A cytoplasmic COMPASS is necessary
tor cell survival and triple-negative breast
cancer pathogenesis by regulating
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Mutations and translocations within the COMPASS (complex of proteins associated with Set1) family of histone
lysine methyltransferases are associated with a large number of human diseases, including cancer. Here we report
that SET1B/COMPASS, which is essential for cell survival, surprisingly has a cytoplasmic variant. SET1B, but not
its SET domain, is critical for maintaining cell viability, indicating a novel catalytic-independent role of SET1B/
COMPASS. Loss of SET1B or its unique cytoplasmic-interacting protein, BOD1, leads to up-regulation of expression
of numerous genes modulating fatty acid metabolism, including ADIPOR1 (adiponectin receptor 1), COX7C, SDC4,
and COQ7. Our detailed molecular studies identify ADIPORI1 signaling, which is inactivated in both obesity and
human cancers, as a key target of SET1B/COMPASS. Collectively, our study reveals a cytoplasmic function for a
member of the COMPASS family, which could be harnessed for therapeutic regulation of signaling in human dis-

eases, including cancer.
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Misregulation of histones modifiers has emerged as a
common therapeutic target for the treatment of different
human diseases (Piunti and Shilatifard 2016). Although
the physiological importance of protein lysine methyla-
tion remained obscure for many years, several protein
lysine methyltransferases (KMTs) as well as lysine deme-
thylases (KDMs) have now been identified, and their phys-
iological significance has begun to be elucidated.
Molecular perturbation of KMTs and KDMs has been
demonstrated as a common mechanism underlying tu-
morigenesis (Hamamoto et al. 2004; Kotake et al. 2007;
Mazur et al. 2014).

All known KMTs that associate with chromatin con-
tain a catalytic SET domain, with the exception of
Dotl, which harbors a unique enzymatic domain. Based
on the primary amino acid sequence architecture and
substrate specificity, KMTs can be divided into six sub-
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families: KMT1-6 (Mohan et al. 2012). SET1A, SET1B,
and MLL1-4 belong to the KMT2 family, which is capa-
ble of monomethylating, dimethylating, and trimethy-
lating histone H3 Lys4 (H3K4), and this histone mark
is considered to be involved in positive regulation of
gene transcription (Kouzarides 2007; Mohan et al.
2012; Shilatifard 2012). This family of enzymes was bio-
chemically isolated initially from yeast within a macro-
molecular complex and named COMPASS (complex of
proteins associated with Setl) (Miller et al. 2001; Krogan
et al. 2002; Shilatifard 2012). COMPASS was demon-
strated to be highly conserved from yeast to humans,
with one COMPASS family member in yeast and six
KMT2/COMPASS members in mammals (Shilatifard
2012; Piunti and Shilatifard 2016). MLL1 and MLL2/

©2017 Wang et al. This article is distributed exclusively by Cold Spring
Harbor Laboratory Press for the first six months after the full-issue publi-
cation date (see http://genesdev.cshlp.org/site/misc/terms.xhtml). After
six months, it is available under a Creative Commons License (At-
tribution-NonCommercial 4.0 International), as described at http://creati-
vecommons.org/licenses/by-nc/4.0/.

2056 GENES & DEVELOPMENT 31:2056-2066 Published by Cold Spring Harbor Laboratory Press; ISSN 0890-9369/17; www.genesdev.org


mailto:ash@northwestern.edu
mailto:ash@northwestern.edu
http://www.genesdev.org/cgi/doi/10.1101/gad.306092.117
http://www.genesdev.org/cgi/doi/10.1101/gad.306092.117
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://genesdev.cshlp.org/site/misc/terms.xhtml

COMPASS contain the tumor suppressor factor Menin
within their complexes, while MLL3 and MLL4/COM-
PASS are associated with PTIP, PAl, NCOAG6, and
UTX (Cho et al. 2007; Shilatifard 2012). Interestingly,
SET1A and SET1B are more similar to yeast SET1/COM-
PASS, and all of the yeast subunits have corresponding
mammalian counterparts (Wu et al. 2008). Although
both SET1A and SET1B share the same subunit compo-
sition, global reduction of H3K4 methylation levels is
observed only in SET1A but not in SET1B knockout em-
bryonic stem cells (ESCs) and embryos. Overexpression
of SET1B fails to rescue the ESC proliferation defects in-
duced by the loss of SET1A, suggesting that SET1B may
have a function distinct from that of its homolog, SET1A
(Bledau et al. 2014). SET1A/COMPASS has been shown
to regulate wnt target genes and control tumor growth
of colorectal cancer cells (Salz et al. 2014; Cao et al.
2017; Sze et al. 2017). However, the function of SET1B
remains unclear.

Here, we report the existence of a cytoplasmic form of
SET1B/COMPASS, which is essential for maintaining tu-
mor cell viability and promotes cell growth. We further
uncovered the catalytic-independent function of the
SET1B/BODI complex in mediating the cellular metabol-
ic program. Our study provides novel insights showing
that targeting the SET1B/COMPASS pathway is a poten-
tial therapeutic strategy for different human diseases,
such as diabetes and cancer.

Cytoplasmic COMPASS regulates metabolic process

Results
A cytoplasmic version of COMPASS

Emerging evidence uncovered the novel functions of nu-
clear multiprotein complexes in the cytoplasm, such as
the PRC2 complex (Bodega et al. 2017) and the BAP1 com-
plex (Bononi et al. 2017). To investigate whether the
COMPASS complex exists in the cytoplasm of mammali-
an cells, we purified RBBP5, a common subunit of all
COMPASS complexes in mammals, from both the cyto-
plasm and nucleus (Fig. 1A} in MCF?7 cells. Mass spectro-
metric analysis with the purified material reveals that the
majority of SET1B/COMPASS is found within the cyto-
plasmic fraction (Fig. 1B,C). Western blot analysis further
confirms our mass spectrometric data by demonstrating
that SET1B is confined mostly to the cytoplasm in these
cells (Fig. 1D). In order to investigate whether cytoplasmic
SET1B can function within COMPASS as a KMT, we im-
munoprecipitated members of the COMPASS family
from cytoplasmic and nuclear extracts and analyzed their
endogenous interactions with SET1B. As shown in Figure
1E, the cytoplasmic SETI1B stably interacts with the
WARD complex, which stimulates for COMPASS catalyt-
ic activity, while MLL3 only forms a complex with the
WARD complex in the nucleus. To further confirm the
subcellular localization of SET1B, we generated antibod-
ies specific for SET1B immunofluorescence (IF) staining.
To determine the specificity of the antibodies, we first
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tested the COMPASS-specific antibodies by performing IF
in HeLa cells transfected with nontargeting shRNA or
SET1B shRNA. Surprisingly, we found that in HeLa cells,
most of the SET1B staining is localized in the cytoplasm,
while SET1A is localized consistently in the nucleus (Fig.
1F; Supplemental Fig. STA). In order to exclude the possi-
bility that there may be mutations in the SET1B gene in
HelLa cells that lead to its mislocalization to the cyto-
plasm, we transfected a Flag-tagged full-length SETI1B
cDNA into HEK293T cells and performed IF with anti-
Flag (Supplemental Fig. S1B). Consistent with the IF ex-
periments in HeLa cells, we found that the majority of
the IF signal is localized in the cytoplasm. Moreover, the
cellular localization of SET1B is the same in normal hu-
man epithelial cells and in MCF7 cells (Supplemental
Fig. SIC,D).

SET1B, but not its SET domain, maintains cell viability

To investigate the function of cytoplasmic SET1B/COM-
PASS, we knocked down SET1B with two different
shRNAs in multiple cell lines (Fig. 2A). The specificity
of the shRNAs was tested by quantitative PCR (qPCR)
(Supplemental Fig. S2A). Consistent with findings report-
ed in mouse ESCs (Bledau et al. 2014), depletion of SET1B
does not affect bulk histone H3K4 methylation (Fig. 2A).
Interestingly, as exhibited by the colony formation (Fig.
2B) and cell counting (Fig. 2C) assays, we found that mul-
tiple cancer cell lines are not able to survive upon SET1B
depletion. To determine that the effects observed are spe-
cific to SET1B, we also knocked down SET1A levels in five
of the cell lines and assessed cell survival. After confirm-
ing the knockdown efficiency of SET1A shRNA by West-
ern blot (Supplemental Fig. S2B), we found that, unlike
SET1B knockdown effects, reducing SET1A levels does
not significantly alter cell survival (Supplemental Fig.
S2C). In vitro studies with SET1B/COMPASS suggested
that this complex functions similarly to its yeast homo-
log, Setl/COMPASS, and is capable of monomethylating,
dimethylating, and trimethylating histone H3K4 (Shilati-
fard 2012). To test whether the loss of SET1B in vivo af-
fects subgroup histone H3K4 trimethylation (H3K4me3)
on chromatin, we performed ChIP-seq (chromatin im-
munoprecipitation [ChIP] combined with high-through-
put sequencing) analysis with anti-H3K4mel and anti-
H3K4me3 in MDA-MB-231 shCtrl and MDA-MB-231
shSET1B cells. Surprisingly, H3K4mel and H3K4me3
were not significantly altered after knocking down
SET1B (Fig. 2D,E; Supplemental Fig. S2D,E), indicating
that SET1B may function independently of its catalytic
domain. To further clarify whether SET1B controls cell vi-
ability in a catalytic activity-dependent or -independent
manner, we knocked out the catalytic domain (SET
domain) of the SET1B gene by CRISPR-Cas9 (Supplemen-
tal Fig. S2F) in MDA-MB-231 cells, which is the cell line
most sensitive to SET1B depletion (Fig. 2B,C). We per-
formed PCR genotyping and RNA sequencing (RNA-seq)
as well as cDNA Sanger sequencing to confirm that the
SET domain of SET1B is completely deleted in MDA-
MB-231 cells (Fig. 2F; Supplemental Fig. S2G,H), while
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the protein level of SET1B remained stable (Fig. 2G). As
expected, the cell growth assay demonstrated that remov-
al of the SET domain of SET1B does not affect cell growth
(Fig. 2H).

BOD1 is a cytoplasmic-specific subunit of SET1B/
COMPASS

To fully characterize the interactome of SET1B/COM-
PASS and apply this information to identify its molecular
targets, we infected MDA-MB-231 cells with retrovirus ex-
pressing Flag-tagged human full-length SET1B cDNA. Af-
ter G418 selection, we obtained pooled clones of MDA-
MB-231 cells stably expressing full-length SET1B. The
Flag-tagged SET1B was then purified from either cytoplas-
mic or nuclear extracts (Fig. 3A). Silver staining confirmed
that more SET1B is purified from the cytoplasmic than
from the nuclear extracts of MDA-MB-231-Flag-SET1B-
expressing cells. Using mass spectrometric methods, we
found that SET1B forms a COMPASS-like complex with
all of the core COMPASS subunits in both the cytoplasm
and nucleus (Fig. 3B). However, we found the BODI1
protein, which is homologous to Cpsl5 in yeast Setl/
COMPASS, to be largely enriched in the cytoplasmic puri-
fication of SET1B/COMPASS (Fig. 3C). Consistently,
BODI1 was also found in the cytoplasmic immunoprecipi-
tates of Flag-RBBP5 (Supplemental Fig. S3A). We also puri-
fied BOD1L1, which is the homolog of BOD1 in mammals,
from 293T cells. As shown in Supplemental Figure S3B, by
mass spectrometric analysis, we found that BOD1LI firm-
ly interacts with SET1A but not SET1B. We performed ad-
ditional Western blot analyses to confirm the distribution
of BOD1 and RBM15 in both cytoplasmic and nuclear pu-
rified SET1B/COMPASS. As shown in Supplemental Fig-
ure S3C, ASH2L is detected in both cytoplasmic and
nuclear SET1B/COMPASS. However, RBM15/RBM15B,
which contain the nuclear localization signal (NLS) in
their C termini, could be detected only with nuclear
SET1B purifications. We immunoprecipitated SET1A
and SET'1B to confirm the specific interaction between en-
dogenous SET1B and the BOD1 protein (Fig. 3D). We also
generated stable cells expressing ectopic BOD1 and puri-
fied Flag-tagged BODI1 protein from the cytoplasm (Fig.
3E). As shown in Figure 3F, the entire SET1B/COMPASS
was identified by mass spectrometric analysis as the top
interacting proteins in this purification.

BOD1 stabilizes and functions with SET1B

Our biochemical studies demonstrated that the loss of
SET1B destabilized BOD1 and vice versa (Fig. 3G). Deple-
tion of BOD1 dramatically accelerated the degradation of
the SETI1B protein (Fig. 3H,I). To investigate whether
BODI1 contributes to SET1B’s function, we knocked
down BODI with two individual shRNAs in MDA-MB-
231 cells. We found that, similar to SET1B depletion,
loss of BOD1 alters cell morphology (Supplemental Fig.
S3D) and decreases cell growth (Supplemental Fig. S3E).
These results suggest that BOD1 functions as a part of
COMPASS with SET1B in these cells in the cytoplasm.
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Figure 2. SETIB, but not its SET domain, maintains cell viability. (A) SET1B was knocked down in cells from four cancer lines: LM2,
Hs578t, MDA-MB-468, and BT549. Whole-cell lysates were extracted, and the protein levels of SET1B, H3K4mel, H3K4me2, and
H3K4me3 were detected by Western blotting. Total histone H3 was used as the internal control. (B) The cell lines used in A as well as
HEK293T cells and human normal epithelial cells (HMLEs) were infected with lentiviruses expressing two distinct SET1B shRNAs
(shSET1B#1 and shSET1B#2). Nontargeting shRNA (shNONT) was used as a control. After puromycin selection for 48 h, 4 x 10* living
cells were seeded in six-well plates and grown for 1 wk before crystal violet staining. (C) MDA-MB-231 cells were transduced by
SET1B shRNA and selected with puromycin for 48 h. The cell proliferation ability was determined by cell counting. (D) The occupancies
of H3K4me3, H3K4mel, and RNA polymerase II with and without shSETIB are plotted in +5-kb windows with respect to 17,959
H3K4me3 peak centers and sorted by decreasing H3K4me3 shNONT-R1 occupancy. Two replicates were used. (E) The MA plot shows
the differential occupancy of H3K4mel and H3K4me3 under H3K4mel and H3K4me3 peaks (shSET1B vs. shNONT), respectively. (M-
values) The log of the ratio of level counts for each gene between two samples; (A-values) the average level counts for each gene across
the two samples. (F) Genotyping was performed by PCR with genomic DNA extracted from parental and SET1B knockout MDA-MB-
231 cells. (G) SET1B protein was detected by Western blot with whole-cell lysate extracted from SET1B wild-type and knockout cells.
(H) The growth ability of SET1B wild-type and knockout cells was determined by cell counting.

targeting shRNA or two individual BOD1 or SETI1B
shRNAs. As shown in Supplemental Figure S3, F and G,
more mRNAs were up-regulated than down-regulated in

To identify common downstream targets of BODI1 and
SET1B, we performed RNA-seq analyses in MDA-MB-
231 cells infected with a lentivirus expressing either non-
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Figure 3. BODI is a cytoplasmic-specific subunit of SET1B/COMPASS. (A) MDA-MB-231 cells were stably infected with retroviruses ex-
pressing Flag-SET1B. Silver staining shows the Flag-tagged SET1B protein purified with M2 beads from either cytoplasmic extracts or nu-
clear extracts (equal volumes of eluted protein). (B) The mass spectrometry (MS) analysis with equal amounts of the interacting proteins of
SET1Bisolated from cytoplasmic and nuclear extracts are shown (equal amounts). (C) The results from B were normalized further with the
spec count of the SET1B protein, and the relative cytoplasmic enrichment of the protein is shown. The cytoplasmic enrichment is presented
as the ratio between cytoplasmic subunit/cytoplasmic SET1B and nuclear subunit/nuclear SET1B. (D) The endogen SET1A and SET1B pro-
teins were immunoprecipitated, and the BODI1 protein in the immunoprecipitates was detected by Western blot. The common subunit of
SET1A and SET1B COMPASS, RBBP5, was used as a control. n = 2. (E) Flag-BOD1 was purified from cytoplasmic extracts of MDA-MB-231-
Flag-BODI cells and analyzed by silver staining. MS identified interacting proteins with Flag-BODI. (F) Peptide numbers of subunits from
SET1B COMPASS are shown. Cells stably expressing GFP were used as the negative control. (G) SET1B and BOD1 were knocked down with
two distinct ShRNAs in MDA-MB-231 cells, and the protein levels of SET1B and BOD1 were detected by Western blotting. HSP90 was used
as the internal control. n = 3. (H) MDA-MB-231 cells were transfected with shBOD1 and selected by puromycin for 48 h. The cells were
further treated with cycloheximide (CHX) for different times, and the protein level of SET1B was determined by Western blot. (I) The deg-
radation ratios of SET1B in sShNONT and shBOD1 cells were quantified by Image]. (/) A schematic diagram of SET1B full-length cDNA and
truncated derivatives, each with a Flag tag fused to its N terminus, is shown. (K) Plasmids expressing the SET1B ¢cDNA derivatives shown in
Jwere transiently transfected into HEK293T cells together with GFP-BOD1 for 24 h. The Flag-tagged SET1B truncations were then purified,
and the interacting GFP-BOD1 was detected by Western blotting with anti-GFP. n = 4. (L) Cartoon depictions of cyto-SET1B COMPASS and
SET1A COMPASS. (Orange) WARD complex, which contains WDR5, ASH2L, RBBP5, and DPY30; (gray) SET1A/B COMPASS complex-
specific subunits WDR82 and CXXC1; (pink) cyto-SET1B COMPASS-specific subunit BODI.
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BODI-depleted cells, a finding similar to that with SET1B
knockdown. Supporting a functional role for BODI and
SET1B within a cytoplasmic complex, nearly half of the
genes that are regulated by SET1B are also regulated by
BODI1 (Supplemental Fig. S3F). We mapped the interac-
tion region between BODI and SET1B and found that
BODI1 interacts with the N terminus of SET1B, consistent
with the mapped interaction between Cps15 and Setl in
yeast (Fig. 3],K; Takahashi et al. 2011). Based on these ob-
servations, we conclude that the majority of SET1B/
COMPASS is found with BOD1 in the cytoplasm, while
SET1A/COMPASS is associated with BODIL in the nu-
cleus (Fig. 3L).

Loss of SET1B or BOD1 induces the activation of the
adiponectin receptor 1 (AdipoR1) signaling pathway

By comparing the gene expression profile between SET1B
and nontargeting shRNAs, we noticed that depletion of
SET1B significantly increases the expression of genes in-
volved in cell metabolism, such as ADIPOR1, PRKAR2A,
COX7C, SDC4, and COQ7 (Supplemental Fig. S4A,B).
Depletion of SET1B leads to lipid accumulation in human
breast cancer cells (Supplemental Fig. 4C), which is con-
sistent with recent studies reporting that SET1B is in-
volved in lipid metabolism (Brici et al. 2017; Han et al.
2017). We also detected that the mitochondrial trifunc-
tional protein (HADHA/B) is copurified with BOD1 in
the cytoplasm (Supplemental Fig. 4D). We further validat-
ed the interaction between SET1B/COMPASS and
HADHA by immunoprecipitation (Supplemental Fig. 4E)
and found that SET1B knockdown results in remarkably
reduced HADHA protein levels, indicating that the cyto-
plasmic SET1B complex is essential for the stability of
the mitochondrial trifunctional protein (Supplemental
Fig. 4F). These data together support the function of
SET1B involvement in mammalian metabolic processes.
In addition, we noticed from our RNA-seq data that
many SET1B downstream genes are involved in the adipo-
nectin pathway. Adiponectin, which is secreted by fat tis-
sue, directly interacts with ADIPOR1 or ADIPOR2 and
further stimulates the phosphorylation of AMPK through
recruiting APPLI1 to the cell membrane. PPARGCIA is
subsequently stimulated by pAMPK, translocates into
the nucleus, and transcribes a subset of mitochondria bio-
genesis genes such as COX7C (Bremer et al. 2015). Consis-
tent with what we observed in human cells, a recent study
reported that conditional knockout of SET1B in mouse
ovary tissue dramatically leads to lipid accumulation by
changing the biosynthesis process and lipid metabolism
(Brici et al. 2017). We retrieved and reanalyzed the RNA-
seq data from SET1B*/* and SET1B™/~ ovary tissue (Brici
et al. 2017) and found that ADIPORI and COX7C are
also elevated threefold to fourfold in SETIB™/~ tissue
(Fig. 4A), which is consistent with our results (Fig. 4B).
Given similar data from independent studies, we hypoth-
esized that AdiporR1 signaling may be relevant to SET1B
function. We subsequently generated multiple cell lines
expressing inducible GFP or GFP-ADIPOR1 under the reg-
ulation of doxycycline (Supplemental Fig. S4G). After dox-
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ycycline treatment, we found that GFP-ADIPORI1
significantly suppresses the cell growth of both MDA-
MB-231 and MDA-MB-468 cells (Fig. 4C,D). To investi-
gate whether AdipoR1 mediates cell death induced by
SET1B depletion, we designed a pair of CRISPR-Cas9 tar-
geting the promoter region containing exons 1 and 2 of the
AdipoR1 gene in MDA-MB-231 cells (Fig. 4E). According
to PCR genotyping and RNA-seq results, the transcripts
of AdipoR1 in the cells are completely silenced (Fig. 4F;
Supplemental Fig. S4H). We next performed RNA-seq in
AdipoR1 wild-type and knockout cells (Fig. 4G). Interest-
ingly, we found that the majority of SET1B downstream
genes is rescued in AdipoR1 knockout cells (Fig. 4G). Con-
sistently, knockout of AdipoR1 largely rescued cell death
induced by loss of SET1B protein (Fig. 4H,1I)

Targeting AdipoR1 signaling in triple-negative breast
cancer

Given our findings thus far, we considered treating triple-
negative breast cancer cells with one of the newly identi-
fied AdipoR1 agonists, AdipoRon, which has been report-
ed to have promising results in insulin-resistant type 2
diabetes and longevity in obese diabetic mouse models
(Okada-Iwabu et al. 2013). Interestingly, we found that
treatment with AdipoRon significantly inhibited the col-
ony formation ability of multiple triple-negative breast
cancer lines (Fig. 5A,B). In order to investigate AdipoRon’s
potential tumor-suppressive effects in vivo, we injected
LM2 cells into the mammary glands of nude mice and
started the oral treatment of 50 mg/kg AdipoRon 12 d after
transplantation (Fig. 5C). Tumor size was measured two
times per week. As shown in Figure 5, D-F, and consistent
with the in vitro studies, treatment with AdipoRon signif-
icantly reduced tumor size and increased animal survival.
We also confirmed the drug effects of AdipoRon by intra-
peritoneal injection and observed results (Fig. 5G,H) sim-
ilar to those of the oral treatment. Taken together, these
results provide a novel therapeutic strategy for clinical
treatment of human triple-negative breast cancer.

Discussion

In this study, we report the biochemical and molecular
identification of a novel SET1B/COMPASS as a cytoplas-
mic complex and its potential function in cells. Specifi-
cally, we demonstrated the following: (1) Purification of
SET1B and subsequent proteomic analyses identified the
SET1B complex as the only COMPASS family member re-
siding predominantly in the cytoplasm, with BODI as its
unique cytoplasmic subunit. (2) Depletion of SET1B does
not affect histone H3K4 methylation. (3) SET1B is essen-
tial for cell viability in a catalytic activity-independent
manner. (4) Depletion of SET1B/BODI1 leads to increased
expression of several metabolic genes, such as AdiopR1.
(5) Knockout of the AdipoR1 gene by CRISPR-Cas9 large-
ly rescues cell death induced by SET1B depletion. (6) Use
of AdipoR1 agonists (AdipoRon) in both culture and ani-
mal model systems of breast cancer results in significantly
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Figure 4. Loss of SET1B or BOD1 induces the activation of ADIPORI1 signaling. (A) The RNA-seq result was retrieved and analyzed in
SET1B wild-type and conditional knockout ovary tissue (Brici et al. 2017). The expression level of AdipoR1 and COX7C in SET1B wild-
type and SET1B knockout tissues is shown. n = 4. (B) Representative RNA-seq tracks of ADIPOR1 and COX7C in MDA-MB-231 cells in-
fected with shNONT and shSET1B virus are shown. (C) MDA-MB-231 and BT549 cells were infected with lentiviruses inducibly express-
ing either GFP or GFP-ADIPORI1. After neomycin selection, the stably transfected cells were treated with DMSO or doxycycline (DOX).
The proliferation ability of GFP- or GFP-ADIPOR1-inducible cell lines was determined by cell counting. n = 3. (**) P < 0.01, Student’s t-test
was used for statistical analysis. Error bars represent SD. (D) The cell morphology of MDA-MB-231 cells inducibly expressing GFP or GFP-
AdipoR1 is shown. (E) Design of the CRIPSR-Cas9 targeting ADIPOR1 gene locus. (F) PCR was performed for genotyping of AdipoR1
wild-type and deleted cells. (G) RNA-seq was performed with AdipoR1 wild-type and knockout cells. The heat map shows the expression
of SET1B downstream genes in AdipoR1 wild-type and knockout cells. (H) SET1B was further knocked down in ADIPOR1 wild-type and
ADIPORI1 knockout cells, respectively. After puromyecin selection for 48 h, 1 x 10* cells were seeded in a six-well plate and grown for 1 wk
before crystal violet staining. (I) Quantification of crystal violet staining was determined as described in the Materials and Methods. n = 4.
(**) P<0.01, Student’s t-test was used for statistical analysis. Error bars represent SD.

reduced cell growth and tumor size and increased animal SET1B was initially identified based on database analy-
survival, pointing to a role for the SET1B/COMPSS path- ses for proteins related to yeast Setl (Lee et al. 2007). Hu-
way in triple-negative breast cancer therapy. man SET1A and SETI1B proteins share 35% and 37%
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Figure 5. Targeting AdipoR1 signaling in SET1B-expressing triple-negative breast cancer. (A) MDA-MB-231, MDA-MB-468, and LM2
cells were seeded in six-well plates at a concentration of 200 cells per well. The cells were treated with either DMSO or 10 pM AdipoRON
for 3 wk, and the colonies were stained with crystal violet. (B) Quantification of crystal violet staining was determined as described in the
Materials and Methods. n=4. (**) P <0.01, Student’s t-test was used for statistical analysis. Error bars represent SD. (C) Flow chart of the
animal experiments in D-F. (D) LM2 cells (4 x 10° cells) were inoculated into the fat pads of nude mice. Twelve days after injection, when
the tumors reached 100 mm?, mice were divided randomly into two groups. They were treated 10 times with either 50 mg/kg PBS or 50
mg/kg AdipoRon, and the tumor size (D,E) and animal survival (F) were monitored. Tumor growth was measured 2 wk after inoculation. n
=7.(*) P<0.05, Student’s t-test was used for statistical analysis. Log-rank test was used to determine differences between the survival of
each group. (G) LM2 cells (4 x 10° cells) were inoculated into the fat pads of nude mice. Twelve days after injection, when the tumors
reached 100 mm?®, mice were divided randomly into three groups. They were treated 10 times with either 50 mg/kg PBS or 100 mg/kg
AdipoRon, and the tumor size was monitored. (H) Tumor growth was measured 2 wk after inoculation. n = 8. (**) P <0.01; (*) P < 0.05, Stu-
dent’s t-test was used for statistical analysis.

identity with yeast Setl, respectively, and the two pro-
teins are 85% identical and 97% similar throughout the
catalytic SET and post-SET domains. Both SET1A and
SET1B could methylate histone H3K4 in vitro; however,
in mouse ESCs, SET1A was found to be the major H3K4
methyltransferase, while loss of SET1B did not affect
H3K4 methylation levels (Bledau et al. 2014). Consistent
with these results, our ChIP-seq analysis in MDA-MB-
231 cells did not detect obvious changes in H3K4me3 lev-
els after depletion of SET1B.

Several KMTs have been found to localize in the cyto-
plasm and catalyze lysine methylation. For instance,
SMYD3 was first characterized as a histone H3K4 methyl-
transferase in vitro (Hamamoto et al. 2004), and later stud-
ies demonstrated that SMYD3 lacks a canonical NLS and
functions as an oncogene in different types of cancers by
methylating MAP3K2 at K260 in the cytoplasm (Mazur
et al. 2014). Consistent with SET1B depletion not affect-
ing H3K4 methylation, we found that the majority of
SET1B is present in the cytoplasm.
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In our previous studies, we identified BOD1 (Cpsl5 or
SHG1) as a component of COMPASS in yeast that had
no obvious effect on H3K4 methylation levels (Miller
et al. 2001; Krogan et al. 2002). In mammalian cells,
BOD1 was found to function as a small kinetochore-asso-
ciated protein required for mitotic chromosome congres-
sion (Porter et al. 2007) and fine-tune PP2A phosphatase
activity at the kinetochore to ensure efficient chromo-
some congression and maintenance of chromatid cohe-
sion (Porter et al. 2013). These findings could explain the
cell growth defects that we observed after BOD1 deple-
tion. Furthermore, our findings that half of the genes reg-
ulated by BODI are also regulated by SET1B and that
BODI1 depletion induced the same morphological changes
in cells as SET1B depletion indicate that the cytoplasmic
SET1B/BOD1 complex could be involved in mitotic chro-
mosome congression as well as maintenance of chromatid
cohesion.

In agreement with our findings, recent studies are
consistent with SET1B being involved in metabolism
and mediates gene expression in metabolic signaling. For
instance, knockout of SET1B in mouse ovary tissue result-
ed in increased expression of many metabolic genes, lead-
ing to defective oocyte-to-embryo transition (Brici et al.
2017). In Caenorhabditis elegans, knockout of SET2,
which is SET1 in mammals, also led to elevated gene ex-
pression involved in the biosynthesis process and lipid me-
tabolism and downstream changes in fatty acid oxidation
(Han et al. 2017). Our study provides the first evidence
that loss of SET1B in human cells results in the accumula-
tion of lipid droplets and changes of expression of numer-
ous metabolic genes such as ADIPOR1, COX7C, SDC4,
and COQY7. As a cytoplasmic complex, we further identi-
fied that the cytoplasmic SET1B/BODI1 complex interacts
with the mitochondrial trifunctional protein (HADHA/B),
which is essential for fatty acid oxidation that breaks
down fats and converts them to energy. Depletion of
SET1B remarkably decreases HADHA protein levels (Sup-
plemental Fig. 4E), indicating that the cytoplasmic SET1B
complex is essential for the stability of the mitochondrial
trifunctional protein. Our future work will focus on the de-
tailed mechanism by which cytoplasmic SET1B/COM-
PASS regulates HADHA/B function and stability.

Adiponectin, an adipose tissue-derived hormone, has
been studied extensively for the past decade because of
its anti-inflammatory, anti-atherogenic, and anti-diabetic
properties (Kershaw and Flier 2004). Three adiponectin re-
ceptors have been identified: ADIPOR1, ADIPOR2, and T-
cadherin, with ADIPORI being ubiquitously expressed
and having the highest binding affinity to adiponectin
(Yamauchi et al. 2003). In our current study, we further
proved that knockout of the ADIPOR1 gene by
CRISPR-Cas9 could largely rescue the effects caused by
SET1B knockdown. AdipoR1 knockout cells are also
less sensitive to SET1B depletion-induced cell death.
These data suggest that AdipoR1 may play a central role
in the response to SET1B depletion. Therefore, the cells
that are sensitive to SET1B depletion should also be sensi-
tive to activation of AdipoR1 signaling. Recent studies
identified a small molecule named AdipoRon that is a spe-
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cific agonist for adiponectin receptors with low toxicity in
vivo (Okada-Iwabu et al. 2013). We found that this small
molecule developed for type 2 diabetes also has a dramatic
anti-tumor effect in vitro at a lower concentration (10 pM)
than the plasma concentration (11.6 pM) of mice treated
with 50 mg/kg AdipoRon (Okada-Iwabu et al. 2013). In
LM2 breast cancer cell transplanted nude mice, 12 treat-
ments with 50 mg/kg AdipoRon significantly reduced tu-
mor growth and significantly increased life span. Taken
together, our findings reveal a new function of SET1B/
COMPASS in the cytoplasm and provide a novel thera-
peutic strategy for targeting SET1B/BOD1/AdipoR1 sig-
naling in human cancer.

Materials and methods

Antibodies

HSPI0 (sc-7947) and GFP (sc-9996) antibodies were purchased
from Santa Cruz Biotechnology, M2 Flag (F3165) antibody was
purchased from Sigma, RBBP5 (A300-109A) antibody was from
Bethyl Laboratories, and ASH2L (no. 5091) and WDR5 (no.
13105) antibodies were purchased from Cell Signaling. The
anti-SET1A polyclonal antibody was generated with a peptide
corresponding to human SET1A amino acids 1240-1444, and
anti-SET1B polyclonal antibody was generated with the peptide
corresponding to human SET1B amino acids 1407-1627. Anti-
MLL3 was generated against human MLL3 amino acids 1-200,
and anti-MLL4 was generated as described before.

Cell lines and RNAi

MCEF7, T47D, BT549, Hs578t, and MDA-MB-468 cells were ob-
tained from American Type Culture Collection and maintained
with DMEM (Gibco) containing 10% FBS (Sigma). LM2 cells (de-
rived from MDA-MB-231 cells) were kindly provided by Dr. Yibin
Kang. The cells were infected with lentivirus containing sShRNAs
in the presence of 4 pg/ml polybrene (Sigma) for 24 h in DMEM
supplemented with 10% FBS. The infected cells were selected
with 2 pug/mL puromycin for an extra 48 h before harvest. The
shRNA constructs were purchased from Sigma. The clone IDs
for SET1B are TRCN0000237963 (shSET1B-#1) and TRCNO0000
237965 (shSET1B-#2); clone IDs for BODI1 are TRCNO000O
168741 and TRCNO0000167057. The nontargeting (shCtrl)
shRNA construct (SHC002) was purchased from Sigma.

ChIP-seq

For each ChIP assay, 5 x 107 cells were used, and the assays were
performed as described previously. ChIP-seq libraries were pre-
pared with Illumina’s TruSeq DNA sample preparation kit.

Crystal violet staining

Crystal violet staining was performed as described previously
(Wang et al. 2014). Briefly, the cells were stained with 0.5% crys-
tal violet staining solution and incubated for 20 min at room tem-
perature on a bench rocker with a frequency of 20 oscillations per
minute. The plate was washed four times in a stream of tap water
followed by air-drying for 2 h at room temperature. Next, 200 pL
of methanol was added to each well, the plate was incubated with
its lid on for 20 min at room temperature on a bench rocker with a
frequency of 20 oscillations per minute, and the optical density of
each well was measured at 570 nm (OD570) with a plate reader.
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Mass spectrometry (MS)

For Orbitrap Fusion Tribrid MS analysis, the tryptic peptides were
purified with Pierce C18 spin columns (Thermo Scientific). Three
micrograms of each fraction was loaded onto an autosampler with
a Thermo Easy nLC 1000 UPLC pump onto a vented Acclaim Pep-
map 100 (75 um x 2 cm) nanoViper trap column coupled to a 3-um
nanoViper analytical column at 100 A, C18, 0.075 mm, and 500
mm (Thermo, 164570) with a stainless steel emitter tip assembled
on the Nanospray Flex ion source with a spray voltage of 2000
V. Buffer A contained 94.785% H,O with 5% ACN and 0.125%
FA, and buffer B contained 99.875% ACN with 0.125% FA. The
chromatographic run was for 2 h in total with the following pro-
file: 0%—-7% for 3 min, 10% for 3 min, 25% for 80 min, 33% for
20 min, 50% for 3 min, 95% for 3 min, and again 95% for 8 min.
Additional MS parameters were as follows: ion transfer tube tem-
perature 300°C, Easy-IC internal mass calibration, default charge
state 2, and cycle time 3 sec. Detector type was set to Orbitrap,
with 60-K resolution, wide quad isolation, mass range normal,
scan range 300-1500 (m/z), maximum injection time 50 msec,
AGC target 200,000, 1 microscan, S-lens RF level 60, without
source fragmentation, and centroid data type. MIPS was set as
on, and included charge states were 2-6 (reject unassigned). Dy-
namic exclusion was enabled with n = 1 for 30- and 45-sec exclu-
sion duration at 10 ppm for high and low. Precursor selection
was as follows: decision most intense, top 20, isolation window
1.6, automatic normal scan range, first mass 110, collision energy
30%, CID, ion trap detector type, OT resolution 30 K, rapid IT scan
rate, maximum injection time 75 msec, AGC target 10,000, Q of
0.25, and inject ions for all available parallelizable times.

Tandem mass spectra analysis

Spectrum raw files from samples were extracted into msl and
ms2 files using the in-house program RawXtractor or Raw-
Converter (http://fields.scripps.edu/downloads.php; He et al.
2015), and the tandem mass spectra were searched against the
UniProt human protein database and matched to sequences using
the ProLuCID/SEQUEST algorithm (ProLuCID version 3.1) (Eng
et al. 1994; Xu et al. 2015) with peptide mass tolerance of 50
ppm for precursor ions and 600 ppm for fragment ions. The search
space included all fully and half-tryptic peptide candidates that
fell within the mass tolerance window with no miscleavage con-
straint, assembled and filtered with DTASelect2 (version 2.1.3)
(Tabb et al. 2002; Cociorva et al. 2007) through Integrated Prote-
omics Pipeline (IP2 version 3, Integrated Proteomics Applica-
tions, Inc.; http://www.integratedproteomics.com). To estimate
peptide probabilities and false discovery rates (FDRs) accurately,
we used a target/decoy database containing the reversed sequenc-
es of all of the proteins appended to the target database (Elias and
Gygi 2007). Each protein identified was required to have a mini-
mum of one peptide of minimal length of six amino acid residues
and within 10 ppm of the expected m/z. However, this peptide
had to be an excellent match with a FDR <0.001 and at least
one excellent peptide match. After the peptide/spectrum match-
es (PSMs) were filtered, we estimated that the protein FDRs were
<1% for each sample analysis.

ChlIP-seq analysis

ChIP-seq reads were aligned to the human genome (University of
California at Santa Cruz [UCSC] hg19) for MDA-MB-231 cells us-
ing Bowtie version 1.0.0 (Langmead et al. 2009). Only uniquely
mapping reads with up to two mismatches within the entire
length of the read were considered for further analysis. The result-
ing reads were extended to 150 bases toward the interior of the se-
quenced fragment and normalized to total reads aligned (reads per
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million). Peak detection for H3K4mel, H3K4me3, and RNA poly-
merase Il were done with MACS (model-based analysis of ChIP-
seq) version 1.4.2 using default parameters. Gene annotations
from Ensembl release 72 were used.

RNA-seq analysis

Total RNA was extracted from Trizol according to the manufac-
turer’s instructions. Next, total RNA was treated with DNase I
and cleaned with the Qiagen RNeasy minikit. Five-hundred
nanograms of RN A was used for library preparation with TruSeq
stranded total RNA with the Ribo-Zero Gold kit (Illumina, RS-
123-2201). The sequenced reads were aligned to the human ge-
nome (UCSC hgl9) with TopHat version 2.0.9 (Trapnell et al.
2009). To evaluate differential gene expression, gene count tables
were constructed using Ensembl gene annotations and used as in-
put into edgeR 3.0.8 (Robinson et al. 2010). Adjusted P-values
were computed using the Benjamini-Hochburg method. Pro-
tein-coding genes, long noncoding RNA, and pseudogenes with
adjusted P-values of <0.01 were used for the downstream analysis
with Metascape. P-values for Venn diagrams were performed
with the hypergeometric test.

Animal experiments

All animal work was performed in accordance with protocols ap-
proved by The Center for Comparative Medicine (CCM) of North-
western University. Athymic nude mice at 5-6 wk old were used
for xenograft experiments. For the tumor growth assay, 4 x 10°
breast cancer cells were inoculated into the fat pads of nude
mice. Tumor growth was monitored every other day 2 wk after in-
oculation. For treatment assay, 4 x 10° breast cancer cells were in-
oculated into the fat pads of nude mice. Twelve days after
injection, when the tumor reached 100 mm?®, mice were divided
randomly into two groups. They were treated 10 times with ei-
ther 50 mg/kg PBS or 50 mg/kg AdipoRon, and the tumor size
and animal survival were monitored. Tumor growth was mea-
sured 2 wk after inoculation

Data availability

Next-generation sequencing data sets have been deposited at
Gene Expression Omnibus with accession number GSE86855.
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