This paper GSE182888
JMJID6 RNA-seq data This paper GSE182888
Mass spectrometry data This paper Suppl. table 2
Mendeley Database This paper https://data.mendeley.com/datasets/k46xbs8b3s/draft?
a=8df74bbf-6b1b-46e5-8f32-0f512edba78f
Experimental models: Cell lines
786-0O ATCC CRL-1932
A498 ATCC HTB-44
293T ATCC CRL-3216
UMRC2 Sigma-Aldrich Cat# 08090511
UMRC6 Sigma-Aldrich Cat# 08090513
HKC W. Kimryn Rathmell Lab N/A
Experimental models: Organisms/strains
NOD SCID Gamma mice Animal Resource Center N/A
(ARC) at UTSW
Oligonucleotides
Non-targeting siRNA Dharmacon Cat# D0012100220
CPSF6 siRNA- 1 Thermo Fisher Scientific s21773
CPSF6 siRNA- 2 Thermo Fisher Scientific s21774
CPSF6 siRNA- 3 Thermo Fisher Scientific s21775
CPSF6 siRNA- 4 Thermo Fisher Scientific $223186
All other siRNA targeting sequence, see This paper N/A
Table S1
JMJID6 shRNA3 Millipore Sigma TRCNO0000063339
JMJID6 shRNA4 Millipore Sigma TRCNO0000063340
RBM39 shRNA3 UNC lenti-shRNA Core TRCNO0000021772
Facility
RBM39 shRNA5 UNC lenti-shRNA Core TRCNO0000021769
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CGATGGCTACTCAGTGAAGAT

REAGENT or RESOURCE SOURCE IDENTIFIER

DGAT1 sgRNA2/shRNAs Deliang Guo lab (Cheng et al., N/A
2020)

Primers for RT-gPCR, see Table S4 This paper N/A

Primers for ChIP-gPCR, see Table S5 This paper N/A

JMJID6 sgRNA-2 targeting sequence: This paper N/A

TGAAAGACCTTACAAGCCCG

JMJID6 sgRNA-4 targeting sequence: This paper N/A

GTATGGCACAAGACGGTAAG

DGAT1 sgRNA-3 targeting sequence: This paper N/A

CGGCGGCGGAAGAGGAGGTG

Tet-on JMJD6 shRNA targeting sequence: This paper N/A

Recombinant DNA

DGAT1 cDNA clone

GeneCopoeia

Cat# EX-Z9248-1.X304

MFSD3 in pLenti6.3/V5-DEST DNASU Cat# HsCD00866262
pLX307-mCherry-ZSWIM8 Joshua Mendell lab (Han etal., | N/A

2020)
DNAJB12 in pDONR223 DNASU Cat# HsCD00352383
IPO13 in pDONR221 DNASU Cat# HsCD00861619
plenti-UBCp-FLAG-HA-JMJD6 This paper N/A
pInducer-JMJD6-sg2-resistant This paper N/A
pInducer-JMJD6-CD (H187A/D189A) This paper N/A
-sg2-resistant
pInducer-JMJD6 This paper N/A
pInducer-JMJD6-CD (H187A/D189A) This paper N/A
Software and algorithms
Fiji, ImageJ ImageJ https://imagej.net/Downloads
GraphPad Prism 9 GraphPad https://www.graphpad.com/scientific-software/prism/
Other
XF24 cell culture microplate Agilent Cat# 102720-100

DMEM, no glucose, no glutamine, no
phenol red

Thermo Fisher Scientific

Cat# A1443001

Purina rodent chow doxycycline

Research Diets

Cat# C11300-2000i

Gateway™ BP Clonase™ Il Enzyme mix

Fisher Scientific

Cat# 11-789-020

Gateway™ LR Clonase™ Il Enzyme mix

Fisher Scientific

Cat# 11-791-100

Tet system approved FBS

Takara Bio

Cat# 631105

high sensitivity D1000 reagents

Agilent Technologies

Cat# 5067-5585

high sensitivity D1000 screen tape

Agilent Technologies

Cat# 5067-5584

ECL Bio-Rad Cat# 1705061
SuperSignal™ West Femto maximum Thermo Fisher Scientific Cat# 34096
sensitivity substrate

NEBNext Multiplex Oligos for lllumina New England Biolabs Cat# E7335S
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