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Transcription Factors in Kidney Development
and Renal Injury

Ralph Wilzgall and Joseph V. Bonventre
Harvard Medical Schaol, Massackusetts Institate of Technology, and Massachusens General
Hospdtal, Roseon, Massoachusaits

INTRODUCTION

The Kidney is a very heterogencous organ with many tvpes of cells having different phenotypic
characteristics. This complexity can be traced, at l2ast in part, to the differential activation of various
genes, resulting in the expression of some proteins primarily in the kidnev. The expression of
kidney-specific proteins may be determimed either by kidney-specific ranseriplion factors or by
transcription factors that are expressad in more than one orpan bul whose coardinated LRPICSs10n
may be unigque to the kidney. Examples of proteins that are cxpressed predominantly or exclusively
in the kidney include the V2 vasopressin receptor (1,20 a chloride channel {3}, and a NaP,
cotransporter (4). Other proteins, though not specific o the kidney, are expressed during specific
times in renal development and repair and contribute to the renal phenorype, Many transcriptional
regulatory proteins are synthesized in a limited number of cell tvpes, Kid-1 (see below) is an example
ol such a protein whose expression occurs predominantly in the kidney (3}, as s HFH-3, 4 member
of the hepatocyte nuclear factor 3/forkhead DNA-binding-domain family (6. Transcriprion faclors
are essential for the control of renal develepment and diflerentiation. In addition, they are likely
important lor the regulation of processes involved in repair of the Kidney after an injury. Kidney
injury and repair recapitulate many aspects of development, since they involve dedifferentiation and
regeneration of epithelial cells followed by differentiation (7-10), The ability to regenerate epithelial
structure and restore differentiated function after an ischemic or toxic insulf is an mportant property

of the kidney, an ability not possessed by heart and brain, where myOCYies oF nelrons canmol be
replaced.
TRANSCRIPTION

Ihe regulation of transcription in cukaryotes is much more complex and less well understood than
the relatively simple switch mechanisms of prokarvotes (110 An initial step in the activation of any
gene 15 the interaction of a set of proteins (frans-acting elements, or rranscription lactors) with
“regulatory” elements in the gene (civ-acting elements), resulting in the initiation of a sequence of
events that leads to an increuse in the cellular levels of mRNA and ultimately the protein encoded
by that gene (Figure 1) The proteins invelved in this process must recognize DNA or recopnize
other proteins in a regulatory region of DNA, Interactions between these proteins and the DNA can
oceor within a few hundred base pairs or much further away from the site in the zene where
transcription starts (the “transcriptional start site™). The more proximal region upstream of the start
site is termed the “promoter” region. More distal civ-acting elements are referred to as “enhancers,”
The promoter region of most genes contains o region rch in A-T base puirs, the so-called TATA
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Figure 1 Cis- and frans-acting elements in the regulatory region of o gene, DNA binding proteins (the
trans-geting components In the regulatory machinery) typically pessess o DNA-binding domain and a
trans-aeting demain, which can have activater or repressor Tunction or both, The specific DNA-binding
proteing band ar particular sites in the regulatory region of the gene, the cos-acting elements, which can
be very close (Mpromoter”) or at g far distance (Cenbancer™) from the tramscriptional start site. The
transcriptional start site is defined as the nucleotide in the DINA thal is complementary to the first nucleotide
in the mBENA, After the specific transeription Faclars have bound o the DNA, they interact with the basal
transcription factors (TFILA, B, I, B, F, H, I} and promote their assembly together with RNA poymerase
I ever the TATA box, The TATA box (typically a nucleotide sequence of “TATAAA" or "TATATA™)
15 recognized by the “TATA binding protein (TBP)” which together with the "TBP-associated factors
(TAFSY” comstitgtes TFIID, Subsequent to the binding of TENI, the other basal transcription fugtors ancd
RMNA polymerase 11 assemble and transcription can begin.
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box, located approximately 30 bp upstream from the transcriptional start site, Transcription factors
that activate gene cxpression, and some that serve as repressors, have two functionally distinet
domains: a DMA binding domain and 4 srans-acting domain (11). Protein-DNA interactions occur
via the DNA binding domain, which positions the protein on the DNA so that the rrans-acting part
of the protein can interact with other proteins such as those being assembled at the site of the TATA
box (the “basal transcription [actors™). The facl thar DNA can fold allows for the interaction of a
transcription factor that binds to DNA many kilobases upstream from the TATA box with proteins
close to the site of initiation of transeription and hence allows for repulation from great distances.
Other explanations for long-range interactions include the assembly of several proteins spanning the
region between the distant efs-acting clement and the transcriptional start site as well as alterations
in the structural properties of the DNA.

Transeription factors can be classified into two groups, One group, general or basal transcription
factors, is necessary and sufficient, at least in vitro, for transcription from 4 TATA box, The second
group ol transeription [actors act only @l certain promoters, 11 s this second rype of ranseription
factor that is discussed in greater detail in this chapter,

STRUCTURAL MOTIFS OF EUCARYOTIC TRANSCRIPTION
FACTORS

The DNA-binding regions of many eukaryotic transcription factors are built [rem a limited number
of molifs. Many, but not all, transeription Tactors are members of three families: zinc-finger,
leucine-zipper, and helix-turn-helix proteins. Whereas the zinc-finger and helix-lum-helix motifs are
DN A-binding motifs, the levcine zipper is a domain involved in profein-protein interactions.

Zinc-Finger Proteins

The analvsis of the amino acid sequence of Xernopes faevis TEIA, an abundant protein that regulales
transcription of the gene for ribosomal 55 RNA, led Klug to postulate that the zinc-finger (Figures
2 and 3) represented a DMNA-hinding motif {12). TFIIA has nine repeats of 30 amino acids each
with two cysteine residues at one end and two histidine residues at the other. The last hastidine
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Figure 2  Schematic diagram of 2 zinc-finger protein of the CzHa family. The members of the CaH;
fanaly of inc-finger proteing are characterized by two cvsteines and two listidioes, which coordingte o
zinc ion at the base of a finger-like siructure (“ane finger™), “F" (phenylalanine) and “L7 (lencine) are
brghly conserved residues in many of these proteins, The zine fnger itsell constitutes the DNA-binding
domain. Belween the mdividual finger domains, immediaely following the second histidine, a highly
conserved structure can be found, This so-called "HAC-1link™ has the sequence “TGERMY or F1.° The
tunction ot this linker region is not fully anderstood.

Finger 3 i

Fingar 2

Fingar 1
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Figure 3 One model for the reecgrition of DNA by (i Hz zine-finger prateins. The structure of a Gz
zine-linger/DNA comples was solved for the fiest time by the snalvsis of 8 cocrystal between the three
zinc fingers of #if268/Egr-| and their recognition sequence (923, A model was derived in which each
individual finger is folded in a very similar fashion. The NHax-terminal part of a finger consists of a
rwo-stramded antiparallel beta sheet (depicted s ribbons) and is followed by an alpha helis {shown as g
eylinder). The approximate positions of the teo cvsteines and two histidines in cach zine finger are shown,
In the case of zit208/Ear-1, amino acids in sl three zine fingers make comacts in the major groove of the
DNAL Analvses of two other crystal structures, however, indicate that aliernative models are required to
explain the interaction betweaen CaH2 zine lingers und DNAL (From Bef. 92.)
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residie and the first eysteine residue of the next repeal are olten separated by a highly conserved
region of 12 aminoe acids, Since the protein contained zine and the zinc was critical to the
transcriptiona] control Tunction of the protein, Klog proposed that the cysteines and histidimes were
complexed togecher by zinc and that the intervening aming acids then formed a finger-like soructure
which would it into the major groove of the DNA double helix.

Since the original description of this modf, & very large number of proteins containing it have
been identilicd. The number of repeats vanes a greal deal ameny this group of proteing, These
Cys-Hisz proteins have been joined by other families of zinc-finger proteins, such as the Cysa-Cys:
family and the Cys-X 2 Cys-Xe-Cys-Xa-Oys- W Ovs- K- Cys family (where X is any amine acid).
The glucocorticoid, thyroid hormone, retinede scid, vilamin D, progesterone, estrogen, and
mineralocorticoid receptors belong to the Cys 2 Cysz family. GAL 4 s an example of a member of
the third zine-finzer family. This protein from Soccharoneces cerevisioe 1s necessary Tor transcription
of genes encoding galactose-metabolizing eneymes. In this family, it 1s proposed that the six cysteine
residues are held together in a cluster by zine,

Leucine-Zipper Proteins

The leucine zipper motif was first recognized in the veast transcription factor GON 4, which
activates transcription of the fis3 gene (13). This motil is also found in C/EBP, fos, jun. and myc,
In cach of these proteins there is a region of approximately 30 amino acids where cach scventh
amino acid is a levcine, The leocines form a ridge on one side of an a-helix, so that the leucines
[rom twao o-helices can interact with each other. The leucines are apposed to esch other, rather than
imteracting in a zipper-like lashion as had been originally thought, The lewcine zipper therefore
represents & dimerization domain (Figore 430 Dimerization is necessary for transcription factor
function, A number of proteins that have tis structoral mond, such s GCM 4, Tos, and jun, have
been shown to form home- and heterodimers with this region mediating the dimersization. The
[N A-binding region ol the proteins is 8 basic domain amino terminal 1o the leocine zipper,

Figure 4 Lcucinc-zipper proteins bind to DNA as dimers. In leucing-zipper proteins, another common
class ol transerptiona] regulatory factors, the heptad repeats of levcines (depicted as spikes in this schematic
diagram) are arranged on ene side of an alpha belix and serve os dimerization motils, The werm “leucing
zipper” is misleading, because the lewcine #sipper domains from two profeing do oot inerdigitane but rather
lie adjacent 1o each other, The basic domain i each protein contacts its recognition site by interacting
with the DDNA o the major groove, Bificien binding to the DNA requires bending of the protein and as
a consequence the dimer asswnes a Y-shaped steucture, (Adapied rom Rel, 94.)
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Helix-Turn-Helix Proteins
This is a commaon motif i transcriptional activators and repressors in prokaryotes, whers il was Tirst
described (141, Many of the proteins in this familyv regulate cell-specitic transcription. The
DM A-hinding region consists of two a helices separated by a S5 turn, In cubarvotes the helix-turn-helix
meti] 15 used in homeodomain” proteins. The homeodomain is a region of 60 amino acids, consisting
of three o helices held together by short linker regions of amino acids. While prokacvolic
heliz-tum-helix proteins bind to DNA as dimers, cocarvolic homendomain proteing bind DNA as
monomers (Figure 51, These proteing are particularly inportant for sukaryotic development, since
it has been found that the senes are tehily regolated during development and are capable of
“homeotic” fransformations where one structure 18 transformed indo another (eog, o the case of
antennapedia, the transformation of antenpae inte an additional pair of lees)

Space constraints prevent a more detailed overview of the propertics of cukaryolic transcriptional
regulation. The reader is relerred (o varous books and reyviews that discuss the general aspects of
the structure of transcription factors and what s known about bow they interact with DNA (1415,

RENAL DEVELOPMENT

Kidney development proceeds in three stages from the proneghros to the mesonephros and finally
the metanephros. The first two stages are transitory but necessary stages m the ultimate development
ol the mammalian kidoey, which is derived from the metanephvos, At approximately the end of the
second gestatiomal weak in the mouse and rae, the Orst steps of metancphrogenesis oceur, The Kidney
is remarkable in that many of its epithelial structures (proximal wieles, thin limbs of Heale, and
distal tubules) originate from mesenchymal precursors, The collecting duct system derives from the
urcter, which iovades the metanephrc blastema mesenchivmal cells and undergoes cansecutive
branching. The buds of the wreter branches ineract imoa wvery close fashion with the loose
metanephrogenie mesenchyme, lirst resulting inoan ageregation of the mesenchymal cells around

Figure § Interaction between a cukarvotic helis-turn-helix prowein and DNA, The schemartic diagram
is derived from the structural analysis of a cukarvolic helix-turn-helis motif, in this case the homeodomain
of the enarailed protein. and its recognition site (931 The right-hand side of the ligure represents a 907
retanion of the diagram on the kel Helices 2 and 3 (shown as barcels) are separated by a bera turn and
together form the conserved nelix-torn-helis motif. Whereas in prokaryotes helix-tam-helis proteins bind
to DNA as dimers, cukaryotic members of this Taonly intecact with DNA as monomers. Contact points
are established by residues NHz-terminal o the fisst beliv, which reach nto the minor groove of DNA,
sl by amino acids i the third helix, which meke contact i the major groove, (From Bef. 930
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the buds. The condensed mesenchyme undergoes several dramatic morpholegical changes into
comma- and S-shaped bodies, a lumen forms in the cell mass, a basement membrane is established.
and blood vessels grow into the proximal portion of the prospective nephron, The tubular structures
will fuse at their distal ends with the collecting ducts. A continuous lumen develops, and a tully
(but not terminally ) differentiated nephron (orms. In the rat, Seshaped bodies can be found until 4
to 5 days after hirth (200, and thymidine Incorporation. used as an indicator for cell proliferation,
does not decline to baseline levels until 2 1o 4 weeks after birth 12122, By contrast, in humans,
kidney development is complete by the time of birth. The morphological sequence of events that
oceurs in the developing kidney has been deseribed in great detail, (For excellent reviews on this
subject see, Refs, 23 and 24.)

Differentiation of the metanephie blastems cells into epithelial cells is a eritizal event in kidney
morphogenesis, What makes an epithelial cell distinet from a mesenchymal cell Tas o lie 1o some
extent in the induction of specific gencs thet will confer the phenotype. An approach to the
understanding of this process is to know the genes that are induced with this transition from
mesenchyme to epithelium and then trace hack which trans-acting factors control the activation of
those genes. Some of these rrans-acting factors are likely 10 be “kidney-specifie.”

Which Genes Are Induced with Renal Development?

The dramatic morphological changes that nccur as the Kidney forms inro a complex heterogenous
structure have to be accompanied by similarly drastic changes in the genetic program of the
differentiating cells, A basement membrane has tw be formed, the apical surface of lhe nowly formed
epithelium has to be demarcated by dilferent kinds of Junctions, and a brush border will appear in
the proximal ubule. The different twbular segments must be invested with different permeability
and transport characteristics to electrolytes, water, und urea (25). In recent veurs evidence has
accumulated for the activation and repression of certain gencs that have been implicated in the
trunsition from the mesenchymal precursor cells to the tully developed nephron. Thess gences encode
profeins belonging to a wide varicty of different families, such as extracellular matrix Rrofeins,
inlegral membrane proteing, cytoskeletal protelns, and nuclear proteins, Barly in kidoey development,
cells express collagen T and 101 (26) as extracellular matriy proteins, N-CAM (27}, syndecan (28,29),
and er| - and cez-inteprins (30) as cell surfuce proteins and vimentin ws an intermediate filament-type
eytoskeletal protein (31,321, In the differentiated subular cells, those rroteins will disappear und new
proteins will emerge. The tubular epithelium now vapresses collagen IV (200 and laminin A (33) as
building blocks of the basement membrane: wvomorulin/E-cadherin (275 - a5-, and eq-integrins,
which substitute for N-CAM; and o - and e-tntegring (300 Vimentin is replaced by cytokeratins
(31.32), and new cnzymes [alkaline phosphatase. g-glutunyliransferase (217]. Transporters such as
the P-glycoprotein (34) and glucose transporters {353, and different junctional components [desmoso-
mal as well as gap junction proteins (36,37)] are svnthesized so that the remal epithelia can fulfill
their characteristic functions,

The signals responsible for these chanzes in the genctic program have been poorly defined.
TGF-ex (38) and the receptor for IGF-1 (39) have been shown to he necessary for metanephric
develepment in vitro, Hepatoeyte growth Tactor and it receptor, the c-met tyrosine kinase, are
expressed transiently during metanephric development and miy be of importance (40-42), (For o
teview on the role of prowth factors in renal development see Ref. 43,1 How changes in the genetic
programis} occur is not clear at present, because the trars-acting factors regulating the structural
genes in peneral and how they are modulated during renal development in particular are larsely
unknown. This review atterpts w describe dilTerent transcriplion factors and their porential role in
the kidney, Among the genes we discuss are the myve Lumily of protooncogenes, the paired box penes
Par2 and Paxd, the genes encoding the homeodomain proteins LFB1 and LFB3. and the zinc finger
genes Kid-J and WT-J. Other DNA-binding proteins of interest that will not be discussed further in
this chapter are Hox-3.2, a homeodomain protein (44,45}, and MFH-1 (46} und HFH-3 (6], two
members of the HNF-3 family (alse see below), Another protein thal may be important for renal
development but for which there is little information at present is SEF]. This transcription factor
has both zinc fingers and a homeodomain, [n the mesenephros SEF| is expressed briefly. 1t is
expressed again to 4 strong level in the condensed mesenchyme and carly metanephric whules, bue
tubule structures cease the expression of 8EF1 alter the tubule structures mature to the point where

o
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they connect to the Wolflian duct (471, Since enrire chapters i this book are devoted to the Pax
family of transcription Tactors and WT-1, these proteins are discussed only brefly

THE myc FAMILY OF PROTOONCOGENES

The first member of the wive Family ol nuclear protoonocegenes o be isolated was c-mve. It represents
the cellular homologue of the transforming sequence in the avian myelocytomalosts virus (AMY ]
Subsequently, two other members were identified in neoroblastomas and small cell lung carcinomas.,
Nemmve and L-mye, respectively, The produocts of the three full-length members ol the mye pene
family——c-pve, Lemve, and Nemve—are among the most thoroughly investigated nuclear pro-
raoneogenes (besides those three genes, two other truncated pove genes have been cloned, B-wmyve
and S-mve). (For reviews, see Refs. 48 and 49.) They can be classitied as hasic hebix-loop-helix/lcu-
cine-zipper proteins, where a basic domain functions as the DNA-binding pertion and the
helin-loop-helix and lewcine-zipper domains serve as dimerization motifs mediating protein-protein
interactions, The c-mye gene has been implicated in cell proliferation, whereas the roles played by
other sve genes are less well defined (507, High levels of Nomve have been found in Wilm's tumor
aned other wumoers of embryenic and neurcendocrine ovgin (31-33). By employing PCR, a binding
site for comye has been defined; it 15 the so-called E box motil “CACGTG. " Despite efforts from
many laboratories, no clear-cot rarget gene for the Mye proteins has been found, and until recently
no interacting proteins were cloned. Recontly identified proteins that interact with c- and N-Mye
include Max (541, Mxil (550 and Mad (56), Like Mye itself these proteins also contain basic
helis-loop-helix/leucime-ripper motifs. Through in vive and 1o vitro experiments. it could be shown
that Max and Mad can form bomodimers and heterodimers with cach other and also with Myc
(54.56.57), and that Mxi heterodimerizes with Mux (35), Thus there are several possibilities for
imleractions among the dilterent proteins, Each of the different compleses also differs in s
DNA-hinding and rrars-acting getivities (58). One can therelore imagine a very complex network
with varving hiological activities resulting from the various interactions among these four proteins,
and it is likely that as vet unknown other proteins may nteract with these. In interpreting the
expression pattern of the different members of the sve-family, this fact has to be kept in mind

The expression patterns of comve, Lesree, and Nemve during kidoey development differ stikingly
{rom cach other. The c-mve mENA can be found in all proliferating cells in the developing nephiron,
i.e., loosely agaregated and condensed mesenchymal cells, the comma- and S-shaped hodies, and
in e elongating whbule. The c-mye gene is nol expressed in the fully developed nephron (34,60)
miMNA for L-myve, however, can only be detected in cells with o very low mitetic rate, that is, in
the cells of the ureter stems in the early stapes of the developing kidney. In the collecting ducts of
the adult kidney, L-mve can ne longer be found (59,600, The N-myve gene, the third member of the
mve-Tamily, is activated a little later in development than its cousin c-mye. Nemve appears Lirst and
at its highest levels in the condensed mesenchyme. Therealter N-pmve expression declines, so that
the fatest stage at which its mRNA 15 present 15 1o the S-shaped bocies (39,60

How do these developmental findings relate to findings obtained in pathophysiological states
of the kidney, such as acute renal injury, polveystic kidoneys, and renal wmaors? In a model of folic
acid—induced acure wbular necrosis in the mouse, elevated levels of c-mve could be detected at 24
hr after the intraperitoneal injection of Tolic acid, consistent with the notion that c-mve 15 capressed
in the regenerating cells that enter the cell eycle 61y In the kidneys of mice [CITBLAGL (cpk)]
homoeveous for a hereditary form of autosomal recessive polyeystic kidney disease, there were
elevated levels of c-prve expression at 2 and 3 weeks after birth as compared to expression in Kidneys
from normal animals (61,62). c-mve mEMNA has been localized o the lining epithelium of collecting
duct cysts as well as normal-appearing proximal mwbules of mice with polyveysiic kidney disease
(62a).

Maore direct insight into the roles plaved by the sve family of transcription {actors comes from
the establishment of transgenic mice carrying a muring c-mye transgene under the control of the
SV enhancer and mice in which the N-myve locus has been mutated by homologous recombination.
The mice carrving the comve transgene consistently developed polveystic kidney disease and dicd
of renal failure between & weeks 1o 3 months after birth (633 This supports the hy pothesis thal c-mee
plavs a role in the pathogenssis of polyveystic kidney discase, though as yer there are no naturally
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ocearring mutations in any of the mye genes found in hereditary or spontanecus renal discases in
hamans or animals, Homozygous mice with a mutated M-mrve locus die prenatally at approximarely
11.5 days of gestation (64). A number of developing organs are affected. including the mesonephros,
nervous system. gul, and lung. The entire mesonephros is disorganized. Although some whules
appear to be normal, others fail to form or degenerate prematurely, There is also an abmormulicy of
the genital ridee in these animals.

THE PAIRED BOX GENES Pax2 AND Pax8

Pax2 and Pax® belong 1o a subgroup of homeodomain proteins, the paired box family. This family
contains another highly conserved structure in addition to the homeodomain, the paiied box, which
was first described in three Drosophila segmentation genes (65} and subsequently found in other
species such as mammals, worms, {ish, amphibia, and birds, Recently it was cstablished thal some
members of the Pay family of proteins possess oncogenic potential (63a), (For o more in-depth
deseription of the Pax genes, the reader is referred to Chapter | of this book and w recent
reviews—Refs. 66 and 67.)

Pax2 and M-mive are very related in their cxpression patterns. In o manner similar o Nese
mENA, Pax2 mRNA and protein are expressed [irst and most highly in the condenscd mesenchvme,
after which their expression declines, The latest stage in which Pax2-positive, mesenchyme-derived
cells are seen is in the “S-shaped body™ stage. In striking contrast to MN-tve, however, Pax? mRNA
and protein are also present in the ureter buds and even beyond the S-shaped stage in the collecting
ducts (68700, In a recent report the establishment of transgenic Pax? mice has been deseribed. The
PaxZ transgene was placed under the contral of the evtomegalovirus (CMV) enhancer. a strong
enhancer active in wide variety of different cell types, Despile the expression of the Pax? nansgenc
in Kidney, hindbrain, liver, lung. pancreas, heart, and gut. only Kidney abnermalities and precocious
opening of the eyes were reported, The anatomic abnormalitics and laboratory purameters of the
transgenic mice resemble features deseribed for congenital nephrotic syndrome (71,

Like the mye genes, different members of the Pax family are capressed at different times during
development. Pax8, like Pox2. appears early, its mRMNA is detected first in the condensed
mesenchyme. Thereatter, however, its expression increases 1o reach its peak al the S-shaped stage.
Beyond the S-shaped bodies, Paxd mRNA is absent. This implics, that the Pays gene is shue off
ahruptly and/or that the Pavd mENA hecomes ncreasingly unstable. Furthermore, at no time during
renal development is Pavd present in the ureteral buds, thus ciffering from Pax? (72,730

As yel, no penelic evidence exists that Pax2 or Paxd are involved in the pathogenesis of
spontancous or hereditary renal discase. though overcxpression of Pax? in transgenic e leads 1o
cengenital nephrotic syndrome (713, Three other members of the Pax gene family have been implicated
in hereditary disorders invalving organs other than the kidneys. In the mouse. a mutam exists, called
undulated, which is characterized by g Kinky tail and veriebral malformations and is probably caused
by a mutation in the Pexd gene (66,67). Mutations in the Paxd gene have been made responsihle for
two cormesponding syndromes in mouse (spfaret) and lhuomans (Wanrdenbury svndrome) (66,67}, The
mause spletch mwtants present with abnormalities in the nervous system rexencephaly, spina bificda,
meningocele, absence or reduction of dorsal root panglia), white spotting, and heart defects. The
Waardenburg syndrome in humans manifests sell s deafness, przmentary deficiency theterochromia
irides, white forelock and cvelash), and in some cases 3 Luteral displacement of the inner corner of the
eye. Two very similar conditions are caused by mutations in the Pavd gene, ssall eve in the mouse
and aniridia in humans (66,671, Sl eve mice present with underdevelopment of the eyve oreven with
complete absence of eyes and nose. Patients with aniridia show pirtial or complele ubsence of the iris,
which is often accompanicd by inpaired vision, cataracts, and other ewve delects.

LFB1 AND LFB3, TWO TRANSCRIPTION FACTORS INVOLVED IN
THE ACTIVATION OF LIVER-SPECIFIC GENES

It is possible to learn a good deal aboul orzan-specific gene activation by examining the genclic
programs opetant in the liver, where a number of proteins have been identified which are exprossed
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predominantly in this crgan, The activation of these penes 15 not controlled by liver-specific
rranscription factors but by transcrption factors which can be lound In many different organs, such
as LFB1 (HNF-1, HNF-1a), LFB3 (vHNF-1. HNF-181, HNF-3, HNF-4, and CCAAT-cnhancer
binding protein (C/EBF). They contain very diverse sequence mobls found in dilfecent families of
transeription factors, such as POU domains (HNF- 1), basic leucme-zipper motifs (C/EBP)Y, forkhead
domaing (HNF-3), and zinc lingers (HNE-4) (lor reviews see Hels, 74 and 73},

At first, the fact that these transcription factors are not exclusively expressed in the liver appears
very surprising, Al sccond glance, however, this Onding also makes sense, because employing
organ-specific transcription factors to regulate orpan-specific genes only postpones the problem of
how to establish organ specificity, In the case of the liver. it s the mteraction ol more o less
“promiscucns’ ranscription factors, which regulate the genes encoding organ-specific proteins such
as albwaming e l-antitrypsin, and transthyreting, Two of these ranseriplion faclors, which are involved
m the expression of liver-specific proteins, are also expressed in the context of renal development;
they are LEFB and LFB3.

The expression of LEET occurs with time charactzristics somewhat reminiscent of those of Pacd.
lis mBEMNA b5 lrst detected 1o the condensed mesenchymal cells and reaches s peak in the S-shaped
hodics. Whereas Pax® cannot be Tound beyvond this stage, however, LAES mRNA remains prosent
in the maturing and fully differentiated tubuoles and collecting ducts, though at lower levels than in
the S-shaped bodies. The expression of LFAT mBNA in the wreteric buds occurs with a pattern
simtlar to that ol Poexd and quite distinet Irom that of Pacd (76),

LFR! mRMNA appears much later than LAFF mRNA and is absent in the ureter bods. Tt can be
seen tor the Tirst tme in the S-shaped bodics and s present even in the fully developed mabules (70

THE ZINC-FINGER GENES Kid-1 AND WT-1

OfF all DNA-binding proteins, the zinc-finger fanuly of transcription factors has the largest number
of Known members, 11 s cstimated that there are several hundred zine-finger genes in the manmalian
geneme. Two representatives of the ame-finger family are discussed: WT-7 and Kid-T.

WT-1

The WT-J gene was identificd by positional clonimg technigues as the gene responsible Tor o hereditary
form of pediaic kidney mmors—nephroblastoma ar Wilms™ mmor, The pene lies on human
chromosome 11pl3 and 15 composed of 10 exons (771, It belongs to the rapidly expanding family
of tumor suppressor penes, the counterpart of protooncogenes. MVost mor suppressor genes are
delined on a genetic level; thatl is, mactivatiog mulations 1n both alleles of a certain gene ane required
in order to render a cell malignant {Knedson’s “rwo-hit hypothesis™ of maligoant transformation)—a
mechanism very different from that of proteoncogenes, where one activaling mutation or high
expression of the protein product will transfonm a cell, The WT-1 protein contains four zinc fingers
al its COOH-lerminus, the specilicity of which makes WT- 1, together with Spl and e Egr proteins
(78,791, a member of a family of manscription factors that recopnize GCO-rich binding  sites.
Alternatively spliced forms of the WIS transcnpt sre known to occor, These forms dilfer in their
DM A-hinding characteristics. Theough transfection assays, it was possible to determine that the WT- |
protein acts as o transcriptionul repressor, whose presumptive laegel genes are JGE-I0 and POGE-A
and potentially many more. (For reviews on W=/ see Refs. B0 and 81 and Chapter 52 of this
bork . )

The W= transeript, like wany of e other wansceiption factors mentionecd above, appears tirst
in the condensed mesenchyme, Tn the comma-shaped bodies, the steady-state Tevel of the WT-J
mEMNA increases, At the next stage, in the S-shaped hodies, Wi-T—expressing cells are still present.
They are, however, not distributed evenly throughout the S-shaped bodies but are concentrated @
the proximal end. This pattern anticipates the localization of WT-! in the adule kidney, where WT-J
15 exprossed only in the podocytes of the glomerulus (83-85% The importance of WT-1 s cmphasized
by the fact that mice in which hoth alleles of Wi-f have been deleted (so-called knockout mice),
nio kidney development occurs. The differentiation of the metancphros in the knockout mice stops
at an early stage, The urcter does nol invade the metapephrogenic mesenchyme and does not branch
(860
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Kid-1

In an attempt to find other transeription factors which play a tole in kidney development and repair
after renal injury, we screened ¢DNA libraries from normal and postischemic adult rac kidnewvs with
an eligonucleotide encoding a consensus sequence present in zine-linger proteins, [ was pirssible
o clone a novel eDNA, Kid-7 (a gene expressed predominantly in the kidoey and regulared in
ischemia and renal development). Kid-f codes fora 66-kDa protein with 13 zine ringers. These zine
fingers are clustered in groups of four and nine fingers and lie at the COOH-terminus of the protein.,
The mENA as well as the protein conluin instahility motifs, sugzesting a short half-life of both
mRNA and protein. The protein alse contains a nuelear targeting signal. At the very NILa-terminus
of the Kid-1 protein lic two hiphly conserved marifs, the KRAB-A and KRAD-BE domains (5).

By MNoerthern hlor analysis and reverse iranscriptase PUR, Kid-/ can only be detected
predominantly in the kidney. As already suggested by its acronym, Kid-/ is regulated during renal
development, As mentioned in the introduction 1o this review, the rat kidrey has not fully matured
in the newbormn amimal. At time of birth, the steady-state level of Kid-/ s very low, Alter hirth, the
expression of Kid-1 slowly increases and reaches the highest levels in the adult animal (3.

There is increasing evidence that recovery after renal injury and renal development are related
Ina reverse manner, In the injured organ, necrotic and apoptotic cells have to be replaced by the
surviving epithelial cells. This can only he achieved i the latter leave Giirphase and enter the cell
cycle. At about the same time, the cells dedilferentiate. They now express proteins that are only
present early in development or they shut off genes that arc only activated late in development.,
Several models of acute tubular necrosis exist, such as temporary interruption of blood flow by
ceclusion of the renal artery and intraperitonzal injection of high concentrations of fulic acid. Within
5 hr of reperfusion after renal ischemin, Kid-] mRNA disappears, 1t takes approximately 7 days
after ischermia for the Kid-/ mRNA levels in the post-ischemic kidney to retum to normal, Very
similar results were obtained by intraperitoneal administration of folic acid. By 3 br after injection
of folic acid, Kid-7 mRNA levels start to decline (3),

The above findings suggest that the expression of Kid-{ is Jow in cells that proliferate and are
not fally differentiated. An important example of continuously dividing cells in a low-differentiation
state is cancer. In the ral. a hereditary form of tenal cell carcinoma has been described—the Eker
tumoes (870, When RNA from three samples of Eker tumors was examined, the Kid-/ transcript was
present at lower Jevels than in the adull normal kidney {unpublished data). Similarly, in cpithelial
cell lines from the rat kidney, Kid-] mRNA was barely detectable (unpublished results).

In mouse, rat, and human Kid-/ is present as a single-copy gene. By linkage analysis, somatic
hybrid experiments, and (luorescence in situ-hybridization, the Kid-f sene was localized 1o rat
chromosome 10421.3-q22, possibly corresponding to mouse chromosome 11 and human chromo-
some 5. The rat Kid-{ 2ene extends over approxinately 14 kbp. The protein coding region is divided
into four exens and three introns, closely mimoring the domain structare of the protein. The first
exon containg the 5 -untranslated region and sequence coding for the first [ amine acids, The second
exon encodes only and entirely the KRAB-A domain, The largest part of the third exon is composed
of KRAB-B coding sequence. All 13 zine fingers are encoded by exon 4 {881 (Figure 6. We rceently
have identitied an additional 3° exon that encodes nontranslated 5' sequence,

The binding-site for Kid-1 is unknown, In order to establish whether Kid-1 is indeed a
Iranseription factor, fusion proteins between the DNA-binding domain of the yeast transcription
factor GAL4 and the non-zinc-finger portion of Kid-1 were employed in transienl translection
experiments. The [usion protein tus has the [N A-binding properties of GALS and the trans-acting
properties of Kid-1, Reporter plasmids in these experiments contained cither five GAL4 hinding-sites,
4 TATA-box, und a chloramphenicol acetyltransferase (CAT) gene (hasal reporter plasmid) or five
GAL4 binding-sites, the SV 40 enhancer, a TATA-box, and a CAT gene (5Y 40 driven reporter
plasmid). In the case of the basal reporter plasmid, the CAT gene is driven unly by hasal transcription
tactors. By contrast, in the SV 40-driven reporter plasmid. the CAT gene is under the control of a
strang constitulive enhancer, which promotes the assembly of the basal transcription factors over
the TATA box and thus enhances transeription of the CAT gene. In cither case, cotransiection of a
plasmid coding for a GALA/Kid-1 fusion protein with CAT constructs leads to lower CAT activity,
indicating that the non-zine-finger region of Kid-1 functions as a transeriptional repressor (3) (Figure
7). Genes containing a Kid-1 binding site should therefore be repressed by Kid-1.
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Figure 6 Comparison of the Kid-] miNA and gere. Fowr exons in the Kid-! gene represent the
tfunctional] building Dlecks of the protein, The mam stroctural motils in the Kaud-1 prowin are the
Kriippol-associated boxes (KEAB) A and B and the two zine-finger domains of four and nine zine tingers
cuch, Exon II cocodes the complete KEAB-A domain. Most of exon 1L consists of KRAB-B cncoding
sequence. All 13 zine Ongers are enceded by exon [V (From Ref, 38.)

We have mapped the transcriptional repressor activity of Kid-1 to the KRAB-A domain (89)
(Figure 71, KRAB-A and B domains are present in approximately one-thied of all zme-tinger proteins
and consist of a highly conserved region of approximately 75 amino acids at the NHz terminus of these
proteins (i, The evolulionary conservation, wide distribution, and genomic orgamzation of the
KRAB domain is consistent with an important role of this region in the transeriptional regulatory
tuncrion of zinc-finger proteins. The KEAB-A domain of another zine-finger protein, ANF2, also has
repressor activity. Site-directed mutagenesis of conserved amino acids in this motif results indecreased
repressor activity, These lndings provide a functional signiticance for the KRAB-A domain,

CONCLUSIONS

The development of the mammalian kidney and its repair after imury are complicated processes
resulting trom complex genetic programs whicl are poorly understood. The repair process recapitulates
many aspocts of the normal developmental process. and hence a better understanding of renal
development will likely lead o new experimental paradigms to hasten and modulate the repair process,
Developmental processes involve the transformation of a mesenchymal structure into an epithelium
with highlv specialized functions. Probably many genes have to be turmed on or ol in that process, We
know only @ small amount about & minosity of these penes, and so far we have little insight into the
regulation of these genes during the organogenesis of the kidney, In recent vears, a number of
transcription factors have been found to be repulated during renal development. The comve gene 1s
present in all proliferating cells and may have nothing o do with the Tormation of the Kidney per se.
Mepve, Pax2, Pax-8 LFEF and WT- S are expressed only after an induction process has occurred —that
is, after the ureter has invaded the metanephrogenic mesenchyme, has branched, and has cavsed the
condenzation of the mesenchvmal cells. 11is in that condensed mesenchyvme thar N-sgve, Pax?, PaxX,
LFEZ, and WT-1 appear for the first time. WT-! can be assumed to play a necessary though probably
not a sufficient role in this carliest morphological transformation, e W=/ “kneckout mice,” Kidney
development 1 arrested extremely carly, The kidney does not even reach the stage of the condensad
mesenchyme. [nthe case of N-mye knockout mice, the sitnation is less clear, because those animals
chie prematurely at day 115 in utero—that is, belore the time of metanepho development. 1t couled be
demonstrated, however, that mesonephric development was delaved and disorganized (64). A rather
different effect has been noticed in bel-2 knockout mice. Bel-2 15 4 protein that can prevent apoplosis
in many different circumstances, Mice in which both f0f-2 alleles have baen inactivated develop renal
Lailure from polyeystic kidney discase (91).



546 WITZGALL AND BONVENTRE

Kid-1H,5 Kid-1H,8% Kid-1,40 Kid-1, 8]}
ELLLTN anil-sonsa, KRAR-AR sonse  withouw)
full  langth full langth KRAR-A

. e

-
th

25 4

% of contrel activity
(41
(=]

0l s e s Sy B

Kid-1,4 Kid-1,8 sensa  AB A ALl B
KRAB-4& KRAB-B

o -
Expression plasmid

Figure 7 Kid-| tepresses transeription—the KRAB-A domaim as a tramseriptional repressor motif. In
Iransient transfection experiments, the NH:-terminal, non-zine-finger region of Kid-1 (Kid- 1N, ) strongly
represses transeription of a chlorumphenicol acetyltransforase (CAT) gene driven by the 5V40 promuoter,
High CAT activity results in the formation of scotvlated chloramphenicol, which appears as o second,
upper spot on chromatography plates, Deletion mutagenesis idemifies the KRABR-A domain as the motif
responsible for this repressor effect and defines 4 novel class of transcriptions] repressors,

Expression of fusion proteing containing Kid-1M s, Kid-1, AB. or Kid-1,A, each of which includes the
KREAB-A domain, results i marked repression of CAT activity, when compared to the CAT activity
observed in cells mansfected with the control antisense onstroct (Kid- 1N as). In contrast, when the
KRABE-A domain is missing from the NHz-terminus of Kid-1 (Kid- 1, A0-) or Kid-1 B, CAT-activity i3
similar 1o that of the control antisense plismid, The graph i the lower right hand corner provides
guantitative CAT activity with activity obtained wirh the antisense Kid- 1M, a5 plasmid taken as 1009 The
oumibers alove the standard crror bars indicate the nwiber of independent experiments. [From Ref. 8900

The time of peak cxpression is different for each transeription factor, and (his timing may
provide msights into their regulatory functions. The majority of the discussed transcription factors
are undetectable in the [ully differentiated kidney, and it can be assumed that they onby Tegulate
genes transiently during renal development. This, however, does not necessarily mean that those
target penes are not active any longer i the Kidneys of the adull animal. LFSF and LFB3 are still
present throughout the fully developed twbules, LFAZ and Pax? are expressed in the adult collecting
duct system, WT-1 is expressed in the adult kidney in the podocytes of Bowman's capsule. Kid-/
15 not expressed early in postpatal development and 15 maximally expressed in adull Kidneys,

Though in tecent years much has been learned about the genetic control of kidney development,
many questions remain unanswered, Which transcription factors are necessary and/or sufficient for
the Kidney to develop into a functional orpan? Whal are the target genes? What is the exac relationship
between renal injury and differentiation? Do any of those transcription [actors participate in the
pathopencsis of renal cell carcinomas and polyveystic kidney disease? Modern molecular and cell
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biology technigues such as koockout and transgenic animals, positional cloning, and others will
hopefully shed same light on these issues and provide answers to the guestions posed.
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