Current Biology

The CDK8 Complex and Proneural Proteins Together
Drive Neurogenesis from a Mesodermal Lineage

Highlights
e The generation of the C. elegans 14 neuron from mesoderm
depends on HLH-3/Ascl1

e HLH-2/Tcf3 cooperates with HLH-3/Ascl1 to drive efficient 14
neurogenesis

e The Mediator Cdk8 kinase module acts genetically
downstream of HLH-2/Tcf3

e Cdk8 kinase most likely promotes 14 neurogenesis by
inhibiting Cdk7/cyclin H function

Luo & Horvitz, 2017, Current Biology 27, 1-12
March 6, 2017 © 2017 Elsevier Ltd.
http://dx.doi.org/10.1016/j.cub.2017.01.056

Authors
Shuo Luo, H. Robert Horvitz

Correspondence
horvitz@mit.edu

In Brief

Luo and Horvitz report that the proneural
basic-helix-loop-helix protein HLH-2/
Tcf3 cooperates with HLH-3/Ascl1 to
drive efficient generation of the 14 neuron
from a mesodermal lineage in C. elegans.
HLH-2 functions genetically through the
Mediator Cdk8 kinase module, which
most likely promotes 14 neurogenesis by
inhibiting Cdk7/cyclin H function.

Cell


mailto:horvitz@mit.edu
http://dx.doi.org/10.1016/j.cub.2017.01.056

Please cite this article in press as: Luo and Horvitz, The CDK8 Complex and Proneural Proteins Together Drive Neurogenesis from a Mesodermal
Lineage, Current Biology (2017), http://dx.doi.org/10.1016/j.cub.2017.01.056

Current Biology

The CDK8 Complex and Proneural Proteins Together
Drive Neurogenesis from a Mesodermal Lineage

Shuo Luo' and H. Robert Horvitz'-2*

"Howard Hughes Medical Institute and Department of Biology, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

2l ead Contact
*Correspondence: horvitz@mit.edu
http://dx.doi.org/10.1016/j.cub.2017.01.056

SUMMARY

At least some animal species can generate neurons
from mesoderm or endoderm, but the underlying
mechanisms remain unknown. We screened for
C. elegans mutants in which the presumptive meso-
derm-derived 14 neuron adopts a muscle-like cell
fate. From this screen, we identified HLH-3, the
C. elegans homolog of a mammalian proneural pro-
tein (Ascl1) used for in vitro neuronal reprogramming,
as required for efficient 14 neurogenesis. We discov-
ered that the CDK-8 Mediator kinase module acts
together with a second proneural protein, HLH-2,
and in parallel to HLH-3 to promote 14 neurogenesis.
Genetic analysis revealed that CDK-8 most likely
promotes 14 neurogenesis by inhibiting the CDK-7/
CYH-1 (CDK7/cyclin H) kinase module of the tran-
scription initiation factor TFIIH. Ectopic expression
of HLH-2 and HLH-3 together promoted expression
of neuronal features in non-neuronal cells. These
findings reveal that the Mediator CDK8 kinase mod-
ule can promote non-ectodermal neurogenesis and
suggest that inhibiting CDK7/cyclin H might similarly
promote neurogenesis.

INTRODUCTION

During bilaterian development, mesoderm and endoderm give
rise to primarily non-neural tissues, whereas neurons are gener-
ated mostly from ectoderm. However, some animals, such as jel-
lyfish and sea urchins, have subsets of neural cells derived from
non-ectodermal origins, such as striated muscle and endoderm
[1, 2]. It is not known whether the specification of non-ecto-
dermal neural cells involves molecular mechanisms different
from those of ectodermal neural specification. Also, because
generating neurons from non-ectodermal cells is an important
approach in neuroregenerative medicine, understanding molec-
ular mechanisms underlying such neurogenesis might identify
novel factors useful in regenerative medicine.

The nervous system of the C. elegans adult hermaphrodite
consists of 302 neurons, 294 of which are derived from the AB
blastomere, which primarily generates ectodermal cells [3]. By
contrast, six pharyngeal neurons are generated from the MS
blastomere, which generates mostly mesodermal cells (Fig-

ure 1A), and two neurons are generated from the C lineage,
which generates both ectoderm and mesoderm. The MS-
derived pharyngeal 14 neuron is generated from a progenitor
cell that divides to give rise to 14 and a pharyngeal muscle cell
[3]. Although pharyngeal muscle cells are sometimes considered
myoepithelial, because these cells function as muscles, have
molecular features characteristic of muscle cells, and their
normal development depends on mesodermal transcription fac-
tors, we view them as muscles [4, 5]. We hypothesized that 14
might overcome a mesodermal cell fate to become a neuron.

Here we report the identification of genetic mutants in which
the 14 neuron adopts a muscle-like cell fate and show that
two conserved genetic pathways, a proneural pathway and a
Mediator pathway, act synergistically to promote 14 neurogen-
esis from mesoderm. We found that HLH-3, the homolog of a
mammalian protein (Ascl1) that has been used extensively in
neuronal reprogramming [6-8], HLH-2, and the evolutionarily
conserved Mediator CDK8 kinase module promote 14 neuro-
genesis. Overexpression of HLH-2 and HLH-3 together
promotes partial neuronal transformation of non-neuronal
cells, including body-wall muscle cells. Our findings reveal
that the CDK8 kinase module can promote non-ectodermal
neurogenesis.

RESULTS

14 Precursor Cells Transiently Express a Mesodermal
Cell-Fate Reporter

We first investigated whether the 14 neuron expresses typical
neuronal features by examining the expression of two broadly
expressed neuronal reporters, for the small GTPase RAB-3
(9fp::rab-3) [9] and the guanine nucleotide exchange factor
homolog RGEF-1 (P,ger.7::dsRed) [10], in 14. We observed that
both reporters were expressed in 14 and other MS-derived

neurons (Figure 1F and unpublished data); observations by Ste- Q1

fanakis et al. [11] similarly suggest that MS- and AB-derived neu-
rons share basic neuronal molecular attributes. To determine
whether 14 precursor cells express mesodermal characteristics,
we examined the expression of an hlh-1 reporter during embryo-
genesis. HLH-1 is the C. elegans homolog of the mammalian
muscle master regulator MyoD and is expressed exclusively
in myogenic lineages (Expression Patterns in Caenorhabditis
[EPIC]; http://epic.gs.washington.edu). We found that 14 progen-
itor cells and the newly generated presumptive 14 cell were
labeled by the HLH-1 reporter (Figure 1B). Our findings indicate
that 14 precursor cells are at least to this extent mesodermal.
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Figure 1. The Mesoderm-Derived 14 Neuron Adopts a Pharyngeal Muscle Cell Fate in h/h-3 Mutants

(A) Diagram of the MSaa embryonic cell lineage, which generates the 14 neuron. Neuronal cells, blue; muscle and other mesodermal cells, red.

(B) A transcriptional reporter for the C. elegans MyoD gene hih-1 is expressed in the 14 mother cell and 14 during embryogenesis (arrows and insets).

(C) Schematic illustration of the genetic screen for mutants transformed in the 14 cell fate from neural to muscle.

(D) Schematic showing HLH-3 protein domains and mutations. b, basic domain; HLH, helix-loop-helix.

(E) HLH-3 mutants have partial defects in 14 neurogenesis.

(F) The 14 cell in an hlh-3(n5469) mutant adopts a non-neuronal fried-egg-like (in contrast to a neuronal speckled) nuclear morphology and does not express the 14
reporter Pp,,_15::9fp or the neuronal reporters P.p,.3::9fp::rab-3 and P ger.s::dsRed2 (boxes and insets).

(G) The 14 cell in hih-3 mutants expresses a pmb-specific reporter, Pace.;::mCherry, as well as pharyngeal muscle reporters Py, .o::mCherry::H2B and
Pcen-22::ceh-22::mCherry, none of which is expressed in wild-type 14 (boxes and insets).

Scale bars, 20 pm. See also Figure S1.
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The 14 Neuron Adopts a Muscle-like Cell Fate in hih-3
Mutants

To seek mutants in which 14 adopts a muscle cell fate, we used a
transgenic strain in which the 14 neuronal cell fate is labeled
by the neural peptide reporter P,,_73::9fo [12] and pharyngeal
muscle cell fate is labeled by the pharyngeal myosin heavy-chain
reporter Pp,..::mCherry::H2B [13]. We performed genetic
screens and identified mutants that specifically lost 14 GFP
expression (Figures 1C and 1F). Three such mutants carried
alleles of the gene hlh-3, which encodes a basic-helix-loop-
helix (bHLH) transcription factor homologous to the mammalian
proneural protein Ascl1i/Mash1 (Figures 1D and 1E). Ascl1 is
involved in neural development in Drosophila and mammals,
and overexpression of Ascl1 with other transcription factors
drives reprogramming of various types of mesodermal and
endodermal cells into neurons [6, 8, 14-16].

One hih-3 allele, n5469, contains an early stop codon that
truncates the protein before the evolutionarily conserved HLH
domain and most likely is a molecular null (Figure 1D). The 14
cell in hlh-8 mutants appears to adopt a muscle-cell-like fate:
(1) the nuclear morphology of 14 as visualized using Nomarski op-
tics was transformed from a neuronal speckled morphology to a
non-neuronal, fried-egg morphology (Figure 1F); (2) wild-type 14
expressed neuronal markers Ppy,_13::9f0, Prap-3::gfp::rab-3, and
Prger.1::dsRed, whereas none of these markers was expressed
in the mutant presumptive 14 cell (Figure 1F); and (3) the mutant
14 cell expressed pharyngeal muscle reporters Pp, _o::mCherry::
His2B and Pep.00::ceh-22::mCherry [4, 17] (Figure 1G). We
found that the acetylcholine esterase reporter P ce.7::mCherry,
which normally labels the 14 sister cell pm5 [18], labeled an extra
pm5 muscle cell in the hlh-3 mutant pharynx (wild-type, n = 6
pmb5; hih-3, n = 7 pmb) (Figure 1G), indicating that the 14 cell in
hih-3 mutants failed to be specified as a neuron and instead
adopted the cell fate of its sister pm5 pharyngeal muscle cell.
We were able to rescue the 14 defects by expressing a wild-
type copy of the hlh-3 gene in hlh-3 mutants (Figure S1A).

HLH-3 Is Mostly Dispensable for Neurogenesis

Of the 20 neurons in the wild-type C. elegans pharynx, only 14
seemed to be affected by the disruption of HLH-3 (Figure S2C
and data not shown). To further explore a possible role for
HLH-3 in the neurogenesis of neurons other than 14, we scored
the number of neurons expressing neurotransmitter reporter
transgenes for cholinergic, GABAergic, glutamatergic, dopami-
nergic, serotonergic, and tyraminergic/octopaminergic neurons
in hih-3 double mutants that also contained hlh-2 or dpy-22 mu-
tations (we used the second mutation to sensitize the strain and
potentially increase the magnitude of defects; see below);
together, these reporters label about 240 of the 302 neurons in
C. elegans (Figure S2A). We found that approximately 10% of
wild-type 14 expressed the glutamate transporter transgene
Poar-4::€at-4::mCherry (a fosmid-based translational fusion con-
structed by [19]) but none of the other reporters, indicating that
14 might be glutamatergic (Figure S2B). We did not find any sig-
nificant difference in the number of eat-4-expressing neurons
between the wild-type and h/h-3 double-mutant animals,
showing that the fates of most glutamatergic neurons were not
altered (Figure S2D). (That 14 is transformed to a muscle cell in
hlh-3 mutants did not result in a lower count for hlh-3 mutants,

because only 10% of wild-type 14s express the reporter.) We
similarly observed no major differences in cholinergic, dopami-
nergic, serotonergic, or tyraminergic/octopaminergic neuron
numbers between wild-type and hlh-3 mutant animals (Figures
S2E and S2G-S2I). By contrast, we noticed a mild deficit in
GABAergic neuron number in hlh-3; hih-2 double mutants, which
had one to five (mean 1.3) fewer GABAergic ventral cord
motor neurons than did wild-type animals (Figure S2F). Further
analysis indicated that this defect was most likely caused by
the hih-2/3 mutation (data not shown). In mammals, knockout
of Ascl1 results in impaired neurogenesis in confined neural
regions, including the ventral telencephalon, olfactory bulb,
and autonomic ganglia, whereas neurogenesis in other brain re-
gions remains grossly normal [15, 20]. We conclude that, like
Ascl1, its homolog HLH-3 promotes neurogenesis of 14 and
a few GABAergic neurons but is not generally required for
neurogenesis.

HLH-3 Is Expressed in the Newly Generated 14 Cell and
Most Likely Functions Cell Autonomously

We used an HLH-3::GFP fusion protein to examine HLH-3
expression during embryogenesis. HLH-3::GFP was expressed
in the 14 neuron shortly after its mother divided to generate 14;
by contrast, the 14 sister, pm5, did not express this protein (Fig-
ure 2A). We also observed expression of HLH-3::GFP in multiple
AB-derived neural precursors (data not shown). The broad
expression of HLH-3::GFP was mostly confined to embryos
and was no longer detectable in the 14 neuron in newly hatched
L1s (larval stage 1; Figure S1B), suggesting that h/h-3 functions
primarily in early embryos to promote 14 specification. To deter-
mine whether HLH-3 functions within the |4 lineage or in neigh-
boring cells to promote 14 neurogenesis, we used a laser micro-
beam to selectively kill the cells that make direct contact with 14
progenitor cells during embryogenesis (Figure 2B). We asked
whether elimination of any neighboring cells impairs 14 neuro-
genesis. Laser ablation of the founder cells AB, P2, and E, which
normally generate neighbors of 14 progenitor cells in early em-
bryos, did not affect 14 GFP reporter expression (Figure 2C). By
contrast, killing the 14 progenitor cell ethyl methanesulfonate
(EMS) eliminated 14 GFP reporter expression (Figure 2C). These
results suggest that HLH-3 most likely functions cell autono-
mously to drive |4 neurogenesis.

HLH-2, the C. elegans Homolog of Daughterless or Tcf3,
Functions Synergistically with HLH-3 to Promote
Efficient 14 Neurogenesis

The neurogenesis of 14 is only partially disrupted in the absence
of functional HLH-3: about 80% of h/h-3 null mutants (n5469 and
tm1688) still generate an 14 neuron (Figures 1D and 1E). Thus,
other genes most likely function in addition to hlh-3 to drive 14
neurogenesis. HLH-3 can interact and form heterodimers with
another bHLH transcription factor, HLH-2, the C. elegans homo-
log of the conserved E2A/Tcf3/Daughterless protein [21, 22].
Tcf3 and Daughterless are broadly expressed in developing neu-
ral precursors in vertebrates and Drosophila, respectively, and
disruption of either protein results in loss of neural tissues and
aberrant morphogenesis [22-25]. Using a reporter transgene
that expresses an HLH-2::GFP fusion protein [26], we found
that HLH-2::GFP was expressed in the 14 neuron shortly after
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Figure 2. HLH-3 Functions Cell Autonomously and Synergistically with HLH-2 to Promote 14 Neurogenesis

(A) An HLH-3::GFP fusion protein is expressed in wild-type 14 (arrows and insets), but not in its sister pm5 (arrowheads), shortly after their generation.

(B) Diagram of the first several embryonic cell divisions in wild-type embryos, with 14 and the 14 progenitors shown in blue and the 14-neighboring progenitors
boxed and shown in red.

(C) Laser ablation of AB, P2, and E does not affect 14 reporter P,,,_13::gfo expression (arrows). By contrast, ablation of EMS (which generates 14) eliminates
Prip-13::9fo expression. Number of embryos: -AB, n = 5; ~AB-P2, n = 3; ~AB-P2-E, n = 3; -AB-EMS, n = 1.

(D) An HLH-2::GFP fusion protein is specifically expressed in wild-type |14 (arrows and insets), but not in its sister pm5 (arrowheads), shortly after their generation.
(E) Even though a null allele of hih-2, n5287, does not disrupt 14 development (possibly because of a maternal contribution of HLH-2 to arrested homozygotes),
introducing weaker hih-2 alleles into an hlh-3 null mutant (15469 or tm1688) significantly enhances 14 misspecification.

Scale bars, 20 um. See also Figures S1-S3.
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its generation but was absent from its sister cell, pm5 (Figure 2D).
Also like HLH-3::GFP, HLH-2::GFP was broadly expressed in
early embryos but was not detectable in most neurons, including
14 in newly hatched L1s (Figure S1B), suggesting that hlh-2 most
likely functions in early embryos to promote 14 specification. We
then asked whether HLH-2 is required for 14 neurogenesis. Both
hih-2(n5287) null mutants and animals treated with h/h-2 RNAI
displayed embryonic lethality; nonetheless, we did not observe
obvious defects in 14 GFP expression (we note that in both cases
maternal HLH-2 was still likely to be present) (Figure 2E; Fig-
ure S1C). By contrast, the introduction of an hlh-2 partial loss-
of-function allele (bx715 ortm1768) into an hlh-3 null background
significantly enhanced 14 misspecification, and in about 80% of
hih-2; hlh-3 double mutants the 14 cell adopted a muscle-like
cell fate (Figure 2E). Given this genetic enhancement, we
conclude that HLH-2 functions to promote 14 neurogenesis at
least partly through a genetic pathway that acts in parallel to
HLH-3.

Multiple bHLH Proneural Proteins Promote MS
Neurogenesis

The C. elegans genome encodes 42 bHLH factors, with multiple
bHLH proteins able to form dimers with HLH-2 (Figure S3A) [21].
We tested whether any of the proneural bHLH proteins, including
neurogenin NGN-1 and NeuroD CND-1, are required for 14 neu-
rogenesis. Examination of the 14 neuron in either ngn-1 or cnd-1
single mutants or hlh-2; ngn-1 or hlh-2; cnd-1 double mutants
using the reporter transgene P,,.15::9fo did not reveal any de-
fects in 14 neurogenesis (Figure S3B). Furthermore, we did not
observe defects in 14 neurogenesis in hih-4, 6, 10, 12, 13, 15,
19, or lin-32 mutant animals using both Nomarski optics and
the pan-neuronal reporter transgene P,gr.7.:dsRed, suggesting
that 14 neurogenesis is specifically dependent on HLH-3 and
not on other HLH-2-interacting bHLH proteins (Figures S3E-
S3L). However, ngn-1 and cnd-1 mutants were disrupted in the
neurogenesis of other MS-derived neurons: around 40% of
ngn-1 mutant animals lacked the M1 neuron, and in 25% of
cnd-1 mutant animals the I3 neuron adopted a gland cell fate
(the cell fate of its sister cell) (Figures S3C and S3D). These re-
sults indicate that the generation of mesoderm-derived neurons
in C. elegans involves multiple bHLH proneural proteins, with 14
neurogenesis depending specifically on HLH-3 (Figure 3E).

Mediator Subunits Function in the HLH-2 Pathway to
Promote 14 Neurogenesis

To search for additional factors that function with HLH-2 and
HLH-3 to promote efficient 14 neurogenesis, we examined other
mutant isolates from our screens. We found that five mutants
carry alleles of dpy-22, and two carry alleles of let-19 (Figure 3A;
Figure S4A). Like hih-3 mutations, mutations in dpy-22 and let-19
disrupted |4 specification, and the |4 cell adopted a pharyngeal
muscle cell fate (Figure 3B). dpy-22 and let-19 encode the
worm homologs of the evolutionarily conserved Mediator sub-
units Med12 and Med13, respectively. Mediator is a multi-sub-
unit complex that bridges DNA-binding proteins (transcription
factors/coactivators) with the RNA polymerase Il transcription
machinery and is involved in many aspects of gene regulation
and animal development [27-29]. Med12 disruption in mice
and zebrafish results in impaired development of the neural

crest and of non-ectodermal tissues, including heart and gut
[30-32]. We found that although disruption of LET-19 function
in the let-19 mutant n5470 also led to low-frequency (~3%,
n = 60) neurogenesis defects of the M1 neuron (Figure 3C),
disruption of DPY-22 in all five dpy-22 mutants specifically dis-
rupted 14 neurogenesis (Figure 3D). Because promoter-fusion
reporter transgenes for dpy-22 and let-19 revealed broad GFP
expression in developing embryos (Figure 4A), we conclude
that DPY-22 and LET-19 most likely cooperate with cell-specific
factors to drive 14 neurogenesis.

Further analysis revealed that the two /et-19 alleles contain
missense mutations, and all five dpy-22 alleles contain nonsense
mutations that truncate the C-terminal PQ-rich domain (Fig-
ure 3A). Because none of these mutations is obviously null, we
performed dpy-22 or let-19 RNA. to further reduce gene function
in dpy-22 and let-19 mutants, respectively. We did not observe
significant enhancement of the 14 misspecification (Figure S4B).
In addition, we used cell-specific RNAi to express dpy-22 or
let-19 siRNA under the nlp-13 promoter (which is active only after
14 is generated; unpublished data) [33]. |4 appeared normal in
position and morphology (Figures S4C and S4D), suggesting
that Mediator is dispensable for the maintenance of the 14 cell
fate after mid-late embryogenesis.

In vertebrates, Med12 interacts with transcription factors
through its PQ-rich domain to promote gene expression and tis-
sue development [34, 35]. To determine whether Mediator might
promote |14 neurogenesis by interacting with bHLH proneural
factors, we performed a yeast two-hybrid assay. We found that
the DPY-22 PQ-rich domain selectively interacted with HLH-2
but not HLH-3, whereas the last 129 amino acids truncated in
all five dpy-22 alleles were required for this interaction (Fig-
ure 4B). Further analysis indicated that the PQ-rich domain inter-
acted with the N-terminal half of HLH-2, the region of a predicted
transactivation domain important for gene expression and
neurogenesis [36, 37] (Figure 4C). These findings suggest that
Mediator physically interacts with and might function in the
same pathway as HLH-2 to promote 14 neurogenesis.

To test this hypothesis, we constructed Mediator and bHLH
double mutants. All of the dpy-22 and let-19 single mutants
showed a low frequency of 14 misspecification, and dpy-22 or
let-19 RNAI in dpy-22 or let-19 mutants, respectively, did not
significantly enhance 14 defects (Figures S4A and S4B). Intro-
ducing an hih-2 partial loss-of-function allele into dpy-22 or let-
19 mutants also did not enhance 14 misspecification (Figure 4D).
By contrast, disruption of dpy-22 or let-19 in an hlh-3 null (n15469)
background significantly enhanced 14 misspecification, with
77% and 55% of the 14 cells adopting a muscle cell fate, respec-
tively (let-19 and hlh-3 are tightly linked, and thus let-19 was
tested using RNAI) (Figure 4E), indicating that Mediator and
HLH-2 act together and in parallel to HLH-3 to promote 14
neurogenesis.

CDK-8 Most Likely Promotes 14 Neurogenesis by
Inhibiting CDK-7/CYH-1

Med12 and Med13 are components of a four-protein Mediator
kinase module, with the other two proteins being the cyclin-
dependent kinase CDK8 and cyclin C [27, 28]. CDK8 is involved
in cell-fate transformation during tumor generation and progres-
sion [38, 39]. To investigate whether the C. elegans counterparts
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Figure 3. Disruption of the Mediator Subunits LET-19 and DPY-22 Leads to 14 Misspecification

(A) Schematics showing DPY-22 and LET-19 protein domains and mutations.

(B) The 14 cell in dpy-22 and let-19 mutants adopts a non-neuronal, fried-egg-like nuclear morphology and expresses the pharyngeal muscle reporter transgene
Prmyo-2::mCherry::H2B, but not the 14 neuronal reporter transgene P,,,_15::gfo (boxes, arrows, and insets).

(C) let-19 mutants have impaired neurogenesis of the |4 and M1 neurons (red).

(D) dpy-22 mutants that lack the C-terminal PQ-rich domain have impaired neurogenesis of the 14 neuron (red).
(E) Diagram showing the requirement of bHLH and Mediator proteins for the expression of a neuronal cell fate of the MS-derived neurons. Mislocalization: M5,
dorsal right (rather than dorsal left); M1, abnormally anterior; 16, abnormally dorsal medial (rather than dorsal left); 14, abnormally ventral, i.e., closer to the M2

neuron.
Scale bars, 20 pm. See also Figure S4.

of CDK8 and cyclin C are involved in |4 neurogenesis, we exam-
ined |14 development in cdk-8(tm1238) (CDK8) and cic-1(tm3740)
(cyclin C) mutants. Both mutants contain substantial deletions of
coding exons and both are most likely null (Figure S5A). cdk-8
and cic-1 single mutants had only very mild (<1%) defects in 14
neurogenesis (Figure S5B). Introducing a cdk-8 or cic-1 allele
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into a Mediator (dpy-22) or hlh-2 mutant did not enhance 14 mis-
specification (Figure S5B). By contrast, disrupting cdk-8 or cic-1
in the hlh-3(n5469) null mutant substantially enhanced 14 misspe-
cification, with 36% of the 14s in hlh-3; cic-1 mutants and 48% of
the 14s in cdk-8; hlih-3 mutants adopting a muscle cell fate (Fig-
ure 5A). Because introduction of the cdk-8 null allele into cnd-1
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Figure 4. The Mediator Subunits DPY-22 and LET-19 Function in the Same Pathway as HLH-2 and in Parallel to HLH-3 to Promote 14

Neurogenesis

(A) A GFP reporter transgene driven by the dpy-22 or let-19 promoter is expressed ubiquitously in developing embryos.
(B) Yeast two-hybrid assays showing that the DPY-22 PQ-rich domain interacts with HLH-2 (shown by the yeast growth on the -Leu-Trp-His-Ade quadruple-
dropout plates). The C-terminal 129 amino acids are required for this interaction. A129, last 129 amino acids deleted; c129, only last 129 amino acids; BD, bait

vector control; AD, prey vector control; SD, synthetic dropout.

(C) The DPY-22 PQ-rich domain interacts with the N terminus of HLH-2. Abbreviations are as in (B).
(D) Introducing the hlh-2 partial loss-of-function allele bx715 into dpy-22 or let-19 mutants does not enhance |4 misspecification.
(E) Disruption of dpy-22 or let-19 in the hlh-3 null mutant n5469 significantly enhances 14 misspecification.

Scale bar, 20 pm.

or ngn-1 single mutants did not enhance the frequency of 13
or M1 misspecification (Figures S3C, S3D, S5C, and S5D),
we conclude that CDK-8 functions together with DPY-22 and
HLH-2 and in parallel to HLH-3 to specifically promote 14
neurogenesis.

The enhanced 14 misspecification of cdk-8; hlh-3 double mu-
tants could be fully rescued with a wild-type, but not a kinase-
dead, CDK-8 cDNA, suggesting that the kinase activity of
CDK-8 is required for promoting 14 neurogenesis (Figure 5B).
We noticed that the penetrance of 14 misspecification in cdk-8;
hih-3 mutants (~40%) was only about half of that in hih-3; dpy-
22 (~80%) mutants; we speculate that DPY-22 functions only
partially through CDK-8 and CIC-1, with other unidentified pro-
teins downstream of DPY-22 acting in parallel to CDK-8 to pro-
mote 14 neurogenesis.

We then investigated what molecules act downstream of
CDK-8 to promote |4 neurogenesis. Mammalian CDK8 phos-
phorylates several substrates, including serine 10 of histone 3
(H3S10) [40, 41] and the Notch protein [42]. H3S10 phosphoryla-

tion promotes the opening of chromatin structure by dissoci-
ating heterochromatin protein HP1 from trimethylated H3K9
(H3K9me3) [43-45], and Notch phosphorylation by CDK8 leads
to degradation of the Notch intracellular domain [42]. We
observed reduced H3S10 phosphorylation in cdk-8; hlh-3
double mutants; this reduction was rescued by expressing a
wild-type, but not a kinase-dead, cdk-8 transgene (Figure S5E).
However, overexpression of a phosphomimetic form of the
replication-independent His3.3 protein HIS-71 (but not of a repli-
cation-dependent His3.1 protein, HIS-9) only partially sup-
pressed the 14 misspecification of cdk-8; hlh-3 mutants (Fig-
ure S5F). We did not observe a significant effect of Notch
disruption on 14 neurogenesis in wild-type or hlh-3 or cdk-8;
hlh-3 mutants (Figures S6E-S6G). These observations sug-
gested that CDK-8 might function primarily through one or
more other mechanisms.

Mammalian CDK8 phosphorylates cyclin H on serines 5 and
304 and suppresses CDK7/cyclin H-activated gene transcription
[46]. Serine 5 of cyclin H is completely conserved from C. elegans
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Figure 5. CDK-8 Functions Together with Mediator Complex Pro-
teins and in Parallel to HLH-3 to Promote 14 Neurogenesis, Most
Likely by Inhibiting CYH-1 and CDK-7

(A) Disruption of cdk-8 or cic-1 in the hlh-3 null mutant n5469 enhances 14
misspecification.

(B) Expressing a wild-type (WT), but not a kinase-dead (KD), copy of cdk-8
cDNA using the dpy-22 promoter rescues |4 misspecification in cdk-8; hlh-3
double mutants.

(C) Overexpression of phosphomimetic CYH-1DD, but not non-phosphor-
ylatable CYH-1AA, using the dpy-22 promoter suppresses 14 defects in cdk-8;
hlh-3 mutants.

(D) Overexpression of kinase-dead CDK-7KD, but not phosphomimetic CDK-
7EE, using the dpy-22 promoter rescues 14 defects in cdk-8; hlh-3 mutants.
o.e., overexpression. Mean + SEM. *p < 0.05, *p < 0.01, **p < 0.001 by
Student’s t test. See also Figures S5 and S6.

to mammals, whereas mammalian S304 is probably equivalent
to C. elegans S327. We asked whether cyclin H might be a pri-
mary mediator of CDK-8 function. Overexpression of phospho-
mimetic (S5D S327D; “DD”) CYH-1 cyclin H protein rescued 14
misspecification in the cdk-8; hlh-3 mutant, whereas overex-
pression of a non-phosphorylatable (S5A S327A; “AA”) CYH-1
protein did not rescue (Figure 5C), indicating that CDK-8 might
promote 14 neurogenesis through inhibiting cyclin H. Because
phosphorylation of cyclin H inhibits CDK7 kinase activity in the
general transcription factor complex TFIIH [46], we tested
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whether mutations that either enhance or reduce CDK7 kinase
activity affect the cdk-8; hlih-3 mutant phenotype. We found
that overexpression of a kinase-dead version of CDK-7, K34A
[47], resulted in full rescue of the cdk-8; hlh-3 mutant phenotype,
whereas overexpression of a constitutively active mutant of
CDK-7, S157E T163E (“EE”; T loop double mutations) [47], did
not have such an effect (Figure 5D). Our findings indicate that
CDK-8 most likely promotes 14 neurogenesis by inhibiting
CDK-7/cyclin H function and that H3S10 phosphorylation might
also contribute to 14 specification (Figure 7).

Ectopic Expression of HLH-2 and HLH-3 Induces Partial
Cell-Fate Transformation of Muscle Cells

To investigate whether the genes we identified are sufficient to
induce the cell-fate transformation of presumptive muscle cells
to an 14-like fate, we generated transgenic strains that stably ex-
press HLH-2, HLH-3, or both using the heat shock promoter
Phsp-16.2 [48]. We found that ectopic expression of HLH-2 and
HLH-3 together (but not of either alone) by heat shock induced
expression of a pan-neuronal reporter, P,..3::gfp::irab-3, in
several body-wall muscle cells in 30% of heat-shocked animals
(n=10) (Figure 6A). In an independent experiment, 13% of heat-
shocked animals (n = 15) expressed both pan-neuronal reporters
Prab-3::gfp::rab-3 and P ger.1::dsRed in body-wall muscle and hy-
podermal cells, indicating that these non-neuronal cells indeed
exhibit neuronal characteristics (Figure 6B). The affected muscle
cells displayed neuron-like long processes but retained the mus-
cle-like fried-egg morphology of their nuclei (Figures 6A and 6B),
suggesting a partial cell-fate transformation. By contrast, over-
expression of HLH-2 or HLH-3 alone or of HLH-2 and HLH-3
together did not eliminate myo-2 reporter expression in pharyn-
geal muscle cells, including pm5 (data not shown), nor did it
induce ectopic expression of the muscle reporter P, _3::9fp or
the intestinal reporter Pgo::gfp (Figures 6C and 6D). Together,
these observations indicate that the combined overexpression
of HLH-2 and HLH-3 in L1 larvae drives a partial but specific
neuronal cell-fate transformation of non-neuronal (body-wall
muscle and hypodermal) cells.

Adult somatic cells in C. elegans might be more refractory to
transcription factor-induced cell-fate transformation than cells
in younger individuals [49]. We asked whether the ectopic
expression of HLH proteins is more efficient in inducing cell-
fate transformation in early embryos than in L1 larvae. Overex-
pression of HLH-2 and HLH-3 in combination or HLH-2 alone
(but not HLH-3 alone) during early embryogenesis induced
the generation of multiple cells that express the 14 reporter
Prp-13::9fp, and in the case of HLH-3 the cells developed long
processes, suggesting that HLH-2 is sufficient to induce ectopic
14-like neurogenesis and that HLH-3 might promote neuronal
maturation (Figure 6E). We were unable to determine whether
the extra 14-like cells were transformed from pm5 pharyngeal
muscle cells or from any other mesodermal cells, as the heat-
shocked embryos arrested development. Nevertheless, HLH-2
and HLH-3 overexpression did not eliminate all pharyngeal mus-
cle reporter Py,,,.o::mCherry::H2B expression (Figure 6E), sug-
gesting that HLH overexpression does not induce transformation
of all mesodermal cells. Our findings indicate that the expression
of HLH-2 and HLH-3 in early embryos can induce ectopic 14
neurogenesis.
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Figure 6. bHLH Overexpression Induces Neuronal Cell-Fate Transformation of Non-neuronal Cells
(A) Confocal images of heat-shocked transgenic animals showing ectopic expression after HLH-2 and HLH-3 coexpression of the neuronal reporter
Prap-3::9fp::rab-3 (arrowheads), but not of the muscle reporter in body-wall muscle nuclei identified by Nomarski and labeled by P,..3::mCherry::H2B in the wild-

type (arrows).
(B) HLH-2 and HLH-3 overexpression induces ectopic expression of a second neuronal reporter, P,ger.7::dsRed (red), in addition to P..s_3::gfp::rab-3 (green) in

both body-wall muscle nuclei (upper row, arrowheads) and hypodermal cells (lower row, arrowheads).
(C and D) After HLH-2 and HLH-3 co-overexpression, only normal expression patterns are seen for (C) the muscle reporter P,,,_3::g9fp and (D) the intestinal

reporter Pg.»::gfp in heat-shocked animals.
(E) Co-overexpression of HLH-2 and HLH-3 or HLH-2 alone in early embryos induces formation of multiple cells expressing the 14 reporter but does not eliminate

muscle reporter expression. The presence of HLH-3 appears to promote complex neurite formation (arrowhead and inset). 14 reporter, Pp,_15::gfo; muscle re-

porter, Py o::mCherry::H2B.
Two representative animals are shown for each experiment, except in (E). Scale bars, 20 pm.

DISCUSSION HLH-2 and Mediator Cooperate with HLH-3 to Promote
Efficient Neurogenesis from Mesoderm

Our current understanding of neurogenesis during metazoan In this study, we analyzed C. elegans mutants in which the
development is based primarily on studies of ectoderm-derived  pharyngeal 14 neuron adopts a muscle cell fate and identified
neurons; little is known about how non-ectodermal cells can  the molecular genetic basis of 14 neurogenesis from mesoderm.
generate neurons in vivo. Previous studies of a natural epithelial We found that HLH-2 and Mediator, both of which are broadly
(ectodermal)-to-neuron transdifferentiation in C. elegans, Y to  expressed [22] (Figure 4C), cooperate with more restrictedly ex-
PDA, identified the conserved pluripotent factor SOX-2, his- pressed HLH-3 to drive efficient neurogenesis of the 14 neuron.
tone-modifying complexes, and Notch signaling as important The kinase activity of the Mediator kinase module subunit
components for the reprogramming [50-52]. All of these factors CDK-8 is required for efficient 14 neurogenesis, and CDK-8
seem to be dispensable for 14 neurogenesis (Figure S6). most likely acts by inhibiting cyclin H CYH-1 and CDK-7. We
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14 neuron

Figure 7. Model

The HLH-2 proneural protein and the CDK-8 Mediator complex kinase module
act with the HLH-3 proneural protein to promote 14 neurogenesis. HLH-2 and
CDK-8 most likely act by inhibiting the CYH-1/CDK-7 complex and might also
act secondarily by phosphorylating serine 10 of histone H3. CYH-1/CDK-7
might negatively regulate 14 neurogenesis by promoting a myogenic program,
whereas H3S10 phosphorylation might facilitate neurogenic gene expression.

speculate that CYH-1 and CDK-7 initiate a myogenic program
and that phosphorylation of CYH-1 by CDK-8 inhibits muscle
differentiation (Figure 7). It is interesting that despite their ability
to form dimers [21], HLH-2 and HLH-3 appear to function in
parallel to promote 14 neurogenesis. We speculate that in an
HLH-3-deficient mutant, HLH-2 forms homodimers to promote
neural gene expression in an HLH-3-independent manner.
Given the important role of Ascl1 in promoting neuronal reprog-
ramming of various non-ectodermal cells [53], we hypothesize
that HLH-2/Tcf3 and the CDK-8 kinase complex are candidates
to enhance Ascl1-mediated mammalian neuronal reprogram-
ming. In addition, because we found that CDK-8 most likely
acts by inhibiting CDK-7 and CYH-1 cyclin H, we suggest that
small-molecule inhibitors of CDK-7 might similarly promote
neurogenesis.

bHLH Proneural Proteins Are Most Likely Required for
Neurogenesis from Both Ectodermal and
Non-ectodermal Cells

bHLH proneural proteins are evolutionarily conserved transcrip-
tion factors that consist of multiple families, including achaete-
scute (Asc), atonal (Ato), neurogenin, and neuroD, all of which
are evolutionarily conserved in their role of promoting neurogen-
esis [54, 55]. We found that HLH-3/Ascl1 is expressed specif-
ically in 14 and is needed for 14 to express a neuronal cell fate (Fig-
ure 2), and the proneural proteins neurogenin NGN-1 and neuroD
CND-1 promote neurogenesis of the M1 and I3 neurons from
mesoderm, respectively (Figures S3C and S3D). These findings
indicate that proneural proteins are important for driving neuro-
genesis from both ectoderm and mesoderm. Consistent with
this notion, the jellyfish atonal-like gene At/7 is expressed in
proliferating neural precursor cells arising from striated muscles
during transdifferentiation [56], and mammalian bone marrow
stromal cells that can be induced to form neurons express the
proneural protein NeuroD [57]. We propose that evolutionarily
conserved bHLH proneural proteins are important for neurogen-
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esis whatever the germ-layer origin of the neuron. Unlike ecto-
dermal neurons, non-ectodermal neurons might also require
additional proteins, such as Mediator, to promote highly efficient
neurogenesis.

Natural Non-ectodermal Neurogenesis Might Be a
General Aspect of Animal Development

At least three animals are known to generate neurons from
non-ectodermal origins: the sea urchin, which generates
some pharyngeal neurons de novo from endoderm [1]; the jel-
lyfish (hydrozoan medusa), which generates peptidergic neural
cells from striated muscle [2]; and C. elegans, which generates
neurons from mesodermal MS lineages [3]. Non-ectodermal
neurogenesis has been observed in these species because
they have simple anatomies and are mostly transparent, allow-
ing high-resolution cell-lineage tracing. Vertebrates also have
the potential for a germ layer to generate cells that are conven-
tionally thought to be derived from another germ layer. For
example, mice generate paraxial mesodermal cells from ecto-
dermal neural plate in a process dependent on the T box tran-
scription factor Tbx6 [58]. Similarly, avian ectodermal neural
crest cells can give rise to multiple mesodermal tissues [59].
Conversely, mesoderm-derived bone marrow stromal cells
can differentiate into neurons under certain conditions in vitro,
although it remains unclear whether this process occurs natu-
rally during mammalian development [60]. Thus, although the
generation of neurons from non-ectodermal cells has yet to
be reported in more complex animals, advances in methodol-
ogy for cell-lineage tracing might lead to the identification of
such events in the near future.

EXPERIMENTAL PROCEDURES

Mutagenesis Screen
0x1s322; nls310 L4 larvae were mutagenized with EMS as described previously
[61]. See the Supplemental Experimental Procedures for details.

Microscopy

Nomarski differential interference contrast (DIC) and epifluorescence images
were obtained using an Axioskop 2 (Zeiss) compound microscope and Open-
LAB software (Agilent) and edited using Photoshop CS4 software (Adobe). For
tracing embryonic lineages, two- or four-cell-stage embryos were dissected
from gravid hermaphrodites and mounted on a slide with a 5% agarose pad.
The embryonic lineages were determined by direct observation of cell divi-
sions, and images were taken at appropriate time points. Confocal images
were obtained using Zeiss LSM 800 (Figures 6A-6D) and LSM 510 (all other
confocal images) microscopes and processed in Fiji software (NIH) and Photo-
shop CS4 software (Adobe).

Laser Microsurgery
Laser-ablation experiments were performed as described previously. In brief,
two-cell-stage embryos were dissected from gravid hermaphrodites and
mounted on a slide with a 2% agarose pad. The embryos were allowed to
divide to generate P2 and E cells, and laser ablation [62] of AB, P2, and E
was performed. Embryos were recovered, grown at 22°C overnight, and
examined using a compound microscope for GFP reporter expression.

Full methods are described in the Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at http://dx.doi.org/
10.1016/j.cub.2017.01.056.
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Figure S1. HLH proneural transcription factors and Mediator subunits promote 14 neurogenesis, and HLH
proteins likely function in early embryogenesis. Related to Figures 1 and 2. (A) Extrachromosomal array
containing hlh-3, let-19 or dpy-22 genomic sequence rescues 14 misspecification phenotype of hlh-3, let-19 or
dpy-22 mutants, respectively. (B) Z-projection of the confocal images of L1 transgenic animals expressing either
HLH-3::GFP or HLH-2::GFP fusion protein. The position of 14 is marked by the circle. No HLH-3 or HLH-2
expression is observed in the 14 neuron in newly hatched animals, suggesting that HLH proteins function in early
embryogenesis to promote 14 development. (C) An arrested homozygous hl/h-2 mutant embryo expresses 14 GFP
normally (arrows), suggesting a possible maternal contribution of HLH-2 to normal 14 neuronal cell-fate
specification. Scale bar, 20 um.
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Figure S2. HLH-3 is mostly dispensable for neurogenesis. Related to Figure 2. (A) List of the neurotransmitter

reporter transgenes used to examine neurogenesis in 4/k-3 mutants. (B) The 14 neuron expresses a reporter transgene
for the glutamate transporter EAT-4 and might be glutamatergic (arrows and insets). (C) The other five MS-derived
neurons are generated normally in 4lh-3(n5469) mutant animals (n=40). The glutamatergic reporter transgene

P

eat-4*

4 reat-4::mCherry is expressed in 14 and 16 in only 10% (for 14) and 60% (for 16) of the wild-type animals

examined. (D-I) HLH-3 and Mediator specifically promote 14 neurogenesis and are likely dispensable for most
ectodermal neurogenesis. The generation of (D) glutamatergic (wild type: 78.1 £ 1.0, n=10; hlh-2; hih-3:77.0 =
0.6, n=16; hih-3; dpy-22:77.8 = 0.4, n=15), (E) cholinergic (wild type: 116.3 = 0.9, n=13; hih-2, hih-3: 115.5 =
1.0, n=15; hih-3; dpy-22: 115.7 = 0.9, n=17), (G) dopaminergic (wild type:
hih-2; hih-3: 8.0 & 0, n=19), (H) tyraminergic/octopaminergic (wild type: 4.0 =+ 0, n=20; hlh-2; hlh-3:4.0 = 0.1,

n=20; hih-3; dpy-22: 4.0 = 0.1, n=20), and (I) serotonergic (wild type: 4.0 = 0, n=20; hlh-3; dpy-22: 4.0 = 0.1,

7.9 + 0.1, n=19; hih-3: 8.0 £ 0, n=20;

n=20; hilh-3: 4.2 + 0.1, n=20) neurons is normal in 4lh-3 single and double mutants. The generation of (F)
GABAergic (wild type: 18.8 &= 0.1, n=25; hilh-2; hih-3:17.5 £ 0.3, n=25; hih-3; dpy-22: 17.5 + 0.2, n=25,
P<0.001) neurons in A/h-3 double mutants is mildly reduced. We were unable to examine cholinergic neurons in
hih-3; dpy-22 double mutants, because the cholinergic reporter transgene is tightly linked to dpy-22. In (I) we did not
score the serotonergic HSN neurons, which are generated but fail to differentiate normally in /4/A-3 mutants and do

not express the P, ;.

-:gfp reporter transgene [S1]. The slightly higher numbers of serotonergic neurons in A/h-3

mutants result from partial defects in the cell deaths of the sister cells of the serotonergic NSM neurons [S2] (I). All
data represent mean *+ s.e.m. *** P<0.001 by student’s t-test. Scale bars, 20 um.
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Figure S3. Multiple bHLH proteins are required for neurogenesis of MS neurons. Related to Figure 2. (A)
Diagram adopted from [S3] showing the C. elegans bHLH proteins known to interact with HLH-2. The bHLH
proteins involved in muscle but not neuronal development are shown in orange. (B) Disruption of proneural
proteins NGN-1 or CND-1 does not result in 14 misspecification nor does it enhance 14 misspecification in Alh-2
mutants. (C) Confocal images showing the transformation of the I3 neuron (wild type, arrows and insets) into a
non-neuronal cell (arrowheads and insets) and the quantification of I3 neurogenesis defects in cnd-/ mutants. (D)
Confocal images showing the absence of the M1 neuron (wild type, arrows and insets) in ngn-/ mutants
(arrowheads and insets) and the quantification of M1 neurogenesis defects in ngn-/ mutants. (E-L) The generation
of MS-derived neurons is grossly normal in bHLH mutants (E) lin-32, (F) hlh-4, (G) hih-6, (H) hlh-10, (1) hih-12,
(J) hih-13, (K) hih-15, and (L) hlh-19. Scale bar, 20 pum.
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Figure S4. Disruption of the Mediator subunits LET-19 and DPY-22 leads to 14 misspecification. Related to
Figure 3. (A) The dpy-22 and let-19 alleles examined cause incomplete penetrances of 14 misspecification. (B)
Further reduction of DPY-22 or LET-19 function by RNAI in dpy-22 or let-19 mutants does not significantly
enhance I4 misspecification. (C) Cell-specific RNAI by expressing coding fragments of dpy-22, let-19, or hlh-2
under the nlp-13 promoter in late embryos does not disrupt 14 specification. The positions of 14 and M2 are marked
by arrowheads and asterisks, respectively. 14 reporter, P, ;;::gfp. (D) Quantification of cell-specific RNAi. Scale

bar, 20 pm.
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Figure S5. CDK-8 functions together with Mediator and in parallel to HLH-3 to promote 14 neurogenesis.
Related to Figure 5. (A) Schematics showing the protein domains of CDK-8 and CIC-1 and the molecular lesions of
specified cdk-8 and cic-1 alleles. (B) Introducing the cdk-8 or cic-1 allele into Mediator or 4lAh-2 mutants does not
enhance [4 misspecification, suggesting that CDK-8 and CIC-1 function in the same pathway as Mediator and
HLH-2 to promote 14 neurogenesis. Dpy, dumpy; Egl, egg-laying defective; Emb, embryonic lethal; Gro, slow
growing; Let, lethal; Pvl, protruding vulva; Ste, sterile; Unc, uncoordinated; N.D., not determined. (C) cdk-8; cnd-1
double mutants have I3 misspecification similar to that of cnd-1 single mutant (compared to Fig. S3C). (D) cdk-8;
ngn-1 double mutants have M1 misspecification similar to that of ngn-/ single mutant (compared to Fig. S3D). (E)
Western blot showing significantly reduced H3S10 phosphorylation in c¢dk-8; hlh-3 double mutants; this reduced
phosphorylation is rescued by wild-type (WT) but not kinase-dead (KD) CDK-8 overexpression. H3T3
phosphorylation and H3K9me3 levels remain unaffected. The significant global decrease in H3S10 phosphorylation
might be a result of synergistic effects of cdk-8 and hlh-3 single mutants, as 4/h-3 mutant animals likely have higher
serotonin levels because of the presence of extra serotonergic NSM-like neurons ([S2], Fig. S2I legend), and both
serotonin and the CDKS8 complex have been implicated in stress responses in metazoa [S4—7]. H3S10
phosphorylation has been shown to be sensitive to stress response [S8,S9] and thus could be more significantly
affected in cdk-8; hlh-3 double mutants. The blot is representative of two biological repeats. (F) Overexpression of
a phosphomimetic His3.3 protein HIS-71 but not of His3.1 protein HIS-9 using the native histone promoter partially
suppresses 14 misspecification in cdk-8; hlh-3 double mutants. n=100-400 for three independent experiments. Data
represent mean T s.e.m.. *** P<0.001 by student’s t-test.
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dpy-30(RNAI) 0 200 hilh-3(n5469); dpy-30(RNAI) 15 200

a: Contains ox/s322[Pmyo-2::mCh::H2B] and nls310[Pnip-13::gfp].
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Figure S6. Factors required for Y-to-PDA transdifferentiation are dispensable for 14 neurogenesis. Related to
Figure 5. (A, B) In the Y-to-PDA (epithelial-to-neuron) mutants (A) egl-27(ok1670) and (B) sem-4(n1971), the
mesoderm-derived neurons I3, 14, 16, M1, M4, and M5 are generated normally. (C, D) RNAi knockdown of the
genes involved in the Y-to-PDA transdifferentiation does not induce or enhance 14 misspecification in (C) wild-type
or (D) hlh-3 mutant animals. By contrast, RNAi of the H3K4 methyltransferase gene set-16 (which is not involved
in Y-to-PDA transdifferentiation) significantly enhances 14 neurogenesis defects in A/i-3 mutants, suggesting that Y-
to-PDA transdifferentiation and 14 neurogenesis depend on distinct molecular pathways. (E, F) Notch signaling
required for Y-to-PDA transdifferentiation is likely dispensable for 14 neurogenesis. In the gain- and loss-of-
function Notch mutants (E) lin-12(n137sd) and (F) lin-12(n941), respectively, the mesoderm-derived neurons 13, 14,
16, M1, M4, and M5 are generated normally. (G) RNAi knockdown of the Notch genes /lin-12, glp-1 or lag-1 does
not significantly affect 14 neurogenesis in wild-type, Alh-3 or cdk-8; hlh-3 mutant animals. Dpy, dumpy; Egl, egg-
laying defective; Emb, embryonic lethal; Lva, larval arrest; Ste, sterile; N/A, not assayed.



Supplemental Experimental Procedures

Strains. All C. elegans strains were handled and maintained at 22°C as described previously [S10] unless noted
otherwise. We used the Bristol strain N2 as the wild-type strain. The mutations used are listed below:

LGI: ccls4251[Ppyo-5::9fp(NLS)::LacZ, Pryo-3::gfp(mitochondrially targeted), dpy-20(+)], cdk-8(tm1238),
hlh-2(bx115, n5287, tm1768ts), sem-4(n1971).

LGII: egl-27(ok1670), hlh-3(n5469, n5564, n5566, 0t354, tm1688), hlh-6(tm299), let-19(n5470, n5563, 0k331),
0XI8322[Pyo-2::mCherry::H2B, Ppyo.3::mCherry::H2B, Cbr-unc-119(+)].

LGIII: cic-1(tm3740), cnd-1(gk718, gk781), hlh-4(tm604), jsIS682[P ap-3::gfp::rab-3, lin-15(+)], lin-12(n137sd,
n941), otls173[Prger.1::dsRed2, Pix-3::0fp], NI1S695[Pcen-2o::ceN-22::mCherry, Ppgp-1o::mCherry].

LGIV: hlh-12(0k1532), ngn-1(0k2200), bcls25[Pign.1::9fp, lin-15(+)], nIs198[Pync.os::mStrawberry, lin-15(+)],
nIs407[Pp-2::hlh-2::gfp, lin-15(+)], nls756[Pyis.o: :his-9(S10D), Pyc.54::mCherry].

LGV: hlh-10(0k516), kyls405[Per.,::elt-2::GFP], nls310[Pnip.15::0fp, lin-15(+)], nls662[Ppin-3::hlh-3::gfp,
Puncsa::mCherry], otls292[Pey.4::€at-4::mCherry, rol-6(su1006)], nls757[Pyis.71::his-71(S10D), Pycs54::mCherry].
LGX: dpy-22(bx92, €652, n5571, n5572, n5573, n5574, n5662, sy622), hlh-13(tm2279), hlh-15(tm1824),
hlh-19(tm3105), lin-32(e1926), nIS116[Pca.o::0fp, lin-15(+)], vsIS48[Pync.17::0fp].

unknown linkage: nls324[Py.1::mStrawberry, lin-15(+)], n1s625[Pypy-22::9fp], N1S626[Per15::9fp], NlIS656
[Phsp-16.2::hh-2(CDNA), rol-6(su1006)], nls657[Phsp-16.2::h1h-3(CDNA), rol-6(su1006)], nIs658[Ppsp.16.2::hIh-2(CDNA),
Phsp-16.2::hIh-3(CDNA), rol-6(su1006)], stIs10089[Ppjy.1::his-24::mCherry, unc-119(+)].

Extrachromosomal arrays: nEx2343[Pgce.1::mCherry], nEx2227[Pgp,.2,::cdk-8(CDNA)::dpy-22 3 -UTR,
Puncsa::mCherry], NEx2228[Pypy-22::cdk-8(CDNA, KD)::dpy-22 3-UTR, Pyne.s4::mCherry],
NEX2554[Pgpy-22::cyh-1(S5D S327D, cDNA)::dpy-22 3-UTR, Pync.sa::mCherry], NEx2555[Pgpy-o2::cyh-1(S5A S327A,
CDNA)::dpy-22 3"-UTR, Pync.sa::mCherry], NEx2557[Pgpy-22::cdk-7(K34A, cDNA)::dpy-22 3-UTR, Pync.sa::mCherry],
NEX2558[Pgpy-22::cdk-7(S157E T163E, cDNA)::dpy-22 3-UTR, Pync.s4::mCherry].

Mutagenesis screen. oxI1s322; nls310 L4 larvae were mutagenized with ethyl methanesulfonate (EMS) as described
previously [S10]. About 200,000 F2 or F3 animals were screened non-clonally using a dissecting microscope
equipped with UV light. Animals that lacked expression of GFP in the 14 cell, which is stereotypically located in
the dorsal side of the posterior bulb of the pharynx in wild-type animals, were picked to single Petri plates. The
mutant phenotype was verified by fluorescence and Nomarski DIC imaging using a Zeiss Axioskop2 compound
microscope equipped with differential interference contrast (DIC) optics. The 14 cell in mutants was identified
based on the position of the 14 nucleus relative to its neighboring pharyngeal cells pm5, pm6, 16 and M1. The
presence of an extra muscle-like cell that expressed Ppo.o::mCherry::H2B also aided the identification of the mutant
14 cell. All of the mutants we described are viable as homozygotes.

Molecular biology and fluorescence reporters. The Pca.2::9fp, Pmyo2::mCherry::H2B, Ppyo5::9fp(NLS)::LacZ,
Pumyo-3::gfp(mitochondrially targeted), Prger..::dSRed2, Pync-17::9fP, Pipn-1::9fp transcriptional reporters and the
Peat.a::€at-4::mCherry, Peyo::elt-2::9fp, Prap3::gfp::rab-3, Pyho::hlh-2::gfp translational reporters have been
described previously [S2,S11-19].

The Ppp.15::9fp transcriptional reporter was constructed by PCR-amplifying a 2.3 kb nlp-13 promoter fragment with
the oligonucleotides fw-GCGCAT Gcacctttaaaggcgcacgga and rv-GCCTGCAGCGTTGCATgttggaaccectgga. The
resulting product was digested by Sphl and Pstl and cloned into pPD95.75 (kindly provided by A. Fire) digested by
the same restriction enzymes. The plasmid was subsequently injected into the germline of lin-15(n765) animals to
generate transgenic strains.

The Pync.o5::mStrawberry transcriptional reporter was made by PCR-amplification using the two primers
fw-cgaatttttgcatgcaaaaaacacccactttttgatc and rv-CGGGATCCTCgagcacagcatcactttcgtcagcage. The resulting PCR
product was digested by Sphl and BamHI and cloned into pSN199 digested by the same enzymes. pSN199 is a
derivative of pPD122.56 (kindly provided by A. Fire) carrying mStrawberry instead of GFP. In short, pPSN199 was
made by replacing GFP of pPD122.56 with mStraberry from the plasmid mStrawberry 6 (a gift from H. Schwartz).
GFP and mStrawberry were swapped using Agel and EcoRlI digestion. The plasmid was subsequently injected into
the germline of lin-15(n765) animals to generate transgenic strains.

The Peen.20::ceh-22::mCherry and Pyn.s::hlh-3::gfp translational reporters were constructed using fosmid
recombineering as described [S20]. Briefly, mCherry or egfp coding sequence was amplified from the plasmid



NM1845 pR6KmCherry (kindly provided by M. Nonet) or NM1835 pR6KGFP [S20], respectively, using the
oligonucleotides
fw-GACCTTCAGCAGCTTCTTCCTACATGACCAATACTCAATGGTGGCCTTCTGAATTCATGGTGAGCAA
GGGC,
rv-GAGATGTATTCTGGGAAAAATTGACATGGTATAGAGTATTAGAGAAAT CAaccggcagatcgtcagtcag
(Pcen-22::ceh-22::mCherry), and
fw-CATCCACTTCTGGTGATCATCATAGCTTTTATTCGCATACAGAAACTTATagctcaggaggtagcggCA,
rv-CACCCGATTATTTGAGAAAAACAGAAAATATGGTACAACTTAACAGATTAaccggcagatcgtcagteag
(Pnin-3::hlh-3::gfp). The PCR products were digested with Dpnl to remove template DNA, gel-purified using a
QIAquick gel extraction kit (Qiagen), and 1 ul of the purified products were electroporated into L-rhamnose-
induced competent bacterial cells that harbored the helper plasmid pREDFIp4 and the fosmid containing full-length
ceh-22 (fosmid 19b10) or hlh-3 (fosmid 40n18) genomic DNA. Successful recombinants with mCherry or egfp
recombined into the fosmid were selected by kanamycin resistance, with the kan" gene subsequently removed by
anhydrotetracycline-induced Flp recombination. The correct insertion of mCherry or eGFP was verified by
sequencing. The fosmids were subsequently injected into the germline of wild-type animals to generate transgenic
strains.

The Pgpy.22::9fp transcriptional reporter was generated by overlap extension PCR that fused 2 kb dpy-22 promoter
with the 0.7 kb egfp sequence from NM1847 pR6KKanRGFP (kindly provided by M. Nonet), followed by 1 kb
dpy-22 3’-UTR, using the oligonucleotides fw-ccacagcaaattcaaacatttcttg,
rv-ATGGTGGCGACCGGTGCCATACGTTCGCCGGGCTGCTCGT (Pypy-22),
fw-ACGAGCAGCCCGGCGAACGTATGGCACCGGTCGCCACCAT,
rv-GAAAGAATATAAATATGTAATTGTGACATGALtaTCCGCGGCCGTCCTTGT (egfp),
fw-ACAAGGACGGCCGCGGAtaaTCATGTCACAATTACATATTTATATTCTTTC, and
rv-gcaggtggtacacataggaaag (dpy-22 3°-UTR). The PCR product was gel-purified using a QlAquick gel extraction
kit and subsequently injected into the germline of wild-type animals to generate transgenic strains.

The Pe.10::0fp transcriptional reporter was generated by overlap extension PCR that fused a 1.8 kb let-19 promoter
with the 0.7 kb egfp sequence from NM1847 pR6KKanRGFP, followed by 1.1 kb let-19 3°-UTR, using the
oligonucleotides fw-cgagaatgaacaaaaggtttcttc,
rv-ATGGTGGCGACCGGTGCCATGTCCTCTGTGGAGTCACGGG (Piet-19),
fw-CCCGTGACTCCACAGAGGACATGGCACCGGTCGCCACCAT,
rv-GTACATTTGAAAATTTGATTCACGATATGCttaTCCGCGGCCGTCCTTGT (egfp),
fw-ACAAGGACGGCCGCGGAtaaGCATATCGTGAATCAAATTTTCAAATGTAC, and

rv- TGCAGATTCGGACGAAATTGGG (let-19 3°-UTR). The PCR product was gel-purified using a QlAquick gel
extraction kit and subsequently injected into the germline of wild-type animals to generate transgenic strains.

The P4.1::mCherry transcriptional reporter was generated by overlap extension PCR that fused a 2 kb ace-1
promoter with the 0.9 kb mCherry sequence from pAA64 (kindly provided by K. Oegema), followed by 1.3 kb
unc-54 3°-UTR from pPD122.56 (kindly provided by A. Fire), using the oligonucleotides
fw-ggaagaagaagcagagaagaaa, rv-CTTCTTCACCCTTTGAGACCATGCTTCTTCAACAAATCATAATCGTTTG
(Pace-1), W-GATTATGATTTGTTGAAGAAGCATGGTCTCAAAGGGTGAAGAAG,
rv-CTCAGTTGGAATTCcTACGAATGCTACTTATACAATTCATCCATGCC (mCherry),
fw-GGCATGGATGAATTGTATAAGTAGCATTCGTAGAATTCCAACTGAG, and
rv-GTCTCATGAGCGGATACATATTTG (unc-54 3°-UTR). The PCR product was gel-purified using a QlAquick
gel extraction kit and subsequently injected into the germline of wild-type animals to generate transgenic strains.

The Pgpy.22::cdk-8(CDNA, wt or KD)::dpy-22 3’-UTR rescue DNA was generated by overlap extension PCR that
fused 2 kb dpy-22 promoter with the 1.8 kb cdk-8(wt or KD) cDNA sequence, followed by 2.2 kb dpy-22 3’-UTR,
using the oligonucleotides fw-ccacagcaaattcaaacatttcttg,
rv-TCATCAATCATTAATGTCATACGTTCGCCGGGCTGCTCGT (Pgpy-22),
fw-ACGAGCAGCCCGGCGAACGTATGACATTAATGATTGATGAAAACTTCA,
rv-ATAAATATGTAATTGTGACATGATTATCGATGATATTGTTGTTGCCATTG (cdk-8, wt cDNA), or
fw-ACGAGCAGCCCGGCGAACGTATGACATTAATGATTGATGAAAACTTCA,
rv-GATTCTTGAAAATCCCAAAGCAGCAATTTTTACCCT,
fw-AGGGTAAAAATTGCTGCTTTGGGATTTTCAAGAATC,



rv-ATAAATATGTAATTGTGACATGATTATCGATGATATTGTTGTTGCCATTG (cdk-8, D182A KD cDNA),
and fw-ACAACAATATCATCGATAATCATGTCACAATTACATATTTATATTCTTTC,
rv-gatgaggagtgccaaaggataaatg (dpy-22 3°-UTR). The PCR products were gel-purified using a QlAquick gel
extraction kit and subsequently injected into the germline of wild-type animals to generate transgenic strains.

The 2.4 kb his-9(S10D) genomic DNA fragment was generated by PCR-mediated mutagenesis using the
oligonucleotides fw-cgctacagcaaacagcaatttaa, rv-TGGAGCCTTTCCTCCGGTGTCTTTACGGGCGGTTTGCTTA
(Phis-e), fTw-TAAGCAAACCGCCCGTAAAGACACCGGAGGAAAGGCTCCA, and
rv-caatgttttattctctgataaaaagtcaat (his-9(510D)). The PCR product was gel-purified using a QlAquick gel extraction
kit and the point mutation was verified by sequencing. It was subsequently injected into the germline of wild-type
animals to generate transgenic strains.

The 3.7 kb his-71(S10D) genomic DNA fragment was generated by PCR-mediated mutagenesis using the
oligonucleotides fw-gtgttgttccctttcattttage, rv-vAGGAGCTTTTCCTCCAGTGTCTTTACGCGCGGTTTGCTTG
(Ppis.71), fw-CAAGCAAACCGCGCGTAAAGACACTGGAGGAAAAGCTCCT, and rv-cacacagaaatgcttccaacaaa
(his-71(S10D)). The PCR product was gel-purified using a QlIAquick gel extraction kit and the point mutation was
verified by sequencing. It was subsequently injected into the germline of wild-type animals to generate transgenic
strains.

The Pgpy.22::cyh-1(cDNA, AA)::dpy-22 3-UTR rescue DNA was generated by overlap extension PCR that fused 2 kb
dpy-22 promoter with the 1 kb cyh-1(AA) cDNA sequence, followed by 2.2 kb dpy-22 3’-UTR, using the
oligonucleotides fw-ccacagcaaattcaaacatttcttg,
r'v-TGTGTCGCCGTCGCGTACATACGTTCGCCGGGCTGCTCGT (Pgpy-22),
fw-ACGAGCAGCCCGGCGAACGTATGTACGCGACGGCGACACAAAAACG,
rv-GAATATAAATATGTAATTGTGACATGATCAATTAATTTCGTCATCCGCATCAACTGGC (cyh-1AA),
fw-GCGGATGACGAAATTAATTGATCATGTCACAATTACATATTTATATTCTTTC, and
rv-gatgaggagtgccaaaggataaatg (dpy-22 3°-UTR). The 5.2 kb final PCR product was gel-purified using a QlAquick
gel extraction kit and the point mutations were verified by sequencing. It was subsequently injected into the
germline of wild-type animals to generate transgenic strains.

The Pgpy.22::cyh-1(cDNA, DD)::dpy-22 3’-UTR rescue DNA was generated by overlap extension PCR that fused 2
kb dpy-22 promoter with the 1 kb cyh-1(DD) cDNA sequence, followed by 2.2 kb dpy-22 3’-UTR, using the
oligonucleotides fw-ccacagcaaattcaaacatttcttg,
r'v-TGTGTGTCCGTCGCGTACATACGTTCGCCGGGCTGCTCGT (Pypy-22),
fw-ACGAGCAGCCCGGCGAACGTATGTACGCGACGGACACACAAAAACG,
rv-GAATATAAATATGTAATTGTGACATGATCAATTAATTTCGTCATCGTCATCAACTGGC (cyh-1DD),
fw-GACGATGACGAAATTAATTGATCATGTCACAATTACATATTTATATTCTTTC, and
rv-gatgaggagtgccaaaggataaatg (dpy-22 3’-UTR). The 5.2 kb final PCR product was gel-purified using a QlAquick
gel extraction kit and the point mutations were verified by sequencing. It was subsequently injected into the
germline of wild-type animals to generate transgenic strains.

The Pgpy.22::cdk-7(cDNA, KD)::dpy-22 3 -UTR rescue DNA was generated by overlap extension PCR that fused 2
kb dpy-22 promoter with the 1.1 kb cdk-7(KD) cDNA sequence, followed by 2.2 kb dpy-22 3°-UTR, using the
oligonucleotides fw-ccacagcaaattcaaacatttcttg,
rv-GTATCGTAACGTCTACTCATACGTTCGCCGGGCTGCTCGT (Pgpy-22),
fw-ACGAGCAGCCCGGCGAACGTATGAGTAGACGTTACGATACAATA,
rv-CTCGATCCTAGTTTGATTTTTIGCAATAGCCACACATTCGCCCG,
fw-CGGGCGAATGTGTGGCTATTGCAAAAATCAAACTAGGATCGAGAGAA,
rv-ATAAATATGTAATTGTGACATGATTAATCAAAATTCAATCGTCGAACGG (cdk-7KD),
fw-GACGATTGAATTTTGATTAATCATGTCACAATTACATATTTATATTCTTTC, and
rv-gatgaggagtgccaaaggataaatg (dpy-22 3°-UTR). The 5.3 kb final PCR product was gel-purified using a QlAquick
gel extraction kit and the point mutation was verified by sequencing. It was subsequently injected into the germline
of wild-type animals to generate transgenic strains.

The Pgpy-20::cdk-7(cDNA, EE)::dpy-22 3-UTR rescue DNA was generated by overlap extension PCR that fused 2 kb
dpy-22 promoter with the 1.1 kb cdk-7(EE) cDNA sequence, followed by 2.2 kb dpy-22 3°-UTR, using the



oligonucleotides fw-ccacagcaaattcaaacatttcttg,
r'v-GTATCGTAACGTCTACTCATACGTTCGCCGGGCTGCTCGT (Pgpy-22),
fw-ACGAGCAGCCCGGCGAACGTATGAGTAGACGTTACGATACAATA,
rv-ACCTGATGCTCGTAATTTCTGTTTGGCTCTCCGAAGAATCGAGCCAAACC,
fw-TTCTTCGGAGAGCCAAACAGAAATTACGAGCATCAGGTTGTGACAAGATGGT,
rv-ATAAATATGTAATTGTGACATGATTAATCAAAATTCAATCGTCGAACGG (cdk-7EE),
fw-GACGATTGAATTTTGATTAATCATGTCACAATTACATATTTATATTCTTTC, and
rv-gatgaggagtgccaaaggataaatg (dpy-22 3°-UTR). The 5.3 kb final PCR product was gel-purified using a QlAquick
gel extraction kit and the point mutations were verified by sequencing. It was subsequently injected into the
germline of wild-type animals to generate transgenic strains.

The Phsp-16.2::h1h-2(CDNA) heat-shock plasmid was constructed by amplifying 1.2 kb hlh-2 cDNA from reverse
transcribed first-strand cDNA synthesized from total wild-type RNA (SuperScript 111, Invitrogen) using following
oligos:

fw-TTGACAGCGCTAGCATGGCGGATCCAAATAGCCAAC, and
rv-TTGACAGCCCATGGTTAAGCGTAATCTGGTACGTCGTATGGGTAAAACCGTGGATGTCCAAACTGC.
The PCR product was gel purified using a QlAquick gel extraction kit, digested with Nhel, Ncol and ligated with the
heat-shock vector pPD49.78 (kindly provided by Fire. A). The plasmid was verified by sequencing and was
subsequently injected into the germline of wild-type animals to generate transgenic strains.

The Ppgp-16.2::n1h-3(cDNA) heat-shock plasmid was constructed by amplifying 0.5 kb hlh-3 cDNA from reverse
transcribed first-strand cDNA synthesized from total wild-type RNA (SuperScript 111, Invitrogen) using following
oligos:

fw-TTGACAGCGCTAGCATGACCGCATCCACCTCCTCA, and

rv-
TTGACAGCCCATGGTTAAGCGTAATCTGGTACGTCGTATGGGTAATAAGTTTCTGTATGCGAATAAAA
GCT. The PCR product was gel purified using a QlAquick gel extraction kit, digested with Nhel, Ncol and ligated
with the heat-shock vector pPD49.78 (kindly provided by Fire. A). The plasmid was verified by sequencing and
was subsequently injected into the germline of wild-type animals to generate transgenic strains.

The bacterial strains expressing small interfering RNAs that target the following genes either were not available
from the Ahringer [S21] or the ORFeome [S22] RNA. library or contained plasmids with incorrect inserts and were
constructed as follows. The genomic DNA fragment spanning both exons and introns for let-19 was amplified using
the oligonucleotides fw-TCGCAAGCTTGTCCTCAACTTCAGCTGGAAAT and
rv-AGAGAAGCTTGGAGTTTCCAGTCCAAGATCTT. The PCR product was gel-purified using a QIAquick gel
extraction kit, digested with HindlIl11, ligated with Hindlll digested RNAi vector pL4440 [S22], and transformed into
HT115 E. coli cells. All RNAI clones were verified by sequencing.

The tissue-specific RNAI transgenes Ppjp-13::dpy-22, Pyip-13::1et-19 and Pyp.13::hlh-2 were constructed by amplifying
2.2 kb sense and antisense gene fragments as well as 2.3 kb nlp-13 promoter using following oligos:
fw-ccacctttaaaggcgcacgga,

rv-CGAAGGTTGGTTTTCCGGAGGTTGGAACCctggaagaaagaa (Pnip-13, Sense);
fw-ctttcttccagGGTTCCAACCTCCGGAAAACCAACCTTCGA,
rv-CAGCCATTTCAGCATCGTCAG (dpy-22, sense);

fw-ccacctttaaaggcgcacgga,

rv-TGACGATGCTGAAATGGCTGGTTGGAACCctggaagaaagaa (Pnip-13, antisense);
fw-ctttcttccagGGTTCCAACCAGCCATTTCAGCATCGTCAG,
rv-CTCCGGAAAACCAACCTTCGA (dpy-22, antisense);

fw-ccacctttaaaggcgcacgga,

rv-cagcgcacCTTGGCGGAGGAGTTGGAACCctggaagaaagaa (Pnip-13, Sense);
fw-ctttcttccagGGTTCCAACTCCTCCGCCAAGgtgegct,

rv-GACTCCGAATTTTGTGCCATCT (let-19, sense);

fw-ccacctttaaaggcgcacgga,

r'v-ATGGCACAAAATTCGGAGTCGTTGGAACCctggaagaaagaa (Pnip.13, antisense);
fw-ctttcttccagGGTTCCAACGACTCCGAATTTTGTGCCATCT,

rv-TCCTCCGCCAAGgtgcgct (let-19, antisense);



fw-ccacctttaaaggcgcacgga,

r'v-AGTTGGCTATTTGGATCCGCGTTGGAACCctggaagaaagaa (Pnip-13, Sense);
fw-ctttcttccagGGTTCCAACGCGGATCCAAATAGCCAACTTA,

rv-CTTTCTCGAGCATTATTCTGTGA (hlh-2, sense);

fw-ccacctttaaaggcgcacgga,

rv-CAGAATAATGCTCGAGAAAGGTTGGAACCctggaagaaagaa (Pnip-13, antisense);
fw-ctttcttccagGGTTCCAACCTTTCTCGAGCATTATTCTGTGA,

rv-GCGGATCCAAATAGCCAACTTA (hlh-2, antisense).

The Ppyp.13::5ense and Ppp.5::antisense fragments were generated using overlap PCR, purified and mixed at a final
concentration of 5 ng/ul and injected with 5 ng/pl of Pyyc.s4::mCherry and 100 ng/ul of pcDNAS3 into the germline of
wild-type animals to generate transgenic strains.

RNAI treatments. RNAI experiments were performed by feeding worms with bacteria expressing small interference
RNAs, as described previously [S21,522]. Briefly, HT115 E. coli cells carrying RNAI clones were cultured
overnight in LB liquid media supplemented with 75 mg/L ampicillin. 30 pl of bacterial culture were seeded into
individual wells of 24-well NGM plates supplemented with 1 mM IPTG and 75 mg/L ampicillin, and the plates were
incubated at room temperature (22°C) overnight (>12 hrs) to induce siRNA expression. For RNAI experiments,
three to ten L2 larvae were transferred to individual wells of the RNAI plates, grown at room temperature (22°C) for
three to four days, and the F1 progeny were scored for 14 GFP expression. Worms that lacked GFP expression
specifically in 14 were scored as 14-defective. Bacteria expressing the empty RNAI vector pL4440 were used as a
control.

Western blots. Worms were grown on 100 mm plates with E. coli OP50 bacterial lawn until the E. coli was almost
depleted; two plates of worms were harvested for each genotype. Worm pellets were flash-frozen in liquid nitrogen,
thawed at room temperature, and resuspended in ice-cold 400 ul (final volume) of 1xSDS lysis buffer (2% SDS, 50
mM Tris pH6.8, 10% glycerol). The suspension was sonicated using a Fisher Scientific Sonicator (Model: FB120,
120W, 20 kHz) at 50% output for 3x5 second pulses with 1 min intervals between pulses. Samples were then boiled
at 95°C for 20 min. 15 ug of protein was resolved on a 4-15% Bio-Rad Mini-Protean TGX gel, transferred to a
nitrocellulose membrane (Whatman Protran, 0.45 um) and blotted with anti-phospho-H3S10 antibody (Millipore,
06-570) at 1:2000 dilution. The same membrane was stripped and re-blotted with anti-H3 antibody (Santa Cruz,
sc-8654r) at 1:1000 dilution. Signals were developed using Chemiluminescence Reagent Plus Kit (PerkinElmer,
NEL105), and images were captured with Bio-Rad ChemiDoc MP imaging system. All images were processed
using Adobe Photoshop CS4.

Germline transformation. Transgenic lines were constructed using standard germline transformation procedures
[S23]. All DNA samples were injected at a final concentration of 10 ng/ul. We used P c.s4::mCherry or
Ppgp-12::4%NLS::mCherry as a coinjection marker when needed at 5 ng/pl, and we co-injected pcDNA3 at 100 ng/pl
for each injection. For non-integrated transgenic lines that carry extrachromosomal arrays, at least two independent
lines were analyzed and averages are shown.

Yeast two-hybrid assay. The yeast two-hybrid assay was performed following the manufacturer’s protocol
(Clontech). Briefly, fresh Yeast Gold colonies (<1 week old) were cultured in YPD liquid medium at 30°C to the
0.D.gp0 0Of 0.5, harvested, washed, and resuspended in 1.1 x TE/LiAc. 100 ng of bait and prey plasmids were mixed
with 50 pg of denatured salmon sperm carrier DNA and were transformed into competent yeast cells in the presence
of 1x PEG/LiAc. The cell mix was then plated on both —Leu-Trp and —Leu-Trp—His—Ade dropout plates and was
allowed to grow at 30°C for 2-3 days. Single colonies that grew on the double and quadruple dropout plates were
resuspended in H,O and respotted to fresh dropout plates, which were grown at 30°C for 2 days. Images of the
respotted plates were captured using a Canon Powershot A590 digital camera (Canon) and processed by Photoshop
CS4 software (Adobe).

Heat shock. To induce HLH-2 and HLH-3 overexpression, L1 larval transgenic animals carrying the Ppg.16.::
hlh-2/3 transgene were picked to a fresh plate spotted with OP50 bacteria and heat-shocked at 34°C for 1 hour. The
animals were then placed at 22°C overnight before being examined using a confocal microscope.
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