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p53-mediated neurodegeneration
in the absence of the nuclear protein Akirin2

Stacey L. Peek,1,2,3 Peter J. Bosch,2,3 Ethan Bahl,3,4,5 Brianna J. Iverson,2,3 Mrutyunjaya Parida,2,6,7 Preeti Bais,8

J. Robert Manak,2,6,7 Jacob J. Michaelson,3,5,9,10,11 Robert W. Burgess,8 and Joshua A. Weiner2,3,5,12,*

SUMMARY

Proper gene regulation is critical for both neuronal development and mainte-
nance as the brain matures. We previously demonstrated that Akirin2, an essen-
tial nuclear protein that interacts with transcription factors and chromatin remod-
eling complexes, is required for the embryonic formation of the cerebral cortex.
Here we show that Akirin2 plays a mechanistically distinct role in maintaining
healthy neurons during cortical maturation. Restricting Akirin2 loss to excitatory
cortical neurons resulted in progressive neurodegeneration via necroptosis and
severe cortical atrophy with age. Comparing transcriptomes from Akirin2-null
postnatal neurons and cortical progenitors revealed that targets of the tumor
suppressor p53, a regulator of both proliferation and cell death encoded by
Trp53, were consistently upregulated. Reduction of Trp53 rescued neurodegen-
eration in Akirin2-null neurons. These data: (1) implicate Akirin2 as a critical
neuronal maintenance protein, (2) identify p53 pathways as mediators of Akirin2
functions, and (3) suggest Akirin2 dysfunction may be relevant to neurodegener-
ative diseases.

INTRODUCTION

During development, neural progenitor cells becomemitotically quiescent and terminally differentiate into

a multitude of specific neuronal subtypes. Maintaining subtype identity and postmitotic status requires

continuous expression of the proper gene patterns throughout a neuron’s long postmitotic life (Deneris

and Hobert., 2014; Cholewa-Waclaw et al., 2016; Gallegos et al., 2018). This includes both activating cell-

type-specific genes as well as suppressing nonneuronal and cell cycle-related genes. Dysregulation of

gene networks can lead to defects in innervation (Lin et al., 1998; Arber et al., 2000; Kania and Jessell.,

2003; Chen et al., 2013), dendritic and axonal deterioration (Kadkhodaei et al., 2013; Lipinski et al., 2020),

loss of cell-type identity (Liu et al., 2010; Bovetti et al., 2013;Montana et al., 2013), neuronal network dysfunc-

tion (Chen et al., 2013; Kadkhodaei et al., 2013; Lipinski et al., 2020) and cell death (Ninkovic et al., 2010; von

Schimmelmann et al., 2016). Thus, it is not surprising that disrupted gene regulation is associatedwithmem-

ory impairment (Barrett et al., 2011; Vogel-Ciernia et al., 2013), cognitive dysfunction, and neurodegenera-

tive diseases (De Jager et al., 2014; Sanchez-Mut et al., 2016;Watson et al., 2016; Berson et al., 2018; Li et al.,

2019). In fact, many studies of neurodegenerative diseases find dysregulation of gene expression in postmi-

totic neurons before symptom onset, implicating gene dysregulation as the earliest neuronal insult in these

diseases (Yang et al., 2003; De Jager et al., 2014). Cell cycle genes, in particular, are ectopically expressed in

neurodegenerative diseases, and postmitotic neurons gain phenotypes suggestive of re-entry into the cell

cycle (Busser et al., 1998; Yang et al., 2003; McShea et al., 2007; Lee et al., 2009; Wang et al., 2009; Li et al.,

2019). As postmitotic neurons are physically incapable of dividing and completing the cell cycle, this re-entry

typically leads to cell death (Park et al., 2007). Proper regulation of gene expression patterns is critical for

preventing such aberrant cell cycle re-entry and for postmitotic neuron maintenance and survival.

Akirin2 (Aki2) is a highly conserved nuclear protein that regulates gene expression by interacting with tran-

scription factors (Nowak et al., 2012; Bonnay et al., 2014; Tartey et al., 2014) and members of chromatin re-

modeling complexes [reviewed by (Bosch et al., 2020)]. Invertebrates such as C. elegans and Drosophila

harbor a single Akirin gene, while mammals have two homologs. Goto et al. (2008) generated both Akirin1

(Aki1) and Akirin2 (Aki2) null mice, whereas the former were viable and fertile with no outward defects,

constitutive Aki2 knockouts exhibited early embryonic lethality, identifying Aki2 as the critical mammalian
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Figure 1. Generation of an Akirin2 cortical-restricted knockout mouse model

(A) IF demonstrates widespread Aki2 protein expression across all cortical layers (I–VI) in the adult.

(B) Cortical lysates western blotted with anti-Aki2 antibody show multiple-specific bands around the expected molecular weight of 22 kDa, as well as two

larger bands. Protein expression peaks� P0 and slowly declines to a stable level of�20% relative to P0 (3 samples/age, normalized to b�tubulin signal within

the same lane).

(C) Consistent Aki2 transcript levels across cortical maturation suggest that Aki2 protein is posttranscriptionally regulated (qPCR of 3 samples/age, with

GAPDH as a reference gene and plotted as percent of P0 level). One-way ANOVA with Dunnet’s multiple comparisons test comparing every age to P0.

(D) Schematic of alleles and breeding strategy.

(E) Shortly after Cre expression onset, tdTomato labels many cells in cortical layers II–IV (Cux1-demarcated) and VI (FoxP2-demarcated), as well as

hippocampal (hipp) dentate gyrus and CA1. Around 2/3 of Cre-positive cells reside in layers II–IV and�1/3 are FoxP2-negative layer VI neurons; few reside in

layer V.

(F) Immunoblots of control and mutant (cKO) cortical lysates with anti-Aki2 indicate a significant reduction of protein levels (and confirm the specificity of all

band sizes observed) at P35, with some expression remaining from Cre (�) cells. Values from 5 to 6 samples/genotype normalized to GAPDH signal and

ll
OPEN ACCESS

2 iScience 25, 103814, February 18, 2022

iScience
Article



homolog (Goto et al., 2008). Utilizing an Emx1-Cre driver to delete a conditional Aki2 mutant allele in

forebrain neural progenitor cells, we previously found an essential role for Aki2 in cerebral cortex develop-

ment. Without Aki2, neural progenitor cells exited the cell cycle prematurely and underwent apoptosis, re-

sulting in few cortical neurons after embryonic day (E) 13. These mice were severely microcephalic and

nearly all died shortly after birth (Bosch et al., 2016). This work identified previously unknown roles for

Akirins in embryonic brain development that is consistent with prior and subsequent studies. Together, cur-

rent studies on Aki2 indicate that it regulates proliferation and differentiation while inhibiting apoptosis in a

variety of tissues and cell types (Komiya et al., 2008; Krossa et al., 2015; Tartey et al., 2015; Liu et al., 2017;

Bosch et al., 2018, 2019; Leng et al., 2019).

Here, we show that Aki2 expression continues throughout cortical development, albeit at lower levels in post-

natal neurons. As postmitotic neurons have progressed beyond the stages of proliferation and

differentiation, we hypothesized that residual Aki2 in the maturing postnatal brain serves distinct roles in post-

mitotic neurons. To test this hypothesis, we focused on subpopulations of maturing excitatory neurons to avoid

neonatal lethality by utilizing aCaMKIIa-Credriver (Tsien et al., 1996) that disrupted theAki2gene in postmitotic

excitatory neurons of the cortex beginning around the third postnatal week. In contrast to embryonic cortical

phenotypes in which massive apoptosis occurred within 24 h of Cre expression (Bosch et al., 2016), we found

that postnatal Aki2mutants are not immediately affected. Rather, we find that a slow process of neuronal death

by necroptosis occurs over several months. Transcriptomic analysis revealed many genes dysregulated in the

absence of neuronal Aki2 including a substantial subset that is downstream of the tumor suppressor, p53. A

role for p53 downstream of Aki2 is supported by a significant upregulation of p53 protein in knockout cortices,

a similar dysregulation of p53 target genes inAki2-null embryonic telencephalon transcriptomes, and a rescue of

postnatal neurodegeneration when Aki2 mutants are heterozygous for, or lack, p53. Together, these data iden-

tify a new role for Aki2 in postmitotic neuron maintenance, implicate p53 as a new functional partner underlying

the pleiotropic roles played by the Akirin family of proteins, and suggest that Aki2 and its downstream partners

may be relevant targets in neurodegenerative disorders.

RESULTS

Neurons of the postnatal cerebral cortex express Akirin2

Gene expression databases suggest that postmitotic neurons express Aki2 transcript (Zhang et al., 2014;

Mancarci et al., 2017; Sugino et al., 2019). Anti-Aki2 immunofluorescence (IF) (Figure 1A) and in situ hybrid-

ization with an antisense Aki2 probe (Figure S1A) confirmed that cells in all cortical layers expressed Aki2

protein and transcript. To assess Aki2 expression dynamics during cortical development, we western

blotted cortical lysates at multiple ages using an anti-Aki2 antibody revealing that Aki2 expression peaked

at P0, tapered off during postnatal development, stabilized at P21, and remained detectable into

adulthood (Figure 1B). In contrast, mRNA remained consistent throughout development (Figure 1C), which

is consistent with prior work (Fertuzinhos et al., 2014; Bosch et al., 2019) and suggests that Aki2 protein is

posttranscriptionally regulated. Close inspection of western blots at a variety of exposures revealed 3

distinct bands of �22, 25, and 27kDa, as well as two higher molecular weight bands of �33 and �35kDa.

Knockout and knockdown validation of the primary antibody used here (Figure 1F; Bosch et al., 2018; Bosch

et al., 2019), confirmed that all five bands are specific to Aki2. This suggests that the cortex expresses

several posttranslationally modified forms and/or unannotated Aki2 splice variants.

Selective Akirin2 knockout in maturing cortical neurons

Wepreviously found that Aki2 is essential for the normal proliferation, differentiation, and survival of cortical pro-

genitor cells (Bosch et al., 2016). Given its maintained, albeit lower, expression in the postmitotic cortex, we hy-

pothesized that Aki2 plays a distinct role in postmitotic neurons. To explore this, we knocked out Aki2 in post-

natal excitatory forebrain neurons by crossingmice harboring a conditionalAki2mutant allele (Goto et al., 2008)

to the CaMKIIa-Cre line T29-1 (Tsien et al., 1996). We also included the Ai14 tdTomato Cre-reporter allele (Fig-

ure 1D). Using this reporter line, we found initial tdTomato expression spanning the somato-motor and somato-

sensory cortices in the rostral-caudal axis (Figure S1C) that begins in the third postnatal week (Figures 1E, S1B,

Figure 1. Continued

compared using an unpaired t-test. (G) At P30 Anti-Cre and anti-Aki2 antibody staining on cortical sections confirm Aki2 loss in most Cre-expressing

mutant cells but not control neurons. By P50, loss of Aki2 IF is apparent in layers with significant Cre expression (II–IV, VI). D, dorsal; V, ventral; M, medial;

L, lateral; wm, white matter; Scale bar: 300 mm in A, 500 mm in E, 100 mm in

(G) Data are shown as mean G SEM, **p< 0.01, ****p< 0.0001. See also Figure S1.
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and S1C, http://www.informatics.jax.org/recombinase/specificity?id=MGI:2177650&system=nervous+

system). Although Cre was also active in hippocampal CA1, we limited our analysis to the cortex where

61.38G 1.21% (meanG SEM) of tdTomato-positive cells were found in layers II–IV and 33.69%G 1.43% in layer

VI, with very few in layer V (Figure 1E). There are two neuronal subpopulations in layer VI: FoxP2-negative cortico-

cortical projection neurons and FoxP2-positive corticothalamic projection neurons (Kast et al., 2019). Close ex-

amination of layer VI revealed thatmost FoxP2-positive neurons lacked theCre reporter; instead, Cre expression

was limited to FoxP2-negative layer VI neurons (Figure 1E). Although it was difficult to localizeCaMK-Cre activity

as development proceeded because tdTomato protein spread to the neuropil, obfuscating individual cell

bodies (Figure S1D), an anti-Cre antibody showed an expression pattern at P30 similar to that of tdTomato (Fig-

ure 1G), which is also consistent with reported GFP expression driven by the CaMKIIa promoter (Wang et al.,

2013) and the loss of Aki2 IF (Figure 1G). Western blot of cortical lysates revealed a�70% reduction of Aki2 pro-

tein (Figure 1F) in mutants; the remaining signal fromCre-negative cells was expected. Altogether, these results

indicate that in the CaMK-Cre;Aki2fl/fl cortex, layers II–IV have the most Aki2-null neurons followed by FoxP2-

negative layer VI neurons, while layer V and FoxP2-positive layer VI neurons are almost completely spared.

Akirin2 mutants exhibit gradual neurodegeneration and cortical atrophy

CaMK-Cre;Aki2fl/fl mutants were indistinguishable from controls until 8 weeks of age, at which time mutant

animals stopped gaining weight; males weighed significantly less than controls by 12 weeks of age, while

females weighed significantly less by 18 weeks of age (Figure 2A). Mutants behaved similarly to their control

littermates until� P60, at which time they were distinguishable by their hyperactivity, running in circles, and

rearing up on their hindlimbs and scratching at the cage repetitively. At P150, the oldest age at which these

mice were maintained, mutants typically exhibited kyphosis (Figure 2B) and were largely inactive. Analysis

of whole brains revealed slow atrophy of the cortex while other Cre-negative structures (e.g., the cere-

bellum) remained unchanged (Figure 2C). Measuring cortical thickness found that the mutant cortex was

significantly thinner by P35 and continued to atrophy with age (Figure 2D). The thinning cortex was obvious

at P50 where Golgi-staining consistently labeled fewer neurons in the mutant cortex (Figure 2E). Consistent

with neuronal loss, a sensitive silver stain for degenerating neurons identified many impregnated neurons

in mutants but not controls at P28 (Figure 2F).

To determine the spatiotemporal extent of cell loss, we used NeuN IF to label and estimate the number of

neurons in cortical sections (Figure 3A). The number of neurons did not significantly differ between control

andmutant cortices at P35; the fact that the cortex is already thinner by this age thus suggests that neuropil

loss may precede frank cell death. By P50, the mutant cortex had significantly fewer neurons with progres-

sive loss at P90 and P150, by which point almost half of all neurons were lost (Figure 3B). Cell loss differed by

cortical layer in a manner consistent with Cre expression (Figure 1E). Significant loss over time was

observed in layers II–IV (Figure 3D), which express Cre highly, as well as in Cre-positive FoxP2-negative

layer VI neurons (Figure S2). In contrast, in subpopulations with sparse Cre expression (Layer V and

FoxP2-positive populations of layer VI) numbers did not significantly decrease (Figure 3D). This indicates

that death is, at least initially, cell autonomous.

In response to neuronal injury, nearby astrocytes activate and upregulate glial fibrillary acidic protein

(GFAP) (Pekny and Nilsson, 2005). Additionally, microglia increases their phagocytic consumption of

cellular debris, increasing their lysosomes (Brown and Neher, 2014). We asked whether the activation of

glial cells–all of which are Cre-negative and retain Aki2 expression (Zhang et al., 2014; Mancarci et al.,

2017) in our model–occurred in the mutant cortex. We measured the mean fluorescence intensity of

GFAP IF (Figures 4A and 4B) and the area immunostained with anti-CD68, a marker of lysosomes (Figures

4C and 4D). By P50, GFAP mean fluorescence intensity was nearly 5-fold higher (Figure 4B), while CD68 IF

increased by over 10-fold by P50, in the mutant cortex (Figure 4D). Co-staining for CD68 and P2Y12, a

microglial-specific receptor, confirmed that the lysosomes were microglial-specific and demonstrated

that microglia in the mutant cortex took on the characteristic ameboid morphology of activated microglia

(Figure 4C) (Stence et al., 2001). Interestingly, we found that initially only layers II–IV and VI (where some

neurons lose Aki2 expression) contained activated glia while layer V (where Aki2 expression is unaltered)

did not. Over time, however, glial activation spread to layer V at later ages.

Cortical neurons undergo necroptosis in the absence of Akirin2

Because previous studies found that Aki2 suppresses apoptosis in several contexts (Krossa et al., 2015; Tartey

et al., 2015; Bosch et al., 2016), we initially expected neuronal loss in CaMK-Cre;Aki2fl/fl cortex to be apoptotic
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in nature. Surprisingly, neither IF norwesternblottingwith an antibody for the apoptoticmarker, cleaved caspase

3 (CC3), nor TUNEL staining for apoptotic nuclei, revealed any sign of excessive apoptosis in themutant cortex at

any age examined (Figures S3A–S3C). In apoptosis, cells typically shrink; in contrast, mutant cortical neurons

appeared larger (Figure 5A). To confirm this, we measured NeuN area–which labels both the nucleus and the

somatic cytoplasm (Lind et al., 2005) in a pattern that overlaps with Nissl stain (Figure S3D). We found that in

layers II–IV of P50 mutant cortices, coincident with the first significant cell loss, neurons were significantly larger.

As expected, cell size was not significantly different in largely Cre-negative layers V and VI, where significant

neuronal loss does not occur at any age examined (Figure 5B).

An increase in cell size can indicate either autophagy or necroptosis (Kroemer et al., 2009). To seek signs of auto-

phagy, we examined the lipidation of themicrotubule-associated protein 1 light chain 3 (LC3) from LC3-I to LC3-

II, a key step in the formation and lengthening of autophagosomes (Kabeya et al., 2000).We found no increase in

the faster-migrating LC3II band versus the LC3I band in CaMK-Cre;Aki2fl/fl cortical lysates (Figure S3E). In

contrast, levels of necroptosis mediators, receptor-interacting protein kinases RIPK1 and RIPK3, were robustly

increased in mutant cortical lysates (Figures 5C and 5D), suggesting that neurons undergo necroptosis in the

absence of Aki2. To test this hypothesis further, we injected a cohort of mice daily with the RIPK1-specific

Figure 2. Progressive cortical atrophy in the absence of neuronal Akirin2

(A) Comparison of control mouse (n = 6–17/age) and gender-matched mutant weights (n = 4–13/age) indicates that

mutants stop gaining weight at �8 weeks.

(B) By 21 weeks CaMK-Cre;Aki2fl/fl (cKO) mutants are clearly smaller and exhibit kyphosis.

(C) Control (Ctl) and cKO brains were collected at the indicated time points. There is clear progressive atrophy of cKO

cortex (outlined in blue) but not Cre-negative cerebellum (outlined in purple).

(D) Cortical thickness measurements on coronal cryosections (4 mice/genotype) indicate significant cortical atrophy in the

mutant by P35. See Figures 3A and 2E for representative images.

(E) Golgi and (F) NeuroSilver staining reveal a thinner cortex (E; P50) with degenerating neurons (F; P28). Insets, magnified

areas of main image. Scale bar: 100 mm. Data are shown as meanG SEM, *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001,

multiple t-tests with Holm–Sidak method corrections.
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inhibitor, Nec-1s, or vehicle from P21 (shortly after Cre expression begins) until P50 (the age at which we first

detect significant neuronal loss). We then assessed cell numbers and glial activation to determine if Nec-1s

ameliorated phenotypes in the mutant cortex. We found that mutants receiving Nec-1s had numbers of Layer

II–IV neurons (Figure 5E,F) comparable to controls, while mutants receiving vehicle exhibited the expected def-

icits. Similarly, GFAP levels were significantly increased in vehicle-treated mutants compared to vehicle-treated

controls, but not in Nec-1s-treated mutants compared to Nec1s-treated controls (Figure 5G,H). Together, we

interpret these results as a rescue of the Aki2 mutant phenotype by Nec-1s, which bolsters the other

evidence–lack of apoptosis, lack of evidence for autophagy, upregulation of RIPK1/3, and neuronal swelling,

indicating that cortical Aki2-null neurons die by necroptosis.

Akirin2 loss disrupts gene expression patterns in both the postnatal and embryonic cortex

Aki2 regulates gene expression patterns in many organisms in a cell type- and context-dependent manner

(Bosch et al., 2020). We thus hypothesized that Aki2 regulates overlapping, but distinct, gene patterns

throughout the generation and maturation of cortical neurons. To test this, we performed transcriptomic

analyses on cortical tissues using two conditional Aki2 knockout models: (1) the CaMK-Cre;Aki2fl/fl model

described here and (2) the Emx1-Cre;Aki2fl/fl model described in Bosch et al. (2016), in which the Aki2 allele

is disrupted in cortical neural progenitors starting at E9.5. We did this to: (1) generate hypotheses about

what biological processes are regulated by Aki2 in the developing and maturing brain, a topic that remains

unexplored and (2) to compare and contrast the embryonic versus postnatal differentially expressed genes

(DEGs) to derive common, as well as context-specific, Aki2-dependent genes.

We performed RNA sequencing (RNASeq) on cortical tissue from CaMK-Cre;Aki2fl/fl mice and controls at

P35. This allowed substantial time for existing Aki2 protein turnover after Cre onset but was before frank

neuronal loss. Transcriptomic analysis using a 0.05 FDR cut-off, identified 295 genes significantly upregu-

lated and 156 genes significantly downregulated in this model (Figure 6A). Gene set enrichment analysis

(GSEA) identified vesicle targeting as the top overrepresented gene ontology (GO) biological process

as well as several neuronal-specific GO biological processes involving membrane potential and action po-

tential, and several pathways involved in regulating the mitotic cell cycle (Figures 6B and 6D).

To gather comparative data on embryonic cortical neural progenitors, we also performed RNASeq on

dorsal telencephalic tissue from E10.5 Emx1-Cre;Aki2fl/fl mice and their controls. We chose this time

Figure 3. Neuronal loss in the absence of Akirin2

(A and B) Quantification of neurons labeled by NeuN or (C,D) the number belonging to each immunostained population (n = 3–4 mice/genotype/age) show

significant neuronal loss begins at P50 and progress with age (B). Cre-positive (mutant) neuronal populations are lost first (D, Cux1, Layer II–IV), while Cre-

negative populations (D, Ctip2, FoxP2) remain normal. **p< 0.01, ***p< 0.001, ****p< 0.0001 by two-way ANOVA with Sidak’s multiple comparison tests

comparing control to age-matched cKO. Data are shown asmeanG SEM. cp, caudoputamen; wm, white matter; dashed lines delineate cortical edges. Scale

bar: 200 mm. See also Figure S2.
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point as one where we can detect Aki2 loss, but at which significant apoptotic cell death has not yet

occurred (Bosch et al., 2016). Using a 0.05 FDR cut-off, 49 genes were significantly upregulated while

16 genes were significantly downregulated (Figure S4A). Interestingly, GSEA revealed that these DEGs

are involved in the p53-mediated apoptotic signaling pathway and in negatively regulating the trans-

forming growth factor-b (TGF-b) receptor signaling pathway, in which the Aki2 C. elegans ortholog,

Akirin, participates (Bowman et al., 2020) (Figures S4B and S4D). We previously found that Aki2 is essen-

tial for dorsal forebrain development by controlling cell cycle progression and suppressing apoptosis in

cortical neural progenitor cells (Bosch et al., 2016). While GSEA of DEGs with an FDR cutoff of 0.05 iden-

tified the GO term hindbrain development, the individual genes involved (Figure S4D) control neurogen-

esis or neuron development in many brain regions, not exclusive to the hindbrain (Hattori et al., 2007;

McKenna et al., 2011; Qu et al., 2013; Fernando et al., 2014; Bian et al., 2015; Okamoto et al., 2015; Fazel

Darbandi et al., 2018; Donovan et al., 2019). Furthermore, relaxing the FDR cut-off to 0.1 results in a gene

list enriched in DEGs associated with forebrain development, cell fate specification, and cell fate

commitment (Figure S4C), further supporting Aki2’s role in these processes (Bosch et al., 2016; Liu

et al., 2017).

Figure 4. Glial activation accompanies cortical neuron loss in Akirin2 mutants.

Quantification of cryosections immunostained for GFAP (A) or CD68 (C) show remarkable increases in astrocyte (B) and microglia (D) activation at the ages

indicated. Initial signal was most prevalent in the layers containing significant numbers of Aki2-null neurons (II–IV and VI). Colocalization of CD68 with the

microglial marker P2Y12 confirms the activation of microglia (C). ****p< 0.0001 by two-way ANOVA with Sidak’s multiple comparisons test comparing

control to age-matched mutants. Data are shown as mean G SEM n = , 3–4 mice/genotype/age. wm, white matter; dashed lines delineate cortical edges.

Scale bar: 300 mm.
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Figure 5. Cortical neurons undergo necroptosis in the absence of Akirin2

(A) NeuN IF indicates mutant neurons appear larger than control neurons at P50.

(B) Neuronal size was estimated using NeuN area (nucleus + somatic cytoplasm) on 10 neurons//layer (II–IV, V, VI)/cryosection and average size per mouse

plotted as % control (n = 4 mice/genotype/age) at each age indicated. Two-way ANOVA with Sidak’s multiple comparisons tests comparing control to age-

matched mutant.

(C) Cortical lysates (n = 8–10) were immunoprobed for necroptosis-regulating kinases RIPK1 and RIPK3 at P50; M = molecular weight marker.
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To identify potential Aki2-dependent genes across multiple cell types and stages, we compared DEGs

across both transcriptomes. We identified five genes (Trp53inp1, Ccng1, Eda2r, Susd6, Pls3) that were up-

regulated and one gene (Espn) that was downregulated in both datasets (Table S3). The KEGG pathways

enriched in both transcriptomes converged on the p53 signaling pathway (Figure S4F). In fact, five of the six

Figure 5. Continued

(D) Levels of the indicated protein were normalized to b-tubulin within the same lane, graphed as % of control, and significance determined using the Holm–

Sidak method for 2 unpaired t-tests.

(E–H) Mice were injected daily for 30 days with vehicle (DMSO) or necroptosis inhibitor, Nec-1s, from ages P21–P50. The ability of Nec1s to rescue neuronal

death was assessed via quantification of layer II–IV neurons (E,F) at P50. Glial activation was assessed by measuring GFAP fluorescence intensity (G,H) at P50.

Statistical significance was determined using two-way ANOVA with Sidak’s multiple comparison test comparing control and cKO of the same treatment.

Daily Nec-1s treatment significantly rescued neuronal number and degree of glial activation in the Aki2 mutant cortex. n = 4–5 mice/genotype/treatment.

Data are shown as mean G SEM *p< 0.05; **p< 0.01; ***p< 0.001; ****p< 0.0001. Scale bar: 150 mm. See also Figure S3.

Figure 6. Akirin2 loss disrupts gene expression patterns in the postnatal cortex

(A) A volcano plot shows differentially expressed genes (DEGs) in the CaMK-Cre;Aki2fl/fl cortex (n = 3) compared to the control cortex (n = 4) at P35 with an

FDR cutoff of 0.05. Genes in the p53 pathway are highlighted with black circles.

(B) Gene ontology (GO) analysis bar plot showing biological processes associated with DEGs identified in (A).

(C) qPCR confirmation of upregulated cell-cycle and p53 target genes in P35 Aki2 mutant biological and technical replicates (n = 10–13 mice) compared to

P35 controls (n = 8–10 mice). Note the confirmation of significant (but not complete) Aki2 downregulation as expected. Data are shown as +/- SEM **p<0.01,

***p<0.001, ****p<0.001.

(D) Gene-concept network showing the relationship between the GO terms highlighted in B and the individual genes comprising each group. FC, fold

change; FDR, false discovery rate. See also Figure S4 and Tables S3–S7
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DEGs found in both transcriptomes are p53 target genes. The p53 protein, encoded by the Trp53 gene, is a

transcription factor that responds to cellular stress to alter the transcription of genes that regulate an array

of biological processes including necroptosis (Wang et al., 2016), apoptosis, cell- cycle arrest, and prolif-

eration (Miller et al., 2000; Murray-Zmijewski et al., 2008). Interestingly, using ingenuity pathway analysis

(IPA) (Krämer et al., 2013) to predict upstream transcriptional regulators of the two transcriptomes, we

found that p53 was the most highly significant predicted regulator for both transcriptomes (Tables S4

and S5). p53 regulates 56 DEGs in the neuronal transcriptome (Table S6 and black outlined data points

in Figure 6A), and 23 DEGs in the neural progenitor transcriptome (Table S7 and black outlined dots in

Figure S4A).

Furthermore, several p53-linked biological processes (proliferation, differentiation, and apoptosis in Emx1-

Cre;Aki2fl/fl mice and neurodegeneration and necroptosis in CaMK-Cre;Aki2fl/fl mice) are dysregulated in

our mutant mouse models. We subsequently performed qPCR validation experiments choosing, based

on preliminary DAVID (Huang da et al., 2009b; Huang da et al., 2009a) and IPA analyses, several p53 target

genes, and 3 Aki2-dependent genes common to both transcriptomes. Because Liu et al., (2017) report Aki2

binding to Geminin in Xenopus, we also validated the purported upregulation of a geminin family member,

Gmnc in the CaMK-Cre;Aki2fl/fl transcriptome. These independent analyses confirmed significant

upregulation of 13/16 genes analyzed in CaMK-Cre;Aki2fl/fl and Emx1-Cre;Aki2fl/fl biological and technical

replicates (Figures 6C and S4E) with one more trending higher (p = 0.0622).

Akirin2 inhibits P53-mediated cell death

The CaMK-Cre;Aki2fl/fl transcriptome and qPCR confirmation experiments (Figure 7A) indicated that Trp53

transcript levels did not change significantly in the mutant, yet many p53 target genes were significantly

upregulated. This is consistent with the fact that p53 is regulated primarily through posttranslational mod-

ifications (PTMs) not transcript expression (Oren 1999). Thus, we measured p53 protein levels in cortical

lysates, finding that at P35, when cell death is not yet significant, there was not yet a significant increase

in p53 levels (Figures S5A and S5B). At P50, however, when cell death is significant, there was an unequiv-

ocal increase of p53 protein in CaMK-Cre;Aki2fl/fl mutant cortices (Figure 7B). Furthermore, immunostain-

ing of CaMK-Cre;Aki2fl/fl cortical sections revealed that only Aki2-null neurons exhibited the upregulation

of p53 protein levels (Figure 7C), suggesting that Aki2 suppresses p53 in the adult cortex. Because p53 is a

major regulator of cell viability (Morrison and Kinoshita, 2000; Ranjan and Iwakuma, 2016), we tested the

hypothesis that p53 mediates the neurodegeneration we have documented in the CaMK-Cre;Aki2fl/fl cor-

tex. We crossed CaMK-Cre;Aki2fl/fl mice to p53 knockout mice (Jacks et al., 1994) to generate p53 hetero-

zygous and p53 knockout Aki2 mutants (CaMK-Cre;Aki2fl/fl;Trp53+/�; CaMK-Cre;Aki2fl/fl;Trp53�/�). We

confirmed reduced p53 levels in heterozygous mice and absence of p53 in knockout mice (Figures 7D–

7F). If high p53 levels cause cell death, we expected that reducing those levels (by removing one allele)

or knocking it out completely would rescue death and glial activation in CaMK-Cre;Aki2fl/fl mice. Indeed,

we found a significant rescue: CaMK-Cre;Aki2fl/fl;Trp53+/�mice had normal numbers of Layer II–IV neurons

(Figures 7G and S5C) and reduced glial activation compared to CaMK-Cre+;Aki2fl/fl mice (Figures 7H–7I,

S5D–E). Similar results were observed in Aki2/p53 double knockout mice, indicating that reduced p53

levels in heterozygous mice were sufficient to rescue the bulk of Aki2 knockout phenotypes; such haploin-

sufficiency has been observed previously for p53-mediated cell death (Sakhi et al., 1996; Hirata and Cadet,

1997; Aloyz et al., 1998; Bae et al., 2005; Ghosh et al., 2018). Together, these data indicate that the absence

of Aki2 in postmitotic neurons leads to the posttranscriptional upregulation of p53 and consequent neuro-

degeneration that requires p53-mediated pathways.

DISCUSSION

The small nuclear protein, Aki2, is broadly expressed in tissues with its most consistently reported functions

including the control of cell proliferation and differentiation (Bosch et al., 2020). The expression of Aki2 in

non-proliferating neurons suggested additional postnatal roles. Here, we have selectively removed Aki2

from many postmitotic neurons of the cerebral cortex. Following Aki2 excision, neurons (and animals) un-

dergo a progressive decline in health, beginning with positive silver staining and cortical thinning without

significant cell loss, suggestive of initial neurite degradation and neuropil depletion. By P50,�30 days after

Aki2 excision, mutants exhibit significant neuron loss and cortical atrophy that worsens with age. Cell death

and glial activation begin in cortical layers with the greatest number of Aki2-null cells and glial activation

progress to primarily Cre-negative layers, providing evidence that cell death first occurs cell-autono-

mously; as mutants age and circuits degrade, there may be collateral loss of some neurons that retain
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Aki2 expression. Interestingly, unlike the apoptosis reported in Aki2-null cortical progenitors (Bosch et al.,

2016) we present extensive convergent evidence that Aki2-null postmitotic neurons die via necroptosis in a

p53-dependent manner. Transcriptomic analyses support a role for p53, as both mutant progenitor and

postmitotic neuron transcriptomes were enriched for p53 target genes. Our data implicate p53 pathway

proteins as novel mediators of Aki2 function and suggest that the mutation or dysregulation of Aki2 and

its partners could contribute to a variety of neurodegenerative disorders.

Neurodegeneration in CaMK-Cre;Aki2fl/fl mice: possible mechanisms

GSEA of the CaMK-Cre;Aki2fl/fl transcriptome reveals the dysregulation of genes controlling the cell cycle.

This is striking because neurons terminally differentiate and must remain mitotically quiescent. Cyclin-

dependent kinases (Cdks) together with cyclins regulate progression through cell cycle stages (Boward

et al., 2016). Numerous studies reveal aberrant expression of cyclins, Cdks, and Cdk inhibitors in multiple

neurodegenerative diseases. Together with the induction of signal transduction pathways and cytoskeletal

changes reminiscent of developing neurons, this suggests that neurons in neurodegenerative tissues

Figure 7. Neurodegeneration in Akirin2 mutant cortex is mediated by p53

(A) qPCR identifies no significant upregulation of p53 transcript in the Aki2 mutant cortex compared to control (n = 6 mice/genotype). Significance

determined using unpaired t-test

(B and C) In contrast, western blots (B) and IF of cortical cryosections (C) using an anti-p53 antibody reveal a massive increase in protein levels restricted to

Aki2-null neurons (dashed circles, layers II–IV) in P50 mutants.

(D–F) Western blots (D) quantified in E, and IF of cortical cryosections (F) confirm decreased p53 protein levels in cKO; p53+/�mice (n = 4–5mice) and loss of

p53 protein in cKO;p53-/- cortices. Significance determined using unpaired t-test.

(G–I) p53 heterozygosity and KO rescue signs of neurodegeneration in P50 Aki2 mutant cortex. Data for control and cKO; Trp53+/+ were replotted from

Figure 3 with the addition of 5–6 newly analyzed littermates of cKO; Trp53+/� (n = 4) and cKO; Trp53�/� (n = 3) mice. Reduction in p53 levels completely

rescues neuronal numbers in layers II–IV (G) and aberrant glial activation (H,I) at P50. Data are shown as mean G SEM ****p< 0.0001. Statistical significance

was determined using one-way ANOVA with Dunnet’s multiple comparison test comparing all genotypes to control. Scale bar: 100 mm.
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aberrantly re-enter the cell cycle (Zhu et al., 2007). This is believed to induce neuronal death (Park et al.,

2007) as there is a lack of evidence for successful division in postmitotic neurons (Zhu et al., 2007). The

CaMK-Cre;Aki2fl/fl mutant transcriptome is enriched in genes that regulate the G1/S mitotic transition,

including several cyclins and Cdks.

Of particular interest to this study, the retinoblastoma tumor suppressor protein (pRb) suppresses the G1/S

phase transition. In quiescent neurons, hypophosphorylated pRb represses members of the E2F protein

family to block cell cycle progression (Lees et al., 1993). In response to a mitogenic stimulant, D-type cyclins

are synthesized andbind toCdk4 orCdk6. The cyclinD-Cdk4/6 complex phosphorylates and represses pRb,

leading to E2F activation (Giacinti andGiordano, 2006; Narasimha et al., 2014). Increased E2F-1 can result in

G1/S cycle transition (Qin et al., 1994) or cell death (Hsieh et al., 1997; MacManus et al., 2003; Polager et al.,

2008). Interestingly, expression of both E2f1 andCcnd1 (encoding cyclin D1) is upregulated inCaMK-Cre;A-

ki2fl/fl cortices. It is thus possible that Aki2 represses cyclinD1; in Aki2 mutants, cyclinD1 may transactivate

E2F-1 and trigger cell cycle re-entry and death. This would be in contrast to Aki2’s role in proliferating cells,

where it activates the expression of cell cycle genes. Previous studies suggest that Aki2 induces cyclin D1

and cyclin D2 expression and is critical for recruiting the chromatin remodeling complex containing Brg1

to the cyclin D2 promoter in proliferating B cells (Tartey et al., 2015). This further supports the hypothesis

that Aki2 has cell-type-dependent functions specific to each developmental stage.

P53 as a mediator of Akirin2 mutant phenotypes

Because the inactivation of the tumor suppressor protein, p53, is found in almost half of all human cancers

(Kandoth et al., 2013; Lawrence et al., 2014), there has been extensive focus on its ability to drive cell cycle

arrest and induce apoptosis. Studies suggest that p53 hyperactivation can explain the neurodegeneration

and necroptosis we show here in CaMK-Cre;Aki2fl/fl mutants. Increased p53 levels–such as those observed

in Aki2-null cortical neurons–are also found in the CNS of patients with neurodegenerative diseases, as well

as in mouse models of such disorders (Miller et al., 2000; Simon et al., 2017; van Alstyne et al., 2018).

Additionally, neurons upregulate p53 in response to insults such as excitotoxicity (Morrison et al., 1996;

Xiang et al., 1996), ischemia (Banasiak and Haddad, 1998; Watanabe et al., 1999), traumatic brain injury

(Plesnila et al., 2007), and neurotoxicity (Hirata and Cadet, 1997; Morrison and Kinoshita, 2000). In mouse

models, ablation or reduction of p53 prevented cell death and/or rescued behavioral deficits (Herzog

et al., 1998; Simon et al., 2017 Morrison and Kinoshita, 2000; Bae et al., 2005; Mfossa et al., 2020).

Although p53 activity is largely associated with apoptosis, previous work has identified p53 involvement in

autophagy (Maiuri et al., 2010) and regulated forms of necrosis including both necroptosis and ferroptosis

(Tu et al., 2009; Vaseva et al., 2012; Jiang et al., 2015; Ranjan and Iwakuma, 2016; Wang et al., 2016). p53

contributes to RIPK1/RIPK3-mediated necroptosis by upregulating levels of a long noncoding RNA

(lncRNA) called necrosis-related factor (NRF). NRF inhibits miR-873, which in turn inhibits RIPK1 and

RIPK3, the essential necroptosis initiators. Thus, the upregulation of p53 leads to the upregulation of

NRF, increasing the inhibition of miR-873 and disinhibiting RIPK1 and RIPK3 (Ranjan and Iwakuma, 2016;

Wang et al., 2016). Admittedly, neither NRF nor miR-873 were significant DEGs in the CaMK-Cre;Aki2fl/fl

transcriptome. This may be because RNASeq was performed at P35, before obvious neuronal loss or

p53 upregulation, or because nonubiquitous Cre activity in this model leaves many neurons with normal

Aki2 expression, making it more difficult for Aki2-dependent expression changes to reach significance.

In any case, our results are altogether consistent with p53 activation leading to necroptosis in CaMK-Cre;

Aki2fl/fl mutant cortex.

Significant enrichment in p53-target genes in the Emx1-Cre;Aki2fl/fl transcriptome further supports the hy-

pothesis that p53 mediates Aki2 function. In the developing nervous system, p53 regulates neural stem cell

proliferation and progenitor differentiation (Ferreira and Kosik, 1996; Armesilla-Diaz et al., 2009; Forsberg

et al., 2013; Quintens et al., 2015; Mfossa et al., 2020), as does Aki2 (Bosch et al., 2016; Liu et al., 2017). Inter-

estingly, a recent preprint reports that p53 hyperactivation via g-irradiation at E11 disrupts the cell cycle,

triggers apoptosis, and leads to premature neurogenesis and ectopic neurons in the subventricular zone

within 24 h. This results in microcephaly in newborn pups that is partially rescued by Emx1-Cre-mediated

Trp53 ablation in neural progenitor cells (Mfossa et al., 2020). Furthermore, adherens junctions lining the

ventricular surface were disrupted and several adherens junction proteins were downregulated after p53

activation (Mfossa et al., 2020). These aberrations closely resemble those found in the Emx1-Cre;Aki2fl/fl

telencephalon (Bosch et al., 2016). Emx1-Cre;Aki2fl/fl mice displayed more severe microcephaly and
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apoptosis than did the hyperactive p53 mouse model in Mfossa et al. (2020). This is likely due to differing

duration and/or intensity of p53 activation, which determines whether p53 triggers apoptosis or cell-cycle

arrest (Kracikova et al., 2013).

Evidence for the repression of p53 by Akirin2

Neither databases (Stark et al., 2006; Szklarczyk et al., 2019) nor our own attempted co-immunoprecipita-

tions (data not shown) provide evidence to support a physical interaction between Aki2 and p53. While this

does not eliminate the possibility that such an interaction exists, it is worth considering alternative mech-

anisms through which Aki2 might indirectly repress p53. First, Aki2 could repress p53 by interacting with or

modifying direct p53 regulators or signaling cascades that affect p53 stabilization. Mouse double minute 2

(MDM2) is an E3 ubiquitin ligase that tags p53 for proteasomal degradation to maintain low p53 protein

levels in quiescent cells (Haupt et al., 1997; Honda et al., 1997; Kubbutat et al., 1997; Hafner et al., 2019).

Over 300 known PTMs control p53 stabilization by interfering with p53-MDM2 binding (Hafner et al.,

2019). If Aki2 represses any of the many proteins that participate in signaling cascades leading to p53

PTMs, loss of Aki2 could result in p53 activation. One potential candidate is the transcription factor,

E2f1. E2f1 leads to the stabilization of p53 likely through PTMs (Kowalik et al., 1998) and is significantly up-

regulated in the CaMK-Cre;Aki2fl/fl cortex. Similar to the CaMK-Cre;Aki2fl/fl model presented here, the Pel-

lizzoni and Mentis labs similarly showed that the upregulation of p53 leads to a caspase-independent non-

apoptotic form of neuronal death in a spinal muscular atrophy mouse model (Simon et al., 2017).

Furthermore, upregulation of p53 in this model is mediated by aberrant splicing of the two major p53

inhibitors MDM2 and MDM4 (van Alstyne et al., 2018). Interestingly, one GO term implicated in the

CaMK-Cre;Aki2fl/fl transcriptome is ‘‘mRNA splicing via spliceosome.’’ Thus, it is possible that without

Aki2, spliceosome formation is disrupted resulting in alternative splice variants of MDM2 and MDM4

that are unable to properly suppress p53 induction; this could be investigated in future studies.

Second, Aki2 could suppress p53 via NF-kB signaling. Initial studies onmammalian Aki2 and theDrosophila

ortholog, Akirin, provide several lines of evidence that Akirin proteins interact with NF-kB transcription fac-

tor family members to activate genes in the fly Imd and related mammalian immune pathways (Goto et al.,

2008; Bonnay et al., 2014; Tartey et al., 2014). NF-kB has a complex, but primarily antagonistic, relationship

with p53 (Ak and Levine, 2010). For example, p53 is a tumor suppressor gene, while NF-kB is an oncogene;

activation of p53 increases neuronal death concomitant with reduced NF-kB activity, while the inhibition of

p53 increases neuronal survival concomitant with increased NF-kB (Plesnila et al., 2007). Because activation

of one opposes the other, these two transcription factors cannot be activated within the same cell (Ak and

Levine, 2010). Thus, it is possible that Aki2 indirectly regulates p53 through currently undefined NF-kB

signaling pathways.

Limitations of the study

In closing, we note the caveat that in the CaMK-Cre;Aki2fl/fl mutant model used here, only a subpopulation

(albeit a large one) of neurons in the cortex lacks Aki2. Because of this, the power of RNASeq is likely

reduced, as the cortical transcriptomes analyzed include many neurons retaining Aki2 expression. Thus,

the number of DEGs and the degree of their differential expression detected here is surely an underesti-

mate. Future studies investigating a homogeneous population of Aki2-null neurons would aid in identifying

further Aki2-dependent genes and would be a prerequisite for utilizing ChIP-Seq or ATAC-Seq approaches

to identify neuronal genes directly regulated by Aki2. Nevertheless, the work presented here raises

intriguing new insights into Aki2 function in the maturing brain that are worth exploring further, including

the role of p53 pathway members as functional partners and the potential involvement of Aki2 dysregula-

tion in a variety of human neurodegenerative disorders.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Primary antibodies for immunofluorescence See Table S1 N/A

Primary antibodies for Western Blot See Table S1 N/a

Sheep polyclonal Anti-digoxigenin-AP Fab

fragments

Roche Cat# 11093274910

Chemicals, peptides, and recombinant proteins

cOmplete, Mini Protease Inhibitor Cocktail Roche Cat# 11836170001

PhosSTOP Roche Cat# 04906845001

SuperSignal West Pico PLUS

Chemiluminescent Substrate

Thermo Fisher Scientific Cat# 34580

SuperSignal West Femto maximum sensitivity

substrate

Thermo Fisher Scientific Cat# 34095

TRIzol Reagent Ambion Cat# 15596018

Fluro-Gel with Tris Buffer Electron Microscopy Services Cat# 17985-11

Nec-1s (7-Cl-O-Nec1) Abcam Cat# ab221984

RNAlater Invitrogen Cat# AM7024

Critical commercial assays

Pierce BCA Protein Assay Kit Thermo Fisher Scientific Cat# 23227

mirVana miRNA Isolation Kit Ambion/Life Technologies Cat# AM1560

High Capacity RNA-to-cDNA kit Applied Biosystems/Thermo Fisher Cat# 4368814

SYBR Green I Master Mix Roche Cat# 04707516001

FD NeuroSilver Kit II FD Neurotechnologies, Inc. Cat# PK301A

FD Rapid GolgiStain Kit FD Neurotechnologies, Inc. Cat# PK401

FragEL DNA Fragmentation Kit Novagen Cat# QIA39

TruSeq Stranded mRNA Library Prep kit Illumina Cat# 20020595

TURBO DNA-free Kit Invitrogen Cat# AM1907

Deposited data

Raw and analyzed RNA-Seq data This paper GEO: GSE178844

Experimental models: Organisms/strains

Mouse: CaMK-Cre: B6.Cg-Tg(Camk2a-cre)

T29-1 Stl/J

The Jackson Laboratory JAX stock #005359

Mouse: tdTomato reporter: B6:Cg-Gt(ROSA)

26Sortm14(CAG-tdTomato)Hze/J

The Jackson Laboratory JAX stock #007914

Mouse: Trp53 knockout: B6.129S2-

Trp53tm1Tyj/J

The Jackson Laboratory JAX stock #002101

Mouse: Emx1-Cre: B6.129S2-Emx1tm1(cre)krj/J The Jackson Laboratory JAX stock #005628

Mouse: Aki2fl/fl Goto et al., 2008 N/A

Oligonucleotides

Primers See Table S2 N/A

Software and algorithms

Image Studio Ver5.2 LI-COR https://www.licor.com/bio/image-studio/

(Continued on next page)

ll
OPEN ACCESS

iScience 25, 103814, February 18, 2022 19

iScience
Article

https://www.licor.com/bio/image-studio/


RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead

contact, Dr. Joshua Weiner (joshua-weiner@uiowa.edu).

Materials availability

This study did not generate new unique reagents

Data and code availability

d RNA-seq data have been deposited at the gene expression omnibus (GEO) and are publicly available as

of the date of publication. Accession numbers are listed in the key resources table. All other data re-

ported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

All experiments included both male and female animals and were conducted in accordance with the

University of Iowa’s Institutional Animal Care and Use Committee and NIH guidelines. All mice were

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

AxioVision Rel4.8 Zeiss https://www.micro-shop.zeiss.com/en/us/

system/axiovision+software/

software+axiovision/axiovision+program/

410130-0909-000

ImageJ/FIJI v1.52p Schindelin et al., 2012; Schneider et al., 2012 https://imagej.nih.gov/ij/

Adobe Photoshop Version 21.2.1 Adobe https://www.adobe.com/

GraphPad Prism Software 8.1.2 Graphpad Software (CA,USA) https://www.graphpad.com/

scientific-software/prism/

qbase + software Biogazelle

Vandesompele et al., 2002

www.qbaseplus.com

bcbio-nextgen pipeline version 1.1.4 https://github.com/bcbio/bcbio-nextgen,

R R Core Team, 2019 N/A

STAR Dobin et al., 2013 N/A

featureCounts Liao et al., 2014 N/A

EDASeq R package Risso et al., 2011 N/A

RUVSeq Risso et al., 2014 N/A

edgeR quasi-likelihood pipeline Robinson et al., 2010;

McCarthy et al., 2012;

Chen et al., 2016

N/A

clusterProfiler R package Yu et al., 2012 N/A

Ingenuity Pathway Analysis Qiagen Redwood City, CA, USA;

Krämer et al., 2013

www.qiagen.com/ingenuity

Other

LC3 control cell extracts: Chloroquine treated

and nontreated HeLA cell lysates

Cell Signaling Technology Cat# 11972

Caspase-3 control cell extracts: Cytochrome C

treated/untreated Jurkat cell lysates

Cell Signaling Technology Cat# 9663
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healthy, not involved in previous procedures, naive to treatment, and kept under standard housing and

husbandry conditions with food and water provided ad libitum and 12-hour light-dark cycles. The age of

the mice used is indicated in each figure/figure legend and/or the text.

Transgenic mice

Akirin2fl/fl conditional mutant mice were initially provided by Dr. Osamu Takeuchi, Kyoto University (Goto

et al., 2008; Bosch et al., 2016) and have been maintained in the Weiner laboratory colony long-term.

These were crossed to the CaMKIIa-Cre line T29-1 (Tsien et al., 1996)(JAX stock #005359) to excise the

floxed Aki2 allele in many postnatal forebrain excitatory cortical neurons. These are referred to to as

CaMK-Cre;Aki2fl/fl in the manuscript and sometimes as cKO (conditional knockout) in several figures.

As there were no obvious abnormalities in CaMK-Cre;Aki2fl/+, Aki2fl/fl, or Aki2fl/+ mice, all were used as

controls. Similarly Aki2fl/fl;Trp53+/+ and Aki2fl/fl;Trp53+/� did not differ, thus both were used as controls

in relevant experiments. To assess Cre-mediated excision and monitor knockout cells, we also crossed

these mice to the Ai14-tdTomato Cre-reporter line (JAX stock #007914). The early telencephalic-restricted

mutant Emx1-Cre;Aki2fl/fl mice were detailed in Bosch et al. (2016). Trp53 constitutive knockout mice

(Jacks et al., 1994) (JAX stock #002101), Ai14-tdTomato reporter mice, CaMKIIa-Cre line T29-1 (JAX stock

#005359), and Emx1-Cre (JAX stock #005628) lines were obtained from The Jackson Laboratory (Bar

Harbor, ME). All lines were maintained on a C57BL/6J background.

Nec1s experiments

When possible, all mice receiving treatment were from the same litter. In 3 of the 5 experiments only one

CaMK-Cre;Aki2fl/fl mouse was available in the litter for treatment. For 1 of those experiments an age-

matched CaMK-Cre;Aki2fl/fl from a different litter received vehicle treatment. For the other experiment,

no CaMK-Cre;Aki2fl/fl receiving vehicle was included. Which mouse in the litter received vehicle or drug

was randomly chosen at the time of first injection. To reduce the confound of order of treatment, the order

was randomized based on the order of which mice were retrieved from the cage.

METHOD DETAILS

Western blots

To prevent contamination of Aki2 signal from the highly-expressing blood leukocytes, mice were transcar-

dially perfused with 15–25 mL of 1x phosphate-buffered saline (PBS). The cortex was homogenized in 1 mL

RIPA buffer (0.1% SDS, 0.25% sodium deoxycholate, 1% NP-40, 0.15M NaCl, 50mM Tris-HCl (pH 7.4), 5mM

NaF) containing both protease and phosphatase inhibitors (Roche) using a Dounce homogenizer and

Wheaton overhead stirrer. After incubating at 4�C for 45 mins, samples were centrifuged at 16,000 X g

for 10 minutes at 4�C and precipitate was removed. Protein concentrations were measured using the Pierce

BCA Protein Assay Kit (Thermo Fisher Scientific). Equal amounts of protein were separated via SDS/PAGE

using TGX precast gels (Bio-Rad), transferred to nitrocellulosemembranes using a Trans-Blot Turbo System

(Bio-Rad), and analyzed using standard quantitative western blot methods (Pillai-Kastoori et al., 2020).

Chloroquine treated and nontreated HeLa cells (Cell Signaling Technology #11972) were used as positive

and negative controls, respectively, for LC3 probe. Cytochrome c treated or untreated Jurkat cells (Cell

Signaling Technology #9663) were used as positive and negative controls, respectively, for cleaved caspase

3 probe. Membranes were blocked in 5% nonfat milk in Tris-buffered saline with 0.1% Tween 20 (TBST).

Primary antibodies were diluted in 5% BSA in TBST and membranes incubated overnight at 4oC. HRP-con-

jugated secondary antibodies were diluted in 5% milk in TBST and incubated at RT for 1 hour. Signal was

detected using SuperSignal West Pico or Femto Enhanced Chemiluminescent Substrates (Thermo Fisher

Scientific) on a LI-COROdyssey Fc Imaging system. For all quantified probes, at least 3 biological replicates

(i.e., samples from 3 mice) and at least 2 technical replicates (i.e. same samples run on different gels) per

genotype or condition were run on the same gel andmeasured from the same image. Signal was measured

using Image Studio Ver5.2 (LI-COR). All targets were normalized to a housekeeping protein (b�tubulin or

GAPDH) as an internal loading control. Relative protein levels were calculated as % of control =
normalized signal

Average normalized signalcontrol samples
. The % of control was averaged for all replicates and graphed. In instances

in which protein level was measured across time, the earliest time point was used as the control in the equa-

tion above to show relative changes as maturation proceeded.
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RNA extraction and quantitative RT-PCR (qPCR)

To eliminate signal from the blood, mice older than P7 were transcardially perfused with 15–20 mL cold

DEPC-treated PBS. Cortices were homogenized in 1–2 mL of TRIzol (Thermo Fisher Scientific). RNA was

extracted following the manufacturer’s protocol and purified using the mirVana miRNA Isolation Kit

(Ambion/Life Technologies).

RNA was reverse transcribed using the High Capacity RNA-to-cDNA kit and qPCR performed using a

Roche LightCycler480 with SYBR Green I Master Mix (Roche) and the primers listed in Table S2. PCR cycling

parameters for 30 cycles were: 95�C 1 min, 55�C 15s, 72�C 1 min.

Immunofluorescence

Mice were transcardially perfused with 15–20 mL of PBS followed by 15–20 mL of 4% paraformaldehyde

(PFA). Brains were collected and post-fixed in 4% PFA for 2 hours – overnight at 4oC and cryoprotected

in 30% sucrose. For tissues to be stained with anti-Cre antibody, 2% PFA was used for transcardial perfusion

and tissue was collected directly into 30% sucrose without post-fixation. Cryoprotected tissue was quickly

frozen in OCT compound (Sakura Finetek) and 18 mm coronal cryosections were cut on a Leica CM1850

cryostat. Six coronal sections per slide were collected directly onto ten slides starting at the emergence

of the third ventricle and guided by reference to an atlas, ensuring that similar brain regions were

compared for every mouse. Tissue was blocked for 1 hour at room temperature (RT) in PBS containing

2.5% BSA 0.5% Triton X-100 and incubated in primary antibody (Table S1) overnight at 4�C. Sections
were washed in PBS and incubated in the relevant secondary antibody conjugated to Alexa-Fluor 488,

568, or 647nm (Molecular Probes/Invitrogen) for 1 hour at RT. After washing in PBS, sections were counter

stained with DAPI (40,6-diamidino-2-pheylindole) and mounted in Fluoro-Gel (Electron Microscopy

Services #17985–11).

In situ hybridization

Digoxigenin-UTP (Roche)-labeled Aki2 sense and antisense riboprobes were generated per manufac-

turer’s protocols as in (Bosch et al., 2016). In situ hybridization was performed following previously pub-

lished methods (Grove et al., 1998; Wang et al., 2002). Fresh-frozen tissue was cryosectioned at 20 mm

and dried at 65�C for 10 mins followed by RT for 10 mins. Tissue was fixed in 4% PFA for 10 min at RT fol-

lowed by washes in PBS and a 10 min incubation in fresh acetylation solution (0.1M triethanolamine, 0.65%

HCl, 0.25% acetic anhydride). After washing in PBS, slides were incubated in hybridization solution (50%

formamide, 5x SSC, 5x Denhart’s solution, 250mg/ml tRNA, 500mg/ml salmon sperm DNA, 50mg/ml hepa-

rin) at RT for 2 hours. Slides were incubated with riboprobes at 65�C overnight. The following day, slides

were washed over 4 hours in 0.2x SSC at 65�C followed by washes in TBST at RT. Slides were blocked in

blocking solution (Roche DIG wash and block buffer set) diluted in 1x maleic acid for 1h at RT and ribop-

robes were detected by incubating in anti-digoxigenin-AP antibody (1:2000 in 1% sheep serum, Roche)

overnight at 4�C. After several washes in TBST over 15 mins, slides were incubated in alkaline buffer for

10 mins (100mM NaCl, 100mM Tris-HCl (pH 9.5), 50mM MgCl2, 1% Tween-20), and developed using nitro

blue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP) at RT until sufficient color

developed.

Imaging

A Leica SPE TCS Confocal Microscope and Leica Application Suite software were used for confocal and

epifluorescent imaging. All epifluorescent and confocal images were captured using the same settings

for each antibody. In situ hybridization was imaged on a Zeiss Axiophot microscope equipped with an

Axiocam Hrc and using AxioVision Rel4.8. Images of silver and Golgi staining were captured using a Leica

DMIRB inverted microscope. Brightness and contrast were adjusted equally on images using ImageJ/FIJI

(Schindelin et al., 2012; Schneider et al., 2012) or Adobe Photoshop.

NeuroSilver and Golgi staining

For NeuroSilver staining, animals were transcardially perfused as for immunofluorescence, but replacing 1x

PBS with 0.1M phosphate buffer (pH 7.4). Sections were cut on a Leica CM1850 cryostat at 60 mm and

incubated in 4% PFA for 7 days at 4�C. Tissue was stained using the FD NeuroSilver Kit II (FD Neurotech-

nologies, Inc. Cat #PK301A) according to manufacturer’s protocol. For Golgi staining, the two cerebral

hemispheres were separated from the rest of the brain and incubated with the solutions of the FD Rapid
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GolgiStain Kit (FD NeuroTechnologies, Inc) according to manufacturer’s protocol. One hundred-mm cryo-

stat sections of telencephalon were mounted on slides and examined directly.

TUNEL staining

Eighteen-mm cryostat sections from the cerebrum were fixed in 4% PFA directly on slides and stained using

the FragEL DNA Fragmentation Kit (QIA33; Millipore Sigma) according to manufacturer’s protocol. A pos-

itive control was generated by treating cortical sections with 20 mg/mL proteinase K for 10 minutes at RT

followed by 1mg/mL DNase I in 1xTBS/1mM MgSO4 for 20 minutes at RT.

Nec-1s administration

Nec-1s (7-Cl-O-Nec1; Abcam #ab221984) was dissolved in DMSO, diluted in sterile saline, and adminis-

tered at 6.25mg/kg via intraperitoneal injections daily beginning at P21 and ending at P50. Three to four

mice per genotype were injected with Nec-1s or the equivalent amount of DMSO vehicle.

Transcriptomic analyses

CaMK-Cre;Aki2fl/fl transcriptome. After transcardial perfusion with 15-20mL of cold DEPC-treated PBS,

total RNA was extracted as above from the cortices of 3 Aki2w/w and 1 CaMK-Cre;Aki2w/w controls and 3

CaMK-Cre;Ak2fl/fl mutants at P35. mRNA-enriched libraries were prepared by the Carver Center for

Genomics (University of Iowa) using the Illumina TruSeq Stranded mRNA Library Prep kit and quantified

using Turner BioSystems TBS-380 fluorometer and Invitrogen Quant-It Picogreen. The Genome Technol-

ogies service at The Jackson Laboratory (Bar Harbor, ME) subsequently QC’ed the libraries on an Agilent

Bioanalyzer and sequenced them on an Illumina NextSeq 500, with 75 bp single end reads. At least 49M

reads per sample were generated.

RNA used for qPCR validation was treated with DNase using the TURBO DNA-free Kit (Thermo Fisher) ac-

cording to manufacturer’s protocol. Concentration and quality were assessed using a Trinean DropSense-

16 Spectrophotometer and Agilent Bioanalyzer. All samples used had an RIN of 8.6 or higher. Two mg of

RNA were reverse transcribed using the High-Capacity RNA-to-cDNA Kit (Applied Biosystems/Thermo

Fisher). qPCR was performed as above. The primers used are listed in Table S2. All qPCR validating

CaMK-Cre transcriptomics used ribosomal protein L32 (RPL32) and transferrin receptor (Tfrc) as reference

genes and relative expression levels were quantified using qbase + software (Biogazelle, Zwijnaarde,

Belgium www.qbaseplus.com), employing the method described by (Vandesompele et al., 2002). Statisti-

cal differences were determined using two-tailed unpaired t-tests on log-transformed CNRQ values.

Emx1-Cre;Aki2fl/fl transcriptome. The telencephalon was carefully dissected from E10.5 embryos in

cold PBS and placed into RNAlater (Invitrogen) at 4oC for a maximum of 1 week. RNAlater was carefully

removed and the RNA was extracted and purified as above. RNA samples were assessed for purity using

a nanodrop and for RNA integrity using the Experion automated electrophoresis station (BioRad). All sam-

ples used in the RNAseq experiments had an RQI of >8. Library preparation was performed using the Illu-

mina TruSeq Stranded mRNA library prep kit and RNA sequencing was performed at the Iowa Institute of

Human Genetics (University of Iowa). Libraries were generated with unique barcodes, combined equally

into one pool and sequenced over 2 lanes of the Illumina HiSeq4000, using 75bp paired end read lengths.

For qPCR validation studies, RNA (90-100ng) collected from E10.5 telencephalon was reverse transcribed

using the High Capacity RNA-to-cDNA kit and qPCR performed as above using the primers listed in Table

S2. The ddC(t) method was used to calculate fold change using b-Actin as a reference gene as described

previously (Bosch et al., 2019).

Bioinformatics. RNASeq data were processed with the bcbio-nextgen pipeline (https://github.com/

bcbio/bcbio-nextgen, version 1.1.4). The pipeline uses STAR (Dobin et al., 2013) to align reads to the

mm10 genome build (GENCODE release M10, Ensembl 89 annotation) and quantifies expression at the

gene level with featureCounts (Liao et al., 2014). All further differential expression analyses were performed

using R (R Core Team, 2019). For gene level count data, the R package EDASeq (Risso et al., 2011) was used

to adjust for GC content effects (full quantile normalization) and account for sequencing depth (upper quar-

tile normalization). Latent sources of variation in expression levels were assessed and accounted for using

RUVSeq (RUVr mode using all features) (Risso et al., 2014). Differential expression analysis was conducted
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using the edgeR quasi-likelihood pipeline (Robinson et al., 2010; McCarthy et al., 2012; Chen et al., 2016).

Gene ontology and KEGG pathway analysis was performed using the R package clusterProfiler (Yu et al.,

2012). Ingenuity Pathway Analysis (Qiagen Redwood City, CA, USA, www.qiagen.com/ingenuity) (Krämer

et al., 2013) was used for upstream analysis with molecule type restricted to transcriptional regulator.

All RNASeq data have been deposited in the NCBI Gene ExpressionOmnibus database, accession number

GSE178844 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE178844).

QUANTIFICATION AND STATISTICAL ANALYSIS

Cell quantifications

For cell counts, 3–6 coronal sections per mouse were imaged at the convergence of the primary motor and

somatosensory cortices and analyzed using FIJI. Only brain regions determined to be similar based on his-

tological landmarks and with reference to an atlas were included for analysis. The experimenter performing

quantifications was blinded to genotype/treatment.

Cux1-positive cells in layers II-IV and FoxP2-positive cells in layers VI were counted in one (10x) field of view

per section using the FIJI cell counter plug-in. Ctip2 expression, cell size, and cell density were used to

identify Layer V, in which cells were counted in the same manner.

For NeuN, GFAP, and CD68 measurements, two 10x fields of view vertically spanning the cortex from white

matter to pia were montaged in Adobe Photoshop. The background was subtracted with a rolling ball

radius of 12 pixels and NeuN-positive cells were counted using analyze particles plugin with size =

20.5 – infinity; circularity = 0.2–1.00 in FIJI. The resulting images were manually inspected for mis-identified

or conjoined cells for which the numbers were properly adjusted. On the same images, threshold was set to

a level that optimized signal while reducing background. The individual areas of 10 cells in each of layers II-

III, IV, V, and VI were measured in each image using FIJI. The average cell area in each layer per section is

reported from at least 3 mice per genotype per age.

Average fluorescence intensity of GFAP staining and the area of CD68 as a percentage of the entire cortical

area was measured within a polygon covering the entire cortex including white matter but excluding

subcortical structures. The length of a line drawn from the dorsal edge of the lateral ventricle (including

the white matter) to the dorsal edge of the pia (including Layer I) was used to estimate cortical thickness.

Statistical analysis

All statistical tests were performed using GraphPad Prism Software with significance level p< 0.05. Details

of statistical tests used can be found in the accompanying figured legend. Outlier data points, determined

using the ROUTmethod with aQ= 1, were excluded. The experimental unit for all studies is a single animal.

The exact number of animals in each group for each experiment is indicated in the figure legend.
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