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SUPPLEMENTARY TABLE LEGENDS

Table S1. Enrichment Analysis. Sheets: Age (GO\KEGG), Tissue_(GO\KEGG),
Tissue.Age_(GO\KEGG) — Enrichments in genes differentially expressed between ages,
tissues, and the interaction of age and tissue, using either gene ontology (GO) or Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analyses. Columns: Set — the set
of genes checked for enrichments; Enriched with — enrichment term; #genes - number of
genes annotated with the term; Raw p-value, Corrected p-value - p-value was corrected
within a domain and a filter; Frequency in set (%) - frequency of genes annotated with the
term in background; Gene List - the genes annotated for the enrichment term.

Table S2. Deafness Genes. Sheets: List — Genes associated with deafness compiled from
www.hereditaryhearingloss.org (updated for 5/13/16); Expression — Differential expression
for the mouse orthologs of the deafness genes. Common columns: HGNC — human symbol;
'List' columns: Gene (OMIM) — OMIM identifier; Group — deafness annotation, either
Syndromic \ Nonsyndromic Genes \ Mitochondrial; Subgroup — more subtle subgrouping.
'Expression' columns: All.Groups, Chosen.Group — the type\s of deafness the gene is
associated with, and the type selected for the analysis; All.Ensembls — associated human
gene ids; All.LHomologs, Chosen.Homolog — the mouse homologs of the gene, and the one
selected for the analysis; logCPM — average expression across samples in logged-CPMs
(counts per millions); Tissue.logFC, Tissue.FDR — the FC of expression between tissues
(cochlea / vestibule), and the g-value of the differential expression; age.logFC, age.FDR -
same for the comparison of ages (PO / E16.5); tissue_age.logFC, tissue_age.FDR - same for
the interaction of tissue and age (cochlea / vestibule ratio at PO / same ratio at E16.5).

Table S3. Deafness genes prediction. Sheets: Mouse_Orthologs, Human_Genes —
probabilities assigned to genes by the deafness genes prediction algorithm. The algorithm
ran on mouse data but we provide also the associated human gene probabilities. Both
sheets contain also scoring of the association between genes and hearing loss, according to
different tools and methods (see Methods); Mouse_ROC, Human_ROC — ROC curve data
for the prediction of deafness associated genes for both organisms. Only rows fitting local
maxima of Specificity + Sensitivity are stored. Mouse_Wilcox, Human_Wilcox — for
increasing thresholds we store the p-value of comparing the association scores of genes
above the threshold with those of genes below the threshold according to Wilcoxon rank
sum test. Different scoring methods result in different p-values. Only rows fitting local minima
of p-value are stored (according to the "Combined" scoring method).

Table S4. Transcription factors affecting transcription. Sheets: Age_Motif, Tissue_ Motif,
Tissue.Age_ Motif — Motifs enriched in genes differentially expressed between ages, tissues,
and the interaction of age and tissue; Age_TF_Expression, Tissue_TF_expression,
Tissue.Age_TF_Expression — The expression of the TFs associated with the enriched
motifs. Common columns: Set - the set of genes checked for enrichments; Enriched with —
TRANSFAC motif name. Motif columns: #genes - number of genes with the motif in their
promoter; p-value — significance of the enrichment; Enrichment factor — ratio of the fraction
of genes with the motif in their promoter in the set to the analogous fraction in the
background; Gene List — the genes with the motif in their promoter. TF expression columns:
Symbol, Ensembl — associated TF; logFC - the FC of expression between the compared
conditions; logCPM - average expression across samples in logged-CPMs (counts per
millions); LR, PValue, FDR - likelihood ratio, p-value and g-value for the testing of
differential expression of a TF between the compared conditions; DE — true if TF is
differentially expressed between conditions (g-value<0.05).



SUPPLEMENTARY FIGURES
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Figure S1. Number of genes associated with hearing loss. A Venn diagram of the number of human
genes associated with hearing loss according to the text mining tools DigSeE, DisGeNET and
DISEASES (see Methods). A darker region corresponds to a higher fraction of known deafness genes
in the relevant set. Right: similar figure after converting the human genes to their mouse homologs.
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Figure S2. Probability calibration plots for classification models. The prediction space was discretized
into 11 bins. Genes with predicted DG probability between 0 and 0.09 fell in the first bin, between 0.09
and 0.18 in the second bin, etc. For each bin, the mean predicted value was plotted against the true
fraction of positive cases, along with the 95% binomial confidence interval. If the model is well
calibrated the points should fall near the diagonal line. Left: The predicted probabilities of the PU
classifier were either used directly (red) or calibrated for undersampling [1] (yellow). The plot shows
how consistent the probabilities are with known deafness genes rates. Right: Three methods (e1, e2,
e3) were used in order to calibrate the probabilities of the PU classifier for the classification of
deafness genes versus non-deafness genes [2]. The calibration was performed after an initial
calibration for undersampling. As the true label of an unlabeled gene is unknown, we use as proxy the
association of such gene with deafness according to text mining tools. The calibration data for e1, €2,
and e3 are colored green, blue, and purple, respectively. For some combinations of bins and
calibration methods, there were no samples in the bin, and thus the mean predicted values were not
plotted. For example, no gene was predicted to be a DG with a probability over 60% using the €3
method, so no purple points are plotted above this value in the x-axis.
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Figure S3. Expression of transcription factors and their targets. For the motifs enriched in the
differentially expressed genes, we plotted the average log fold-change (FC) of the genes with the
motif in their promoter, against the median logFC of the transcription factors associated with the motif.
The subset of relevant motifs and the fold-changes were determined separately for each comparison:
between ages (upper left), tissues (lower), and the interaction of age and tissue (upper right). The
color indicates the gene set in which the motif was enriched. A linear regression line was added to
each plot.
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Figure S4. Transcription factors involved in avian hair cell regeneration according to Hawkins et al.,
2007 [3]. For the motifs enriched in the differentially expressed genes, we illustrated how their
associated transcription factors (TFs) changed during a previous avian sensory epithelia regeneration
experiment. In that study, TF expression was measured in consecutive time points after the infliction
of damage (either laser or Neomycin [NEO]) to an inner ear tissue (either cochlea [CQO] or utricle
[UTRY]). Each tile represents a single measurement. The color indicates whether the TF expression
was significantly high (red) or low (green) at this time point. The TFs and their associated TRANSFAC
motifs [4] are indicated on the x-axis. The subset of relevant TFs was determined separately for each
comparison: between ages (upper left), tissues (lower), and the interaction of age and tissue (upper
right).
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Figure S5. Concordance between transcription factors (TFs) regulating DE gene groups identified in
our study and TFs involved in avian utricle hair cell regeneration according to Ku et al., 2014 [5]. In
that study, RNA-seq was performed in consecutive time points after subjecting the whole utricles to
aminoglycoside antibiotic treatment and extracting the sensory epithelia of the specimens (along with
untreated control). A few hundred TFs involved in the process were identified, six of which overlapped
with TFs regulating DE gene groups in our study. Bottom figure: the TFs’ expression patterns,
considered DE compared to control in the regeneration experiment. For each TF we plot the logarithm
of the fold-changes (FCs; y-axis) between test and control specimens in the regeneration experiment
for each timepoint (x-axis). Top figure: concordance between these six TFs and enrichment in DE
genes in our experiment. For each TF (on the x-axis), we indicate in which lists of DE genes (on the y-
axis), associated motifs were found (TRANSFAC [4] motif ids in dark tiles). The lists of DE genes
were generated by comparison between ages (top), tissues (middle), and the interaction of age and
tissue (bottom).
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Figure S6. lllustration of the classification of genes as deafness genes. The input to this process is an
assignment of genes to deafness genes and non-deafness genes, expression pattern data (not
portrayed in the figure) and annotation of genes as deafness associated according to text mining
tools. This last input type is only used in selecting the bias correction method. The output of the

process is the predicted probability for each gene to be a DG.
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Figure S7. lllustration of the improved classification process of deafness genes. This "rerun" classifier
uses the output probabilities of the original classifier (Figure S6) and refines them by randomly
reassigning genes with unknown role in deafness as deafness genes during the learning process. The
probability of a gene to be reassigned as a deafness gene is equal to the probability assigned to it by
the original classifier.
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Figure S8. Choosing k: number of genes to keep for deconvolution. The estimated percentage of
contamination is plotted against k for E16.5 and PO (solid black line, left and right subfigures,
respectively). The contaminations in cochlear and in vestibular samples are marked by the red and
blue lines, respectively. The value of k chosen to minimize the contamination is marked by the dashed
black line (see Methods for more details).
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SUPPLEMENTARY METHODS

Linear mixed models
The following model was used to describe the expression level E, ¢ of gene g in sample s,
which originated from tissue t at age a:

Egs=ag+Ps+ Ty +Aga+Igta

The expression levels are in logged RPKM (reads per kilobase per million mapped reads).

Random variables T, ; correspond to the effect of tissue identity on expression, 4, ,
correspond to the effect of age on expression, and I, ., correspond to a combined effect of
tissue and age on expression. The parameters a, correspond to the base expression levels

of genes, and S, correspond to the normalizing constants of expression between replicates.
Using Imer [6] we fitted this model to our data, and estimated the percentage of
variance explained by each variance component. The high number of measurements did not
allow fitting the model for all genes at once. Instead, we randomly selected 760 genes (5%
of all genes) and fitted the model using their expression data. We performed this process
100 times. In 10 of those times, we used restricted likelihood ratio test to test whether the

variance of the random effect I, , , is zero [7]. We reported the median p-value in the text.

Connecting motifs to target genes

We used the same mapping as PRIMA [8] uses by default. It contains for every gene and for
every TRANSFAC motif [4] the number of hits (putative binding-sites) of the motif in the
promoter of the gene (spanning from 1000 bp upstream the transcription start site [TSS] to
200 bp downstream the TSS). If there was at least one hit of a motif in the promoter of a

gene, we considered the gene to be its target.

Integration with avian sensory epithelia regeneration experiment

In [3], transcription factor (TF) expression was measured in consecutive time points after the
infliction of damage (either laser or Neomycin [NEO]) to an inner ear tissue (either cochlea
[CO] or utricle [UTR]). We adopted the authors' thresholds for declaring a TF as DE in a
single time point (FC=1.2 and p-value<0.05, compared with the background). Then, we
found overlaps between TFs that are DE in at least a single time point in [3], and those
arising from our enrichment analysis.

A similar process was performed for the newer regeneration experiment from the same
group [5]. In this experiment the effect of an aminoglycoside antibiotic on gene expression in
chick utricles was followed across a 7-day time course. Untreated utricles were cultured in
parallel and served as controls. After treatment, the sensory epithelia of some specimens

(along with untreated controls) were harvested for RNA-Seq in consecutive time points.
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Once more, we adopted the authors' threshold for declaring a gene as DE (FC =1.8-fold and
a p-value <0.05 at any one time point for treated versus control cultures), and then we
looked for overlaps between TFs that are DE in the regeneration experiment, and those
arising from our enrichment analysis. In [5], DE TFs were clustered by their expression
dynamics into 16 centroids. For the overlapping TFs, we mention in the text the term used by
the authors to describe the content of the assigned clusters (specifically, for E2f1 and Vdr
the assigned clusters are described as 'cell cycle' and 'peaks at 54-72 hours', respectively;
Etv4 and Myc were assigned to two different clusters of 'early effectors'; and Smad9 and

Spi1 were assigned to two different clusters having a 'complex pattern’).
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SUPPLEMENTARY RESULTS

Comparison of associated deafness genes lists

The text mining tools used showed marked differences in the numbers of associated genes
and percentages of known DGs within them (DiGSeE: 1009 genes, 10.5% are known DGs;
DISEASES: 412 genes, 19.4% are known DGs; DisGeNet: 115 genes, 13.0%). A higher
percentage of known DGs indicates a higher specificity. Thus, the largest list provided by
DigSeE is relatively nonspecific, but might be more sensitive than the other lists, and the
medium size list provided by DISEASES might not be as sensitive, but it is more specific. As
expected, the higher the number of text mining tools associating a gene with deafness, the

higher the probability of the gene to be a known DG (Figure S1).

Known literature about enriched TFs in age comparison

In the set of genes up-regulated at E16.5, we saw enrichments of binding sites for the motifs:
Elk-1, Nrf-1, E2F-1, E2F, NF-Y, and AHRHIF. Elk1 plays a role in regulation of neuronal
cells, and possibly in synaptic plasticity and learning [9]. Nrf1 is involved in regulating
mitochondrial homeostasis [10], and over-expressing it reduces mitochondrial damage in an
age-related hearing loss model [11]. For the E2F and NF-Y motifs, see main text. The motif
AHRHIF is associated with the TFs aryl hydrocarbon receptor nuclear translocator (Arnt) and
Arnt2, which are involved in regulation of developmental genes. In an earlier study [12],
moderate to weak expression of Arnt was seen from E13 to E17 in the cochlear epithelial
cells, mesenchyme, and also in the cartilage primordium of the petrous part of the temporal
bone that surrounds the inner ear. The signal of Arnt2 mRNA was seen both in the cochlear
epithelial and mesenchymal cells from E13 onwards. See more about the AHRHIF family in

the main text.

Known literature about enriched TFs in tissue comparison

In the set of genes up-regulated in the cochlea, we saw enrichments of binding sites for the
motifs: HIC1, E2F, ZNF219, ZF5, UF1H3BETA, MOVO-B, MAZ, VDR, MAZR, MTF-1, c-
Myc:Max, AP-2, CAC-binding protein, ETF, E47, Lmo2 complex, RREB-1, LBP-1, CP2/LBP-
1¢/LSF, and Spz1. The human gene HIC1 is a tumor suppressor gene that acts as a
transcriptional repressor [13]. Therefore, the enrichments of (the analog) Hic1's targets in the
cochlea up-regulated genes, suggest a higher activity of Hic1 in the vestibule. During
embryonic development Hic1 is expressed mainly expressed in mesenchymal tissue,
including precartilaginous condensations [14]. However, it has no known role in ear
development. The deletion of HIC1 is associated with the Miller-Deiker lissencephaly
syndrome [14]. For the E2F motif, see main text. ZNF219 is a translational repressor [15]

with roles in regulating the neural protein alpha-synuclein [16] and in in chondrocyte
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differentiation [17]. We can hypothesize that it is needed for the formation of cartilage in the
inner ear, especially in the vestibule. ZF5 is a putative c-myc repressor [18] associated with
the fragile-X syndrome [19]. It has no known role in the inner ear. No data was found for
UF1H3BETA. Yet, according to the TRANSFAC database (version used by PRIMA [8]), its
consensus sequence contains the consensus sequence of another enriched motif (MAZ),
suggesting a redundancy in enrichment results. MOVO-B is a splicing isoform of Ovol2,
which is classified as a transcriptional repressor [20]; thus it is of no surprise that it is down-
regulated in the cochlea, where its targets tend to overexpress. MOVO-B regulates testis-
specific genes in the testis [21], and has roles in the development of the neural tube [22], the
eye [23], the heart and the placenta [24], and possibly the skin [20]. In stem cells, it works
downstream of the bone morphogenic pathway (BMP) to facilitate mesodermal differentiation
and inhibit neural conversion [25]. It might fill a similar role in the vestibule (possibly in
cooperation with R-SMADs Smad1, Smadb, Smad9; see main text). MAZ has a role in
neuronal differentiation [26]. For the VDR motif, see main text. MAZR has a similar Zn finger
motif as MAZ [27], and both activates the c-Myc promoter, however in [28] it is suggested
that MAZR it acts as a transcriptional repressor. MTF-1 is known for its role in heavy metal
detoxification [29], and is essential for proper liver development but not essential for proper
brain development. In epilepsy the level of zinc regulates the expression of specific calcium
channels through this TF [30]; we note that calcium signaling is enriched in the cochlea. c-
Myc:Max controls the balance of proliferation and differentiation in the ear as well as in other
tissues; an intervention in its pathway was suggested for hearing restoration [31]. The AP-2
family of TFs is expressed in primitive ectoderm and merging neural-crest cells [32].
Mutations within the human gene TFAP2A [AP-2] are associated with branchio-oculo-facial
syndrome and inner ear malformation [33]. No data was found for CAC-binding protein.
TEAD?2 [ETF] is important factor in regulation of neural development [34] and neuron
proliferation [35]. It promotes cell proliferation and inhibits cell apoptosis [36]. The targets of
Tcf3 [EAT] are enriched in both the cochlea and the vestibule upregulated genes. Tcf3 is
needed for hair cell development as a partner of ATHO1 [37], and also for neocortical
development by repressing the Wnt signaling pathway [38], and to lymphocyte development
[39]. It is reasonable to assume that this TF is involved in hair cell development in both
sensory organs, but in the vestibule, in which the immunological activity is higher than the
cochlea (see main text), Tcf3 might also serve an immunological role. Lmo2 complex is
also a motif enriched in both the cochlea and the vestibule analyses. LmoZ2 is essential for
erythropoiesis [40], and also a possible role in the development of the cochlea [41], although
its protein is undetectable by in-situ hybridization at E15.5 onwards. In the main text, we
suggest Lmo2 has a different partner in the cochlea and the vestibule. RREB1 has a role in

regulating cell adhesion and cell migration [42]. It has no known role in the inner ear. The
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targets the LBP-1 motifs are enriched in both the cochlea and the vestibule upregulated
genes. LBP-1 proteins were primarily studied in the context of erythroid development [43].
Spz1 known to specifically expressed in the testis [44], and was accordingly undetected in
our experiment, suggesting this enrichment is a false positive.

In the set of genes up-regulated in the vestibule, we saw enrichments of binding sites
for: HNF4, SREBP-1, NF-1, PEA3, TEF-1, AP-2rep, NF-kappaB (p65), LBP-1, LUN-1, E2A,
PU.1, MyoD, Nrf2, Lmo2 complex, COUPTF, ISRE, HEB, E47, SMAD, AML-1a, and c-Ets-1
(see Main Text). HNF4 is a TF regulating metabolism, cell junctions, differentiation and
proliferation in liver and intestinal epithelial cells [45]. It is not expressed in the brain [46]. Its
role in differentiation [47], as well as a possible role in inflammation [45], make it an
interesting candidate in our system, although its levels were undetected in our experiment.
SREBP-1 regulates genes required for glucose metabolism and fatty acid and lipid
production [48]; this last activity is dependent in retinoic acid [49], an important molecule in
the inner ear [50]. NF-1 is known to be essential for proper brain development in mouse [51,
52], but has no known role in the inner ear. PEA3 is a downstream effector of FGF signaling,
and has a role in ear development [53]. The enrichment of this motif in vestibular up-
regulated genes cannot be easily explained, as the associated transcription factor Etv4, is
up-regulated in the cochlea. The expression dynamics of this TF in utricle hair cell
regeneration [5] shows a transient increase immediately after incubation with
aminoglycoside antibiotic, which fits an early effector with a role in proliferation but not
differentiation. TEF-1 is essential for cardiac, skeletal, and smooth muscle development [54];
The term 'vascular process in circulatory system' appears in the enrichments of the genes
up-regulated in the vestibule, and might indicate similarities in the development of the two
systems. AP-2rep is responsible for repressing the AP-2 family of transcription factors [55];
In their turn they are responsible for cell-type-specific stimulation of proliferation and the
suppression of terminal differentiation during embryonic development [32]. NF-kB
contributes to the development and survival of the cells and tissues that carry out immune
responses in mammals [56], and thus can be linked with the immune response enrichment in
the vestibule. LBP-1 is mentioned above, as it is enriched in the cochlea's up-regulated
genes as well. LUN-1 (a splicing variant of the TOPORS gene) expresses highly in the lung
[57] and is associated with lung cancer [58], it also expresses highly in the CNS, although
little is known on its role in neuronal tissue [59]. The E2A gene is encoding E47 [60], which
is mentioned above, as it is enriched in the cochlea's up-regulated genes as well. PU.1 is a
involved in hematopoietic development [61]; This once more can be related to the
enrichment for immune response in the vestibule. MyoD is important for regulation of
skeletal muscle gene transcription [62]; KO mouse for Myf5:MyoD show improper

development of the vestibule; this is however attributed to a problem in transferring
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mechanical stimuli needed for development and not a development problem within the inner
ear [63]. Lmo2 is mentioned above, as it is enriched in the cochlea's up-regulated genes as
well. COUP-TFs are transcription factors, which have been shown to have functions in
embryonic development. COUP-TFI is expressed mainly in the nervous system, and its
targeted deletion leads to defects in the central and peripheral nervous systems, and COUP-
TFIl is highly expressed in the mesenchymal component of the developing organs [64]. See
more about the COUP-TF in the main text. ISRE is stimulated by interferon, and affect cell
proliferation, differentiation and regulation of the immune system [65]; This TF might be
related to the enrichments we see for immune response in the vestibule. TCF12 [HEB] plays
part in embryonic myogenesis pathways [66], where it serves as a MyoD coactivator , and is
also related to lymphocyte development [39], together with E47. For the SMAD family, see
the main text. AML1-A is known to be essential for hemopoietic myeloid cell differentiation
[67]; Hemopoiesis is upregulated in the vestibule. Also, it is known to interaction with SMADs
and c-Ets-1 [68]. Ets1 [c-Ets-1] promotes cellular differentiation in haemotopoietic cells, and
in the vascular system, it promotes invasive behavior of endothelial cells and vascular

smooth muscle cells [69].

Known literature about enriched TFs in age-tissue interaction

In the set of genes for which the cochlea to vestibule expression ratio is increasing with age

( Cochlea
Vestibule

T), we see enrichments of binding sites for the motifs: HNF4, E47, a group of

nuclear receptors (LXR, PXR, CAR, COUP, RAR), AP-4, and SMAD. HNF4 was previously
mentioned as a motif enriched in the genes up-regulated in the vestibule (see previous
section). Its appearance in this list indicates some closure of a transcriptional gap between
the cochlea and the vestibule. E47 was also previously mentioned in the previous section.
For LXR, PXR, CAR, COUP, RAR, see main text. TFAP4 [AP-4] is involved in the regulation
of cellular proliferation, stemness, and epithelial-mesenchymal transition [70]. Interestingly, it
has a role in repressing neuron-specific genes in non-neuronal cells [71]. For the SMAD
family, see the main text.

In the set of genes for which the vestibule to cochlea expression ratio is increasing with

Vestibule

age ( T), we saw enrichment of binding sites for: AML-1a, LEF1, LBP-1, HEB, and

POUGF1. AML-1a and HEB were previously mentioned as motifs enriched in the genes up-

Cochlea

regulated in the vestibule (see previous section). Their appearance in this list indicates some
increase of a transcriptional gap between the cochlea and the vestibule. LBP-1 was also
previously mentioned in the previous section. LEF1 is specifically expressed at early stages

of B-cell differentiation and is essential for survival and proliferation [72].
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