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ABSTRACT

High mobility group (HMG) proteins are chromatin
regulators with essential functions in development,
cell differentiation and cell proliferation. The protein
HMG20A is predicted by the AlphaFold2 software to
contain three distinct structural elements, which we
have functionally characterized: i) an amino-terminal,
intrinsically disordered domain with transactivation
activity; ii) an HMG box with higher binding affin-
ity for double-stranded, four-way-junction DNA than
for linear DNA; and iii) a long coiled-coil domain.
Our proteomic study followed by a deletion analysis
and structural modeling demonstrates that HMG20A
forms a complex with the histone reader PHF14, via
the establishment of a two-stranded alpha-helical
coiled-coil structure. siRNA-mediated knockdown
of either PHF14 or HMG20A in MDA-MB-231 cells
causes similar defects in cell migration, invasion and
homotypic cell-cell adhesion ability, but neither af-
fects proliferation. Transcriptomic analyses demon-
strate that PHF14 and HMG20A share a large sub-
set of targets. We show that the PHF14-HMG20A
complex modulates the Hippo pathway through a
direct interaction with the TEAD1 transcription fac-
tor. PHF14 or HMG20A deficiency increases ep-

ithelial markers, including E-cadherin and the ep-
ithelial master regulator TP63 and impaired normal
TGFp-trigged epithelial-to-mesenchymal transition.
Taken together, these data indicate that PHF14 and
HMG20A cooperate in regulating several pathways
involved in epithelial-mesenchymal plasticity.

INTRODUCTION

The HMG protein HMG20A (also called iBRAF) was orig-
inally described as an antagonist of the histone H3 ly-
sine 4 monomethyl and dimethyl (H3K4m2/1) demethy-
lase LSD1/Co-REST complex during neuronal differentia-
tion (1). HMG20A is a paralogue of HMG20B (also called
BRAF35), a core subunit of the LSD1/Co-REST com-
plex (2,3). We have previously shown that HMG20A can
form homodimers as well as heterodimers with HMG20B
through coiled-coil domains (CCDs) present in the car-
boxy (C)-terminus of both proteins (4,5). HMG20A can
also replace HMG20B in the LSD1/Co-REST complex
by interacting with PHF21A (BHC80). We also discovered
that HMG20B sumoylation is required for its activity, and
that HMG20A can impair this sumoylation by forming
HMG20A-HMG20B heterodimers. Therefore, HMG20A
seems to antagonize the role of HMG20B in the LSD1/Co-
REST complex in at least three ways: (i) replacing it,
(1) titrating it, resulting in its decreased ability to reinte-
grate into the complex and (iii) inhibiting its sumoylation
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(4,5). REST is a master repressor of neuronal genes (6).
As the LSD1/Co-REST complex is essential for REST-
dependent repression, an antagonist of LSD1/Co-REST
should improve neuronal differentiation. Consistent with
this, HMG20A is highly expressed in the brain (1,7) and
is required for human neuronal differentiation in vitro and
neuronal differentiation in ovo in the chicken neural tube
(5).

The HMG20A gene has also been associated with both
gestational and type 2 diabetes mellitus in GWAS stud-
ies performed in Asian and European populations (8-11).
In agreement with this, we reported that HMG20A is im-
portant for pancreatic islet beta-cell functional maturation
and adaptation to stress conditions, such as hyperglycemia
and pregnancy (12). Furthermore, we have shown that
HMG20A potentiates astrocyte survival and reactivates as-
troglyosis, thereby promoting the survival of hypothalamic
neurons (7). We proposed that this function of HMG20A
has an impact on the brain/islet axis and its role in glucose
homeostasis (13). We have also shown that HMG20A is re-
quired for the epithelial-to-mesenchymal transition (EMT)
(4). Our data suggested that HMG20A regulates EMT
within the context of the LSD1-CoREST complex. How-
ever, some phenotypes of HMG20A-depleted cells differ
from LSD1-depleted cells, suggesting a more complex sce-
nario (4). Inspection of high-throughput proteomic studies
also suggested that HMG20A may have additional part-
ners that could explain additional functions of the protein
(14,195).

Here, we report an additional interactor of HMG20A,
the histone reader PHF 14, which has also been associated
with mesenchymal growth (16-18). Knockout of PHF14 in
mice results in neonatal lethality due to defects in several or-
gans including fibrosis in kidney and lung (16,19). We have
now characterized the HMG20A-PHF14 complex molec-
ularly and in silico and show that HMG20A and PHF14
share common functions in controlling the transcriptome,
cell migration and invasion and cell-cell adhesion. Specifi-
cally, they modulate essential epithelial signaling pathways,
including the Hippo and TGF pathways and the epithelial
development regulator TP63.

MATERIALS AND METHODS
Cell culture and treatments

Human triple-negative breast cancer cell line MDA-MB-
231, human embryonic kidney cell line HEK293T and hu-
man osteosarcoma cell line U20S were grown in Dulbecco’s
Modified Eagle’s Medium (DMEM). Normal murine mam-
mary gland NMuMG cells (provided by José Antonio
Pintor-Toro, CABIMER) were cultured in DMEM supple-
mented with 10 wg/ml insulin. All the cell culture media
were supplemented with 10% fetal bovine serum, penicillin
(100 U/ml) and streptomycin (100 pg/ml). Cells were main-
tained at 37°C in 5% CO; and cultured until reaching about
80%-90% confluence. EMT was induced by the addition of
TGFB (5 ng/ml; R&D Systems, Minneapolis, MN, USA)
diluted in 4mM HCI and 1 mg/ml BSA (240-B, R&D Sys-
tems) for the indicated time. In order to analyze AKT sig-
naling pathway activation, MDA-MB-231 cells were cul-
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tured in the absence of fetal bovine serum for 3 h followed
by stimulation with 100 nM insulin (Sigma) for 3 min.

Cloning and DNA constructs

Full-length wild-type mouse HA-HMG20A and HA-
HMG20B, and mutant HA-HMG20A-Accl expression
vectors were previously described (4,5). For the HA-
HMG20A-Acc2 expression vector, 45 bp corresponding
to aa 292-278 were deleted using standard PCR tech-
niques to generate the plasmid pRSV-Hmg20aAcc2.
The plasmid for expression of HA-HMG20A-AIDR
was generated deleting nucleotides corresponding the
first 78 amino acids of HMG20A by standard PCR
techniques, to generate pRSV-Hmg20a-AIDR. HA-
HMG20A-AIDR maintains the nuclear localization signal
of HMG20A (81-RSKRGGWSKGRKRKKPLR-98).
The A/B chimera (HMG20A17217IHMG20B187,317) was
generated by replacing nucleotides 1-558 of HMG20B
with nucleotides 1-651 of HMG20A. The B/A chimera
(HMG20B; 136:HMG20A;7 346) was generated by re-
placing nucleotides 1-651 of HMG20A with nucleotides
1-558 of HMG20B. Chimeras constructs maintain HA-
tags in their N-terminal regions and were generated by
standard PCR techniques. Full-length human PHF14
cDNA was obtained from pMSCV-IRES-EGFP-PHF14
that was kindly provided by Dr Michinori Kitagawa and
Dr Takumi Era (16). To generate pRSV-2Flag-PHF14, an
EcoR1/ Xhol fragment of pMSCV-IRES-EGFP-PHF14
containing the Flag-PHF14 cDNA was cloned into the
SnaBI site of pAdRSV-Sp (20). The luciferase reporter
plasmid for the SCN2A gene (pNa-Luc) was constructed by
cloning an EcoRI fragment from pMB4 (kindly provided
by Dr G. Mandel) into Smal-digested pGL2. To generate
the pET24a(+)-HMG20A plasmid that was used for the
synthesis and purification of the 6xHis-tagged HMG20A
protein, the cDNA of the gene was produced by standard
PCR techniques and subsequently cloned into the Ndel and
Xhol restriction sites of the pET24a(+) vector (Novagen).

Transfections, siRNA and luciferase assay

Transient transfections of HEK293T and U20S cells with
expression vectors were performed with FuGENE (Roche)
or Lipofectamine 2000 (ThermoFisher), respectively, except
for proteomic experiments and virus production (see be-
low). The siRNAs were transiently transfected in MDA-
MB-231 cells for knockdown experiments using Lipofec-
tamine RNAIMAX Reagent (ThermoFisher) according to
the manufacturer’s instructions. The following siRNA se-
quences were used: siPHF14: 5-GAUGGAACCAAACG
AUCAA-3; siHMG20A: 5-CCCUAUAUUUACAGAG
GAA-3; siPHF14-2: 5Y-GAUUAAGGAACCAGUGAA
A-3';siHMG20A-2: 5'- AGGCAAAUCUCAUAGGCAA-
3. siTP63: 5-CCACUGAACUGAAGAAACU-3'. Cells
were collected 48 or 72 h after transfection. Luciferase as-
says were performed in HEK293T cells as previously de-
scribed (21). The total amount of DNA in each individual
well was kept constant by adding empty vector (Flag or HA)
as appropriate.
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Retrovirus production and transduction

The pQCXIH-Myc-YAP-5SA retroviral vector for expres-
sion of a non-phosphorylable mutant of YAP has been
previously described (22). pQCXIH-Myc-YAP-5SA was a
gift from Kunliang Guan (Addgene #33093, https://www.
addgene.org/33093/; RRID:Addgene_33093). Retroviruses
were produced by transfection of HEK293T cells by the
calcium phosphate method with the corresponding packag-
ing vectors. Retroviruses-containing supernatants were col-
lected 48 h after transfection and concentrated by ultracen-
trifugation at 22 000 rpm for 90 min at 4°C. For ectopic ex-
pression of YAP-5SA, MDA-MB-231 cells were first trans-
fected with siControl, siPHF14 or siHMG20A. Twenty-
four h later cells were infected with pQCXIH-Myc-YAP-
5SA retroviruses and cultured during 48 h. After that, cells
were processed for RNA isolation.

Expression and purification of His-HMG20A

HMG20A was purified by cobalt-affinity chromatography
through its fusion to an oligopeptide consisting of six con-
secutive histidines. In brief, the pET24a(+)-HMG20A vec-
tor (see Cloning and DNA constructs) was first electropo-
rated into the Escherichia coli BL21 (DE3) strain and 1 liter
of the resulting culture was induced at an ODg of 0.6 with
1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) for 2
h. Bacteria were then lysed with 10 ultrasound pulses from
a Digital Sonifier S-450D device (Branson) at 4°C and in
30 ml of PBS 1x supplemented with 1 mM phenylmethyl-
sulfonyl fluoride (PMSF). Recombinant HMG20A was fi-
nally purified by immobilized metal ion affinity chromatog-
raphy usin Econo-Column Standard columns (Bio-Rad)
and Talon® resin charged with Co?* (BD Biosciences), fol-
lowing the manufacturers’ instructions.

Electrophoretic mobility shift assays (EMSA)

To investigate the ability of HMG20A to interact with linear
or cruciform DNA, different amounts of the purified pro-
tein were incubated at room temperature in 20 pl of EMSA
buffer (100 mM Tris—HCI (pH 7.5), 2 mM MgCl,, | mM
dithiothreitol (DTT), 35 mM NaCl, 10% glycerol and 0.01%
bovine serum albumin (BSA)) with a fixed amount of ra-
dioactive DNA probe equivalent to 10 000 counts per min
(cpm). Assays with linear DNA that were carried out in the
presence of competitor molecules also included from 5 ng
to 1 pg of poly(dA-dT) or poly(dC-dG) (Amersham). Cru-
ciform DNA assays were always performed in the presence
of 1 ng of poly(dI-dC) (Amersham). After 15 min incuba-
tion, samples were run at 180 V and 4°C on native poly-
acrylamide gels (6-10% acrylamide/bis, 29:1, 10% glycerol,
0.25x TBE) that were subsequently dried onto 3MM Chr
chromatography paper (Whatman) using a Drygel SE1160
device (Hoefer Scientific Instruments). Radioactivity was
revealed using an Instantimager (Packard).

To generate the linear DNA probe, we used the X/ol—
Xbal fragment (125 bp) of the pwt(25bp)s vector, kindly do-
nated by Terumi Kohwi-Shigematsu, containing five repeats
of the sequence tctttaattictaatatatatttagaa. This probe was
radioactively labeled at its 5" overhangs by incubating for 15
min, and at 30°C, 100-500 ng of the DNA fragment with

20-30 pCi of 5 [a-**P] dCTP (3000 mCi/mmol), 0.5 mM
of the other three dNTP and 6.5 U of SequenaseTM 2.0
enzyme (USB) in its reaction buffer. Unincorporated nu-
cleotides were finally removed using MicroSpinTM S-200
columns (Amersham).

The cruciform DNA structure and its two control linear
sequences were obtained by pairing the primers described
in (23), and the T4 polynucleotide kinase (PNK) enzyme
(USB) was used for their radioactive labeling. Specifically,
for the cruciform DNA probe 100 pmol of one of the four
oligonucleotides required for the structure were labeled for 1
h at 37°C with 10 pCi of [y-*?P] dATP (3000 mCi/mmol),
using 30 U of PNK and its reaction buffer. After remov-
ing the unincorporated nucleotides with MicroSpinTM G-
25 columns (Amersham), the entire eluate was combined
with 100 pmol of each of the other three oligonucleotides in
annealing buffer (50 mM Tris—HCI (pH 7.5) and 10 mM
MgCl,). This mixture was then heated to 90-100°C and
subsequently cooled down slowly to room temperature, thus
allowing the formation of the cruciform structure. For each
of the control linear probes, one of the oligonucleotides was
labeled according to the same protocol and then paired with
the other oligonucleotide by the same heating and cooling
procedure.

Protein lysates, co-immunoprecipitation and immunoblot
analysis

Protein lysates were performed using IP buffer (50 mM
Tris-HCI, pH 8, 150 mM NaCl, 1 mM EDTA, pH
8, 1% (vol/vol) Triton X-100, 1 mM PMSF) for co-
immunoprecipitation, and urea buffer (8§ M urea, 50 mM
Tris-HCI, 1 mM EDTA) or RIPA buffer (50 mM Tris—HCl
pH 7.8, 150 mM NacCl, 0.5% sodium deoxycholate, 0.1%
SDS, 1% NP40), for whole cell extract. In all the cases,
buffers were supplemented with a protease inhibitor cock-
tail.

For fractionation experiments cells were incubated dur-
ing 10 min in IP buffer. Then, lysates were centrifuged at
12 000 rpm for 10 min at 4°C. The supernatant was consid-
ered the soluble fraction and the pellets were dissociated in
Laemmli buffer and were considered the insoluble fraction.

Co-immunoprecipitation was performed as previously
described (5), using 1 mg of protein lysates using IP
buffer and 1 pg of the indicated antibodies, or 500 ng
in the case of anti-HMG20A. Antibodies used for im-
munoprecipitation were as followed: anti-PHF 14 (Protein-
Tech, Cat# 24787-1-AP), anti-HMG20A (Sigma, Cat#
HPAO008126) and anti-HMG20B (Abnova, H00010362-
MO1) and anti-TEADI1 (Santa Cruz, sc-376113). For im-
munoblotting, protein extracts were denatured and sep-
arated by SDS-PAGE on 10% polyacrylamide gels. Af-
ter transfer to 0.45 pm nitrocellulose membranes (Bio-
Rad), membranes were blocked with a solution contain-
ing 0.5% Tween-20, 5% non-fat milk powder in 1x PBS
for 1 h at room temperature and incubated with primary
antibodies overnight at 4°C. After washing several times
with 1x PBS, 0.1% Tween-20, membranes were incubated
with secondary antibody for 1 h at room temperature. Fi-
nally, membranes were visualized using the Clarity Western
ECL Substrate on a ChemiDoc Gel Imaging System. Pri-
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mary antibodies used for immunoblotting were anti-PHF 14
(ProteinTech, Cat# 24787-1-AP, 1:1000), anti-HMG20A
(Sigma, Cat# HPA008126, 1:500), anti-HMG20B (Abnova,
H00010362-M01, 1:2000), anti-CDH1 (BD, Cat# 610182,
1:2000), anti-HSP70 (Abcam, Cat# ab5439, 1:10000), anti-
FlagM2 (Sigma, Cat# F1804, 1:500), anti-HA (Sigma,
H9658, 1:2000), anti-phospho-AKT(Thr308) (Cell Sig-
naling #13038), anti-phospho-AKT(Ser473) (Cell Sig-
naling #4060), anti-phospho-S6K(Thr389) (Cell Signal-
ing #9234), anti-phospho-S6K(Ser235/236) (Cell Signal-
ing #4856), anti-AKT (Cell Signaling #4691), anti-S6K
(Cell Signaling #2708), anti-S6 (Cell Signaling #2217), anti-
actin (Cell Signaling #4970), anti-TEADI1 (Santa Cruz, sc-
376113), anti-phospho-LATS1 (Thr1079) D57D3 (Cell sig-
naling) and anti-YAP (63.7) (Santa Cruz, sc-101199). For
secondary antibodies, anti-mouse IgG-H + L HRP Con-
jugated (Bethyl, Cat# A90-516P, 1:10 000) and anti-rabbit
IgG- H + L HRP Conjugated, (Bethyl, Cat# A120-101P,
1:10000) were used.

Wound-healing, invasion and adhesion assays

Wound-healing assays for determination of migration were
performed as previously described (24). Following transfec-
tion with either control, PHF14 or HMG20A siRNAs, an
equal number of cells was plated into culture inserts (Ibidi,
Cat# 80209) and incubated at 37°C for 24 h. The next day,
culture inserts were removed and the wound was imaged at
0 h, and again after 24 h.

Invasion assays were carried out as previously described
with Boyden chambers (25). For that, 24-well-plate cell
culture insert (8 pm filters, Corning, Cat# 353097) were
coated with 0.6 ng growth factor-reduced Matrigel (Tre-
vigen, Cat# 3431-005-02). Cells suspension of transfected
cells was plated at a density of 5 x 10* cells/0.5 ml
DMEM, 0.2% BSA into the upper compartment of the
chamber, while complete medium was used as chemoat-
tractant. After 24 h, the filter containing invaded cells
was placed on a slide with Vectashield mounting medium-
DAPI (Vectorlabs), and was imaged to count invading
cells.

For adhesion assays, 5 x 10° cells were plated in 24-
well plates, transfected with control, PHF14 or HMG20A
siRNAs, and grown during 48 h until forming a mono-
layer. Then, 3 x 107 siControl-, siHMG20A- and siPHF 14-
treated cells were labelled with 5 wM Calcein during 30 min
at 37°C and seeded over monolayers of cells transfected
with the same siRNA. After 45 min, non-adherent cells
were washed away and the percentage of attached Calcein-
positive cells was determined by flow cytometry.

RNA extraction and RT-qPCR

Total RNA was prepared using the RNeasy Kit (Qiagen),
as described in the manufacturer’s instructions. One mi-
crogram of RNA extract was treated with 1 pl of RQI
RNase-free DNase (Promega) in a final volume of 10 .l
for 30 min and then inactivated with Stop Solution for
10 min at 65°C to avoid potential DNA contamination.
Complementary DNA (cDNA) was generated from 8 pl
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of the DNase-digested RNA by using the Maxima H Mi-
nus First Strand cDNA Synthesis Kit (ThermoFisher), ac-
cording to the manufacturer’s instruction in a final volume
of 20 wl. Two microliters of the generated cDNA solution
were used as a template for real-time PCR (qPCR) in a fi-
nal volume of 20 wl, using 10 wl of Applied Biosystems
Power SYBR Green Master Mix (Applied Biosystems) and
oligonucleotides at 0.75 wM. The run protocol has four
stages: two holding stages of 50°C 2 min and 95°C 10 min, a
cycling stage of 95°C 15 s and 60°C 1 min of 40 cycles, and
melt curve stage of 95°C 15 s, 60°C 1 min, 95°C 30 s and
60°C 15 s. Quantification of gene products was performed
by qPCR with a 7500 FAST Real-Time PCR System (Ap-
plied Biosystems). Values were normalized to the expression
of the GAPDH reference gene. Invariant expression of this
gene under the experimental conditions described was veri-
fied using other normalization gene (CHDS) and RNA-seq
data. Three to five independent replicates of each experi-
ment were performed. Two technical replicates of each sam-
ple were performed. Sequences of all oligonucleotides used
are listed in Supplementary Table S1. Sequence-specificity
of the designed oligonucleotides was checked by BLAST
and In-Silico PCR tool of UCSC and the amplification ef-
ficiency was determined from the slope of the calibration
curve.

RNA-seq analysis

Total RNA from MDA-MB-231 cells was extracted us-
ing the RNeasy kit (74106, QIAGEN). Libraries were pre-
pared with the TruSeq Stranded mRNA kit (Illumina) and
sequencing was performed with a Novaseq system (Illu-
mina) with 75 bp single-end reads at the Genomic Unit
of CABIMER (Sevilla, Spain). Two independent biological
replicates for each condition were sequenced.

Data were aligned using the subjunc function from the
Rsubread package, and reads were mapped to the hgl9 hu-
man reference genome using TH1 = 2 and unique = TRUE
parameters. The downstream analysis was performed on
.bam files with duplicates removed using the samtools
(v0.1.19) rmdup command. The FeatureCounts() func-
tion from the Rsubread package was used to assign reads
to the UCSC hgl9 KnownGenes (miRNAs were dis-
carded from the analysis) using GTF.featureType = ‘exon’,
GTF.attrType = ‘gene_id’ and strandSpecific = 2 parame-
ters with the duplicate-removed .bam files. Then, differen-
tial gene expression analysis and statistics were performed
using the DESeq2 Bioconductor. Differentially expressed
genes with adjusted P value <0.05 and Log, FC >0.5 (up-
regulated genes) or logoFC < —0.5 (downregulated genes)
were selected for further analysis.

Gene ontology (GO) functional categories were an-
alyzed using DAVID (26). Bonferroni-adjusted P val-
ues of the Fisher exact test were used to determine en-
richment significance. GSEA was performed using the
GSEA v2.0.14 software (GSEA, Broad Institute, Cam-
bridge, MA, USA) with 1000 phenotype permutations (27).
The TGFB-, EMT- and Hippo pathway-related gene sets
were download from MSigDB (https://www.gsea-msigdb.
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org/gsea/msigdb/). Venn diagrams were performed with
Venny 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/).

Confocal microscopy and co-localization analyses

U20S transiently cotransfected with wild-type flag-PHF14
and either wild-type HA-HMG20A or mutant HA-
HMG20A-Accl expression vectors were cultured on cov-
erslips for immunofluorescence staining. Cells were fixed
with 4% paraformaldehyde for 10 min at room tempera-
ture. After fixation, cells were permeabilized using 0.05%
Triton-X100 for 10 min followed by a 30 min incubation
with PBS-5% BSA to block unspecific sites, on a rocking
platform at room temperature. Cells were incubated with
the primary antibodies mouse anti-FlagM?2 (Sigma, Cat#
F1804 1:1000) and rat anti-HA (Sigma, Cat# H9658, 1:30)
for 1 h at room temperature. Secondary antibodies conju-
gated to fluorochromes 488 and Cy3 were used at 1:500 and
1:200, respectively (Invitrogen), for 1h at room tempera-
ture. Antibodies were diluted in the blocking solution PBS—
5% BSA. Finally, the coverslips were mounted on slides
with Prolong containing DAPI (Invitrogen) and the sam-
ples were imaged with a LEICA TSC SP5 confocal micro-
scope and analysed with Imaris image software (Oxford
Instruments).

JACoP analysis (ImageJ) on images of the nuclei was
used to study colocalization of the fluorochromes. Co-
localization was represented by the Pearson correlation co-
efficient.

Generation of inducible CRISPR /Cas9 stable cell lines

For the inducible mutation of PhfI4 and Hmg20a in
NMuMG cells we generated stable cell lines by using
the CRISPR technology described in (28). This sys-
tem involves a Cas9 constitutively expressed from the
FUCas9Cherry expression vector, and a doxycycline-
dependent inducible sgRNA encode in the FgHItUTG
expression vector. Both plasmids were a gift from
Marco Herold (Addgene plasmid #70182; http://n2t.
net/addgene:70182; RRID:Addgene 70182 and #70183;
http://n2t.net/addgene:70183; RRID:Addgene_70183). To
design sgRNAs IDT (https://eu.idtdna.com/site/order/
designtool/index/CRISPR_CUSTOM) and CRIS-POR
(http://crispor.tefor.net/) tools were used. Designed sgR-
NAs were inserted into the expression vector FgHItUTG.
The sequences of the sgRNA guides were: sgPhfl4:
5-TCCCCCAAGAAATGGAATCTTCGT-¥ and
sgHmg20a: 5 TCCCGCACTGCCATACGGACCCTC-
3’. These vectors were packaged on lentiviral particles
as described in (29). NMuMG cells were first infected
using 8 pg/ml polybrene with lentiviral particles con-
taining the FUCas9Cherry vector. Single Cherry-positive
cells were then sorted and grown in 96-well plates.
One clone was chosen to be subsequently infected with
lentiviral particles containing FgHI1tUTG-sgHmg20a
or FgH1tUTG-sgPhf14. After that, single Cherry- and
GFP-positive cells were grown on 96-well plates for
further analysis of the system efficiency. Clones were
validated by RT-qPCR and western blot by treating cells

with different concentrations of doxycycline (Sigma-
Aldrich D9891) (0.1-1 pg/ml) for several periods of
time.

Flag-HMG20A expression and affinity purification for pro-
teomic analysis

Eight million HEK293T cells were seeded per 10-cm plate
and transfected 16 h later with 1 wg of pCMV-FLAG-
HMG20A (human coding sequence of HMG20A into
BamHI/Xhol of pCMV-Tag-2B) or empty control vector
with the calcium-phosphate method. After 48 h, cells were
washed with PBS, collected and stored at —80°C as pellets.

Nuclei were purified from cell pellets corresponding to 24
10-cm plates of transfected HEK293T cells per sample us-
ing a sucrose cushion at 4°C. Briefly, cells were resuspended
in sucrose buffer (0.32 M sucrose, 10 mM Tris pH 8, 3 mM
CaCl,, 2 mM MgOAc, 0.1 mM EDTA) freshly added 1
mM PMSF and 50 pg/ml aprotinin. A 10% Triton X-100
solution was added to a final concentration of 0.1%. Cell
suspensions were incubated on ice and nuclei were pelleted
at 2800 rpm. Pelleted nuclei were washed once in sucrose
buffer. For the preparation of a high salt extract, nuclei were
first resuspended in 1.2 ml of low salt buffer (20 mM HEPES
pH 7.9, 1.5 mM MgCl,, 20 mM KCI, 0.2 mM EDTA, 25%
glycerol (v/v), ] mM PMSF). Then, one volume of high salt
buffer (20 mM HEPES pH 7.9, 1.5 mM MgCl,, 800 mM
KCl, 0.2 mM EDTA, 25% glycerol (v/v), 1% NP-40, | mM
PMSF) was added while vortexing. Nuclei suspensions were
incubated for 1 h while rotating. Soluble and insoluble frac-
tions were separated by ultracentrifugation at 50 000 rpm
for 45 min. The supernatant was dialyzed to binding buffer
(10 mM Tris pH 7.5, 135 mM NacCl, 10% glycerol (w/v),
0.05% Triton X-100) overnight. Aggregates were removed
by centrifugation. Extracts were cleared by incubating with
200 pl of BSA-blocked Sepharose beads for 1 h. For affinity
binding, extracts were incubated with 90 wl BSA-blocked
anti-FLAG M2 beads (Sigma) overnight, while rotating.
Beads were transferred to vertical columns and washed
with 75 ml of binding buffer by gravity flow. Specifically
bound proteins were eluted by incubating beads with 200
pM FLAG peptide in PBS (three times with 200 ul). Eluate
fractions were checked by anti-FLAG immunoblotting and
those of interest were pooled. Proteins were precipitated us-
ing acetone precipitation and dried with and SpeedVac vac-
uum concentrator.

Mass spectrometry

Protein samples were dissolved in 6 M urea, 200 mM am-
monium bicarbonate, reduced with dithiothreitol (10 mM,
1 h, 37°C) and alkylated in the dark with iodoacetamide
(20 mM, 30 min, 25°C). The protein mixture was then di-
luted 10 times with 200 mM ammonium bicarbonate be-
fore being digested at 37°C overnight with trypsin (ration
protein:enzyme 10:1). Peptides generated in the digestion
were desalted with a C18 column (Empore 3M, St. Paul,
MN, USA), evaporated to dryness and resuspended in 0.1%
formic acid.


https://www.gsea-msigdb.org/gsea/msigdb/
https://bioinfogp.cnb.csic.es/tools/venny/
http://n2t.net/addgene:70182
https://scicrunch.org/resolver/RRID:A
http://n2t.net/addgene:70183
https://scicrunch.org/resolver/RRID:A
https://eu.idtdna.com/site/order/designtool/index/CRISPR_CUSTOM
http://crispor.tefor.net/

Samples were analyzed using an LTQ-Orbitrap XL mass
spectrometer (Thermo Fisher Scientific) coupled to an Agi-
lent Technologies 1200 Series Gradient HPLC System. Pep-
tides were loaded onto a C18 Zorbax precolumn (Agilent
Technologies), and were separated by reversed-phase chro-
matography using a 12-cm column with an inner diameter
of 75 wm, packed with 5 wm C18 particles (Nikkyo Tech-
nos Co.) using a 60 minute chromatographic gradients (3—
35% acetonitrile, 0.1% formic acid). The mass spectrometer
was operated in positive ionization mode with nanospray
voltage set at 2.5 kV and source temperature at 200°C. Ul-
tramark 1621 was used for the external calibration of the
FT mass analyzer prior the analyses. An internal calibra-
tion was also performed using the background polysiloxane
ion signal at m/z 445.1200. The instrument was operated
in data-dependent acquisition (DDA) mode and full MS
scans, with 1 micro scans at resolution of 60 000, over a mass
range of m/z 350-2000 with detection in the Orbitrap. Auto
gain control (AGC) was set to 100 000, dynamic exclusion
(60 s) and charge state filtering disqualifying singly charged
peptides were activated. In each cycle of DDA analysis, fol-
lowing each survey scan, the top ten most intense ions, with
multiple charged ions, above a threshold ion count of 5000
were selected for fragmentation at normalized collision en-
ergy of 35%. Fragment ion spectra produced via collision-
induced dissociation (CID) were acquired in the Ton Trap,
AGC was set to 50 000 and isolation window to 2.0 m/z. All
data were acquired with the Xcalibur software.

Mass spectrometry data analysis

Proteome Discoverer software suite (Thermo Fisher Sci-
entific) and Mascot search engine (Matrix Science) were
used for peptide identification and quantitation. Data were
searched against the Swiss-Prot human database. A precur-
sor ion mass tolerance of 7 ppm at the MS1 level was used,
and up to three miscleavages for trypsin were allowed. The
fragment ion mass tolerance was set to 0.5 Da. Methionine
oxidation and N-terminal protein acetylation were used as
variable modifications, whereas carbamidomethylation on
cysteines was set as a fixed modification. False discovery
rate (FDR) in peptide identification was set to a maximum
of 5%. Raw proteomics data are currently being deposited
in the PRIDE repository and will be available in the revised
version of the manuscript.

ChIP assays

Chromatin immunoprecipitation (ChIP) assays were per-
formed as previously described (29). Quantification of im-
munoprecipitated DNA was performed by qPCR. Pro-
vided data are the result of two-three independent bio-
logical replicates with three technical replicates each. For
HMG20A ChlIPs, anti-HMG20A antibodies (Sigma, Cat#
HPAO008126) were used. For PHF14 ChlPs, two differ-
ent anti-PHF 14 antibodies (ProteinTech, Cat# 24787-1-AP
and Sigma, SAB1304812) were used, however, no specific
PHF14 ChIP signal was obtained. All oligonucleotide se-
quences used are listed in Supplementary Table S1.
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Alphafold2 modeling

AlphaFold2 was downloaded from https:/github.com/
deepmind/alphafold/releases. ~To  perform PHF14-
HMG20A complex models we used Alphafold_multimers
(v2.1.1)  (30) with  —db_preset=reduced_dbs, -
model_preset=multimer —max_template_date=2021-11-01,
and default parameters. Full length amino acid sequences
of human PHF14 and HMG20A were used. Computation
was performed in the CESGA Supercomputing Center.
RCSB PDB (https://www.rcsb.org/3d-view) or Swiss PDB
viewer (DeepView) were used for structure viewing.

Statistical analysis

Statistical and graphical data analyses were performed us-
ing either Prism 5, Prism 9 (Graphpad) software or R pack-
age. To determine the significance of the differences between
groups, two-tailed Student’s z-tests with confidence inter-
val of 95% were computed. For correlations, the parametric
Pearson coefficients or the non-parametric Spearman coef-
ficients (p) were computed and significance was calculated
using Fisher exact test. Significance of enrichments was cal-
culated with the Fisher exact test using the fisher.test() func-
tion from R. Probabilities of overlapping were calculated
using the hypergeometric distribution using dhyper() func-
tion from the stats R package or the Keisan Online Cal-
culator (https://keisan.casio.com/exec/system/1180573201).
Data were judged to be statistically significant when P
value <0.05 in applied statistical analyses, unless otherwise
noted. Other statistical methods are described above.

RESULTS
Structure—function relationships in HMG20A

To gain further insight into the structural elements that de-
termine the function of HMG20A, we took advantage of
Alphafold?2, a recently developed deep learning—based tool
for protein structure prediction (31). The predicted struc-
ture of human HMG20A presents an amino (N)-terminal
intrinsically disordered region (IDR) of 90 amino acids (aa),
followed by seven alpha helices (labeled 1 to 7) that ex-
pand over the rest of the protein (Figure 1A, B). Mouse, rat
and zebrafish HMG20A orthologues revealed a very similar
structure (although the unstructured N-terminal region is
shorter in zebrafish, from aa 1 to 42). Prediction of IDRs by
the IUPred3 web server (32) also identified a region with low
probability of secondary structure in the amino terminus of
HMG20A (Supplementary Figure S1A). The first 80 amino
acids are enriched for serines and acidic residues (isoelectric
point 3.87 vs. 9.79 for the rest of the protein). As acidic do-
mains are well-known transactivation domains (33,34), we
assessed whether HMG20A can transactivate the SCN2A4
gene promoter (a previously identified target of HMG20A
(5)) fused to a luciferase reporter gene in transient trans-
fections. Of note, expression of the full-length HMG20A
increased luciferase activity but a mutant lacking the N-
terminal IDR (HMG20A-AIDR) did not (Figure 1C), re-
vealing that this region has a necessary role in the transac-
tivation activity of HMG20A.


https://github.com/deepmind/alphafold/releases
https://www.rcsb.org/3d-view)
https://keisan.casio.com/exec/system/1180573201
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Figure 1. Structural elements of the HMG20A protein. (A) Schematic depiction of the domain architecture of human HMG20A. (B) HMG20A structure
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Alpha helices 1, 2 and 3 display the typical ‘L’-shaped
fold of the HMG box (35) (Figure 1B, Supplementary Fig-
ure S1B, C). The HMG box domains mediate either non—
sequence-specific (e.g. HMGB-type proteins) or sequence-
specific (e.g. SOX family) DNA binding activity. Amino
acid sequence determinants that define sequence-specific
or non- sequence-specific binding have yet to be clearly
defined (36). As HMG20A can interact with several spe-
cific promoters (4,12), we opted to characterize its double-
stranded DNA binding activity, using a purified recombi-
nant 6x His-tagged version of HMG20A (His-HMG20A)

(Supplementary Figure S1D) in electrophoretic mobility
shift assays (EMSA). Increasing amounts of His-HMG20A
retarded a synthetic probe containing five tandem repeats
of a 25-bp, AT-rich sequence (Figure 1D). His-HMG20A
generated a smear pattern, rather than a specific retarded
complex, indicative of multiple, non-specific binding sites
along the probe. Binding activity was also efficiently com-
peted by poly(dA-dT), poly(dI-dC) and (to a lesser degree)
poly(dC-dG) double-stranded DNA (Supplementary Fig-
ure S1E). Taken together, these data suggest that HMG20A
binds DNA with either no or a very low sequence speci-



ficity. Several HM G box proteins are able to bind structured
or bent DNA, such as 4-way junction structures (4WJ)
(23,37). Notably, HMG20A was able to bind to a synthetic
4WJ DNA molecule in the presence of excess of poly(dI-
dC) competitor DNA, but not to linear double-stranded
oligonucleotides with the same sequence (Figure 1E). This
indicates that HMG20A displays higher affinity for bent
DNA than for linear DNA.

The long alpha helix 5 of HMG20A contains a CCD with
a leucine zipper motif (Figure 1B, Supplementary Figure
S1F). A 15-aa deletion (residues 252-266) of part of this
motif (HMG20A-Accl) had no effect on the transactiva-
tion activity of the protein in transient transfection exper-
iments (Figure 1C). However, we have previously shown
that this deletion abolishes i) HMG20A homodimeriza-
tion, i) HMG20A’s heterodimerization with HMG20B,
and iii)) HMG20A’s interaction with the LSD1-CoREST
complex (4,5). As HMG20A binds DNA with little se-
quence specificity, we postulate that the interactions be-
tween HMG20A and other proteins dictate its chromatin
targeting.

HMG20A and PHF14 interact through their coiled-coil
leucine zipper motifs

To identify additional putative interactors of HMG20A, we
performed a proteomic analysis. After expressing a Flag-
tagged version of HMG20A in HEK293T cells, we purified
the Flag-HMG20A and its associated factors from nuclear
extracts using anti-Flag antibodies (Supplementary Figure
S2A, B). The same purification protocol was used with con-
trol cells that do not express Flag-HMG20A. Eluted pro-
teins were subjected to liquid chromatography associated
to mass spectrometry (LC-MS). Consistent with our pre-
vious work (4,5), five subunits of the LSD1-CoREST com-
plex were identified as interactive partners: LSD1, RCORI,
HMG20B, GSEl, and HDACI (Figure 2A, Supplementary
Table S2). In addition, novel interactors were also identi-
fied (including the proteins PHF14, SUN2, LGALS7, and
NPM1), with comparable score to those of the previously
identified interactors. Of particular interest is PHF14, for
which we found a strong co-dependency (Pearson coeffi-
cient 0.36) with HMG20A in an analysis of the publicly
available DepMap dependencies dataset (CRISPR(Avana)
Public 21Q3) (38,39) (Figure 2B). Correlation between de-
pendencies of HMG20A and PHF14 in 940 cell lines is
shown in Supplementary Figure S2C. Furthermore, the
mRNA levels of the HMG20A4 and PHFI4 genes in the
1269 cell lines of the Cancer Cell Line Encyclopedia
(CCLE) (40) are positively correlated (Pearson coefficient
0.31) (Supplementary Figure S2D). Taken together, these
data suggest that PHF14 and HMG20A are functionally
related.

Consequently, we elected to study in detail the putative
interactions between HMG20A and PHF14. PHF14 is a
histone reader with three PHD domains and an extended
PHD (ePHD) domain (Figure 2C) (16-18). We first con-
firmed that HMG20A, but not its close homolog HMG20B,
interacted with PHF14 by co-immunoprecipitation of the
endogenous proteins (Figure 2D). Next, we mapped the
interaction domain of HMG20A using different mutants.
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Deletion of the N-terminal IDR of HMG20A did not im-
pede the interaction (Figure 2E), while two different par-
tial deletions of the coiled-coil leucine zipper (HMG20A-
Accl and HMG20A-Acc2) (see Supplementary Figure
S1F) completely suppressed its co-immunoprecipitation
with PHF 14 (Figure 2E). We also constructed chimeric pro-
teins by replacing the N-terminal half of HMG20A with the
same region of HMG20B (B/A chimera), or the C-terminal
half of HMG20A by the same region of HMG20B (A/B
chimera). Only the B/A chimera, which keeps the CCD of
HMG?20A, interacted with PHF14 (Figure 2E).

The Alphafold2 software has successfully been used
to predict protein-protein complex formation and inter-
action domains (30,41). As such, we have modeled the
complex formed by HMG20A and PHF14 using Al-
phafold2_multimers (30) (Figure 2F). In all the five pre-
dicted models, PHF 14 interacted with HMG20A through a
two-stranded alpha-helical coiled-coil leucine zipper struc-
ture formed between the CCDs of both proteins. Pre-
dicted relative distances between the amino acids in the five
models, represented as binned distance distributions (dis-
tograms), are shown in Figure 2G and Supplementary Fig-
ure S2E. The leucine zipper motif of PHF14 is shown in
Supplementary Figure S2F.

Finally, we also studied the nuclear distribution of co-
expressed HA-HMG20A and Flag-PHF14 by immunoflu-
orescence, using confocal microscopy. Both factors dis-
played a finely punctuated staining pattern inside the nu-
clei (Supplementary Figure S3A). Most puncta were stained
with both antibodies, as revealed by colocalization analy-
sis (Pearson’s correlation coefficient of approximately 0.8)
(Supplementary Figure S3B). However, a very significant
drop of colocalization was observed when HA-HMG20A-
Accl was used. Taken together, these data strongly suggest
that HMG20A and PHF14 form a stable nuclear complex
by interacting through their CCDs.

HMG20A levels and localization are impaired in PHF14-
depleted cells

Protein levels of complexes subunits are often coordinated
(42,43). Consistent with this idea, we observed that MDA-
MB-231 cells with an siRNA-mediated PHFI4 knockdown
(KD) had decreased HMG20A protein levels but slightly in-
creased HMG20A mRNA levels (Figure 3A-C). HMG20A
KD also slightly decreased protein levels of PHF14 but
not of its mRNA. These results indicate that the control
is exerted at the protein, not at the mRNA level. Further,
fractionation experiments demonstrated that PHFI4 KD
strongly altered the solubilization of HMG20A, leading to
its enrichment in the soluble fraction; however, PHF14 sol-
ubilization was not modified after HM G204 KD (Figure
3D, E). These results suggest that HMG20A is associated
with the nuclear compartment, at least in part, through its
interaction with PHF14.

PHF14 and HMG20A control migration, invasion and cell-
cell adhesion

Given the tight physical interaction between PHF14 and
HMG20A, we speculated that they might perform common
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Figure 3. Protein levels of HMG20A decreased in the absence of PHF14. (A) Determination by immunoblotting of PHF14 and HMG20A protein levels
upon treatment of MDA-MB-231 cells with siPHF 14, siHMG20A or a scrambled siRNA (siControl) for 48 h. HSP70 protein levels were also determined
as a control. (B) Quantification of PHF14 and HMG20A protein levels from three independent immunoblotting experiments. Data were normalized with
respect to HSP70. (C) Determination of the HMG20A4 and PHFI4 mRNA by RT-qPCR in cells treated with siControl, siHMG20A or siPHF14. Data
were normalized with respect to GAPDH mRNA levels. (D) MDA-MB-231 cells were treated with siPHF 14, siHMG20A or siControl during 48 h. After
fractionation, the presence of PHF14 and HMG20A proteins in the soluble (Sol) and insoluble (Insol) fractions was detected by immunoblotting. (E)
Quantification of the PHF14 or HMG20A levels present in the soluble or insoluble fractions, as obtained in three independent experiment. (B, C, E) Data
are the average of three independent experiments + SE. Significance of the difference between distributions was determined using two-tailed Student’s

t-tests. *P < 0.05; **P < 0.01, ***P < 0.001.

functions. Therefore, we functionally characterized the ef-
fects of the PHFI4 KD or HMG20A KD in MDA-MB-
231 cells, a human triple-negative breast cancer (TNBC)
cell line. Cell proliferation was not significantly affected in
either case (Figure 4A). Analysis of the Depmap database
(39,40) revealed that, in general, mutation of PHF14 had lit-
tle effect or even a positive effect on cell proliferation, while
the effect of HMG20A mutation is cell type—specific (Sup-
plementary Figure S4A, B). We have previously shown that
HMG?20A deficiency causes defects in cell migration (4). Ei-
ther PHFI14 KD or HMG20A KD caused a weak reduction
in motility in wound-healing assays in MDA-MB-231 cells
(Figure 4B). However, a strong decrease of invasiveness was
observed in Boyden chamber migration assays in cells de-
pleted of any of the two factors (Figure 4C, D). Finally, ho-
motypic adhesion assays demonstrated that HM G204 KD
or PHFI14 KD cells showed a reduction in cell-cell adhe-
sion (Figure 4E). These analyses confirmed that deficiency
of PHF14 or HMG20A cause similar cellular phenotypic
alterations.

The AKT-mTOR pathway is not altered following PHF14 or
HMG20A depletion

The AKT-mTOR pathway has been shown to be modu-
lated by PHF14 (44,45). As the AKT pathway is involved
in cell migration and invasion (46), we next investigated if
it was also altered in HMG20A KD and/or PHFI4 KD
cells by analyzing its level of activation. Thus, we moni-
tored by Western blot AKT activation via the phosphoryla-
tion of residues T308 and S473, as well as the phosphoryla-
tion of the well-known downstream targets of mTOR, S6K
(at T389) and S6 (at S235/236). As shown in Supplemen-
tary Figure S5A, knockdown of PHFI14, HMG20A or both
genes did not alter signaling though the AKT-mTOR path-
way under steady state conditions. We therefore assessed
whether an acute stimulus would alter this pathway. To this
end, MDA-MB-231 cells were subjected to serum starvation
during 3 h and then treated with 100 nM of insulin during 3
min) which strongly induced phosphorylation of AKT and
S6K. Depletion of PHFI14, HMG20A or both genes did not
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Figure 4. HMG20A and PHF14-depleted cells display common phenotypes. (A) Growth curve of MDA-MB-231 cells treated with siControl, ssHMG20A
or siPHF14. (B) Wound-healing assays were performed with MDA-MB-231 cells treated for 48 h with the indicated siRNAs. Quantification of the assays
is represented. (C) Transwell invasion analyses of cells treated during 48 h with the indicated siRNAs. Micrographs of DAPI-stained cells migrated to the
opposite side of the transwell membrane are shown. (D) Quantification of the invasion assays. (E) Quantification of the cell-cell adhesion assays under the
indicated conditions. (A, B, D, E) Values are the average of three to five independent experiments + SE. Significance of the differences with respect to the
control were determined using two-tailed Student’s z-tests. *P < 0.05; **P < 0.01.

change significantly the level of phosphorylation of the in-
dicated proteins (Supplementary Figure S5B). In sum, our
data indicate that HMG20A and PHF14 are not involved
in controlling the AKT-mTOR pathway in MDA-MB-231
cells.

PHFI14 KD or HMG20A KD causes defects of the Hippo
pathway

Next, we analyzed changes in the transcriptome in
HMG204A KD or PHFI4 KD MDA-MB-231 cells by
RNA sequencing (RNA-seq). Principal component anal-
ysis (PCA) of the data demonstrated that both repli-
cates of each condition (stHMG20A, siPHF14 or siCon-
trol) displayed a similar behavior (Supplementary Figure
S6A). Differential expression analysis demonstrated that
the HMG20A KD deregulated 2,235 genes (adjusted P
value < 0.05 and llogy(fold change, FC)I > 0.5), with
1169 upregulated and 1066 downregulated; in turn, PHFI14
KD deregulated 1154 genes (adjusted P value < 0.05 and
llogx (FC)I > 0.5), with 656 upregulated and 498 downreg-
ulated (Figure 5A, Supplementary Table S3). Interestingly,
changes in gene expression between the two KD conditions
were highly correlated with each other (Pearson correlation

coefficient = 0.56) (Figure 5B). Consistently, we observed a
very significant enrichment of genes simultaneously down-
regulated (238 genes, 5.8-fold enrichment, P=1.0 x 1071?)
or upregulated (375 genes, 6.36-fold enrichment, P=2.4 x
10-2%4) upon depletion of either HMG20A or PHF 14 (Fig-
ure 5C). In contrast, we also observed that the number of
conversely regulated genes was much lower than randomly
expected (Figure 5C). These data indicate that a large subset
of genes is commonly regulated by PHF14 and HMG20A,
in agreement with the physical and genetic interactions de-
scribed above. Gene ontology (GO) analysis and gene set
enrichment analysis (GSEA) (27) of differentially expressed
genes indicated that PHF14 and HMG20A are involved
in the regulation of several epithelial-mesenchymal plastic-
ity signaling pathways (Supplementary Figure S6, Supple-
mentary Figure S7). For instance, upregulated genes were
enriched in regulation of signaling, epithelium development,
Hippo signaling and regulation of transcription GO cate-
gories, while downregulated genes were enriched in extra-
cellular matrix organization, cell migration, cell adhesion and
localization of cell categories (Supplementary Figure S6B,
C). Many of the genes that were upregulated in HMG20A
KD cells, or up- or downregulated in PHFI4 KD cells, were
also found concomitantly deregulated in the osteosarcoma
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U20S cell line upon HDACI1/2 KD (47) (Supplementary
Figure S7A, B).

The evolutionarily conserved Hippo pathway integrates
diverse signals, such as cell-cell and cell-matrix contacts,
mechanical cues, cellular energy status, and various stresses,
to control cell growth, differentiation, tissue/organ devel-
opment, and homeostasis (48,49). A low signaling through
the pathway is associated with cancer initiation, progres-
sion, or metastasis (50). Depletion of HMG20A or PHF14
in MDA-MB-231 cells increased the mRNA levels of most
members of the Hippo pathway, including mRNAs for
WTIP, LATS2, SAV1, MOBIB, MST2(STK3) and several
TEAD proteins (Figure 5D, E, Supplementary Table S3).
Upregulation of SAVI and LATS2 was confirmed by RT-
qPCR (Figure SF, Supplementary Figure S6D for confir-
mation of SAVI mRNA levels with a different siRNA).
Cell polarity is fundamental for the functionality of epithe-
lial cells (51). It has recently been shown that the LLGL,
PRKCI, and CRB proteins, members of the three described
cell polarity complexes, regulate the Hippo pathway (49).
Our RNA-seq analyses indicated that 10-12 of the 22 genes
encoding subunits of the cell polarity complexes were also
upregulated upon HMG20A KD or PHFI4 KD (Figure
5QG). Increased levels of PARD6B, PRKCI and LLGL2 mR-
NAs in siHMG20A- and siPHF14-treated cells were con-
firmed by RT-qPCR (Figure SF). These results indicate that
HMG20A or PHF 14-depleted cells presented an alteration
of the Hippo pathway.

The Hippo pathway effectors YAP and TAZ are paralo-
gous transcription co-activators that cooperate with TEAD
transcription factors to activate genes involved in prolifera-
tion and organ growth (Figure SE) (48,49). When the Hippo
pathway is activated, YAP/TAZ are phosphorylated by the
LATSI1/2 kinases, resulting in their proteasomal degrada-
tion. We found that several well-known YAP/TAZ-TEAD
target genes, such as IGFBP3, ITGB2, FGFI, and BIRCS,
were downregulated in HMG20A KD or PHFI14 KD cells
(Figure SE, Supplementary Table S3). Decreased levels of
FGFI and ITGB2 mRNAs in HMG20A KD or PHFI14 KD
cells were confirmed by RT-qPCR (Figure 5F). However,
despite decreased expression of YAP/TAZ-TEAD target
genes, we found that levels of phospho-LATSI1 and YAP
proteins were not significantly affected by HM G204 KD
or PHFI4 KD (Supplementary Figure S7C), suggesting
that signaling through the cytoplasmic part of the Hippo
pathway was not altered in the absence of normal levels of
these chromatin factors. Next, we reasoned that if signaling
through the pathway is normal, defects in gene activation
should be due to a direct interaction of HMG20A and/or
PHF14 with the YAP/TAZ-TEAD complex. In fact, we
were able to demonstrate by co-immunoprecipitation that
endogenous HMG20A and PHF14 interact with TEADI1
protein (Figure SH), suggesting that the HMG20A-PHF 14
complex cooperates with the YAP/TAZ-TEAD complexes
for gene activation. Consistent with this, downregulation
of FGFI caused by HMG20A or PHFI4 KD, was not
suppressed by expression of a YAP mutant (YAP-5SA)
which is not under the negative control of the Hippo path-
way due to mutation of key phosphorylation sites (22)
(Figure 5I).

HMG20A KD or PHFI14 KD MDA-MB-231 cells have in-
creased epithelial markers

GSEA analysis also indicated that the Epithelial to Mes-
enchymal Transition Hallmark was enriched among the
genes downregulated in both HMG20A KD and PHFI14
KD cells (Figure 6A, Supplementary Figure S7A, B).
Of note, HM G204 KD and PHFI4 KD cells displayed
downregulation of two well-known mesenchymal and pro-
metastatic adhesion molecule genes, L/ CAM and LRRC15
(52,53) (Figure 6B, Supplementary Figure S6D for confir-
mation of L/ CAM mRNA levels with a different siRNA),
consistent with the observed decrease in cell-cell adhesion
in the depleted cells (Figure 4E). Concomitantly, a strong
upregulation of E-cadherin (CDHI gene), one of the best
known cell-cell adhesion epithelial markers was observed
(Figure 6C, D). Depletion of both HMG20A and PHFI14
did not have greater effect than single KDs (Figure 6B, C).
These results are consistent with an increase of the epithe-
lial phenotypes upon depletion of PHF14 or HMG20A, as
described above.

Also consistent with an increase of epithelial features, the
TP63 tumor-suppressor gene was upregulated in HMG20A
KD or PHFI14 KD cells (Figure 6E, Supplementary Figure
S6D for confirmation with a different siRNA); TP63 is a
master transcription regulator of the p53 family involved
in mammary gland and skin epithelial development (54—
56). Furthermore, TP63 KD partially suppressed the up-
regulation of CDHI caused by HMG20A or PHFI4 KD
(Figure 6D, Supplementary Figure S7D). Taken together,
our data indicate that HMG20A and PHF14 are important
regulators of several pathways that affect the mesenchymal-—
epithelial plasticity in MDA-MB-231 cells.

To test whether HMG20A and PHF14 regulate CDH1
and TP63 genes directly or indirectly, we performed chro-
matin immunoprecipitation (ChIP) experiments using anti-
HMG20A and anti-PHF14 antibodies in the CDHI and
TP63 promoters. We showed that HMG20A binds both
promoters. As a control, we verified that HM G204 KD de-
creased HMG20A occupancy, confirming the specificity of
the ChIP signals (Figure 6F). Interestingly, PHFI14 KD also
decreased the occupancy of HMG20A at both the CDHI
and TP63 promoters, consistent with the cooperation be-
tween these two factors. In contrast, we were unable to ob-
tain specific ChIP signal using two different commercial
anti-PHF 14 antibodies (see Materials and Methods). Oth-
ers have also reported that specific ChIP experiments can-
not be done using either anti-PHF14 antibodies or anti-
Flag antibodies with an endogenous Flag-tagged PHF14
(57). This fact is probably a consequence of the lack of con-
tact between PHF14 and DNA.

HMG20A and PHF14 are required for TGFp-induced EMT

In PHFI14 KD cells, we observed that TGFB-upregulated
and TGFB-downregulated gene sets were enriched among
downregulated and upregulated genes, respectively (Sup-
plementary Figure S7B). To investigate whether HMG20A
and PHF14 are required for TGFp signaling, we selected
the murine epithelial mammary non-tumoral NMuMG cell
line, in which EMT can be induced by TGF (58). We used
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Figure 6. HMG20A KD and PHFI4 KD MDA-MB-231 cells display decreased mesenchymal and increased epithelial markers. (A) Heatmap showing
changes of mRNA levels (logx(FC)) in genes encoding EMT hallmark proteins. (B, C) Determination of L/CAM, and LRRI5 mRNAs (B), or PHFI14,
HMG20A, and CDHI mRNAs (C) by RT-qPCR in MDA-MB-231 cells 48 h after transfection with the indicated siRNAs. (D) Immunoblot analysis
of PHF14, HMG20A and E-cadherin (CDH1) proteins in MDA-MB-231 cells treated during 48 h with the indicated siRNAs. HSP70 levels were also
determined as control. (E) Determination of 7P63 or CHDI mRNAs by RT-qPCR in MDA-MB-231 cells at 48 h after transfection with the indicated
siRNAs. (F) HMG20A binds to the CDHI and TP63 promoters. MDA-MD-231 cells transfected with siControl, siHMG20A or siPHF 14 were subjected
to chromatin immunoprecipitation (ChIP) assays with anti-HMG20A and bulk IgG (control) antibodies. All data points of two (for 7P63) or three (for
CDHI) biological replicates with three technical replicate each are shown. (B, C, E) Values are the average of three to five independent experiments + SE. (B,
C, E, F) Significance of the differences with respect to the control were determined using two-tailed Student’s z-tests. *P < 0.05; **P < 0.01; ***P < 0.001.

a lentiviral doxycycline (Dox)-inducible CRISPR /Cas9 sys-
tem (28) to knock out the Hmg20a or Phfi4 genes (Figure
7A). Efficiency of the CRISPR /Cas9-mediated inactivation
was evaluated at different Dox concentrations and days of
treatment. A treatment with Dox for 48 h was enough to
strongly decrease the Hmg20a or Phf14 protein levels at the
two concentrations used (Figure 7B, C). We also observed

a strong decrease in the level of Hmg20a upon inactivation
of Phf14, confirming the observation performed in the hu-
man MDA-MB-231 cancer cells. After 48 h of Dox treat-
ment, depletion of Phf14 or Hmg20a was stable for at least
the following four passages, even when Dox was removed
from the culture media (Supplementary Figure S8A). Pro-
liferation of Phf14 or Hmg20a mutant cells was not signifi-
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Figure 7. Inducible CRISPR /Cas9 Phf14 or Hmg20a mutants in mouse NMuMG cells display impaired EMT. (A) Diagram depicting the Dox-inducible
CRISPR /Cas9 system used to generate Phf14 and Hmg20a mutant NMuMG cell lines (28). (B, C) Immunoblotting showing Phf14 and Hmg20a protein
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Fnl, Zebl and Snail mRNA were determined by RT-qPCR at the indicated times. Values are the average of six to seven independent experiments + SE.
Significance of the differences with respect to the control were determined using two-tailed Student’s #-tests. *P < 0.05; **P < 0.01; ***P < 0.001.



cantly affected with respect to the parental cell line even af-
ter 6 passages in the presence of Dox (Supplementary Fig-
ure S8B). Next, we triggered EMT by TGF addition to
48 h Dox-treated cells or to control cells. EMT-dependent
repression of Cdhl and induction of Fnl and Snail genes
were impaired in the Hmg20a or Phf14 mutated cells (Fig-
ure 7D). Induction of Zebl was also impaired in Hmg20a
or Phf14 mutated cells, although it was not significant in
Hmg20a mutants. These results indicate that both proteins
are required for the correct TGFB—dependent regulation of
expression of typical EMT markers.

DISCUSSION

Here we describe that the HMG protein HMG20A forms a
nuclear complex with the histone reader PHF 14 through the
establishment of a two-stranded alpha-helical coiled-coil.
We have previously shown that HMG20A also forms ho-
modimers as well as heterodimers with HMG20B through
this CCD, and interacts with the LSDI1-CoREST com-
plex through PHF21A. Taken together, these data reveal
HMG20A as an important chromatin regulator that dis-
plays a complex choreography of interactions (Supplemen-
tary Figure S9). We also demonstrate that the PHF14-
HMG20A complex plays important roles in modulating
several pathways related to the epithelial-mesenchymal
plasticity.

Early mass spectrometry analysis of proteins associated
with nucleosomes whose histones presented specific post-
translational modifications demonstrated that PHF14 and
HMG20A were among the few proteins excluded from nu-
cleosomes containing the H3K4me3 modification, but as-
sociated with H3K4-unmodified nucleosomes (59,60). This
is consistent with very recent structural studies demonstrat-
ing that a module of PHF14, denoted as the PZP domain
(formed by the first PHD and the ePHD domains), reads
unmodified histone H3 (18). Co-purification of PHF14
with nucleosomes containing H2AX (61), H2A.Z (57,62—
64) or macroH2A (65) has also been reported. Our data
indicate that HMG20A binds DNA either with no, or
with very little, sequence specificity. However, HMG20A
binds 4WJ DNA with higher affinity than linear double-
stranded DNA, suggesting that HMG20A displays signif-
icant affinity for bent DNA. Which chromatin substrate
is being bound by the PHF14-HMG20A complex? HMG
box-containing proteins do not normally bind intact nu-
cleosomal DNA (66,67). In fact, they have been character-
ized by their ability to destabilize the nucleosomal struc-
ture (68-71). Of note, the SSRPI1 protein (a subunit of the
FACT complex, with an HMG box in its C-terminus and
an H3/H4 tetramer interaction domain in its central part)
cannot bind intact nucleosomes in vitro but does stably bind
partially assembled nucleosome structures, such as the hex-
asome (H2A-H2B)-(H3-H4),, or the tetrasome (H3-H4),
(72-75). Similar to SSRP1, the PHF14-HMG20A com-
plex displays both a histone interaction domain in PHF14
and an HMG box in HMG20A. Therefore, a potential sce-
nario is that the PHF14-HMG20A complex binds partially
disassembled nucleosomes. This type of structures is com-
mon in regulatory regions such as enhancers and promoters
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(76,77). This is consistent with our ChIP data that identify
HMG20A at the CDHI and TP63 promoters.

How the PHF14-HMG20A complex controls transcrip-
tion is currently unknown. Zheng et al. have shown that the
PZP module (PHD1 + ePHD) of PHF 14 binds unmodified
histone H3, and that this interaction is abolished by some
active histone marks, such as H3K4me3, H3K18ac and
H3K23ac, but not by repressive marks, such as H3K9me3
and H3K27me3 (18). Further, they have proposed that
PHF 14 may associate to a chromatin ‘ground state’ that de-
fines a repressive or poised state. Interestingly, our GSEA
analyses indicated that PHF14 and HMG20A partially
share targets with HDACs (Supplementary Figure S7).
Therefore, it is possible that the PHF14-HMG20A com-
plex contributes to maintaining chromatin in that ‘ground
state’ by preserving the deacetylated state of specific nucle-
osomes. In the absence of the PHF14-HMG20A complex,
or upon the appropriated signaling, histone acetyltrans-
ferases would gain access to these nucleosomes, causing
transcription activation. Interestingly, in transient transfec-
tion experiments, in which the template is not assembled
into normal chromatin, and HMG20A is probably not act-
ing in a complex with PHF14, the IDR of HMG20A is
able to activate transcription. IDRs of transcription factors
and co-factors are involved in the formation of condensates
by liquid-liquid phase separation, which have been associ-
ated with transcription activation (78,79). This fact suggests
a possible dual activity of HMG20A that could serve as
a bridge between repression and activation. Furthermore,
H2A.Z has often been implicated in poised chromatin states
(80). PHF14 has been found to co-purify with H2A.Z in
four different proteomic studies (57,62-64). In addition, our
proteomic analysis also identified H2A.Z.2 (H2AFV) as a
HMG20A partner. These data are also in agreement with
a role for the PHF14-HMG20A complex in maintaining
poised configurations.

During the revision of this manuscript a paper describing
the existence of a complex between PHF14 and the MECP2
protein, which also contains the TCF20 protein, has been
published. They report that PHF 14 interacts with MECP2
through the PZP region of PHF14. While they also describe
that PHF14 co-immunoprecipitates with HMG20A, it is
unclear whether a complex containing MECP2, PHF 14,
TCF20 and HMG20A exists (81).

We show here that HMG20A and PHF14 share an im-
portant number of targets related to the mesenchymal phe-
notype of the TNBC cell line MDA-MB-231. Defects in
migration and invasion due to PHFI4 KD have been pre-
viously reported in glioblastoma multiforme, lung, blad-
der and gastric cancer cell lines (44,45,82,83). However, the
signaling pathways involved in this regulation are unclear.
Zhao et al. and Park et al. have proposed that PHF 14 mod-
ulates the AKT-mTOR pathway (44,45), while Wu et al. re-
ported that the Wnt signaling pathway is affected by PHF 14
silencing (83). However, our results in MDA-MB-231 cells
revealed that the AKT-mTOR signaling pathway was not
affected by either HMG20A4 or PHFI14 KD, and our RNA-
seq transcriptomic analysis does not support the downregu-
lation of Wnt signaling in either KD condition. In contrast,
we find that PHF14 and HMG20A modulate the Hippo
pathway, the epithelial development master regulator TP63
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and the TGFR pathway. As interactions between these three
pathways have been described (84,85), we cannot rule out
that PHF14 and/or HMG20A are implicated in one of the
pathways and thereby indirectly affect the others. Neverthe-
less, the data here presented, together with data previously
reported, suggest direct roles of PHF14/HMG20A in these
three pathways. First, we found that PHF14/HMG20A de-
ficiency causes increased mRNA levels of genes encoding
several members of the Hippo cytoplasmic kinases cascade,
and decreased expression of YAP/TAZ-TEAD gene tar-
gets. We were unable to demonstrate an increased activation
of the Hippo pathway, suggesting a defect at the level of the
final transcription factor effectors, the YAP/TAZ-TEAD
complexes. Consistent with this, we observed a direct inter-
action of TEADI with both HMG20A and PHF14. The
mechanism by which the PHF14/HMG20A complex helps
to activate the YAP/TAZ-TEAD targets is unknown. In-
deed, as discussed above, the histone binding preferences
of PHF14 suggest that the PHF14/HMG20A complex
might be associated with poised regions (18). It is com-
monly accepted that TEAD factors bind to their DNA tar-
gets regardless of the presence or absence of YAP/TAZ
coactivators—and therefore also under non-activation con-
ditions (48,49,85). One possibility is that PHF14-HMG20A
complex helps to stabilize TEAD factors at regulatory ele-
ments with a poised chromatin configuration. Thus, under
conditions of PHF14/HMG20A deficiency, TEAD might
not be properly positioned/stabilized in the chromatin,
which in turn would lead to poor activation of YAP/TAZ-
TEAD targets. Increased mRNA levels of genes encoding
elements of the Hippo signaling cascade may be a conse-
quence of the feedback regulatory mechanisms previously
described (84).

Depletion of PHF14/HMG20A complex also affected
TGFp signaling. Previous results demonstrated interaction
of HMG20A with the transcription factor SMAD4 (4,86),
which acts as a mediator of TGFB signal transduction.
We have also shown that a Hmg20a knockdown in mouse
astrocytes downregulates the EMT hallmark gene set (7).
Furthermore, a very recent preprint shows that Hmg20a
depletion in Xenopus laevis causes defects in neural crest
cell migration, a developmental example of EMT (87). Fi-
nally, we also demonstrated direct binding of HMG20A
to the promoter of the TP63 gene, a regulator of epithe-
lial development (54-56). Taken together, these results seem
to suggest that—during evolution and in different cellu-
lar systems—the PHF14/HMG20A complex plays impor-
tant roles in several pathways related to the epithelial-
mesenchymal plasticity.

In summary, we have uncovered the existence of a
PHF14-HMG20A complex and characterized its functions
in essential pathways. The fact that HMG20A has multiple
partners increases the complexity of its function and raises
important questions. For example, is PHF 14 implicated in
the well-known HMG20A functions in neuronal develop-
ment or in islet beta-cell functions? Which molecular factors
determine the association of HMG20A with its different
partners (Supplementary Figure S9)? What is the genomic
distribution of HMG20A and its different partners? These
questions require further investigation.
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