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Abstract

Receptors for estrogen and progesterone frequently interact, via Cohesin/CTCF loop extrusion,
at enhancers distal from regulated genes. Loss-of-function CTCFmutation in >20% of human
endometrial tumors indicates its importance in uterine homeostasis. To better understand how
CTCF-mediated enhancer-gene interactions impact endometrial development and function, the
Ctcfgene was selectively deleted in female reproductive tissues of mice. Prepubertal Crc//d
uterine tissue exhibited a marked reduction in the number of uterine glands compared to those
without Ctcfdeletion (Ctcf!f mice). Post-pubertal Ctc/d uteri were hypoplastic with significant
reduction in both the amount of the endometrial stroma and number of glands. Transcriptional
profiling revealed increased expression of stem cell molecules L/, EOMES and Lgr5, and
enhanced inflammation pathways following Cicfdeletion. Analysis of the response of the uterus
to steroid hormone stimulation showed that CTCF deletion affects a subset of progesterone
responsive genes. This finding indicates 1) Progesterone mediated signaling remains functional
following Ctcfdeletion and 2) certain progesterone regulated genes are sensitive to Ctcfdeletion,
suggesting they depend on gene-enhancer interactions that require CTCF. The progesterone
responsive genes altered by CTCF ablation included /AhA, Fstand Errfil. CTCF-dependent
progesterone responsive uterine genes enhance critical processes including anti-tumorigenesis,
which is relevant to the known effectiveness of progesterone in inhibiting progression of early-
stage endometrial tumors. Overall, our findings reveal that uterine Cicfplays a key role in
progesterone dependent expression of uterine genes underlying optimal post-pubertal uterine
development.
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Graphical Abstract
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A. ESR1 and PGR interact with chromatin both at regions proximal to hormone responsive

gene promoters and at distal enhancer regions. Cohesin/CTCF mediated loop extrusion facilitates
interactions between distal enhancers and gene promoters. B. Deletion of uterine cell CTCF
selectively perturbs post-pubertal progesterone regulation of tumor suppressive genes and leads
to uterine hypoplasia, inflammation, and indications of persistent senescence. These observations
suggest that interaction between hormone signaling, and CTCF-mediated chromatin structure is
essential for pubertal uterine maturation and maintenance of biological integrity.
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Introduction

Chromatin is organized in a manner that allows an ordered compacted structure to fit within
the confines of the nucleus. Within the DNA strand, genes governing cellular identity,
physiology and response to its environment are encoded and must be expressed by cell-
specific spatial and temporally controlled mechanisms. Enhancer regions of DNA are often
distal from regulated target genes, so that relative locations of genes and enhancers within
the nucleus are arranged in ways that can facilitate or hinder their access by transcriptional
mediators. One way these interactions are accomplished is by establishment of topologically
associated domains (TADs) and enhancer-gene loops via Cohesin and CTCF mediated loop
extrusion (1). Responses mediated by progesterone and estrogen receptors (PGR and ESR1)
within the female reproductive tract serve as biological systems to study transcriptional
mechanisms /n vivo. PGR and ESR1 are hormonally induced transcriptional mediators that
accumulate at enhancers and gene promoters to regulate genes critical for uterine tissue
development, growth, and maturation in response to ovarian hormones beginning at puberty,
and to establish and maintain pregnancy in reproductive-aged individuals (2, 3). Following
the onset of estrous cycling at puberty, the mouse uterus, which is hypoplastic at birth, grows
and acquires optimal responsiveness to estrogen and progesterone (4, 5). Perturbations

in hormone signaling during this critical developmental window can lead to later life

uterine dysfunction, including inability to establish pregnancy or increased susceptibility

to endometrial cancer (6).

Previous work has indicated that ESR1 and PGR frequently interact with enhancers that

are distal from responsive genes, such that the 3D structure of the chromatin is crucial for
ESR1 and PGR mediated gene transcription (7-9). Accordingly, our studies endeavor to
understand how chromatin structure impacts hormonally regulated enhancer-gene responses
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and resulting biological function. CTCF, which binds CTCF-motifs and anchors interacting
ends of chromatin loops, acts as a tumor suppressor in multiple tissues (10, 11). Loss

of function mutations are observed in >20% of uterine cancer (12-14). Similarly, cohesin
subunits RAD21, SMC3 and SMC1A, which make up the cohesin ring that extrudes DNA
in between CTCF-anchored chromatin loops, are altered in >8% of endometrial cancers
(13, 14). This suggests that chromatin structure impacts uterine cell homeostasis. Since
global deletion of Ctcfin mice is embryonic lethal, we used a conditional knockout
approach to delete Ctcfin uterine cells using the PGR-Cre mouse, which expresses Cre-
recombinase activity in uterine cells. Initially, recombination of loxP flanked alleles occurs
most efficiently in epithelial cells and increases to also include stromal cells by 14-21 days
after birth and the inner myometrial cell layer post pubertally (>28 days) (15). PgrCre and
Ctcf-flox mice were inter-crossed examine Cifcf’s impact on uterine biology and hormone
response.

All mouse studies were conducted under an Animal Study Protocol in accordance with

the NIEHS Animal Care and Use Committee using the 2015 edition of the Public Health
Service Policy on Humane Care and Use of Laboratory Animals. C57bl6 mice were
purchased from Charles River Laboratories, Raleigh. Ctcff and Ctcfdd mice were made

by intercrossing Ctcf floxed mice (16) to PgrCre mice (15). Ihh19 KO mice were previously
described (17). Ihh39 KO and Ihh 63 KO mice were made using CRISPR to target regions
with PGR or CTCF ChlP peaks, respectively. Tail biopsies were sent to Transnexy Inc
(Memphis, TN) for genotyping. For hormone responses in prepubertal mice, pnd 21 mice
were injected with 125 ng estradiol (E2, Steraloids Inc., Newport RI), 0.5 mg progesterone
(P4, Steraloids Inc.) or sesame oil vehicle (Sigma Chemicals, St Louis MO) and tissue was
collected 6 hours later. For hormonal response in adult mice, animals were ovariectomized,
and given 10-14 days to clear ovarian hormones. They were injected withl mg P4 or sesame
oil and tissue collected 1 or 6 hours later.

Targeting of the Ihh =39 kb and -63 kb promoter peaks was done in C57BL/6J single

cell embryos with CRISPR/Cas9-mediated genome editing. Single cell embryos from super-
ovulated time mated C57BL/6J females were microinjected with 125 ng/ul Cas9 protein
(EnCas9 from New England Biolabs, Ipswich, MA, USA) and 80 ng/ul synthesized sgRNA
(Integrated DNA Technologies, Coralville, lowa, USA). Microinjected single cell embryos
were surgically transferred to pseudo-pregnant SWISS females. FO offspring were screened
by PCR amplicon sequencing. FO mice carrying a mutation of interests were bred to
C57BL/6J wildtype mice and resulting F1 offspring were re-sequenced using the same
strategy as the FO founders.

For the —39 kb peak, two Cas9 guides were used
(Ihh39 SgD: CACAAGCCATGCTTTACTGCNnGG and 1hh39 SgE:
GGAGGGACATGAACAACCATNGG) and screened with long range PCR (1hh39
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Scr Fwd: GAGATTGGTACAGCTCCTCTCG, Rev: GGATTACTGCAGGGAAAAGCAC).
Sequencing identified a guide to guide 928 bp excision that contained the entire predicted
-39 kb peak (928 bp deletion: chr1:75,030,130-75,031,057 GRCm39/mm39).

For the —63 kb peak, two Cas9 guides were used (Ihh63 SgJ:
ACCCACGGAGAAATTTACTCNGG and 1hh63 SgK: TCTATCTTGACAACCTACTTNnGG)
and screened with long range PCR (Ihh63 Scr Fwd: CCACTACCACAAGGGGGCTTAG,
Rev: TGCCCACTGCTCACATGATTTA). Sequencing identified a founder carrying a large
deletion of 1955 bp that contained the entire predicted —63 kb peak (1955 bp deletion:
chr1:75,054,631-75,056,585 GRCm39/mm39). None of the Cas9 guides used had any
predicted linked off-target mutations, and unlinked mutations were not screened. All alleles
were crossed to C57BL/6J isogenic wildtype mice for at least three generations to clean up
the genome from any unknown mutations. For all studies, wildtype littermates were used as
the reference group to account for any unknown unlinked mutations.

Initial genotyping of the colony was done using the screening primer listed

above. Once the colonies were established and germline transmission of the mutant

allele was sequence confirmed, the colony were then transitioned to primer/probe
genotyping at Transnetyx (Cordova, TN, USA). Primer/probe genotyping assay details

for the Ihh-39 peak are Ihh39-WT (Fwd: GCATTAACAAATCACACAAGCGTACA,

Rev: GCTAAAGTCCTCAATTCCCTGCA, Probe: CACAAGCCATGCTTTAC) and 1hh39-
KO (Fwd: ACCCTGAGGGAGCAGCTATT, Rev: CACAGGAGCCAGACAAATGGA,
Probe: ATAGCATACATTATAGCAATTTAT). Primer/probe genotyping assay details

for the 1hh-63 peak are Ihh63-WT (Fwd: ACACTGGCTCCTGGACAAATT, Rev:
GGGATGCTAAGGAACCAGACTTG, Probe: CTGCACCTCCACTTTC) and 1hh63-KO
(Fwd: ACCACCACCACTACCACAAG, Rev: GCCTAGACTGACCTGGAACTCA, Probe:
CTCCACTTGCCTCTGCC).

Histological Analysis

Tissues were fixed for 18-24h in 4% PFA (Electron Microscopy Inc), then transferred

to 70% EtOH and embedded in paraffin. Five um sections were cut and stained with
hematoxylin and eosin (H&E). Histopathological evaluation was performed by a board-
certified veterinary pathologist on whole slide images of scanned stained sections of uterine
cross-sections. Whole slide image viewing software (Aperio eSlide Manager) was used to
measure the longest dimension of the endometrial stroma (including the uterine lumen) and
the longest perpendicular distance and averaged the two dimensions to obtain mean width of
the uterine endometrial stroma (including lumen). Glands per section were counted.

RNA Isolation and Analysis

RNA was isolated from frozen uterine tissue as previously described using Trizol Reagent
(Thermo Fisher, Waltham MA) (18). For RNAseq, RNA was further purified using the
Zymo RNA clean up kit (Zymo Research, Irvine CA), with DNAse treatment, according

to manufacturer’s instructions. For RT-PCR, cDNA was synthesized, and Real Time PCR
performed as previously described (19). Primer sequences are listed in Table 1. For RNAseq,
libraries were made and sequenced by the NIEHS Sequencing Core using the Illumina
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Tru-seq Stranded mRNA kit and Illumina NovaSeq instrument. For RNAseq, 4-8 replicates
of each condition were used (Ctcff vV n=8, Ctcf/f P n=4 Ctcf¥/d v/ n=8, Ctcfd/d P n=4).
Raw data were filtered to remove low-quality reads, mapped to mm210 using Tophat (20) and
de-duplicated using Picard tools (2.18.15; “Picard Toolkit.” 2019. Broad Institute, GitHub
Repository. https://broadinstitute.github.io/picard/ (accessed on 22 October 2018); Broad
Institute, Cambridge, MA, USA). BAM files were imported into Partek Genomics Suite
(Partek, Chesterfield MO) for further analysis. Gene sets were analyzed using Ingenuity
Pathway Analysis (QIAGEN, Germantown, MD).

Western Blot

Uterine protein was isolated as previously described (21). 30 pg of protein was separated
using a mini-PROTEAN TGX Precast Gel (Bio Rad, Hercules CA) and transferred to a
nitrocellulose membrane using Bio Rad Trans-Blot Turbo. The membrane was blocked
using 5% Blotto (Santa Cruz Biotech, Santa Cruz, CA) then probed overnight with Abcam
anti CTCF (Abcam Cat# ab70303, RRID:AB_1209546) diluted 1:500 (21-day old samples)
or Santa Cruz Biotechnology (Cat# sc-271474, RRID:AB_10649800) mouse monoclonal
diluted1:250 (adult samples) in 5% Blotto. Proteins were normalized using anti b-ACTIN
(Santa Cruz Biotechnology Cat# sc-1616, RRID:AB_630836) diluted 1:5000. Complexes
were detected using LI-COR IR-labeled secondary antibodies (LI1-COR Biosciences,
Lincoln, NE) diluted 1:20,000 in 5% Blotto and scanned and quantified using a LI-COR
Fc instrument and Image Studio Software.

Immunohistochemical Analysis

To detect CTCEF, uterine tissue sections were de-paraffinized and antigen retrieval was done
in a Biocare Decloaking instrument (Biocare Medical Pacheco, CA) for 5 minutes in Tris
Antigen Unmasker pH9 (Vector Labs, Newark CA). Bethyl A300-543A Anti CTCF (Bethyl
Cat# A300-543A, RRID:AB_2086903 Bethyl Laboratories Montgomery TX) was used

at 1:500. F4/80, CASP3 and Ki67 IHC was done in the NIEHS Immunohistochemistry
Core Lab. For F4/80 and CASP3 antigen retrieval was done in IXEDTA Decloaker
(Biocare Medical) and detected with BioLegend (San Diego CA) Anti-F4/80 (BioLegend
Cat# 123102, RRID:AB_893506) diluted 1:500 or rabbit monoclonal anti-Caspase 3 (Cell
Signaling Technology Cat# 9664s diluted 1:2000. For Ki67, antigen retrieval was done in
1x citrate buffer (Biocare) for 15 minutes and detected rabbit polyclonal anti-Ki67 (Abcam
Cat# ab16667, RRID:AB_302459) at a 1:100 dilution.

CTCF ChlPseq

Five uteri from stock C57BI/6 ovariectomized mice were frozen and pooled and shipped to
Active Motif Inc (Carlsbad CA) for CTCF ChlPseq library preparation using Active Motif
anti CTCF (Active Motif Cat# 61311, RRID:AB_2614975) and sequenced by the NIEHS
Sequencing core. Raw ChlIP-seq reads were processed and aligned to the mouse reference
genome mm10 using Bowtie (parameters: -p 10 -q --phred33-quals -m 1 -v 2 -S) (22).

The reads were de-duplicated, and peaks were called using MACS2 (23) (g-value cutoff
0.0001) relative to a pooled input sample from the same chromatin prep GEO GSE125972,
sample GSM3587132) that was re-processed using the Bowtie pipeline. Peak Annotation
and Visualization (PAVIS; (24)) was used to compare the locations of CTCF peaks relative
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to genes. Known motifs in CTCF peaks were identified using HOMER findMotifs (25).
Partek list manager Venn diagram tool was used to overlap RNAseq DEG lists and genes <3
kb from CTCF peaks.

T-score computation

3C Assays

Results

The Signature Analysis webtool was used to compute T-scores (26) between our 392 CTCF-
dependent progesterone responsive gene signature (Table S6) and microarrays of 79 Stage |
endometroid tumors (GSE17025) or 145 mixed stage endometroid tumors (GSE120490).

3C assays were conducted as described in (21) digesting with HindlIl for the /hh
interactions and Bglll for the Fstinteractions. Primers used to amplify ligated interacting
regions and control adjacent regions are shown in Table 2. Ligated region dCT values were
calculated relative to control adjacent regions and ddCT relative to the mean dCT of the
adult control samples. Negative control was DNA that was cut with restriction enzyme but
not ligated.

PgrCre+Ctcf-floxed (Ctcfd/d) females were sterile, producing no pups after being
continuously housed with fertile males for 100 days, whereas Ctcf-floxed (Ctcff’f) female
littermates produced 4 litters each and a mean total of 35.8 pups (data not presented),
indicating uterine Cicfis essential for reproductive function. Gross morphological analysis
of the uteri of Ctcf%d mice revealed a hypoplastic uterus by 6 weeks of age, with smaller
overall size and tissue weight (Fig 1A, Fig. S1A). Histological analysis showed the uterus
has a reduced stroma layer and a decrease in the number of endometrial glands (Fig

1B,C, Fig. S1B). Additionally, stroma from older mice (>22 weeks) has indications of
hyalinization and fibrosis (Fig S1B), suggesting inflammation and tissue remodeling (27).
Examination of the uteri of 21 day old prepubertal females showed normal gross and
histological morphology with the exception that fewer endometrial glands were present (Fig
1B,C). Ctcfd females ovulated after administration of exogenous gonadotrophins, exhibited
normal ovarian histology and attained comparable serum progesterone and estradiol levels
(data not presented).

Analysis of the efficiency of CTCF deletion in the uterus revealed initial ablation with

later reappearance of CTCF positive cells. Immunostaining for CTCF protein demonstrated
that at 21 days old, most epithelial and stromal cells of Ctcfd/d uteri lacked CTCF protein
(Fig 1D) and that most epithelial and stromal cells in the 6 week old Ctcfd/d uterine tissue
expressed CTCF (Fig 1D). RT-PCR of RNA from 21 day old uterine samples indicated Cicf
transcript was decreased by 60% in Ctcfdd vs Ctcff/f, whereas by 6 weeks old, the decrease
was more modest (16% of Ctcff: Fig S1C). Western blot revealed CTCF protein of 21-day
old Ctcfdd uterus was decreased to 46% of the level in Ctcfff, whereas the level of CTCF
protein in 6-week old Ctcf%/d uterus was the same as in Ctcf (Fig S1D). Although the
deletion of CTCF in the uteri was not sustained, the re-appearance of CTCF positive cells in
post-pubertal uterine tissue did not restore the uterine size or stroma compartment (Fig 1A,
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B,C Fig S1B). Overall, our observations indicate that pubertal uterine growth and maturation
relies on CTCF-dependent processes and suggests that lack of CTCF prevents growth or
survival of uterine cells resulting in uterine hypoplasia and CTCF expression in remaining
cells. To discover CTCF dependent mechanisms that contribute to the observed phenotype,
we utilized prepubertal Ctcff and Ctcfdd uterine tissue as it is more comparable in terms of
size and cellular composition and the Ctcfdeletion is more prominent at this developmental
stage.

First, we evaluated the uterine tissue for indications of altered proliferation or apoptosis
using immunostaining for the proliferative marker, Ki67 and the apoptotic enzyme Cleaved
Caspase 3 (CASP3). Few Ki67 positive cells were detected in Ctcff uteri (Fig 1E), in
contrast many Ki67 positive cells, mainly in the luminal epithelium, were present in Ctcfd/d
samples (Fig 1E), indicating that deletion of CTCF increased cellular proliferation. No
CASP3 positive cells were seen in Ctcff/f samples, whereas few (1-2) CASP3 positive cells
were seen in Ctcfd sections (Fig S1E). The observation of increased proliferation and
minimally increased apoptosis is unexpected, considering the appearance of hypoplasia in
post-pubertal uteri.

Next, we compared the transcriptomes of Ctcf’f and Ctcfd uterine tissue, revealing 1257
differentially expressed genes (DEG; 846 increased, 411 decreased; 2- fold, FDR<0.05;
Table S1) following Cicfdeletion. Increased expression of the majority of DEG suggests a
role for CTCF in repression of uterine genes, potentially via maintenance of loops. Ingenuity
Pathway Analysis (IPA) revealed, among others, CTCF as a decreased pathway (Fig 2A;
Table S2), consistent with the deletion of this gene. The DEGs that IPA used to derive this
finding include decreased expression of several protocadherin (Pcah) genes (Fig. S2A and
B), mostly the “clustered” b and g Pcahs (cPcah).

The DEG also correlate with activation of inflammation and cytokine signaling pathways
(Fig 2A; Table S2), including STAT signaling, cytokine storm, acute phase response

and inflammation together with inhibition of glucocorticoid receptor (GR) signaling.

GR signaling is anti-inflammatory (28), thus decreased activity aligns with increased
inflammation. We examined uterine tissue for expression of the monocyte protein, F4/80,

to evaluate the inflammatory response finding. More F4/80 positive cells were detected

in sections from Ctcfd/d uterine tissue than in sections from Ctcf?f (Fig 2B and C),
consistent with increased inflammation and tissue remodeling as a result of Ctcfdeletion.
Inflammation, growth arrest, proliferation, resistance to apoptosis and senescence-associated
secretory phenotype (SASP) are potential indicators of senescence. Senescent cells are a
feature of normal tissue development (29), however, altering senescent processes can lead

to chronic inflammation and fibrosis (29). Genes encoding several indicators of senescence,
including the anti-apoptotic BCLZ2 apoptosis regulator, Bcl2, indicator of growth arrest,

p21 (cyclin dependent kinase inhibitor 1A, Cdknla), indicators of SASP, beta-galactosidase
(GIbI) and several metalloproteinases (Mmps) are increased in Ctcfd/d (Fig S2C and D).
This suggests altered senescence signals in Ctcfdd might contribute to the clearence of
CTCF-null uterine cells and development of uterine hypoplasia and fibrosis that we observed
(Fig 1 and S1). The transcriptome was also consistent with decreased TGFp signaling (Fig
2A), a pathway essential for uterine development, function and homeostasis (30). We also
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analyzed the Ctcf-dependent genes’ most significantly impacted upstream regulators that
were classified as ligand-dependent nuclear receptors or transcriptional regulators to look
at potential effects via these factors (overlap p value<0.05, absolute value of activation
Z-score >1.2; Table S2). The inhibited regulators included GR and CTCF as well as
chromatin and transcriptional mediators such as CITED2, HDAC4, SMARCADb. Increased
cytokine signaling (IRFs, STAT1) and increased activity via several transcription factors
(SP1, AP1, KLF 4 and 6) as well as increased CTNNB1, EGR1, and CEBP activity are
apparent (Table S2).To find potential CTCF targets, we analyzed CTCF ChlP-seq from
uterine tissue of ovariectomized adult mice (Fig S3). Most CTCF peaks were enriched

at and within 10 kb of annotated transcripts (Fig S3A). CTCF or CTCFL motifs were
most significantly enriched, with bHLH, Nanog, NF-1, bZIP/AP-1 and HOX motifs less
significantly enriched (Fig S3B). Based on a study indicating a role for promoter-proximal
CTCF in promotion of enhancer driven gene activation (31), we filtered the DEG to focus
on the 439 genes with TSS <3kb from a CTCF ChlPseq peak in adult uterine tissue

(Fig 3A,Table S3; 167 genes decreased, 272 increased following Cicfdeletion). Analysis
of significantly enriched functions and signaling pathways of the putative CTCF target
genes confirmed the decreased activity of CTCF, and increased activity of cytokine and
inflammation associated components previously observed using all DEG (Figs 2A and
3B; Table S4), as well as inhibition of the anti-inflammatory nuclear receptor, NR3C1
(glucocorticoid receptor). Notably, within the putative CTCF targets, stem cell factors,
Aldehyde dehydrogenase family 1, subfamily A3 (Aldh1a3), Leukemia inhibitory factor
(Lif), Eomesodesmin (Eomes), and Leucine rich repeat containing G protein coupled
receptor 5 (Lgr5), were expressed at increased levels in Ctcfdd uterine RNA (Fig 3A),
which correlates with indications of CTCF disruption in some uterine tumors (32, 33).

The primary uterine stimulus at the onset of puberty is as the result of ovarian secretion of
estrogen and progesterone with the initiation of estrus cycling. Using RT-PCR, we evaluated
panels of estrogen or progesterone responsive uterine transcripts after administering either
hormone to 21-day old Ctcf?f and Ctcf¥/d females. Comparable induction of estrogen
response was observed (Fig. 4A), whereas some but not all progesterone responsive

genes assayed were sensitive to Ctcf deletion (Fig. 4B). /ndian hedgehog (/hh) exhibited
decreased basal transcription, but was increased by P, P response of Follistatin (Fst)

was lost, P response of ERBB receptor feedback inhibitor 1 (ErrfiZ) was reduced, and
N-acetylneuraminate pyruvate lyase (Npl) was comparably increased by P. RNAseq was
used to compare the transcriptomes of progesterone treated Ctcff and Ctcf¥/d uteri to
comprehensively assess the CTCF dependence. Similar to the genes examined by RT-PCR
(Figs 4B), subsets of progesterone response patterns are indicated (Fig 4C,D, Fig S4, Table
S5). One subset consists of CTCF independent genes, which are regulated by progesterone
in both Ctcfff and Ctcfd/d (Fig S4C, Table S8), and a second subset consists of CTCF
dependent genes, which have attenuated response to progesterone in Ctcf%d (Fig 4D, Fig
S4B). The maintenance of comparable progesterone response for the gene in the first subset
indicates that progesterone signaling is intact and functioning in uterine cells. The CTCF
dependence of a subset of, but not all, progesterone responsive genes, is consistent with a
role for CTCF in mediating promoter-enhancer interactions, which would be expected to
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vary from gene to gene based on the location of each enhancer relative to its target gene and
each one’s need for interaction.

Because the biological outcome of post-pubertal uterine hypoplasia indicates that pubertal
growth and maturation is CTCF dependent, we evaluated what progesterone is doing in
CTCF-intact uterus that is missing in CTCF-deleted tissue. We analyzed pathways enriched
in the progesterone responsive CTCF-dependent gene signature (392 genes Table S6) of
Ctefintact mice (Figs 4D and 4E, Table S7). These progesterone regulated genes were
enriched for functions associated with inhibition of tumorigenesis and increased cell-to-cell
contact (Fig 4E), consistent with CTCF’s role as a tumor suppressor, and suggests that
CTCF works with PGR mediated signaling in this capacity. The values for the 13 genes used
by IPA to derive the finding of increased cell-to-cell contact are shown in Fig S5A. Analysis
of cBioPortal datasets (13, 14) revealed that inactivating mutations are found in endometrial
cancer datasets for six of the 13 genes (Cadherin 11 (Cdh11), Claudin 2 (Clan2), Follistatin
(Fsd, Leucine rich repeat transmembrane neuronal 3 (Lrrtm3), Muscle, skeletal, receptor
tyrosine kinase (MusK), Tumor necrosis factor (ligand) superfamily, member 11 ( Tnfsf11),
consistent with decreased cell-cell contact, whereas progesterone treatment increases their
expression in the mouse uterus (Fig S5A), correlating with stabilized contact between cells.

Progesterone can inhibit the progression of earlier stage endometrial cancers (33, 34),

with progesterone resistance seen as the cancer progresses to later stages. We computed “T-
scores” (26) representing projected activity of our CTCF-dependent progesterone responsive
gene signature in comparison to two reposited endometrial cancer microarray datasets.

The first included Stage | (early) endometroid tumors (GSE17025), the second was a
mixture of Stages I, Il, 111 and IV endometrioid tumors (GSE120490). The T-score for

the early-stage selective dataset in relation to our gene signature was higher than the dataset
containing multiple stages (Fig 4F), consistent with our signature more closely representing
progesterone-sensitive early-stage endometrial tumors.

We also note increased activity of not only progesterone signaling, but also testosterone and
estrogen signaling in CTCF-dependent progesterone responsive genes (Fig 4E). Estrogen
signaling is involved in uterine pubertal maturation, evidenced by uterine hypoplasia

of EsrI-null mice (3). Testosterone signaling within the uterus is less studied, but has
clinical relevance for individuals with polycystic ovarian syndrome, who are exposed to
increased levels of serum testosterone (35). Additionally, we observed inhibition of SRF
signaling, which has also been observed after myometrial deletion of PGR (36). Oxytocin
signaling, which is involved in parturition (37), is increased as well. The CTCF-dependent
progesterone responsive gene signature is enriched for activation of senescence, implying
roles for senescent cells in tissue homeostasis.

The impact of CTCF-ablation on expression of /ndian hedgehog (/hh) was complex,

with CTCF-dependent basal expression and CTCF-independent progesterone response (Fig.
4B). IHH is a uterine mediator of endometrial function, as demonstrated by decreased
fertility after its deletion in mouse uterus (38). Previous work has identified a progesterone
dependent uterine enhancer 19kb 5’ of the /44 gene (17), and further work has revealed

an additional PGR ChlIP peak 39 kb 5’ of the /A/ gene (19). We examined CTCF ChlPseq
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peaks as well as HiC loop calls to assess potential distal regulatory mechanisms (Fig 5A).
We observed a loop anchor and CTCF peak 63kb 5 of /A/1that interacts with a CTCF peak
and loop anchor 12kb 5’ of /hh as well as within the /4 gene. The CTCF motif in the

63kb 5” CTCF peak is convergent with the CTCF motifs in both the CTCF peaks 12kb 5’
and in the /A/ gene. To determine the potential contributions of the 39 kb 5’ PR binding

site or the 63 kb 5 CTCF binding region, we utilized CRISPR-Cas9 deletion to remove
each of these. We confirmed our previous observation that deletion of the 19kb 5’ enhancer
(Ihh 19 KO) decreased basal /4#expression and prevented progesterone induction (Fig.
5B). It is intriguing that this enhancer does not include a CTCF peak, but that its deletion
recapitulates the lowered basal expression seen after Ctcfdeletion, suggesting that CTCF
dependent interactions are involved in activity of this enhancer. Deletion of the 39kb 5’

PR binding site (Ihh39KO) resulted in normal basal expression, but attenuated progesterone
response (Fig. 5B). To evaluate the interdependence of the two progesterone dependent
enhancers, progesterone response in compound 19 kb+39 kb heterozygotes (Ihh19het39het)
was examined, revealing an intermediate impact of normal basal expression together with
progesterone induction of /AAthat is further decreased relative to the 39kb enhancer deletion
(Fig. 5B). Deletion of the CTCF binding region 63kb 5’ of /44 (Ihh63KO) decreased ///
progesterone response (Fig. 5C). We utilized 3C to confirm the interaction between the

/hh gene and 63kb 5’ region (Fig. 5A, 5D).The interaction was detected in post-pubertal
(“control”) uterine tissue as well as in prepubertal Ctcfff and Ctcfd/d tissue (Figs 5D),
indicating the distal 63kb region can interact with /A4 and potentially contributes to /Ah
regulation by progesterone by facilitating interaction with intervening PR-binding enhancers
19kb and 39 kb upstream. However, the qualitative nature of a 3C assay means our positive
result does not preclude the possibility that Ctcfdeletion alters the interaction. As we have
previously reported (19), analysis of PGR and ESR1 ChlIPseq and HiC data from human
endometrium and epithelial organoids in regions near /HH reveals ESR1 and PGR binding
at 5’ enhancers 20 kb and 70 kb from /HH, which resemble the mouse 19 kb and 39 kb 5’
enhancers (Fig S6A and Fig 5A). Additionally, interaction between /HH and an enhancer
100 kb 5 of /HH is similar to the interaction between the mouse /A gene and a 63 kb distal
region (Fig S6A and Fig 5A). This suggests conserved mechanisms of hormonal regulation.
Conservation analysis indicates that these enhancer and interacting regions contain stretches
of homology with mouse DNA (Fig S6A).

Progesterone induction of Fstwas completely Ctcfdependent (Fig. 4B). Fstis crucial to
uterine function (39), as its deletion impairs the progesterone-dependent decidual response.
Multiple potential PGR-binding enhancers 3’ (270, 190, 145, 88 and 55 kb) of the Fstgene
are within a large >350kb interacting region with CTCF peaks at flanking loop anchors
(Fig 6A). The interaction between the distal 350 kb region and the Fstgene was confirmed
using 3C (Fig 6B), indicating distal interaction might facilitate Fstexpression by bringing
PR-binding regions closer to the gene TSS. We examined PGR and ESR1 ChlPseq from
human endometrium and HiC data from epithelial organoids in regions flanking the human
FST gene and observe several potential PGR or ESR1 binding enhancers (80 kb, 400-450
kb, 680 kb) between the FST gene and a CTCF-binding loop end 730 kb 3’ of the gene
(Fig S6B). As with the /HH gene, there are regions of conservation with mouse DNA that
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correspond to these potential regulatory regions, suggesting that both /HHand FST have
conserved mechanisms of hormonal regulation in the uterus.

Discussion

Puberty is a critical and sensitive developmental window for establishment of optimal
reproductive tract physiological response later in life. It is not surprising that this
corresponds to the appearance of the most dramatic physiologic impact of Ctcfdeletion

on uterine cells, as the onset of ovarian estrogen and progesterone production initiates rapid
coordinated growth and development of uterine tissue. Inhibition of cellular proliferation
and survival is a hallmark of systems lacking Ctcf (10, 40). We confirmed deletion of
Ctefin terms of transcript and protein expression in our pre-pubertal samples but observed
CTCF expression at levels near to those of Ctcff in Ctcfdd post-pubertal samples (Fig 1D,
S1C,D). Taken together with the hypoplastic appearance of the uterine tissue (Figs 1, S1),
this likely reflects selective growth or survival of CTCF positive cells through the pubertal
period. We did observe elevation in Ki67 positive cells (Fig 1E), however the proliferating
cells included CTCF-null cells (Fig 1D). Additionally, we observed minimal indications of
apoptosis in Ctcfd tissue (Fig S1E). However, our observations are suggestive of an impact
on cellular senescence. Several studies have observed impacts of senescence on both normal
and pathological uterine biology. For example, a subpopulation of endometrial stromal

cells undergo senescence and secrete endometrial receptivity mediators (41). Conversely,
endometrial decidual cell senescence has been associated with implantation failure (42,

43) and recurrent pregnancy loss (44). Expression of genes encoding indicators of SASP
and senescence were increased in our Ctcf%/d samples (Fig S2C and D). Additionally, Ctcf
deletion increased F4/80+ cells (Fig 2B), which have been shown to facilitate clearance of
senescent cells during postpartum uterine remodeling in mice (45). Multiple inflammation
associated genes, including CD68, and multiple mediators of chemokine signaling are
elevated in the CTCF associated gene set (Fig S2A), as was also observed in a study

of Ctcfdeletion in brain (46). Increased expression of metalloproteinases, indicative of
SASP, following Cicfdeletion was notable (Fig S2C and D). Increased MMP7 and MMP12
expression has been observed in endometrial adenocarcinomas (47, 48). Elevated MMP7
was associated with poor prognosis for disease free survival in endometrial cancer (47) and
MMP12 is expressed in more invasive stage 111 endometrial tumors, suggesting a role in

the invasion (48). Transient SASP and occasional senescent cells are expected in developing
tissue, while chronic SASP with inflammation and increased prevalence of senescent cells
is detrimental, often causing fibrosis (29). We propose that enrichment of senescence
activity in the CTCF-dependent progesterone responsive gene signature (Fig 4E) represents
a transient aspect of normal tissue homeostasis, whereas chronic SASP and senescence

as a result of Ctcfdeletion (Fig 2, S2C,D) contributes to the uterine hypoplasia and

fibrosis. Since the floxed region of the CTCF is large, spans >35 Kb, this would decrease
the efficiency of Cre action and there may be a small fraction of the cells that escape
recombination. Their emergence may be slow and hindered by the senescence/inflammation/
tissue remodeling phenotype. This selected cell population may have a phenotype that does
not reflect the normal CTCF expressing cells which makes it incapable of rescuing the
hypoplasia phenotype.
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Other investigators have faced challenges when utilizing the Cre-lox system to disrupt Ctcf
and chromatin structure, including studies in cardiomyocytes. Even after >80% decrease

of CTCF using a cardiomyocyte specific Cre, residual CTCF was maintained in chromatin
and 3-dimentional structures were not impacted (49). Other approaches that used auxin-
inducible degrons to rapidly and more completely deplete CTCF or Cohesin to <1% have
shown the relative impacts of CTCF and Cohesin in chromatin structure, where Cohesin
depletion effectively disrupts looping, but CTCF deletion maintains looping that has become
disordered (50). In our study, because some cells retained CTCF expression, and because

of the observation that loops can remain even after complete CTCF deletion (50), it is not
surprising that interactions in specific chromatin regions we tested (Ihh TSS-63kb and Fst
TSS-350kb; Figs 5D and 6B) could still be detected after Ctcfdeletion (Figs 5D, 6B). The
3C assays used to detect interactions are not quantitative, so that our positive result indicates
the presence of interaction, as might be anticipated from the presence of CTCF-positive cells
in the tissue but cannot rule out disruption in interactions in CTCF-null cells. Alternatively,
CTCF may regulate affected genes as a promoter proximal transcription factor, rather than
through its role in chromatin dynamics. Here, for our gene regulation studies, we focused
our analyses on pre-pubertal uterine samples, in which CTCF was the most effectively
deleted.

Analysis of the impact of Cfcfdeletion on the uterine transcriptome confirmed enrichment
for decreased CTCF activity (Figs 2A and 3B; Tables S2 and S4). Genes by which IPA
derived this finding included protocadherin (Pcah) genes (Fig. S2A and B), mostly the
“clustered” b and g Pcdhs (cPcdh) previously reported to be decreased in the brain after
deletion of Ctcf(51-53). cPdch are members of the cadherin family of cell adhesion
molecules (54, 55) that establish specific inter-neuron connections and are most highly
expressed in the central nervous system (54, 56). Though they are expressed in non-neural
tissues as well, those functions are less well studied. In the mouse, Pcdhalto Pcdhal’,
Pcdhblto Pecdhb22, and Pcdhgal to PchgalZ, Pchgblto Pchgb8, and Pecdhge3to Pedhges
are arrayed in 3 clusters along Chromosome 18 (52, 56). Based on our RNAseq datasets,
multiple Pcahband Pcdhg genes are well expressed in uterine tissue, whereas reads mapped
to Pcdha genes are found at <1% of the levels of Pcahb or Pcahg genes (Table S9). Studies
in neural cells have shown that Pcahb and Pcahg genes are regulated via CTCF-mediated
interactions with an enhancer at the 3’ side of the Pcahg gene cluster (52) and CTCF sites
at each cPcah gene (52). Examining the chromatin of the mouse uterus reveals similar
interaction with an enhancer 3’ of the Pcghg cluster (Fig S2E) that could underlie the
decreased expression of 13 Pchadb genes and 4 Pcadhg genes we observe after CTCF deletion
(Fig S2B). Based on our HiC analysis, the mouse uterine Pcaha cluster does not interact
with the Pcahb and Pcdhg clusters or their enhancer (Fig S2E). Intriguingly, promoter
hypermethylation and decreased expression of cPcdh members is observed in several
cancers, including breast and endometrial cancer (57, 58), suggesting one mechanism for
CTCF’s tumor suppressor role (59, 60) via maintenance of Pcdh mediated cell adhesion.

The primary outcome of Cicfdeletion was loss of progesterone response of a subset

of uterine genes. Analysis of the progesterone mediated signals impacted by these

genes highlighted decreased tumorigenesis signals (Table S7). Progesterone is effective in
management of endometrial hyperplasia and cancer, with earlier stage cancers having better
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response, likely due to loss of PGR during progression to more advanced stages (34). It

is possible that CTCF-dependent progesterone sensitivity of this subset of uterine genes is
contributing to the observed impact of CTCF loss of function mutations seen in endometrial
cancer (59, 60). Further, we observed elevated levels of several stem cell associated factors
after Ctcfdeletion, which suggests retention of undifferentiated stem cells as precursors

to cancer. One study has analyzed genomic features and classified endometrial cancers

into four molecular subgroups (POLE ultramutated, microsatellite instability hypermutated,
copy-number low, and copy-number high) (32). CTCF mutations were mostly associated
with the first 3 subgroups, (32). Phosphatase and tensin homolog (PTEN), the most
frequently mutated gene in endometrial cancers, was also mostly associated with the same 3
categories as CTCF, whereas TP53 mutation occurred mostly in the copy number high group
(32). Uterine cystic hyperplasia and leiomyoma was previously described in tissue from
mice with global heterozygous deletion of Ctcfexamined 24 months after DMBA exposure
(60). We did not observe any indications of hyperplasia or cancers in our Ctcfd/d or Ctcfd/*
uterine samples (not shown), however our mice were not exposed to DMBA and all of our
studies utilized mice no older than 8 months. Additionally, uterine cystic hyperplasia, as
was observed in the Kemp study, is frequently observed in aging mice (60, 61). Deletion of
Pten in the mouse uterus results in hyperplasia and cancer (62, 63), quite rapidly in Ptend/d
and more slowly after heterozygous deletion (Ptend/*). Breeding Pten-flox mice with Ctcfd/d
mice, resulting in mice heterozygous for both Pten and Ctcf (Pten*Ctcfd*), did not impact
the progression of hyperplasia or the appearance of cancer in comparison to Pten?* females
(data not presented).

Our study reveals that Ctcfplays a key role in P dependent expression of uterine genes
underlying optimal post pubertal uterine development, so that Ctcfdeletion leads to
impaired pubertal maturation resulting in development of uterine hypoplasia, inflammation
and hyalinization. Although previous work /n vitro has demonstrated interaction between
CTCF, ESR1 and PGR activities in breast cancer derived cell lines (64—67), ours is the first
observation indicating a role for CTCF in mediating hormone-driven biological processes
in vivoin a tissue. Ultimately, dysregulation of hormone response at puberty leads to

loss of CTCF-null cells, resulting in endometrial tissue that is not favorable to pregnancy,
emphasizing a key role for CTCF in uterine homeostasis.
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Figure 1. Ctcf-null uteri develop post-pubertal hypoplasia
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A. Uterine weights of uteri from Ctctf and Ctcfd mice (mg uterus normalized to g body
weight); pre-pubertal (21 days) and post-pubertal (12 weeks and older). N=4 to 7 for each
group. * p<0.05; ***p<0.001; ****p<0.0001 by 2 way ANOVA with uncorrected Fisher

LSD post test.

B. H&E stained uterine tissue sections from prepubertal (21-days old) and post-pubertal (6
weeks old) Ctcff and Ctcfd/d mice. Yellow arrows indicate stromal thickness. Scale bars

indicate 60 or 200 pum.

C. Stromal width and number of glands in uterine tissue. N=3 to 6 for each group. * p<0.05;

p<0.001; by 2 way ANOVA with uncorrected Fisher LSD post test.

D. IHC for CTCF protein in uterine sections from prepubertal (21 days) and post pubertal (6

weeks) Ctcfff and Ctcfd/d mice.
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E. Analysis of Ki67 proliferative marker in 21-day old Ctcff and Ctcf¥d mice. Ki67
positive cells are brown. The % Ki67 positive cells were quantified in the luminal
epithelium (epi) and the stroma (str) cells. **p<0.01; ****p<0.0001 by 2 way ANOVA
with uncorrected Fisher LSD post test.
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Figure 2. Transcriptional profileindicates prepubertal Ctcf deletion leadsto an inflammatory
response
A. Summary of functions and pathways enriched in prepubertal uterine Ctcfd vs, Ctcff/f

gene set. Activation z-score indicates degree and direction of impact on the pathway
(activation (red) or inhibition (green)).

B. IHC for F4/80 reveals increased signal (brown) in uterine stroma of Ctcf%d indicative of
monocyte infiltration.

C. F4/80 positive cells per 10° (pixels)? n=3-5 t-test **p<0.01

FASEB J. Author manuscript; available in PMC 2024 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hewitt et al.
(A)
RNAseq: ChiPseq:
Ctcf¥ Vvs CtcffV 15255 Genes
1257 Genes <3kb from
(2-fold, FDR<0.05) CTCF Peak

¥

Putative CTCF Targets
Gene Cth?‘I’(’jd- Sgég?ceff,f P-value
Aldh1a3 5.24 6.44E-10
Eomes 3.83 9.25E-06
Lgr5 2.53 0.000579
Lif 2.56 5.57E-07

(B)

Size of body A
Cytokines -
Transcriptional Regulators -
AGT -

PPIF -

KCNJ10 -

Growth Factors -
MYD88 -

Hbb-b1 4

PIK3R1 -

Cytokine Storm -
Macrophage Accumulation -
Organismal death
CITED2

GLI2 -

TGFBR1 -
PPARGC1A -
SPRY?2 -

NR3C1 -

TFRC

CTCF

Figure 3. Putative CTCF target genesinclude stem cell factors
A. Venn diagram comparing prepubertal uterine Ctcf%/d vs. Ctcff’f gene set to genes <3kb

from a CTCF ChlPseq peak. Values for four stem cell genes are listed in table.
B. Summary of functions and pathways enriched in the putative CTCF target gene set (439

genes).
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Figure 4. Ctcf deficiency causes progesteroneinsensitivity in a subset of uterine genes
A. RT-PCR of estrogen responsive genes from prepubertal (21 days) Ctcf/f and Ctcfd/d

uterine RNA. Mice were treated for 6 hours (6h) with sesame oil vehicle (V) or

estrogen (E2). All genes were normalized to Rp/7. N=5 *p<0.05; **p<0.01; ***p<0.001;
****p<0.0001 by 2 way ANOVA with uncorrected Fisher LSD post test.

B. RT-PCR of progesterone responsive genes from prepubertal (21 days) Ctcff and

Ctcfdd uterine RNA. Mice were treated for 6 hours (6h) with sesame oil vehicle (V)

or progesterone (P4). All genes were normalized to RPL7. N=4-5 *p<0.05; **p<0.01;
***n<0.001; ****p<0.0001 by 2 way ANOVA with uncorrected Fisher LSD post test.

C. Scatter plot of genes that are progesterone responsive in Ctcff uterus (blue) in rank order
of fold change along X axis together with fold changes of same genes in Ctcfdd uterine
RNA samples (red).
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D. Scatter plot illustrating Ctcff/f progesterone responsive uterine genes (blue) that are
progesterone insensitive in Ctcfd/d (red: absolute value fold change <1.5).

E. Summary of functions and pathways enriched in Ctcf?f progesterone responsive uterine
genes that lack response in Ctcfd/d.

F. T-Scores calculated for CTCF-dependent progesterone target genes relative to
transcriptomes from Stage | endometroid cancer (GSE17025) or from Stage | to Stage IV
endometroid cancer (GSE120490).
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Figure 5. Chromatin structures and hormone dependent enhancers mediate uterine Ihh
regulation

A. PGR, ESR1 and CTCF ChlPseq and loops near /A gene. Both ESR1 and PGR interact
with an enhancer 19 kb 5” (-19) of the /441 gene. PGR interacts with a second enhancer 39
kb 5° of /Ah (=39). Interactions with /A4 occur via CTCF bound loop anchors at the ///1gene
and 63 kb 5’ (-63). An interaction between regions 12 kb 5” of /Ah(-12) and the —63 region
are also observed. The direction of teach CTCF motif is indicated by arrow under the loop
anchors.

B. RT-PCR of /Ahin ovariectomized adult uterine RNA from mice with deletion of
enhancers —19 (Ihh19 KO) or —39 (Ihh39 KO), mice that are heterozygous for deletion of
one copy each of the =19 and -39 enhancers (Ihh19het39het), and control littermates. Mice
were treated for 6 hours (6h) with sesame oil vehicle (V) or progesterone (P4). N=5-10
*p<0.05; ***p<0.001; ****p<0.0001 by 2 way ANOVA with uncorrected Fisher LSD post
test.
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C. RT-PCR of /hhin ovariectomized adult uterine RNA from mice with deletion of a CTCF
site at =63 (Ihh 63 KO) or their control littermates (WT). Mice were treated for 6 hours (6h)
with sesame oil vehicle (V) or progesterone (P4). N=5-7 *p<0.05; **p<0.01; ****p<0.0001
by 2 way ANOVA with uncorrected Fisher LSD post test.

D. 3C PCR to detect ligation between Hindlll fragments at the /44 TSS and the -63 CTCF
binding loop anchor (IHH TSS-63) in adult mice (control) or prepubertal (pnd21) Ctcff and
Ctcfdd uterine DNA.
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Figure 6. Chromatin structures and PGR binding enhancer sinteracting with Fst gene
A. PGR and CTCF ChlPseq and loops near the Fstgene. Interactions with Fstoccur via

CTCF bound loop anchors at the Fstgene and 350 kb 3" of Fstin the Ar/15gene. The
direction of each CTCF motif is indicated by the arrow underneath the loop anchor.

B. 3C PCR to detect ligation between BamHI fragments at the Fst TSS and the 350kb 3’
CTCF binding loop anchor (FST TSS-350 3’) in adult mice (control) or prepubertal (pnd21)
Ctcff and Ctcf¥d uterine DNA.
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RT-PCR Primer Sequences

Table 1:

Gene F R

Ctcf CAAACAGAACCAGCCAACAGC GGCATCTGGCTCCTTTTTGAC
PI7 AGCTGGCCTTTGTCATCAGAA GACGAAGGAGCTGCAGAACCT
Inhbb GCTCATCGGCTGGAACGA GCCCTCACAGTAGTTCCCGTAGT
Lif GGCAACCTCATGAACCAGAT TAGGCGCACATAGCTTTTCC

lgf1 ACAGGCTATGGCTCCAGCAT GCTCCGGAAGCAACACTCA
Ramp3 | GGAGCCACGTGTGACCTACTG AGCCCACACTGGACACAGAAT
Ihh CATCTTCAAGGACGAGGAGAACA | CATGACAGAGATGGCCAGTGA
Fst TCTTCTGGCGTGCTTCTTGA CCTCCGTTTCTTCCGAGATG
Errfil GATGAGGCCGACAGTGAGGTA TGAAGGCGCAGAGTCTTCTAAA
Npl TCGCGGAGGAATGGGTTA CGTTTAGTGCTCCCACGTGAA
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Table 2
3C Primers
Product F R
Ihh TSS-63 | CATCCCTACTCCTATTTCCAATCT | AAGGGCACCTTGAATTCTCA
lhh cont CCTTCTTCTCTCTAGCCCAAAC CCTCTGGAATTCACGACAGAAT
Fst TSS-350 | CTTTGGCAGAAGCAATGAAGTC | CACTTCCTTAGTCTACACGAGATA

Fst cont

TTCAGCTGCACCTTGGATAG

GGATGACAAGAGTCCTGGTAAC
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