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Abstract
Through the reductive divisions of meiosis, sexually reproducing organisms have gained the ability
to produce specialized haploid cells called germ cells that fuse to establish the diploid genome of the
resulting progeny. The totipotent nature of these germ cells is highlighted by their ability to provide
a single fertilized egg cell with all the genetic information necessary to develop the complete
repertoire of cell types of the future organism. Thus, the production of these germ cells must be tightly
regulated to ensure the continued success of the germ line in future generations. One surprising germ
cell development mechanism utilizes variation of the global transcriptional machinery, such as TFIID
and TFIIA. Like histone variation, general transcription factor variation serves to produce gonadal-
restricted or -enriched expression of selective transcriptional regulatory factors required for
establishing and/or maintaining the germ line of diverse organisms. This strategy is observed among
invertebrates and vertebrates, and perhaps plants, suggesting that a common theme in germ cell
evolution is the diversification of selective promoter initiation factors to regulate critical gonadal-
specific programs of gene expression required for sexual reproduction. This review discusses the
identification and characterization of a subset of these specialized general transcription factors in
diverse organisms that share a common goal of germ line regulation through transcriptional control
at its most fundamental level.
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1. Introduction
The precise control of gene expression is a highly coordinated process orchestrated by the
integration of numerous cellular and molecular events. Targets of many signaling pathways
are found in the nucleus in the form of regulatory elements coded in the genome and their
associated transcription factors. Thus, gene regulation is achieved by an abundant and diverse
array of protein factors generically referred to here as the chromatin and transcription
machinery. The chromatin and transcription machinery is a large conglomeration of individual
proteins and multi-protein complexes that collectively determine how active or repressed
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specific genes are in a given cell [1,2]. Multiple components of this complex machinery must
adeptly maneuver these regulatory DNA sequences in the context of chromatin, where they
are often wrapped around nucleosomes (Figure 1). The enzyme responsible for messenger
RNA synthesis of the protein encoding genes of eukaryotic organisms is the multi-subunit
enzyme RNA polymerase II (Pol II). A large battery of Pol II accessory proteins termed general
transcription factors (GTFs) were originally isolated as factors that aid in the recruitment of
Pol II to target promoters that are required for basal transcription. A subset of GTFs, includes
subunits of transcription factor (TF) IIA, TFIIB and TFIID (referred to as the TFII-DAB
complex), that are core promoter recognition factors that associate with DNA sequences
encompassing the start site of Pol II transcription (Figure 2A). Rather than directly associating
with Pol II, transcriptional activator proteins utilize the GTFs to modulate the rate of Pol II
recruitment and transcriptional initiation [3,4].

The TFIID complex is a critical player in the activator-dependent recruitment of Pol II to
specific genes in the genome [5–8]. TFIID is a large multi-protein complex containing the
TATA-box binding protein (TBP) and approximately 14 TBP-associated factors (TAFs).
Biochemical studies have demonstrated roles for TFIID in core promoter recognition and
activator-dependent Pol II recruitment [5,6,9–12]. The overall architecture of the TFIID
complex is largely conserved from yeast to humans, suggesting that it plays a fundamental role
in the regulation of eukaryotic gene expression [9,13,14]. The broadly expressed transcriptional
activator proteins Sp1 and CREB were shown to specifically target the TAF4 (formerly called
TAFII110 and TAFII130) subunits of the TFIID complex in Drosophila and mammals,
respectively [15–18]. Such selective protein-protein interactions between activators and
coactivators are thought to help modulate Pol II recruitment to certain promoters in response
to specific activators. TFIID binding to the core promoter is also modulated by a second critical
GTF named TFIIA, which together with TFIID nucleates the formation of a stable pre-initiation
complex at the start site of transcription [3,4]. This pre-initiation complex is largely
functionally and mechanistically conserved between yeast and mammals highlighting the
global role of GTFs in the control of gene transcription across eukaryotes [19,20].

2. TFIID variation in metazoans
The first example of a GTF paralog was described by Tjian and colleagues in 1993 [21], when
they reported an alternative form of Drosophila TBP called TBP-related factor 1 (TRF1). In
that study, TRF1 was shown to be an independent TBP-related gene that is expressed in a
unique pattern compared to the canonical TBP suggesting that it could play selective rather
than general roles in regulating gene-specific programs of transcription [21]. Subsequent
biochemical studies provided critical evidence that fly TRF1 was involved for the expression
of RNA polymerase III (Pol III) transcripts encoding multiple transfer RNA (tRNA) genes
indicative of promoter-selective modes of regulation by TRF1 [22,23]. In addition to Pol III
genes, TRF1 has also been shown to function at selective Pol II promoters, both in vitro and
in vivo, suggesting diverse promoter selective functions of TRF1 in the regulation of
transcription [24]. Unlike many of the other GTF variants discussed below, TRF1 is apparently
restricted to Drosophila genomes and there does not seem to be a vertebrate ortholog to perform
similar functions. While these studies do not indicate roles for TRF1 in germ cell development,
they illuminated the notion that alternative forms of GTFs could act selectively in regulating
transcription and revealed the tip of the iceberg of numerous variant GTFs that evolved to
regulate diverse aspects of embryogenesis and germline determination.
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3. Expression and Function of TFIIA and TFIID variants in the vertebrate germ
line

The connection between variant GTFs and germline regulation involved the discovery of
exclusive or enriched expression of GTF paralogs in the gonads of both invertebrate and
vertebrate organisms. This gonadal expression pattern was first evident in the testis-specific
expression of an alternative form of human TFIIA named TFIIAalpha/beta-like factor (ALF;
also called TFIIAtau; Figure 2B) [25–27]. TFIIA is a trimeric protein complex of processed
TFIIAalpha and TFIIAbeta subunits encoded within a single polypeptide and an independently
encoded TFIIAgamma subunit. Initial characterization of ALF suggested that it could
functionally substitute for the canonical TFIIAalpha/beta by binding to TFIIAgamma and TBP
and stabilizing TFIIA-TBP interactions on DNA [25–27]. However, what was unique upon
ALF’s discovery was that it is exclusively expressed in germ cells and can replace the canonical
TFIIAalpha/beta during gametogenesis in mammals and frogs [28, 29]. In fact, a recent
comparison of the gonadal expression patterns of multiple GTFs, including TFIIA and TFIID,
in frogs and mice has illuminated greater than 10 paralogous GTFs which are exclusively
expressed in the gonadal tissues across distant vertebrate organisms [30]. Such an extensive
set of gonadal-specific GTF paralogs reveals that in addition to performing their global
transcription functions which are well conserved from yeast to mammalian cells, that selective
variants of these factors have adopted key roles in executing gonadal-specific gene regulatory
events that underlie sexual reproduction.

In addition to TFIIA, a number of paralogous TFIID subunits have been identified with
exclusive or enriched expression in mouse gonads and germ cells. The illumination of the
developmental functions of a number of these factors has come from reverse genetic studies
in the mouse where phenotypic inspection of knockout mice revealed striking defects in
gonadal development and fertility [31–33]. For example, disruption of TBP-related factor 2
(also called TLF) revealed a specific block in spermiogenesis, a late stage of sperm maturation
that occurs in the semiferous tubules of the mammalian testis [32,33]. These initial studies
implicated TRF2 in the expression of RNA polymerase II-dependent and testis-specific
mRNAs required for the completion of spermiogenesis (Figure 2C). Recent evidence suggests
TRF2 may play a pivotal role in the chromatin compaction that is required for successful
execution of the spermatocyte-spermatid transition where the male germ line becomes
progressively more compacted by replacement histones called transition proteins and
protamines [34,35].

While most of the studies on variant GTFs in germ cell development focus on the development
of the male germline, the function of the mammalian ovary is equally dependent on similar
variation within TFIID. TAF4b (formerly TAFII105) was identified as a sub-stoichiometric
TAF4-related paralog subunit of TFIID complexes derived from cultured B lymphocytes
[36]. Mouse knockout studies revealed an essential function of TAF4b in ovarian follicle
development and female fertility (Figure 2D) [31]. Within the mouse ovary, TAF4b is
expressed within both somatic granulosa cells required to nurture the developing egg and the
oocyte itself [31]. Recent studies have demonstrated that TAF4b is required for integrating
transcriptional activation of multiple ovarian granulosa cell target genes that are required for
granulosa cell proliferation in response to diverse hormonal stimulation [37–39]. In addition,
TAF4b has also been shown to be required for multiple aspects of oocyte development
including the establishment of the primordial follicle pool and oocyte maturation [39,40].
Interestingly, TAF4b is also required for the proper maintenance of spermtogenesis in the
mammalian testis [41]. Again, TAF4b expression is detected in the somatic cells of the testis,
including Sertoli and Leydig cells, and in multiple germ cell populations [41]. Gene expression
profiling of the juvenile TAF4b-null testis suggests that TAF4b regulates a subset of genes
required for spematogonial stem cell (SSC) maintenance and a recent study has revealed the
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expression of TAF4b in long-term cultured SSCs (Figure 2D) [41,42]. Strikingly, the paradigm
of global TAF4 expression and gonadal TAF4b expression is conserved in Xenopus where
TAF4 is broadly expressed and a TAF4-related paralog (xlTAF4b) is exclusively expressed in
the frog ovary and testis [30]. The diversification of TAF subunits in reproduction is not limited
to the TAF4 family but includes paralogs of many other canonical TAFs that are selectively
expressed in the gonads [30,43]. The extensive array of paralogous TAFs that are conserved
between distant vertebrate species suggests that diversification of the transcriptional machinery
is a common mode of germ cell regulation across vertebrate evolution.

4. TFIID variation and chromatin structure
One possible mechanism associated with variant TFIID complexes is their unique impact on
chromatin structure and function. While molecular genetic studies in diverse vertebrates
illuminated the critical roles of variant GTFs in reproduction, are GTF variants conserved
amongst invertebrates, are such variants specifically expressed in the gonads and do they
inform us about the potential regulation of chromatin structure? The answer to all three
questions is yes [44]. TFIID variation in particular is highly extensive in Drosophila and many
of these variants are critical for spermatogenesis. Much of this work is largely the result of
unbiased forward genetic screens in Drosophila by Fuller and colleagues that identified novel
regulators of male meiosis and spermatid differentiation [45]. These screens yielded a number
of genes that are expressed in exquisitely specific patterns in the testis and whose protein
products are required for meiotic progression and spermatid differentiation. Strikingly, many
of these genes encode paralogs of canonical Drosophila TAFs including no hitter (nht; dTAF4
paralog), cannonball (can; dTAF5 paralog), meiosis I arrest (mia; dTAF6 paralog),
spermatocyte arrest (sa; dTAF8 paralog) and ryan express (rye; dTAF12 paralog) [46,47].
These testis-specific TAFs (tTAFs) form a stable alternative TFIID complex that collectively
function to regulate transcription of genes required for meiotic progression and spermatid
differentiation similar to its vertebrate counterparts TRF2 and TAF4b [45]. Surprisingly
however, recent analysis of tTAFs in target gene activation has revealed a novel function of
the tTAFs in localization of the polycomb repressive complex 1 (PRC1) to the nucleolus
[48]. PRC1 is a sequence-specific multi-protein chromatin regulatory complex that is most
often associated with heterochromatin and gene silencing. The nucleolar sequestration of PRC1
by this alternative TAF complex allows for transcriptional activation, rather than repression,
of spermatocyte differentiation genes and may be a critical switch in promoting terminal
spermatid differentiation (Figure 3). A recent study has also revealed the nucleolar
colocalization of a spliced variant of TAF1 and the tTAFs suggesting that alternative TFIID
complexes may be localized to the nucleolus in Drosophila. Thus both invertebrates and
vertebrates have evolved specialized GTFs subunits that are essential for diverse transcriptional
programs associated with gametogenesis that may involve the regulation of chromatin structure
and function.

The paradigm of increasing regulatory diversity by evolving selective variants is not unique
to GTFs, but has been observed in the regulation of chromatin structure and transcription in
the form of histone variation. Alternative forms of histones have been identified across
evolution and genetic and biochemical studies have demonstrated unique structural and
functional properties of specific histone variants [49]. Moreover, germ cells are known to
contain specialized chromatin states that arise from a large number of germ cell-specific histone
variants and modifying enzymes that selectively function in spermatogenesis and oogenesis
[50,51]. The Drosophila ortholog of TRF2 (dTRF2) has been shown to associate with a large
multiprotein complex containing components of the chromatin remodeling complex NURF
[52]. A recent study has revealed distinct dTRF2 expression patterns and functions in
Drosophila ovaries and testes suggesting that by recruiting specific chromatin remodeling
complexes, dTRF2 may help establish specific chromatin structures required for proper germ
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cell differentiation [53]. Together these studies reveal that in addition to promoter selective
initiation, TRF2 may play diverse architectural roles in stabilizing specific chromatin states
required for the successful completion of gametogenesis from flies to mammals (Figure 2C).

As TRF2 has been recently implicated in chromatin regulation in flies and in mice, GTF
variants may collaborate with other specialized germ cell transcriptional regulators, such as
specific histone variants, to coordinate transcriptional activity with specialized chromatin states
[34,53]. In fact, the parallel between histone variants and TAF variants is even more direct
given the fact that many TAFs contain histone fold structural domains that are essential for
stability of the TFIID complex [54,55]. Four of the five tTAFs contain histone fold domains
[46]. Moreover, nht is a dTAF4 paralog that is more similar in structure to the yeast TAF4
ortholog that lacks the metazoan coactivator domain, than the canonical dTAF4 that contains
this activator interaction surface [14,46]. Perhaps, in addition to functioning as transcriptional
coactivator complexes, variant TAF-containing complexes may impart some unique structural
identity to chromatin states, like variant histones, that are essential for germ cell differentiation.
Future studies elucidating the molecular mechanisms associated with these variant GTFs is
thus required to illuminate how such specialized programs of germ cell differentiation are
accomplished.

5. Multiple mechanisms for generating general transcription factor diversity
How do we get from the global building blocks of the eukaryotic pre-initiation complex to the
specific regulation of germ cell development across diverse multi-cellular organisms? The
answer seems to be largely dependent on the duplication, alternative splicing and rapid
evolution of paralogous TFIID and TFIIA genes. Such genetic events have yielded related
protein products that are used in diverse ways to exquisitely regulate global gene expression
patterns as well as those required for sexual reproduction. However, it remains to be determined
which of the paralogous genes arose first, those with somatic functions or those with germ line
functions. Gene duplication is only one of multiple mechanisms that can give rise to alternative
TAFs that function in sexual reproduction. In humans, TAF1 (formerly TAFII250) is the largest
subunit of the TFIID complex and is encoded by a gene located on the X chromosome. During
male meiosis, the X and Y chromosomes pair and are silenced by post-meiotic sex
heterochromatin [56]. As autosomes are transcriptionally active during male meiosis, a testis-
expressed intronless version of TAF1 called TAF1L was identified on human chromosome 9
and shown to bind to TBP and rescue a TAF1-deficient cell line [57]. This retrotransposition
event occurred recently during evolution as TAF1L is only expressed in a subset of primates
including humans. Thus, retrotransposition of a canonical TAF gene has lead to the gonadal-
specific expression of paralogous gene in the testis. Given the high degree of conservation in
their respective coding regions, TAF1L is predicted to execute similar promoter selective
functions as does the broadly expressed TAF1 paralog in spermatocytes.

In addition to gene duplication, alternative splicing of dTAF1 has been shown to provide
multiple isoforms of dTAF1 in Drosophila. One specific isoform of dTAF1, dTAF1-2, exhibits
enriched expression in the testis. Recent evidence has revealed the localization of dTAF1 in
spermatocyte nucleoli, where tTAFs are localized suggesting the testis-expressed dTAF1-2
isoform of dTAF1 might function together with the tTAFs to help elicit testis-specific programs
of gene expression [58]. Thus, while multiple mechanisms are utilized to express gonad-
specific variants of TFIID, either by gene duplication in the case of the tTAFs or alternative
splicing in the case of dTAF1-2, each may ultimately work together to regulate the unique gene
expression patterns required for sexual reproduction. These mechanisms, in combination with
retrotransposition, present evidence that evolution has taken advantage of multiple mechanisms
to diversify aspects of the gloabal transcription machinery to function selectively in the
reproductive success of multicellular organisms. Diversification of TAFs is observed in plants
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where duplicate forms of numerous Arabidopsis TAFs (atTAFs) have been identified that may
have arisen by genome duplication [59]. Moreover, where examined functionally for atTAF1
and atTAF6, specific paralogs play non-redundant developmental functions in plants as they
do in animals, including integrating light signals and mediating pollen tube growth, a male
germline function [60,61]. Thus, the ability of paralogous TAFs to function both in global
transcription programs and specialized reproductive capacities may be a widespread
mechanism for increasing the repertoire of gene transcription programs required for sexual
reproduction in the context of a finite genome [62].

6. Future considerations
Many questions regarding the evolution and function of diversified basal transcription factors
still remain. For example, why is GTF variation so extensive in the germ line and are there
somatic tissues that also need to express specific gene programs that use similar mechanisms?
In fact, there are now multiple examples of GTF variants that have critical functions in
regulating differentiation programs outside of the germline. A prime example is the recent
characterization of the mechanism by which the mammalian TBP paralog, TRF3, functions in
muscle differentiation. These studies have revealed an eloquent switch from the core TFIID
and mediator complexes in proliferating myoblasts, to a very simple but variant core TRF3/
TAF3 complex required in differentiated myotubes [63,64]. Thus, to execute muscle
differentiation, mammals are poised to execute wholesale remodeling of the global
transcription machinery to specialized forms of this machinery required for the expression of
myogenin, a master regulator of the muscle differentiation program [63,64]. In addition, TRF3
was also shown to be required for mesoderm development and hematopoiesis during zebrafish
embryogenesis [65]. These studies suggest that GTF variation may have diverse effects on
differentiation programs both within and outside of the gonads. Thus, contrasting the diverse
functions associated with multiple GTF variants is critical to dissect transcriptional
mechanisms of germ and somatic cell diversification that is fundamental to metazoan
development.

Where does the study of gonadal-selective GTF variants lead us in the future? There are at
least three equally critical areas of study that will be greatly enhanced by the continued study
of developmental and mechanistic functions played by paralogous GTFs in sexual
reproduction. First, further detailed studies are required to identify additional players and their
precise modes of interactions during the process of transcription initiation. While the
biochemical study of transcription factors has been hugely helpful and successful in
understanding the fundamental nature of this basal machinery, there is still only limited
knowledge of how such factors work in an organ- and cell type-specific manner. These studies
thus afford a window of opportunity to understand the fundamental basis of how multi-cellular
organisms yield enormous cell type diversity given a limited number of regulatory factors.
Second, future studies in this fertile area will uncover novel mechanisms of germ cell
development. The process of gametogenesis involves coordinate regulation of mitosis, meiosis
and germ cell differentiation. Deciphering regulatory events that underlie these factors will
yield new mechanisms associated with stem cell regulation, asymmetric cell division and
chromatin regulation of meiotic progression. Third, the understanding of new reproductive
developmental players and mechanisms in diverse model systems will identify potential
etiologies of reproductive disease states in humans such as infertility and cancer. Insight into
how germ cells develop and mature in diverse model systems, from plants to humans, will
collectively provide the framework for how the biology of sexual reproduction is normally
achieved and illuminate new pathways and targets that may go awry during human reproductive
health. While it was initially a surprise that gonadal-selective GTFs could contribute to germ
line determination, numerous examples have now been identified across many distantly related
organisms. Understanding precisely how these factors work collectively is a challenging but
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exciting area of current research in transcriptional regulatory mechanisms of cell differentiation
and development.
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Figure 1.
Integration of multiple regulatory steps in transcription initiation by RNA polymerase II (Pol
II). Schematic representation of the proteins required for chromatin-dependent initiation of Pol
II transcription. Numerous protein-DNA and protein-protein interactions are depicted by
individual factors and multi-protein complexes recruited to regulatory DNA sequences.
Transcription initiation by Pol II is dependent on the combinatorial efforts of multiple factors
and multi-subunit complexes around the start site of transcription. TBP, TATA-box binding
protein; TAFs, TBP-associated factors; Nuc., nucleosomes; HATs, histone acetyltransferases;
HDACs, histone deacetylases; RE, recognition element; TATA, TATA-box, Inr, initiator;
DPE, downstream promoter element.
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Figure 2.
Alternative core promoter recognition factors in germ cell development. Assembly of the TFII-
DAB complex is critical for RNA polymerase II pre-initiation complex formation. A) The
canonical RNA polymerase II pre-initiation complex is well conserved from yeast to humans
and is involved in regulating global transcription programs. B) ALF is a germ cell-specific
TFIIA paralog that regulates germ cell-specific programs of gene expression. C) TRF2 is a
TBP paralog that has functions in meiotic chromosome condensation and spermatid
differentiation. D) TAF4b is a gonadal-enriched TAF4 paralog that is essential for ovarian
follicle development and the maintenance of spermatogenesis in mice.
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Figure 3.
Proposed mechanism of an alternative testis-specific TAF (tTAF) complex in Drosophila
[48]. A) In non-spermatocytes, where tTAFs are not expressed, the polycomb repressive
complex 1 (PRC1) is bound to the promoters of spermatid differentiation genes keeping them
in a repressed state. B) In spermatocytes, where tTAFs are expressed, PRC1 is sequestered by
the tTAFs in the nucleolus whereby it is unable to repress transcription. In the absence of
polycomb repression, trithorax-dependent transcriptional activation occurs at the spermatid
differentiation genes. Thus, the spermatocyte-to-spermatid transition in Drosophila is regulated
by a highly elaborate transcriptional mechanism involving a testis-specific alternative form of
TFIID.
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