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Mice and primary fibroblasts derived from mouse embryos completely

lacking cytoplasmic b-actin, because the Actb gene was engineered to

instead express c-actin protein, have previously been found to be virtually

devoid of phenotype. Here, we report the characterization of mice and

mouse embryonic fibroblasts homozygous for an Actg1 allele edited to

translate b-actin instead of c-actin (Actg1-coding beta; Actg1c-b/c-b), which

resulted in mice and fibroblasts that are devoid of c-actin. We demonstrate

that these Actg1c-b/c-b mice present with no measurable phenotype in sur-

vival, body mass, activity, muscle contractility, or auditory function. Pri-

mary fibroblasts derived from Actg1c-b/c-b mouse embryos were still

proliferative, with several measured parameters of cell motility not different

from wild type. From these and previous data, we conclude that b- and

c-actin proteins are redundant in primary embryonic fibroblasts and during

normal mouse development.

Introduction

Actin is a ubiquitous protein involved in many impor-

tant cell and tissue functions, including migration,

cytokinesis, muscle contraction, structural support,

and regulation of gene expression [1]. The many func-

tions of actin are supported by a family of closely

related proteins, or isoforms, that are expressed from

six distinct genes in mammals. As a key component of

many essential cellular processes, it is not surprising

that mutations in the genes encoding actin are causa-

tive of many diseases in humans, such as severe devel-

opmental conditions, skeletal muscle myopathies, and

progressive deafness [2–7].

The two ubiquitously expressed actins, cytoplasmic

b- and c-actin, share 99% amino acid sequence iden-

tity, and their respective genes, Actb and Actg1, share

89% identity in their coding sequences in mice [8].

Despite the high sequence similarity between the two

cytoplasmic actins, an array of biochemical, cell bio-

logic, and genetic data published over the last 4

decades have led to the generally accepted hypothesis

that b- and c-actin each support essential and

non-redundant functions in cells and organisms. In

direct contradiction to this hypothesis, however, we

and others [9,10] used different gene editing
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technologies to generate mice that expressed c-actin
protein from Actb, establishing a b-actin protein spe-

cific knockout that maintains an intact Actb nucleotide

sequence, named Actbc-g. The Actbc-g mice were largely

phenotypically normal with no defect in survival

[9,10]. Actbc-g mouse embryonic fibroblasts (MEFs)

also had normal proliferation rates and migration pat-

terns [9,10]. These and subsequent results [11] demon-

strated that it is not the loss of b-actin protein that

causes the most severe phenotypes in Actb knockout

mice and MEFs, but rather the loss of a functional

Actb gene locus.

Despite the nearly complete absence of phenotype in

mice and MEFs lacking b-actin protein [9–11], highly
specialized cell types, including auditory sensory hair

cells and photoreceptors, degenerate in aging mice

[10,12]. Thus, in some very specific circumstances, b-
actin seems to have some function that is not also per-

formed by c-actin. To determine if c-actin also has

functions that cannot be fulfilled by b-actin, we gener-

ated mice and MEFs where the Actg1 nucleotide

sequence has been edited to express cytoplasmic b-
actin instead of c-actin. We report here the complete

absence of detectable phenotype in the resulting mice

and cells, which were devoid of c-actin protein.

Together with previous studies, we conclude that the

99% identical b-actin and c-actin proteins are inter-

changeable in primary embryonic fibroblasts and dur-

ing normal mouse development.

Results

Actg1c-b/c-b mice are overtly normal

Mice expressing b-actin from the Actg1 gene (Fig. 1A),

generated using CRISPR/Cas9 gene editing, were

named Actg1c-b for Actg1-coding beta to be consistent

with the names of 2 mouse lines where Actb was gene

edited to express c-actin [9,10]. Four heterozygous

Actg1c-b/+ founder mice were generated and verified

that Actg1 exon2 encoded D2–4 and V10 of b-actin
instead of E2–4 and I10 of c-actin protein (Fig. 1B).

While previous studies revealed that mice homozygous

for Actg1 alleles deleted for exons 2–3 have increased

perinatal lethality [13], homozygous Actg1c-b/c-b mice

were born in normal Mendelian ratios (27.9%

Actg1+/+, 51.7% Actg1c-b/+, and 20.4% Actg1c-b/c-b)

and showed survival out to 180 days that was not dif-

ferent from control Actg1+/+ littermates (Fig. 1C,D).

The Actg1 nucleotide sequence has been implicated in

promoting normal mouse development and growth

[13,14]. Here, we observed average body masses in

both male and female Actg1c-b/c-b mice that were not

different from WT (Fig. 1E,F). Actg1c-b/c-b mice dis-

played no defects in muscle contractile function,

despite expressing no c-actin protein (Fig. 2) and

behaved normally in an open-field activity assay

(Fig. 3). Together, these data suggest that the edits

made to the Actg1 locus did not negatively impact

mouse viability. Taken in conjunction with previous

studies that have shown that loss of Actg1 impairs

mouse survival and development [13,14] these data

support previous conclusions that an intact Actg1

gene, and not c-actin protein, is necessary for normal

mouse development and survival.

Verification of c-actin protein ablation in

Actg1c-b/c-b mice and MEFs

We measured isoactin transcript and protein expres-

sion in Actg1c-b/c-b mice to verify the absence of c-actin
protein and determine how editing Actg1 to express b-
actin alters the expression of other actin isoforms.

Using qRT-PCR and primers specific to both the

native and edited cytoplasmic actin transcripts, we

observed a significant decrease in the native Actg1

transcript in heterozygous Actg1c-b/+ brain and lung

tissue, and in MEFs, that was absent in homozygous

Actg1c-b/c-b tissue with a concomitant increase in the

edited Actg1c-b transcript (Fig. 4). Quantitative western

blot analysis demonstrated that c-actin protein was

completely absent in Actg1c-b/c-b brain, lung, and

MEFs, while b-actin expression significantly increased

in the brain, trended higher in MEFs, but not in lung

(Fig. 5). Tissue from Actg1c-b/c-b brain and

lung showed a significant decrease in expression of

endogenous Actb transcript (Fig. 4A,B), suggesting

that some cell types have a mechanism to sense b-actin
concentration to regulate Actb gene expression.

Total actin levels were not different between WT and

Actg1c-b/c-b in brain, lung, or MEFs (Fig. 5). We did

not quantify actin levels in skeletal muscle (Fig. 2A)

because b- and c-actin cannot be measured in whole

muscle lysates by western blotting due to the >4000-
fold excess of skeletal a-actin that necessitates centrifu-

gal separation and enrichment by DnaseI affinity chro-

matography for their detection [15,16].

Actg1c-b/c-b MEFs display normal parameters of

cell motility

Previous data has demonstrated that random cell

migration requires the Actb gene sequence but not b-
actin, Actg1, or c-actin [10,14,17,18]. To verify these

previous results, we assessed random cell migration in

MEFs harvested from Actg1c-b/c-b embryos.
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Quantitation of distance traveled, individual cell paths,

directionality, mean square displacement, and speed of

Actg1c-b/c-b MEFs revealed no change in random

migration habits (Fig. 6) suggesting that c-actin pro-

tein is not required for cell migration. These data are

in line with previous studies from our group [14,17].

The polymerization state of actin regulates the

expression of a variety of genes via the serum response

factor (SRF)/myocardin-related transcription factor

(MRTF) signaling pathway [19–22]. To assess whether

the altered expression of actin isoforms in Actg1c-b/c-b

MEFs (Fig. 5C) influences the expression of key path-

way regulators SRF and MRTF-A, we used quantita-

tive western blot analysis to measure the expression of

SRF and MRTF-A. While we note a significant

increase in SRF immunoreactivity in Actg1c-b/+ MEFs,

we measured no significant change in either SRF or

MRTF-A immunoreactivity in Actg1c-b/c-b MEFs rela-

tive to WT MEFs (Fig. 7). Additionally, actin plays a

role in regulating the Hippo-Signaling pathway via

transcriptional coactivator with PDZ binding motif

(TAZ) and Yes-associated protein 1 (YAP, reviewed in

[23]). However, quantitative western blotting of YAP

expression in Actg1c-b/c-b MEFs showed no change in

YAP expression relative to WT or Actg1c-b/+ MEFs

(Fig. 7). Together, these results suggest that neither

the Actg1c-b/c-b genotype nor the absence of c-actin
protein impacts the SRF/MRTF or Hippo-Signaling

Fig. 1. Actg1c-b/c-b mice have similar birth

rates, growth, and survival compared to

control littermates. (A) Proposed sequence

edits to mutate the wild type (WT) Actg1

sequence to the new Actg1c-b sequence.

(B) Sanger sequencing for a confirmed

Actg1c-b/c-b mouse. Asterisks indicate

successfully edited nucleotides. (C) Birth

rates for WT (n = 36), Actg1c-b/+ (n = 56),

and Actg1c-b/c-b (n = 50) born from

heterozygote Actg1c-b/+ 9 Actg1c-b/+

crosses. (D) Kaplan–Meier survival curve for

WT, Actg1c-b/+, and Actg1c-b/c-b from P0 to

P180. Colored tick marks represent

censored animals. Body mass for (E) male

and (F) female mice at 3 months of age

(n ≥ 3). One-way ANOVA with Bonferroni

posttest was performed. Error bars are

SEM. Comparisons are not significant

unless otherwise indicated.
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pathways. Because we previously measured a signifi-

cant decrease in the G:F ratio of Actb KO MEFs [18],

we measured the G:F ratio in Actbc-g/c-g MEFs but

reported no difference compared to WT [10]. We pre-

viously measured no difference in G:F ratio between

Actg1 KO and WT MEFs [17]; therefore, we saw no

reason to measure the G:F ratio in Actg1c-b/c-b MEFs

here. We believe that the SRF/MRTF and YAP data

support that there is no difference in actin dynamics

between Actg1c-b/c-b and WT MEFs that would war-

rant the measurement of the G:F ratio in

Actg1c-b/c-b MEFs.

Hearing function in Actg1c-b/c-b mice

Our previous studies demonstrated that Actg1�/�

mice develop progressive hearing loss with concurrent

degeneration of actin-rich stereocilia on auditory sen-

sory hair cells by 16 weeks of age. We therefore

tested auditory function in Actg1c-b/c-b mice by mea-

suring auditory brainstem responses to pure tone

sound stimuli ranging in frequency from 4 to

32 kHz. In contrast to what we observed in Actg1

knockout mice, 16-week-old Actg1c-b/c-b mutants had

similar or even slightly improved ABR thresholds,

which correspond to the quietest sound that elicited

a response, compared to age-matched control mice

(Fig. 8A). Sound is converted to electrical signals by

stereocilia, which are large protrusions that form

around a core of b-actin and c-actin filaments.

Consistent with having unchanged ABR responses,

Actg1c-b/c-b auditory outer hair cell stereocilia bundles

retained a normal morphology characterized by the

orderly arrangement of stereocilia into staircase-like

rows (Fig. 8B). Thus, for at least 16 weeks in mice,

c-actin is dispensable for auditory hair cell develop-

ment and maintenance.

Discussion

b- and c-actins are generally redundant

An array of biochemical, cell biologic, and genetic

data published over the last 40 years have generally

supported the hypothesis that b- and c-actin each sup-

port essential and non-redundant functions in cells and

organisms. Our initial approach to define the essential

isoform-specific functions of b- and c-actin involved

the generation of floxed mouse lines with loxP sites

flanking exons 2 and 3 of Actg1 and Actb to generate

an array of mouse lines bearing whole body and

tissue-specific knockouts of b-actin and c-actin
[5,13,17,18,24–27]. While our studies verified previous

studies [28,29] demonstrating that the Actb gene is

essential [18], we were surprised by the mild pheno-

types manifest in tissue-specific Actb knockouts

[5,25–27]. More surprisingly, whole body Actg1 knock-

out mice were viable but with impaired growth and

Fig. 2. Actg1c-b/c-b Muscle physiology does not differ from wild

type. (A) Western blots of b-, c-, and total Actin of Dnase-enriched

gastrocnemius muscle from wild type (WT) and Actg1c-b/c-b mice

(n = 3). (B) Specific isometric force, (C) passive stiffness, (D) mean

passive stiffness, (E) maximum tetanic contraction rate, (F)

maximum rate of tetanic relaxation, and (G) mean active stiffness

of WT and Actg1c-b/c-b extensor digitorum longus (EDL) muscle.

n ≥ 4. Unpaired t-test was performed. Error bars are SEM.

Comparisons are not significant unless otherwise indicated.
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survival [13] and mild tissue-specific phenotypes [8,24].

Finally, against all expectations, we and others [9,10]

found that mice engineered to express only c-actin
from both the Actg1 and the Actb were largely pheno-

typically normal with no defect in survival. These and

subsequent results [11] demonstrated that it is not the

loss of b-actin that causes the most severe phenotypes

in Actb knockout mice and MEFs, but rather the loss

of a functional Actb gene locus. Contrasting with the

findings of Patrinostro et al. (2018) and Vedula et al.

(2017), some more recent in vitro studies in

immortalized cancer cell lines have concluded that

b- and c-actin proteins have essential and non-

redundant functions necessary for processes as funda-

mental as cytokinesis [30–35]. Here we importantly

demonstrate the absence of detectable phenotype in

mice and cells that are completely devoid of cytoplas-

mic c-actin protein. When combined with the findings

of Patrinostro et al. (2018) and Vedula et al. (2017),

we conclude that b- and c-actin proteins are redundant

in primary embryonic fibroblasts and during normal

mouse development.

Fig. 3. Actg1c-b/c-b mice have wild-type

activity levels. (A) Total horizontal distance

traveled and (B) average velocity during a

15-min open-field activity assay on wild type

(WT) (n = 4), Actg1c-b/+ (n = 5), and

Actg1c-b/c-b (n = 7) mice. Solid fill symbols

represent males and open symbols

represent females. One-way ANOVA with

Bonferroni posttest was performed. Error

bars are SEM. Comparisons are not

significant unless otherwise indicated.

Fig. 4. Actg1c-b transcript is expressed from the edited Actg1 gene. (A–C) Absolute and (D–F) proportional quantification of isoactin and

Actg1c-b transcripts of wild type (WT), Actg1c-b/+, and Actg1c-b/c-b brain, lungs, and mouse embryonic fibroblasts (MEFs) (n = 4, in triplicate).

Transcript quantity was calculated using standard curves amplified in parallel. For A–C, two-way ANOVA with Bonferroni posttest was

performed. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Error bars are SEM.
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Highly specialized cell types are the exception to

the rule

On the basis of gene disruption studies where exons 2

and 3 were removed by Cre-loxP mediated excision, we

previously concluded that b- and c-actin most likely

had distinct, non-overlapping functions in stereocilia

maintenance. This conclusion was borne out by the

phenotype of the Actbc-g mouse, which lacks b-actin
and, like the Actb deletion mouse, develops high-

frequency hearing loss and exhibits concurrent degener-

ation of the shorter rows of stereocilia in outer hair cell

bundles [10]. However, the result for the loss of c-actin
is different. Here, editing the Actg1 gene to express b-
actin protein did not result in any detectable auditory

phenotype. These data suggest that c-actin actually

does not have any function in auditory hair cells that

cannot be fulfilled by a sufficient amount of b-actin.
Thus, in auditory hair cells, Actg1 exists to supplement

the actin pool while b-actin protein carries out some

unique function for which c-actin is insufficient.

Stereocilia are unique among characterized actin-

based structures in that their actin core is exceptionally

stable without detectable actin turnover along its

length over a time course of several months in mice.

Actin does turnover at stereocilia tips [36–38], and in

this microenvironment where actin is made to behave

strangely, it is understandable how very subtle

differences between b-actin and c-actin could matter

over long time periods. Indeed, long-lived cellular

structures may be a common thread to revealing essen-

tial roles for b-actin protein, as photoreceptor degener-

ation was also noted in older Actbc-g mice [12]. Other

long-lived cells, such as neurons, have not been char-

acterized in enough detail in these mutated actin

mouse lines to detect potentially subtle differences that

could nevertheless affect function.

Conclusion

The two exceptional circumstances where b-actin
appears to be essential within the inner ear and retina

[10,12] disprove the hypothesis that Actb and Actg1

only serve to properly regulate the level of actin in

cells. However, these same studies also demonstrate

that mice lacking b-actin are born without an overt

phenotype and live long enough to manifest only late-

onset phenotypes, while our current study found no

phenotype in mice lacking c-actin. Our previous and

current data thus disprove the hypothesis [32–34] that
b-actin and c-actin protein differences are essential for

fundamental processes like cytokinesis in the context

of primary embryonic fibroblasts and mouse

development, but leave open the possibility that b-
actin and c-actin may perform more specific and

unique functions in immortalized cancer cells.

Fig. 5. Actg1c-b/c-b Mice express no c-Actin protein. Relative Actin isoform protein expression in wild type (WT), Actg1c-b/+, and Actg1c-b/c-b

mice in (A) brain, (B) lungs, and (C) mouse embryonic fibroblasts (MEFs) (n = 4). The x-axis indicates Actin isoform and the y-axis represents

relative protein expression normalized to GAPDH and relative to WT. Representative western blot images for each isoform in (D) brain, (E)

lungs, and (F) MEFs. Two-way ANOVA with Bonferroni posttest was performed. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Error bars are SEM.
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Materials and methods

Mice

Animals were treated and housed in accordance with Uni-

versity of Minnesota Institutional Animal Care and Use

Committee (IACUC) Standards. All experiments using ani-

mals were approved by the University of Minnesota

IACUC under protocol number 2106-A39169. Mice were

housed on a 12-hour light/dark cycle with ad libitum access

to food and water in a specific pathogen-free facility. This

study used male and female animals on the C57BL/6J

background, with wild-type controls being littermates not

carrying the edited allele. Mice were killed using cervical

dislocation following anesthesia with Avertin at 3 months

of age for all phenotypic analyses except hearing, which

occurred at 16 weeks. Collected tissues were dissected and

snap-frozen in liquid nitrogen.

Generation of Actg1c-b mKI mice model

Actg1c-b/c-b knock-in mice were generated by Biocytogen

(Waltham, MA, USA) using a CRISPR/Cas9-based

approach. Briefly, two sgRNAs were designed using a

CRISPR design tool (http://www.sanger.ac.uk/) to target the

region upstream of Actg1 exon 2 and were then screened for

on-target activity using a Universal CRISPR Activity Assay

(UCATM; Biocytogen Pharmaceuticals). The T7 promoter

sequence was added to the Cas9 or sgRNA template by PCR

amplification in vitro. Variable concentrations of donor vec-

tor and purified in vitro transcribed Cas9 mRNA and

sgRNAs were mixed and co-injected into the cytoplasm of

single-cell stage fertilized eggs of C57BL/6N mice (Biocyto-

gen). sgRNA1 (50) – 50-GCAGCCCCTCCTCGCCGCG

GCGG-30, sgRNA2 (30) – 50-ATGCCCGTTAGCAACTC

AAGTGG-30. The injected zygotes were transferred into the

oviducts of Kunming pseudo-pregnant female mice to gener-

ate F0 mice. PCR and sequencing verification of founder

pups harboring the intended mutation were then crossed

with wild-type mice for germline transmission, which were

further confirmed by PCR, sequencing, and Southern blot.

Genotyping primers: Actg1c-b forward primer – 50-TGAC

GATATCGCCGCACTCGTCG-30, Actg1 exon 2 WT for-

ward primer – 50-AGAAGAAATCGCCGCACTCGTC

ATT-30, Actg1/Actg1c-b dual reverse primer – 50-GGCAA

GGTCCCGGCTCAAGC-30. Sanger Sequencing was per-

formed by the University of Minnesota Genomics Center

(Minneapolis, MN, USA). PCR was performed using Taq

Fig. 6. Random cell migration is unchanged in Actg1c-b/c-b mouse embryonic fibroblasts (MEFs). (A) Total distance traveled and (B–D) paths

traveled by individual cells mapped from the origin for wild type (WT), Actg1c-b/+, and Actg1c-b/c-b MEFs. Each line corresponds to an

independent cell. (E) Directionality, (F) directional autocorrelation, (G) mean square displacement and (H) speed of cells from each genotype.

N = 4, n = 10 cells per embryo. For A and H, each color represents an independent experiment. Smaller circles represent the distance

traveled or speed of each independent cell and larger bolded circles represent the means of each independent experiment. For E–G, two-

way ANOVA with repeated measures and Bonferroni posttest was performed. For A and H, a one-way ANOVA with Bonferroni posttest

was performed; statistical analysis was performed on the means of independent experiments. Error bars are SEM. Comparisons are not

significant unless otherwise indicated.
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DNA Polymerase and Standard Taq Buffer (#M0273S; New

England BioLabs, Ipswich, MA, USA).

Cell culture

Primary WT, Actg1,c-b/+, and Actg1c-b/c-b mouse embryonic

fibroblasts (MEFs) were isolated from E13.5 embryos as

previously described [17]. MEFs were cultured to approxi-

mately 80% confluency in DMEM supplemented with 10%

fetal bovine serum, 1% Penicillin/Streptomycin, and

0.5 lg�mL�1 Fungizone (MEF media) and 1 9 106 MEFs

were frozen at passage one in 95% fetal bovine serum +
5% DMSO (MEF freezing media). For subsequent use,

MEFs were thawed at 37 °C, cultured in MEF media, and

incubated at 37 °C with 5% CO2.

Live cell imaging

2 9 104 MEFs were seeded in a Nunc glass-bottomed dish

(#150680; Thermo Scientific, Waltham, MA, USA) and cul-

tured overnight in MEF media. The following day, MEF

media was replaced with imaging media (DMEM without

phenol red + HEPES +10% fetal bovine serum +1%
Penicillin/Streptomycin +0.5 lg�mL�1 Fungizone) that was

incubated overnight at 37 °C with 5% CO2. Dishes were

then sealed with vacuum grease and a glass coverslip. Cells

were then imaged every 10 min for 4 h using a 109/NA0.35

objective with phase contrast illumination on a DeltaVision

personalDV in an environmental chamber maintained at

37 °C. Individual cell migration was tracked using the Man-

ual Tracking plugin for ImageJ (National Institutes of

Health, Bethesda, MD, USA, version 1.52p) The resulting

xy track data was analyzed using the DiPer Excel Macro

package [39]. Cells that were multinucleate, divided, or came

in contact with other cells were excluded from analysis.

qRT-PCR

WT and Actbc-g isoactin control constructs were generated,

and respective primer sets were verified previously [10,40].

An Actg1c-b control construct was generated using site-

directed mutagenesis with the QuikChange II XL kit (Cat#

200521; Agilent Technologies, Santa Clara, CA, USA)

according to the manufacturer’s protocols from the WT

pENTR/D-TOPO-Actg1 vector generated in [40]. New

Actg1 and Actg1c-b specific primers were designed and

tested for amplification of all control constructs to assess

Fig. 7. Expression of select Actin-associated proteins is unchanged

in Actg1c-b/c-b mouse embryonic fibroblasts (MEFs). Relative protein

expression of Actin-associated proteins SRF, MRTF-A, and YAP

normalized to GAPDH and relative to wild type (WT) in WT,

Actg1c-b/+, and Actg1c-b/c-b MEFs (n = 4). Two-way ANOVA with

Bonferroni posttest was performed. *P < 0.05. Error bars are SEM.

Fig. 8. Auditory brainstem response (ABR) and stereocilia

morphology are unchanged in Actg1c-b/c-b mice. (A) ABR and (B)

SEM images of 16 week-old wild type (WT) and Actg1c-b/c-b mice

(n ≥ 3). SEM images of cochlea middle turn OHC. Scale bar: 1 lm.

X-axis indicates ABR defined frequency in kilohertz and y-axis

indicates threshold (in decibels) sound that elicits a response.

Student’s T-test was performed. **P < 0.01. Error bars are SD.

Comparisons are not statistically significant unless indicated

otherwise.
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specificity (Fig. 9). For whole tissue, brains and lungs were

pulverized using a mortar and pestle with liquid nitrogen

and homogenized in Trizol Reagent (#15596018; Thermo-

Fisher Scientific, Waltham, MA, USA) using a 22G needle

and a syringe. Total RNA was extracted from both homog-

enized tissue and MEFs using the Bio-Rad Aurum Total

RNA Mini-Kit (7326820) according to manufacturer’s

instructions. A NanoDrop 1000 spectrophotometer

(ThermoFisher Scientific) was used to measure RNA con-

centration. First-strand cDNA was generated using the

Bio-Rad iScript Advanced cDNA synthesis kit (#1725037)

from a standard amount of RNA. A series of 10-fold dilu-

tions of isoactin and Actg1c-b control samples were used to

generate standard curves, and MEF or tissue cDNA sam-

ples were amplified in parallel using Bio-Rad SsoAdvanced

Universal SYBR Green Supermix (1725270) and isoform-

specific primers using the Bio-Rad CFX96 Real-Time

System C1000 touch thermal cycler. qRT-PCR primers:

Actg1c-b forward primer – 50-TGACGATAGCGCCG

CACTCGTCGTC-30, Actg1 exon 2 WT forward primer –
50-AGAAGAAAGCGCCGCACTAGTCATT-30, Actg1/

Actg1c-b dual reverse primer – 50-GCGTCGTCGCCAG

CAAAGC-30.

Western blotting

Brain and lung tissues were pulverized in liquid nitrogen

using a mortar and pestle. Brain, lung, and MEF protein

were extracted using 1% SDS lysis buffer in 19 PBS with a

protease inhibitor mix containing 100 lM aprotinin,

0.79 mg�mL�1 benzamide, 1 lM calpain, 1 lM calpeptin,

10 lM E-64, 10 lM leupeptin, and 0.1 mg�mL�1 pepstatin,

and 1 mM phenylmethylsulfonyl fluoride. MEF lysates were

sonicated using an ultrasonic homogenizer (Model 150 V/T;

BioLogics Inc., Manassas, VA, USA) and all samples were

boiled at 100 °C for 10 min and centrifuged to remove the

insoluble fraction. Pulverized gastrocnemius muscle was

subjected to low-salt extraction and DNase enrichment as

described previously [15]. Equal amounts of cleared lysate

were separated by SDS-polyacrylamide gel electrophoresis

(SDS/PAGE), transferred to a PVDF membrane, and

blocked in 5% nonfat milk in PBS. The following anti-

bodies were used: b-actin (1:5000; Sigma-Aldrich, AC15,

Burlington, MA, USA), c-actin (1:5000 mAB 2–4), asm-
actin (1:5000; Sigma-Aldrich, 1A4, Burlington, MA, USA),

Pan-actin (1:5000; Seven Hills Bioreagents, C4, Cincinnati,

OH, USA), SRF (1:1000; Santa Cruz Biotechnology, G-20,

Dallas, TX, USA), MRTF-A (1:1000; Cell Signaling Tech-

nology, E2V2I, Danvers, MA, USA), or YAP (1:500,

Abnova, 2F12) with glyceraldehyde 3-phosphate dehydroge-

nase (GAPDH; 1:5000; Sigma-Aldrich, G9545, Burlington,

MA, USA) as a loading control and secondary antibodies

DyLight 800 anti-mouse IgG (1:10 000; Cell Signaling Tech-

nology, 5257S, Danvers, MA, USA) and DyLight 680 anti-

rabbit IgG (1:10 000; Cell Signaling Technology, 5366S,

Danvers, MA, USA). Blots were imaged using the Odyssey

CLx infrared scanner (LI-COR Biosciences, Lincoln, NE,

USA) and protein bands were quantified using LI-COR

Image Studio Software as described previously [14].

Open field activity assay

Mice were placed in an open-field apparatus for 15 min,

and total vertical movement counts and horizontal distance

traveled were measured based on infrared beam breaks, as

described in [10]. Activity was measured using the AccuS-

can system (Columbus Instruments, Columbus, OH, USA).

Ex vivo EDL force measurements

Contractile function of EDL muscles was assessed accord-

ing to methods described previously [14,41]. Sodium

Fig. 9. Actg1c-b qRT-PCR primer specificity and isoform standard curves. (A, B) Representative standard curves generated using new Actg1

and Actg1c-b primers and control constructs. (C) Representative graph of qRT-PCR primer specificity. n = 3; error bars are SEM. Each primer

set was used to amplify Actb, Actg1, and Actg1c-b isoform control constructs to calculate relative quantity. Actb and Actg1 control

constructs were generated previously [34]. The x-axis represents the primer target, the y-axis indicates relative quantity, and the colored

bars represent amplified Actin isoform.
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pentobarbital was used to anesthetize mice (75–100 mg/kg

body mass) before dissecting the EDL muscles and

mounting them on a 300B-LR dual-mode muscle lever

system (Aurora Scientific) using 5–0 suture in a 1.2-mL

bath assembly containing oxygenated (95:5% O2/CO2)

Krebs Ringer bicarbonate (Krebs) buffer maintained at

25 °C. A KPCI-3108 interface board (Keithley Instru-

ments) and TestPoint software (SuperLogics) were used to

control the muscle lever and stimulator system. Muscles

were adjusted to their anatomical optimal length (Lo)

based on resting tension, with length being measured from

the distal myotendinous junction to the proximal myoten-

dinous junction using digital calipers. Muscles were stimu-

lated to contract for 200 ms at 175 Hz, and maximal

isometric tetanic force (Po) was measured every 2 min un-

til force plateaued.

Auditory brainstem response

Mice auditory brainstem response (ABR) waveforms were

collected using a Tucker Davis Technologies System 3 at

frequencies of 4, 8, 11, 16, 22, and 32 kHz as described pre-

viously [10]. Subdermal electrodes were used to record scalp

potentials following anesthetization with Avertin. Wave-

forms for each frequency were collected starting at 90 dB,

decreasing in 5-dB steps to a subthreshold level. The col-

lected waveforms were stacked, and the lowest level of

stimulation that resulted in a definite waveform was consid-

ered to be the threshold.

Scanning electron microscopy

Samples were prepared for scanning electron microscopy as

previously described [14,25]. Briefly, cochleae were dissected

and fixed in 2.5% glutaraldehyde, 0.1 M sodium cacodylate,

2 mM CaCl2 overnight at 4 °C and then decalcified in

170 mM EDTA in PBS for 16 h at 4 °C. Dissected organ

of Corti was incubated in 2% each of arginine, glutamine,

glycine, and sucrose in water overnight at RT, followed by

incubation in 2% tannic acid and guanidine hydrochloride

for 2 h at RT, with extensive water washes between steps.

The samples were transitioned to 100% ethanol, critical

point dried from CO2, and sputter-coated with gold. Sam-

ples were imaged using a JEOL JSM-7800F field emission

scanning electron microscope.

Statistics

GraphPad Prism Software (version 10.0.2) was used to con-

duct all statistical analyses. One- or two-way ANOVAs

with Bonferroni posttests were performed based on the spe-

cific data set, and significance was determined with

*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

SuperPlots were generated as described in [42].
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