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SUMMARY

In an expression cloning screen irXenopusembryos, we
identified a gene that when overexpressed expanded the
neural plate at the expense of adjacent neural crest and
epidermis. This gene, which we namedeminin, had no
sequence similarity to known gene families. We later
discovered that geminin’s neuralizing domain was part of

ectoderm suppresses BMP4 expression and converts
prospective epidermis into neural tissue. In ectodermal
explants, geminin induces expression of the early proneural
geneneurogenin-related Jalthough not itself being induced
by that gene. Later, embryos expressing geminin have an
expanded dorsal neural territory and ventral ectoderm is

a bifunctional protein whose C-terminal coiled-coil domain
may play a role in regulating DNA replication. We report
here on the neuralizing function of geminin. The
localization, effect of misexpression and activity of a
dominant negativegeminin suggest that the product of this
gene has an essential early role in specifying neural cell fate
in vertebrates. Maternal geminin mRNA is found
throughout the animal hemisphere from oocyte through
late blastula. At the early gastrula, however, expression is
restricted to a dorsal ectodermal territory that prefigures
the neural plate. Misexpression ofgeminin in gastrula

converted to neurons. A putative dominant negative
geminin lacking the neuralizing domain suppresses neural
differentiation and, when misexpressed dorsally, produces
islands of epidermal gene expression within the
neurectodermal territory, effects that are rescued by
coexpression of the full-length molecule. Taken together,
these data indicate that geminin plays an early role in
establishing a neural domain during gastrulation.

Key words: Neurogenesis, BMP4, Gastrulation, Pattergieminin
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INTRODUCTION directly bind BMPs to prevent receptor binding (Piccolo et al.,
1996; Zimmerman et al.,, 1996). Other neural-inducing
The phenomenon of neural induction was discovered in 192#olecules secreted by organizer cells (Xnr3, follistatin) also
when dorsal mesoderm from an early gastrula stage amphibiappear to act by antagonizing BMP signaling (Hansen et al.,
embryo was shown to induce a secondary body axis arfiP97; Yamashita et al., 1995; Harland and Gerhart, 1997). As
nervous system after transplantation to the ventral side dliis inhibition of BMP signaling neuralizes ectodermal
another early gastrula embryo (Spemann and Mangold, 1924xplants, it is likely to initiate neural induction in vivo.
Recently, several key aspects of this phenomenon have beenThe cell signaling and transcriptional events occurring
elucidated at the molecular level. Signaling by bonéetween mesodermal signaling and the earliest expression of
morphogenetic  proteins (BMPs) promotes epidermaheural differentiation markers in ectoderm are relatively
differentiation and blocks neural differentiation in ectoderm ofobscure in vertebrate embryosDrosophila patterning of the
both vertebrate and invertebrate organisms. Neural induction ieurogenic region responds to a complex range of proneural
now seen as a local suppression of this BMP signaling bgnd neurogenic gene activities, each of which is induced by
factors released by the Spemann organizer in dorsal mesodeearlier dorsal-ventral signal transduction cascades and regional
that bind directly to BMPs to inhibit their function (reviewed specification by homeobox genes. In vertebrates, several
in Harland, 1997; Sasai and De Robertis, 1997; Weinstein arithnscription factors, mostly members of the basic helix-loop-
Hemmati-Brivanlou, 1997). Neuralization pathways can benelix family, have been identified that can act as proneural
activated experimentally by disrupting signaling betweerfactors, converting ventral ectoderm to neural tissue or
ectodermal cells (Grunz and Tacke, 1989; Godsave and Sla@gpanding the size of the neural plate when misexpressed
1989), and epidermalization is restored by adding BMP4reviewed in Lee, 1997; Chitnis and Kintner, 1995). The
protein to the dissociated ectoderm (Wilson and Hemmatiearliest ectodermal expression of any of these genes in vivo is
Brivanlou, 1995). In vivo, two secreted proteins expressed ithat of neurogenin related-1(X-ngnr-1 Ma et al., 1996),
gastrula organizer mesoderm, chordin (the vertebrate homoldgginning at stage 10.5 along the lateral edges of the
of the Drosophila geneshort gastrulatioh and noggin, can presumptive neural tissue plate. Later expression of these genes
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localizes to stripes of primary neurons, consistent with ther RNAs in 0.% Marc’s Modified Ringer's (MMR) containing 5%
likely function of these genes in determination orFicoll and 50ug/ml gentamycin and cultured in the same media at
differentiation of neurons. 16-18°C. For animal cap explants, both cells were injected
We have attempted to identify molecules involved in ea”ysuperfi_cially in the animal hemisphere at the 2-cell stage and explants
inductive events by injecting RNA made from relatively smallVere isolated at stage 8 and cultured in agarose-coated dishes
pools of cDNA clones into earl)Xenopusembryos and containing 0.¥ MMR with 50 pg/ml gentamycin _untll control
assaying for changes in embryonic morphology. Previougmbryos at the same temperature reached the desired stage.

. . . . - Transgenic embryos were generated by restriction enzyme-
studies of this kind, using cDNAs made from dorsahzedmediated integration of linearized plasmid DNA into permeabilized

gastrulae (Smith and Harland, 1991, 1992; Lemaire et alsperm nuclei (Kroll and Amaya, 1996) with minor modifications
1995; Lustig et al., 1996b), have identified more than 10 genggroll and Amaya, 1998).

involved in dorsal signaling. Here, an early embryonic library,

made from stage 6-7 blastulae, was used in the hope Bfasmids and RNAs

identifying new early patterning factors. mRNA pools fromPlasmids encoding deletion mutants gafmininwere produced by
this library were injected into either ventral or dorsalamplifying portions of the open reading frame with low-cycle number
blastomeres of earltenopusembryos to identify genes that, PCR using Pfu polymerase (Stratagene) and cloningsd®i-Xba
when overexpressed, perturbed the embryonic axis. One suggdment into pCS2+MT (Turner and Weintraub, 1994). Deletion

s ; s tants of geminin described in the text correspond to amino acids
activity, which we named geminin (see below), caused™ - ; :
expansion of the neural plate. d.;18-90 (Ngem), 87-168 (Cdim), or 112-168 (Ccoil). cDNAs encoding

Geminin RNA d tei | lized to th . Imouse geminin were cloned as above using expressed sequence tags
eminin \ and protein are localized 1o the animal,g template. For geminin dominant negative and rescue experiments,
hemisphere during early cleavages. At the early gastrula stag@smids contained the CMV enhancer, promoter, polylinker and

(stage 16 to 10+), geminin becomes restricted to anpolyadenylation signal from pCS2+ and, in inverse orientation
ectodermal domain that strikingly prefigures the neural platejirectly adjacent to the CMV enhancer, a minimal simian CMV
Geminin’s ability to neuralize ectoderm, its induction by neurapromoter, second polylinker and polyadenylation signal (kindly
inducers, capacity to induce early proneural genes and tlpeovided by Robert Davis). The Cdim mutant was cloned into each
inhibition of neural patterning by a putative dominant negativepolylinker to create two dominant negative constructs; full-length
domain all suggest that geminin plays a key early role igeminin was then cloned into both Cdim-containing plasmids.
neurogenesis. Cloning of Cdim and full-length fragments into each polylinker
While this work was underway, an independent biochemiceﬂomro”ed for possible diﬁgrences in tr_anscription levels from the two
screen in our laboratory for mitotically degraded proteinsoromoters, but both dominant negative and both rescue constructs

(using a different cDNA library) identified a gene closelyﬁegggrgﬁgsi;'m”any' Plasmids were linearized witiiot _for

related_ln sequence. Its pattern of expression anq func'uona Plasmids for producing capped RNA for BMP4 (Nishimatsu et al.,
properties appear to be identical to geminin. The activity of thigggp) X-ngnr-1 (Ma et al., 1996) and neuroD (Lee et al., 1995) have
gene suggests it is an inhibitor of DNA replication (T. McGarrypeen described. To produce noggin (Smith and Harland, 1992) and
and M. K., unpublished data). These replication functions havéhordin (Sasai et al., 1994) RNAs, the open reading frames were
been localized to a domain that is non-overlapping with theloned into CS2+. RNAs were injected at the following doses for
neuralizing domain. We have used the nageeninin after  animal cap assays: 500 pg BMP4, 50 pg noggin, 250 pg chordin, 150
gemini meaning twins, to denote these two closely relateBd X-ngnr-1 and 500 pg neuroD. For most other experiments, 10-20
genes and indicate their functional duality. These data sugget full-length geminin RNA, 50-500 pg Ngem RNA or 250 pg of
that geminin is a bifunctional protein that at the early gastrul§CS2+ plasmid encoding gem was injected into one blastomere at the
stage marks and establishes neural cell fate in the dorsza'FE” stage (see t?Xtd fofthmr?rﬁ t‘:}?tags)' For anlk:nalnca{)tﬁmzlantlsl,
ectoderm and that may, in other cellular contexts, also regulaigg;yos were ihjected with hait this dose In each cefl at the =-ce
progression through the cell cycle. '

In situ hybridization and immunostaining

For in situ hybridization (Harland, 1991), we used the modified double

MATERIALS AND METHODS in situ hybridization protocol (Knecht et al., 1995). Antisense probe
for geminin was produced by T3 transcription fr&wooRI-digested
Library construction and expression cloning pCMVgem. In situ hybridization to im sections of NIH Swiss

A directional cDNA library was constructed from early blastula (stagénouse embryos (Novagen, Madison, WI) was performed after
6-7) embryos and cloned into pCS2+ (Turner and Weintraub, 1994YVilkinson (1992) with NBT/BCIP as the alkaline phosphatase
Capped RNA was synthesized from pools of 100-300 clones &bstrate. Probe was generated using the entire mouse geminin open
described (Krieg and Melton, 1987) and approximately 2 ng of RNAeading frame. Myc-tagged geminin protein was detected with the
was injected into one dorsal or ventral blastomere of a 4-cell embry8E10 anti-myc antibody (Boeringer) and an HRP-conjugated
Pools affecting embryonic morphology were sib selected as describ&ég¢condary antibody. Endogenous geminin protein in embryos was
(Lustig et al., 1996a) to isolate a single active cDNA. Single clonegetected using affinity-purified antibody against full-length geminin
were sequenced on both strands on an automated DNA sequenceprotein (Babco). N-CAM protein was detected with the 4D
monoclonal antibody (Developmental Studies Hybridoma Bank). For
Xenopus embryos and explants both, an alkaline phosphatase-conjugated secondary antibody was
Xenopuembryos were obtained from previously unovulatethevis ~ detected using NBT/BCIP as the substrate.
frogs (NASCO) by in vitro fertilization, dejellied and cultured at 16- Images were obtained using incident or transillumination on a Zeiss
18°C in 0.k Marc's Modified Ringer's (MMR; Peng, 1991) axiophot or Zeiss stereomicroscope and were captured by video using
containing 50ug/ml gentamycin. Embryos were staged according toa 3-color video rate CCD camera controlled by Northern Exposure
Nieuwkoop and Faber (1967). Embryos were injected with plasmidsoftware (Phase 3 Imaging Systems).
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Isolation of genomic clones replaced by a large patch of neurectoderm that expressed many
To produced haploid embryos, eggs were fertilized with UV-irradiatedieural-specific genes including N-tubulin (Fig. 1C,E), otx 2
sperm: a thin layer of macerated testis was UV irradiated at a distanflig. 2B; Lamb et al., 1993), Pax 6 (data not shown; Hirsch
of 13 mm for 5 minutes using a Mineralight lamp (model UVGL-25and Harris, 1997) and Delta (data not shown; Chitnis et al.,
from UVP, Inc.). >95% of tadpoles from fertilizations with these 1995). Anterior structures such as the otic vesicle and eye
sperm had the stunted, microcephalic phenotype ch.aracterlstlc ﬁhlagen were often replaced by a patch of N-tubulin-positive
haploid embryos (Gurdon, 1960) and had a haploid karyotype.g||s’in these embryos. Extreme anterior structures such as the
Genomic DNA was isolated from single haploid embryos and digeste: Ifactory placode (Fig. 2A) and cement gland were sometimes

ith Notl. Pri tained'3 tchi | DNA: . -
\évém OL g;ﬁé?scogﬁpeespofgzgncfs mgu(; 'ngD?\?Ay o\r/]veerce'- 5 also replaced by a patch of N-tubulin-positive cells. More

agcaacatgaagcagagatc ahddtcagatgtcaagcttege and primers to gemOften, they remained visible but were expanded in size. The
H were Scaacaagaagcagagattg anda@cctagacagtatgtgc_ Each ear“est epr’ESSIOI’l Of N'tubuhn n gem-lnjeCted embryOS was
primer set was demonstrated to be specific to one of the cDNAs a@dten slightly delayed in the injected half relative to the control
was then used to amplify three samples of haploid genomic DNA (2Balf (data not shown) and, when primary neurons initially
cycles, 60°C annealing temperature). In all genomic samples, boformed, they were in a more lateral position than those on the
gene-primer sets amplified bands of approximately 3 kb. These bangdginjected side (Fig. 1A).

were isolated, sequenced anq found to correspond to genomic copiespgrsal hypertrophy of neural tissue was found in >85% of
of gem L and gem H, respectively. embryos injected with gem RNA or with a plasmid placing
RT-PCR gem expression under control of the cytomegalovirus promoter

Gene expression in animal cap explants was analyzed by RT—Pé restrict expression to after the mid-blastula stage
(Wilson and Melton, 1994). Primers for muscle actin, BF-dtx 2 (PCMVgem). Ventral and lateral ectoderm was also converted

and Hox B9 have been described (Wilson and Melton, 1994; RadQ N-tubulin-expressing neural tissue by gem misexpression
1994). Other primers for RT-PCR were: BMP4 '-(5 (Fig. 1B,F-H), although higher levels of misexpression were
attggattgtggcacctcct and’'-figgatctcagactcaacgg), X-ngnr-1'-(5 required than for obtaining dorsal hypertrophy. For example,
tacatctgggctcttagcga and’-&aaatgaaagcegcetgetgg), geminin’-(5 geminin  misexpression from injected mRNA or from
gctggacatgtaccagtaca and’-téacctcacataaaggctgg) and otx 2 pCMVgem plasmid induced N-tubulin relatively rarely in

(5-ggatggatttgtigcaccagtc and-cactctccgagcteacttctc). In embryos yentral cells (fewer than 5% of injected embryos in each
injected with gem RNA, endogenous geminin was detected with the

second (reverse primer) described above and the following forwat
primer (8-gtggccggtaacatttcgaa), as these sequences are within the
untranslated region not included in the injected RNA. For each prime
set, we determined whether amplification was within a linear rang
by using dilutions of reverse-transcribed cDNA from embryonic
samples as a PCR template and quantitating the band intensities w
a Molecular Dynamics Phosphorimager.

RESULTS

Expression cloning of geminin assayed by its
neuralizing effects

A cDNA library made fromXenopudlastulae (stage 6-7) was
subdivided into pools of 100-300 clones each. To identify
activities that could alter the embryonic axis, these pools
transcribed into RNAs, were injected into dorsal or ventra
blastomeres of 4-ceXenopusembryos. As about 2 ng of pool
RNA was injected into each embryo, we selected for clone
that could produce visible effects at doses of approximately ¢
20 pg. One such clone caused expansion of the neural pla
We subdivided this positive pool, assaying smaller pools unt
we identified a single active clone.

To characterize further the activity of this gene product
which we named geminin, we injected RNA into one bilatera
half of the embryo at the 2-cell stage and used in sit
hybridization to detect perturbations of gene expression in tt
early nervous system. A neural-specific isoform3atibulin
(N-tubulin; Richter'et al., 1988; Oschwald et al., 1991) wa ig. 1. Ectopic neurogenesis and neural plate expansion in
US.Ed to detect primary neurons. At_early ”e““."?‘ thrOUQembryonic ectoderm injected with geminin in one bilateral half
Fa.'IbUd stages, _hypertrophy of neural tissue was _V'S'ble on trtﬁriented to the right). In situ hybridization detects cells expressing
injected side (Fig. 1). In some embryos, the density of primary_typulin (aqua in A-E, H; purple in F, G) and cells expressing
neurons increased (Fig. 1D). In other embryos, more Nnjected geminin (dark pink in A-E; H) either from an expression
tubulin-expressing tissue formed laterally but this tissuglasmid (A, H) or from 15 pg injected full-length (F, G) or 250 pg
appeared disorganized with discrete stripes of primary neuromgem (B-E) RNAs. Endogenous geminin RNA is not visible.
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experiment). However, N-tubulin was frequently induced inexpression of a neural crest marker without inducing N-CAM,
ventral and lateral tissue (64% for 3 experimemt88) when whereas N-CAM-inducing doses of the same molecules
a plasmid that elicits stronger transcription of geminin wasuppress neural crest (Morgan and Sargent, 1997). Neural crest
used (pUASgem). In pUASgem, geminin transcription is undeis formed by cellular interactions occurring at neural plate
the control of GAL4 upstream activating sites with coinjectecborders where neural and non-neural ectoderm are juxtaposed
GAL4 RNA driving expression (Fig. 1H). We found that (Moury and Jacobson, 1990; Selleck and Bronner, 1995) and
pUASgem drove substantially higher levels of gemininsubthreshold concentrations of neural-inducing activity may be
transcription than pCMVgem. present at these boundaries.

Ventral and lateral ectoderm injected with even very low o o
doses of geminin failed to differentiate into epidermis, ag>eminin is a novel neuralizing molecule
measured by loss of expression of an epidermis-specific kerafithe effects caused by ectopic expression of geminin in
(Fig. 2G,H; Jonas et al., 1985). This was consistent witembryos were reminiscent of those elicited by several
conversion of this ectoderm to neural tissue. Formation gfroneural genes that act to specify neural determination. In
neural crest was sensitive to the dose of geminin injected. Aenopus identified genes that have an overexpression
geminin doses that effectively neuralized ectoderm, cellphenotype resembling geminin include thatnal homolog
expressing the cranial neural crest marker twist (Hopwood &ATH-3 (Kim et al., 1997; Takebayashi et al., 1997), an
al., 1989) did not form on the injected side of the embryo (Figachaete-scutdhomolog KASH-3 Zimmerman et al., 1993;
2D,E). By contrast, a ten-fold lower dose of geminin expande#erreiro et al., 1994; Turner and Weintraub, 1994), the neural
the twist-expressing domain (Fig. 2F). This is consistent witldetermination gen¥-ngnr-1(Ma et al., 1996) and the neural
observations that minimal concentrations of several neuralifferentiation genaeuroD(Lee et al., 1995), all basic helix-
inducers sufficient to inhibit epidermal keratin upregulateloop-helix family genes. These effects also resembled
misexpression of a POU-domain transcription factor, XIPOU2
(Witta et al., 1995) also the product of a likely proneural gene.
However, geminin’s sequence bears no resemblance to these or
other known molecules.

Our Xenopusgeminin cDNA encodes a highly charged
protein of 216 amino acids. A secoddnopusgyeminin cDNA
isolated by T. McGarry and M. K. (unpublished data) encodes
a 219 amino acid protein (Fig. 3A). By low-stringency
hybridization and sequence database searches, we detected
genes related tgemininin other vertebrates (zebrafish, mouse
and human) but not in yeasgccharomyces cerevis)ad he
C-terminal domain of geminin contains heptad amino acid
repeats predicted by the Parcoils (Berger et al., 1995) and
Lupas algorithms (COILS program, version 2.1; Lupas et al.,
1991) to form a coiled-coil domain commonly used in protein
dimerization. To determine the intracellular localization of
geminin protein, we used an antibody against geminin to detect
the protein in blastula stage embryos. The endogenous geminin
protein appeared to be predominantly nuclear-localized (Fig.
3B,C). We also injected plasmid encoding a myc epitope-
tagged geminin protein into embryos and immunostained to
detect the myc epitope. Most of this gem protein also
translocated to the nucleus (data not shown).

By sequence similarity, the twéenopusgem cDNAs are
85% identical within the open reading frame, although the 5
Fig. 2. Geminin suppresses epidermal and expands neural gene and 3 untranslated regions and sequences of the introns are

expression. (A) Synaptobrevin (Knecht et al., 1995: Richter et al., Much less highly conserved. Since the predicted proteins

1988) expression in the olfactory placode is expanded on the encoded by these cDNAs vary by three amino acids in size, we
geminin-injected side of the embryo (15 pg full-length RNA use the designations L (light) and H (heavy) to denote the
injected). (B,C) otx 2 expression on geminin-injected (B) or cDNA reported here and that reported by T. McGarry and M.

uninjected (C) sides of the same embryo. In B, otx 2 expression is K. (unpublished data), respectively. To determine whether

expanded posteriorly and the otic vesicle and branchial arches fail tthese cDNAs represented two separate genes or rather two
form normally. (D-F) In situ hybridization for twist (aqua) and alleles of the same gene, we assayed haploid genomes for the
injected geminin (pink). Injection of 250 pg of Ngem RNA presence of each gene. In three haploid genomic backgrounds
eliminates twist staining (D,E), whereas injection of 25 pg of Ngem tested, we found that both genes were present and isolated

expands twist expression on the injected (right) side relative to the . . di both inin cDNA
control half (F). (G-I) Animal hemisphere views of late gastrulae ~ 9ENOMIC COPIES corrésponding to both geminin ¢ s (see

stained to detect epidermal keratin (aqua) and either 250 pg injecte®Materials and Methods; data not shown).

Ngem (G,H, pink stain) or 250 pg injected GFP (I, pink stain). In G We defined two functional domains of geminin in embryos by
and H, epidermal keratin staining is lost in injected cells; in |, testing a series of geminin deletion mutants for activity. An N-
overlap of GFP and keratin produces a dark purple stain. terminal domain (amino acids 38-90; Ngem) was sufficient to
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Fig. 3. Structure, intracellular localization and developmental profile of geminin expression in embryos. (A) Protein sequenceds.of igemin
N-terminal domain sufficient for neuralization is overscored in red and the C-terminal coiled-coil domain is overscoreddatddsen

numbers for geminin are AF068781 (gem L), AF067856 (gem H), AF068780 (mouse gem), and AF067855 (human gem). (B,C) Animal pole
(B) and side (C) views of a blastula embryo immunostained with a geminin antibody. Most endogenous geminin is localizeddéashe

(D) RT-PCR analysis of geminin RNA levels in the embryo during development. Between stage 10 and 10.25, embryos were aalyzed wh
(W) or subdivided into dorsal (D) or ventral (V) halves. New (zygotic) transcription of geminin is evident at stage 9eaddrisaithalf of the
embryo at stage 10.

evoke neural hypertrophy and ectopic neurogenesis whearminal domain has no effect on DNA replication or cell cycle
injected at RNA levels slightly higher than those required for th@rogression (T. McGarry and M. K., unpublished data), is not
full-length molecule. A C-terminal domain comprised of thecytotoxic in embryos at doses up to 2 ng and can fully account
coiled coils of the molecule (amino acids 112-168; Ccoil) wagor geminin’s neuralizing activity. These cDNAs also contain a
cytotoxic when expressed in early embryos. This domain hadestruction box that is near but not contained in the N-terminal
DNA replication inhibition activity and can fully account neuralizing fragment (T. McGarry and M. K., unpublished data).
geminin’s ability to regulate DNA replication in vitro (T.  The neuralizing and cell cycle regulatory activities of
McGarry and M. K., unpublished data). By contrast, the N-geminin are physically separated into non-overlapping and
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independently acting domains. However, alteration of the cellesicle, nose, otic vesicle, in cephalic neural crest (Fig. 41,J)
cycle state could conceivably be a precondition for neuradnd in a dorsal region of the tailbud contiguous with the dorsal
determination or differentiation such that physical associationeural tube (Fig. 4K).

of these domains would be advantageous. To test whetherWe also used in situ hybridization to mouse embryo tissue
blocking the cell cycle elicited ectopic neurogenesis, wesections to visualize the expression pattern of the mouse gene.
treated embryos with hydroxyurea and aphidicolin (HUA)Mouse geminin becomes enriched in the nervous system by
from the early gastrula stage (data not shown). This HUAbout day e8 to €9, although some staining outside the neural
treatment, as described by Harris and Hartenstein (1991f)be is also visible. At later stages (el5), expression localizes
blocks virtually all cell division and did not elicit neural to cranial and trunk nerves, the trunk neural tube and much of
hypertrophy in previous studies (Turner and Weintraub, 1994he brain (Fig. 4L).

Takebayashi et al., 1997). Likewise, we found that HUA o .

treatment alone had no effect on neural plate formation dpeminin suppresses BMP4 expression and

expression of neural genes. We also conversely found th@pidermal fate at gastrulation

neural hypertrophy elicited by geminin was not attributable t&While we identified geminin by its effect on neural plate
increased cell division as it occurred in HUA-treated embryoboundaries, we found gem had much earlier effects on
previously injected with geminin mRNA. Therefore, the ectodermal cells. Injection of gem RNA into lateral or ventral
neuralizing effects of geminin were neither sensitive to noectoderm caused a loss of BMP4 mRNA that was visible

caused by perturbation of the cell cycle. during gastrulation in these cells (Fig. 5B,C). A like decrease
o _ in BMP4 transcript levels occurred in isolated ectoderm

Geminin demarcates the future neural plate in early injected with geminin (Fig. 5D). These effects were elicited by

gastrulae low doses of full-length or Ngem RNA (10-100 pg) or injection

Geminin is expressed broadly in the early embryo with mostf pCMVgem plasmid. At the onset of gastrulation, geminin
prominent accumulation of mRNA (Fig. 4A) and protein (Fig.expression is upregulated in dorsal ectoderm prior to the loss
3B,C) in the animal hemisphere during early cleavagef BMP4 mRNA from these cells (Figs 4B-D, 6A; Hemmati-
However, at the onset of gastrulation, geminin mMRNA becomeBrivanlou and Thomsen, 1995). By contrast, BMP4 transcripts
restricted to a dorsal ectodermal territory (stagetd(L0). At  persist throughout gastrulation in lateral and ventral ectoderm
this time, geminin transcript levels increase dorsally relative taot expressing geminin (Fig. 4F). Thus, both geminin’s action
levels found in an equivalent volume of egg cytoplasm (Figand its pattern and timing of expression suggest a role in
3D). This indicates that the dorsal enrichment of geminidownregulating BMP4 expression in dorsal ectoderm during
MRNA seen by in situ hybridization must be due, at least igastrulation.

part, to new dorsal transcription. Ventrally, transcript levels are Does geminin’s antagonism of BMP4 mRNA persistence in
lower than levels found in the egg, although we can nodorsal ectoderm account for its neuralizing properties? To
determine from this whether the rate of gem mRNA turnoveaddress this question, we first compared the expression of
differs in dorsal versus ventral tissue.

Early in gastrulation, geminin transcripts
cleared from both ventral ectoderm and frorn
marginal zone, such that the domain of |
expression does not overlap with brachy
which is expressed in presumptive poste
mesoderm (Fig. 4C,D). BMP4 is expres
throughout the animal hemisphere and mar
zone in early gastrulae and the same cells
express both geminin and BMP4 at these s
(data not shown). By mid-gastrulation, howe
expression of geminin and BMP4 is larc
complementary and non-overlapping (Fig. - {
BMP4 mRNA is restricted to ventral ectode g.-j{,,
and mesoderm, while geminin mMRNA
restricted to dorsal ectoderm.

During neural plate stages, geminin
expressed in a wide anterior ectoder
territory that contributes to placodes, ne
crest and neural plate. In trunk neurectod
gem mRNA levels are slightly higher at
midline (notoplate) and at the lateral ed:

A

X-Delta-1

. - Fig. 4. Spatial distribution of geminin transcripts in the early embryo identified by in
Anterlor_ly, the Ia_te_ral edge of the gemi situ hybridization. (A,B,E,G,I-K) Geminin staining is purple in singly stained embryos.
expression domain is marked by the trigem = 5 £ 1y Geminin expression is pink in doubly stained embryos. The expression
ganglia (Fig. 4H). After neural tube clost  patterns stained in aqua are brachyury (C,D), BMP4 (F), or X-Delta-1 (H).

gem is expressed in both the floorplate (L) Geminin expression detected in a section of an e15 mouse embryo. Dorsal is
roofplate of the neural tube and m  oriented to the right (B-D), top (E,F) or facing out (G,M&nopussmbryos are stages
anteriorly throughout the brain, in the ¢ 4 (A), 10 (B), 10.25 (C, D), 12 (F), 12.5 (E), 13.5 (G), 20 (H), 28 (I) and 38 (J,K).
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gem + GFP

)

uninjected injected gem

geminin RNA

[=]
% injected 2, E‘ E
£ 288§ ZF§ . . . . .
E w88 =~ E Fig. 6.BMP4 can relieve geminin’s suppression of epidermal
- i development. (A-F) Double in situ hybridizations with epidermal
LSS BMP4 keratin (aqua) and geminin (pink) probes at stageqAJ) 10+ (B,
e 35’:;2‘:12,,, C), 12.5 (D) or 12 (E, F). A and C are dorsal views (arrowheads
mark the dorsal lip); B, E and F are animal hemisphere views.
o uscle (E) Coinjection of BMP4 and geminin; dark-purple tissue expresses
injected gem el . .. both epidermal keratin and injected geminin. (F) Coinjection of

geminin and GFP. Epidermal keratin expression is suppressed in
Fig. 5.Geminin inhibits expression of the epidermalizing growth ~ regions expressing injected geminin.
factor BMP4 in ventral and lateral ectoderm during gastrulation.
BMP4 expression (in aqua) occurs in lateral and ventral ectoderm of
uninjected embryos (A) but is eliminated by injection of 250 pg of geminin’s neuralizing properties could be attributed to its
Ngem RNA (pink staining B,C). A and B are lateral views; Cis an ability to lower intracellular BMP4 mRNA levels in dorsal
animal hemisphere view; embryos are stage 12 and dorsal is to the ectoderm during gastrulation.
right. (D) BMP4 expression is downregulated in ectoderm injected
with Ngem RNA. Expression of endogenous geminin is induced by Geminin is induced by organizer molecules and

injected Ngem (primers recognize tHeauBitranslated region not induces neural genes
included in the injected RNA). Muscle actin is not induced by . . . - Lo
geminin. To determine how induction of geminin expression in dorsal

ectoderm might occur in the embryo, we tested several neural
inducers and proneural genes for effects on geminin mRNA
levels in isolated ectoderm (Fig. 7A). Batbgginandchordin
geminin with that of epidermal keratin between stages 9 amstrongly induced geminin expression. By contrast, the
10.5. At the onset of gastrulation (stage-16 10), geminin  proneural gene&X-ngnr-1, which shows the earliest onset of
expression is upregulated in dorsal ectoderm and transcripts areural expression in the embryo, failed to induce geminin.
rapidly turned over in lateral and ventral cells, restrictingThese data are consistent with the observation that dorsal
geminin mMRNA to dorsal ectoderm (Fig. 6A). Epidermalupregulation of geminin transcription occurs at stage tb0
keratin is not present in these embryos at levels detectable &, after the onset of organizer gene expression (stage 9) but
in situ hybridization. Shortly thereafter (stage 10+ to 10.25)prior to expression of proneural genes includiggnr-1
levels of epidermal keratin rise in lateral and ventral cell§stage 10.5-11). We also found that geminin could induce its
outside of the geminin-expressing domain while keratin neveown expression (Fig. 5D). BMP4 had neither a stimulatory nor
appears in dorsal cells (Fig. 6B,C). At later stages, expressiamhibitory effect on geminin transcription (Fig. 7A).
continues to localize to non-overlapping ectodermal domains Consistent with its ability to repress BMP4 and epidermal
(Fig. 6D). keratin expression and induce neural gene expression in ventral
Geminin expression precedes restriction of BMP4 andells of the embryo, we found that geminin could induce neural
epidermal keratin expression to ventrolateral cells. Whegene expression in isolated ectoderm. The proneural §ene
misexpressed, geminin causes both BMP4 and epidermagnr-1 was strongly induced in the absencenufscle actin
keratin mRNAs to be lost from cells fated to form epidermisgene expression, indicating that geminin’s neuralizing activity
These observations are consistent with a mechanism whegedirect and not mediated by the formation of mesoderm with
downregulation of BMP4 RNA levels is the primary means byneural-inducing properties (Fig. 7BY-CAM expression was
which geminin neuralizes ectoderm. If this is so, coinjectioralso activated in this ectoderm (Fig. 7C) and in ventral tissue of
of BMP4 mRNA with geminin should rescue epidermalizationinjected embryos (Fig. 7E,F). However, by comparison With
in coinjected cells. We found this indeed to be the casexgnr-1or neuroD the level oN-CAMinduction in ectodermal
Ventral cells coinjected with BMP4 mRNA and geminin in aexplants was relatively weakl-CAMwas induced in explants
1:1 ratio formed epidermis (Fig. 6E), whereas ventral cellinjected with a plasmid that drives robust transcription of
injected the same dose of geminin and mRNA for greegeminin (pUASgem) but not by 10-20 pg of gem RNA. This
fluorescent protein failed to express epidermal keratin, asas consistent with results of gem RNA or plasmid injections
expected from geminin’s activity (Fig. 6F). Therefore, manyinto the ventral ectoderm of embryos (Fig. 1). By comparison,
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suppression of BMP4 mRNA levels was sensitive to injectioNeurogenesis is blocked by overexpression of the
of low doses of full-length or Ngem RNAs. The posterior neuralC-terminal domain
marker Hox B9 was induced by geminin, while expression ofVhile testing deletion mutants of geminin for activity, we
the anterior marker otx 2 (also expressed in non-neurdbund that a C-terminal domain containing the coiled-coil
ectoderm) was slightly suppressed. This was a somewhptotein dimerization motif (Cdim) antagonized neural
surprising result, given that neural inducers that are thought ttevelopment by contrast with effects of the full-length or N
act strictly by antagonizing BMP receptor signaling (such aserminus of geminin. Dorsal cells injected with a plasmid
noggin, chordin, or dominant-negative receptors) induce neurabntaining Cdim driven by the cytomegalovirus promoter
tissue of anterior character. In this respect, geminin’s neurafpCdim) expressed epidermal keratin ectopically and were
inducing activity resembles that of FGF, which has also beesuppressed from expressing N-tubulin. This effect was rescued
shown to induce posterior neural tissue in animal cap assalg coexpressing full-length geminin.
(Kengaku and Okamoto, 1995; Lamb and Harland, 1995). We We analyzed epidermal keratin expression in gastrula stage
speculate that this induction represents an effect of geminin @mbryos injected dorsally with either pCdim or with a rescue
neural gene transcription that is separate from its effects gulasmid containing cassettes for expression of both Cdim and
BMP4 transcription, but the mechanism by which this occuréull-length geminin, each from a separate CMV promoter
or its relevance in vivo remain unclear. (pCdim-gem). Epidermal keratin was expressed ectopically in
93% of embryos injected dorsally with pCdim=(37; Fig.
8A,B). Injection of pCdim-gem fully suppressed ectopic
epidermal keratin expression in some embryos while, in others,

o ectopic keratin was partially suppressed (data not shown).
A — g3 £ ‘E Complete suppression of ectopic dorsal keratin expression in
3 £% E%% @ > most embryos was obtained by coinjection of full-length
S P2 PEZZE geminin (pCMVgem) with pCdim-gem (100 pg each; 91%,
MEcoOX 3 ~S 0 _ -
o n=216; Fig. 8C,D). _ ' .
- - =® geminin We also analyzed the effects of this dominant negative
Sew w N-CAM
- - EF-1a
Bgs3y 25F
£ 8 onp 8 E o
EEceEzs
@ 8 c o0 =" E
DD D3 C ~ OO0
h - X-ngnr-1
[ - -“ - BMP4 Cdim

HHH“ otx2

bl - Hox B9

muscle actin

W

rescue

Fig. 8. A dominant negative geminin induces epidermis and
suppresses neural development in dorsal cells. (A-D) In situ
hybridization to detect epidermal keratin (pink) and injected geminin
(aqua; endogenous not visible); overlap produces a dark blue-purple
stain. Embryos are stage 12. (A,B) Dorsal views of embryos injected
with the geminin C-terminal domain expression plasmid (pCdim).
(C,D) Embryos injected with a plasmid encoding both Cdim and full-
Fig. 7.Geminin is induced by organizer signals and activates neurallength geminin (pCdim-gem; 100 pg) and with a plasmid encoding
gene expression in isolated ectoderm. (A) Geminin expression in  full-length geminin (pCMVgem; 100 pg). A remaining keratin-
response to inducing molecules, (B) induction of neural gene expressing dorsal cell is indicated by an arrowhead. (E,F) In situ
expression by geminin, (C-F) immunostaining for N-CAM in animal hybridization to detect N-tubulin (dark blue in F) and ectopically
caps injected with pUASgem (C), uninjected animal caps (D) or expressed geminin (pink) in transgenic embryos expressing either
embryos injected in one bilateral half with pUASgem (E,F). pCdim (E) or pCdim-gem (F). Embryos in E, F are stage 23/24.
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domain of geminin on the formation of endogenous neurdk regionalized into dorsal and ventral domains earlier than was
tissue, detected by N-tubulin staining. Initially, we found thatpreviously appreciated (by stage 10 to 10+). Geminin's
small regions of the neural tube expressing injected pCdiraxpression and activities are also consistent with roles in
failed to express N-tubulin (data not shown). We focusedontrolling both downregulation of epidermal inducers and
further analysis on transgenic embryos, as injected embrydater upregulation of proneural genes suciXamnr-1
were highly mosaic in the nervous system. Transgenic embryosNoggin and chordin inactivate extracellular BMPs by direct
expressing pCdim began gastrulation normally but celprotein binding. However, ectodermal cells would be expected
movements appeared to arrest during gastrulation and lattercontinue to express and secrete active BMP4 protein dorsally
embryos were severely disturbed with no visible axiain the absence of some intracellular response to this
structures (Fig. 8E). Most of these embryos (8684676 for  extracellular attenuation of BMP receptor signaling. Geminin
two experiments) completely lacked N-tubulin staining whilemay represent such an early response, downregulating BMP4
the others showed a partial loss of N-tubulin stainingtranscription and thus fully abolishing signaling by this BMP
Expression of pCdim-gem restored full N-tubulin staining toligand dorsally during the period of early organizer signaling.
89% of the embryosnE95 for two experiments), although it Geminin’s expression and dorsal accumulation could be
did not rescue normal morphology in many embryos (Fig. 8Fstimulated by an initial attenuation of BMP signaling, as
The ability of this rescuable C-terminal domain construct tanoggin and chordin induce geminin expression. Other dorsal
cause ectopic epidermis formation and to suppress neural tisssignals may also be involved, such as those of the wnt pathway.
formation in dorsal ectoderm indicates that geminin could b®nce present at high levels within dorsal cells, geminin can
required for some aspect of neural cell determination. stimulate its own transcription, producing a positive
autoregulatory circuit to reinforce dorsal fate. At the same
time, geminin could mediate the complete loss of BMP4

DISCUSSION mRNA and thus active BMP4 protein from the dorsal side of
S ) the embryo, establishing neural fate within the dorsal
The role of geminin in neurogenesis ectodermal cells. IrDrosophila BMP4 has been found to

Geminin was cloned based on its potent activities in thstimulate its own transcription, forming a positive
embryo, which resemble those of the proneural genes (Ferreiantoregulatory loop that maintains and reinforces the
et al., 1994; Kim et al., 1997; Lee et al., 1995; Ma et al., 199&pidermal state of cells in regions with high levels of
Takebayashi et al., 1997; Turner and Weintraub, 1994; Witta eltracellular BMP4 protein (Yu et al., 1996). There is some
al., 1995; Zimmerman et al., 1993). Geminin can expand thevidence such autoactivation may also occur in vertebrates
neural plate and induce ectopic neurogenesis in lateral arichmidt et al., 1996; Jones et al., 1992), thus autoactivation
ventral ectoderm in the absence of induced mesoderm awdcuits mediated by geminin and BMP4 on the dorsal and
when expressed only at the time of neural induction. At evenentral sides of the embryo, respectively, might maintain well-
low doses, misexpressed geminin suppresses BMP4 mRN#efined neural and epidermal domains within the embryo and
expression or persistence in ventral ectoderm and bloclstimulate the expression of the appropriate downstream genes.
epidermal keratin expression. Geminin’s expression pattern is A secondary, intracellular system for controlling BMP4
consistent with a role in controlling BMP4 transcript levels inlevels might seem unnecessary if BMP4 antagonists are
dorsal ectoderm as geminin defines a future neural territory jproduced by the organizer at levels sufficient to block all
early gastrula ectoderm from which BMP4 transcripts becomprotein that is produced. However, our experiments with
excluded and in which epidermal keratin expression nevesxpressed C-terminal domains indicate that geminin performs
occurs. Epidermis can also be rescued in ventral ectoderanfunction essential for establishing neural cell fate. In these
misexpressing geminin if BMP4 transcripts are coinjected t@xperiments, epidermis was induced in dorsal ectoderm in
replace those suppressed by geminin, further suggesting thatmediate proximity to unperturbed, organizer mesoderm.
some aspects of geminin’s neuralizing activities are mediatedeural fate was rescued in these cells by expressing full-length
by regulation of BMP4 transcript levels in dorsal ectodermagieminin. Interpretation of these results is complicated by
cells. potential non-neuralizing functions of the C-terminal domain.
Most research on the early stages of neuralization hakhis domain could inhibit other cellular functions, such as
focused on secreted molecules produced by dorsal mesodem™NA replication. If the presence of excess C-terminal domain
Geminin bridges a gap between these extracellular signals aimdthe cell blocks geminin’s interaction with another partner or
later establishment of proneural gene expression within dorstile formation of active homodimers, expression of excess full-
ectodermal cells. Geminin’s expression demonstrates thatlangth protein could overcome this inhibition. Hence the
future neural territory is established in the ectoderm by stagexperiment can be best seen as an indication that one pathway
10, while the earliest expression of proneural genes occurs oritywolving geminin plays a direct or indirect role in neural
later within a more restricted domain by stage 1BBdnr-1; specification.
Ma et al., 1996) or by stage 1XIPOUZ2 Witta et al., 1995). o )
In addition to BMP4 and epidermal keratin, several homeobof¢eminin as a prepattern gene in ectodermal
genes begin to be expressed in or are restricted ventrally b§gionalization
stage 10.5 to 11. Ventral upregulation of some of these genBsth geminin’s activities and expression pattern distinguish it
(msx-1 Suzuki et al., 1997 andom Ladher et al., 1996) is an from proneural genes that have been identified in vertebrates.
immediate, direct response to BMP signaling. Geminin'sGeminin is expressed in an earlier or broader pattern than any
dorsal localization in future neurectoderm precedes thedaown proneural gene, demarcating the future neural plate by
ventral restrictions of expression and indicates that ectoderparly gastrulation. This expression establishes a dorsal
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ectodermal domain in which cells will downregulate BMP4cycle progression, an intriguing possibility was that physical
expression, fail to express epidermal keratin, and later expressnnection of neuralizing and DNA replication inhibition
proneural genes, all cellular functions that can be performedomains within geminin could coordinate a switch from
by geminin. Unlike the proneural genes, geminin’s expressioproliferation to differentiation occurring after the neural cell
never localizes specifically to primary neural clusters. fate decision. Thus far, however, we have found no simple link
In keeping with its early expression pattern, geminin is morbetween the two processes during early neural specification.
effective at inducing early neural markers than late. Doses dfhibition of DNA replication did not alter neural patterning in
geminin that effectively suppress epidermal keratin and BMPé&mbryos, indicating that this was not sufficient to stimulate the
are 5- to 10-fold lower than those needed to induce neuraffects on the nervous system that we have observed. This is
tissue. While geminin can induce neurogenesis in lateral arglipported by similar studies with proneural genes (Turner and
ventral ectoderm (unlike the proneural get®SH-3 Turner  Weintraub, 1994; Takebayashi et al., 1997). Likewise, the
and Weintraub, 1994)geminin expression results in fewer domains sufficient to neuralize in vivo or block DNA
ectopic neurons than is seen in embryos injected with otheeplication in vitro are non-overlapping within the molecule,
proneural genes such dsngnr-1(Ma et al., 1996) oneuroD  so neither function can be explained as a consequence of the
(Lee et al., 1995). This may reflaggéminiris in vivo role, as other. Thus we cannot yet determine whether different
many cells expressingemininduring gastrulation do not later cofactors control these two functions or speculate as to whether
become neurons. Geminin may activate downstream procesgsbsre are hiological contexts, such as promoting the terminal
that further select sites of primary neuron formation within thalifferentiation of neurons, that might be more likely to use both
dorsal ectodermal cell field. In many respects, therefordunctions coordinately. Studies to address these issues are
geminin appears to act earlier and more generally to subdividenderway.
ectoderm into neural and non-neural territories, with activities ] ]
of downstream genes later determining neuronal fate withieeminin's mechanism of action
individual dorsal cells. Geminin is a novel molecule that can coordinately alter
In Drosophilg genes play a similar prepatterning role intranscription in ectodermal cells. While geminin is nuclear, we
domains of the wing imaginal disc where proneural gendave as of yet no evidence that this protein binds to DNA
activity later occurs. Formation of the sensory organs iglirectly, although this would certainly account for its ability to
controlled by activation of the proneural gersehaete(ac) affect transcription. Another possibility is that geminin
and scute (sg in small clusters of cells. While factors interacts with transcription factors or other nuclear or
controlling ac-scexpression are still poorly understood, two cytoplasmic proteins to alter their activity; geminin may either
recently identified homeodomain genes are expressed interfere with the activity of epidermalizing molecules or may
broader regions of the wing imaginal disc than #wese  activate molecules in the neuralization pathway. In yeast, full-
expressing clusters and can directly activate-sc  length geminin contains some transcriptional activation
transcription. These genes, nanaegucanandcaupolican are  activity, detected when it is fused to a GAL4 DNA-binding
designated ‘pre-pattern’ genes because their expression pattelomain (data not shown). It will be of interest to identify the
and activities fill a gap between genes suckragailedand binding partners of geminin.
hedgehogthat broadly subdivide the imaginal discs and The activities of the organizer in neural induction
expression o&c-scin small clusters of cells (Gomez-Skarmetasurprisingly are biochemically simple, direct inhibitors of BMP
et al., 1996). In a similar manngemininresponds to early protein activity. Yet these inhibitors lead to the demarcation of
dorsal-ventral patterning cues to demarcate a dorsal ectoderntla¢ neural plate and ultimately the patterning of the nervous
domain within which proneural genes later act to establiseystem. We might expect that other patterning processes are

neural cell fate. involved in building up complexity and delineating more
o ) _ accurately the domains of neural function. Such activities
Geminin is a bifunctional molecule would come as a response to mesodermal signaling in the

We found that geminin’s neuralizing activity localized to an N-neural plate. Geminin potentially represents such an activity.

terminal domain. A non-overlapping C-terminal domainAlthough it is not obvious how it functions biochemically, it

composed of the predicted coiled-coil region had nceems clear that geminin mediates an important patterning

neuralizing activity and was toxic when expressed at higlevent early in neural specification.

levels in cleaving embryos (from injected RNA). However, this

C-terminal domain was not deleterious to embryonic We wish to thank Robert Davis for providing plasmids prior to

blastula transition in transgenic or plasmid-injected embryo ,g’rtl‘z: dsgggel?ﬁgﬂw ;&3&3};”griﬁg;ecrgr?]?%"e?tioohnntﬁeer:gr:h Eéﬁg?rd
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interfered  with neurogenesis. T. McGarry and M. K.q . k).

(unpublished data) have found that the coiled-coil domain o(f

geminin inhibits the initiation of DNA replication, which may

correspond to the early toxicity that we observed. As show

previously, inhibition of replication after the early gastrulaﬁEFERENCES
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