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Abstract

Background: Progression through mammalian embryogenesis
involves many interacting cell types and multiple differentiating cell
lineages. Quantitative polymerase chain reaction (QPCR) analysis of
gene expression in the developing embryo is a valuable tool for
deciphering these processes, but normalisation to stably-expressed
reference genes is essential for such analyses. Gene expression
patterns change globally and dramatically as embryonic development
proceeds, rendering identification of consistently appropriate
reference genes challenging.

Methods: We have investigated expression stability in mouse
embryos from mid to late gestation (E11.5-E18.5), both at the whole-
embryo level, and within the head and forelimb specifically, using 15
candidate reference genes ( ACTB, 18S, SDHA, GAPDH, HTATSF1, CDC40,
RPL13A, CSNK2A2, AP3D1, HPRT1, CYC1, EIF4A, UBC, B2M and PAK1IP1),
and four complementary algorithms (geNorm, Normfinder,
Bestkeeper and deltaCt).

Results: Unexpectedly, all methods suggest that many genes within
our candidate panel are acceptable references, though AP3D1, RPL13A
and PAKTIP1 are the strongest performing genes overall (scoring
highly in whole embryos, heads or forelimbs alone, and in all samples
collectively). HPRT1 and B2M are conversely poor choices, and show
strong developmental regulation. We further show that normalisation
using our three highest-scoring references can reveal subtle patterns
of developmental expression even in genes ostensibly ranked as
acceptably stable ( CDC40, HTATSFT1).

Conclusion: AP3D1, RPL13A and PAKTIP1 represent universally suitable
reference genes for expression studies in the E11.5-E18.5 mouse
embryo.
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113783 Amendments from Version 1

We would like to thank all three reviewers for their excellent
questions and suggestions, which we have implemented
accordingly.

We have made several minor edits to the text to better place
our work in context, expanded the table of reference genes to
include accession numbers and amplicon sizes, made minor
edits and clarifications to Figure 2, and provided additional
extended data files detailing efficiency calculations for the gPCR
primer pairs used.

Any further responses from the reviewers can be found at
the end of the article

Introduction

The mouse (Mus musculus) is the principal model organism
for the study of mammalian embryonic development, offering
large litter sizes and a predictable gestation period (mating
in this species can moreover be timed with relative ease).
The stages of mouse embryonic development are thus well
documented'?, and given the conserved nature of mammalian
embryogenesis, can also be mapped across mammalian species
despite gestation times differing by more than an order of
magnitude (20 days in the mouse, 270 days in the human,
up to 645 days in the African elephant Loxodonta)’.

The earliest stages of development establish fundamental
morphological patterns: blastocyst formation, implantation and
establishment of polarity occur with the first five days (Embry-
onic days 1-5, or EI-ES5)*, with gastrulation and develop-
ment of the primitive streak following (E6-E8.5)°. Intermediate
stages (E8.5-E10.5) feature the cyclical ‘clock and wave’ of
somitogenesis’, the turning of the embryo, neural tube closure
and the laying down of organ precursor cell lineages, while
the later stages (E11.5 onward) involve maturation and
development of those organs'?. During this later period (from
E11.5 to EI8.5, see Figure 1) almost all limb development
occurs, from a primitive limb bud to an essentially mature state
complete with ossifying bones and fully-defined joints and
digits”, and similarly almost all skeletal muscle is laid down
(both primary and secondary myogenesis)'*'!. The head
undergoes a broad panel of changes, with the brain enlarging
and maturing'’, the palate closing and teeth forming', the
ears emerging, and during this period the eye progresses from
a simple indentation to a fully encapsulated globe (which is
subsequently sheltered beneath fused eyelids)'. More globally,
this later period also spans substantial changes in haematopoi-
esis (with the source of blood cells switching from the yolk
sac to the liver, and then subsequently to the bone marrow)",
maturation of the chambers of the heart'®, gradual replacement
of the mesonephros with the metanephros'’, and establishment
of the skin barrier"'s.

Although the morphological and developmental changes
during embryogenesis are well-characterised at the histological
level, understanding at the molecular level is less comprehen-
sive. The interactions of conflicting growth factors, signalling
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cascades and downstream transcriptional programs play a criti-
cal role in coordination of development, but the diversity of
cell types and the often transient nature of such interac-
tions renders these processes challenging to investigate. More
focussed data can be obtained by careful isolation of specific
embryonic tissues, however not all tissues are tractable to
such an approach, and restricting analysis in this fashion loses
wider developmental context. Recent technological advances
have permitted elegant studies of embryonic gene expression
down to single-cell level””, suggesting that detailed study of
the interactions between individual cell lineages might now be
possible, however such approaches also represent a substan-
tial undertaking both in time and resources. Furthermore, these
approaches are not without limitation: the whole transcriptome
nature of the method typically favours breadth over depth’':
large-scale changes involving many gene components will be
mapped well, while more specific, smaller-scale processes
can be missed. In particular, constraints in read depth mean
low abundance transcripts can be under-represented in such
datasets”, and thus more conventional methods remain vital
research tools.

Measurement of gene expression via qPCR (using cDNA
prepared from extracted RNA) is a comparatively inexpensive and
flexible means of measuring expression of specific gene targets,
including rare transcripts expressed at low levels or restricted
to minority cell populations. Given the quantitative nature of
this technique, normalisation of expression data is essential:
RNA extraction efficiency, RNA integrity and cDNA synthesis
efficiency all represent sources of variability that can obscure
genuine changes in gene expression, or create the appearance
of change where none exists (best summarised in the MIQE
guidelines*). Normalisation can be conducted using reference
genes: genes known to be stably expressed under the condi-
tions studied. RNA is an inherently labile molecule, however,
and cellular turnover at the transcript level is often both more
dramatic, and more rapid, than at the protein level. Genes
considered broadly appropriate for protein normalisation such as
GAPDH and ACTB (beta-actin) are historically popular choices,
but we and others have shown these often perform poorly as
references”™'. 18S ribosomal RNA is also used widely, but
this necessitates use of random priming in cDNA preparation
(rRNA lacks polyA tails, thus oligo dT priming will not reverse
transcribe /8S). Synthesis and degradation of ribosomal RNA
also differs from that of mRNA®, and the sheer abundance
of rRNA sequences could mask marked changes in the mRNA
pool (ribosomes represent ~80-90% of total cellular RNA,
while mRNA accounts for ~5%, thus mRNA levels could
change by a factor of two or more without significantly
altering measured rRNA content). Crucially, reference genes
suitable for one comparative scenario are not guaranteed to be
appropriate for another, and identification of reference genes
appropriate for the conditions studied represents a key step
in any qPCR-based investigation. Identification of appropriate
reference genes a priori is challenging, and various mathemati-
cal approaches exist: the geNorm*, Normfinder*’, Bestkeeper®,
and deltaCt*® methods all require a representative collection of
cDNA samples, and a broad panel of candidate reference genes,
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Figure 1. developmental timeline of mouse embryos used in this study. Progress from E11.5 to E18.5 involves marked increases in
size and mass and progressive accumulation of somite pairs. Within the head, multiple defined brain structures emerge over this period,
and neurogenesis peaks in different brain regions (as indicated). The eye matures, as do teeth. Within the forelimbs, development proceeds
from primitive limb bud through to joint and digit formation, maturation and ossification of long bones and emergence of nail primordia.
Within the body, the source of haematopoiesis shifts from the yolk sac to the liver, and thence transiently to the spleen before establishing
in the bone marrow; the lungs mature through primitive pseudoglandular stages to saccular morphology; the mesonephros of the kidney
degenerates and is replaced with the final metanephros. RPE: retinal pigmented epithelium.

but each assesses suitability via subtly different criteria (see
Extended data: reference gene analysis packages® for a more
detailed overview). Combining these complementary approaches
increases the power of investigations: individual rankings
might differ between methods, but truly strong candidates should
consistently score highly regardless of assessment method
(and discrepancies between methods can moreover highlight
interesting biological information, as reported previously”**).

The developing embryo represents an especially dynamic tran-
scriptional environment, transcriptional changes are likely to
be dramatic as development proceeds, making determination
of reference genes especially critical; such developmental
changes might be even more profound in a mammal with a short
gestation like the mouse. Several studies have investigated
appropriate references for earlier developmental stages, with a
focus on early morula/blastocyst formation*-*', or progression
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from blastocyst (E3.5) to mid organogenesis (E11.5)"%,
though these studies have produced conflicting results, with
ACTB scoring highly in some, but poorly in others (some
investigators have reported that embryonic reference gene
suitability might even vary by mouse strain®’). Less attention
has been dedicated to later stages of embryogenesis, where
cell and organ lineages are more established, and develop-
mental changes become consequently more focussed and
tissue-specific. Several studies have been conducted on specific
organs (such as the developing gonads*, heart” or thymus®),
but no specific study has addressed reference genes appropriate
for normalisation at the whole embryo level at these later
stages.

We have thus investigated reference genes appropriate for nor-
malising gene expression in whole mouse embryos collected
at EI1.5, ElI2.5, EI13.5, El4.5, EI15.5, El16.5 and EIS8.5,
spanning development from mid to late gestation. Given the
marked developmental changes that occur within the head and
the forelimbs over this period (Figure 1), we have also deter-
mined reference genes appropriate for these specific tissues (at
E13.5, E16.5 and E18.5). Our collection of samples is substantial
(N=3-5 per time point) and we have used a broad panel of
15 candidate reference genes (ACTB, 18S, SDHA, GAPDH,
HTATSF1, CDC40, RPLI3A, CSNK2A2, AP3DI, HPRTI, CYClI,
EIF4A, UBC, B2M and PAKIIP1 -see Table 1). This panel
includes candidates widely used historically (/8S, GAPDH,
ACTB)"*, those that we have shown be strong references in
mouse skeletal muscle (CSNK2A2, AP3DI, RPLI3A)>, and
also shown by others to be viable references in rodent brains
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(UBC, HPRTI, RPLI3A, 185)*". To maximise the power of
our study, we have assessed reference gene suitability using all
four algorithms described above (geNorm, deltaCt, BestKeeper
and Normfinder).

Methods

Ethics statement

We have previously demonstrated that N values of 3-5 per
time point/tissue are sufficient to obtain robust assessments of
reference gene suitability’®®, and to permit nuanced
comparative analysis. Given expected litter sizes of 5-9, we
determined that 10 pregnant females would be required to
generate sufficient samples (seven whole embryo time points,
three head/forelimb time points), A total of 70 mouse embryos
(strain C57BL/10) were obtained post-mortem from these 10
pregnant females: 35 embryos were used for this study (all
additional embryos were collected for a separate study). All
mice were bred under UK Home Office Project Licence,
approved by the Royal Veterinary College Animal Welfare
and Ethical Review Board (AWERB review number RVC
2018-0113N). Mice were held in individually ventilated cages
in a minimal disease unit at an average 21°C in a 12 hours
light/12 hours dark light cycle with food and water provided
ad-lib. Mating trios (one male, 2 females) were set up and
monitored each morning until all females had been mated (as
shown by a vaginal plug). All efforts were made to amelio-
rate any suffering of animals. At the required gestational age,
pregnant females were killed (schedule 1) via cervical
dislocation, with all embryos then killed via hypothermia and
exsanguination.

Table 1. list of candidate genes and their full names/functions, accession numbers and PCR amplicon sizes.

Gene name Full name/function Accession number Amplicon (bp)
ACTB Beta-Actin: cytoskeletal component NM_007393.3 94
18S 18S ribosomal RNA: small ribosomal subunit NR_003278.3 151
SDHA Succinate Dehydrogenase subunit A: mitochondrial complex 11 NM_023281.1 181
GAPDH Glyceraldehyde 3-Phosphate Dehydrogenase: glycolysis pathway NM_008084.2 180
HTATSF1 HIV-1 Tat-specific factor 1: transcriptional elongation/splicing factor NM_028242 136
CDC40 Cell Division Cycle 40: cell cycle/splicecosome factor NM_027879 167
RPL13a Ribosomal Protein L13: component of large ribosomal subunit NM_009438.5 180
CSNK2A2 Casein Kinase 2 Alpha 2: subunit of casein kinase NM_009974 177
AP3D1 Adaptor Related Protein Complex 3 Subunit Delta 1: vesicle trafficking NM_007460 183
HPRT1 Hypoxanthine Phosphoribosyltransferase 1: purine salvage pathway NM_013556 195
CYCt Cytochrome C1: mitochondrial complex III NM_025567.2 141
EIF4A Eukaryotic Initiation Factor 4A: helicase component of translation initiation NM_013506.2 152

complex

UBC Ubiquitin C NM_019639.4 129
B2M Beta 2 Microglobulin: component of MHC class 1 complex NM_009735.3 159
PAKTIP1 PAK1 Interacting Protein: negative regulator of PAK1 kinase NM_026550 114
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Sample collection and study design

Matings were assumed to occur at midnight, thus first detec-
tion of a vaginal plug was designated as 0.5 days post coitum,
or EO0.5, with subsequent days incremented accordingly (E1.5,
E2.5 etc). Seven time points were used for whole embryo
samples (E11.5, EI12.5, E13.5, E14.5, E15.5, E16.5 and
E18.5) with E13.5, E16.5 and E18.5 also used for head and
forelimb samples. A minimum of three embryos were used for
each time point, though where litter sizes permitted, greater
numbers were collected (Whole embryos: E13.5 N=4, E18.5
N=5; Heads: E18.5 N=5, for a total of 24 whole embryo sam-
ples, 11 head samples and nine forelimb samples — see Extended
data: animal numbers and sample sizes’'). Given potential
variation in precise mating, ovulation and conception times,
gestational ages should be considered approximate, particu-
larly where different litters are pooled for a single time point
(E13.5, E14.5, El18.5). At the appropriate gestational stage
(all sample collections were performed between midday and
2pm), pregnant females were killed as described above. Uterine
horns were quickly removed and placed on ice (additional
organs and muscles were collected from the adults for sepa-
rate studies). After death, embryos were dissected from their
uterine environments (including removal from amniotic sac)
and either kept intact (whole embryos), or further dissected to
isolate forelimbs (each sample used both forelimbs) and heads
(remaining tissue from the body was also collected). All sam-
ples were snap-frozen in liquid nitrogen and stored at -80°C
until use.

RNA isolation and gPCR

Tissues (whole embryos, heads, or forelimbs) were pulverised
via dry-ice-cooled cell-crusher (Cellcrusher Ltd), and ~100-
200mg frozen tissue powder (well mixed to ensure representa-
tive sampling) was used to prepare RNA. RNA was isolated
using TRIzol (Invitrogen) as described previously’®*, with
inclusion of an additional chloroform extraction (1:1) after the
phase separation step and inclusion of 10ug glycogen during
precipitation to maximise RNA yield. RNA yield and purity
were assessed via nanodrop (ND1000) and samples with
260/230 ratios below 1.7 were subjected to a second precipi-
tation. All cDNA was prepared using the RTnanoscript2 kit
(Primerdesign), using 1600ng of RNA per reaction, with oligo
dT and random nonamer priming. All cDNA samples were
subsequently diluted 1/20 with nuclease-free water to minimise
downstream PCR inhibition. qPCR reactions were performed
in duplicate or triplicate in 10ul volumes using 2ul diluted
cDNA (~8ng cDNA per well assuming 1:1 conversion) in a
CFX384 lightcycler using PrecisionPLUS SYBR green qPCR
mastermix (Primerdesign), with a melt curve included as
standard (See Underlying data: qPCR raw data®’). All Cq val-
ues were determined via linear regression. Where necessary,
between-plate correction was conducted using three shared
calibration samples. Primers to ACTB, SDHA, GAPDH,
HTATSF1, CDC40, RPLI3A, CSNK2A2, AP3DI, CYCI, EIF4A,
UBC, B2M and PAKIIP] were taken from the geNorm and
geNorm PLUS kits (Primerdesign): all give efficiencies of
95-105% and produce single amplicons (see Extended data:
additional reference gene validation™). Sequences are proprietary

Wellcome Open Research 2022, 6:197 Last updated: 05 OCT 2022

but anchor nucleotides and context sequences are available®.
Primers to I8S were those used previously”, and those to
HPRTI were the pan-species set (HPSF) validated by Valadan
et al”* Primers targeting the 5’ terminus of dystrophin dp71
were designed using Primer3 (v 4.1.0). All sequences are
provided below:

18S F 5’-GTAACCCGTTGAACCCCATT-3

18S R 5’-CCATCCAATCGGTAGTAGCG-3’

HPSF F 5°-GGACTAATTATGGACAGGACTG-3’
HPSF R 5’-GCTCTTCAGTCTGATAAAATCTAC-3’
Dp71 F 5’-GTGAAACCCTTACAACCATGAG-3’

Dp71 R 5’-CTTCTGGAGCCTTCTGAGC-3’

Data analysis

All data was analysed using Microsoft Excel, using four
different reference gene analysis approaches: geNorm™¥,
deltaCt*, BestKeeper” and Normfinder*. BestKeeper and
deltaCt methods used mean Cq values, while for geNorm and
Normfinder Cq values were first linearised to relative quantities
(RQ). All data were analysed within a single dataset (44
samples) or as embryos (24 samples), heads (11) or forelimbs
(9) alone. Normfinder analysis further allows designation of
user-defined groups: accordingly, data was analysed ungrouped
as for the other packages above, or grouped as follows. Whole
dataset, grouped by tissue type or age; whole embryos, grouped
by age; heads grouped by age; forelimbs grouped by age.

To integrate the outputs of all approaches, the per-gene geometric
mean was generated from the scores of each specific compari-
son (whole dataset, embryos, heads, forelimbs). Bestkeeper
ranks genes by coefficient of correlation (where low values
represent poor correlation), while all other methods rank by
stability (were low values represent high stability). Accord-
ingly, values for Bestkeeper were inverted (1-value), with
any negative correlation coefficients first set to zero (to give a
subsequent score of 1). GeNorm suggests a best pair: for com-
parative purposes, each of the best pair were assigned the
same score. Data from Normfinder was ungrouped (grouped
analysis was not used in the integrated assessment).

For gene candidate validation, the three high scoring candidates
were used to generate a normalisation factor (NF: geometric
mean of the per-sample RQ values): this factor was used to
normalise data from lower scoring candidates (all RQ values are
linear, thus normalisation is a division operation). Normalised
data were used to assess trends, and pre/post-normalisation
values were used to calculate changes in coefficient of
variation.

Statistical analysis

Statistical analysis was performed using Graphpad Prism 8.0
for Pearson correlations and Microsoft Excel for coefficients
of variation (free software alternatives such as R and JASP
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could also be used). Pearson correlations used all samples in
the dataset, comparing geometric mean values using RQs of
all three high scoring candidates, and geometric mean values
using combinations of RQs from only two genes (as indicated).
Dataset coefficients of variation were determined for each
time point individually (N=3-5), then time point CoVs were
summed to provide the overall variation.

Results

Raw Cq values

Raw Cq data (all genes, all samples) serves as a simple first-pass
assessment of a reference gene panel (see Underlying data®).
Most genes showed highly consistent expression across all
samples (particularly UBC), however expression of I8S was
unexpectedly varied (Figure 2A): closer examination of the
data suggested that levels of this gene varied not by age or tis-
sue, but by cDNA synthesis batch, with one batch producing
18§ Cgs ~3 cycles later (corresponding to a roughly 10-fold
reduction in template). Accordingly, preparation of fresh cDNA
for these samples corrected this discrepancy (Figure 2B).
Given the comparatively consistent expression for other genes
in our panel, we investigated further: restriction to /8S signal
only implied a defect specifically in random priming. Random
priming is not required for cDNA synthesis per se, but
is necessary for reverse transcription of ribosomal RNAs
(which lack polyA tails) and more importantly, to capture 5’
sequence of longer mRNAs: deficient random priming would
be expected to lower apparent expression of such mRNAs.
To confirm this we measured expression of the dystrophin iso-
form dp71: this isoform is modestly expressed in the develop-
ing embryo, can only be distinguished from other dystrophin
isoforms by primers targeting the unique first exon, and with
a transcript ~5kb in length, efficient capture of the 5’ terminus
requires random priming. As shown (Figure 2C), measured Cq
values for this isoform showed a comparable pattern of batch-
specific variation which was similarly corrected following
preparation of fresh cDNA from these samples.

Assessment of our corrected dataset (Figure 2B) was largely
in line with expected expression profiles, with known, highly
abundant RNAs (/8S, ACTB, GAPDH) showing the lowest
mean Cq values. Interestingly, EIF4A, an RNA helicase that
unwinds mRNA secondary structure for translational initiation,
was the least abundant transcript in our panel. Given the funda-
mental role protein synthesis plays, and the high translational
demands of a growing embryo, this finding was unexpected
(though we note that even as the lowest expression gene in our
panel, levels of this transcript were still comparatively high:
mean Cq ~23.9). Studies have suggested that initiation via
the elF4 protein complex involves a high degree of recycling
at the 5° UTR*, with the same complex being reused
multiple times in rapid succession: initiation complexes
might be in lower overall demand than genes associated with
metabolism or kinase signalling.

geNorm analysis

The iterative geNorm algorithm ranks candidate genes by
their mean pairwise variation M (where high M represents
high variation) to determine the ‘best pair’, the pair of genes
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Figure 2. Raw quantification cycle (Cq) values and validation.
Box and whisker plots of all sample Cq values for each candidate
gene used in this study: each point represents the Cq value of an
individual sample, for the gene indicated. (A) Initial raw Cq values
revealed a marked variance in 18S expression (but not other
genes), restricted to samples from a single cDNA synthesis batch
(open circles), compared to samples from other cDNA synthesis
batches (black points), indicative of impaired random priming.
(B) Preparation of fresh cDNA for these samples corrected this
discrepancy (filled circles), producing values consistent with
other batches (black points). (C) gPCR for 18S and the dystrophin
isoform dp71 using the initial poor samples (1, open circles), the
other samples (2, black points) and the fresh preparation (3, filled
circles) shows that impaired random priming prevents accurate
quantification of long transcripts. Details of specific cDNA synthesis
batches can be found in the underlying data™.
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Figure 3. GeNorm rankings. Rankings and scores of the fifteen candidate genes assessed by the geNorm algorithm, using the entire
dataset (A), whole embryo samples only (B), heads only (C) or forelimbs only (D). High M values represent less stable genes. Genes with M

values <0.5 (dashed line) are considered acceptable references.

that correlate most closely across all samples (see Underlying
data®®). Low M values thus represent more suitable genes, but
there is no fixed threshold: conventionally, M values <0.5 are
considered acceptable as reference genes, while for samples
with innately variable expression patterns (such as different tis-
sues) values <1.0 may be accepted. GeNorm analysis (Figure 3,
Table 2) revealed high overall stability: assessment of our
dataset as a whole (all samples, Figure 3A) revealed 14 of our
15 candidate genes had acceptable M values (M<0.5). CDC40
and HTATSF1 were the ‘best pair’, though RPLI3A, PAKIIPI
and ACTB also performed well. CYCI, GAPDH, B2M and
HPRTI all performed poorly, though only the latter failed to
clear the M<0.5 threshold.

We repeated the analysis using specific subsets of our
data (embryos, heads or forelimbs only: Figure 3B, C and D

respectively). Embryo samples alone gave results very simi-
lar to the dataset as a whole, both in ranking and magnitude of
stability: CDC40 and HTATSFI were again the best pair, with
RPLI3A, PAKIIPI and ACTB also scoring highly, while CYCI,
GAPDH, B2M and HPRTI scored poorly. In heads alone,
CDC40 and HTATSF1 were also the best pair, with RPLI3A
and ACTB being similarly high scoring (though here GAPDH
also performed well, while PAKIIPI ranked poorly), but
stability overall was greater in this tissue: all M values were
<0.5, with 8 of the 15 showing M values <0.2. Greater overall
stability was similarly revealed by analysis of forelimbs: a
different best pair was obtained here (ACTB replacing CDC40),
though CDC40 (along with RPL13a) remained high scoring.

Determination of a best pair does not imply that only two
reference genes should be used: geNorm analysis also therefore
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Table 2. geNorm rankings. GeNorm results for the entire
dataset or tissue-specific subsets (as indicated), ranked from
most stable to least stable. Genes with stability value M > 0.5
-poor scoring candidates- are indicated by italics.

All samples Embryos Heads  Forelimbs
Be§t HTAISF1 HTA;I'SF1 HTA;I:SF1 A(iTB
Palr  cpcao CDC40  CDC40  HTATSF1
Most ACTB PAK1IP1 ACTB CDC40
stable RPL13a RPL13a RPL13a RPL13a
PAKTIP1 ACTB GAPDH 18S
AP3D1 AP3D1 18S AP3D1
18S CSNK2A2 UBC EIF4A
UBC 18S PAK1IP1 UBC
CSNK2A2 UBC AP3D1 PAK1TIP1
EIF4A EIF4A CSNK2A2 GAPDH
SDHA SDHA cyc CSNK2A2
cYat cYct SDHA cYct
GAPDH GAPDH EIF4A SDHA
Least B2M B2M B2M HPRT1
stable HPRT1 HPRT1 HPRT1 B2M

determines the change in pairwise variation elicited by
increasing the number of reference genes. Typically, variation
below 0.2 is considered acceptable, and while our data
showed addition of a third reference gene lowered variation,
the best pair alone was sufficient in all cases (see Extended
data: additional reference gene validation™, Figure E1).

DeltaCt analysis

The DeltaCt (dCt) method ranks genes by the mean standard
deviation of their pairwise Cq differences, with lower values
indicating more stable references (see Underlying data™).
Using this method (Figure 4, Table 3), comparable results were
obtained from analysis of the dataset as a whole, or restricted
to embryos only: sorting by mean deltaCt standard deviation
revealed HPRTI and B2M were the worst performing candi-
dates in both cases, and by a considerable margin. GAPDH,
EIF4A and CYCI also scored poorly, but modestly so: indeed,
HPRTI and B2M aside, increases in apparent stability across
the panel were slight, suggesting most of our panel repre-
sent valid reference genes (as suggested by geNorm, above).
AP3DI, PAKIIPI, CSNK2A2, RPLI3A, UBC, CDC40 and
HTATSF1 all scored highly: despite slight differences in
ranking between the whole dataset and embryos alone, all six

genes had very similar scores (ranging from 0.42-0.5). Restrict-
ing analysis to the head alone (Figure 4C) produced similar
ranking, and moreover increased apparent stability across the
entire panel. With the exception of HPRTI and B2M, essen-
tially every candidate gene represented a strong candidate
for normalising gene expression in embryonic head tissues.
HPRTI and B2M also ranked poorest in forelimbs alone
(Figure 4D), but here /8S and EIF4A were much higher scor-
ing, while ACTB and CDC40 were not, implying clear differ-
ences in expression patterns in these tissues (and a marked
departure from geNorm, where ACTB formed part of the
best pair in forelimbs).

Bestkeeper analysis

The Bestkeeper method averages the entire presented
dataset to generate a consensus profile: the ‘Bestkeeper’.
Individual gene profiles are then ranked by correlation with
this Bestkeeper (see Underlying data’®). As shown above,
analysis via geNorm and dCt tended to be more effective at
highlighting poor genes from our panel than at identifying
consistently strong candidates. Bestkeeper analysis added to
this emerging pattern (Figure 5, Table 4): most candidates
performed well, with HPRT1 and B2M remaining the exceptions
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Figure 4. deltaCt rankings. Rankings and scores of the fifteen candidate genes assessed by the deltaCt method, using the entire dataset
(A), whole embryo samples only (B), heads only (C) or forelimbs only (D). High dCt scores represent less stable genes.

(exhibiting negative correlation with the Bestkeeper in the
case of heads and forelimbs). Rankings of higher scoring
genes disagreed with previous analyses, however: the gene
EIF4A -ranked lower by both geNorm and dCt- correlated
well with a Bestkeeper derived from the whole dataset (or
from embryos only), while ACTB, HTATSFI and CDC40
correlated less closely. Interestingly, EIF4A also correlated
closely with a Bestkeeper derived from forelimb data only
(Figure 5D), but not one derived from head samples
(Figure 5C), while CYCI was high ranking in this latter tis-
sue, but not in embryos, forelimbs or the dataset as a whole.
18S was also closely correlated with the forelimb Bestkeeper
(in agreement with dCt) but performed poorly in the other
dataset groupings.

Normfinder analysis

Unlike the other three algorithms, Normfinder does not make
pairwise comparisons, but instead assesses each gene for
individual stability across the dataset. This method also allows
two different analysis approaches: grouped and ungrouped.
Ungrouped analysis considers the dataset without distinc-
tion between samples, while grouped analysis allows discrete
subcategories to be defined within the dataset. Accordingly,
we used ungrouped analysis to assess our combined dataset
and tissue-restricted subsets (Figure 6, Table 5), with further
grouped analysis to introduce age and tissue-type as subcate-
gories within those datasets where appropriate (see Underlying
data®®). In some respects, ungrouped analysis agreed with
the above methods (particularly dCt): B2M and HPRTI were
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Table 3. DeltaCt rankings. DeltaCt results for the entire
dataset or tissue-specific subsets (as indicated), ranked
from most stable to least stable. Genes with mean dCt
standard deviations >0.6 —-poor scoring candidates- are

indicated by italics.

All samples Embryos Heads Forelimbs
Most AP3D1 AP3D1 AP3D1 18S
stable PAK1IP1 CSNK2A2  PAK1IP1 AP3D1
UBC RPL13a  CSNK2A2 UBC
RPL13a PAK1IP1 UBC EIF4A
CSNK2A2 HTATSF1 SDHA PAKTIP1
CDC40 CDC40 RPL13a CSNK2A2
HTATSF1 uBC cyc HTATSF1
SDHA SDHA GAPDH GAPDH
18S ACTB HTATSF1 RPL13a
ACTB 18S ACTB (@
cyc cyc1 CDC40 CDC40
EIF4A EIF4A 18S SDHA
GAPDH GAPDH EIF4A ACTB
Least B2M B2M B2M HPRT1
stable HPRTT HPRTT HPRTT B2M

consistently ranked last (by a considerable margin), while
many of the remaining genes had comparable high scores.
EIF4A ranked lower here in all tissues but forelimbs, while
CNSK2A2, PAKIIPI and especially AP3DI all typically
performed well (in agreement with dCt and geNorm, but in
contrast to Bestkeeper). /8S was again ranked highest in
forelimbs alone, but ACTB fared very poorly (in agreement
with dCt and Bestkeeper, but not geNorm)

Grouped analysis of our datasets (adding in an age or tissue
component to the combined data, and an age component to
tissue-specific subsets) differed from ungrouped in several
respects (Figure 7, Table 6), suggesting interesting nuances
of expression stability within our datasets. When the entire
dataset was grouped by tissue (embryo, head, forelimb) no gene
had a stability value greater than 0.2, i.e. stability across the
panel was substantially greater overall than for the ungrouped
dataset, or the same data grouped by age. This suggests
tissue-specific differences in gene expression might be mild
(and certainly milder than age-specific changes). HPRTI,
B2M, EIF4A and 18S were the lowest ranked genes in both tis-
sue and age-specific grouping, and indeed HPRTI and B2M

scored poorly in all rankings, with the marked exception of
embryos grouped by age (Figure 7C). Here CYCI, PAKIIP] and
18S performed worse (exceptionally so, in the case of I8S).
Grouping embryos by age moreover revealed much lower
overall stability for the panel than all other grouped analy-
ses: these findings imply global age-related changes are of
greatest magnitude, and that CYCI, PAKIIP] and [8S in par-
ticular might exhibit consistent age-associated changes. Grouped
analysis additionally generates a best pair: two genes that
may vary between groups, but in opposite directions (given
greater overall stability than any individual gene, when
combined). In most cases, this best pair did not feature the
most stable genes, but as the majority of genes performed well
under the majority of comparisons, this was not unexpected
(and the stability advantages offered by this best pair were
in most cases only modest improvements over the highest
scoring candidates alone).

Summary and validation

Despite the differences in highest scoring candidates between
algorithms, all four analysis methods tended to suggest that
many of our candidate genes represented stable references. In
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Figure 5. Bestkeeper rankings. Rankings and scores of the fifteen candidate genes assessed by the Bestkeeper method, using the entire
dataset (A), whole embryo samples only (B), heads only (C) or forelimbs only (D). Genes are ranked by their individual Pearson correlation
coefficient (r) to the bestkeeper derived from all candidate genes: low r values correspond to less stable genes. Dashed line: r value of

Zero.

most cases, the highest-ranking candidate was only fraction-
ally more stable than candidates ranked seventh or eighth.
Conversely, HPRTI and B2M were near-universally ranked last
(and often by a substantial margin) regardless of method used
or tissue assessed, implying strongly that these two genes are
inappropriate choices. To illustrate this more clearly, we inte-
grated our collected data in a manner similar to the RefFinder
method developed by Xie er al”, taking the geometric mean
of all algorithm scores, either for the entire dataset, or for
embryos, heads and forelimbs alone (see Methods). When
combined in this fashion (Figure 8, Table 7), the patterns and
rankings are remarkably similar for all sets except forelimbs
alone. In embryos, heads, or all samples together, AP3DI is the
strongest candidate, while RPLI3A, PAKIIP] and CSNK2A2
are also highly ranked. In forelimbs, EIF4A, 18S, ACTB and
HTATSFI are the strongest candidates, however AP3DI,
RPLI3A and PAKIIPI also score highly in this tissue (while

CSNK2A2 does not). Taken together, these data suggest that
AP3DI, PAKIIP] and RPLI3A might represent a universally
suitable panel.

For validation, we employed an approach we have used
previously’®®: using our high scoring candidates (AP3DI,
RPLI3A, PAKIIPI) to normalise our lowest scoring candidates
(HPRTI and B2M). Raw data for these genes suggested mod-
est expression with a dramatic increase at EI18.5, however
following normalisation both genes show a progressive increase
in expression with increasing age, whether in whole embryos,
heads, or limbs (Figure 9). Normalisation would also be
expected to reduce the overall coefficient of variation (CoV),
and as shown this was indeed the case.

This validation method can be extended: the approaches used
by each algorithm are subtly different, and thus information

Page 12 of 36



Wellcome Open Research 2022, 6:197 Last updated: 05 OCT 2022

Table 4. Bestkeeper rankings. Bestkeeper results for the entire
dataset or tissue-specific subsets (as indicated), ranked by Pearson
correlation coefficient (r) with the Bestkeeper, from most stable

to least stable. Genes with r <0.6 -poor scoring candidates- are
indicated by italics.

All samples Whole embryos Heads Forelimbs
Most EIF4A CSNK2A2 AP3D1 EIF4A
stable AP3D1 AP3D1 SDHA 18S
SDHA EIF4A cyc HTATSF1
UBC SDHA CSNK2A2 ACTB
GAPDH GAPDH PAK1TIP1 CDc40
PAK1IP1 RPL13a GAPDH AP3D1
RPL13a PAK1TIP1 HTATSF1 UBC
CSNK2A2 UBC RPL13a RPL13a
CDC40 CDC40 ACTB GAPDH
ACTB HTATSF1 CDC40 PAK1IP1
HTATSF1 ACTB UBC SDHA
cyCc1 cyc1 18S CSNK2A2
18S 18S EIF4A cyc
Least HPRTT HPRTT HPRTT HPRT1
stable B2M B2M B2M B2M
can be gleaned by examining cases where candidate increases in embryos and forelimbs (Extended data: additional

rankings disagree. GeNorm, a method that ranks genes by
pairwise variation, suggested HTATSFI and CDC40 as the best
pair near-unanimously, while these two genes performed only
modestly under most other assessments. The implication is
that these genes share a very similar pattern of expression,
but in a manner unstable across samples. To investigate this
directly, we used our high scoring candidates to normalise
expression of HTATSFI and CDC40. Raw data was indeed
highly variable between samples, and between tissues and
ages, yet this variability was well-matched between the two
genes, confirming their geNorm score (Figure 10). Following
normalisation (which again substantially lowered CoV), this
variability resolved into a mild, but remarkably consistent,
decrease in expression with increasing age, in all tissues.
Normalisation of CYCI, UBC or EIF4A expression (Extended
data: additional reference gene validation™, Figure E2) gave
similar results: CYCI, which typically scored highly in heads
but low elsewhere, was revealed to be very consistently
expressed in the former tissue while exhibiting age-associated

reference gene validation™, Figure E2A and B); UBC, which
was ranked modestly overall, exhibited a similar age-associated
increase in expression in all tissues except the head
(Extended data: additional reference gene validation™, Figure
E2C and D); EIF4A, which scored particularly highly in
forelimbs, was indeed stable in this tissue, while showing
age-specific increases in heads and highly variable behaviour
in whole embryos (Extended data: additional reference gene
validation™, Figure E2E and F). Given 18S and EIF4A were
the highest scoring candidates in forelimbs, we further com-
pared normalisation using these two genes with that obtained
using the three genes above. Normalised forelimb expression
of B2M, HPRTI, CDC40 and HTATSF1 was comparable with
either reference gene combination, though overall CoV values
were lower using AP3DI, RPLI3A and PAKIIPl (Extended
data: additional reference gene validation™, Figure E3).

Finally, use of all three reference genes might not be
necessary: while the MIQE guidelines suggest use of two
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Figure 6. Normfinder rankings (ungrouped). Ungrouped rankings and scores of the fifteen candidate genes assessed by the
Normfinder algorithm, using the entire dataset (A), whole embryo samples only (B), heads only (C) or forelimbs only (D). High stability

values correspond to less stable genes.

reference genes at a minimum®, our geNorm analysis
suggested no substantial benefit in increasing number of genes
from 2 to 3 (or indeed from 3 to 4). Accordingly, we
compared a normalisation factor (NF) using all three genes to
one using AP3D1 with either RPLI3A or PAKIIPI alone: the
three gene NF was essentially identical to either 2-gene NF
(gradients of 1.00 and 0.978 respectively, both with Pear-
son correlations of 0.99 - Extended data: additional reference
gene validation®, Figure E4), suggesting that two genes
(AP3D1 plus one other) are indeed sufficient.

Discussion

The later stages of embryonic development involve many
significant changes: substantial organogenesis occurs over this
period, as does formation of skeletal muscle and the skeleton

itself. Within the head, the brain matures from a compara-
tively simple tube to an intricately subdivided organ complete
with discrete ventricles and regional specialisation, the teeth
develop from buds to near-maturity, while the eye progresses
from the simple optic cup stage to a defined globe complete
with lens and iris, hidden beneath the fused eyelids. Normali-
sation of gene expression throughout this period might well be
expected to be challenging, however our data unexpectedly
suggests otherwise. For our dataset, whether assessed in
its entirety, or restricted to whole embryos, heads, or forelimbs
alone, all four analysis methods suggested that a substantial
number of our candidate genes would serve as suitable refer-
ence genes: with the exception of HPRTI and B2M, essentially
any gene from our panel represents an adequate reference.
Given our panel consists of genes specifically selected for their
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Table 5. Normfinder rankings (ungrouped). Ungrouped
Normfinder results for the entire dataset or tissue-specific subsets
(as indicated), ranked from most stable to least stable. Genes with
stability values >0.5 -poor scoring candidates- are indicated by
italics.

All samples Whole embryos Heads Forelimbs
Most AP3D1 AP3D1 AP3D1 18S
stable UBC CSNK2A2 CSNK2A2 AP3D1
CSNK2A2 RPL13a PAK1IP1 UBC
PAK1IP1 UBC SDHA EIF4A
RPL13a PAKTIP1 cyct PAKTIP1
SDHA SDHA UBC CSNK2A2
CDC40 HTATSF1 RPL13a GAPDH
HTATSF1 CDC40 GAPDH CYC1
cyC cyc HTATSF1 RPL13a
18S 18S 18S HTATSF1
ACTB ACTB ACTB SDHA
GAPDH EIF4A CDC40 CDC40
EIF4A GAPDH EIF4A HPRT1
Least B2M B2M B2M ACTB
stable HPRT1 HPRT1 HPRT1 B2M

reported stability, this is perhaps more reassuring than not,
however we note that use of a near-identical panel of genes
in skeletal muscle revealed markedly lower overall stabil-
ity (for geNorm in particular, only ACTB and RPLI3a gave
M values <0.5)*. Our findings here imply that the develop-
ing embryo might be more transcriptionally consistent than
different mature skeletal muscles. Even with most genes
scoring highly there were differences, however, both between
algorithms and between tissues, but the combination of AP3DI,
RPLI3A and PAKIIPI (or indeed AP3DI plus one of the oth-
ers) emerged as consistently stable overall, and thus represent
universal reference genes for the developing mouse embryo.
We note these findings do not imply that these genes will
necessarily be appropriate for more focussed embryonic
contexts (such as specific organs), and suitable reference genes
might need to be independently validated for such specific
scenarios: indeed, as shown here /8S and EIF4A apparently
represent better candidates in forelimbs specifically (though
AP3DI1, RPLI3A and PAKIIPI also scored highly).Studies
addressing developmental changes in limbs alone might
technically be better served by these two, but this would
necessarily sacrifice the utility advantages offered by a universal
panel (and AP3DI, RPLI3A and PAKIIPI perform comparably

to 18S/ EIF4A in forelimbs - Extended data: additional reference
gene validation™, Figure E3).

AP3DI codes for a component of the adaptor complex, which
mediates non-clathrin-coated vesicle trafficking: we have
previously found this gene to be stable throughout myogenic
differentiation in culture” and in mature mouse skeletal mus-
cle (healthy and dystrophic)®, and our data here support the
possibility that this gene might exhibit high overall stabil-
ity in mouse. RPLI3A codes for a protein component of the
small ribosomal subunit: ribosomal proteins are ubiquitous, and
some have proposed that such ubiquity renders them gener-
ally suitable as references®”, though this remains contentious®'.
As with AP3DI, we have previously found this gene to be sta-
ble in mature mouse skeletal muscle, and indeed also suitable
as a reference in canine skeletal muscle (again, both healthy
and dystrophic®). PAKIIP1 encodes a negative regulator of
PAK1 kinase, and its presence in our top scoring candidates
represents something of a surprise: this gene was included in
our candidate panels for both myogenic cell cultures and
mature mouse muscle™*, and in those scenarios its perform-
ance was near-uniformly mediocre. Here this gene was ranked
lower even than HPRTI and B2M in Normfinder analysis of
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Figure 7. Normfinder rankings (grouped). Grouped rankings and scores of the fifteen candidate genes assessed by the Normfinder
algorithm, using the entire dataset grouped by tissue (A) or by age (B), or whole embryo samples only grouped by age (C), heads grouped
by age (D) or forelimbs grouped by age (E). High stability values correspond to less stable genes. The best pair of genes (which may not be
the highest scoring individually) and the stability of that pair are indicated (boxes).

embryos grouped by age, but outside of this specific sce-
nario the gene performed well, and as shown (Extended data:
additional reference gene validation™, Figure E4), RPLI3A
and PAKIIP] are essentially interchangeable when used in
combination with AP3D].

We note that all three genes are expressed at relatively high
levels (Cq values of 21-24), potentially rendering them less
appropriate for normalising low abundance transcripts (where
minor differences in PCR efficiency can compound over
multiple additional cycles). Identifying stably expressed low
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Table 6. Normfinder rankings (grouped). Grouped Normfinder results
for the entire dataset or tissue-specific subsets, grouped internally by age or
tissue (as indicated), ranked from most stable to least stable. The best pair of
genes are indicated separately (bold). Genes with stability values >0.5 -poor
scoring candidates- are indicated by italics.

All samples Whole embryos  Heads  Forelimbs
By age By tissue By age By age By age
Best 135 CSNL(ZAZ CSNL(ZAZ C\:C1 135
Pall " SDHA  AP3D1 AP3D1 PAK1IP1 UBC
Most AP3D1 UBC CSNK2A2 AP3D1 AP3D1
stable  HTATSF1 SDHA EIF4A CSNK2A2 18S
cyc1 PAK1IP1 AP3D1 cyc1 UBC
CSNK2A2 CDC40 RPL13a PAKTIP1 EIF4A
RPL13a CYC1 HTATSF1 SDHA PAK1IP1
SDHA AP3D1 SDHA UBC GAPDH
PAK1IP1 RPL13a ACTB RPL13a HTATSF1
UBC ACTB CDC40 ACTB CSNK2A2
CDC40 GAPDH HPRT1 GAPDH CYC1
ACTB CSNK2A2 GAPDH HTATSF1 SDHA
GAPDH HTATSF1 UBC 18S ACTB
18S 18S B2M EIF4A CDC40
EIF4A HPRT1 cvyect CDC40 RPL13a
Least B2M EIF4A PAKTIP1 B2M HPRT1
stable HPRT1 B2M 18S HPRT1 B2M

abundance genes can be challenging, however, and matching
reference and GOI expression levels on a case-by-case basis
is both time- and resource-intensive (and indeed impossible
when investigating GOIs with dramatic changes in expression).
Provided care is taken to use multiple stable, well-validated
references (as per MIQE guidelines™), the utility of a broadly
applicable high-abundance panel likely outweighs these con-
cerns. Accordingly, Our validation process confirmed the utility
of these genes, and also revealed insight into changes in gene
expression during development: normalised expression of
HPRTI and B2M (our lowest scoring genes) exhibited clear
age-associated upregulation (Figure 9). B2M (beta 2 microglob-
ulin) is a component of the MHC class I complex, and
while this complex is present even at the earliest stages of
development, studies in the rat have shown marked increases in
expression in specific tissues such as skin, lung and inter-organ
connective tissue®. Many of these tissues are only emerging at
the earliest stages of our sample set (E11.5-E13.5) and indeed

the skin barrier is complete only toward the end of develop-
ment (E16.5-E18.5)"%. A developmentally associated upregula-
tion in B2M is consistent with these changes. HPRTI encodes
Hypoxanthine Phosphoribosyltransferase 1, a central component
of the purine salvage pathway: this gene is stably expressed
under many circumstances (we have reported this gene to be
stable in healthy and dystrophic canine muscle’®). Mutations
in this gene however cause the neurodevelopmental condition,
Lesch-Nyhan disease, and the gene itself plays a key role
in glial/neuronal fate choice®, implying that expression is
developmentally regulated. Our data supports this, and indeed
suggests that expression of this gene increases earlier in the
head than within the embryo as a whole (Figure 9B, expres-
sion at E16.5). Conversely, both CDC40 and HTATSFI dis-
played age-correlated downregulation following normalisation
(Figure 10): this decrease was modest (insufficient to exclude
them as acceptable, though not optimal, references) and moreover
was sufficiently consistent between the two genes as to
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Figure 8. Integrated rankings of the four analysis methods. Geometric mean scores of all fifteen candidate genes from all four
algorithms (see methods), assessed as either a complete dataset (A), whole embryos only (B), heads (C) or forelimbs (D). High integrated

stability values correspond to less stable genes.

flag them as the best pair under geNorm analysis. This finding
serves as a prominent reminder of the potential risks in relying
on a single reference gene analysis method, but also indicates
these genes might be co-ordinately regulated. HTATSFI encodes
HIV-TAT specific factor 1, an RNA binding protein. Recent
studies in embryonic stem cells implicate this factor in both
regulation of ribosomal RNA processing and splicing of
mRNA for ribosomal proteins, influencing protein synthesis
and cell differentiation as a consequence®. CDC40 (cell divi-
sion cycle 40, also known as PRPI7, or pre-mRNA process-
ing factor 17) encodes a protein component of the spliceosome,
and is also involved in progression through the cell cycle.
Given our data, it seems likely that a shared involvement
in mRNA splicing underpins the remarkably well-matched
expression of these two genes, with requirements for

spliceosomal  components with

developmental progress.

decreasing  gradually

Our dataset also revealed a marked age-related increase in
CYC1 expression in all tissues except the head (Extended data:
additional reference gene validation®, Figure E2B). This gene
encodes the mitochondrial electron transfer chain compo-
nent cytochrome C, and our findings are thus best explained
by developmental mitochondrial biogenesis. The most likely
source of such marked increases in mitochondrial content is
skeletal muscle: E11.5 represents the approximate midpoint of
primary myogenesis, in which small numbers of myofibres are
laid down to serve as scaffolds for subsequent musculature,
while the period from E14.5-E18.5 spans secondary myogenesis,
a phase of more substantial muscle synthesis'’. This latter
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Table 7. Integrated ranking. Reference genes ranked by
geometric mean of geNorm, dCt, Bestkeeper and Normfinder
scores. Genes with stability values >0.5 —-poor scoring

candidates- are indicated by italics.

All samples Whole embryos

Most AP3D1 AP3D1
stable UBC CSNK2A2
PAK1IP1 RPL13a
RPL13a PAK1IP1
SDHA CDC40
CSNK2A2 SDHA
CDC40 EIF4A
EIF4A HTATSF1
HTATSF1 UBC
ACTB ACTB
GAPDH GAPDH
cYct 18S
18S cyat
Least HPRT1 B2M
stable B2M HPRT1

phase might well be associated with a dramatic increase in
mitochondrial content, both in the embryo as a whole but
especially in the forelimb where skeletal muscle comprises a
greater fraction of the total tissue. The head is comparatively
muscle-poor by contrast, and craniofacial muscles are moreo-
ver derived from a different progenitor pool which need not
mature along identical timescales®. The brain is a highly
energetic tissue, however neurodevelopmental changes over
this period are predominantly structural/differentiation rather
than bulk increases in tissue mass. In contrast, EIF4A showed
the reverse trend (Extended data: additional reference gene
validation™, Figure E2F), increasing in heads but not fore-
limbs or embryos as a whole. This gene codes for an RNA
helicase that unwinds 5’ secondary structure for the transla-
tional preinitiation complex, and increases in expression in
the head over this period might reflect the demands of the
diverse transcription/translation programs necessary for brain
maturation.

Finally, our experience with /8S merits additional mention.
Ribosomal RNAs comprise the vast bulk of total RNA
(~80-85%), but the absence of polyA tails necessitates random
priming for conversion to cDNA. Oligo dT does not contribute

Heads  Forelimbs
AP3D1 EIF4A
CSNK2A2 18S
PAK1IP1 HTATSF1
SDHA ACTB
cyc AP3D1
HTATSF1 CDC40
RPL13a UBC
GAPDH RPL13a
UBC PAK1IP1
ACTB GAPDH
CDC40 CSNK2A2
18S SDHA
EIF4A cyC1
B2M HPRT1
HPRT1 B2M

to I8S cDNA, thus this ribosomal target effectively serves as
an internal control for efficiency of random priming. As we
show here, batch-dependent variance in 18S specifically (i.e.
other genes remain comparable) is highly indicative of a fail-
ure in this specific step, perhaps due to degradation of random
primer stocks. Under many circumstances, this might be of
little consequence: while the processivity of reverse tran-
scriptase is such that even highly optimised enzymes seldom
incorporate more than 1500 nucleotides in a single binding
event®, the majority of mRNAs are of modest (~3kb) length®’
and can typically be reverse-transcribed in their entirety from
initial oligo dT priming alone. 5’ sequence of longer tran-
scripts (Skb+) will however be increasingly underrepresented or
even absent under such conditions, and random priming
is thus essential for qPCR studies investigating such tran-
scripts (such as the early embryonic dystrophin isoform dp71).
Critically, a failure in random priming will not be immedi-
ately apparent if all reference genes used can be success-
fully reverse-transcribed via oligo dT: our data suggests that
for studies using random priming in combination with oligo
dT, particularly those investigating expression of long genes,
measurement of /8S could represent a prudent quality check
regardless of its efficacy as a reference.

Page 19 of 36



Wellcome Open Research 2022, 6:197 Last updated: 05 OCT 2022

A HPRT1 (raw) B HPRT1 (normalised)
1.5 : : 3 ; ;
Total CoV: 1.285 0.711 1.188 Total CoV: 0.944 0.511 0.820
k= : :
S 1.0+ . 2
=] : :
o :
() :
2
T 0.5 P e 1
Q ? : : : P .
O B 1L ﬁ
0.0 |||||m|5|||5|{|a]|| ommlllllilllilll
N VLWL LWL LW n v v n v u [To N To T o T To N To B To NN T o] n v u n v v
~ NSO G 0 0GB OO 0 ~ NSO G 0 OB MO 0
TR TR T T T TR TR TR T TR TR TR TR TR T TR TR T TR TR T TR TR TR
Embryos Heads Forelimbs Embryos Heads Forelimbs
C B2M (raw) D B2M (normalised)
1.5 ; ; 35 ;
Total CoV: 1.353 | 0.215 | 0.477 Total CoV: 0.688 0.218 | 0.247
k= : :
& 1.0 s 2 _} .
=) : :
o : : * :
() : : 3 | :
2 . g
& 0.5- 14
[7) : (e : :
i iiﬂili el My ﬂﬁﬂﬂ il
0.0- E E 0 m T 1T T T 1T 1 m T 1 - T 1 1
N wuwwwmwwmuwmwuw n v wu 0 un v O wwuwmwwmuwmuw n v wu n v v
\—'t\ig'v:uiw'oo' mco'g' Q'co'oo' ‘\:vamdg g'co'oo v‘_'im'oo
TR TR TR TR TR TR TR TR TR TR TR TR T AT TR TR TR TR TR TR TR TR TR TR TR T]
Embryos Heads Forelimbs Embryos Heads Forelimbs

Figure 9. Normalisation reveals HPRT1 and B2M are developmentally upregulated. Mean raw RQ values for HPRT1 (A) and B2M (C)
suggest modest expression at earlier stages with marked increases at E18.5. Normalisation with AP3D1, RPL13A and PAK1IP1 (B and D)
lowers total coefficient of variation (CoV) and shows both genes are upregulated with increasing gestational age in whole embryos, heads

and forelimbs (as indicated). Total CoV values were obtained by summing the individual CoVs per time-point (see methods). Points represent
individual RQ values (arbitrary units).

Conclusion genes are acceptable, though the genes AP3DI, RPLI3A and
PAKIIP] are the strongest candidates overall (using the entire
sample set), within whole embryos alone, or within heads.
These genes are also strong candidates for use in forelimbs
(though /8§ and EIF4A score fractionally higher in this tissue).
Our data further suggests only a pair of genes is necessary
for effective normalisation: AP3D] and one other. We and

We have investigated potential reference genes for normalis-
ing quantitative PCR expression data in the developing mouse
embryo from EI1.5 to EI18.5. We investigated expression
both in whole embryos, or heads or forelimbs in isola-
tion. Our data suggests that normalisation of expression
over this period is not only possible, but that many reference
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Figure 10. Normalisation reveals CDC40 and HTATSF1 are developmentally downregulated. Mean raw RQ values for CDC40 (A)
and HTATSF1 (C) suggest closely matched but variable expression. Normalisation with AP3D1, RPL13A and PAK1IP1 (B and D) lowers total
coefficient of variation (CoV) and shows both genes are modestly downregulated with increasing gestational age in whole embryos, and

more markedly downregulated in heads and forelimbs (as indicated). Total CoV values were obtained by summing the individual CoVs per
time-point (see methods). Points represent individual RQ values (arbitrary units).

others have reported RPLI3A to be a strong candidate under
other scenarios™ %% while literature for PAKIIP] is more  Underlying data

limited: AP3DI plus RPLI3A thus seem the most practical Figshare: Identification of qPCR reference genes suitable for
pair for normalising gene expression in the developing mouse normalising gene expression in the developing mouse embryo.
embryo. https://doi.org/10.6084/m9.figshare.c.3136658.v1%.

Data availability
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This project contains the following underlying data:

. Hildyard Wells Piercy Embryo qPCR raw data.xlsx
(all raw Cq values, derived RQ values and melt curve
data used in this manuscript)™

. Hildyard Wells Piercy Embryo qPCR RefAnalysis.
xIsx (all derived reference gene rankings as determined
via deltaCt, geNorm, Normfinder and Bestkeeper)”

Extended data

Figshare:
genes

Extended data: Identification of qPCR reference
suitable for normalising gene expression in the

developing mouse embryo. https://doi.org/10.6084/m9.figshare.
¢.3136658.v1%.

This project contains the extended data:

. Hildyard Wells Piercy Embryo qPCR Extended data
Animal numbers and sample sizes.docx (detailed
breakdown of animal and embryo numbers and
sample assignment)’’

References

. Hildyard Wells

. Hildyard Wells

Wellcome Open Research 2022, 6:197 Last updated: 05 OCT 2022

Piercy Embryo qPCR Extended
data Reference gene analysis packages.docx (over-
view of the four reference gene algorithms used in
this manuscript, with discussion of strengths and
weaknesses and links to source packages where
available)’’

Piercy Embryo qPCR Extended
data file Additional reference gene validation.
docx (geNorm pairwise variation analysis and
additional validations of the three reference genes
identified (AP3D1, RPLI3A and PAKIIP1)),
Extended data qPCR efficiencies.docx (methods
used to calculate PCR efficiencies), Hildyard et al
Embryo qPCR efficiencies.xlsx (qPCR primer pair
efficiencies)

Data are available under the terms of the Creative Commons
Attribution 4.0 International license (CC-BY 4.0).
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In this manuscript, the authors tried to identify the stably expressed genes as normalizing controls
in E11.5-E18.5 mouse embryos for future studies. It is interesting and important for some
researchers.

Several main problems are listed as follows:

1. The diversity and the complexity of the cell types in mouse embryos may affect the
reliability of this study. In this study, the authors only chose head and forelimb samples,
which cannot reflect other tissue and cell types. The best way is to analyze the published
single-cell sequencing data and find the candidate genes, and then select the best ones by
quantitative PCR.

2. Iwould recommend the authors verified the stability of their selected genes in this study in
other published sequencing data.

Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and is the work technically sound?
Partly

Are sufficient details of methods and analysis provided to allow replication by others?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are all the source data underlying the results available to ensure full reproducibility?
Yes
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Are the conclusions drawn adequately supported by the results?
Partly

Competing Interests: No competing interests were disclosed.
Reviewer Expertise: Genetics

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard, however I have
significant reservations, as outlined above.

John Hildyard, Royal Veterinary College, London, UK

We thank the reviewer for their careful consideration of our manuscript, and their helpful
comments. We address these as discussed below (original reviewer comments in italics for
reference).

Several main problems are listed as follows:

The diversity and the complexity of the cell types in mouse embryos may affect the reliability of
this study. In this study, the authors only chose head and forelimb samples, which cannot reflect
other tissue and cell types. The best way is to analyze the published single-cell sequencing data
and find the candidate genes, and then select the best ones by quantitative PCR.

I'would recommend the authors verified the stability of their selected genes in this study in other
published sequencing data.

This is an excellent point to raise: thank you. Embryos are indeed a complex, dynamic
transcriptional environment, with many different cell types present. Critically, however,
many of these specific nuances are lost following bulk RNA extraction, which necessarily
homogenises all cells present. Our approach is intended to address the normalisation of
gene expression in this latter scenario only: as it is often both more practical and more
expedient to determine gene expression behaviour in bulk extracts, especially when the
focus is on expression of only a few, specific targets. Moreover, study of gene expression via
such approaches is markedly less expensive, placing it within the reach of more
investigators. As we state within our introduction:

“Recent technological advances have permitted elegant studies of embryonic gene
expression down to single-cell level 1920 | suggesting that detailed study of the interactions
between individual cell lineages might now be possible, however such approaches also
represent a substantial undertaking both in time and resources. Furthermore, these
approaches are not without limitation: the whole transcriptome nature of the method
typically favours breadth over depth 2122 |arge-scale changes involving many gene
components will be mapped well, while more specific, smaller-scale processes can be
missed. In particular, constraints in read depth mean low abundance transcripts can be
under-represented in such datasets 23, and thus more conventional methods remain vital
research tools.”
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As we show, isolating specific embryonic tissues prior to RNA extraction (heads, forelimbs)
does alter the transcriptional behaviour measured (presumably as a consequence of the
more restricted cellular milieu present in such tissue subsets), but as we further shown in
our manuscript, the reference genes identified here as appropriate for whole embryos
remain applicable even within these subset isolates. We do not assume that the genes
isolated will be applicable within all embryonic tissue subsets (we deem this unlikely, and
have edited the text to make this distinction more explicit), but repeating the work
presented, over the developmental stages shown, for increasingly specific (and potentially
challenging to isolate) tissue subsets seems firmly beyond the scope of this study. Our work
does, however, represent a solid technical and instructive foundation for investigators who
might wish to pursue such further studies.

With respect to single-cell data, we do not assume our candidate genes will necessarily
apply to single-cell data, and indeed, we would strongly advise against such an approach:
the depth and detail of single-cell sequencing data offers alternative, more appropriate
normalisation methods that can be determined a priori, on a sample-by-sample basis, or
even a cell-by-cell basis, if necessary (Lytal et al, doi: 10.3389/fgene.2020.00041). By the
same token, we do not feel that single-cell data can be readily used to inform bulk cDNA
normalisation: the transcriptional behaviour of individual cells and cell types is not
necessarily representative of behaviour at whole tissue level.

We also note that RNAseq data (bulk or single-cell) is not strictly analogous to the cDNA
approaches used here: RNAseq most commonly uses oligodT priming (and/or oligodT
purification), leading to an inherent 3’ bias. As our data shows, 3' bias can strongly affect the
measured expression of long genes. We avoid this bias by use of random priming (and
demonstrate the difference this makes), but such adjustments cannot necessarily be
translated to RNAseq methodologies.

Finally, we note that others have shown that use of RNAseq datasets is not required for
reference gene identification (Sampathkumar et al, doi:10.1371/journal.pcbi.1009868), and
that (as the reviewer rightly notes) any genes identified as potential candidates via RNAseq
would need to be validated using the methods we already employ in this manuscript. As we
show, our highest scoring candidates are eminently suitable references already: we are
reluctant to recreate this entire study with additional genes for (at best) a fractional gain in
score.

We hope this addresses the reviewer's concerns.
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Anush Kosakyan
Institute of Parasitology, Biology Centre Czech Academy of Science, Ceské Budé&jovice, Czech
Republic

This study validates potential reference genes for gene expression studies in the developing
mouse embryo from E11.5 to E18.5. Authors investigated expression of 15 candidate genes in
whole embryos, heads and forelimbs, and suggested AP3D1, RPL13A and PAK1IP1 as the most
suitable ones for normalising gene expression in the developing mouse embryo. The manuscript
is overall well written and structured, the methods are transparent, however there are several
points that must be considered before indexing:

Abstract:

"Unexpectedly, all methods suggest that many genes within our candidate panel are acceptable
references, though AP3D1, RPL13A and PAK1IP1 are the strongest performing genes overall. HPRT1
and B2M are conversely poor choices and show strong developmental regulation. We further show
that normalization using our three highest-scoring references can reveal subtle patterns of
developmental expression even in genes ostensibly ranked as acceptably stable (CDC40, HTATSF1)."
Rather than saying here that HPRT1 and B2M are conversely poor choices (in general, we
are not interested in what is the poor choice, but what is the best choice), I would say which
genes performed best specifically for the overall embryo level and specifically for head and
forelimbs, because some future studies might focus only on head or forelimbs.
Introduction:

"This panel includes candidates widely used historically (78S, GAPDH, ACTB), those that we have
shown be strong references in mouse skeletal muscle (CSNK2A2, AP3D1, RPL13A), and also shown
by others to be viable references in rodent brains (UBC, HPRT1, RPL13A, 18S). To maximise the
power of our study, we have assessed reference gene suitability using all four algorithms
described above (geNorm, deltaCt, BestKeeper and Normfinder)."
Provide references for 18S, GAPDH, ACTB. Also, it would be great if you could provide a
table (or just an extension of Table 1) with a brief description of the condition/scenario in
which the gene was suggested/validated as the best reference gene and the corresponding
reference. That would make your introduction really valuable.

Methods:

"Uterine horns were quickly removed and placed on ice (additional organs and muscles were
collected from the adults for separate studies)."
o Idid not understand why this information is relevant to this study.

"RNA yield and purity were assessed via nanodrop (ND1000) and samples with 260/230 ratios
below 1.7 were subjected to a second precipitation."
> => just for your information, the optimal values for RNA purity are: 260/280 = 2, and
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260/230 = 2-2.2.
"All sequences are provided below:
18S F 5-GTAACCCGTTGAACCCCATT-3'
18S R 5-CCATCCAATCGGTAGTAGCG-3'
HPSF F 5-GGACTAATTATGGACAGGACTG-3'
HPSF R 5-GCTCTTCAGTCTGATAAAATCTAC-3'
Dp71 F 5-GTGAAACCCTTACAACCATGAG-3’
Dp71 R5-CTTCTGGAGCCTTCTGAGC-3™
o Make a table for all gene primer sequences and give the efficiency values for each.
Results:
> Fig2.1am a little confused about this figure or maybe the legend is not clear enough. Are
these points in each boxplot for all samples (i.e. all biological replicates for whole embryos,
heads and forelimbs) per gene? Why is C shown without a box?
Discussion:
o It can be seen from Fig. 2 that the Ct values for the proposed reference genes are between
22 and 23, indicating that the genes are comparatively highly expressed. I would add a few
lines to discuss whether you see a limitation in using these genes for the normalization of
low expressed genes.

o I'would also add a few lines emphasizing that the proposed reference genes are uniformly
expressed throughout embryonic development, whereas the choice of these genes might
be different if we were looking at individual parts (e.g., head, forelimbs) or scenarios.

Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and is the work technically sound?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are all the source data underlying the results available to ensure full reproducibility?
Yes

Are the conclusions drawn adequately supported by the results?
Partly

Competing Interests: No competing interests were disclosed.
Reviewer Expertise: Microbial eukaryotes, taxonomy, phylogeny, transcriptomics, genomics

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard, however I have
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significant reservations, as outlined above.

John Hildyard, Royal Veterinary College, London, UK

We thank the reviewer for their careful and detailed assessment of our manuscript, and
their insightful suggestions (which we discuss below -where appropriate, the reviewer's
comments are reiterated for easy reference, in italics).

Rather than saying here that HPRT1 and B2M are conversely poor choices (in general, we are not
interested in what is the poor choice, but what is the best choice), I would say which genes
performed best specifically for the overall embryo level and specifically for head and forelimbs,
because some future studies might focus only on head or forelimbs.

Thank you for this suggestion. We feel for studies of this nature it is important not only to
identify strong candidates, but also to highlight those that are not simply ‘less strong’
candidates, but that are actively poor candidates (such as genes that exhibit strong
developmental regulation: HPRT1 and B2M). Use of these genes as references in embryonic
contexts runs the risk of generating data that is not necessarily poorly normalised (i.e. high
variance, low statistical value) but incorrectly normalised (i.e. low variance, statistically
tractable, but not reflective of biological reality). We feel this latter point is worth
emphasising, especially when such genes might perform strongly under other contexts -we
and others have shown that HPRT1 is a very strong candidate when normalising muscle
gene expression, for example (Hildyard et a/: DOI: 10.3233/JND-170267, Wang et al: DOL:
10.3892/mmr.2019.10102).

We have, however, edited the abstract to better illustrate the overall suitability of our
strongest candidates: as we note in our discussion, the three genes identified are the
strongest performing in whole embryos and in heads alone (“In embryos, heads, or all
samples together, AP3D1 is the strongest candidate, while RPL13A, PAK1IP1 and CSNK2A2 are
also highly ranked"”), and while 18S and EIF4A scored fractionally higher for use in forelimbs,
forelimb data normalised using these two were highly comparable to data normalised using
AP3D1, RPL13A and PAK1IP1, suggesting that these latter three do indeed represent a
universal panel (we provide extended data to specifically illustrate this). The edited abstract
is now as follows (edited text in bold):

“Unexpectedly, all methods suggest that many genes within our candidate panel are
acceptable references, though AP3D1, RPL13A and PAK1IP1 are the strongest performing
genes overall (scoring highly in whole embryos, heads or forelimbs alone, and in all
samples collectively).”

Provide references for 18S, GAPDH, ACTB.

An entirely reasonable suggestion: thank you. As we note, these three are widely used
historically: so widely, in fact, that it might almost be easier to provide citations that do not
use one or more of these three. While the observation that these three are not optimal
under all circumstances (and are in fact often markedly poor choices) is gradually gaining
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acceptance, use of these genes is still prevalent throughout the literature. We have thus
provided citations of review articles addressing the historical use of these three (Kozera and
Rapacz: doi:10.1007/s13353-013-0173-x, Chapman and Waldenstrom:
doi:10.1371/journal.pone.0141853), which we feel more comprehensively addresses the
pervasive use of these genes.

Also, it would be great if you could provide a table (or just an extension of Table 1) with a brief
description of the condition/scenario in which the gene was suggested/validated as the best
reference gene and the corresponding reference. That would make your introduction really
valuable.

This is an excellent suggestion, but perhaps one best suited to a review article examining
the use of reference genes more generally (rather than one focussed on identification of the
correct references in developing mouse embryos specifically). Some of these genes (18S,
ActB and GAPDH in particular, as discussed in the citations added above) have been used
broadly, in scenarios ranging from mammalian cell cultures (Liu et al, doi:
10.1371/journal.pone.0117058) all the way to celery (Feng et al, doi: 10.7717/peerj.7925):
including such a breadth of information, even in table form, seems challenging.
Additionally, historical use of these genes might not always have been appropriate:
validation of specific genes for specific scenarios is scientifically rigorous, but is also a
comparatively recent approach. Such validation is typically conducted a priori rather than
with the assumption that behaviour of a given gene in one context will translate to another.
Indeed, several genes from the geNorm/geNorm PLUS collections (which comprise the bulk
of those used here) were selected not due to their use in the literature, but based on their
stability across multiple publicly accessible microarray datasets: the core principle being
that providing a large panel of candidate genes (all of which should ostensibly be relatively
stable) allows users to determine the most stable genes for their specific scenario (as in this
manuscript). 18S, GAPDH and ActB are typically included in geNorm collections not because
they are likely to be stable, but for the simple reason that they have such broad historical
use: their inclusion thus allows analysis to be placed in context with established literature.

We already cite studies validating individual genes where appropriate (i.e. in neural or
skeletal muscle contexts), and we are reluctant to further expand table 1 (which has already
been enlarged to include accession numbers and amplicon lengths).

Methods:

"Uterine horns were quickly removed and placed on ice (additional organs and muscles were
collected from the adults for separate studies)."
I did not understand why this information is relevant to this study.

We apologise for any confusion: Wellcome Open Research adheres closely to the ARRIVE
guidelines, and to the principles of Replacement, Reduction and Refinement (3Rs) -we feel
this is laudable, and as a Veterinary College, we too adhere closely to these principles. This
information was included to clarify explicitly that tissues from animals sacrificed for this
work were utilised more broadly, both to demonstrate our commitment to reductions in
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animal use, and to encourage others to employ similar ethical approaches. We would prefer
to retain this information for these reasons, but we are willing to remove it at the discretion
of the editor.

"RNA yield and purity were assessed via nanodrop (ND1000) and samples with 260/230 ratios
below 1.7 were subjected to a second precipitation."

= > just for your information, the optimal values for RNA purity are: 260/280 = 2, and 260/230 =
2-2.2.

Thank you. We are aware of these optimal values, however we are also aware that it is not
always possible to achieve such high ratios (particularly for 260/230), and that repeat
cleaning of perfectly useable RNA in an attempt to attain greater purity is an approach with
rapidly diminishing returns. In our experience, using the reagents cited in our manuscript,
samples with 260/230 ratios above 1.7 behave essentially identically to those with optimal
ratios, and this more modest threshold is markedly easier to attain. We feel this information
might be of use/interest to other investigators.

Make a table for all gene primer sequences and give the efficiency values for each.

As noted within the manuscript, sequences for most of the primers used in this work are
proprietary, and thus cannot be provided. For the remaining six primers (as shown) we did
not feel a table was necessary. The suggestion to show the efficiency values is excellent and
appreciated, however: accordingly we have added all efficiency calculations and derived
values to the extended data (see also our response to reviewer 1).

Results:

Fig2. I am a little confused about this figure or maybe the legend is not clear enough. Are these
points in each boxplot for all samples (i.e. all biological replicates for whole embryos, heads and
forelimbs) per gene? Why is C shown without a box?

Yes, for each gene, all sample Cq values are shown (whole embryos, heads, forelimbs).
Boxplots are depicted to more clearly illustrate the outlier behaviour of the specific samples
identified as aberrant. Figure 2C serves exclusively to illustrate differences in specific
sample batches within a single gene (18S or dp71), rather than overall consistency within a
gene, and thus boxplots would not convey any further information beyond that already
depicted. We accept that this might lead to confusion, however, and have thus altered this
latter plot to box and whisker for consistency.

We have also edited the figure legend to clarify these specifics (edited text in bold):

“Box and whisker plots of all sample Cq values for each candidate gene used in this study:
each point represents the Cq value of an individual sample, for the gene indicated. ( A)
Initial raw Cq values revealed a marked variance in 18S expression (but not other genes),
restricted to samples from a single cDNA synthesis batch (open circles), compared to
samples from other cDNA synthesis batches (black points), indicative of impaired random
priming. ( B) Preparation of fresh cDNA for these samples corrected this discrepancy (filled
circles), producing values consistent with other batches (black points). ( C) gPCR for 18S and
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the dystrophin isoform dp71 using the initial poor samples (1, open circles), the other
samples (2, black points) and the fresh preparation (3, filled circles) shows that impaired
random priming prevents accurate quantification of long transcripts. Details of specific
cDNA synthesis batches can be found in the underlying data 97"

Discussion:

It can be seen from Fig. 2 that the Ct values for the proposed reference genes are between 22 and
23, indicating that the genes are comparatively highly expressed. I would add a few lines to
discuss whether you see a limitation in using these genes for the normalization of low expressed
genes.

An excellent suggestion: thank you! We agree that it is preferable to use reference genes of
comparable expression level to a given gene of interest, wherever practical. It can be
challenging to identify stably expressed genes of low abundance, however (particularly
within the transcriptionally dynamic tissue of embryos): low abundance is often an indicator
of tightly controlled (rather than ubiquitous) expression, and moreover even if such genes
are indeed constitutively expressed, lower levels of expression are inherently more
vulnerable to stochastic noise. This can be partly addressed by use of multiple references
(and is a strong argument in favour of such) but identifying multiple stably expressed low
abundance genes is particularly challenging.

Provided care is taken to ensure that efficiencies are appropriate and comparable between
references and GOI, we feel that good, high abundance references are preferable to more
noise-susceptible low abundance references, but we thank the reviewer for raising this
excellent point, and have added words to address this within our discussion, as follows (new
text in bold):

“We note that all three genes are expressed at relatively high levels (Cq values of 21-
24), potentially rendering them less appropriate for normalising low abundance
transcripts (where minor differences in PCR efficiency can compound over multiple
additional cycles). Identifying stably expressed low abundance genes can be
challenging, however, and matching reference and GOI expression levels on a case-by-
case basis is both time- and resource-intensive (and indeed impossible when
investigating GOIs with dramatic changes in expression). Provided care is taken to use
multiple stable, well-validated references (as per MIQE guidelines 24), the utility of a
broadly applicable high-abundance panel likely outweighs these concerns.
Accordingly, our validation process confirmed the utility of these genes, and also revealed
insight into changes in gene expression during development...”

I'would also add a few lines emphasizing that the proposed reference genes are uniformly
expressed throughout embryonic development, whereas the choice of these genes might be
different if we were looking at individual parts (e.g., head, forelimbs) or scenarios.

A sensible suggestion: we agree. We have endeavoured to make these distinctions clear
throughout our manuscript, and to stress that the three candidates identified are in fact not
only highest scoring in whole embryos, but also within heads, and within the entire dataset
(including whole embryos, heads and forelimbs). As noted above (and within the
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manuscript) they are not the highest scoring within forelimbs, but remain high scoring (such
that data normalised using these three is comparable to data normalised using 18S/EIF4A.
Given the reviewer's suggestions, we have made changes to better clarify this (and to stress
that such universality should not be assumed to extrapolate to additional scenarios). We
have edited the text of the discussion and conclusions accordingly:

“We note these findings do not imply that these genes will necessarily be appropriate
for more focussed embryonic contexts (such as specific organs), and suitable
reference genes might need to be independently validated for such specific scenarios:
indeed, as shown here 78S and EIF4A apparently represent better candidates in forelimbs
specifically (though AP3D1, RPL13A and PAK1IP1 also scored highly). Studies addressing
developmental changes in limbs alone might technically be better served by these two, but
this would necessarily sacrifice the utility advantages offered by a universal panel...”

“Our data suggests that normalisation of expression over this period is not only possible,
but that many reference genes are acceptable, though the genes AP3D17, RPL13A and
PAK1IP1 are the strongest candidates overall (using the entire sample set), within whole
embryos alone, or within heads. These genes are also strong candidates for use in
forelimbs (though 78S and EIF4A score fractionally higher in this tissue). Our data
further suggests only a pair of genes is necessary for effective normalisation: AP3D7 and
one other.”

Competing Interests: No competing interests.
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v

Caroline L. Smith
School of Life Sciences, University of Westminster, London, UK

This is a valuable resource for researchers which provides details of reference genes at different
stages of embryonic development. As the authors comment, incorrect selection of reference
genes can significantly skew qPCR data and furthermore some genes considered to be stable do
change throughout development. The reports developmental regulation of about HPRT1 and B2M
are valuable findings.

Although the authors state that primer efficiencies were all 95-105%, it would be extremely helpful
to have these values in a table alongside details of range of dilutions of cDNA used to generate
these standard curves and which ages/tissues were used to determine the efficiencies.
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The primer sequences for the GeNorm are not available but it would be useful to know the
amplicon sizes and accession numbers of the genes provided in Table 1.
In Figure 2 - the legend lacks detail about which ages/tissues are used in the cDNA batches.

Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and is the work technically sound?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are all the source data underlying the results available to ensure full reproducibility?
Yes

Are the conclusions drawn adequately supported by the results?
Yes

Competing Interests: No competing interests were disclosed.
Reviewer Expertise: Gene expression, cardiovascular signalling

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.

John Hildyard, Royal Veterinary College, London, UK

We thank the reviewer for their supportive assessment of this work, and for the excellent
suggestions (repeated below in italics, for reference), which we address as follows.

Although the authors state that primer efficiencies were all 95-105%, it would be extremely
helpful to have these values in a table alongside details of range of dilutions of cDNA used to
generate these standard curves and which ages/tissues were used to determine the efficiencies

This is a pertinent and sensible suggestion: we have added two supplementary data files
(extended data, Additional reference gene validation) containing all the efficiency
calculations and the methodology used to generate these.

The primer sequences for the GeNorm are not available but it would be useful to know the
amplicon sizes and accession numbers of the genes provided in Table 1
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Again, an excellent suggestion: we have added these details to the table.
In Figure 2 - the legend lacks detail about which ages/tissues are used in the cDNA batches.

Correct, it did not: the primary purpose of figure 2 is to illustrate that batch-specific effects
can be identified and then subsequently addressed (i.e. batch-specific behaviour
eliminated), and thus for all subsequent analyses within the manuscript, no such batch
effects should be assumed to apply. We did not consequently feel this additional
information was necessarily of benefit to the reader, however we are entirely happy to
implement this change as suggested. Accordingly, we have edited the legend to refer to the
underlying data, which now contains the relevant batch-specific information (edits in bold).

“Box and whisker plots of all sample Cq values for each candidate gene used in this study:
each point represents the Cq value of an individual sample, for the gene indicated. ( A)
Initial raw Cq values revealed a marked variance in 18S expression (but not other genes),
restricted to samples from a single cDNA synthesis batch (open circles), compared to
samples from other cDNA synthesis batches (black points), indicative of impaired random
priming. ( B) Preparation of fresh cDNA for these samples corrected this discrepancy (filled
circles), producing values consistent with other batches (black points). ( C) gPCR for 18S and
the dystrophin isoform dp71 using the initial poor samples (1, open circles), the other
samples (2, black points) and the fresh preparation (3, filled circles) shows that impaired
random priming prevents accurate quantification of long transcripts. Details of specific
cDNA synthesis batches can be found in the underlying data 7.

Competing Interests: No competing interests.
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