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Abstract

Developmental pattern formation allows cells within a tissue or organ to coordinate their development and establish cell types in
relationship to one another. To better characterize the developmental patterning events within one organ, the C. elegans hindgut, we have
analyzed the expression pattern of several genes using green fluorescent protein-based reporter transgenes. |n wild-type animals, these genes
are expressed in subsets of hindgut cells rather than in individual cell types. In mutant animals, we find that some, but not al, genes
expressed in cells with altered development exhibit a corresponding alteration of gene expression. The results are consistent with a model
where a combination of factors contribute to each cell’s fate, and address how developmental information converges to specify cell types.

© 2003 Elsevier Inc. All rights reserved.
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Introduction

During animal development, different cell types result
from events that establish and refine developmental pat-
terns. The development of the C. elegans hindgut provides
an example where developmental patterning occurs among
cells of divergent developmental backgrounds. Within the
hindgut, 11 cellsarrangeinto fivetiers (Fig. 1; Sulston et al.,
1983). These 11 cells include eight distinct cell types that
arise in the embryonic cell lineage from diverse points (Fig.
2). Genetic analysis has provided insight into some features
of the patterning events that contribute to the distinct cell
types. For example, mutations in mab-9 result in the dorsal
posterior hindgut cells F and B developing like their ventral
neighborsU and Y (Chisholm and Hodgkin, 1989), whereas
mutations in egl-38 result in the F and U cells developing
with some features of their posterior neighbors B and Y
(Chamberlin et a., 1997). These mutants indicate that re-
gional patterning plays a role in the development of this
organ.
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Identification and analysis of existing mutants with de-
fective hindgut development have utilized the fact that cells
of the posterior hindgut (U, F, B, and Y) are male-specific
blast cells (Sulston et al., 1980). To complement and extend
the cell lineage analysis of mutants, we have collected and
characterized a set of genesthat serve as molecular markers
of hindgut cells. These genes are expressed in subsets of
hindgut cells and together allow the different types to be
distinguished. The gene expression patterns reflect subdivi-
sions within the organ that may correspond to developmen-
tal patterning events and functionally relevant patterns of
gene activation. We have tested thisidea by using molecular
and genetic analyses.

Fig. 1. Diagram of hindgut cellsin early L1 stage, including genes reported
to express within the cells (after Chamberlin et a., 1999). Anterior left,
dorsal up in al figures.
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Fig. 2. Embryonic lineage relationship among cells of the hindgut (after Sulston et al., 1983). A vertica line represents a cell and a horizontal line represents
acell division. An arrow indicates the cell divides further, but does not produce any cells of the hindgut. n, neuron; m, muscle; e, epidermis; ex, excretory
cell; X, cell death.

Table 1

Summary of hindgut gene expression patterns

Gene Cell Reference

irv rep K K’ U F B Y

2CB7 + — — - — - - - Bowerman et a., 1992

R107.1 - + - - - - - - This work; Lynch et al., 1995

ceh-6 - - + - + + + + Burglin and Ruvkun, 2001

egl-5 — - + - + + + + Wang et al., 1993

lin-48 - - + + + + - - Johnson et al., 2001

C45G7.5 - - + + - - - - This work

cdh-3 - - - - + + - - Pettitt et al., 1996

mab-23 - - + - + - - - Lints and Emmons, 2002

mab-9 - - - - - + + - Woollard and Hodgkin, 2000

Table 2

Expression of hindgut genes in egl-38 mutants®

Transgene Expression egl-38 % of animals with expression in x cells® N
genotype 4 3 2 1 0

R107.1::gfp RepD, RepVL, RepVR + 100 0 0 0 25
sy294 96 4 0 0 25
s1775 100 0 0 0 20

lin-48:: gfp? K,K',U,F + 57 26 16 1 0 69
sy294 0 0 0 0 100 30
s1775 0 0 0 0 100 20

cdh-3::gfp° U, F + 72 15 13 109
sy294 47 43 10 108
s1775 50 30 20 20

mab-23::gfp K,U + 74 26 0 62
sy294 0 0 100 30

C45G7.5::gfp K, K’ + 62 16 2 87
sy294 12 4 84 25
s1775 0 9 91 23

@The category with the majority of animals is indicated in boldface.

b Data summarized from Johnson et al. (2001)

¢ Wild type and egl-38(sy294) data summarized from Chamberlin et al. (1999).

9 Percentage of animals observed with expression in the indicated (x) number of cells: 4 = 4 cells expressing, 3 = 3 cells expressing, etc.
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Fig. 3. Gene expression patterns reved hindgut subdomains. A, C, E, G, and
| are DIC (differentia interference contrast) images of L1 or L2 animals, and
B, D, F, H, and J are epifluorescence images to visuaize GFP (green fluores-
cent protein). For lin-48, K and K’ are out of the plane of focus, but the
fluorescence from these cells is detected (K/K”). Additional expressing cells
are out of the plane of focus for R107.1 and C45G7.5. Bar is 10 um.

Materials and methods
Srains

The following strains were cultured according to stan-
dard techniques, described by Hodgkin (1997): Linkage

Table 3

Production of ectopic spicule cuticle in mutants

Genotype® % with spicules N
+P 0 10
mab-23 0 12
lin-48° 67 21
lin-48; mab-23 76 25
lin-48 cdh-3; mab-23 64 28

2 All strains include him-5(e1490).
b Data summarized from Chamberlin et al., (1999).

Table 4
Expression of hindgut genes in lin-48 mutants

Transgene Cells Genotype % of animals with N

expression in x cells

4 3 2 1 O

lin-48::gfp K,K,UF + 57 26 16 1 0 69
lin-48 65 22 12 1 0 65
cdh-3::gfp? U, F + 72 15 13 109
lin-48 70 19 11 109
mab-23::0fp K, U + 74 26 0 62
lin-48 39 37 24 54
C45G7.5:0fp K, K’ + 62 16 22 87
lin-48 38 8 54 26

@ Data summarized from Chamberlin et a. (1999).

group (LG) Il: mab-9(e1245); LG IlI: lin-48(sa469), cdh-
3(pk87), unc-119(e2498), and pha-1(e2123); LG 1V: egl-
38(sy294), egl-38(s1775), dpy-20(e1282), and dpy-
20(el362); LG V: mab-23(bx118), and him-5(e1490).

Transgenes were as follows: pkEx246 (cdh-3::gfp, Pettitt
et a., 1996), saEx459 (lin-48::gfp, Johnson et a., 2001),
bxEx83 (mab-23::gfp, Lints and Emmons, 2002), guEx127
(C45G7.5::gfp), gquisl (R107.1::gfp), and salsl4
(lin-48::gfp).

Construction and analysis of transgenes

Green fluorescent protein (GFP) reporter transgenes
were constructed by using upstream sequences for each
gene cloned into pPD vectors provided by Andy Fire. Trans-
genes were injected into animals with appropriate marker
DNA. The activity of each transgene was assessed in ani-
mals from heritable transgenic lines as described (Johnson
et al., 2001). Cells were scored positive for expression if any
GFP was detected above background.

cdh-3

A 1-kb region of upstream DNA was amplified with poly-
merase chain reaction (PCR) from cosmid ZK 112 and cloned
into pPDY95.67. Deletions were generated by using forward
PCR primers corresponding to different positions in cdh-3.
Point mutations were generated by using the QuikChange

Table 5
mab-23 expression in hindgut mutants
Genotype % of animals with expression in N
each cell
U F K K’
+ 89 2 82 8 62
lin-48 62 0 55 45 55
mab-9 84 70 88 23 57
plin-48::mab-9 33 5 64 10 58
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C.e.cdh-3 1 AGH bRIC ARAAT Gg-- - 3 CC EFWNG - - AARIAAAGGAGE A¥C Y- BICAGA AR A SIA WAAT - A AR
€C.b.cdh-3 1 caj EYNC ARAAT T TT A ATHEWACAT GTTENGTT cTH GLyT K ESCAGAAA A elA JTGGG AAR

r rDlﬂ
C.e.cdh-3 86 AT TTGTTH GH AT Sl 3A AC A--FEEWRICCCCH A A R EYA PC CGGATCTERNC ACTTTCAATT T C SEiEElA
C.b.cdh-3 96 GG CGAAAHN T ] A TA T TA CTTLR R~ -~ A A cccy CGGATCTSRNC ACTTTCAATT TC juk A

e —————

P

T D24 I
C.e.cdh-3 171 ¢ lC A TATT C AATATTTC SEEEEEEA R AT CA GGGTCAT iy CTTCTT ittt c T TCCACTTAATAACCA
€.b.cdh-3 187 Y LR RSNHACCTCTTAT TC [ T T C C T C LR ey Y GGGTCAT sy CTTCTT LY YRGT TCCACTTAATAACCA
“D3 E— ]
C.e.cdh-3 FETVNT G AT AC CA TC TA AT T R = CCCGAACHWIAACACT TRIEEIT C C GA SEIEEIEHA T T SR AR
€.b.cdh-3 282 gy PSS RITCCTCTTCTTCTC CCCGAACISAACACT T oMl QJT CC GA jlfislcfelh TCTCTCTTC chl
D54

C.e.cdh-3 302 PNEFEIGEEWEEST CC c A A - B | -—- - A GINTC A-
€.b.cdh-3 ENREN AT TATGCRAT Cohigy T c T A TGA c AJNAT TT
C.e.cdh-3 391 ----TEWWNGGTT - A TT GTC A ellel G- -~ -SFVNGINGIEC - -~ - - - - AAAA ARN- - - R AATT
€.b.cdh-3 471 TCTT REWYARCA A A AR TAG A LS CACTAERNA L GCCTG YRy TIHCA C] AATT
C.e.cdh-3 4617 AR A G SR - - = IT TT T T G e AA MA TT GC A NESSET T T T [SES—_—" A FLT - [
€.b.cdh-3 566 = -3 A Ty AT GTTATGCGACT A A ATTGC A pNs GCGGCTG, T A GACGGCTAC
¢c.e.cdh-3 BB i amees A A e o R T e S e e A TEPYG - = == == == == = [ A - [T TTTA ekl
€.b.cdh-3 659 AGAAGGGTGC A A GCATGTATTAAAAACCATAGTH G AR TAATTAACTACAR A A LT T T T A oF ¥
C.e.cdh-3 575 B |- --E |- SEWYT AR - = - - - EV - - LRl - - - - AAAG A A SR - -— - G =B
C€.b.cdh-3 754 TTY LRICGT CTAGCUEY Y- T GCccT AAAGH A Jccc ccece c Th
C.e.,cdh-3 645 ANCTH A - SFEWAT ¢ Al gt A TCTT &A A = ==0C 3T Jee)- - - = = CEy- -F A TEH A c ARARA T-
€.b.cdh-3 848 CLYTGY [HdC AR L - [eqA A T C T T sdn G AChA ARAC ALNT TH A ARY G A ARAAY cT

C.e.cdh-3 723 =-===-=-¢E TTG - - A A GTTAT G T TGENT ACNGEEEEIG A A CAGATCAATGC AGATG
C.b.cdh-3 941 CATAAAN ACA A A T GTTAT [HC T T T A SEIEEA SEA CTTTTshis HICCAGATCAATGC AGATG

Fig. 4. Alignment of cdh-3 upstream region from C. elegans and C. briggsae identifies conserved sequence blocks. The sequence ends with the predicted
start codon for each gene. Conserved domains (CD) are boxed. Sequences from http://genome.wustl.edu/.

site-directed mutagenesis protocol (Stratagene). The cloned into MCSI. The resulting clone was injected together
changes in italics were used: CD3 GTTCCACTTAAT- with a mab-23::gfp clone (Lints and Emmons, 2002).
AACgccagctgCATCTAATT, CD4 cgagctcCTAALACTT.
Cell kill experiments

plin-48::mab-9

Reverse transcription (RT)-PCR was used to isolate mab-9 The B or B.a cell was killed in male larvae, and spicule
cDNA from C. eegans total RNA and cloned into MCSII of socket cell differentiation scored in adults as described
pPD49.26. A 3-kb Hindlll fragment upstream of lin-48 was (Chamberlin et al., 1999).

Expression Expression
. in hindgut in seam cells
cdh-3 sequences in transgene (percent of cells)  (percent of animals) N
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Fig. 5. Two conserved domainsin cdh-3 mediate gene expression in hindgut and seam cells. The conserved domains shown in Fig. 4 are indicated with ovals.
Transgenes containing mutant sequences are indicated with an X. Black bar, percentages of cells expressing green fluorescent protein (GFP); white bar, not
expressing GFP; N, number of animals scored.
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Fig. 6. Ectopic expression of mab-23 in the presumptive F cell of mab-9 mutants. In wild-type animals (A and B), mab-23 is expressed in U and K. In mab-9
mutants (C and D), mab-23 expression is also detected in the F cell (arrowhead).

Results and discussion
Gene expression patterns define hindgut subdomains

Table 1 summarizes the hindgut expression pattern of
genesreported to be expressed in hindgut cells of C. elegans
larvae. Representative photographs of genes analyzed in
this study arein Fig. 3. Each cell type has the potential to be
uniquely identified based on the combination of expressed
genes. For example, within the four cellsthat express|in-48,
C45G7.5 defines the anterior cells K and K’, and cdh-3
defines the posterior cells U and F. Both of these pairs of
cells are embryonic siblings (Fig. 2). Expression of mab-23
distinguishes the cells within each sibling pair, with expres-

K,K' cells U, F cells
Jirds lin-48
{7/4
eg/—36<
eg/—]&< W mab-23
mab-23 T
mab-9

Fig. 7. Model for genetic relationship among hindgut genes in the mid-
hindgut cells. egl-38 is essential for the expression of 1in-48 and mab-23 in
al cells of the mid-hindgut. The roles for lin-48 and mab-9 in affecting
mab-23 expression differ between the more anterior cells (K, K’) and the
more posterior cells (U, F).

sion in K and U. Our analysis of the regulatory inputs that
establish these gene expression patterns indicates both com-
binatorial and coordinate regulation play arole.

Coordinate regulation of gene expression

The Pax transcription factor EGL-38 isimportant for the
development of hindgut cell types (Chamberlin et a., 1997).
Expression of 1in-48 requires EGL-38, and expression in all
four hindgut cell types is mediated through the same regu-
latory elements (Johnson et al., 2001). To further investigate
the function of egl-38 in regulating hindgut gene expres-
sion, we observed R107.1, cdh-3, C45G7.5, and mab-23
expression in egl-38 mutants (Table 2). We found that
expression of mab-23 was eliminated in a manner similar to
that of 1in-48, whereas cdh-3 and C45G7.5 exhibited a
reduction of expression. From these results we conclude
that, even within the same cells, egl-38 affects the expres-
sion of different hindgut genes to different extents.

Since cdh-3 expression exhibits limited dependence on
egl-38, weinferred that another factor or factors mediatesits
expression in the U and F cells. To understand cdh-3 reg-
ulation in these cells, we carried out an analysis of its
regulatory region. We identified five blocks of sequence
upstream of the predicted start codon that are conserved
between C. elegans and C. briggsae (Fig. 4). Reporter
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Table 6

Deduced K and K’ lineage based on lin-48::gfp expressing cellsin L2 larvae®

Genotype Percentage of animals
?;ﬁ @ﬁ g@ 08 O« ®g W@ Ok Wk JErT N
? ? ? ? ? 2
+ 0 0 57 4 1 0 14 0 14 96 28
mab-23 0 0 68 14 9 0 9 0 0 86 22
lin-48 28 16 24 16 4 4 4 4 0 32 25

2Boxed columns indicate patterns expected in wild type. Expression from sals14 is not always at detectable levels, and sometimes division from only one,
or no, cells can be scored. Filled circle indicates green fluorescent protein (GFP) detected in the cell (or its progeny). Empty circle indicates GFP not detected

and the cell was not scored.

transgenes containing these sequences express in hindgut
cells U and F and the seam cells of the epidermis. A series
of deletion and point mutation clones allowed us to identify
regions important for seam cell expression and hindgut
expression (Fig. 5). One element, CD4, is critical for hind-
gut expression, but does not bear similarity to sequences
bound by EGL-38. Thus, for two genes tested [lin-48 (John-
son et a., 2001) and cdh-3 (thiswork)], expressionin all the
hindgut cells is coordinately regulated by single regulatory
elements, consistent with single factors or factor complexes
mediating the expression in all hindgut cell types.

Combinatorial regulation of gene expression

To further explore the regulatory relationship among
hindgut genes, we constructed double and triple mutants
among lin-48, cdh-3, and mab-23 (Table 3), and examined
gene expression in lin-48 mutants (Table 4). These experi-
ments indi cate independence among the genes, as cdh-3 and
mab-23 do not enhance alin-48 spicule phenotype, and only
mab-23 and C45G7.5 expression exhibit partial sensitivity
to lin-48 genotype. mab-23 expression was analyzed in
more detail in lin-48 and mab-9 mutants (Table 5). In lin-48
mutants, mab-23 expression is random and approximately
equal in both K and K’. In mab-9 mutants, expression of
mab-23 is increased in the presumptive F cell (Fig. 6). In
addition, ectopic expression of mab-9 under control of
lin-48 promoter sequences results in reduction of mab-23
expression in U. Taken together, the results indicate differ-
ent genes influence mab-23 expression in different cells
(Fig. 7). Finaly, although mab-23 expression reflects cell
type, mab-23 is not necessary for either U or K cell type
(Lints and Emmons, 2002; Table 6, data not shown). In
contrast, although 1in-48 expression is symmetric, it affects
either establishment or maintenance of asymmetry between
K and K’ (Tables 5 and 6).
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