Supplemental Files 

Supplementary File 1a. Amplification status of ZHX2 in different breast cancer subtype.
	Dataset
	Breast cancer patients
	TNBC patients
	ER positive
	HER2 positive

	
	Patient
	Sample
	ZHX2 Amp
	Percentage
	Patient
	Sample
	ZHX2 Amp
	Percentage
	Patient
	Sample
	ZHX2 Amp
	Percentage
	Patient
	Sample
	ZHX2 Amp
	Percentage

	Breast Cancer (METABRIC, Nature 2012 & Nat Commun 2016)
	2509
	2509
	512
	23.6
	320
	320
	104
	32.5
	1825
	1825
	341
	21.1
	247
	247
	81
	32.8

	The Metastatic Breast Cancer Project (Provisional, February 2020)
	180
	237
	44
	18.6
	5
	6
	2
	33.3
	94
	126
	18
	14.3
	37
	44
	10
	22.7

	Breast Invasive Carcinoma (TCGA, Cell 2015)
	817
	818
	148
	18.1
	83
	83
	25
	30.1
	601
	601
	90
	15.0
	121
	121
	31
	25.6

	Breast Invasive Carcinoma (TCGA, Firehose Legacy)
	1101
	1108
	197
	18.2
	116
	117
	36
	32.1
	808
	814
	120
	15.1
	164
	164
	39
	24.1

	Breast Invasive Carcinoma (TCGA, Nature 2012)
	825
	825
	92
	11.8
	123
	123
	23
	19.3
	601
	601
	58
	10.3
	114
	114
	20
	18.2










Supplementary File 1b. The clinical information of the TNBC patient samples.
	Patient
	Gender
	Tissue description
	Anatomic site
	Case diagnosis
	HER2 IHC
	PR
	ER

	#1
	Female
	Tumor-primary
	Breast
	Infiltrating duct carcinoma, NOS
	Negative
	Negative (<1% or stated as negative)
	Negative (<1% or stated as negative)

	#2
	Female
	Tumor-primary
	Breast
	Infiltrating duct carcinoma, NOS
	Negative
	Negative (<1% or stated as negative)
	Negative (<1% or stated as negative)

	#3
	Female
	Tumor-primary
	Breast
	Infiltrating duct carcinoma, NOS
	Negative
	Negative (<1% or stated as negative)
	Negative (<1% or stated as negative)

	#4
	Female
	Tumor-primary
	Breast
	Infiltrating duct carcinoma, NOS
	Negative
	Negative (<1% or stated as negative)
	Negative (<1% or stated as negative)

	#5
	Female
	Tumor-primary
	Breast
	Infiltrating duct carcinoma, NOS
	Negative
	Negative (<1% or stated as negative)
	Negative (<1% or stated as negative)

	#6
	Female
	Tumor-primary
	Breast
	Infiltrating duct carcinoma, NOS
	Negative
	Negative (<1% or stated as negative)
	Negative (<1% or stated as negative)

	#7
	Female
	Tumor-primary
	Breast
	Infiltrating duct carcinoma, NOS
	Negative
	Negative (<1% or stated as negative)
	Negative (<1% or stated as negative)

	#8
	Female
	Tumor-primary
	Breast
	Infiltrating duct carcinoma, NOS
	Negative
	Negative (<1% or stated as negative)
	Negative (<1% or stated as negative)

	#9
	Female
	Tumor-primary
	Breast
	Infiltrating duct carcinoma, NOS
	Negative
	Negative (<1% or stated as negative)
	Negative (<1% or stated as negative)

	#10
	Female
	Tumor-primary
	Breast
	Infiltrating duct carcinoma, NOS
	Negative
	Negative (<1% or stated as negative)
	Negative (<1% or stated as negative)

	#11
	Female
	Tumor-primary
	Breast
	Infiltrating duct carcinoma
	Negative
	Negative (<1% or stated as negative)
	Negative (<1% or stated as negative)

	#12
	Female
	Tumor-primary
	Breast
	infiltrating carcinoma
	Negative
	Negative (<1% or stated as negative)
	Negative (<1% or stated as negative)

	#13
	Female
	Tumor-primary
	Breast
	infiltrating carcinoma
	Negative
	Negative (<1% or stated as negative)
	Negative (<1% or stated as negative)

	#14
	Female
	Tumor-primary
	Breast
	Infiltrating duct carcinoma
	Negative
	Negative (<1% or stated as negative)
	Negative (<1% or stated as negative)

	#15
	Female
	Tumor-primary
	Breast
	Infiltrating duct carcinoma
	Negative
	Negative (<1% or stated as negative)
	Negative (<1% or stated as negative)

	#16
	Female
	Tumor-primary
	Breast
	infiltrating carcinoma
	Negative
	Negative (<1% or stated as negative)
	Negative (<1% or stated as negative)

	#17
	Female
	Tumor-primary
	Breast
	Infiltrating duct carcinoma
	Negative
	Negative (<1% or stated as negative)
	Negative (<1% or stated as negative)

	#18
	Female
	Tumor-primary
	Breast
	Infiltrating duct carcinoma
	Negative
	Negative (<1% or stated as negative)
	Negative (<1% or stated as negative)

	#19
	Female
	Tumor-primary
	Breast
	Infiltrating duct carcinoma
	Negative
	Negative (<1% or stated as negative)
	Negative (<1% or stated as negative)

	#20
	Female
	Tumor-primary
	Breast
	Infiltrating duct carcinoma
	Negative
	Negative (<1% or stated as negative)
	Negative (<1% or stated as negative)










Supplementary File 1c.  Top DNA-contacting residues in HD2/3/4 along with their evolutionary conservation.
	Homeobox 2
	Homeobox 3
	Homeobox 4

	Residue
	Mean Total Contacts
	Conserv-ation Score*
	Residue
	Mean Total Contacts
	Conserv-ation Score*
	Residue
	Mean Total Contacts
	Conserv-ation Score*

	LYS 485
	52.50
	5
	GLU 579
	31.05
	8
	ARG 674
	129.20
	6

	ARG 491
	36.33
	9
	ARG 581
	24.80
	6
	GLU 678
	58.73
	8

	PHE 463
	32.92
	2
	SER 575
	23.20
	5
	GLU 671
	45.80
	7

	ARG 493
	25.08
	5
	LYS 582
	23.00
	7
	ARG 680
	28.33
	9

	ASP 489
	22.42
	8
	PHE 553
	13.00
	1
	LYS 635
	27.73
	9

	GLU 482
	14.25
	6
	GLU 572
	9.55
	8
	LYS 684
	25.13
	7

	LYS 484
	11.42
	7
	ARG 570
	9.25
	7
	LYS 677
	23.47
	7

	TYR 492
	9.58
	5
	TRP 576
	7.55
	9
	TRP 652
	15.53
	4

	ARG 480
	8.67
	8
	ASP 585
	4.70
	7
	TRP 675
	10.13
	9

	TRP 486
	7.42
	9
	SER 578
	4.70
	5
	CYS 681
	6.33
	7



*obtained using ConSurf server (9 – most conserved, 1 – most diverse); bold-faced residues were chosen 
for the mutagenesis study on TNBC suppression. DNA-protein contact is defined by heavy atom contact within 4Å, while the same DNA atoms contacted by different protein atoms are considered as separate contacts.


Supplementary File 1d. MM/PBSA Calculations of the Free Energy (ΔH-TΔS) for Homeobox 2-4 dsDNA complexes.
	
	ΔH (kcal/mol)
	(TΔS) (kcal/mol)
	ΔG (kcal/mol)

	HD2+DNA
	-60.25 ± 0.50
	-48.05 ± 0.97
	-12.20 ± 1.09

	HD3+DNA
	-56.93 ± 0.46
	-45.53 ± 2.39
	-11.40 ± 2.43

	HD4+DNA
	-39.00 ± 0.50
	-31.23 ± 2.34
	-7.77 ± 2.39





Supplementary File 1e.  Top C-terminal helix residues in the Homeobox 2-4 contributing the most DNA binding enthalpy.
	Homeobox 2
	Homeobox 3
	Homeobox 4

	Residue number**
	ΔHtotal (kcal/mol)*
	Residue number**
	ΔHtotal (kcal/mol)*
	Residue number**
	ΔHtotal (kcal/mol)*

	ARG 491
	-8.75 ± 0.17
	ARG 581
	-12.51 ± 0.15
	ARG 674
	-6.81 ± 0.12

	ARG 480
	-7.98 ± 0.08
	ARG 571
	-7.54 ± 0.09
	LYS 684
	-3.46 ± 0.08

	ARG 493
	-7.41 ± 0.09
	LYS 582
	-6.98 ± 0.10
	LYS 677
	-3.18 ± 0.07

	LYS 484
	-6.49 ± 0.08
	ARG 580
	-4.43 ± 0.02
	ARG 680
	-2.41 ± 0.01

	LYS 485
	-5.00 ± 0.11
	ARG 570
	-2.66 ± 0.02
	ARG 669
	-1.78 ± 0.01

	TYR 492
	-2.88 ± 0.03
	ARG 584
	-2.24 ± 0.01
	TRP 675
	-1.45 ± 0.05

	ARG 496
	-2.12 ± 0.11
	SER 578
	-0.71 ± 0.06
	LEU 682
	-0.79 ± 0.02

	GLN 495
	-1.86 ± 0.07
	PHE 577
	-0.35 ± 0.01
	CYS 681
	-0.36 ± 0.02

	TRP 486
	-0.96 ± 0.06
	LEU 583
	-0.22 ± 0.00
	THR 670
	-0.36 ± 0.04

	HID 490
	-0.64 ± 0.01
	
	
	ASN 679
	-0.24 ± 0.02

	SER 481
	-0.49 ± 0.03
	
	
	
	

	PHE 487
	-0.28 ± 0.01
	
	
	
	

	CYS 494
	-0.21 ± 0.00
	
	
	
	


* ΔHtotal: enthalpic binding energy derived from MM/PBSA, **this numbering is based on the Uniprot database where the sequence was obtained, highlighted in blue represents the mutated amino acid in the experimental results




Supplementary File 1f. Real-time PCR primers used in this study.
	Genes
	Forward Primer
	Reverse Primers

	β-Actin
	AGAAAATCTGGCACCACACC
	GGGGTGTTGAAGGTCTCAAA

	ZHX2
	GATCAGATAGCTGGAGTCAGGC
	CACAGCAGTTCTAACAGACTTCC

	TMEM45A
	TCCTCTCCTTCTCGCCACTT
	TGTGTTGGATGGGATCTGGC

	PNRC1
	TGTTCCGCGATCTTCTCAGG
	GCTAGGAAGCTTGTCGCTCA

	CCNG2
	AGTGATTCCAGAGTGAGCCTT
	AAGGCACAGATGCCAAACCTA

	ALDOC
	CTGCAGCCTCATCTGTTTGC
	CATGGTGACAGCTCCCTGTG

	AKAP12
	CGAGCGCGTCTCCTTCATT
	GGGCAAGAGCCAAAAGACG

	ADM
	ATGAAGCTGGTTCCCGTAGC
	TCCACGACTTAGAGCCCACT

	NDRG1
	CTGCACCTGTTCATCAATGC
	AGAGAAGTGACGCTGGAACC

	BNIP3
	CGCAGACACCACAAGATACCA AC
	GCCAGCAAATGAGAGAGCAGC

	PTGES3L
	GTGTTGAGGACAGCACCGAT
	ACACTGGCTTGGAGTTCACTT

	KDM3A
	GTGCTCACGCTCGGAGAAA
	GTGGGAAACAGCTCGAATGGT

	WSB1
	GGTGTCAGCTTCAAGAGACAAA
	AGTCAGGAGAGAATGCACAGC

	AP2B1
	CTCTTTCCAGACGTAGTGAACTG
	GGAGCGGCTCACAGAGATATT

	OXSR1
	AGGGACGATTACGAGCTGC
	TCCGTTTGATTGCCACTTTCTC

	RUNDC1
	AAGAGGGCAGTTATGACTCGC
	GCTGGGTTGACGATCTGAGC

	COX20
	TAGGATCTGTTGTGGCTGGC
	CCAGCATCCCAAAGTCACCA

	HIF1
	TATGAGCCAGAAGAACTTTTAGGC
	CACCTCTTTTGGCAAGCATCCTG






Supplemental Methods 
Survival analysis.  The K-M plots were got from https://kmplot.com(Györffy et al., 2010)(9). We chose TNBC patients as follow: ER status-IHC: ER negative, ER status-array: ER negative, PR status-IHC: PR negative, HER2 status-array: HER2 negative. Finally, 153 TNBC patients were included in the overall survival (OS) analysis. ZHX2 overexpression were chosen as upper tertile expression.








(Detre et al., 1995).

Luciferase reporter assay. For HIF transcription assay, sub-confluent MDA-MB-231 cells (200,000 cells/24‐well plate) were transiently transfected with 30 ng pCMV‐Renilla and100 ng of HRE-Luci reporter. Forty‐eight hours after transfection, luciferase assays were performed by Dual-Luciferase® Reporter Assay System (Promega, E1960). The experiments were repeated in triplicate with similar results.

(Zhang et al., 2018)(Zhang et al., 2018)



DNA-protein contact analysis from structural bioinformatics data. Sequences in the apo-form human homeodomains 2,3 and 4 (HD2/3/4) (PDB ID: 3NAU, 2DMP and 3NAR) (Bird et al., 2010) (Bank, 2020)were BLASTed against the sequences in the Protein Data Bank (PDB)(Berman et al., 2000). Among the resolved structures, 12, 20 and 15 DNA-bound complexes with sequence identity higher than 30% (Rost, 1999) for HD2, HD3, and HD4 were identified. We then carried out the homology-modeling, using SWISS-MODEL (Waterhouse et al., 2018), to structurally model the HD2/3/4 using their corresponding bound-forms as the templates, so that their sequences assume the protein structures in the DNA-complexed forms. For instance, HD2 sequence could therefore adapt 12 different bound-form protein structures. With this method, we found every HD protein contact the DNA with its last (C-terminal) helix (Supplemental Figure 5). We then count the number of DNA-protein contacts at the atomic level for every residue in the C-terminal helix. The top-ranked residues in HD2/3/4, in terms of their DNA contact frequency normalized by the number of bound-forms used, are listed together with their evolutionary conservation in Supplemental Table 1.

MD simulations
Homology Modeling to create DNA-bound HD complexes for simulations 
Because there are no experimentally solved DNA-complexed structures for human HD2, 3 and 4, in order to simulate the human HD-DNA interaction, our goal is to find structurally solved DNA-bound forms whose DNA sequence could have the highest chance to stably interact with human HD2/3/4. We aimed to ensure the highest likelihood of stable interaction between the selected DNA and HD2/3/4 as well as to have a fair comparison of binding ability for HD2/3/4 and their DNA-binding residues. To this end, we searched the DNA-bound HD proteins containing a DNA-binding helical stretch that has the highest sequence identity with the C-terminal helices (the main DNA-binding helix; see Supplemental Figure 1 and Video 1) in HD2, 3 and 4, respectively. Among the bound-form proteins that have the top 2 highest sequence homology in the C-terminal helices with those in human HD2/3/4, by homology modeling using SWISS-MODEL (Waterhouse et al., 2018), a NMR-resolved structural ensemble of VND/NK-2 homeodomain-DNA complex (PDB ID: 1NK2, where the first model is taken) (Gruschus et al., 1997) was chosen to build the DNA-bound form of HD2, an X-ray resolved structure of Yeast MATα2 homeodomain/MCM1 transcription factor/DNA complex (PDB ID: 1MNM;) (Tan and Richmond, 1998)was chosen to build the DNA-bound form of HD3, and an X-ray resolved structure of Oct-1 Transcription factor DNA complex (PDB ID:1HF0;) (Remenyi et al., 2001) was chosen to build the DNA-bound form of HD4, respectively. The homology of C-terminal helices between HD2/3/4 and their corresponding bound-form templates are 54.55%, 53.85%, and 100% respectively.  
System Setup and Energy Minimization
Prior to solvation and addition of ions, protonation state and the net charge of HD2/3/4-dsDNA complexes at pH 7.0 were calculated using PDB2PQR(Dolinsky et al., 2007). The starting structure was prepared using ff14SB (Maier et al., 2015)force-fields for proteins, bsc1 (Ivani et al., 2016) force fields for the DNA, TIP3P water model, and monovalent ion parameters (Joung and Cheatham, 2009) through tLeap(Daoudi et al., 2019) from AmberTools18. To neutralize the charge of each system, 24 Na+ were added into hb2-dsDNA and hb3-dsDNA complexes and 23 Na+ were added into hb4-dsDNA complex systems.  In addition, 23 Na+ and 23 Cl- ions were added to each system to reach 100 mM salt concentration. Each system was prepared in a water box measuring 78Å on all sides. 
Energy minimization for each of the systems was done in two stages. In the first stage, a harmonic restraint of 100 kcal/mol/Å2 was applied on all heavy atoms of both protein and dsDNA.  In the second stage, the harmonic restraints for protein’s CA atoms were relaxed to 2 kcal/mol/Å2 while all the DNA’s heavy atoms were still subject to a 100 kcal/mol/Å2 restraint. 
Equilibration and Explicit Solvent Production MD Simulations
Each energy-minimized system was gradually heated from 50K to 320K and cooled down to 310K in a canonical (NVT) ensemble, using Langevin thermostat (Pastor et al., 1988) with a collision frequency of 2 ps-1, for 25 ps while applying harmonic restraints of 10 kcal/mol/Å2 on dsDNA’s C2, C4', and P atoms and 2 kcal/mol/Å2 on protein’s CA atoms. Each of the systems was equilibrated first in a canonical ensemble at 310K for 15 ns. This was followed by an isothermal-isobaric ensemble for 20 ns at 310K applying harmonic restraints of 2 kcal/mol/Å2 on dsDNA’s C2, C4', and P atoms and 1 kcal/mol/Å2 on protein’s CA atoms. Further equilibration isothermal-isobaric ensemble (NPT), where a constant pressure was maintained by Berendsen barostat (H. J. C. Berendsen, 1998) at 1 atm and 310K, was done for 40 ns, while harmonic restraints of 2 kcal/mol/Å2 on dsDNA’s C2, C4', and P atoms and 0.1 kcal/mol/Å2 on protein’s CA atoms were applied. This was followed by a 350 ns production run at 2 fs time step applying the SHAKE constraint algorithm (Hopkins et al., 2015) to hydrogen atoms in isothermal-isobaric ensemble at 310K and 1 atm. All the simulations were carried out by the AMBER18 software package (Daoudi et al., 2019) with long-range electrostatic forces being calculated using Particle Mesh Ewald method (Tom Darden, 1993)  at a 10Å cutoff distance.
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