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Joint actions of diverse transcription factor families
establish neuron-type identities and promote

enhancer selectivity

Angela Jimeno-Martin,? Erick Sousa, Rebeca Brocal-Ruiz,' Noemi Daroqui,’

Miren Maicas, and Nuria Flames

Developmental Neurobiology Unit, Instituto de Biomedicina de Valencia IBV-CSIC, Valencia, 46010, Spain

To systematically investigate the complexity of neuron specification regulatory networks, we performed an RNA interfer-
ence (RNAI) screen against all 875 transcription factors (TFs) encoded in Caenorhabditis elegans genome and searched for de-
fects in nine different neuron types of the monoaminergic (MA) superclass and two cholinergic motoneurons. We identified
91 TF candidates to be required for correct generation of these neuron types, of which 28 were confirmed by mutant anal-
ysis. We found that correct reporter expression in each individual neuron type requires at least nine different TFs. Individual
neuron types do not usually share TFs involved in their specification but share a common pattern of TFs belonging to the
five most common TF families: homeodomain (HD), basic helix loop helix (bHLH), zinc finger (ZF), basic leucine zipper
domain (bZIP), and nuclear hormone receptors (NHR). HD TF members are overrepresented, supporting a key role for
this family in the establishment of neuronal identities. These five TF families are also prevalent when considering mutant
alleles with previously reported neuronal phenotypes in C. elegans, Drosophila, and mouse. In addition, we studied terminal
differentiation complexity focusing on the dopaminergic terminal regulatory program. We found two HD TFs (UNC-62 and
VAB-3) that work together with known dopaminergic terminal selectors (AST-I, CEH-43, CEH-20). Combined TF binding
sites for these five TFs constitute a cis-regulatory signature enriched in the regulatory regions of dopaminergic effector
genes. Our results provide new insights on neuron-type regulatory programs in C, elegans that could help better understand

neuron specification and evolution of neuron types.

[Supplemental material is available for this article.]

Cell diversity is particularly extensive in nervous systems because
the complexity of neural function demands a remarkable degree
of cellular specialization. Transcription factors (TFs) are the main
orchestrators of neuron-type specification/differentiation pro-
grams and induced expression of small combinations of TFs is suf-
ficient for direct reprogramming of non-neuronal cells into
neuron-like cells (Masserdotti et al. 2016).

Previous studies have identified some conserved features of
neuron specification and differentiation programs in different neu-
ron types and organisms, for example, the importance of signal-
regulated TFs that mediate morphogens and intercellular signaling
for lineage commitment and neuronal progenitor patterning (Liu
and Niswander 2005; Borello and Pierani 2010; Angerer et al.
2011; Rentzsch et al. 2017; Andrews et al. 2019), the central role
of specific basic helix loop helix (bHLH) TFs as proneural factors
(Bertrand et al. 2002; Guillemot and Hassan 2017), the key role of
homeodomain (HD) TFs in neuron subtype specification (Thor
et al. 1999; Briscoe et al. 2000; Shirasaki and Pfaff 2002; Reilly et
al. 2020), or the terminal selector model for neuronal terminal dif-
ferentiation, in which specific TFs, termed terminal selectors,
directly coregulate expression of most neuron type-specific effec-
tor genes (Hobert 2008).
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However, the complete gene regulatory networks that imple-
ment specific neuron identities, either during development or in-
duced by reprogramming, are still poorly understood. To increase
our global knowledge on this process we took advantage of the
amenability of Caenorhabditis elegans for unbiased large-scale
screens and performed an RNA interference (RNAI) screen against
all 875 TFs encoded by the C. elegans genome. We systematically
assessed their contribution in correct reporter gene expression in
nine different types of neurons of the monoaminergic (MA) super-
class and two cholinergic motoneurons. We focused mainly on
MA neurons not only because they are evolutionarily conserved
and clinically relevant in humans (Flames and Hobert 2011), but
also because the MA superclass comprises a set of neuronal types
with very diverse developmental origins and functions in both
worms and humans (Flames and Hobert 2011). We have previous-
ly shown that gene regulatory networks directing the terminal fate
of two types of MA neurons (dopaminergic and serotonergic neu-
rons) are conserved in worms and mammals (Flames and Hobert
2009; Doitsidou et al. 2013; Lloret-Fernandez et al. 2018;
Remesal et al. 2020). Thus, the identification of common princi-
ples underlying MA specification could help unravel general rules
for neuron-type specification.
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Results

Whole-genome transcription factor RNAI screen identifies new
TFs required for neuron-type specification

The TF RNAi screen was performed feeding rrf-3(pk1426) mutant
strain, that sensitizes neurons for RNAi effects (Simmer et al.
2003), with 875 different RNAi clones targeting all C. elegans TFs
(Supplemental Table S1). To assess for neuron-specific defects,
rrf-3(pk1426) mutation was combined with three different fluores-
cent reporters that label the MA system in the worm (Fig. 1A): the
vesicular monoamine transporter otIs224(cat-1p::gfp), expressed in
all MA neurons; the dopamine transporter, otls181(dat-1p::
mcherry), expressed in dopaminergic neurons; and the tryptophan
hydroxylase enzyme vsIs97(tph-1p::dsred), expressed in serotoner-
gic neurons. Altogether our strategy labels nine different MA
neuronal classes (dopaminergic ADE, CEPV, CEPD, and PDE; sero-
tonergic NSM, ADF, and HSN; octopaminergic RIC; and tyraminer-
gic RIM) and the two cholinergic VC4 and VCS motoneurons,
which are not MA but express cat-1 reporter for unknown reasons.
Two additional MA neurons, AIM and RIH are not labeled by
otls224(cat-1p::gfp) and thus were not considered in our study.
Analyzed neurons are developmentally, molecularly, and func-
tionally very diverse: (1) they arise from different branches of the
AB lineage (Fig. 1B); (2) they include motoneurons, sensory neu-
rons, and interneurons, that altogether use five different neuro-
transmitters (Fig. 1A); and (3) each neuronal type expresses
different transcriptomes, having in common the genes related to
MA metabolism (Fig. 1C). In summary, considering the diversity
of labeled neurons, we reasoned that their global study could un-
ravel shared principles of C. elegans neuron specification and
differentiation.

From our screen, 91 of the 875 TF RNAi clones displayed a
phenotype classified as either missing fluorescent cells, ectopic
fluorescent cells, migration, axon guidance, morphology defects,
or combinations of them.

Considering each neuron type individually, a total of 141 dif-
ferent phenotypes were identified, the most frequent being miss-
ing or reduced reporter expression (Fig. 1D; Supplemental Table
S2).

We retrieved phenotypes for 24 out of 31 known regulators of
MA neuron fate (Supplemental Table S3). Thus, we estimated a
false negative rate of ~23%. To estimate the false positive rate of
the screen, we focused on the validation of the set of TFs displaying
missing fluorescence phenotypes with penetrance higher than
20% (Table 1; Supplemental Table S2). Forty out of 46 RNAi pheno-
types were verified by the corresponding mutant analysis (Table 1;
Supplemental Table S4), estimating a false positive rate of 14%. See
Table 2 for a summary of RNAi screen hits, validations, and error
rates.

Each neuron type was affected by 9-15 TF RNAi clones (Fig.
1D; Supplemental Table S2) with the exception of the NSM neu-
rons, affected only by two clones producing missing fluorescence
phenotypes. We noticed that NSM neurons showed weak pheno-
types upon gfp RNAI treatment (Supplemental Fig. S1), implying
that even in the rrf-3(pk1426) sensitized background NSM could
be particularly refractory to RNAi. Thus, we excluded NSM for fur-
ther analysis. None of the TF RNAi clones affect all MA neurons,
suggesting the absence of global regulators of MA effector gene ex-
pression or survival. Alternatively, global regulators of MA fate
could show redundant functions or produce early embryonic le-
thality. Nevertheless, only 37 of the 875 TF RNAi clones produced
embryonic lethality with no escapers. These clones were scored in

the parental generation; six of them produced visible neuronal
phenotypes and were included in further analyses (Supplemental
Table S2).

TFs with known roles in MA specification that were retrieved
from the RNAi screen act at different developmental stages. For ex-
ample, lag-1 CSLTF is expressed in the postmitotic ADF neuron but
not earlier, acting as terminal selector (Maicas et al. 2021); lim-4
HD TF is expressed in the mother cell of ADF but not in the post-
mitotic neuron and regulates lag-1 expression (Zheng et al. 2005;
Maicas et al. 2021); and hlh-14 bHLH TF is expressed earlier in
the lineage and its proneural activity is required to generate the va-
riety of neurons arising from that lineage (Poole et al. 2011;
Masoudi et al. 2021). In addition, retrieved TFs known to affect
PDE reporter expression also act at several steps of the specifica-
tion/differentiation process: ceh-16 HD TF is required for correct
asymmetric divisions of the PDE lineage (V5 progenitor) (Huang
et al. 2009); lin-32 bHLH TF is a proneurogenic factor needed for
the generation of PDE and its sister cell PVD neuron, similar to
the role of hlh-14 in ADF (Zhao and Emmons 1995); and ast-1
ETS TF affects terminal fate of PDE but not PVD neuron (Flames
and Hobert 2009). To expand on the analysis of different TFs act-
ing on the same neuron type, we focused on novel PDE validated
mutants. In wild-type animals, panneuronal reporter rab-3 GTPase
is expressed both in PDE and PVD neurons. HD unc-62(¢917) and
vab-15(u781) mutants show defects in rab-3 expression both in
PDE and PVD neurons. PDE and PVD specific reporters (cat-1 for
PDE and dop-3 or unc-86 for PVD) are also affected in these mutants
(Supplemental Fig. S2), suggesting either lineage specification or
broad PDE/PVD differentiation defects. Zinc finger (ZF) C2H2
hbl-1(mg285) mutants display rab-3 reporter expression only in
one of the two neurons. Missing rab-3 reporter expression coin-
cides with lack of dop-3 PVD reporter, suggesting hbl-1 mutants af-
fect PVD neuron specification and/or generation more than PDE
(Supplemental Fig. S2). Finally, the unknown TF type lin-14
(n179) shows normal rab-3 reporter expression in PDE and PVD
but defects in neuron type-specific markers of both neuron types,
supporting a role in terminal differentiation but not in neuronal-
lineage commitment (Supplemental Fig. S2). Thus, newly identi-
fied PDE mutants show a variety of phenotypes likely reflecting
different TF actions at particular developmental stages.

A specific set of transcription factor families controls
neuron specification

Next, we focused on the 113 missing reporter expression RNAi
phenotypes for different neuron types (assigned to 78 TF RNAi
clones) and analyzed the screen results based on TF families in-
stead of individual TF members. According to their DNA-binding
domain, C. elegans TFs can be classified into more than 50 different
TF families (Supplemental Table S1; Stegmaier et al. 2004;
Narasimhan et al. 2015). bHLH, HD, ZF, basic leucine zipper
domain (bZIP), and nuclear hormone receptor (NHR) families
comprise 75% of the TFs in the C. elegans genome. RNAi clones tar-
geting these families also generate 75% of the missing reporter
phenotypes (Fig. 1E). We noticed that the prevalence of two TF
families, HD and NHR, largely differs from what would be expected
from the number of TF members encoded in the genome (Fig. 1E).
The HD family represents 12% of total TFs in the C. elegans genome
but accounted for the 27% (21/78) of TF RNAI clones showing a
phenotype. Thus, HD family is significantly overrepresented in
our screening (P<0.005, Fisher’s exact test). Conversely, NHR
TFs are underrepresented when considering the total number of
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Figure1. Agenome-wide transcription factor RNAi screen reveals specific TF families are required for the specification of 11 neuron types. (A) otls224(cat-

1p::gfp) reporter strain labels nine classes of MA neurons (dopaminergic in blue, serotonergic in green and tyraminergic and octopaminergic in brown) and
the VC4 and VC5 cholinergic motoneurons. AIM and RIH serotonergic neurons are not labeled by this reporter. HSN is both serotonergic and cholinergic.
For the RNAI screen the dopaminergic otls181(dat-1p::mcherry) and serotonergic vs/s97(tph-1p::dsred) reporters were also scored together with otls224.
ttx-3p:mcherry reporter, labeling AlY is cointegrated in ot/s7187 but was not scored. (B) Developmental C. elegans hermaphrodite lineage showing the
diverse origins of neurons analyzed in this study. (C) Heatmap showing the disparate transcriptomes of the different MA neurons. Data obtained from larval
L4 single-cell RNA-seq experiments (Taylor et al. 2021). (D) Phenotype distribution of TF RNAi screen results. Ninety-one TF RNAi clones produce 141 phe-
notypes because some TF RNAi clones are assigned to more than one cell type and/or phenotypic category. Most neuron types are affected by knockdown
of at least nine different TFs. We could not differentiate between RIC and RIM owing to proximity and morphological similarity; thus, they were scored as a
unique category. (E) TF family distribution of TFs in C. elegans genome, TFs retrieved in our RNAi screen, TFs confirmed by mutant analysis, and mutant
alleles with any assigned neuronal phenotype in WormBase. Homeodomain TFs are overrepresented and NHR TFs decreased compared to the genome
distribution. (F) Comparison of mouse, Drosophila, and C. elegans genomic TF family distribution and of TFs with assigned neuronal phenotypes.
Distribution of mouse and Drosophila families with phenotypes is more similar to C. elegans than genomic distributions. Moreover, mouse HD prevalence
in neuronal phenotypes is increased compared to genomic HD frequency, similar to C. elegans.
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Table 1. TF RNAi clones associated to missing reporter expression with >20% penetrance
RNAI
penetrance
Neuron (% cat-1p::gfp Mutant
TF TF family type NT OFF) phenotype Allele Source of mutant data
unc-62 HD ADE DA 39 Yes e917 This work
ceh-20 HD ADE DA 36 Yes mu290, ay42 Doitsidou et al. 2013
ast-1 WH/ETS ADE DA 35 Yes ot417, hd1, rh300, gk463 Flames and Hobert 2009
vab-3 HD ADE DA 33 Yes ot346 This work
ceh-43 HD ADE DA 29 Yes ot406, ot340, tm480 Doitsidou et al. 2013
C32E8.1 bzIP ADE DA 21 Not tested
lag-1 CSL ADF SHT 86 Yes oml13, q385 Maicas et al. 2021; this work
hlh-14 bHLH ADF SHT 64 Yes 0k780, gm34 This work
sex-1 ZF/NHR ADF SHT 31 No y263 This work
zip-10 bzIP ADF SHT 28 No 0k3462 This work
lim-4 HD ADF SHT 23 Yes yz3, yz12 Zheng et al. 2005
pgn-21  ZF/C2H2 ADF SHT 21 Not tested
C32E8.1 bzIP CEPD DA 25 Not tested
ham-1 WH CEPD DA 51 Yes gt1984, ot339 Offenburger et al. 2017
ceh-43 HD CEPD DA 40 Yes ot406, ot340, tm480 Doitsidou et al. 2013
dro-1 CBF CEPD DA 22 No tm4702 This work
ham-1 WH CEPV DA 54 Yes gt1984, ot339 Offenburger et al. 2017
ceh-43 HD CEPV DA 40 Yes ot406, ot340, tm480 Doitsidou et al. 2013
vab-3 HD CEPV DA 38 Yes ot266,0t292, ot346 Doitsidou et al. 2008; this work
C32E8.1 bzIP CEPV DA 24 Not tested
sem-2 HMG box HSN SHT 65 Not tested
unc-86 HD HSN SHT 64 Yes n846 Lloret-Fernandez et al. 2018; Sze
et al. 2002
nob-1 HD HSN SHT 51 No 0s6 This work
egl-5 HD HSN SHT 48 Yes n945 Singhvi et al. 2008
sex-1 ZF/NHR HSN SHT 43 Yes y263 This work
hbl-1 ZF/C2H2 HSN SHT 41 Yes mg285 This work
ast-1 WH/ETS HSN SHT 38 Yes ot417, hd1, rh300, gk463 Lloret-Fernandez et al. 2018
lin-14 Unknown HSN SHT 32 Yes e912,n179 Olsson-Carter and Slack 2010
lin-28 CSD HSN SHT 29 Yes n719 Olsson-Carter and Slack 2010
sem-4 ZF/C2H2 HSN SHT 28 Yes n2654 Lloret-Fernandez et al. 2018
egl-18 ZF/GATA HSN SHT 26 Yes 0k290 Lloret-Fernandez et al. 2018
hlh-3 bHLH HSN SHT 23 Yes tm1688 Lloret-Fernandez et al. 2018
unc-86 HD NSM SHT 29 Yes n846 Sze et al. 2002
lin-14 Unknown NSM SHT 28 No n179 This work
ceh-20 HD PDE DA 35 Yes mu290, ay42 Doitsidou et al. 2013
vab-3 HD PDE DA 23 Yes ot346 This work
lin-32 bHLH PDE DA 90 Yes e1926, gm239 Zhao and Emmons 1995
lin-28 CSD PDE DA 82 Yes n719 This work; Ambros and Horvitz
1984
hbl-1 ZF/C2H2 PDE DA 63 Yes mg285 This work
vab-15 HD PDE DA 40 Yes u781 This work
unc-62 HD PDE DA 39 Yes e917 This work
ast-1 WH/ETS PDE DA 38 Yes ot417, hd1, rh300, gk463 Flames and Hobert 2009
bed-3 ZF/BED PDE DA 33 Yes gk996 This work
ceh-43 HD PDE DA 29 Yes ot406, ot340, tm480 Doitsidou et al. 2013
ceh-44 HD PDE DA 27 No tm919 This work
lin-26 ZF/C2H2 PDE DA 23 Yes nisé This work
C32E8.1 bzIP PDE DA 22 Not tested
zip-5 bzIP RIC/RIM Oct/Tyr 33 Yes gk646 This work
nhr-2 ZF/NHR RIC/RIM Oct/Tyr 22 Yes tm860 This work
ceh-12 HD RIC/RIM Oct/Tyr 21 No tm1619 This work
unc-4 HD VCs Ach 83 Yes el120, e2323 Zheng et al. 2013
lin-39 HD VCs Ach 78 Yes n1760 Potts et al. 2009
lin-40 ZF/GATA VCs Ach 73 Yes ku285 This work
tra-1 ZF/C2H2 VCs Ach 67 Yes el488 This work
ceh-20 HD VCs Ach 65 Yes ay42 Liu et al. 2006
pax-3 HD VCs Ach 50 Not tested
lin-14 Unknown VCs Ach 33 Yes n179 This work
ref-2 ZF/C2H2 VCs Ach 29 Not tested
nhr-61 ZF/NHR VCs Ach 25 Not tested

(NT) neurotransmitter; (DA) dopamine; (5HT) serotonin; (Ach) acetyl choline; (Oct/Tyr) octopamine/tyramine.

NHR TFs encoded in the genome (30% of all C. elegans TFs vs. 9% of
NHR RNAI clones with phenotype, P<0.0001, Fisher’s exact test)
(Fig. 1E). A roughly similar TF family distribution is observed

when considering MA neuron types individually (Supplemental
Fig. S3). Because the specific TF family distribution found in our
RNAIi screen could be biased by our false positive and negative
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rates, we focused only on the set of 38 TFs confirmed by mutant
analysis. Mutant-verified TFs showed a similar TF family distribu-
tion (30% HD TFs and 5% NHR TFs; significantly different from ge-
nome distribution P<0.0001 and P=0.0017, respectively, Fisher’s
exact test), suggesting a prevalent role for HD family in neuron
specification (Fig. 1E).

Next, to explore whether this TF family distribution could ap-
ply to other neuron types, we analyzed the TF family distribution
of the 93 C. elegans TFs for which mutant alleles display any neu-
ronal phenotype according to WormBase data (Supplemental
Table S5). TF family distribution for these 93 TFs is highly similar
to what was observed in our RNAIi screen and our mutant analysis
(Fig. 1E), suggesting that HD over- and NHR underrepresentation
could constitute a general rule of the regulatory networks control-
ling neuronal identity in C. elegans.

NHR TF family is expanded in C. elegans (composed of 272
members) compared to human genome (less than 50 members).
Only 8% of the 272 C. elegans NHRs have orthologs in non-nema-
tode species (Maglich et al. 2001; Taubert et al. 2011; Bodofsky
et al. 2017). We found that phylogenetically conserved NHRs are
enriched for neuronal phenotypes both in the MA RNAIi screen
(three of seven NHR TFs) and in the WormBase neuronal mutants
(five of six NHR TFs). This observation suggests that, among NHR
members, those phylogenetically conserved could have a preva-
lent role in neuron specification. Alternatively, lack of phenotypes
for nematode-specific NHRs could be attributed to more redun-
dant actions among them or to specialized functions in particular
neuron types and gene targets as recently suggested (Sural and
Hobert 2021).

Finally, we expanded our analysis to Drosophila and mouse
model systems. The same five C. elegans most preponderant TF
families constitute the majority of TFs also in Drosophila and
mouse genomes; however, the number of NHR TFs is considerably
smaller than in C. elegans (Fig. 1F; Supplemental Table S6). TF fam-
ily distribution of 266 Drosophila and 473 Mouse TFs whose muta-
tions generate neuronal phenotypes (source FlyBase and Mouse
Genome Informatics) is more similar to C. elegans neuronal mu-
tant distribution than the genomic distributions. HD overrepre-
sentation is also found for mouse TFs with assigned neuronal
phenotypes (18% of TFs in the mouse genome vs. 25% of TFs
with neuronal phenotypes, P <0.0002, Fisher’s exact test), al-
though HD enrichment is not observed in Drosophila (Fig. 1F;
Supplemental Table S6).

Thus, we found a stereotypic TF family distribution associated
with generation, specification, differentiation, survival, and/or
function of different neuronal types in different model organisms
with high prevalence of HD TFs.

Identification of new transcription factors involved
in dopaminergic terminal differentiation

Next, we aimed to use our TF RNAI screen data to study the com-
plexity of terminal differentiation programs. In the immature
postmitotic neuron, terminal differentiation is regulated by specif-
ic TFs, termed terminal selectors, that directly activate the expres-
sion of effector genes (e.g., ion channels, neurotransmitter
receptors, or biosynthesis enzymes) that define the neuron
type-specific transcriptome (Hobert 2008). Terminal selectors,
like any other TFs, act in combinations to activate target enhanc-
ers, but the complexity of these terminal selector codes is not
known. In the HSN serotonergic neuron, a combination of six
transcription factors act as a terminal selector collective to control

terminal differentiation of this neuron type (Lloret-Ferndndez
et al. 2018). Thus, we aimed to explore whether other neuronal
terminal differentiation programs showed similar regulatory
complexity.

Defects in early lineage specification, neuronal terminal dif-
ferentiation, or survival can produce similar reporter expression
defects. Thus early and late functions of TFs cannot be discerned
a priori in our RNAi screen. To circumvent this limitation, we de-
cided to focus on the four dopaminergic neuron subtypes (CEPV,
CEPD, ADE, and PDE) that arise from different lineages but con-
verge to the same terminal regulatory program (Fig. 2A). Known
early lineage determinants for dopaminergic neurons affect
unique subtypes; for example, the aforementioned role of CEH-
16/HD TF in VS lineage (Huang et al. 2009) controls PDE gener-
ation but not other dopaminergic subtypes (Supplemental
Table S2). Conversely, known dopaminergic terminal selectors
TFs (ast-1 ETS, ceh-43 HD, and ceh-20 HD) act in all four neuron
subtypes (Fig. 2A; Supplemental Fig. S4; Flames and Hobert 2009;
Doitsidou et al. 2013). Accordingly, we reasoned that RNAi
clones leading to similarly broad dopaminergic phenotypes
constitute good candidates to play a role in dopaminergic termi-
nal differentiation. Therefore, we focused on unc-62/MEIS-HD
and vab-3/PAIRED-HD because these TFs showed high penetrant
RNAi phenotypes affecting several dopaminergic subtypes
(Table 1).

unc-62/MEIS-HD and vab-3/ PAIRED-HD TFs have dual roles in
dopaminergic lineage specification and terminal differentiation

unc-62, a MEIS-HD TF, has multiple functions in development.
Null alleles are embryonic lethal precluding analysis of dopami-
nergic differentiation defects (Van Auken et al. 2002). Three viable
hypomorphic alleles e644, mu232, and ¢917 show expression de-
fects of a cat-2/tyrosine hydroxylase reporter, the rate-limiting en-
zyme for dopamine synthesis (Fig. 2B; Supplemental Fig. SS5).
To further characterize additional dopamine pathway genes,
we focused on unc-62(e917) allele because it showed higher pene-
trance of missing reporter expression. Reporter expression of en-
dogenously tagged cat-2/tyrosine hydroxylase and dat-1/dopamine
transporter loci in unc-62(e917) mutants is affected in ADE and
PDE neurons, whereas fosmid recombineered cat-1/vesicular MA
transporter reporter expression defects are found for all dopaminer-
gic subtypes (Fig. 2C-E). Multicopy transcriptional reporters for

Table 2. RNAi screen summary

RNAi screen summary

RNAi phenotypes (all) 141
RNAi phenotypes (missing fluorescence) 113
RNAi phenotypes >20% penetrance (missing fluorescence) 59
TF RNAI clones with RNAi phenoytpe (all) 91
TF RNAI clones with RNAi phenoytpe (missing fluorescence) 78

TF RNAi clones with RNAi phenoytpe >20% penetrance (missing 39
fluorescence)

Phenotypes confirmed by mutant alleles (missing fluorescence) 52

TFs with phenotypes confirmed by mutant alleles (missing 38
fluorescence)

TFs with newly assigned neuronal phenotypes confirmed by 11
mutant alleles (missing fluorescence)

False negative rate (TFs) 23%

False positive rate (referred to phenotypes, >20% penetrance) 14%

False positive rate (referred to TFs, >20% penetrance) 15%
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Figure 2. unc-62/MEIS-HD and vab-3/PAIRED-HD are required for correct dopamine pathway gene expression in all dopaminergic subtypes. (A) AST-1/
ETS, CEH-43/DLL HD, and CEH-20/PBX HD are known terminal selectors for all four dopaminergic neuron types and directly activate expression of genes
coding for the dopamine pathway components. (CAT-1/VMAT1/2) vesicular monoamine transporter; (CAT-2/TH) tyrosine hydroxylase; (CAT-4/GCH1)
GTP cyclohydrolase; (BAS-1/DDC) dopamine decarboxylase; (DAT-1/DAT) dopamine transporter; (DA) dopamine; (Tyr) tyrosine. (B) Schematic represen-
tation of unc-62 and vab-3 gene loci and alleles used in the analysis. (C,D) Endogenous dat-1 and cat-2 dopamine pathway gene reporter expression analysis
inunc-62(e971)and vab-3(ot346) alleles. For cat-2 and dat-1 analysis, disorganization of vab-3(ot346) head neurons precluded us from distinguishing CEPV
from CEPD and thus are scored as a unique CEP category. Reporter expression quantification and representative micrographs of each genotype are shown.
n> 50 animals each condition; (*) P<0.05 compared to wild type, Fisher’s exact test. Scale: 25 pm. (E) cat-1(otls625) fosmid recombineered reporter (in-
tegrated multicopy array) expression analysis in unc-62(e971) and vab-3(ot346) alleles. Disorganization of vab-3(0t346) head precluded the identification
of CEPs among other mCherry expressing neurons in the region, and thus only ADE and PDE scoring is shown. n> 50 animals each condition; (*) P<0.05
compared to wild type. (F) cat-4(otls225) transcriptional reporter (integrated multicopy array) expression analysis in unc-62(e971) and vab-3(ot346) alleles.
Disorganization of vab-3(ot346) head precluded the identification of CEPs among other GFP expressing neurons in the region, and thus only ADE and PDE
scoring is shown. n>50 animals each condition; (*) P<0.05 compared to wild type.

other dopamine pathway genes or additional effector genes not
directly related to dopaminergic biosynthesis, such as the ion
channel asic-1, are also affected in unc-62(e917) mutants, predom-
inantly in ADE and PDE neurons (Fig. 2F; Supplemental Fig. S5).
vtls1(dat-1p::gfp) reporter expression in the ADE is unaffected in
unc-62(e917) mutants revealing the presence of the cell and sug-
gesting that the ADE lineage is unaffected in this particular allele.
In contrast, unc-62(e917) shows similar loss of PDE expression for
all analyzed reporters, which could reflect a loss of the PDE cell ow-
ing to early lineage defects. In addition, we found correlated loss of
ciliated marker ift-20 and dat-1 reporters in the PDE and loss of
panneuronal marker rab-3 reporter in PDE and its sister cell PVD

(Supplemental Fig. S6). Expression of genes coding for cilia and
panneuronal components are not usually affected in terminal
selector mutants (Flames and Hobert 2009; Stefanakis et al.
2015), thus PDE phenotypes in unc-62(¢917) are in agreement
with an early role for unc-62 in correct PDE lineage generation. Fi-
nally, expression of two PVD markers asic-1 reporter (also ex-
pressed in PDE) and unc-86 TF reporter (expressed in PVD and
not PDE) are also affected in unc-62(n917) mutants (Supplemental
Fig. S2). Altogether, our results are consistent with a role for unc-62
in CEPs and ADE terminal differentiation and with either broad ex-
pression defects in PDE and PVD cells or defects in V5 lineage gen-
eration. The potential unc-62 role in PDE lineage formation
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precludes the assignment of later functions; however, adult ani-
mals express unc-62 both in ADE and PDE (Reilly et al. 2020),
which could indicate a role in the terminal differentiation for
both cell types.

To characterize the role of vab-3 in dopaminergic terminal dif-
ferentiation, we analyzed vab-3(0t346), a deletion allele originally
isolated from a forward genetic screen for dopaminergic mutants
(Fig. 2B; Doitsidou et al. 2008). Similar to our RNAI results, report-
ed defects in vab-3(0t346) consist of a mixed phenotype of vtis1
(dat-1p::gfp) reporter extra and missing CEPs and, accordingly,
vab-3 was proposed to act as an early determinant of CEP lineages
(Doitsidou et al. 2008). In addition to this phenotype, vab-3(0t346)
expression analysis of all dopamine pathway gene reporters, in-
cluding endogenously tagged dat-1/dopamine transporter and cat-
2/tyrosine hydroxylase genes, unravels expression defects in all dop-
aminergic subtypes (Fig. 2C-F; Supplemental Fig. S5). Of note, dat-
1 endogenous reporter expression is unaffected in ADE and PDE,
which strongly suggests that the missing expression phenotype
for other gene reporters in these two neuron types is not caused
by absence of the cells themselves (Fig. 2C,E). We confirmed CEP
lineage defects in vab-3(0t346) mutants by analyzing gcy-36 and
mod-5 reporter expression, which are effector genes expressed in
URKX (sister cell of CEPD) and AIM (cousin of CEPV), respectively.
We found that both are ectopically expressed in vab-3(0t346) ani-
mals (Supplemental Fig. S6).

Thus, similar to unc-62, vab-3 seems to have a dual role in dop-
aminergic specification: it is required for proper ADE and PDE ter-
minal differentiation and for correct CEP lineage generation. A
potential role for vab-3 in CEPs terminal differentiation could be
masked by its earlier requirement in lineage determination. It
has been reported that adult worms maintain vab-3 expression
in CEPs, but adult ADE and PDE expression has not been reported
(Reilly et al. 2020).

Paxé, mouse ortholog of vab-3, rescues vab-3(0t346) expression
defects

Mouse orthologs for the known dopaminergic terminal selectors
ast-1, ceh-43, and ceh-20 (Mouse Etv1, DIx2, and Pbx1, respectively)
are required for mouse olfactory bulb dopaminergic terminal dif-
ferentiation (Brill et al. 2008; Flames and Hobert 2009; Cave
et al. 2010; Remesal et al. 2020). Thus, the dopaminergic terminal
differentiation program seems to be phylogenetically conserved.
Meis2 (the mouse ortholog of unc-62) and Pax6 (the mouse ortho-
log of vab-3) are also necessary for olfactory bulb dopaminergic
specification (Brill et al. 2008; Agoston et al. 2014).

To further study functional conservation of the dopaminer-
gic regulatory program, we performed rescue experiments for
vab-3 mutants using both the C. elegans gene and the mouse
ortholog Pax6. Expression under the dat-1 promoter (unaffected
in ADE in vab-3(0t346) mutant) of the vab-3 isoform a mRNA,
containing both the PAIRED and the HD DNA-binding protein
domains, is sufficient to rescue cat-2 reporter expression defects
in ADE neuron, demonstrating a cell autonomous and terminal
role for vab-3 in dopaminergic neuron specification (Supplemen-
tal Fig. S7). Similarly, mouse Pax6 is able to rescue vab-3 pheno-
type (Supplemental Fig. S7). As expected, vab-3(0t346) CEP
lineage defects were not rescued, because the promoter used
for rescue (dat-1prom) is only expressed in terminally differentiat-
ed CEPs. These data support the phylogenetic conservation of
the gene regulatory network controlling dopaminergic terminal
differentiation.

unc-62 and vab-3 are required to maintain dopaminergic effector
gene expression

To avoid early progenitor defects in unc-62(e917) and vab-3(0t346)
mutants and to study the cell autonomous role of these TFs in dop-
aminergic neurons we performed cell-specific RNAi experiments
expressing double-stranded RNA under a dat-1 promoter. unc-62
(dat-1pRNAi) animals lose cat-2/tyrosine hydroxylase endogenous
expression in all dopaminergic subtypes and show reduced expres-
sion of endogenous dat-1/dopamine transporter (Fig. 3A,B). Faint ex-
pression suggests cells are still present but fail to properly maintain
dopamine pathway gene expression. Similar results were found in
vab-3(dat-1pRNAi) animals (Fig. 3A,B). In contrast to vab-3(0t346)
mutant phenotype, no ectopic reporter expression is found in
vab-3(dat-1pRNAi) animals as would be expected from the specific
loss of vab-3 in the postmitotic dopaminergic neurons but not ear-
lier in the lineage or in other postmitotic cells.

Altogether, cell type-specific RNAi experiments are con-
sistent with a terminal role for unc-62 and vab-3 TFs in dopami-
nergic terminal differentiation and effector gene expression
maintenance.

Functional binding sites for UNC-62 and VAB-3
are required for correct cat-2/tyrosine hydroxylase
dopaminergic effector gene expression

We previously reported functional binding sites (BS) for ast-1, ceh-
43, and ceh-20 terminal selectors in the cis-regulatory modules of
the dopamine pathway genes (Flames and Hobert 2009;
Doitsidou et al. 2013). To analyze whether unc-62 and vab-3 also
directly activate dopaminergic effector gene expression, we fo-
cused on the analysis of cis features regulating cat-2/fyrosine hydrox-
ylase that is exclusively expressed in the dopaminergic neurons
and severely affected by unc-62 and vab-3 loss.

cat-2 minimal cis-regulatory module (cat-2p21), in addition to
the previously described ETS (ast-1), PBX (ceh-20), and HD (ceh-
43) functional BS (Flames and Hobert 2009; Doitsidou et al.
2013), also contains predicted MEIS and PAIRED BS (Fig. 4A).
Extrachromosomal reporter constructs of cat-2 minimal promoter
with point mutations in PAIRED and MEIS BS show strong gfp ex-
pression defects in all dopaminergic neurons except CEPV (Fig. 4A).

VAB-3 protein contains two DNA-binding domains, PAIRED
and HD, each fulfilling specific functions (Brandt et al. 2019).
We found that one of the two already identified functional HD
BS (Doitsidou et al. 2013) matches a PAIRED-type HD consensus
motif (HTAATTR, labeled as HD* in Fig. 4A) suggesting it could
be recognized by VAB-3 and/or CEH-43.

Next, we studied the effect of MEIS and PAIRED BS mutations
in the context of the cat-2 endogenous locus (Fig. 4B). Both muta-
tions abolish cat-2 gene expression in CEPD and ADE, similar to ef-
fects found with the extrachromosomal arrays. However, CEPV
cat-2 expression is also affected in these animals, whereas PDE ex-
pression is unaffected. Discrepancies between cis-regulatory muta-
tions in extrachromosomal and the endogenous locus suggest
chromatin context and epigenetic modifications might modulate
the effect of cis mutations in some dopaminergic subtypes but not
in others.

The dopaminergic regulatory signature is preferentially
associated with dopaminergic neuron effector genes

Our results show that at least five TFs seem to be required for cor-
rect C. elegans dopaminergic terminal specification. These findings
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Figure 3.

Scale: 25 pm.

coincide with a seemingly complex regulatory logic found in HSN
serotonergic neurons (Lloret-Ferndndez et al. 2018). We previously
described that TF binding site (TFBS) clusters for the HSN TF collec-
tive are preferentially found in regulatory regions near HSN ex-
pressed genes and can be used to de novo identify enhancers
active in the HSN neuron (Lloret-Fernandez et al. 2018). Thus, a
function for this complex terminal differentiation program might
be to provide enhancer selectivity.

unc-62 and vab-3 dopaminergic-specific RNAi induce defects in endogenous dat-1 and cat-2
gene expression maintenance. (4,B) Endogenous dat-1 and cat-2 dopamine pathway gene reporter ex-
pression analysis in animals expressing unc-62 and vab-3 double-stranded RNA under the dopaminergic-
specific promoter dat-1. Reporter expression quantification and representative micrographs of each ge-
notype are shown. n>50 animals each condition; (*) P<0.05 compared to wild type, Fisher’s exact test.

dicted binding sites (ETS+HD+HD*+
PBX +MEIS + PAIRED binding sites clus-
tered in 700-bp or smaller region) (Fig.
5A). We found that 88% of dopaminergic
expressed genes contain at least one asso-
ciated dopaminergic regulatory signature
window, which is a percentage only
slightly higher than the mean percent-
age found for the 10,000 random sets
(84%; P=0.4027, x> test) (Fig. 5B). Next, we built similar sets of dif-
ferentially expressed genes for five randomly picked nondopami-
nergic neuron categories (RIA, ASE, Touch Receptor neurons,
GABAergic neurons, and ALN/PLN/SDQ cluster) (Supplemental
Fig. S8; Supplemental Table S7). We found that the percentage of
expressed genes containing the dopaminergic signature is smaller
in nondopaminergic neurons compared to dopaminergic neurons
(Fig. 5B). This difference is statistically significant for gene sets
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Figure 4. cis-regulatory analysis of cat-2/tyrosine hydroxylase effector gene reveals functional binding
sites for UNC-62 and VAB-3. (A) Multicopy extrachromosomal reporter analysis of cat-2 minimal dopa-
minergic cis-regulatory module (cat-2p27). In addition to published functional AST-1/ETS, CEH-20/
PBX HD, CEH-43/DLL HD, binding sites (Flames and Hobert 2009; Doitsidou et al. 2013), UNC-62/
MEIS and VAB-3/PAIRED binding sites are also required for correct GFP reporter expression in different
dopaminergic neuron types. HD* represents a PAIRED-type HD consensus (HTAATTR). Black crosses rep-
resent point mutations to disrupt the corresponding TFBS, the nature of the mutation is indicated in red.
(+) >70% of mean wild-type construct values; (-) values are less than 10% expression in at least two of
the three analyzed lines. n>30 animals per line. (B) Analysis of the effect of MEIS and PAIRED TFBS cis
mutations in the expression of endogenous cat-2 gene. Schema of used strains with the corresponding
mutations, quantification of reporter gene expression defects, and representative micrographs are
shown. n>50 animals each condition; (*) P<0.05 compared to wild type. Scale: 25 pm.

expressed in ASE and RIA neuron but not
compared to other neuron categories
(Fig. 5B).

Next, we restricted dopaminergic
regulatory signature search to regions
proximal to the translation start site (1.5
kb upstream of the ATG). In this proximal
region, 64% of dopaminergic-enriched
genes contain the dopaminergic regula-
tory signature, a higher percentage com-
pared to the mean percentage of all
random sets of genes (54%, P=0.088, v
test) (Fig. 5C). Moreover, the percentage
of genes with proximal dopaminergic
signature is significantly smaller in all
nondopaminergic neuronal categories
except for ALN/PN/SDQ cluster. The rea-
son why ALN/PLN/SDQ expressed genes
show a higher association to dopaminer-
gic regulatory signature compared to
other nondopaminergic neurons is un-
certain. Terminal selectors for ALN/PLN/
SDQ neurons are yet unknown; however,
our previous work determined that SDQ
neurons coexpress AST-1, CEH-43, and
CEH-20 (Doitsidou et al. 2013), and sin-
gle-cell data shows unc-62 expression in
this neuron as well (Taylor et al. 2021).
Thus a similar combination of TFs con-
trolling terminal differentiation of SDQ
could explain the higher presence of the
dopaminergicregulatory signature. Final-
ly, in contrast to the random set of genes
for the dopaminergic expressed genes,
none of the nondopaminergic neuronal
types showed a significant enrichment
of the dopaminergic signature in respect
to their corresponding background of
10,000 random sets of comparable genes
(Fig. 5C). Thus, dopaminergic regulatory
signature seems to be enriched in the
proximal regions of dopaminergic effec-
tor genes. Four out of five dopamine path-
way genes contain at least one associated
dopaminergic regulatory signature win-
dow closer than 1.5 kb from their ATGs.
Experimentally isolated cis-regulatory
modules (ranging from 143 to 521 bp in
size) (Flames and Hobert 2009) overlap
with predicted dopaminergic regulatory
signature windows and contain at least
one match for each of the six types of
TFBS (Supplemental Fig. S8), the excep-
tion being bas-1/dopamine decarboxy-
lase cis-regulatory module that lacks HD
and MEIS predicted binding sites (Supple-
mental Fig. S8). TF collectives can be re-
cruited to target enhancers even with
partial complements of their respective
TFBS (Spitz and Furlong 2012). Thus we
performed similar bioinformatic analysis
for dopaminergic signature enrichment
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Figure 5. The dopaminergic regulatory signature is preferentially associated with dopaminergic expressed genes. (A) Position weight matrix logos as-
signed to each member of the dopaminergic terminal selectors. The dopaminergic regulatory signature is defined by the presence of at least one match
for each of the six PWM in <700-bp DNA window. (B) Dopaminergic regulatory signature is slightly more prevalent in the upstream and intronic sequences
of the set of 86 genes with enriched expression in dopaminergic neurons (red dot in blue violin plot) compared to five additional gene sets with enriched
expression in nondopaminergic neurons (RIA, ASE, Touch receptor neurons, GABAergic neurons, and ALN/PLN/SDQ). However, dopaminergic signature
presence in dopaminergic-enriched genes is not higher than the mean of 10,000 sets of random comparable genes (red dot location inside the blue violin
plot). (%) Percentage of genes with assigned dopaminergic regulatory signature; (PCTL) percentile of the real value (red dot) in the 10,000 random set
value distribution. Brunner-Munzel test; (*) P<0.05; (**) P<0.01. (C) Dopaminergic regulatory signature in proximal regions (1.5 kb upstream ATG) is
more highly enriched in dopaminergic expressed genes compared to other nondopaminergic expressed genes, and dopaminergic signature presence
in dopaminergic-enriched genes is higher than the mean of 10,000 sets of random comparable genes (red dot location inside the blue violin plot), sug-

gesting proximal regulation has a major role in dopaminergic terminal differentiation. See B for abbreviations and statistics.

with partial complements of the signature (at least five or at least
four TFBS classes). Flexible dopaminergic regulatory signature is
still enriched in dopamine expressed genes, albeit at lower levels
of significance than the complete regulatory signature, compared
to random controls and is more frequent than in genes expressed
in other neurons, particularly in regions located 1.5 kb or closer
to ATG (Supplemental Fig. S9).

Finally, we built reporter constructs to test dopaminergic regu-
latory signature windows from 14 noncoding regions associated
with the dopamine enriched gene list. Six out of the 14 tested con-
structs (43%) drive expression in the dopaminergic neurons (Fig.
6A; Supplemental Table S8), whereas the rest of the constructs drive
reporter expression in other neurons or tissues but not in dopami-
nergic neurons. Dopaminergic active enhancers are located closer
to ATG than reporters not expressed in dopaminergic neurons, in
agreement to our bioinformatics enrichment analysis (Fig. 6B).

These data concur with our previous results obtained for the
HSN regulatory signature (37% of bioinformatically predicted
HSN enhancers are active in HSN) (Lloret-Fernandez et al. 2018)
and reveal that the presence of a dopaminergic regulatory signa-
ture, particularly when located in proximal regions to the ATG,
can be used to identify dopaminergic active enhancers although
signature itself, as it is presently characterized, is not sufficient to
induce dopaminergic expression.

Dopaminergic regulatory signature distribution in other genes
expressed in the dopaminergic neurons

Next, we aimed to analyze the presence of a dopaminergic regulato-
ry signature in additional genes active in dopaminergic neurons.
Different hierarchies of gene expression coexist in any given cell,
mechanosensory dopaminergic neurons coexpress at least four
types of genes: (1) dopaminergic effector genes such as dopaminer-
gic pathway genes, neuropeptides, neurotransmitter receptors, and
so forth, that are preferentially (but not exclusively) expressed by
this neuron type; (2) genes coding for structural components of cilia
that are expressed by all 60 ciliated sensory neurons in C. elegans; (3)
panneuronal genes, such as components of the synaptic machinery
or cytoskeleton, expressed by all 302 neurons in C. elegans hermaph-
rodite; and (4) ubiquitous genes expressed by all cells of the organ-
ism, such as ribosomal or heat shock proteins. We found that the
percentage of genes with dopaminergic signature is highest for dop-
aminergic-enriched effector genes compared to other sets of genes
both when considering complete noncoding sequences or only
the proximal regions (Supplemental Fig. S10). Of note, albeit lower
than dopaminergic effector gene set, panneuronal genes and cilia-
related components also showed increased presence of dopaminer-
gic regulatory signature compared to ubiquitously or nonneuro-
nally expressed genes (Supplemental Fig. S10).
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Figure 6. Experimental validation of dopaminergic regulatory signature. (A) Representative micrographs showing GFP expression driven by six different
genomic regions overlapping predicted dopaminergic regulatory signature windows. Dopaminergic expression was assessed by colocalization with
otls181 reporter (dat-1p::mcherry; ttx-3p::mcherry) shown in red. Except for F59F3.6, which is exclusively expressed in dopaminergic neurons, GFP expres-
sion was also found in additional unidentified and reporter-specific neurons in the head. See Supplemental Table S8 for quantification of two independent
reporter lines for each construct. Scale: 25 um. (B) Distance from the central location of the construct to ATG. Constructs driving GFP expression in dop-
aminergic neurons tend to locate at closer distances to the ATG than those not active in dopaminergic neurons. Two-tailed t-test.

Discussion

Neuron-type specification is mainly controlled by five
transcription factor families

Focusing mainly on the MA superclass of neurons we provide a
comprehensive view of the TFs required in the generation of differ-
ent neuronal types. Identified TFs could act at very different steps
and be involved in distinct processes such as cell division, lineage
commitment to neuronal fate, lineage specification, terminal dif-
ferentiation, or cell survival. We did not find any global regulator
of MA fate, which is likely a result of the molecular and functional
diversity found in this superclass of neurons. However, it is also
possible that genetic redundancy, early larval lethality, or false

negatives of our experimental approach could preclude us from
identifying pan-MA regulators.

Each neuron type is regulated by different sets of TFs; howev-
er, they consistently belong to the five most prevalent C. elegans TF
families: HD, bHLH, ZF, bZIP, and phylogenetically conserved
members of the NHR family. Analysis of genetic mutants display-
ing diverse neuronal phenotypes in C. elegans, mouse, and
Drosophila reveals the same TF family distribution, which validate
the results obtained from the RNAi screen and expands these find-
ings to other neuronal types and organisms.

We find HD TFs are enriched in C. elegans and mouse TF neu-
ronal mutants compared to genomic distribution. In addition to
the prevalent role of HD TFs as terminal selectors (Hobert 2016),
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these TFs also play eatlier roles in progenitor specification, such as
the pleiotropic actions of UNC-86 POU HD TF (Finney and Ruvkun
1990; Leyva-Diaz et al. 2020). Our data suggest vab-3/PAIRED-HD
and unc-62/MEIS-HD TFs could also play dual roles both in progen-
itors and postmitotic dopaminergic neurons. It has been recently
proposed that ancestral homeobox genes could be responsible
for the regulation of the ancestral neuron types, and that this func-
tional linkage has been maintained and diversified throughout
evolution (Reilly et al. 2020).

In addition to HD TFs, several NHRs, bZIP, and ZF TFs are
known to regulate neuron-type identities in mammals, such as
NR2F1 (also known as COUP-TF1), NR4A2 (also known as
NURR1), NR2E1 (also known as TLX), and NR2E3 NHR TFs
(Zetterstrom et al. 1997; Haider et al. 2000; Roy et al. 2004;
Bovetti et al. 2013); NRL, MAF, and MAFB bZIP TFs (Mears et al.
2001; Blanchi et al. 2003; Wende et al. 2012); or MYT1L, GLI1,
SP8, BCL11B (also known as CTIP2), and FEZF1/2 ZF TFs (Hynes
et al. 1997; Arlotta et al. 2005; Waclaw et al. 2006; Shimizu et al.
2010; Mall et al. 2017). In contrast to known proneuronal actions
for bHLH and main role in establishing specific identities for HD,
described for different neuron types and species, a possible general
role for these additional TF families has been poorly studied in any
model organism. Functional characterization of the NHR, bZIP,
and ZF TF candidates retrieved from our RNAi screen will help bet-
ter understand the role of these TF families in the establishment of
specific neuronal identities.

Global dopaminergic regulatory logic versus dopaminergic
subtype identities

The four dopaminergic neuron subtypes arise from different pro-
genitors and display distinct morphologies; however, they all con-
verge to fulfill similar mechanosensory functions and to signal
through the dopamine neurotransmitter. Accordingly, many of
the genes expressed by dopaminergic mature neurons are shared
among subtypes and for their activation they converge into the
same regulatory program of terminal selectors. Our data, together
with previous work (Flames and Hobert 2009; Doitsidou et al.
2013), suggest that the dopaminergic terminal selector collective
acts through the dopaminergic regulatory signature to activate ex-
pression of general dopaminergic effector genes. TF mutant pheno-
types, cis mutations, or TF expression are often more pronounced
in specific subtypes of dopaminergic neurons (Supplemental
Table S9). For example, expression defects for some effector genes
in vab-3 mutantare higher in CEPs than in ADE and PDE; converse-
ly, ceh-20 and unc-62 mutations affect more broadly (although not
exclusively) PDE gene expression (this work and Doitsidou et al.
2013). These data suggest that global actions of the dopaminergic
terminal selector collective can be modulated in a subtype-specific
manner, maybe by the action of additional subtype-specific TFs.

Moreover, some effector genes are expressed only in specific
dopaminergic neuron subtypes (such as neuropeptide flp-33 ex-
pression in ADE and PDE neurons). Further investigation is re-
quired to assess if the dopaminergic terminal selector collective
is also involved in dopaminergic subtype gene expression and/or
if additional TFs act as subtype-specific activators or repressor in
dopaminergic neurons, as has been previously determined for mo-
toneuron diversification in C. elegans (Kerk et al. 2017; Kratsios
et al. 2017).

Finally, in addition to dopaminergic effector genes, all dopa-
minergic neurons share the expression of other genes that are
more broadly expressed, such as cilia components (ciliome) ex-

pressed by all sensory ciliated neurons, panneuronal genes shared
by all neurons or ubiquitous genes. It is still unclear to what extent
terminal selectors participate in the direct activation of these genes.
Enhancers of panneuronal genes are very redundant and are to
some extent regulated by terminal selectors (Stefanakis et al.
2015), but additional TFs might regulate their expression. Genes
coding for the ciliome are directly regulated by the REX TF DAF-
19 (Swoboda et al. 2000); however, DAF-19 is also expressed in non-
ciliated neurons, suggesting also additional TFs might participate
in ciliome regulation, as recently suggested (Brocal-Ruiz et al.
2021). Our data show that the dopaminergic regulatory signature
is most abundant in dopaminergic effector genes; however,
panneuronal and pancilia genes show a higher percentage of dop-
aminergic signature than ubiquitous or non-neuronal genes, sug-
gesting dopaminergic terminal selectors could also have a direct
role in their regulation.

Complexity of terminal differentiation programs provide
enhancer selectivity

The sequence determinants that differentiate active regulatory re-
gions from other noncoding regions of the genome are currently
largely unknown. To date, one of the best sequence predictors of
active enhancers is the number of putative TF binding sites for dif-
ferent TFs found in a region (Kheradpour et al. 2013; Tewhey et al.
2016; Grossman et al. 2017). Here, we have characterized the role
of five different TFs that work together to direct dopaminergic ter-
minal differentiation. Although the majority of these TFs belong
to the HD family, three of the four HD members of the dopaminer-
gic terminal selector collective contain additional DNA-binding
domains that increase the variety of recognized consensus binding
sites: the PBC domain of the PBX TF CEH-20, the MEIS domain of
UNC-62, and the PAIRED domain in VAB-3. We hypothesize that
this TFBS complexity is important to achieve enhancer selectivity.
Our results show that binding site clusters of the dopaminergic TF
collective are preferentially located in putative regulatory regions
of dopaminergic expressed genes compared to other genes, partic-
ularly in regions near the ATG.

The presence of the signature can be used to identify enhanc-
ers active in dopaminergic neurons. However, both presence of the
dopaminergic signature in genes not expressed in dopaminergic
neurons and tested dopaminergic regulatory windows from dopa-
minergic expressed genes that are not active in dopaminergic neu-
rons show that the signature, as it is currently characterized, is not
sufficient to induce dopaminergic expression. More restrictive
PWMs for the dopaminergic TF collective, additional TFBS, gene
repression mechanisms, or chromatin accessibility is likely to fur-
ther regulate dopaminergic regulatory signature specificity. It is
also possible that specific syntactic rules (TFBS order, distance,
and disposition) discriminate functional from nonfunctional dop-
aminergic regulatory signature windows. Future experiments
should be aimed to increase our understanding on the regulatory
rules that define dopaminergic effector gene active enhancers.

Methods

C. elegans strains and genetics

C. elegans culture and genetics were performed as described
(Brenner 1974). Strains used in this study are listed in
Supplemental Table S10.
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Generation of the transcription factor RNAI library

To generate a complete TF RNAi library, we used the C. elegans TFs
list from Narasimhan et al. (2015). See Supplemental Methods and
Supplemental Table S1 for a description of all used sources.

RNAI feeding experiments and cell type-specific RNAI

RNAi feeding experiments were performed following standard pro-
tocols (Kamath et al. 2001). For cell type-specific RNAi experi-
ments, PCR fusion of dat-1 promoter to sense or antisense vab-3
and unc-62 cDNA sequences were generated and injected as previ-
ously described (Esposito et al. 2007). See Supplemental Methods
and Supplemental Table S11 for further details on feeding proto-
col, primers, and microinjection conditions.

Mutant strains and genotyping

Strains used in this study are listed in Supplemental Table S10.
Deletion alleles were genotyped by PCR. Point mutations were
genotyped by sequencing (Supplemental Table S11). Alleles vab-
3(0t346), unc-62(e644), and lag-1(q385) were determined by visual
mutant phenotype. The mutation unc-62(mu232) was followed
through its link with the fluorescent reporter muls35.

Generation of C, elegans alleles and transgenic lines

Knock-in strains PHX4698 cat-2(syb4698) and PHX4741 dat-1
(syb4741) as well as the point-mutated strains, PHX5072 cat-2
(syb4698 syb5072) and PHXS5026 cat-2(syb4698 syb5026), were
generated by SunyBiotech’s CRISPR services. Gene constructs for
cis-regulatory analysis with extrachromosomal arrays were gener-
ated by cloning into pPD95.75 vector. Directed mutagenesis was
performed with QuikChange II XL site-directed mutagenesis kit
(Stratagene). For rescue and cell type-specific RNAi experiments,
commercially available cDNA of the TF candidates was obtained
from Dharmacon and Invitrogen. Reporters for the analysis of
the dopaminergic regulatory signature were created by fusion
PCR (Hobert 2002). See Supplemental Methods for more details.

Scoring and statistics

Scoring was performed over anesthetized animals (0.5 M of sodium
azide [Sigma-Aldrich 26628-22-8] on 4% agarose pads) using a 40x
objective in a Zeiss Axioplan 2 microscope. All micrographs
showed in this paper were obtained with a TCS-SP8 Leica
Microsystems confocal microscope using a 63x objective. See
Supplemental Methods for detailed information on sample sizes
and scoring criteria and conditions; see Supplemental Table S8
for raw scoring data and statistics.

Bioinformatics

TF family distribution in different species

Data mining of different databases in C. elegans, D. melanogaster,
and Mus musculus was used to retrieve lists of transcription factors
(TFs) of each species with associated neuronal phenotypes
(Supplemental Methods).

Dopaminergic signature analysis

scRNA-seq data from Cao et al. (2017) and Packer et al. (2019) was
used to build comprehensive gene lists for different neuronal and
non-neuronal categories. For dopaminergic regulatory signature
analysis, we matched different PWM against putative regulatory
regions in the genome using a sliding-window approach, follow-
ing methodology described in Lloret-Fernandez et al. (2018). The

same analysis was conducted restricting the search space up to
1.5 kb upstream of the ATG of the gene. We then assessed the spe-
cificity of the dopaminergic regulatory signature in different neu-
ron-type enriched gene lists. These analyses are further detailed in
Supplemental Methods.
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