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ABSTRACT

The transcription factor Zicl plays important roles in patterning the neural
plate in early vertebrate development. A crucial step toward understanding the
mechanisms of Zic1 function is to identify the downstream target genes. We
misexpressed Zicl in animal caps from Xenopus embryos, and screened for
differential gene expression with DNA microarrays. Candidate genes from these
microarray data were further validated by quantitative PCR. Through this study,
eleven genes have been shown to be directly upregulated by Zicl. One of the
direct targets of Zicl is a novel gene that we have named Xfeb. Xfeb is expressed
in the presumptive hindbrain region during neurula stages and in somite tissues
later in development. Xfeb represses the hindbrain gene 4oxB1 and the anterior
neural gene otx2, suggesting that Xfeb is involved in regionalizing the neural
plate, possibly by ensuring a posterior expression limit for ozx2.



INTRODUCTION

Early neural development has been proposed as a two-step model, with neural
induction as the first step, followed by initiative patterning of the resulting neural plate
(Sasai and De Robertis, 1997). For neural induction, besides inhibition of BMP (bone
morphogenetic protein) signaling, roles of positive signals, such as FGFs (fibroblast
growth factors), Wnts and IGFs (insulin-like growth factors, Pera et al. 2001), have been
suggested in recent studies (reviewed in Harland, 2000; Bainter et al, 2001; Munoz-
Sanjuan and Brivanlou, 2002. Stern, 2002; Bally-Cuif and Hammerschmidt, 2003). Many
effector genes, supposingly linkers between neural induction and initial patterning of
nervous system, have entered the picture in the last few years. These include zinc-finger
transcription factors Gli, Zic, XSIP1/ZEB2, Kheper; winged helix family XBF;
homeodomain proteins Iroquois; HMG-domain proteins Sox; several basic helix-loop-
helix (Atonal, Achaete-scute and Olig) factors; POU2; Geminin, etc. (Sasai, 1998; Bainter
et al, 2001; Bally-Cuif and Hammerschmidt, 2003) However, the patterning step might
well be interconnected with neural induction by sharing genetic circuits, since distinct
regions of the nervous system to become are already discernable at gastrulation stage, and
many of these effector genes are already expressed by then and show neural inducing
activities.

Zic genes encode C2H2 zinc finger transcription factors, homologous to odd-paired

in fruit fly. At least five zic genes have been are found in human, mouse and frog. A few



2
zic orthologs have been recently identified in protochordates (Gostling and Shimeld,
2003; Yamada et al., 2003; Wada and Saiga, 2002; Imai et al., 2002; Satou et al, 2002).
Zic genes are expressed widely in early neural domains in all chordates; while in
vertebrates they have specific dorsal expression during neuralation. This corresponds to
their proposed roles in patterning more complex neural structures and inventing a novel
structure of neural crest (Gostling and Shimeld, 2003).

zicl plays a very early role in establishing different regions of the future nervous
system. zic/ is expressed at the lateral edges of the neural plate and in the dorsal neural
tube. In particular, zic/ is expressed in midbrain and hindbrain regions during early
neurula stages and later extends along the dorsal spinal cord (Kuo et al., 1998; Mizuseki
et al., 1998; Nakata ef al., 1998). Studies from several model organisms suggest important
roles for zicl in patterning the neural plate, in formation of the neural crest, and in
cerebellar development (Aruga et al., 1998; Kuo et al., 1998; Mizuseki et al., 1998;
Nakata et al., 1998; Grinblat and Sive, 2001; Sasai et al., 2001; Aruga et al., 2002a; Sato
et al., 2005).

One possible activity of zicl is the inhibition of premature neuronal differentiation
(Aruga et al., 2002b; Ebert et al., 2003). Accordingly, a targeted deletion of zic/ in mice
(zic1-/-) results in hypoplasia of the cerebellum, a derivative of the anterior hindbrain
region (Aruga et al., 1998; Ogura et al., 2001). Further, a deletion of ZIC1 and ZIC4 was
recently shown to be the cause of Dandy-Walker malformation in humans, a common

cerebellar defect affecting 1/5,000 births, which is characterized by hypoplasia of the



cerebellar vermis. A similar phenotype develops in heterozygous zicl+/-, zic4+/- mice
(Grinberg et al., 2004). Although zic! is expressed in the developed cerebellum (Aruga et
al., 1994; Yokota et al., 1996), this abnormality is likely due to premature differentiation
of cells in the hindbrain region prior to cerebellum formation.

Currently, the molecular mechanisms of zic/ in patterning of the neural plate are
largely unknown. Studies in Xenopus have shown that zic/ induces the dorsal neural tube
marker pax3, the midbrain/hindbrain boundary marker en-2, and the neural crest marker
slug, along with several wnt genes (Kuo et al 1998; Nakata et al., 1998; Mizuseki et al.,
1998; Merzdorf and Sive, submitted). In a screen for genes regulated by zic/ in mouse
cerebella, the cerebellum-specific gene dorz-1 was identified (Hoshino et al., 2003).
However, these data tell little about the regulatory cascades initiated by zicl and the
relative positions of these genes in those cascades. Zic1 directly inhibits expression of the
proneural gene Mathl (Ebert et al., 2003), confirming that zic/ may act in inhibiting
neuronal differentiation.

It is of great interest to elucidate the mechanisms of neural development by
identifying zic! downstream target genes. To this end, we used DNA micoarrays to

conduct a screen at the genomic level in Xenopus laevis.



GENOMIC SCREEN WITH DNA MICROARRAYS

Experimental Design

Xenopus laevis, the African clawed frog, has been an excellent model for studying
early neural development. Animal caps are naive ectodermal tissue from the animal pole
of Xenopus embryos. When isolated from the embryos, these animal caps develop to
epidermal tissue by default. But they can be “induced” to become neural by inhibiting
BMP signaling pathway. As neural genes are not expressed in animal caps in the first
place, this system is suitable to study regulatory relation of neural genes. We used this
system to overexpress Zicl and compare the subsequent gene expression profile against
controls that overexpress {3 -globin.

In order to control the timing of Zicl function, we used a zic/ GR construct that fuse
zicl with human glucocorticoid receptor binding domain. This fusion protein only enters
nucleus and exerts its function at the presence of dexamethasone (dex). A translation
inhibitor, cycloheximide (CHX), can be applied to cultured animal caps. In this scenario,
because protein synthesis is inhibited, only immediate transcription events will be under
investigation.

Synthetic mRNA was injected into Xenopus embryos at two-cell stage. Animal caps
were dissected at stage 9 and cultured in 0.5X MBS. CHX was applied at the equivalent
of stage 12 and dex was added in 30 minutes after. The animal caps were cultured for

three more hours and total RNA was extracted from them. Each batch of RNA was



checked by PCR for the presence of genomic DNA and small portions from each batch
were subjected to RT-PCR with muscle actin primers to ensure the absence of mesoderm.
In the case of using spotted cDNA arrays, the experimental and control RNAs were
labeled with Cy3 and CyS5 through reverse transcription; the resulting cDNA probes were
then mixed and hybridized to duplicate arrays (Fig. 2.1.1). In the case of using Affymetrix
genechips, RNAs were reverse transcribed and labeled cRNAs were made from cDNAs;
samples were loaded on different genechips.

Zicl is not among the earliest genes expressed in embryos and functions in a fairly
complex environment. We use co-injected noggin to sensitize animal caps, which seems
to bring up a high background too, because noggin injection also induces zic/. On top of
this, several factors compounded the challenge here. In spite of our search, we could not
find an immediate downstream gene to serve as a positive control before this experiment.
The dissection of animal caps is a very laborious procedure, and the microarrays required
a significant amount of RNA materials. Contamination from mesoderm happens easily
and that trashes a whole batch of samples. Although we tried to control the timing of
experiments, embryonic developments are very dynamic in nature and that added more
noises into the system, because gene expressions cannot be really synchronized when the
profiles are measured. Another problem is that Xenopus laevis has a tetraploid genome:
more complexity in gene expression and regulation. For the same reason, the frog
genomic sequencing was carried out with Xenopus tropicalis. Lack of genomic

information also brought more difficulty in analyzing the array data later.
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Fig. 2.1.1. Schematic of cDNA microarray experiment.

ziclGR mRNA or £ -globin control mRNA was injected into both blastomeres of 2-cell Xenopus
embryos. 1 pg of noggin was co-injected to neuralize the explant tissue. Animal caps were dissected at
late blastula stage and cultured in saline. In order to identify genes directly regulated by zic/, CHX
was added to the animal caps at the equivalent of stage 12 to inhibit protein synthesis. Dex was added
30 mins later to induce activity of zic/ GR. Animal caps were harvested after an additional 3 hours of
culture and RNA was extracted. Experimental and control samples were labeled with Cy3 or Cy5
during reverse transcription; the resulting cDNA probes were then mixed and hybridized to spotted
cDNA arrays. zicl GR: hormone-inducible construct of zic/; GR is the human glucocorticoid receptor
binding domain. CHX: cycloheximide, a translation inhibitor. Dex: dexamethasone, used to induce
activity of Zic1GR.

Results from Spotted cDNA Arrays with CHX

This experiment was done in collaboration with Cho lab at UC Irvine. RNA samples

were generated from animal caps overexpressing zicl or 3-globin, with CHX. The
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hybridization was performed on duplicate miroarrays at UCI, Feb. 2004.

After background subtraction, the data were processed by a modified t-test (Baldi
and Long, 2001). 2,450 spots were selected with p-value <0.01. When further cut by |fold
change|>2, we had 163 upregulated clones and 435 downregulated clones. Their p-values
were not much differentiated, probably because the statistical power was rather limited
with duplicate arrays.

The top candidates from this experiment are listed in Table 2.2.1. The clone ID
inherits a system from Japan's NIBB database. We reorgani ze them with NCBI's Unigene

system. Further studies on these genes are discussed in section 3.4.

Table 2.2.1 Top candidates from spotted cDNA array experiment. These genes were selected
by fold change (4X for upregulation and 8X for downregulation). Repetitive and false clones were removed.
This list includes 23 upregulated genes (from 35 clones) and 28 downregulated genes (from 40 clones). N =
not determinated.

log2- Bayes. p- . in house .
Clone ID  transformed Gene/description Unigene
ratio_Average vl flame
XL082h18 4.94 1.48E-04  myoD
XL071c06 491 745E-03  Chaperonin subunit 2 (beta) cct2 X1.7645
XL073h19 4.57 6.00E-03  similar to PI3P binding protein-2 pbp2 X1.25498
XL092010 4.50 8.07E-03  similar to apoptosis response protein par4 X1.12484
XLOSSmOI 390  5.71E-03 I’;C:Ctlﬁ;’gf“"e receptor protein.alpha-1B chain ARPa XL1117
XL086j24 3.34 2.46E-04  snail
X1.092b09 3.27 6.46E-03  similar to Caveolin-1 cavl X1.22006
XL087a21 3.07 6.88E-03  no hit nieA N
XL092a21 2.57 9.38E-03  Hypothetical protein MGC53111 hupa X1.23093
XL070a21 2.52 7.58E-03  transcribed locus clau X1.13961
XL090n01 2.34 7.37E-03  nbx X1.25851
XL093a09 2.32 1.43E-03  transcribed locus feeh X1.34026
XLO087b17 2.30 4.93E-03  a ubiquitin-like protein ulys X1.47769

XL105p17 2.16 8.95E-03 transcribed locus - X1.2399



Table 2.2.1 - Continued

XL093108 2.15 490E-03  XFD-11 N
XL068p07 2.14 3.48E-04  no info - N
XL106h17 2.12 3.73E-04  sox18 X1.11958
XL090012 2.05 2.07E-06  feb X1.15703
XL100p03 205 1.83E-06 sS;ll(l:Ci:llrnat;) dehydrogenase complex, subunit B, iron i X1.12560
XL070i22 2.01 7.72E-03  Karyopherin alpha 2 X1.1819
XL086007 2.01 8.73E-03  TIMP-2 X1.26350
XL080p04 2.01 8.82E-03  Similar to RNA, U transporter 1 - X1.4398
XL096k05 2.00 6.55E-03  SHB containing protein - X1.12634
log2- Bayes. p- . in house .
Clone ID trgnsformed value Gene/description name Unigene
ratio_Average
XL0c2h08 -5.66 1.50E-05  Xnr-2 X1.1038
XL079g16 -5.09 2.46E-08  transcribed locus Psrepair X1.9606
XLO0c2h12 -5.04 1.68E-05  Xnr-4 X1.378
XLOSSN03 490  1.95E-04 ;‘rfclﬁé‘; Swomal interaction molecule 1 STM  XL10078
XLO68b23 402 5.37E-06 xg;iz:ze Type Linositol-1.4,5-trisphosphate 3= -y X1.8191
XLO059m10 -3.94 1.52E-03  weakly similar to angiopoietin-like 1 precursor AGI X1.24094
XLO0c2j04 -3.90 2.60E-04  noggin X1.834
XLO059k04 -3.76 1.92E-04  transcribed locus KIA X1.16216
XL0c2a20 -3.69 7.73E-04  pax-6 X1.647
XL0c2b02 -3.67 4.50E-03  cardiac actin X11115
XL064p23 -3.66 1.22E-03  unknown, weakly aligned to chick ChEST976i21 VNS N
XL062n10 -3.58 5.96E-03  muscle aetylcholine receptor alpha subunit MARa XL1117
XL0c2e20 -3.56 1.40E-07  Xhishl X1.806
XL065e21 -3.55 6.90E-03  MGC64592, similar to phosphorylase PNPH X1.16206
XL095n19 -3.54 1.28E-05  transcribed locus PCA X1.13287
XLO0c2b03 -3.50 9.00E-04  mox2 X1.1502
XL058c24 -3.40 9.20E-04  Dihydrolipoamide S-succinyltransferase Dlst X1.6474
Koot a3 amees Sl Bl e S
XL060001 -3.32 4.59E-03  hiting X.laevis U7 snRNA genes McDan N
XLO0c2h15 -3.24 5.78E-04  Xnr-6 X1.76
XL0c2i18 -3.22 3.56E-05 fkh-related
XL065d21 -3.16 3.58E-06 transcribed locus LUN X1.11931

XLO0c2;08 -3.13 1.39E-04  hbox4



Table 2.2.1 - Continued

XLO0c2all -3.10 1.15E-04  gsc X1.801
XL064h24 -3.10 9.79E-06  Hypothetical protein MGC68907 AXR X1.34
XL0c2e21 -3.04 7.27E-08  cDNA clone 29C6-2 X1.215 X1.215
XL05%¢19 -3.03 7.16E-04 similar to arginyl-tRNA synthetase - X1.45187
XL0c2c09 -2.99 5.65E-05  xtwn X1.390
End of Table2.2.1

Affymetrix Genechips: Early Response without CHX

After Xenopus genechips became available from Affymetrix, we continued our
screen with these commercial chips. In this experiment, RNA samples were generated
from animal caps overexpressing zicl plus noggin or {3 -globin plus noggin, without
CHX, so that we could include both direct and indirect gene targets in our screen.
Hybridization was performed in biological duplicates (four chips in total) at MSU's core
genomic facility, Aug. 2004.

The result from this experiment was expected to overlap partly with the earlier
cDNA microarrays, as this experiment looked for both direct and indirect target genes of
Zicl. Since the validation of the first set of data was hindered by many false positives, we
actually compared these two sets of data and selected several overlapping genes to check
with QPCR.

After we reran the +CHX experiment with genechips in April, 2006, this -CHX
2004 set of data was reanalyzed and compared to the newer data. Table 2.3.1 lists the top

candidates from this -CHX 2004 experiment. Two methods were used in data analysis:
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one by Genespring ® (selected genes made up the list “RMA4”, 289 genes), and one at

probe levels by myself (list “sli4”, 552 genes). Table 2.3.1 is the combined result of both

methods. Priority was given to consistency across all chips. The explanation of data

processing is in section 2.5.

Similarly, the +CHX 2006 data give a “RMAS” list by Genespring, and a “sli6” list

by my method.

Table 2.3.1 Top candidates from Affymetrix experiment without CHX, 20 genes. If sli6=1,
the corresponding gene is also selected in Affymetrix experiment with CHX (April, 2006). If RMA4=1,
the corresponding gene is also selected by Genespring. Full list is in file nochx2004.xIs.

sli6 RMA4 SL score

1 1
1 1
1 1
1 1
1 1
0 1
0 1
1 1

-8.425

-1.25

=715

-5.8458

-4.4134

-4.1501

-3.6014

-3.3357

Affy ID

X1.2565.2.51_at

X1.24486.1.A1_at

X1.26274.1.A1_at

X1.1136.1.51_at

X1.17153.1.A1_at

X1.586.1.S1_at

X1.19741.1.S1_at

X1.946.1.S1_at

Annotation

gb:CB559825 /DB_XREF=gi:29479355
/DB_XREF=AGENCOURT_12922336 /CLONE=IMAGE:4030965
/TID=X1.2565.2 /CNT=108 /FEA=EST /TIER=Stack /STK=77
/UG=X1.2565 /UG_TITLE=Xenopus laevis, Similar to alpha-Tubulin at
84B, clone MGC:53359 IMAGE:5571121, mRNA, complete cds
gb:CB561087 /DB_XREF=gi:29480617
/DB_XREF=AGENCOURT_13329097 /CLONE=IMAGE:6879469
/TID=X1.24486.1 /CNT=2 /FEA=EST /TIER=ConsEnd /STK=2
/UG=X1.24486 /UG_TITLE=ESTs, Weakly similar to A36056 tumor-
associated antigen CO-029 - human (H.sapiens)

gb:BE189559 /DB_XREF=gi:9729909 /DB_XREF=db67b12.x1
/CLONE=IMAGE:3378047 /TID=X1.26274.1 /CNT=4 /FEA=EST
/TIER=ConsEnd /STK=1 /UG=X1.26274 /UG_TITLE=ESTs
gb:BG160459 /DB_XREF=gi:12694378 /DB_XREF=daa26b08.y1
/CLONE=IMAGE:4057287 /TID=X1.1136.1 /CNT=2 /FEA=mRNA
/TIER=ConsEnd /STK=0 /UG=X1.1136 /UG_TITLE=X laevis beta-2-
globin mRNA

gb:BM261069 /DB_XREF=gi:17924109 /DB_XREF=dag33e08.x3
/CLONE=IMAGE:4783214 /TID=X1.17153.1 /CNT=1 /FEA=EST
/TIER=ConsEnd /STK=1 /UG=X1.17153 /UG_TITLE=ESTs
gb:AF146088.1 /DB_XREF=gi:6665659 /GEN=ESR-7 /TID=X1.586.1
/CNT=7 /JFEA=FLmRNA /TIER=FL /STK=2 /UG=X1.586
/DEF=Xenopus laevis enhancer of split related protein-7 (ESR-7)
mRNA, complete cds. /PROD=enhancer of split related protein-7
/FL=gb:AF146088.1

gb:BQ398596 /DB_XREF=gi:21086283
/DB_XREF=NISC_mo09b08.x1 /CLONE=IMAGE:5278790
/TID=X1.19741.1 /CNT=4 /[FEA=EST /TIER=ConsEnd /STK=2
/UG=X1.19741 /UG_TITLE=ESTs, Moderately similar to hypothetical
protein DKFZp564K0822 (Homo sapiens) (H.sapiens)
gb:AB030904.1 /DB_XREF=gi:6691470 /TID=X1.946.1 /CNT=3
/FEA=FLmRNA /TIER=FL /STK=2 /UG=X1.946 /DEF=Xenopus
laevis mRNA for thimet oligopeptidase, complete cds. /PROD=thimet
oligopeptidase /FL=gb:AB030904.1



Table 2.3.1 - Continued

1 1 -3.3007
1 0 3.3011

0 1 3.4209
1 0 3.4689
0 1 3.5086
1 0 3.5512
0 0 3.761

1 1 3.9338
1 0 3.9777
0 1 4.1574
1 0 4.4913
1 1 5.575

X1.17670.1.A1_at

X1.22458.1.A1_at

X1.23515.1.S1_at

X1.3549.1.52_at

X1.16116.1.A1_at

X1.16667.1.A1_at

X1.24860.1.A1_at

X1.5071.1.A1_at

X1.13537.1.A1_at

X1.2784.1.51_at

X1.1003.1.S1_at

X1.13309.1.51_at

11

gb:BG811162 /DB_XREF=gi: 14182142 /DB_XREF=daf41b08.x1
/CLONE=IMAGE:4740831 /TID=X1.17670.1 /CNT=2 /FEA=EST
/TIER=ConsEnd /STK=2 /UG=X1.17670 /UG_TITLE=ESTs, Weakly
similar to contactin 5; neural adhesion molecule (Homo sapiens)
(H.sapiens)
gb:BF072333 /DB_XREF=gi: 10848972 /DB_XREF=db55e12.x1
/CLONE=IMAGE:3302446 /TID=X1.22458.1 /{CNT=1 /FEA=EST
/TIER=ConsEnd /STK=1 /UG=X1.22458 /UG_TITLE=ESTs
gb:BC042293.1 /DB_XREF=gi:27503422 /TID=X1.23515.1 /CNT=10
/FEA=FLmRNA /TIER=FL /STK=4 /UG=X1.23515 /DEF=Xenopus
laevis, Similar to claudin 1, clone MGC:53308 IMAGE:5570517,
mRNA, complete cds. /PROD=Similar to claudin 1
/FL=gb:BC042293.1
gb:L35764.1 /DB_XREF=gi:603944 /TID=X1.3549.1 /CNT=40
/FEA=FLmRNA /TIER=FL /STK=4 /UG=X1.3549 /DEF=Xenopus
laevis chordin mRNA, complete cds. /PROD=chordin /FL=gb:1.35764.1
gb:BF611924 /DB_XREF=gi:11782058 /DB_XREF=df13b02.y1
/CLONE=IMAGE:3556947 /TID=X1.16116.1 /CNT=4 /FEA=EST
/TIER=ConsEnd /STK=1 /UG=X1.16116 /UG_TITLE=ESTs
gb:BM172514 /DB_XREF=gi:17312077
/DB_XREF=imageqc_5_2001smz444bdff41.x1
/CLONE=IMAGE:4964128 /TID=X1.16667.1 /CNT=4 /[FEA=EST
/TIER=ConsEnd /STK=4 /UG=X1.16667 /UG_TITLE=ESTs, Weakly
similar to guanylate binding protein 4 (Homo sapiens) (H.sapiens)
gb:BF047438 /DB_XREF=gi: 10765941 /DB_XREF=dc87d09.x1
/CLONE=IMAGE:3404081 /TID=X1.24860.1 /CNT=2 /FEA=EST
/TIER=ConsEnd /STK=1 /UG=X1.24860 /UG_TITLE=ESTs
gb:BE505236 /DB_XREF=gi:9708767 /DB_XREF=dc19h06.x1
/CLONE=IMAGE:3397595 /TID=X1.5071.1 /CNT=3 /FEA=EST
/TIER=ConsEnd /STK=3 /UG=X1.5071 /UG_TITLE=ESTs, Weakly
similar to JC7190 D-2-hydroxy-acid dehydrogenase (EC 1.1.99.6) -
human (H.sapiens)
gb:BJ054042 /DB_XREF=gi:17499048 /DB_XREF=BJ054042
/CLONE=XL049b08 /TID=X1.13537.1 /CNT=2 /FEA=EST
/TIER=ConsEnd /STK=1 /UG=X1.13537 /UG_TITLE=ESTs
gb:M96729.1 /DB_XREF=gi:214585 /TID=X1.2784.1 /CNT=14
/FEA=FLmRNA /TIER=FL /STK=3 /UG=X1.2784
/UG_TITLE=X laevis mRNA for metallothionein /DEF=Xenopus laevis
(clones pXIMT1 and pXIMT10) metallothionein mRNA, complete cds.
/FL=gb:M96729.1
gb:U28370.1 /DB_XREF=gi:1002540 /GEN=XANF-2 /TID=X1.1003.1
/CNT=1 /FEA=FLmRNA /TIER=FL /STK=1 /UG=X1.1003
/DEF=Xenopus laevis homeobox protein (XANF-2) mRNA, complete
cds. /PROD=homeobox protein /FL=gb:U28370.1
gb:X53450.1 /DB_XREF=gi:65256 /TID=X1.13309.1 /CNT=28
/FEA=mRNA /TIER=ConsEnd /STK=0 /UG=X1.13309
/UG_TITLE=Xenopus laevis mRNA homologous to Drosophila Snail
gene /DEF=Xenopus laevis mRNA homologous to Drosophila Snail
gene.

End of Table 2.3.1.
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Affymetrix Genechips: Early Response with CHX

This was the rerun of experiment with CHX on Affymetrix genechips. Hybridization
was performed with biological triplicates at MSU, April 2006. Since we had identified
Xfeb and snail as Zicl targets in previous studies, these two genes were used as positive
controls in preparation of new samples.

Two methods were used in data analysis: one by Genespring ® (selected genes made
up the list “RMAS”, 292 genes), and one at probe levels by myself (list “sli6”, 656 genes).
Table 2.4.1 lists the top candidates from this experiment, as the combined result of both
methods. Priority was given to consistency across all chips. This table also took into
consideration of comparisons to other data. The explanation of data processing is in

section 2.5.

Table 2.4.1. Top candidates from Affy experiment with CHX, 28 genes. If sli4=1, the
corresponding gene is also selected in Affy experiment without CHX (Aug, 2004). If RMAS=1, the
corresponding gene is also selected by Genespring. Full list is in file chx2006.xls.

sli4d RMAS SL score Afty ID Annotation

gb:CB559825 /DB_XREF=gi:29479355
/DB_XREF=AGENCOURT_12922336 /CLONE=IMAGE:4030965

1 1 -8.7444  X1.2565.2.S1_at /TID=X1.2565.2 /CNT=108 /FEA=EST /TIER=Stack /STK=77
/UG=X1.2565 /UG_TITLE=Xenopus laevis, Similar to alpha-Tubulin at
84B, clone MGC:53359 IMAGE:5571121, mRNA, complete cds
gb:BE679068 /DB_XREF=gi: 10061375 /DB_XREF=df79c02.x1

1 1 -4.0784  X1.10555.1.A1_at /CLONE=IMAGE:3745538 /TID=X1.10555.1 /CNT=1 /FEA=EST
/TIER=ConsEnd /STK=1 /UG=X1.10555 /UG_TITLE=EST
gb:BG810694 /DB_XREF=gi: 14181674 /DB_XREF=daa63d11.x2
/CLONE=IMAGE:4060484 /TID=X1.2565.4 /CNT=7 /[FEA=EST

1 0 -3.6721  X1.2565.4.S1_x_at /TIER=Stack /STK=7 /UG=X1.2565 /UG_TITLE=Xenopus laevis,
Similar to alpha-Tubulin at 84B, clone MGC:53359 IMAGE:5571121,
mRNA, complete cds



Table 2.4.1 - Continued

1 0 -3.6394
1 0 -3.6185
1 0 -3.4272

0 0 -3.2417

0 0 -2.8887

0 1 -2.3453
1 1 1.9888
1 1 2.0098
1 1 2.1855
1 1 2.5387
1 1 2.5844

0 0 2.7484

0 1 2.7708

X1.26274.1.A1_at

X1.13472.1.S1_at

X1.1136.1.51_at

X1.13415.1.A1_at

X1.2060.1.A1_x_at

X1.12938.1.A1_at

X1.12160.1.S1_at

X1.10868.1.S1_at

X1.373.1.51_at

X1.1003.1.S1_at

X1.182.1.S1_at

X1.3150.1.S1_at

X1.9271.1.51_x_at
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gb:BE189559 /DB_XREF=gi:9729909 /DB_XREF=db67b12.x1
/CLONE=IMAGE:3378047 /TID=X1.26274.1 /CNT=4 /[FEA=EST
/TIER=ConsEnd /STK=1 /UG=X1.26274 /UG_TITLE=ESTs
gb:BJ099031 /DB_XREF=gi:17601144 /DB_XREF=BJ099031
/CLONE=XL148n21 /TID=X1.13472.1 /CNT=6 /FEA=EST
/TIER=ConsEnd /STK=2 /UG=X1.13472 /UG_TITLE=ESTs
gb:BG160459 /DB_XREF=gi: 12694378 /DB_XREF=daa26b08.y1
/CLONE=IMAGE:4057287 /TID=X1.1136.1 /{CNT=2 /FEA=mRNA
/TIER=ConsEnd /STK=0 /UG=X1.1136 /UG_TITLE=X.laevis beta-2-
globin mRNA

gb:BJ092954 /DB_XREF=gi:17592309 /DB_XREF=BJ092954
/CLONE=XL057p08 /TID=X1.13415.1 /CNT=2 /FEA=EST
/TIER=ConsEnd /STK=2 /UG=X1.13415 /UG_TITLE=ESTs
gb:BJ055271 /DB_XREF=gi:17423255 /DB_XREF=BJ055271
/CLONE=XL009a10 /TID=X1.2060.1 /CNT=4 /FEA=EST
/TIER=ConsEnd /STK=4 /UG=X1.2060 /UG_TITLE=ESTs, Weakly
similar to Y226_HUMAN HYPOTHETICAL PROTEIN KIAA0226
(H.sapiens)

¢b:BJ092938 /DB_XREF=gi:17592287 /DB_XREF=BJ092938
/CLONE=XL057014 /TID=X1.12938.1 /CNT=3 /FEA=EST
/TIER=ConsEnd /STK=2 /UG=X1.12938 /UG_TITLE=ESTs
gb:BC046942.1 /DB_XREF=gi:28422662 /TID=X1.12160.1 /CNT=12
/FEA=FLmRNA /TIER=FL /STK=1 /UG=X1.12160 /DEF=Xenopus
laevis, Similar to RIKEN cDNA 4930415M08 gene, clone MGC:52580
IMAGE:5570286, mRNA, complete cds. /PROD=Similar to RIKEN
cDNA 4930415M08 gene /FL=gb:BC046942.1

gb:AB080019.1 /DB_XREF=gi:27884296 /GEN=xgalectin-VIa
/TID=X1.10868.1 /{CNT=23 /FEA=FLmRNA /TIER=FL+Stack
/STK=10 /UG=X1.10868 /DEF=Xenopus laevis mRNA for galectin
family xgalectin-VIa, complete cds. /PROD=galectin family xgalectin-
VIa /FL=gb:AB080019.1

gb:U75996.1 /DB_XREF=gi: 1743868 /TID=X1.373.1 /CNT=5
/FEA=FLmRNA /TIER=FL /STK=1 /UG=X1.373 /DEF=Xenopus
laevis eomesodermin mRNA, complete cds. /PROD=eomesodermin
/FL=gb:U75996.1

¢b:U28370.1 /DB_XREF=gi:1002540 /GEN=XANF-2 /TID=X1.1003.1
/CNT=1 /FEA=FLmRNA /TIER=FL /STK=1 /UG=X1.1003
/DEF=Xenopus laevis homeobox protein (XANF-2) mRNA, complete
cds. /PROD=homeobox protein /FL=gb:U28370.1

gb:AJ242680.1 /DB_XREF=gi:5042352 /GEN=xfd-13 /TID=X1.182.1
/CNT=5 /FEA=mRNA /TIER=ConsEnd /STK=0 /UG=X1.182
/DEF=Xenopus laevis mRNA for XFD-13 protein. /PROD=XFD-13
protein

gb:AB049354.1 /DB_XREF=gi:10336598 /GEN=xFRP
/TID=X1.3150.1 /CNT=34 /FEA=FLmRNA /TIER=FL+Stack /STK=12
/UG=X1.3150 /DEF=Xenopus laevis XFRP mRNA for follistatin-related
protein, complete cds. /PROD=follistatin-related protein
/FL=gb:AB049354.1

gb:AJ009285.1 /DB_XREF=gi:3821761 /TID=X1.9271.1 /CNT=1
/FEA=mRNA /TIER=ConsEnd /STK=0 /UG=X1.9271
/UG_TITLE=Xenopus laevis cDNA clone 11A10 /DEF=Xenopus laevis
cDNA clone 11A10.
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0 0 2.8307

0 1 3.1221

0 0 3.1255

1 1 3.2556
1 1 3.3382
1 1 3.3889
1 0 3.5632
1 1 3.9175

0 0 3.9472

0 1 3.9914

1 1 4.8726

0 1 6.4442

X1.9271.1.S1_at
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gb:AJ009285.1 /DB_XREF=gi:3821761 /TID=X1.9271.1 /CNT=1
/FEA=mRNA /TIER=ConsEnd /STK=0 /UG=X1.9271
/UG_TITLE=Xenopus laevis cDNA clone 11A10 /DEF=Xenopus laevis
cDNA clone 11A10.

gb:BC044063.1 /DB_XREF=gi:28277238 /TID=X1.11405.1 /CNT=342
/FEA=FLmRNA /TIER=FL+Stack /STK=98 /UG=X1.11405

X1.11405.1.S1_a_at /DEF=Xenopus laevis, clone MGC:52615 IMAGE:4681241, mRNA,

X1.639.1.S1_at

X1.1249.2.51_a_at

X1.13309.1.51_at

X1.15703.1.A1_at

X1.5813.1.S1_at

X1.9933.1.A1_at

X1.13925.1.A1_at

X1.194.1.S1_at

X1.11302.1.A1_at

X1.22603.1.A1_at

complete cds. /PROD=Unknown (protein for MGC:52615)
/FL=gb:BC044063.1
gb:AF253504.1 /DB_XREF=gi:7689274 /TID=X1.639.1 /CNT=1
/FEA=FLmRNA /TIER=FL /STK=1 /UG=X1.639 /DEF=Xenopus
laevis homeodomain protein dbx mRNA, complete cds.
/PROD=homeodomain protein dbx /FL=gb:AF253504.1
gb:M31117.1 /DB_XREF=gi:214589 /TID=X1.1249.2 /CNT=1
/FEA=FLmRNA /TIER=FL /STK=1 /UG=X1.1249
/UG_TITLE=X laevis MyoD1 homologue (mf1) gene (expressed prior
to somite formation) mRNA, complete cds /DEF=X.laevis MyoD1
homologue (mf11) gene (expressed prior to somite formation) mRNA,
complete cds. /FL=gb:M31117.1
gb:X53450.1 /DB_XREF=gi:65256 /TID=X1.13309.1 /CNT=28
/FEA=mRNA /TIER=ConsEnd /STK=0 /UG=X1.13309
/UG_TITLE=Xenopus laevis mRNA homologous to Drosophila Snail
gene /DEF=Xenopus laevis mRNA homologous to Drosophila Snail
gene.
gb:BJ045643 /DB_XREF=gi:17370251 /DB_XREF=BJ045643
/CLONE=XL004n03 /TID=X1.15703.1 /CNT=10 /FEA=EST
/TIER=Stack /STK=6 /UG=X1.15703 /UG_TITLE=ESTs, Weakly
similar to 17kD fetal brain protein (Homo sapiens) (H.sapiens)
gb:BJ048791 /DB_XREF=gi:17409207 /DB_XREF=BJ048791
/CLONE=XL022a03 /TID=X1.5813.1 /CNT=23 /FEA=EST
/TIER=Stack /STK=6 /UG=X1.5813 /UG_TITLE=ESTs
gb:BG731538 /DB_XREF=gi: 14016613 /DB_XREF=dac26f11.x1
/CLONE=IMAGE:4408101 /TID=X1.9933.1 /CNT=2 /FEA=EST
/TIER=ConsEnd /STK=1 /UG=X1.9933 /UG_TITLE=ESTs, Weakly
similar to blood vessel epicardial substance; bves protein (Homo
sapiens) (H.sapiens)
¢b:BJ091281 /DB_XREF=gi: 17589860 /DB_XREF=BJ091281
/CLONE=XL094k20 /TID=X1.13925.1 /CNT=2 /FEA=EST
/TIER=ConsEnd /STK=1 /UG=X1.13925 /UG_TITLE=ESTs, Weakly
similar to AXN2_HUMAN Axin 2 (Axis inhibition protein 2)
(Conductin) (Axin-like protein) (Axil) (H.sapiens)
¢b:D83712.1 /DB_XREF=gi: 1213588 /TID=X1.194.1 /CNT=18
/FEA=FLmRNA /TIER=FL /STK=3 /UG=X1.194 /DEF=Xenopus
laevis mRNA for Prostaglandin D Synthase, complete cds.
/PROD=Prostaglandin D Synthase /FL=gb:D83712.1
gb:BG439728 /DB_XREF=gi: 13349378 /DB_XREF=dab26c11.x1
/CLONE=IMAGE:4175612 /TID=X1.11302.1 /CNT=1 /FEA=EST
/TIER=ConsEnd /STK=1 /UG=X1.11302 /UG_TITLE=ESTs, Weakly
similar to A56666 glutathione transferase (EC 2.5.1.18) alpha-2
(validated) - human (H.sapiens)
gb: AW766683 /DB_XREF=gi: 7698676 /DB_XREF=da66g05.x1
/CLONE=IMAGE:3199928 /TID=X1.22603.1 /CNT=1 /FEA=EST
/TIER=ConsEnd /STK=1 /UG=X1.22603 /UG_TITLE=ESTs

End of Table2.4.1.
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Data Processing and Cross Comparisons

Our spotted array experiment had only duplicates. The subsequent analysis showed a
high rate of false positives. In order to gain sufficient statistical power, we redid the
experiment with triplicate Affymetrix genechips.

A software suite, Genespring ® , isavailable at MSU's core facility. Our datafrom
al genechips (with and without CHX) went through ANOVA analysis implemented in
Genespring (by Kate Mclnnery). 289 genes (RMA4 list) were selected from the data
without CHX, and 292 genes (RMADG list) were selected from the data with CHX (in
Merzdorf Microarray (1).xls).

As Genespring uses data at the gene level, | aso analyzed these genechip data at
probe level. Probe level comparison seems to offer more reliable results, introducing less
bias against low-abundance genes. It worked as:

1) pairwise comparison between samples and controls at probe level. For the 4 chips from
the experiment without CHX, this yields 4 comparison results (samplel vs control 1,
samplel vs control 2, sample2 vs control 1, sample2 vs control 2). For the 6 chips from the
experiment with CHX, thisyields 9 comparison results. This step was performed with
Affymetrix GCOS suite (Liu et al., 2002).

2) filtering for the significant results only (fold change >2 and p-value < 0.01).

3) combine all the (4 or 9, respectively) comparisons with a SL score:
SLscore=_ R, *log,(p,) Y log,(p,) ,k=1..4(..9); whereRislog(fold change)

and p is p-value. It should be noted that in Affymetrix GCOS, the p-values for

downregulation were given as (1 - p) instead.
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4) sort all genes according to their SL score.
This method was implemented and documented in a Matlab script (processing.m).

| selected 552 genes (di4 list) from the experiment without CHX, among which 88
genes overlap with Genespring's RMAA4 list (saved in nochx2004.x1s). Similarly, 656
genes (dli6 list) were selected from the experiment with CHX, among which 124 genes
overlap with Genespring's RMAS list (saved in chx2006.x1s).

A comparison was also done between the experiment without CHX and that with
CHX, and 98 genes were found in common (chx2006.xls, sheet3).

In the analysisin Genespring, one experimental samplein +CHX experiment was
excluded because it was suspected to be an outlier comparing the other two experimental
chips. All chips were included in my probe-level analysis. Since high priority was given
to the p-values in my process, my method is robust to outliers. In fact, my lists contain
the very top candidates from the Genespring's lists while give more recommendations.

Since the spotted cDNA array used a different format, comparison to the genechip
data was only possible by converting its clone IDs into Unigene numbers. Sinceit'sa
slow process, we only compared the top 51 genes from spotted array to the di6 list. 6

genes were found in common (Cho2004chx-dli6.x1s).

Materials and Methods

The cDNA microarrays used in this study were constructed from a Xenopus tailbud
library, containing 21,504 sequenced clones (Tran et al., 2002). zicl-induced and

uninduced samples were used as experimental and reference samples, respectively.
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Genechips ® and related reagents were purchased from Affymetrix Inc.

200 pg zic1GR RNA or b-globin control RNA were co-injected with 1 pg noggin
RNA into both blastomeres of 2-cell Xenopus embryos. Ectodermal explants (animal
caps) were dissected at stage 9 and cultured in 0.5x MBS (Modified Barth’s Saline). In
order to limit our screen to direct targets of zicl, 10 pg/ml cycloheximide (Sigma) was
added to the animal caps at the equivalent of stage 12 to inhibit protein synthesis. 10 uM
dexamethasone (Sigma) was added 30 min later to induce activity of ziclGR. Animal
caps were harvested after an additional 3 hours of culture and total RNA was extracted.
We have been using protease K and phenol/chloroform to extract RNA. Although this
method has good yield, the resulting RNA tends to be fragmented. Hence, it is a
suboptimal method and alternative (TRI reagents, etc.) should be explored.

Each batch of RNA was checked by PCR for the presence of genomic DNA and
small portions from each batch were subjected to RT-PCR with muscle actin primers to
ensure the absence of mesoderm.

For spotted cDNA arrays, 40 ug of experimental and control RNAs were labeled
with Cy3 or Cy35, respectively, during reverse transcription; the resulting cDNA probes
were then mixed and hybridized to duplicate spotted cDNA arrays. Hybridization results
were scanned and processed by GeneData Expressionist (Genedata). A modified t-test
was applied (Baldi and Long, 2001) to analyze the resulting data.

For Affymetrix genechips, over 5 yg of total RNA was used for preparing each

target, according to one-cycle protocol from the manufacturer. Samples and controls were



18
loaded on different chips. Totally 10 genechips were used in this study (four in -CHX
2004 experiment, six in +CHX 2006 experiment). Scanned data were read through
Affymetrix GCOS software, and further processed with Genespring and custom methods

(section 2.5).
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SCREEN RESULTS AND ANALYSIS

Sequence Analysis

The clones on Cho's cDNA array mostly carry short EST sequences, and the
annotations were somewhat dated. To investigate candidate genes, several measures were
taken:

1) Converting the original ID (mostly from NIBB, http://xenopus.nibb.ac.jp/) to
Unigene numbers. Repetitive or false clones were removed.

2) Finding a best representative sequence for each gene. Priority was given to the 3'
end.

3) Confirming ORF when possible. We encountered NIBB sequences that were
deposited as negative strands.

4) Selecting optimal regions for PCR or cloning.

2-4) also applied to genes identified on Affymetrix genechips.

Cloning and in situ Hybridizations

In situ hybridization was planned to find out the expression domain of relevant genes
and to compare them with zic/ expression. For some previously studied genes, clones
were requested from other investigators. For novel genes, we used a TA cloning strategy
to clone part of the transcripts. In situ probes were made from these subcloned regions.

Undergraduate students Cindi Japhet and Chandra Denherder took part of this route
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in the second half of 2004. Below is a list of the genes they worked on. Most of these in

situs failed. AGI and MARa had interesting in sifu staining, and were included in our

poster at SDB meeting 2005. None of these genes was confirmed in subsequent QPCR

analysis.

Table 3.2.1 Genes tested by in situ hybridization.
This list was based on the spotted cDNA array results.

ID

XL071c06
XL073h19
XL092010

XL088mO01

XL087a21
XL079g16

XL058n03

XL059m10
XLO064p23
XL062n10
XL065d21
XLO064h24
XLO0c2e21

log2(fold
change)
491

4.57

4.50
3.90

3.07
-5.09

-4.90

-3.94
-3.66
-3.58
-3.16
-3.10
-3.04

Gene/description

Chaperonin subunit 2 (beta)
similar to PI3P binding protein-2

similar to apoptosis response protein
Acetylcholine receptor protein,alpha-1B chain precursor

no hit

transcribed locus
similar to Stromal interaction molecule 1 precursor

weakly similar to angiopoietin-like 1 precursor
unknown, weakly aligned to chick ChEST976i21
muscle aetylcholine receptor alpha subunit
transcribed locus

Hypothetical protein MGC68907

cDNA clone 29C6-2

in house name

cct2

pbp2
par4

ARPa

nieA

Psrepair
STM

AGI
VNS
MARa
LUN
AXR
X1.215

End of Table 3.2.1

Confirmation with PCR: Technical Development

PCR technology has been often used in animal cap assays. However, such studies

usually look at gene expressions in committed or differentiated cells, where the

differential expression is significant. In our study, animal caps had only three hours to

respond to overexpressing genes. The coinjected noggin also caused substantial
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background. As a result, it turned out later that the difference of gene expression between
samples and controls was often just that of a few PCR cycles. So it was impossible to
validate the array results with regular PCR. Without prior knowledge of the gene
abundance, and given the conditions in our lab, radioactive PCR was not up to the job
either. Fluorescent real-time PCR was necessary to study the candidate genes.

We were able to use RotorGene 3000 system at MSU's core genomic facility. Home-
spun QPCR recipes were tested with a number of genes with little success. Confusions
were also caused by unusually high melting points of DNA in these solutions. We later
used commercial reagents from Eurogentec, and focused on a small number of genes that
overlapped between cDNA array data and the first set of Affymetrix genechip data.

We ordered many PCR primers based on previously published primer sequences.
Most turned out not to work with Sybr Green QPCR. In fact, the most important factor of
all is the quality of primers in Sybr Green QPCR. Without commercial software, we
tweaked the free web-based Primer3 to design reasonable primers for QPCR. It is also
important to get a best sequence for a gene. Primers targeting the 3' end are preferred.

Limited by time and resources, we didn't optimize QPCR reactions for many a genes.
Since we only need comparative quantification, we used the simplest while probably most

robust method of quantification, the AACt method. At the time of our experiments, this
method was not included in RotorGene software. I implemented it into a Matlab script
(ct.m).

We used EF'/a as an internal control to normalize QPCR results. Another gene,

ODC, was also tested and yielded similar results. These genes are suboptimal as
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quantification controls because their transcripts are too abundant. Better control genes

should be sought in future studies. We used three or more biological replicates in these

QPCR reactions. When resources allow, triplicates for PCR are highly recommended.

Our initial efforts were targeted at the top list from the cDNA microarray

Confirmation with PCR: Results

experiment, which turned out to have many false positives (Table 3.4.1). We happened to

have performed a new experiment (-CHX) with Affymetrix genechips. So we focused

later on several genes that overlap with results from the new experiment.

Table 3.4.1. 49 genes tested with PCR, 5 confirmed (Y'). PCR was performed on animal cap
samples +CHX. N = No change. Blank cell indicates that QPCR is not completely working with existing
primers at current condition.

ID

XL082h18
XLO71c06
XLO073h19
XL092010
XLO088mO1
XL086j24
XL092b09
XL087a21
XL092a21
XL070a21
XL090n01
XL093a09
XLO087b17
XL106h17
XL090012
XL0c2h08
XL079g16
XLO0c2h12
XL058n03

XLO068b23
XL059m10

log2(fold
change)

4.94
4.91

4.57
4.50
3.90
3.34
3.27
3.07
2.57
2.52
2.34
2.32
2.30
212

2.05

-5.66
-5.09
-5.04
-4.90

-4.02
-3.94

Gene/description

myoD

Chaperonin subunit 2 (beta)

similar to PI3P binding protein-2

similar to apoptosis response protein
Acetylcholine receptor protein,alpha-1B chain precursor
snail

similar to Caveolin-1

no hit

Hypothetical protein MGC53111

transcribed locus

nbx

transcribed locus

a ubiquitin-like protein

sox 18

feb

Xnr-2

transcribed locus

Xnr-4

similar to Stromal interaction molecule 1 precursor
MGC83747, Type I inositol-1,4,5-trisphosphate 5-
phosphatase

weakly similar to angiopoietin-like 1 precursor

in house name

cct2
pbp2
pard
ARPa

cavl
nieA
hupa
clau

feeh
ulys

Psrepair

STM
CEL
AGI

PCR

< =< Z
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Table 3.4.1 - Continued

XLO059k04 -3.76 transcribed locus KIA

XL064p23 -3.66 unknown, weakly aligned to chick ChEST976i21 VNS

XL062n10 -3.58 muscle aetylcholine receptor alpha subunit MARa

XL065e21 -3.55 MGC64592, similar to phosphorylase PNPH N

XL095n19 -3.54 transcribed locus PCA

XLO0c2b03 -3.50 mox2

XL058c24 -3.40 Dihydrolipoamide S-succinyltransferase Dlst

XL060001 -3.32 hiting X.laevis U7 snRNA genes McDan

XLO0c2hl15 -3.24 Xnr-6

XLO0c2i18 -3.22 fkh-related

XL065d21 -3.16 transcribed locus LUN

XLO0c2all -3.10 gsc

XL064h24 -3.10 Hypothetical protein MGC68907 AXR

XLO0c2e21 -3.04 c¢DNA clone 29C6-2 X1.215 N

XL0c2c09 -2.99 Xtwn

XL0c2bl12 -2.41 lim-1

XL110i20 1.04 hairy2

XL0c2b14 -1.11 follistatin

XL097h17 1.69 HRT

XL083a23 1.00 HMG-X

XL0c2i02 -2.60 takl

XL0c2f20 -2.60 tob

XL0c2d19 1.56 Xanf-1

XL066n17 1.27 zic5 Y
X1.13537 3.98 Ane N
X1.9137 22 Apl N
X1.5071 3.94 Ease N
X1.2784 4.16 mt-A N

End of Table 3.4.1.

Several genes confirmed in Table 3.4.1 were further shown as direct target of Zicl
(Fig. 3.4.1). Among these genes, nbx was previously suggested to be a Zicl targets
(Kurata and Ueno, 2003); Xfeb is a novel gene that will be discussed in depth in Chapter
5; snail was also shown to be abolished in whole embryos by dominant interfering zic/
(DNzicD, Fig. 5.1.2D).

After we redid the CHX+ experiment with six more Affymetrix genechips, we were
able to select candidate genes more efficiently (genes10chips2006.xls). Table 3.4.2 shows

QPCR performed on 16 genes, and six have been confirmed.
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Figure 3.4.1 Several direct targets of Zicl.

Embryo injections and animal cap isolations were performed as in Fig. 2.11. The following samples were
added: 1) injection of P -globin or zicI GR alone; 2) samples collected with and without CHX treatment.
Quantitative RT-PCR was carried out on a Rotorgene 3000 platform and all data were normalized against
EF1 ¢ expression levels. Comparable data were obtained in at least three independent experiments and
representative data are shown here (Y axes represent relative transcript levels). The variation between
assays was below 20%. Nbx, snail, soxI18a and feb are direct targets of zicl because they are induced both in
the presence and in the absence of CHX. For comparison, wnt8b is an indirect downstream target of
zicIbecause wntS8b is induced only in the absence of CHX.
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Table 3.4.2. With data from more genechips,16 genes were tested, 6 confirmed (UP). PCR
was performed on animal cap samples +CHX. NC = No change; ? = further investigation is needed. The
QPCR data for these genes are included in QPCR/Real-time-PCR4/2006-05-17(1).x1s, 2006-05-24(1).xIs.

major
SL score Affy ID genebank gene description QPCR
entry
2.5387 X1.1003.1.S1_at U28370.1 anf2-A: Homeobox protein (XANF-2) UP
-4.0784 X1.10555.1.A1_at BE679068 retired, see UniGene X1.55107 NC
2.0098 X1.10868.1.S1_at BC077627.1 xgalectin-Via, gal6a UP
1.9888 X1.12160.1.S1_at BC046942.1 Trinucleotide repeat containing 4 (tnrc4-prov) up?
3.2556 X1.1249.2.51_a_at BC041190.1 myoD UP
retired, see UniGene X1.51335, similar to
3.5086 X1.16116.1.A1_at CF285831.1 Leucine-zipper-like transcriptional regulator 1 NC
(LZTR-1)
33007 XL17670.L.A1 at BC072368.1 Similar to contactin 6; neural adhesion molecule; NC
cttbprov
2.5844 X1.182.1.S1_at AJ242680.1 XFD-13 protein
6.4442 X1.22603.1.A1_at AW766683.1 retired, see UniGene X1.50886, transcribed locus ]
-8.7444 X1.2565.2.51_at BC044001.1 Similar to alpha-Tubulin at 84B NC
=715 X1.26274.1.A1_at BC070664.1 Hypothetical protein MGC82269 NC
2.1855 X1.373.1.S1_at U75996. Eomesodermin, a key carly gene in Xenopus UpP
mesoderm differentiation
3.1255 X1.639.1.51_at AF253504 40X-A: Homeodomain protein dbx, Xdbx inhibits
neuronal differentiation in the developing embryo
2.8307 X1.9271.1.51_at AJ009285.1 esr10-A: Enhancer of split related 10 ?
1.7155 X1.8933.1.A1_at BG554194 Transcribed locus UP
2.0261 X1.22006 BC070672 cav-1 NC?
End of Table 3.4.2.
Detailed data for the confirmed genes are listed in Table 3.4.3.
Table 3.4.3. Normalized QPCR data for six confirmed genes.
p-values of upregulation were computed by paired t-test.
. . . p-value of
genes Relative transcript abundance in Controls/Samples .
upregulation
Cl S1 Cc2 S2 Cc3 S3 beta3 opll5
galba 19.533 132.55 13.073 139.01 49.029 103.05 8.3908 143.69 1.67E-04
myoD 3.6007 631.93 19.999 615.53 30.492 605.04 152.14 483.39  3.22E-05
eomes 1.5753 6.2824 1.1646 6.6931 0.27184  7.5859 1.0701 6.7876 5.34E-06
Xanf2 296.31 1988.6 578.31 1706.6 235.21 2049.7 437.44 1847.5 8.45E-06
dbx 4.8416 34.033 10.475 28.4 6.8029 32.072  0.99035  37.884 6.61E-05
X1.8933  33.689 137.42 30.256 140.85 23.451 147.66 27.196 143.91 2.65E-08
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Discussion

This genomic screen had many difficulties as discussed in section 2.1. Most of the
work was done with very limited resources. Good QPCR assays were crucial in this
project. The validation of array data by whole mount in sifu hybridizations, although
taking along a lot of cloning, did not contribute in results. High rate of false positives
seemed to be inevitable with duplicate arrays. Because of the complexity of these
developmental experiments, at least triplicate arrays were required to select candidates
with a reasonable confidence.

Through my work, eleven genes have been confirmed to be upregulated by Zicl:
snail, nbx, Xfeb, zic5, Xgalectinba; myoD, eomesodermin, sox18; Xanf-2, dbx; and
X1.8933.

Among these, X1.8933 is a gene that has not been previously studied. At the time of
writing, it has 11 EST sequences in NCBI database, and is associated with TIGR Xenopus
gene index TC290335. Since these EST sequences are relatively short and have no clear
open reading frames, no information was obtained by sequence searches; neither through
tropicalis genome. However, with these EST sequences, it would be straightforward to
isolate this gene by PCR and obtain the missing sequence. Xfeb was also a novel Xenopus
gene. We characterized this gene and found it is expressed in the developing hindbrain
region. More findings on Xfeb are reported in Chapter 5.

MyoD and eomesodermin are potent mesodermal genes. MyoD is a key factor in
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muscle development. It has been found in our lab that zic/ is also expressed in chick
dorsomedial somites and overlaps partially with the expression of myoD (Sun Rhodes and
Merzdorf, 2006). Eomesodermin is one of the earliest genes activated in the mesodermal
lineage, and is essential for mesodermal formation (Ryan et al., 1996; Showell et al.,
2004). Its expression starts in early gastrula and gets confined after mid-neurula. The
ectopic expression of eomesodermin in animal caps induces other mesodermal genes
Xwnt8, Xbra, chd and Mix.I (Ryan et al., 1996 ). This implies that zic/ might have a role
in mesodermal development. Further evidences were added in a recent study, where
Xenopus sox18, another Zicl target identified in this study, was shown to be essential for
cardiogenesis (Zhang et al., 2005). In the referred study, the authors could not
differentiate the functions of sox/8 from sox7, and proposed they have redundant roles. It
will be interesting to examine sox7 in our study too. The authors also showed sox/8
activated snail and eomesodermin in animal caps, two other direct zic/ targets identified
in our study. It is difficult to tell from that experiment what developmental stage these
regulations occur in. The data from our microarrays point to the isoform of sox/8a, which
is also expressed quite later than sox/8b (Hasegawa et al., 2002). This is certain room to
analyze these relations further.

Galectins are proteins that bind to B-galactoside-containing carbohydrate moeties of
glycoconjugates (Shoji et al., 2003). Galectin family has been previously reported to be
involved in embryonic development. Xenopus B-galactoside-binding lectins were

proposed to be important for the development of neural crest cells and other tissues
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(Frunchak et al., 1993; Evanson and Milos, 1996). Although these lectins have not be
specifically identified, our finding of Xgalectin6a as a Zicl target evokes interesting
questions along this line.

Our data indicate that nbx, snail and zic5 are directly regulated by zicl, while slug is
indirectly regulated (Johnson and Merzdorf, unpublished). Published in situ hybridization
results show that the expression domains of zicl, nbx, snail, zic5 and slug overlap. It has
been reported that snail is upstream of slug (Aybar et al., 2003), zic5 activates snail and
slug (Nakata et al., 2000), nbx induces slug and is regulated by zic5 (Kurata and Ueno,
2003). Combined, these data suggest pathways in neural crest development (Fig. 3.5.1).

Whether Xgalectin6a is involved in this plot remains to be found out.

zic1

Fig. 3.5.1 Emerging regulatory relationships in neural crest development.

Xenopus Xanf-2 and Xanf-1 (Zaraisky et al., 1992; Mathers et al., 1995; Zaraisky et
al., 1995; Kazanskaya et al., 1997; Ermakova et al., 1999) are very close in both
nucleotide and amino acid sequences. Although findings have been reported for them
separately, these two genes cannot be possibly distinguished by in situ hybridizations. It is
also a question whether this is true for PCR. Since Xenopus tropicalis genome seems to

contain only a single anf gene, Xanf-1 and Xanf-2 are likely to be tetraploid copies of a
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same gene. The expression of Xanf overlaps with zic/ since late gastrula stages. But later
in neurula stages, Xanf expression overlaps more with zic2 in stead of zicl. As zic2
presumably function more anterior to zicl, and Xanf is also involved in anterior
development, the question arises whether the overexpression of Zicl in our experiments
affected Zic2 target genes. Such regulations may be among a whole array of gene
cascades following neural induction.

Xdbx is a homeodomain containing gene that is expressed in posterior hindbrain and
spinal cord at neurula stages. Its expression domain overlaps largely with Xash3, and
supposedly with Xfeb, given also the relative positioning to en-2 and krox20 ( Gershon et
al., 2000). Hence, zicl, Xfeb and Xdbx seem to be all expressed in the medially located
undifferentiated cells.

Xdbx has been reported to inhibit neuronal differentiation in a Notch1-independent
pathway (Gershon et al., 2000). Zicl also has an important role in inhibiting neuronal
differentiation, which was proposed to be linked to Notch signaling (Aruga et al, 2002;
Aruga 2004). Our finding indicates that Xdbx is a target of Zicl; this proposes Xdbx
could be one of the mechanisms that Zic1 inhibits neuronal differentiation. On the other
hand, how Zicl function is related to Notch signaling remains to be clarified.

We have not been able to identify a gene that is downregulated by Zicl. Several
possible reasons are: such genes are not explicitly expressed in animal caps per se,
therefore no way to detect; hybridization signals are low for repressed genes, so they are

difficult to be selected; Zicl might act mostly as a transcription activator.
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Overall, we have identified a number of highly interesting Zicl target genes in this
genomic screen. These regulations and the inspired future studies will largely enhance our
understanding of neural development. However, the pitfall of overexpression should be
born in our mind. Since the DNA binding domain of Zic1 is similar to some other zinc
finger transcription factors, it is also possible that genes were induced in this experiment
while they are actually regulated by other TFs. Would myoD and eomesodermin be
actually regulated by Gli family proteins? Precautions should be taken in further

investigation of these findings.

Materials and Methods

Injections, animal cap isolation and treatment were carried out as done for
microarray experiments.

Total RNA was extracted from animal caps or embryos with protease K and
phenol/chloroform, treated with DNase and reverse transcribed with oligo-dTis. (Fig.
3.6.1) Samples without addition of reverse transcriptase served as -RT controls to check
for the presence of genomic DNA. In animal cap assays, all samples were also checked
for the presence of mesoderm with muscle actin primers. Conventional PCR was carried
out with Taq polymerase (Invitrogen) and PCR products separated on polyacrylamide
gels. Real-time PCR was performed with a Sybr Green master mix (Eurogentec) on a

Rotorgene 3000 platform. PCR products were further examined by melt curve analysis

and gel electrophoresis. Data were quantified by the AACt method. For animal cap



31
samples, gene expression levels were normalized against EF-1a expression levels from
the same RNA pool (normalization with ODC levels produced similar results).

All primers used in this study are included in an Excel file (Primers_SL.xIs).

GH"'“ RNA extraction
) RT
- - — N — @—"U—" PCR
> Isolation of Culture to
RNA injection animal caps neurula equivalent

Fig. 3.6.1. Schematic of RT-PCR assays.
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COMPUTATIONAL ANALYSIS OF GENE EXPRESSION

This chapter gives a brief review on some of the computational tools applicable in

this type of genomic study, and perspectives on possible future directions.

Studying Promoters of Confirmed Genes

The ultimate test of a target gene of a transcription factor is the binding of this
transcription factor to its promoter. This could be an important research direction for the
target genes we identified from this screen. Knowledge on these gene promoters will also
help understand how the regulations are exerted, and promote further experimental
investigations.

However, to map the short promoter regions out of dozens of KB on the genome
could be very challenging. Toward this goal, computational tools are indispensable and
become fairly powerful. Since all the genes directly regulated by Zicl should have Zic1
binding sites on their promoters, these promoters should share the same binding motifs. A
computational tool could search candidate sequences for shared motifs to identify
potential Zicl binding sites. An excellent program is MEME, exemplified in Figure 4.1.1.

Further more, because promoters are likely to be more conserved than nonfunctional
sequences across species, searching in conserved genomic regions helps to improve the

chance of success. Identification of conserved non-coding sequences has been a goal of
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several computational tools, including that in VISTA project (Figure 4.1.2). Once the Zicl
binding sites are mapped computationally, experimental assays (gel-shift or reporter

assays) can be performed to validate the results.

EN SUMMARY OF MOTIFS

Combined block diagrams: non-overlapping sites with p-value < 0.0001

Combmed

Name p-value Wotifs
umaniPOE 2.00e-07 4 E E
humantlez1 2a 2.77e-01
humantVlex 120 2.82e-01 [ 2 |
humant e 121 182¢-01
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Fig. 4.1.1. An example output of MEME, identifying shared motifs among several sequences. Red
blocks = GCTCCCCGGGGAGCTG, a published Zicl binding site in Math1 promoter.
http://meme.sdsc.edu.

Evolutionary View of Zicl Functions

With knowing a number of Zic1 direct targets, an important question to ask is how
these gene regulations evolved. This may help understand how important, new
evolutionary features (e.g. neural crest) arose.

Zicl is a well-conserved gene in bilateria, with homologues found in D.
melanogaster and C. elegans. One way to address the question to examine the presence of
both the orthologues of Zic1 targets and the binding sites of Zicl in representative

genomes. As some of these Zic1 target genes will represent new features in evolution, the


http://meme.sdsc.edu/
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results shall shed light on the evolution of such new features.

For example, both neural crest and extensive brain structure are novel features of
vertebrates. Several neural crest genes including zic and snail have been studied to
address the evolution of neural crest (Shimeld and Holland, 2000). The results showed
these genes were already expressed in comparable patterns before the evolution of
vertebrates. We have identified that Xenopus snail is a direct target of Zicl. Hence, to
determine the presence of Zic binding site on snail promoter will be an important
approach to further our understanding of neural crest evolution. (we have also found
another zicl target nbx that is also involved in neural crest development.) Similarly, we
also found a novel hindbrain gene, Xfeb, as zic1 target, the evolution of zic/feb regulation

may help understand brain evolution.

r T T T T T T T T T T

Base genome: Human July 20023 Chromosome: chid 95208077-95214504
ATOHI

Cale. Window: 100 bp
Cong. Width: 100 bp
Cong. ldentity: TO%

Cale. Windaon: 100 bp
Cons. Wfidth: 100 bp
Cons. |dentity: 70%

50 %

05,208 95,202 .8 05,2002 05,200 Gk 05,210 05,2104 05,2108k H5,211.2H
Annctations:
4 Gene UTR
Exon CNS
0%
Repeats: !
W LINE T RMA
W LTR I DNA
W SIME 7T Other 50%
Contigs: 00%
= Contig
= Overlap
50 %
85,211 6k 95,212 45,212 . 05,212 8k 05,213.2H 95,213 6 095,214k 65,2144

1. Oct. 2002 Mouse Genome Assembly (MLAGAN])
2, Frag Apr. 2004 (LAGAN)

Fig. 4.1.2. Identification of conserved non-coding regions through comparative genomics:
an example from VISTA, http://genome.lbl.gov/vista/index.shtml.
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On the other hand, the spectrum of genes regulated by zicI reveals the function of
this transcription factor, which changed and expanded during evolution. So overall, this

study could reveal interesting insights of evolving important new features along with

transcriptional regulation.

Regulators of zicl

Similar techniques can be used to look for binding sites in zic/ promoter, therefore
gaining information on upstream regulators of zic/. Fig. 4.3.1 shows an example to
examine promoter regions of human and mouse zicl. Conserved regions were identified

first, then searched against known TF binding sequences (from Transfac database).

Genomicalignmentofzict promoters from human and mouse (8 kb)

SOX1T7

S0R1T
Snail
S0=17 S0=17
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Fig. 4.3.1. An example of identifying TF binding site through phylogenetic footprinting.
ConSite, http://www.phylofoot.org/.
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XFEB AS A NOVEL TARGET OF ZICl1

Major contents in this chapter are presented in a paper in press (Li et al., 2006).

Xfeb Is a Direct Target of Zicl

Several lines of evidences suggest that Xfeb is a direct target of Zicl.

We first demonstrated this by QPCR (Fig. 5.1.1, A; Fig. 3.4.1). Conventional PCR
also showed Xfeb is activated by full-length Zic/ (Fig. 5.1.1, B).

In order to investigate whether zic/ is able to induce ectopic expression of Xfeb in
whole embryos, we misexpressed three zic/ constructs: RNA for full length zicl, zicIGR,
or ziclAC (where the domain C-terminal to the zinc fingers had been deleted; Kuo et al.,
1998) was injected into one cell of two-cell albino Xenopus embryos. lacZ RNA was co-
injected as tracer. The embryos injected with zicl GR were treated with dexamethasone at
mid-gastrula stage 11. Embryos were harvested at neurula stage 17 and the expression of
Xfeb was assayed by whole mount in situ hybridization. zic/AC induced significant
ectopic Xfeb expression (67%, n=09), both in the epidermal ectoderm (Fig. 5.1.2A) and in
the neural ectoderm (Fig. 5.1.2B). A similar effect was found in embryos injected with
zicIGR, although we did not find any significant Xfeb induction in full length zic/
injected embryos. The induction of Xfeb by zic/AC and zicIGR is probably due to the

increased activity of both constructs (Kuo et al., 1998). It is interesting that these zicl
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constructs were able to induce ectopic Xfeb expression at great distance from its normal
expression domain both in the neural ectoderm and in the epidermal ectoderm. The latter
is consistent with our finding that zic1GR activates Xfeb expression in non-neuralized
animal caps (Fig. 3.4.1). Overall, these data show that Xfeb is upregulated by zic/ in

whole embryos.

A [ Xfeb B

nog
zic1+nog

" [ mCHX Xfeb -
: actin
' EF-10 Nt N

1 2 -RT
B-globin zic1GR

+noggin +noggin

1 2

Figure 5.1.1. Xfeb is activated by Zicl. (A) Collective QPCR data from 11 experiments. The
samples were generated same as for microarrays. Lane 1 shows the Xfeb transcript level in control samples
and lane 2 shows Xfeb level in Zicl overexpressing samples. Xfeb is upregulated by Zic1GR. The original
data are included in QPCR/Real-time-PCR3/2005-07-15working.xls, sheet6. (B) Xfeb is induced by full-
length zicl in animal caps. The assay was performed as described in section 3.6, but injected with 1 pg of
noggin (lane 1) or 1 pg noggin in combination of 200 pg zicl RNA (lane 2). Xfeb is clearly induced by
zicl. EF-1 « was used as loading control. No muscle actin or genomic DNA was found in the assay.

To further investigate whether Xfeb expression is dependent on zicl, we injected
RNAs of DNziclD, a dominant interfering form of zicl, and lacZ were coinjected into
one cell of two-cell albino embryos. These embryos were then fixed at stage 14, stained

for lacZ expression by X-gal and Xfeb by in situ hybridization. On the injected side,
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endogenous expression of Xfeb is demolished by injected DNzicID (Fig. 5.1.2C). This
exhibits that Xfeb expression is dependent on zicl, further ascertaining Xfeb is a

downstream target of zicl. Fig. 5.1.2D shows that DNzic1D has the same effect on snail.

Fig. 5.1.2. Zicl regulates Xfeb in whole embryos. (A, B) Injected zicl AC induce ectopic
expression of Xfeb (white arrowheads). (C) Dominant interfering form of zicl, DNzic1D, diminishes Xfeb
expression (left side with blue staining of co-injected lacZ). (D) DNzic1D also diminishes expression of
snail, another direct target identified in this study.

Xfeb Contains Five SCP Domains and May be a Serine Protease

Among the differentially expressed genes was a previously uncharacterized gene that

we have named Xfeb (covered by UniGene cluster X1.15703) due to its homology to a
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human protein that is referred to as “17 kD fetal brain protein” in NCBI data bases
(NP_071738), since an early EST for this gene was derived from human fetal brain
(AA339686) (Adams et al., 1995). Similar sequences from Xenopus laevis are found
under another UniGene cluster, X1.32643, which apparently represents the second Xfeb
copy in the tetraploid Xenopus genome.

Xfeb encodes a protein of 919 amino acids, containing five repeated SCP domains
(Fig. 5.2.1A). Sequence alignments show that all five SCP-like domains are very similar
to each other (Fig. 5.2.1B). A single Xfeb gene is present in the Xenopus tropicalis
genome, located on scaffold_667:565792-578997 (version 4.1). This protein also contains
five tandem SCP domains and its predicted peptide sequence is 84% identical to that in
Xenopus laevis. In other species, Xfeb homologues with one or multiple SCP domains are
found. Hypothetical proteins containing either two or three tandem SCP domains are
present in zebrafish (AAHS56553 or XP_690132), sea urchin (XP_783519), honeybee
(XP_624623) and Schistosoma (AAW?25499). The zebrafish protein shows greater than
50% identity to Xfeb.

Xfeb belongs to the pathogenesis-related (PR) protein superfamily. While the
proteins in this superfamily are evolutionarily related through their SCP domains, they are
involved in diverse processes, including sperm maturation, gamete fusion, pathogenesis,
and venom toxicity. The only two known Xenopus proteins that contain SCP domains are
Allurin, a sperm chemoattractant (Olson et al., 2001), and a CRISP protein (Schambony

et al., 2003), each with one SCP domain. However, Xfeb shows greater similarity to its
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homologues in other species than it does to these Xenopus proteins.

The human homologue of Xfeb is the “17 kD fetal brain” protein, which has also
been named GAPR-1 (Golgi-associated PR-1; Eberle et al., 2002) at chromosomal
location C9orf19 (Eisenberg et al., 2002). GAPR-1 contains 154 amino acids and a single
SCP domain. It shares 46% identity (aligned as shown in Fig. 1B; the percentage is
computed over the whole length of GAPR-1) overall with Xfeb at the amino acid level
(Fig. 5.2.1B; NP_071738). The human and rat Xfeb homologues are expressed in various
adult tissues, including lung, spleen, leukocytes, and uterus (Eberle et al., 2002;
Eisenberg et al., 2002). The rat Xfeb homologue is also detected in embryonic tissues,
although the embryonic stage was not specified, nor the identity of the embryonic tissues
that were utilized (Eberle et al., 2002).

With the notable exception of GAPR-1, proteins that contain SCP domains are
typically extracellular. In contrast, GAPR-1 is a myristoylated cytosolic protein that is
associated with the outer membrane of the Golgi complex (Eberle et al., 2002). The
cytosolic location of GAPR-1 is consistent with the apparent lack of a signal sequence in
the Xenopus Xfeb protein, suggesting that Xfeb is also a cytosolic protein. Further, we
have been unable to identify a consensus N-terminal myristoylation sequence for Xfeb.
Interestingly, the activity of GAPR-1 has been suggested to be dependent upon
dimerization (Serrano et al., 2004). In this regard, the oligomeric structure of GAPR-1

may mirror the tandem SCP domains of Xfeb and its multidomain homologues.
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Figure 5.2.1. Xfeb contains five tandem SCP-like domains that may have serine protease

activity. A) Schematic distribution of five SCP domains within the Xfeb protein. B) The Xfeb sequence
was manually divided into its five constituent SCP domains. They were then aligned to each other, to the
human Xfeb homolog C90rf19/GAPR-1, and to another SCP domain protein (P14a) that has a determined
structure (NCBI accession number for consensus SCP domain: cd00168). Starred residues (Ser, Glu, His)
constitute a putative serine protease active site commonly found in this protein family. Since four of the five
Xfeb SCP domains contain these residues, Xfeb may act as a serine protease. The structure of GAPR-1
suggests Ser71 (marked by #) as an alternative active site serine. The five SCP domains of Xfeb contain
serines (boxed) +/- two residues on either side of Ser71 in GAPR-1. NCBI accession numbers: Xenopus
Xfeb, AAH84924; human C9orf19/GAPR-1, NP_071738; P14a, P04284.

The SCP domains in several proteins are thought to contain serine protease activity.
Tex31 from snail venom contains an SCP domain and was recently shown to possess
protease activity (Milne et al., 2003). Structure-based homology modeling of Tex31

(Milne et al., 2003) based upon the structure of the SCP domains of the P14a (Fernandez
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et al., 1997) and Ves v 5 (Henriksen et al., 2001) proteins suggests a catalytic triad (Ser,
Glu and His) of putative active site residues (Fig. 5.2.1B). Since four of the five SCP
domains in Xfeb contain these conserved residues, Xfeb may also possess serine protease
activity. Structural studies of GAPR-1 suggest an alternative active site serine (Serrano et
al., 2004). This serine residue may also be conserved in the five SCP domains of Xfeb,
although minor adjustments are required to bring them into alignment (Fig. 5.2.1B).

In an attempt to find the subcellular location of Xfeb proteins, we generated a Myc-
tagged construct by cloning Xfeb into a pCS2+MT plasmid. However, the fusion protein

failed to express. A different tagging strategy may be needed to investigate this issue.

Xfeb is Expressed in the Developing Hindbrain Region

We determined the expression of Xfeb by RT-PCR in whole Xenopus embryos at
stages throughout early development. The quantitative PCR data show that Xfeb
expression begins at embryonic stage 10. Xfeb expression levels rapidly rise and continue
throughout neurula stages (Fig. 5.3.1). In comparison, zic/ expression begins at stage 9
(Kuo et al., 1998). Thus, Xfeb is expressed during gastrula and neurula stages, shortly

after zicl expression begins.

The expression domains of Xfeb were determined by whole-mount in situ
hybridization. Through neurula stages, Xfeb is expressed in the hindbrain region. It starts

in a relatively broad domain encompassing the lateral sides of the neural plate at stage 13
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to 15 (Fig. 5.3.2A, B). At stage 17, Xfeb expression is more defined in the region that will
become the dorsal neural tube (Fig. 5.3.2C). Double in situ hybridization with probes for
Xfeb and the midbrain/hindbrain markers en-2 and wntl shows that Xfeb expression in the

hindbrain extends up to the midbrain/hindbrain boundary (Fig. 5.3.2E-G).
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Fig. 5.3.1. A developmental profile of Xfeb expression was generated by quantitative RT-PCR
using RNA from staged Xenopus embryos (top). EF-1a and ODC were used as loading controls (bottom). Y
axes represent the relative abundance of transcripts in log scale. Xfeb expression begins at early gastrula
stage 10 and continues throughout neurula stages.

Since at this stage, zic! is strongly expressed throughout the midbrain and the
hindbrain (Fig. 5.3.2D and Kuo et al., 1998), Xfeb expression overlaps extensively with
zicl expression in the hindbrain. The overlap between the expression domains of these
two genes is consistent with our finding that Xfeb expression is activated by zicl. By stage
20 (Fig. 5.3.2H), Xfeb is expressed broadly in the midbrain and hindbrain and in the
region of the dorsomedial somites. Interestingly, zic/ is also expressed in dorsomedial

somite tissues (Nagai et al., 1997; Nakata et al., 1998; Aruga et al., 2002b) (Sun Rhodes
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and Merzdorf, in press). At stage 23 (Fig. 5.3.2I), Xfeb is expressed in the dorsal midbrain
and hindbrain. It is also faintly expressed in chevron shapes in the trunk (Fig. 5.3.21, J).
Since trunk neural crest cells in Xenopus do not begin their migration until stage 24
(Sadaghiani and Thiebaud, 1987; Collazo et al., 1993), this expression of Xfeb in the trunk

is probably within the somites.

Fig. 5.3.2. Spatial expression of Xfeb. Whole mount in situ hybridization with Xfeb and zicl, en-2
and wntl probes. Dorsal views of Xfeb expression at stage 13 (A), at stage 14 (B) and at stage 17 (C). At
stage 17, Xfeb expression overlaps extensively with zic/ expression (D) in hindbrain regions. (E-G) Xfeb is
expressed in the hindbrain region up to the midbrain/hindbrain boundary. At stage 17, double in situ
hybridization shows that Xfeb expression (brown) is adjacent to that of en-2 (orange, arrowheads, E); while
with a small gap to the anterior bands of wntl expression (dark purple, F). Since wntl expression (purple,
G) is slightly anterior to that of en-2 (blue, G), Xfeb is expressed up to but not overlapping with en-2. At
stage 20 (H), Xfeb is expressed in a broad area in the midbrain and hindbrain and lateral to the neural tube.
At stage 23, Xfeb is expressed in the midbrain and hindbrain region (arrowheads, I) and in a very faint
chevron pattern in the trunk (one of these domains outlined in I, and detailed in J).

In early neurula embryos, when the boundary between otx2 and gbx2 has not been
fully established, we observed a gap between the expression of Xfeb and wntl. As

embryos develop older, this gap closes up (Fig. 5.3.3).



Fig. 5.3.3. The gap between Xfeb and wntl closes up as embryos age. Double in situ with
wntl (bands on top, purple?) and Xfeb (strips below, brown). (A) stage 15. (B) stage 17.

Xfeb Represses otx2 and hoxB1

The expression of Xfeb in hindbrain regions suggested that it may play a role in
neural patterning. To further investigate Xfeb activities, we misexpressed Xfeb in animal
caps and assayed for a range of neural markers by RT-PCR. Xfeb RNA, noggin RNA, or
their combination were injected into both blastomeres of 2-cell embryos and animal caps
were assayed by RT-PCR. Most neural markers tested showed no change in expression
levels (Xanf-1, en-2, krox20, gbx2, fgfS, hoxBl1, hoxDI, hoxB9, NCAM, N-tubulin, and
several wnt genes; not shown). However, misexpression of Xfeb resulted in repression of
the anterior neural gene otx2 (Fig. 5.4.1A). noggin is known to induce neural tissue of
anterior character (Lamb et al., 1993; McGrew et al., 1995). Therefore, the anterior neural
gene otx2 is expressed in noggin-induced animal caps (lane 2). The induction of otx2 by
noggin is inhibited by co-expression of Xfeb in these animal caps (lane 4). In order to test
whether Xfeb is able to inhibit otx2 expression in whole embryos, Xfeb RNA was injected

into one side of 2-cell albino embryos. These embryos were assayed for otx2 expression
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by in situ hybridization. otx2 expression is clearly reduced on the injected side (Fig.

5.4.1B; 69%, n=64). Thus, Xfeb is able to interfere with expression of the otx2 gene.
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Fig. 5.4.1. Xfeb represses expression of the anterior neural gene otx2 and hindbrain gene

hoxB1. (A) Xfeb represses otx2 expression in animal cap assays. Two-cell embryos were injected with 1 pg
noggin RNA (lane 2), 500 pg Xfeb RNA (lane 3), or their combination (lane 4). Animal caps were dissected
at stage 9 and cultured to equivalent of stage 23. RT-PCR analysis demonstrated that otx2 was induced by
noggin (lane 2), but repressed by co-injection of Xfeb (lane 4). Uninjected animal caps were used as
controls (lane 1). Muscle actin primers verified the absence of mesoderm; -RT samples control for genomic
DNA. (B) Xfeb represses otx2 expression in whole embryos. Two-cell albino embryos were co-injected into
one cell with 250 pg Xfeb RNA and 25 pg lacZ RNA. Embryos were fixed at stage 17 and stained for b-
galactosidase (blue) and by in situ hybridization for otx2 (brown). otx2 expression is significantly reduced
on the injected (left) side. (C) Xfeb represses hoxB1 expression on the injected (left) side. Embryos were
prepared as in (B).

The position of the midbrain/hindbrain boundary is largely determined by mutual
repression between the transcription factors otx2 and gbx2 (Rhinn and Brand, 2001), with
expression of otx2 in the forebrain and midbrain, and gbx2 in the hindbrain. The
expression boundary between otx2 and gbx2 is established before we are able to detect
specific Xfeb expression in the hindbrain region. Thus, Xfeb probably does not play a role
in establishment of the midbrain/hindbrain boundary, but it might play a role in
maintaining the posterior expression boundary of o#x2. Should Xfeb indeed be an active

protease, it might proteolize an upstream factor that is involved in regulating expression
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of otx2. Thus, Xfeb activity might represent a safeguard to ensure proper regionalization
at the midbrain/hindbrain boundary.

We also used in situ hybridization to investigate a few other genes in Xfeb
overexpressing embryos. While Xfeb had no effect on gbx2, krox20, nbx and hoxD1, it
repressed hoxB1 in a number of embryos (Fig. 5.4.1C). What's more puzzling is the effect
of Xfeb on snail expression (Fig. 5.4.2). Some snail expression was abolished by
overexpressed Xfeb, while some was distorted. The mechanism behind this observation

awaits for further investigation.

Fig. 5.4.2. Xfeb affects snail expression. Embryos were prepared as in Fig. 5.4.1B and stained for
snail expression, which is abolished in some embryos (A) and distorted in some others (B).

Discussion

In conclusion, Xfeb is a direct target of zicl that is upregulated by zic/ at a time
when the hindbrain is regionalized. Xfeb is likely to modulate signaling pathways that
regulate the expression of o£x2, and may play a role in maintenance of the

midbrain/hindbrain boundary. Therefore, lack of Xfeb expression might contribute to the
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hindbrain defects resulting from mutations in zicl (Aruga et al., 1998; Ogura et al., 2001;
Grinberg et al., 2004). Further studies of Xfeb will elucidate the mechanisms by which
Xfeb modulates the expression of ozx2 and may provide further insight into the hindbrain
defects that are observed in zic/ mutants. The effects of Xfeb on hoxBI and snail may

reflect its function in different developmental contexts and invite future investigations.

Materials and Methods

Microinjection and in vitro transcription: Xenopus laevis embryos were obtained and
microinjected as previously described (Kuo et al., 1998). RNA was synthesized from full
length zicl, ziclAC (zicl lacking part of the C-terminal domain) and zic/ GR constructs in
pCS2+ as previously described (Kuo et al., 1998; Merzdorf and Sive, submitted). zicl GR
is a fusion construct of the zicl coding region with the human glucocorticoid receptor
binding domain; the resulting fusion protein only enters the nucleus in the presence of
dexamethasone (Kuo et al., 1998). A full length clone of Xenopus laevis Xfeb
(BC084924) was isolated by the LM.A.G.E. Consortium and obtained through Open
Biosystems in the pPCMV.SPORT®6 vector. Xfeb sense RNA was synthesized by digesting
the Xfeb-containing pCMV.SPORT6 plasmid with Scal and transcribing with SP6
polymerase (NEB). Other sense RNAs were synthesized as published: noggin (Smith and
Harland, 1992), b-globin (Krieg and Melton, 1984), and lacZ as in (Gammill and Sive,
1997).

RT-PCR analysis: Injections, treatments and animal cap isolations were carried out
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as described above (Fig. 2A) and in the figure legends. Total RNA was extracted from
animal caps or embryos and reverse transcribed as in Kuo et al. (1998). Samples without
addition of reverse transcriptase served as -RT controls to check for the presence of
genomic DNA. In animal cap assays, all samples were also checked for the presence of
mesoderm with muscle actin primers. Conventional PCR was carried out with Taq
polymerase (Invitrogen) and PCR products separated on polyacrylamide gels. Real-time
PCR was performed with a Sybr Green master mix (Eurogentec) on a Rotorgene 3000
platform. PCR products were further examined by melt curve analysis and gel
electrophoresis. Data were quantified by the 44Ct method. For animal cap samples, gene
expression levels were normalized against EF-1a expression levels from the same RNA
pool (normalization with ODC levels produced similar results). In order to generate the
developmental expression profile for Xfeb, each PCR reaction started with materials from
an equivalent volume of embryos; both EF-/a and ODC were used as loading controls
and no normalization was applied.

Whole mount in situ hybridization and probe synthesis: Whole mount in situ
hybridization on albino embryos was carried out as described in (Harland, 1991). In some
cases, embryos were sliced open to help buffer exchange and substrate penetration. One
cell of 2-cell embryos was injected with 100 pg of zic1GR or zic/4C RNA, or 200 pg of
DNziclD or full length zicl RNA (also attempted at 500 pg), or with 250 pg Xfeb RNA,
together with 25 pg lacZ RNA as tracer. 3-galactosidase staining was performed as in

(Kolm and Sive, 1995) and the alkaline phosphatase substrate NBT/BCIP (Sigma) was
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used for color detection. Double in situ hybridization was performed as for Fig. 5.3.2E: a
digoxygenin-labeled Xfeb probe (stained with NBT/BCIP, Sigma) and a FITC-labeled en-
2 probe (stained with INT/BCIP, Boehringer); Fig. 5.3.2F: a digoxygenin-labeled Xfeb
probe (stained with NBT/BCIP) and a FITC-labeled wntI probe (stained with BM purple,
Roche); Fig. 5.3.2G: a digoxygenin-labeled en-2 probe (stained with INT/BCIP) and a
FITC-labeled wntl probe (stained with BM purple). Xfeb antisense RNA probe was
synthesized from the Xfeb-containing pCMV.SPORT®6 plasmid by Stul digestion and T7
polymerase transcription (NEB). Other antisense RNA probes were synthesized as
previously described: en-2 (Hemmati-Brivanlou and Harland, 1989) and o#x2 (Gammill

and Sive, 2000).
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