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Abstract

Structural maintenance of chromosome flexible domain containing 1 (Smchdl) is a chromatin
regulatory gene for which mutations are associated with facioscapulohumeral muscular dystrophy
and arhinia. The contribution of oocyte- and zygote-expressed SMCHD to early development was
examined in mice (Mus musculus) using an sSiRNA knockdown approach. Smchdl knockdown
compromised long-term embryo viability, with reduced embryo nuclear volumes at the morula
stage, reduced blastocyst cell number, formation and hatching, and reduced viability to term.
RNAseq analysis of Smchdl knockdown morulae revealed aberrant increases in expression of a
small number of trophectoderm-related genes and reduced expression of cell proliferation genes,
including S-phase kinase-associated protein 2 (SkpZ2). Smchdl expression was elevated in embryos
deficient for Caudal type homeobox transcription factor 2 (CaxZ, a key regulator of trophectoderm
specification), indicating that SmchdZ is normally repressed by CDX2. These results indicate that
Smchd1 plays an important role in the preimplantation embryo, regulating early gene expression
and contributing to long-term embryo viability. These results extend the known functions of
SMCHDL1 to the preimplantation period and highlight important function for maternally expressed
Smchdl mRNA and protein.
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Introduction

Early mammalian embryos undergo extensive genome re-structuring as sperm and egg
genomes are united and reprogrammed to totipotency. Changes in DNA methylation, histone
modifications, and chromatin structure begin at fertilization and continue as embryos
progress through cleavage to form blastocysts (Marcho et al. 2015). Correct activation and
regulation of the embryonic genome and establishment of the early lineages are two
essential processes that depend on correct chromatin remodeling and nuclear programming.

The mechanisms mediating this vast reprogramming are still being discovered. Maternal
factors in the oocyte promote embryonic genome activation and expression of a 2-cell stage
transiently expressed class of genes that contribute to early embryogenesis. Correct re-
programming of the genome after this initial activation is crucial to development, including
early cell lineage formation (Ko 2016). Lineage establishment begins early during cleavage
with the formation of inner and outer cell populations, followed by differential cellular
polarization and asymmetric cleavage. Major regulators (e.g., CHD1, CHD4, BRG1,
SMYD3, HMGPI, POU5F1/0CT4, NANOG, CDX2, TEAD4, and HIPPO pathway genes)
act sequentially to define early cellular identity (Carey et al. 2015; Cui and Mager 2018;
Nishioka et al. 2009; O’Shaughnessy-Kirwan et al. 2015; Ralston et al. 2010; Sasaki 2015;
Suzuki and Minami 2018; Suzuki et al. 2015; Wang et al. 2010; Yagi et al. 2007). Moreover,
gene products that contribute to developmental reprogramming (e.g., INO80, SMARCADS)
are encoded by maternally expressed mRNA in the oocyte (Miller and Hendrich 2018), as
further examples of the importance of oocyte- and early embryo-expressed factors in long-
term developmental programming.

Structural maintenance of chromosome flexible domain containing 1 (Smchdl) is a
chromatin regulator that contributes to gene regulation throughout life. SMCHD1 possesses
an N-terminal ATPase domain, a large central domain and a C-terminal SMC hinge domain.
SMCHD1 functions in part as a transcriptional repressor that promotes DNA methylation of
the X-chromosome and of autosomal loci, including imprinting control elements within
imprinted domains and gene clusters such as the proto-cadherin cluster (Jansz et al. 2017).
SMCHD1 heterodimerizes via its ATPase and hinge domains and with kleisin (e.g.,
cohesion) subunits forms a ring structure for binding to chromatin, and additionally interacts
with other transcription regulators and chromatin proteins to bind to H3K9me3 and long
noncoding RNAs to bind at sites of repression (Jansz et al. 2017). SMCHD1 binding sites
overlap with CTCF binding sites indicating a role in controlling chromatin structure (Jansz
et al. 2017). In most instances SMCHD1 deficiency leads to gene de-repression.

Defects in SMCHD1 contribute to facioscapulohumeral muscular dystrophy and congenital
arhinia-microphthalmia, and cancer (Gordon et al. 2017; Jansz et al. 2017; Leong et al.
2013; Shaw et al. 2017). The first functions ascribed to SMCHD1 were in variegating
transgene expression, its role as an epigenetic modifier, and then its role in X chromosome
DNA methylation (Ashe et al. 2008; Blewitt et al. 2008; Gendrel et al. 2012; Gendrel et al.
2013). More recent studies found SMCHD1 also regulates many autosomal genes, imprinted
gene clusters, and monoallelically expressed genes (Chen et al. 2015; Liu et al. 2016; Mason
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et al. 2017; Mould et al. 2013). Human mutations in SMCHD1 play a key role in
facioscapulohumeral muscular dystrophy (FSHD) by releasing DUX4 gene repression and
disrupting a muscle forming gene in ¢/s, and also contribute to craniofacial abnormalities
(Jansz et al. 2017; Lemmers et al. 2012) and cancer (Leong et al. 2013). As in mice, human
SMCHDL1 displays haploinsufficiency and variegating effects.

We report here that SMCHD1 has additional key roles in early embryos. Smchdl is
expressed both maternally in the oocyte, and embryonically after fertilization, SIRNA
knockdown reveals that reduction in both maternal and embryonic sources of SMCHD1
reduces blastocyst formation, hatching, embryo cell number, and term development.
Transcriptome analysis reveals effects of siRNA knockdown on the expression of lineage-
related genes and cell proliferation genes that support cell cycle progression and cellular
specialization during preimplantation development. By eliminating both maternal and
embryonic sources of SMCHDZ1, our studies reveal, for the first time, important roles for
SMCHD1 in maintaining embryo quality and viability, with long-term effects of its
preimplantation actions on term development. Additionally, we show that Cax2 deficiency
leads to increased Smchdl expression consistent with differential regulation between inner
cell mass and trophectoderm lineages. These results extend our understanding of early
embryonic nuclear programming mechanisms and the potential consequences of mutations
in a gene that is linked to health disorders in humans.

Materials and Methods

Embryo isolation, culture and transfer

All animal use was in accordance with guidelines of the Michigan State University
Institutional Animal Care and Use Committee. Mice were maintained on 12 h light/dark
cycles. For most studies, oocytes and embryos were obtained by superovulating 8-16 week
old female mice (C57BL/6 x DBA/2)F1 (B6D2F1), The Jackson Laboratory, Bar Harbor,
ME)], unmated or mated to B6D2F1 males. Oocytes were isolated at second meiotic
metaphase (MII), and embryos were isolated at the 1-cell stage in M2 medium (Hogan et al.,
1994) (Millipore, Billerica, MA). Cumulus cells were removed using hyaluronidase (Sigma-
Aldrich, St. Louis, MO) as described (Chung et al. 2003). Embryos were cultured in KSOM
medium (Erbach et al. 1994) in humidified atmospheres containing 5% O, and 5% CO, at
37°C.

The Cdx2™1Fbe ny|| allele (Chawengsaksophak et al. 1997) was maintained in an outbred
(CD1) background. Mice were genotyped from ear punches by PCR (primers (5’-3"):
ATATTGCTGAAGAGCTTGGCGGC, AGGGACTATTCAAACTACAGGAG and
TAAAAGTCAACTGTGTTCGGATCC). Mice were maintained on 12 h light/dark cycles.
ED3.5 and ED4.25 blastocysts were flushed from uteri with M2 medium after timed natural
matings. We note that blastocysts lacking Cax2undergo pulsatile, failed attempts to expand
their blastocoel, owing to loss of trophectoderm epithelial integrity (Strumpf et al. 2005),
and hence morphological assessment of embryo quality was not feasible. All embryos were
processed as described below.
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For testing developmental potential, 10 to 20 embryos of either treatment group were
transferred surgically at the 2-cell stage to each recipient as indicated, with embryos divided
equally between the two uterine horns. The numbers of scrambled control and knockdown
embryos transferred were kept the same in each experimental replicate as indicated.
Recipients were euthanized 7 or 18 days after embryo transfer. The numbers of embryos and
pups obtained from the two uteri were recorded for each treatment. For term development
assessment, Caesarian section was performed 18.5 days after embryo transfer. For
assessment of viability at ED8.5, uteri were dissected and implantation sites counted.

siRNA knockdown

For cytoplasmic microinjection, zygotes received approximately 10 pl of 100 pM Smchd1
SiRNA or control scrambled siRNA. In some cases, a piezo pipette driver was used. SiRNAS
were obtained from GE Dharmacon (L-040501-01-0005, Lafayette, CO). The Smchdl
SiRNA was a mixture of four oligonucleotides: GAAAUGAACUAAAAGCGU,
GAAGGAGAAGGACGAGUUA, CUGUGAAAGAUGUCCGCUA, and
CUAACAAGGUGGGAGCAUA. Confirmation of knockdown of Smchdl mRNA and/or
protein expression was obtained for each experiment by gRT-PCR (see below) or by
immunofluorescence confocal microscopy (IFCM). Bioinformatics analysis revealed no
other perfectly complementary mRNA targets of these siRNAs, and RNAseq results
indicated no significant off-target effects on other mMRNAs having partial sequence match
(data not shown).

Antibodies and Immunofluorescence confocal microscopy

SMCDHL1 expression was monitored using Rabbit-a-SMCHD1 polyclonal antibody from
Abcam (ab122555; Cambridge, MA) diluted 1:100 for IFCM. The secondary antibody for
detecting SMCHD1 was donkey-a.-rabbit IgG Alexa Fluor 594 from Abcam (ab150076)
diluted 1:300. Western blot analysis of embryonic stem cell (ESC) and fibroblast lysates
confirmed reaction to a single band in ESCs of the expected size; a very minor secondary
band was faintly seen in fibroblasts (Figure 1A). Antibodies for POU5F1/OCT4 and CDX2
were from Abcam (ab19857, 1:200 dilution) and BioGenex (AM392-5M, 1:20 dilution, San
Ramone, CA) respectively, and detected using goat-a-mouse 488 (1:2000) and Donkey-a.-
Rabbit (1:2000) secondary antibodies from Life Technologies/Thermo Fisher (A11001,
Carlsbad, CA) and Abcam (ab150076), respectively. Antibody against phospho- H2AX
(Histone 2A family member X), conjugated with Fluorescein isothiocyanate (FITC), was
from Millipore (16-202A) and was diluted 1:100. Embryos were fixed in 3.7%
paraformaldehyde for 30 min, permeabilized with 0.5% Triton X-100 in phosphate buffered
saline (PBS) for 30 min, and blocked in 2% bovine serum albumin for 45 min. Embryos
were imaged using an Olympus FluoView 1000 Filter-based CLSM confocal microscope
with a 60x oil immersion objective. Optical sections were collected at approximately 3 um
intervals and, where needed, compiled into Z-stacks. ICM cells were distinguished from TE
cells in late blastocyst embryos and both cell populations quantified by staining embryos
with antibodies to POU5F1 and CDX2. ICM cells were those that lacked CDX2 signals and
displayed intense nuclear POUS5F1 signals (average ~ 3-fold more intense than CDX2-
positive TE cells), whereas TE cells were those with intense nuclear CDX2 signals.
Significance of differences was determined by two-tailed t-test assuming equal variance.
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Western Blots

Mouse embryonic stem (ES) cell and mouse embryonic fibroblast cell cultures were lysed in
RIPA buffer. Protein concentrations were measured using a Bradford assay, and lysates
diluted to an equal concentration. Cell lysates were mixed 1:1 with Laemmli buffer, boiled
for 10 min then immediately run on an 8% polyacrylamide gel with a 4% stacking layer for
50 min at 200V. Immobilon-P membrane (EMD Millipore) was activated by placing itin a
sequence of 100% methanol (30 sec), deionized water (2 min), and then transfer buffer (20
min). Electroblotting was completed by submerging the transfer assembly in ice during
transfer (1 h, 95V). Membranes were blocked for 1.5 h in 5% nonfat dry milk in transfer
buffer (25 mM Tris, 192 mM Glycine). Antibodies (SMCHD1; Abcam ab122555, 1:1000
dilution; Actin Sigma A5441, 1:10,000 dilution) were incubated on the membrane overnight
in the same solution. Chemiluminescent detection of proteins was completed using the
SuperSignal mouse Immunoglobulin G (IgG) detection kit from Thermo (34081, Waltham,
MA) and Imaged on a myECL (Thermo) imager following manufacturer instructions.

Response to ultraviolet light

SMCHD1 knockdown embryos and control embryos were exposed to UV-C radiation. In
brief, 8-cell embryos 70 h post-hCG were exposed to UV-C radiation (50 J m~2) using a UV-
Cross linker (SX-1000, Spectronic Corporation, Westbury, NY) in droplets of M2 medium.
Embryos were transferred to KSOM medium for 1 h and then fixed in 3.7%
paraformaldehyde for 30 min. Immunofluorescence detection was performed for
phosphorylated histone H2AX (antibody 16-202A, Millipore, FITC conjugated). Embryos
were imaged on an Olympus 1X-71 microscope with a Retiga-6000 camera system
(QImaging, Surrey, British Columbia, Canada). Image analysis was performed using NIS-
Elements AR3.1 software, relative intensity units of nuclear fluorescence minus background
fluorescence determined, and differences evaluated by two-tailed t-test assuming equal
variance.

RNAseq transcriptome analysis

RNA was extracted from pools of 35 morulae (93 h post-hCG injection) that had been
injected with either scrambled control or Smchd siRNA (5 pools each). Each pool of
embryos was an independent biological replicate. RNA was extracted using the PicoPure
RNA Isolation kit (Life Technologies, Grand Island, NY) with DNAse digestion to remove
any contaminating DNA. Aliquots of approximately half of each sample were processed
through the Ovation RNA-Seq System v2 using the Ribo-SPIA™ Technology (Nugen, San
Carlos, CA), followed by fragmentation to 300 bp using a Covaris sonicator, and a brief S1
nuclease digestion as described (Head et al., 2011). After purification and end repair, cDNA
was processed through the Ovation Ultralow DR Multiplex Systems 1-8 and 9-16 for end
repair, barcoding and final library production.

Barcoded libraries were pooled, loaded on flow cells and sequenced with Illumina HiSeq
2500 in rapid run mode to generate 50 nucleotide single-end reads. To enhance effectiveness
of cluster identification, samples were loaded at 65% of optimal loading concentration,
along with PhiX Control library (Illumina, San Diego, CA) — adapter-ligated library
obtained from randomly sheared PhiX DNA — added at 10% of loading concentration to
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increase read sequence complexity. The total numbers of PF (passed-filter) reads was 37.3 to
38.5 million (Table 1). Fraction of Q30 bases was 91% to 93% and average Q was 36.2 to
36.9.

Reads were aligned using TopHat2 (Kim et al. 2013) to mouse genome assembly
GRCm38.p4. Reads aligned to ribosomal and transfer RNA (rRNA, tRNA) were removed. A
total of 12.5M to 14.7M reads were aligned to unique non-rRNA/non-tRNA gene transcript
sequences. Cuffdiff (Trapnell et al. 2013) was used for quantification and differential
expression analyses; genes with g-value (false discovery rate) below 0.05 were considered
differentially expressed (DE) genes (DEGS).

Embryos were stripped of zonae pellucidae using acidified Tyrode’s buffer and then washed
in M2 medium. Embryos were counted, divided into groups, and then transferred clean
microcentrifuge tubes where they were counted again. Embryos were extracted with 40 ul of
PicoPure Extraction Buffer and incubated for 30 min at 42°C.

For some studies, RNA was isolated using the Arcturus (Life Technologies) PicoPure RNA
Isolation kit and reverse transcribed into cDNA using Quanta gScript cDNA Supermix
(QuantaBio, Beverly, MA). Master mixes for each target were assembled using 5 ul of
Tagman Universal gPCR mix and 0.5 pl of probe per well. Sample master mixes were
prepared with a 1.5 dilution with nuclease free MilliQ water and samples were loaded onto a
384-well plate using an Eppendorf (Hauppauge, NY) epMotion M5073 liquid handler in 5 pl
quantities. qRT-PCR was performed on a QuantStudio™ 7 Flex Real-Time PCR System
(Life Technologies/Applied Biosystems) with standard Tagman chemistry. Primers and their
efficiencies are described (Table 2). Data were preprocessed (baseline subtraction, threshold
identification, outlier removal) and analyzed (relative gene expression AACt approach) with
QuantStudio™ 6 & 7 Flex Real-Time PCR System software. Relative Quantity (RQ) values
for control and SMCHD1 KD samples were compared using unpaired two-tailed t-test
assuming equal variance to identify differentially expressed genes, and Benjamini-Hochberg
procedure (Benjamini Y 1995) was applied due to multiple testing. The endogenous
standard used was either Upstream binding transcription factor (Ubtf) or Ribosomal protein
L18 (Rp/18). Ubtfwas employed in initial studies to assess success of mMRNA depletion with
Smchdl siRNA knockdown. Rp/18was selected for later studies at the morula stage
examining effects of sSiRNA knockdown on the expression of mRNAs identified as affected
in the RNAseq analysis, as RNAseq data revealed it to be highly constant in expression level
with minimal variance at that stage.

Other studies used embryos from Cax2%/~ inter se matings to test for effects of Cdx2
mutation on Smchdl expression. Individual embryos were transferred to 20 pl of PicoPure
Extraction Buffer (Arcturus Biosciences), and RNA isolation was performed according to
the manufacturers protocol. Single-blastocyst qRT-PCR was performed to quantify Caudal-
type homeobox transcription factor 2 (Cax2), Eomesodermin (Eomes), Smchdl and keratin
8 (Krt8) mRNAs as described (Blij et al., 2012; Ralston and Rossant, 2008; Strumpf et al.,
2005). Cax2™~ genotype was inferred based on lack of detectable Cax2, and low expression
of Eomes, and Krt8. Wild type and Cax2~”/* genotypes were inferred by plotting expression
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values for Cax2 versus the expression of the positively regulated CDX2 target genes, £omes
and Krt8. Embryos with high levels of Cax2, Eomesand Krt8, were designated as wild type,
and those with moderate Cax2, Eomesand Krt8expression were designated as Cdx2”*. For
analysis of Smchd1 knockdown effects, Cax2*/* and Cdx 2"/~ embryos were grouped
together for comparison to Cdx2~~ embryos. Primers employed are described (Table 2).
One-way ANOVA was performed to assess significance of differences between genotypes
using GraphPad Prism version 7.0a for Mac (GraphPad Software, La Jolla CA).

Ingenuity Pathway Analysis

Differentially expressed genes (DEGS) identified by RNAseq analysis (q<0.05) were
uploaded into QIAGEN Ingenuity Pathway Analysis® (IPA, Redwood City, CA) and
subjected to Core Analysis, in particular Canonical Pathway (CP) analysis, Disease and
Functions (D/F) analysis, Upstream Regulator (UR) analysis, and Network analysis. For CP,
D/F and UR analysis, IPA calculates overlap p-values, taking into account the number of
DEGs and the number of all molecules in knowledge database that are implicated in that
pathway (implicated in increase or decrease of disease/function; regulated by upstream
regulator), as well as the total number of DEGs and the total number of molecules in
knowledge database. In addition to overlap p-values, z-scores are calculated for CPs, D/Fs,
and URs, which are based on how many DEG’s direction of change (upregulation or
downregulation) is consistent with activation (z>0) or inhibition (z<0) of CPs and URs, and
with increase (z>0) or decrease (z<0) of D/Fs. Since P(|z|>1.96)~0.05 for normal N(0,1)
distribution, we consider CPs, URs and D/Fs with z>1.96 to be significantly activated or
increased, and those with z<-1.96 to be significantly inhibited or decreased. Additionally,
IPA uses a greedy algorithm to construct networks that incorporate DEGs — with some
additional genes or other molecules where needed — in an attempt to reproduce possible
mechanistic networks.

Data availability

Results

RNAseq data from this study are available in the Gene Expression Omnibus (GEO accession
number GSE92936) at http://www.nchi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE92936.

Smchd1l protein and mRNA expression in oocytes and early embryos

Our first step in assessing the role of SMCHDL in early embryogenesis was to evaluate
temporal patterns of SMCHD1 expression by IFCM (Figure 1B). We observed periodicity in
the intensity of nuclear SMCHD1 expression (Figure 1B), with peaks in mid 2-cell, 4-cell,
and morula stages. Our previous study revealed Smchdl mRNA expression mouse MII stage
oocytes (Cheng et al. 2013). Microarray data for mouse oocytes and embryos (Zeng et al.
2004a; Zeng et al. 2004b) also revealed Smchal mRNA expression in germinal vesicle (GV)
stage oocytes and at all stages of preimplantation development. Other published
transcriptome data indicate a two-fold higher level of Smchdl mRNA expression in ICM
cells compared to whole blastocysts (Aksoy et al. 2013a; Aksoy et al. 2013b). The high level
of expression in oocytes, comparable to expression throughout cleavage, indicates that
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maternal oocyte-mediated Smchdl expression is significant, and may contribute to
chromatin regulation during early cleavage stages.

Effects of siRNA knockdown on preimplantation development

We next assessed the impact of Smchd1 deficiency on preimplantation development by
siRNA injection into fertilized zygotes followed by embryo culture. Because of the
substantial contribution of oocyte-derived Smchdl mRNA to expression in zygotes and early
cleaving embryos, an siRNA knockdown approach was chosen, for its ability to reduce both
maternal and embryonically expressed Smchadl expression. Quantitative reverse
transcription and polymerase chain reaction (QRT-PCR) and IFCM revealed 75-85%
reduction in Smchdl mRNA at the 4-cell, 8-cell and morula stages (Figure. 2A), and 63%
reduction in SMCHDZ1 protein for the morula stage (Figure 2B), compared to controls that
received the scrambled siRNA. In Smchdl knockdown embryos, Smchdl mRNA (Figure
2A) and protein (not shown) expression began to recover after the morula stage, consistent
with the later burst of expression seen in normal embryos (Figure 1B).

Smchdl siRNA injection led to a significant increase in the number of morula arresting
before the blastocyst stage (p < 0.05) and to a significant reduction in the number of
blastocysts hatching by about one third (p < 0.01), compared to scrambled siRNA controls
(Table 3). Examination of DAPI stained nuclei in morula stage embryos indicated possible
reduction in nuclear volumes with siRNA knockdown (Figure 2B). Quantitative
measurements of nuclear volumes in morulae confirmed a significant reduction in average
nuclear volume at the morula stage (Table 4). Blastocyst total cell number was reduced by
12% (p < 0.02) (Table 5). The number of ICM cells in Smchdl knockdown late stage
blastocysts was reduced by 17% compared to control blastocysts (p < 0.001). The minor
reduction in TE cell number was not statistically significant (p = 0.104) and there was no
significant change in overall ICM:TE ratio (Table 5).

Term development effects

Because homozygous mutant Smchdl females are not viable, and because Smchdl is
expressed in the oocyte, previous studies have not revealed whether early Smchdl deficiency
impairs embryo viability to term. Zygotes injected with scrambled control or Smchdl
SiRNA were transferred to pseudopregnant foster mothers at the 2-cell stage (Table 6).
Viability to term after Smchdl knockdown was reduced from 76% to 47% of the embryos
transferred (p < 0.005). There was no apparent deficiency in females (10 of 18) among
knockdown pups that survived to 3 weeks of age. The reduction in viability of Smchd1
knockdown embryos to ED8.5 was less severe (88 vs. 72 %, p < 0.005). These observations
indicate that Smchdl expressed during preimplantation development is important for
development to term.

Response to ultraviolet light exposure

Because Smchdl contributes to DNA repair (Coker and Brockdorff 2014) we tested whether
a reduced DNA damage response could contribute to phenotypic abnormalities described
above. DNA damage was assessed in embryos by IFCM for phosphorylated H2AX, which
reveals DNA damage in cleaving mouse embryos, e.g., following zygotic H,O, exposure
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(Qian et al. 2016). Zygotes were injected with Smchdl or scrambled control siRNA and then
cultured to the 8-cell stage, exposed to UV-C irradiation, and then fixed after 1 h of further
culture. We observed no reduction in response to UV-C exposure, as measured by phospho-
H2AX labeling of nuclei, with Smchd1 knockdown (Figure 3). Thus, a major deficiency of
DNA damage response does not appear to be a significant factor in the effects of Smchdl
SiRNA knockdown.

Effects of Smchdl siRNA knockdown on embryonic gene expression

The results above revealed a significant effect of Smchdl siRNA knockdown on morula and
blastocyst development, associated with long-term effects on term development. Given that
SMCHDL1 regulates a large number of genes in other contexts, Smchd siRNA knockdown
could affect a large number of genes in preimplantation embryos. To determine effects of
siRNA knockdown on embryonic gene expression, we performed RNAseq comparisons of
knockdown and control embryos (5 independent pools of each, 35 embryos per pool) at the
morula stage, when knockdown is maximal. A total of 88 genes displayed significant (q <
0.05) differential expression. Of these, 25 exhibited 1.5-fold or greater increase in expression
(4 at the level of 2-fold or greater), and 19 1.5-fold or greater decreases in expression (6 at
the level of 2-fold or greater) (Table 7).

The RNAseq analysis confirmed that the SmchdZ mRNA was reduced by more than 70%.
Other genes displaying large reductions in expression and lowest g value (0.0122) included
Nt5¢3b (5°-nucleotidase, cytosolic 111B; FC=3.7), Ccr4 (Chemokine (C-C motif) receptor 4;
FC=2.7), Slc19a3 (solute carrier family 19, member 3; FC=2.0), Rps4/ (Ribosomal protein
S4 like, FC=1.9), Kirg2 (killer cell lectin-like receptor subfamily G, member 2; FC=1.8) and
SkpZ2 (S-phase kinase-associated protein 2, a.k.a. p45; FC=1.7). Genes with the strongest
increases and lowest g values included Magea5 (Melanoma antigen family A, protein 5,
FC=3.5), Dppal (Developmental pluripotency associated 1; FC=2.1), the imprinted gene
Peg10 (Paternally expressed gene 10; FC=1.9), T7ap2a (Transcription factor AP-2, alpha;
FC=1.8). These latter genes are associated with TE lineage development, consistent with
precocious and/or increased expression of at least a subset of TE-related genes in Smchdl
knockdown embryos.

We also assessed effects of Smchd1 knockdown on X-linked genes and on imprinted genes.
There was no selective enrichment for X-linked genes among the DEGs identified by
RNAseq. Aside from the imprinted gene Peg10, only one other imprinted gene (/g72r,
Insulin-like growth factor 2 receptor) was affected, with 1.36-fold lower expression. Thus, at
the morula stage, Smchdl deficiency did not exert a widespread effect on X-linked or
imprinted genes.

To extend the analysis of SmchdI-regulated genes and the effects of Smchadl siRNA
knockdown on their expression, qRT-PCR was applied to an expanded set of samples of
morula and blastocyst stage embryos (up to 7 biological replicates of morula stage and 3
replicates of blastocyst stage embryos) (Table 8). For six of the eight mRNAs successfully
tested, gRT-PCR confirmed effects of Smchd knockdown. The Pegl10 mRNA was poorly
detected at the morula stage by qRT-PCR, but additional gRT-PCR analyses of blastocyst
stage embryos confirmed changes in PegZ0 mRNA expression (Table 8). Effects on the
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expression of AT-rich interacting domain-containing protein 3A (Arid3a) mRNA were not
confirmed by gRT-PCR for morula or blastocyst stage embryos. The 77ap2a mRNA tended
to be increased in expression at the morula stage, but its expression was highly variable in
morula samples, and no statistically significant difference was seen at the blastocyst stage. It
is noted that developmental profiles of these mMRNAs indicate peaks of expression at
different stages (Zeng et al. 2004b), which could have affected reproducibility and
sensitivity of measurements by qRT-PCR.

Ingenuity Pathway Analysis

Ingenuity Pathways Analysis (IPA) was employed to identify biological pathways and
processes affected by siRNA-mediated Srmchdl deficiency. One biological function (cell
death) displayed a significant positive z-score (z > 1.96) indicating increased activity. Cell
proliferation was also significantly affected (multiple entries p = 4.9 x 1072 to 1.8 x 107%)
with several entries having negative z-scores below the level of significance consistent with
possible inhibition. These results suggest that the negative effect of Smchdl siRNA on
embryo cell number could reflect a combination of increased cell death and reduced cell
division. Affected canonical pathways included protein ubiquitination, which encompasses a
known function for SkpZ2, one of the genes affected by Smchd siRNA knockdown.

CDX2 represses Smchd1l expression

Our observations suggest a possible role for SMCHDL regulating genes differentially
associated with the TE and ICM lineages. To investigate SmchdZ regulation further in these
two lineages, we examined Smchdl expression in embryos lacking CDX2, a transcription
factor that is essential for promoting TE gene expression and repressing ICM genes within
the developing TE (Strumpf et al., 2005), and which binds to the Smchd1 gene (Nishiyama
et al. 2009). We harvested ED3.5 and ED4.25 blastocysts from Cdx2~* inter se matings
(Figure 4) and examined the expression of Cax2and its targets, Krt8and Eomes (Ralston et
al., 2008) by qPCR. As expected, Cdx2and Kri8expression was significantly decreased in
Cdx2™~ embryos compared to non-mutant (p=0.0018 and p<0.0001, respectively) and
ED3.5 and ED4.25. Eomes expression followed this trend, but differences were not
significant at ED3.5 (p=0.128). We next examined expression of Smchd1 in Cax2 null and
control blastocysts. Loss of Cax2resulted in a significant increase in Smchdl expression in
Cdx2™~ embryos compared to non-mutant controls at ED3.5 (~2-fold overall, p=0.0003),
attributable to a large increase in Smchd mRNA expression in a subset of embryos (~5-fold
in three of the embryos assayed). At ED4.25, elevation of Smchd1l mRNA expression was
more prominent, with 3 of 4 embryos displaying notably elevated expression compared to
non-mutant controls (p=0.0019). At both stages, the increase in Smchdl mRNA expression
brought on by Cax2 deficiency displays a notable degree of inter-embryo variation. Overall,
these results indicate that CDX2 represses Smchdl expression, and may enrich Smchdl
expression in the ICM and thereby inhibit TE-related gene expression.

Discussion

Our results reveal important, novel roles for SMCHD1 during preimplantation development,
modulating genes that are differentially expressed between the two primary lineages, and
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promoting cell survival and proliferation. These crucial early preimplantation functions for
SMCHD1 were not detected previously in embryos from heterozygous Smchdl mutant
crosses, most likely because such crosses do not eliminate the maternal supply of Smchd1
mRNA and protein present in the oocyte. These preimplantation functions contribute to
long-term embryo viability and successful pregnancy. SMCHD1 deficiency in the
preimplantation embryo, mediated by siRNA knockdown, impairs blastocyst formation and
hatching, reduces cell number, and impedes cell cycle progression as evidenced by reduced
nuclear volume at the morula stage. Viability to term was more severely impacted than
viability to ED8.5, further indicating persistent, long-term effects of early preimplantation
SMCHDL1 deficiency. These results reveal preimplantation roles for SMCHDL1 in early
programming of the embryonic genome that support long-term development.

The up-regulation of such lineage-related marker genes at the morula stage following
Smchd1 knockdown, including some that are upregulated later in development of the TE
lineage and placenta, is reminiscent of other studies (e.g., CHD4 ablation) in which multiple
lineage-appropriate marker genes display precocious and/or continued expression leading to
indeterminate lineage specification (O’Shaughnessy-Kirwan et al. 2015). Deficiency or
Smchd1 may thus lead to precocious and/or prolonged expression of certain lineage-related
genes, resulting in the establishment of intermediate cell states with a mixed marker gene
expression profile and inadequate specialization, compromising long-term viability. Such a
subtle mode of gene modulation leading to intermediate cell states would account for the
lack of a major shift in ICM:TE ratio, but nevertheless a significant quantitative negative
effect on embryo viability owing to disruptions in cellular specialization coupled with
impact on pluripotency maintenance.

There was no selective effect of Smchad deficiency on X-linked gene expression. This was
not surprising, because X chromosome inactivation (XCI) is very limited in the
preimplantation embryo. Although embryonic Xisttranscripts can be detected as early as the
two-cell stage, XCI appears limited to genes near the X chromosome inactivation center
during most of preimplantation development, with evidence of spreading of the inactivation
as embryos reach the blastocyst stage (Latham 1996). Indeed, gynogenetic and
parthenogenetic embryos, which do not possess imprinted X7stalleles and do not undergo
early XCI nevertheless form blastocysts. Thus, although Smchdl deficiency impacts XCl in
postimplantation stage embryos, this is not a significant feature of the preimplantation
effects of SIRNA knockdown.

The effect of Smchd1 siRNA knockdown on cell number and nuclear volume could occur
via SKP2. SKP2 is an E3 ligase and substrate recognition component of the SKP1-Cullin-
Fbox (SCF) protein complex, which controls the transition from G1 to S phase of the cell
cycle (Nakayama et al., 2000). SKP2 also associates with E1A binding protein/p300 to
inhibit TP53-mediated apoptosis (Kitagawa et al. 2008), another function consistent with
effects highlighted in our IPA results. Reduced cell division and increased cell death due to
diminished SKP2 expression could thus account for reduced blastocyst cell number, while
slower progression from G1 to S phase could account for reduced nuclear volumes in
morulae following Smchdl siRNA knockdown.
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By regulating the CIP/KIP class of cyclin-dependent kinase inhibitors, SKP2 also modulates
signaling through RHO-ROCK (Ras homolog gene family member a, - RHO-associated
coiled-coil containing protein kinase 1), affecting cytoskeleton formation and cellular
polarity (Besson et al., 2004), which is known to impact Hippo pathway signaling (Kono et
al. 2014; Mihajlovic and Bruce 2016). Thus, Smchdl may, through SkpZ2, promote
proliferation, survival, and polarization required for the emergence of the TE lineage.
SMCHD1 knockdown could thus impact both early lineages, reducing numbers of both cell
types, with minimal change in ICM:TE ratio.

RNAseq and qRT-PCR analyses revealed reduced expression of the Nt5c36 mRNA.
NT5C3B mediates the hydrolysis of 7-methyl GMP to 7 methyl guanosine, which can
modulate mMRNA translation. This deficiency could modulate the timely translation of
maternal mMRNASs during early cleavage stages.

Another striking aspect of these results is that significant phenotypic perturbations in
blastocyst stage embryos are achieved despite partial recovery of Smchdl expression in
blastocysts, with a subsequent diminishment in survival to birth, and a more severe effect on
term development as compared to development to ED8.5. Whether reduced term
development is solely due to compromised blastocyst viability, or is also partly due to gene
programming abnormalities arising during cleavage stages with SMCHD1 deficiency is
unknown. In humans, SMCHD1 mutations display autosomal dominance, partial penetrance,
and variegated effects (Daxinger et al. 2015; Lemmers et al. 2012; van den Boogaard et al.
2016). While studies of effects of Smchdl mutations in mice reveal lethal developmental
defects and effects on DNA methylation across the genome at later stages, more subtle
effects have not been explored. Our data indicate that early SMCHD1 deficiency, even if
transient, may inhibit essential epigenetic changes at small subsets of target genes, leading to
significant defects in developmental programming of embryonic genomes during cleavage
that disrupt later events and long-term development.

These results extend the known functions of SMCHD1 to the preimplantation period. Our
RNAseq analysis identified novel effects of SMCHD1 on gene expression and IPA analysis
provides new insight into additional biological pathways and functions impacted by
SMCHDL. The phenotype following Smchd1 knockdown indicates crucial roles for
SMCHDL1 in promoting cleavage, inhibiting apoptosis, supporting blastocyst formation and
hatching, and contributing to the establishment of cell lineage identities. Additional roles
may include modulating mRNA translation, cell shape, and cell adhesion during cleavage,
and early embryonic genome developmental programming processes. Further studies of
SMCHDL1 function in the early embryo could reveal additional effects of Smchdl mutations
on reproduction, fertility, and organogenesis, and improve our understanding of how
SMCHDI mutations may affect human development health.
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Detection of SMCHD1. A. Western blot testing of SMCHD1 antibody specificity. Blot was
reacted withantibodies to mouse SMCHD1 and Actin. M, protein ladder; 1, embryo stem
cells; 2, mouse embryonic fibroblasts. B. Expression of SMCHD1 in preimplantation
embryos. Immunofluorescence confocal microscopy analysis of SMCHD1 expression
during preimplantation development. Results were replicated across 2 independent
collections for each stage. Embryos were fixed at the following times (hours post-hCG
injection) during in vitro culture: 1C (n=16, 24 h), E2C (n=6, 32 h), M2C (n=8, 41 h), L2C
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(n=7, 44 h), EAC (n=16, 51 h), M4C (n=12, 57 h), LAC (n=21, 67 h), M8C (n=10, 76 h),
LMor (n=6, 92 h), EB (n=10, 92 h), XB (n=7, 116 h), , and LB (n=6, 120 h). Note the
periodic enrichment of SMCHD1 in nuclei at mid 2-cell (M2C), 4-cell (4C), 8-cell (8C) and
morula (Mor) stages. E = early, M = mid, L = late. Mor = morula, EB = early blastocyst, XB
= expanded blastocyst, HB = hatched blastocyst. Bar = 20 um.
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SMCHD1

DAPI

DIC

Figure 2.
Confirmation of siRNA knockdown of SMCHD1. A: gRT-PCR analysis of Smchdl mRNA

fold expression ratio following zygotic microinjection of Smchdl siRNA versus scrambled
control siRNA. Data are the mean of the ratio (£ s.e.m.) of knockdown: scrambled control
injected embryos, calculated from 3 independent trials of 8-cell (=20, 72 hphCG) and
blastocyst (h=20,108 hphCG) stage embryos, and 5 independent trials of 4-cell (n=20, 66
hphCG) and morula (n=20, 92 hphCG) stage embryos. Statistical significance of difference
between Smchdl and scrambled control siRNA injected embryos was tested by two-tailed
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paired t-tests assuming equal variance and p-values were adjusted for multiple testing; (*
indicates p <0.05; ** indicates p < 0.005). Relative expression values (RQs) were calculated
using Ubtfas the internal reference gene. B: Immunofluorescence detection of SMCHDL in
morula stage embryos (92 hphCG) following zygotic microinjection of scrambled control
and Smchadl siRNA. Left panels, scrambled siRNA injection controls. Right panel, Smchdl
SiRNA injected embryos. Representative images of embryos are shown. Knockdown was
confirmed in seven independent replicate studies. Top row, SMCHD1 localization; Middle
row, DAPI DNA staining; Bottom row, Differential interference microscopy images; Note
also the smaller diameter, reduced nuclear dimensions, and cytoplasmic irregularities in the
knockdown embryos (right) compared to scrambled siRNA controls (left). Note smaller
embryo diameters and smaller nuclei in knockdown embryos (Table 4). Bar = 20 um.
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Figure 3.
Smchd1 knockdown does not affect early embryonic DNA damage response. A:

Representative images showing immunofluorescence confocal detection of histone H2AX in
embryos with and without prior UV-C treatment. B. Quantitation of nuclear staining for
histone H2AX in embryos with (9 control and 8 Smchd1 knockdown embryos) and without
(3 control and 3 Smchd1 knockdown embryos) prior UV-C treatment. Bars show the mean
(z s.e.m.) of relative intensity units. Mean values between scrambled control and Smchd1
siRNA knockdown embryos were not significantly different. UV-C treated control and
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Smchd1 knockdown embryos were significantly different from untreated embryos (p< 0.01
and p < 0.001, respectively). Embryos were imaged on an Olympus IX-71 microscope
equipped with a Retiga-6000 camera system (Qimaging, Surrey, British Columbia, Canada).
Image analysis was performed using NIS-Elements AR3.1 software and differences
evaluated by two-tailed t-test assuming equal variance.
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Effect of Cax2 gene mutation on Smchdl mRNA expression. Smchdl mRNA is expressed
more highly in Cdx2~/~ embryos as compared to homozygous and heterozygous embryos
(ED3.5). A: Expression of genes in ED3.5 blastocysts. Cax2, Eomes, Krt8and Smchdl
mRNAs were quantified relative to p-actin in wild type, Cdx2~"* and Cdx2~/~ blastocysts.
Individual dots represent single blastocysts. B: Expression of genes in ED4.25 blastocysts.
Mean expression values (+ s.e.m.) for each genotype, normalized to p-actin, is indicated.
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Genotypes of embryos were inferred as described in Methods. One-way ANOVA was
performed to assess significance of gene expression.
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Table 1.

Sequencing Quality Control and Alignment Statistics

Sequencing output (M

% of bases

Aligned to GRCm38

Page 25

Aligned to unique

Treatment Bio. Repl. # of PF reads) Q=30 Avg Q  genome (M of reads) genes (M of reads)

1 38.5 93.0 36.93 33.8 14.6

2 37.9 91.7  36.40 32.0 13.8

scrambled siRNA 3 37.8 92.3  36.65 31.9 14.7
4 384 92.1  36.57 32.7 13.7

5 37.4 91.1  36.20 323 125

1 37.3 916  36.38 322 12.9

2 37.3 91.0 36.17 30.5 13.2

Smchdl KD siRNA 3 375 91.2  36.22 32.0 13.3
4 37.6 92.1  36.56 31.0 13.4

5 37.8 91.7  36.38 31.7 12.7
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Primers for gPCR

Table 2.

Target  Assay Sequence/Catalog # Primer Efficiency (%)

Arid3a  Tagman Mm00492248_m1 96.6

B-Actin  Syber Green  F-CTGAACCCTAAGGCCAACC
R-CCAGAGGCATACAGGGACAG

cax2 Syber Green  F-AGACAAATACCGGGTGGTGTA
R-CCAGCTCACTTTTCCTCCTGA

Dppal Tagman Mm00626454_m1 92.9

Eomes  Syber Green F-TGTGACGGCCTACCAAAACA
R-GCCGTGTACATGGAATCGTAG

lgfer Tagman MmO00439576_m1 96.5

Krt8 Syber Green  F-CTTCATTGACAAGGTGCGCTT
R-TTGCTCCTCGACGTCTTCTG

Ntbc3b  Tagman Mm00518281_m1 92.4

Pegl0 Tagman MmO01167724_m1 100

Rpl18 Tagman MmO02745785_g1 100

Skp2 Tagman MmO00449925_m1 97.6

Smchdl  Tagman MmO00512253_m1 89.3

Smchdl  Syber Green F-TACTGACGGCGACGAAAGAAA
R-CTCTGCAAGAGCAAATGGCAAA

ubtf Tagman MmO00456972_m1 93.9
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Table 3.
Effect of Smchdl KD on preimplantation development

Page 27

Avrrested (% of Blastocysts (% of Hatched (% of Not hatched (% of
SIRNA No. expts TOTAL) TOTAL) TOTAL) TOTAL) TOTAL
Scrambled 8 13 (7) 164 (93) 94 (53) 70 (40) 177
Smchd1 8 27 (15) 150 (85) 61 (34) 89 (50) 177

*
p<0.05

Ak
p < 0.01 by chi-squared test
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Table 4.
Effect of Smchdl KD on morula nuclear diameter
siRNA no. expts | Nuclear Vol. (fL) avg (s.d.) | No. Nuclei | Nuclei/Morula avg
scrambled 2 498 (105) 48 29.6
Smehd1 2 257 (24) ™" 42 23.9
"< 0.0001

*:

*
p < 0.001 by two tailed t-test assuming equal variance
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Table 5.

Effect of Smchdl KD on blastocyst cell number and allocation

siRNA ICM TE TOTAL ICM:Total ICM:TE n

no.expts avg(s.d.) avg(sd) avg(sd) avg(s.d.) avg (s.d.)

Scrambled 7 24(3.9) 67(17) 91(18)  0.27(0.06) 0.35(0.15) 23
Smchd1 7 202.9)""  60(11)  80(12)F  0.25(0.03) 0.33(0.07) 23
*

p<0.02

Hk
p < 0.001 by two-tailed t-test assuming equal variance
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Table 6.

Effect of Smchdl KD on post-implantation development

Page 30

Term/2cell (%0)

No. Expts (embryo transferred per side)  d 8.5/2cell (%) No. Expts (embryo transferred per side)

Control 34/45 (76)

SiRNA  21/45 (47)

3(7/8,7/8,7/8) 44/50 (88) 3(10,10,5)

3(7/8,7/8,7/8) 36/50 (72) * 3(10,10,5)

*
p <0.05

AA
p < 0.005 by Chi squared test
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Table 7.

Genes differentially expressed in Smchd siRNA knockdown embryos

Upregulated genes (fold-change = 1.5)

Gene Symbol Gene Name g-value  Fold-Change KD/scrambled
Magea5 melanoma antigen, family A, 5 1.22E-02 3.47
Widc2 WAP four-disulfide core domain 2 3.44E-02 2.52
Prss42 protease, serine 42 2.92E-02 2.50
Dppal developmental pluripotency associated 1 1.22E-02 2.07
Spatal3 spermatogenesis associated 13 1.22E-02 1.98
Peg10 paternally expressed 10 2.92E-02 1.93
Mbp myelin basic protein 1.22E-02 191
Npm3-ps1 nucleoplasmin 3, pseudogene 1 4.58E-02 1.86
TfapZa transcription factor AP-2, alpha 1.22E-02 1.76
Ripply3 ripply transcriptional repressor 3 3.44E-02 1.74
Ank progressive ankylosis 1.22E-02 1.64
Lemt2 leucine carboxyl methyltransferase 2 1.22E-02 1.64
Ppplri6b protein phosphatase 1, regulatory (inhibitor) subunit 16B 1.22E-02 1.59
Arid3a AT rich interactive domain 3A (BRIGHT-like) 1.22E-02 1.58
Tspan8 tetraspanin 8 2.92E-02 1.57
Stats5b signal transducer and activator of transcription 5B 1.22E-02 1.57
Adprhl1 ADP-ribosylhydrolase like 1 1.22E-02 1.56
Hspb8 heat shock protein 8 1.22E-02 1.55
Torda torsin family 4, member A 1.22E-02 1.55
Gm42372 predicted gene, 42372 1.22E-02 1.53
Oscpl organic solute carrier partner 1 1.22E-02 1.53
Rapgef4 Rap guanine nucleotide exchange factor (GEF) 4 3.99E-02 1.52
Gm32113 predicted gene, 32113 3.44E-02 1.52
Gm30141 predicted gene, 30141 1.22E-02 1.52
Gm11525 predicted gene 11525 1.22E-02 1.52
Downregulated genes (fold-change = 1.5)

Gene Symbol Gene Name g-value  Fold-Change scrambled/KD
Nt5c3b 5’-nucleotidase, cytosolic 111B 1.22E-02 3.73
Smchadl SMC hinge domain containing 1 1.22E-02 3.58
Clu clusterin 3.99E-02 2.70
Ccrd chemokine (C-C motif) receptor 4 1.22E-02 2.69
Hspala heat shock protein 1A 2.92E-02 2.35
Slc19a3 solute carrier family 19, member 3 1.22E-02 2.02
Rps4l ribosomal protein S4-like 1.22E-02 1.94
Kirg2 killer cell lectin-like receptor subfamily G, member 2 1.22E-02 1.75
Gm7969 predicted gene 7969 1.22E-02 1.72
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Upregulated genes (fold-change = 1.5)

Gene Symbol Gene Name g-value  Fold-Change KD/scrambled
Skpz S-phase kinase-associated protein 2 (p45) 1.22E-02 1.71
Siglecg sialic acid binding Ig-like lectin G 2.92E-02 1.69
Prkfb3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 1.22E-02 1.69
Enpp3 ectonucleotide pyrophosphatase/phosphodiesterase 3 2.24E-02 1.68
Psmc2 proteasome (prosome, macropain) 26S subunit, ATPase 2 1.22E-02 1.67
Ficd FIC domain containing 1.22E-02 1.56
Limal LIM domain and actin binding 1 1.22E-02 1.54
Pton22 protein tyrosine phosphatase, non-receptor type 22 (lymphoid)  3.99E-02 154
Famb0a family with sequence similarity 50, member A 1.22E-02 1.53
Gpkow G patch domain and KOW motifs 1.22E-02 1.50
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Table 8.

Page 33

Quantitative RT-PCR analysis of mMRNA expression changes with Smchadl siRNA knockdown at morula and

blastocyst stages.

Morula Blastocyst

Gene FCl p—value2 q—value3 n4 FC1 p—value2 q—value3 n4
Aridza™*  —1.034 0.867 0.867 5 N/A N/A N/A
Dppal* 3.619 0.002 0.014 6 N/A N/A N/A
1gr2r” -1.383  0.028 0039 6 NA N/A N/A
Nit5e3b™ -3.480 0.011 0.039 5 N/A N/A N/A
Nitsesp™  —4.247  0.00007 0.001 7 N/A N/A N/A
PngO** -1.055 0.431 0.464 4 1.461 0.023 0.036 3
SkpZ* -1.619 0.018 0.032 5 N/A N/A N/A
Skpz** -1.441 0.002 0.009 7 N/A N/A N/A
Smcha1”  —6.441 0.014 0.033 5 N/A N/A N/A
Smchd1™™  —4.842 0.012 0.034 5 -1.830 0.017 3

0.416 0.529 5 1.074 0.428 3

Thpza* 1402

1 . . . . .
) Fold-change (positive: upregulated by Smchd siRNA knockdown, negative: downregulated); relative expression values (RQs) were calculated
using Rp/18as the internal reference gene.

2
) T-test p-value.

3)
4

*
SPIA amplified cDNA as template

*:
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Number of biological replicates per group.

ok
Unamplified cDNA as template, N/A, not analyzed.

q = p-value adjusted by Benjamini-Hochberg procedure
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