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Abstract

In mammalian cells TPP1, encoded by the Acd gene, is a key component of the Shelterin complex,
which is required for telomere length maintenance and telomere protection. In mice, a
hypomorphic mutation in Acd causes the adrenocortical dysplasia (aca) phenotype, which includes
limb and body axis anomalies, and perinatal lethality. p53 deficiency partially rescues limb and
body axis anomalies in acd mutant embryos, but not perinatal lethality, implicating p53-
independent mechanisms in the acd phenotype. Loss of function of most shelterin proteins results
in early embryonic lethality. Thus, study of the hypomorphic acdallele provides a unique
opportunity to understand telomere dysfunction at an organismal level. The aim of this study was
to identify transcriptome alterations in acdmutant and aca, p53 double mutant embryos to
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understand the p53-dependent and —independent factors that contribute to the mutant phenotypes
in the context of the whole organism. Genes involved in developmental processes, cell cycle,
metabolic pathways, tight junctions, axon guidance and signaling pathways were regulated by
p53-driven mechanisms in acd mutant embryos, while genes functioning in immune response, and
RNA processing were altered independently of p53 in acd, p53 double mutant embryos. To our
best of knowledge, this is the first study revealing detailed transcriptomic alterations, reflecting
novel p53-dependent and —independent pathways contributing to the acd phenotype. Our data
confirm the importance of cell cycle and DNA repair pathways, and suggest novel links between
telomere dysfunction and immune system regulation and the splicing machinery. Given the broad
applicability of telomere maintenance in growth, development, and genome stability, our data will
also provide a rich resource for others studying telomere maintenance and DNA damage responses
in mammalian model systems.
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Introduction

In eukaryotic cells, telomeres are structures responsible for the protection of chromosome
ends. Telomeres consist of repetitive DNA sequences including both double-stranded repeats
and a single-stranded 3’ overhang (Palm and de Lange, 2008). In mammalian cells, the
shelterin complex binds to telomeres and serves two important roles: protection of telomere
ends and maintenance of telomere length (Palm and de Lange, 2008). Disrupted function of
the shelterin complex results in telomere deprotection, which initiates a DNA damage
response followed by induction of apoptosis or senescence (Karlseder et al., 1999). In
humans, germline mutations in shelterin complex proteins have been associated with
inherited bone marrow failure syndromes, such as dyskeratosis congenita (DC) (Savage et
al., 2008; Walne et al., 2008) and Hoyeraal-Hreidarsson syndrome (HHS) (Kocak et al.,
2014). Germline and somatic mutations in shelterin proteins have been associated with
multiple types of cancer, including melanoma, leukemia, and glioma (Jones et al., 2016). In
mouse, knockout of the majority of genes encoding shelterin proteins exhibit early
embryonic lethality (Karlseder et al., 2003; Chiang et al., 2004; Celli and de Lange, 2005;
Hockemeyer et al., 2006; Wu et al., 2006). Although numerous studies have been performed
with cell lines that carry mutations in shelterin complex genes to further the understanding
of their cellular and biochemical functions (reviewed in (Jones et al., 2016), these studies
lack the ability to understand the phenotypes resulting from telomere dysfunction at the
organismal level, which likely have relevance for the human syndromes and cancer
phenotypes. To fill this gap in knowledge, we undertook detailed transciptome studies to
begin to decipher the underlying mechanisms leading to the organismal phenotypes caused
by disruptions in the shelterin complex, with the goal of laying the groundwork for further
functional and experimental research.

The shelterin complex is comprised of six proteins, TRF1 (Telomere repeat factor-1), TRF2
(Telomere repeat factor-2), POT1 (protection of telomeres-1), RAP1 (the human homolog of
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the yeast telomeric protein Rapl), TIN2 (TRF1- interacting protein 2) and TPP1. Shelterin
proteins, separately or in combination, protect chromosome ends from being recognized as
double stranded breaks by the DNA repair machinery (Guo et al., 2007; Sfeir and de Lange,
2012). Among the six proteins, TRF1 and TRF2 bind double stranded telomere repeats,
while POT1 binds to the single stranded 3’ overhang (Broccoli et al., 1997; Baumann and
Cech, 2001). TRF1 and TRF2 function in maintaining telomere length (Smogorzewska et
al., 2000). TRF1 is also essential for replication of telomeric DNA (Sfeir et al., 2009).
RAP1, which is recruited to telomeres by TRF2, functions in telomere length and gene
expression regulation (Li and de Lange, 2003; O’Connor et al., 2004; Martinez et al., 2010).
TIN2 is a bridging protein that connects TRF1 and TRF2 to TPP1 and is involved in
recruitment of TPP1/POT1 to telomeres (Houghtaling et al., 2004; Liu et al., 2004; Ye et al.,
2004; Takai et al., 2011).

TPP1, encoded by the Acd gene, is highly important in telomere length maintenance; the
TPP1/POT1 heterodimer contributes to telomere elongation by recruiting telomerase to
telomeres and increasing the processivity of telomerase (Wang et al., 2007; Xin et al., 2007,
Latrick and Cech, 2010). In addition to telomere elongation, TPP1 is crucial for telomere
end-protection (Kibe et al., 2010). TPP1 also increases the affinity of POT1 for single
stranded telomeric DNA (Wang et al., 2007; Xin et al., 2007).

In the mouse, the adrenocortical dysplasia (Aca?@2¢d, hereafter referred to as acd mutant)
phenotype originated from a spontaneous autosomal recessive splice site mutation in the
Acd gene. Homozygous acd mutant mice were first described because of their abnormal
adrenal gland appearance (Beamer et al., 1994). Further characterization of the mutant
phenotype revealed striking pleiotropy and background strain dependence (Keegan et al.,
2005). On the DW/J and C57BL6/J strains, the acd mutation causes perinatal lethality,
caudal truncation, and limb and vertebral segmentation defects, similar to phenotypes
observed in human Caudal Regression syndrome (CRS) and VACTERL association. On the
CAST/Ei background strain, homozygous acd mutant mice survive with a phenotype
characterized by severe growth retardation, hyperpigmentation, and infertility. While these
strain-specific differences are striking, it is likely that the underlying cellular mechanisms
contributing to the phenotypes are similar. Therefore, our comprehensive gene expression
analysis during mouse embryogenesis is an excellent model for understanding the cellular
pathways that contribute to the organismal phenotypes.

Previous studies demonstrated that p53-dependent apoptosis resulting from telomere
dysfunction is the cause of the caudal regression phenotype in acd mutant embryos (Vlangos
et al., 2009). On the C57BL6/J background, p53 deficiency rescues many features of caudal
regression, but not the perinatal lethality, and although the limb hypoplasia is rescued,
double mutant embryos still exhibit polydactyly. On a mixed CAST/Ei background, p53
deficiency results in a partial rescue of the acd phenotype but also causes an increase in
tumorigenesis (Else et al., 2009). Complete deficiency of Acd'is lethal early in development;
thus, the spontaneous acd mutation is a hypomorphic allele (Kibe et al., 2010). Deficiency of
Acdin the bone marrow leads to rapid depletion of hematopoietic stem cells, which is not
rescued by p53 deficiency (Jones et al., 2014). Consequently, there may be p53-independent
mechanisms in double mutant mice that are critical for specific aspects of the acd mutant
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phenotype, including the perinatal lethality. In this study, we performed gene expression
profiling to identify differentially expressed genes in acd mutant and acd, p53 double mutant
embryos when compared to wild type embryos to fully understand those phenotypes at the
molecular level. We aimed to characterize p53-dependent and — independent pathways
contributing to the acd mutant phenotype with the goal of improving our understanding of
diseases related to dysfunctional telomeres and contributing to a search for new therapeutic
approaches to conditions characterized by telomere dysfunction. Expression of genes in cell
cycle, metabolic pathways, and signaling pathways were regulated in a p53-dependent
manner. Expression of immune system and related pathways, and RNA processing genes
were altered in the setting of p53 deficiency and therefore independent of p53 expression.
Microarray results were confirmed with RT-gPCR and a significant correlation between the
microarray and RTgPCR data was observed. Our study provides detailed gene expression
profiles of acdand double mutant embryos, and reveals the altered molecular mechanisms in
response to p53expression or deficiency.

2. Material and methods

2.1. Animals

Sources of adrenocortical dysplasia (Aca?% and p53~~ mice were previously described
(Vlangos et al., 2009). Both mutant strains were maintained on a C57BL6/J background.
Mice were housed in specific pathogen free and environmentally controlled conditions with
14 hour light/10 hour dark cycles. Food and water were provided ad /ibitum. All
experiments involving mice were approved by The University of Michigan Institutional
Animal Care and Use Committee (IACUC).

2.2. Timed pregnancies

Matings between male and female aca/+, p53~ mice for timed pregnancies were set up
using standard animal husbandry techniques. Noon on the day that a vaginal plug was
observed was considered E0.5. Embryos were genotyped using DNA isolated from yolk sac
as previously described (Keegan et al., 2005).

2.3. RNA isolation

RNA from whole embryos was isolated with Qiagen RNeasy® Mini Kit (74104, Qiagen,
Valencia, CA, USA) according to the manufacturer’s instructions. Homogenization of
embryos was performed with a Polytron homogenizer in RLT lysis buffer. On-column DNA
digestion was performed by using RNase-Free DNase Set (79254, Qiagen, Valencia, CA,
USA). RNA quality and quantity were checked using a NanoDrop 2000.

2.4. Microarray data analysis

High-throughput microarray analysis was performed with Affymetrix GeneChip Mouse
Genome 430 2.0 Array (Affymetrix, Santa Clara, CA, USA). Whole embryo RNA was
isolated from wild type (wt), acd mutant (Aca?@4cd) p53~~, and double mutant (Aca?c@acd
p5377) embryos (n=3 from each group) at E10.5 and hybridized onto array chips according
to manufacturer’s instructions (Affymetrix, Santa Clara, CA, USA). Quality control of the
arrays and RNA integrity were performed by using affy (Gautier et al., 2004) and affyPLM
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(Bolstad BM, 2005) packages in R software, version 3.0.2 (https://www.r-project.org) (Figs.
S1 and S2). CEL files were normalized using justRMA algorithm and differentially
expressed genes, according to pair-wise comparisons, were selected using BRB-Array tools
version 4.4.0 (http://linus.ncbi.nih.gov/BRB-ArrayTools.html; developed by Dr. Richard
Simon and the BRBArrayTools Development Team). Bioconductor (www.bioconductor.org)
annotation package mouse4302.db (version 3.0.0) was used for annotation of probe sets to
related gene names along with gene information by BRB-Array tools version 4.4.0. Data
was submitted to the Gene Expression Omnibus (GEO) repository (https://
www.ncbi.nlm.nih.gov/geo/) with accession number GSE95806 (GEO. GSE95806).

2.5. Identification of differentially expressed probe sets

For the selection of differentially expressed probe sets and related genes, the Class
Comparison Function of BRB-Array Tools was used. Probe sets with p <0.05 significance
threshold for the univariate test were selected as differentially expressed. Genes contributing
to the acd phenotype dependent upon p53 and genes independent of p53 were identified by
determining differentially expressed probe sets between double mutant and acdembryos.

2.6. Heat-maps of differentially expressed probe sets

Heat-maps of differentially expressed probe sets were prepared by hierarchically clustering
probe sets and arrays according to Euclidian distance similarity metric and average linkage
clustering with Cluster 3.0 (Eisen et al., 1998; de Hoon et al., 2004). Heat-maps were
visualized with Java Treeview version 1.1.6r4 (Saldanha, 2004).

2.7. Gene Ontology (GO) terms for Biological Process (BP) and KEGG pathway
annotations of probe sets

Functional annotation of differentially expressed genes to GO terms BP and KEGG pathway
terms was performed using DAVID 6.7 (Huang da et al., 2009b; Huang da et al., 2009a). The
threshold EASE (p-value) was set to 0.05 for obtaining significant KEGG and BP terms.
Significant GO terms are shown in supplemental Tables S1-S8.

2.8. RT-gPCR validation

Three pg DNA free total RNA with RIN values >9.9 were reverse transcribed using
Invitrogen SuperScript 1V first strand synthesis system according to the manufacturer’s
instructions. Three RNA samples from each group were reverse transcribed independently
and simultaneously. gPCR for each cDNA product was performed in triplicate. Applied
Biosystems SYBR Green PCR Master Mix and StepOnePlus Real-Time PCR system were
used for gPCR. Initial denaturation was done at 95°C for 10 min, annealing and extension at
60°C for 60 sec with subsequent denaturation at 95°C for 15 sec for 40 cycles, followed by
instrument default melt curve analysis. PCR yielded single specific band for each reaction as
predicted by the programs. Primers spanning an intron were designed to yield single specific
RT-gPCR product between 100-200 bp using Primer3 from UCSC Genome Browser on
mouse July 2007 (NCBI137/mm9) assembly (Table S9). The equation 2-2ACt was used to
calculate fold expression change of selected genes (Livak and Schmittgen, 2001). The Log,
transformed fold change values were used for graphs and all statistical analyses.
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2.9. Statistical analysis of RT-gPCR

The statistical significance between groups (wt, p537~, acd mutant and double mutant) was
evaluated with one-way analysis of variance (ANOVA) with Tukey multiple comparison test.
The Pearson correlation coefficient and related P-value were calculated between microarray
and RT-gPCR results for acd'vs. wt and double mutant vs. wt comparisons, separately.
P<0.05 was considered to be statistically significant. All statistical analyses for RT-qPCR
were performed using IBM SPSS Statistics Version 23.0 (IBM Corp., Armonk, NY, USA).
The RT-qPCR graphs were generated using GraphPad Prism version 7.0d for Mac Trial
version (GraphPad Software, La Jolla, CA, USA, www.graphpad.com).

3. Results

3.1. The effect of Acd deficiency on gene expression in acd mutant embryos

3344 probe sets (1616 up, 1728 down) among the ~45000 probe sets on the array chips were
identified as significantly changed between acd mutant and wt embryos (p<0.05, Fig. 1A).
The Acd gene is represented by a single probe set in the Affymetrix GeneChip Mouse
Genome 430 2.0 Array, according to BRB-Array tools version 4.4.0 annotation. As
expected, this probe set (1420882_a_at) showed significant down-regulation (p=8x1077) in
acd mutant embryos.

To determine which pathways were significantly dysregulated in acd mutant embryos,

KEGG pathway and GO annotations for BP of significantly upregulated and downregulated
probe sets were performed with DAVID functional annotation tool. Upregulated genes in acd
embryos clustered in three main categories; cancer related pathways/cell cycle, immune
system related pathways and junction/adhesion (Fig. 1B, Table S1), while downregulated
genes clustered in axon guidance, regulation of transcription, development, morphogenesis,
and differentiation, and components of signaling pathways, including MAPK, ErbB, Wnt,
and insulin signaling pathways (Fig. 1C, Table S2).

3.2. The effect of combined Acd and p53 deficiency on gene expression in double mutant

embryos

Next, we asked which pathways were dysregulated in double mutant embryos (acad/acd
p5377), carrying a null allele of p53in addition to the acamutant allele (Jacks et al., 1994).
When we compared gene expression profiles of double mutant and wt embryos, 2023 probe
sets (1046 upregulated and 977 downregulated) showed significant differential expression
(p<0.05, Fig. 2A). One double mutant sample clustered closely to two wt samples, likely
because they were littermates. As expected, the probe set representing Acdwas significantly
downregulated in double mutant embryos (p=1.6x1074). The 77p53gene is represented by 6
probe sets in the Affymetrix GeneChip Mouse Genome 430 2.0 Array, (according to BRB-
ArrayTools version 4.4.0, Bioconductor (www.bioconductor.org) annotation package
mouse4302.db, version 3.0.0), which are 1426538 a_at, 1427739 _a_at, 1438808 _at,
1457623 x_at, 1459780 _at, 1459781 _x_at). Of the six probe sets, four showed significant
changes in double mutant embryos; 1438808 at was upregulated (p=0.012) and

1426538 _a_at (p=8.75x107°), 1427739 _a_at (p=0.0003), 1457623 _x_at (p=0.007) were
downregulated. We searched probe set IDs in the Affymetrix database (https://
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www.affymetrix.com/analysis/index.affx) and confirmed that all probe sets represent the
Trp53 gene. We found probe set sequences in the Affymetrix database (https://
www.affymetrix.com/analysis/index.affx) and BLAST searched the sequence against the
mouse genome (GRCm38) in the ENSEMBL database (http://www.ensembl.org/).Of the
downregulated probe sets, two were in exons of 7rp53and one was located in the 3’UTR.
The other three probe sets, which were either upregulated or not significantly changed, were
intronic (Figure S3).

Immune response was detected as a significant KEGG pathway and GO-BP term for
upregulated genes in double mutant embryos (Fig. 2B, Table S3), while RNA processing and
transcription regulation were significant KEGG pathway and GO-BP terms for
downregulated genes (Fig. 2C, Table S4).

Some genes within the p53 signaling pathway were either upregulated or downregulated in
double mutant embryos, resulting in appearance of p53 signaling pathway in both
upregulated and downregulated KEGG pathway lists (Fig. 2B and Fig. 2C). In addition to
Trp53, some genes that are known to be transcriptional targets of p53 protein and involved in
apoptotic response and DNA damage were detected in the downregulated gene list, such as
Bbc3 (BCL2 binding component 3, also known as Puma) (Nakano and Vousden, 2001), Pren
(phosphatase and tensin homolog) (Stambolic et al., 2001) and Ccng (cyclin GI) (Kimura
et al., 2001). The upregulated genes within the p53 signaling pathway were involved in cell
death, such as Casp3 (caspase 3), Ddb2 (damage specific DNA binding protein 2) and
Gadd45b (growth arrest and DNA-damage-inducible 45 beta). Notably, it has been shown
that both Dab2and Gadd45b expression are not responsive to P53 in mouse (Vairapandi et
al., 1996; Tan and Chu, 2002).

3.3. Identification of p53-dependent and —independent pathways contributing to the acd
mutant phenotype

To identify gene sets contributing to formation of the acd phenotype that are dependent on
expression of p53 and gene sets whose expression was changed independently of p53, we
performed serial comparisons and eliminations. First, the effect of p53 deficiency alone on
gene expression was determined by comparing the probe sets in p53 mutant to wt embryos.
Probe sets that were differentially expressed in response to p53 deficiency were identified
(p<0.05, 808 upregulated probe sets and 681 downregulated probe sets). Overlapping probe
sets (61 upregulated and 77 downregulated) between p53 mutant and double mutant
embryos were then excluded from the list of significant probe sets of double mutant embryos
(Fig. 3A). From that point, all comparisons involving double mutant embryos were
performed with the remaining probe sets (985 up and 900 down) after the exclusion of
probes changing due to p53 deficiency (Fig. 3B).

To understand the effect of p53 deficiency on gene expression in acdembryos, the
significantly changed probe sets in double mutant vs. wt embryos (985 up and 900 down)
and acd mutant vs. wt embryos (1616 up and 1728 down) were compared. p53-dependent
pathways contributing to the formation of the acd phenotype were identified by finding the
significantly changing probe sets only in acd mutant (compared to wt) embryos (which are
p53*%), but not in double mutant embryos (compared to wt) (Fig. 3B). In order to find the
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probe sets that were significantly changed when p53is absent, therefore regulated by p53
independent mechanisms, the differentially expressed probe sets of double mutant vs. wt
(985 up and 900 down) and acd mutant vs. wt (1616 up and 1728 down) embryos were
compared, and the probe sets that were changed in double mutant (compared to wt) embryos
but not in acd mutant embryos (compared to wt) were identified (Fig. 3B). Of the 1616
upregulated and 1728 downregulated probe sets in acd mutant embryos (Fig. 1A), 1411
probe sets were upregulated and 1627 probe sets were downregulated only in acd mutant
embryos, while 205 upregulated and 101 downregulated probe sets were shared between acd
and double mutant embryos, representing genes that are responsive to the aca mutation but
do not depend on expression of p53 (Fig. 3B). According to our comparison, expression of
1411 upregulated and 1627 downregulated probe sets did not show a significant change in
double mutant embryos; therefore, we concluded that expression of these genes (1411 up
and 1627 down) was responsive to p53 in acd mutants. 780 upregulated and 799
downregulated probe sets were detected as significantly changed only in double mutant
embryos; thus, expression of these probe sets was altered independent of p53 expression
(Fig. 3B).

3.4. Functional annotation of p53—dependent probe sets involved in the acd phenotype

Functional annotation of 1411 upregulated and 1627 downregulated probe sets that were
significantly changed in only in acd mutant embryos, therefore dependent upon p53, was
performed by using DAVID functional annotation tool. Genes involved in cell cycle,
metabolic pathways, and tight junctions were found to be upregulated (Fig. 4A, Table S5).
We observed upregulation of p53 signaling pathway members 7rp53, Ccndl (Cyclin D1),
Cdknla(p21, Cyclin-Dependent Kinase Inhibitor 1A), which also appeared in terms for cell
cycle and cellular response to stress, in acd mutant embryos. Although some cell division
genes, such as Cyclin D2and Cyclin E1, were increased, expression of several members of
signaling pathways involved in transcription and development were decreased in acd mutant
embryos. Genes involved in the ErbB, MAPK, Wnt, GnRH, VEGF and Jak-STAT signaling
pathways and axon guidance showed a significant decrease (Fig. 4B, Table S6).

Genes involved in cancer related pathways changed in opposite directions; the term
“mmu05200: Pathways in cancer” appeared in both upregulated and downregulated KEGG
pathway lists (Fig. 4A and Fig. 4B). Since this is a broad term encompassing several
signaling mechanisms with many activator and repressor proteins, it is not surprising that
some components were upregulated and some were downregulated.

3.5. Functional annotation of p53—independent probe sets involved in the acd phenotype

1579 probe sets (780 up and 799 down) were significantly changed only in double mutant
embryos (Fig. 3B) and not in acd mutant embryos, representing the genes regulated
independently of p53. Functional annotation was performed to find the genes and pathways
that belong to those probe sets. Genes involved in the immune response and related
pathways were significantly increased in double mutant embryos (Fig. 5A, Table S7).
Several chemokine ligands (CCL4, CCL6, CCL8, CCL25, CXCL 14, and CXCL12) were
observed in the upregulated immune response genes. Genes involved in RNA processing,
ubiquitin mediated proteolysis, mTOR signaling, phosphatidyl inositol signaling, regulation
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of transcription and cell cycle were significantly decreased in double mutant embryos (Fig.
5B, Table S8). Expression of DNA repair genes responded differently to p53 deficiency.
Genes functioning in DNA repair, such as Ddb2and Gadd45b, were increased, while other
DNA repair genes, such as Rad21 and Bard1 (BRCAL associated RING domain 1), were
decreased in double mutant embryos.

3.6. Functional annotation of shared genes between acd mutant and double mutant

embryos

According to functional annotation of the 205 upregulated and 101 downregulated probe sets
that were significantly changed in both acdand double mutant embryos, genes involved in
immune response and related pathways, and cell death, such as X/AP (X-linked inhibitor of
apoptosis) and Casp3, were upregulated (Fig. 6A and Fig. 7A), and genes involved in axon
guidance, transcriptional regulation, limb morphogenesis and development were
significantly decreased in both acd mutant and double mutant embryos (Fig. 6B and Fig.
7B).

3.7. Validation of microarray results with RT-gPCR

Eight genes functioning in immune response, spliceosome, and DNA repair that were
differentially expressed in acdand/or double mutant embryos were selected to confirm
microarray results (Fig. 8A-H). In the microarray analysis, Prpf19, a spliceosome
component, was downregulated only in double mutant embryos, which was confirmed with
RT-gPCR (Fig. 8A). £/mo3, an engulfment factor, was upregulated in both acd'and double
mutant embryos in the microarray, which was confirmed for both groups with RT-gPCR
(Fig. 8C). Usp18, Ifitl, and /rgm1 all function in immune response. In the microarray,
Usp18was significantly upregulated in both acdand double mutant embryos, while /fitZ was
only upregulated in double mutant embryos. We confirmed upregulation of Usp18and /fit1
in double mutant embryos with RT-gPCR (Fig. 8B and Fig. 8D). /rgm1, which was
upregulated only in double mutant embryos, was also validated with RT-gPCR (Fig. 8E).
Although similar trends to the microarray data were observed by RT-qPCR for Cdknla
(p21), the splicing factor Srsf6, and the chemokine ligand Cxc/14, we did not achieve
statistical significance for these genes. We did observe a significant correlation between
microarray and RT-PCR data for both aca'vs wt (Pearson’s correlation coefficient=0.823,
p=0.012) and double mutant vs wt (Pearson’s correlation coefficient=0.891, p=0.003)
comparisons.

4. Discussion

In this study, we examined the transcriptomic changes in acd mutant and acd, p53 double
mutant (acd/acd, p53~) embryos to dissect the molecular mechanisms contributing to
phenotypes resulting from telomere dysfunction /n vivo. We also wanted to gain insight into
the effect of p53 deficiency on the acd phenotype by comparing gene expression profiles of
acd mutant and aca, p53 double mutant embryos. We chose whole embryo RNA for our
analysis because of the ubiquitous cellular function of TPP1 in telomere maintenance during
development and our previous finding of widespread apoptosis in acd mutant embryos at this
timepoint (E10.5), which was rescued by p53 deficiency (Vlangos et al., 2009).
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The acd embryonic phenotype is characterized by limb and body axis anomalies with
perinatal lethality in acd mutant embryos (Beamer et al., 1994; Keegan et al., 2005). The acd
mutation is caused by a single nucleotide variant, resulting in disruption of a splice donor
consensus site following the third exon of the Acd gene. Because a small amount of wild
type mRNA is produced, the mutation is functionally hypomorphic and causes a mild
telomere end-protection defect, including telomere dysfunction-induced foci (TIFs),
anaphase bridges, telomere fusions, and radial formations (Else et al., 2007; Hockemeyer et
al., 2007). According to our microarray results, the Acd gene was significantly
downregulated (p=8x1077) in acd embryos. The downregulation of Acd expression in acd
mutant embryos is consistent with the profound deficiency of Tppl protein observed in acd
mutant cells (Keegan et al., 2005; Else et al., 2007; Hockemeyer et al., 2007). Because the
Acd splicing mutation results in aberrant transcripts with an altered reading frame and
premature translation termination, the significant reduction in Acd expression likely reflects
nonsense-mediated decay (Keegan et al., 2005; Brogna and Wen, 2009; Jones et al., 2014).

Telomere dysfunction followed by p53-dependent apoptosis during embryogenesis was
observed in acd mutant embryos (Else et al., 2007; VVlangos et al., 2009; Jones et al., 2014).
Induction of apoptosis and subsequent cell death resulting from TPP1 mutation along with
telomerase inhibitor treatment was also reported in human HelLa cells (Nakashima et al.,
2013). In our transcriptome analysis, we found that genes functioning in the p53-signaling
pathway (Fig. 1B and Fig. 4A), including Cyclin D1, Cyclin D2, Fas, Cdknla (p21) and
Trp53, were significantly upregulated in acd mutant embryos (data not shown). Several
genes in this list, such as 7rp53, Cdknla(p21) and Fas, encode important regulators of
apoptosis and favor cell death (Woo et al., 1999), consistent with our previous findings
demonstrating p53-dependent apoptosis in acd mutant embryos (Vlangos et al., 2009). We
also previously showed upregulation of p21 in Acd-deficient hematopoietic stem cells (Jones
et al., 2014). Additionally, we found that some of the cyclin genes were upregulated in acd
mutant embryos but not in double mutant embryos. Although cyclin proteins have important
roles in progression of the cell cycle and favor cell proliferation, increased expression of
Cyclin D1 has been shown to induce DNA damage response (DDR) in cells (Li et al., 2010;
Casimiro et al., 2012).

In addition to the p53-signaling pathway, components of several cancer related pathways,
such as melanoma, prostate cancer, pathways in cancer, and cell cycle were significantly
upregulated in acd mutant embryos (Fig. 1B and Fig. 4A). This is likely due to the fact that
genes functioning in the p53-signaling pathway, such as Cyc/in D1 and 7rp53, also function
in these cancer-related pathways according to our KEGG pathway annotation results (data
not shown). Interestingly, mutations in ACD have been identified in familial melanoma in
humans (Aoude et al., 2015). In addition to those genes, fibroblast growth factor genes
(Fgr3, Fgf4, Fgfi3and Fgr10) and Janus kinase 1 (JakZ), which are related to cancer in the
KEGG pathway analysis, showed increased expression in academbryos (Fig. 1B and Fig.
4A). In addition to their involvement in cancer, a major role of FGF proteins is in the
specification and patterning of the axes of the embryo (Dorey and Amaya, 2010), which is
more likely to be relevant for our analysis in acd mutant mouse embryos.
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As we have previously shown, acd mutant embryos have disrupted axial skeletal
development (Keegan et al., 2005; Vlangos et al., 2009). We detected the downregulation of
multiple developmental signaling pathways, such as ErbB, MAPK, Wnt and Jak-STAT
pathways, only in acd mutant embryos (Fig. 4B), and GO annotations showed significant
downregulation of multiple developmental processes, including embryonic skeletal system
development (Table S2 and Table S6), consistent with the acd mutant phenotype.
Importantly, telomerase modulates Whnt signaling, and the Wnt signaling component B-
catenin regulates expression of the telomerase subunit 7ert, demonstrating a critical role for
Whnt signaling in telomere maintenance (Park et al., 2009; Hoffmeyer et al., 2012).

Previously, the effect of shelterin protein Rapl deficiency (encoded by the 7erfZip gene) was
studied in mouse embryonic fibroblast (MEF) cells (Martinez et al., 2010). Rap1 deficiency
resulted in downregulation of genes functioning in cell adhesion and metabolism, insulin
secretion, PPAR signaling, and growth hormone pathways, while the genes involved in ABC
transporters and Type |1 Diabetes were upregulated in Rapl-deficient MEF cells (Martinez
et al., 2010). In our microarray analysis, we observed a similar pattern of downregulated
pathways; genes involved in axon guidance, insulin signaling and several signal transduction
pathways were downregulated in both acdand double mutant embryos (Fig. 4B, Fig. 5B and
Fig. 6B), which might indicate a conserved response in mouse cells to dysregulation of
telomere protection -dependent or —independent of p53. Downregulation of genes involved
in the insulin signaling pathway in acd'and double mutant embryos might be related to
telomere biology, since 7erc deficient mice also showed altered glucose metabolism and
insulin secretion (Kuhlow et al., 2010). In acd mutant mice, we observed the upregulation of
genes involved in cardiomyopathy (Fig. 4A). It has been shown that telomere dysfunction
induces heart pathologies in mice, including cardiomyopathy, and p53 deficiency partially
rescues the heart pathophysiology induced by telomere dysfunction (Sahin et al., 2011).

We specifically examined expression of other genes within the shelterin complex or genes
known to be important for telomere maintenance and did not find any significant changes in
double mutant embryos. In acd mutant embryos, only one of the three probe sets
representing Trfl was slightly upregulated (encoded by 7erfZ, probe set 1431332_a_at,
p=0.005, log2 FC=0.275), and in p53 mutant embryos, expression of one of the four probe
sets for Potlawas slightly increased (probe set 1456369 _at, p=0.048, log2 FC=0.239). This
might suggest that these genes are regulated independently of Acdand p53. However, it
should be noted that in chronic lymphocytic leukemia patients, 7253 disruption was
associated with downregulation of shelterin gene expression, although low expression of
POTI, TPPIand TINZwas also observed in some patients with wild type 7P53 (Guieze et
al., 2016). In isogenic human colon adenocarcinoma cell lines with 7P53 mutations,
shelterin genes showed upregulation (ACD/TPPI), downregulation (7TERF1, POT],
TERF2IP) and also normal expression (TERFZ, TIN2) (Samassekou et al., 2014). These
conflicting data could be due to species-specific differences in shelterin gene expression in
response to p53 deficiency. It is also possible that regulation of shelterin gene expression is
more complex and regulated by multiple factors.

Since only a limited number of probe sets were shared between acd'and double mutant
embryos (Fig. 3B, 205 upregulated and 101 downregulated), we observed a high degree of
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similarity in the KEGG pathway results in Fig. 1 and Fig. 4, and BP results in Tables S1-S2
and Tables S5-S6. This might also indicate that the majority of genes significantly changing
in acd mutant embryos are p53-dependent.

To define p53-independent pathways, we examined genes that were up- or downregulated in
the setting of p53 deficiency. We have previously shown that p53 deficiency rescues the limb
hypoplasia and vertebral abnormalities but not the perinatal lethality in double mutant mice
(Vlangos et. al., 2009). In addition, although the limb hypoplasia phenotype is rescued,
double mutant mice display polydactyly, indicating persistent dysregulation of limb
development. Consistent with the partially rescued phenotype, we observed downregulation
of a limited number of genes functioning in proximal/distal pattern formation, limb
development and morphogenesis in both acdand double mutant embryos (Fig. 7B).
However, some GO BP terms for development, morphogenesis, and differentiation that were
downregulated in acd mutant embryos were upregulated in double mutant embryos
(Compare Table S6 to Table S7). In addition, genes functioning in bone development were
increased in double mutant embryos, along with genes for other developmental processes,
such as neuron and forebrain development (Table S7), suggesting p53-independent
mechanisms. According to our BP annotations, some nervous system genes were responsive
to p53 deficiency; in double mutant embryos, we observed upregulation of neuronal
development and differentiation genes (Table S7), although several neuron development and
differentiation genes were downregulated in acdembryos (Table S6). Previously, an
important role for p53-dependent apoptosis in neural tube defects and neuronal
differentiation was shown in zebrafish (Danilova et al., 2010) and a mouse model, in which
p53deficiency rescued the neural tube defects (Pani et al., 2002), similar to what we
observed in our microarray results. In our analysis, several genes involved in DNA repair,
cell cycle, cell division and mitosis were downregulated only in double mutant embryos
(Table S8), while genes that promote DNA repair and apoptosis, such as Dadb2, Gadd45b and
1gfbp3 (insulin-like growth factor binding protein 3), were increased in double mutant
embryos (Fig. 5A and data not shown), suggesting p53-independent regulation of cell
proliferation by DNA repair mechanisms.

We also observed downregulation of genes functioning in RNA processing, splicing and
spliceosome only in double mutant embryos, which might reflect the involvement of RNA
splicing in telomere biology (Fig. 5B and Table S8). The direct function of splicing and
mMRNA-processing factors in DNA damage prevention and repair has been reported (Paulsen
et al., 2009; Naro et al., 2015). Consistent with our results, downregulation of splicing
factors in response to telomere dysfunction has been reported in a myelodysplastic
syndrome (MDS) model (Colla et al., 2015). In addition to the microarray, we showed
downregulation of the splicing factors Prpfl9and Srsf6in double mutant embryos with RT-
gPCR (Fig. 8A and Fig. 8G). The significant Prpf19 downregulation in double mutant mice
might be particularly important, since in addition to mRNA splicing and spliceosome,
Prpf19is also involved in DNA damage response and neural differentiation (Urano et al.,
2006; Fortschegger et al., 2007; Lu and Legerski, 2007; Song et al., 2010). Deletion of
Prpf19has been shown to be embryonic lethal in mice (Fortschegger et al., 2007). In human
cells and Drosophila, overexpression of Prpfl9has been shown to extend lifespan by
involvement of Prpf19in DNA damage (Moglauer et al., 2006; Garschall et al., 2017).
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Therefore, downregulation of Prfp19 might be one of the factors contributing to embryonic
lethality in double mutant mice although further experimental studies would be needed to
confirm this observation.

According to KEGG pathway annotations, some complement and coagulation cascade and
apoptosis genes were increased in both acd'and double mutant embryos (Fig. 6A). It has
been shown that when apoptosis is increased, chemotactic factors are released from
apoptotic cells to induce mononuclear phagocytes to clear the apoptotic cells (Gregory and
Devitt, 2004). In our study, £/mo3showed a significant upregulation in both acd'and double
mutant embryos in both microarray and RT-qPCR (Fig. 8C). The significant increase in
Elmo3 expression might be related to clearance of apoptotic cells, since EImo3 functions in
engulfment of apoptotic cells (DeBakker et al., 2004; Kinchen and Ravichandran, 2007).
Thus, we speculate that the increased expression of £/mo3and other apoptosis genes may
represent a clearance mechanism for abnormal cells in both acdand double mutant embryos.
We also detected upregulated expression of genes that belong to adhesion mechanisms in
both in acdand double mutant embryos (Fig. 6A). Increased expression of ECM and cell
adhesion genes was observed in telomerase deficient (7erc™™) mice, which also exhibit
telomere dysfunction (Franco et al., 2005). Increased expression of genes within these
pathways may implicate a conserved response to maintain cellular integrity in the presence
of abnormal cells.

Several immune system genes were altered in both acdand double mutant embryos. We
selected Cxc/14, which was significantly downregulated in acd mutant embryos and
upregulated in double mutant embryos, /rgmZ1 and /fit1, which were significantly
upregulated only in double mutant embryos, and Usp18, which was significantly upregulated
in both acdand double mutant embryos according to our microarray analysis. We observed a
similar expression pattern for /fit and Usp18in RT-gPCR (Fig. 8B and Fig. 8D).
Expression of UspI8might be connected to /fit expression, since Uspl8expression was
predicted to be regulated by Ifitl (McDermott et al., 2012).

5. Conclusions

In this study, we investigated the effect of Acd'and p53 deficiency in mouse embryos at the
transciptome level. Our analyses demonstrate that the majority of differentially expressed
genes in acd mutant embryos are due to p53-dependent mechanisms and reflect the observed
phenotypic differences between acad mutant and double mutant embryos. Specifically,
several p53 responsive genes and several genes that function in cell cycle, DNA repair, DNA
damage and stress response were upregulated in acd mutant embryos (Table S5), while
several genes involved in transcription, cell cycle, DNA repair, DNA damage and stress
response were downregulated in double mutant embryos (Table S8). Our gene expression
results for development, morphogenesis and differentiation processes also reflected the
phenotypes of acdand double mutant embryos. In addition, differentially regulated genes
that were independent of p53 included those associated with the immune response, RNA
processing and metabolism, DNA repair, and cell cycle. Our results provide novel insights
into the molecular basis of the acdand double mutant embryo phenotypes and p53-
dependent and —independent mechanisms contributing to the acd phenotype. In addition to
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our use of RT-qPCR validations, the effect of the differentially expressed genes on the p53
pathway or on immune response, RNA processing and metabolism, and DNA repair and cell
cycle should be verified with additional protein expression studies, including knockdown or
overexpression studies, in the future. Given the key role Tpp1 in the shelterin complex and
its role in growth, development, and genome stability, our datasets will also be a valuable
resource for other investigators studying shelterin function, telomere maintenance and DNA

damage responses.
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mTOR mechanistic target of rapamycin kinase
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VEGF Vascular endothelial growth factor
Ccendl Cyclin D1
DAVID The Database for Annotation, Visualization and Integrated Discovery
Bbc3 BCL2 binding component 3, also known as Puma
Pten phosphatase and tensin homolog
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Highlights
Most differentially expressed genes in acd mutant embryos are p53-dependent

Genes in cell cycle and DNA repair are differentially expressed in acd
embryos

Differentially expressed pathways correlate with phenotypes of acd mutant
embryos

Some immune response genes are differentially expressed independently of
p53

Some RNA processing genes are differentially expressed independently of
p53
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KEGG pathway for acd vs wt
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p53 signaling pathway 12
Melanoma 12
Cell cycle 17
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(A) Heat-map of differentially expressed probe sets in acd embryos (n=3) when compared to
wt embryos (n=3). (B) KEGG pathway annotation of upregulated genes in acdembryos. (C)
KEGG pathway annotation of downregulated genes in acdembryos. (B-C) Gene counts for
each pathway term is provided. Each bar indicates the significance of the related pathway
term. Red coloring indicates upregulation, while green coloring indicates downregulation of
probe sets in the acdembryos (acdvs. wt).
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(A) Heat-map of differentially expressed probe sets in double mutant embryos (n=3) when
compared to wt embryos (n=3). (B) KEGG pathway annotation of upregulated genes in
double mutant embryos. (C) KEGG pathway annotation of downregulated genes in double
mutant embryos. (B-C) Gene counts for each pathway term is provided. Each bar indicates
the significance of the related pathway term. Red coloring indicates upregulation, while
green coloring indicates downregulation of probe sets in the double mutant embryos (double
VS. wt).
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A)
p53 double mutant
vs wt vs wt
B) Upregulated
acd double mutant
vs wt vs wt
acd - double mutant
vs wt vs wt
Downregulated
Fig. 3.

(A) Venn diagram of differentially expressed probe sets that are shared or specific to p53
(p53 vs. wt) and double mutant embryos (double vs. wt) (B) Venn diagram of differentially
expressed probe sets that are p53dependent or —independent according to acd'and double
mutant (after p53 shared probe sets were excluded) comparison. Red coloring (upper parts)
of the venn diagrams indicates upregulated probe sets and green coloring (below parts) of
the venn diagrams indicates downregulated probe sets.
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A
) KEGG pathway for p53-dependent probe sets
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Fig. 4.
KEGG pathway annotation of p53—dependent (A) upregulated (red colored bars) and (B)

downregulated (green colored bars) probe sets involved in the acd phenotype. Gene counts
for each pathway term is provided. Each bar indicates the significance of the related pathway
term.
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KEGG pathway for p53—-independent probe sets
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Fig. 5.

KEGG pathway annotation of p53—-independent (A) upregulated (red colored bars) and (B)
downregulated (green colored bars) probe sets involved in the acd phenotype. Gene counts
for each pathway term is provided. Each bar indicates the significance of the related pathway
term.
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A) KEGG pathway for shared probe sets
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Fig. 6.

KEGG pathway annotation of (A) upregulated (red colored bars) and (B) downregulated
(green colored bars) probe sets that were shared between acd’and double mutant embryos.
Gene counts for each pathway term is provided. Each bar indicates the significance of the
related pathway term.
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A) BP terms for shared probe sets

Gene
number

response to wounding 12

negative regulation of hydrolase activity 4
wound healing 6

blood coagulation 5

coagulation 5

hemostasis 5

regulation of body fluid levels 5
cellular hormone metabolic process 4
negative regulation of catalytic activity 5
defense response 10

embryonic placenta development

lipid transport

immune response 1

behavior

regulation of hormone levels

lipid localization

regulation of hydrolase activity

negative regulation of molecular function
homeostatic process 1

acute-phase response

response to organic substance 1

acute inflammatory response

regulation of intestinal cholesterol absorption
labyrinthine layer development

placenta development

regulation of cell proliferation 1

hormone metabolic process

regulation of sterol transport

regulation of cholesterol transport
regulation of mast cell apoptosis

cellular component disassembly
regulation of apoptosis 1

sexual reproduction

response to peptide hormone stimulus
steroid metabolic process

regulation of programmed cell death 1
regulation of cell death 1

trophoblast giant cell differentiation
regulation of lipid transport 2

regulation of digestive system process 2

NSSURIZIWNNNASAONRIWIOONONOS NS

N

0 1 2 3
-log,,(p-value)

B) -

proximal/distal pattern formation 3

regulation of transcription 17

limb morphogenesis 4

appendage morphogenesis

appendage development

limb development

peripheral nervous system neuron development
peripheral nervous system neuron differentiation
anterior/posterior pattern formation

regulation of transcription, DNA-dependent 12

cell fate specification 3

regulation of RNA metabolic process 12

skeletal muscle tissue development 3

skeletal muscle organ development 3
transcription 13

regionalization 4

adult behavior 3

0 1 2 3
-log,o(p-value)

ANNAE AN

Fig. 7.

Gg for Biological Process (BP) term annotation of (A) upregulated (red colored bars) and
(B) downregulated (green colored bars) probe sets that were shared between acd and double
mutant embryos. Gene counts for each BP term is provided. Each bar indicates the
significance of the related BP term.
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The significantly altered genes in microarray analysis that were selected for RT-gPCR
validation, (A) Prpf19, (B) Usp18, (C) EImo3, (D) Ifitl, (E) Irgm1, (F) Cdknla, (G) Srsfé,
(H) Cxc/14. One-way ANOVA with Tukey multiple comparison test, Prpf19, Pwt vs.
double<0.001, Pp53 vs. double<0.001, Pacd vs. double<0.001; Usp18, Pwt vs.
double=0.013, Pp53 vs. double=0.011, Pacd vs. double=0.04; £/mo3, Pwt vs. acd<0.001,
Pwt vs. double<0.001, Pp53 vs. acd<0.001, Pp53 vs. double<0.001; /fit1,

Pwt vs. double=0-016, Pps3 vs. double=0.013; /rgm1, Pyt vs. double=0-044. * indicates statistically
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significant differences (P<0.05) between groups. Profi19 (pre-mRNA processing factor 19),
Usp18 (ubiquitin specific peptidase 18), £/mo3 (engulfment and cell matility 3), /fit1
(interferon-induced protein with tetratricopeptide repeats 1), /rgm1 (immunityrelated
GTPase family M member 1), Caknla (cyclin-dependent kinase inhibitor 1A (P21)), Srsf6é
(serine/argininerich splicing factor 6), Cxc/14 (chemokine (C-X-C motif) ligand 14).
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