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The factors necessary for the differentiation of cell types within the retina are

incompletely understood. The transforming growth factor beta (TGF-β)
superfamily, including TGF-β1 and 2, the bone morphogenetic proteins, and

the activins have all been implicated in differentiation; however, the

mechanisms by which these factors affect differentiation are only partially

understood. The studies herein focus on a potential role for transforming

growth factor β-activated kinase 1 (TAK1), a hub kinase that lies at the

intersection of multiple signaling pathways, in the differentiation of cell types

within the chick retina. Previous studies have focused predominantly on the role

this kinase plays in the inflammation process and axonal growth. TAK1 is

downstream of multiple signaling pathways that are critical to development

of the central nervous system, including transforming growth factor β (TGFβ),
bone morphogenetic proteins (BMPs), and activins. The present study indicates

that activated TAK1 is found throughout the developing retina; however, it is

localized at higher levels in dividing and differentiating cells. Further, ex ovo

retinal studies using TAK1 inhibitor 5Z-7-oxozeaenol increased both progenitor

and differentiating cell populations, accompanied by a substantial increase in

proliferation and a smaller increase in cell death. These results indicate a unique

role for TAK1 in differentiating and proliferating retinal cells.
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Introduction

The hierarchical organization of the mature neural retina, containing seven basic

cell types, is common to vertebrate retinas (Turner and Cepko, 1987; Holt et al.,

1988). The developing retina is comprised of homogeneous group of cells, retinal

progenitors, which generate groups of cell types at specific stages throughout

development (Wetts and Fraser, 1988; Turner et al., 1990). In most animals, cell

cycle length is known to increase throughout development, increasing the length of

G1 and increasing the overall time of cell division (Arai et al., 2011; Ferree et al.,

2016). Many studies have confirmed that retinal progenitors are mostly multipotent.

However, progenitors change in their capacity to generate earlier-born cells at later
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stages of development (Turner and Cepko, 1987; Jensen and

Raff, 1997; Cepko 1999). Differentiation of retinal cell types

is the result of signaling pathways and transcription factors

activity which regulate cell type specification (Ohnuma et al.,

1992; Tomita et al., 1996; Cepko 1999; Hatakeyama and

Kageyama 2004). Likewise, the activation of specific

signaling pathways and cell cycle genes is essential for

cells that remain in the cell cycle. Many of the key

questions that remain lie in the regulation and

coordination of proliferation, cell cycle exit, and

differentiation, and the signaling pathways that govern the

processes.

When cell cycle exit and differentiation do not occur

properly, issues such as hyperplasia and lack of differentiated

cell types lead to improper function of the retina (Miles and

Tropepe 2016). Across various species, multiple factors have been

identified that play a role in cell cycle exit, including extrinsic

factors, signaling pathway members, and transcription factors

(Dyer and Cepko, 2001; Miles and Tropepe 2016). In addition to

this, there are factors that are associated with shortening of the

cell cycle such as transcription factor E2f1, cyclin G2 (Arai et al.,

2011) and factors associated with the lengthening of the cell cycle

such as Erf and Fbxw7 (Arai et al., 2011). Transforming growth

factors β (TGFβs), activins, and bone morphogenetic proteins

(BMPs) are all secreted factors that have been implicated in cell

cycle exit and differentiation (Chen et al., 2002; Roy and Ingham

2002; Vogel et al., 2010; Jarrin et al., 2012; Wagner et al., 2017).

When it comes to cell cycle exit and differentiation, there is

evidence to suggest that it is more complex than previously

shown in retinal development, which indicates that there may be

influential signaling factors yet to be discovered (Dyer and

Cepko, 2001). Although the TGF-β superfamily and the

downstream canonical signaling pathways that support them

have been investigated, there has been little evaluation of non-

canonical pathways. The canonical signaling pathways primarily

involve the activation of SMAD family members which, when

activated, form heteromers that are transported to the nucleus to

act as transcription factors. The most actively studied non-

canonical pathway of the TGF-β superfamily involves the

activation of a mitogen-activated protein kinase (MAPK)

pathway. Receptors for each pathway activates TAK1 (also

known as MAP3K7), followed by the activation of

downstream kinases and transcription factors (Kim and Choi

2012; Shi and Sun 2018).

TAK1 is a serine-threonine kinase that acts as a hub

kinase combining extracellular signaling events from many

receptors and concentrates those signals on the regulation of

mitogen activated kinase 3/6 (MKK3/6), MKK4/7, and IκB
kinase (IKK) (Ninomiya-Tsuji et al., 1999; Munoz-Sanjuan

et al., 2002; Blonska et al., 2005; Sato et al., 2005). It has been

determined that MKK3/6 regulates p38, MKK4/7 activates

c-jun N-terminal kinase (JNK), and phosphorylation of IKK

leads to the destruction of IκB, allowing NFκB to be

transported to the nucleus (Choi et al., 2012). JNK and its

upstream regulators MKK4/7 are key regulators of retinal

ganglion cell death in vertebrates (Hong et al., 2007; Choi

et al., 2012). A recent study in retinal development showed

that a loss of both MKK4 and MKK7 led to a decrease in JNK

signaling and a subsequent decrease in retinal ganglion cells

(Syc-Mazurek et al., 2018). While the role of JNK, MKK4,

and MKK7 have been investigated, the role of TAK1 in

retinal development is yet to be determined.

The study described herein investigates the role of

TAK1 in chick retinal development. Using

immunofluorescence, we describe localization patterns of

activated phospho-TAK1 (pTAK1) at critical stages of

retinal development from the optic cup up to embryonic

day 18 (E18). To investigate a potential role for TAK1 in

retinal development, embryonic day 6 (E6) ex ovo retinal

cultures were treated with vehicle or TAK1 inhibitor (5Z)-7-

Oxozeaenol. Quantitation of retinal cell types 24 h following

treatment indicated an increase in both differentiated and

proliferating cells with a small increase in cell death. The

results of this study have led us to hypothesize a dual role for

TAK1 in retinal development; TAK1 does appear to play a

role in differentiation; however, we have identified a novel

role for TAK1 in the proliferation of retinal progenitor cells.

Materials and methods

Tissue collection and processing

Fertilized white leghorn chicken eggs were procured from

University of Michigan and stored at 16°C in a BOD

(Biological Oxygen Demand) incubator (Jeio tech: IL-

11A). Eggs were incubated at 37°C for the specified

periods of time (Kuhl, Flemington, NJ). Eyes used for

immunohistochemistry were enucleated, extraocular

tissues removed in 1X phosphate-buffered saline (PBS)

and fixed overnight in 4% paraformaldehyde diluted in

0.1M phosphate buffer, pH7.4. Samples were rinsed twice

in 1X PBS at room temperature incubated overnight with

increasing concentrations of sucrose solutions in order: 5%,

10%, 15%, and 20% sucrose made in 0.1M phosphate buffer,

pH 7.4. Samples were then placed in 20% sucrose and optimal

cutting temperature (OCT) medium at a ratio of 3:1

(4583 Tissue-Tek, Sakura, Torrance CA). The samples

were oriented in the 3:1 solution oriented so that sections

would be taken through the naso-temporal axis. They were

then placed in dry ice to freeze and stored for future

sectioning at −80°C. Samples were sectioned using a Leica

CM3050 S cryostat at a thickness of 12 µm and placed on

vectabond-coated (Vector Labs, Burlingame, CA) superfrost

plus slides (Fisher Scientific, Pittsburgh, PA) and then stored

at −80°C.
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Immunohistochemistry

Slides with cryosections previously stored at −80°C were

thawed to room temperature (RT) and the perimeter of the

sections was lined using a peroxidase anti-peroxidase

(Tsalamandris et al., 2019) pen (Electron Microscope Sciences,

Hatfield, PA, Cat #71310). All immunohistochemistry steps were

conducted at RT in a humid chamber lined with wet filter papers

covered by nylon mesh unless otherwise noted. Tissue samples

were fixed with 4% paraformaldehyde made in 0.1M phosphate

at pH7.4 for 30 min and then rinsed twice with 1X PBS for

2 minutes. Sections were permeabilized with methanol for

10 min and subsequently rinsed with 1X PBS. Antigen

retrieval was conducted by treating sections with 1% SDS in

0.01M phosphate buffer (Fisher Scientific, Pittsburgh, PA) for

5 min and then rinsed for 5 min three times with 1X PBS. Tissue

was rinsed twice with 1X borate buffer at pH 8.0 for 5 min and

then rinsed twice with 1X PBS for 5 min. Following these steps,

sections were then treated with fresh 1% sodium borohydride

(Acros, New Jersey) in 1X PBS for 2 min to reduce auto

fluorescence. Sections were then blocked with 10% donkey or

goat serum for 30 min. After blocking, primary antibodies were

diluted into a cocktail of 0.025% triton-X diluted into 1X PBS and

2% of goat or donkey serum to their respective concentrations

and added to sections. Sections were incubated with primary

antibody solution overnight at 4°C. Primary antibodies that were

amplified with biotin-streptavidin were used at half of their

normal concentration and incubated in the same fashion.

After overnight incubation with primary, samples were rinsed

using 1X PBS twice before being treated with secondary antibody

or a biotinylated antibody. Secondary antibodies were diluted

with 1X PBS at their respected concentrations and placed on

slides incubated at room temperature for 1 h in the dark.

Subsequently, sections were rinsed with 1X PBS twice for

2 min before being incubated with 2 μg/ml Hoechst stain

(Invitrogen, Cat #H1399) for 2 minutes. For samples subjected

to biotin amplification, samples were treated with DyLight

conjugated streptavidin (DyLight 549, Vector Labs,

Burlingame, CA, Cat# SA-5549-1) for an additional hour

followed by a rinse with 1X PBS and incubation for 2 min

with Hoechst. Finally, sections were rinsed twice more with

1X PBS and then coverslipped with aqua polymount

(Polyscience Inc., Warrington, PA, Ca#18606-20). The edges

of the coverslips were sealed with clear nail polish (Electron

Microscopy Sciences, Hatfield, PA, Cat #71310).

For co-labels with antibodies against phospho TAK1

(pTAK1) and other antibodies raised in rabbit, citrate antigen

retrieval with tyramide amplification was done following

permeabilization with methanol. Briefly, sections were

incubated with 10 mM sodium citrate with 0.05% Tween

pH 6.0for 1 h at 63°C, then allowed to cool for 20 min

followed by two rinses of with 1X PBS. Sections were

subsequently treated for 2 min with 1% sodium borohydride

(Acros, New Jersey) in 1X PBS and then blocked with 10%

donkey or goat serum in 1X PBS containing 0.25% Triton X-100

for 30 min. Primary antibodies were then diluted 5 to 10 times

normal concentration in a solution of 2% donkey or goat serum

and 0.025% triton X-100 diluted in 1X PBS. After incubation

overnight at 4°C, sections were rinsed with 1X PBS and incubated

with 3% solution of hydrogen peroxide in methanol for 15 min.

Sections were washed with 1X PBS twice for 2 min before being

incubated with biotinylated secondary antibody (Vector Labs,

Burlingame, CA) in 1X PBS in the dark for 1 hour at room

temperature. Sections were then washed using HRP streptavidin

(Vector Labs, Burlingame, CA) in 1X PBS 1:1000 (and 1:500 for

pSMAD1) for an hour in the dark. Afterwards, slides were then

washed twice in 0.1M Tris-HCl, 0.15M NaCl, 0.05% Tween-20

(TNT) buffer and incubated with fluorescein plus amplification

reagent diluted 1:300 in 1X tyramide signal amplification (TSA)

amplification diluent (Perkin Elmer, Waltham, MA, Cat#

NEL741001KT) for 5 min in the dark. Slides were

subsequently washed twice in TNT buffer followed by two

2 min rinses in 1X PBS, counterstained with Hoechst solution

andmounted with aqua polymount and cover slipped. All images

were acquired using an Olympus Fluoview FV 1000 confocal

microscope.

Western blots

Chick retinas were dissected out and placed in lysis buffer

(5M NaCl, 1M Tris, 0.5M EDTA, and 5% TritonX-100 at

pH 8.0 with 4% protease inhibitor cocktail and 1%

phenylmethylsulfonyl fluoride (PMSF; Sigma) (Cas # 329-98-

6) for 20 min on ice. Tissue lysates were then centrifuged at

14,000 rpm for 15 min at 4°C and the supernatant was collected

for protein estimation using bicinchoninic acid (BCA) assay

(Thermofisher Scientific, Rockford, IL) (Verzella et al., 2020,

23225). Fifty micrograms of total protein were combined with

loading dye at a 1:3 ratio. This was then loaded onto a 10% SDS

polyacrylamide gel (Expedeon, Inc. San Diego) and then run for

an hour at 150 V. Proteins were transferred from gel to

Polyvinylidene fluoride (PVDF) membrane (Bio-Rad

laboratories, Inc. Hercules, CA) (Cat #1620174) at 4°C at

100 V for 60 min in transfer buffer. Membrane was blocked

using Pierce protein-free T-20 (TBS) blocking buffer

(Thermofisher Scientific, Rockford, IL) (Cat #37571) for

30 min and incubated overnight at 4°C with pTAK1 on day

1 β tubulin antibody at 1:10,000 on day 2 as our endogenous

control. Following treatment with primary antibodies, the

membranes were washed with 1X TBST twice and

subsequently incubated with a peroxidase conjugated

secondary antibody (1:5000 goat anti-rabbit HRP in 1X TBST)

(Invitrogen Cat #31460) at room temperature for 1 hour in the

dark. The membranes were then treated with SuperSignal West

Femto Chemiliminescent Substrate (Thermofisher Scientific,
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Rockford, IL) (Verzella et al., 2020, 34095) for 2 minutes and was

covered in saran wrap and stored in a light protective cassette.

The blot was visualized using x-ray imaging films

(Thermoscientific, Rockford, IL). To determine if the detected

band was specific, antibody was diluted to 0.2 μg/ml and half of

the antibody solution was incubated overnight at 4°C with 1.0 μg/

ml of immunizing peptide. E8 retinal samples run on SDS Page

and transferred as indicated above were incubated with either

normal antibody diluted to 0.2 µg or preabsorbed antibody

pTAK1 antibody and signal detected as above.

FIGURE 1
Phosphorylated TAK1 (pTAK1) weakly labels progenitor cells and heavily labels dividing and differentiating cells of the developing retina. Retinal
sections from E3, E5, E8, E15, and E18 chick embryos were co-labeled for pTAK1 (A,D,G,J,M) and Hoechst nuclear stain (B,E,H,K,N). Overlap in labels
is shown in (C,F,I,L,O). Abbreviations: RPE, retinal pigmented epithelium; NBL, neuroblast layer; INL, inner nuclear layer; GCL, ganglion cell layer;
OPL, outer plexiform layer; IPL, inner plexiform layer. Scale bar in A = 50 μm for images (A–O).
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Ex ovo cultures/whole retinal explants

The method for retinal explants was adapted from (Shirazi

Fard et al., 2015). Briefly, extraocular tissue was removed from

enucleated eyes and eyes subsequently incubated in 37°C 1X PBS

to aid in removal of pigmented epithelium with sharpened

#5 Dumont forceps. Explants were transferred into a well

containing 1 ml culture medium. Culture medium was

prepared using 10% FBS, 2 mM Glutamax™, 10u/mL

penicillin streptomycin, 5ug/ml Insulin, and 1:1 DMEM:

F12 Nutrient mix (Thermofisher Scientific, Rickford, IL)

(Verzella et al., 2020, 10565018). Each retinal explant was

incubated in a single well of a 24 well plate at 37°C for 1 h on

a rotator shaker inside a cell incubator with 5% CO2 at 50 rpm.

Following this, retinal explants were either treated with vehicle

(DMSO) as a control, or with 2 µM TAK1-specific inhibitor,

(5Z)-7-Oxozeaenol (Tocris) (Cat #3604). In some experiments,

ex ovo cultures were treated with a second TAK1 inhibitor

known as Takinib at a concentration of 100p.m. (B2324;

BioVision, Waltham, MA). Following treatment with vehicle

or inhibitor, retinal explants were incubated at 37°C on a

shaker with 5% CO2 at a speed of 50 rpm for 24 h.

Subsequently, the 24 well plate containing the explants was

removed from the incubator, retinal transplants were

transferred into a new 24-well plate containing 4%

paraformaldehyde in 0.1M phosphate buffer, pH 7.4 and

incubated on ice for 15 min. Afterwards, retinal transplants

were rinsed with 1X PBS for 10 min in the 24 well plate on

ice. Whole retinal explants were transferred to wells with

increasing concentrations of sucrose: 5%, 10%, 15%, and 20%

sucrose in 1X PBS, incubating on ice for 1–2 h. Retinal explants

were then placed into 3:1 OCT: sucrose solution and into an

embedding mold. Embedded retinal explants were flash frozen

on dry ice until frozen solid. Samples were stored at −80°C until

ready to be sectioned.

Quantitation of biomarkers, measurement
of retinal width, and statistical analysis

Cryosections were double-labeled with antibodies specific

for a given protein and Hoechst 33342, a UV fluorescent stain

that labels all fixed nuclei stain, which labels all cell nuclei.

Digital images of the central region of each retina (N = 3 retina

FIGURE 2
pTAK1 was co-localized to the phospho-histone 3+ (pH3+) dividing cells of the early chick retina. Chick retinal sections from E3, E5, and E7
embryos were double-labeled for pH3 (A,D,G) and pTAK1 (B,E,H). Co-label is shown in (C,F,I). Dashed boxes in (C,F,I) are shown at higher
magnification in insets in (C,F,I). Abbreviations: RPE, retinal pigmented epithelium; NBL, neuroblast layer; GCL, ganglion cell layer. Scale bar in A = 50
μm for images (A–I).
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for each vehicle and TAKi-treated retina) was taken using

either an Olympus Fluoview FV 1000 or a Keyence semi-

automated microscope. Each of the markers used in this study

was quantitated by counting the number of cells

immunolabeled in every 10th cryosection through the

treated and control retinas. The number of immunolabeled

cells was expressed as percentage of total number of cells

labeled with Hoechst. Measurements of retinal width was

determined in every 10th cryosections of E6 vehicle or

TAKi-treated retinal cultures (N = 3 for each control and

TAKi-treatments). Images of retinas were imported into

ImageJ/FIJI using the measurement tool from the outer

edge of the developing retina up to and including the nerve

fiber layer. Students t-test was used to test for statistically

significant differences between vehicle and TAKi-treated

retinas. One-way ANOVAs were performed in some

FIGURE 3
pTAK1 was co-localized to SOX2+ retinal progenitors in the early chick retina and a subset of Müller glial, cholinergic amacrine, and astrocyte
cells in later stages.Chick retinal sections from E3, E5, E7, and E18 embryos were double labeled for SOX2 (A,D,G,J) and pTAK1 (B,E,H,K). Co-label is
shown in (C,F,I,L). Open arrows indicated Müller glia, closed arrows indicate retinal astrocytes, and arrowheads indicate cholinergic amacrine cells
(J,K,L). Dashed boxes in (C,F,I,L) are shown at higher magnification in insets in (C,F,I,L). Abbreviations: RPE, retinal pigmented epithelium; NBL,
neuroblast layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bar in A = 50 μm for images (A–L).
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instances using GraphPad Prism version 9.0 for Windows

with a Tukey post-hoc analysis (GraphPad Software, San

Diego, CA).

Results

Phosphorylated TAK1 was found in all cells
of the retina, but was more heavily
expressed in actively dividing and
differentiating cells of the developing
chick retina

To examine the localization of TAK1 in the developing chick

retina, immunohistochemistry was performed on sections from

embryos at embryonic day 3 (E3), E5, E8, E15, and E18. E3 is

representative of the stages when the retina is populated primarily

with proliferative progenitors. E5 is representative of stages when

early retinal cell types, such as cone photoreceptors and retinal

ganglion cells are present, in addition to proliferative progenitors.

E8 is a mid-developmental stage when most cell types have been

generated in the retinal fundus and distinct outer and inner plexiform

layers are beginning to form. By E15, there is a fully laminated retina;

however, cells are still differentiating and refining connections. By

E18, a mature retina is present, although there is evidence that some

cell types continue to develop (Morrow et al., 1998).

Retinal cryosections were labeled using an antibody that

recognizes activated TAK1, phosphorylated at threonine 184/187

(pTAK1) along with a Hoechst label to visualize nuclei in the tissue.

Overall, pTAK1 appeared to be localized throughout the retina, but

was more heavily localized in actively dividing and differentiating

cells. At E3, pTAK1 heavily labeled dividing cells at the scleral edge

of the retina andweakly labeled retinal pigmented epithelium (RPE),

retinal neuroblasts, and lens (Figures 1A–C). The RPE and cells of

the retinal neuroblast layer (NBL) continued to be weakly labeled at

E5 (Figures 1D–F); however, cells at the vitreal edge of the retina in

the presumptive ganglion cell layer (GCL) appeared to be more

strongly labeled (Figures 1D–F). Dividing cells at the scleral edge

were still strongly labeled for pTAK1 (Figures 1D–F). At E8, the

GCL and inner part of the inner nuclear layer (Wiley et al., 2005),

where presumptive amacrine cells would be found, were strongly

immunolabeled for pTAK1, whereas the cells of the outer nuclear

layer and outer portion of the INL were either negative or weakly

labeled (Figures 1G–I). Immunolabel at E15 appeared to be

widespread in the retina, with strong signal present in the inner

part INL, GCL, and outer plexiform layer (OPL), while weaker label

was present in the remaining retina (Figure 1J–L). Label in the ONL

was restricted primarily to the inner segment (Figure 1J–L). Finally,

at E18, pTAK1 appeared to be localized throughout the retina, with

similar patterns and strengths as those found at E15 (Figure 1M–O).

In addition to the photoreceptor inner segments, signal also

appeared to be present in the outer segment region

(Figure 1M–O). Retinal localization patterns were confirmed by

performing immunofluorescence using a second antibody that also

recognizes pTAK1 (T184, 187) at E8 (Supplementary Figure S1).

Sections from each stage treated with isotype specific IgG

in place of the primary antibody showed weak background

label at the scleral edge of the retina at E5, E12-18 and weak

label in the outer plexiform label at E12. Otherwise, the retina

was negative for any immunofluorescence (Supplementary

Figure S2A). Retinal lysates from E5, E8, E15 and

E18 embryos were analyzed for pTAK1 expression by

western blot (Supplementary Figure S2B). At each stage, a

single band was detected at a molecular weight of

approximately 68 kDa. Specificity of the pTAK1 antibody

was tested by preabsorbing antibody with the immunizing

peptide in western blots and sections (Supplementary Figures

S2, S3). In sections of the retina, weak, non-specific label was

detected primarily at the scleral edge of the retina from E3-

E12, and in the outer plexiform layer at E15 and E18

(Supplementary Figure S3).

pTAK1 labeled dividing cells strongly and
retinal progenitors weakly

Examination of immunolabel in Figure 1 suggested that

pTAK1 was heavily localized to dividing retinal progenitor cells

and lightly to non-dividing progenitors. To confirm

pTAK1 localization in both progenitor populations, double-label

fluorescence was carried out. Sections from E3, E5, and E7 double-

labeled for phospho-histone 3 (pH3), a marker of prophase in

proliferating cells, and pTAK1 were analyzed for co-label (Figures

2A–I). At each stage examined, pH3+ cells all appeared to be co-

labeled with pTAK1. To determine if pTAK1 was also present in

retinal progenitors not actively dividing, sections from E3, E5, E8,

and E18 embryos were double-labeled for SRY (sex determining

region Y)—box 2 (SOX2) and pTAK1. At early stages (E3 and E5),

SOX2 labels all retinal progenitors, while in later stages (E8 and

E18) SOX2 labels Mϋller glial cells, astrocytes, and cholinergic

amacrine cells. E3 and E5 retinal sections co-labeled with

SOX2 showed a high degree of overlap with pTAK1 (Figures

3A–I). At later stages of the retina, E8 and E18, SOX2 labeled

cholinergic amacrine cells (Figure 3J–L, arrowheads), Müller glia

(Figure 3J–L, open arrows) and retinal astrocytes (Figure 3J–L,

closed arrows).

pTAK1 was localized to populations of
cells expressing cell type-specific markers
at E8 and E18

To determine in which populations of differentiated cells

pTAK1 might be found, we analyzed sections from E8 and

E18 double-labeled for pTAK1 and cell type-specific markers

such as SOX2 (cholinergic amacrine, Müller glia, and
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FIGURE 4
pTAK1 was localized to differentiating cells in E8 retina.Chick retinal sections from E8 embryos were double-labeled for pTAK1 and Visinin
(cones; A–C), LIM1/2 [horizontal cells; (D–F)], CHX10 [bipolar cells; (G–I)], AP2α [amacrine cells; (J–L)] or BRN3A [ganglion cells; (M–O)]. Dashed
boxes in (C,F,I,L,O) are shown at highermagnification in insets in (C,F,I,L,O). Abbreviations: ONL, outer nuclear layer; NBL, neuroblast layer; INL, inner
nuclear layer; GCL, ganglion cell layer. Scale bar in A = 50 μm for images (A–O).
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astrocyte cells), LIM1/2 (horizontal cells), CHX10 (bipolar

cells), AP2α (amacrine), and BRN3A (ganglion cells). At E8,

TAK1 was co-localized with cells positive for SOX2, LIM1/2,

CHX10, AP2α, and BRN3A (Figures 3G–I and Figure 4). A

subpopulation of cells labeled with Visinin appeared to be

co-labeled with TAK1 (Figures 4A–C). TAK1 also co-

localized with cells expressing SOX2, LIM1/2, CHX10,

AP2α, and BRN3A at E18 (Figure 3J–L, Figure 5D–O).

TAK1 also heavily labeled inner and outer segment

regions and the synaptic region of Visinin+ photoreceptors

at E18 and weakly labeled photoreceptor cell bodies

(Figures 5A–C).

Retinas treated with TAK1 inhibitor in ex
ovo cultures show reduced number of
phospho-JNK labeled cells (pJNK) and an
increased number labeled with cleaved
caspase 3

To examine the potential role of TAK1 in the

differentiation of retinal cells, ex-ovo cultures of E6 retinas

were treated with TAK1 inhibitor (Sanjo et al., 2019), 5Z-7-

oxozeaenol. Biochemically, 5Z-7-oxozeaenol forms a covalent

bond with TAK1 and inhibits the kinase activity as well as the

ATPase activity (Wu et al., 2013). Initially, we determined

FIGURE 5
pTAK1 was localized to differentiated cells at E18. Chick retinal sections from E18 embryos were double-labeled for pTAK1 and Visinin
[photoreceptors; (A–C)], LIM1/2 [horizontal cells; (D–F)], CHX10 [bipolar cells; (G–I)], AP2α [amacrine cells; (J–L)], or BRN3A [ganglion cells; (M–O)].
Areas shown by dashed boxes in (C,F,I,L,O) are enlarged and shown in insets in (C,F,I,L,O). Abbreviations: ONL, outer layer; INL, inner nuclear layer;
GCL, ganglion cell layer. Scale bar in A = 50 μm for images (A–O).
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whether the inhibitor was capable of reducing the

phosphorylated and activated downstream target, c-jun

n-terminal kinase (pJNK). E6 retinas were grown for 24 h

in vehicle or TAKi, sectioned and immunolabeled for pJNK

(Figure 6). Phospho-JNK labeled cells were widespread in

vehicle-treated retinas (Figures 6A–C), while TAKi-treated

retinas showed a marked reduction of label in comparison

(Figures 6D–F). Quantitation of the number of pJNK-labeled

cells in vehicle-treated retinas (N = 3) indicated 31.3% ( ±

3.52% SD) of the cells were pJNK+, whereas the percentage of

pJNK+ cells in TAKi-treated retinas (N = 3) was 17.45% ( ±

2.03% SD) (Figure 6G).

Previous investigations in some tissues have shown

TAK1 to be involved in cell death (Lamothe et al., 2013;

FIGURE 6
In comparison to vehicle-treated retinas, TAKi-treated retinas have a decrease in JNK labeling and an increase in cleaved-caspase 3 labeling. E6
chick retinal cultures were treated with vehicle or 2 μm TAK1 inhibitor (Sanjo et al., 2019) for 24 h and sections through retinas were co-labeled for
downstream kinase phospho- c-jun N-terminal kinase [pJNK; (A,C,D,F)] or apoptosis marker cleaved caspase 3 [CC3; (I,K,L,N)] and Hoechst dye for
DNA [blue; (B,C,E,F,J,K,M,N)]. Percentages of labeled cells were quantified in 3 separate retinas for pJNK+ cells (G) or cleaved caspase 3 (H).
Standard deviation is shown in (G,H). A = 50 μm for images (A–F and I–N). Abbreviations: NBL, neuroblast layer; GCL, ganglion cell layer. Scale bar in
A = 50 μm for images (A–F and I–N).
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Shin et al., 2013; Mihaly et al., 2014). To investigate the role

of TAK1 in developing retinal cell death, we examined the

activation of cell death marker caspase 3 (cleaved caspase 3;

CC3) in vehicle- and TAKi-treated retinas (Figure 6I–N). In

sections immunolabeled for CC3, there appeared to be an

increase in CC3+ cells in sections from TAKi-treated retinas

(Figures 6L–N) in comparison to vehicle-treated (Figures

6I–K). In both vehicle- and TAKi-treated retinas, CC3+ cells

appeared to be localized to the GCL. Quantitation of sections

through retinas (N = 3 for each treatment) indicated that

vehicle-treated retinas had 2.70% ( ± 0.25% SD) cells were

CC3+, while TAKi-treated retinas contained 4.67% ( ± 0.36%

SD) (Figure 6H).

Inhibition of TAK1 leads to an increase in
the number of pH3- and SOX2-labeled
cells

The localization of pTAK1 in dividing and differentiating

cells led to the hypothesis that TAK1 was important in cell

type-specific differentiation. If TAK1 was involved in cell

cycle exit, the number of proliferating and/or retinal

progenitor cells should increase in the presence of an

inhibitor. To investigate whether there was a change in

the number of dividing cells, retinas treated with vehicle

or TAKi were sectioned and immunolabeled for pH3 (Ser10),

a modification that is highly correlated with chromosomal

condensation occurring in mitosis and meiosis (Van Hooser

et al., 1998). Sections through the vehicle-treated retinas

showed modest labeling for pH3 near the edge of the scleral

edge of the retina (Figures 7A–C). In comparison, sections

through TAKi-treated retinas showed a clear increase in the

number of pH3+ cells at the scleral edge, and it was apparent

that some aberrantly labeled cells localized within to the GCL

were also present (Figures 7D–F). Quantification of vehicle-

treated retinas indicated 1.58% ( ± 0.19% SD) were pH3+,

while TAKi-treated contained 6.15% ( ± 0.52% SD) pH3+

cells (Figure 7G).

Localization of retinal progenitor cells was carried out

localizing and quantitating cells positive for progenitor marker

SOX2 in vehicle and TAKi-treated ex-ovo retinas (Figure 7H–N).

In vehicle-treated retinas, SOX2 was abundant in the elongated

nuclei of retinal progenitors in the neuroblast layer as well as in

dividing cells at the scleral edge (Figures 7I–K). SOX2 also labeled

cells primarily in the neuroblast layer of the TAKI-treated retina;

however, the number of labeled nuclei appeared much greater

than the vehicle-treated retinas and the labeled nuclei are round

in appearance rather than the normal elongated nuclei

(Figure 7L–N). Quantitation of SOX2-labeled cells upheld the

observation that there were more labeled cells in the TAKi-

treated retinas (78.24% ± 3.09% SD) in comparison to vehicle-

treated retinas (54.10% ± 2.42% SD) (Figure 7H).

As an alternate means of determining whether there was

an increase in proliferation in retinas TAKi-treated retinas in

comparison to those treated with vehicle, the width of

sections were measured from the outer region where cells

undergo division to the inner region where the developing

retinal nerve fiber layer is localized. The mean thickness of

vehicle-treated retinas was 126.8 ( ± 25.8), while the mean

thickness of the TAKi-treated retinas was 192.6 ( ± 52.2)

(Supplementary Figure S5A). A t-test indicates a statistically

significant difference between the two means (p < 0.0001).

Moreover, when the number of sections that measured in

50 µm increments from 0 to 300 µm was counted, it became

clear that the majority of sections measured between 150 and

300 µm whereas a large majority of vehicle-treated sections

measured between50-150 µm (Supplementary Figure S5B).

Last, each measurement graphed from the highest to lowest

shows a clear increase in the size of TAKi-treated retinas in

comparison to vehicle-treated retinas (Supplementary

Figure S5C).

Inhibition of TAK1 also leads to an
increased number of cells labeled with
visinin, islet1, NAPA73, and Brn3a

To determine if there was a change in the number of cells

expressing differentiation-specific markers, we treated ex-ovo

retinal cultures with vehicle or TAKi, localized and

quantitated cells expressing visinin, islet1, NAPA73, and

BRN3A (Figure 8). The ex-ovo cultures could not be cultured

for long periods of time, hence the analysis was focused primarily

on retinal cells that differentiate early, such as cones (Visinin)

and ganglion cells (NAPA73 and BRN3A). The number of

Visinin + cells in vehicle-treated retina averaged was 7.29 cells

per section ( ± 0.82, N = 4 retinas), whereas TAKi-treated cells

per section averaged 12.68 ( ± 1.46, N = 3 retinas). Likewise,

immunolabel for NAPA73 in vehicle-treated retinas showed an

average of 10.91 cells per section ( ± 1.43, N = 4 retinas) and

TAKi-treated samples showed an average of 21.80 cells per

section ( ± 0.84, N = 4). Brn3a + cells showed a similar

increase, with vehicle-treated retinas showing 3.15 cells per

section ( ± 0.021, N = 4) and TAKi-treated an average of

11.30 per section ( ± 0.74, N = 4). Islet1, a marker that has

been shown to label cells undergoing differentiation, labels

primarily ganglion cells at early stages, but later is found in

most cells of the retina (Gutierrez et al., 2011). For this study, we

used islet1 as a gauge of differentiation within the retina. Vehicle-

treated retinas contained an average of 8.25 ( ± 0.59, N =

4 retinas) labeled cells per section. In comparison, TAKi-

treated retinas contained an average of 15.92 ( ± 0.23, N =

4 retinas). There were clearly more cells expressing markers

found in early differentiating retinal cell types within the TAKi-

treated retinas in comparison to vehicle-treated retinas.
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To increase confidence that TAK1 inhibitor 5Z-7-oxozeaenol

was specifically affecting TAK1 activity, experiments

quantitating cleaved caspase 3, pJNK, SOX2, Islet1, and

Visinin were repeated using the highly selective and potent

TAK1 inhibitor Takinib (Supplementary Figure S4). Results

obtained with Takinib were similar to those obtained with 5Z-

7-oxozeaenol, with an increase in both progenitor and

differentiating populations of cells in the developing chick retina.

Discussion

The present study focused on the role of TAK1 in the

differentiation of cells in the developing chick retina.

Immunolocalization of pTAK1 with markers present in

progenitor and differentiating retinal cells indicated that

pTAK1 was widely expressed in progenitor (dividing and

non-dividing) and differentiating cells of the retina, although

FIGURE 7
Taki-treated retinas have an increase in pH3+ and SOX2+ retinal progenitors in comparison to vehicle-treated retinas. E6 chick retinal cultures
were treated with vehicle or 2μm TAK1 inhibitor (Sanjo et al., 2019) for 24 h and sections through retinas were co-labeled for cell division marker
phospho-histone 3 [pH3; (A,C,D,F)] or progenitor marker SOX2 (I,K,L[N) and Hoechst dye for DNA [blue; (B,C,E,F,J,K,M,N)]. Percentages of labeled
cells were quantified in 3 separate retinas for pH3+ cells (G) or SOX2+ cells (H). Standard deviation is shown in (G,H). A = 50 μm for images (A–F
and I–N). Abbreviations: ONL, outer nuclear layer; NBL, neuroblast layer; GCL, ganglion cell layer. Scale bar in A = 50 μm for images A–F and I–N.
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expression in dividing progenitors and differentiating cell

populations was heavier than expression noted in progenitors

that were not actively dividing. Ex vivo E6 retinal cultures treated

with TAK1 inhibitors, 5Z-7-oxozeaenol or Takinib, for 24 h

showed an increase in 1) progenitor cells (both actively

undergoing mitosis and those that were not actively dividing),

2) apoptotic cells, and 3) cones and ganglion cells.

TAK1 in cell cycle regulation

Prior to conducting this study, we hypothesized that

TAK1 played a role in differentiation, as has been

suggested by studies in other tissues (Ninomiya-Tsuji

et al., 1999; Blonska et al., 2005; Lamothe et al., 2013;

Mihaly et al., 2014). However, results using

FIGURE 8
Sections through TAKi-treated retinas show an increased percentage of cells expressing cell type-specific markers Visinin, Islet1, NAPA73, and
BRN3A in comparison to vehicle-treated retinas. E6 chick retinal cultures were treated with vehicle or 2 μMTAK1 inhibitor (Sanjo et al., 2019) for 24 h
and sections through retinas were co-labeled with Hoechst dye (DNA; blue) and visinin (A–D), islet1 (E–H), napa73 (I–L), or BRN3A (M–P).
Abbreviations: NBL, neuroblast layer; GCL, ganglion cell layer. Scale bar in A = 50 μm for images (A–P). Quantitation of the percentage of
labeled cells in vehicle and TAKi-treated retinas is shown in (Q).
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TAK1 inhibition in conjunction with ex-ovo retinal cultures

indicated there were increases in cell type-specific

differentiation, proliferating progenitors, and (albeit

small) in apoptosis. Together, these results suggest that

TAK1 may not be limited to a role in differentiation but

may play a broader role in the cell cycle. TAK1 has some

revealing links to the cell cycle. TAK1 has been shown to

directly affect levels of both cyclins D1 and A, although none

have been shown in the central nervous system (Terada et al.,

1999a; Terada et al., 1999b). A constitutively active form of

TAK1 expressed in kidney cells reduces 3H uptake by cells as

well as passage through G2 to M phases. Further

investigation indicated the constitutively active form of

TAK1 inhibited both cyclin D1 and cyclin A promoter

activity and the expression of protein (Terada et al.,

1999a). Cyclin D1 is critical for progression of cells

through the G1 phase of the cell cycle, while cyclin A is

important in both synthesis and mitosis (Michele Pagano

et al., 1992; Terada et al., 1999a). This finding is indicative of

TAK1 inhibiting progression though G1 of the cell cycle,

consistent with our observations that the inhibition of

TAK1 in the retina leads to an increase in cell cycle

progression and an increase in synthesis and G2 to M

transition, leading to an increase in both proliferating and

differentiating cells. TAK1 has also been implicated in

reducing cell cycle progression following DNA damage in

cells (Liaw and Chiang 2019). Inactive tousled-like kinase

(TLK) bound to TAK1 increased p38 kinase activity, leading

to an increased G2 phase. Collectively, these studies suggest

that TAK1 may be playing a key role in the cell cycle. During

normal development, TAK1 may reduce the activity of cyclin

D1, allowing the cycle to lengthen in G1, and increasing the

number of cells that leave the cell cycle as factors necessary

for differentiation of later-born cell types accumulates.

When TAK1 activity is decreased, there is less disruption

to cyclin D1 activity, allowing cells to progress through

G1 and the rest of the cell cycle, leading to an increase in

cells that proliferate and an increase in the early-born cells of

the retina. However, G1 phase beyond this threshold is what

is necessary to drive differentiation, along with bHLH

(Hardwick et al., 2015). Transcription factors of the bHLH

proneural family are considered the master regulators of

neurogenesis and are responsible for controlling progenitor

maintenance through the Notch-Delta pathway, cell cycle

exit, and differentiation (Hardwick et al., 2015). If cell cycle

length determines whether cells can differentiate into early-

born cell types versus later-born cell types, then we would

predict that with the short G1 phase there should be an

increase in early-born cell types and a reduction in later-born

cell types; whereas if G1 length is increased earlier we would

see a decrease in early-born cell types and an increase in

later-born cells. Unfortunately, the ex ovo retinal cultures

can only be performed for a limited time, so future

experiments will focus on addressing these questions using

other methods and model systems.

TAK1 in apoptosis

TAK1 has been implicated in survival, apoptosis and

necroptosis, depending on extracellular and intracellular

context (Mihaly et al., 2014; Verzella et al., 2020). Survival

appears to involve transcription of genes downstream of

nuclear factor kappa-light-chain-enhancer of activated B

(NFκB) and c-jun-N-terminal kinase (JNK). Studies using a

dominant negative form of TAK1 in liver have shown that

quiescent cells re-enter the cell cycle via expression of c-Myc

(Schnabl et al., 2001). While c-Myc can drive cells into division it

has also been shown to induce apoptosis. Cell death induced by

c-Myc has been shown to be connected to the activation of

TABLE 1 Antibodies used in study.

Antigen Source Antibody dilution RRID number

Phospho-TAK1 (Cat # ab79583) Abcam (Cambridge MA) 1:100 AB_1659038

Phospho-TAK1 (cat# ab192443) Abcam (Cambridge, MA) 1:100 AB_2819208

Phospho-histone 3 (Cat # 9706) Cell Signaling (Danvers, MA) 1:800 AB_331748

AP2α (3B5) Developmental Studies Hybridoma Bank (Iowa City, IA) 1:30 AB_528084

BRN3A (Clone5A3.2) Millipore 1:100 AB_92154

SOX2 (Cat# sc17320) Santa Cruz (Santa Cruz, CA) 1:250 AB_2286684

Visinin (7G4) Developmental Studies Hybridoma Bank (Iowa City, IA) 1:30 AB_528510

Islet1 (39.4D5) Developmental Studies Hybridoma Bank (Iowa City, IA) 1:30 AB_2314683

NAPA73 (E/C8) Developmental Studies Hybridoma Bank (Iowa City, IA) 1:20 AB_531792

Phospho-JNK Millipore 1:300 AB_310412

Cleaved caspase 3 (cat#9661) Cell Signaling (Danvers, MA) 1:300 AB_2341188

β-tubulin (Cat# T0198) SIGMA (St. Louis, MO) N/A AB_477556

Frontiers in Cell and Developmental Biology frontiersin.org14

Carrillo et al. 10.3389/fcell.2022.698233

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.698233


apoptotic factors caspase-3 and c-Jun N-terminal kinases (JNKs)

(Dhanasekaran and Reddy 2008). Whether the activation of

NFkB leads to survival, apoptosis, or necroptosis is likely to

depend on various present factors. RIPK1 and RIPK3 factors lead

to necroptosis, JNK apoptosis, ATG5 and Beclin1 in autophagy

(Verzella et al., 2020).

Multiple studies have shown that c-Myc is necessary for

apoptosis in response to pathologies such as cancers, DNA

damage, and chemotoxins (Prendergast 1999). In the central

nervous system, a study found that in microglia, activated

TAK1 resulted in an increase in pro-inflammatory cytokines

and apoptosis (Zeyen et al., 2020). TAK1 inhibition in cancer

cells in vitro has shown an increase in apoptosis through the

inhibition of TNF survival and inflammatory signaling

(Scarneo et al., 2020). TAK1 has also been found to

regulate cell survival through oxidative stress and

receptor-interacting protein kinase 1 (RIPK1) and when

TAK1 is inhibited or knocked out, it results in apoptosis

in most tissue types (Mihaly et al., 2014). TAK1 inhibition or

dysregulation results in abnormalities that could be key to

learning more about human pathologies.

TAK1 in maintenance of the retina and in
pathology

In these studies, we have shown that TAK1 is more

widespread within cell types of the retina than previously

observed. Collectively, the results of this study lead to the

suggestion that TAK1 plays a dual role within the developing

chick retina in dividing and differentiating cells. Previous work

has shown that TAK1 expression that is found in the chick retina

is similar to the TAK1 expression found in the human retina

(Dvashi et al., 2016). Activated TAK1 has been found to be

present in all layers of a normal retina while it is barely detectable

in pathological retinas (Dvashi et al., 2016). This similarity

between TAK1 prevalence in chick and human retinas sheds

lights on possible approaches for studying human retinal

pathologies. TAK1 has been implicated and shown to be

involved in cell proliferation, cell death, and differentiation.

Future studies exploring TAK1’s role in the cell cycle,

proliferation, and cell death could elucidate potential therapies

for retinal abnormalities and diseases.

Future studies

The focus of this study was to investigate the potential role(s)

that TAK1 plays in the differentiating retina. We found

widespread localization of pTAK1 in both proliferating and

differentiation cells in the chick retina and treatment of the

E6 retina with a TAK1 inhibitors indicated that TAK1 plays a

role in proliferation and differentiation of early born retinal cells.

Ex ovo retinal culture, while useful, is limited in the amount of

time retinas can remain in culture. Thus, a fuller investigation of

TAK1 in retinal cells born later in development will be important

to discerning whether the effect we see early in retinal

development can be expanded to later developmental events.

Likewise, investigation into TAK1 in other systems, such as a

mammalian system will also be important as we expand our

observations and use other tools to investigate TAK1 and the

mechanisms of its actions in the retina.

The novel observation that inhibition of TAK1 increases both

differentiation of early born retinal cell types as well as

proliferating cells together with the knowledge that TAK1 is a

hub kinase that is downstream of multiple pathways has led us to

hypothesize that perhaps TAK1 is playing a role that common

amongst all the upstream factors. In regards to the TGF-β
superfamily, it may be important to activate both the

canonical and non-canonical signaling pathways. To obtain

cell type-specific differentiation in addition to removal of cells

from the cell cycle. Thus future studies will focus on teasing apart

the role(s) of canonical and non-canonical pathways in the retina

(Table 1).

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material, further

inquiries can be directed to the corresponding author.

Ethics statement

Ethical review and approval was not required for the

animal study because Studies with chick embryos do not

require IACUC protocols unless they have hatched

according to the National Institutes of Health.

Author contributions

TB-A, EC, and VR, were involved in various aspects of

conception of experiments and experimental design, VR and CC

performed in histological analysis of chick embryos and STperformed

some of the ex ovo treatments and histological analysis, TBA and CC

were responsible for data analysis, TB-A, EC, CC, andVR contributed

to writing and editing the manuscript. All authors read and approved

the final manuscript.

Funding

This work was supported by the National Eye Institute

R01EY019525-02 and R15EY020816-01.

Frontiers in Cell and Developmental Biology frontiersin.org15

Carrillo et al. 10.3389/fcell.2022.698233

https://www.sciencedirect.com/science/article/pii/S1567133X18300954?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1567133X18300954?via%3Dihub
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.698233


Acknowledgments

The authors would like to acknowledge funding sources

that supported this work: National Eye Institute R01EY)

19525, R15 EY033968, and R15EY020816 to TLBA for data

generation, collection, and analysis, and for the writing of the

manuscript.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may bemade by its

manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.

698233/full#supplementary-material

References

Arai, Y., Pulvers, J. N., Haffner, C., Schilling, B., Nusslein, I., Calegari, F.,
et al. (2011). Neural stem and progenitor cells shorten S-phase on
commitment to neuron production. Nat. Commun. 2, 154. doi:10.1038/
ncomms1155

Blonska, M., Shambharkar, P. B., Kobayashi, M., Zhang, D., Sakurai, H., Su, B.,
et al. (2005). TAK1 is recruited to the tumor necrosis factor-alpha (TNF-alpha)
receptor 1 complex in a receptor-interacting protein (RIP)-dependent manner and
cooperates with MEKK3 leading to NF-kappaB activation. J. Biol. Chem. 280 (52),
43056–43063. doi:10.1074/jbc.M507807200

Cepko, C. L. (1999). The roles of intrinsic and extrinsic cues and bHLH genes in
the determination of retinal cell fates. Curr. Opin. Neurobiol. 9 (1), 37–46. doi:10.
1016/s0959-4388(99)80005-1

Chen, Y.-G., Lui, M. H., Lin, S.-L., Jeffrey, L. M., and Ying, S.-Y. (2002).
Regulation of cell proliferation, apoptosis, and carcinogenesis by activin.
Carcinogenesis by Activin. Exp. Biol. Med. 227 (2), 75–87. doi:10.1177/
153537020222700201

Choi, M. E., Ding, Y., and Kim, S. I. (2012). TGF-Beta signaling via
TAK1 pathway: Role in kidney fibrosis. Semin. Nephrol. 32 (3), 244–252. doi:10.
1016/j.semnephrol.2012.04.003

Dhanasekaran, D. N., and Reddy, E. P. (2008). JNK signaling in apoptosis.
Oncogene 27 (48), 6245–6251. doi:10.1038/onc.2008.301

Dvashi, Z., Rosner, M., Stein, R., Ziv, H., Barshack, I., and Pollack, A. (2016).
Aberrant activity of TAK1 is associated with retinal pathology. J. Cytol. Histol. 007,
1–5. doi:10.4172/2157-7099.1000s5:007

Dyer, M. A., and Cepko, C. L. (2001). Regulating proliferation during retinal
development. Nat. Rev. Neurosci. 2 (5), 333–342. doi:10.1038/35072555

Ferree, P. L., Deneke, V. E., and Di Talia, S. (2016). Measuring time during early
embryonic development. Semin. Cell. Dev. Biol. 55, 80–88. doi:10.1016/j.semcdb.
2016.03.013

Gutierrez, C., McNally, M., and Canto-Soler, M. V. (2011). Cytoskeleton
proteins previously considered exclusive to Ganglion Cells are transiently
expressed by all retinal neuronal precursors. BMC Dev. Biol. 11 (46), 1–16.
doi:10.1186/1471-213X-11-46

Hardwick, L. J., Ali, F. R., Azzarelli, R., and Philpott, A. (2015). Cell cycle
regulation of proliferation versus differentiation in the central nervous system. Cell.
Tissue Res. 359 (1), 187–200. doi:10.1007/s00441-014-1895-8

Hatakeyama, J., and Kageyama, R. (2004). Retinal cell fate determination and bHLH
factors. Semin. Cell. Dev. Biol. 15 (1), 83–89. doi:10.1016/j.semcdb.2003.09.005

Holt, C. E., Bertsch, T. W., Ellis, H. M., and Harris, W. A. (1988). Cellular
determination in the xenopus retina is independent of lineage and birth date.
Neuron 1, 15–26. doi:10.1016/0896-6273(88)90205-x

Hong, S., Lee, J. E., Kim, C. Y., and Seong, G. J. (2007). Agmatine protects
retinal ganglion cells from hypoxia-induced apoptosis in transformed rat
retinal ganglion cell line. BMC Neurosci. 8, 81. doi:10.1186/1471-2202-8-81

Jarrin, M., Pandit, T., and Gunhaga, L. (2012). A balance of FGF and BMP signals
regulates cell cycle exit and Equarin expression in lens cells.Mol. Biol. Cell. 23 (16),
3266–3274. doi:10.1091/mbc.E12-01-0075

Jensen, A. M., and Raff, M. C. (1997). Continuous observation of multipotential
retinal progenitor cells in clonal density culture. Dev. Biol. 188 (2), 267–279. doi:10.
1006/dbio.1997.8645

Kim, S. I., and Choi, M. E. (2012). TGF-beta-activated kinase-1: New insights into
the mechanism of TGF-beta signaling and kidney disease. Kidney Res. Clin. Pract.
31 (2), 94–105. doi:10.1016/j.krcp.2012.04.322

Lamothe, B., Lai, Y., Xie, M., Schneider, M. D., and Darnay, B. G. (2013). TAK1 is
essential for osteoclast differentiation and is an important modulator of cell death
by apoptosis and necroptosis. Mol. Cell. Biol. 33 (3), 582–595. doi:10.1128/MCB.
01225-12

Liaw, G. J., and Chiang, C. S. (2019). Inactive Tlk associating with Tak1 increases
p38 MAPK activity to prolong the G2 phase. Sci. Rep. 9 (1), 1885. doi:10.1038/
s41598-018-36137-1

Michele Pagano, R. P., Fulvia Verde, W. A. a., and Draetta, G. (1992). Cyclin A is
required at two points in the human cell cycle. EMBO Rep. 11, 961–971. doi:10.
1002/j.1460-2075.1992.tb05135.x

Mihaly, S. R., Ninomiya-Tsuji, J., and Morioka, S. (2014). TAK1 control of cell
death. Cell. Death Differ. 21 (11), 1667–1676. doi:10.1038/cdd.2014.123

Miles, A., and Tropepe, V. (2016). Coordinating progenitor cell cycle exit and
differentiation in the developing vertebrate retina. Neurogenes. (Austin) 3 (1),
e1161697. doi:10.1080/23262133.2016.1161697

Morrow, E. M., Belliveau, M. J., and Cepko, C. L. (1998). Two phases of rod
photoreceptor differentiation during rat retinal development. J. Neurosci. 18 (10),
3738–3748. doi:10.1523/jneurosci.18-10-03738.1998

Munoz-Sanjuan, I., Bell, E., Altmann, C. R., Vonica, A., and Brivanlou, A. H.
(2002). Gene profiling during neural induction in Xenopus laevis: Regulation of
BMP signaling by post-transcriptional mechanisms and TAB3, a novel TAK1-
binding protein. Development 129 (23), 5529–5540. doi:10.1242/dev.00097

Ninomiya-Tsuji, J., Kishimoto, K., Hiyama, A., Inoue, J., Cao, Z., andMatsumoto,
K. (1999). The kinase TAK1 can activate the NIK-I kappaB as well as the MAP
kinase cascade in the IL-1 signalling pathway. Nature 298 (6724), 252–256. doi:10.
1038/18465

Ohnuma, S., Philpott, A., Wang, K., Holt, C. E., and Harris, W. A. (1992).
p27Xic1, a cdk inhibitor, promotes the determination of glial cells in Xenopus
retina. Cell. 99, 499–510. doi:10.1016/s0092-8674(00)81538-x

Prendergast, G. C. (1999). Mechanisms of apoptosis by c-Myc. Oncogene 18,
2967–2987. doi:10.1038/sj.onc.1202727

Roy, S., and Ingham, P. W. (2002). Hedgehogs tryst with the cell cycle. J. Cell. Sci.
115 (23), 4393–4397. doi:10.1242/jcs.00158

Sanjo, H., Nakayama, J., Yoshizawa, T., Fehling, H. J., Akira, S., and Taki, S.
(2019). Cutting edge: TAK1 safeguards macrophages against proinflammatory cell
death. J. Immunol. 203 (4), 783–788. doi:10.4049/jimmunol.1900202

Sato, S., Sanjo, H., Takeda, K., Ninomiya-Tsuji, J., Yamamoto, M., Kawai, T., et al.
(2005). Essential function for the kinase TAK1 in innate and adaptive immune
responses. Nat. Immunol. 6 (11), 1087–1095. doi:10.1038/ni1255

Scarneo, S., Yang, K., Roques, J., Dai, A., Eibschutz, L., Hughes, P., et al. (2020).
TAK1 regulates the tumor microenvironment through inflammatory, angiogenetic

Frontiers in Cell and Developmental Biology frontiersin.org16

Carrillo et al. 10.3389/fcell.2022.698233

https://www.frontiersin.org/articles/10.3389/fcell.2022.698233/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2022.698233/full#supplementary-material
https://doi.org/10.1038/ncomms1155
https://doi.org/10.1038/ncomms1155
https://doi.org/10.1074/jbc.M507807200
https://doi.org/10.1016/s0959-4388(99)80005-1
https://doi.org/10.1016/s0959-4388(99)80005-1
https://doi.org/10.1177/153537020222700201
https://doi.org/10.1177/153537020222700201
https://doi.org/10.1016/j.semnephrol.2012.04.003
https://doi.org/10.1016/j.semnephrol.2012.04.003
https://doi.org/10.1038/onc.2008.301
https://doi.org/10.4172/2157-7099.1000s5:007
https://doi.org/10.1038/35072555
https://doi.org/10.1016/j.semcdb.2016.03.013
https://doi.org/10.1016/j.semcdb.2016.03.013
https://doi.org/10.1186/1471-213X-11-46
https://doi.org/10.1007/s00441-014-1895-8
https://doi.org/10.1016/j.semcdb.2003.09.005
https://doi.org/10.1016/0896-6273(88)90205-x
https://doi.org/10.1186/1471-2202-8-81
https://doi.org/10.1091/mbc.E12-01-0075
https://doi.org/10.1006/dbio.1997.8645
https://doi.org/10.1006/dbio.1997.8645
https://doi.org/10.1016/j.krcp.2012.04.322
https://doi.org/10.1128/MCB.01225-12
https://doi.org/10.1128/MCB.01225-12
https://doi.org/10.1038/s41598-018-36137-1
https://doi.org/10.1038/s41598-018-36137-1
https://doi.org/10.1002/j.1460-2075.1992.tb05135.x
https://doi.org/10.1002/j.1460-2075.1992.tb05135.x
https://doi.org/10.1038/cdd.2014.123
https://doi.org/10.1080/23262133.2016.1161697
https://doi.org/10.1523/jneurosci.18-10-03738.1998
https://doi.org/10.1242/dev.00097
https://doi.org/10.1038/18465
https://doi.org/10.1038/18465
https://doi.org/10.1016/s0092-8674(00)81538-x
https://doi.org/10.1038/sj.onc.1202727
https://doi.org/10.1242/jcs.00158
https://doi.org/10.4049/jimmunol.1900202
https://doi.org/10.1038/ni1255
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.698233


and apoptotic signaling cascades. Oncotarget 11, 1961–1970. doi:10.18632/
oncotarget.27606

Schnabl, B., Bradham, C. A., Bennett, B. L., Manning, A. M., Stefanovic, B., and
Brenner, D. A. (2001). TAK1/JNK and p38 have opposite effects on rat hepatic
stellate cells. Hepatology 34 (5), 953–963. doi:10.1053/jhep.2001.28790

Shi, J. H., and Sun, S. C. (2018). Tumor necrosis factor receptor-associated factor
regulation of nuclear factor κB and mitogen-activated protein kinase pathways.
Front. Immunol. 9, 1849. doi:10.3389/fimmu.2018.01849

Shin, J. H., Min, S. H., Kim, S. J., Kim, Y. I., Park, J., Lee, H. K., et al. (2013).
TAK1 regulates autophagic cell death by suppressing the phosphorylation of
p70 S6 kinase 1. Sci. Rep. 3, 1561. doi:10.1038/srep01561

Shirazi Fard, S., Blixt, M., and Hallbook, F. (2015). Whole retinal explants from
chicken embryos for electroporation and chemical reagent treatments. J. Vis. Exp.
103, 53202. doi:10.3791/53202

Syc-Mazurek, S. B., Rausch, R. L., Fernandes, K. A., Wilson, M. P., and Libby, R. T.
(2018). Mkk4 and Mkk7 are important for retinal development and axonal injury-
induced retinal ganglion cell death. Cell. Death Dis. 9 (11), 1095. doi:10.1038/
s41419-018-1079-7

Terada, Y., Nakashima, O., Inoshita, S., Kuwahara, M., Sasaki, S., and Marumo, F.
(1999a). Regulation of cyclin D1 expression and cell cycle progression by mitogen-
activated protein kinase cascade. Kidney Int. 56 (4), 1258–1261. doi:10.1046/j.1523-
1755.1999.00704.x

Terada, Y., Nakashima, O., Inoshita, S., Kuwahara, M., Sasaki, S., and Marumo, F.
(1999b). TGF-beta-activating kinase-1 inhibits cell cycle and expression of cyclin
D1 and A in LLC-PK1 cells. Kidney Int. 56 (4), 1378–1390. doi:10.1046/j.1523-1755.
1999.00665.x

Tomita, K., Ishibashi, M., Nakahara, K., Ang, S.-L., Nakanishi, S., Guillemot, F.,
et al. (1996). Mammalian hairy and enhancer of split homolog 1 regulates
differentiation of retinal neurons and is essential for eye morphogenesis. Neuron
16, 723–734. doi:10.1016/s0896-6273(00)80093-8

Tsalamandris, S., Antonopoulos, A. S., Oikonomou, E., Papamikroulis, G. A.,
Vogiatzi, G., Papaioannou, S., et al. (2019). The role of inflammation in
diabetes: Current concepts and future perspectives. Eur. Cardiol. 14 (1),
50–59. doi:10.15420/ecr.2018.33.1

Turner, D. L., and Cepko, C. L. (1987). A common progenitor for neurons
and glia persists in rat retina late in development. Nature 328 (6126), 131–136.
doi:10.1038/328131a0

Turner, D. L., Snyder, E. Y., and Cepko, C. L. (1990). Lineage-independent
determination of cell type in the embryonic mouse retina. Neuron 4 (6), 833–845.
doi:10.1016/0896-6273(90)90136-4

Van Hooser, A. G. D., Allis, C. D., Brinkley, B. R., Mancini, M. A., and VAn
Hooser, A. (1998). Histone H3 phosphorylation is required for the initiation, but
not maintenance, of mammalian chromosome condensation. J. Cell. Sci. 111,
3497–3506. doi:10.1242/jcs.111.23.3497

Verzella, D., Pescatore, A., Capece, D., Vecchiotti, D., Ursini, M. V., Franzoso, G.,
et al. (2020). Life, death, and autophagy in cancer: NF-κB turns up everywhere. Cell.
Death Dis. 11 (3), 210. doi:10.1038/s41419-020-2399-y

Vogel, T., Ahrens, S., Buttner, N., and Krieglstein, K. (2010). Transforming
growth factor beta promotes neuronal cell fate of mouse cortical and
hippocampal progenitors in vitro and in vivo: Identification of Nedd9 as an
essential signaling component. Cereb. Cortex 20 (3), 661–671. doi:10.1093/
cercor/bhp134

Wagner, I., Wang, H., Weissert, P. M., Straube, W. L., Shevchenko, A., Gentzel,
M., et al. (2017). Serum proteases potentiate BMP-induced cell cycle Re-entry of
dedifferentiating muscle cells during newt limb regeneration. Dev. Cell. 40 (6),
608–617. e606. doi:10.1016/j.devcel.2017.03.002

Wetts, R., and Fraser, S. (1988). Multipotent precursors can give rise to all major cell
types of the frog retina. Science 239 (4844), 1142–1145. doi:10.1126/science.2449732

Wiley, L. A., Rupp, G. R., and Steinle, J. J. (2005). Sympathetic innervation
regulates basement membrane thickening and pericyte number in rat retina. Invest.
Ophthalmol. Vis. Sci. 46 (2), 744–748. doi:10.1167/iovs.04-1023

Wu, J., Powell, F., Larsen, N. A., Lai, Z., Byth, K. F., Read, J., et al. (2013).
Mechanism and in vitro pharmacology of TAK1 inhibition by (5Z)-7-Oxozeaenol.
ACS Chem. Biol. 8 (3), 643–650. doi:10.1021/cb3005897

Zeyen, T., Noristani, R., Habib, S., Heinisch, O., Slowik, A., Huber, M., et al.
(2020). Microglial-specific depletion of TAK1 is neuroprotective in the acute phase
after ischemic stroke. J. Mol. Med. 98 (6), 833–847. doi:10.1007/s00109-020-
01916-9

Frontiers in Cell and Developmental Biology frontiersin.org17

Carrillo et al. 10.3389/fcell.2022.698233

https://doi.org/10.18632/oncotarget.27606
https://doi.org/10.18632/oncotarget.27606
https://doi.org/10.1053/jhep.2001.28790
https://doi.org/10.3389/fimmu.2018.01849
https://doi.org/10.1038/srep01561
https://doi.org/10.3791/53202
https://doi.org/10.1038/s41419-018-1079-7
https://doi.org/10.1038/s41419-018-1079-7
https://doi.org/10.1046/j.1523-1755.1999.00704.x
https://doi.org/10.1046/j.1523-1755.1999.00704.x
https://doi.org/10.1046/j.1523-1755.1999.00665.x
https://doi.org/10.1046/j.1523-1755.1999.00665.x
https://doi.org/10.1016/s0896-6273(00)80093-8
https://doi.org/10.15420/ecr.2018.33.1
https://doi.org/10.1038/328131a0
https://doi.org/10.1016/0896-6273(90)90136-4
https://doi.org/10.1242/jcs.111.23.3497
https://doi.org/10.1038/s41419-020-2399-y
https://doi.org/10.1093/cercor/bhp134
https://doi.org/10.1093/cercor/bhp134
https://doi.org/10.1016/j.devcel.2017.03.002
https://doi.org/10.1126/science.2449732
https://doi.org/10.1167/iovs.04-1023
https://doi.org/10.1021/cb3005897
https://doi.org/10.1007/s00109-020-01916-9
https://doi.org/10.1007/s00109-020-01916-9
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.698233

	TAK1 inhibition increases proliferation and differentiation of chick retinal cells
	Introduction
	Materials and methods
	Tissue collection and processing
	Immunohistochemistry
	Western blots
	Ex ovo cultures/whole retinal explants
	Quantitation of biomarkers, measurement of retinal width, and statistical analysis

	Results
	Phosphorylated TAK1 was found in all cells of the retina, but was more heavily expressed in actively dividing and different ...
	pTAK1 labeled dividing cells strongly and retinal progenitors weakly
	pTAK1 was localized to populations of cells expressing cell type-specific markers at E8 and E18
	Retinas treated with TAK1 inhibitor in ex ovo cultures show reduced number of phospho-JNK labeled cells (pJNK) and an incre ...
	Inhibition of TAK1 leads to an increase in the number of pH3- and SOX2-labeled cells
	Inhibition of TAK1 also leads to an increased number of cells labeled with visinin, islet1, NAPA73, and Brn3a

	Discussion
	TAK1 in cell cycle regulation
	TAK1 in apoptosis
	TAK1 in maintenance of the retina and in pathology
	Future studies

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


