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Pathogenic coding mutations are prevalent in human neuronal transcription factors
(TFs) but how they disrupt development is poorly understood. Lmx1b is a master
transcriptional regulator of postmitotic Pez] neurons that give rise to mature serotonin
(5-HT) neurons; over two hundred pathogenic heterozygous mutations have been
discovered in human LMXIB, yet their impact on brain development has not been
investigated. Here, we developed mouse models with different LMX1B DNA-binding
missense mutations. Missense heterozygosity broadly altered Pez] neuron transcrip-
tomes, but expression changes converged on axon and synapse genes. Missense het-
erozygosity effected highly specific deficits in the postnatal maturation of forebrain
serotonin axon arbors, primarily in the hippocampus and motor cortex, which was
associated with spatial memory defects. Digital genomic footprinting (DGF) revealed
that missense heterozygosity caused complete loss of Lmx1b motif protection and
chromatin accessibility at sites enriched for a distal active enhancer/active promoter
histone signature and homeodomain binding motifs; at other bound Lmx1b motifs,
varying levels of losses, gains, or no change in motif binding and accessibility were
found. The spectrum of footprint changes was strongly associated with synapse
and axon genes. Further, Lmx1b missense heterozygosity caused wide disruption of
Lmx1b-dependent GRNs comprising diverse TFs expressed in Pezl neurons. These
findings reveal an unanticipated continuum of Lmx1b missense-forced perturbations
on Petl neuron regulatory element TF binding and accessibility. Our work illustrates
DGF’s utility for gaining unique insight into how expressed TF missense mutations
interfere with developing neuronal GRNS.

missense mutation | digital genomic footprinting | serotonin neurons | axon | Lmx1b

Transcription factors (TFs) control the assembly of transcriptomes and epigenomes to
establish specialized cell-type identities. Heterozygous coding mutations are prevalent in
human TF genes that are expressed in the human brain and can cause or increase risk for
many neurodevelopmental disorders (1-4). Yet, few of these mutations have been inves-
tigated in an in vivo model system suitable for revealing how they may alter specific stages
of neuronal development to cause brain pathogenesis. Further, a poorly studied question,
particularly for mutated TF proteins that retain expression of functional domains, is how
heterozygous TF mutations disrupt chromatin accessibility at regulatory elements required
for neuronal gene expression.

The LIM homeodomain (HD) TE Lmx1b, is expressed in many developing and mature
neuron-types in the brain (5, 6). Lmx1b together with Petl are key TFs in the regulatory
program that generates brain serotonin (5-HT) neurons (7, 8). Lmx1b and Petl act in
postmitotic Per] neurons to induce expression of 5-HT neurotransmission genes required
for brain 5-HT synthesis, reuptake, vesicular transport, and metabolism (9-12). These TFs
also function at different developmental stages to control embryonic growth of long-distance
5-HT projection pathways and postnatal 5-HT axon arborization in the brain and spinal
cord, thereby enabling expansive serotonergic neuromodulation (13). For example, homozy-
gous targeting of Lmx1b in newly born embryonic Pezl neurons results in failed develop-
ment of 5-HT selective projections to the forebrain; homozygous targeting at different early
postnatal stages, after selective pathways have fully formed, result in severe deficits in 5-HT
axon arborization (13). Their control of 5-HT neuron development involves reorganizing
chromatin accessibility of cis-regulatory elements (CREs) associated with genes required
for serotonergic neurotransmission, long-distance axon growth and synapse formation (14).
Further, Lmx1b is required for maintenance of adult 5-HT neurons as adult stage targeting
of LmxIb results in complete loss of expression of 5-HT neurotransmission genes and
widespread progressive degeneration of 5-HT synapses and axons (15).

About 200 de novo or inherited heterozygous missense, nonsense, and deletion muta-
tions have been described in the human LIM HD TF LMX1B (16-18). Most of the

PNAS 2025 Vol.122 No.14 2411716122

Significance

We modeled human LMX1B
missense mutations in mice to
explore how they disrupt brain
serotonin neuron development.
Missense heterozygosity
selectively impaired postnatal
formation of serotonin axon
arbors throughout the forebrain,
notably in the hippocampus and
motor cortex. Digital genomic
footprinting revealed that Lmx1b
missense heterozygosity exerted
a continuum of footprint changes
associated with synapse and
axon gene expression. Footprint
changes ranged from total
eliminations to partial losses and
gains within the Pet7 neuronal
epigenome. LMX1B missense
mutations may cause human
brain pathogenesis by selectively
disrupting cis regulatory
elements controlling 5-HT axon
arbor formation thus impairing
5-HT delivery to presynaptic
release sites.

Author affiliations: 2Department of Neurosciences,
School of Medicine, Case Western Reserve University,
Cleveland, OH 44106

Author contributions: W.C.S. and E.S.D. designed
research; B.E., N.T., X.L.Z, and W.CS. performed
research; B.E., N.T., W.C.S., and E.S.D. analyzed data; and
B.E., N.T., W.C.S., and E.S.D. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission. A.E.W. is a guest
editor invited by the Editorial Board.

Copyright © 2025 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

'B.E. and N.T. contributed equally to this work.

?To whom correspondence may be addressed. Email:
wcs53@case.edu or esd@case.edu.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2411716122/-/DCSupplemental.

Published April 1, 2025.

https://doi.org/10.1073/pnas.2411716122 1 of 12


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:wcs53@case.edu
mailto:esd@case.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2411716122/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2411716122/-/DCSupplemental
https://orcid.org/0000-0003-4757-1209
mailto:
https://orcid.org/0000-0002-9700-8011
mailto:
https://orcid.org/0000-0003-4211-9934
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2411716122&domain=pdf&date_stamp=2025-3-28

Downloaded from https://www.pnas.org by CLEVELAND HEALTH SCIENCES LIBRARY CWRU on April 2, 2025 from | P address 129.22.126.10.

20f12

missense and nonsense mutations are clustered in the DNA-binding
HD and the dual LIM domains, which engage in protein—protein
interactions. These mutations, many of which are recurrent, are
pathogenic for a syndromic autosomal dominant disorder char-
acterized by skeletal dysplasia, progressive renal disease, and glau-
coma (16, 18-20). LMX1B haploinsufficiency is considered the
underlying pathogenic mechanism (17). Intra- and interfamily
heterogeneity in disease severity and penetrance is well established,
yet there is no clear relation between mutation-type and clinical
disease phenotype to account for clinical heterogeneity (16).

None of the pathogenic LMX1B mutations have been modeled
to determine how they disrupt the development of the cell types
in which they are expressed. Here, we developed mouse lines car-
rying different recurrent pathogenic LMX1B DNA binding
domain missense mutations. We leveraged the well-defined roles,
summarized above, for Lmx1b in 5-HT neurons to assess how
heterozygous Lmx1b missense mutations impact their develop-
ment. We found that Lmx1b missense heterozygosity altered
5-HT neuron transcriptomes encoding synapse, axon, and mito-
chondrial processes. Further, missense heterozygosity resulted in
a highly selective disruption of postnatal 5-HT axon arborization
in the forebrain, which was associated with a sex-specific alteration
in spatial memory formation. Digital genomic footprinting (DGF)
revealed that Lmx1b missense heterozygosity exerted a complex
combination of complete and partial losses as well as gains in
Lmx1b motif binding and accessibility, associated with synapse
and axon gene expression, in Pet] neuron chromatin. Lastly,
Lmx1b missense heterozygosity caused wide disruption of Lmx1b-
dependent gene regulatory networks (GRNs) comprising diverse
TFs expressed in Perl neurons. Our findings suggest LMX1B
missense heterozygosity in humans may interfere with Pez/ neuron
cis regulatory element binding and accessibility required for con-
trol of postnatal forebrain 5-HT axon arbor formation thus com-
promising serotonergic neuromodulation.

Results

LMX1B Missense Mice. To generate missense line Lmx16"?%K, a C

to A substitution identical to the human mutation was introduced
in exon 5 changing an asparagine (N) codon to lysine (K) codon
at amino acid position 246 of the mouse Lmx1b primary structure
(Fig. 14 and SI Appendix, Fig. S1A). This substitution is expected
to result in a mutant protein unable to bind Lmx1b motifs,
in vivo, as N246, an invariant residue in the HD recognition
(third) helix makes direct hydrogen bond contacts with the second
adenine in the HD binding core TAAT motif and the N246K
substitution was reported to abolish Lmx1b motif binding in
mobility shift assays (20-24). For mutant line, Lmx16%2 a G to
A substitution identical to the human mutation was introduced in
exon 4 resulting in an arginine (R) to glutamine (Q) substitution
at amino acid position 200 in the N-terminal arm of the HD
(Fig. 14 and SI Appendix, Fig. S1A). This mutation likely severely
disables binding to Lmx1b motifs, in vivo, as the highly conserved
R200 residue makes direct contact in the minor groove with the
first thymine in the core TAAT motif and the R200QQ mutation
results in reduced Lmx1b motif binding, in vitro (19, 22-24).
Lmx 16"+ and Lmx1672°°?* mice are fully viable and capable
of normal reproduction despite having reduced body weights
(SI Appendix, Fig. S1B). Lmx16™?*" but not Lmx 169+ mice
invariably exhibit an opaque eye pathology within the first six
postnatal weeks (S/ Appendix, Fig. S1C).

No L1 bNAKINOK o1 [ 05 HRPOOUR200Q pewhorns survived
beyond P1, consistent with previous neonatal lethality observed
for homozygous Lmx1b targeted mice in which exons 3 to 7
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encoding the second LIM domain and the HD were deleted (25).
The tectum, cerebellum, and hindbrain were severely reduced in
size in  LmxlN?IRIN2AK  and L] pRP00UR200Q  pewborns
(SI Appendix, Fig. S2A). Similar defects were found in germ
line-conditionally targeted homozygous mice (Lmx16*") in which
the entire HD was removed to create a total loss of function DNA
binding null. These findings further support the conclusion that
missense protein binding to Lmx1b motifs is severely compromised
or even eliminated, in vivo.

We introduced the Perl-Cre transgene and Ai9 allele into
Lmx16M%F and Lmx 16%2%°2 mice to genetically mark postmirotic
Pet] neuron precursors from which brain 5-HT neurons develop
(26). We found significant deficits in TdTomato* cell body num-
bersat E1 5.5in me]bN246K/N246K; Pet1-Cre; Ai9 and LMx]bA/A;Petl-Cre,'AiQ
embryos (SI Appendix, Fig. S2 B and D), suggesting a previously
unrecognized role for Lmx1b in the generation of Pezl neuron
precursors prior to them becoming postmitotic. There was a trend
for loss of TdTomato* cell bodies in Lnx1R200YR200Q; Perl-Cre; Ai9
mice but this did not reach statistical significance (S/ Appendix,
Fig. S2 Band D). A complete anterior to posterior analysis of the
dorsal raphe nucleus, median raphe nucleus, B9 cluster, and med-
ullary raphe nuclei revealed no significant differences in Td Tomato*
CCH bOdy numbers in me] bN24'6K/+;Pet1-Cre;Ai9’ me] bRZOOQ/ﬁPet]-CVe;AiQ
and  LmxIb+ Pel-Cs A9 mice compared to  controls

(Lmx 1" Pal-Cr:49) (ST Appendix, Fig. S2 C, E, and F).

Missense Heterozygosity Disrupts Pet7 Neuron Synapse, Axon,
and Mitochondrial Transcriptomes. We performed RNA-
seq to determine how LmxI6"?K and Lmx16™%? missense
heterozygosity impacts development of Pez] neuron transcriptomes.
Sequencing libraries were prepared with flow-sorted TdTomato*
me]bN24 K/+; Petl-Cre; Ai9 and me]bRZOOQ/ﬂ Pet]-Cre; Ai9 Pet] neurons
taken from the entire E17.5 embryonic hindbrain to capture
developing 5-HT neurons from all raphe nuclei. Differential
expression analysis indicated that LmxIb"?%K and Lmx15"2002
heterozygosity resulted in significant alterations in the development
of Pet] neuron transcriptomes (Fig. 18). We found 469 and 261
significantly increased or decreased differentially expressed genes
(DEGS) in LmXIbNZ}'GKA; Pet]-Cre; Ai9 and meleZOOQ/+; Pet]-Cre; Ai9
Petl neurons, respectively (Fig. 1C). 20% of DEGs (145/729)
were found in both Lmx 16V and Limx16/2%°?* transcriptomes
suggesting each missense protein forces mostly unique changes in
Pet] neuron gene expression (Fig. 1D).

We used gene ontology enrichment analysis to gain insight
into potential functions of genes with altered expression in
Lmx16N>8 and Lmx16%°°U* Pet] neurons. GO analysis of
Lmx 1615 or Lmx16%2°°Y* DEGs identified enrichment for
several terms related to synapse, axon, and mitochondrial (SAM)
genes such as synaptic vesicle fusion to presynaptic zone mem-
brane, regulation of synapse organization, cell projection organ-
ization, axon, and mitochondrial ATP synthase coupled electron
transport (Fig. 1 E and F). The 145 common DEGs were
enriched for terms related to transcription, mRNA processing,
mitochondria function, and brain development (Fig. 1G). Strong
enrichment for SAM terms were also found when we analyzed
Lmx16M>%+ unique DEGs and Lmx1b6V?*%* down DEGs
(Fig. 1 Hand ). The log2 fold change (log2FC) range for SAM
DEGs was -3X to 2X for Lmx16"?%%* and -1.3X to 2.7X for
Lmx 1672992+ Ve found that 31% (81/261, P = 0.00092 hyper-
geometric test) of Lmx16™°?* DEGs and 37% (171/469, P =
4.00E-12 hypergeometric test) of LmxIb"??* DEGs were
annotated with at least one of these classification terms (Fig. 1)).
These findings indicate that both heterozygous missense muta-
tions alter diverse types of genes that converge on processes
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Fig. 1. Altered development of Lmx1bN?#K and Lmx1bR?9Q heterozygous Pet1 neuron transcriptomes. (A) Top Left, Model of HD third helix and N-terminal arm
(green) binding to DNA. Arrows indicate approximate location of amino acid changes. Top Right, sequence context of amino acid changes. Below, schematic of
Lmx1b functional domains (white boxes) relative to exon boundaries. Green cylinders, HD alpha helices. (B) Volcano plots displaying gene expression changes in
Lmx1bN?46K"* ys control and Lmx1bR299Q* ys control, with FC > 1.5X and FDR < 0.01 shown as -log10 P-value. Colored dots indicate significant DEGs. Dot heatmap
indicates dot density: red, high; yellow/cyan, intermediate; blue, low. (C) Number of up and down DEGs in Lmx1b"246K* ys control and Lmx1b??%°%* ys control. (D)
Venn diagram of Lmx1b"?#K*and Lmx1bR?%¢* common DEGs. (E) Lmx1b"?#6%* DEGs GO term enrichment. (F) Lmx1bR?%°Q* DEGs GO term enrichment. (G) Lmx1pN246K+
and Lmx1hR?9°* common DEGs GO term enrichment. (H) Lmx1bN?4K* unique DEGs GO term enrichment. (/) Lmx1bN?46* down DEGs GO term enrichment. (/)
Number of Lmx1bN?46K+ and Lmx1bR2%°%* DEGs that are annotated with axon, synapse, or mitochondria related GO terms. *, P = 0.00092 hypergeometric test
for Lmx1bR299¢* DEGs and P = 4.00E-12 hypergeometric test for Lmx1bN?4K* DEGs. In E-/, dot size indicates the number of overlapping genes for each GO term
and color indicates FDR.
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related to development of serotonergic connectivity. Other
enriched terms of lower significance did not converge on par-
ticular biological, cellular, or molecular categories despite finding
that gene expression is more broadly altered than just changes
in SAM expression (Fig. 1 £~/). No term enrichment was found
for processes related to development of 5-HT neuron identity.

PNAS 2025 Vol.122 No.14 2411716122

5-HT levels and expression of all genes required for 5-HT neu-
rotransmission are severely reduced in homozygous germ line or
postmitotic stage conditionally targeted Lmx1b mice, (9, 11, 12,
27). Similarly, we found a complete absence of 5>-HT immuno-
reactivity in the rostral ventral hindbrain in Limx14N?#6KIN246K o

Lmx16%00UR200Q iy E15.5 embryos (SI Appendix, Fig. S3A)

https://doi.org/10.1073/pnas.2411716122 3 of 12


http://www.pnas.org/lookup/doi/10.1073/pnas.2411716122#supplementary-materials

Downloaded from https://www.pnas.org by CLEVELAND HEALTH SCIENCES LIBRARY CWRU on April 2, 2025 from | P address 129.22.126.10.

4 0f 12

showing that both missense mutations produce equivalent loss of
function alleles for acquisition of 5-HT neuron identity. Although
expression of 5-HT synthesis genes, 7ph2, Ddc, Gehl, Gehfr,
trended down in Lmx16%2°?*mice the loss of expression was not
significantly different from control levels (S/ Appendix, Fig. S3B).
Only Slc6a4 expression was significantly reduced by about 40%
(-0.71X 10g2FC) in Lmx15"2°°Y* Pet] neurons. Lmx1bN?6K het-
erozygosity resulted in -0.75X and 0.6X log2FC decreased expres-
sion for Tph2 and Dde, respectively, but did not significantly alter
expression of Gehl or Gehfr, which are required for 5-HT syn-
thesis through production of the obligatory Tph2 cofactor, BH4
(SI Appendix, Fig. S3B). Petl expression is dramatically reduced
in homozygous Lmx1b targeted mice, but its expression was not
altered in Lmxlb™?K* or Lmx1b™% mice (SI Appendix,
Fig. S3B). Although 7ph2 and Ddc expression was reduced, we
found no alterations in the numbers of Tph2* and 5-HT" neurons
in adult Lmx16"%%* and Lmx16%2%?* mice and individual neu-
ron staining intensities seemed invariant between the three gen-
otypes (8] Appendix, Fig. S3 C-F). These findings suggest that one
wildtype copy of Lmx1b is sufficient for generation of normal
numbers of 5-HT neuron postmitotic precursors and decreased
Tph2 and Dde expression was not sufficient to weaken immuno-
histochemical detection of 5-HT neuron identity markers.

Homozygous conditional targeting of Lmx1b revealed its role
in formation of the isthmic organizer and in the specification of
progenitors that likely give rise to DA neurons in the substantia
nigra pars compacta (SNc¢) (28-30). However, immunostaining
with an anti-tyrosine hydroxylase (TH) antibody revealed no dif-
ferences in the numbers of TH* neurons in the SNc and TH*
fiber densities in the dorsal striatum of heterozygous mutant mice
compared to controls (S Appendix, Fig. S4).

bN246K bRZOOQ

Forebrain 5-HT Axon Deficits in Lmx1 and Lmx1
Heterozygotes. Given the strong convergence of LmxI HNAOKI+
or Lmx16%%°%* DEGs on SAM genes, we investigated whether
Limx 16" and Lmx 16%2°2 heterozygosity disrupted 5-HT axon
development. Our previous studies showed that homozygous
conditional targeting of the Lmx1b (Lmx1677-C4) specifically
in postmitotic embryonic Perl neurons resulted in near complete
absence of 5-HT axons in the distal forebrain and spinal cord (13).
Notably, although nor as severe as that found in Ly 1 6#7e1-Credio
mice, we found significantly reduced TdTomato* fiber densities in
virtually all regions of the forebrain in Ly ] §N?46K/ i Perl-Crei4i9 an g
L ] pR200+i Perl-Crei 419 myjice To facilitate accurate quantification
of axon deficits, we focused on regions receiving dense serotonergic
innervation. In the hippocampus and motor cortex, comparable
reductions in TdTomato" fiber densities were observed in
me]bN246K/+; Petl-Cre; Ai9 and me]bRZOOQA; Petl-Cre;  Ai9 mice
compared to control (Fig. 2 A-E). However, TdTomato* fibers
in the striatcum and the dense plexus in subventricular zone
(SVZ), were significantly reduced in L] b4k Perl-Cre: 49 e
but not in Lyl pR200Q+ Peel-Cre 49 mice (ST Appendix, Fig. S5
A-D), a difference which may result from the large number of
nonoverlapping DEGs in the mutant transcriptomes. TdTomato*
fiber densities in the spinal cord were not statistically different
from control in missense heterozygotes although we found a
statistically significant difference in L6+ 7e1-CG 42 yersus

control (87 Appendix, Fig. S6 A and B).

Lmx1bN246K and Lmx1bR200Q Heterozygosity Selectively Disrupts
Postnatal Development of 5-HT Axon Arbors. Lmxlb is
required to maintain adult 5-HT axons (15), and so we sought
to determine whether the 5-HT axon deficits in Lmx16"?#K* or
Lmx16%7°% mice resulted from their abnormal development

https://doi.org/10.1073/pnas.2411716122

or postdevelopmental degeneration. Development of rodent 5-
HT axon architectures has been described as comprising three
sequential stages: primary axon growth, secondary routing, and
arborization (13, 31). During the primary stage, which initiates in
newborn postmitotic Pez1 neurons before they have acquired a fully
mature serotonergic identity, axons ascend unidirectionally over the
mesencephalic flexure. The secondary routing stage occurs between
E16-P1 and results in formation along preexisting nonserotonergic
fiber tracts of all 5-HT fiber pathways to their termination zones in
the forebrain. The arborization stage occurs in the postnatal period
subsequent to secondary routing and is not complete until at least
the fourth postnatal week (32).

Although a delay in primary axon growth was present in
homozygous conditionally targeted Lmx1b (LmxI b;%p erl-CresAi9)
embryos (13), no delay was found in Lnx16"?*F* or Lmx1
embryos (SI Appendix, Fig. S7 A and E). Development of sero-
tonergic fibers through the cingulum bundle culminates in the
formation of a major 5-HT system secondary route to the fore-
brain (33). In Ll §#P-Ce49 mjce, the cingulum fiber track
fails to form (13). At E18.5, TdTomato* fiber densities within the
cingulum bundle were not altered in Ly Perl-Crei 49 3
Limx1pR200Q+ Prl-Cre: 419 e b ryos indicating that full Lmx1b dosage
is not required for development of this major serotonergic projec-
tion pathway (SI Appendix, Fig. S7 B and F). A similar lack of
primary and secondary fiber deficits was found in Lyax 1 64+ 7er1-Credid
embryos confirming that complete loss of sequence-specific DNA
binding in one Lmx1b copy had no detectable impact on this
stage of 5-HT axon development.

At P7, we found a significant reduction in TdTomato* fiber
densities in the motor cortex of L]0+ Perl-Cres 419 5§
Limix1pF200Q+ Perl-Cres 419 myice (ST Appendix, Fig. S7 C and G). In
1-mo-old me]bN246[(/+; Pet1-Cre; Ai9 and me]bRZOOQ/+; Pet1-Cre; Ai9
mice, we found significant reductions in TdTomato" fiber densities
in the hippocampus (S Appendix, Fig. S7 D and H). Together,
these data demonstrate that heterozygous Lmx1b missense muta-
tions specifically disrupt the postnatal stage of 5-HT axon devel-
opment during which profuse arborization occurs.

Previous studies have implicated dense serotonergic inputs to
hippocampal CA1 circuitry at the interface of the stratum radiatum
and the stratum lacunosum-moleculare (SLM) layers in the mod-
ulation of spatial memory formation (34). Given the deficit in
5-HT arbors in this area of the hippocampus of missense heterozy-
gotes, we examined spatial memory in Lmx16%%* mice. We
chose not to test Lmx 16?5+ mice because of their eye pathology.
In the Barnes Maze, both male and female Lmx16%%?* mice
found the escape hatch as quickly as Lmx16*"* on the final day of
training. However, during the probe trial female Lmx15%°°%* mice
spent significantly less time in the target quadrant compared to
sex-matched controls (57 Appendix, Fig. S8). No difference in the
time spent in the target quadrant was found between male
Lmx 169+ mice and controls although males exhibited reduced

distance traveled in the open field (S7 Appendix, Fig. S8).

bRZOOQ/ +

Lmx1b Heterozygous Missense Mutations Force a Complex
Combination of Losses and Gains in Lmx1b Motif Binding
and Accessibility. We next sought to understand how Lmx1b
missense heterozygosity impacts Lmx1b binding activity within
the Per] neuron epigenome. We previously used CUT&RUN to
map Lmx1b occupancy within wild type Pezl neuron chromatin
(14). However, we anticipated that prohibitively large numbers
of flow-sorted control and heterozygous mutant Pez/ neurons
would be required to discern differences in Lmx1b binding
with CUT&RUN. Here, we selected DGF to investigate
Lmx1b binding activity (35-38). DGF identifies regions of
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Fig. 2. Forebrain serotonergic axon deficits in heterozygous adult missense mice. (A) Representative images of TdTomato* (anti-RFP) axons in the adult
hippocampus. (Scale bar, 200 um.) DG, dentate gyrus; CA1, hippocampal subfield cornu ammonis 1. (B) Higher magnification images of highlighted regions
(white dashed outline) in A. (Scale bar, 100 um.) slm, stratum lacunosum moleculare; mo, molecular layer. (C) Representative images of TdTomato* (anti-RFP)
axons in the adult motor cortex. (Scale bar, 100 um.) (D and E) Relative TdTomato* (anti-RFP) pixel densities from three representative sections per biological
replicate; +SEM; n = 4 to 10 mice per genotype; one-way ANOVA with Welch’s correction. ***P < 0.001.

lower-than-expected transposase-mediated cut counts centered
on specific DNA binding motifs, termed footprints, that result
from steric protection by a motif-bound TFE. A footprint score
can be calculated by subtracting the mean of negative signal
at the footprint from the mean of positive signal representing
chromatin accessibility in the immediate flanking region. Unlike
CUT&RUN or ChIP-seq, DGF offers genome-wide information

PNAS 2025 Vol.122 No.14 2411716122

on TF binding activity at motifs comprising disparate GRNs and
accessibility of CREs in which TF motifs are embedded.
Bentsen etal., applied a novel computational framework
(TOBIAS) for correction of Tn5 cut bias to determine the devel-
opmental dynamics of TF footprints in ATAC-seq datasets (38).
Therefore, we crossed the Sun1-GFEP allele and the Pet1-Cre trans-
gene (39) into wild type, Lmx 1671, and Lmx 167+ mice

https://doi.org/10.1073/pnas.2411716122 5 of 12
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for purification of GFP-labeled nuclei from Pez/ neurons in the
embryonic hindbrain with Isolation of Nuclei TAgged in specific
Cell Types INTACT) (40). Purified nuclei from the three geno-
types were tagmented with an ATAC-seq protocol optimized for
Pet] neurons; libraries were deeply sequenced, replicates merged,
and reads downsampled to 100 million/genotype (41). Comparing
read counts within CREs of LmxIb™*, Lmx1b"?%K~ and
Lmx 1677+ ATAC-seq datasets with previously obtained control
Pet] neuron ATAC-seq datasets at the same time point showed
high concordance (Pearson’s correlation = 0.86 to 0.87) indicating
high dataset reproducibility (14). We used TF motifs from the
JASPAR 2022 database, which includes the human LMX1B motif
derived with the HT-SELEX method (42).

Of the 23,744 total Lmx1b motifs identified, TOBIAS identi-
fied 4,493 bound footprints indicating likely sites of Lmx1b occu-
pancy in control Pezl neuron chromatin. These footprints were
widely distributed across the Pez! epigenome but were more abun-
dant in introns and distal intergenic regions than promoters
(SI Appendix, Fig. S9A). The aggregate footprint profile showed
strong protection at Lmx1b motifs and high accessibility in the
immediate flanking regions (Fig. 34 and S Appendix, Fig. S9B).
A statistically significant but low overlap was found between
Lmx1b footprints and Lmx1b CUT&RUN peaks in Pez] neurons.
A greater overlap was found for Petl (31%) and CTCF (73%)
(SI Appendix, Fig. S9C). When intersecting footprints, we found
that less than half of control footprints were called bound in the
missense heterozygous Petl neurons (SI Appendix, Fig. S9D)
resulting from losses of footprints in the mutants. The aggregate
footprint profile across all bound Lmx1b motifs was decreased in

Lmx 168+ and Lmx16%2°°* Pet neurons compared to control
indicating overall reduced Lmx1b motif binding activity and loss
of flanking accessibility (Fig. 3, and SIAppendix, Fig. S9B).
However, the Lmx16"?%K mutation resulted in a more severely
decreased aggregate footprint score (-0.47X log2FC, P =
4.30E-181) than Lmx16"%2 (-0.29X log2FC, P = 3.57E-160),
indicating that similar to their impact on 5-HT neuron axon
arbors and transcriptomes, the impact of the two HD missense
mutations on the Per] neuron epigenome are not equivalent.

We then plotted the magnitude of log2FC footprint score
changes for all bound Lmx1b motifs and found, unexpectedly, a
continuum of losses, gains, or unchanged scores in Lmx1 HN2A0KT+
and Lmx16%%%+ Pet] neuron epigenomes (Fig. 3 B and C).
Footprint score changes in the missense heterozygotes resulted
from combined changes in footprint protection depth and flank-
ing accessibility. Although the overall profiles of Lmx1b motif
binding activity were similar in the two missense mutants, N246K
forced a greater proportion (59%) of decreased footprint scores
than R200Q), while R200Q forced a greater proportion (57%) of
gains (Fig. 3 Band C). In Lmx 16?8 1,433 footprints had fold
changes more negative than -1.5X compared to 1,184 footprints
with this magnitude change in L 15%200Q*,

To further illustrate the range of footprint score changes, we
binned by magnitude and direction of change, the log2FC into
quintile aggregate plots (Fig. 3 D and E). Lower Quintile 2 (LQ2)
displays Lmx1b motif aggregate footprints that were completely
lost, thus unbound, in missense heterozygotes while LQ1 shows
milder aggregate footprint losses. The middle quintile (MQ) aggre-
gate plot illustrates motifs in which footprint scores changed very
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Fig. 3. Lmx7b heterozygous missense mutations disrupt Lmx1b binding activity and flanking chromatin accessibility. (A) Aggregate footprint profiles for Lmx1b
motif binding activity in control (black), Lmx1bN?4K* (green), and Lmx1hR?%°%* (blue) Pet1 neurons. Right, Lmx1b position weight matrix binding motif. (8 and C)
Log2FC plots of Lmx1b motif footprint scores for Lmx1b"?46%+ (B) and Lmx1bR?%9%/* (C) Pet1 neurons. Colored quadrants highlight proportion of footprint losses (blue)
and footprint gains (red) with greater proportion of losses in N246K/+ vs R200Q/+ and greater gains in R200Q/+. (D and E) Lmx1b"?#6¥* (Top) and Lmx1bR?99%"* (Bottom)
aggregate footprint profiles subdivided into quintile bins. The range of log2FC changes for each quintile is shown above (N246K) or below (R200Q) each profile.
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little or not at all. Motifs in Upper Quintile 1 (UQ1) showed
either no changes or mild increases in the footprint scores. Indeed,
there were more than 1,000 bound Lmx1b motifs between MQ
and UQ1 that showed no change in footprint score in either
heterozygous mutant. UQ2 displays Lmx1b motif footprint scores
that were increased in the missense heterozygotes resulting from
increases in flanking accessibility and footprint protection. UQ2
also includes 1,101 Lmx1b motif footprints in Lnzx16V>#K* and
1194 footprints in Lmx16%%°%* that were not observed in control
Pet] neuron chromatin; these had a mean footprint score increase
of 0.88X log2FC for LmxIb"*%¥* and 1.24X log2FC for
Lmx16%°°%* These findings indicate that missense heterozygosity
forced a complex combination of complete elimination, partial
losses, no change, or gains in Lmx1b motif protection and flanking
chromatin accessibility. When we increased the statistical strin-
gency threshold for calling bound vs unbound Lmx1b motifs
10-fold over the TOBIAS default 1,004 footprints were eliminated
with the greatest proportion in the MQ quintile. Similarly, 1,326
and 1,489 footprints were eliminated from LmxIb"?%F* and
Lmx 16729+ respectively. Yet, we still found a nearly identical
continuum of Lmx1b footprint losses and gains for both missense
mutants (8] Appendix, Fig. S10).

The foregoing results prompted us to investigate whether the
DNA binding null allele, A, would also force complex losses and
gains on Lmx1b motif footprints. Similar to Lmx16"?%K* and
Lmx16™7%+ the Lmx1b""* aggregate footprint profile was
decreased compared to the control footprint profile (S Appendix,
Fig. S114). Qualitatively, we found when plotting LmxIb*
log2FC footprint score changes, a similar profile of losses, gains,
or unchanged Lmx1b motif footprint changes. However, despite
lacking the entire HD, A was not as potent as the third helix point
mutant, N246K, in forcing footprint losses and was similar to
R200Q in forcing a greater proportion of gains versus losses
(SI Appendix, Fig. S11B). Consistent with these DGF results, we
found that similar to Lmx16%%?, the number of down DEGs
in Lmx16** Pet] neurons was substantially less than in
Lmx16"?%%* Pet] neurons and Lmx16*"* up DEGs outnumbered
Lmx16*"* down DEGs (S Appendix, Fig. S11 Cand D). Similar
to the missense mutants, GO analysis indicated that LmxIb*
DEGs were enriched for synapse genes (S Appendix, Fig. S11E).
‘The smaller total number of DEGs may have hindered enrichment
for additional SAM-related terms because when manually anno-
tated we found that 34% of Lmx16*"* DEGs were associated with
SAM-related terms. Unlike the missense mutant DEGs, Lmx16*
DEGs were enriched for both chemical synaptic transmission and
neurotransmitter transport terms resulting from decreased expres-
sion of 5-HT transporter genes, Slc6a4 and Slc22a3 (SI Appendix,
Fig. S11 Eand F), suggesting potentially greater loss of 5-HT reup-
take capacity with the A allele (57 Appendix, Fig. S11F). Despite
the lower number of Lmx16** DEGs, we found 61 common
DEGs, of which 33% were SAM genes, in LmxI6* vs
Limx16N*%%* transcriptomes (SI Appendix, Fig. S11G), which may
account for their similar axon arbor phenotypes.

The total elimination of some Lmx1b footprints together with
substantial gains in missense and A heterozygous Pez/ neurons
was surprising given the kinds of mutations we introduced into
the Lmx1b HD. In light of this counterintuitive result, we won-
dered whether the impact of missense and A mutants on the Pez]
neuron epigenome results from combined loss of Lmx1b motif
binding together with mutant interference of remaining wildtype
Lmx1b function. To investigate this idea, we performed DGF on
Limx 16FPe-Cradi9 ([ KO) ATAC-seq datasets (14) in which
sequence-specific Lmx1b binding is completely eliminated thus
mimicking the condition of maximal mutant protein interference

PNAS 2025 Vol.122 No.14 2411716122

of wildtype protein. Contrary to our a priori assumption that
Lmx1b motif footprints would be uniformly severely reduced or
eliminated in ZKO Pet] neuron chromatin, we found a continuum
of footprint losses and gains (S Appendix, Fig. S11H). Notably,
the proportion of losses was greater for LKO than found in
Limx16V?#68+ 35 expected given the homozygous loss of Lmx1b
motif binding. This result supports the idea that missense Lmx1b
proteins interfere with wildtype Lmx1b resulting in footprint
losses greater than expected from simple heterozygous DNA bind-
ing dosage reduction. Further, even homozygous loss of Lmx1b
motif binding forced footprint gains. Lmx1b is the only LIM HD
expressed in Pet] neurons (13, 15, 27, 43). However, several other
HD TFs are expressed in Pez! neurons, and some are up DEGs
in both missense heterozygotes. Hence, we performed a correlation
analysis of all HD motifs to the Lmx1b motif. A total of 39 HD
TF motifs were highly similar to the Lmx1b motif including
Pou3f2, which is an up DEG in Lmx 16" and Lmx 167U+ Petl
neurons (Pearson correlation coefficient > 0.6, P-value < 0.01)
(SI Appendix, Fig. S111). Together, these results suggest that mis-
sense heterozygosity creates an anomalous epigenomic condition
in which other Perl neuron—expressed HD TFs gain access to
some Lmx1b motifs resulting in increased TF binding activity.

These results suggest that the missense and A proteins are stably
expressed in 5-HT neurons. To investigate this, we performed
immunostaining of midbrain tissue sections with polyclonal
Lmx1Db antisera that specifically costained virtually all 5-HT pos-
itive neurons in the dorsal raphe and TH* neurons in the SN¢
(81 Appendix, Fig. S12). Despite complete loss of 5-HT immu-
nostaining (87 Appendix, Fig. S3A), robust Lmx1b antibody stain-
ing was detected in the two ventral longitudinal domains
coinciding with the location of developing Pez/ (5-HT) neurons
in L] GN2AOKIN2ACK [, ] pRIOOQUR200Q a0 d [y 622 embryos
(SI Appendix, Fig. $12). The reduced numbers of Lmx1b* cells in
Limx16N?0KIN216K and - Limx 16" compared to control and
Limx1pR200UR200Q i consistent with the reduced numbers of
TdTomato* Perl neurons in Lyl bN>KN246K and L1
embryos (S/ Appendix, Fig. S2 B and D).

We next sought to identify distinguishing features that may
account for the dramatically different changes in Lmx1b motif
binding activity and flanking accessibility resulting from missense
heterozygosity. We found that the magnitude and direction of
footprint score changes in both missense heterozygotes correlated
with the level of Lmx1b motif binding activity in control Pez!
neurons, with LQ2 motifs showing the highest level of binding
activity and UQ?2 the lowest (Fig. 4 A and B). Lmx1b CUT&RUN
data revealed a similar difference in Lmx1b occupancy among the
five groups with LQ2 showing the greatest level of occupancy
signal and UQ?2 the lowest (Fig. 4 Cand D). In addition, a greater
number of Lmxlb motifs with footprints in LQ2 showed
CUT&RUN peaks (31%, 248/790) compared to UQ2 Lmx1b
motifs with footprints (7.3%, 58/790). Given the higher Lmx1b
occupancy signal and peaks in LQ2 vs UQ2, we wondered whether
there was an enrichment for additional Lmx1b motifs in LQ2
accessible chromatin. We first masked central Lmx1b motifs in
footprints, then searched the flanking +250 bp with a set of HD
motifs (44). We found that LQ2 Lmx1b footprints were highly
enriched for additional Lmx1b and other HD motifs in flanking
accessible sequences compared to scrambled background sequences
in both missense heterozygous Pez! neurons (Fig. 4 £ and F). In
contrast, UQ2 Lmx1b footprints did not show an enrichment for
Lmx1b motifs in flanking sequences and displayed a much weaker
enrichment for other HD motifs (Fig. 4 G and H). Since flanking
regions of LQ2 footprints are enriched for Lmx1b and other HD
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Fig. 4. Distinguishing features of lost and gained Lmx1b footprints. (A and B) Lmx1b motif binding activity (footprint scores) in control Pet7 neurons according to
missense, Lmx1bN?4K* (A) and Lmx1bR20°¢+ (B) motif quintiles. UQ2 motifs show the least Lmx1b motif binding activity in control Pet1 neurons compared to motifs
in other quintiles. (Cand D) Lmx1b CUT&RUN signal at E14.5 in control Pet neurons at Lmx1b motifs segregated by quintile, Lmx1b"?4K* (C) and Lmx1bR?00%"* (D).
Lmx1b occupancy in control neurons is greatest at LQ2 motifs. (E-H) Enrichment of Lmx1b and other HD motifs adjacent to LQ2 Lmx1b motifs in Lmx1hN246K*
(E) and Lmx1bR290Q* (F) and adjacent to UQ2 Lmx1b motifs in Lmx1bN?4K* (G) and Lmx1bR?00%"* (H). There is a greater level of Lmx1b and HD motif enrichment
at LQ2 Lmx1b motifs compared to UQ2 Lmx1b motifs. (/) Density of Lmx1b motif footprints in each motif quintile for Lmx1bN?46K+ (Left) and Lmx1bR2%0/* (Right)

within 500 bp of another footprint.

TF motifs, we next asked whether LQ2 Lmx1b motif footprints
were more likely to be located next to other LQ2 Lmx1b motif
footprints in the same CREs. Indeed, there were more than 2X
(N246K7+) and 1.46X (R200Q)/+) as many LQ2 Lmx1b motif
footprints less than 500 bp away from another LQ2 Lmx1b motif
footprint compared to footprints in the other quintiles (Fig. 47).
Thus, Lmx1b motifs featuring the strongest level of motif binding
activity, Lmx1b occupancy, and enrichment for flanking Lmx1b
motifs and footprints in control Pez] neurons are those that exhibit
complete loss of Lmx1b binding activity and flanking accessibility
in missense heterozygotes.

We previously obtained ChIPmentation data for H3K4me3
(promoter), H3K4mel (enhancer), H3K27ac (activation), and
H3K27me3 (repression) marks from E14.5 Per! neurons to define
chromatin states across the Pezl neuron genome (14). Here, we
used these datasets to determine whether the magnitude and direc-
tion of Lmx1b footprint changes in missense heterozygotes were
associated with particular chromatin states. We found a greater
enrichment for active, TSS-distal enhancer and active promoter
signatures in LQ2 footprints in both missense mutants compared
to other chromatin states, with UQ2 footprints showing the least
enrichment (87 Appendix, Fig. S13A). In contrast, UQ2 footprints
showed a greater enrichment in the other/no signal chromatin
state signature (S/ Appendix, Fig. S13A). These data suggest that
Lmx1b footprints that are completely eliminated by missense
heterozygosity are more frequently located in active, TSS-distal
enhancer and active promoter regions, while Lmx1b footprints
exhibiting the greatest gains in footprint scores are more fre-
quently located in chromatin lacking active cis-regulatory histone
mark signatures.

https://doi.org/10.1073/pnas.2411716122

To identify potential functions of genes linked to missense
altered Lmx1b footprints, we associated each footprint to the
nearest gene TSS within +50 kb. We then performed GO term
enrichment analysis to determine potential functions of
footprint-linked genes within each quintile. This analysis did not
reveal dramatic differences in GO term enrichment among the
quintiles. However, we found that the top significantly enriched
terms in each quintile robustly converged on processes related to
synapse and axon development (e.g. synapse organization, neuron
projection morphogenesis, cell projection morphogenesis)
(SI Appendix, Fig. S13B). Further, we identified a range of nearby
Lmx1b motif footprint score changes associated with SAM gene
DEGs, whose expression was commonly significantly altered in
both missense heterozygotes (87 Appendix, Fig. S13C). These find-
ings suggest that altered Lmx1b binding activity at CREs results
in altered SAM gene expression.

Lmx1b Missense Disruption of Pet1 Neuron GRNs. We investigated
the impact of Lmx1b missense on Lmx1b-dependent TF networks
in Perl neurons. Differential expression analysis of RNA-seq
datasets identified many common significantly upregulated TFs
in Lmx16M?#K* and Lmx16%%%* mutants, suggesting that
heterozygous missense mutations force derepression of different
Pet] neuron TF networks. DGF revealed complex changes in
Lmx1b motif binding activity within + 50 kb of the TSSs of
these derepressed TF genes. A broad range of Lmx1b footprint
changes encompassing LQ and UQ footprint quintiles were
found associated with the upregulated TFs (Fig. 54). Most of
the footprint changes occurred in TF gene introns or within 2
kb of the TF’s TSS. For example, the substantial upregulation
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of Sox21 was associated with a complete footprint loss (LQ2) in
the immediate 3" flanking region of Sox21 suggesting missense
interference of Lmx1b motif binding activity at a CRE that may
normally repress transcription.

We next investigated whether heterozygous Lmx1b missense
mutations disrupted motif binding activity of other Pez neuron—
expressed TFs. We found decreased aggregate footprint scores for
81 different TF motifs while increased aggregate scores were found
for 14 different TF motifs in Lmx6"2%K heterozygotes (Fig. 5B).
In Lmx16™"°2 heterozygotes, decreased and increased motif bind-
ing activity was found for 66 and 16 expressed TFs, respectively
(Fig. 5C). Footprint score changes in both missense mutants
resulted from changes in motif protection and flanking accessibility.
Plotting individual log2FC footprint score changes across all bound
motifs revealed unique profiles of losses and gains for each expressed
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TF in LmxIb"?% 8+ and Lmx16%°°U* Pet] neuron epigenomes
(Fig. 5D). For example, decreased footprint scores predominated
for KIf15 motif binding activity, particularly in Lnx16%? hete-
rozygotes. In contrast, increased footprint scores predominated for
Mxil motif binding activity in both missense mutants (Fig. 5D).
Together, these findings indicate that Lmx 16K and Limx 16202
heterozygous missense mutations uniquely disrupt not only Lmx1b
motif binding activity, but also the binding activity of various
expressed TFs that likely compose Pezl neuron GRNs.

Discussion

Here, we present mouse lines that model two different recurrent
pathogenic LMX1B HD missense mutations; we sought to under-
stand the impact of LMX1B missense mutations on 5-HT neuron
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Fig. 5. Lmx1b heterozygous missense mutations disrupt Lmx1b-dependent GRNs in Pet7 neurons. (A) Dot colors represent different magnitudes of individual TF
DEG up regulation in the indicated heterozygous genotype according to the log2FC expression heatmap. Dot size represents the log2FC magnitude and direction
of footprint change found associated with the indicated TF DEG sorted into the appropriate footprint change quintile. (B and C) Altered TF motif binding activities
in Lmx1bN246K+ (B) and Lmx1hR?9°+ (C). Each dot represents an aggregate footprint score change for a single TF binding motif; to enhance biological relevance
analysis was limited to motifs whose associated TF is expressed at > 1 FPKM in Pet7 neurons. Blue dots indicate decreased TF motif binding activity in missense
heterozygous Pet1 neurons vs activity in control Pet7 neurons (+/+). Red dots indicate increased TF motif binding activity in missense heterozygous Pet1 neurons
vs activity in control Pet7 neurons (+/+). Bold lettering indicates TF DEGs in the indicated heterozygous genotype; nonbold lettering indicates TF gene expression
was not found altered in the indicated heterozygous genotype. Differential binding score: aggregate log2FC for each motif. (D) Violin plots of individual log2FC
footprint bound motif changes for the indicated TF in Lmx1b"246K* (Left) and Lmx1b2%°%* (Right) Pet1 neuron chromatin.
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development. Homozygous germ line and conditional targeting
of Lmx1b has revealed its multiple key embryonic and early post-
natal stage regulatory roles in the development of mouse 5-HT
neurons (7, 13, 45). It is, therefore, noteworthy that missense
heterozygosity had little or no impact on any of the several regu-
latory steps we examined that Lmx1b controls during embryonic
5-HT neuron development. Lmx16"?%K and Lmx15%7°2 hete-
rozygosity had no effect on development of Pez] neuron precursor
numbers, 5-HT primary axon growth, and secondary axon pro-
jections to distal target regions of the forebrain. 5-HT* and Tph2*
neuron numbers also did not differ from control numbers in any
of the raphe nuclei, although moderately reduced levels of 7ph2
and Ddkc expression were found, particularly in Lmx16"?%K and
may result in quantitatively reduced 5-HT synthesis. Further,
missense heterozygosity did not disrupt development of TH*
DA neurons in the SNc or TH fibers in the striatum. These
findings indicate that a single wildtype Lmx1b copy appears
sufficient for execution of many Lmx1b-dependent roles in neu-
ron development.

In contrast, we found a forebrain-wide deficit in 5-HT axon
arbors, most notably in the motor cortex and hippocampus of
both missense heterozygous mice. The axon deficits in the missense
heterozygotes occurred in the P7-P30 period and therefore resulted
from failed formation of arbors and not formation of major ser-
otonergic projection pathways or postdevelopmental arbor degen-
eration. Despite the massive deficit in 5-HT axon arbors in the
spinal cord of homozygous Lmx1b targeted mice (13), axon den-
sities in the missense heterozygous spinal cord were not statistically
different from control revealing yet another Lmx1b-dependent
developmental step that appears insensitive to Lmx1b dosage.
RNA-seq of heterozygous missense Pez] neuron transcriptomes
supported a requirement for two intact copies of Lmx1b in the
development of Petl neuron transcriptomes, particularly for
expression of synapse, axon, and mitochondrial related genes. The
greater number of Lmx16"?*K* DEGs and the large number not
shared with Lmx16%%°?* DEGs may account for the SVZ and
striatum axon arbor densities differences in two the lines.

What might explain the highly selective sensitivity of postnatal
forebrain axon arbor formation to Lmx1b missense heterozygosity?
One possibility is that the weeks-long stage of early postnatal
5-HT axon arborization, which generates an extraordinary increase
in total single-neuron axon length, places a greater demand on
Lmx1b output for SAM gene expression to build the profuse
terminal extensions of the neuron (46, 47). Thus, while Lmx1b
transcriptional output in missense heterozygotes is largely suffi-
cient at embryonic stages, it may be inadequate for expansive
postnatal forebrain arborization. An alternative nonmutually
exclusive possibility is that Lmx1b transcriptional activity is down-
regulated at postnatal stages consequently rendering single allele
Lmx1b transcriptional output below threshold for adequate SAM
transcription (48).

Biallelic stop gain mutations that destroy the DNA binding
capacity of FEV (human Pet1 ortholog) were identified in brothers
with autism spectrum disorder and severe intellectual disability
suggesting disruption of human serotonergic GRNs may contrib-
ute to neurodevelopmental disorders (49). Similarly, our findings
suggest that human heterozygous LMX1B missense mutations
may disrupt the regulatory program that controls human 5-HT
neuron development. Humans appear highly sensitive to LMX1B
dosage as heterozygous missense individuals have skeletal, kidney,
and ocular pathology. Given this dosage sensitivity, it seems rea-
sonable to predict axon arbor density alterations in at least some
of these individuals. However, this would be much more difficult
to determine than the easily detectable skeletal, kidney, and ocular

https://doi.org/10.1073/pnas.2411716122

pathology. Individuals with heterozygous LMX1B mutations were
reported to show increased symptoms of attention deficit hyper-
activity disorder and major depressive disorder (50). We found a
disruption of spatial memory in Lmx 1682 heterozygous females,
which was associated with reduced 5-HT axon arbor densities in
the SLM, previously implicated in modulating spatial memory
formation (34). These findings suggest relatively modest develop-
mental deficits in postnatal 5-HT arborization can result in cog-
nitive impairments. The well-established intra- and interfamily
heterogeneity in peripheral disease severity and penetrance in
human LMXI1B cases raises the possibility that human missense
heterozygosity could be associated with stress-related behavioral
phenotypes in the absence of peripheral disease. Further neuropsy-
chiatric evaluation of heterozygous LMX1B individuals may be
informative. Given 5-HT’s broad influence on circuitry underly-
ing cognitive and emotion-related behaviors perhaps human 5-HT
axon arbor deficits impact temperament or personality traits that
are less readily modeled or assayed in rodents (51, 52).

Application of DGF provided unexpected insight into the
poorly understood question of how stably expressed TF missense
proteins impact the epigenome of a specific neuron-type, in vivo.
We found that missense heterozygosity forced a continuum of
losses and gains in Lmx1b footprint magnitudes. Missense hete-
rozygosity completely eliminated footprints and flanking accessi-
bility at about one quarter of bound Lmx1b motifs. These lost
Lmx1b motif footprints were distinguished from other missense
altered Lmx1b footprints by exhibiting the strongest level of
Lmx1b motif binding activity in control Pez! neurons, the strong-
est level of Lmx1b occupancy, enrichment for additional Lmx1b
motifs and footprints in flanking accessible sequences, and greater
enrichment for active distal enhancer and promoter signatures.
Missense heterozygosity also produced partial losses or no change
in footprints at other sets of motifs. Finally, missense heterozygo-
sity caused increased footprints at a large set of distinct Lmx1b
motifs. Motifs with the strongest gains featured the weakest
Lmx1b motif binding activity in control Pez] neurons, the lowest
level of Lmx1b occupancy and no enrichment for additional
Lmx1b motifs in flanking accessible sequences. Despite the varied
types of changes, each group of altered footprints were associated
with genes that strongly converged on synapse and axon processes,
further corroborating missense disruption of axon development.

We considered the low overall overlap percentage between
Lmx1b footprints and Lmx1b CUT&RUN peaks as a potential
limitation for discovery of true Lmx1b footprints. However, a
plausible explanation for the low overlap is that the sensitivity of
Lmx1b CUT&RUN for identification of Lmx1b occupied motifs
in Perl neuron chromatin is suboptimal. Obtaining Per! neuron
enriched chromatin is hampered by there being only 26,000 Pez!
neurons per mouse brain and the Lmx1b antibody we used may
preclude CUT&RUN optimization. Yet despite the low overlap,
our Lmx1b CUT&RUN did in fact provide supportive data for
discovery of true footprints by showing the greatest Lmx1b occu-
pancy signal (Fig. 4 A-D) and CUT&RUN peaks at Lmx1b
motifs exhibiting the strongest footprints (LQ2) in control
Pet] neurons.

DGEF further revealed that Lmx1b missense mutations broadly
disrupted Lmx1b-dependent TF networks in Pet] neurons. We
found a spectrum of footprint losses and gains at motifs for dis-
parate TFs expressed in Per] neurons. Expression of some of these
TFs was altered in the missense heterozygotes suggesting footprint
changes result directly from altered TF expression. The expression
levels of other TFs were not found to be changed in the missense
heterozygotes suggesting footprint changes may result from
expression changes in other epigenetic regulators that are needed
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for motif accessibility. The identification of which footprint
changes are directly responsible for gene expression changes and
arbor defects will require perturbation of different TF motifs most
likely requiring combined motif targeting in the face of possible
CRE redundancy.

The heterozygous missense axon and transcriptome pheno-
types give the appearance of haploinsufficiency when compared
to the much more severe axon and transcriptome phenotypes
evident in homozygous conditionally targeted Lmx 16 mice (13).
This would typically be interpreted as simple dosage reduction
in gene product resulting in a corresponding uniform reduction
in function. However, our DGF results support a different mode
of missense action. Given the kinds of point mutations we intro-
duced into the HD third (recognition) helix or the HD
N-terminal arm, it is likely that they create mutant proteins that
are null (N246K) or near null (R200Q) loss of DNA binding
to Lmx1b motifs; the multiple anatomical similarities we report,
particularly for LmxI W and Lmx16M?96K~ | is corroborative.
However, DGF strongly suggests that the seeming axon and
transcriptome haploinsufficiency phenotypes do not result sim-
ply from elimination of DNA binding in one Lmx1b copy in
view of the large number of Lmx1b motif footprints that were
completely lost in mutant heterozygotes. LIM HD function
depends on complex formation with cofactors such as the multi-
adaptor LIM domain binding proteins or other sequence-specific
TFs (53, 54). Hence, our results are consistent with the inter-
pretation that expressed missense proteins not only cannot bind
Lmx1b motifs, but they also interfere with remaining wildtype
Lmx1b protein in forming functional complexes with cofactors
(ST Appendix, Fig. S14). DGF analysis of LKO, in which Lmx1b
motif binding is completely lost in these homozygous targeted
mice and therefore mimics maximal missense interference of
wildtype, provides support for “antimorphic” action of heterozy-
gous Lmx1b missense. The more severe axon and transcriptome
phenotypes and greater proportion of footprint losses in LKO
suggest heterozygous missense interference is not maximal and
some functional Lmx1b complexes remain. The greater number
of footprint losses in Lmx 1K+ compared to Lmx 1200
and Lmx16*" losses and the fewer number of gains in
Limx1bN?0K+ suggest N246K exerts stronger interference of
cofactor interactions with wildtype protein and/or other TFs
whose binding may be enabled in the mutant Pez/ neurons. DGF
further revealed an additional effect of missense heterozygosity,
not previously associated with haploinsufficiency: secondary
gains in TF motif binding activity. The increase in Lmx1b motif
footprints at some bound Lmx1b motifs in heterozygous mis-
sense, A, and even LKO Per] neurons suggests that loss of Lmx1b
binding enables other TFs (expressed HDs and non-HDs) to
bind at some Lmx1b motifs and/or at flanking accessible motifs
resulting in footprint gains. In sum, our DGF suggests the out-
ward appearance of haploinsufficiency in missense heterozygotes
results from complex losses and gains of TF motif binding activ-
ity in Pet] neuron epigenomes.

Materials and Methods
Detailed standard methodology are described in SI Appendix.
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Mouse Lines. Mice were maintained according with the NIH Guidelines for the
Care and Use of Laboratory animals and were approved by the CWRU Institutional
Animal Care and Use Committee.

Missense mouse line generation: To generate human mutation knock-in mice,
sgRNAs targeting mouse Lmx7b exons 4 and 5, were designed using CRISPOR
selecting sgRNAs with the lowest number of possible off-target effects (55).
sgRNAs and Cas9 from S. pyogenes with an NLS were ordered from PNA Bio.
Templates for homology-directed repair were designed with 50 base regions of
homology flanking the targeted nucleotide and were ordered as PAGE purified
Ultramers from IDT. The PAM sites were mutated preventing recutting.

Lmx1b*'2 and LmxT1b*"* mice were generated by using the Dbx1-Cre (56)
and Lmx1b" (12) mice to induce germline recombination (57) of LmxTh exons 4
to 6, thereby removing the entire HD and some flanking amino acids. Dbx7-Cre
was removed in subsequent generations.

Embryonic (E14.5) Nuclei Isolation and ATAC-Seq. The INTACT protocol (40)
was modified for isolation of Pet7 neuron nuclei.

ATAC-Seq Data Processing. ATAC-seq reads were mapped and filtered using
the standardized ENCODE consortium ATAC-seq pipeline v2.2.2 (58). Biological
replicate read data were merged with Samtools and mapped reads were down-
sampled to 100 M reads each with sambamba v1.0 (59).

DGF Analysis. Footprinting analysis was performed with TOBIAS v.0.16.0 (38).
Peaks of accessible chromatin regions for each sample were called with MACS2
using the parameters "--gsize mm --nomodel --shift -100 --extsize 200 -broad."
Peaks were annotated to genes using UROPA v4.0.2 (60) up to a limit of 50 kb.
Motifs from the JASPAR 2022 CORE nonredundant vertebrate collection (42) were
mapped to the genome and footprinting scores were calculated for each motif
that are located with accessible peak regions. Differential binding/activity scores
for each motif were calculated between each sample and filtered for TFs that were
detected as expressed in the RNA-seq data (>1 FPKM). Aggregate footprint plots
were generated with TOBIAS visualization modules. Heatmap and volcano plots
were generated using ggplot2 v3.4.4inRv4.3.2 (61).

Association of Footprints to Genes. Footprints were annotated to genes using
GREAT (62, 63).

Gene Ontology Enrichment. Gene ontology enrichment analysis was per-
formed with Webgestalt with at least five genes per category and FDR < 5% (64).

Footprint Density Analysis. The distance from each footprint to the next neigh-
boring footprint was calculated using the GenomicDistributions package v1.9.0
inRv4.3.2(65).

Quantification and Statistical Analysis. One-way ANOVA was performed for
all analyses involving three or more genotypes using Welch's correction where
noted. Graphpad Prism 8 was used for analysis and graphs using mean = SEM.
Statistical tests for gene list overlap or peak overlap were performed using a
hypergeometric test [ChipPeakAnno, (66)] or a permutation test using 1,000
permutations against randomly selected background regions regioneR, (67).
Pearson correlations were performed in R.

Data, Materials, and Software Availability. RNA-seq and ATAC-seq data
have been deposited in Gene Expression Omnibus, NCBI, NIH, respectively
(GSE283961,GSE283962, and GSE283963)(68-70). All other data are included
inthe manuscriptand/or supporting information. Previously published data were
used for this work (NCBI GEO GSE185737) (71).
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