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Abstract:

Diverse types of synapses transmit the vast information encoded in the nervous system. Even
neurons of the same type can exhibit synaptic heterogeneity that alters circuit output. For
instance, in the auditory system, each inner hair cell (IHC) signals to multiple Type | spiral
ganglion neurons (SGNs) via glutamatergic synapses with heterogeneous properties, thereby
communicating information about the frequency, timing, and intensity of the sounds we hear.
Type | SGNs fall into three molecularly distinct subtypes (la, Ib and Ic) that make synapses with
predictable differences in the position and volume of the glutamate receptor puncta, as well as
the size of the apposing pre-synaptic ribbon in the IHC. To define the intrinsic mechanisms that
determine subtype-appropriate synaptic properties, we investigated Maf family transcription
factors, which play known roles in synapse development. Loss of c-Maf or Mafb from SGNs led
to opposing effects on synaptic morphology and auditory responses, whereas loss of both c-Maf
and Mafb led to formation of dysmorphic synapses and abnormal auditory responses. Further,
although c-Maf and Mafb are both expressed in all SGNs, their levels differ across SGN
subtypes. Single-cell RNA sequencing of single mutant SGNs revealed that c-Maf and Mafb
have both shared and unique effects on subtype-specific programs of gene expression,
including molecules associated with synaptic function and neuronal excitability. Double mutant
SGNs, on the other hand, failed to diversify and showed dramatic changes in gene expression
that included genes not changed in either single mutant. Together, these findings suggest that a
combinatorial code of c-Maf and Mafb acts across SGN subtypes to establish synaptic
heterogeneity that is critical for normal hearing function.

Introduction:
Robust and accurate synaptic transmission is essential for perception and behavior. The task of
relaying a huge range of sensory information is divided into sensory neuron subpopulations that
each encode distinct features of incoming stimuli. To this end, sensory neuron synapses differ
widely in their composition, size, and morphology, thereby enabling finely tuned differences in
their signaling properties (Petitpré et al., 2022). This large range of synaptic features is in part
dictated and maintained by the distinct transcriptional instructions found in each neuronal
subtype. Although many synaptic proteins have been identified and characterized for their
effects on signal transmission, it is unclear how groups of proteins are co-regulated to achieve
appropriate cell-type specific synaptic properties.

In the periphery of the auditory system, Type | spiral ganglion neurons (SGNs) relay
complex sound information from mechanosensitive inner hair cells (IHC) to the brain via highly
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specialized ribbon synapses (Shrestha and Goodrich, 2019). Presynaptic densities, known as
ribbons, localize to the basolateral pole of the IHC and cluster synaptic vesicles that release
glutamate onto receptors in SGN postsynaptic densities. Sound frequency is encoded
topographically, with SGNs in the apex of the cochlea responding to lower frequency sounds
and SGNs in the base responding to higher frequencies. Most SGNs receive input from one IHC
and each IHC signals to approximately 10-20 SGNs depending on tonotopic location (Perkins
and Morest, 1975; Ryugo, 1992; Spoendlin, 1985). At any one position, sound intensity is
captured by an action potential rate code, with louder sounds eliciting more spikes. A single
SGN is best tuned to a certain frequency and can only encode information about a small
proportion of the range of sound intensities found in the environment. However, as a population,
SGNs can tile a huge dynamic range of frequencies and intensities with high fidelity and speed.

Although IHC-SGN synapses are uniformly glutamatergic, Type | SGNs exhibit
stereotyped differences in their physiological and synaptic properties that shape how sound
information is communicated to the central nervous system (Shrestha and Goodrich, 2019). At
the physiological level, Type | SGNs exhibit different thresholds and spontaneous firing rates
(SR) that allow them to capture the complete range of sound intensities found in the
environment (Kiang, 1965; Liberman, 1982). Some of this functional diversity likely reflects
intrinsic differences among the Type | SGNs. There are three molecularly defined subtypes of
Type | SGNs, known as the la, Ib, and Ic subtypes, that differ in expression of many
transcription factors and synaptic genes (Petitpré et al., 2018; Shrestha et al., 2018; Sun et al.,
2018). la, Ib, and Ilc SGNs match the anatomical features of the physiologically defined
subtypes, exemplified by the orderly arrangement of their terminals along the basolateral
surface of the IHC, with la SGN terminals in the same position as high SR SGNs, Ilc SGN
terminals in the low SR SGN position, and Ib SGNs in the middle, where medium SR SGN
terminals reside (Shrestha et al., 2018). Likewise, genetically labeled Ic SGNs consistently
exhibit low spontaneous firing rates when recorded from in vitro (Siebald et al., 2023). On the
other hand, genetically labeled la and Ib SGNs show extensive variability in their firing rates
(Siebald et al., 2023), possibly due to differences in their local connectivity. Indeed, individual
IHC-SGN synaptic compositions show extensive heterogeneity in composition, size, and
morphology (Hu et al., 2020; Liberman et al., 2011; Liberman and Liberman, 2016; Michanski et
al., 2019; Payne et al., 2021). Some of these differences are linked to subtype identity. For
instance, Type la SGNs make synapses with larger ribbons and smaller GIuA2 puncta than the
Type Ib and Ic SGNs, again correlating with previously described electrophysiological subtypes
(Shrestha et al., 2018). This suggests that synaptic diversity in SGNs is in part dictated by
distinct transcriptional networks and contributes to differences in their functional output. By
identifying and analyzing transcription factors that impart subtype-specific differences in
synaptic properties, we can better understand how intrinsic differences in subtype identity
influence sensory neuron functional diversification.

SGNs develop from neuronal progenitors in the otocyst and acquire their mature
identities through the sequential activity of transcription factors (Goodrich, 2016). First, Gata3
guides neuronal progenitors towards an auditory fate and promotes their differentiation,
including guidance of peripheral processes towards the hair cell (Appler et al., 2013). As
differentiation progresses, SGNs begin to produce Mafb, which acts downstream of Gata3 and
is required for the formation of functional synapses (Yu et al., 2013). Meanwhile, Runx1 guides
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the proper specification and maintenance of SGN subtype identity. Removing Runx1 results in
the depletion of Ib and Ic identities in favor of la SGNs (Shrestha et al., 2023). This shift in
identity results in a corresponding shift in synaptic properties, with more neurons forming la-like
synapses. Thus, in Runx1 conditional knock-out mice, postsynaptic glutamate receptor clusters
on the modiolar side of the IHC, i.e. where Ib and Ic SGNs normally form synapses, are larger in
size, matching the cluster sizes normally seen among la synapses. The formation of synapses
with both cell-type specific and variable properties seems to involve dynamic changes in the
position, shape, and size of pre- and post-synaptic elements that begin around birth and
continue through the first month of life. The final pattern is shaped by thyroid hormone signaling
and is maintained by inputs from the olivocochlear efferent system (Coate et al., 2019; Sendin
et al., 2007; Yin et al., 2014). However, the transcriptional programs that determine SGN
subtype-specific synaptic properties are unknown.

The basic leucine zipper transcription factors c-Maf and Mafb are excellent candidates
for regulation of SGN synaptic features. In other systems, Maf family members control terminal
cell differentiation by inducing and maintaining identity-specific features such as the production
of glucagon by pancreatic cells (Yang and Cvekl, 2016). Deletion of Mafb from SGNs in mice
disrupted development of the postsynaptic density, resulting in reduced ABR responses (Yu et
al., 2013). However, many functional synapses remained, raising the possibility of
compensation by another family member. Like Mafb, c-Maf is expressed downstream of Gata3
in SGNs, but its role has not been determined (Appler et al., 2013; Yu et al., 2013). Work in the
somatosensory system demonstrated that c-Maf is essential for the development of vibration-
sensitive neurons, acting in part by regulation of ion channels needed for mature function
(Wende et al., 2012). In addition, cultured cortical interneurons from c-Maf knockout animals
form more synapses, while those from Mafb knockouts form fewer, echoing Mafb’s role in SGNs
and emphasizing the possibility that c-Maf and Mafb have independent effects (Pai et al., 2019).
c-Maf and Mafb can act cooperatively through dimerization with each other and with other
transcription factors (Pogenberg et al., 2014; Rodriguez-Martinez et al., 2017; Suda et al., 2014;
Yang and Cvekl, 2016). Therefore, combinations of c-Maf and Mafb could elicit a variety of
differentiation programs, including genes needed to make diverse synapses.

In this study, we investigated the role of c-Maf and Mafb in the establishment of SGN
peripheral synaptic properties. Analysis of anatomical and functional phenotypes as well as
gene expression changes in single and double conditional knock-out mice suggests that a
different combination of Maf effectors acts in each SGN subtype to generate diversity, including
the acquisition of subtype-appropriate synaptic properties.

Results:

Given the nature of the previously described Mafb phenotype (Yu et al., 2013) and the evidence
that c-Maf and Mafb both influence cortical interneuron synapse number (Pai et al., 2019), we
hypothesized that Mafb and c-Maf work together to regulate SGN synaptic development and
function. To identify both independent and compensatory roles, we stained for pre- and
postsynaptic proteins in c-Maf and Mafb mutant mice made using the same Cre driver. The
bhlhe22° driver was crossed to c-Maf" /1% Mafb ¥ * mice to generate c-Maf/Mafb conditional
double knockout mice (cDKO, bhlhe22°* ;c-Maf™/"*; Mafb™*"x N=10). In the inner ear,
bhlhe22°" is exclusively active in neurons (Druckenbrod and Goodrich, 2015; Ross et al.,
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2010). Although bhlhe22°" also mediates recombination in olivocochlear efferents (Appler et al.,
2013), neither c-Maf nor Mafb is detected in these neurons (Frank et al., 2023) (Figure S1).
This cross also generated knockouts for c-Maf (c-Maf**®, bhlhe22°"*"* :c-Maf"*/"*; Mafb™**, N=9)
and Mafb (Mafb™©®, bhlhe22°*;c-Maf™®*;Mafb"™"* N=7) as well as control animals (NoCre, c-
Mafo/1ox: Mafpiodiox ' N=15), which allowed us to analyze the relative contributions of these two
transcription factors as well as the effects of the combined loss of both within the same cross.
Analysis of the overall wiring of the cochlea revealed disorganized innervation of outer hair cells
by Type Il SGNs (Figure S1) but no obvious change in the number or position of Type | SGNs
or of the organization of their peripheral processes. We therefore proceeded to assess synaptic
heterogeneity among Type | SGNs by staining wholemount cochlea preparations for CTBP2
and GIuA2 to visualize presynaptic ribbons and postsynaptic glutamate receptor puncta,
respectively.

Qualitatively, synapses were highly abnormal in the cDKO cochlea, whereas the single
mutants exhibited subtle yet complementary changes in synaptic morphology. In cDKOs, the
synaptic puncta appeared more variable in size and distribution than in controls, with
aggregates of small and large synaptic puncta (Figure 1A). In the single mutants, postsynaptic
GIuA2 puncta appeared larger in c-Maf*“® cochleae and smaller in Mafb®® cochleae compared
to controls. To understand the relative contributions of c-Maf and Mafb, we created
reconstructions of synaptic puncta in the 16 kHz region of control (NoCre), c-Maf**®, Mafb®™<©,
and cDKO cochleae. This is the region of highest frequency sensitivity in mice and accordingly
has the most synaptic puncta (Meyer et al., 2009). To account for any technical differences
across experiments, we normalized volume measurements by the median of the control values
within each batch. Quantification confirmed antagonistic effects on synaptic puncta volume in c-
Maf*“® and Mafb®® mice. As in controls, puncta volumes ranged widely in each single mutant
strain. However, this distribution was shifted significantly towards larger GIuA2 puncta volumes
in c-Maf*“® mice (Kruskal-Wallis with Bonferroni adjusted posthoc-Dunn, p=2.85E-23) and
towards smaller volumes in Mafb®*° mice (Kruskal-Wallis with Bonferroni adjusted posthoc-
Dunn, p=4.17E-02) compared to controls (Figure 1B). Median volumes also trended in opposite
directions, with median GIuA2 volumes in c-Maf*“® mice significantly larger than those in
Mafb®™© mice (Figure 1C) (Kruskal-Wallis with Bonferroni adjusted posthoc-Dunn, p=0.033).
Although median punctum volume in c-Maf*“® mice showed a trend to be larger and Mafb®<©
mice showed a trend to be smaller, there was no statistically significant difference for either
strain compared to littermate controls (Kruskal-Wallis test with Bonferroni adjusted posthoc-
Dunn, pematecko=0.100, pmaicko=1.00), likely due to the high degree of variability in each
genotype. Median GluA2 punctum volume was also not significantly different in cDKO animals
compared with controls (Kruskal-Wallis with Bonferroni adjusted posthoc-Dunn, p=1.00),
possibly due to the presence of both very small and very large puncta in the aggregates that
formed. Similar effects were observed in the 8kHz region of the cochlea (data not shown).
Although the ¢c-Maf*“® and Mafb®°® mutants were also heterozygous for the other Maf factor, the
same basic phenotypes were observed in true single knockouts, i.e. bhlhe22°®*:c-Maf"*/"* and
bhlhe22°"" ;c-Maf"°"F mice (Figure S1 and (Yu et al., 2013)).

Consistent with qualitative observations, the distribution of puncta volumes is broader in
cDKO animals (Figure 1B). Accordingly, the distribution of GIuA2 volumes in cDKO animals
had a larger interquartile range than in controls (Kruskal-Wallis with Bonferroni adjusted
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posthoc-Dunn, p=0.034). Given the opposing effects of c-Maf and Mafb on punctum volume,
the larger variance in volumes could be caused by dysregulation of synaptic properties that are
normally controlled independently by each Maf factor. In fact, c-Maf*“® (Kruskal-Wallis with
Bonferroni adjusted posthoc-Dunn, p=0.014) and Mafb®° animals (Kruskal-Wallis with
Bonferroni adjusted posthoc-Dunn, p=0.003) had larger interquartile ranges compared to control
animals (Figure 1D). Taken together, these data indicate that GIuA2 puncta become larger in c-
Maf®®® mice and smaller in Mafb®° mice, with both larger and smaller puncta in cDKO animals
(arrows, Figure 1A). In cDKO animals, the presence of more very small puncta is balanced by
the presence of more very large puncta, resulting in no change in the median punctum volume
per hair cell per animal (Figure 1C). The same differences were observed in unnormalized data
(Figure S1).

Another striking feature of the cDKO phenotype is the abnormal distribution of synaptic
puncta along the bottom of the hair cell. Qualitatively, the puncta appeared to be less evenly
spread out, clustering towards the center of the IHC’s basal pole. Consistent with this
assessment, inter-punctum distances, i.e. the closest distance of each punctum to another
punctum, were significantly smaller in cDKO animals compared to controls (Kruskal-Wallis with
Bonferroni adjusted posthoc-Dunn, p=2.17E—4). The inter-punctum distances were not changed
in Mafb®™® or c-Maf*“® animals relative to controls (Kruskal-Wallis with Bonferroni adjusted
posthoc-Dunn, p=1.00 for both comparisons) (Figure 1E). Collectively, these studies
demonstrate that cDKO animals have severe synaptic phenotypes that are different from what is
observed in either single mutant.

Altered auditory sensitivity in c-Maf and Mafb mutants

Glutamaterigic signaling at ribbon synapses is necessary for transmitting auditory information
from IHCs to SGNs. To test if the synaptic effects observed in c-Maf and Mafb mutants have
functional consequences for auditory sensitivity, we recorded auditory brainstem responses
(ABRs) from control, single, and double knockout mice. ABRs are recorded by placing
electrodes near the base of the skull of anesthetized mice to measure electric field potentials
generated by synchronous firing of neurons at different steps along the ascending auditory
pathway in response to sound stimuli. We presented pure tone bursts of 8,16, 32, and 45 kHz
each at increasing sound pressure levels from 20 to 90 dB SPL (decibels sound pressure level)
in 5 dB increments to control (c-Maf"®/™;Mafb™*"* N=14), c-Maf knockout (bhlhe22°"";c-
Maf/ox:Mafp™* N=6), Mafb knockout (bhlhe22°®*;c-Maf"™*;Mafb™"* N=11), and double
knockout (bhlhe22°*;c-Maf™/™: Mafp™"ox N=9) littermates. There were no significant
differences in distortion product otoacoustic emissions (DPOAE) thresholds across genotypes
(16kHz, Kruskall-Wallis, p=0.115) (Figure S2). Since DPOAE are indicators of outer hair cell
function, these results suggested that the observed changes in ABRs originate with IHC, SGNs,
or the synapses that link them. Qualitatively, the ABR peaks seemed larger in amplitude in c-
Maf*“© animals, smaller in Mafb®© animals, and nearly undetectable for most sound pressure
levels in the cDKO animals (Figure 2A-D). Auditory sensitivity is measured by identifying the
lowest sound pressure level, or threshold, that elicits a brainstem response at each frequency.
We only analyzed the ABR responses to 8 and 16 kHz stimuli to avoid confounds of high
frequency hearing loss characteristic of certain strains of mice (Kane et al., 2012); indeed, the
ABR threshold was elevated for control animals beyond 32 kHz (Figure 2E). We also measured
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the amplitude and latency of the first peak of the ABR response (P1) which corresponds to the
degree and speed of synchronous firing of SGNs (Melcher and Kiang, 1996).

Consistent with the observed synaptic defects, loss of c-Maf or Mafb had different effects
on ABR thresholds and strength of synchronous SGN firing. There were significant changes in
both threshold, P1 amplitude, and P1 latency across groups for most sound pressure levels
(statistical comparisons in Supplemental Table 1). Corroborating previous findings (Yu et al.,
2013), Mafb®*° animals had significantly elevated thresholds at 16kHz (Kruskal-Wallis with
Bonferroni adjusted posthoc-Dunn, p=0.0355), significantly smaller P1 amplitudes, and delayed
latencies compared to controls (Figure 2E-G, Figure S2). By contrast, c-Maf*“® animals
showed no threshold shifts (Kruskal-Wallis with Bonferroni adjusted posthoc-Dunn, p=0.240).
However, P1 occurred significantly later and trended towards larger amplitudes compared to
controls (Figure 2E-G, Figure S2). cDKO animals had significantly elevated thresholds
(Kruskal-Wallis with Bonferroni adjusted posthoc-Dunn, p=1.140E-4) and decreased P1
amplitudes compared to all the other genotypes (Figure 2E-G). We did not measure latency in
cDKO animals since it was difficult to reliably identify P1 in these highly aberrant ABRs. The
exacerbated effects on threshold and P1 amplitudes in cDKO animals suggest that c-Maf and
Mafb act synergistically to control SGN properties needed for synchronous firing. In support of
this idea, cDKO animals also exhibited higher thresholds and lower P1 amplitudes than Mafb®<©
animals. Since the only difference between Mafb™° animals (bhlhe22°®"*;Mafb™"*;c-Maf"*'*)
and cDKO littermates (bhlhe22°®*;Mafb"™"*:c-Maf"**"*) was a single copy of c-Maf, this result
confirms a critical role for c-Maf, despite the relatively mild phenotypes observed in single c-
Maf*“© mice. Notably, the ABRs matched predictions from the observed synaptic defects, with
smaller responses and smaller GIuA2 puncta in Mafb®™C©s vs. slightly larger responses and
larger GIUA2 puncta in c-Maf*“®s. Further, by comparison to the single mutants, cDKO animals
showed more severe synaptic defects and accordingly poor auditory responses. Thus, Mafb and
c-Maf seem to have both independent and combinatorial effects on SGN synaptic differentiation
and function.

Complementary expression patterns of c-Maf and Mafb across SGN subtypes

SGN molecular subtypes express both shared and distinct synaptic genes, including
postsynaptic receptors, synaptic adhesion molecules, and potassium, sodium and calcium
channels (Petitpré et al., 2018; Shrestha et al., 2018; Sun et al., 2018). However, the
transcriptional determinants that drive subtype-specific differences in synaptic gene expression
are unknown. The opposing effects seen in the single mutants together with the exacerbated
phenotypes in double mutants raised the possibility that c-Maf and Mafb influence subtype-
specific programs for synaptic differentiation. In support of this idea, re-analysis of published
single cell RNA sequencing (scRNA-seq) datasets showed that there are more c-Maf transcripts
in la SGNs, which express the la-enriched gene Rxrg, and more Mafb transcripts in Ib and Ic
SGNs, which express the Ib/Ic-enriched gene Netring1 (Petitpré et al., 2022; Shrestha et al.,
2018) (Figure 3A-B). We confirmed differential expression of c-Maf at the protein level across
SGN subtypes by double staining for c-Maf and Calb2 in cochlear sections from P27-P30 mice
(N=3) (Figure 3C). Quantification of staining intensity in 3D reconstructions of individual SGNs
showed that c-Maf staining intensity correlated positively with Calb2 staining intensity (R=0.550,
p=1.818E-24) (Figure 3D). Thus, at both the RNA and protein levels, c-Maf is higher in la SGNs
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than in Ib and Ic SGNs. We were unable to measure adult Mafb protein expression because
Mafb protein exits the nucleus after the first postnatal week and the antibody available is not
sensitive enough to make quantitative assessments.

Further analysis demonstrated that c-Maf and Mafb are also expressed differentially
across SGN subtypes during synaptogenesis, which occurs during the first two postnatal weeks
of life in mice (Coate et al., 2019; Huang et al., 2012; Yu and Goodrich, 2014). To mark
developing SGN subtypes definitively, we used NetrinG1°®*, which mediates recombination of
the Ai14 reporter only in adult Ib and Ic subtypes, consistent with its sScCRNA-seq expression
profile (Figure 3B). This activity begins postnatally, with a sparse subset of SGNs expressing
tdTomato in postnatal day 6 (P6) NetrinG1°®*;Ai14/+ mice. Since we find nearly complete
coverage of Ib and Ic SGNs in adult NetrinG1°®*;Ai14/+ mice (Kreeger, Copeland, and
Goodrich, ARO abstract, 2022), any tdTomato labeling at P6 is a reliable indication of a Ib or Ic
identity. Although NetrinG1°®* also drives recombination in a subset of myelinating glia at this
stage, these cells are readily distinguishable from neurons by the smaller size of their cell
bodies, more intense tdTomato expression, and fried-egg-like morphologies (Figure 3E). c-Maf
and Mafb levels were quantified by measuring mean staining intensities in 3D reconstructions of
individual tdTomato+ (Ib/Ic) and tdTomato- (undetermined identity) SGN cell bodies in P6
NetrinG1°®*;Ai14/+ mice (N=5) (Figure 3E,G). To account for any technical differences in
staining intensity across experiments, we standardized (z-scored) the staining intensity for cells
in each animal so that the mean staining intensity for each animal is 0 and the standard
deviation across cells is 1. Consistent with what was observed at the RNA level in adults
(Figure 3A-B), developing tdTomato+ Ib and Ic SGNs had lower c-Maf staining intensity (Mann
Whitney Rank Sum, statistic=32117.0, p=1.934E-14) (Figure 3 E,F) and higher Mafb staining
intensity (Mann Whitney Rank Sum, statistic=6923.0, p=4.701E-16) (Figure 3G,H) than
tdTomato- cells. These results suggest that c-Maf and Mafb are already expressed at different
levels in SGN subtypes during peak synaptogenesis (Coate et al., 2019; Huang et al., 2012; Yu
and Goodrich, 2014). Transcriptomes from P3 SGNs show enrichment of c-Maf in developing la
SGNs whereas Mafb was expressed at similar levels in all SGNs at this stage (Petitpré et al.,
2018), suggesting that the adult pattern of expression emerges as identities are consolidating
concomitant with synaptic differentiation. Thus, c-Maf and Mafb could be playing distinct roles in
regulating gene expression needed for subtype-specific features of the synapse.

Emergent gene expression changes and defects in subtype diversification in cDKOs
The constellation of phenotypes observed in single and double mutants is consistent with
regulation by combinations of Mafb and c-Maf that have complex effects on gene expression.
To assess gene expression changes conferred by Mafb and c-Maf alone or together, we
compared the transcriptomes of SGNs from c-Maf and Mafb single and double knockout mice
and littermate controls. In these experiments, true single mutants were used, thereby allowing
us to confidently attribute gene expression changes to the loss of c-Maf, Mafb, or both c-Maf
and Mafb. True single mutants refer to animals where one Maf factor was knocked and which
contain both copies of the other Maf factor. In control transcriptomes, SGNs segregated into the
three expected la, Ib, and Ic clusters, as identified by previously defined marker genes. As
expected, c-Maf and Mafb were expressed at different levels across SGN subtypes, with more
c-Maf in la SGNs and more Mafb in Ib and Ic SGNs (Figure 4A).
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Analysis of single mutant transcriptomes confirmed independent roles for c-Maf and
Mafb in la, Ib, and Ic SGN subtypes. We performed unsupervised clustering analysis on c-
Maf“© (bhlhe 22" ;c-Maf"", N=3 mice, n= 1708 neurons) and control SGNs (c-Maf"", N=3
mice, n= 1669 neurons) and independently on SGNs from Mafb“© mice (bhlhe22°°*;Mafb"CF",
N=3, n= 1058 neurons) and their littermate controls (Mafb”", N=3 mice, n= 1172 neurons).
Each comparison revealed control Ia, Ib, and Ic clusters and three knockout clusters
corresponding to the three SGN subtypes, as identified by expression of known marker genes
(Figure 4B,C). This result suggests that c-Maf and Mafb regulate gene expression in all three
SGN subtypes, consistent with their pan-SGN expression. Comparison of all control and
knockout SGNs, independent of subtype identity, revealed overlapping yet distinct sets of
differentially expressed genes in c-Maf**® and Mafb®“® SGNs (Figure 4D). Gene ontology
analysis on overlapping genes revealed overrepresentation of molecules involved in synaptic
composition and cell metabolism (Figure 4E); synaptic genes were also enriched in each
individual mutant. In addition, we found that Mafb expression increased in c-Maf knockouts and
c-Maf expression decreased in Mafb knockouts (Figure 4F). Therefore, it is difficult to extract
the contribution of each individual factor by analyzing single mutant transcriptomes alone.
These results suggest that c-Maf and Mafb participate in a feedback loop that influences how
much of each factor is available and ultimately generates distinct programs of gene expression
in SGNs.

To identify the combined effects of Maf factors on SGN gene expression, we collected
SGN transcriptomes from cDKO (bhlhe22°®*;Mafb™":c-Maf"", N=3 mice, n=705 SGNs) and
control (Mafb™:c-Maf”" N=3 mice, n=907 SGNs) littermates. Unsupervised graph-based
clustering revealed that control SGNs formed three distinct clusters that corresponded to la, Ib,
and lc SGN subtypes. By contrast, cDKO neurons formed one cluster that was well-separated
from control neurons (Figure 5A). Comparison to controls suggested that the cDKO neurons
acquire a hybrid Ib/lc identity, since most of the cDKO cells expressed Ib and Ic genes such as
Runx1 and lacked expression of la genes such as Rxrg. However, cDKO neurons did not
cluster with control Ib and Ic neurons and had lower expression of Lypd1, a Ic marker,
compared to Ic neurons in controls. There were also a few Lypd7-negative neurons that were
slightly segregated from the other cDKO SGNs, suggesting a low degree of molecular
diversification (Figure 5A). Recent work has shown that la SGNs downregulate Runx1 over
development whereas the sustained expression of Runx1 directs SGNs to a Ib/lc subtype
identity (Petitpré et al., 2022; Sanders and Kelley, 2022; Shrestha et al., 2023). Unlike c-Maf
and Mafb single knockouts, cDKO SGNs did not segregate into three distinct subtypes. This
means that Runx1, which continues to be expressed, cannot direct SGNs to mature Ib and Ic
identities in the absence of c-Maf and Mafb. These results suggest that c-Maf and Mafb function
together to promote SGN diversification and hence differentiation.

Comparison of control and cDKO SGNs identified 3024 significantly differentially
expressed genes (DEG). Gene ontology analysis demonstrated that many of these genes were
synaptic (Figure 5B). Notably, some cDKO DEG did not change in either of the single
knockouts, confirming that c-Maf and Mafb may act interchangeably in some contexts (Figure
5C, Figure S5). Additionally, some genes were affected in different ways in c-Maf*“°, Mafb®<®,
and cDKO SGNs (Figure 5C). Given their complementary patterns of expression, we reasoned
that c-Maf and Mafb might have different effects on gene expression in each subtype. To
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investigate this possibility, we focused on the top 50 upregulated genes and top 50
downregulated genes from the cDKO animals. Consistent with their Ib/lc nature, many of the top
upregulated genes are normally expressed at higher levels in Ib and Ic SGNs, whereas many of
the downregulated genes tend to be enriched in la SGNs. 91/100 of these genes also changed
expression in one or both of the single mutant datasets, but to different degrees in la, Ib, and Ic
subtypes. For c-Maf*“®© SGNs, 45/75 genes (60%) demonstrated larger fold changes in la and
Ilb SGNs. On the other hand, Mafb®®® SGNs tended to show larger fold changes in Ib and Ic
SGNs (45/81 genes, 55.6%) (Figure 5D,E). Additionally, of the 63 genes that were differentially
expressed in both single mutants, 20 actually changed in opposite directions. For instance, Dcc,
which encodes the Netrin-1 receptor and is enriched in Ib/lc SGNs, was upregulated in c-Maf*®
SGNs and downregulated in Mafb®® neurons. Furthermore, in c-Maf*“® SGNs, Dcc was most
strongly upregulated in la SGNs whereas in Mafb®“°® SGNs, Dcc was most strongly
downregulated in Ib and Ic SGNs (Figure 5D,E). Since Mafb is upregulated in c-Maf*“° la SGNs
(Figure 4F), this result suggests that Dcc is only expressed when the Mafb:c-Maf ratio is high.
In accordance, Dcc is downregulated in cDKO SGNs. In other cases, the direction of the effect
was the same, but one Maf factor appeared to play a dominant role. For example, Calb2, which
encodes a calcium binding protein that is enriched in la SGNs, was strongly downregulated in c-
Maf*“® SGNs, barely affected in Mafb®“® SGNs, and undetectable in cDKO SGNs (Figure 5D-
F). Immunostaining confirmed decreased Calb2 in c-Maf*° animals, regardless of whether they
also lacked one copy of Mafb or not (Figure 5G and S5). As predicted by scRNA-seq, the
decrease in Calb2 was even stronger in the cDKO animals (Figure 5G). In this case, c-Maf
appears to dominate, since the upregulation of Mafb was not sufficient to induce high levels of
Calb2 in c-Maf*k® SGNs. Consistent with this interpretation, there was no obvious loss of Calb2
from Mafb®®® SGNs, but there was an intermediate effect on Calb2 expression in Mafb®“® SGNs
that were also heterozygous for c-Maf (Figure 5G and S5). Thus, progressive loss of c-Maf
causes graded expression of Calb2 that is fine-tuned by the presence of Mafb. Collectively,
these results suggest that differences in the amount of c-Maf and Mafb help to establish
subtype-specific patterns of gene expression.

Discussion

Functional diversity among neurons endows sensory systems with the capacity to encode
complex sensory information. In the auditory system, spiral ganglion neurons (SGNs) exhibit
functional, molecular, and synaptic differences that allow them to collectively capture the rich
array of sounds encountered in the environment, even when there is background noise. Here,
we show that two related transcription factors cooperate to generate synaptic and functional
response properties across SGN subtypes. We find that c-Maf and Mafb establish both shared
and subtype-specific features of SGN peripheral synapses that influence auditory responses.
Likewise, c-Maf and Mafb regulate distinct programs of gene expression that include both
shared and unique genes associated with the synapse and other aspects of mature neuronal
function. In parallel, c-Maf and Mafb seem to work redundantly to control expression of genes
needed for both subtype diversification and synaptic differentiation, as revealed by analysis of
double mutant mice. Collectively, our data point to a model in which subtype-specific synaptic
properties are shaped by the relative levels of c-Maf and Mafb, which vary across subtypes. We
suggest that by executing both distinct and partially overlapping gene expression programs in
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SGN subtypes, c-Maf and Mafb can combinatorially promote gene expression programs that
establish and diversify SGN synaptic properties.

Our data support the idea that c-Maf and Mafb are part of a combinatorial transcriptional
program that regulates gene expression in a subtype-specific manner. Histological protein and
RNA measurements as well as single-cell RNA sequencing demonstrated that c-Maf and Mafb
are expressed in complementary patterns across SGN subtypes, with c-Maf highest in la SGNs
and Mafb highest in Ib/lc SGNs. These data suggest that c-Maf has more influence over gene
expression in la neurons, while Mafb has more influence over gene expression in Ib/lc SGNs.
Consistent with this idea, loss of either transcription factor had distinct effects on synapses,
functional output and gene expression. Further, many of the Maf-dependent genes are normally
expressed in a subtype-specific fashion, exemplified by Calb2 which is expressed at high levels
in cells with high c-Maf levels. Moreover, upregulation of Mafb is not sufficient to restore Calb2
expression in the absence of c-Maf, further indicating that these two Maf factors are not
functionally equivalent. Therefore, one possibility is that the respective levels of c-Maf and Mafb
result in distinct transcriptional outcomes, due perhaps to differences in their binding affinity.
Additionally, differences in their structure may alter how c-Maf and Mafb bind to loci in the
genome. Finally, gene expression may be further shaped by which loci are accessible to either
factor in each SGN subtype. More detailed analysis of chromatin structure and Maf factor
binding affinities is needed to understand how a Maf code might work at the molecular level.

The effects of each Maf factor on gene expression may also be influenced by
interactions with each other and other transcriptional regulators. c-Maf and Mafb can
heterodimerize with each other and homodimerize with themselves (Pogenberg et al., 2014;
Rodriguez-Martinez et al., 2017; Suda et al., 2014; Yang and Cvekl, 2016). This ability for
homo- and heterodimerization provides a basis for combinatorial and synergistic control of gene
expression (Rodriguez-Martinez et al., 2017). It has been shown that mutations that force Mafb
to only form homodimers result in binding of symmetrical Maf recognition element (MARE) DNA
binding sites. Meanwhile, mutant forms of Mafb that could only form heterodimers with the
immediate early gene (IEG) cFos had entirely different DNA binding preferences (Pogenberg et
al., 2014). The extent of hetero- and homodimerization among c-Maf, Mafb, and cFos could
depend on the relative levels and binding preferences of available dimerization partners. Our
discovery that c-Maf and Mafb stoichiometry varies across SGN subtypes suggests one
potential mechanism for nuanced differences in the control of gene expression. Further work
assessing protein-protein interactions in SGNs is needed to determine which dimers are
present, as well as their effects on gene expression.

Although synaptic punctum size and position correlates strongly with SGN subtype
identity, there is also synaptic heterogeneity within subtypes that cannot be explained by Maf
expression. The potential for interactions with IEGs such as cFos raises the possibility that c-
Maf and Mafb act as conduits between incoming activity and synaptic refinement. Indeed,
previous work has established an important role for neuronal activity in diversifying SGN
subtypes consistent with the effects of spontaneous and experience-dependent activity on
cochlear circuit assembly (Shrestha et al., 2018; Sun et al., 2018). Neuronal activity stimulates
the expression of IEGs such as cFos and cJun, which induce transcription of a cohort of genes
that encode proteins that are localized to or act at synapses (Joo et al., 2016; Sheng and
Greenberg, 1990). Both c-Maf and Mafb can dimerize with cFos, while only Mafb can dimerize
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with cJun, offering additional opportunity for activity-dependent effects within subtypes (Yang
and Cvekl, 2016). Relevant activity could come either from the IHCs, which have highly
heterogeneous presynaptic release sites (Meyer et al., 2009; Ozcete and Moser, 2021; Payne
et al., 2021), or from the olivocochlear efferents, which form more synapses on Ib and Ic SGNs
than on la SGNs (Hua et al., 2021). Indeed, severing of olivocochlear efferents in adult mice is
sufficient to alter synapse punctum size (Yin et al., 2014). Both c-Maf and Mafb are expressed
in adults and could contribute to this kind of plasticity, as well as the maintenance of subtype-
specific synaptic properties throughout life.

In addition to their relatively subtle effects on subtype-related synaptic properties, Maf
factors act synergistically to diversify SGN subtypes and promote synaptic differentiation more
generally. Although la, Ib, and Ic SGNs could be identified in each single mutant, the double
mutant SGNs formed a single cluster that expressed |Ib and Ic marker genes but not la marker
genes. This phenotype is fundamentally different from what occurs in Runx1 conditional knock-
out mice, where many mutant Ib and Ic SGNs take on la SGN molecular identities that co-
cluster with control la SGNs (Shrestha et al., 2023). Without any Maf factors, SGNs are unable
to split into three distinct identities. Thus, our work suggests that Maf factors help to execute
subtype specification programs initiated by Runx1 and/or other undefined transcription factors.
This phenotype fits with recent observations that developing SGNs pass through a shared Ib/Ic
precursor state characterized by expression of c-Maf and Mafb (Sanders and Kelley, 2022).
Although cDKO SGNs appear to retain some aspects of this hybrid identity, development is not
arrested in the cDKO SGNs, which still send peripheral processes towards hair cells and make
post-synaptic densities that appose pre-synaptic ribbons, albeit in an aberrant manner. Thus,
other as yet unidentified factors likely regulate additional gene expression programs necessary
for these wiring events. Additionally, while we have focused on synaptic phenotypes, c-Maf and
Mafb may also influence other subtype-specific properties, such as excitability. Indeed, genes
that encode channels also depend on Maf activity, though additional work is needed to
determine which genes are direct targets and which might change as a result of altered synaptic
signaling. Altogether, the development of functional synapses with subtype-specific features
seems to rely on the combined activity of Maf factors that work together to induce a general
synaptic differentiation program and separately to shape that program according to cell identity.

The formation of functionally and morphologically heterogeneous synapses is essential
for proper circuit function. Our results show one mechanism by which synapse identity can be
linked to neuronal identity. In more complex circuits, individual neurons can make many different
types of synapses, making it challenging to identify relevant proteins or to understand how
subtle differences in protein composition impact synaptic function. In SGNs, synaptic
heterogeneity can be studied at the level of the neuron. To our knowledge, this is the first
description of a combinatorial code for synaptic differentiation. A deeper understanding of how
c-Maf and Mafb and their target genes build synapses with different properties in SGNs will
inform how synapse heterogeneity arises in other neuron types.
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METHODS:

Animal Models:

Bhlhe22°"* (Bhlhe22°®"*, MGI:4440745), c-Maf' (MGI:5316775), Mafb" (MGI:5581666) and
Rosa26-LSL-tdTomato (Ai14; Jax strain 007914) are all previously described. NetrinG1°®* mice
were kindly provided by Fan Wang (Bolding et al., 2020). Animals were maintained on a mixed
background. Animal work was conducted in compliance with protocols approved by the
Institutional Animal Care and Use Committee at Harvard Medical School.

Immunostaining

Animals were anesthetized via isoflurane exposure in an open-drop chamber and subsequently
perfused with cold 4% paraformaldehyde (PFA) in 1X PBS. Both temporal bones were
dissected and cold 4% PFA was perfused through the oval window with a syringe. For
wholemount immunohistochemistry, cochleae were drop-fixed in 4% PFA at room temperature
and transferred to 10% EDTA overnight at 4C. Cochlea were then micro-dissected and
transferred to blocking solution (16%vV/v normal donkey serum, 3%v/v Triton-X in 1xPBS)
overnight at 4°C. Cochlear turns were stained overnight with anti-Calb2 (1:1000, Swant CG1),
anti-CTBP2 (1:500, BD Transduction Laboratories, Clone 16) and anti-GluA2 (1:500, EMB
Millipore MAB 397) and subsequently with corresponding secondaries at 37°C overnight. Rinses
after primary and secondary antibody incubation were done using 1% PBST for 10 minutes at
room temperature. Cochleae used for cryosectioning and staining were drop-fixed overnight at
4°C in 4% PFA in 1x PBS and then transferred to 120mM EDTA for three nights. Cochleae were
then immersed in a sucrose gradient from 10% to 30% at 4°C prior to embedding. 18 pm
cochlear sections were washed 1x for 5 minutes in 1x PBS and then 2x for 5 minutes in 0.25%
Triton X-100 in 1x PBS. Sections were blocked with 5%v/v normal donkey serum and 0.3%
Triton X-100 in 1x PBS. Sections were stained with a compatible combination of: rabbit anti-
MAFB (1:250, Novus Biologicals, NBP1-81342), rabbit anti c-Maf (1:250, Bethyl Labs A700-
045), goat anti CALB2 (1:500, Swant CG1) for four hours at room temperature. After rinsing with
1x PBS, sections stained with appropriate secondary antibodies at 4°C overnight. Sections were
then rinsed with 1x PBS for 10 minutes. The second wash contained DAPI at 1 mg/uL.

Image acquisition

All tissues were imaged using a Leica SP8 point-scanning confocal microscope with HyD and
photomultiplier tube (PMT) detectors. For wholemount cochleae, frequency maps were
generated by taking 10X stacks of the cochlear turns and using the Measure_Line ImageJ
plugin available through the Histology Core at Mass Eye and Ear (Boston, MA). Synaptic
puncta were then captured using HyD detectors while hair cells were captured using PMT
detectors using a 63x oil-immersion objective (voxel size= 0.901 x 0.901 x 0.299um?®). Special
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attention was taken not to oversaturate any pixels in channels that were to be used for intensity-
based morphometric quantification.

Image analysis

Pre- and post-synaptic puncta were reconstructed semi-automatically using the “Surfaces”
function in Imaris. A local contrast-background subtraction algorithm was applied to all z-stacks
for thresholding. All reconstructions were created and reviewed with the researcher blinded to
genotype. Inaccuracies in automatic segmentation were corrected manually. Reconstructions
located outside the volume of hair cells were excluded from analysis. Image-based coordinates
of reconstructed puncta were transformed into hair cell-centric coordinates using the “Reference
Frames” function in Imaris. Each hair cell-centric coordinate system was defined with the
following three planes: an XZ plane bisecting the hair cell through its plane of symmetry, a YZ
plane bisecting the nucleus through the plane parallel to the tilt of the hair cell, and an XY plane
tangential to the basolateral pole of the hair cell. Metrics regarding the size and localization of
reconstructed pre- and postsynaptic puncta were exported into Excel for further analysis. For
quantification of c-MAF and MAFB stains, 3D reconstructions were made for each SGN cell
body in Imaris similar as above using the HuD channel that marked all SGN cell bodies. Metrics
regarding fluorescence intensity were exported into excel for further analysis.

Auditory response testing

Mice were anesthetized with an intraperitoneal injection of ketamine (100 mg/kg) and xylaxine
(10 mg/kg). Meloxicam (1 mg/kg) was administered intraperitoneally for analgesia. Animals
were placed on a 37°C heating pad (ATC1000, World Precision Instruments) and additional
ketamine (30-40 mg/kg) was administered as needed to maintain the anesthetic plane
throughout the procedure. ABRs and DPOAEs were measured using a custom acoustic system
(Eaton-Peabody Laboratories, Massachusetts Eye and Ear) in an electrically shielded and
sound attenuating chamber. All recordings were performed with the researcher blinded to
genotype.

Auditory brainstem responses (ABRs) were recorded from three subcutaneous needle
electrodes: a recording electrode caudal to the pinna, a reference electrode at the vertex, and a
ground electrode by the tail. ABR stimuli were presented from 20 to 90 dB SPL in 5 dB steps at
8, 16, 32, and 45 kHz. Each stimulus was presented as a 5-ms tone-pip at a rate of 31/s, with a
0.5 ms rise-fall time and alternating polarities. Responses were amplified 10,000x, filtered with a
0.3-3 kHz passband (P511, Grass), and averaged 512 times. Recordings with peak to peak
amplitudes exceeding 15 uV were rejected as artifacts. ABR thresholds, amplitudes, and
latencies were analyzed using ABR Peak Analysis software (v.1.1.1.9; Massachusetts Eye and
Ear). ABR threshold was defined as the lowest stimulus level at which wave 1 could be
identified by visual inspection.

Distortion product otoacoustic emissions (DPOAEs) were recorded from a probe-tube
microphone aligned above the ear canal. In-ear calibrations were performed using the Cochlear
Function Test Suite (v 2.36, Massachusetts Eye and Ear) prior to reach recording. DPOAE
stimuli were presented at primary tones f1 and f2, where f2 varied from 5.6 to 32 kHz in half-
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octave steps. Primary tones were presented at frequency ratios of f2/f1 = 1.2 and level
differences of L1 = L2 + 10. Levels of primary tone f2 were incremented in 10 dB steps from 0 to
70 dB SPL. The distortion products at 2f1-f2 were temporally and spectrally averaged. Iso-
response contours were generated by the Cochlear Function Test Suite software for various
criterion response amplitudes. DPOAE threshold was defined as the 1 level required to produce
a DPOAE of 5 dB SPL.

Single-cell RNA sequencing

Library Preparation

Temporal bones were extracted, and the spiral ganglion was microdissected from the cochlea in
cold Leibovitz L-15 buffer. Cells were then treated with collagenase type |V followed by papain
for 25 minutes each at 37°C. The cells were passed through ovomucoid as recommended for
the Papain Dissociation System and then passed through a 40 um cell strainer. Dissociated
cells were resuspended in cold EBSS. Cell concentration was estimated using a
hemocytometer. Cells were then loaded into a single cell chip from 10x Genomics following
manufacturer’'s recommendations. Datasets were processed with the Chromium single-cell 3’
library and gel bead kit v2.0. cDNA libraries were generated according to the manufacturer’s
directions. The final libraries were sequenced on an lllumina NovaSeq SP.

Bioinformatics Analysis:

Alignment

Raw reads were converted to fastq files using the cellranger pipeline from 10X Genomics v
3.0.1. Reads were then aligned to the mouse reference genome (mm10) in a Linux-based high
performance computing cluster at Harvard Medical School.

Normalization

The aligned data was imported into R and analyzed for statistical analysis and graphical
representation. The library was normalized by fitting the gene counts to a regularized binomial
regression function implemented by the scTransform package for Seurat using all default
settings and regression on percent mitochondrial reads.

Clustering and Subclustering

Clustering was performed using the Seurat FindClusters command using 30 principle
components. SGN clusters were identified and subsetted out by the expression of neuronal
genes such as Tubb3 and Nefh. Utilizing the RNA assay, subsetted SGNs were normalized and
subclustered using similar parameters as above. Subtypes of SGNs were identified by the
expression of subtype specific markers previously identified (Calb2, Lypd1, and Runx1).
Differential expression was tested using the FindAlIMarkers command on the SCT assay.

Differential Gene Expression and Gene Ontology Analysis

Differential expression was tested using the FindAlIMarkers command on the SCT assay and
probing for significantly regulated genes between control and mutant SGNs from each
genotype. The differential expression of cDKO genes was analyzed by subtype in each single
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cKO dataset. Genes were considered differentially expressed in mutant SGNs if they were
significantly changed (P<0.05) at a Log2Fold change greater than 0.25. Differentially expressed
genes were subjected to Gene Ontology term enrichment analysis in DAVID.

Statistics

All statistical analysis was done in Python. Normality of each distribution was tested using the
Shapiro-Wilk test. If both groups showed a normal distribution, a parametric t-Test or ANOVA was
used. Otherwise, the non-parametric Mann-Whitney Rank Sum or Kruskal-Wallis Test was
applied. Statistical analysis for differentially expressed genes was done in R. Differential gene
expression was tested using a Wilcoxon rank sum test with Bonferroni post-hoc correction. Gene
ontology categories with a bonferroni-adjusted P<0.001 were considered significant.

Figure Legends

Figure 1. c-Maf and Mafb have opposing and additive effects on SGN synapses. (A)
Wholemount immunostaining for the synaptic proteins GluA2 and CTBP2 in the 16 kHz region
of cochleae from control (NoCre, Mafb™:c-Maf”", N=15, orange), c-Maf knockout (c-Maf<°,
bhlhe22°"" :Mafb™ ;c-Maf"", N=9, green), Mafb knockout (Mafb™®®, bhlhe22°*;Mafb™:c-Maf"*,
N=7, magenta), and double knockout (cDKO, bhlhe22°""*:Mafb™:c-Maf”", N=10, blue),
littermates. Hair cells were stained for Calb2 (not shown) and are outlined in dashed lines in the
merge panels. Volume measurements were normalized by the median of the control values
within each stain batch. Scale bar, 5um. Yellow arrowheads indicate small puncta in cDKO
animals. (B) Distribution of GIuA2 puncta volumes in control (NoCre), Mafb™°: c-Maf°*° and
cDKO animals (Kruskal-Wallis, p<0.001). (C) Median GIuA2 puncta volumes per animal across
genotypes (Kruskal-Wallis, p=0.030). (D) Mean interquartile range of GIuA2 puncta volumes per
mouse across genotypes (Kruskal-Wallis, p<0.001). (E) Mean GIuA2 inter-punctum distance per
animal across genotypes (Kruskal-Wallis, p<0.001).

Figure S1. Cochlear phenotypes in Maf mutants. (A) Wholemount immunostaining of
neurofilament in cochleae from control animals (NoCre, Mafb™:.c-Maf”", N=6), c-Maf knockout
(c-Maf*®, bhihe22°**;:Mafb™*;c-Maf”", N=1), Mafb knockout (Mafb®®, bhlhe22°"*;Mafb™c-
Maf”*, N=1), and double knockout (cDKO, bhlhe22°"*;Mafb™:c-Maf”", N=7) littermates. Scale
bar, 100pm. (B) scRNAseq expression levels of c-Maf in lateral olivocochlear effects (LOC),
medial olivocochlear efferents (MOC) and faciobrachial motor neurons. (C) scRNAseq
expression levels of Mafb in lateral olivocochlear effects (LOC), medial olivocochlear efferents
(MOC) and faciobrachial motor neurons (Frank et al., 2023) (D-F) Unnormalized data from
Figure 1B-D. (G-H) GIuA2 puncta volumes in control (NoCre, ¢c-Maf"") and c-Maf°<°
(bhlhe22°™"* ;c-Maf"") animals (t-test, p<0.001).

Figure 2. c-Maf and Mafb have opposing and additive effects on auditory function.
Auditory brainstem responses (ABRs) were recorded from 8-12 week old control animals
(NoCre, Mafb™:c-Maf”", N=14, orange), c-Maf knockout (c-Maf*®, bhlhe22°*"*;Mafb"*;c-Maf"",
N=6, green), Mafb knockout (Mafb®®, bhlhe22°""*;Mafb™:c-Maf”*, N=11, magenta), and double
knockout (cDKO, bhlhe22°"*;Mafb™:c-Maf"”", N=9, blue) littermates. (A-D) Average ABR
waveforms recorded after presentation of a 16kHz stimulus at different sound intensity levels
across genotypes. Standard error shown by shaded bands. (E) ABR threshold measurements
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across frequencies (Kruskal-Wallis, psi+-<0.001, p16kHz<0.001, paow+,=0.157, paskH-=0.293). (F)
Overlaid average ABR waveforms of Peak 1 (P1) across genotypes in response to a 16kHz, 80
dB SPL (decibel sound pressure level) sound stimulus in control animals (NoCre, orange), c-
Maf knockout (c-Maf*k®, green), Mafb knockout (Mafb®®, magenta), and double knockout
(cDKO, blue) litermates. (G) P1 amplitude across all sound intensities for a 16 kHz stimulus.
Comparisons with an asterisk were statistically significant (p<0.05, Kruskal-Wallis). Significant
differences amongst groups that had a Kruskal-Wallis p- value<0.05 were followed with a
pairwise post-hoc Dunn test. Kruskal-Wallis p-values and pairwise post-hoc Dunn p-values can
be found in Supplemental Table 2.

Figure S2. Outer hair cell function and Peak | latency in Maf mutants. (A) DPOAE
thresholds across all frequencies. Standard error shown by vertical bars (all comparisons not
significant, p>0.05, Kruskal-Wallis). (B) P1 latency across sound pressure levels for a 16 kHz
stimulus. Comparisons with an asterisk were statistically significant (p<0.05, Kruskal-Wallis).
Significant differences amongst groups that had a Kruskal-Wallis p-value<0.05 were followed
with a pairwise post-hoc Dunn test. Kruskal-Wallis p-values and pairwise post-hoc Dunn p-
values can be found in Supplemental Table 2.

Figure 3. Complementary expression of c-Maf and Mafb across SGNs. (A) scRNAseq
expression profiles of c-Maf and a la-enriched gene, Rxrg (Shrestha et al., 2018). (B)
scRNAseq profiles of Mafb and a Ib/lc-enriched gene Ning1 (Shrestha et al., 2018). (C)
Immunolabeling of c-Maf and Calb2 in cochlear sections of P28-P30 wildtype mice (N=3). Calb2
is differentially expressed in SGN subtypes at this stage (highest in la SGNs, lowest in Ic SGNs)
(D) Positive correlation between standardized (z-scored) staining intensities for c-Maf and Calb2
(R?=0.55, p<0.001). (E) Fluorescent tdTomato labeling of Ntng1°®*;Ai14/+ cells (magenta) with
immunolabeling for c-Maf (cyan) in sections through the cochlea of P6 mice (N=4). Example
tdTomato+ (red arrowheads) and tdTomato- (white arrowheads) SGNs are indicated. Glia
(yellow arrowheads) were excluded by the intensity of tdTomato, smaller cell body size, fried-
egg like morphology and lack of Calb2 expression, yellow arrowheads. tdTomato+ SGNs will
develop as Ib or Ic SGNs, whereas tdTomato- could develop as any of the three subtypes. (F)
Quantification of standardized c-Maf staining intensity in Ntng1°®*;Ai14/+ labeled and unlabeled
P6 SGNs. Each dot corresponds to a single reconstructed cell (p=<0.001, Mann-Whitney Rank
sum with Bonferroni correction). (G) Immunostaining for Mafb (cyan) and tdTomato (magenta)
in sections through the cochlea of P6 Ntng1°®*;Ai14/+ mice (N=4), with example tdTomato+
(red arrowheads) and tdTomato- (white arrowheads) SGNs indicated and shown at higher
power in G’. (H) Quantification of standardized Mafb staining intensity in Ntng1<®*;Ai14/+
labeled and unlabeled P6 SGNs. Each dot corresponds to a single reconstructed cell.
(p=<0.001, Mann-Whitney Rank sum with Bonferroni correction).

Figure 4. c-Maf and Mafb maintain subtype differentiation and regulate overlapping yet
distinct sets of synaptic genes. (A) Dotplot summarizing relative c-Maf and Mafb expression
across SGN subtypes. Red denotes higher relative expression and cyan denotes lower relative
expression. (B) UMAP plot summarizing sequencing data of 1669 control SGNs (bhlhe22°""*; c-
Maf"*, N=6) and 1708 c-Maf*“® SGNs (bhlhe22°**; c-Maf"", N=3). (C) UMAP plot summarizing
sequencing data of 1172 control SGNs (Mafb™*, N=3) and 1058 Mafb®*® SGNs (bhlhe22°"*";


https://www.zotero.org/google-docs/?LWedAE
https://www.zotero.org/google-docs/?8Wb6Al
https://doi.org/10.1101/2023.10.18.562788
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.18.562788; this version posted December 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Mafb"®fF N=4). (D) Relative distribution of genes that are differentially expressed in either or
both Mafb®° and c-Maf*“® animals. (E) Cellular component gene ontology analysis of genes
upregulated in both Mafb®° and c-Maf*“® animals. Gray line denotes Bonferroni- adjusted
p=0.001 (F) Expression of c-Maf and Mafb in Mafb®™° and c-Maf*“® animals compared to
controls.

Figure S4. Gene Ontology on c-Maf°“° and Mafb°K° differentially expressed genes. Gene
ontology analysis of differentially expressed genes (DEG) in Mafb (A) and c-Maf (B) mutant
animals. Gene ontology was performed separately on upregulated and downregulated genes.
Gray line denotes Bonferroni-adjusted p=0.001.

Figure 5. Synergistic and subtype-specific effects on gene expression in c-Maf/Mafb°*°
SGNs. (A) UMAP plot summarizing sequencing data of double knockout (cDKO,

bhlhe22°"" ;:Mafb™:c-Maf”" N=3, n=763) SGNs and controls (Mafb™:c-Maf"", N=3, n=974).
Inset plots display expression of the la marker Rxrg, the Ib/lc marker Runx1, and the Ic marker
Lypd1 in control and cDKO SGNs. (B) Cellular component gene ontology analysis of
differentially expressed genes (DEG) in cDKO animals. Gene ontology was performed
separately on upregulated and downregulated genes. Gray line denotes Bonferroni-adjusted
p=0.001 (C) Dot plot of top 100 differentially expressed genes in cDKO mutant SGNs. The size
of the dot represents the percent of cells that had an expression level above 0. Genes are
organized by whether they were changed in both single mutant in the same or opposite
directions, or changed in only one single mutant or only changed in the double mutants. (D) Log
fold changes in gene expression of the top 100 cDKO DEGs in ¢c-Maf*“® SGNs. (E) Log fold
changes in gene expression of top 100 cDKO DEGs in Mafb®® SGNs. Purple dots denote
genes that were changed in the same direction in each single CKO dataset. Green dots denote
genes that were changed in opposite directions. Magenta dots highlight how the Maf factors
changed expression in each single cKO. (F) Calb2 expression levels in c-Maf*“®, Mafb®° and
cDKO SGNs. (G) Immunohistochemical stains of Calb2 in sections through the cochlea of adult
single and cDKO mutants. Scale bar= 20um.

Figure S5. Gene Ontology Analysis. (A) Gene ontology analysis of differentially expressed
genes (DEG) in cDKO animals. Gene ontology was performed separately on upregulated and
downregulated genes. (B) Molecular function gene ontology analysis of differentially expressed
genes (DEG) in cDKO animals. Gray line denotes Bonferroni-adjusted p=0.001. (C)
Immunohistochemical stains of Calb2 in sections through the cochlea of adult c-Maf*<®
(bhlhe22°"*"*;cMaf"") and control littermate (cMaf”"). (D) Immunohistochemical stains of Calb2 in
sections through the cochlea of adult Mafb®®® (bhlhe22°®*;Mafb”° ) and control littermate
(Mafb™). Scale bars= 20um.
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