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ZNF423 modulates the AMP-activated protein kinase
pathway and metformin response in a single nucleotide
polymorphisms, estrogen and selective estrogen receptor

modulator dependent fashion

Sisi Qin% James N. Ingle®, Wootae Kim*®, Huanyao Gao?,
Richard M. Weinshilboum® and Liewei Wang®

Objectives We previously discovered that the single
nucleotide polymorphisms (SNP) rs9940645 in the
ZNF423 gene regulate ZNF423 expression and serve as
a potential biomarker for response to selective estrogen
receptor modulators (SERMs). Here we explored
pathways involved in ZNF423-mediated SERMs response
and drugs that potentially sensitize SERMs.

Methods RNA sequencing and label-free quantitative
proteomics were performed to identify genes and
pathways that are regulated by ZNF423 and the ZNF423
SNP. Both cultured cells and mouse xenograft models
with different ZNF423 SNP genotypes were used to study
the cellular responses to metformin.

Results We identified ribosome and AMP-activated
protein kinase (AMPK) signaling as potential pathways
regulated by ZNF423 or ZNF423 rs9940645 SNP.
Moreover, using clustered regularly interspaced short
palindromic repeats/Cas9-engineered ZR75-1 breast
cancer cells with different ZNF423 SNP genotypes,
striking differences in cellular responses to metformin,

Background

Breast cancer is the most commonly occurring cancer and
the leading cause of cancer death in women worldwide
[1]. It has been demonstrated that metabolic pathways
in breast cancer cells were significantly dysregulated,
a mechanism leading to uncontrolled cell growth [2,3].
The antidiabetic drug metformin has been shown to
target metabolic pathways by activating AMP-activated
protein kinase (AMPK), affecting multiple cellular phe-
notypes including reducing blood insulin or reversing
epithelial-mesenchymal transition [4-6]. Therefore, it is
being tested in multiple cancers including breast cancer
[7-9] as monotherapy [10,11] or in the combination of
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either alone or in the combination of tamoxifen, were
observed in both cell culture and the mouse xenograft
model.

Conclusions We found that AMPK signaling is
modulated by the ZNF423 rs9940645 SNP in estrogen
and SERM-dependent fashion. The ZNF423 rs9940645
SNP affects metformin response in breast cancer and
could be a potential biomarker for tailoring the metformin
treatment. Pharmacogenetics and Genomics 31: 155-163
Copyright © 2021 The Author(s). Published by Wolters
Kluwer Health, Inc.
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endocrine therapy such as tamoxifen in the treatment of
estrogen receptor-positive (ER+) breast cancer, or chem-
otherapeutics in triple-negative breast cancer [12,13].
However, metformin resistance is inevitable and it has
been reported that long-term metformin-treated ER+
breast cancer cells acquire cross-resistance to both met-
formin and tamoxifen [14].

In our previous discovery, the genome-wide association
study using samples from the double-blind, placebo-con-
trolled National Surgical Adjuvant Breast and Bowel
Project P-1 and P-2 subjects, common single nucleotide
polymorphisms (SNPs) in the ZNF423 gene, were iden-
tified as potential biomarkers for individualized selec-
tive estrogen receptor modulator (SERM) prevention
therapy [15]. One of these ZNF423 SNPs, rs9940645
located approximately 200bp from several estrogen
response elements, was bound by calmodulin-like pro-
tein 3, which cooperates with ERa and regulates the
expression of ZNF423 and BRCAL, in an SNP, estro-
gen and SERM-dependent fashion [16]. Specifically,
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the expression of ZNF423 and BRCA1 was increased
by estradiol while suppressed by tamoxifen in cells with
the ZNF423 wildtype rs9940645, whereas opposite reg-
ulation was observed for variant genotypes. Moreover,
as ZNF423 influences DNA damage repair via BRCAL,
dramatic differences were observed in cellular responses
to SERMs plus Poly (ADP-ribose) polymerase inhibitors
in ER+ breast cancer cells carrying different ZNF423
SNP rs9940645 genotypes [16]. Morcover, ZNF423 also
affects the G2/M phase of the cell cycle by regulating
mitosis-related genes VRK1 and PBK and then modu-
lates concurrent tamoxifen and docetaxel chemotherapy
in a ZNF423 SNP-dependent manner [17].

Although ZNF423 functions as a transcription factor in
several signaling pathways including cell cycle and bone
morphogenic protein-dependent regulation [18-20], its
role in breast cancer and treatment response has not been
fully investigated. In the present study, we performed
RNA sequencing after knockdown of ZNF423 or after
estradiol treatment with or without tamoxifen in ER+
breast cancer cells with different ZNF423 SNP geno-
types. The mRNA expression levels of many ribosomal
proteins were changed in an SNP and drug-dependent
manner, which suggests that protein translation regulation
might be involved as a ZNF423 downstream pathway. In
addition, proteomics studies also identified additional
pathway such as AMPK to be regulated by ZNF423 in
an SNP, estrogen and SERM-dependent fashion. Finally,
we investigated the SNP effect in response to metformin,
either alone or in combination with tamoxifen.

Methods

Cell culture

The human ERa-positive breast cancer cell line ZR75-1
was obtained from the ATCC (Manassas, Virginia, USA)
and cultured in an Roswell Park Memorial Institute 1640
medium (Gibco, Grand Island, New York, USA) supple-
mented with 10% fetal bovine serum (Atlanta Biologicals,
Georgia, USA). CRIS-ZR75-1 cells carrying homozygous
wildtype rs9940645 were generated by clustered regu-
larly interspaced short palindromic repeats (CRISPR)/
Cas9 editing as previously described [16].

Transfection and drug treatment

Prior to transfection and estradiol treatment, cells were
grown in phenol red-free media containing 5% char-
coal-stripped serum (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) for 48 h. For ZNF423 knockdown,
the cells were then transfected with three different siR-
NAs targeting the ZNF423 gene (D-012907-01/-02/-03) or
scrambled siRNA (D-001206-13; Dharmacon, Lafayette,
Colorado, USA) using the Lipofectamine RNAIMAX
Reagent (Thermo Fisher Scientific). For ZNF423 over-
expression, the cells were transfected with pCMV6-X1.4-
ZNF423 or the empty vector pCMV6-XL4 (OriGene
Technologies, Inc., Rockville, Maryland, USA) using the

Lipofectamine 3000 (Thermo Fisher Scientific) accord-
ing to the manufacturer’s instructions. After 24 h, cells
were incubated with 0.01 nM estradiol for an additional
24 h (Sigma-Aldrich, St. Louis, Missouri, USA), followed
by the addition of 2 mM metformin (Selleck Chemicals
LLC, Houston, Texas, USA) or 1077 pM  4-hydroxy
tamoxifen (Sigma-Aldrich). As vehicle controls, etha-
nol for estradiol, PBS for metformin or dimethylsulfox-
ide for 4-OH-tamoxifen were added to the medium at a
final concentration <0.1%. Cells were collected 72 h after
transfection.

RNA sequencing and pathway analysis

RNA sequencing (RNAseq) was performed with ZR75-1
cells after ZNF423 knockdown with two individual siR-
NAs in both CRIS-ZR75-1 and ZR75-1 cells treated with
either estradiol or estradiol+tamoxifen. Total RNA was
extracted using the RNeasy Plus Mini kit (QIAGEN,
Germantown, Maryland, USA). mRNA libraries and
sequencing by HiSeq4000 system (2x 150 paired-end
runs, Illumina, San Diego, California, USA) were per-
formed by the Mayo Clinic core facility (Rochester,
Minnesota, USA). The raw data were converted to fastq
files, quality was examined by FastQC, and adapter
sequence and low-quality sequences (<Q30 or <50bp)
were trimmed by Trim Galore. Filtered reads were aligned
to the hgl9 human reference genome using Hisat2 with
an average mapping rate of 93%. Raw counts were then
called by HT'Seq excluding nonunique reads. Intra-group
replication correlations were validated by Pearson cor-
relation (average R-squared >0.88). Differential expres-
sion analysis was performed with EdgeR package using
R software, and fold change >2 and P values <0.05 after
adjusting for the false discovery rate were considered
significant. Kyoto Encyclopedia of Genes and Genomes
pathway analysis of differentially expressed genes was
conducted using the Enrichr portal [21,22].

Statistical analysis

Data were analyzed using GraphPad Prism Software.
Student’s two-tailed 7-test was used for comparison of rel-
ative mRNA expression levels by real-time quantitative
reverse transcription PCR (qRT-PCR), clone numbers in
colony formation, tumor volume and tumor weight in the
xenograft model. P-value <0.05 was considered statisti-
cally significant.

Animal studies

The animal study was reviewed and approved by the Mayo
Clinic Institutional Animal Care and Use Committee.
Breast cancer xenografts generated from ZR75-1 cells
with ZNF423 variant and CRISPR-engineered wildtype
SNP genotypes were used to test the tumor response to
treatment with metformin with or without tamoxifen,
similarly to the previous report [16]. Briefly, 6-week-old
female severe combined immunodeficient (SCID) mice



were water-fed with a low dose of estradiol (70 pg) every
week. 2x10° logarithmically breast cancer cell lines were
injected to the mice as a 1:1 mixture with growth-fac-
tor reduced, phenol red-free matrigel (BD - Diagnostic
System, Franklin Lakes, New Jersey, USA). After tumor
volume reached 100 mm‘z, the mice were then randomized
into groups treated with PBS as control, tamoxifen (5 mg/
kg/d), metformin (225mg/kg/day) alone, or metformin
plus tamoxifen for 28 days. Tumor volume ('T'V) was calcu-
lated using the formula: TV =(L xW?%)/2 where L is tumor
length and W is tumor width. When tumors in the control
mice reached a size that the mice had to be sacrificed, the
tumors were removed and saved for further analysis.

Additional methods can be found in Supplementary
materials, Supplemental digital content 1, Azp://links.low.
com/FPCIB392.

Results

Ribosome and DNA replication pathways are regulated
by ZNF423

To further investigate ZNF423 function in breast can-
cer, we performed RNAseq and differential expression
analysis in ER+ breast cancer cell, ZR75-1 cells between
control and after knockdown of ZNF423 (Supplementary
Figure S1, Supplemental digital content 1, zzp://links.low.
com/FPC[B392). Pathway analysis using only the upregu-
lated genes after knockdown with P value <0.05 identi-
fied the ribosome pathway as the most significantly altered
pathway (Table 1), along with lysosome, autophagy, mito-
gen-activated protein kinase signaling, protein processing
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in endoplasmic reticulum and AMPK signaling pathways
(Table 1). On the other hand, using only the downregu-
lated genes (P<0.05) after ZNF423 knockdown, DNA
replication, mismatch repair and p53 signaling were among
the most significantly altered pathways (Supplementary
Table S1, Supplemental digital content 1, Azp://links.lww.
com/FPC/B392). Collectively, we have identified the genes
and pathways that may be regulated by ZNF423 in breast
cancer.

Ribosome pathway is regulated by ZNF423 in an single
nucleotide polymorphisms, estrogen and selective
estrogen receptor modulator-dependent fashion
Because it was reported previously that rs9940645 gen-
otype was associated with the expression of ZNF423 in
an SNP, estrogen or SERM-dependent manner [15,16],
we wanted to determine if there are any additional down-
stream genes of ZNF423 that might be regulated in such a
fashion. To test that hypothesis, we took advantage of the
CRISPR/Cas9-engineered ZR75-1 cells (CRIS-ZR75-1),
which harbors homozygous wildtype rs9940645, and the
parental ZR75-1, which harbors homozygous variants gen-
otypes [16,17]. We performed RNAseq and differential
expression analysis between estradiol and estradiol plus
tamoxifen treatments in both parental (V/V) (Fig. 1b)
and CRIS-ZR75-1 (W/W) cells (Fig. 1a). Compared to
estradiol alone, the mRNA expression of a large num-
ber of ribosomal protein genes was upregulated in the
presence of estradiol+tamoxifen in rs9940645 W/W cells
(Fig. 1a), but suppressed in V/V cells (Fig. 1b), opposite
to the SNP-dependent ZNF423 expression pattern, in

Table 1 RNAseq pathway analysis using the upregulated genes after ZNF423 knockdown
Term Overlap P-value Genes
Ribosome 64/153  753x107°%° RPL4;RPL5;RPL30;RPL3;RPL32;RPL31;RPLP1;RPLPO;RPL8;RPL10A;RPL9;RPL6;RPL7;RPS15;RPS4X-
;RPS14;RPL7A;RPS16;RPS19;RPL18A;RPS18;RPLP2;RPS11;RPL39;RPS13;RPS12;RPS9;R-
PL21;RPS7;RPS8;RPS5;RPS6;RPL13A;RPSA:RPS3A;RPL37A;RPL27;RPL29;RPL28;UBA52;RPL10;R-
PL12;RPL11;RPS27L;MRPL14;MRPL10;RPS15A;RPL14;RPS3;RPL13;RPL15;RPS2;RPL18;RPL17;R-
PL19;RPS26;RPS25;RPS28;RPS29;:RPL27A:RPS20;RPL22L1;RPS21;RPS23
Lysosome 27/123 1.94x107° HEXA;GNS;LITAF:AP4M1;CLN3;LAPTM4A;:GNPTAB;LAMP1;GM2A:HYAL1:LAMP2;PSAP;CLTCL1;SL-
C17A5;AP3S2;CTSF;CTSD;CTSC;CD164;HGSNAT;FUCA1;SLC11A2;M6PR;IGF2R;SUMF1;NPC2;,LGMN
Autophagy 24/128 1.07x10™  SH3GLB1;UVRAG;RUBCN;GABARAPL1;STX17;IRS1;DAPK1;PRKCD;EIF2AK3;RRAS2;IRS2;WIPI1:MTM-
R4;ZFYVE1;|IGF1R;DEPTOR;LAMP1;RRAS;PIK3CA;AKT2;LAMP2;ULK2;ULK1;CTSD
MAPK signaling 42/295  3.27x10*  ATF2;SRF;PDGFA;TGFA;HSPB1;AREG;RELA;IGF1R;ELK4;RAP1B;PPP3CA;PAK1;RRAS;MYC;AKT2;PDG-
pathway FC;FLNB;MAP3K8;RAC1;MAP3K4;MAP2K3;DUSP5;MAP3K3;JUND;EGF;INSR;NFATC3;RRAS2;PRK-
CA;TNFRSF1A;NR4A1;PPM1A;PPM1B;TAOK3;MAPKAPK3;DDIT3;MAPKAPK2;RAPGEF2;TAB
2;MAPT;FGFR4;EPHA2
Protein processing 27/165 4.28x10™* ERO1B;SEC23A;UBE2D4;HSPA4L;HERPUD1;ATXN3;BAG1;MAN1A1;SIL1;UBQLN4;EDEM3;XB-
in endoplasmic P1;HSPA5;SSR4;SSR2;AMFR;SSR3;EIF2AK3;UBE4B;PDIA6;PDIA4;DDIT3;ERP29;BAX;CALR;-
reticulum ATF6;RNF185
AMPK signaling 19/120  7.34x107*  IRSTINSR;IRS2;HMGCR;EEF2;ACACB;FOXO1;ACACA;IGF1R;RAB11B;TBC1D1;G6PC3;PIK-
pathway 3CA;SCD;CREB3L1;AKT2;CREB3L2;CD36;PCK1
Terpenoid backbone 7/22 0.00141 IDI1;HMGCS1;GGPS1;MVD;HMGCR;ACAT2;PCYOX1
biosynthesis
Rap1 signaling 30/206 0.00153 ITGB1;CTNND1;PDGFA;ADCY1;SIPA1L3;|IGF1R;RAP1B;SIPA1L1;RRAS;AKT2;PDGFC;RAC1;FARP2;MAP-
pathway 2K3;PRKCIL,EGF;INSR;MAGI2;PRKCA;RHOA;PIK3CA;PARD3;ID1;RAPGEF2;CTNNB1;PRKD2;FGFR4;RAP-
GEF6;EPHA2;PFN2
Signaling pathways ~ 22/139 0.00216  SMAD1;SMAD4;FZD5;WNT5A;STAT3;LIFR;KLF4;IGF1R;REST;ACVR1C;PIK3CA;MYC;AKT2;KAT6A;ID1;DV-
regulating pluripo- L2;ID4;ID3;CTNNB1;TCF3;IL6ST;FGFR4
tency of stem cells
FoxO signaling 21/132 0.00252 CDKN2D;USP7;GABARAPL1;SMAD4;IRS1;HOMER2;EGF;INSR;STAT3;IRS2;FBX0O32;SIRT1;FOX-

pathway

O1;KLF2;IGF1R;RBL2;G6PC3;PIK3CA;AKT2;CDK2;PCK1

MAPK, mitogen-activated protein kinase.
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Volcano plot for rs9940645 and drug-dependent RNA-seq in breast cancer cells. (a) RNA-seq was conducted in the CRIS-ZR-75-1 cells carrying
the ZNF423 wildtype single nucleotide polymorphism (SNP) genotype in the presence of estradiol or estradiol plus tamoxifen. (b) RNA-seq was
conducted in ZR-75-1 cell carrying the ZNF423 variant SNP genotype in the presence of estradiol or estradiol plus tamoxifen. ZNF423 and a set
of representative ribosomal protein gene of which expression were altered between estradiol plus tamoxifen and estradiol alone were marked on

the volcano plot.

Table 2 ZNF423 ChlPseq (binding on ribosomal protein genes)

RP genes ZNF423 ChIP binding site
RPL4 (1) EXON 10 (last exon) (2) 100 bp downstream
RPL5 intron 1

RPL7 intron 1

RPL7A 900bp upstream

RPL7L1 right upstream and 50 bp exon 1

RPL8 150 bp upstream and exon 1

RPL9 100bp upstream

RPL10 1200bp downstream

RPL10A 120bp upstream, exon 1 and intron 1
RPL12 50bp upstream, exon 1 and intron 1
RPL13 exon 1

RPL15 exon 1, intron 1

RPL18 180bp downstream

RPL23A 1200bp downstream

RPL26 100bp upstream

RPL27 exon 5 (last exon)

RPL28 exon 5 (last exon)

RPL36 2000 bp downstream

RPL37 100bp upstream, exon 1 and intron 1
RPL38 80bp upstream, exon 1, intron 1 and exon 2
RPL39 20bp upstream

RPLP1 exon 1 and intron 1

RPS2 1000 bp downstream

RPS4X 200 bp upstream, exon 1 and intron 1
RPS7 150 bp upstream, exon 1 and intron 1
RPS8 Intron 1, exon 2 and intron 2

RPS12 50bp upstream

RPS14 right upstream of exon 1

RPS15 exon 3 and 4 (last exon)

RPS16 450bp upstream and intron 2

RPS18 right upstream of exon 1

RPS21 220bp upstream

RPS24 one of the transcript variant and intron 4 (last intron)
RPS27A exon 1, intron 1, exon 2 and intron 2
RPS27L exon 1

which ZNF423 expression was suppressed in the pres-
ence of estradiol+tamoxifen in W/W cells while upregu-
lated in V/V cells. Consistently, pathway analysis of genes
showing SNP and drug-dependent gene expression that

was in an opposite pattern from that of ZNF423, the
ribosome pathway remained the top significant pathway
(Supplementary Table S2, Supplemental digital content
1, hep:/llinks.lww.com/FPC/B392), while influenza A was
the top pathway using gene expression that was regulated
in the same SNP and drug-dependent fashion with that of
ZNF423 (Supplementary Table S3, Supplemental digital
content 1, 4ttp://links.lww.com/FPC/B392). We further val-
idated the relationship between ZNF423 and ribosomal
gene expression using qRT-PCR (Supplementary Figure
S2, Supplemental digital content 1, Az#p://links.lww.com/
FPC/B392). These results suggested that ZNF423 may
regulate the expression of ribosomal protein genes in an
SNP, estrogen and tamoxifen-dependent fashion.

The ribosomal protein, together with rRNA, makes up
the ribosomal subunits involved in the cellular process
of translations. They are highly conserved genes across
different life forms [23]. Based on the RNAseq result,
ZNF423 might regulate the transcription of a set of ribo-
somal protein genes. To examine this hypothesis, we
assessed the ZNF423-binding sites on ribosomal protein
genes using the ZNF423 chromatin immunoprecipita-
tion (ChIP) sequencing data that is publicly available in
ENCODE (ENCSR4770]I). Though this dataset was
generated in HEK293 cells with stably expressed eGFP-
ZNF423, it was still informative that ZNF423 protein
bound in the genomic regions of more than one-third (35
out of 86) of the ribosomal protein genes and the major-
ity binding sites on these ribosomal genes were within
their promoter regulatory region ('Table 2). These results
suggested that ZNF423 might transcriptionally regulate
a set of ribosomal protein genes.
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Fig. 2
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Western Blotting to validate the alteration of AMPK signaling modulated by the ZNF423 gene and rs9940645. (a) ZNF23 was overexpressed
in ZR75-1 breast cancer cells and then the protein expression of SIRT1 and TAK1 and AMPK signaling was examined. (b) SIRT1 and TAK1 and
AMPK signaling was assessed in ZR75-1 cells carrying different ZNF423 single nucleotide polymorphism (SNP) genotypes and treated with

estradiol & tamoxifen.

AMPK pathway is modulated by ZNF423 in an single
nucleotide polymorphisms and selective estrogen
receptor modulator-dependent manner

Because the alteration of ribosomal protein influences
the translational machinery, the overall protein expres-
sion profile might be affected by ZNF423 via mediating
the expression of ribosomal protein genes. To investigate
the ZNF423 function at the protein level, we performed
label-free quantitative proteomics study by MS ZR75-1
cells after knockdown of ZNF423. Pathway analysis
using significantly upregulated proteins (fold change >2)
after knockdown identified ribosome biogenesis, purine
metabolism, Epstein-Bar virus infection, herpes simplex
infection, measles, vitamin digestion and absorption,
African trypanosomiasis and AMPK signaling pathways
(P<0.05) (Supplementary Table S4, Supplemental digital
content 1, zttp://links.low.com/FPC/B392). No significant
pathway was identified using downregulated proteins
(Supplementary Table S5, Supplemental digital content
1, hetp:fllinks.lww.com/FPCIB392).

Besides the ribosome pathway, AMPK signaling was
the only pathway that was identified using both RNA-
seq and proteomic studies (Table 1 and Supplementary
Table S4, Supplemental digital content 1, Z#p://links.
lww.com/FPC/B392). Interestingly, the AMPK signal-
ing-related genes MAP3K7 (TAK1) and SIRT1 were
only altered at the protein levels but not on the mRNA
levels after knockdown of ZNF423. TAK1 is a serine/
threonine protein kinase of the mitogen-activated pro-
tein kinase kinase kinase (MAP3K) family and functions
as an alternative third AMPK kinase [24]. SIRT1 is the
most conserved NAD*-dependent protein deacetylase
that senses the cellular metabolic status and may indi-
rectly regulate AMPK signaling through a well-known
AMPK kinase LKB1 [25]. To validate whether ZNF423
regulates the protein levels of TAK1 and SIRT1 and
then further, the AMPK signaling, ZNF423, was overex-
pressed in the ZR75-1 cells and the downstream proteins

were examined. Consistent with the proteomic study,
the protein expressions of SIRT1 and TAK1 were sig-
nificantly downregulated after overexpression ZNF423
(Fig. 2a), which may in turn contribute to the decreased
AMPK activity (Fig. 2a). Most importantly, SIRT1 and
TAK1 levels exhibited SNP and drug-dependent pattern
similar with that of ZNF423 (Fig. 2b). Compared to the
estradiol alone, the protein levels of SIRT'1 and TAKI1
were induced after estradiol+tamoxifen combination
in the ZNF423 wildtype SNP genotype, while the pat-
tern was reversed in the ZNF423 variant SNP genotype.
Moreover, the activity of AMPK was also altered consist-
ently with SIRT'1 and TAK1 (Fig. 2b). It is suggested
that ZNF423 may regulate AMPK signaling in an SNP,
estrogen and SERM-dependent manner.

rs9940645 affects metformin treatment

Since AMPK signaling is regulated by the ZNF423 SNP
and metformin also functions through modulating AMPK
signaling, we examined whether the cellular response
to metformin, alone or in combination with tamoxifen,
was different between the ZNF423 wildtype and variant
SNP genotypes. Cellular cytotoxicity showed that the pair
of ZR75-1 cells with different ZNF423 SNP genotypes
responded similarly to varying doses of metformin, while
the addition of 0.01 nM sub-physiological level of estradi-
ol-sensitized ZR75-1 (V/V) cells to metformin treatment,
compared with the ZR75-1 (wildtype/wildtype) cells
(Fig. 3a). Moreover, the cellular response to metformin was
reversed with estradiol+ tamoxifen treatment (Fig. 3a). In
agreement with cytotoxicity, compared to metformin alone,
cell colony formation was inhibited in the presence of estra-
diol in the ZR75-1 (V/V) cells, while the inhibitory effect
was observed in the CRIS-ZR75-1 (W/W) cells in the pres-
ence of both estradiol and tamoxifen (Fig. 3b and c).

"To further confirm the SNP effect on treatment response 77
vivo, we established a xenograft mouse model by injecting
ZR75-1 (V/V) and CRISPR-ZR75-1 (W/W) breast cancer
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Cytotoxicity and colony formation assays for metformin treatment in breast cancer cells with different ZNF423 single nucleotide polymorphism
(SNP) genotypes. (a) ZR75-1 (V/V) and CRIS-ZR75-1(W/W) cells were treated with varying doses of metformin in the presence of estradiol

or estradiol plus tamoxifen. Relative cell survival was assessed after 5 days of treatment. (b) ZR75-1 (V/V) and CRIS-ZR75-1(W/W) cells were
treated with varying doses of metformin in the presence of estradiol or estradiol plus tamoxifen, representative colony formation was shown after
4 weeks of treatment. (c) The colony formation number was calculated in three biological repeats.

cells into female SCID mice that had been water-fed with
low-dose estrogen to stimulate tumor growth. After tum-
ors reached 100 mms, the mice were randomized into four
groups and then were treated with tamoxifen, metformin
alone, metformin in combination with tamoxifen or vehi-
cle control PBS. After 28 days of treatments, tumors were
harvested (Fig. 4a) and the tumor weights were measured
(Fig. 4b). Tumor growth (Fig. 4c) and mouse body weight
(Fig. 4d) were also monitored. The mouse body weight
was stable during the 28-day treatments (Fig. 4d) and
there was no significant difference between the ZNF423
SNP genotypes with the control PBS treatment (Fig. 4a,
b, c¢). Consistent with what we observed previously [16],
ZNF423 SNP genotype had a differential effect on the

response to tamoxifen. Notably, in agreement with what
we found in the 7z vitro study, the tumor size and weight in
mice with the ZNF423 variant SNP genotype were signif-
icantly reduced with metformin treatment, while in mice
with the wildtype genotype, the tumor inhibitory effect
was observed with metformin treatment in combination
with tamoxifen (Fig. 4a, b, c¢). Collectively, we confirmed
that metformin response in breast cancer is ZNF423 SNP
and SERM-dependent.

Discussion
In the present study, we found that the mRNA expres-

sion of many ribosomal protein genes was increased after
downregulation of ZNF423 ('Table 1), and the rs9940645
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Metformin response in breast cancer mouse xenografts with different ZNF423 single nucleotide polymorphism (SNP) genotypes. (a) Tumors
removed from the mice in each treatment group (5 mice) after 28 days of drug treatments are shown. (b) Tumor weight after 28 days of treatments.
(c) Tumor growth inhibition measured by volume during the treatments. (d) mouse body weight was measured during the treatments. The tumor
weight and volume are shown as mean+ SEM for five mice and the comparisons between wildtype and variant were performed with two-tailed

Student’s t-test, *P<0.05, **P<0.01.

also regulated ribosomal protein genes in an estrogen and
SERM-dependent manner (Fig. 1 and Supplementary
"Table S2, Supplemental digital content 1, Azp://links.lww.
com/FPCIB392). The ZNF423 ChIP-seq data suggested
that ZNF423 transcriptionally regulated certain ribosomal
protein genes ("Table 2). The subsequent proteomic study
identified ZNF423 regulating TAK1 and SIRT1 proteins
and the effect of the ZNF423 gene and the ZNF423 SNP
on AMPK signaling was also validated (Supplementary
"Table S4, Supplemental digital content 1, Azp://links.lww.
com{FPCIB392 and Fig. 2). Moreover, in the presence of
estrogen, the ZNF423 SNP modulated the metformin
response, either alone or in combination of tamoxifen,
in both cell culture and mouse xenograft studies (Figs.
3 and 4). Collectively, our study investigated potential
ZNF423 ‘downstream’ genes and pathways at both the
mRNA and protein levels in ER+ breast cancer. These
novel ZNF423-regulated genes and pathways were then
incorporated with the ZNF423 SNP-dependent function
in the context of estrogen and SERM treatment that has

been successfully applied in our previous studies for poly-
merase inhibitor and docetaxel chemotherapy.

Our study suggests that ZNF423 might be an upstream
transcription factor regulating ribosomal protein genes
based on our RNA-seq and ENCODE ChIP-seq results.
It is possible that this ZNF423-dependent regulation
has tissue and cell specificity depending on the expres-
sion level of ZNF423. Previous studies hypothesized that
in the same species, ribosomal protein genes may share
common motifs in their regulatory region and therefore
be regulated by the same transcriptional factor [26-28].
Furthermore, some studies suggested that the regula-
tory motifs in ribosomal protein genes could be present
through the genes including in distal (1000bp upstream
and 100bp downstream of transcription start site), prox-
imal (at least 2.5kilobases away) and intronic regulatory
regions [29]. Because the ZNF423 gene encodes a DNA-
binding protein containing 30 different C2ZH2-type zinc
fingers, the complexity of ZNF423 regulation may confer
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its ability to bind many ribosomal protein genes. Moreover,
ZNF423 SNP might regulate ribosomal gene expression
(Fig. 1 and Supplementary Figure S2, Supplemental dig-
ital content 1, Azp://links.lww.com/FPC/B392), because the
expression of ribosomal genes regulated by ZNF423 was
increased in the ZNF423 variant genotype cells while
decreased in the wildtype cells in the presence of estra-
diol. The pattern was opposite with different genotypes
when estradiol and tamoxifen were present.

Based on our RNAseq and proteomics data, ZNF423 can
regulate the protein levels of TAK1 and SIRT1, but not
at the mRNA levels (Fig. 2, Table 1 and Supplementary
"Table S1, Supplemental digital content 1, zz2p://links.low.
com/FFPC/B392). Its regulation on TAK1 and SIRT'1 might
be via its transcriptional regulation on ribosomal proteins.
When ZNF423 was downregulated, a majority of riboso-
mal proteins was increased ("Table 1), resulting in increased
protein synthesis including TAK1 and SIRTI, leading
to AMPK activation (Fig. 2). AMPK has been shown to
provide a direct link between cellular energy metabolism
and gene expression regulation. It could sense cellular
energy levels based on nutrient availability or stress stim-
uli [30,31]. It is possible that changes in protein synthesis
regulated by ZNF423 can change the cellular energy level
and result in the activation of the AMPK pathway. To con-
firm this, further investigation needs to be conducted.

Our findings suggest that the ZNF423 SNP modu-
lates AMPK signaling as well as metformin response
in estrogen and SERM-dependent fashion (Figs. 2, 3
and 4). The underlying mechanism of the relationship
between AMPK and metformin is still not fully under-
stood. Metformin has been shown to act via both AMPK-
dependent and AMPK-independent mechanism [32-34].
The mechanism of ZNF423 SNP effects on metformin
treatment needs to be further studied.

Though the main findings for both RNAseq and pro-
teomics have been validated by qRT-PCR and western
blotting, there is little overlap between genes identified
based on the RNAseq and proteomics results except for
the ribosome and AMPK signaling pathways. This dis-
crepancy could be due to several reasons: (1) different
replications were performed for RNA seq and proteomics
which might result in differences in statistical power, (2)
much less proteins identified by MS compared to genes
identified by RNAseq, and (3) MS, compared to RNAseq,
has less quantitative sensitivity to identify adequate
proteins with accurate quantifications. Presently, there
are 16 ongoing and 15 completed clinical trials (hteps://
clinicaltrials.gov/) for metformin in breast cancer, mostly
focusing on the efficacy of metformin monotherapy or in
combination with endocrine therapy, chemotherapy and
radiotherapy. Though metformin seems to have potential
therapeutic benefits in breast cancer, so far there is no sig-
nificant clinical evidence indicating its efficacy in breast
cancer. In our study, compared with the PBS control (in
the presence of a low dose of estrogen), metformin alone

did not inhibit xenograft growth in the ZNF423 wildtype
SNP genotype (Fig. 4). However, metformin alone can
significantly reduce both the tumor size and tumor weight
in the ZNF423 variant genotype (Fig. 4). We suggest that
the ZNF423 SNP might help identify those patients who
would benefit from the use of metformin. Though not dra-
matically, metformin plus tamoxifen is better than met-
formin alone regardless of the ZNF423 genotypes (Fig. 4),
and this result was consistent with previous reports that
metformin enhances tamoxifen-mediated tumor growth
inhibition [13]. Because the minor allele frequency of
ZNF423 SNP is relatively high (0.45), our results raised
a possibility to better individualize metformin therapy
either alone or in combination with tamoxifen based on
the ZNF423 SNP genotypes, also taking into account a
patient’s CYP2D6 status [35]. An important question is
how to best examine the translational potential of met-
formin in women with breast cancer. The major study
examining metformin is MA.32 that randomized 3649
nondiabetic women with early stage breast cancer to met-
formin or placebo in addition to standard surgery, radiation
therapy, chemotherapy, endocrine therapy and biologic
therapy [36]. Accrual has been completed and results are
anticipated in 2022 per ClinicalTrials.gov. The fact that
the spectrum of breast cancers included in MA.32 is broad
including hormone receptor positive and negative; HER2
positive and negative breast cancers raises the potential
to explore these different subtypes for hypothesis devel-
opment and guidance in the design of follow-up studies.
Given the long time it takes to conduct prospective tri-
als, the ideal approach would appear to be that of a ‘pro-
spective-retrospective’ study [37] utilizing samples from a
study such as MA.32. One can speculate that it would be
preferable to study the use of pharmacogenetic markers in
early stage breast cancer rather than the metastatic setting
given the lack of large studies of metformin in the met-
astatic setting and a small (40 patients) randomized trial
of metformin versus placebo in patients receiving chemo-
therapy that showed no difference in outcomes [38].

Conclusion
We have identified ribosome and AMPK signaling as
potential ZNF423-modulating pathways. The ZNF423
159940645 SNP affected metformin response and could
be a potential biomarker for tailoring the metformin
treatment.

Acknowledgements

T'he study received the funding from The Breast Cancer
Research Foundation, The Nan Sawyer Breast Cancer
Fund, The Eisenberg Foundation, PSOCA116201 (Mayo
Clinic Breast Cancer Specialized Program of Research
excellence), RO1 GM28157, NIH U10CA180868, and
UG1CA18967.

The datasets generated during and analyzed in the cur-
rent study are not publicly available but are available
from the corresponding author on reasonable request.



No human patient involved and no consent was needed
in this study. The animal study has been approved by
the Mayo Clinic Institutional Animal Care and Use
Committee (IACUQ), protocol number A00005042-20.

S.Q. contributed to the concept and design, conducted
the study and analysis, and interpretated the data. ].I. and
R.W. contributed to the concept and design of the study.
W.K. and ]J.C. conducted the study and analysis. G.H.
contributed to data analysis. [..W. is responsible for the
concept generation and entire study design. All authors
contributed to the development of the manuscript and
approved the final manuscript.

Conflicts of interest
L.W. is the cofounder and stock holder of OneOme.

LLC. For the remaining authors, there are no conflicts
of interest.

References

1 Ferlay J, Soerjomataram |, Dikshit R, Eser S, Mathers C, Rebelo M, et al.
Cancer incidence and mortality worldwide: sources, methods and major
patterns in GLOBOCAN 2012. Int J Cancer 2015; 136:E359-E386.

2  Warburg O. On the origin of cancer cells. Science 1956; 123:309-314.

3 LeBleu VS, O'Connell JT, Gonzalez Herrera KN, Wikman H, Pantel K,
Haigis MC, et al. PGC-1a mediates mitochondrial biogenesis and oxidative
phosphorylation in cancer cells to promote metastasis. Nat Cell Biol 2014;
16:992-1003, 1001-1015.

4 Rocha GZ, Dias MM, Ropelle ER, Osério-Costa F, Rossato FA, Vercesi
AE, et al. Metformin amplifies chemotherapy-induced AMPK activation and
antitumoral growth. Clin Cancer Res 2011; 17:3993-4005.

5 Pollak M. The insulin and insulin-like growth factor receptor family in
neoplasia: an update. Nat Rev Cancer 2012; 12:159-169.

6 Karnevi E, Said K, Andersson R, Rosendahl AH. Metformin-mediated
growth inhibition involves suppression of the IGF-I receptor signalling
pathway in human pancreatic cancer cells. BMC Cancer 2013;13:

235.

7 lJiralerspong S, Palla SL, Giordano SH, Meric-Bernstam F, Liedtke C,
Barnett CM, et al. Metformin and pathologic complete responses to
neoadjuvant chemotherapy in diabetic patients with breast cancer. J Clin
Oncol 2009; 27:3297-3302.

8 Hirsch HA, lliopoulos D, Tsichlis PN, Struhl K. Metformin selectively targets
cancer stem cells, and acts together with chemotherapy to block tumor
growth and prolong remission. Cancer Res 2009; 69:7507-7511.

9 Giovannucci E, Harlan DM, Archer MC, Bergenstal RM, Gapstur SM, Habel
LA, et al. Diabetes and cancer: a consensus report. CA Cancer J Clin
2010; 60:207-221.

10 Currie CJ, Poole CD, Jenkins-Jones S, Gale EA, Johnson JA, Morgan CL.
Mortality after incident cancer in people with and without type 2 diabetes:
impact of metformin on survival. Diabetes Care 2012; 35:299-304.

11 lliopoulos D, Hirsch HA, Struhl K. Metformin decreases the dose of
chemotherapy for prolonging tumor remission in mouse xenografts involving
multiple cancer cell types. Cancer Res 2011; 71:3196-3201.

12 Berstein LM, Yue W, Wang JP, Santen RJ. Isolated and combined action of
tamoxifen and metformin in wild-type, tamoxifen-resistant, and estrogen-
deprived MCF-7 cells. Breast Cancer Res Treat 2011;128:109-117.

13 Mal, Guo Y, Chen S, Zhong C, Xue Y, Zhang Y, et al. Metformin enhances
tamoxifen-mediated tumor growth inhibition in ER-positive breast
carcinoma. BMC Cancer 2014;14:172.

14 Scherbakov AM, Sorokin DV, Tatarskiy VV Jr, Prokhorov NS, Semina SE,
Berstein LM, Krasil'nikov MA. The phenomenon of acquired resistance to
metformin in breast cancer cells: the interaction of growth pathways and
estrogen receptor signaling. /UBMB Life 2016; 68:281-292.

15 Ingle JN, Liu M, Wickerham DL, Schaid DJ, Wang L, Mushiroda T, et al.
Selective estrogen receptor modulators and pharmacogenomic variation
in ZNF423 regulation of BRCA1 expression: individualized breast cancer
prevention. Cancer Discov 2013; 3:812-825.

16 Qin S, Ingle JN, Liu M, Yu J, Wickerham DL, Kubo M, et al. Calmodulin-like
protein 3 is an estrogen receptor alpha coregulator for gene expression and

ZNF423 modulate metformin and SERM response Qin et al.

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

163

drug response in a SNP, estrogen, and SERM-dependent fashion. Breast
Cancer Res 2017; 19:95.

Wang G, Qin S, Zayas J, Ingle JN, Liu M, Weinshilboum RM, et al.
4-Hydroxytamoxifen enhances sensitivity of estrogen receptor a-positive
breast cancer to docetaxel in an estrogen and ZNF423 SNP-dependent
fashion. Breast Cancer Res Treat 2019; 175:567-578.

Addison WN, Fu MM, Yang HX, Lin Z, Nagano K, Gori F, Baron R.

Direct transcriptional repression of Zfp423 by Zfp521 mediates a bone
morphogenic protein-dependent osteoblast versus adipocyte lineage
commitment switch. Mo/ Cell Biol 2014; 34:3076—-3085.

Harder L, Puller AC, Horstmann MA. ZNF423: transcriptional modulation in
development and cancer. Mol Cell Oncol 2014; 1:¢969655.

Casoni F, Croci L, Bosone C, D'’Ambrosio R, Badaloni A, Gaudesi D, et
al. Zfp423/ZNF423 regulates cell cycle progression, the mode of cell
division and the DNA-damage response in Purkinje neuron progenitors.
Development 2017; 144:3686-3697.

Chen EY, Tan CM, Kou Y, Duan Q, Wang Z, Meirelles GV, et al. Enrichr:
interactive and collaborative HTML5 gene list enrichment analysis tool.
BMC Bioinformatics 2013; 14:128.

Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z, et
al. Enrichr: a comprehensive gene set enrichment analysis web server 2016
update. Nucleic Acids Res 2016; 44:W90-W97.

Ban N, Beckmann R, Cate JH, Dinman JD, Dragon F, Ellis SR, et al. A
new system for naming ribosomal proteins. Curr Opin Struct Biol 2014;
24:165-169.

Herrero-Martin G, Heyer-Hansen M, Garcia-Garcia C, Fumarola C,

Farkas T, Lépez-Rivas A, Jasttela M. TAK1 activates AMPK-dependent
cytoprotective autophagy in TRAIL-treated epithelial cells. EMBO J 2009;
28:677-685.

Lan F, Cacicedo JM, Ruderman N, Ido Y. SIRT1 modulation of the
acetylation status, cytosolic localization, and activity of LKB1. Possible
role in AMP-activated protein kinase activation. J Biol Chem 2008;
283:27628-27635.

Wagner M, Perry RP. Characterization of the multigene family encoding
the mouse S16 ribosomal protein: strategy for distinguishing an expressed
gene from its processed pseudogene counterparts by an analysis of total
genomic DNA. Mol Cell Biol 1985; 5:3560-3576.

Hariharan N, Kelley DE, Perry RP. Delta, a transcription factor that

binds to downstream elements in several polymerase Il promoters, is a
functionally versatile zinc finger protein. Proc Natl Acad Sci U S A 1991,
88:9799-9803.

Boon K, Caron HN, van Asperen R, Valentijn L, Hermus MC, van Sluis P,
et al. N-myc enhances the expression of a large set of genes functioning in
ribosome biogenesis and protein synthesis. EMBO J 2001; 20:1383-1393.
Li X, Zheng Y, Hu H, Li X. Integrative analyses shed new light on human
ribosomal protein gene regulation. Sci Rep 2016; 6:28619.

Hoppe S, Bierhoff H, Cado I, Weber A, Tiebe M, Grummt I, Voit R. AMP-
activated protein kinase adapts rRNA synthesis to cellular energy supply.
Proc Natl Acad Sci U S A 2009; 106:17781-17786.

Yamada S, Kamata T, Nawa H, Sekijima T, Takei N. AMPK activation,
eEF2 inactivation, and reduced protein synthesis in the cerebral cortex of
hibernating chipmunks. Sci Rep 2019; 9:11904.

Lochhead PA, Salt IP, Walker KS, Hardie DG, Sutherland C.
5-aminoimidazole-4-carboxamide riboside mimics the effects of insulin on
the expression of the 2 key gluconeogenic genes PEPCK and glucose-6-
phosphatase. Diabetes 2000; 49:896-903.

Miller RA, Chu Q, Xie J, Foretz M, Viollet B, Birnbaum MJ. Biguanides
suppress hepatic glucagon signalling by decreasing production of cyclic
AMP. Nature 2013; 494:256-260.

Deschemin JC, Foretz M, Viollet B, Vaulont S. AMPK is not required for
the effect of metformin on the inhibition of BMP6-induced hepcidin gene
expression in hepatocytes. Sci Rep 2017; 7:12679.

Schroth W, Goetz MP, Hamann U, Fasching PA, Schmidt M, Winter S, et
al. Association between CYP2D6 polymorphisms and outcomes among
women with early stage breast cancer treated with tamoxifen. JAMA 2009;
302:1429-1436.

Goodwin PJ, Parulekar WR, Gelmon KA, Shepherd LE, Ligibel JA,
Hershman DL, et al. Effect of metformin vs placebo on and metabolic
factors in NCIC CTG MA.32. J Natl Cancer Inst 2015; 107:djv006.
Simon RM, Paik S, Hayes DF. Use of archived specimens in evaluation

of prognostic and predictive biomarkers. J Nat/ Cancer Inst 2009;
101:1446-1452.

Pimentel I, Lohmann AE, Ennis M, Dowling RJO, Cescon D, Elser C, et al.
(2019). A phase Il randomized clinical trial of the effect of metformin versus
placebo on progression-free survival in women with metastatic breast
cancer receiving standard chemotherapy. Breast 48:17-23.





