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ABSTRACT TAF4b is a subunit of the TFIID complex that is highly expressed in the
ovary and testis and required for mouse fertility. TAF4b-deficient male mice undergo
a complex series of developmental defects that result in the inability to maintain
long-term spermatogenesis. To decipher the transcriptional mechanisms upon which
TAF4b functions in spermatogenesis, we used two-hybrid screening to identify a
novel TAF4b-interacting transcriptional cofactor, ZFP628. Deletion analysis of both
proteins reveals discrete and novel domains of ZFP628 and TAF4b protein that func-
tion to bridge their direct interaction in vitro. Moreover, coimmunoprecipitation of
ZFP628 and TAF4b proteins in testis-derived protein extracts supports their endoge-
nous association. Using CRISPR-Cas9, we disrupted the expression of ZFP628 in the
mouse and uncovered a postmeiotic germ cell arrest at the round spermatid stage
in the seminiferous tubules of the testis in ZFP628-deficient mice that results in
male infertility. Coincident with round spermatid arrest, we find reduced mRNA ex-
pression of transition protein (Tnp1 and Tnp2) and protamine (Prm1 and Prm2)
genes, which are critical for the specialized maturation of haploid male germ cells
called spermiogenesis. These data delineate a novel association of two transcription
factors, TAF4b and ZFP628, and identify ZFP628 as a novel transcriptional regula-
tor of stage-specific spermiogenesis.
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During the course of adult mammalian spermatogenesis, germ cells must transition
from a single unipotent and diploid undifferentiated spermatogonial stem cell

(SSC) to thousands of highly specialized and haploid mature spermatozoa (1). These
abundant and regulated transitions involve rapid cell proliferation (mitotic phase)
leading to precise chromosome rearrangements and segregation (meiotic phase). The
final phase of differentiation, spermiogenesis, involves remarkable chromatin compac-
tion, cytoplasmic exclusion, and flagellum acquisition events that yield free-swimming
spermatozoa (2–5). These processes are all confined within the seminiferous tubules of
the testis, an enveloped support structure where somatic Sertoli cells sustain an
essential stem/germ cell microenvironment. Although these extensive morphological
and cytological features have been appreciated for over a century, significant gaps in
our knowledge on the genetic and transcriptional regulation governing spermatogen-
esis, and more specifically spermiogenesis, remain.

During development, the regulation of RNA polymerase II transcription plays a
pivotal role in the commitment toward differentiation in diverse cell lineages. In
addition to sequence-specific transcription factors that direct specialized gene expres-
sion programs, cell-type-specific or -enriched variant forms of the core transcription
machinery are also essential (6). These are required to drive critical gene regulatory
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programs involved in diverse developmental events associated with multicellularity
and differentiation. The diversification of the core transcription machinery, which is
required for recruitment of RNA polymerase II to proximal gene promoters, is vast in the
germ line (7–9). Germ cell-specific or -enriched variants of the general transcription
factors TFIIA and TFIID execute critical and selective functions in regulating reproduc-
tion and long-term fertility (9). Such mechanisms of germ cell regulation are conserved
between invertebrates and vertebrates and reflect an effective means for evolving
germ cell-specific modes of gene regulation. Recent work has demonstrated the germ
cell-specific transcriptional requirements of TAF4b, a TFIID subunit and TAF4 paralog,
for both male and female fertility (10–13). While the previous studies indicate that
TAF4b is required for male germ cell development and long-term male fertility, the
transcriptional and gene regulatory mechanisms underlying the requirement for TAF4b
remain unclear.

The gonad-enriched TAF4b protein shares extensive sequence similarity within the
300-amino-acid carboxy-terminal histone fold domain (HFD) of its more ubiquitously
expressed mouse paralog TAF4a (called TAF4 in humans [14]). Biochemical evidence
supports the notion that both TAF4a and TAF4b dimerize with TAF12 via an H2A/H2B-
like HFD (15–18). While their well-conserved HFDs direct incorporation of these paralo-
gous TAF4 subunits into the TFIID complex, the amino termini of TAF4a and TAF4b are
highly divergent outside of a common TAF4 homology (TAFH) domain. This sequence
diversity may facilitate transcriptional regulation through unique interacting transcrip-
tional partners. Structural analysis of the TAFH domain in the ETO protein suggests that
it serves as a docking platform for both positive and negative transcriptional regulators
(19). While the N-terminal coactivator domain of human TAF4 binds the transcriptional
activators Sp1 and CREB, no such specific transcription factor interactions have been
identified for TAF4b (20, 21). Therefore, uncovering proteins that interact and function
with TAF4b is crucial for the identification of transcriptional cofactors that work
together with TAF4b to regulate spermatogenesis.

To further uncover the mechanisms of TAF4b, we assessed the protein-binding
properties of an amino-terminal mouse TAF4b coactivator domain using the yeast
two-hybrid (Y2H) interaction assay. Our studies reveal the novel association of TAF4b
with a sequence-specific transcription factor called, zinc finger protein 628 (ZFP628;
also known as ZEC). ZFP628 was known to function as a transcriptional activator and
has sequence-specific DNA binding properties in vitro (22). Here, we present the results
of diverse protein-protein interaction assays both in vitro and in vivo that support the
specific interaction between these two proteins. Phylogenetic analyses of their minimal
interacting domains in both ZFP628 and TAF4b suggest that they are well conserved
through vertebrate evolution. Loss-of-function genetic analyses reveal an essential role
for ZFP628 in the regulation of transcription associated with spermiogenesis and male
fertility. Together, these data suggest that TAF4b and ZFP628 cooperate to support
stage-specific transcription regulating spermatid development in the mouse testis.

RESULTS
Identification of neonatal testis proteins that interact with the TAF4b

N-terminal coactivator domain. Based on large divergent patches of amino-terminal
amino acid sequences between TAF4a and TAF4b paralogs, we hypothesize that they
interact with distinct DNA-binding transcription factors through unique coactivator
domains. To identify TAF4b-interacting transcription factors, we utilized a Y2H protein-
protein interaction screen. Since TAF4b-deficient testes exhibit a late embryonic/early
postnatal germ cell defect (12), we generated a prey library from postnatal day 2 (P2)
mouse testes and cloned the TAF4b coactivator domain into a bait vector (Fig. 1A).
While most of the positive TAF4b-interacting Y2H clones did not map to any known
protein-coding genes in the mouse genome, 4 proteins were identified from several
clones: scaffolding protein receptor for activated kinase 1 (RACK1), chaperone heat
shock protein 90 (HSP90), E3 ubiquitin ligase ring box protein 1 (RBX1), and zinc finger
protein 628 (ZFP628) (Fig. 1B). While these proteins exhibit an immensely diverse set of
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molecular and cellular features, the sequence-specific DNA binding properties of
ZFP628 made it a promising TAF4b transcriptional cofactor candidate for further
validation (22).

Our Y2H screens identified the C-terminal 117 amino acids of ZFP628 (922 to 1038)
in 2 identical clones from 2 separate screens that specifically interacted with TAF4b (Fig.
1B). To test which portion of the TAF4b coactivator domain ZFP628 interacts with, we
generated a series of TAF4b constructs with C-terminal and N-terminal deletions and
used these as bait in directed Y2H assays (Fig. 1C; Table 1). As negative controls, we
used the empty bait vector along with a prey vector containing Figl�, a germ cell-
specific protein not known to interact with the TAF4b coactivator domain. Yeasts were
grown on media that selected for the presence of both bait and prey plasmids (Fig. 1D,
left) and also selected for the bait-prey interaction (Fig. 1D, right). Robust growth on the

FIG 1 TAF4b-interacting protein identification by yeast two-hybrid (Y2H) screening assay. (A) TAF4b protein domain architecture featuring comparative domain
sequence identity to TAF4a and Y2H screening analysis experimental approach. The mouse TAF4b N-terminal coactivator domain (TAF4b-1) was used as bait
to identify interacting proteins from a prey library that was generated from postnatal day 2 testis cDNA. (B) Distribution of positive TAF4b interaction clone
frequency identified from 2 independent Y2H screens. The number of positive clones identified for each prey protein is indicated. (C) A schematic depiction
for each TAF4b coactivator domain bait construct used in the directed Y2H protein interaction assays. Domain locations are representative of their position
within each protein. TAF4b histone fold and TAF H domains were identified using the pfam program (http://pfam.xfam.org/) (44). (D) Directed Y2H analysis.
Taf4b bait plasmids (1 to 7) were cotransformed into Y2HGold yeast with the Zfp628 prey plasmid that was identified and isolated from the Y2H screen.
Following selective growth in liquid media, 10 �l of the indicated OD600 dilution was plated on agar for either bait/prey plasmid selection (left; ddo) or a
stringent selection for bait/prey/protein interaction (right; qdoa). Directed Y2H assays using either the Zfp628 prey plasmid with an empty bait plasmid or a
prey plasmid containing Fig1� with the Taf4b-1 bait plasmid were used as negative controls (bottom ddo and qdoa images). The resulting portion of TAF4b
necessary for protein interaction with ZFP628 is indicated in panel C.
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bait-prey interaction-selective media by yeasts containing Taf4b-1, -2, -3, -5, and -6
suggests that the ZFP628-TAF4b interaction is highly specific. These data also suggest
that TAF4b amino acids 99 to 176 are necessary and amino acids 99 to 240 are sufficient
to interact with the C-terminal 117 amino acids of ZFP628 (Fig. 1C and D, ZFP628-
interacting domain). We have not yet mapped the minimal domain in ZFP628 (amino
acids 922 to 1038) required for interaction with TAF4b.

A discrete portion of the TAF4b coactivator domain interacts directly with
ZFP628. To further test the minimal interaction domains of TAF4b with ZFP628, we
generated a glutathione S-transferase (GST)-tagged ZFP628 construct, as well as a series
of FLAG-tagged constructs containing different portions of the TAF4b open reading
frame (ORF), for recombinant protein expression in Escherichia coli (Fig. 2A; Table 1). By
expressing GST-ZFP628 and GST alone and purifying these proteins with glutathione-
agarose beads, we tested whether they directly interacted in vitro with the various
TAF4b-FLAG proteins. ZFP628 could only pull down TAF4b fragments N3, N5, and N6
(Fig. 2B). These are the only portions of the TAF4b coactivator domain containing
amino acids 99 to 176, which is the region identified by the directed Y2H analysis as
necessary for interaction with ZFP628. Together, these data indicate that the C-terminal
117 amino acids of ZFP628 are sufficient to directly interact with a small portion of the
TAF4b N-terminal coactivator domain (amino acids 99 to 240 [Fig. 1A and 2A]). We also
identified a potential ZFP interaction domain in murine TAF4a that is 30% identical to
its analogous domain in TAF4b (Fig. 2C) but failed to associate with the TAF4b-
interacting domain of ZFP628 (Fig. 2D).

Comparative phylogenetic analysis of coactivator domain sequence conserva-
tion within TAF4b orthologs. Paralogous TFIID variants are known to function in
germ line-specialized transcriptional regulation in both vertebrates and invertebrates
through enriched or exclusive gonadal expression (9). Comparative sequence analysis
of the testis-specific Taf4 paralog, no hitter (nht), from several Drosophila species
indicates that nht arose independently within the Drosophila genus (23). Although

TABLE 1 Primers: plasmid construction, Y2H screening, and RT-qPCR

Construct Amino acids Forward primera Reverse primera Plasmid

Yeast two-hybrid bait
constructs

Taf4b-1 1–552 TTGGATCCATGCCGGCGGGCCTCAC TTCTGCAGCTGCCCACAGTTCTGAGTGCTC pGBKT7
Taf4b-2 1–400 TTGGATCCATGCCGGCGGGCCTCAC TTCTGCAGGTTTGCTACTCCTGGACCAGCAAG pGBKT7
Taf4b-3 1–240 TTGGATCCATGCCGGCGGGCCTCAC TTCTGCAGAGCTTTGAGACGTGCGTCATTTGAG pGBKT7
Taf4b-4 1–98 TTGGATCCATGCCGGCGGGCCTCAC TTCTGCAGCGGCGTTTTCACGGTGACTATC pGBKT7
Taf4b-5 50–240 TTCATATGGTCAGTGTTTGCGTGGAGTCTG TTGGATCCAGCTTTGAGACGTGCGTCATTTG pGBKT7
Taf4b-6 99–240 TTCATATGGGCACCACGACAATCCAACTACC TTGGATCCAGCTTTGAGACGTGCGTCATTTG pGBKT7
Taf4b-7 177–240 TTCATATGGTTAAAAATTTGACACAGATAGGA

ACTACTGTG
TTGGATCCAGCTTTGAGACGTGCGTCATTTG pGBKT7

Yeast two-hybrid library
screening primer
construct Y2H Hits

CTATTCGATGATGAAGATACCCCACCAAACCC GTGAACTTGCGGGGTTTTTCAGTATCTACGATTC pGADT7-Rec

Recombinant ZFP628-TAF4b
expression constructs

TAF4b-N3 1–255 TTAAGCTTATGCCGGCGGGCCTCAC GGTACCTAGCACTGTCGGAGGAAGAGCAG pT7-MAT-FLAG-2
TAF4b-N4 1–98 TTAAGCTTATGCCGGCGGGCCTCAC TTGGTACCCGGCGTTTTCACGGTGACTATC pT7-MAT-FLAG-2
TAF4b-N5 50–255 TTAAGCTTGTCAGTGTTTGCGTGGAGTCTG GGTACCTAGCACTGTCGGAGGAAGAGCAG pT7-MAT-FLAG-2
TAF4b-N6 99–255 TTAAGCTTGGCACCACGACAATCCAACTACC GGTACCTAGCACTGTCGGAGGAAGAGCAG pT7-MAT-FLAG-2
TAF4b-N7 177–255 TTAAGCTTGTTAAAAATTTGACACAGATAGGA

ACTACTGTG
GGTACCTAGCACTGTCGGAGGAAGAGCAG pT7-MAT-FLAG-2

TAF4b-N8 1–49 TTAAGCTTATGCCGGCGGGCCTCAC TTGGTACCAGGAGCCTTAGTCACAGGG pT7-MAT-FLAG-2
TAF4b-Mid1 256–609 AAGCTTGAAAATGTGAAAAAATGTAAAAACTT

CCTTTCAATG
GGTACCGTCATCTTCACCTCTGAAGCATG pT7-MAT-FLAG-2

TAF4b-C1 610–855 AAGCTTATCAATGATGTGACTTTCATGGCAGAGG GGTACCCTTAAGAAGGGCAAGGTATAGGGC pT7-MAT-FLAG-2
GST-ZFP628 922–1038 TTGGATCCATGGTGAGCAGACTAGGCTCTG TTGAATTCTCAAAACGTGTGTACCAGTTGGACTGC pGEX-5x-3
6�His-ZFP628 667–1038 TTGGATCCGCTCAAGATGTTCACGTACTCCCTAAC TTCTCGAGTAAACGTGTGTACCAGTTGGACTGCAG pETRP-1B

Luciferase assay construct
Zfp628-Gal4DBD

667–1030 TTTCTAGAGCTCAAGATGTTCACGTACTCCCTAAC TTGGATCCTAAACGTGTGTACCAGTTGGACTGCAG pCG-Gal4DBD

aAll primers are shown in the 5=-to-3= direction.
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TAF4b and the nht product both share a TAF4-like histone fold domain (HFD), the nht
product lacks the N-terminal coactivator domain present in the mouse TAF4b ortholog.
In light of a direct TAF4b-ZFP628 interaction through a discrete portion of the TAF4b
amino-terminal coactivator domain (Fig. 1 and 2), we assessed the extent of this novel
coactivator domain throughout metazoans. BLASTP analysis of the mouse N-terminal
coactivator domain (amino acids 1 to 609) identified several clear TAF4b orthologs.
Phylogenetic analysis places these orthologs among placentals, marsupials, monotremes,
amphibians, birds, reptiles, and the lobe-finned fish coelacanth. However, these TAF4b

FIG 2 A discrete portion of the TAF4b coactivator domain is required for its direct interaction with ZFP628. (A) A graphic representation of each TAF4b
recombinant protein expression construct containing a C-terminal FLAG epitope, as well as their corresponding TAF H and histone fold domains. The
ZFP628-interacting domain identified in Fig. 1 is indicated. The location of each domain is representative of its position within each protein. (B) Defining an
interaction domain within TAF4b required for a direct protein-protein interaction with ZFP628. Bacterial soluble protein extracts containing different portions
of TAF4b (N3 to N8, Mid1, and C1) were incubated with immobilized GST or GST-ZFP628, and bound proteins were analyzed by immunoblotting with anti-FLAG
antibodies. (C) Protein sequence comparisons between mouse TAF4b and TAF4a identified a small domain of TAF4a (amino acids 385 to 389) that displayed
limited conservation to the ZFP628-interacting domain of TAF4b. Amino acid identities between these two domains are highlighted in green and indicated by
an asterisk, and amino acid conservation is indicated by single and double dots. (D) Bacterial soluble protein extracts containing this domain of TAF4a fused
to a C-terminal FLAG epitope were incubated with immobilized GST or GST-ZFP628, and bound proteins were analyzed by immunoblotting with anti-FLAG
antibodies.
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orthologs are not present in ray-finned fishes, cartilaginous fishes, or jawless verte-
brates (Fig. 3A). This suggests that the coactivator domain-encoding Taf4b gene
originated during the sarcopterygian-osteichthyean evolutionary split approximately
409 to 427 million years ago (24). We found a higher retention of sequence identity
within the known TAFH and ZFP628-interacting domains relative to intervening se-
quences within TAF4b orthologs (Fig. 3B). Furthermore, we also identified several highly
conserved residues within the ZFP628-interacting domain, indicating a potential func-
tional and/or structural significance of these sequences (Fig. 3C). As we have high-
lighted only amino acid sequence identities in these analyses and not conservative
substitutions, the extent of conservation is largely underestimated.

Identification and analysis of Zfp628 orthologs. Zinc finger genes represent one
of the largest gene classes in the human genome, with 709 identified (3% of all
protein-coding genes [25]). Many of these genes have functional orthologs in mice, as
well as various other metazoans. Since the ZFP628-interacting domain of TAF4b shares
relatively limited conservation, we examined the extent of Zfp628 gene conservation
within the animal kingdom. As with Taf4b, Zfp628 orthologs are present in placentals,
marsupials, monotremes, amphibians, birds, reptiles, and a lobe-finned fish the coela-
canth yet absent in ray-finned fishes, cartilaginous fishes, and jawless vertebrates (Fig.
4A). The 1,038-amino-acid mouse ZFP628 protein contains 16 predicted C2H2 zinc
fingers spread over its first 636 amino acids (Fig. 4B). Our Y2H screen identified a
TAF4b-interacting clone expressing the C-terminal 117 amino acids of ZFP628 (922 to
1038 [Fig. 1]). To investigate any potential functional conservation within the TAF4b-
ZFP628 interaction, we performed a BLASTP analysis of the TAF4b-interacting portion
of mouse ZFP628 (922 to 1038). Remarkably, this identified several ZFP628 orthologs
that not only contained similar C-terminal TAF4b-interacting sequences but also re-

FIG 3 Phylogenetic analysis of the TAF4b coactivator sequence and ZFP628-interacting domain reveals a restricted conservation to vertebrate sarcopterygii and
tetrapods. (A) Cladogram of several TAF4b orthologs identified by BLASTP analysis of the mouse TAF4b (NP_001093919) coactivator domain. Sequences from
a monotreme (platypus [Ornithorhynchus anatinus] [XP_007666449]), marsupials (opossum [Monodelphis domestica] [XP_007487642] and Tasmanian devil
[Sarcophilus harrisii] [XP_012396946]), placentals (dog [Canis lupus familiaris] [XP_547629], human [Homo sapiens] [NP_001280654]), African elephant ([Lox-
odonta africana] [XP_003406395], and armadillo [Dasypus novemcinctus] [XP_004465202]), a bird (sparrow [Zonotrichia albicollis] [XP_005479722]), reptiles
(Chinese alligator [Alligator sinensis] [XP_006016470], painted turtle [Chrysemys picta bellii] [XP_005280060], and king cobra [Ophiophagus hannah] [ETE74136]),
an amphibian (western clawed frog [Xenopus tropicalis] [XP_002940973]), and a coelacanth (Latimeria chalumnae [XP_014349716]) are represented. Numbers
at the branches represent values obtained after 100 bootstrap replicates. The asterisk and slashed circle indicate the presence and absence, respectively, of an
N-terminal coactivator domain within branch-point descendant TAF4b orthologs. (B) Domain structure of the mouse TAF4b coactivator domain and
comparative domain sequence identity to TAF4b orthologs. (C) Amino acid sequence alignment of ZFP628-interacting domains from several TAF4b orthologs
in panel A. The highlighting corresponds to residues conserved among placentals and marsupials.
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tained similar N-terminal C2H2 zinc finger domain architectures (Fig. 4B). Phylogenetic
analysis reveals a strikingly similar evolutionary conservation profile to the coactivator
domain-containing TAF4b orthologs. Regarding the ZFP628-interacting domain in
TAF4b, we identified a number of highly conserved residues within the TAF4b-intacting
domain of ZFP628 (Fig. 4C). Together, these data demonstrate a clear correlation
between Taf4b coactivator domain and Zfp628 gene conservation and also indicate the
potential for functional conservation of the ZFP628-TAF4b or related protein-protein
interactions during animal evolution.

ZFP628 coprecipitates with TAF4b in adult testis protein extracts. To investigate
in vivo ZFP628-TAF4b protein interaction, we generated ZFP628-specific polyclonal
antibodies. The ZFP628-specific antiserum was used to coimmunoprecipitate ZFP628-
associated proteins from P40 soluble whole testis protein extract. Both TAF4b and
TAF4a were detected in ZFP628 immunoprecipitates but not in the negative preim-
mune serum control. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) did not
coimmunoprecipitate with ZFP628 (Fig. 5A). We also examined Zfp628 mRNA expres-
sion in adult tissues and during testis development. Zfp628 mRNA was broadly ex-
pressed in adult tissues and expression progressively increased during testis develop-
ment from late embryo to mature adult (Fig. 5B). There is evidence that TAF4a and
TAF4b can both associate in the same TFIID complex, and these data suggest that the
ZFP628-TAF4b interaction occurs within a TFIID-dependent context. Previous work
demonstrated that TAF4b protein is present in both differentiating germ cells and
somatic cells within adult testes (12). To test whether there is a similar distribution for
ZFP628, we examined ZFP628 protein localization within the adult testis. ZFP628 is
found in both TRA98-positive germ cells and TRA98-negative somatic cells (Fig. 5C).

FIG 4 Identification and phylogenetic analysis of ZFP628 orthologs: Zfp628 gene conservation correlates with Taf4b coactivator domain conservation. (A)
Cladogram of ZFP628 orthologs identified through BLASTP analysis of the mouse ZFP628 (NP_739565). Sequences from a marsupial (opossum [Monodelphis
domestica] [XP_016282897]), placentals (gray mouse lemur [Microcebus murinus] [XP_012605717], human [Homo sapiens] [NP_149104], rat [Rattus norvegicus]
[XP_008757234], armadillo [Dasypus novemcinctus] [XP_012375274]), cow [Bos taurus] [NP_001179987], dog [Canis lupus familiaris] [XP_541409], pig [Sus scrofa]
[XP_013854265], and African elephant [Loxodonta africana] [XP_010585336]), reptiles (garter snake [Thamnophis sirtalis] [XP_013923851], Carolina lizard [Anolis
carolinensis] [XP_003224631], gecko [Gekko japonicus] [XP_015277859], painted turtle [Chrysemys picta bellii] [XP_005280811], and American alligator [Alligator
mississippiensis] [XP_006275450]), a bird (brown kiwi [Apteryx mantelli] [XP_013794991]), an amphibian (western clawed frog [Xenopus tropicalis]
[XP_002941933]), and a coelacanth (Latimeria chalumnae [XP_006010069)]) are represented. Numbers at the branches represent values obtained after 100
bootstrap replicates. The asterisk and slashed circle indicate the presence or absence, respectively, of ZFP628 orthologs within branch-point descendants. (B)
Predicted domain architecture of several ZFP628 orthologs. Domain locations are representative of their position within each protein. (C) Amino acid sequence
alignment of TAF4b-interacting domains from several ZFP628 orthologs. The highlighting corresponds to residues conserved among placentals and marsupials.
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Although ZFP628 protein is detectable in most cells, it appears enriched in meiotic
spermatocytes, postmeiotic round spermatids, and Sertoli cells. In contrast, ZFP628 was
absent from elongating and mature sperm.

The TAF4b-interacting portion of ZFP628 can function as a transcriptional
activator. A previous report demonstrated that the entire ZFP628 protein could
function as a transcriptional activator (22). To investigate whether the minimal TAF4b-
interacting portion of ZFP628 was sufficient for transcriptional activation, we fused it to
the yeast GAL4 DNA-binding domain and tested its properties in a human cell-based
transcription assay (Fig. 5D). Briefly, we cotransfected a firefly luciferase reporter
plasmid containing 5 upstream Gal4 DNA-binding sites into human 293T cells that
express very low levels of TAF4b. The transcriptional activity of GAL4-ZFP628 (TAF4b-
interacting portion 922 to 1038) regulated by the cytomegalovirus (CMV) promoter was
tested compared to GAL4-VP16 as a positive control and the GAL4 DNA-binding
domain alone as a negative control. Transfection efficiency was normalized by cotrans-
fection of a CMV promoter-driven Renilla luciferase reporter plasmid. Remarkably, the
GAL4-ZFP628 construct yielded an �17-fold increase in transcriptional activity, sug-
gesting that on its own the minimal TAF4b-interacting portion of ZFP628 can function
as a transcriptional activation domain when fused to the GAL4 DNA-binding domain
(Fig. 5E).

Zfp628 is required for spermiogenesis and male fertility. To test the in vivo
function of Zfp628 and whether it is functionally required for spermatogenesis, we
generated Zfp628-null mice using CRISPR-Cas9 genome editing (26). Following success-
ful production of a male Zfp628�/� founder, we expanded the Zfp628-null transgene by
breeding the founder to several Zfp628�/� females. After obtaining a sufficient number
of Zfp628�/� males and females, we conducted several heterozygous intercrosses. We
observed normal litter sizes from these crosses compared to �/� controls. In addition,

FIG 5 ZFP628 interacts with TAF4b in vivo and has transcriptional activator properties. (A) Endogenous TAF4b and TAF4a were immunoprecipitated from P40
testis extract using polyclonal ZFP628 antisera, whereas GAPDH was not. Rabbit preimmune serum was used as a negative control. WB, Western blotting. (B)
Relative mouse Zfp628 mRNA levels during testis development and in adult tissues. (C) P35 testis tissue sections. ZFP628 (red) was detected in both germ cells
(TRA98 cells in green) and nongerm cells. Blue, DAPI. ZFP628 colocalization with TRA98 occurs most clearly in round spermatids (yellow merge). (D) Domain
architecture of Zfp628 highlighting the TAF4b-interacting portion (pink) and a schematic representation of the luciferase reporter assay using the TAF4b-
interacting portion of ZFP628 fused to the Gal4 DNA-binding domain. (E) HEK293T cells were transfected with the negative control Gal4-DBD, positive control
Gal4-VP16, or Gal4-ZFP628 and reporter constructs, and transcriptional activity was measured by luminescence.
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following offspring genotyping, we observed �/�, �/�, and �/� mice in approxi-
mately 1:2:1 ratios (Fig. 6A). These data indicate that �/� mice are viable. In general,
Zfp628�/� and Zfp628�/� mice appeared healthy, displayed normal body weights, and
did not exhibit any behavioral abnormalities compared to Zfp628�/� controls (Fig. 6B
and C), and testis weights were comparable through P40 mice; at P171, Zfp628�/� and
Zfp628�/� mice had significantly smaller testes than those of Zfp628�/� controls (Fig.
6D). To assess the fertility of Zfp628-null mice, we conducted breeding analysis in both
male and female �/�, �/�, and �/� mice. All genotypes had normal mating
behaviors, and all crosses generated vaginal plugs. However, no pregnancies or litters
were obtained from matings with Zfp628-null males regardless of age (Fig. 6E). In
contrast, matings with Zfp628-null females yielded both normal pregnancy rates and
litter sizes (Fig. 6E). Together, these data demonstrate that Zfp628 is required for male
fertility but is not essential for female fertility.

To better understand the developmental nature of the male fertility defect in
Zfp628-null mice, we examined testis histology at different ages after hematoxylin and
eosin (H&E) staining. At postnatal day 14, testis sections from all genotypes had normal
seminiferous tubule, germ cell, and somatic cell morphology (Fig. 6F). In P35 testes,
however, several differences appear in the sections derived from Zfp628�/� and
Zfp628�/� mice compared to matched Zfp628�/� controls. Although a full complement
of differentiating germ cells (spermatogonia, spermatocytes, spermatids, and mature
sperm) was present in Zfp628�/� tubules, a reduced number of germ cells was
observed compared to that in Zfp628�/� controls (Fig. 6F). In P35 Zfp628-null testes,
tubules are void of any mature sperm and exhibit a spermiogenesis arrest in round
spermatids and several large multinucleated giant cells are present (Fig. 6F). Significant
testis weight reductions at P171 in the Zfp628�/� and Zfp628�/� testes also indicate
some level of haploinsufficiency (Fig. 6D). To examine the germ cell populations in the
testis more closely, we fixed the testes of Zfp628-null mice in Bouin’s solution and
embedded and stained paraffin sections with periodic acid-Schiff (PAS) (Fig. 7). Based
on the stage-specific comparison of germ cells from the matched fertile Zfp628�/�

control, the Zfp628�/� testis displays improperly formed acrosomal caps (Fig. 7A and D,
insets), a developmental block at stage VII round spermatids (Fig. 7B, and E) and round
spermatid sloughing into the tubule lumen with complete lack of elongating sperma-
tids at stage XII (Fig. 7C and F).

Zfp628 deficiency is associated with elevated apoptosis and downregulation of
key spermiogenesis genes. Large multinucleated cells within the Zfp628-null adult

testis may correspond to apoptotic germ cells (27). TUNEL labeling in matched �/�,
�/�, and �/� testis sections revealed a dramatic and significant increase in both the
number of terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end label-
ing (TUNEL)-positive seminiferous tubules and the number of TUNEL-positive cells
within these tubules upon Zfp628 deficiency (Fig. 8A). These results demonstrate that
loss of Zfp628 function is accompanied by profound cell death in the adult testis, which
likely arises from incomplete spermiogenesis.

As ZFP628 potentially functions as a sequence-specific transcription factor, we
investigated the impact that Zfp628 deficiency has on several potential downstream
target genes by quantitative reverse transcription (RT)-PCR (qPCR) in P40 and P171
testes. We first tested whether there are expression changes within genes whose loss
of function causes similar germ cell differentiation arrest and increased apoptosis and
produces large multinucleated germ cells, many of which were unaffected by the loss
of Zfp628 (Fig. 8B). Surprisingly, early spermatocyte gene expression was unaffected
(Fig. 8C). In contrast, transition protein and protamine gene expression was compro-
mised in the Zfp628�/� testis at both earlier (Fig. 8B) and later (Fig. 8D) time points.
Thus, the developmental block and demise of round spermatids in the absence of
Zfp628 may be associated with a block in transcription of the transition and protamine
genes required for the timely compaction of the haploid sperm genome.
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FIG 6 Loss of Zfp628 gene function blocks spermiogenesis and causes complete infertility. (A) Genotyping male progeny from a
Zfp628�/� mating. (B and C) Size, appearance, and gross morphology of P35 Zfp628 wild-type (WT), heterozygous (Het), and

(Continued on next page)
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DISCUSSION

Mechanisms of transcriptional regulation are known to involve specific protein-
protein interactions between sequence-specific transcription factors and the general
transcription machinery that recruits RNA polymerase II to the start site of transcription.
Clearly in development, transcription factors have a dominant role in specifying cell
states and fates in comparison to the general transcription machinery. However,
throughout evolution, subunits of the general transcription factor TFIID have under-
gone extensive gene duplication events that allow for these variants to more intimately

FIG 6 Legend (Continued)
knockout (KO) animals (B) and testes (C) are all normal. (D) Testis weights of Zfp628 WT, Het, and KO mice at the indicated ages.
The weights of P171 Zfp628 Het and Zfp628 KO testes were significantly reduced compared to that of WT testes. Data represent
means � SD and are annotated with P values reflecting a two-tailed t test. *, P � 0.01. (E) Summary of breeding studies of Zfp628
transgenic mice. Zfp628�/� mice were infertile, whereas Zfp628�/�, Zfp628�/�, and all female mice were completely fertile
(P � 0.01). (F) H&E staining of paraffin-embedded P14 and P35 testes from WT, Het, and Zfp628 KO mice. Black arrows indicate
large multinucleated cells (symplasts). Germ cell differentiation is arrested during spermiogenesis in round spermatids (blue
arrows) in Zfp628�/� mice.

FIG 7 Stage VII round spermatid block in the Zfp628�/� seminiferous epithelium. Shown is comparative
testis histology between Zfp628�/� (A to C) and Zfp628�/� (D to F) testis sections during 3 later stages
of the seminiferous epithelium using PAS staining. (A and D) Insets of round spermatids at stage VI show
improper acrosomal cap development in Zfp628�/� testis. (B and E) At stage VII/VIII, acrosomal granules
(black arrows) are still present in Zfp628�/� testis, while acrosomal caps (white arrows) are properly
formed in Zfp628�/� testis. The red circle highlights normal elongated spermatids in the Zfp628�/� testis,
whereas the black circle indicates the sloughing of large multinucleated round spermatids in the
Zfp628�/� testis that lack these elongated spermatids. (C and F) A stage XII tubule section shows a few
round spermatids with acrosomal cap (white arrows) but no elongated spermatids (red arrows) or sperm
at this stage of the seminiferous epithelium.
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FIG 8 Loss of Zfp628 is associated with extensive apoptosis and downregulation of key spermiogenesis genes. (A) TUNEL staining of P35 testis
sections from WT, Het, and Zfp628 KO mice. Quantitative analysis of TUNEL labeling measured both the number of TUNEL-positive tubules and
the number of TUNEL-positive cells per TUNEL-positive tubule. Tubules measured: WT, n � 251; Het, n � 238; KO, n � 285. Red bars indicate mean
values � SEM. Data comparisons and P values reflect two-tailed t tests. (B and C) Quantitative RT-PCR (qPCR) analysis of gene expression changes
of TFIID component transcripts and transcripts required for spermatogonium maintenance and spermiogenesis (B) and genes whose loss of

(Continued on next page)
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participate in cell specification events. One such factor is TAF4b, which is a germ
cell-enriched subunit of TFIID required for male and female fertility in the mouse. We
hypothesized that serving as a coactivator for a testis-specific transcription factor,
TAF4b could bridge enhancer-promoter interactions that integrate male germ cell-
specific networks of gene expression. To test this hypothesis, we used the yeast
two-hybrid method to identify testis-expressed proteins that interact with the amino-
terminal coactivator domain of TAF4b. Here we demonstrate the interaction of TAF4b
with a putative sequence-specific transcription factor ZFP628 (also called ZEC). A novel
amino-terminal domain of TAF4b (amino acids 99 to 240) is necessary for the associ-
ation with a 117-amino-acid C-terminal domain of ZFP628 (922 to 1038). Moreover, the
previously uncharacterized minimal interacting domains of TAF4b and ZFP628 are
extensively conserved through vertebrate evolution. The less direct but robust endog-
enous interaction of TAF4b and ZFP628 in testis-derived protein extracts is supported
by coimmunoprecipitation assays. CRISPR/Cas9 targeting of the mouse Zfp628 gene in
vivo revealed its potential role in transcription of the transition protein and protamine
genes and its essential role in transitioning spermiogenesis in the mouse testes.
However, since Taf4b-null males can complete spermiogenesis during the first wave of
spermatogenesis, it is still unclear if its interaction with ZFP628 is essential for fertility.

The finding that ZFP628 is required for spermiogenesis is novel and unexpected.
Following meiosis, male haploid spermatids undergo extensive chromatin remodeling
and compaction as they mature into spermatozoa (28). Crucial to this nuclear conden-
sation process are the replacements of histones first by transition proteins and subse-
quently by protamines (29–31). In P40 Zfp628�/� mice, we observed a dramatic
reduction in transition protein 1 (62%) and transition protein 2 (57%) transcripts, as well
as both protamine 1 (59%) and protamine 2 (80%) transcripts; however, we do not yet
know if these gene expression changes are direct effects of ZFP628. These expression
changes were further exacerbated in P171 Zfp628�/� mice, with reductions of 61% in
Tpn1, 82% in Tpn2, 96% in Prm1, and 94% in Prm2 transcript levels, although this may
reflect the dramatic loss of round spermatids at this time point. Transcription of
transition protein and protamine genes initiate in round spermatids and continue until
transcriptional cessation occurs in the condensing nuclei of elongating spermatids (32).
Zfp628�/� germ cells do form abundant round spermatids (Fig. 6F) and presumably
possess the temporal opportunity for transition protein and protamine transcription.
These results suggest that ZFP628 is required for proper Tnp1, Tnp2, Prm1, and Prm2
transcription. Insufficient expression of these critical genes may render round sperma-
tids incapable of differentiating into elongating spermatids. Due to its sequence-
specific DNA binding and transcriptional activator properties, it is tempting to specu-
late that these are direct transcriptional targets for ZFP628 regulation. Indeed, Chen
and colleagues identified C/GC/TA/TGGTTGGTTGC as a ZFP628 consensus DNA binding
sequence in vitro (22). However, exploring the presence of this DNA binding consensus
sequence within promoters of putative target genes and global promoter occupancy
and transcriptional studies are needed to address the potential functions of the
association between ZFP628 and TAF4b in the future.

Although TAF4b itself has not been previously linked to spermiogenesis, other germ
cell-expressed subunits of TFIID, including Trf2 (also called Tbpl1) and Taf7l, are known
to be required for spermiogenesis in the mouse. In light of the ZFP628 interaction with
TAF4b, as well as phenotypic similarities between ZFP628-, Trf2-, and Taf7l-deficient
mice (33, 34), we investigated gene expression differences for several TFIID subunits. In
contrast to the dramatic effects on transition protein and protamine mRNA levels, we
detected only modest reductions in TAF7, Trf2, Taf4b, Taf4a, Taf7l (35% decrease), and
TBP (41% decrease) transcript levels. There is evidence that TBP transcripts accumulate

FIG 8 Legend (Continued)
function phenocopies the Zfp628-null round spermatid arrest (C) in P40 testes from WT, Het, and Zfp628 KO mice. (D) qPCR analysis in P171 testes
of genes for spermiogenesis-associated transition proteins 1 and 2 and protamines 1 and 2.

ZFP628 Interaction with TAF4b Molecular and Cellular Biology

April 2020 Volume 40 Issue 7 e00228-19 mcb.asm.org 13

 on January 14, 2021 at U
niversiteitsbibliotheek U

trecht
http://m

cb.asm
.org/

D
ow

nloaded from
 

https://mcb.asm.org
http://mcb.asm.org/


in rodent round spermatids approximately 1,000-fold over somatic cell levels (35, 36).
Although the precise function of this transcript elevation is unknown, the decrease in
TBP mRNA in Zfp628�/� testes suggests that ZFP628 may also regulate TBP transcrip-
tion in round spermatids. The germ cell sloughing observed in Zfp628�/� testes
resembles symplastic spermatids observed in other mouse models of spermatocyte or
spermatid arrest, such as Ccna1-null, Trf2-null, and Rfx2-null mice (33, 37, 38). These
symplasts are generally a germ cell degeneration by-product resulting from the arrest
in spermiogenesis. Ccna1 is a germ line-specific cell cycle regulator essential for male
meiosis (37). Mice lacking the Ccna1 gene lack postmeiotic germ cells, accumulate
abundant large multinucleated symplasts, and have elevated apoptosis. MIWI and
MOV10L1, involved in Piwi-interacting RNA (piRNA) biogenesis, are required for male
fertility, and their loss of function results in a germ cell development arrest at the round
spermatid and zygotene spermatocyte stages, respectively (39–41). Miwi exhibited a
slight (22%) decrease expression in Zfp628�/� testes, whereas Ccna1 and Mov10l1 were
not substantially altered. CREM is a transcriptional master regulator essential for
spermiogenesis, and Flh5 is a CREM-binding transcriptional activator that may coregu-
late CREM target genes (27, 42). Although Zfp628�/� testes had a slight (16%) reduction
in CREM expression, they showed a 46% reduction in Flh5 transcript levels. ZFP628 may
influence expression of these known spermiogenesis regulators, either directly or
indirectly, and these combined effects may lead to the block in spermiogenesis
observed in the Zfp628�/� testes.

In addition to ascertaining mechanisms of cell-type-specific gene expression, these
studies further implicate Taf4b and Zfp628 in the regulation of fertility in men. While it
is not yet known whether their specific interaction occurs during human spermiogensis,
the relatively high conservation of the minimal interaction domains of TAF4b and
ZFP628 suggests that this interaction may be conserved in men, and its disruption may
lead to male infertility. Moreover, the extensive conservation of this interaction domain
throughout vertebrate evolution suggests that this protein-protein interaction might
be critical for spermatogenesis in many diverse organisms and/or that these domains
may reflect novel functional or structural domains involved in other related proteins.
Future studies of the potential transcriptional and developmental mechanisms of
TAF4b and ZFP628 in mouse spermatogenesis may reveal unanticipated and produc-
tive opportunities to address issues of male infertility and contraception in the future.

MATERIALS AND METHODS
Yeast two-hybrid library and bait construction. Total RNA was purified from postnatal day (P2)

testes by TRIzol extraction (Invitrogen, Carlsbad, CA). P2 testis cDNA was synthesized from the poly(A)
RNA transcripts, transformed into the Y187 yeast strain, and inserted into the pGADT7-Rec prey vector
through in vivo homologous recombination and selective growth on synthetic defined medium lacking
Leu with agar (SD/-Leu agar), using the make-your-own Mate & Plate library system (Clontech, Moun-
tainview, CA). Y2H bait constructs were generated by PCR-amplifying portions of the TAF4b N-terminal
coactivator domain and cloning into the pGBT9 bait vector following either BamHI and PstI restriction
digests of Taf4b-1 to -4 constructs or NdeI and BamHI restriction digests of Taf4b-5 to -7 constructs (Table
1; Fig. 1). Each bait plasmid was transformed into the Y2HGold yeast strain, and positive clones were
selected by growth on SD/-Trp agar (Clontech).

Yeast two-hybrid screening. The bait for the Y2H screen was prepared by growing a positive
Taf4b-1 yeast colony overnight in 50 ml of SD/-Trp liquid medium to an optical density at 600 nm (OD600)
of 0.8, pelleting the cells by centrifugation, and resuspending the pellet to a cell density of 	1 � 108 per
ml in SD/-Trp medium. The concentrated Y2HGold bait yeast was combined with 1 ml of the Y187 P2
testis cDNA prey library and 45 ml of 2� yeast extract-peptone-dextrose-adenine (YPDA) medium.
Following incubation at 30°C for �20 h, the presence of diploid yeast zygotes was confirmed through
observation by phase-contrast microscopy. Diploid clones containing candidate TAF4b-interacting prey
proteins were selected by growth at 30°C on SD/-Leu/-Trp agar medium containing X-�-Gal (40 �g/ml)
and aureobasidin A (125 ng/ml). Positive blue clones were then rigorously tested for a true protein-
protein interaction by restreaking on high-stringency SD/-Leu/-Trp/-His/-Ade agar medium containing
X-�-Gal and aureobasidin A and growth at 30°C.

TAF4b-interacting-protein identification by colony PCR. Following growth under high-stringency
conditions, a small amount of yeast from positive clones was resuspended in 200-�l PCR tubes
containing 2 �l of Zymolyase buffer (50 mM Tris-HCl [pH 7.9], 10 mM MgCl2, 0.02 U/�l of Zymolyase 20T)
and incubated for 15 min at 30°C. TAF4b-interacting bait clones were then amplified by PCR using
pGADT7-specific primers and identified by sequence analysis (Table 1).
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Directed yeast two-hybrid assays. The prey plasmid identified in the Y2H screen, containing a
TAF4b-interacting portion of ZFP628 (amino acids 922 to 1038), was isolated and cotransformed into
Y2HGold yeast with each of the Taf4b-1 to -7 bait plasmids. As negative controls, the Zfp628 prey plasmid
along with an empty bait plasmid or a prey plasmid expressing the mouse Fig1� coding sequence and
the Taf4b-1 bait plasmid were cotransformed into Y2HGold yeast. Following selective growth on
SD/-Leu/-Trp agar, colonies containing both bait and prey plasmids were isolated and grown overnight
at 30°C in SD/-Leu/-Trp liquid medium. Each culture was diluted in 10-fold serial increments from OD600s
of 0.1 to 0.00001, and 10 �l of each dilution was plated on SD/-Leu/-Trp agar (bait/prey plasmid selection)
and SD/-Leu/-Trp/-His/-Ade agar containing aureobasidin A (bait/prey interaction selection).

Recombinant TAF4b, TAF4a, and ZFP628 protein production and purification. The TAF4b-
interacting C-terminal 117 amino acids encoded in the Zfp628 prey plasmid were fused to GST by PCR
amplification and cloning into pGEX-5x-3 (GE Healthcare Lifesciences, Piscataway, NJ) following BamHI
and EcoRI digestion (Table 1). Various portions of the Taf4b open reading frame were generated by PCR
and subcloned into pT7-MAT-FLAG-2 (Sigma-Aldrich, St. Louis, MO) following HindIII and KpnI digestion
(Table 1; Fig. 2). Recombinant fusion proteins were expressed in E. coli BL21(DE3) Rosetta cells (EMD
Millipore, Billerica, MA), and cell pellets were resuspended in 10 ml of protein binding buffer (25 mM Tris
[pH 7.5], 150 mM NaCl, 10% glycerol, 0.1% Triton X-100, 0.75% Sarkosyl, and complete protease inhibitor
cocktail [Roche, Indianapolis, IN]). The cells were lysed with 20 mg of lysozyme for 30 min at 25°C,
freeze-thawed at – 80°C and 37°C 3 times, cooled on ice for 15 min, and sonicated for 2 cycles: 1 min each
at 100% duty cycle and 1.5 power using a Branson 3000 Sonifier. Insoluble material was removed by
centrifugation and the soluble protein lysate was collected and stored at – 80°C. GST and GST-ZFP628
fusion protein were purified with glutathione-coupled agarose beads (Sigma-Aldrich, St. Louis, MO) by
incubating 70 �l of swollen beads with 300 �l of lysate and 1 ml of protein binding buffer at 25°C for 3 h
while rotating. The beads were washed 6 times with 1 ml of protein binding buffer. Purification of
recombinant GST-ZFP628 was confirmed by SDS-PAGE followed by Western blotting with anti-GST
antibodies (1:5,000) and Coomassie brilliant blue staining (GE Healthcare Lifesciences, Piscataway, NJ).

Recombinant ZFP628-TAF4b protein binding assay. Recombinant ZFP628-TAF4b binding assays
were carried out using methods described by Gustafson et al. (43). Protein samples were prepared by
adding 60 �l of 2� sample buffer containing 10 mM dithiothreitol (DTT) to the beads, heated at 100°C
for 5 min, and centrifuged for 30 s at 18,000 � g, and denatured protein supernatants were collected. The
samples (20 �l) were resolved on a 12% Tris-glycine polyacrylamide gel for immunoblot analysis on a
nitrocellulose membrane with mouse monoclonal anti-FLAG primary antibodies (1:5,000; Sigma-Aldrich,
St. Louis, MO) and IRDye 800CW goat anti-mouse secondary antibodies (Li-Cor, Lincoln, NE). The TAF4b
and TAF4a C-terminal FLAG fusion proteins were detected and imaged with the Odyssey infrared
imaging system (Li-Cor).

Zfp628 and Taf4b phylogenetic analysis. TAF4b orthologs containing coactivator domains were
identified using BLASTP analysis of the mouse TAF4b coactivator domain (amino acids 1 to 609) under
the default algorithm parameters (https://blast.ncbi.nlm.nih.gov/). Sequence analysis from the Y2H
screen identified the C-terminal 117 amino acids from ZFP628 in 2 clones from 2 independent Y2H
screens that were positive for a TAF4b interaction. ZFP628 orthologs were identified using BLASTP
analysis of the mouse ZFP628 protein sequence. TAF4b-interacting domains were identified by compar-
ison to the mouse ZFP628 C-terminal 117 amino acids. ClustalW analysis was used for amino acid
sequence alignments of the ZFP628-interacting domain on TAF4b and the TAF4b-interacting domain on
ZFP628 (http://www.ch.embnet.org/software/ClustalW.html). The TAFH and histone fold domains
on TAF4b orthologs were identified using the pfam program (http://pfam.xfam.org/) (44). C2H2 domains on
ZFP628 orthologs were identified using the MOTIF Search program (http://www.genome.jp/tools/motif/).
ZFP628-interacting domain sequence identities in TAF4b orthologs were analyzed using the EMBOSS
Needle pairwise alignment algorithm (http://www.ebi.ac.uk/Tools/emboss/align). TAF4b coactivator do-
main and ZFP628 cladograms were constructed by sequential analyses using MUSCLE for multiple
alignment, GBlocks for alignment management, PhyML for tree building, and TreeDyn for illustration
through the Phylogeny.fr analysis platform and maximum likelihood analyses (http://phylogeny.fr/)
(45–49).

Cell culture, transfection, and luciferase transcription assay. HEK293T cells were plated at density
of 120,000 per well in 12-well plates and cultured in Dulbecco modified Eagle medium (DMEM;
Sigma-Aldrich, St. Louis, MO) with 10% fetal bovine serum and 1% penicillin-streptomycin for 24 h. Using
the FuGENE6 transfection reagent (Promega, Madison, WI) at a 3:1 reagent-to-DNA ratio, cells were
transfected with 150 ng of luciferase reporter plasmid (p5xGal4-E1b-Luciferase), a Renilla luciferase
reporter plasmid (pCMV-RL) to control for transfection efficiency, and 40 ng of either pCG-Gal4DBD(1-94)
as a negative control for transcriptional activity, pCG-Gal4-VP16 as a positive control for transcriptional
activity, or pCG-Gal4-Zfp628 (Table 1; Fig. 5). Each transfection condition was performed in triplicate. The
cells were then cultured for an additional 24 to 48 h, and luciferase activity was measured using a
Dual-Luciferase reporter assay system (Promega, Madison, WI) and a luminometer.

Quantitative RT-PCR. Total RNA was purified from several dissected adult tissues (spleen, lung,
brain, heart, kidney, liver, ovary, and testes), neonatal testes, and embryonic testes by TRIzol extraction
(Invitrogen, Carlsbad, CA). Corresponding template cDNA was generated using the iScript cDNA synthe-
sis kit (Bio-Rad, Hercules, CA). Primer sets were designed by PrimerBank (https://pga.mgh.harvard.edu/
primerbank/index.html) (50–52) (Table 2). The ABI 7900H real-time PCR system (Applied Biosystems) and
Power SYBR green qPCR master mix with ROX (Invitrogen) were used for quantitative reverse transcrip-
tion (RT)-PCR (qPCR) data acquisition. The qPCR mixtures were incubated at 50°C for 2 min and 95°C for
10 min, followed by 40 cycles of amplification at 95°C for 15 s and 60°C for 60 seconds and a dissociation
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curve analysis. Data from each gene were normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA levels and represented as a fold change relative to the indicated mRNA level. Each qPCR
was performed in triplicate and averaged. Error bars in figures indicate the standard deviations (SD)
resulting from experimental and normalized triplicate qPCRs.

ZFP628-specific antibody production and purification. The C-terminal ZFP628 amino acids 667 to
1038 were fused to a 6�His tag by PCR amplification and subcloning into the pETRB-1P expression
vector (a generous gift from Rebecca Page, Brown University [Table 1]). The 6�His-ZFP628 recombinant
protein was expressed in E. coli BL21(DE3) Rosetta cells (EMD Millipore, Billerica, MA), and cell pellets were
resuspended in protein purification buffer (8 M urea, 100 mM NaCl, 20 mM HEPES [pH 8.0], and complete
protease inhibitor cocktail [Roche, Indianapolis, IN]). The cells were lysed by freeze-thawing at – 80°C and
37°C 3 times and sonicated, and insoluble material was removed by centrifugation. The 6�His-ZFP628
and 6�His-TAF4b proteins were purified from the soluble protein lysate using Ni-agarose affinity
chromatography and elution with imidazole. Protein purification was assayed by SDS-PAGE and Coo-
massie staining, as well as immunoblot analysis using mouse monoclonal antipolyhistidine primary
antibodies (1:2,000; Sigma-Aldrich, St. Louis, MO) Recombinant proteins were concentrated to 1 to
2 mg/ml by dialysis, lyophilization, and resolubilization in phosphate-buffered saline (PBS) (6�His-
ZFP628). Polyclonal antibodies against mouse ZFP628 were then generated by immunizing rabbits and
chickens (Cocalico Biologicals Inc., Reamstown, PA). Recombinant 6�His-ZFP628 and 6�His-TAF4b
proteins were cross-linked to AminoLink coupling resin (Life Technologies, Grand Island, NY), and the
polyclonal antibodies were affinity purified from their respective antisera.

Coimmunoprecipitation of ZFP628-associated proteins. Several P40 C57/B6 mouse testes were
dissected and detunicated. Each testis was homogenized in 500 �l of MAT binding buffer (MBB; 25 mM
Tris [pH 7.5], 150 mM NaCl, 10% glycerol, 0.1% Triton X-100, and complete protease inhibitor cocktail
(Roche, Indianapolis, IN), and incubated on ice for 1 h. Insoluble material was removed by centrifugation
for 15 min at 18,000 � g, and soluble protein extract from each testis was collected and pooled. ZFP628
antiserum and preimmune serum (500 �l each) were bound to a mixture of 30 �l of protein G-Sepharose,
30 �l of protein A-Sepharose, and 500 �l of MBB. Following a 1-h incubation at room temperature under
rotation, the different bead mixtures were each washed 4 times with 1 ml of MBB. The anti-ZFP628 and
preimmune protein A/G beads were then resuspended in 500 �l of MBB and 500 �l of soluble testis
protein extract, incubated overnight at 4°C under rotation, and washed 5 times with 1 ml of MBB.
Immunoprecipitated protein samples were prepared by adding 60 �l of 2� sample buffer containing
15 mM DTT to the beads and boiling for 5 min, samples were centrifuged for 30 s at 18,000 � g, and the
denatured protein supernatants were collected. An immunoprecipitation input sample was prepared
with 25 �l of soluble testis protein and 75 �l of 2� sample buffer containing 15 mM DTT and boiling for
5 min. The samples (20 �l) were resolved on a 10% Tris-glycine polyacrylamide gel and transferred to

TABLE 2 RT-qPCR and genotyping primers

Protein or construct Forward primera Reverse primera

RT-qPCR primers
ZFP628 ACCGAGGGAACTGGGGAAAA GAGATGACCACCTGAAGGACT
GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
Taf7l AGCCCCCGTTATTCCTGAAG CCTCGGGTGTCACAAGTGT
Taf7 AACAAAGACGATGCGCCTCAT CAGGTTGACATGCCCAGACT
Trf2 TTTGGTGCCAGACGTTTAGC GCCACAGCCTTTACATTGGG
TBP ATGATGCCTTACGGCACAGG GTTGCTGAGATGTTGATTGCTG
Taf4b TTGCAGCTATTGGACCAAGGA GTGGCTGTTAGGCTGGAAGT
Taf4 GAATGGTCCTCGTGCGGAG CCGTGCAATAATAGGTGTTCCT
Stra8 TTTGACGTGGCAAGTTTCCTG TAACACAGCCAAGGCTTTTGA
Plzf CTGGGACTTTGTGCGATGTG CGGTGGAAGAGGATCTCAAACA
Gfra1 CACTCCTGGATTTGCTGATGT AGTGTGCGGTACTTGGTGC
Tnp1 ACCAGCCGCAAGCTAAAGAC GCTTCCACCTCTCTTGACGC
Tnp2 TCACACCAGTAACCAGTGCAA CCCTGAGCTACGCCTCTTAG
Prm1 CCGTCGCAGACGAAGATGTC CACCTTATGGTGTATGAGCGG
Prm2 ATGGTTCGCTACCGAATGAGG CTCCGCCTTCTGCATGACC
Ccna1 TGATGCTTGTCAAATGCTCAGC AGGTCCTCCTGTACTGCTCAT
Miwi GACTCGGAATGGGGAACACG GGTTTGGAATATCAATCGGGTCA
Mov10l1 CGCTGTGACGAGTACAGTG CTGACAACCCTTTGCTAGAGTTT
CREM ATGGTTTCTGTAGCTGGATCAGG GATGTGGTGTCTGAATAACTCCC
Tdrd5 GGAGCCATAAGGTCCGAAACT AGAACGGGAGACAATGCCAAA
Flh5 TTGTGAGCAGTGTAAAGAACCAA ACCAAAGAGTGATGGCATTTGTT

Zfp628 genotyping primer
construct 628sgRNA-F

AGCCTTCAAGGGTTCCTCAG AGCAGGTTGGAGGAGTGTGT

aAll primers are shown in the 5=-to-3= direction. The sequence for the Zpf628 stop codon cassette is as
follows: TGGTCTGGCCTTCAAGTGGTCATCCCATTACCAATACCACTTGAGACAGCATACCGGTGAGTCATGGCGTTTA
AACCTTAATTAAGCTGTTGTAGGCGGCCCTACCCGTGCCCTGACTGCCCCAAGGCCTTCAAGAACTCCTCCAGCTTGC
GGCG, where bold text indicates the transgene insertion sequence and underlined text indicates the stop
codon sequence.
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nitrocellulose membranes for immunoblotting with mouse monoclonal anti-GAPDH (1:1,000; Life Tech-
nologies Co., Grand Island, NY), chicken anti-TAF4b (1:1,000 [53]), and mouse monoclonal anti-TAF4
(1:1,000; BD Transduction Laboratories, San Jose, CA) used as primary antibodies. Anti-rabbit IRDye
800CW (1:5,000; Li-Cor Biotechnology, Lincoln, NE), anti-mouse IRDye 800CW (1:5,000; Li-Cor Biotech-
nology), and anti-mouse IRDye 680CW (1:5,000; Li-Cor Biotechnology) were used as secondary antibod-
ies, and immunoblots were imaged using a Li-Cor Odyssey infrared imaging system.

Genetic ablation of Zfp628. CRISPR-CAS9 genome editing technology was used to generate
Zfp628-null mice.

A Zfp628-specific single guide RNA (sgRNA) was designed and generated (Horizon Discovery,
Cambridge, MA). The Zfp628 sgRNA specifically targeted a CAS9-mediated double-strand DNA break
within the Zfp628 open reading frame (ORF). A stop codon cassette donor oligonucleotide was designed
to facilitate insertion into the Zfp628 ORF by homology-directed repair. The inserted sequence contains
stop codons in all three open reading frames to ensure genetic ablation of a functional ZFP628 protein
(Table 2). These reagents were injected into single cell zygote pronuclei from CD-1 mice, embryos were
implanted at the Brown University Transgenics Facility, and a heterozygous founder male progeny was
identified by PCR using Zfp628-specific primers flanking the 35-bp transgene sequence insertion (Table
2). Sequence analysis confirmed the successful incorporation of the stop codon donor oligonucleotide
sequence into the Zfp628 gene locus. The Zfp628 knockout (KO) transgene was then bred to homozy-
gosity.

Histology and immunofluorescence. Testes were dissected from mice of various postnatal ages,
fixed, dehydrated, embedded, and sectioned as described previously (12). Sections were deparaffinized
and stained with hematoxylin and eosin (H&E) or periodic acid-Schiff (PAS) or prepared for immunoflu-
orescence as described previously (12). Primary antibodies used for immunofluorescence were anti-
ZFP628 antiserum (1:100) and anti-TRA98 (1:500; B-Bridge, Cupertino, CA). The secondary antibodies used
were Alexa Fluor 488-conjugated anti-rat IgG (H�L) (1:500; Invitrogen, Carlsbad, CA) and Alexa Fluor
594-conjugated anti-rabbit IgG (H�L) (1:500; Invitrogen). DNA was visualized with 4=,6-diamidino-2-
phenylindole (DAPI; Vector Laboratories, Burlingame, CA). Fluorescence images were acquired with a
Zeiss Axio Imager M1 microscope (Carl Zeiss, Inc., Thornwood, NY). H&E staining images were acquired
using the Scanscope CS Aperio (Leica Microsystems, Inc., Buffalo Grove, IL).

TUNEL assay and quantitative analysis. P35 mouse testis sections were deparaffinized and
apoptotic cells were visualized using an in situ cell death detection kit with fluorescein (Roche,
Indianapolis, IN). DNA was visualized with DAPI (Vector Laboratories, Burlingame, CA). Fluorescence
images were acquired with a Zeiss Axio Imager M1 microscope (Carl Zeiss, Inc., Thornwood, NY). For each
Zfp628 genotype, entire testis section composite images were assembled. Seminiferous tubule counts, as
well as terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL)-positive
cell counts, were then obtained. Bee swarm plots of the TUNEL data were generated using R statistical
computing software and the beeswarm package (54).
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