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Abstract

A long-standing problem in biology is how to dissect traits for which
no tractable model exists. Here, we screen for genes like the nude
locus (Foxn1)—genes central to mammalian hair and thymus devel-
opment—using animals that never evolved hair, thymi, or Foxn1.
Fruit flies are morphologically disrupted by the FOXN1 transcription
factor and rescued by weak reductions in fly gene function, reveal-
ing molecules that potently synergize with FOXN1 to effect
dramatic, chaotic change. Strong synergy/effectivity in flies is
expected to reflect strong selection/functionality (purpose) in
mammals; the more disruptive a molecular interaction is in alien
contexts (flies), the more beneficial it will be in its natural, formative
contexts (mammals). The approach identifies Aff4 as the first nude-
like locus, as murine AFF4 and FOXN1 cooperatively induce similar
cutaneous/thymic phenotypes, similar gene expression programs,
and the same step of transcription, pre-initiation complex forma-
tion. These AFF4 functions are unexpected, as AFF4 also serves as a
scaffold in common transcriptional-elongation complexes. Most
likely, the approach works because an interaction’s power to disrupt
is the inevitable consequence of its selected-for power to benefit.
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Introduction

Many human traits evolved long before humans did and have been

conserved to the present day in easily manipulated, genetically

dissectible organisms, allowing these organisms to serve as tractable

scientific models. Collectively, these models have generated much

of what is known about the living world, as countless shared traits

and biological principles have been elucidated through their use.

Still, every trait is not widely shared: Novelties have appeared in

every branch of the evolutionary tree, often in series with innova-

tion building on innovation, and with phenotypic novelties arising

in part from genetic novelties. As such, many traits are not tractably

modeled, as easily manipulated forms of life never evolved the rele-

vant novelties, and pliable in vitro systems have not reproduced the

traits. Overall, this lack of models is among the most long-standing

problems in the biological sciences: One way or another, it obstructs

the elucidation of every trait specific to organisms unsuited for

genetic dissection. As the problem stems from the immutable reality

of evolutionary history, a complete solution may never be found.

Nonetheless, there should be ways to lessen the problem and model

more traits. For example, while model organisms may lack a specific

trait, they often possess some, if not all, of the trait’s building

blocks, i.e., ancient molecules or segments of molecules that were

reorganized by evolution and progressively assembled into a

novelty (reviewed in Graur & Li, 2000). In certain circumstances,

these libraries of building blocks might be drawn on so as to recre-

ate units of function (modules) within novelties, thereby revealing

genes important for those functions.

In the study described here, we sought to identify genes with a

uniquely mammalian function, namely a function like that of the

nude locus, which regulates aspects of mammalian development

and was first revealed by the nude mouse. The nude mouse was

discovered ~54 years ago, and since then, its odd mix of abnormali-

ties has made it one of the best known and highly used mutant

animals (for reviews of the nude phenotype, see Mecklenburg et al,

2005; Weiner et al, 2014; Vaidya et al, 2016; Rota & Dhalla, 2017).

Its signature and most striking abnormalities are the lack of a

thymus and hair coat, two outwardly unrelated traits whose absence

makes nude animals particularly well suited for the grafting and

observation of foreign cells. Other defects of nude mice include the

abnormal keratinization of the epidermis, the loss of pigment-recipi-

ent cells, and the aberrant differentiation of nails. Nude phenotypes
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were subsequently identified in rats, cats, and humans, with the

human condition known clinically as T-cell immunodeficiency,

congenital alopecia, and nail dystrophy. The nude phenotype thus

signals the existence of a core developmental mechanism shared by

the mammalian skin and thymus.

To date, the nude phenotype has only one known cause and that

is the inactivation of FOXN1 (WHN, HFH11), the product of the nude

locus and a protein well conserved among mammals (86% identical

in mice and humans) (Abitbol et al, 2015; Frank et al, 1999; Nehls

et al, 1994; Segre et al, 1995; see also Mecklenburg et al, 2005; Rota &

Dhalla, 2017). FOXN1 is thought to function primarily as a transcrip-

tional activator, as it binds to DNA with sequence specificity via a

forkhead domain (Schlake et al, 1997) and upregulates a variety of

gene transcripts or reporter constructs, directly in some cases, perhaps

indirectly in others (Brissette et al, 1996; Sch€uddekopf et al, 1996;

Schlake et al, 1997; Schlake et al, 2000; Schorpp et al, 2000; Mecklen-

burg et al, 2005; Weiner et al, 2007; Mandinova et al, 2009; Nowell

et al, 2011; Bredenkamp et al, 2014b; Vaidya et al, 2016; Zuklys et al,

2016; and references therein). Nonetheless, much remains unknown

about FOXN1, in particular, its mechanism of gene upregulation, its

key sets of targets/effectors, and the larger regulatory system to which

it belongs.

As 54 years have passed without the discovery of a second nude

locus, FOXN1 clearly performs an unusual function and may be

unique in the precise combination or impact of its actions. Nonethe-

less, as Foxn1 surely does not act alone, we expected other genes to

perform functions like those of Foxn1 and hence to constitute nude-

like loci—loci that produce cutaneous and thymic phenotypes

resembling those of Foxn1. To find these nude-like loci, the direct

approach would be to use forward genetics, i.e., to screen mutage-

nized mice for nude-like phenotypes and then to identify the respon-

sible mutated genes. Forward genetics is widely recognized as a

uniquely powerful approach, as it directly reveals genes of a speci-

fied significance to a living system, typically the genes that generate

a trait of interest. Given the practical difficulty of screening

mammals however, we sought to perform forward genetics with a

tractable stand-in for the mouse.

We chose the fruit fly Drosophila melanogaster due to its molecu-

lar homologies with mammals and ease of genetic manipulation. This

animal was not a natural model for our traits of interest, however. At

the phenotypic level, flies lack hair and thymi, the traits most affected

by nude mutations. In fact, flies lack skin and lymphocyte-based

adaptive immune systems, the broader traits to which hair and thymi

belong. While fly bristles superficially resemble hair, these cylindrical

projections are not related to hair and instead are homologous to

microvilli and stereocilia (Tilney & DeRosier, 2005), with their rigidity

provided by chitin-based exoskeletons.

Furthermore, at the molecular level, flies lack a clear equivalent

to FOXN1, the central player in the nude phenotype. The fly protein

most similar to FOXN1 is Jumu (Dom, Dwhn), a transcription factor

with a forkhead DNA-binding domain that is similar in sequence to

FOXN1’s forkhead domain (Cheah et al, 2000; Strodicke et al, 2000;

Sugimura et al, 2000). However, FOXN1 and Jumu possess little if

any similarity outside their short DNA-binding domains—the two

proteins differ in 86% or more of their overall sequence. Addition-

ally, FOXN1 and Jumu appear to have different DNA-binding speci-

ficities, GACGC in the case of FOXN1 (Schlake et al, 1997; Zuklys

et al, 2016) versus CACC (Sugimura et al, 2000), ACAACA (Zhu et al,

2012), or methylated adenine residues (He et al, 2019) in the case of

Jumu. Hence, the forkhead domains of FOXN1 and Jumu appear to

differ in actual function, despite the amino acid similarity. Moreover,

the regulation and physiological role of Jumu have no clear corre-

spondence to that of FOXN1, as Jumu appears to be present in early

embryos ubiquitously and in many tissues thereafter, generates

lethal pleiotropic effects when mutated, and functions as a transcrip-

tional repressor or inducer of heterochromatin formation in at least

some situations (He et al, 2019; Cheah et al, 2000; Strodicke et al,

2000; Sugimura et al, 2000). Lastly, FOXN1 appears unable to substi-

tute for Jumu in flies, as the abnormalities of jumu loss-of-function

mutants were not rescued by FOXN1 (introduced via a transgene)

but were rescued by Jumu (using the same methodology) (Hofmann

et al, 2010; our unpublished data). Thus, the differences between

FOXN1 and Jumu appear greater than the similarities. These dif-

ferences presumably made FOXN1 a failed stand-in for Jumu and

conversely make Jumu a flawed stand-in for FOXN1.

As FOXN1 is not clearly present in flies but is central to our

mechanism of interest in the skin and thymus, we modified flies

so as to model FOXN1 function specifically and thereby identify

other genes central to the cutaneous/thymic mechanism. The

results suggest a simple route to elucidating novel mechanisms

when the mechanisms belong to organisms unsuited to standard

genetics.

Results

Rationale and outline for a FOXN1 suppressor screen

Cross-species fly models—in particular, flies that produce human

gene products from transgenes—have been used successfully in vari-

ous contexts, most notably, to reproduce and analyze known gene

functions (e.g., functions in cell division; de Nooij & Hariharan,

1995), to assay for and analyze novel gene functions (e.g., functions

in cell growth; Xu et al, 2008), or to replicate diseases caused by the

gene products and then screen for genetic modifiers (e.g., neurologi-

cal disease modifiers; reviewed in McGurk et al, 2015). Critically,

these human gene products affected fly physiology in ways that were

obviously like or related to their effects on human physiology. The fly

models thus possessed a validating resemblance to the human traits

of interest, typically cellular traits, and this correspondence in fly and

human phenotypes proved the models’ relevance.

Accordingly, we produced FOXN1 in flies from transgenes.

However, these FOXN1 transgenics were unlikely to show any obvi-

ous similarity to a known FOXN1 phenotype or activity. The

mammalian phenotypes dependent on FOXN1 (e.g., hair coat,

thymus) require intricate developmental programs not present in

flies. And flies have no processes that FOXN1 would be expected to

regulate, as flies seemingly have no FOXN1 and thus have no traits

or genes that FOXN1 would necessarily control. Unlike traditional

model systems therefore, a FOXN1 fly model could not be based on

an obvious likeness to the traits being modeled.

Nonetheless, in flies, FOXN1 was likely to find DNA-binding sites

(GACGC) and other molecules important for its function in

mammals—e.g., individual proteins, multimolecular complexes,

multicomplex modules, or entire pathways—as many aspects of

gene regulation, cell physiology, and tissue development are
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conserved across animal phyla. Accordingly, we expected FOXN1 to

engage this molecular library so as to generate selected-for interac-

tions—interactions that in their natural context (mammals in this

case) perform influential functions, yield advantageous traits, and

accordingly were selected for during evolution. We expected

selected-for interactions to be favored and often powerful, as FOXN1

was presumably shaped by selection to engage in these interactions

preferentially, and selection acted upon these interactions precisely

because they have "effectivity"; i.e., they make things happen,

things that effect phenotypes and thereby affect survival or repro-

duction. As these interactions would be ectopic, they presumably

would be disruptive and visibly so if potent enough. Hence, we

sought for FOXN1 to create simply an obvious disruption.

At the same time, we expected FOXN1 to engage directly or indi-

rectly in many interactions that were purposeless or artefactual, as

in its alien context and transgene-driven quantities, FOXN1 would

surely affect molecules that it would not normally affect and induce

responses or outcomes that it would not normally induce. To sepa-

rate selected-for interactions from purposeless/artefactual ones, we

carried out a genetic screen with 3 key elements. Firstly, the fly

genome was screened for suppressors of FOXN1 phenotypes, i.e.,

mutations that rendered FOXN1 visibly impotent and restored fly

traits to normal. Secondly, once isolated, FOXN1 suppressors were

tested for FOXN1 specificity, that is, a failure to suppress other

transgenic phenotypes, which were generated using the same trans-

genic promoters but different proteins. This test separated suppres-

sors of FOXN1 from suppressors of the transgenic promoters or

protein toxicity in general. Thirdly, the screen was conducted with

hemizygous deletions, deletions present on one member of a chro-

mosomal pair but not the other. Typically, such deletions are weak

loss-of-function mutations, as they leave most (50% or more) of a

gene pair’s function intact and accordingly have weak effects or no

effect at all on phenotypes.

Hemizygous deletions were expected to facilitate both the screen-

ing process itself and the identification of genes with a particular

significance. In our fly model, if weakly reducing a gene’s function

restores fly phenotypes to normal, then FOXN1 and the gene product

must act with strong synergy, as a small decrease in the activity of

one molecule leads to a large decrease in the output or consequences

of two molecules. Moreover, if reducing this synergistic interaction

prevents an abnormal phenotype from developing, then the interac-

tion must possess a primacy in the event chain leading to the pheno-

type, making the interaction a root cause of the phenotype and a

high-impact catalyst of changes in fitness. We predicted that this

combination of synergy and effectivity was likely to characterize

selected-for interactions: that is, the isolated molecules interacted

with FOXN1 in this powerful way because FOXN1 evolved to interact

with them and thereby perform its beneficial function in mammals.

This prediction was subsequently tested in mice.

A fly model for FOXN1 function

FOXN1 transgenic flies were generated using the GAL4/UAS system,

a bigenic expression system in which one transgene (the target

gene) produces the gene product of interest and the second trans-

gene (the driver) produces a transcription factor, GAL4, needed to

activate the target gene (Brand & Perrimon, 1993). Our target gene

construct, UAS-Foxn1, expressed the complete coding sequence of

wild-type murine FOXN1 and in the absence of a driver did not yield

any obvious abnormalities.

To generate flies for the suppressor screen, we tested the effects

of UAS-Foxn1 with two different drivers: GMR-GAL4 (Freeman,

1996) and hs-GAL4 (Brand et al, 1994). GMR-GAL4 drives target

gene expression specifically in the developing eye and hence was

used to target FOXN1 to an organ that is easily observed, molecu-

larly complex, and nonessential for viability in the laboratory. hs-

GAL4 drives target gene expression throughout the fly at levels that

increase with temperature and thus was used to place FOXN1 in the

broadest possible cellular contexts.

When activated by GMR-GAL4, UAS-Foxn1 induced a rough-eye

phenotype, as the eye lost its finely latticed structure and instead

appeared disorganized, bumpy, and cratered (Fig 1A and B). Rough

eyes are the aggregate consequence of disrupted ommatidia (“unit

eyes”) and are known to result from many types of molecular/cellu-

lar abnormalities. A rough-eye phenotype was visible in virtually all

GMR-GAL4/UAS-Foxn1 transgenics and was accompanied by vari-

able defects in ocular pigmentation and interommatidial bristles.

The FOXN1 protein was detected in the heads of GMR-GAL4/UAS-

Foxn1 adults by immunoblotting (unpublished observation),

suggesting that FOXN1 drove the ommatidial disruption.

When activated by hs-GAL4, UAS-Foxn1 produced two pheno-

types: (i) a lethal phenotype in which adults died within 18 h of

emergence from the pupal case, and death rates increased from

25% (58/228) to 74% (169/228) to 93% (553/593) as the cultiva-

tion temperature increased from 18°C to 25°C to 29°C; and (ii) a

white-bristle phenotype in which rising temperatures led to dorsal

bristles losing their black pigmentation and becoming misshapen

(Fig 1C and D), consistent with the need for pigment in the harden-

ing of the exoskeleton. Similar lethal/white-bristle phenotypes were

observed in a previous study of FOXN1’s effects in flies (Hofmann

et al, 2010). None of the FOXN1 transgenic phenotypes (rough eye,

lethal, or white bristle) resulted from an evident mimicry (gain) of

Jumu function, as four different loss-of-function mutations in jumu

—jumuHp126, jumuX3, jumuD631, and jumu2.12 (Strodicke et al, 2000;

Sugimura et al, 2000)—failed to suppress the abnormalities of the

GMR-GAL4/UAS-Foxn1 or hs-GAL4/UAS-Foxn1 flies (not shown).

Thus, UAS-Foxn1 powerfully disrupted fly traits when expressed

specifically in the eye or more broadly with heat.

A suppressor of FOXN1 phenotypes

We chose to screen for suppressors of the rough-eye phenotype, as

this phenotype seemed more likely to be rescued by a single

hemizygous deletion than the lethal phenotype (which potentially

resulted from multi-organ failure and multiple causes) and seemed

likely to yield a broader range of suppressors than the white-bristle

phenotype. As the source of hemizygous deletions, we used the

Bloomington Deficiency Kit, a collection of fly strains carrying large,

defined chromosomal deletions (deficiencies; Df) that cover most of

the genome and facilitate efficient screening, as D. melanogaster

possesses nearly as many protein-coding genes as humans (~14,000

in D. melanogaster versus ~20,000 in humans; see the NCBI Gene

Statistics or CCDS databases) but packs these genes into a genome

that is ~1/20th the size and divided into just 4 pairs of chromo-

somes. During the primary screen, each deletion was assayed indi-

vidually for dominant suppression of the rough-eye phenotype of
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GMR-GAL4 UAS-Foxn1 flies. Each isolated suppressor was then

tested for effects on the rough-eye phenotype generated by GMR-p21

(de Nooij & Hariharan, 1995), a transgene that employs the same

promoter as GMR-GAL4 but produces human p21 (CDKN1A), a

protein with no known relationship to FOXN1. Any mutation that

suppressed the FOXN1 and p21 eye phenotypes was considered to

lack FOXN1 specificity and was excluded from further study.

The primary screen identified 4 FOXN1 suppressors that were

not p21 suppressors. These “FOXN1-specific” suppressors were

associated with the following 4 non-overlapping deletions (putative

deleted segments appear in parentheses): (i) Df(1)v-N48 (X chromo-

some, cytological region 9F to 10C5), (ii) Df(2L)23C;23E3-6 (chro-

mosome 2, 23C to 23E3-6), (iii) Df(2L)E110 (chromosome 2, 25F3

to 26D11), and (iv) Df(3L)fz-M21 (chromosome 3, 70D2 to 71E5).

To focus our effort, we initiated mapping experiments for two of

these suppressors (the two on chromosome 2), and the first suppres-

sor to be identified was located within Df(2L)23C;23E3-6. This gene

was lilli (lilliputian), the product of which is a likely transcriptional

regulator and essential in flies (Tang et al, 2001; Wittwer et al,

2001). lilli then became the focus of our studies.

When flies carried one wild-type lilli allele (lilli+) and one lilli

allele disrupted by P-element insertion, the FOXN1 rough-eye

phenotype was suppressed, as the ommatidia were restored to a

near normal pattern and morphology (Fig 2). This genetic suppres-

sion was obtained with two different P-element insertion alleles,

lilli00632 (Tang et al, 2001) and lillik05431 (Wittwer et al, 2001), both

of which are ordinarily recessive to lilli+ and hence likely to yield a

weak reduction in Lilli function when heterozygous with lilli+. The

rescue of eye phenotypes by lilli insertion mutations was even more

striking if FOXN1 was produced via a different eye-specific driver,

ey-GAL4 (Hazelett et al, 1998), which is active at an earlier stage of

eye development than GMR-GAL4. ey-GAL4 UAS-Foxn1 flies lost

ommatidia and exhibited a small-eye phenotype when their genetic

background was lilli+/+ (Fig EV1); when one lilli insertion allele was

introduced, creating lilli+/00632 (Fig 2) or lilli+/k05431 (not shown),

the ommatidia were regained, and the eyes were restored to a condi-

tion close to wild-type.

To confirm the specificity of lilli’s effects on FOXN1, we exam-

ined whether the lilli insertion mutations dominantly suppressed

the rough-eye phenotypes of 3 other transgenics: (i) GMR-p21, (ii)

GMR-GAL4 UAS-Med, in which the target gene expressed Medea

(Sutherland et al, 2003), the Drosophila homolog of Smad4, or (iii)

ey-GAL4 UAS-Med. In all 3 cases, the rough-eye phenotypes were

not suppressed by the lilli mutations, suggesting that lilli has a

specific interaction with FOXN1 and that this interaction is more

potent than any effect lilli may have on driver expression (Tang

et al, 2001), GAL4, or toxic proteins in general. Outside the eye, the

lilli insertion mutations dominantly suppressed the white-bristle

phenotype of the hs-GAL4 UAS-Foxn1 flies, as the frequency of flies

with normal bristle pigmentation increased over 10-fold when the

number of lilli+ alleles was cut in half (Fig 2). The lilli mutations did

not suppress the lethal phenotype of hs-GAL4 UAS-Foxn1 flies,

consistent with the lower probability of rescuing this phenotype

with a single weak mutation but also consistent with driver/target

gene expression remaining strong in the presence of lilli mutations.

In sum, weak reductions in lilli function rendered FOXN1 largely

impotent in the eye and other locations. Wild-type lilli thus greatly

amplified FOXN1’s output and enabled FOXN1 to make a substantial

impact on animal phenotypes and fitness. In short, the interaction

between lilli and FOXN1 exhibited synergy and effectivity.

FOXN1 and the mammalian homologs of Lilli

lilli is homologous to four genes found in humans and other

mammals, which are known collectively as the AF4/FMR2 family

(AFF) and individually as AFF1 (AF4, MLLT2), AFF2 (FMR2), AFF3

(LAF4), and AFF4 (MCEF, AF5Q31). The similarity of each AFF to

Lilli is located in a “Lilli-like segment”, which spans the C-terminal

two-thirds of each AFF and contains three domains shared with Lilli

(Fig 3A) (reviewed in Gu & Nelson, 2003). Notably, chromosomal

translocations that fuse the Lilli-like segment of an AFF to the N-

terminus of MLL, creating MLL-AFF fusion proteins, are frequently

observed drivers of acute leukemias, suggesting that the Lilli-like

segment has a potent autonomous function. The full-length AFFs

A B C D

Figure 1. FOXN1 disrupts eye and bristle development in flies.

A, B Flies form well-organized compound eyes when they carry GMR-GAL4 without a target gene (A) but develop rough eyes when GMR-GAL4 drives expression of UAS-Foxn1 (B).
C, D Bristles are pigmented and properly shaped when flies carry hs-GAL4 without a target gene (C) but are often white, bent, and shortened when hs-GAL4 drives

expression of UAS-Foxn1 (D). Flies in panels (C, D) were raised at 25°C. Arrows denote examples of white bristles.

Data information: Representative phenotypes are shown in all panels. Scale bars, 100 µm.
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are transcription factors and, along with MLL-AFF fusion proteins,

are thought to facilitate the elongation phase of transcription (see

Discussion).

To assess potential Aff/Foxn1 interactions, Aff gene expression

was compared to that of Foxn1, which is normally expressed in

specific epithelial cell populations of the skin and thymus. As judged

by in situ hybridization and immunostaining, Aff1, Aff2, and Aff3

were not co-expressed with Foxn1 in cutaneous or thymic cells (un-

published results), suggesting a lack of any direct interaction

between Foxn1 and these Affs.

In contrast, the expression pattern of Aff4 conspicuously over-

lapped with that of Foxn1. AFF4 and FOXN1 were present together in

the nuclei of epithelial cells in the differentiating cortex of the hair

shaft, the differentiating layers of the epidermis (murine or human),

and the cortex and medulla of the thymus (Figs 3B–E and EV2). As

such, virtually every cell that possessed FOXN1 also possessed

AFF4. Conversely, AFF4 had a broader distribution than FOXN1, as

AFF4 appeared in more cells in the skin and thymus. Nonetheless,

most if not all AFF4-positive cells in the thymus appeared to be

epithelial cells and hence were most likely derived from FOXN1-posi-

tive cells, as FOXN1-positive cells give rise to most if not all of the

thymic epithelium, and this epithelium fails to grow beyond a limited

pool of progenitors when FOXN1 is absent (nude mutants) (reviewed

in Vaidya et al, 2016). In the skin, AFF4 appeared most abundant in

the differentiating epithelial cells of the hair cortex. The differentiat-

ing hair cortex is also the cutaneous site where FOXN1 appears most

abundant and where development is most impaired in nude mutants.

Thus, AFF4 is particularly prominent in the cell populations where

FOXN1 plays its most important roles. This prominent co-localiza-

tion suggested that AFF4 might interact with FOXN1 as lilli did and

so synergize with FOXN1 to effect strong phenotypic change.

Generation of novel Aff4 alleles

Aff4 has been mutated in mice (Urano et al, 2005), but the effects of

this germline mutant allele, Aff4�, were variable and difficult to

interpret. Most Aff4� homozygotes died during gestation or shortly

after birth for unclear reasons, but a minority survived to adulthood

and appeared normal, except for a defect in late-stage spermatogen-

esis, resulting in male sterility. Notably, the Aff4� mutation deletes

the N-terminus of AFF4 but leaves the coding sequence of the entire

Lilli-like segment intact.

As the Lilli-like segment was likely to be the critical mediator of

any interaction between AFF4 and FOXN1, we generated a murine

Aff4 allele, Aff4flox, in which the entire Lilli-like segment could be

ablated conditionally. loxP sites were inserted at positions flanking

exons 10 and 11, which encode amino acids 404–764 of the 1,160

a.a. AFF4 protein (Figs 4A and EV3). As such, Cre-mediated loxP

recombination would delete 31% of the coding sequence and intro-

duce a frameshift mutation, which in turn would ablate the remain-

ing 34% of AFF4 downstream (Fig 4A). The resulting knockout

allele, Aff4ko, should accordingly lack all lilli-like function and most

likely lack all Aff4 function, as 65% of AFF4 would be replaced by

an essentially arbitrary sequence of amino acids.

Two independent Aff4flox murine lines were generated, con-

firmed by Southern blotting (Fig EV3), used in all subsequent stud-

ies, and found to yield identical results. Aff4flox/flox homozygotes

appeared identical to wild-type mice, suggesting that Aff4flox is

equivalent to wild-type Aff4 (Aff4+).

AFF4 and the morphogenesis of the skin

To generate a cutaneous loss of AFF4 function, we utilized the

transgene KRT14-cre (Li et al, 2001), which is active in epithelial

stem/progenitor cells of the epidermis and hair follicles and hence

should ablate AFF4 throughout the cutaneous epithelium before

FOXN1 becomes active. When KRT14-cre was crossed onto an

Aff4+/flox background, the Aff4ko allele was easily detected by PCR

of tail DNA, and no abnormalities were observed, suggesting that

Aff4ko is recessive to Aff4+.

When KRT14-cre; Aff4flox/flox mice were generated, the result was

a hair phenotype with a resemblance to the nude phenotype. Like

Figure 2. FOXN1 loses disruptive power when lilli function is weakly reduced.

In flies with two wild-type lilli alleles (lilli +/+), UAS-Foxn1 activity generates rough-eye (GMR-GAL4), small-eye (ey-GAL4), or white-bristle (hs-GAL4) phenotypes,
depending on the GAL4 driver used. These morphological disruptions were prevented when the loss-of-function allele lilli00632 was introduced and the number of wild-
type lilli alleles was reduced to one (lilli +/-). Pie charts indicate the percentage of flies in which white bristles were present or completely absent (black bristles only); a
total of 212 lilli +/+ and 232 lilli +/- flies were scored, after being raised at 25°C. Scale bar, 100 µm.
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nude mice, the Aff4 mutants developed bald skin, with the hairless-

ness extending over much of the body (Fig 4B–D). In conjunction

with this coat defect, Aff4 mutants displayed fewer and shorter

vibrissae (whiskers) than normal animals, with the external vibris-

sae appearing bent or wavy, again analogous to nude mice (Fig 4E–

G). Coat and vibrissal defects were observed in all Aff4 mutants and

were the only abnormalities grossly visible, as the mutants other-

wise appeared vigorous, reached adulthood, and generated

offspring, once more similar to nude mice.

Nude mice appear bald due to a distinctive weakening of the hair

shaft, as their hairs, though normal in number and possessing all

standard cell types, lack rigidity, bend repeatedly, and break easily

(reviewed in Mecklenburg et al, 2005). The extent of bending and

time of breakage vary from one hair fiber to the next in a given

animal. A majority of nude-mutant hairs bend and break inside their

hair canals as they grow, never extending much or at all above the

skin. A sturdier minority of hairs grow well beyond the skin’s

surface and break inside their follicles during catagen, a post-growth

period in which hair follicles shorten and hairs are forcibly moved

to a more superficial position. Once a hair fiber breaks, its pieces

accumulate in the hair canal, causing the canal walls to swell

outward.

The alopecia of the Aff4 mutants likewise resulted from a weak-

ening of the hair shaft. In Aff4-mutant skin, hair shafts bent and

broke inside their hair follicles, and the bent, broken shafts then

caused the canals to dilate (Fig 4H–K). Occasionally, hair shafts

A B

EC

D

Figure 3. The Lilli homolog AFF4 is positioned to interact with FOXN1 in the skin and thymus.

A A schematic diagram indicates sequence features of Lilli and the AFF proteins (Nilson et al, 1997; Wittwer et al, 2001). A correspondence is seen between the C-
terminal half of Lilli and the C-terminal two-thirds of the AFFs (the Lilli-like segment). Scale bar indicates length in amino acids (a.a.). pSer, poly-serine domain;
NLS, nuclear localization sequence; CHD, C-terminal homology domain; POU, POU transactivation domain; AT, AT-hook DNA-binding motif; NHD, N-terminal
homology domain; ALF, AF4/LAF4/FMR2 homology domain.

B–E AFF4 (green) and FOXN1 (red) are shown by immunofluorescence in the following wild-type tissue samples: (B) murine hair follicles, P9; (C) developing murine
epidermis, E16.5; (D) human epidermis, adult; (E) murine thymus, P0, outer region. DNA is stained by Hoechst dye 33258 (blue). Co-localization of AFF4 and FOXN1
generates yellow color, visible in cell nuclei of all samples. In panel C, the fluorescent signal in the periderm (P) is nonspecific, as it is present when primary
antibodies are omitted from the staining. Inner regions of the murine thymus (not shown) yielded the same extensive overlap of FOXN1 and AFF4 staining as that
shown in panel E. Arrowheads mark the dermal/epidermal border (C, D). CH, cortex of the hair; CT, cortex of the thymus. Scale bars, 20 µm.
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broke while they grew (Fig 4H), thus mimicking the majority of

nude hairs. More frequently, hair broke during catagen (Fig 4I–K),

as hair shafts generally grew beyond the skin surface. This sequence

of hair growth, breakage, and loss was repeated periodically in the

Aff4 mutants, as it is in nude mutants, suggesting that hair follicles

of both mutants can proceed cyclically through growth (anagen)

and post-growth (catagen, telogen) phases much as normal hair

follicles do. Concomitantly, less hair became visible in both mutants

with increasing age or hair-cycle number, consistent with the bent,

broken hairs eventually impairing anagen. In sum, Aff4 mutants,

like nude mutants, produced hair shafts with a range of structural

weaknesses, and the two mutant ranges overlapped, with much of

the Aff4-mutant hair behaving like the sturdiest nude-mutant hair

and breaking in catagen.

The Aff4 mutants also resembled nude mutants in their epider-

mis, as the epidermis of both mutants underwent a thickening of

the suprabasal, differentiating layers (Fig 4L–N). Consistent with

their skin phenotypes, KRT14-cre; Aff4flox/flox mice displayed few, if

any, cutaneous epithelial cells positive for the AFF4 protein

(Fig EV3), confirming that these mice were conditional knockouts

(Aff4-cko mice). Thus in the skin, a deficiency of AFF4 produced

defects similar to a deficiency of FOXN1, suggesting that AFF4 and

FOXN1 share a common mechanism of action and showing that

they serve a common purpose.

AFF4 and the morphogenesis of the thymus

Foxn1 is activated near the start of thymus development, and hence

to ablate Aff4 in the developing thymus before FOXN1 begins to

function, the Aff4flox allele was converted to a germline Aff4ko allele

(see Materials and Methods). Aff4+/ko heterozygotes appeared

normal in all respects, showing that Aff4ko is recessive to Aff4+ and

hence that haploid Aff4+ is ordinarily sufficient to fulfill Aff4’s func-

tions. On certain strain backgrounds, haploid Foxn1+ has been

reported to yield modest decreases in thymus size in juveniles

(Kojima et al, 1984), but in our colony, mice heterozygous for

Foxn1+ and a nude allele appear to develop normally (Fig EV4),

generating thymi equivalent in size to Foxn1+/+ and thus classifying

nude alleles as recessive to Foxn1+ during organogenesis.

Aff4ko/ko newborns (P0) lacked visible vibrissae but had other-

wise normal external morphology, making them similar to nude

newborns, which likewise lack vibrissae but appear otherwise

normal externally. The Aff4ko/ko newborns also resembled certain

Aff4�/� newborns (Urano et al, 2005), as they died at or shortly

after birth but had no clear cause of death (this lethal phenotype

was fully penetrant in Aff4ko/ko mice). Shortly before birth (E18.5),

Aff4ko/ko embryos were alive and present at approximately Mende-

lian frequencies, leading us to focus on the E18.5 time point.

As shown in Fig 5A, Aff4ko/ko Foxn1+/+ embryos exhibited thymic

hypoplasia, and this hypoplasia became more severe in Aff4ko/ko

Foxn1+/� embryos, as the knockout/nude allele Foxn1� (Nehls et al,

1996) synergized with the Aff4 knockout. This synergy was likewise

observed in Aff4+/ko Foxn1+/� embryos, which exhibited a small-

thymus phenotype similar to that of Aff4ko/ko Foxn1+/+ embryos (not

shown). The thymic hypoplasia appeared to result from an impair-

ment of thymic growth, rather than a failure of thymic differentia-

tion or cell survival, as the thymi were not missing any major

components (e.g., cortex or medulla), showed no obvious changes

in the expression of various differentiation markers

(Appendix Table S1), and did not exhibit an increase in apoptosis

(as judged by TUNEL staining; unpublished observation). Given the

correlation between the extent of thymic hypoplasia and the number

of Foxn1/Aff4 mutant alleles, the results suggest that FOXN1 and

AFF4 function together in the same growth-promoting mechanism,

that this mechanism is weakened but still largely sufficient when

one of the four Foxn1/Aff4 alleles is inactivated, and that this mech-

anism becomes clearly insufficient when a second allele (any allele)

is inactivated, leading to thymic abnormalities.

Similar to Aff4ko/ko animals, mice homozygous for the hypomor-

phic Foxn1R allele exhibit thymi that are reduced in size but normal

in histology (Nowell et al, 2011). Hence, a large but incomplete loss

of Foxn1 function has effects resembling the ablation of Aff4. Nude

mutants display a more severe thymic hypoplasia, as they arrest

thymic growth, differentiation, and development overall after gener-

ating a properly positioned thymic primordium, the small, epithe-

lial, lobular precursor of the thymus (Blackburn et al, 1996; Nehls

et al, 1996; and references therein). Conversely, gains of FOXN1

function induce the growth and differentiation of new thymic tissue

(Bredenkamp et al, 2014a; Bredenkamp et al, 2014b), and following

thymic organogenesis, FOXN1 normally shapes and maintains

thymic size, structure, and cell types (Su et al, 2003; Chen et al,

2009; Cheng et al, 2010; Zook et al, 2011). As such, FOXN1

promotes a broad range of thymic processes—growth, differentia-

tion, and maintenance (see Vaidya et al, 2016 for review)—and a

subset of these processes, related in particular to growth, appear to

be facilitated by AFF4. The mechanism by which FOXN1 promotes

thymic growth and development is not well understood but most

likely employs Dll4, which encodes a juxtacrine signaling protein, is

upregulated directly by FOXN1 in thymic epithelial cells (Bajoghli

et al, 2009; Nowell et al, 2011; Bredenkamp et al, 2014b; Zuklys

et al, 2016), and itself promotes thymic growth and development, as

the ablation of Dll4 in thymic epithelium reduces thymic cellularity

(Hozumi et al, 2008; Koch et al, 2008). DLL4 did not clearly diverge

from its normal staining pattern in the thymi of Aff4ko/ko Foxn1+/+

mice but was significantly reduced in the thymic epithelium of

Aff4ko/ko Foxn1+/� mice (Fig 5B and C), suggesting that the

▸Figure 4. AFF4 and FOXN1 play similar roles in the skin.

A A schematic diagram shows the design of the Aff4flox allele and the strategy for knocking out AFF4. The deletion of exons 10 and 11 ablates AFF4’s entire Lilli-like
segment.

B–N Representative skin phenotypes of wild-type (WT), Foxn1nu/nu (Nude), or KRT14-cre; Aff4flox/flox (Aff4 cko) mice are shown macroscopically (B-G) or histologically after
hematoxylin and eosin staining (H-N). The phenotypes compared are as follows: (B-D) hair coats, 4-month-old adults; (E-G) vibrissae, P7; (H) hair follicles with
growing hairs, juveniles; (I-K) regressing hair follicles, juveniles; (L-N) epidermis, P9. In panel (H), micrographs from left to right are WT, Nude, and Aff4 cko. In
panels (I-K), HF marks examples of hair follicles. In panels (L, M), arrowheads indicate the dermal/epidermal border; arrows mark examples of bent hair shafts.
Scale bars: (H, L-N), 20 µm; (I-K), 40 µm.
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synergistic hypoplasia of the Aff4ko/ko Foxn1+/� double mutants

resulted in part from a decrease in DLL4.

Overall, in the thymus as in the skin, Aff4 and Foxn1 yield

related but hierarchical phenotypes, with Foxn1 having the greater

phenotypic impact. Consistent with such effects, Aff4/Foxn1 double

knockouts (Aff4ko/ko Foxn1�/� or KRT14-cre; Aff4flox/flox Foxn1�/�

mice) were identical to Foxn1 knockouts (Foxn1�/�; nude mutants)

in their thymic and cutaneous phenotypes (not shown). Hence,

while heterozygous nude mutations were synergistic with Aff4

mutations, homozygous nude mutations were epistatic to Aff4

mutations. In all, the results show that AFF4 promotes many of the

same developmental processes as FOXN1 and suggest that AFF4

largely performs this function by facilitating a component of FOXN1

function.

AFF4 and FOXN1 in gene regulation

We next investigated the mechanism by which AFF4 and FOXN1

interact and as a starting point examined whether Foxn1 affects the

expression pattern of Aff4 or vice versa. As judged by the

immunofluorescent staining of skin sections, AFF4 levels and distri-

bution were normal in Foxn1-null mice, and FOXN1 levels and

distribution were normal in Aff4-cko mice (unpublished results),

suggesting that neither protein regulates the amount or location of

the other.

To assess the effects of AFF4 and FOXN1 on global gene expres-

sion, skin from wild-type, Foxn1-null, or Aff4-cko mice was

analyzed by RNA-seq at a time when the animals were attempting

to grow their first hair coats. Consistent with the similar phenotypes

of the Aff4 and Foxn1 mutants, AFF4 and FOXN1 had broadly simi-

lar effects on the transcriptome, as RNA-seq identified 708 genes

that were downregulated in both mutants and 454 genes that were

upregulated in both mutants (Fig 6A, Datasets EV1–EV3). Aff4 and

Foxn1 were notably independent of each other’s wide-ranging

effects, as the Aff4 mutant expressed Foxn1 at normal levels, and

the Foxn1 mutant expressed Aff4 at normal levels (Datasets EV1–

EV3), suggesting that neither gene regulates the other. Of the many

differentially expressed genes uncovered, a specific subset stood out

for their relevance to the mutants’ morphological defects.

A hair is principally a cross-linked mass of filaments and interfil-

amentous matrix, with the filaments composed of keratins (mostly

cysteine-rich hair keratins) and the matrix composed of cysteine-

rich keratin-associated proteins (KRTAPs). Of the genes downregu-

lated in both the Aff4 and Foxn1 mutants, 13 encoded hair keratins,

11 encoded other follicular keratins, and 46 encoded KRTAPs

(Table EV1). Many of these keratin genes or Krtaps ranked among

the most strongly downregulated genes of each mutant (Table EV1),

and mutations in 9 of these keratins (murine or human) are known

to produce fragile, misshapen, or sparse hair (Table EV1), defects

consistent with those of the Aff4/Foxn1 mutants. Likewise, 33 genes

encoding other types of proteins—e.g., transcription factors, cell–

cell junction components, signal-transduction mediators, or protein-

modifying enzymes—were downregulated in both mutants and

found, when mutated in mice or humans, to yield hair or epidermal

abnormalities related to those of the Aff4/Foxn1 mutants (Table 1).

Hence, while no single downregulated gene has produced a pheno-

type identical to the Aff4/Foxn1 mutant phenotype, the collective

downregulation of these 24 keratin genes, 46 Krtaps, and 33 other

genes is most likely responsible in large part for the bent, broken

hair shafts and other defects of the Aff4/Foxn1 mutants. Further-

more, as the defects of the mutants appear to result principally from

the downregulation of genes, the results provide further evidence of

FOXN1 and AFF4 serving primarily as activators of transcription

and developmental programs.

Other genes downregulated in both mutants included genes that

promote pigmentation or cell polarization (Appendix Table S2),

processes of clear importance to cutaneous epithelia (McNeill, 2010;

Kirschner & Brandner, 2012; Niessen et al, 2012; Reissmann &

Ludwig, 2013; Weiner et al, 2014; Liao et al, 2017; and references

therein). Most of the downregulated pro-pigmentation genes—Mitf,

Tyr, and Oca2—are specifically expressed in melanocytes, whereas

the remaining pro-pigmentation gene, Kitl, is expressed in epithelial

cells of the developing hair shaft and encodes an extracellular

signaling protein (Reissmann & Ludwig, 2013; Liao et al, 2017; and

references therein), suggesting that decreased Kitl expression in

FOXN1/AFF4-deficient cells led to decreased Mitf, Tyr, and Oca2

expression in melanocytes. The differentially expressed transcripts

of the mutants did not appear to include a reported circular Aff4

RNA, which is composed of exons 2–5, was detected by others in

various types of cells (Memczak et al, 2013; Rybak-Wolf et al, 2015;

Mi et al, 2019) and as judged by semi-quantitative RT–PCR exhib-

ited comparable levels of expression in wild-type, Aff4-cko, and

Foxn1-null skin.

Overall, there was substantial overlap in Foxn1- and Aff4-depen-

dent gene expression, as 40% of the genes downregulated in the

Foxn1-null mutant were downregulated in the Aff4-cko mutant, and

70% of the genes downregulated in the Aff4-cko mutant were down-

regulated in the Foxn1-null mutant (percentages are derived from

Fig 6A). When genes were ranked by fold downregulation, even

greater overlaps emerged (Fig 6B). Of the 100 genes most strongly

A

B C

Figure 5. AFF4 and FOXN1 play cooperative roles in the thymus.

A–C Thymi from E18.5 embryos are shown: (A) intact with genotypes
indicated, or (B, C) after sectioning, immunofluorescent staining for DLL4
(red), and counterstaining of DNA (blue). Sectioned samples are wild-type
(B) or Aff4ko/ko; Foxn1+/� (C). Scale bars: (A), 1 mm; (B-C), 50 µm.
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downregulated in the Foxn1 mutant, 88 were downregulated in the

Aff4 mutant. More broadly, of the Foxn1 null’s 200 most downregu-

lated genes, 80% were downregulated in the Aff4 cko. These high

overlap frequencies were reciprocal: Of the 100 or 200 genes most

strongly downregulated by the loss of Aff4 function, 89% and 84%,

respectively, were downregulated by the loss of Foxn1 function.

Thus, the strongest effects of Foxn1 appeared to be amplified by

Aff4, and vice versa.

The keratin gene most strongly downregulated on average in the

Foxn1-null and Aff4-cko mutants was Krt86 (Table EV1), a gene

known to be stimulated by FOXN1 (Schlake et al, 2000; Schorpp

et al, 2000) and to be strongly and principally expressed in the

developing hair cortex, the site of the highest FOXN1 and AFF4

levels. Consistent with the large downregulation of the Krt86 mRNA,

the KRT86 protein greatly decreased in hair shafts when either AFF4

or FOXN1 was absent (Fig 6C–E), showing KRT86 to be highly

dependent on the presence of both AFF4 and FOXN1. Mutations in

human KRT86 cause monilethrix (Winter et al, 1997), a disease

characterized by brittle or fragile hair, defects consistent with the

Foxn1/Aff4-mutant phenotype. Hence, several lines of evidence

pointed to KRT86 as a key downstream effector of FOXN1 and

AFF4.

To investigate the FOXN1/AFF4 regulatory mechanism, we used

Krt86 as a model, as its strong expression in FOXN1/AFF4-positive

skin cells allowed intact skin to serve as the system for analysis. As

a first step, we examined wild-type, Foxn1-null, or Aff4-cko mice for

their levels of Krt86 pre-mRNA (mRNA with introns present), as

cellular pre-mRNA consists largely of transcripts in the act of being

transcribed, making it a direct indicator of transcription (reviewed

in Bentley, 2014). As shown in Fig 7A–C, Krt86 pre-mRNA greatly

decreased when FOXN1 or AFF4 was ablated in skin. The precise

magnitude of the decrease fit well with the hierarchical genetic rela-

tionship of Foxn1 and Aff4, as the Foxn1 mutation, which produces

a more severe or epistatic phenotype, had the larger effect on pre-

mRNA levels. Notably, the pre-mRNA loss caused by each mutation

did not become more severe as transcripts increased in length:

Reductions in pre-mRNA were large and essentially equivalent at

the first, ninth, and last exon/intron junctions. Thus, FOXN1 and

AFF4 strongly promote the transcription of Krt86 and exert their

principal effects early in transcription, before Krt86 transcripts elon-

gate through the first exon/intron junction.

To determine whether FOXN1 and AFF4 promote Krt86 transcrip-

tion directly, the chromosomal Krt86 locus was probed for bound

FOXN1 or AFF4 by chromatin immunoprecipitation (ChIP) using

skin from normal, Foxn1-null, or Aff4-cko mice and antibodies to

FOXN1 or AFF4. A total of 25 chromatin sites were individually

assayed—18 sites upstream of the transcription start site (TSS), 6

sites downstream of the TSS, and the TSS itself. The sites chosen

A

C D E

B

Figure 6. AFF4 and FOXN1 have similar effects on gene expression.

A Venn diagrams summarize global changes in gene expression caused by the inactivation of Foxn1 or Aff4 and detected by RNA-seq in murine skin at P6. The
upregulated or downregulated gene populations of each mutant—and the extents to which they overlap—are indicated.

B Gradient bars (green) signify the ranking of downregulated genes by fold change, with genes ordered from most downregulated (gene #1) to least downregulated.
Fold change was determined by RNA-seq. Separate rankings were performed for each mutant (Foxn1 null or Aff4 cko). Pie charts indicate whether genes of a given
rank in one mutant were downregulated in the other mutant. Percentages indicate the overlap in the mutants’ downregulated gene populations.

C–E KRT86 (red) is shown by immunofluorescence in skin sections from wild-type (WT), Foxn1 null, or Aff4 cko mice at P9. DNA is stained blue. HS marks examples of
hair shafts. Scale bar, 40 µm.
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had obvious regulatory potential, such as conserved non-coding

sequences (Frazer et al, 2004; Hardison & Taylor, 2012) or the

region immediately upstream of the TSS. As shown in Fig 7D and E,

FOXN1 and AFF4 bound to a chromatin element 2 kb upstream

from the Krt86 transcription start site. At this element, the binding

of each protein was dependent in part on the other, as FOXN1

bound to a lesser extent when AFF4 was ablated, and AFF4 likewise

bound to a lesser extent when FOXN1 was ablated (Fig 7F and G).

Table 1. FOXN1 and AFF4 cooperatively promote the expression of the developmental programs of the hair and epidermis.

Gene
Molecular function
or process

Hair abnormalities Epidermal abnormalities

PMIDs
Fragile/
Brittle

Misshapen/
Malformed

Sparse/
Bald Hyperplasia Acanthosis

Braf Signal-Transducing Kinase ● ● ● 16439621, 16474404, 16804887

Cdsn Cell–Cell Junctions ● ● ● ● 12754508, 18436651, 19596793,
20691404

Cers4 Ceramide Synthesis ● 24738593

Ctnna1 Cell–Cell Junctions ● ● 11239416

Ctsl Cysteine Protease ● ● ● 11023992

Cux1 Transcription Factor ● ● ● 11544187, 11839809

Dcaf17 Ubiquitination? ● 19026396

Dlx3 Transcription Factor ● ● ● ● 18684741, 21252474

Dsg4 Cell–Cell Junctions ● ● ● ● ● 12705872

Errfi1 Signal-Transduction
Inhibitor

● 16648858

Foxq1 Transcription Factor ● 11309849

Fst Signal Inhibitor ● ● 7885475

Gata3 Transcription Factor ● ● ● ● 12923059, 17151017

Gjb2 Cell–Cell Junctions/
Communication

● ● 11912510, 20926451

Gjb6 Cell–Cell Junctions/
Communication

● ● ● ● 11017065

Hoxc13 Transcription Factor ● ● ● 9420327, 21191399, 23063621

Lef1 Transcription Factor ● 7958926

Lgr4 Signal Receptor ● 18651655

Lpar6 Signal Receptor ● ● ● 18297070, 18297072

Padi3 Protein Citrullination ● 27866708

Prdm1 Transcription Factor ● ● 17846422, 25358790

Runx1 Transcription Factor ● 17011173

Scd1 Fatty Acid Synthesis ● ● ● 10545940

Sgk3 Signal-Transducing Kinase ● ● 15240817, 15871460

Sp6 Transcription Factor ● ● ● ● ● 18297738, 25344255

St14 Serine Protease ● ● ● ● ● 17273967, 17940283

Tchh Structural Protein ● 27866708

Tgfa Extracellular Signal ● 8477444, 8477445

Tgm3 Protein Cross-Linking ● ● 22496784, 27866708

Trps1 Transcription Factor ● 10615131, 12446778

Trpv3 Cation Channel ● 20403327

Zdhhc13 Protein Palmitoylation ● ● ● 20548961, 20548961

Zdhhc21 Protein Palmitoylation ● ● ● ● 19956733

The listed genes were downregulated in the skins of Foxn1-null and Aff4-cko mutant mice. Downregulation was determined by RNA-seq. Each listed gene, when
mutated in humans or mice, yields abnormalities consistent with the abnormalities of Foxn1-null and Aff4-cko mutants: namely, fragile/brittle hair, misshapen/
malformed hair shafts, sparse hair/bald skin, epidermal hyperplasia (an increase in the number of epidermal cells), and/or epidermal acanthosis (an increase in
the number of spinous cells). The abnormalities resulting from mutations in each gene are indicated with closed circles. Mutant phenotypes were identified by
searches of the OMIM and MGI databases using gene names; relevant PubMed IDs from the OMIM or MGI entries are indicated.
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Consistent with these results, the CHD domain of AFF4 (see Fig 4A)

was found in vitro to possess a large, positively charged surface and

a substantial affinity for DNA (Chen & Cramer, 2019), suggesting

that AFF4 is able to bind DNA directly. A similar though perhaps

less stable FOXN1/AFF4 interaction was observed at the TSS, as

AFF4 and FOXN1 were detected at the TSS, with the binding of each

dependent on the other but with the binding of FOXN1 exhibiting

greater fluctuation than AFF4 (Fig EV5). While binding to the same

chromatin sites, FOXN1 and AFF4 did not discernibly co-immuno-

precipitate as a soluble complex in assays performed in vitro (see

Materials and Methods), suggesting that by themselves FOXN1 and

AFF4 do not bind to each other and that one or more additional

molecules mediate their interaction. In sum, FOXN1 and AFF4

bound in a reciprocally cooperative fashion in cis with and most

likely at the Krt86 core promoter, which requires both proteins for

strong activity. These results suggest that FOXN1 and AFF4 are

direct, synergistic activators of Krt86.

To understand how FOXN1 and AFF4 activate Krt86 transcrip-

tion, their effects on RNA polymerase II (Pol II) were assayed by

ChIP using skin from normal, Foxn1-null, or Aff4-cko mice and anti-

bodies to three different classes of Pol II—"total", P-Ser5, or P-Ser2

(antibodies to total Pol II recognize multiple isoforms). The P-Ser5

or P-Ser2 isoforms of Pol II are produced by phosphorylation after

Pol II is recruited to a promoter and are associated generally with

transcriptional initiation (P-Ser5) or elongation (P-Ser2) (reviewed

in Jeronimo et al, 2016). As shown in Fig 8A–C, the ablation of

FOXN1 or AFF4 caused dramatic decreases in total Pol II at the

Krt86 transcription start site as well as multiple sites downstream.

Notably, in each mutant, the TSS and downstream sites exhibited

essentially equivalent fold-decreases in Pol II, as Pol II appeared to

be simply reduced across the gene, not halted just downstream of

the TSS—and thus accumulating next to the TSS—due to pausing.

In all, this lack of Pol II suggests that Pol II was not recruited to

Krt86 and incorporated into pre-initiation complexes (PICs), the

multifactor entities that place Pol II at a core promoter and facilitate

initiation. Hence, the results suggest that FOXN1 and AFF4 promote

and are critical for PIC formation, the first step of regulated tran-

scription.

AFF4 did not clearly affect transcriptional steps following PIC

formation at Krt86, as in the absence of AFF4, P-Ser5 Pol II and P-

Ser2 Pol II underwent approximately the same fold decrease as total

Pol II (Fig 8E and G). The loss of AFF4 therefore did not yield obvi-

ous defects in Pol II initiation, the release of paused Pol II, or Pol II

elongation. Likewise, FOXN1 did not clearly affect P-Ser2 Pol II at

Krt86, as in the absence of FOXN1, P-Ser2 Pol II decreased to the

same extent proportionally as total Pol II (Fig 8F). However, across

Krt86 in the Foxn1-null mutant, P-Ser5 Pol II exhibited a clearly

greater fold decrease than total Pol II (Fig 8D). This decline in P-

Ser5 Pol II suggests that one or more of the following conditions

arose in FOXN1’s absence: a decrease in Ser5 phosphorylation, an

increase in Ser5 dephosphorylation, or the masking of P-Ser5. In all

cases, the decline reveals the existence of a transcriptional defect

that is downstream of PIC formation and a specific result of the loss

of FOXN1 function. Hence, following PIC formation and indepen-

dently of AFF4, FOXN1 promoted at least one additional step of

transcription. This step appeared unnecessary for Ser-2 phosphory-

lation but important for the production of transcript, as Krt86 pre-

mRNA declined to a substantially greater extent in the Foxn1-null

mutant than in the Aff4 mutant.

Taken together, the molecular results explain in large part the

phenotypic results, namely why Aff4 and Foxn1 yield phenotypes

that are different in degree but similar in kind. AFF4 stimulated one

step of transcription (PIC formation) while FOXN1 stimulated two

steps (PIC formation and a later step), enabling FOXN1 to make a

A

D E F G

B C

Figure 7. AFF4 and FOXN1 cooperatively activate transcription.

A Murine Krt86 is shown schematically with exons as rectangles and the transcription start site marked by an arrow. Sites assayed in the pre-mRNA or ChIP studies
of panels B-G are indicated.

B–G Graphs present pre-mRNA (B, C) or ChIP (D-G) assays of Krt86 using skin from mutant mice (Foxn1 null, Aff4 cko) or corresponding wild-type controls at P6 (B, C) or
P7 (D-G). ChIP assays were performed with antibodies to FOXN1 or AFF4 as indicated. All values are derived from 3 independent experiments and presented as
mean � S.D. Pre-mRNA measurements were analyzed statistically using two-way ANOVA with post hoc Sidak’s multiple comparison test at a 95% confidence
interval. ChIP assays were analyzed statistically using one-way ANOVA with post hoc Tukey’s multiple comparison test at a 95% confidence interval. ****,
P ≤ 0.0001.
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greater impact on transcription and cutaneous/thymic phenotypes.

Concomitantly, AFF4 stimulated one of the same transcriptional

steps as FOXN1 (PIC formation)—the first step of FOXN1’s mecha-

nism of action—enabling AFF4 to make a considerable impact on

FOXN1-dependent transcriptional programs and phenotypes. AFF4

is thus a regulatory partner of FOXN1, the first such partner to be

identified.

Discussion

The goal of the present study was to find nude-like loci without

screening mutant mice for nude-like phenotypes. Using flies as

stand-ins, the study identified Aff4, a gene that promotes the devel-

opment of a rigid, visible hair coat as Foxn1 does, stimulates the

growth of the thymus as Foxn1 does, yields loss-of-function pheno-

types similar to Foxn1 loss-of-function phenotypes (null or hypo-

morphic), and serves as a partner to Foxn1 in gene regulation. Aff4

thus performs functions like those of Foxn1, the nude locus, making

it the first nude-like locus found since the nude locus was discov-

ered 54 years ago. Clearly, Aff4 is not simply a partner of Foxn1—it

evolved other roles as well (see below). Nonetheless, if mutant mice

had been screened for nude-like loci (rather than flies), Aff4 is a

gene that would have been isolated. Hence, though the fly can never

have a nude-like phenotype, it can become a model for this pheno-

type under the right circumstances.

Molecular and cellular roles of AFF4

In previous studies, the molecular biology of AFF4 was investigated

using cell-culture or cell-free systems. These systems revealed that

AFF4 promotes the elongation phase of transcription by assembling

around itself a collection of potent elongation factors, specifically, P-

TEFb, ENL, and/or ELL factors (Estable et al, 2002; Mueller et al,

2007; He et al, 2010; Lin et al, 2010; Sobhian et al, 2010; Yokoyama

et al, 2010). These AFF4-nucleated complexes, termed “super

A

B C

D E

F G

Figure 8. AFF4 and FOXN1 cooperatively promote pre-initiation complex formation.

A Murine Krt86 is shown schematically as in Fig 7A. Sites assayed in ChIPs of panels B-G are indicated.
B–G Graphs present ChIP assays of Krt86 using antibodies to total (B, C), P-Ser5 (D, E), or P-Ser2 (F, G) Pol II and skin from mutant mice (Foxn1 null, Aff4 cko) or

corresponding wild-type controls at P7. All values are derived from at least 3 independent experiments and presented as mean � S.D. Assay results were analyzed
statistically using one-way ANOVA with post hoc Tukey’s multiple comparison test at a 95% confidence interval. ****P ≤ 0.0001.
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elongation complexes” (SEC; Lin et al, 2010), “AEP” (AF4 family/

ENL family/P-TEFb; (Yokoyama et al, 2010)), or ‘“EAP’ (elongation

assisting proteins; Mueller et al, 2007; Mueller et al, 2009), directly

stimulate the expression of large sets of genes in various cell-culture

systems under a variety of conditions (Lin et al, 2011; Luo et al,

2012). Consequently, AFF4 is often thought to facilitate gene expres-

sion globally and to do so as a scaffold within broadly or generally

used machinery for elongation (Jonkers & Lis, 2015; Chen et al,

2018; Core & Adelman, 2019).

Here, we investigated the role of AFF4 in animals and uncovered

a new function for this transcription factor: namely, that AFF4

promotes the first step of regulated transcription, the formation of

pre-initiation complexes, and does so in partnership with a special-

ized transcription factor, FOXN1, so as to induce the development of

a specific set of traits. Mechanistically, these findings are in accord

with previous studies of AFF1, which suggested that AFF1, while

bound to AEP components, promotes PIC formation at MLL targets

and that PIC formation is the rate-limiting step of AFF1 function

(Okuda et al, 2015; Okuda et al, 2016; Yokoyama, 2018). In the case

of our model gene Krt86, which is strongly activated by AFF4, AFF4

did not clearly regulate transcriptional events downstream of PIC

formation, such as initiation, pausing, or elongation. Moreover, as

shown here, the ablation of AFF4 in mice generated focused pheno-

types, as the conditional and germline AFF4 knockouts appeared

well developed overall and exhibited relatively few clear defects,

which often recapitulated the defects of FOXN1 mutants. The AFF4

knockouts did not display a substantial rate of embryonic mortality,

an extensive disruption of development, broadly aberrant morphol-

ogy, or large-scale cell death, abnormalities that would be expected

if a broad or general regulator of transcription was lost. The AFF4

knockouts contrasted markedly with cyclin T2 knockouts, for exam-

ple, which die prior to the 4-cell stage of embryonic development

(Kohoutek et al, 2009). Cyclin T2 is a component of some but not all

P-TEFb, which in turn is just one of several elongation factors in the

SEC and is thought to perform its function largely through the SEC

(Chen et al, 2018; Core & Adelman, 2019).

One unifying explanation for the in vitro and in vivo results is as

follows: AFF4 plays two basic roles in transcription, one broad/

general (like that of P-TEFb), and the other specific (like that of

FOXN1). The broad/general role is redundant or weak in impact,

rendering AFF4 dispensable in many cells where it appears. The

specific role, in contrast, is unique and has a substantial impact on

defined phenotypes.

While this explanation accounts for the data, we note that AFF4-

positive elongation complexes have been detected and studied

primarily in contexts that are pathological or stressful, such as

hypoxia (Galbraith et al, 2013), oncogenic protein production (Lin

et al, 2010; Yokoyama et al, 2010), high temperature (Lin et al, 2010;

Luo et al, 2012), growth factor starvation/stimulation procedures

(Lin et al, 2011; Gardini et al, 2014), cell lines derived from cancer-

ous (often metastatic) tumors (Liang et al, 2018; Dahl et al, 2020), or

the transcription of viruses, specifically, human immunodeficiency

virus-1, herpes simplex virus-1, or hepatitis B virus (Niedzielski

et al, 2007; He et al, 2010; Sobhian et al, 2010; Alfonso-Dunn et al,

2017; Francisco et al, 2017). This apparent association between

AFF4 activity and abnormal cellular conditions suggests another

unifying explanation: that AFF4 plays exclusively specific roles in

cells, but one of these specific roles is to cope with a general

problem, such as stress or cellular damage. In this scenario, AFF4 is

present but largely inactive in cells until it is mobilized by certain

developmental programs (e.g., hair, epidermis, thymus) or stresses

(e.g., hypoxia, heat, viral infection) for a specific purpose, namely to

activate morphogenetic genes or to mitigate the cellular stress. In

some cases, AFF4 may be used for both purposes: For example, a

virus-infected cell may mobilize AFF4 to cope with the stress of

infection; the virus may then hijack AFF4 to activate its own

morphogenetic program (Alfonso-Dunn et al, 2017; Francisco et al,

2017). Notably, AFF4 was dispensable in most if not all of the

FOXN1-negative skin cells in which it appeared, consistent with

AFF4 waiting for a mobilizing event in those cells. Presumably, once

mobilized, AFF4 promotes Pol II transcription at steps determined in

large part by the mobilizing factors.

Flash-forward genetics

In previous studies, the sequences of FOX family members were

compared across various animal groups, and FOXN1 was found to

be unique to vertebrates (Bajoghli et al, 2009). The thymus likewise

is unique to vertebrates, while hair is unique to mammals. In the

fish Oryzias latipes, homozygous null mutations in foxn1 lead to a

smaller but functional thymus (Swann et al, 2014). In the amphib-

ian Xenopus tropicalis, loss-of-function mutations in Foxn1 result in

the absence of a thymus (Nakai et al, 2016). FOXN1 itself has

changed significantly over the course of vertebrate evolution, as the

FOXN1 proteins of Oryzias, Xenopus, and reptiles/birds display

identities to murine FOXN1 of 25, 46 and ~55%, respectively.

Taking these observations together, a basic evolutionary narrative

is suggested. In the common ancestors of modern vertebrates, Foxn1

arose as a genetic novelty and was recruited to promote the develop-

ment of the thymus, a phenotypic novelty (Bajoghli et al, 2009;

Swann et al, 2014). In the common ancestors of modern tetrapods,

Foxn1 evolved in sequence and function and became essential for the

development of the thymus. In the common ancestors of modern

mammals, Foxn1 further evolved in sequence and function, became

essential for another phenotypic novelty, hair, and thus became

central to a molecular novelty, the mechanism underlying the nude

phenotype. This entire series of novelties arose after mammals and

flies last shared a common ancestor. Hence, when FOXN1 interacted

with Lilli and reproduced a regulatory module that specifically

promotes the creation of the hair and thymus in mammals, the fly

became at least a partial model for innovations accumulated by a

distant lineage, in a sense experiencing a “flash-forward” along

another evolutionary path. As this flash-forward was revealed by a

distinct kind of forward genetics, the approach has been named

"flash-forward genetics" and should facilitate the elucidation of other

traits to which traditional genetics are difficult to apply.

Biological models have always been expected to possess an obvi-

ous likeness to the phenomena they seek to model. And when tract-

able likenesses are lacking and the genetic dissection of a trait

appears unfeasible, the logical approach has been to pursue a

molecular dissection of the trait, often via elegant techniques such

as RNA-seq, ChIP-seq, microarray analyses, the yeast two-hybrid

system, or the affinity purification/mass spectrometry of molecular

complexes. These techniques have yielded invaluable, extremely

detailed pictures of the molecular events inside cells, and one

consistent part of these pictures is that single molecules routinely
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interact with large numbers of others, at times thousands of others.

For example, in the RNA-seq analysis presented here, FOXN1 was

found to affect the expression of 2,858 genes, directly or indirectly.

And FOXN1 is just one actor in the traits that it promotes: Each

FOXN1-interacting molecule may interact with thousands of mole-

cules (AFF4 affected 2,207 genes); and each of these thousands of

molecules may interact with thousands of molecules, and so on.

Even the simplest trait arises in a torrent of molecular interactions.

Obvious questions arise: Do all of these interactions matter? Are

they all the product of selection? Presumably, some interactions are

more important than others.

In the present study, we sought to find what matters for the func-

tion of FOXN1 and the development of the mammalian skin and

thymus. As such, we generated a FOXN1-based genetic model using

a robust tractable organism (the fruit fly) that could present FOXN1

with a large variety of relevant molecules (molecules found in

mammals), clearly display FOXN1’s output, and set a meaningful

threshold for the display of FOXN1’s output, as a robust living

system should possess strong homeostatic mechanisms and use

them to buffer out the “noise” or less potent actions of FOXN1.

And rather than screen this model for an obvious likeness or a

phenotype per se, we screened for interactions characterized by

synergy, effectivity, and a resulting power to disrupt. Interactions

that turned small changes in one molecule into large changes in the

morphology and fitness of the animal were expected to be manifest-

ing their functionality and selection. Certainly, interactions with

such properties usually have selected-for functions. And as selection

only operates on interactions that matter—as interactions must

substantially affect survival or reproduction to be subject to selec-

tion—the isolated interactions were predicted to be significant, not

only for the function of FOXN1, but also for mammals generally.

The results of the screen support the underlying logic: The interac-

tion between FOXN1 and AFF4/Lilli proved to have a beneficial

function in mammals and was surely selected for. The synergy,

effectivity, and resulting disruptive power of the interaction were

telltale signs and consequences of multimolecular positive selection.

Potentially, the genetic approach used here can be carried out

successfully with other tractable transgenic systems, including

cultured cells, with insertional mutagenesis providing the single-

copy (weak) loss-of-function mutations. Ultimately, the approach

may facilitate the dissection of virtually any mechanism that

evolved through selection, including the mechanisms that drive

cancer, as cancer arises through the selection and evolution of

mutant cell populations, and flash-forward genetics should identify

interactions that were selected for as a cancer evolved.

In the fly, FOXN1 also undoubtedly interacted with molecules in

ways that were not selected for, and these purposeless interactions

were presumably numerous, as FOXN1 broadly affected the charac-

teristics of the ommatidia (FOXN1 affected ommatidial differentia-

tion, number, and location) and most likely did so in part by

binding to and altering the expression of genes that it did not evolve

to regulate, genes not among its selected-for targets in mammals.

All of this purposeless activity may seem unrepresentative of living

systems—the molecular interactions found in normal cells are

generally assumed to serve purposes, particularly when the interac-

tions are specific and reproducible. In fact, interactomes may not be

so well honed by selection, as biological molecules appear to engage

routinely in interactions that are specific, reproducible, and

purposeless. For example, there is evidence that transcription

factors normally bind to chromosomal sites simply because the sites

fortuitously match their recognition sequences, not because the

binding yields beneficial effects on gene expression (reviewed in

Biggin, 2011). Likewise, there is evidence that kinases and meta-

bolic enzymes modify molecules (e.g., phosphorylate proteins)

simply because the molecules fortuitously match their substrate

requirements, not because the modifications confer physiological

benefits (Landry et al, 2009; Khersonsky & Tawfik, 2010). Such

purposeless interactions appear to be by-products of selection, that

is, the result of selection for other interactions (Gould & Lewontin,

1979; Gould, 1997). Purposeless interactions may also be products

strictly of chance, fixed into populations or species by genetic drift.

In all cases, these interactions presumably persist because they

evade negative selection—their individual costs are not great

enough to reduce survival and reproduction. They lack the impact

needed to be selectable and by this standard do not matter.

Hence, like the FOXN1 fly model, normal cells appear to engage

in purposeless activity and to do so by design, as their genes program

them to do it. Only some specific molecular interactions appear

selected for. The results presented here suggest that selected-for

interactions can be distinguished by certain portable or inherent

properties, in particular, synergy and effectivity, which render them

potently advantageous in their normal (evolutionary) circumstances

and potently disruptive in abnormal circumstances. Accordingly,

screening for the powerfully disruptive is a way to screen for the

powerfully advantageous. And sowing chaos in a tractable system

(flies) is a way to model an adaptive trait of “intractable” organisms

(mammals). This modeling by disruption pinpoints important inter-

actions through their distinct capacity to injure and—as shown here

for the skin, thymus, and FOXN1 pathway—can reveal vital

mammalian mechanisms through in essence a biological irony: The

more harmful an interaction is to flies, the more beneficial it is to

mammals.

Materials and Methods

FOXN1 fly model

Flies were raised on cornmeal-dextrose-yeast medium, and the culti-

vation temperature was 25°C, except as indicated for the manipula-

tion of hs-GAL4 activity. Males and females were analyzed in every

experiment, except for the suppressor screen of the X chromosome,

when females typically were analyzed (see “Fly suppressor screen”).

Except where indicated, fly strains were obtained from the Bloom-

ington Drosophila Stock Center.

The UAS-Foxn1 transgene was constructed by cloning a murine

Foxn1 cDNA (nucleotides 53-2135) into the EcoR I and Kpn I sites of

the P-element transgenesis vector pUAST, creating pW7. The Foxn1

cDNA contained the complete coding sequence of the wild-type,

648-amino acid FOXN1 protein. To generate UAS-Foxn1 transgenic

flies, pW7 was injected with helper plasmid D2-3 into y1 w67c23

embryos at the Cutaneous Biology Research Center Transgenic Fly

Core. Transformation of flies to w+ (a marker carried by pUAST)

indicated successful transgenesis. In all transgenic experiments,

transgenic phenotypes were analyzed with each transgene present

in a hemizygous condition.
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Six independent lines of UAS-Foxn1 transgenic flies were gener-

ated (IS85 1-6). Males from each UAS-Foxn1 line were crossed to

w1; snaSco/SM1; MKRS/TM2 females to determine the chromosome

on which the transgene had inserted. Males from 3 UAS-Foxn1 lines

(IS85 4-6) were also crossed to GMR-GAL4 females to assess UAS-

Foxn1 expression and phenotypic consequences. All 3 UAS-Foxn1

lines generated rough eyes when GMR-GAL4 was present. One UAS-

Foxn1 line (IS85 4) was chosen for the suppressor screen and other

studies. This line carried UAS-Foxn1 on chromosome 2.

Fly suppressor screen

The screen employed a GMR-GAL4 transgene that had inserted on

chromosome 2 (like the UAS-Foxn1 transgene). Prior to the start of

the screen, the GMR-GAL4 and UAS-Foxn1 transgenes were linked

together on the same chromosome by crossing GMR-GAL4/UAS-

Foxn1 females to snaSco/SM1 males and isolating GMR-GAL4 UAS-

Foxn1/SM1 spontaneous recombinants.

The primary screen for FOXN1 suppressors was conducted by

crossing GMR-GAL4 UAS-Foxn1/SM1 flies to individual fly strains of

the Bloomington Complete Deficiency Kit, a collection of deletion

(deficiency; Df) stocks providing coverage of the X chromosome and

the three autosomes. Progeny of these crosses were scored for

suppression (rescue) of the rough-eye phenotype induced by GMR-

GAL4 UAS-Foxn1. Screening procedures were generally as follows.

To screen X chromosome deficiencies (Df(1)), GMR-GAL4 UAS-

Foxn1/SM1 males were mated to Df(1)/balancer females. Female

GMR-GAL4 UAS-Foxn1 progeny were scored, with those receiving

the deficiency compared to those receiving the X balancer. To screen

autosomal deficiencies, GMR-GAL4 UAS-Foxn1/SM1 females were

crossed to Df/balancer males. Male and female GMR-GAL4 UAS-

Foxn1 progeny were scored, with those receiving the deficiency

compared to those receiving its paired balancer. The deficiencies

were thus screened in a hemizygous condition. A total of 9 suppres-

sors were identified.

The suppressors isolated in the primary screen were tested for

FOXN1 specificity by crossing suppressor-positive Df/balancer flies

to GMR-p21 flies. GMR-p21 progeny were then scored for suppres-

sion of the p21 rough-eye phenotype (Df versus balancer). Five

suppressors of the FOXN1 eye phenotype were found to suppress

the p21 eye phenotype and accordingly were ruled out as candidates

for additional study.

jumu mutations were tested individually in a heterozygous

condition for suppression of FOXN1 phenotypes. The basic genotype

of tested flies was GMR-GAL4 or hs-GAL4/UAS-Foxn1; jumu allele/

TM2.

Suppressor mapping and identification

Suppressors isolated in the primary screen were mapped more

precisely using overlapping deficiencies, i.e., fly strains carrying

deletions known to overlap with the presumptive suppressor dele-

tions. Each overlapping deficiency was tested individually for

suppression of the FOXN1 rough-eye phenotype, and these tests

followed the same procedures used in the primary screen. In the

case of the presumptive suppressor Df(2L)23C;23E3-6, the following

five overlapping deficiencies were tested (putative deleted segments

appear in parentheses): Df(2L)JS31 (23A3 to 23D6), Df(2L)JS17

(23C1 to 23E2), Df(2L)C144 (22F4 to 23C3), Df(2L)JS32 (23C3 to

23D2), and Df(2L)S2590 (23D2 to 23E3). The first 3 deficiencies

were suppressors, while the last 2 deficiencies were not suppressors,

pinpointing the suppressor to 23C and most likely 23C1-3, a region

with just 9 known genes.

To identify the specific suppressor gene(s), loss-of-function

mutations in specific genes of region 23C were tested individually

for suppression of the GMR-GAL4 UAS-Foxn1 rough-eye phenotype.

The loss-of-function mutations consisted of (pre-existing) P-element

insertions, and fly strains carrying these insertions were crossed to

GMR-GAL4 UAS-Foxn1/SM1 flies so as to test each mutation under

heterozygous conditions. A total of 17 insertion mutations were

tested, and only 2 insertions—the 2 in lilli (lilli00632 and lillik05431)—

were suppressors. As predicted by the deficiency mapping of the

suppressor, lilli is located in region 23C1-3.

Aff4-mutant mice

Mice were maintained in microisolator cages under specific pathogen-

free conditions in a 12-hr light/dark cycle. Males and females were

analyzed in every experiment; no gender-based differences in results

were observed or expected. Animal numbers were consistent with

standards in the field. Institutional Animal Care and Use Committees

approved all work with vertebrate animals reported here.

The Aff4 mutant alleles generated in this study are shown in

Fig EV3A. Aff4neo was created by homologous recombination using

the targeting construct pYK5-7 and the ES-cell line KV1, a 129-

C57BL/6 hybrid line. pYK5-7 was constructed using recombineering

reagents and protocols developed by Liu et al (2003) and available

from the National Cancer Institute (NCI) at Frederick (see https://

frederick.cancer.gov/Science/BrbRepository/Home#/recombinee

ringInformation). The targeting construct contained a 12-kb Aff4

genomic fragment that extended from nucleotide 2,828 of intron 6

to nucleotide 43 of intron 13. This 12-kb fragment was derived from

murine strain C57BL/6 and was retrieved from BAC RP24-395F7

using plasmid PL253 (BAC RP24-395F7 was obtained from the

BACPAC Resources Center of the Children’s Hospital Oakland

Research Institute). To construct pYK5-7, a loxP site and Sac I site

were inserted 183-bp upstream of exon 10 using plasmid PL452. A

loxP site, FRT-flanked neomycin-resistance (neoR) cassette, and EcoR

I site were then inserted 321-bp downstream of exon 11 using plas-

mid PL451. Accordingly, the construct’s 50 (long) arm was 5.4 kb,

the 30 (short) arm was 3.8 kb, and the loxP sites were 2.8 kb apart.

The plasmid’s configuration was confirmed by sequencing prior to

electroporation into KV1 cells.

Aff4neo alleles were identified in 42 ES-cell clones by PCR-based

screening for homologous recombination. Six of these clones were

selected for Southern blotting and confirmed to possess correctly

targeted Aff4. Two correctly targeted clones—1E4 and 2E7—were

injected separately into blastocysts, and the resulting chimeric mice

were bred to strain C57BL/6 (Charles River Laboratories) once so as

to establish two independent lines of Aff4-mutant mice. These lines,

also called 1E4 and 2E7, were subsequently confirmed by Southern

blotting to possess correctly configured Aff4neo alleles (see Southern

blotting). The electroporation of KV1 cells, cultivation of ES-cell

clones, and injection of blastocysts were performed at the Trans-

genic Mouse Shared Resource of the Herbert Irving Comprehensive

Cancer Center (Columbia University Medical Center). The 1E4 and
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2E7 murine lines were maintained separately, with members of a

line bred to each other or to the transgenic lines described below.

Mice that were Aff4+/neo or Aff4neo/neo appeared wild type, suggest-

ing that Aff4neo was not significantly impaired in function by its

insertion mutations.

Aff4neo was converted to Aff4flox in the germline by crossing the

transgene ACTB-FLPe (strain background C57BL/6; The Jackson

Laboratory) into the 1E4 and 2E7 lines and then crossing the

progeny to C57BL/6. Mice that possessed the Aff4flox allele and

lacked the ACTB-FLPe transgene were used to establish Aff4flox lines

(1E4 or 2E7). Aff4flox was converted to Aff4ko in the germline by

crossing the transgene EIIa-cre (strain background C57BL/6; The

Jackson Laboratory) into the 1E4 and 2E7 lines and then crossing

the progeny to C57BL/6. Mice that carried the Aff4ko allele and

lacked the EIIa-cre transgene were used to establish Aff4ko lines

(1E4 or 2E7). To generate Aff4 conditional knockouts, the transgene

KRT14-cre (strain background 129-C57BL/6 mixed) was crossed into

the two Aff4flox lines. To generate Aff4ko Foxn1� or Aff4flox Foxn1�

double mutants, the Aff4 and Foxn1 mutations were linked together

on the same chromosome by spontaneous homologous recombina-

tion (the Foxn1 and Aff4 genes are 24.9 Mbp apart on chromosome

11). Aff4+/ko or Aff4flox/flox females were crossed to Foxn1�/� males

(strain background 129-C57BL/6 mixed), the Aff4+/ko Foxn1+/� or

Aff4+/flox Foxn1+/� female progeny were crossed to Foxn1�/� males,

and the resulting Aff4+/ko Foxn1�/� or Aff4+/flox Foxn1�/� male

recombinants were crossed to Aff4+/ko Foxn1+/� or Aff4+/flox

Foxn1+/� females to generate double-mutant lines.

Mouse genotyping

Murine DNA was prepared by clipping a 1–2 mm segment of tail or

toe, adding 400 µl of 50 mM NaOH, heating at 95°C for 30 min,

vortexing, neutralizing with 40 µl of 1 M Tris–HCl (pH 8.0), and

centrifuging at 20,817 ×g for 5 min to pellet debris. Each lysate was

stored at �20°C, and 1 µl of supernatant was used for PCR. PCR was

performed with GoTaq Green Master Mix (Promega) and the follow-

ing primer pairs: (i) to detect Aff4neo, 50-TGACTGGGCACAACAGAC
AATC and 50-AGCCAACGCTATGTCCTGATAG; (ii) to detect/distin-

guish Aff4flox and Aff4+, 50-GACATTGTTACTAGTACTTAACTTTG
and 50-TTTCCAGTTATGCACTATAGTGTAC; (iii) to detect Aff4ko, 50-
AGTTGTGATGGTGATTGTATCATTC and 50-TTTCCAGTTATGCACT
ATAGTGTAC; (iv) to detect cre transgenes, 50-GGTCGATGCAACG
AGTGATGAGGT and 50-CAGCATTGCTGTCACTTGGTCGTG; (v) to

detect Foxn1�, 50-TGCGTGACTACCTACGGGTAAC and 50-GATCGA-
CAGATTTGATCCAGCG; (vi) to detect Foxn1+, 50-ATTATCTCAGTAC
AGCACAGG and 50-GAATTTGGTTGTGTTCCTGGC; (vii) to detect

ACTB-FLPe, 50-ATCACTGATATTGTAAGTAGTTTGC and 50-TAGT-
GATCAGGTATTGCTGTTATC. The general PCR program was as

follows: 97°C, 1 min 30 s ⋄ 96°C, 30 s/ 56–60°C, 30 s/72°C, 30 s [2

cycles] ⋄ 94°C, 30 s/ 56–60°C, 30 s/ 72°C, 30 s [28–33 cycles] ⋄ 72°C,

5 min ⋄ 4°C, hold. The precise annealing temperature used depended

on the primers.

Antibody production

Rabbit polyclonal antibodies were generated against the following

antigens: (i) murine FOXN1 amino acids (a.a.) 1–648 fused to

glutathione S-transferase (GST), (ii) murine AFF4 a.a. 84–232 fused

to GST, or (iii) human AFF4 a.a. 1–750 tagged with polyhistidine

(His). The resulting antibodies were named a-FOXN1 (FL), a-AFF4
(YK6), or a-AFF4750, respectively (Baxter & Brissette, 2002; Niedziel-

ski et al, 2007). The two GST-fusion proteins were produced using

pGEX-2T (GE Healthcare Life Sciences), while the His-tagged protein

was generated using pET-6HIS-11d (Novagen). All antigens were

synthesized in E. coli according to expression-vector instructions,

were purified using matrix-immobilized glutathione (to bind GST)

or nickel (to bind the His-tag), and were isolated or analyzed on

polyacrylamide gels prior to injection into rabbits. a-FOXN1 (FL)

and a-AFF4 (YK6) were raised and affinity purified at Strategic

BioSolutions/SDIX, while a-AFF4750 was raised at Covance.

Immunofluorescence

Tissue samples were embedded without fixation in O.C.T.

compound (Tissue Tek) in Peel-A-Way trays (Polysciences) in a 2-

methylbutane bath at �70°C. Sections (~6 µm) were fixed immedi-

ately after adherence to a slide (while wet) with 1:1 methanol:ace-

tone (for AFF4 or FOXN1 staining) or 100% methanol (for DLL4 or

KRT86 staining) at �20°C, air-dried, and stored at �80°C. To stain

by indirect immunofluorescence, sections were placed in a humidi-

fied chamber, hydrated with 0.1% NP-40/PBS, blocked with

SuperBlock T20 (PBS) Blocking Buffer (Thermo Fisher Scientific) at

room temperature for 15 min, blocked using the Vector Laboratories

Avidin/Biotin Blocking Kit, and then incubated with the primary

antibody (or antibodies) in Superblock T20 (PBS) at 4°C overnight.

The primary antibodies employed were as follows: FOXN1 (G-20;

Santa Cruz Biotechnology), a-AFF4 (YK6), or a-AFF4750, human/

mouse DLL4 antibody (rat monoclonal 207822; R&D Systems), or

Keratin 86 (L-14; Santa Cruz Biotechnology). All remaining steps

were performed at room temperature. Sections were washed 3 times

with 0.1% NP-40/PBS (5 min per wash) and incubated with a

biotinylated secondary antibody in Superblock T20 (PBS) for 1 h.

Depending on the primary antibody to be visualized, the biotiny-

lated secondary antibodies were horse anti-goat IgG (Vector Labora-

tories), horse anti-rabbit IgG (Vector Laboratories), or mouse anti-

rat IgG (Jackson ImmunoResearch). Sections were washed 3 times

with 0.1% NP-40/PBS (5 min per wash) and incubated with strepta-

vidin-CY3 (Millipore Sigma) in Superblock T20 (PBS) for 1 hr. For

red/green double staining, DyLight 488-conjugated goat anti-rabbit

IgG antibody (Vector Laboratories) was added along with the strep-

tavidin-CY3. Sections were then washed once with 0.1% NP-40/PBS

(5 min), incubated with Hoechst 33258 (Millipore Sigma) at 1 µg/

ml in 0.1% NP-40/PBS (2 min), washed once with 0.1% NP-40/PBS

(5 min), and washed briefly (dipped) in distilled H2O. Most water

was removed by careful aspiration, and the sections were air-dried

and mounted with a glycerol-based mounting medium (KPL Fluores-

cent Mounting Media, SeraCare). Staining for thymic markers

followed the same basic procedure but used antibodies purchased

from Covance (IVL, KRT5), Developmental Studies Hybridoma Bank

(KRT8), Santa Cruz Biotechnology (pan-keratin), eBioscience

(CD11C, cd TCR), or Invitrogen (B220, CD4, CD8, CD19).

Southern blotting

Southern blotting was performed with genomic DNA isolated from

primary cultures of murine keratinocytes. Cultures were prepared
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from trypsin-treated skins of newborn mice and grown to conflu-

ence at 34°C in minimal essential medium with 4% chelex-treated

fetal calf serum, 50 µM CaCl2, and 2.5 ng/ml epidermal growth

factor. Genomic DNA was isolated using the Qiagen QIAamp DNA

Mini Kit. For each murine line, 20 µg of DNA was digested with

either Sac I or EcoR I, electrophoresed on a 0.7% agarose gel, dena-

tured, neutralized, transferred to Hybond-N (GE Healthcare Life

Sciences), and cross-linked with UV light. 50-arm blots (Sac I-

digested genomic DNA) were probed with DNA corresponding to

nucleotides 2,525–2,682 of intron 6. 30-arm blots (EcoR I-digested

genomic DNA) were probed with DNA corresponding to nucleotides

363–544 of intron 13. Probes were made by PCR using BAC RP24-

395F7 as the template. For 50-arm blots, the PCR primer pair was 50-
CAAAGCTGTGCAATTATAATGCTG and 50-TCTGGAGACAGGGTCT-
TACTAC. For 30-arm blots, the PCR primer pair was 50-AATTTT-
GAGGTAGAGTCTTACAATG and 50-CAAATTTCAGTCTATAAACA
CCAAG. Probes were labeled with 32P using [a-32P]-dCTP and

Ready-To-Go DNA Labeling Beads (GE Healthcare Life Sciences).

Blots were pre-hybridized and hybridized at 60°C in 250 mM

Na2HPO4, 288 mM NaH2PO4 (pH 7.0), 1 mM EDTA-Na2, 7% SDS,

1% bovine serum albumin (BSA), and 100 µg/ml fish sperm DNA

(boiled and quenched on ice, either alone for pre-hybridization or

with probe for hybridization). Blots were washed at 60°C in 0.1X

SSC, 0.1% SDS, and visualized by autoradiography.

Assays for soluble FOXN1-AFF4 complexes

The ability of FOXN1 and AFF4 to form soluble complexes was

assayed using 3 different cell-culture systems: (i) HEK-293 cells that

produced full-length, FLAG-tagged murine FOXN1 (Prowse et al,

1999) and full-length, MYC-tagged human AFF4 from transiently

transfected plasmids, (ii) wild-type, primary murine keratinocytes

(Foxn1+/+, Aff4+/+), and (iii) wild-type, primary murine keratino-

cytes that produced full-length, FLAG-tagged murine FOXN1 from

an adenoviral vector (Ad-Foxn1; Li et al, 2007). In all experiments,

to detect FOXN1-AFF4 complexes, cellular constituents were

extracted from cultures, immunoprecipitated using antibodies to

one of the two proteins of interest (either FOXN1 or AFF4), and then

immunoblotted using antibodies to the other protein (Calautti et al,

1998). Depending on the experiment, antibodies were anti-FOXN1,

anti-AFF4, anti-FLAG (M2; Millipore Sigma), or anti-MYC tag (9E10;

Santa Cruz Biotechnology). In transient transfection experiments,

pcDNA3-based plasmids expressed either a FOXN1 or AFF4 cDNA

and were co-transfected using Lipofectamine (Invitrogen). Empty

vectors (plasmids or Ad virus without an inserted cDNA) were used

as controls.

RNA analyses

For each RNA preparation, skin was isolated from the entire back of

1 mouse at age P6. The skin was washed briefly with cold PBS, the

subcutaneous fat was peeled away with forceps, and the skin was

cut in half. Mesenchyme was then largely removed via heat shock

so as to enrich for epithelium (epidermis and hair follicles). In brief,

the two skin pieces were plunged into a beaker of PBS at 60°C and

incubated for 30 s. The skin pieces were then transferred to a beaker

of cold PBS (on ice) and submerged for 1 min with slow, gentle stir-

ring by hand (with forceps). The skin pieces were next transferred

to a dry petri dish, flattened with the dermal sides down, and

grasped at the edges of the epithelial and dermal compartments with

separate forceps. The epithelium and mesenchyme were peeled

apart, and the epithelial tissue was snap-frozen using liquid nitro-

gen. The frozen tissue was ground to a powder using a pre-cooled

mortar and pestle. RNA was then isolated from the powdered tissue

using the RNeasy Mini Kit plus QIAshredder (Qiagen).

To eliminate contaminating DNA, the RNA preparations were

treated with TURBO DNAse (2 units per 2 µg of RNA prep; Ambion/

Invitrogen) at 37°C for 30 min. The DNAse was then inactivated

using EDTA-Na2 (added to a final concentration of 15 mM) and heat

(65°C for 10 min). A 1/10th volume of 0.3 M sodium acetate was

added, and the RNA was ethanol precipitated, dried, and resus-

pended in RNAse-free water.

RNA-seq libraries were prepared using DNAse-treated RNA (1 µg

per library) and the Illumina TruSeq Stranded Total RNA Ribo-Zero

H/M/R Gold Kit. Each library underwent ribosomal depletion

according to the kit’s instructions, was constructed using indexed

adapters, was quantified using the KAPA Complete Library Quan-

tification Kit, and was confirmed for quality using an Agilent 2200

TapeStation.

Gene expression analyses compared phenotypically mutant

animals to closely related, phenotypically wild-type animals.

Accordingly, Aff4-cko (KRT14-cre; Aff4flox/flox) mice were compared

to KRT14-cre; Aff4+/flox mice, and Foxn1-null (Foxn1nu/nu; Taconic

Biosciences) mice were compared to Foxn1+/nu mice. Three libraries

were prepared for each genotype, and each library was derived from

a different mouse/RNA preparation. Hence, a total of 12 indexed

libraries were prepared.

The 12 indexed libraries were pooled and sequenced using 2

lanes of an Illumina HiSeq 2500, V4 chemistry, and 50-bp paired-

end reads. Raw sequencing data were received in FASTQ format.

Read mapping used Tophat 2.0.9 against the mm10 mouse reference

genome. The resulting BAM alignment files were processed with the

HTSeq 0.6.1 python framework and respective mm10 GTF gene

annotation (UCSC database). The Bioconductor package DESeq2

(3.2) was used to identify differentially expressed genes (DEG) and

for statistical analysis based on the negative binomial distribution

model. The resulting values were adjusted using the Benjamini–

Hochberg method for false discovery rate. Genes with an adjusted P-

value < 0.05 were determined to be differentially expressed. Library

quality control, sequencing, and data analyses were performed at

the Genome Technology Center of New York University Medical

Center.

Krt86 pre-mRNA levels were measured by real-time RT–PCR.

DNAse-treated RNA (2 µg of each prep) was reverse transcribed into

cDNA using the Verso cDNA Synthesis Kit (Thermo Fisher Scien-

tific) and random primers (42°C, 30 min synthesis). cDNA prepara-

tions were serially diluted and analyzed using a Bio-Rad iCycler-

MyiQ system and IQ SYBR Green Supermix. PCR results were

judged valid only if product levels/cycle numbers changed in step

with the dilutions of the cDNA samples. The following primer pairs

were used to assay the 50, mid, and 30 sites of the Krt86 pre-mRNA

(locations relative to the transcription start site appear in parenthe-

ses): (i) 50-GAGAAGGAGCAGATCAAGTGTC and 50-TGAGACTAGA
GGCTCAATATGAG (+389 to +551) (ii) 50-TCAAGGCTCAGTATGAT-
GACATTG and 50-CAAGAAGCCCTTTCCAATAGATTC (+3,083 to

+3,224; mid), and (iii) 50-CTGCGGAGACTCTTGGCAATG and
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50-CGCTGCACACTCTTGTGTTGAC (+5,837 to +5,985; 30). Results

were normalized by comparing Hprt expression, which was

measured in each sample using the primer pair 50-
ACCTCTCGAAGTGTTGGATACAG and 50-TTCACTAATGACA-
CAAACGTGATTC. The general real-time PCR program was as

follows: 95°C, 3 min ⋄ 96°C, 30 s/ 57–58°C, 30 s/ 72°C, 30 s [2

cycles] ⋄ 94°C, 30 s/ 57–58°C, 30 s/ 72°C, 30 s [38 cycles] ⋄ Melting

curve cycle (95°C, 1 min ⋄ 55°C, 1 min, increment 0.5°C). The

precise annealing temperature used depended on the primers.

Results were analyzed statistically using two-way ANOVA with post

hoc Sidak’s multiple comparison test at a 95% confidence interval.

The following primers were used to assay the expression of

thymic markers: Aire, 50-CCTCTTGGAAACGGAATTCAGAC and 50-
CTGAATGCACTTCTTGGATCTTC; Ccl25, 50-AGAGGGCGATGAGA
ATCTTGAC and 50-GGCACTCCTCACGCTTGTACTG; Cdr1, 50-CGGT
GGATTTTCAGGAAGACATG and 50-TAATGTCTTCCTGAAGATTGA-
CATC; Cldn3, 50-GTCAGATGCAGTGCAAAATGTAC and 50-GTCTTG
TACGCAGTTGGTACAC; Cldn4, 50-CCCTTATGGTCATCAGCAT-
CATC and 50-GGCACCATAATCAGCATGCTTG; Cxcl12, 50-TTTCG
GGTCAATGCACACTTGTC and 50-ATCAGTGACGGTAAACCAGTC
AG; Dsc3, 50-AACAGACCCAGTGACAAATGAAG and 50-CCTTCA-
CATGTACTGTAACCATAG; Ivl, 50-CTGTGAGTTTGTTTGGTCTAC
AG and 50- AGACCTGGCATTGTGTAGGATG; Lekt1, 50-ATGAATGT-
GAAGGTTTTGTCAAGAG and 50-AGTGTCAGATGGACAGATGAAA
TC; Lgals7, 50-GGCTGGCAGGTTCCATGTAAAC and 50-TGGAAGTG-
GAGATATTCGTCATC; Lhx2, 50-GCCAAGGACTTGAAGCAGCTTG
and 50-AGCGTGGCATCTGACGTCTTG; Ly51, 50-TGCATCGGTT-
CACTGCTATAGAG and 50-TGGAATAGCAATTTTATCCAGTTTAG;
Ocln, 50-AAGGTGTCTCTAGGTTACCATTG and 50-GACTATGCG-
GAAAGAGTTGACAG; Psmb11, 50-ACCCACCGTGATGCTTATTCAG
and 50-AGGCTCAGGATAGTTCCACAAG.

Chromatin immunoprecipitation (ChIP) assays of intact tissue

For each ChIP assay, skin was harvested from 3 mice at age P7; each

harvested sample consisted of the entire back skin. After each skin

was taken, it was washed briefly with cold PBS, and the subcuta-

neous fat was peeled away with forceps. The skin was next cut into

strips (2–3 mm wide), and each strip was placed immediately (as it

was cut) into 4% formaldehyde in PBS (10 ml per skin). Strips were

shaken in the formaldehyde solution for 15 min at room tempera-

ture, washed briefly with PBS, removed from the PBS, snap-frozen

in liquid nitrogen, and stored at �80°C.

To isolate fixed chromatin, skin strips were ground into a fine

powder in liquid nitrogen using a pre-cooled mortar and pestle.

Subsequent steps of the protocol were a modified version of the

procedures described in Hu et al (2016). Powdered skin was placed

in lysis buffer 1 (10 ml per skin; 30 ml total per ChIP), which

consisted of 50 mM HEPES-KOH (pH 7.5), 140 mM NaCl, 1 mM

EDTA-Na2, 10% glycerol, 0.5% NP-40, and 0.25% Triton X-100.

Samples were rocked at 4°C for 1 h and then centrifuged at 3,488 ×g

at 4°C for 5 min. Supernatants were discarded, and fat aggregates

on tube walls were removed with Kimwipes. Pellets were resus-

pended in a solution of 200 mM NaCl, 10 mM Tris–HCl (pH 8.0),

1 mM EDTA-Na2, and 0.5 mM EGTA at a volume of 10 ml per skin.

Suspensions were rocked for 25 min at 4°C and centrifuged at 1,083

×g at 4°C for 5 min. Supernatants were discarded, and pellets were

resuspended in lysis buffer 2—100 mM NaCl, 10 mM Tris–HCl (pH

8.0), 1 mM EDTA-Na2, 0.5 mM EGTA, 0.5% sarkosyl, 0.1% sodium

deoxycholate, and 0.2% SDS (SDS was added freshly)—at a volume

of 10 ml per skin. Suspensions were rocked for 1 h at 4°C.

Samples were next sonicated so as to produce DNA fragments of

300–600 bp. Sonications were performed using a Bioruptor (Diagen-

ode), and suspensions were sonicated in 1-ml aliquots in 15-ml

polystyrene conical tubes. Upon the completion of sonication, the

aliquots of each lysate were recombined, a 300 µl sample of each

lysate was removed to assess the extent of DNA shearing (a shear-

ing sample), and the remainder of each lysate was frozen at �80°C.

To analyze DNA fragmentation, shearing samples were centri-

fuged at 20,817 ×g for 10 min at 4°C, and supernatants (200 µl)

were transferred to fresh tubes. NaCl was added to a final concen-

tration of 0.3 M (20 µl of 3 M NaCl), and cross-links were reversed

by heating samples overnight at 65°C. RNase A was added to a final

concentration of 0.2 µg/µl, and samples were incubated for 1 h at

37°C. Proteinase K was then added to a final concentration of

0.2 µg/µl, and samples were incubated for 2 h at 56°C. Samples

were extracted with 1 volume of phenol:chloroform:isoamyl alcohol

(25:24:1), supernatants were transferred to fresh tubes, and glyco-

gen (50 µg) was added to each supernatant. DNA was precipitated

with 2 volumes of cold ethanol (�20°C), washed once with 70%

ethanol, dried, and resuspended in 20 µl of TE (10 mM Tris–HCl pH

8.0, 1 mM EDTA-Na2). The extent of fragmentation was then deter-

mined by electrophoresis of the DNA on 2% agarose gels.

Properly fragmented lysates were thawed and centrifuged at

1,560 ×g for 15 min at 4°C. Each supernatant was filtered through a

cotton gauze pad (Fisherbrand Gauze Sponges, 12-ply, 3 × 3 in.) to

remove debris.

Each ChIP used 20 ml of lysate. To set up a ChIP, lysate (20 ml)

was transferred to a fresh tube (50-ml conical) and mixed with an

equal volume (20 ml) of lysis buffer 2 minus SDS so as to dilute the

SDS in the lysate to 0.1%. Each ChIP then received 1/10th volume of

10% Triton X-100 (final concentration, 1%) and 1/20th volume of

10% NP-40 (final concentration, 0.5%). An aliquot (50 µl) was

removed from each ChIP and stored at �20°C as an input sample

(used for the later measurement of input DNA).

Antibodies were added to ChIPs as pre-formed complexes in

which the primary antibody was bound to a secondary antibody, and

the secondary antibody was bound to protein G-coupled magnetic

Dynabeads (Invitrogen). To generate these antibody-coupled beads,

protein G-coupled Dynabeads (50 µl per ChIP) were washed 3 times

with cold, freshly prepared 0.5% BSA in PBS (1.3 ml wash solution

per 100 µl of beads). After the first wash, beads were pelleted by

centrifugation at 956 ×g for 3 min at 4°C. In subsequent washes and

other steps (couplings, precipitations), beads were pelleted using a

magnetic stand unless otherwise specified.

The washed beads were mixed with secondary antibodies (12 µg

per ChIP) in 0.5% BSA/PBS (650 µl per ChIP), and the mixtures

were incubated with rotation overnight at 4°C. The secondary anti-

body-bead complexes were washed 5 times with cold 0.5% BSA/

PBS (pelleted before and after each wash) and next incubated with

primary antibodies in 0.5% BSA/PBS with rotation overnight at 4°C.

The antibody-coupled beads were then washed 5 times with cold

0.5% BSA/PBS and resuspended in 100 µl of cold 0.5% BSA/PBS

per IP.

Antibody-coupled beads (100 µl) were added to each ChIP, and

the ChIPs were rotated overnight at 4°C. Beads were pelleted, and
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supernatants were removed. The beads of each ChIP were next

resuspended in 650 µl of cold RIPA buffer—500 mM NaCl, 50 mM

Tris–HCl (pH 8.0), 1 mM EDTA-Na2, 1% NP-40, 0.5% sodium

deoxycholate, and 0.1% SDS—and transferred to a 1.5-ml tube.

Using the same pipette tip, fresh RIPA buffer (650 µl) was added to

the 50-ml tube in which the ChIP was performed and from which

beads were just collected. The residual beads were collected and

added to the previously collected beads (total RIPA volume now

1.3 ml per ChIP). The beads were pelleted again, washed 4 more

times with cold RIPA buffer (1.3 ml), and washed once with a cold

solution (1.3 ml) of 50 mM NaCl, 10 mM Tris–HCl (pH 8.0), and

1 mM EDTA-Na2. Beads were then pelleted by centrifugation at 956

×g for 3 min at 4°C, and supernatants were removed completely.

Chromatin was eluted from the beads through the addition of

elution buffer (100 µl)—50 mM Tris–HCl (pH 8.0), 10 mM EDTA-

Na2, and 1% SDS—and incubation of the suspension at 65°C for

15 min, with brief vortexing performed every 3–4 min. Beads were

then pelleted by centrifugation at 20,817 ×g for 1 min. The elutions

(supernatants) were collected and transferred to fresh tubes. Fresh

elution buffer (100 µl) was added to the beads of each ChIP, and the

elution steps were repeated. The second elution was combined with

the first for total eluted volumes of 200 µl per ChIP.

Input samples were thawed, and each was brought to a volume

of 200 µl with elution buffer. All samples—input and ChIP—were

then processed in the same way as the shearing samples (see

above). Specifically, cross-links were reversed at 65°C in the pres-

ence of 0.3 M NaCl, digestions were performed with RNase A and

proteinase K, and DNA was extracted with phenol:chloroform:

isoamyl alcohol and then precipitated with ethanol. Dried DNA

pellets were resuspended in 50 µl of 0.1X TE. As double-stranded

DNA was not required for subsequent steps, the DNA solutions were

boiled for 10 min to facilitate DNA resuspension and to eliminate

remaining cross-links.

ChIP assay outcomes were determined by real-time PCR. PCRs

were performed using the Bio-Rad iCycler-MyiQ system, IQ SYBR

Green Supermix, and serial dilutions of the input or ChIPped DNA

samples. PCR results were judged valid only if product levels/cycle

numbers changed in step with the dilutions of the DNA samples.

Assay results were normalized for input DNA and then compared.

In each experiment, phenotypically mutant animals were compared

to closely related, phenotypically wild-type animals; as such, Aff4-

cko mice were compared to Aff4flox/flox mice, and Foxn1-null (Foxn1-
nu/nu) mice were compared to Foxn1+/nu mice. A total of 25 genomic

sites were assayed for the binding of AFF4 and FOXN1. Assayed

sites were immediately upstream of the Krt86 core promoter, were

non-coding regions conserved in other mammals, and/or contained

consensus-binding sequences for FOXN1. The ChIP sites shown in

Fig 7 were assayed using the following PCR primers (locations rela-

tive to the mRNA start site appear in parentheses): (i) 50-GGGATC-
CATAACTCTGCATTTTG and 50-TTCACTTGGTCTTAGAAGAGAATC
(�2,195 to �2,123), (ii) 50-GTTTGTGAGGACATCTTTCCTTAG and

50-GGAACACCATTATTCTACTGAATG (�2,025 to �1,892), and (iii)

50-ACTCCTACTACTCTTTCAAGATATG and 50-TTGGGGATATGTT-
GACAGCTTTG (�1,823 to �1,721). The ChIP sites shown in Fig 8

were assayed using the following PCR primers (locations appear in

parentheses): (i) 50-ATAAAGCCATCTAATTGCTTCAGAC and 50-
GGGAGAAGGGCAACTCTGAAAC (�86 to +64), (ii) 50-ATGCT-
CAGTGTGTGAAGCATGAG and 50-TGTGACATGCTGTGCTCCGGG

(+366 to +487), (iii) 50-AGAGAAGAGTTTAGGACACGATG and 50-
TCTACAGACTACTCGATGTACTTC (+2,676 to +2,823), (iv) 50-
AGGAAATCTGTGTAAGTCCTTTAAC and 50-GGTGGAGCCTAAG-
TATGAGTAC (+4,111 to +4,280), and (v) 50-AACACTT-
GAGCTTGCTGCGGAG and 50-ACGCAGAGATCGCCACAGACG
(+5,823 to +5,944). ChIP assays of the Krt86 TSS for the binding of

FOXN1 or AFF4 used the following PCR primers: 50-CTAAAGAGG-
TAAACACTGAATTCAC and 50-GATCCGCAAGTCATGGTTATTTAG
(�14 to +87). The ChIP assays used the same general real-time PCR

program as the RNA analyses. Assay results were analyzed statisti-

cally using one-way ANOVA with post hoc Tukey’s multiple

comparison test at a 95% confidence interval.

The primary antibodies used in specific ChIP assays were as

follows: (i) for AFF4 ChIPs—a-AFF4 (YK6), 6 µg per ChIP; (ii) for

FOXN1 ChIPs—a mixture of FOXN1 (G-20) and a-FOXN1 (FL),

700 ng and 4 µg, respectively, per ChIP; (iii) for total Pol II—mono-

clonal 8WG16, 10 µg per ChIP; (iv) for P-Ser5 Pol II—monoclonal

H14, 10 µg per ChIP; (v) for P-Ser2 Pol II—monoclonal H5, 10 µg

per ChIP. The 3 monoclonal antibodies to Pol II were from

Covance/BioLegend.

All secondary antibodies were from Vector Laboratories (uncon-

jugated). The secondary antibodies used in specific ChIP assays

were as follows: (i) for AFF4 ChIPs—goat anti-rabbit IgG; (ii) for

FOXN1 ChIPs—a mixture of rabbit anti-goat IgG (6 µg bound to

25 µl of beads/ChIP) and goat anti-rabbit IgG (6 µg bound to a sepa-

rate 25 µl of beads/ChIP); (iii) for total Pol II ChIPs—goat anti-

mouse IgG; (iv) for P-Ser5 Pol II ChIPs and P-Ser2 Pol II ChIPs—goat

anti-mouse IgM.

Statistical analyses

Statistical methods used in RNA-seq DEG identification, Krt86 pre-

mRNA measurements, or ChIP assays are described in the two

preceding sections, “RNA Analyses” or “Chromatin Immunoprecipi-

tation (ChIP) Assays of Intact Tissue”. Statistical analyses of the

pre-mRNA or ChIP experimental results were performed using

GraphPad Prism 7; numerical calculations, error bars, denotations

of significance, and sample sizes are explained in the figure legends.

Data availability

Datasets EV1 and EV2 present the primary (processed) data gener-

ated in the RNA-seq-based analysis of differential gene expression.

The raw and processed RNA-seq data have been deposited in the

Gene Expression Omnibus, accession # GSE152247 (see https://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE152247).

Expanded View for this article is available online.
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