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ABSTRACT
Castration-resistant prostate cancer (CRPC) is a terminal disease and the molecular underpinnings of
CRPC development need to be better understood in
order to improve its treatment. Here, we report that a
transcription factor Yin Yang 1 (YY1) is significantly
overexpressed during prostate cancer progression.
Functional and cistrome studies of YY1 uncover its
roles in promoting prostate oncogenesis in vitro and
in vivo, as well as sustaining tumor metabolism including the Warburg effect and mitochondria respiration. Additionally, our integrated genomics and
interactome profiling in prostate tumor show that
YY1 and bromodomain-containing proteins (BRD2/4)
co-occupy a majority of gene-regulatory elements,
coactivating downstream targets. Via gene loss-offunction and rescue studies and mutagenesis of YY1bound cis-elements, we unveil an oncogenic pathway in which YY1 directly binds and activates PFKP,
a gene encoding the rate-limiting enzyme for glycolysis, significantly contributing to the YY1-enforced

Warburg effect and malignant growth. Altogether,
this study supports a master regulator role for YY1 in
prostate tumorigenesis and reveals a YY1:BRD2/4PFKP axis operating in advanced prostate cancer
with implications for therapy.
INTRODUCTION
Prostate cancer is the second leading cause of cancer-related
death for men in the United States. Standard treatment of
prostate cancer with anti-androgen agents fails inevitably
due to development of therapy resistance and castrationresistant prostate cancer (CRPC), a terminal disease (1).
Mechanistic understanding of CRPC pathogenesis and design of novel means to specifically target CRPC vulnerabilities would greatly benefit clinical outcome of the affected
patients.
Yin Yang 1 (YY1), a transcription factor with four conserved C2H2 zinc fingers (2), was previously shown to have
dual roles in gene activation and repression (3–5). As a multifunctional protein, YY1 is involved in various biological
and physiological processes including cell proliferation, lineage specification, embryonic development and tumorigenesis (5–7). In this work, our analysis using a large set of nor-

* To

whom correspondence should be addressed. Tel: +1 919 966 5953; Fax: +1 919 966 9673; Email: ling cai@med.unc.edu
Correspondence may also be addressed to Greg Wang. Email: greg wang@med.unc.edu


C The Author(s) 2021. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Downloaded from https://academic.oup.com/nar/advance-article/doi/10.1093/nar/gkab252/6225224 by University of North Carolina at Chapel Hill user on 04 May 2021

Cistrome analysis of YY1 uncovers a regulatory axis
of YY1:BRD2/4-PFKP during tumorigenesis of
advanced prostate cancer

2 Nucleic Acids Research, 2021

MATERIALS AND METHODS
Analysis of public prostate cancer datasets
Gene-expression datasets from the NCBI GEO accession
numbers GSE68907, GSE6099 and GSE3325 were extracted, log2 transformed for each sample, and used for association analyses with sample types (such as benign, primary or metastatic) by analysis of variance (ANOVA) test.

Immunohistochemistry (IHC)
YY1 IHC staining was conducted using a rabbit anti-YY1
antibody (Atlas Antibodies #HPA001119) and the Bond
fully automated slide staining system (Leica Microsystems).
Slides were dewaxed in Bond Dewax solution (AR9222) and
hydrated in Bond Wash solution (AR9590). Heat-induced
antigen retrieval was performed for 30 min at 100◦ C in
Bond-Epitope Retrieval solution 1 pH-6.0 (AR9961), followed with a 5-min Bond peroxide blocking step (DS9800).
After pretreatment, slides were incubated for 30mins with
primary antibody YY1(1:150) followed with Vector Immpress HRP anti-rabbit IgG (MP-7401-15). Chromogenic detection of all antibodies was performed using the Bond Intense R Detection kit (DS9263). Stained slides were dehydrated and covered with a slip. Positive and negative controls (no primary antibody) were included for each run.
Stained slides were digitally scanned at 20x magnification
using Aperio ScanScope-XT (Aperio Technologies, Vista,
CA, USA). The images were uploaded to the Aperio eSlideManager database (Leica Biosystems Inc; eSlideManager version 12.3.3.7075) and scored by the Translational
Pathology Laboratory at UNC.
Tissue microarray (TMA)
TMAs, produced by the Duke Pathology department, were
subject to immunohistochemistry (IHC) staining of YY1,
followed by evaluation in a blinded fashion by experienced
pathologists. Scoring was assessed on the basis of staining
intensity from 0 (no staining) to 3 (strong) and percentage
of tumor cell expression (1 to 100%), creating a composite
score from 0 to 300 for each sample.
Cell Lines
HEK293 and HEK293T cells (acquired from American
Type Culture Collection, ATCC) were cultured in DMEM
supplemented with 10% FBS and 1% antibiotics. The human prostate cancer cell lines, 22Rv1, C4-2 and LNCaP,
were obtained from ATCC and grown in the RPMI-1640
base medium supplemented with 10% FBS and 1% antibiotics. For compound treatment experiments, cells were
first cultured under ligand-starved conditions for three
days using the phenol red-free RPMI-1640 base medium
supplemented with 10% charcoal-stripped serum, followed
by treatment with vehicle, dihydrotestosterone (DHT), or
DHT together with other compounds. All cells were maintained at 37◦ C with 5% CO2 . Authentication of cell line
identities, including those of parental and derived lines, was
ensured by the Tissue Culture Facility (TCF) affiliated to
UNC Lineberger Comprehensive Cancer Center with the
genetic signature profiling and fingerprinting analysis. Every 1–2 months, a routine examination of cell lines in culture
for any possible mycoplasma contamination was performed
using commercially available detection kits (Lonza).
Virus production and stable cell line generation
Generation of the stable cell lines with gene knockdown
was carried out by using the pLKO.1-puro-based lentiviral

Downloaded from https://academic.oup.com/nar/advance-article/doi/10.1093/nar/gkab252/6225224 by University of North Carolina at Chapel Hill user on 04 May 2021

mal and patient samples demonstrates that YY1 expression
is significantly increased during progression of advanced
prostate cancer. However, YY1 s function and the regulated
cistrome in this disease have not been studied.
Aerobic glycolysis, also known as the Warburg effect, is
essential for cancer to acquire energy and metabolize nutrients for synthesis of macromolecular precursors, in order to sustain high rates of cell proliferation (8). It has
been reported that prostate cancer is metabolically different from many other solid tumors due to an enhanced
reliance on oxidative phosphorylation (OXPHOS) in mitochondria, leading to a modest level of glucose uptake
(9,10). Other studies, however, have also shown increased
glycolysis or the Warburg effect correlated with disease progression and poor prognosis of advanced prostate cancer
(10). The exact molecular mechanisms underlying glycolysis regulation in advanced prostate tumors remain elusive, although rising evidence points to possible deregulation of glycolytic enzymes (11,12). In glycolysis, phosphofructokinase 1 (PFK1) is critical for catalyzing fructose
6-phosphate (F6P) to fructose 1,6-biphosphate (F1,6BP),
a rate-limiting step for glycolysis (13). PFK1 has three
isoforms, namely, PFKP (phosphofructokinase, platelet),
PFKM (phosphofructokinase, muscle) and PFKL (phosphofructokinase, liver). While all isozymes are expressed
in many tissues, PFKP and PFKM are mainly present in
platelet and muscle, respectively, whereas PFKL is predominant in liver and kidney (14). The functional role of
PFKP or its regulation in prostate cancer is unexplored to
date.
Here, we demonstrate that, in agreement with its significantly elevated level in advanced CRPC disease, YY1
is essential for CRPC tumorigenesis in multiple in vitro
and in vivo CRPC models. Our integrative genomics
and proteomics-based approaches (RNA-seq, ChIP-seq
and interactome studies) determine the YY1-regulated
cistrome in CRPC, and, strikingly, show that YY1 and
its bromodomain-containing partners (BRD4) co-bind
to a majority of cis-regulatory elements (demarcated by
H3K27ac) in CRPC cells, potentiating gene-expression programs related to malignant growth and metabolic pathways
such as the Warburg effect. Gene loss-of-function and rescue and cis-element mutational studies point to an oncogenic axis involving YY1-PFKP, which operates to enhance
cell glycolysis and tumor growth. Altogether, this study
shows YY1 acting as a master regulator of prostate tumorigenesis, unveils a previously unknown oncogenic pathway
involving YY1:BRD4/2-PFKP, and elucidates the molecular mechanism underlying the altered metabolism of CRPC,
implicative of new therapeutic strategies for the treatment of
this lethal disease.
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Chemicals
DHT is purchased from Sigma and the bromodomain inhibitor JQ1 were described before (16).
Antibodies
Antibodies used in the work included the rabbit antibodies against HA tag (Cell Signaling #C29F4), PFKP
(Cell Signaling #5412S), beta-Actin (Cell Signaling #13E5),
BRD4 (Bethyl Laboratories #A301-985A100), H3K27ac
(Abcam #ab4729), cleaved caspase 3 and 7 (Cell Signaling
#9664 and 8438), as well as the mouse antibodies against
Flag tag (Sigma #F1804), YY1 (Santa Cruz #SC7341;
for blotting), YY1 (Atlas Antibodies #HPA001119; for
IHC), TADA2A (Active Motif #61334), and ␣-Tubulin
(Sigma #T9026). Anti-FLAG M2 Magnetic Beads (Sigma
#M8823) was obtained from Sigma and used for immunoprecipitation. HRP-linked secondary antibodies, either
anti-mouse IgG (#7076S) or anti-rabbit IgG (#7074S), were
obtained from Cell Signaling.

RNA interference-mediated gene knockdown (KD) and
CRISPR/cas9-mediated gene depletion
YY1 ON-TARGETplus SMART-pool siRNA (L-01179600-0005) and non-targeting control siRNA (D-00181010-05) were purchased from Dharmacon RNAi Technologies. Lentiviral pLKO.1-based shRNA vectors for
KD of human YY1 (TRCN0000019894 [sh#94] and
TRCN0000019898 [sh#98]), PFKP (TRCN0000037775
[sh#75] and TRCN0000037777 [sh#77]) and BRD2
(TRCN0000006308 [sh#8] and TRCN0000006311 [sh#11])
were purchased from Sigma. The shRNAs against GFP and
luciferase were used as control. As the YY1 shRNA#94 targets the 3 -UTR of YY1, we thus used the coding region of
YY1 in our rescue experiment. The sgRNAs targeting YY1
were cloned into a pLenti LRG-2.1 Neo vector (Addgene
125593). A lentiviral plasmid that allows the doxycyclineinducible expression of SpCas9 was obtained from Dr.
David Sabatini. The sgRNA sequences for targeting YY1
are YY1 sg#1 (GTGGGCGGCGACGACTCGGA)
and YY1 sg#2 (GTCGGGTCGTCGGTGACCAG). All
plasmid sequences were verified by sequencing.
Cell proliferation assays
Three thousand cells per well were seeded in triplicate in 96well plate for each time point. The changes in cell number
were measured using MTT assay kit based on instruction of
the manufacturer (Promega).

Plasmids
cDNAs of human YY1, PFKP, ENO2 and ALDOC were
amplified by PCR using total RNAs of 22Rv1 cells, fused
in-frame with a HA tag and then cloned into a lentiviral vector of pCDH-EF1␣-MCS-IRES-Puro/Neo (System
Biosciences, CD532A-2/CD533A-2). The YY1 mutations,
170–200 K→R (six lysines within the amino acids 170–
200 all mutated to arginines; kindly provided by Dr Edward Seto, George Washington University Cancer Center),
S365D and deletion of the amino acids 1–100, were produced by site-directed mutagenesis (Strategene) or PCR.
A PGL3-based luciferase reporter with a PFKP promoter
region (–2008 to +7) was previously described and kindly
provided by Dr Kyung-Sup Kim (Yonsei University, Korea). The PFKP promoter (–575 to +37) region was cloned
from gDNA by PCR from using primers (5 -AACTGCG
GGGTTTCCACCCGCCCCG-3 and 5 -AGGAGCCCT
TGGGGGCCCGGGAGTC-3 ), followed by insertion into
the pGL3-basic vector (Promega). This PFKP promoter region (–575 to +37) with mutation of the YY1 motif sites was
produced by site-directed mutagenesis (with the YY1 core
motif sequence 5 -CCAT mutated to 5 -CGGT). The cDNA
of wild-type (WT) BRD4 and its BD mutant were provided by Dr. Qiang Zhou (UC Berkeley) and subcloned into
a home-made pcDNA-3.1 Flag vector for transient expression. For the BioID-based protein interactome study, a biotin ligase (BirA) cDNA (a kind gift of Brian Strahl, UNC)
was cloned into the home-made MSCV-puro retroviral vector and then a Flag-tagged YY1 cDNA was fused in-frame
to C-terminus of BirA. All plasmids were confirmed by sequencing before use.

Colony formation assays
Cells were plated in triplicate at a density of 20,000 cells per
well in the six-well plate and grew for 3 weeks before staining
with iodonitrotetrazoliuim chloride solution (Sigma). Culture medium was changed twice a week.
Cell cycle progression
To measure cell cycle progression, cells were collected by
centrifugation, washed in the ice-cold PBS and then fixed
in the pre-chilled methanol (80%), followed by staining with
PBS plus 20 g/ml of propidium iodide (PI; Sigma), 0.1%
of Triton-X100 and 200 g/ml of RNase A (Roche). DNA
contents were then detected with a CyAnADP flow cytometer (Beckman-Coulter), and then analyzed by the flowJo
Software (BD).
Co-immunoprecipitation (Co-IP)
Briefly, the cell pellets were lysed in RIPA buffer supplemented with complete protease inhibitors (Roche) and
PMSF. 1mg of protein from whole cell lysate was incubated
with the antibodies on a rotator overnight at 4◦ . Then, 20
l of protein G agarose beads (Roche, 11243233001) were
added for an additional 2 h with rotation at 4◦ . The beads
were washed with RIPA buffer for three times, resuspended
in 40 l of 2× protein loading buffer, and boiled at 95◦ C
for 5 min before loading onto SDS-PAGE gel. Western blot
was performed with standard protocols.
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shRNA system as described before (15). The shRNA plasmid and packaging vector (VSV-G and psPAX2) were cotransfected using Lipofectamine 3000 into 293FT cells. Viral supernatant was collected and filtered 48 h after transfection. Cells were infected for 48 h with virus in the presence of 8 g/ml polybrene. Then, the infected cells were selected out with the appropriate antibiotics.
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ChIP-seq and data analysis

RNA was prepared, and complementary DNA was generated, amplified and subjected for library construction using
TruSeq RNA Library Preparation Kit v2 (Illumina; catalog# RS-122-2002) as described before (15,17,18). Multiplexed RNA-Seq libraries were subject to sequencing using
Illumina Hi-Seq 2500/4000 (available at the UNC-Chapel
Hill High-Throughput Sequencing Facility) according to
manufacturer’s instructions.

ChIP-seq reads were aligned to the human reference
genome (hg19) by the BWA (V0.7.12; default parameters)
software (22). After the duplicated reads were removed,
MACS2 (v2.1.0; -q 0.1 -m 20 100) (23) was used for calling
peaks with input as control. Peaks overlapping (≥1 bp) with
the ‘blacklist’ regions identified by the ENCODE project
were also removed. The filtered peaks were then assigned to
the annotated (coding and non-coding) genes and defined
sequentially as ‘promoter’ (±2 kb of transcription start site,
TSS), within ‘gene body’, ‘distal’ (i.e. ‘enhancer’; –50 kb to
–2 kb of TSS or +2 kb of TSS to +5 kb of transcription
ends), or otherwise ‘intergenic’ using the human RefSeq annotation. The ChIP-seq read densities were calculated and
visualized as heatmaps using the program seqMINER (24).
The enrichment of motifs was identified by the software
HOMER (25) with default parameters. ChIP-seq profiles
were visualized in the IntegrativeGenomics Viewer (IGV,
Broad Institute).

RNA-seq and data analysis
The fastq files were aligned to the GRCh38 human genome
(GRCh38.d1.vd1.fa) using STAR v2.4.2 (19) with parameters: –outSAMtype BAM Unsorted –quantMode TranscriptomeSAM. Transcript abundance for each sample was
estimated with salmon v0.1.19 (20) to quantify the transcriptome defined by Gencode v22. Gene level counts were
summed across isoforms and genes with low counts (maximum expression < 10) were filtered for the downstream
analyses. We tested genes for differential expression in DESeq2 (21) in R. Genes with the absolute value of fold-change
(FC) over 1.50 and adjusted P value <0.01 between YY1
KD and control samples were called as differentially expressed genes (DEGs).
Real-time RT-PCR
Total RNA was isolated using the RNeasy Mini Kit
(Qiagen). First strand cDNA was synthesized using the
High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). Real-time PCR was performed in triplicate using the iTaq Universal SYBR Green master mix (Bio-Rad)
and the Quant Studio 6 Flex Real-Time PCR System (Applied Biosystems). All values were normalized to those of
beta-actin. Information of the used primers is listed in Supplementary Table S4.
ChIP-seq
ChIP-seq was carried out as before (15,17,18). Briefly,
22Rv1 cells were first cultured under a ligand-starved condition for three days, followed by a 6-h drug treatment with
vehicle or 10nM of Dihydrotestosterone (DHT). Cells were
cross-linked with 1% formaldehyde at room temperature for
10 min, followed by addition of glycine to stop crosslinking.
After washing, lysis and sonication, the chromatin fraction
was incubated with antibody-conjugated Dynabeads (Invitrogen) overnight at 4◦ C. Chromatin-bound beads were subject to extensive washing and elution. Eluted chromatin was
de-crosslinked overnight at 65◦ C, followed by protein digestion with proteinase K and DNA purification with PCR
purification kit (Qiagen). The obtained DNA samples were
submitted to core facility (UNC) for preparation of multiplexed libraries and deep sequencing. Other datasets include our previously published BRD4 ChIP-seq data (15)
and H3K27ac ChIP-seq data from ENCODE in 22Rv1
cells.

Gene set enrichment analysis (GSEA)
GSEA was carried out with the downloaded GSEA
software (www.broadinstitute.org/gsea) and the Molecular
Signatures Database (www.broadinstitute.org/gsea/msigdb/
annotate.jsp) as described (15,17,18,26).
Real-time cell metabolic analysis
Cells were cultured in RPMI-1640 medium without phenol red for three days, followed by harvesting, resuspension
in the assay medium (Agilent, 103576-100) and plating in
the XF24 assay plate (Agilent, 100777-004) at a density of
0.1 million cells per well. The cells were then kept at 37◦ C
without CO2 for 1 h. Oxygen consumption rate (OCR) was
measured using Cell Mito Stress Kit (Agilent, 103015-100)
with the following sequential injection of mitochondria inhibitors: 1.5 M oligomycin, 1 M Carbonyl cyanide-4(trifluoromethoxy)phenylhydrazone (FCCP), and then 0.5
uM of Antimycin A and Rotenone. Extracellular acidification rate (ECAR) was measured using Glycolysis Stress Kit
(Agilent, 103020-100), with cells metabolically perturbed by
sequential injections of 10mM glucose, 1 M oligomycin
and 50 mM 2-deoxyglucose. OCR and ECAR levels were
recorded using a Seahorse XF-24 extracellular flux analyzer following manufacturer’s instructions (Seahorse Biosciences).
Luciferase reporter assay
Cells were seeded in 24-well plates and co-transfected with
plasmids that included the luciferase reporter and the internal control (pRL-CMV Renilla). Luciferase activity was
measured 48 h after transfection using the Dual Luciferase
Reporter Assay System (Promega). Data were normalized
to Renilla luciferase.
BioID
A proximity labeling-based BioID was carried out as described (27,28). In brief, 22Rv1 cells that stably expressed a
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Mass spectrometry-based protein identification and proteomic data analysis
Proteins bound on beads were eluted by adding 100 l
of 1× Laemmli buffer (Boston Bioproducts) and boiled at
95◦ C for 5 min. Supernatants were then loaded on a 4–12%
Bis–Tris Deep Well gel, resolved by one-dimensional SDSPAGE and visualized by Coomassie staining. Each SDSPAGE gel lane was sectioned into 12 segments of equal volume. Each segment was subjected to in-gel trypsin digestion by using the following established protocol. Gel slices
were de-stained in 50% methanol (Fisher), 50 mM ammonium bicarbonate (Sigma-Aldrich), followed by reduction
in 10 mM Tris(2-carboxyethyl)phosphine (TCEP; Pierce)
and alkylation in 50 mM iodoacetamide (Sigma-Aldrich).
Gel slices were then dehydrated in acetonitrile (Fisher), followed by addition of 100 ng porcine sequencing grade modified trypsin (Promega) in 50 mM ammonium bicarbonate (Sigma-Aldrich) and incubation at 37◦ C for 12–16 h.
Peptide products were then acidified in 0.1% formic acid
(Pierce). Tryptic peptides were separated by reverse phase
XSelect CSH C18 2.5 m resin (Waters) on an in-line 150
× 0.075 mm column using a nanoAcquity UPLC system
(Waters). Peptides were eluted using a 30 min gradient from
97:3 to 67:33 buffer A:B ratio (Buffer A = 0.1% formic acid,
0.5% acetonitrile; buffer B = 0.1% formic acid, 99.9% acetonitrile). Eluted peptides were ionized by electrospray (2.15
kV) followed by MS/MS analysis using higher-energy collisional dissociation (HCD) on an Orbitrap Fusion Tribrid
mass spectrometer (Thermo) in top-speed data-dependent
mode. MS data were acquired using the FTMS analyzer in
profile mode at a resolution of 240 000 over a range of 375–
1500 m/z. Following HCD activation, MS/MS data were
acquired using the ion trap analyzer in centroid mode and
normal mass range with precursor mass-dependent normalized collision energy between 28.0 and 31.0. Proteins
were identified by searching the UniProtKB database using
Mascot (Matrix Science). Scaffold (Proteome Software) was

used to verify MS/MS based peptide and protein identifications. Peptide identifications were accepted if they could be
established with less than 1.0% false discovery rate by the
Scaffold Local FDR algorithm. Protein identifications were
accepted if they could be established with less than 1.0%
false discovery rate and contained at least two identified
peptides. and the counts were normalized to log2 normalized spectral abundance factor (NSAF) values. Significant
interacting proteins were identified by a log2 fold change
>1.
Tumor growth in xenografted animal models
All animal experiments were approved by and performed
in accord with the guidelines of the Institutional Animal
Care and Use Committee (IACUC) at UNC. One million of
22Rv1 cells were suspended in 100 l of 1:1 mixture of PBS
and Matrigel (BD Biosciences) and subcutaneously (s.c.) injected into dorsal flanks of castrated NOD/SCID/gammanull (NSG) mice bilaterally (carried out by the Animal Studies Core, UNC Lineberger Comprehensive Cancer Center).
Diameter measurements of xenografted tumors were performed twice per week using caliper and the tumor volume
calculated.
Statistical analysis
Data are presented as the mean ± SD for three independent
experiments unless otherwise noted. Statistical analysis was
performed with Student’s t-test, except for nonparametric
analysis such as gene expression association analysis that
employed ANOVA test.
RESULTS
YY1 is significantly upregulated in primary samples of
prostate cancer patients
To assess relevance of YY1 in prostate cancer, we first examined the publicly available prostate cancer datasets (29,30)
and found the YY1 mRNA levels significantly elevated in
tumors compared to adjacent benign tissues (Figure 1A
and B). Next, we performed immunohistochemical (IHC)
staining with thirteen paired tumor and normal tissues from
prostate cancer patients, and observed the YY1 protein levels to be significantly increased in nuclei of tumors, compared to their respective adjacent benign controls (Figure
1C, D and Supplementary Figure S1; P = 0.0071). Immunoblots further verified upregulation of YY1 in prostate
tumors, relative to paired benign tissues (Figure 1E). Furthermore, we performed YY1 IHC staining with tissue microarrays that contained a larger panel of benign prostates
and samples representing different stages of prostate tumors
including adenocarcinoma and CRPC, and found the average level of nuclear YY1 to be significantly higher in CRPC,
compared to normal controls (P = 0.0024) and adenocarcinomas (P = 0.0126), as shown by representative IHC
images (Figure 1F) and quantitative analysis (Figure 1G).
Overall, these results lend a support for involvement of YY1
in prostate cancer pathogenesis, including CRPC.
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Flag-tagged BirA ligase fused in-frame to the N-terminus
of YY1 were treated with 50uM of biotin for 24 h, followed
by one-hour lysis in the RIPA buffer (10% glycerol, 25 mM
Tris–HCl pH 8, 150 mM NaCl, 2 mM EDTA, 0.1% SDS,
1% NP-40 and 0.2% sodium deoxycholate; freshly supplemented with 1× protease inhibitor cocktail, 1 mM PMSF
and 250 units of Benzonase) with rotation at 4◦ C. Cells stably transduced with the BirA ligase only were used as a negative control for BioID. Samples were snap frozen in liquid nitrogen, thawed on ice, and then transferred to Eppendorf tubes. After brief vortex of cell lysate and centrifugation at top speed for 30 min at 4 ◦ C, the cleared supernatant was collected and incubated with Neutravidin beads
(Thermo Fisher, #29204) for overnight at 4◦ C. Beads were
washed twice with the RIPA buffer (with no additives),
twice with TAP lysis buffer (10% glycerol, 150 mM NaCl,
2 mM EDTA, 0.1% NP-40 and 50 mM HEPES pH 8) and
three times with the ABC buffer (50 mM ammonium bicarbonate, pH 8), followed by spin at 400g for 2 min at 4◦ C. The
bead:protein samples were stored in 100 l of ABC buffer
before mass spectrometry-based protein identification.
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Figure 1. The elevated expression of YY1 is significantly correlated with progression of advanced prostate cancer. (A, B) Boxplots showing overall YY1
mRNA levels among the prostate cancer patient cohorts reported by Singh et al. (29) (A) and Tomlins et al (30) (B), relative to their respective normal
control tissues. (C, D) Representative images (C; 10×) and quantification (D) of YY1 immunohistochemistry (IHC) staining of thirteen paired prostate
tumor and adjacent normal/benign tissues. (E) Immunoblotting for YY1 using total protein lysates of the paired normal/benign (B) and tumor (T) tissues
from prostate cancer patients. ␤-actin acts as a loading control. (F, G) Representative images (F) and quantification (G) of YY1 IHC staining by using
tissue microarrays (TMA) that contained the samples of benign prostates (n = 136), primary prostate adenocarcinoma (AdenoCa; n = 138) and CRPC (n
= 55).
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YY1 promotes malignant growth of prostate cancer in vitro
and in vivo

Bromodomain-containing proteins act as cofactor of YY1
YY1 directly binds to tumor metabolism-related genes, potentiating their transcription
To gain insight into molecular mechanisms underlying the
YY1-mediated tumorigenesis in CRPC, we profiled 22Rv1
cell transcriptome by RNA-seq, which revealed differentially expressed genes (DEGs) caused by YY1 KD (Figure 3A and Supplementary Table S1). Gene Set Enrichment Analysis (GSEA) showed that genes down-regulated
due to YY1 KD were enriched in pathways related to energy metabolism such as glycolysis (Figure 3B, upper panels), prostate cancer (Figure 3B, bottom/left) and, as expected, the YY1 targets (Figure 3B, bottom/right). Notably, a set of metabolic enzymes involved in glycolysis were
downregulated upon YY1 depletion (Figure 3C). To validate this regulatory function of YY1, we additionally performed RNA-seq post-KD of YY1 in another CRPC model
(C4-2 cells) and subsequent GO and GSEA analyses revealed similar enrichments of metabolic pathways among
genes positively controlled by YY1 (Supplementary Figure
S3A-B and Table S2). On the other hand, GSEA analysis
of the up-regulated genes following YY1 KD identified the

To gain further insight into the mechanism underlying the
YY1-mediated tumorigenesis, we examined the YY1 interactome by employing a proximity labeling-based BioID approach (27,28) (Supplementary Figure S4D). Subsequent
mass spectrometry-based analysis of YY1-associated factors identified YY2, INO80, TADA2A and BRD2 among
the most significantly enriched hits (Figure 4A and B).
Previously, INO80 was shown to interact with YY1 (31),
suggesting fidelity of our approach. YY1-binding motif
was reported to be enriched in the promoters of BRD2bound genes in a non-small cell lung cancer cell line H23
(32), indicative of a putative association; however, such a
connection between YY1 and BRD2 has not been further explored. We found that BRD2 depletion significantly inhibited 22Rv1 cell proliferation (Figure 4C). Coimmunoprecipitation (CoIP) further verified the interaction
of YY1 with BRD2 and a BRD2-related protein, BRD4, in
22Rv1 cells (Figure 4D) and C4-2 cells (Supplementary Figure S4E). Bromodomain-containing proteins BRD4 and
BRD2 can bind to acetylation sites within the histones
(33) (such as H4 and H3 acetylation) or DNA-binding
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Next, we sought to determine the role for YY1 in
prostate tumorigenesis. Using the independent YY1targeting shRNAs, we performed YY1 knockdown (KD) in
two androgen-independent CRPC models, 22Rv1 and C4-2
cells (Figure 2A–F). YY1 KD significantly decreased tumor
cell proliferation in liquid culture (Figure 2A, D) and colony
formation in soft agar, a surrogate assay of transformation (Figure 2B–C, E–F). Similar phenotypes were observed
post-KD of YY1 in LNCaP cells, a prostate cancer model
showing androgen dependency (Supplementary Figure S2A
and B). Furthermore, reintroduction of YY1 into 22Rv1
cells with endogenous YY1 depleted was able to restore
both cell growth and colony formation, thus ruling out potential off-target effects of shRNA (Figure 2G–J). In accordance with the shRNA-mediated YY1 KD, YY1 depletion
via two independent sgRNAs through a CRISPR/Cas9 system, or via siRNA, all led to the decreased tumor cell proliferation (Figure 2K, Supplementary Figure S2C and D). In
addition, the cell cycle progression and survival of prostate
cancer cells also require YY1–– upon YY1 depletion, there
was an increase in the percentage of cells in the G1-S phase
and a concurrent decrease in those in the G2-M phase (Figure 2L, Supplementary Figure S2E); moreover, compared
to control, depletion of YY1 led to the enhanced apoptosis as demonstrated by immunoblotting of cleaved caspases
(Figure 2M).
To further determine whether YY1 is important
for CRPC tumorigenesis in vivo, we subcutaneously
xenografted 22Rv1 cells, which were stably transduced with
control or YY1-targeting shRNA, into NOD/scid/gamma
(NSG) mice. 22Rv1 xenografts in the YY1 KD cohort grew
in a significantly slower rate, relative to control (Figure
2N and O). Additionally, we validated YY1 KD in tumor
xenografts (Figure 2N, insert). Altogether, we conclude
that YY1 is crucial for CRPC growth in vitro and in vivo.

pathways related to apoptosis and cell cycle arrest (Supplementary Figure S3C and D), consistent with our phenotypic studies (Figure 2L and M).
In addition, we identified the genes that were upregulated by YY1 in both CRPC models, hereafter termed ‘the
YY1 signature genes in CRPC’, which included a number
of metabolism-associated genes such as PFKP, ALDOC,
OGDHL and NDUFA4L2 (Figure 3D, Supplementary Figure S3E and Table S3). Using qRT-PCR, we further confirmed the gene activation effect by YY1 on expression of
these metabolic genes in both 22Rv1 and C4-2 cells, with the
expression decrease of PFKP being most prominent upon
YY1 loss relative to control (Figure 3E and F).
We next performed YY1 ChIP-seq to determine its
genome-wide binding in 22Rv1 cells, which were either
ligand-starved (DHT-) or treated with androgen receptor
agonist (DHT+). YY1 binding patterns were highly similar between these two treatment conditions, with 49,066
peaks found to be the common ones (Supplementary Figure S4A). Therefore, we chose to use profiles of vehicletreated cells for further analysis because this condition resembles CRPC more closely. Genomic localization analysis showed approximately 25% of the YY1 peaks at promoters, ∼36% in gene body, and the rest (∼39%) at putative intergenic and distal enhancers (Figure 3G). As expected, the YY1 motif was most enriched within YY1 peaks
(Figure 3H). Also, YY1 peaks were found at almost all of
the YY1-upregulated genes defined by RNA-seq, including
metabolic genes PFKP, ALDOC, ENO2 and NDUFA4L2
(Figure 3I). Moreover, ChIP-seq or ChIP-qPCR of YY1 in
two more common prostate cancer models, LNCaP and C42 cells, showed the similarly strong enrichments at metabolic
genes such as PFKP and ENO2 (Supplementary Figure
S4B and C). Taken together, integrated genomic profilings
lend a strong support for a direct involvement of YY1 in
upregulation of genes related to prostate cancer and cell
metabolism.
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Figure 2. YY1 is required for malignant growth of prostate tumor cells in vitro and in vivo. (A–F) Immunoblotting for YY1 and measurement of cell
proliferation (A and D), as well as assessment of the soft agar-based growth of 22Rv1 (B, C) or C4-2 (E, F) cells (with representative images shown in B
and E), after shRNA-mediated knockdown (KD) of YY1 (sh#94 or sh#98), relative to transduction of either scramble shRNA or empty vector (shEV).
**P < 0.01; ***P < 0.001. (G–J) Immunoblotting for YY1 (using antibody against endogenous YY1; G), measurement of cell proliferation (H), and
assessment of the soft agar-based growth (I–J; with representative images shown in I) after rescue of YY1 expression, relative to mock, in the 22Rv1 cells
with endogenous YY1 knocked down (sh#94, which targets the 3’-UTR of YY1). Please note that an HA-tagged YY1 rescue construct used in the study
produces two species of YY1, either with tag or without (see the labels in G). **P < 0.01; ***P < 0.001. (K) Immunoblotting of YY1 and measurement of
22Rv1 cell proliferation after the CRISPR/cas9 mediated depletion of YY1, relative to mock treatment (sgEV). **P < 0.01. (L, M) Quantification of cell
cycle phases (L) and immunoblotting of the indicated apoptotic markers (M; n = 2 replicated samples) using the 22Rv1 cells post-KD of YY1, compared to
mock-treated. (N, O) Summary of xenografted tumor sizes (N; mean ± SD in y-axis) after subcutaneous transplantation of 22Rv1 cells, which were stably
transduced with shEV (black) or shYY1 (red), into castrated NSG mice (n = 6 per group). **P < 0.005, ***P < 0.0005, ****P < 0.0001. Immunoblotting
of YY1 and images of tumor xenografts excised at the study endpoint are shown in N (insert) and O, respectively.
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factors to mediate transcriptional activation (34), which is
achieved at least partially through recruiting the BRD4pTEFb complex to boost the release of RNA Pol-II into
a productive elongation phase (35–38). We also found the
bromodomains of BRD4 to be required for efficient interaction with YY1 (Figure 4E). In agreement, the bromodomain inhibitor JQ1 significantly decreased the interaction
between YY1 and BRD4 (Figure 4F). Interestingly, YY1
was shown to be acetylated at a Lys-rich region (amino
acids 170–200) (39) (Figure 4G). Relative to WT, the lysineto-arginine mutations of this Lys-rich region in YY1 significantly decreased the YY1 interaction with BRD4 (Fig-

ure 4H), further supporting that lysine acetylation within
YY1 and the BRD4 bromodomains mediate the interaction between the two. In addition, CoIP further showed
YY1 interaction with TADA2A (Figure 4I), an adaptor and
subunit of ATAC/GCN5 histone acetyltransferase complex (40,41), which suggests that YY1 may recruit/assemble
a complex containing BRD2/4 (acetylation ‘reader’) and
GCN5/ATAC complex (acetylation ‘writer’), thereby forming a feed-forward loop for gene activation. In support, we
found a striking overlap of YY1 with BRD4 and H3K27ac
(Figure 4J). Of note, about 90% of H3K27ac ChIP-seq
peaks are co-localized with those of YY1 in 22Rv1 cells
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Figure 3. YY1 directly binds to and activates the metabolic genes in prostate tumor. (A) Heatmap showing expression of the differentially expressed genes
(DEGs) identified by RNA-seq in 22Rv1 cells post-KD of YY1, relative to mock-treated (n = 2 two biological replicates per group). Threshold of DEG is
set at the adjusted DESeq P value (padj) less than 0.01 and |fold-change (FC)| over 1.5 for transcripts with mean tag counts of at least 10. (B) GSEA shows
that, relative to mock, YY1 depletion in 22Rv1 cells is correlated with downregulation of the indicated genes related to energy metabolism, glycolysis or
prostate cancer, and as expected, correlated with the indicated YY1-repressed genes. (C) Heatmap showing expression of the indicated glycolysis-related
genes in 22Rv1 cells after YY1 KD, relative to mock. (D) Venn diagram showing overlap between the YY1-upregulated genes identified by RNA-seq
in 22Rv1 (left) and C4-2 (right) cells. Threshold of DEG is set at the adjusted DESeq P value (Padj) less than 0.01 and |FC| over 1.5 for transcripts
with mean tag counts of at least 10. (E, F) RT-qPCR of YY1 and the indicated metabolic gene using 22Rv1 (E) and C4-2 (F) cells post-KD of YY1,
compared to mock. Y-axis shows the averaged FC in gene expression after normalization of RT-qPCR signals to beta-Actin and then to mock-treated (n
= 3 independent experiments). ** P <0.01, *** P <0.001. (G) Pie chart showing genomic distribution of the called YY1 ChIP-seq peaks in 22Rv1 cells.
(H) Motif search analysis revealing the most enriched motifs at the called YY1 ChIP-seq peaks. (I) IGV views of chromatin input and the YY1 ChIP-seq
peaks (depth normalized) at the indicated metabolic gene in 22Rv1 cells, which were first ligand-starved followed by treatment with vehicle (DHT–) or
dihydrotestosterone (DHT+).
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Figure 4. Bromodomain-containing proteins serve as co-activator of YY1, potentiating the expression of metabolic genes in prostate cancer. (A) Immunoblot of the biotinylated proteins (probed with streptavidin-HRP conjugate) after treatment of 22Rv1 cells, which were stably transduced with a biotin
ligase only (mock; lane 1) or BirA-YY1 fusion (lane 2), with 50 uM of biotin for 24 h. (B) Summary of the top hits identified by BioID followed by mass
spectrometry in the indicated 22Rv1 cells. (C) Measurement of 22Rv1 cell proliferation (left) and BRD2 immunoblotting (right) after KD of BRD2 (sh#8
or sh#11), relative to transduction of scramble shRNA (shScramble). *** P < 0.001. (D) Co-immunoprecipitation (CoIP) for interaction between endogenous YY1 and bromodomain-containing proteins, BRD2 (top) and BRD4 (bottom), in 22Rv1 cells. (E) CoIP for interaction between the exogenously
expressed BRD4 (Flag-tagged), either WT or with deletion of tandem bromodomain (BD) domains (BD), and HA-tagged YY1 in 293 cells. (F) CoIP
for YY1:BRD4 interaction in 22Rv1 cells after treatment of DMSO or 500 nM of JQ1 for 8 h. (G) Diagram showing the domain architecture of YY1.
(H) CoIP for interaction between the exogenously expressed Flag-BRD4 and HA-YY1, either WT or a mutant form with six lysines in the Lys (K)-rich
region mutated to arginines (170–200[K→R]; also refer to panel G), in 293 cells. (I) CoIP for interaction of endogenous YY1 with ADA2A, a subunit
of the GCN5/ATAC histone acetyltransferase complex, in 22Rv1 cells. (J) Heatmap of the YY1, BRD4 and H3K27ac ChIP-seq read densities at the
promoter (top) and non-promoter (bottom) YY1 peaks in either ligand-stripped (DHT–) or DHT-treated (DHT+) 22Rv1 cells. The YY1 peaks from two
cell conditions were combined, sorted, and used to compute ChIP-seq read densities within 5 kb of the YY1 peak centers. (K) Venn diagram showing
overlap between the called YY1 and H3K27ac ChIP-seq peaks identified from ligand-stripped 22Rv1 cells. (L) IGV views of the YY1 and BRD4 ChIP-seq
profiles at the indicated glycolytic gene in vehicle- (DHT–) or DHT-treated (DHT+) 22Rv1 cells.
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YY1 is required for efficient recruitment of bromodomaincontaining proteins onto target genes, and bromodomain inhibition suppresses the YY1-mediated gene activation and tumor cell growth
Next, we aimed to assess the causal relationship regarding
the chromatin recruitment of YY1 and BRD2/4. We found
that YY1 depletion significantly decreased the BRD2/4
binding to the tested metabolic gene promoters (Figure 5A
and B); likewise, H3K27ac at these regions was strongly attenuated (Figure 5C). In contrast, bromodomain inhibition
by JQ1 treatment did not interfere with YY1 binding to the
same regions (Figure 5D). These results suggest that YY1
acts to recruit the BET family of bromodomain proteins
to chromatin targets, but not vice versa. Treating 22Rv1
cells with JQ1 dramatically decreased overall expression of
the YY1 signature genes including metabolism-related transcripts (Figure 5E and Supplementary Figure S5A). RTqPCR further validated inhibitory effects by JQ1 on YY1
target genes such as PFKP, ENO1 and ENO2 (Figure 5F).
Additionally, YY1 overexpression enhanced proliferation
and soft agar colony formation of 22Rv1 cells, which were
counteracted by JQ1 treatment (Supplementary Figure S5B
and C). In summary, YY1 associates with bromodomaincontaining coactivators in prostate cancer, mediating activation of the downstream oncogenic gene-expression program.
PFKP is a direct target of YY1 in prostate cancer
Volcano plots using RNA-seq profiles of 22Rv1 (Figure 6A)
and C4-2 cells (Figure 6B) both pointed to PFKP, one of
the most altered transcripts upon YY1 depletion. Examination across the transcriptomic datasets of patient samples (30,42,43) showed that the PFKP expression is not only
correlated with that of YY1 (Figure 6C) but also significantly higher among the prostate tumors, compared to benign tissues (Figure 6D and E), suggesting its potential role
in prostate cancer progression. As well, the protein level of
PFKP was significantly decreased after YY1 ablation, relative to control, in two tested CRPC cells (Figure 6F). Phosphorylation of YY1 at serine 365 within the zinc figure (Figure 4G) was previously reported to interfere with the DNA
binding by YY1 (44). We found that rescue of YY1 loss by
an exogenous wildtype YY1 (YY1WT ) restored cellular level
of PFKP (Figure 6G, middle vs left lanes), an effect not
seen with YY1S365D (Figure 6G, right vs middle lane). This
indicates that PFKP induction by YY1 is DNA-bindingdependent, in agreement with our ChIP-seq data showing
YY1 binding to the PFKP promoter (Figure 6H). Indeed,
YY1WT , but not the YY1S365D mutant, increased transcription from a luciferase-based reporter that carries either a
2 kb-long (Figure 6I) or 575bp-long sequence upstream of
PFKP’s transcriptional start site (TSS; Figure 6J; based on
ChIP-seq data shown in Figure 6H). There are four YY1binding motifs, CCAT, within the YY1 peak at the PFKP

promoter (Supplementary Figure S6). Systematic mutagenesis of these YY1-binding motifs (Figure 6K; CCAT mutated to CGGT) revealed the first and third motifs, and not
the second and fourth ones, to be essential for the PFKP
promoter-driven transactivation activity in both 22Rv1 and
C4-2 cells (Figure 6L and M). Additionally, in contrast to
the single motif mutation, compound mutation of the first
and third YY1 motifs further decreased the activity of the
PFKP promoter (Figure 6L and M; last panels). Thus, YY1
activates PFKP through directly binding its promoter, particularly through the first and third conserved CCAT motifs.
YY1 potentiates prostate tumor cell glycolysis partly via
PFKP
Given that PFKP is a rate-limiting enzyme of glycolysis
(13), we next assessed whether YY1 regulates cancer cell
metabolism by real-time measurements of basal extracellular acidification rate (ECAR), a key marker of glycolysis, and observed it to be dramatically decreased after YY1
loss, relative to mock, in three independent prostate tumor models––22Rv1, C4-2 and LNCaP cells (Figure 7A, B,
Supplementary Figure S7A). Relative to control, YY1 depletion also led to the significantly reduced levels of basal
oxygen consumption rate (OCR) and maximal respiratory
capacity (Supplementary Figure S7B-C). The N-terminal
acidic transactivation domain of YY1 (amino acids 1–100;
Figure 4G) was reported to be essential for its gene activation function (45,46). Overexpression of YY1WT , but not a
mutant with deletion of this transactivation domain (Figure 7C, supplementary Figure S7D), enhanced glycolysis of
22Rv1 and C4-2 cells (Figure 7D and E), which is in agreement with the metabolic defects seen upon YY1 depletion.
Requirement of the YY1 transactivation domain for promoting tumor cell glycolysis is also in line with YY1’s role
for transactivation of glycolysis-related genes revealed by
RNA-seq.
Given that BET bromodomain proteins are YY1 cofactors and that JQ1 treatment inhibited the YY1-related
metabolic gene activation (Figure 5E and F), we further
assessed the role of bromodomain proteins in glycolysis.
Indeed, BRD2 depletion significantly reduced glycolysis
of 22Rv1 cells (Figure 7F). Likewise, JQ1 treatment suppressed the increase of glycolysis caused by YY1 overexpression (Figure 7G, red versus green). These data supported a requirement of bromodomain proteins for YY1mediated enhancement of glycolysis.
We also aimed to delineate the YY1 target(s) responsible for enhanced glycolysis or the Warburg effect. Among
the common YY1-upregulated transcripts included PFKP,
ALDOC and ENO2 (Figure 3C). While the ectopic expression of ENO2 or ALDOC failed to significantly rescue the
glycolysis defects caused by YY1 depletion (Supplementary
Figure S7E–H), PFKP largely reversed the reduction of glycolysis (Figure 7H and I). In agreement, KD of PFKP by independent hairpins significantly diminished the rate of glycolysis in both 22Rv1 and C4-2 cells (Figure 7J and K); as
well, depletion of PFKP almost completely abolished the
effect of YY1 overexpression on glycolysis (Figure 7L and
M). Thus, YY1 plays an essential role in potentiating glycol-
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(Figure 4K). Likewise, BRD4 bindings are significant at the
YY1 promoter peaks, nearly as strong as YY1, and at most
of the YY1 non-promoter peaks (Figure 4J), as exemplified
by those at metabolic genes PFKP and ALDOC (Figure 4L
and Supplementary Figure S4F).

12 Nucleic Acids Research, 2021

ysis in prostate tumor, an event that relies at least partially
on upregulation of PFKP.
PFKP is critically involved in prostate tumorigenesis in vitro
and in vivo
PFKP was reported to be involved in oncogenesis such as
lung cancer development (47). However, the role of PFKP
in prostate tumorigenesis was previously unexplored. Following depletion of PFKP in 22Rv1 and C4-2 cells, we observed the significantly decreased levels of proliferation in
vitro (Figure 8A and B and Supplementary Figure S8A) and
soft agar-based colony formation (Figure 8C-D), relative to
mock. As well, both the cell cycle progression (Figure 8E
and Supplementary Figure S8B) and survival of prostate
cancer cells (Figure 8F) were significantly affected upon
PFKP depletion. Importantly, overexpression of PFKP in
the YY1-depleted 22Rv1 or C4-2 cells partially but significantly rescued the ameliorated proliferation phenotype
caused by YY1 loss (Figure 8G and H). In the 22Rv1 cell
xenografted mouse model, PFKP loss also dramatically decreased tumor growth (Figure 8I–K). Therefore, PFKP, a
downstream onco-target of YY1, is essential for prostate
cancer progression (see model Figure 8L).
DISCUSSION
In this report, we show that YY1 is significantly overexpressed during progression of prostate cancer and plays

a pivotal role in prostate oncogenesis across independent models, such as AR-dependent and CRPC cell lines
and xenografted animal models. Furthermore, our YY1
cistrome studies demonstrate that YY1 directly binds to
and mediates transactivation of metabolic genes including
PFKP. Both YY1 and PFKP are paramount for potentiating tumor cell metabolism including glycolysis and mitochondria respiration. Of note, YY1 was reported to mediate tumorigenesis in a range of cancers such as breast tumor, lung cancer and melanoma (5,7,48–51), and recently,
it has been shown that YY1 also regulates cell metabolism
in different biological contexts including cancer, muscle
regeneration and neural crest development (52–58). Likewise, PKFP was known to sustain metabolism in lung
and breast cancers (47,59–61), indicating that our reported
YY1-PFKP axis may play a more generalized role in malignancies. Please note that, in addition to PFKP, YY1 is
most likely to regulate other oncogenesis-related targets in
prostate tumor, which merits further investigation.
Via mass spectrometry-based interactome study and subsequent genomic profiling analyses, we additionally identified the BET bromodomain-containing family proteins
(BRD2 and BRD4) as functional partners of YY1, providing a mechanistic explanation for the YY1-induced transcriptional potentiation of downstream onco-targets seen
in advanced CRPC. In consistence, ∼90% of H3K27ac
sites are co-bound by YY1 in 22Rv1 cells. We thus favor a view that YY1 likely acts as a master regulator of
prostate oncogenesis by sustaining tumor cell metabolism
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Figure 5. YY1 is required for efficient recruitment of the BET bromodomain-containing proteins to downstream targets in prostate cancer cells. (A-C)
ChIP-qPCR for BRD2 (A), BRD4 (B) and H3K27ac (C) at the indicated glycolytic gene promotor in 22Rv1 cells after YY1 KD (sh#94), relative to
mock. Y-axis shows the averaged fold-change in ChIP-qPCR signals after normalization to those of input and then to IgG control (n = 3 independent
experiments). ** P < 0.01, *** P < 0.001. (D) ChIP-qPCR of YY1 binding to the indicated glycolytic gene promotor in 22Rv1 cells post-treatment with
DMSO or 500nM of JQ1 for 8 h. Y-axis shows the averaged fold-change in ChIP-qPCR signals after normalization to those of input and then to IgG
control (n = 3 independent experiments). NS, not significant. (E) Heatmap showing overall change in expression of the YY1 gene signature (defined in
Figure 3D) in 22Rv1 cells treated with either DHT alone, DHT plus JQ1, or DHT plus the AR antagonist MDV3100 (MDV). Color bar, mean of log(Foldchange). (F) RT-qPCR of the indicated metabolic gene in 22Rv1 cells after an eight-hour treatment with either DMSO or 500 nM of JQ1. Y-axis shows
the averaged fold-change in RT-qPCR signals after normalization first to those of beta-Actin and then to mock-treated (n = 3 independent experiments).
** P < 0.01, *** P < 0.001.
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Figure 6. PFKP is a direct onco-target of YY1 in prostate cancer. (A, B) Volcano plots of the RNA-seq profiles highlight PFKP among the most altered
transcripts upon YY1 depletion in 22Rv1 (A) and C4-2 (B) cells. (C) Correlation between the expression levels of PFKP and YY1 among prostate cancer
patients using the StandUp2Cancer (SU2C) dataset (43). (D, E) Box plots showing the PFKP expression levels among patient samples from the indicated
cohort reported by Tomlins et al (30) (D) or Varambally et al (42) (E). (F) Immunoblotting of endogenous YY1 and PFKP post-KD of YY1, relative to
mock, in 22Rv1 (left) and C4-2 (right) cells. (G) Immunoblotting of exogenous YY1 (using HA antibody) and endogenous PFKP post-transduction of
HA-tagged YY1WT or YY1S365D into 22Rv1 (left) or C4-2 (right) cells with stable YY1 KD (by shYY1#94, which targets 3’-UTR of YY1). (H) IGV views
of the YY1 ChIP-seq profile at the proximal promoter of PFKP. (I, J) Relative transcription activities from a luciferase reporter that carries the PFKP
promoter (right panel), either –2008 to +7 (I) or –575 to +37 bp (J) from transcription start site, after its co-transduction with HA-tagged YY1WT or
YY1S365D into 22Rv1 cells. Left panels show the reporter results using the cells transduced with the empty luciferase reporter. Y-axis shows the averaged
fold-change in the reporter signals after normalization to those of internal luciferase control and then to mock samples (the first sample); n = 3 independent
experiments; ** P < 0.01. (K) Scheme shows the used mutation (mut) of putative YY1-binding sites within the PFKP promoter. Empty box denotes the
mutated YY1-binding site. (L, M) Luciferase activity from a PFKP promoter reporter, which carries either WT or the indicated mutation of YY1-binding
sites (refer to K), after its co-transduction with WT YY1 cDNA into 22Rv1 (L) or C4-2 cells (M). Y-axis shows the averaged fold-change in the reporter
signals after normalization to those of internal luciferase controls and then to empty vector-transfected cells (n = 3 independent experiments). * P < 0.05;
** P < 0.01; *** P < 0.001; NS, not significant.
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Figure 7. YY1 potentiates prostate tumor cell glycolysis partly via PFKP. (A, B) Measurement of extra cellular acidification rate (ECAR) in 22Rv1 (A)
or C4-2 cells (B) after YY1 KD, compared to mock (shEV). The scheme showing the injection of compounds during the assays is presented in the left
panel. Data quantifications are shown in the right panel as mean ± SEM. ** P < 0.01, *** P < 0.001. (C–E) Immunoblotting for exogenous HA-YY1 (C;
anti-HA immunoblot), as well as ECAR measurement using the 22Rv1 (D) or C4-2 (E) cells post-transduction of the indicated HA-YY1, either WT or
with its N-terminal transactivation domain deleted (1–100aa). *P < 0.05; **P < 0.01; NS, not significant. (F) ECAR measurement using the 22Rv1 cells
post-KD of BRD2 (sh#8), compared to scramble control. * P< 0.05; ** P < 0.01; *** P < 0.001. (G) ECAR measurement using 22Rv1 cells, which were
transduced with empty vector (mock) or WT YY1, followed by cell treatment with either DMSO or 500nM of JQ1 for 8 h. * P < 0.05; ** P < 0.01; ***
P < 0.001. (H, I) Immunoblotting for endogenous YY1 and exogenous HA-PFKP (H) and ECAR measurement (I) after transduction of empty vector
(mock) or HA-PFKP (H, lane 3 versus 2), into the YY1-depleted 22Rv1 cells (lanes 2–3). The shEV-transduced cells (lane 1) serve as control. * P < 0.05;
** P < 0.01; NS, not significant. (J, K) ECAR measurement using the 22Rv1 (J) or C4-2 (K) cells post-KD of PFKP (sh#75 or sh#77), compared to mock
(shEV). * P < 0.05; ** P < 0.01; *** P < 0.001. (L, M) Immunoblotting for endogenous PFKP and exogenous HA-YY1 (L) and ECAR measurements
(M) after transduction of vector (mock; L, lanes 1 and 3) or HA-tagged YY1 (L, lanes 2 and 4) into 22Rv1 cells with stable expression of either shEV (lanes
1–2) or YY1-targeting shRNA (lanes 3–4). * P < 0.05; ** P < 0.01; NS, not significant.
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and energy production during progression into the advanced disease, CRPC. Additionally, our study shed light
on potential strategies. For example, the bromodomaincontaining proteins and metabolic pathways activated by
YY1 are both druggable by the existing small-molecule
inhibitors, which merits additional study. Altogether, our
findings unveil a previously unexplored axis involving YY1
and bromodomain-containing coactivators, which act on
downstream metabolic genes (such as PKFP and, potentially, other onco-targets) to sustain aggressive phenotypes
of prostate cancer.
The cellular functions of YY1 are rather complex
(5,7). We show that, in prostate cancer, YY1 and its
bromodomain-containing coactivators occupy a large majority of H3K27ac-demarcated cis-elements, potentiating
target gene transactivation. In prostate cancer cells, we additionally identified TADA2A, a subunit of the ATAC complex, which is consistent with the reported YY1 interaction to p300 and GCN5, another set of HAT/coactivators
(5,39). By gene depletion experiment, we also show that

YY1 is required for efficient recruitment of bromodomaincontaining coactivators to its targets, but not vice versa.
It is thus likely that YY1 is able to assemble coactivator complexes that consist of both HAT (acetylation ‘writers’) and bromodomain proteins (acetylation ‘readers’),
thereby establishing a feedforward circuitry during pathogenesis. As well, a lysine-rich region within YY1 was reported to be modified by the antagonizing HDACs and
HATs (such as p300 or GCN5) (39). Here, we observed
that the acetylation-incompetent mutations of YY1 (harboring Lys-to-Arg substitutions within the Lys-rich region)
largely abolished its interaction with BRD4, an effect also
seen with treatment of bromodomain inhibitors. These data
lend a strong support that lysine acetylation within YY1
directs BRD4:YY1 interaction. In contrast to involvement
in coactivator complexes, YY1 was also shown to interact with a set of gene-repressive factors such as HDACs
(5,39) and Polycomb Repressive Complex (PRC) (62–66).
It is intriguing to propose that YY1 can dynamically assemble either gene-activating (YY1:BRDs/HATs) or re-
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Figure 8. PFKP is critically involved in prostate tumorigenesis in vitro and in vivo. (A, B) Assays for 22Rv1 (A; insert, PFKP blotting) or C4-2 (B) cell
proliferation after PFKP depletion (sh#75 or sh#77), compared to transduction of a scramble shRNA (shScramble). *P < 0.05; **P < 0.01; ***P <
0.001. (C, D) Soft agar-based growth of 22Rv1 (C; left) or C4-2 cells (C; right) and quantification of colony number (D) after PFKP depletion, compared
to mock. *P < 0.05; **P < 0.01; ***P < 0.001. (E, F) Quantitation of cell cycle phases (E) and immunoblotting of the indicated apoptotic markers (F; n =
2 replicated samples) after PFKP depletion, compared to mock, in 22Rv1 cells. (G, H) Assays for cell proliferation after transduction of empty vector (blue)
or an exogenous PFKP (red) into the YY1-depleted 22Rv1 (G) or C4-2 cells (H); cells without YY1 depletion were used as control (shEV; gray). ** P <
0.01. (I–K) Summary of xenografted tumor sizes (I) after subcutaneous transplantation of 22Rv1 cells, which were stably transduced with shEV (black) or
shPFKP (red), into castrated NSG mice (n = 6 per group). ** P < 0.005, *** P < 0.0005. The images of tumor xenografts isolated at the end of study and
immunoblotting of PFKP in these samples are shown in J and K, respectively. (L) Model illustrating the requirement of YY1 and bromodomain-containing
coactivators for potentiation of the expression of genes related to energy metabolism in advanced prostate tumor.
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