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Tudor domain—containing proteins (TDRDs), which recognize and bind to methyl-lysine/
arginine residues on histones and non-histone proteins, play critical roles in regulating
chromatin architecture, transcription, genomic stability, and RNA metabolism. Dysregula-
tion of several TDRDs have been observed in various types of cancer. However, neither the
genomic landscape nor clinical significance of TDRDs in breast cancer has been explored
comprehensively. Here, we performed an integrated genomic and transcriptomic analysis
of 41 TDRD genes in breast cancer (TCGA and METABRIC datasets) and identified associa-
tions among recurrent copy number alterations, gene expressions, clinicopathological fea-
tures, and survival of patients. Among seven TDRDs that had the highest frequency (>10%)
of gene amplification, the plant homeodomain finger protein 20-like 1 (PHF20L1) was the
most commonly amplified (17.62%) TDRD gene in TCGA breast cancers. Different subtypes
of breast cancer had different patterns of copy number and expression for each TDRD.
Notably, amplification and overexpression of PHF20L1 were more prevalent in aggressive
basal-like and Luminal B subtypes and were significantly associated with shorter survival
of breast cancer patients. Furthermore, knockdown of PHF20L1 inhibited cell proliferation
in PHF20L1-amplified breast cancer cell lines. PHF20L1 protein contains N-terminal Tudor
and C-terminal plant homeodomain domains. Detailed characterization of PHF20L1 in
breast cancer revealed that the Tudor domain likely plays a critical role in promoting can-
cer. Mechanistically, PHF20L1 might participate in regulating DNA methylation by stabiliz-
ing DNA methyltransferase 1 (DNMT1) protein in breast cancer. Thus, our results
demonstrated the oncogenic potential of PHF20L1 and its association with poor prognostic
parameters in breast cancer.
© 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights
reserved.
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1. Introduction

Methylation of lysine (K) and arginine (R) residues on histones
and non-histone proteins plays critical roles in chromatin
function, transcriptional regulation, genomic stability, and
RNA metabolism (Barski et al., 2007; Chen et al., 2011; Greer
and Shi, 2012; Hamamoto et al., 2015; Wei et al., 2014). These
epigenetic methylations are mediated by antagonistic sets of
enzymatic complexes—the methyltransferases, which cata-
lyze methylation in a site-specific manner, and the demethy-
lases, which remove the methylation marks (Greer and Shi,
2012). Such methylation marks are interpreted by “reader”
proteins that specifically bind to the modified protein
(Musselman et al., 2012). The largest and most diverse set of
reader proteins includes the Tudor domain and plant homeo-
domain (PHD) (Gayatri and Bedford, 2014; Lu and Wang, 2013;
Musselman et al.,, 2012; Sanchez and Zhou, 2011). In the hu-
man proteome, there are than 40 Tudor
domain—containing proteins (TDRDs) (Lu and Wang, 2013;
Pek et al., 2012). The Tudor domain exists singly or in multiple
copies, in the absence or in conjunction with other functional
domains, such as the Jumonji C (JmjC) domain in histone
demethylases KDM4A, KDM4B, and KDM4C; the SET domain
in histone methyltransferase SETDB1, RING-finger type E3
ubiquitin ligases in UHRF1 and 2; the PHD domain in PHD
finger protein 20 (PHF20) and PHF20L1; and the AT-rich inter-
action domain (ARID) in ARID4A and ARID4B (Lu and Wang,
2013; Pek et al., 2012). Broadly, TDRDs can be divided into
two subfamilies based on their ability to bind methyl-lysine
or methyl-arginine. Methyl-lysine-binding TDRDs are pre-
dominantly involved in histone modification and chromatin
remodeling, and methyl-arginine-binding TDRDs are
frequently associated with RNA metabolism, alternative
splicing, small-RNA pathways, and germ cell development
(Chen et al,, 2011; Lu and Wang, 2013; Pek et al.,, 2012; Wei
et al,, 2014).

Dysregulation of several TDRDs has been observed in
breast cancer. Recent studies in human cancer have identi-
fied frequent genetic alterations in genes encoding chro-
matin regulatory factors and histone proteins (Cancer
Genome Atlas, 2012; Gonzalez-Perez et al., 2013; Tamborero
et al.,, 2013). Those studies implicate such alterations as ma-
jor players in the pathogenesis of both hematological malig-
nancies and solid tumors, including breast cancer (Gonzalez-
Perez et al., 2013; Pon and Marra, 2015; Roy et al., 2014
Schwartzentruber et al, 2012). All three Tudor
domain—containing demethylases (KDM4A, B, and C) are
frequently overexpressed in breast cancer (Berry and
Janknecht, 2013; Labbe et al., 2013; Liu et al., 2009; Ye et al.,
2015). We demonstrated that KDM4C is significantly ampli-
fied and overexpressed in aggressive basal-like breast can-
cers and functions as a transforming oncogene (Liu et al,,
2009). Similarly, ARID4B is overexpressed in some estrogen
receptor (ER)-positive breast cancers and can be used to pre-
dict the development of metastatic disease (Goldberger et al.,
2013). Another TDRD, UHRF2, might contribute to tighter
epigenetic control of key cell-cycle inhibitors and to regu-
lating cell proliferation in breast cancer (Bronner et al.,
2007; Wu et al., 2012).

more

Although dysregulation of TDRDs has been associated with
the initiation and progression of cancer, the genomic land-
scape and clinical significance of TDRDs in breast cancer
have not yet been comprehensively investigated. Thus, we
interrogated cancer genomics data and functional small-
interfering RNA (siRNA) screens to pinpoint potential onco-
genes, focusing on TDRDs. We demonstrated the higher fre-
quency of PHF20L1 amplification and overexpression in
breast cancers and cell lines, association with patient survival
and its role in viability, indicating that PHF20L1 is a novel
oncogene in breast cancer.

2. Materials and methods
2.1. Cell culture

The cultures for the SUM series of breast cancer cell lines
and the nontransformed human mammary epithelial cell
line MCF10A have been described previously (Forozan
et al., 1999; Yang et al., 2006). The Colo824 cell line was ob-
tained from DSMZ (Braunschweig, Germany), SUM cell lines
were obtained from Dr. Stephen P. Ethier, and all other cell
lines in this study were obtained from ATCC (Manassas, VA,
USA).

2.2.  The Cancer Genome Atlas (TCGA) data for breast
cancer

The DNA copy number, mutation, and overall survival data-
sets of 959 breast cancer samples used in this research were
obtained from the cBio Cancer Genomics Portal (Cerami
et al., 2012; Gao et al., 2013). The copy number for each
TDRD was generated from the copy number analysis algo-
rithm GISTIC (Genomic Identification of Significant Targets
in Cancer) and categorized as copy number level per gene:
“—2” is a deep loss (possibly a homozygous deletion), “~1”
is a heterozygous deletion, “0” is diploid, “1” indicates a
low-level gain, and “2” is a high-level amplification. For
mRNA expression data, the relative expression of an indi-
vidual gene and the gene’s expression distribution in a
reference population were analyzed. The reference popula-
tion was either all tumors that are diploid for the gene in
question, or, when available, normal adjacent tissue. The
returned value indicates the number of standard deviations
away from the mean of expression in the reference popula-
tion (Z-score). Somatic mutation data were obtained from
exome sequencing (Cerami et al., 2012; Gao et al., 2013).
Breast cancer subtype and clinicopathologic information
were extracted via the UCSC Cancer Genomics Browser
(genome-cancer.ucsc.edu) and the cBio Cancer Genomics
Portal (Cancer Genome Atlas, 2012; Cerami et al., 2012; Gao
et al., 2013). Among the 959 breast cancer samples, 808
had subtype data available, including 22 normal-like, 405
Luminal A, 185 Luminal B, 66 HER2+, and 130 basal-like
breast cancers (Supplementary Table S1) (Gao et al., 2013;
Liu et al., 2015).
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2.3.  The METABRIC (Molecular Taxonomy of Breast
Cancer International Consortium) dataset

The METABRIC dataset contains approximately 2000 primary
breast cancers with long-term clinical follow-up. A detailed
description of the dataset can be obtained from the original
manuscript (Supplementary Table S1A) (Curtis et al., 2012).
The copy number aberrations and normalized expression
data of METABRIC were downloaded with access permissions
from the European Genome-phenome Archive (https://
www.ebi.ac.uk/ega) under accession number
EGAC00000000005. In METABRIC dataset, copy number log, ra-
tios were segmented with two analytical methods, circular bi-
nary segmentation (CBS) and an adapted hidden Markov
model (HMM). The median of the log, ratio was computed
and gene-centric alterations were categorized as amplifica-
tion, gain, heterozygous loss and homozygous loss. The data
for 41 TDRDs were based on the CBS-derived copy number
profiles (Curtis et al., 2012). The normalized gene expression
profiles were generated using the Illumina Human HT-12 plat-
form (Curtis et al., 2012). For PHF20L1 expression analysis, we
selected Illumina probes indicated as having “Perfect” evi-
dence in the annotation.

2.4. Semiquantitative PCR reactions

mRNA was prepared from human breast cancer cell lines and
the MCF10A cell line by using an RNeasy Plus Mini Kit (QIA-
GEN). mRNA was mixed with gScript cDNA SuperMix (Quanta
Biosciences, Gaithersburg, MD, USA) then converted into
cDNA through a reverse-transcription (RT) reaction for real-
time PCR reactions. Primer sets were ordered from Life Tech-
nologies (Carlsbad, CA, USA). APUM1 primer set was used as a
control. Semiquantitative RT-PCR was performed using the
FastStart Universal SYBR Green Master (Roche Diagnostics
Indianapolis, IN, USA).

2.5. Immunoblotting and antibodies

Whole-cell lysates were prepared by scraping cells from
dishes into cold RIPA lysis buffer. After centrifugation at
high speed, protein content was estimated by the Bradford
method. A total of 20—50 nug of total cell lysate was resolved
by SDS—polyacrylamide gel electrophoresis and transferred
onto a polyvinylidene difluoride membrane. Antibodies used
in the study included anti-PHF20L1 (1:1000, HPA028417, Sig-
ma—Aldrich, St. Louis, MO, USA), anti-DNMT1 (1:1000, #5032,
Cell Signaling Technology, Beverly, MA, USA), and anti-B-actin
(1:3000, T8328, Sigma—Aldrich).

2.6. PHF20L1 siRNA knockdown

Three PHF20L1 siRNAs were purchased from Sigma—Aldrich.
A MISSION siRNA Universal Negative Control #1 (SIC001, Sig-
ma—Aldrich) was used as the negative control in the knock-
down experiment. For transfection, 10—30 nM of siRNA was
transfected using the MISSION siRNA transfection reagent ac-
cording to the manufacturer’s protocol (Sigma—Aldrich). Then
5—7 days after siRNA transfection, mRNA expression and pro-
tein levels of the PHF20L1 were measured by qRT-PCR and

western blot. Relative cell growth was measured using Cell-
Titer-Blue® Cell Viability Assay (Promega, Sunnyvale, CA,
USA).

2.7. Statistical analysis

Statistical analyses were performed using R software (http://
www.r-project.org) and GraphPad Prism (version 6.03). Corre-
lations between copy numbers and mRNA levels of each TDRD
from 959 sequenced TCGA breast cancer specimens were
analyzed using Spearman, Kendall, and Pearson correlation
tests. The Spearman and Kendall tests are rank correla-
tions—the Spearman coefficient relates the two variables
while conserving the order of data points, and the Kendall co-
efficient measures the number of ranks that match in the
dataset. We used the “cor” function in R statistical software
for computation, specifying in the code which type of test
we wanted (Spearman, Kendall, or Pearson). The significance
of difference in mRNA expression level for each TDRD be-
tween the basal-like and the other cancer subtypes was calcu-
lated using Student’s t-test. The association between the
clinical outcome and individual TDRD copy number and
expression level was evaluated using a log-rank test. To inves-
tigate how DNA copy number was associated with survival,
samples were segregated into the following three groups for
each TDRD: amp/gain (high-level amplification and low-level
gain), diploid, or deletion (heterozygous and homozygous
deletion). To analyze the relationships between TDRD mRNA
expression and overall patient survival in breast cancer, sam-
ples were divided into lower and higher expression groups of
each TDRD, based on mRNA expression Z-scores [RNA-Seq V2
RSEM (RNA-Seq by Expectation-Maximization)] in TCGA data-
set or the log, normalized expression level in METABRIC data-
set (Supplementary Table S1). When we compared amp/gain
vs. diploid or high vs. low mRNA expression for each TDRD
in survival analysis, we segregated samples based on copy
number or expression level in whole dataset independent of
subtype. Multivariate survival analysis was conducted in
TCGA breast cancer samples using the Cox regression func-
tion (“coxph”) in the R statistical programming language. Fac-
tors included in the multivariate analysis model were age at
diagnosis (continuous variable), ER status (positive vs. nega-
tive), progesterone receptor status (positive vs. negative),
HER2 status (positive vs. negative), tumor size (>20 mm vs.
<20 mm), lymph node status (positive vs. negative), metas-
tasis status (positive vs. negative), MKI67 (marker of prolifera-
tion Ki-67) expression, and PAMS50 subtype (basal vs. non-
basal) (Supplementary Table S1B) (Bertucci et al., 2013).

3. Results and discussion
3.1 Genetic alteration of TDRDs in breast cancer

DNA copy number alterations (CNAs) can lead to the activa-
tion of oncogenes or inactivation of tumor suppressors in hu-
man cancers (Albertson, 2006; Albertson et al, 2003;
Beroukhim et al., 2010). For example, GISTIC analysis revealed
that HER2, CCND1, and MYC, three well-known and commonly
amplified breast cancer oncogenes, exhibited high-level
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amplification in 12.5%, 15.8%, and 22.1% of TCGA breast can-
cer samples, respectively (Cerami et al.,, 2012; Gao et al.,
2013). We hypothesized that TDRDs with recurrent CNA might
play important roles in breast cancer initiation and progres-
sion and could serve as therapeutic targets. Based on Chromo-
Hub database, the human genome encodes 41 TDRDs
(Supplementary Figure S1 and Table S2) (Liu et al., 2012). We
first analyzed copy numbers and mutations of these 41 TDRDs
compiled from 959 TCGA breast cancer specimens via cBioPor-
tal (Cerami et al.,, 2012; Gao et al., 2013). As shown in Table 1,
we discovered distinct patterns of CNAs and mutations of
TDRDs in breast cancer. We found that seven TDRD genes
(PHF20L1, ARIB4B, SETDB1, LBR, TDRKH, TDRD10, and TDRD5)
exhibited high-level amplification in more than 10% of TCGA

breast cancers. PHF20L1 had the highest frequency (17.62%)
of amplification. No TDRD genes showed homozygous dele-
tion or somatic mutation in more than 2% of breast cancers.
SMN1 and SMN2 had the highest frequency of homozygous
deletion (1.46%), and TP53BP1 had the highest frequency of
mutation (1.46%) among these TCGA breast cancer samples.
Breast cancers are highly heterogeneous, consisting of five
subtypes—Luminal A, Luminal B, human epidermal growth
factor receptor 2 (HER2/ERBB2)-enriched, basal-like, and
normal-like breast cancers (Carey et al., 2006). Both Luminal
A and Luminal B breast cancers are ER positive, but Luminal
B cancers have poorer outcomes (Ades et al, 2014;
Creighton, 2012). Basal-like breast cancer is a particularly
aggressive subtype because it is more prevalent in young

Table 1 — Frequency (%) of TDRD genetic alterations and expression levels in TCGA breast cancers.

Gene Location DNA alterations mRNA expression levels

Amp Gain Diploid Hetloss Homdel Mutation Zscore>1 1> Zscore> -1 Zscore< -1
PHF20L1 8q24.22 42.02 35.56 4.48 0.31 0.73 52.03 6.57
ARID4B 1942.1-q43 59.44 23.25 2.61 0.10 1.15 48.80 7.30
SETDB1 1921 58.08 25.96 1.88 0.00 1.15 37.75 6.26
LBR 1q42.1 61.11 22.84 2.40 0.00 0.52 80.50 0.63
TDRKH 1921 59.12 25.96 1.88 0.00 0.31 49.43 5.01
TDRD10 1921.3 60.79 25.55 1.46 0.00 0.21 8.55 91.45 0.00
TDRD5 1925.2 63.19 23.98 2.19 0.00 0.63 24.61 75.39 0.00
AKAP1 17922 8.13 27.63 46.40 17.83 0.00 0.42 23.15 65.48 11.37
ZGPAT 20q13.3 6.36 42.23 47.13 4.28 0.00 0.21 17.00 71.22 11.78
KATS8 16p11.2 459 46.92 40.04 8.45 0.00 0.52 27.01 62.67 10.32
CCDC101 16p11.2 4.07 47.97 40.56 7.30 0.10 0.21 71.64 6.57
FXR1 3928 3.86 26.80 63.82 5.53 0.00 0.63 & 57.14 12.83
PHF20 20911.22—q11.23 3.13 40.98 50.89 5.01 0.00 0.31 27.53 59.12 13.35
TDRD12 19913.11 271 2231 60.90 14.08 0.00 0.52 6.36 93.64 0.00
KDM4C 9p24.1 240 14.91 52.76 29.20 0.73 0.83 18.35 56.20 25.44
UHRF2 9p24.1 240 14.81 52.87 29.20 0.73 0.10 16.89 63.61 19.50
KDM4A 1p34.1 1.98 13.24 57.04 27.74 0.00 0.83 16.58 59.75 23.67
KDM4B 19p13.3 1.88 14.18 58.19 25.65 0.10 0.42 13.03 60.06 26.90
STK31 7p15.3 1.77 30.14 57.14 10.84 0.10 1.36 10.74 89.26 0.00
KATS 11913 1.67 17.62 59.85 20.65 0.21 0.00 15.75 60.90 23.36
MORF4L1 15924 1.67 1241 58.29 27.53 0.10 0.31 18.87 58.71 22.42
SND1 7q31.3 1.46 25.23 58.81 14.49 0.00 0.31 18.14 65.28 16.58
TDRD6 6p12.3 1.46 21.27 61.52 15.54 0.21 1.15 14.18 84.57 1.25
UHRF1 19p13.3 1.25 13.87 58.71 26.07 0.10 0.31 16.27 78.83 4.90
FMR1 Xq27.3 1.15 15.33 66.32 17.00 0.21 0.63 17.73 73.62 8.65
MTEF2 1p22.1 1.04 11.99 53.28 33.68 0.00 0.31 15.64 61.73 22.63
RNF17 13q12.12 1.04 11.37 48.18 38.58 0.83 0.52 0.73 99.27 0.00
MSL3 Xp22.3 0.83 15.85 64.55 18.04 0.73 0.52 16.68 75.50 7.82
PHF1 6p21.3 0.83 23.46 61.31 14.39 0.00 0.31 11.57 71.01 17.41
TDRD9 14q32.33 0.83 14.60 56.00 28.26 0.31 0.42 6.15 93.85 0.00
PHF19 9g33.2 0.73 14.49 58.39 26.38 0.00 0.31 16.79 69.55 13.66
ARID4A 14923.1 0.73 14.29 58.08 26.90 0.00 0.31 14.29 63.30 22.42
TDRD3 13g21.2 0.73 8.65 47.86 41.61 1.15 0.31 6.26 83.94 9.80
TP53BP1  15q15—q21 0.42 6.67 56.83 35.56 0.52 1.46 13.14 59.75 27.11
TDRD15 2p24.1 0.42 14.29 67.26 17.94 0.10 0.00 N/A N/A N/A
TDRD1 10925.3 0.31 9.91 60.17 29.20 0.42 0.42 9.59 90.41 0.00
TDRD7 9g22.33 0.31 12.10 57.87 29.41 0.31 0.31 14.81 66.01 19.19
SMNDC1 10923 0.10 8.76 60.17 30.45 0.52 0.10 16.37 69.24 14.39
SMN1 5q13.2 0.10 17.94 54.33 26.17 1.46 0.00 10.64 80.08 9.28
SMN2 5q13.2 0.10 17.94 54.33 26.17 1.46 0.00 15.54 70.18 &
FXR2 17p13.1 0.10 4.90 33.37 60.48 1.15 0.52 7.40 46.30

Amp = high-level amplification; Gain = low-level gain; Hetloss = heterozygous deletion; Homdel = homozygous deletion.
Genes were ranked based on the frequency of high-level amplification.
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women who often relapse rapidly, resulting in poor prognoses
(Bertucci et al., 2012; Cancer Genome Atlas, 2012; Carey et al.,
2006). To determine whether the genetic alteration of each
TDRD is specific to a breast cancer subtype, we performed
an independent analysis of CNA across the five subtypes in
TCGA dataset (Supplementary Table S3). Notably, the most
frequently amplified TDRD, PHF20L1, showed high-level
amplification in 35.38% of basal, 25.76% of HER2+, and
27.57% of Luminal B, but only 8.15% of Luminal A and 13.64%
of normal-like samples (Figure 1A).

We next examined the relative mRNA expression levels of
each TDRD in TCGA breast cancer samples (Ceramietal., 2012;
Gao et al.,, 2013). As shown in Table 1, we found that mRNA
was overexpressed in five TDRDs (PHF20L1, ARID4B, SETDBI,
TDRKH, and FXR1) in more than 30% of breast cancers, and
SETDB1 exhibited the highest frequency (56%) of mRNA over-
expression. In contrast, only one TDRD gene, FXR2, showed
low expression in more than 30% of breast cancers. We also
analyzed the correlation between copy number and mRNA
level of 40 TDRDs (excluding that of TDRD15, as its RNA-

A B
40
B Normal-like g
M Luminal A |
30 . EI
B Luminal B ©
H HER2 £
20 W Basal-like z°

sequencing data were not available in the cBioPortal database)
from 959 sequenced TCGA breast cancer specimens. As shown
in Supplementary Table S4, except for TDRD10, the correla-
tions of DNA copy number and mRNA expression were posi-
tive for 39 TDRD genes, 11 of which (SETDB1, FXR2, PHF20L1,
KDM4C, TDRD3, FXR1, UHRF2, AKAP1, TDRKH, MORF4L1, and
MTF2) had a Spearman correlation coefficient (r) greater than
0.5.

Next, to determine whether mRNA expression is associ-
ated with a specific subtype of breast cancer, we compared
expression levels of each TDRD in the 808 TCGA breast cancer
samples that had subtype information available (Figure 1B
and Supplementary Table S1 and S5). We found that the
mRNA expression level of PHF20L1 was significantly higher
in basal and Luminal B subtypes (Figure 1C; p < 0.001). ARID4B
had a higher expression level in both Luminal A and B sub-
types, but ARID4B amplification exhibited a higher frequency
in the basal subtype (Figure 1C). We found that three luminal
breast cancer cell lines also exhibited higher mRNA expres-
sion of ARID4B (Supplementary Figure S2). The correlation
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Figure 1 — (A) High-level amplification of PHF20L1 and ARID4B across five subtypes of breast cancer. (B) Heatmap of TDRD expression profiles
in different subtypes of breast cancer. The significance of difference in mRNA expression level for each TDRD between the basal-like and other

subtypes was calculated using Student’s #-test. Genes with significantly higher expression (p < 0.001) in basal-like tumors are highlighted in red,
and genes with lower expression in basal-like tumors are in green. (C) Expression levels of PHF20L1 and ARID4B across five subtypes of breast
cancer, based on TCGA data. The differences in PHF20L1 and ARID4B mRNA levels among breast cancer subtypes are statistically significant

(p < 0.001).
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between copy number and mRNA level of ARID4B was less
than 0.5 in Spearman, Kendall, and Pearson analyses, suggest-
ing that other regulators might contribute to the upregulation
of ARID4B in luminal breast cancer (Supplementary Table S4).
Indeed, a recent study demonstrated that microRNA miR-290
regulates ARID4B expression while simultaneously enhancing
the ER signaling pathway in breast cancer (Goldberger et al.,
2013).

To validate our findings of TDRD genomic alterations from
the TCGA breast cancer dataset, we conducted an indepen-
dent analysis using the METABRIC dataset. We found that,
among 41 TDRD genes, PHF20L1 also had the highest fre-
quency of amplification in METABRIC breast cancer samples
(Supplementary Table S6), although the frequency of high-
level amplification identified in METABRIC dataset is lower
than that of TCGA dataset, possibly due to the different CNA
analysis platform and calling algorithms. We also found that
basal and Luminal B breast cancer had the highest frequency
of PHF20L1 gain/amplification in METABRIC dataset
(Supplementary Figure S3A). Again, mRNA expression level
of PHF20L1 was significantly higher in basal and Luminal B
breast cancer (Supplementary Figure S3B; p < 0.001).

3.2.  Association of PHF20L1 amplification/expression
with breast cancer patient survival

To investigate the clinical relevance of genetic alterations of
TDRDs in breast cancer, we first examined the relationship be-
tween TDRD copy number, mRNA expression, and overall pa-
tient survival in TCGA breast cancer samples, despite the
relatively short follow-up time (median 2.1 years). We found
that for only two TDRD genes (PHF20L1 at 8924.22 and
AKAP1 at 17922), copy number gain/amplification was signifi-
cantly associated (p < 0.05) with shorter survival in breast
cancer patients (Figure 2A and Supplementary Table S7). For
PHF20L1, the group with genetic gain/amplification had a haz-
ard ratio (HR), a ratio of the probability of death, of 1.59 [95%
confidence interval (CI), 1.035—-2.305] compared to the breast
cancer patients with diploid PHF20L1.

Next, to analyze the relationship between TDRD mRNA
expression and overall breast cancer patient survival, samples
were divided into lower and higher expression groups based
on the mRNA expression Z-scores of each TDRD in TCGA data-
set. Supplementary Table S8 summarizes the results of a log-
rank statistical analysis for 40 TDRDs in breast cancer. High
mRNA levels of PHF20L1 (p = 0.0027, HR = 1.78), PHF20
(p = 0.0114, HR = 1.61), and STK31 (p = 0.0329, HR = 1.50)
were significantly associated (p < 0.05) with shorter survival
in TCGA breast cancer patients (Figure 2B, Supplementary
Table S8). Extending this analysis to the METABRIC dataset,
which has a longer median survival time (7.3 years),
confirmed that higher expression of PHF20L1 was correlated
with a poor prognosis (p = 0.0003, HR = 1.27)
(Supplementary Figure S4). We then examined the relation-
ship between PHF20L1 expression and overall patient survival
in Luminal B and basal subtypes, which exhibited higher fre-
quencies of PHF20L1 amplification and overexpression. We
found that high mRNA levels of PHF20L1 were significantly
associated (p = 0.041, HR = 1.30) with shorter survival in
Luminal B, but not in basal, METABRIC breast cancer patients.

Next, to examine the prognostic value of PHF20L1, we per-
formed a multivariate analysis to investigate whether the
expression level of PHF20L1 was predictive of poor prognosis
compared with standard prognostic markers. Again, a high
mRNA level of PHF20L1, but not other TDRDs, was indepen-
dently associated with shorter survival of TCGA breast cancer
patients (p = 0.029, HR = 1.84) (Figure 2C and Supplementary
Table S9).

3.3. Genetic and functional characterization of PHF20L1
in breast cancer

In our analysis of the genetic alterations of TDRDs in breast
cancer, we were surprised by the importance of PHF20L1,
because it had a higher frequency of amplification and
mRNA overexpression in breast cancer, and its amplifica-
tion/overexpression was associated with poor prognosis.
Thus, we further examined the genetic alterations and trans-
forming roles of PHF20L1 in breast cancer by using a panel of
cell lines. Based on our data and published array-based
comparative genomic hybridization (CGH) data, we found
that, among 20 lines, 5 breast cancer cell lines had PHF20L1
amplification and 10 had gain (Barretina et al., 2012; Wu
et al,, 2012; Yang et al., 2006). Consistent with the data from
primary breast cancer specimens, we found that breast cancer
cell lines that have genetic gain/amplification also exhibited
higher mRNA expression of PHF20L1 (Figure 3A). Previous
studies found that PHF20L1 has three isoforms, PHF20L1a,
-b, and -c, and they all contain the Tudor domain
(Supplementary Figure S5) (Esteve et al., 2014). So next we per-
formed western blotting to detect PHF20L1 protein levels in a
panel of breast cancer cell lines by using an antibody
(HPA028417, Sigma—Aldrich) raised from a region common
to all isoforms. As shown in Figure 3B, we found that all three
isoforms of PHF20L1 were overexpressed at the protein level,
but only PHF20L1c was dramatically higher in several breast
cancer cell lines, including the PHF20L1-amplified MDA-MB-
468, HCC1937, and Colo824 cell lines (Figure 3B and
Supplementary Figure S6).

To further assess the contribution of endogenous amplifi-
cation/overexpression of TDRDs, particularly PHF20L1, to the
proliferation of human breast cancer, we analyzed a large-
scale shRNA-based growth and viability screen database of
approximately 16,000 human genes in 78 cancer cell lines (29
breast, 28 pancreatic, 15 ovarian, and 6 colon cancer lines),
in which shRNA data were available for 33 TDRDs (Note: the
SETDB1 gene was not in this shRNA screening) (Koh et al,,
2012; Marcotte et al., 2012). In the pooled shRNA screen, cells
carrying shRNAs that targeted 6 TDRD genes were signifi-
cantly depleted from the cell population over time in more
than 10 cancer cell lines; five of those genes (PHF20L1,
TDRD3, SMN2, SMNDC1 and SMN1) were in more than five
breast cancer lines, based on the Gene Activity Ranking Profile
(GARP) score (GARP < —0.1) (Supplementary Table S10). From
the pooled shRNAs, PHF20L1 shRNA-depleted breast cancer
lines included five basal lines (HCC1954, MDA-MB-468,
HCC1395, HCC1143, and MDA-MB-231) and one HER2+ line
(SK-BR-3). Next, we examined the effects of knocking down
PHF20L1 by using siRNA in HCC1954 as well as HCC1937 and
Colo824 cells, all of which exhibit high-level amplification/
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Figure 2 — Kaplan—Meier plots of overall survival associated with (A) copy number gain/amplification and (B) mRNA expression levels of
PHF20L1 in TCGA breast cancers. (C) Multivariate analysis revealed that PHF20L1 expression was independent of prognostic variables
influencing overall survival of TCGA breast cancer patients.

expression of PHF20L1. Three siRNAs that target the N-termi- growth in MCF10A and SUM102 cells without PHF20L1 ampli-
nal Tudor-containing region were selected, and the knock- fication (Supplementary Figure S8).

down of PHF20L1a, -b, and -c was confirmed by qRT-PCR and

western blot assays (Figure 3C and D and Supplementary 34 Ppotential function of PHF20L1 Tudor domains in
Figure S7). As shown in Figure 3C, PHF20L1 knockdown slowed breast cancer

HCC1937, Colo824, and HCC1954 cell growth to around 50%—

90% of the growth of the non-silenced control. In contrast, In the TDRD family, there are 13 members (KDM4A, KDM4B,

knocking down PHF20L1 had only a minor effect on cell KDM4C, SETDB1, PHF20, PHF20L1, TP53BP1, FMR1, FXR1,
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(A) mRNA expression levels of the PHF20L1, measured by qRT-PCR, in a panel of 20 breast cancer cell lines. mRNA expression levels

in MCF10A cells were arbitrarily set as 1. Relative expression levels are shown as fold changes compared with that in MCF10A cells (Amp:
Amplification). (B) Protein levels of PHF20L1 and DNMT1 were analyzed by western blot in six breast cancer cell lines and the MCF10A cell line.
HCC1954 line shows an additional protein band (PHF20L1#) with a lower molecular weight than PHF20L1c (Supplementary Figure S6). Previous
studies using high-throughput DNA sequencing have shown that HCC1954 cells are amplified and genomically rearranged at the PHF20L1 locus,
which likely produces a truncated form of PHF20L1 that contains the Tudor domain (Asmann et al., 2011; Zhao et al., 2009). By using qRT-PCR,
we confirmed that at the mRNA level, HCC1954 cells expressed a higher level of the N-terminal region but had low or moderate expression of the
C-terminal region of PHF20L1 compared with MCF10A cells (Supplementary Figure S10). (C) Knockdown of PHF20L1 inhibits cell
proliferation in breast cancer. Top: Knockdowns of PHF20L1 in HCC1937, Colo824, and HCC1954 cells with three different siRNAs were
confirmed by qRT-PCR. Bottom: Bar graph shows relative cell growth after knocking down PHF20L1 in HCC1937, Colo824, and HCC1954
breast cancer cells (p < 0.05). Data are shown as mean + SE. (D) Protein levels of PHF20L1 and DNMT1 were analyzed by western blot in

HCC1937 and HCC1954 cells after PHF20L1 knockdown.

FXR2, CCDC101, UHRF1, and UHRF2) that contain two Tudor
domains in tandem (TTD: tandem Tudor domains), which pro-
vides the possibility of multivalent readout of unique methyl-
ation marks on histone and non-histone proteins (Lu and
Wang, 2013; Musselman et al., 2012; Pek et al., 2012). Six of
them (KDM4A, KDM4B, KDM4C, SETDB1, UHRF1, and UHRF2)
possess catalytic domains and thereby also function as effec-
tors; the TTD likely plays a regulatory role in recruiting them
to specific chromatin regions (Musselman et al., 2012).
PHF20L1 contains an N-terminal TTD and a C-terminal PHD
finger domain (Supplementary Figure S5). The N-terminal
TTD, but not others, are presentin all three PHF20L1 isoforms.
Notably, the first Tudor domain was reported to be a Tudor or
a malignant brain tumor (MBT) domain, depending on which

prediction algorithm was used. When a histone peptide array
approach was used, the first Tudor domain of PHF20L1 was
found to bind to H3K4mel and H4K20me1l (Kim et al., 2006).
More recently, Esteve et al. demonstrated that the first Tudor
domain (also called MBT) of PHF20L1 binds to K142mel on
DNA (cytosine-5) methyltransferase 1 (DNMT1) and antago-
nizes DNMT1 proteasomal degradation (Esteve et al., 2014).
DNMTT1 is the major enzyme responsible for maintenance of
DNA methylation patterns, and it methylates newly synthe-
sized DNA (Jeltsch and Jurkowska, 2014). DNMT1 is overex-
pressed in various tumor types, including breast cancer, and
itis essential for mammary and cancer stem cell maintenance
and tumorigenesis (Montenegro et al., 2015; Pathania et al,,
2015).
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To determine whether PHF20L1 regulates the stabilization
of DNMT1 in breast cancer, we first determined the protein
levels of DNMT1 in breast cancer cell lines with or without
PHF20L1 amplification/overexpression. We found that
DNMT1 was overexpressed at the protein level in PHF20L1-
amplified HCC1937, Colo824, and MDA-MB-468 cell lines
and was moderately expressed in HCC1954 cells (Figure 3B).
Furthermore, we found that there are no significantly posi-
tive correlation between PHF20L1 and DNMT1 mRNA expres-
sion in both TCGA (Pearson’s r = 0.12) and METABRIC
(Pearson’s r = 0.09) breast cancer samples. When PHF20L1
was knocked down in HCC1937 and HCC1954 cells, DNMT1
protein levels decreased, indicating that PHF20L1, most likely
via a Tudor domain, regulates DNMT1 expression at the pro-
tein level (Figure 3D). Next, we analyzed the PHF20L1 ampli-
fication and expression in five distinct DNA methylation
clusters that are grouped based on the Illumina Infinium
DNA methylation array analysis in TCGA breast cancer sam-
ples (Cancer Genome Atlas, 2012). We found higher fre-
quency of PHF20L1 amplification/gain and higher PHF20L1
expression in Clusters 3 and 5 breast cancers, in which Clus-
ter 3 had a hypermethylated phenotype, while Cluster 5 was
overlapped with the PAMS50 basal-like subtype
(Supplementary Figure S9) (Cancer Genome Atlas, 2012).
These data indicate that PHF20L1 might participate in regu-
lating DNA methylation by stabilizing DNMT1 protein in
breast cancer.

Previous biochemical studies also revealed that PHF20L1 is
a component of a histone acetyltransferase complex (Badeaux
etal., 2012; Mendjan et al., 2006). In addition, the second Tudor
(Protein Data bank code: 2EQU) of the PHF20L1 TTD has the ca-
nonical Tudor architecture that most likely recognizes dime-
thylated lysine. Thus, we speculate that PHF20L1 functions
as the critical tethering factor, via its two Tudor domains, in
regulating DNA and histone methylation signals in breast
cancer.

4. Conclusion

In summary, we used an integrated genomics and functional
screening of TDRDs and identified several novel putative
oncogenic TDRDs in breast cancer that could be explored as
therapeutic targets. We found that PHF20L1 is frequently
amplified and overexpressed in breast cancer, particularly
basal-like and Luminal B subtypes. Amplification/overexpres-
sion of PHF20L1 was significantly associated with shorter sur-
vival of breast cancer patients. Knockdown of PHF20L1
inhibits cell proliferation in breast cancer cell lines. Mechanis-
tically, the PHF20L1 Tudor domain recognizes and binds
DNMT1 and prevents its degradation; DNMT1 is a critical fac-
tor for maintenance of DNA methylation and breast tumori-
genesis. Our results demonstrate the oncogenic potential of
PHF20L1 and its association with poor prognostic parameters
in breast cancer. Furthermore, our findings provide a strong
foundation for further mechanistic research and for devel-
oping therapies that target PHF20L1 or other TDRDs in breast
cancer.
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